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Resumo

Esta tese fornece critérios (tanto negativos quanto positivos) que contribuem para
a literatura existente e aborda problemas em aberto dentro das nogoes de («,f)-
lineabilidade/espagabilidade, (a, 3)-lineabilidade densa, lineabilidade pontual e [S]-
lineabilidade. Em nossa exploracao, iniciamos investigando o comportamento de estruturas
algébricas e topologicas presentes no conjunto de fung¢des nao limitadas, continuas e
integraveis no intervalo [0,00). Essa investigacao foi iniciada por Calderén-Moreno,
Gerlach-Mena e Prado-Bassas, onde eles demonstraram, entre outros resultados, que o
conjunto

A= {f € C[0,00)N L1 [0,00) : limsup |f ()] = oo}
T—00

¢ lineavel. Para compreender melhor as relacoes dimensionais nesse ambiente,
empregamos novas técnicas e obtivemos insights adicionais tanto na estrutura topologica
quanto na algébrica desse conjunto. Especificamente, provamos sua espagcabilidade pontual
(e, portanto, espagabilidade).

Além disso, demonstramos que o conjunto L,[0, 1] \ qu(p,oo)Lq [0, 1], para p € (0, 00),
embora (1, c)-espacéavel (see [21]), ndo & (RN, ¢)-espagavel. Estabelecemos um critério
geral para resultados negativos referentes a («, 5)-espagabilidade e verificamos que
o conjunto ND[0,1] das fung¢oes que nao possuem derivada, nao pode ser (a,f)-
espacavel para qualquer cardinal infinito . Também fornecemos critérios para resultados
positivos, mostrando em particular que os conjuntos f, \ F, onde F € {c, ¢}, e
Ly[0, 1]\ Uye ooy Lal0, 1], para p € (0,00), s@o (o, c)-espagéveis se, e somente se, a for
finito.

Introduzimos a nogao de («, 8)-lineabilidade densa e fornecemos um critério para
demonstrar em particular que o conjunto L,[0, 1] \ qu(pm)Lq[O, 1], para p € (0,00), &
também (a, §)-denso lineavel para cada 0 < a < 8 e max {a, Ng} < < ¢. Nossos achados
destacam que a geometria dos conjuntos estudados sozinha ¢ insuficiente e que o tipo de
topologia considerada em cada ambiente também desempenha um papel crucial.

Palavras-chave: Lineabilidade, Espacabilidade, Espaco de Sequéncias, Sequéncia bésica,
Séries, Convergéncia, Topologia.
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Abstract

This thesis provides criteria (both negative and positive) that contribute to the existing
literature and address open problems within the notions of («, §)-lineability /spaceability,
(e, B)-dense lineability, pointwise lineability, and [S]-lineability. In our exploration, we
began by investigating the behavior of algebraic and topological structures present in
the set of unbounded, continuous, and integrable functions on the interval [0, 00). This
investigation was initiated by Calderén-Moreno, Gerlach-Mena, and Prado-Bassas, where
they demonstrated, among other results, that the set

A= {fEC[O,oo)ﬂLl[O,oo):1imsup|f(x)|:oo}

T—00

is lineable. To better understand the dimensional relationships in this environment,
we employed new techniques and gained additional insights into both the topological and
algebraic structure of this set. Specifically, we proved its pointwise spaceability (and thus,
spaceability).

Additionally, we demonstrated that the set Ly[0, 1]\ U,¢(, ) Lql0, 1], para p € (0, 00),
although (1, ¢)-spaceable (see [21]), is not (X, ¢)-spaceable. We established a general
criterion for negative results concerning (o, 3)-spaceability and verified that the set
ND[0,1] of nowhere differentiable functions cannot be (a, §)-spaceable for any infinite
cardinal a. We also provided criteria for positive results, showing in particular that
the sets (o \ F', where F' € {c,co}, and L,[0,1] \ U L,[0,1], for p € (0,00), are
(v, ¢)-espaceable if and only if « is finite.

We introduced the notion of («,3)-dense lineability and provided a criterion to
demonstrate in particular that the set L,[0, 1]\ U,c(,.00)Lql0, 1], for p € (0,00) is (a, B)-
dense lineable for every 0 < a < f and max{a,Rg} < < ¢. Our findings highlight
that the geometry of the studied sets alone is insufficient and that the type of topology
considered in each environment also plays a crucial role.

q€(p,0)

Keywords: Lineability, Spaceability, Sequence space, Basic Sequence, Series,
Convergence, Topology.
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Introduction

Modern mathematics often seeks to structure and understand seemingly disordered
and chaotic phenomena. A line of research exemplifying this quest is lineability, which
aims to find vector spaces (closed or not) in environments initially devoid of linearity.

Historically, the first hints of the term lineability appear in the classic work of V. Gurariy
(1966, [25]). He proved that the family of continuous functions defined on the compact
interval [0, 1], which are not differentiable at any point (in short nowhere differentiable),
contains, except for the identically zero function, an infinite dimensional vector subspace.
This result surprised the academic community, given the difficulty of explicitly exemplifying
functions with such chaotic behavior.

Inspired by the work of Levine and Milman (1940, [28]), who proved that the subset of
C10, 1] of all functions with bounded variation does not contain an infinite dimensional
closed subspace, Gurariy and other researchers began exploring linearity in various
mathematical contexts. The research progressed, and in recent years, the search for
vector structures in exotic environments has gained prominence. Several works have
been developed in areas such as Algebraic Geometry [9], Real and Complex Analysis [5],
Topology and Measure Theory [6], Linear Chaos [8], Linear and Multilinear Algebra, or
even Operator Theory [12]|, among others.

With the development of the theory, positive results of lineability have become
increasingly common, while techniques and general criteria for both positive and negative
results have not appeared as frequently. From this perspective, some more restrictive
notions have emerged, which add not only geometric contours but also qualitative
information to the problems, such as the notion of maximal lineability, introduced by L.
Bernal-Gonzalez 7], which revolves around optimality in terms of dimension.

The terms lineability and spaceability were formally introduced by Gurariy in the early
2000s. These notions are established as follows:

For a vector space X and a cardinal number «, we say that a set A C X is:

e a-lineable if it contains an a-dimensional vector subspace of X, excluding the zero
vector.

Moreover, if X has a topology, the subset A is:

e a-spaceable in X whenever it contains a closed a-dimensional vector subspace of X,
excluding the zero vector.

For the case where « is infinite, for simplicity, we simply say that A is lineable
(respectively spaceable).
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One of the motivations in the area of lineability is to construct vector spaces that
are the best possible (in terms of dimension). This is precisely where the notion of
maximal lineability, introduced by L. Bernal-Gonzalez, as mentioned earlier, comes into
play. Formally, we say that a set A in a vector space X is maximal-lineable if it contains a
vector subspace whose dimension is the same as that of X.

It is important to mention that the “order” of lineability may not be achieved, i.e.,
there may not exist a maximum cardinal « such that a set A is a-lineable [3].

The book [4], entitled Lineability: The Search for Linearity in Mathematics, published
in 2015, provides a comprehensive overview of what has been developed in this direction
and the number of works done by various authors over the past 15 years.

To name just a few, there are results of lineability and spaceability in the following
topics: subsets of real functions, functions that are continuous and differentiable at no
point, norm-attaining functionals, hypercyclicity, series and summability, polynomials and
zero sets in Banach spaces, non-absolutely summing operators, operator ideals, complex
and holomorphic analysis, measurable and non-measurable functions, Peano curves in
topological vector spaces.

It is worth mentioning that, at a first sight, negative results concerning lineability
might be more likely common since many of these non-linear sets are referred as “monsters”.
However, most of the results present in the literature are in fact positive.

Concerning this thesis, one of its objectives is to provide criteria that extend those
already existing in the literature, as well as to address some open problems mentioned
throughout this introduction.

We explore some preliminary notions that are essential for understanding the subsequent
chapters. This initial part is dedicated to introducing key concepts related to the notion
of lineability as well as some preliminary results. Here, we explore the concepts of («, 3)-
lineability /spaceability, pointwise lineability, [S]-lineability, cardinality, among others.
These foundational ideas provide the necessary background and framework for the more
advanced topics discussed in later chapters.

In the first chapter, we delve into the concepts of pointwise lineability and («, 5)-
lineability, presenting results pertaining to the set of unbounded, continuous, and integrable
functions on [0, 00). The central paper on this topic was constructed in collaboration with
V.V. Favaro, D. Pellegrino, and A. Raposo Jr :

[22] V.V. Favaro, D. Pellegrino, A. Raposo Jr, and G. Ribeiro, Lineability and
unbounded, continuous and integrable functions. Rev. R. Acad. Cienc. Exactas Fis.
Nat. Ser. A Mat. RACSAM 117 (2023), no. 3, Paper No. 104, 21pp.

The investigation of the algebraic structure of the set of unbounded, continuous, and
integrable functions on [0, co) was initiated by Calderén-Moreno, Gerlach-Mena and Prado-
Bassas in [34]. In their foundational work, the authors proved, among other results, that
the set

A= {f € C[0,00)N Ly [0,00) : limsup |f (z)] = oo}
T—00
is lineable. Building upon this foundation, our study in [22], extends the investigation
further, employing different techniques to gain additional insights into both the topological
and algebraic structure of this set. Notably, we enhance the understanding of this set
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by proving its pointwise spaceability (and thus, spaceability) and achieving c-lineability.
These advancements represent a significant step forward in the field.

In the second chapter, our first objective was to establish a criterion for obtaining
some negative results concerning (o, 5)-spaceability. This allowed us to verify, for example,
that the set N'D[0, 1] of nowhere differentiable functions cannot be (a, §)-spaceable for
any infinite cardinal o regardless of the cardinal §. Following this, we provided criteria
for positive results related to the notion of («, §)-lineability. Based on these criteria, we
verified, in particular, that the sets (o \ I, where ' € {c, co}, and Ly[0, 1]\U ¢, 00) La[0: 1],
with p € (0,00), are («, ¢)-spaceable if and only if « is finite.

Our exploration in this chapter also included the introduction of the notion of (a, 3)-
dense lineability. We provided a criterion for obtaining some results, and in particular
demonstrated that the set L,[0,1] \ U)o Lgl0, 1], with p € (0,00), is («, 3)-dense
lineable for every 0 < o <  and max{a,Ng} < § < c.

Throughout these results, we observed that the geometry of the studied sets alone was
not sufficient; the type of topology present in each set also played a crucial role.

The central papers for this stage of our research were constructed in collaboration with
G. Aratjo, A. Barbosa, V.V. Favaro, D.M. Pellegrino, and A. Raposo Jr.:

[2] G. Aradjo, A. Barbosa, A. Raposo Jr., and G. Ribeiro, On the spaceability of the
set of functions in the Lebesque space L, which are not in L,, Bull Braz Math Soc,
New Series 54, 44 (2023).

[23] V.V. Favaro, D. Pellegrino, A. Raposo Jr, and G. Ribeiro, General criteria for a
stronger notion of lineability. Proc. Amer. Math. Soc. 152 (2024), 941-954

The third chapter is dedicated to extending the concept of [S]-lineability, originally
developed by L. Bernal-Gonzalez, J.A. Conejero, M. Murillo-Arcila, and J.B. Seoane-
Sepulveda in [10]. Firstly, we characterize lineability in the context of complements of
unions of closed subspaces in F-spaces, introducing S-topologically linearly independent
sequences. Additionally, we present a negative result in normed spaces and in p-Banach
spaces, highlighting the importance of the properties of sequences and their distances
from the origin in infinite dimensional vector spaces. This chapter culminates with a
characterization of the spaceability of the complements of non-enumerable unions of
subspaces in terms of lineability, offering a comprehensive view of linear structures in
different mathematical contexts.

The central paper for this stage was:

[31] , A Quest for Convergence: Ezploring Series in Non-Linear
Environments, Arch. Math. (2024) to appear.

The exploration of the results presented in this thesis was conducted in collaboration
with G. Aratjo, A. Barbosa, V.V. Favaro, D.M. Pellegrino, and A. Raposo Jr.



Preliminaries

In this section, we present the fundamental concepts that will be used throughout
this thesis. These preliminaries are essential for understanding the more advanced topics
discussed in the subsequent chapters.

Basic Notions, Classical Spaces and Some Notations

In this thesis, we denote N as the set of positive integers, R as the real scalar field, and
C as the complex scalar field. Unless explicity stated otherwise, all linear spaces are over
K =R or C. The term subspace will be used instead of vector subspace. Additionally, «
and /3 represent cardinal numbers, card (A) denotes the cardinality of set A, 8, := card (N)
and ¢ :=card (R). For p € (0,00), as usual, we denote £, as the classical set of absolutely
p-summable sequences, defined as:

b, = {(tn)ff1 cKY: St < oo}
n=1

Let X be a vector space and p € (0,1). A p-norm over X is a function denoted by
[I[|,» which satisfies the following conditions:

L. [lz|, = 0 if and only if z = 0.
2. [[tz|l,, = [t ||z[|, for all z € X and t € K.

3. Nz +yll, < ll=ll, + llyll, for all z,y € X.

When X is complete with the metric endowed by the p-norm |-, we say that the pair
<X, HHp) is a p-Banach space.

It is known that for p € (0,1], ¢, is a p-Banach space with the p-norm given by
()51 llp = Do [ta|P. These spaces are usually non-locally convex and still play an
important role in the geometry of F-spaces (metrizable topological vector spaces). For
more information on the theory of p-Banach spaces, we refer to |27, 32].

Still in terms of notations and terminologies, as usual, we denote ¢, as the classical
space of bounded sequences defined as:

U := {(tn)zo:l c K" :sup|t,| < oo} :

neN
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Furthermore, if (2, M, 11) is a measure space, with p a positive measure, and p € (0, o],
we denote L,(£2) as the classical vector space of all (Lebesgue classes of) measurable
functions f : 2 — K such that

| f|P is p-integrable on €, for 0 < p < o0,
f is p-essentially bounded in €2, for p = oc.

Some Concepts Related to the Notion of Lineability

In what follows, interconnected concepts related to the notion of lineability, which are
central to this thesis, are introduced.

e («, f)-lineability /spaceability: For o and § with v < 3, a set A in a vector space
X is said be («, §)-lineable if it is a-lineable and for every subspace F,, C X with
F, Cc AU{0} and dim(F,) = a, there is a subspace Fjg C X with dim(F3) = § and

F, C Fg c AU{0}. (1)

(hence (0, §)-lineability < [-lineability).

If in addition, X has a topology, then A is called («, #)-spaceable if the subspace Fjp
satisfying (1) can always be chosen closed, (see, for instance, [21]).

e Pointwise lineability /spaceability: A set A in a vector space X is pointwise
lineable if, for every x in A, there is an infinite dimensional subspace Y C X such
that

reY C AU{0}. (2)

If in addition, X has a topology, then A is called pointwise spaceable if the subspace
Y satisfying (2) can always be chosen closed, (see, for instance, [29]).

In both the cases, if dimY = dim X then A is called pointwise maximal lineable
(respectively, pointwise mazimal spaceable).

e [S]-lineability: For a subspace S of KN, we say that a subset A of a Hausdorff
topological vector space X is [(u,)22,,S]|-lineable in X if, for each sequence
(cn)pe, € S, the series > 7 | cpu, converges in X to a vector in AU{0}. Moreover, A
is [S]-lineable in X if it is [(uy)5%, S]-lineable for some sequence (u,,)>°, of linearly
independent elements in X.

Other concepts will be introduced throughout the subsequent chapter.



Chapter 1

Linearity in Unbounded, Continuous,
and Integrable Functions

In this chapter, we explore the notions of («a, §)-lineability/spaceability, pointwise
lineability, and spaceability within the context of unbounded, continuous, and integrable
functions, seeking to understand more about this environment in terms of algebraic and
topological structure.

This line of investigation was initiated by Calderén-Moreno, Gerlach-Mena and Prado-
Bassas in [34], where the authors prove, among other results, that the set

T—00

A= {fEC[O,oo)ﬂLl[O,oo):limsup\f(x)\:oo}

is lineable.
In

)

[22] V.V. Favaro, D. Pellegrino, A. Raposo Jr, and G. Ribeiro, Lineability and
unbounded, continuous and integrable functions. Rev. R. Acad. Cienc. Exactas Fis.
Nat. Ser. A Mat. RACSAM 117 (2023), no. 3, Paper No. 104, 21pp.

we extend this investigation and conclude by proving, with different techniques, further
results on the topological and algebraic structure of this set. More precisely, we improve by
obtaining pointwise spaceability (and so spaceability) and obtaining pointwise c-lineability.
Utilizing a specific technique, we also ascertain that, contrary to the (1, ¢)-spaceability
demonstrated in [21] for the set Ly[0,1] \ U, (p00)Lql0, 1], for p > 0, this set does not
possess (Ng, ¢)-spaceability in L,[0, 1].

In our study, we denote by C [0, 00) the space of all continuous functions f: [0,00) — R,
endowed with the topology of uniform convergence on compact sets. According to [34],
this set becomes a complete metrizable topological vector space (F-space). We
consider, as in [34], the set

X :=C|[0,00) N Ly [0, 00)
equipped with the metric dx: X x X — R given by

21 |If = glloom
d =/ = on |
xhg) == ol e T g

6
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where || f|lcon = max {|f(x)| : © € [0,n]}. In [34, Theorem 2.4] it was shown that

T—r00

A= {fGX:limsup|f(x)|:oo}

is maximal dense-lineable.
A prototype of a function w: [0,00) — R in A is the following:

2“ s(zr—mn), ifn<zx<n+ ,
ng,
w(z) = —2"sz x—n—Qn_ls , 1fn—|—2n8 §x§n+2n_18,
0 e ¢ U |nn+ —
if © n,n
L ) n:1 ) 2"718,” )
where s, =1+1/2+ .-+ 1/n.
B A e e e
I ittt et
o I e i il
S9 1
81 1 |
3 4 5

Figure 1.1: The graph of w.

1.1 Pointwise Spaceability

In this section, we will present a positive result related to the pointwise spaceability of
set A. Our finding demonstrates that A is pointwise c¢-spaceable. This discovery reveals
more about the geometry of this set, providing new perspectives on its structure.

Theorem 1.1. The set A is pointwise c-spaceable in (X, dx).

Proof. Let f € A and (z,),., be an increasing sequence in [0, o) such that

n—oo
xn—>

f () #0 foreach n=1,2,. (1.1)
|f (@) = o0



1.1. Pointwise Spaceability

Given n, k € N, we define " as follows:

k
() Ty + Tpia and (k1) Tp + 757(1 ).

no 9 2

— e —0c—0o———0o——— 06— ¢

Ty PSS 2 )
Figure 1.2: A geometric view of tglk).

Now, given k,n € N, let
(k) _ o (k+1)

En’ > 5

be such that )

For each positive integer k, let fi: [0,00) — R be the function

Tn+41

,

/ %’;) (-t +), e -l <o <,

En
Tn .
felw) =4 L (o) e <o <ol 2, (12)
En
0, ifog¢ U [t -l 6+ ol
\ n=1
N Ty
fn=+1

T

Figure 1.3: Overlaid graphs of the functions fj on [z, Z,.1].

Roughly speaking, f, takes the k-th triangle on each interval [x,,, z,11]. Observe that:

(1) fx is continuous, for each k € N;
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(17) fr € L1]0,00), for each k € N, because

JAEIRZE SETICATES ot

0 n=1

(17i) For each k € N,

(iv)

) "% 50 and | fi (tglk))‘ = |f (zn)] =3 .

Therefore, limsup | fx (z)| = oo;

T—r00

Ifx e (t(k) ek ), ®) 4 5$Lk)> for some positive integers k and n, then, for each j # k,
we have fi, (x) # 0= f; ().
Thus, if z ¢ Uy nen ( ) _ ) 4o +€1(1k)>, then fi(x) = 0, for each £k € N. In

particular, fi(z,) = 0 for all positive integers n, k. Fixing a non zero sequence
(an)i”y € 41, let g: [0,00) — R be the function

g(z) = i’ff (2),

where fo = f. Let us verify that g is well-defined. If x € (tgz o) _ 8%’20), t,(zlf)) + 8%%0))
for some pair kg, ng of positive integers, then

g(z) = aof (v) + a, fr, ()

and, if © ¢ Uy, pen ( R 62“), then

g9(x) =aof (x).

Now we will show that ¢ is continuous. If xg lies in some interval < %k) — 87(1 ), Ef) + 5,(116)) ,

then

If Zo

If i

and

lim g (z) = mli_{go laof (z) + ar fr ()] = ao f (w0) + arfir (0) = g (20) -

T—T0

is an interior point of R\ Uy e < E) _e®) 1B 4 ) ), then

lim g (z) = lim aof (z) = aof (z0) = g (o) -

T—T0 T—T0

=t — e for some pair k,n of positive integers, then

lim g(z) = lim aof (z) = aof (z0) = g (20)

w*)CEO CE*}CL’O

lim g (z) = lim [aof () + axfi (x)] = aof (x0) + arfi (x0) = aof (x0) = g (o).

.Z‘—)J?O CC—}CEO
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Analogously, we verify that

lim g(x) =g (x0) = lim g(z)

— +
(I)—>$O 1:—)330

if xg = ® 4 e® for some positive integers k£ and n. This assures that g is continuous.

Now, since

oo [e.9]
kZOHa’kkal < laol [|.f1ly +k§ |ak| < oo,

then g = > axfr belongs to Ly [0, 00).
k=0
Finally, notice that, if ag # 0, then

n—oo

|9 (zn)| = laof (zn)| = laol |f (zn)] — o0

and, therefore, limsup |g (z)| = co. If ag = 0, let j be such that a; # 0. Then,

T—00

g ()| = lai f; ()] = lal 1 f (2a)] =5 00

and, consequently, limsup |g (x)| = co. Hence, g € A; in particular, we have proved that
T—00
the operator

T: 0, — C[0,00) N Ly [0, 00)

oo
(ak)iio = > apfr
k=0

is well-defined and 7" (¢;) C AU {0}. It is easy to see that T is linear and injective. Since
¢ = dim (¢;) = dim (T (¢4))

and f=1T(1,0,0,...) € T (¢1), we just need to show that T’ (61)(X’dX) C AU {0}, where

T (fl)(x’dX), denotes the closure of T'(¢1) in (X, dx).
Let h € T(fl)(X’dX) \ {0}. Then, there exists a sequence (c(j));il in ¢1, with

) = (c,(j )> such that
k=0 .

in (X,dx). In particular, Zc,(cj ) fr converges uniformly to h over each compact interval
k=0

la,b] C [0,00). Therefore, fixing n € N and recalling that f(z,) = 0 for all positive

integers n, k, we have

lim o) (2) = lim > e fi () = h (22)

j—o0 J—=00 L

which implies
G) _ h(zn)

lim ¢j’ = = Cp.

J—roo f (In)
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The uniqueness of the limit of a sequence and the arbitrariness of n € N assure that
h(x,) = cof (x,), for each n € N.
If ¢y # 0, then

lim |h(x,)| = lUm |co||f (z,)| = 00
n—oo n—oo

and we have h € A.
If ¢y = 0, it follows from (iv) that, if v ¢ Uy e ( ®_ B By 55?), then fi (x) =0
for each k € N and, hence,

h(z) = lim icg)fk (x) = 0.

Jj—00 E—1

If x € (t,(f) — D ¢ 4 52")) for some pair of positive integers (n,r), it follows from (iv)
that f,. (x) # 0 = fi (x) whenever k # r and, therefore,

h(z)= lim ic,&j)fk (x) = jli_)rgo D f. ().

Joroo =
Thus
lim V) = h(z) =
joeo T i ()
and
h(z) =c fr(2). (1.3)

Since h # 0, there is a pair (n,k) of positive integers such that h(xzy) # 0 for a
certain xg € (t%k) —€£Lk),t£lk) —|—€£Lk)). Thus ¢ # 0 and, since (1.3) is valid for all

T E ( gzk) — 65{6), tSZ“) + 55,,]{) ), we conclude that

lim |2 (£,7)] = lim |ex| [ fi (£) | = oo.

n—o0

Thus, h € A and the proof is done. O

As an immediate consequence we get:
Corollary 1.2. The set A is (1, ¢)-spaceable in (X,dx).

Remark 1.3. Let C"[0,00), n = 1,2,. .., be the linear space of the functions f: [0,00) — R
whose derivative of order n is continuous and let C* [0, 00) be the linear space of the
functions f: [0,00) — R having derivatives of any order. Using bump functions, a slight
adaptation of the above proof assures that the sets

.A"—{fEC”[O,oo)ﬂLl[O,oo):limsup]f(x)|—oo},n—l72,...

T—00

and

A = {f € C*[0,00) N Ly [0,00) : limsup | f (z)] :oo}

T—r00

are pointwise c-lineable.



1.2. (o, B)-Spaceability: A Negative Result 12

1.2 (a, 5)-Spaceability: A Negative Result

In this section, we present a negative result concerning the (X, ¢)-spaceability of set .A.
Our finding demonstrates that A does not possess (X, ¢)-spaceability within the space
(X7 dX) :

Theorem 1.4. A is not (N, ¢)-spaceable in (X, dx).

Proof. Let f € A and let (56511)) be an increasing sequence in [0, 00), with z{" > 0,
n=1
such that

3
(

#) " oo, f(al)) A0 forcachn=1,2,... and [f («{)] " oo.

n

For each n € N, let tg) be the midpoint of the interval [x,(ll),x&)l} and let 57(11) > 0 be

such that
(1) (1)

Tpi1 — Tn 1
el) < HT and eV |f (z)] < o

Let us define 2 = z,, for each n € N and fi: [0,00) = R by

(
/ ((xl;‘) (x — 4 57(})) Cife — e < <t
fi(z) = _f ((“1:;) <:1c — - 5%”) it <z <tV 4 W,
En
0, ifz ¢ [t;” ey a,&”} :
\ n=1

Let (xg)) be the unique increasing ordering of {x,, : n € N} U {tg) ‘n € N}. For

n=1
each n € N, let tg) be the midpoint of the interval [xg), xffll} and let 8;2) > 0 be such
that

1
10—, @] € [0 and 1 () < o
Let f3: [0,00) — R be the function defined by

( fl(m)a ifl’lgl'gl'g,

f (@n) <$ P 59) . if 2 @ <o <t? and » ¢ [x1,x2],

En
fo(x) =
—f ((:Z)") (m P _ 59) ,if 2 <z< t2 1D and ¢ ¢ [x1,22],
En

(]

0, ifx¢(

[tg) — 81(12), D+ 6512)]) U [z1, 22).

n=1
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h

ﬁﬁ;’@z-A-A ******** /\

fl 552 f3 I'4

f2

f($6):::::::::::::::::::::::::::::::::::: 7777777
fgxg);: 777777777
i N

Z'EQ) .’1352) .73:())2) 33512) ng) xéZ) x$2)

f(xl2):::::::::::::::::::::::::::::::::::::::::77‘3

3 () (3 G =3 =3='---'
R R O R (R (R R R MR R

Figure 1.4: The sequence (fy)oe,

In general, for each integer k > 1, let (x%k)> be the unique increasing ordering of

n=1

{ 2V ne N} U { = N}, ) be the midpoint of the interval [xq(lk),xfﬁl} and

8%) > (0 be such that
(k) (k)

c) < Tnt T g B | f ()] <
2 AL
Then fi: [0,00) — R is the function defined by
( fi(z), if ) < <y,
/ ((i;J < Bk )> . if B W <z< t*% and ¢ [x1,22],
En
€T) =

i (@) S ((i)") (m —tP - 57(1k)) it <2<t 4P and o ¢ [x1,22],

0, if 7 ¢ (U [g’” — B ® +551’“>D U [z1, ).
1

n—
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Given k € N, let ny be the smallest index such that z,, > max{zs, k}. Let

gr: [0,00) = R be defined by

o0 (@) = { fr(z), x€[0,z2) U[zp,,00),

0, if © € [xg,2p,].

Let

O, if x > 9.

fi(z), if0 <z < xy,
g(z) :{

It is simple to check that {g1, ¢gs, ...} is linearly independent and that
span{g, : n € N} \ {0} C A.

We will prove that g o g in (X, dx) and, to do this, we just need to prove that

k—)oo
Hgk—g”l
and
> 1 - co,n )
S1 o —glan g
=12 L+ [k = 9lloom

It is easy to see that

ite <az,,,

0,
(9= 9) (@) = { g (1) = fi(2), if > 20,

Since z,, — 0o, we obtain

k—>oo
llge — gll; =/ lgk] —

k

Since z,, > k, we get ||gr — gHOQn =0, for every n =1, ..., k, and then

N9t = 9lloon > 1 ||9k—9||oon > ] 1
) _ ) < -
Z on ok

L+ llge = gllm 012" 14 llge — gl ~ nitts

> 1
2o

for each k£ € N. Therefore

k—o0

dX (gkag) — 0.
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(251

ﬁﬁ%,/&l,/\ ******** -/x B

X T2 f3 o
g2

fE%g: *******
fZL‘4 *****************************
fla) pommmmees ‘ |

. /1\1 . 2 l . .

x§2) wgz) xgz) %(12) xéQ) a:éz) x$2)
L L.
fxg) frmmmmmr

flay) p-m---- - /g\l ,

3 3 '3 =3 =3 =3
x§>x§)x§,)x§)x§) RO O

xloxg1)37g2)5’753)

fla) p-mmm--- /\

Figure 1.5: The sequence (g),, and its limit g.

Since g € X \ A, it follows that

spat {g, :n € N} \ {0} ¢ A.

Thus, there is no infinite dimensional closed subspace containing span {g, : n € N} and
contained in A4 U {0}. Hence A is not (X, ¢)-spaceable in (X, dx). O

Corollary 1.5. A is not (N, ¢)-spaceable in L, [0, 00).
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Corollary 1.6. A is not (N, c)-spaceable in C[0,00) endowed with the topology of the
uniform convergence on compacta.

1.3 Sequences of Unbounded, Continuous, and Inte-
grable Functions

The following remark will be useful in this section:

Remark 1.7. Let f € A and let (z,,),—, be an increasing sequence in [0, 00) satisfying
(1.1). For each k € N, let fj as in (1.2). Fixing k € N, let ji be the smallest index such
that x;, > k. Let us define go = f and g;: [0,00) = R by

0, it0<z<ux,
gk () = _
fr(x), ifz>ax.

It is clear that the proof of Theorem 1.1 holds if we replace the sequence (fx),—, by the
sequence (gi)peo-
Let ¢y (X) be the sequence space defined by

co (X) = {(f,,);fozl . f. € X for each r and dx(f,,0) =% O} :
In this space we shall consider the distance dg,(x): co (X) x ¢y (X) — R given by
deo ) (Fr)iza s (90),20) = sup dix (fr, 97)
Now, let Ay C ¢o (X) be the set defined by
Ay = {(fr):il . f. € A for each 7 and dx (f,,0) =% ()} :

In [34, Theorem 3.2| it was proved that Ay is mazimal dense-lineable in (co (X) ,dco(x)),
that is, Ay contains, except by the null vector, a dense vector space with the same
dimension of ¢ (X). Here we establish the following result:

Theorem 1.8. A is pointwise c-spaceable in (co (X) ,ch(X)).
Proof. Let f = (f,)52, € Ag. For each r € N, let (ajy)) be an increasing sequence in
j=1
[0, 00) such that
xg-r) =z oo, fr <x§r)) # 0 for each j =1,2,... and fr (my))
Let us consider the function fj, defined from f, and (:c§.r)> as in (1.2), i.e.
j=1

j—00

( (r)
Ir (:L‘n )
iy (p ) e <a <,
En ’
(r)
() = fr (xn ) r T
fk, ( ) —T <ZE . tgw“) . 655:,7“)) , if tgbk,r) <z< tnk’ ) n Eg{:’ )7
En ’
; g ) [ — 0, b 4 o],
N n=1
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where ") is recursively defined by
(r) (r) (r) | 4(kr)
O 7 5 SN (0 0 B e s

noo 9 2

£®1) is such that
(k) t(kJrl,r)

0<elhn 2 2”

and X
e @) < 5

For each r € N let j. be the smallest index such that mgz) > r. For each k € N, let

grr: [0,00) = R be defined by

0, if0§x§x§:),
Grr (T) =

frr(x), ifx> xx)

Denoting g; = (27"g;,),—,, we need to show that g; € Ay, for each j. (In fact, the

factor 27" in the definition of g; is not really necessary. However, as we will see, its use

simplifies the arguments.) Fixing j € N, since g;, € A for each r € N, we only need to

7—00

prove that dx (277¢g;,,0) — 0. If j > 1, then

1277950, = 2-7“/ g0 dz < 277 =X 0.
0
Given n € N, it is clear that
H2_ng’rHoo,n = max{’Z_”gj,r (x)| cx € [O,n]} =0

whenever r > n. Consequently,

r—00

HQ_ngvTHoo,n — 0
for each n € N. Hence, for r > 1,

||27T9jn” Hoon
L+ 11277 gjrlloo.m

—-Tr -7 >, 1
dx (277950, 0) = 127" gjurll1 + 2_:127'

& 1 27 j,7 || oo,n
core 2L 127l
nzr12" 1+ [1277gj 0 oo
| r—00
<274 Y — =2
n:r+12n

Now, let (a,),—, € ¢1 be non null and define

h=aof+ > angn = (aof1 + 2713 angna, aofo + 2723 angna, - - ) :

n=1 n=1 r=1
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Following the same lines of the proof of Theorem 1.1, we get h, = aof, +27" > angn, € A
n=1

for each . We also notice that, if » > n, then

1]l =

o0 o0 o0
cofy + 27 X atugar| <laol 1fl+277 S foul gl < faol 14277 S Jaal

1

Since
1Arll oo, = max{|ao fr (z)] : 2 € [0, 1]} = [ao] || f+]| .

whenever r > n, then it follows that
[ ———

for each n € N. Since dx (f-,0) — 0, we conclude that

7—00 > ]- ||f7"”oon T—00
l; — 0 and — . ——— (.
/ol 220 T [ folloom
If ap = 0, then
< 1l _,
n:lzn 1 + |a0‘ ”fr”oo,n
Notice that, if 0 < |ag| < 1, then
> 1 lao| || frloo.n > 1 lao| || frloo.n > 1 [ frlloom — rooo
> L. TS T S L
n=12" 14 |aol Hfr“oom n=12"  ao| + lao| | frlloo  n=127 1+||f7"||00,n
and, if |ag| > 1, then
2L ool lfilloon L ool Iloon _ 2L rlloen o

n:12n 1+|G0’ HfrHoo,n _n:12n 1_'_ ”fr”oo,n n:12n 1_'_ ”fr”oo,n

Therefore,

[Forlloo.m
dx (h,,0) = ||h, ||1+22n T T

1 ’a0|||f7’||oo,n 4 Z 1 HhrHoo,n

12” 1+| 0| ||fTHoon n= r+12n 1+Hh ||oon

- |ao] [|.fr[|oo,n
<laol Lol + 2773 laul + 3 == D
= | 0| ||f ||1 Z | | nZIQn 1+ |a0| ||fr||oo,n n;&—lz

— 1 |a0|||fr||oon r—00
=MMHﬂH+2T<Zh%HJ) n_ g
| 23 T+ [0l [ fy oo

= [l +

Hence h € Ay. In particular, denoting go = f, we have that the operator
T 61 — Cg (X)
(an)zo:[) — Zoangn7
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is well-defined, linear, injective and satisfies
T (¢) C Agu{0}.

Since

and f=T(1,0,0,...) € T (¢1), at this moment, we shown that Ay is pointwise c-lineable.

The result will be fully proved if we show that T' (61)(60()()7(160()()) C Ay U {0}.
\ {0}. Notice that all we have to do to complete

————(co(X),d.
Let w = (w,)—, €T (81)( %) deg0)
this proof is to show that w, € A for each r € N.
Let (a(j))]o.il be a sequence in ¢, with al¥) = <a,(1j)> , such that
- n=0

W) = 3 aWg, 2% 4
n=0

in (co (X) ,dCO(X)). Hence, denoting

UT(fj) - a(()j)fr +277 Z ag)gn,m

n=1

we have

j—o00

2 —=0.

dco(X) (U(j)a w) = sup dx (Ur 7w7‘)
reN
In particular, '
dx (vﬁj),wr) %0

for each » € N. Therefore, for each r € N, vﬁj) ey w, uniformly over each non-
degenerate compact interval [a, b] C [0, 00). Proceeding as in Theorem 1.1, we conclude that
w, € A. O

Corollary 1.9. Ay is (1, c)-spaceable in (co (X)), dey(x))-
Theorem 1.10. A is not (R, ¢)-spaceable in (co (X) , dey(x))-

Proof. Let us take a sequence f = (f.)72, € Ay and consider the functions f, defined as
in (1.2) from f, and a suitable sequence (x,i”) in [0, 00) as in (1.1). For each pair (n,r)
k=1

of positive integers, let n, be the smallest index such that :E,({;) > rn. Let g1 [0,00) > R
defined by
0, if 0 <z <),

Gn,r (ZL‘) - )
Jor (), ifx >

Defining ¢,,: [0,00) — R by
1—x, if0<z <1,
On(x)=¢ 0 if1<z<al,

nilgn,l (l‘) ) lf x Z l‘?(211)7
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denote g, = (G, 272" Gn2, 27" Gnzy -+ 27 "Gy - - -)-
We need to show that g, € Ay, for each n. Since g, , € A for each n,r € N, we only

7—00

need to prove that dx (27™g,,,0) — 0. If r > 1, then
2 gurll =27 [ gl 275 0
0

Since a:g;) > rn, we have

HQ_Tngn,THoo,m = Imax { ‘2_Tngn,7“ (l’)l HEGIS [O’ m]} = O’

whenever m < rn. Consequently,

r—00

HQ_Tngneroo,m 0
for each m € N. Hence, given r > 1,
_ — > 1 H2_mgnr||oom
dx (27" Gnr,0) = 127" gnrll1 + — — 1.4
x 00 0) = 1270+ 2 T g oo (14)
_ s 1 H2_mgnrHoom
S 2 ™ _'_ Z . ) )
m=rn-+1 2m 1 + ||2_Tngn,7"||00,m
St ]- T (o]
<24 Y — =27 X,
m=rn-+1 2m
Now, let us prove that {g, : n € N} is linearly independent. Suppose that
N
AnGn = 0.
n=1
Since
N N N N N,
> ngn = (Zan¢n, 227 anGn2y D227 Angnzy D2 M anGnas - - ) ,
n=1 n=1 n=1 n=1 n=1
we have
N
2_2”angn’2 =0.
n=1
Since {gn2 : n € N} is linearly independent, we obtain a, = 0, for each n = 1,..., N.

Consider W := span{g, : n € N}. Let us prove that W\ {0} C Ay. Let

N N N N N
S angn = (Zanqﬁn, D27 nGn o, Y2  nlns, 2.2 ManGna, - - ) e W\ {0}.
n=1 n=1 n=1 n=1 n=1

N
Following the same lines of the proof of Theorem 1.1, we get > a,¢, € A and
n=1

N

> 27"a, g, € A for each r > 1. We also notice that

n=1
N N N N
22_mangn,r <X ‘2_man’ Hgn,rul <> ‘2_man‘ <277) 7 a].
n=1 1 n=1 n=1 n=1
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It is obvious that, given m € N,

N N
27" G = max{ 27" an gy ()| 2 x €0, m]} =0
n=1 oco,m n=1
whenever r > m. Consequently,
N r—00
Z 2_Tnangn,r — 0
n=1 0o,m
for each m € N. Therefore,
N
N N >~ 1 n:12 finfn.r 0o,m
dX (Z 2_Tnangn,r7 0) = 2_Tnangn,r + Z 2_m ’ N ’
n=1 n=1 1 m=1 1+ ZQ_T”angn,r
n=1 oco,m
N
27Tnan n,r
N —rn sl 1 n=1 In. co,m
= 22 anGn,r + E 2_m ) N )
n=1 1 m=r+l —
L+ (> 27™angnr
n=1 oo,m
— N St 1 r—00
<27 anl+ >, — — 0.
n=1 m=r+1 2m
N
Hence, > ang, € Ap and
n=1
WA {0} C A.
Let us define v := (v,) 2, where
11—z, f0<z<1,
vy (z) ==
0, ifx > 1.
and v, = 0 for each r > 2. We have:
(Z) dX (Urv 0) 72}0 O;
(7i) v, € X for each r € N;
(131) v, ¢ A for each r € N.
It follows from (7), (i7) and (i27) that v € ¢o (X) \ Ap.
Since, for each n € N,
]- ||¢n_vl||oo7m

d n)v = n—U _'_ PRy
X(¢ 1) ”¢ 1H1 mz::12ml+‘|¢n_,01”oo,m

0 < 1 |gnall
1 L lloo,m
/;5111) | " 1‘ m=n+1 2m 1+ Hgnvlnoo,m
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(o)
<n Tt Y o2
m=n+1

— n—l 4 2—1’L
< ont

it follows from (2.1) that

deo(x) (Gn,v) = sup {dX (On,v1),dx (2_2"gn,2,v2) dx (2_3"9,%3, 7)3) ... }
< sup {Qn_l, dx (2_2”gn72, vg) ,dx (2_3"gn,3,v3) Vo }

= sup {Zn_l, dx (2_2"gn72, O) ,dx (2_3”gm3, 0) ye }

< sup {Zn_l, g2ntl g=sntl } =o' EX0.

N

This means that v € W. Since v & Ay U {0}, it follows that W \ {0} ¢ Ay and, hence, A
is not (Ro, ¢)-spaceable in (co (X)), dey(x))- O

For p > 0, consider the sequence space
O (X) == {(fr)2, : fr € X for each r and (dx(f.,0))~, € {,}

endowed with the following distance:

S [dx (fr )" f0<p<i

r=1

dfp(X) ((fT);)il ) (97")7?0:1) = - p
(Zl [dx (fr,gr)]p) , i1 <p< oo

Observe that (£, (X),dy,(x)) is a metric vector space. Let A, C £, (X) be the set defined
by
A, = {(f)52, : fr € Afor each r and (dx(f,,0))2, € €,}.

Let us prove that A, is non-void. In fact, for each r € N, let f,: [0,00) — R given by

( 20n : 1 .
n°2" (x —n), 1fn§x§n—l—?forsomelntegernZT,
n

1 1
. _ 22n o — if < <
fT(x)_ n (x n ), 1n—|—n2n_x_n—|—

for some integer n > r,

n2n n2n—1

o0 1
0 if .
) ifx ¢ nL:JT {n,n + n2”1}

Obviously, each f, is continuous and it is simple to check that ||f.||, = 27"*! and

1
frln+ o) =N if n > r. Hence f, € A for each r € N. Fixing p > 0, let (a,)~, € £,
n n

such that a, # 0 for each r € N. If we take

(gr):il = (zr_larfr):ilv
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then
2 1 grllson < 1 grllen
dx (9,,0) = [|g- I, +El2—nm = |a,| +n§+12—nm.
Note that
( £ 1 ol )p< ( = i)”zi
n=ry12" 1 + ||gr||00,n ~ \n=rg1 2" 2P
Hence,
= ( £ 1 ol )”< S
S\ 2t 1+ g, ) T 227 221
and so ol .
> 1 Irlloo,n
(22—1 T ||g;||oo,n)rzl <l
Consequently,

(dx (grao)):il = (‘aT"):il + ( i ! w) €ty

n:r+12n 1+ HgTHoo,n r—1

and then (g,) -, € A,.
The proofs of Theorems 1.8 and 1.10 can be adapted, mutatis mutandis, to prove the
following:

Theorem 1.11. For each p > 0, the set A,
(a) is pointwise c-spaceable in (ép (X) ,dgp(X)), for each p > 0;
(b) is (1, ¢)-spaceable in (£, (X),de,(x));
(c) is not (o, ¢)-spaceable in (€, (X),dy,(x))-



Chapter 2

Criteria for Stronger Notions of
Lineability

This chapter explores (o, §)-lineability /spaceability, enhancing classical lineability and
spaceability by adding constraints to subspaces. We identify conditions where sets are
not («, 5)-spaceable and develop methods to prove («, 8)-spaceability in various contexts.
Additionally, we introduce (o, [5)-dense lineability, examining the relationships between
subspaces, particularly when one is infinite-dimensional and dense. The refined framework
aids in understanding the properties of function spaces and complex sets, opening new
research opportunities and applications in mathematical analysis.

2.1 («, B)-Spaceability: Negative Results

We start off by recalling that (see [33, Definition 2.1]) if A, B are subsets of a vector
space X, then A is called stronger than B whenever A + B C A.

Before presenting the main result, we introduce the concept of characteristic density.
The characteristic density dens (X) of a topological space X is the smallest cardinality
of a dense subset of X. Formally, dens (X) is given by:

dens (X) = min{card (D) : D C X and D is dense in X}.
The ideas of this stage are part of paper:

[23] V.V. Favaro, D. Pellegrino, A. Raposo Jr, and G. Ribeiro, General criteria for a
stronger notion of lineability. Proc. Amer. Math. Soc. 152 (2024), 941-954

The main result of this section is a criterion for non (a, §)-spaceability, which is
independent of the characteristic density of the space, as we shall see next.

Theorem 2.1. Let o > Ny and X be an F-space. Let A, B be subsets of X such that A
s a-lineable and B is 1-lineable. If AN B =& and A is stronger than B, then A is not
(c, B)-spaceable, regardless of the cardinal number (3.

Proof. Consider a complete translation-invariant metric d on X whose topology is the one
of X. Since B is 1-lineable, let v € X \ {0} be such that

Kv\ {0} C B.

24
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Since A is a-lineable, let ' be a set with cardinality « and {v, : @ € I'} C X be a set of
linearly independent vectors such that

EN{0} C 4,

where £ = span{v, : a € I'}. Let {a,,, : m € N} CI' be an infinite countable set. Given
n € N, the continuity of scalar multiplication on s +— sv,, yields that there exists d,, > 0
such that

d (sv,,,00,,) <n~ !, for all s € (0,6,).

In particular, for s = 2716, we have
d (2_15nvan, 0) <n L
Given b € T, define uy, := tyv, + v, where

{ 2716, ifb=a, € {an},_, for some n,
ty =

1, otherwise.

Since A+ B C A, it follows that u, € A, for each b € I". Since AN B = &, it is clear that
{up : b € '} is linearly independent. Defining

M :=span{u, : b €T},

let us prove that M \ {0} C A. For f € M \ {0}, there are N € N and (cy,...,cy) #
(0,...,0) in KV such that

N N
f= > ctyu, + > cjv.
=1 =1

Since {wvy, : b € I'} is linearly independent and (cq,...,cn) # (0,...,0), we have
N
> city;v,, € E\ {0} C A,
j=1

and since N
> c;v e Kv c BU{0},
i—1

J

we get
feA+ (BU{0}) C A.

Hence M \ {0} € A. Given ¢ > 0, let n € N be such that n=! < e. Since d is a
translation-invariant metric, we conclude that

d(uan7 U) - d (2_15nvan, 0) < n_l < €.
This implies that v € M. Since v ¢ A, it follows that
M ¢ Au{0}

and this means that A is not («, 5)-spaceable, regardless of the 5 > «. O
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From [24] we know that the set N'D [0, 1] of continuous nowhere differentiable functions
f:]0,1] — R is c-spaceable in C'[0, 1]. The following consequence of the previous result
shows that it is not («, ¢)-spaceable regardless of the @ > Ny:

Corollary 2.2. Let « > Xy and 8 be a cardinal number. The set N'D[0,1] is not
(c, B)-spaceable.

Proof. Consider A=ND[0,1] and B={f € C'[0,1] : f is differentiable}. Note that
ANB=gand A+ B C A.

If Ng < a < ¢, since A is a-lineable, the result follows from Theorem 1.1. If o > ¢ the
result is immediate. [

It is well known (see [13]) that Lp[0, 1] \ U,c(,.00) Lql0: 1], for p > 0, is c-spaceable in
L,[0,1]. Considering X = L,[0,1] and Y = {J,¢(, o) Lq[0, 1] in Corollary 2.5, since X \ Y’
is a-lineable for all Xy < o < ¢ and dim(X) = ¢, we have:

Corollary 2.3. Let a« > Ny and [ be a cardinal number. For p > 0, the set
Lp[0, 1]\ Uye ooy Lal0, 1] s not (v, B)-spaceable.

This result complements Theorem 2.16 from the previous chapter. In Theorem 2.16,
we established the non (R, ¢)-spaceability of this same set. It is important to note that
the techniques used in both results are different, highlighting the diversity of approaches
that can be employed to study spaceability properties in different contexts.

Remark 2.4. (a) The Corollary 2.2 is just to illustrate the applicability of Theorem 1.1.
Notice that if X is a topological vector space and A is a proper subset of X which is
a-dense lineable and o = dens (X)) then A cannot be («, )-spaceable for any 5 > «a.

(b) Observing the proof of Theorem 1.1, we are led to believe that a (natural) variant
of the definition of («a, 8)-spaceability, demanding W, to be closed, would provide
a completely different kind of results. We think that this is worth of further
investigation in the future.

Recall that a subspace F' of a Banach space X is quasicomplemented in X if it is closed,
and there exists a closed linear subspace G of X such that FNG = {0} and F + G is dense
in X (see [35, 39, 42]). In [39], Lindenstrauss asks whether or not ¢y is quasicomplemented
in /, and, in [42, Theorem 1.7|, Rosenthal shows that this is so. Furthermore, every
separable subspace of /,, is quasicomplemented in /... In particular, if F' = ¢y or ¢, the
set o \ F' is c-spaceable. However, in [41, Proposition 1.5|, Papathanasiou shows that
the dimension of every dense linear subspace of /., is ¢. This ensures that ¢, \ F' is not
a-dense lineable whenever Ny < o < ¢.

The above comment ensures that the our next corollary cannot follow from Remark 2.4.
Specifically, the next corollary is independent of the characteristic density of the space.

Corollary 2.5. Let a > Xy and B be a cardinal number. Let X be a Banach space or
p-Banach space (p > 0) and Y be a non-trivial subspace of X. If X \'Y is a-lineable then
X\ Y is not («, B)-spaceable.
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Proof. Considering A= X \Y and B=Y, we have A+ B C A and AN B = & and the
result follows by Theorem 1.1. m

As an immediate consequence of Corollary 2.5 we have the following result:

Corollary 2.6. If F = cy or F' = ¢, then U, \ F' is not (a, B)-spaceable if a > V.

2.2 (a, f)-Spaceability: Positive Results

A classical result due to Wilansky and Kalton says that if F'is a closed subspace of
a Fréchet space X, then X \ F' is spaceable if, and only if, dim (X/F) = co. In fact,
Wilansky [44, p.12] proved this result for Banach spaces and Kalton noticed that the same
proof works for Fréchet spaces. This result appears in [37] in the following way:

Theorem 2.7. ([37, Theorem 2.2|) If F' is a closed subspace of a Fréchet space X, then
X \ F is spaceable if, and only if, F' has infinite codimension.

The main result of this section is a criterion for («, §)-spaceability. In some sense, we
complement the result above by showing that, if F' is a closed subspace of a Banach space
X such that F' has a regular basic sequence and X \ F' is Ny-lineable, then

X \ F is («, ¢)-spaceable if, and only if, o < N,.

In particular, this assures that (. \ ¢p and {y \ ¢ are (¢, ¢)-spaceable if, and only if,
o < No.

The ideas of this section are also part of paper:

[23] V.V. Favaro, D. Pellegrino, A. Raposo Jr, and G. Ribeiro, General criteria for a
stronger notion of lineability. Proc. Amer. Math. Soc. 152 (2024), 941-954

We start off recalling some results concerning Schauder basis and basic sequences.

Definition 2.8. A sequence (e,) ., in a Banach space X is a basic sequence if it is a

Schauder basis for span {e, : n € N}. Furthermore, as in [36] and [43], a basic sequence
is called regular if it is bounded away from zero, that is, if it lies entirely outside some
neighbourhood of zero.

The following lemmas are probably folklore, but we present their proofs for the sake of
completeness.

Lemma 2.9. Let X be an infinite dimensional Banach space and let W be a finite-
dimensional subspace of X. Then, given € € (0,1), there exists v € X such that ||v]| =1
and

[w+ Mol = (1 =) [Jw]
for all (\,w) e K x W.
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Proof. Let Sy, be the unit sphere of W. Since Sy, is compact, we can find a finite set
{wy,...,w,} in Sy such that {B. (wg) : k =1,...,r}, where B, (wy) is the open ball of
center wy and radius €, covers Syy. Let X™* be the topological dual of V' and let us consider

wi,...,wi € V* such that, for every k =1,...,r, ||w| = 1 and wj (wy) = 1. Since X is
T
infinite dimensional, (1) ker w; is non-trivial subspace of X.

k=1
r

Let us fix a unit vector v € ) kerwj. Given w € W\ {0}, thereis k € {1,...,r} such

k=1
that
I
—— —w|| <e.
[Jw]]
For any A € K, we have
A A
|lw + v||2 ‘wkz“‘ v ‘_H w e
[Jw]] [Jw]] [Jw]]
o+ ]
> ||we + —|| — €
[[w]]
(o )|
Zlwp | wg + 77— || —¢€
[Jw]]

Hence
|w+ || > (1 —¢) [Jw]],

for all w € W\ {0} and all scalars A. Since the case w = 0 is immediate, the proof is

done. 0
Lemma 2.10. Let X be an infinite dimensional Banach space. If vi,...,v, € X are
linearly independent with ||v;|| = 1, for each i =1,...,n, then X contains a basic sequence
(ug) ey where ug = vy, for each k=1,... n.

Proof. Let Wy = span{vy,...,v,}. Considering the sequence (g4),-, defined by

observe that

for all m.
Define up = vy for each kK = 1,...,n. By Lemma 2.9 there is u,,1 € X such that
[tnsa]l = 1 and
[w + Atnia || = (1= &) [Jw]]

for all w € Wy and A\ € K, that is

DAk + Aty
=1

> (1—e¢y)

n
> Akt
k=1
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whenever A, \j, ..., A, € K. Defining Wy = span {uy, ..., up, up11}, it follows from Lemma
2.9 that there is u,+2 € V such that ||u,42]| = 1 and

[w 4+ Aupsol| = (1 = &2) [[w]
for all w € W5 and X\ € K, that is,

n+2 n+1
Z )\kuk Z (1 - €2> Z )\kuk
k=1 k=1
whenever A, ..., A\42 € K. Repeating this process, we obtain a sequence (uy),—, in V'
with |lug| = 1, for each k € N, such that for each N > 1 and any scalars (\g)/ "2,
n+N n+N—1
Z )\kuk 2 (1 —SN) Z )\kuk .
k=1 k=1
Therefore,
n+N—1 m+1 1 n+N+m
> Meugl| < I (1 —ensr—) > Ak
k=1 k=1 k=1
n+N+m
<20 >0 Mg
k=1
for each m € N. In particular,
s t
k=1 k=1

for each t > s > n.
Now let us suppose s < r < n. Since the correspondence

n n
> apug = 3 Joul
k=1 k=1

defines a norm on W; and two norms are always equivalent in finite dimensional spaces,
there are positive constants L and M, such that

n n n
Zakuk S LZ |Ozk| S M Zakuk

k=1 k=1 k=1
Hence,
k=1 k=1 k=1 k=1
Combining the previous inequality with (2.1) we have
s t
k=1 k=1

for each t > n.
Finally, by (2.1), (2.2) and (2.3), we conclude that, in general, if r, s € N are such that

s < r, we have
S T
k=1 k=1

for a certain constant C'. This shows that (ug),-, is a basic sequence. O
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Lemma 2.11. (|36, Lemma 4.3|) Let X be a Banach space and (wy,)—, be a regular basic

sequence. Let (ug).—, be a sequence in X such that Z |lug|| < co0. If

n=1

>ag (wy +ug) =0=a, =0,

n=1
then (wg + ug),—, is a basic sequence.

Now we are able to state the main result of this section.

Theorem 2.12. Let X be an infinite dimensional Banach space and F' be a closed subspace

of X. If F' has infinite codimension, then X \ F is (n,c)-spaceable, for every n € N.

Proof. Let Z be an n-dimensional subspace of X such that

Z\{0} C X\ F.

Let {v1,...,v,} be a basis of Z. Since F is closed, the quotient space X/F is Banach
when endowed with the norm |[|-[| y/p given by [[v]|x p = inf {[|v — w| : w € F'}, where ©

denotes the equivalence class of v € X. Let (yx);—, be a regular basic sequence in F'. For

eachi=1,...,n, let
x; = (? — yi).
||Ui||X/F
Thus 74, ...,T, are linearly independent. In fact, if
> AT =0,
i=1
then
Z = — : V;.
i=1 ||Ul||X/F i=1ill xp
This implies that
noo\
> v, e WnZ={0}.
i=1villx/p
Since {vy,...,v,} is a basis of Z, we conclude that

Ai=0,foreachi=1,....,n

By Lemma 2.10, we obtain a normalized basic sequence (Ty),—, on X/F, with zy, ...

(2.4)

an

as in (2.4). Since [|[Zy[| y/p = inf {[|zx —w| : w € F}, for every k > n, there is wy, € F

such that

ok — well < [l yyp +27F = 1427,

Let

[Tkl xypen, ik <n,
Up =
2% (zp —wy), ifk>n,
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and let (ax),—, be a sequence in K such that

k=1
Then, in particular,
Jim flag[} [lyx +ue]| = 0. (2.6)

Since (yx),—, is a regular basic sequence, there is L > 0 such that ||yx|| > L for each k € N.
Thus, if £ > n, then

lye + well > llyall = luxll > L =275 (1+27%) 2F L > 0. (2.7)
From (2.6) and (2.7) we conclude that
lim a; = 0. (2.8)
k—o0
The inequality
> lull = D2 H2_k (e —wi)|| < X 277 (1+27%) < oo, (2.9)
k=n+1 k=n+1 k=n+1

combined with (2.8), allow us to conclude that > ajuy converges absolutely and, hence,
k=1
converges. Therefore, by (2.5), we have

o0 oo
Zakyk = —Z@kuk-
k=1 k=1

Consequently, > ajur € F. Thus,
k=1

M8

_ n 0 n 0
0= akﬂk = Zakﬂk + Z akﬂk = Zak ||€k||X/F fk + Z ak2_kfk
k=1 k=n+1 k=1 k=n+1

k=1

and, since {Ty : k € N} is a basic sequence in X/F, it follows that

for each k € N. By (2.9) and (2.10) we can invoke Lemma 2.11 to conclude that the sequence
(yr, + ug)pe, is a basic sequence in X. Defining the (norm) closure of span {y; + uy : k € N}
by E, let us to prove that E\ {0} C X \ F. If v € EN F, then there are scalars ¢;, such
that

v= > ¢ (Yp + ur)
k=1

and . . -
6 =70 = ch (yk -+ uk) = chﬂk = defk,
k=1 k=1

where '
{ Okl x/p, K<,
dj, =

27", if k> n.
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Since (Zy),-, is a basic sequence in X/F, it follows that d, = ¢, = 0 for all k£ € N and,
hence v = 0. Thus £ N F = {0}, that is,

E\{0}C X\ F.

Since
— Yk
Yk + ur = Y + [0kl x/p r = Yo + [0kl p W = Uk,
X/F
for all k =1,...,n, we have Z C F and the result is done, since dim (F') = . ]

The next result is a consequence of Corollary 2.5 and Theorem 2.12.

Corollary 2.13. If F' is a closed subspace of a Banach space X and dim (X/F) > N,
then
X\ F is (a,¢) -spaceable if, and only if, o < V.

Proof. Theorem 2.12 assures that X \ F' is («, ¢)-spaceable, for every a < Wy. Conversely,
Corollary 2.5 guarantees that, if Ng < a <, then X \ F is not (o, ¢)-spaceable. O

Corollary 2.14. Let F = c or co. Then s \ F is («, ¢)-spaceable if, and only if, a < Ro.

Proof. The subspaces ¢y and ¢ are both closed and have infinite codimension in /... Hence,
if we take X = {,, and F' = ¢y or ¢ in Corollary 2.13, we conclude that both /., \ ¢ and
U \ co are (v, ¢)-spaceable if, and only if, o < Ng. ]

Alternatively, Corollary 2.14 can be obtained replacing Corollary 2.5 by Corollary 2.6
in the proof of Corollary 2.13.

The following result is an immediate consequence of Theorem 2.12 and the fact that,
for X \ F', pointwise c-spaceability coincides with (1, ¢)-spaceability.

Corollary 2.15. Let X be an infinite dimensional Banach space and F' be a closed vector
subspace of X. If dim (X/F) > Ro, then X \ F' is pointwise c-spaceable.

2.3 (a,c)-Spaceability of Set L,[0,1]\ U
p € (0,00)

) Lg[0, 1] for

q€(p,00

The aforementioned results, while satisfactory with respect to the complement
of closed subspaces in Banach spaces, do not guarantee, for instance, that the set
Lp[0, 1]\ Uye(poo) Lal0, 1] with p € (0, 00), is (v, ¢)-spaceable for some cardinal a > 0. A
result by Favaro et al. [21] shows that this is true for & = 1 and in the same article they
inquire about the (a, ¢)-spaceability of this same set for a cardinal 1 < o < ¢ (this same
issue is again highlighted in [20]).

The first result of this section demonstrates, using a different technique from the one
used in Corollary 2.3 that thes set L,[0,1] \ qu (o) Lal0, 1] is not (R, ¢)-spaceable. We
believe that this new result further deepens our understanding of the geometric structure
of these function spaces.
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Theorem 2.16. Let p > 0. The set Lp[0, 1] \ U ¢ (p00) Lal0, 1] s not (Ro, ¢)-spaceable.

q€(p,00)

Proof. Let
[1/27 1) = U I,
n=1

where I, = [an, b,), a, =1 —1/2" and b, = 1 — 1/2""!. For each x € I,,, there is a unique
tym € [0,1) such that
r=(1—1tyn)an + tznbn.

Let f € Lp[0,1] \ U e (p,00) Lql0, 1]. For each n € N, let f,,: [0,1] — R be the function

g€ (p,00)
given by
1, if x €0,1/2),
folx)=4q f(tyn), ifxel,
0, if x ¢ I,U][0,1/2).

It is easy to see that f, € L,[0, 1], for every n € N. Furthermore, if ¢ > p, denoting
the length of the interval I,, by |I,,|, n € N, and making a change of variables, we conclude

that
! 1
Jinlr=[ s [ gnr=g+ [ 1n0
0 0,1/2) [1/2,1] I
1 1
— 5+l [ 1=
0

Thus, fn € Lp[0, 1] \ U, (%) L,[0,1] for each n € N.
Note that {fi, fo, ...} is linearly independent. In fact, let a1, as, . .., a,, be scalars such
that

arfi +asfo+ -+ ap frm = 0.
For each k =1,...,m, let x; € I} be such that fi (zx) # 0. Hence

apfr(zr) = (e fi + azfo + -+ amfin) (x1) =0
and thus a, = 0. It is also simple to check that
WA\{0} € Ly[0, 1]\ J

where W = span{f, : n € N}.
Finally, denoting by x[o,1/2) the characteristic function at [0,1/2), we have

1
||fn X[0,1/2) H / ‘an[1/2,1)|p z/ |ful? = | L] / Fis =20,
[071} In 0

and xo,1/2) € W. Since xpo,1/2) ¢ Lp[0, 1] \ Use(p.00) Lal0 1], the proof is done. O

qO]-]a

q€(p,00)

Summarizing all the information above, together with Corollary 2.3, we have the
following question:
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For 0 < p < oo and 2 < o < Ny, is the set L,[0, 1] \ U, ¢y o0) Lal0: 1] (e, €)-
spaceable?

In view of [21, Theorem 2.2], many authors conjectured the veracity of this question.
In this thesis, using a slightly different technique than the one usually used in this type of
problem, namely the mother vector technique, we address and answer the above question.
The result was published in:

[2] G. Araajo, A. Barbosa, A. Raposo Jr., and G. Ribeiro, On the spaceability of the
set of functions in the Lebesgue space L, which are not in L4, Bull Braz Math Soc,
New Series 54, 44 (2023).

Theorem 2.17. For all 0 < p < oo the set
L0, 1\ |J Ly[0.1]
9€(p,00)
is (a, ¢)-spaceable in L,[0,1] if, and only if, a < N,.

Proof. From the previous discussion the question remains open only for 2 < a < N,.
Let g1,...,9n € Lp[0, 1] be linearly independent normalized vectors so that

span{gn,. ...} \ {0} C L0, 11\ | Lyfo.1).
g€ (p,00)

Let us consider the representation of the semi-open interval (0, 1] as the following disjoint

union .
1] = U I,

where I}, := (k+1’ +]. Let us fix k € N. Since qu(poo «(Ix) is a vector subspace of L, ()
and U ¢, o) Lg({x) has infinite codimension (see [6, Theorem 4.4]), we can take an infinite
dimensional subspace Vj, of L, ()) so that

L) =Vi® |J Lol
g€ (p,00)

Now, consider the canonical projection Py: L,(I)) — Vi of L,(I;) onto V) and let

fk € Vi\ P (Span{glm, .y 7gn‘lk})

with || fi||, = 1. Let us prove that, for all ai, ..., a, € K,

fk+zazgz|lk¢ U L Ik (211)

q€(p,00)

In fact, if there exists a4, ..., a, € K such that fk + > aigiln, € U Lq(Ik), since

q€(p,00)

fk + Zaig’i‘lk = fk + Py (Z a’igihlc) + <_Pk (Z aigi‘1k> + Zaigi’1k> )
i=1 i=1 i=1 i=1
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we would conclude that fk + P, (>0 aigil,) = 0 and, hence, f, €
Py (span{gi|z,, - -, 9nlr,}), which we know doesn’t happen.
Define p = 1if p > 1 and p = pif 0 < p < 1. Furthermore, consider

fk € LP[(]’ 1] \ qu(p,oo) Lq [07 1]7 where

[0 mpa
b fk 1n]k

For (a;);2, € {5,

oo o0
largn |+ -+ + llangalls + D Nlaifinllh =D aif” < oo.
i=n+1 i=1

Since L,|[0, 1] is a Banach space for p > 1 and a quasi Banach space for 0 < p < 1, it
follows that a1g; + -+ + ang, + Z?in—s-l a;fi—n € L[0,1]. Therefore we can define the
operator

T:l; — Ly[0,1], T ((ai)?;) =ag1+ -+ angn + Z a; fi—n.
i=n+1

For an arbitrary function f: X — K whose domain is an arbitrary set X, let supp (f) =
{r € X : f(z) # 0}. Since supp(f;) Nsupp(f;) = @ for ¢ # j, we can conclude that T'(¢;)
has infinite dimension.

Below we will show that there exists a positive integer mg such that

{91|U1-101[1-7 - 7gn|uz.101[i’ f1|uz.';01[i7 SR fM()|u;”:01[i}

is a linearly independent set in L,(|J;", I;). We first need to prove the following lemma:

Lemma 2.18. There exist a positive integer mq such that

{glyu;’;lllia e vgn‘u;illli}
is a linearly independent set in L, I;).

Proof of Lemma 2.18. Fix j € {1,...,n}. Since gj|lum 1, "% g, in L,[0,1], we have
gJ'lU?A 1, 7 0 for all large enough m. By contradiction, suppose there is not a positive
integer my such that {gi[m 1, ..., gnlym 1} is linearly independent in L,(U;Z, I;). Thus,
the set {g1|um 7,5, gnlum 1} is linearly dependent on L,(lJ;Z, I;) for all m € N. For
each m € N, let {91(m)|u;1111-, - ,gr(m)|u;?;11i} be a smaller linearly dependent subset of
{g1lum 155 gnlum 1} and define p: N — P({1,...,n}) by ¢(m) = {1(m),...,r(m)},
where P({1,...,n}) is the set of all subsets of {1,...,n}. Since card(P({1,...,n})) <
card(N) = Ny, there is {ji,...,J,} € ©(N) such that card(o=({j1,...,J-})) = Ng. Define
N :=¢ '{j1,.--,7-}) C N and note that

{91(m) um Is - -+ 9r(m) U;’;lli} = {95 um Is -+ 9jn u;';lfi}-
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Thus, if m,m € N are such that m < m, then there are by,...,b,_1, 51, cobr1 € Koso
that

i lum 1, = bigj lum 1, + -+ 0195, lum
and ) .

gjr|uf;11i = b1g;, ’ug”;lli +ot br—lgjrqluj’;lb- (2.12)

Restricting (2.12) to |J;~, I; we get

bigjlum 1, + -+ b1 gj e 1, = gy, lum 1,

= bigj,[up, 1+ + be1gs g 1

and consequently

(br = b)) gslom 1+ + (broi = bre1) g5,

Uyl — 0.

Since  {gjlum 155 gj.lum,} is a smaller linearly dependent subset of
{g1lum 15 gnlum 1,3 we can conclude that by = by, k = 1,...,7 — 1. Since

m € N’ is arbitrary, we obtain

un = bigglum 4+ beagy

gj. um LI
for all m € N,
Therefore
— 1 ; m .
g]r mlé’INll g]r Uizllz
= nlliEHNI, (brgjilom 1, + -+ bro1gj, s lum 1)
=bigj, + -+ br1gj,_ 4,
which is contrary to the fact that {gi,...,¢,} is linearly independent. O

Let us return to the proof of Theorem 2.17. Let us prove that the set

Lgilum 1s s Gnlum 1 frlom 1y -5 fnlom 1}

is linearly independet in L,(|J;~, I;) for all m > my, where

U Ly y dn

un 1} s linearly independent in L, <U [i) } .

mo = min {ml A
i=1

Given m > my, let by, ..., by, bpi1, ..., bym € K such that

bigilum r + -+ bugnlum 1+ bogr filum 1, + 0+ b fn|um 1, = 0,

ie.,

bigilop,n 4+ bagalom, = —buyifilup = = bopmfimlum 1, (2.13)
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Restricting the equality in (2.13) to 1;, j = 1,...,m, we have
blgl|[j +oeet bngn|f7 = _bn-I—jfj’

ie., —bnﬂfj = P (blgl|1j 4+ bngn|1j) € P (span{gl|1j, . ,gn|1j}), and we can
conclude that b, ; = 0. From (2.13) we have

o1 =0,

bigilum 1, + -+ bugn

and from the Lemma 2.18 we obtain b = ... =5, = 0.
Now let us see that

T(l;) {0} c L0, 1]~ | Lg0.1].

q€(p,00)

Indeed, given h € T'(¢;) ~ {0}, let (a! My e l; (k € N) such that

T ((a<k>)ggl) 2% hin L0, 1)

(2

(k)\ oo k—oo

Observe that T ((ai ) 1) |r — h|; in L,(I) for any subinterval I of [0,1]. In order to

go further, the strategy shall be to prove that there is a sequence of scalars (a;);en such
that

aigr + -+ apgy + Zan-i-ifi = h.

i=1
In fact, for a fixed m > mg, note that
k
ag )gl‘Ugllz + + a( )gTLlUm I + anJrlfl U;‘rr;1l’i + : n—‘,—mfm z 1
_T (((ék)) ) k—)oo h’Um I
i=1
and that span {g1|uzr;1 e Onlum 1 filom g, afm|uz’;11¢} is finite dimensional on

L,(UJ, I;). Since every finite-dimensional subspace of a topological vector space is
closed, there are scalars a;(m),. .., ay1m(m) such that

h|U§111¢ =ai(m )gl n LT et an(m )gn’ulmzlli+Gn+1(m)f1’ug11[i+'--—i—aner(m)fm

U I

(2.14)
Obviously the same reasoning can be applied to m > m and therefore

hum 1, = ar(M)gilun 1+ +an(M)gnlom 1, +ane1 (M) filum 14+ angm (M) falum

=1 l

(2.15)
Restricting (2.15) to |J;~, I; and comparing with (2.14) we get
ar(m)gilum 1+ + an(m)gnlum 1 + @i (M) filum 1 + -+ G (M) frnlum 1,
= hlup, 1,
= a (m)gl W10 e e an(m)gn|U{';11¢ + Apt1 (m)f1|U?;11¢ +oeee an—i-m(m)fm UL I
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Since the set {gl‘uz’glha o Gnlom s filom s fm‘uz’glh} is linearly independent, we
obtain aj(m) = a;(m) for every j = 1,...,n+ m. Thus we conclude that there is a
sequence of scalars (a;)2; such that

<a191 tt Angn + Z an-l—ifi) o 1, = (@191 + -+ + angn) o 1 + (Z an-‘rifi) |, 14

=1 i=1

=h

um

e 1

and so we finally have

aigr + -+ Gpgn + Zan-i-ifi = h.

=1

Since h # 0, it follows that (a;);-, # 0. Therefore, if a,.; = 0 for all i € N, we have

h=ag+-+ang, € span{gi,...,g,} ~ {0} C L,[0,1] \ U L,[0,1].

q€(p,0)

On the other hand, if a,4; # 0 for some ¢ € N, from (2.11) we obtain

1 ~
a 'hz_fi_ka '(algl‘i_"'"i_angn)‘h% U
n+u n—+1 4€(p,00)
Consequently, i & ¢, o) Lql0; 1] and the result is done. O

2.4 (a,c)-Dense Lineability of Set L,[0, 1] \U
for p € (0, 0)

Ly[0, 1]

q€(p,00

The criteria we will examine next were published in:

[23] V.V. Favaro, D. Pellegrino, A. Raposo Jr, and G. Ribeiro, General criteria for a
stronger notion of lineability. Proc. Amer. Math. Soc. 152 (2024), 941-954

and will allow us to further investigate the topological structure of the set L,[0, 1] \
UqE(p,oo) L,[0,1] in terms of density.

We will now return to discussing additional results that were published in the
aforementioned paper. These criteria will provide a deeper understanding of the concept of
dense lineability and its implications within the broader context of our study. The insights
gained from these findings are crucial for the comprehensive analysis and conclusions
presented in this thesis.

The Concept of («a, 3)-Dense Lineability

This section delves into a refined version of lineability, known as («, )-dense lineability,
which considers not only the relationship between the dimensions of the subspaces within
the investigated environment, but also the density of these algebraic structures.
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This notion extends the idea of dense lineability, thus providing a more comprehensive
understanding of the distribution of linear structures within a given space. The foundation
for this study is laid by Bernal et al. [6], who established a fundamental result regarding
No-dense lineability in metrizable separable topological vector spaces.

The concept of (v, B)-dense lineability was first introduced in the aforementioned paper.
Essentially, this notion is defined as follows: Let X be a topological vector space and let
A be a non-void subset of X.

e We shall say that A is (a, 3)-dense lineable if it is a-lineable and for each a-
dimensional subspace W, C AU {0}, there is a S-dimensional dense subspace Wjp
such that

W, C Wz C AU{0}.

An interesting example related to these concepts is the set of continuous nowhere
differentiable functions on [0, 1], denoted as N'DI0, 1]. It is known that N'DI[0, 1] is c-dense
lineable. However, it is still an open question whether N'D[0, 1] is (¢, ¢)-dense lineable.
This means that while we know a c¢-dimensional dense subspace exists, it remains unknown
whether for every c¢-dimensional subspace, there is a corresponding ¢-dimensional dense
extension within A'D[0,1]. In the same direction, in [29], the notions of pointwise (-
lineability were introduced. Now we introduce the concept of pointwise S-dense lineability:

e A subset A of a topological vector space X is called pointwise [-dense lineable if,
for each x € A, there is a -dimensional dense subspace W, such that

re W, C AU{0}.

o If § =dim(X), we say that A is mazimally pointwise dense lineable.

It is plain that the notions of pointwise 5-dense lineability imply (1, 3)-dense lineability.
In general, the converse is not true (see [29], Example 2.2). However, whenever A U {0} is
closed under scalar products, the pointwise notions coincide with the (1, 3) corresponding
notions.

Theorem 2.19. (|6, Theorem 2.5|) Let X be a metrizable separable topological vector
space and W be a vector subspace of X. If dim (X/W) > V,, then X \ W is Ny-dense
lineable.

To extend these ideas to non-separable spaces, we used the concept of the weight of
a topological vector space. Given a topological vector space X, let Bx be the set of all
bases for the topology of X. The cardinality of a basis with minimal cardinality, denoted
by w(X), is called the weight of X.

Inspired by [38, Lemma 3.1|, we present a main result that offers a non-separable
and stronger variant of Theorem 2.19. This theorem leverages the powerful technique of
transfinite induction, a method that extends the principle of mathematical induction to
well-ordered sets, allowing for the construction and verification of properties across larger
cardinalities.
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Transfinite induction will be the key technique used to prove the following theorem,
providing a robust framework for demonstrating («, #)-dense lineability in a wide range of
topological vector spaces.

This result not only broadens the scope of dense lineability but also underscores the
significance of cardinality constraints in the context of topological vector spaces. By
utilizing transfinite induction, we are able to systematically construct and verify the
existence of densely lineable structures, providing deeper insights into the algebraic and
topological properties of these spaces.

Theorem 2.20. Let X # {0} be a topological vector space and W C X be a linear
subspace such that w(X) < dim (X/W). Then X \ W is («, B)-dense lineable for each
a < dim (X/W) and

max {a,w (X)} < < dim (X/W).

Proof. Fix o < dim (X/F) and let C = {ux},., be a linearly independent subset of X
such that
span (C) C (X \ W)U {0}.
Consider the subspace M, := W @ span (C) and let By = {Uu}uew(x) € Bx be a basis of
minimal cardinality for the topology of X. Since a = dim (span (C)) < dim (X/F), we
have M, G X. Thus,
X \ M, is dense in X. (2.16)

This implies that there is a vector v,, € U,, N (V \ M,). Given u < w(X), let us
suppose by transfinite induction that

v, € U, N (X \ (MO‘ & span {07}7€">>

has been defined for each 1 < u. Since

dim (span (C) @ span {Uv}weu> =a+pu <max{o,w(V)} <dim (X/F),
the subspace M, & span {UV}VGN G V. That is,

X\ (Ma @ span {UV}V@) is dense in X.
Therefore, there is a vector v, € U, N (X\ (Ma @ span {UW}veu)) This assures the
existence of vectors {v.} ., x satisfying

v, € U,N(X\G,), for each p < w(X),

where G, := W® H,, and H, := span (C)@span {v,} .. It is plain that the set {v,},,x)
is dense and linearly independent in X, consequently the subspace

Y := span (C) @ span {Uu}uew

is dense in X. Furthermore, if v € Y \ {0}, then v = z ajuy; + Z ayv,,. Hence
k=n+1
v e H,, and,since H, NW = {0}, we conclude that v gé W Therefore,

span (C) C span (C) @ span {v.},c,,x) =Y C (X \ W)U {0}.
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Since
dim (Y) = max {a,w (X)} and max {o,w (X)} > «,

the set X \ W is (a, max {a, w (X)})-dense lineable. Since we can extend Y to Y such
that Y (X \ W) U {0} and dim (37) = 3, the result follows. O

For a topological vector space X # {0}, recall that the dens (X) denotes the density
character of X, that is, the minimal infinite cardinal number of a dense subset of X.

Corollary 2.21. Let X be a metrizable, infinite dimensional topological vector space with
k = dens (X) and W be a linear subspace. The following conditions are equivalent:

(i) X\ W is («a, 5)-dense lineable for each av < dim (X/W) and

max {x,a} < g < dim (X/W).

(17) X \ W is k-lineable.
(i17) k < dim (X/W).

Proof. (i) = (ii). It is obvious.

(i1) = (iii). Let W, be a k-dimensional subspace of X such that W N W, = {0} and
let mw: X — X/W be the canonical projection. Since my |w, is injective, we have

k= dim (W,) = dim (my (W) < dim (X/W).

(73i) = (7). Since X is a metric space, we have
dens (X) = w(X)

and, hence, Theorem 2.20 assures the result. O

In [6, Theorem 2.5| the authors proved that if X is a separable metrizable topological
vector space and W is a subspace of X with infinite codimension, then X \ W is Ry-dense
lineable. The next result improves the aforementioned result:

Corollary 2.22. Let X be a metrizable, infinite dimensional topological vector space with
k = dens (X) and W be a linear subspace such that k < dim (X/W), then X \ W is
dim (X/W)-pointwise dense lineable. If furthermore, dim (X/W) = dim (X), then X \ W

18 pointwise maximal dense lineable.

Proof. In fact, Corollary 2.21 assures the (1, dim (X/W))-dense lineability of X \ W and,
since (X \ W) U {0} is closed under scalar multiplication, as pointed before, pointwise
notions and (1, #) notions coincide. This shows that the set X \ W is pointwise dim (X/W)-
dense lineable. O
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In [21, Theorem 3.2| the authors proved that the set L,[0,1]\
(1, c)-spaceable. Considering X = L,[0,1] and W = {J (
we have:

4€(p.) Lq [0,1] is

se(poo) La [0, 1] in previous corollary,

Corollary 2.23. L, [0, 1]\ U,c(.00) Lq [0, 1] is pointwise mazimal dense-lineable, for every
p > 0.

Corollary 2.24. Let X be a metrizable separable topological vector space and let W be a
subspace of X. If dim (X/W) > RNy, then X \ W is (k, 5)-dense lineable, for each k € N
and each Xy < 5 < dim (X/W).

Proof. 1t is an immediate consequence of Corollary 2.21 since, in this case,

dens (X) = o < dim (X/W).

Considering X = L,[0,1] and W = J L,[0,1] in Corollary 2.21, we have:

q€(p,00)

Corollary 2.25. Let 0 < p < co. The set Ly[0, 1]\U c(p.00) Lal0: 1] s (av, B)-dense lineable,
for each o < ¢ and
max {a, R} < <.

In [40, Section 2|, Nestoridis posed the following question:
Does the set o, \ ¢y contain a dense linear subspace?

In [41, Theorem 1.2] Papathanasiou gave a positive answer to this question. More
precisely, he proved that the set ¢, \ ¢y is maximal dense-lineable. Now we improve the
result of Papathanasiou.

Corollary 2.26. Let F' = ¢y or c.

(1) Lo \ F' is (a, ¢)-dense lineable for each a < c.

(17) loo \ F is not (n,Ng)-dense lineable for each n € N.

Proof. (i) It follows from Corollary 2.21 that (. \ F is («,c)-dense lineable for each
a < ¢=dim (¢ /F), since
dens ({) = c.

(17) Tt is a straightforward consequence of that fact that the dimension of every dense
linear subspace of £, is c. O

Remark 2.27. Corollaries 2.14 and 2.26 allow us to conclude, in particular, that ¢, \ F' is
(N, ¢)-dense lineable, but it is not (X, ¢)-spaceable.



Chapter 3

A Quest of Convergence

This chapter presents an extension of a result within the concept of [S]-lineability,
originally developed in 2019 by L. Bernal-Gonzalez, J.A. Conejero, M. Murillo-Arcila, and
J.B. Seoane-Sepulveda in [10]. Additionally, we provide a characterization in terms of
lineability in the context of complements of unions of closed subspaces in F-spaces, and
finally, we present a negative result in both normed spaces and p-Banach spaces.

|S]-Lineability in the Context of Complements of Unions

In this section, we aim to characterize the family of complements of unions of closed
subspaces through the notion of [S]-lineability. To this end, let us begin with the following
notion as appeared in [18].

Definition 3.1. We say that a sequence (u,) -, of elements of a topological vector
space X is topologically linearly independent if, for each sequence (¢,)>”, € KV with
> eat, = 0, we have (¢,).—, = 0.

Based on this definition, if S # {0} is a subspace of K then we will say that a sequence
(un)oo, of elements of a topological vector space X is S-topologically linearly independent
in X (or S-independent) if for each sequence (c,) -, € S with >>° | ¢,u, = 0, we have
(Cn)pzy = 0.

Within this perspective, still in [18], Drewnowski et al. demonstrated the following
result, which will be a crucial ingredient for the proof of the Theorem 3.4. It is worth
mentioning that this result establishes a connection between linear ¢,.-independence and
linear independence.

Proposition 3.2. Assume that (x,),., is a linearly independent sequence in a Hausdorff
topological vector space X. Then there is A\, > 0 such that (\,x,),—, is ls-independent.

Em [37], the authors made a notable contribution with the following result:

Theorem 3.3. (37, Theorem 7.4.2| Let Z, (r € N) be Banach spaces and let X be a Fréchet
space. Let T,: Z, — X be continuous linear mappings and Y = span (J 2T, (Z,)). If Y
1s not closed in X then the complement X \'Y 1is spaceable.

43
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At this point, a characterization of spaceability for the complements of non-enumerable
unions of subspaces in the context of F-spaces in terms of lineability has yet to be developed.
It is not even known if these complements are [S]-lineable, and it is precisely for this
purpose that we present the following result:

Theorem 3.4. Let X # {0} be an F-space and {Y;},., be a family of nontrivial closed
subspaces of X. The set X \ .., Y: is lineable if and only if it is [S]-lineable for every
subspace S # {0} of lx.

Proof. Assume that X \ (J,.; Y is lineable and consider the quotient map @Q;: X — X/Y;
(1 € I). Let E be an infinite dimensional subspace of X such that

EN <UY) = {0}.

i€l

il

Let (z,),., be a sequence of elements linearly independent in E such that

Dl < oo (3.1)
n=1

Fix 7 € I. Due to the fact that X \ (J,.;Y; is lineable, we can infer that the sequence
(Qi (zy,)),—, is also linearly independent in X/Y;. Indeed, if for some N € N, we have

N
Z anQi (xn) = 07
n=1
then
N
Qi (Z ana:n> =0.
n=1
Hence
N
Zana:neY;ﬂE:{O}.
n=1
That is,

a, =0,

which proves the desired linear independence in X/Y;. Since X/Y; is a Hausdorff topological
vector space, we can invoke Proposition 3.2 to obtain a sequence of positive real numbers
(An).—, such that the sequence (Q; (A\y2y,)),—, is loo-independent in X/Y;. We also claim
that the sequence ()", where v, := 22— is such that (Q; (a,2,))o, is le-independent

n=1’ 14+,
in X/Y;. Indeed, let (t,).~, € {~ be such that

f: thi (anxn) = 0.
n=1

Hence,

) t
n=1 n
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t [eS)
- oo,
<]’+-An>7ll ©

and (Q; (Anxy)),,is {oo-independent in X/Y;, we get

Since

tn
1+ A,

=0 for each n € N,

and this entails that
t, = 0 for each n € N.

Therefore, (Q; (nxy)),-, is really {.-independent in X/Y;. Furthermore, since |a,| <1
for all n € N, we have
|yl < ||zn|l for all n € N.

Since
oo
§£:|LIHHX’<:007
n=1

we obtain

0 )
D llenzallx <D lleally < oo,
n=1 n=1

Now, let ¢ = (¢,);", € ls \ {0}. We claim that the series Y ¢,a,x, converges in X.
n=1

Indeed, due to the fact that
HHCHZOi Cno‘nanX < [lanzn|l x < oo,

if we take € > 0, then there exists ny € N such that

[e.e]

S el cncmal] < <.
n=ng+1

Thus, for r,s € N with r, s > ng, we have

r s r
> llelll enman =Y llelli cncmn > el enctnn
n=1 n=1

X n=s+1 X
r
s<r
—1
< D el cnomaal |
n=s+1
00
< D el encnzal |
n=ngo+1
< E.

. . r 1 00
Since X is complete and Hausdorff, we can conclude that sequence (anl llell, Cnan$n)T: .
converges in X for the series

o
-1
HCHEO@ Cr Ol Ty
n=1
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Hence,

o
Z ||c||€_oi CnQnTy € X,

n=1

and consequently,
o0 oo
> entnan = lcll, D el catnan € X.
n=1 n=1

Our aim from this point forward will be to demonstrate that the series Zfbozl Crn Oty T,
converges to a vector in (X \ U,c; Yi) U {0}. To achieve this, we will assume, by way of

contradiction, the existence of y € (U,c; Y:) \ {0} such that

Z CnQnTp = V. (3.3)
n=1
Since y € Y; for some i € I, we have

N o B

n=1
That is,
> enQi (apxy,) = 0.
n=1
Since (Q; (o)) —, i le-independent in X/Y; and (¢,),—, € loo, We get
(cn)oey =0.

From (3.3), we obtain
y=0,

which leads to a contradiction. Therefore, the series Zzozl CnQy Ty, converges to a vector in
(X \ U,e; Y:) U{0}. This shows that X \ J,.; Yi is [(o]-lineable and by [10], we conclude
that X \ J,c; Y is [S]-lineable for each subspace S of . For the proof of the converse, it
suffices to take S = ¢y and utilize the fact that X \ Y is [¢go]-lineable if and only if it is
lineable. O

A Kind of Extension

A result due Bernal et al. in [10] states that if A is a subset [(x,),—, ,S]-lineable of a
metrizable vector space X, where § is an infinite dimensional subspace of K" and ()7 | is
a basic sequence, (recall that a sequence (x,) -, of a metrizable topological vector space
X is said to be basic whenever every x € span{z, : n € N}, the closed linear span of the
z,’s, can be uniquely represented as a convergent series © = ) > | ¢, %, , then A is lineable.

More precisely, they showed the following:

Proposition 3.5. Assume that (x,),., is a basic sequence in X, where X is metrizable,

and that A is a [(z,),—, ,S]-lineable subset of X, where S is an infinite dimensional

subspace of KN. Then A is lineable.
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In this section, we complement this result by removing the assumption of metrizability
and the requirement for the sequence to be basic.

Theorem 3.6. Let X # {0} be a Hausdorff topological vector space and A be a nonvoid
subset of X. If (z,),—, is an lu-independent sequence of elements of X and A is

[(zn),— , S]-lineable, for some infinite dimensional subspace S of Ly, then A is lineable.

Proof. Let S be an infinite dimensional subspace of {+, and assume that A is [(z,) ., S]-
lineable. Since (z,) ", is lx-independent in X, we can conclude that the operator
T:S8 — X given by T ((¢cn),—,) = Do Cay is not only well-defined and linear, but
also injective. Thus,

dim7 (S) =dimS > N,.
Furthermore, due to the fact that X is Hausdorff, we have

T(S)c Au{0}.

Hence, A is lineable and the proof is complete. O

Negative Results

In this section, we consider results that provide an enlightening insight into the [S]-
lineability of subsets in some classes of infinite dimensional vector spaces. The next
proposition highlights the importance of sequence properties concerning their distance
from the origin in normed vector spaces. Roughly speaking, the next statement shows
that sequences away from zero do not generate [S]-lineability.

Proposition 3.7. Let X be an infinite dimensional normed space. If (x,);~, is a linearly
independent sequence in X such that inf,cn [|z,]|y > 0, then for any infinite dimensional

subspace S of U, properly containing co, there is no subset of X that is [(x,).—, , S]-lineable.

Proof. Assume that A is a subset of X which is [(z,)—, , S]-lineable in X for some infinite
dimensional subspace S of £, properly containing ¢y. Given (¢,),—, € S, we have

lentnllx = lenl lznllx = |CN|TIL2£I ||| for all n € N.

That is,
-1
(inlg ||mn||X) Nlen®nllx > |en| for all n € N. (3.4)
ne

Due to (3.4), if we take (¢,),—; € S\ ¢, we can infer that the sequence (||, ) -, does

not converges to zero. However, this leads to a contradiction, since the series >~ | ¢,y
converges in X for some vector of AU {0}. Therefore, the desired result follows. O

The result above remains valid in the context of p-Banach spaces as well. If we consider
the sequence (e,),—, in ls, where e, = (0,0,...,0,1,0,0,...) (with the 1 at the nth
place), we obtain the following result:

Corollary 3.8. For p € (0,1) and any infinite dimensional subspace S of l~ properly
containing co, there is no subset of £, that is [(en),—, , S]-lineable.

n=1"
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