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ABSTRACT. We introduce the concept of mazimal lineability cardinal number,
mL (M), of a subset M of a topological vector space and study its relation
to the cardinal numbers known as: additivity A(M), homogeneous lineability
HL(M), and lineability £L(M) of M. In particular, we will describe, in terms of
L, the lineability and spaceability of the families of the following Darboux-like
functions on R™, n > 1: extendable, Jones, and almost continuous functions.

1. PRELIMINARIES AND BACKGROUND

The work presented here is a contribution to a recent ongoing research concerning
the following general question: For an arbitrary subset M of a vector space W, how
big can be a vector subspace V' contained in MU{0}? The current state of knowledge
concerning this problem is described in the very recent survey article [8]. So far, the
term big in the question was understood as a cardinality of a basis of V; however,
some other measures of bigness (i.e., in a category sense) can also be considered.

Following [1,29] (see, also, [17]), given a cardinal number p we say that M Cc W
is p-lineable if M U{0} contains a vector subspace V of the dimension dim (V) = u.
Consider the following lineability cardinal number (see [4]):

L(M) = min{x: M U {0} contains no vector space of dimension «}.

Notice that M C W is p-lineable if, and only if, u < £(M). In particular, p is
the maximal dimension of a subspace of M U {0} if, and only if, £L(M) = p*. The
number £(M) need not be a cardinal successor (see, e.g., [1]); thus, the maximal
dimension of a subspace of M U {0} does not necessarily exist.

If W is a vector space over the field K and M C W, let

st(M) ={we W: (K \{0})w C M}.
Notice that
if V is a subspace of W, then V' C MU{0} if, and only if, V' C st(M)u{0}. (1)
In particular,
L(M) = L(st(M)). (2)
Recall also (see, e.g., [19]) that a family M C W is said to be star-like provided

st(M) = M. Properties (1) and (2) explain why the assumption that M is star-like
appears in many results on lineability.
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A simple use of Zorn’s lemma shows that any linear subspace V of M U {0} can
be extended to a maximal linear subspace V of M U {0}. Therefore, the following
concept is well defined.

Definition 1.1 (maximal lineability cardinal number). Let M be any arbitrary
subset of a vector space W. We define

mL(M) = min{dim(V): V is a maximal linear subspace of M U {0}}.

Although this notion might seem similar to that of maximal-lineability and
maximal-spaceability (introduced by Bernal-Gonzalez in [7]) they are, in general,
not related.

In any case, (1) implies that mL£(M) = mL(st(M)).

Remark 1.2. Tt is easy to see that HL(M) = mL(M)", where HL(M) is a
homogeneous lineability number defined in [4]. (This explains why HL is always a
successor cardinal, as shown in [4].) Clearly we have

HL(M) =mL(M)" < L(M).
The inequality may be strict, as shown in [4].

For M C W we will also consider the following additivity number (compare [4]),
which is a generalization of the notion introduced by T. Natkaniec in [25,26] and
thoroughly studied by the first author [11-15] and F.E. Jordan [23] for V = RE
(see, also, [20]):

AM, W) =min({|F|: FCW & (Yw € W)(w+ F ¢ M)}U{{W[*}),

where |F'| is the cardinality of F and w+ F = {w + f: f € F}. Most of the times
the space W, usually W = RE, will be clear by the context. In such cases we will
often write A(M) in place of A(M,W).

We are mostly interested in the topological vector spaces W. We say that
M C W is pu-spaceable with respect to a topology 7 on W, provided there ex-
ists a 7T-closed vector space V- C M U {0} of dimension u. In particular, we can
consider also the following spaceability cardinal number:

L:(M) =min{x: M U{0} contains no 7-closed subspace of dimension x}.

Notice that £(M) = £,(M) when 7 is the discrete topology.!

In what follows, we shall focus on spaces W = R¥ of all functions from X = R"
to R and consider the topologies 7, and 7, of uniform and pointwise convergence,
respectively. In particular, we write £, (M) and L,(M) for £, (M) and L, (M),
respectively. Clearly

L,(M) < L,(M)<L(M).
Recall also a series of definitions that shall be needed throughout the paper.

Definition 1.3. For X C R" a function f: X — R is said to be

e Darbouz if f[K] is a connected subset of R (i.e., an interval) for every
connected subset K of X;

lof course, there might be some other topological properties distinguishing between the families
M with the same value £, (M). For example, in [2] it is shown that if M is the family of strongly
singular functions in CBV][0, 1], then £,(M) = ¢t and M contains a linear subspace generated
by a discrete set of the cardinality ¢. Similarly, if M is the family of all nowhere differentiable
functions in C[0, 1], then £, (M) = ¢t as proven in [28]. However, the linear subspace of M given
in [28] is only separable.



LINEABILITY, SPACEABILITY, AND ADDITIVITY 3

e Darbouz in the sense of Pawlak if f[L] is a connected subset of R for every
arc L of X (i.e., f maps path connected sets into connected sets);

e almost continuous (in the sense of Stallings) if each open subset of X x R
containing the graph of f contains also a continuous function from X to R;

e a connectivity function if the graph of f [ Z is connected in Z x R for any
connected subset Z of X;

e crtendable provided that there exists a connectivity function F': X X
[0,1] — R such that f(x) = F(z,0) for every z € X;

o peripherally continuous if for every x € X and for all pairs of open sets U
and V containing = and f(x), respectively, there exists an open subset W
of U such that x € W and fbd(W)] C V.

The above classes of functions are denoted by D(X), Dp(X), AC(X), Conn(X),
Ext(X), and PC(X), respectively. The class of continuous functions from X into R
is denoted by C(X). We will drop the domain X if X = R.

Definition 1.4. A function f: R™ — R is called

o cverywhere surjective if f[G] = R for every nonempty open set G C R";

o strongly everywhere surjective if f~1(y) N G has cardinality ¢ for every
y € R and every nonempty open set G C R™; this class was also studied
in [13], under the name of ¢ strongly Darboux functions;

o perfectly everywhere surjective if f[P] = R for every perfect set P C
R" (i.e., when f~!(r) is a Bernstein set for every r € R (compare [10,
chap. 7]));

e a Jones function (see [22]) if f N F # & for every closed set F' C R™ x R
whose projection on R" is uncountable.

The classes of these functions are written as ES(R™), SES(R"), PES(R"),
and J(R™), respectively. We will drop the domain R™ if n = 1.

Definition 1.5. A function f: R — R has:

e the Cantor intermediate value property if for every x,y € R and for each
perfect set K between f(z) and f(y) there is a perfect set C' between z
and y such that f[C] C K;

e the strong Cantor intermediate value property if for every x,y € R and for
each perfect set K between f(z) and f(y) there is a perfect set C' between
x and y such that f[C] C K and f [ C is continuous;

o the weak Cantor intermediate value property if for every x,y € R with
f(z) < f(y) there exists a perfect set C between x and y such that f[C] C
(f (), f(¥));

e perfect roads if for every x € R there exists a perfect set P C R having
x as a bilateral (i.e., two sided) limit point for which f [ P is continuous
at x.

The above classes of functions shall be denoted by CIVP, SCIVP, WCIVP, and PR,
respectively.

Notice that all classes defined in the above three definitions are star-like.

The text is organized as follows. In Section 2 we study the relations between
additivity and maximal lineability numbers. Sections 3 and 4 focus on the set
of extendable functions on R and R”, respectively. Surprisingly enough, we shall
obtain very different results when moving from R to R™. The lineability of some
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of the above functions have been recently partly studied (see, e.g., [4,18-20]) but
here we shall give definitive answers concerning the lineability and spaceability of
several previous studied classes.

2. RELATION BETWEEN ADDITIVITY AND LINEABILITY NUMBERS

The goal of this section is to examine possible values of numbers A(M), mL(M),
and L(M) for a subset M of a linear space W over an arbitrary field K. We
will concentrate on the cases when @ # M C W, since it is easy for the cases
M € {@,W}. Indeed, as it can be easily checked, one has A(@) = L(@) = 1 and
mL (o) =0; AW) = |W|T, LW) = dim(W)*, and mL(W) = dim(W).

Proposition 2.1. Let W be a vector space over a field K and let @ # M C W.
Then
(1) 2< AM) < |[W] and mL(M) < L(M) < dim(W)™;
(1) if A(st(M)) > |K]|, then A(st(M)) < mL(M).
In particular, if M is star-like, then A(M) > |K| implies that
(1) A(M) <mL(M) < L(M) < dim(W)*.

Proof. (1) These inequalities are easy to see.

(11) This can be proved by an easy transfinite induction. Alternatively, notice
that A. Bartoszewicz and S. Glab proved, in [4, corollary 2.3], that if M ¢ W
is star-like and A(M) > |K|, then A(M) < HL(M). Hence, A(st(M)) > |K]|
implies that A(st(M)) < HL(st(M)) = mL(st(M))" = mL(M)T. Therefore,
A(st(M)) < mL(M). O

In what follows, we will restrict our attention to the star-like families, since,
by Proposition 2.1, other cases could be reduced to this situation. Our next the-
orem shows that, for such families and under assumption that A(M) > |K]|, the
inequalities (3) constitute all that can be said on these numbers.

Theorem 2.2. Let W be an infinite dimensional vector space over an infinite
field K and let a, p, and X be the cardinal numbers such that | K| < a <pu <A <
dim(W)*. Then there exists a star-like M C W containing 0 such that A(M) = «,
mL(M) = u, and L(M) = A

The proof of this theorem will be based on the following two lemmas. The first
of them shows that the theorem holds when o = p, while the second shows how
such an example can be modified to the general case.

Lemma 2.3. Let W be an infinite dimensional vector space over an infinite field K
and let i and \ be the cardinal numbers such that |K| < p < XA < dim(W)T. Then
there exists a star-like M C W containing 0 such that A(M) = mL(M) = u and
L(M) =\

Proof. For S C W, let V(S) be the vector subspace of W spanned by S.

Let B be a basis for W. For w € W, let supp(w) be the smallest subset S of B
with w € V/(S) and let c,,: supp(w) — K be such that w = 3,0 Cw(b)b. Let
E be the set of all cardinal numbers less than A and choose a sequence (B,,: 1 € E)
of pairwise disjoint subsets of B such that |By| = p and |B,| = 1 whenever 0 #
1 € E. Define

M=AuJV(By),

ner
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where
A={weW:
cw(bo) = ¢y (b1) for some by € supp(w) N By, by € supp(w) \ Bo}.

We will show that M is as desired.

Clearly, M is star-like and 0 € M C W. Also, L(M) > ), since for any cardinal
1 < A the set M contains a vector subspace V(B,,) with dim(V(B,)) > n.

To see that A(M) > p, choose an F C W with |F| < p. It is enough to show that
|F| < A(M), that is, that there exists a w € W with w + F C A. As supp(F) =
Uupersupp(v) has cardinality at most |F| +w < p = |Bo| = |B,| < |B\ Byl there
exist bg € By \ supp(F) and by € B\ (Bo Usupp(F)). Let w = by + by and notice
that w + F C A C M, since for every v € F we have by € supp(w + v) N By,
by € supp(w + v) \ By, and cy44(bo) = 1 = Cyin(b1).

Next notice that the inequalities |K| < p < A(M) and Proposition 2.1 imply
that u < A(M) < mL(M). Thus, to finish the proof, it is enough to show that
mL(M) < pand L(M) <\

To see that mL(M) < p, it is enough to show that V(By) is a maximal vector
subspace of M. Indeed, if V' is a vector subspace of W properly containing V(By),
then there exists a non-zero v € VNV(B \ By). Choose a by € By and a non-zero
c€ K\{cy(b): b €supp(v)}. Then cbg+v € V\ M. So, V(By) is a maximal vector
subspace of M and indeed mL(M) < dim(V (By)) = p.

To see that £(M) < A, notice that this is obvious for A = dim(W)*. So, we can
assume that A < dim(W) and choose a vector subspace V of W of dimension A.
It is enough to show that V' \ M # @&. To see this, for every ordinal n < X let us
define B, = J{B¢: ¢ € ENn}. Notice that

for every n < A there is a non-zero w € V' with supp(w) N Bn =o.

Indeed, if m,: W = V(B,) ® V(B \ B,) — V(B,) is the natural projection, then
there exist distinct w,wy € V with m, (wy) = m,(wa) (as [V(B,)| < X = dim(V)).
Then w = wy — ws is as required.

Now, choose a non-zero wy € V with supp(w;) N By = supp(wy) N B, = o.
Then, w; ¢ A and if supp(wy) ¢ By = U, e By, then also wy ¢ U, cp V(By), and
we have wy € V' \ M. Therefore, we can assume that supp(w;) C By = Uy <a B,.
Let n < A be such that supp(w;) C Bn and choose a non-zero wy € V with
supp(ws) N B, = @. Then w = wy —w; € V \ M (since w ¢ A, being non-zero
with supp(w) N By = @, and w ¢ U, V(B¢), as its support intersects both B,,

and B\ B,). O

Lemma 2.4. Let W, Wy, and W7 be the vector spaces over an infinite field K such
that W = Wy @ W1. Let M C Wy and

F=M+4+W={m+w: meM & we Wi}

) If M is star-like, then F is also star-like.
(1) If 0 € M, then mL(F) = mL(M) + dim(Wr).
) If 0 € M and dim(W7) < L(M), then L(F) = L(M) + dim(W7).
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Proof. In the following, let mg: W = Wy & W7 — Wy be the canonical projection.

(1) Let x € F and A € K \ {0}. Since M is star-like and mo(z) € M, we have
that mo(Az) = Amo(x) € M, and hence Az € M + W, = F.

(11) Let us see that A(M, W) < A(F,W). To this end, let k < A(M,W;). We
need to prove that k < A(F,W). Indeed, if F C W and |F| = &, then |mo[F]| <
|F'| = k. So, there exists a wy € Wy such that mo[wg + F| = wo + mo[F] C M, that
is, wg + FF C M + Wy = F. Therefore, k < A(F,W).

To see that A(F, W) < A(M,Wy) let k < A(F,W). We need to show that
Kk < A(M,Wp). Indeed, let F' C Wy be such that |F| = k. Since |F| < A(F, W),
there is a w € W with w+ F C F. Then my(w) € Wy and mo(w) + F = molw+ F] C
mo[F] = M, so indeed k < A(M).

(1) First notice that it is enough to show that

V' is a maximal vector subspace of F if, and only if, V' = Vi + W7, where 3)
Vb is a maximal vector subspace of M.

Indeed, if V' is a maximal vector subspace of F with mL(F) = dim(V), then, by
(3), mL(F) = dim(V) = dim(Vp) + dim(W;) > mL(M) + dim(W;). Conversely,
if Vo is a maximal vector subspace of M with m£L(M) = dim(Vp), then we have
mL(M) + dim(Wr) = dim(Vp) + dim(W7) = dim(Vp + W1) > mL(F).

To see (3), take a maximal vector subspace V of F. Notice that Wy C V, since
VcV+W CF+ W =F and so, by maximality, V + W7 = V. In particular,
V=VWW+W, CF=M-+W, where Vj = mo[V]. Thus, V} is a vector subspace
of M. It must be maximal, since for any its proper extension VoC M , the vector
space Vo + Wi C F would be a proper extension of V.

Conversely, if Vj is a maximal vector subspace of M, then V. = Vj + Wj is a
vector subspace of F. If cannot have a proper extension VCcF , since then the
vector space 770[‘7] C M would be a proper extension of Vj.

(tv) To see that £L(F) < dim(W) + L(M), choose a vector space V C F. We
need to show that dim(V) < dim(W;) + £(M). Indeed, Vi = V + W is a vector
subspace of F + W; = F and dim(V) < dim(V4) = dim(W3) 4 dim(mo[V1]), since
Vi = W1 @mo[Vi]. Therefore, dim(V) < dim(W7)+dim(mo[V1]) < dim(W7)+L(M),
since dim(W7) < L(M) and dim(mo[V1]) < L(M), as m[V4] is a vector subspace of
M = m[F]. So, L(F) < dim(W7) + L(M).

To see that dim(Wy) + L(M) < L(F), choose a k < dim(W7) + L(M). We need
to show that x < L(F), that is, that there exists a vector subspace V of F with
dim(V) > k. First, notice that dim(W1) < L(M) and x < dim(W1) + L£(M) imply
that there exists a p < L(M) such that £ < dim(W7) + p < dim(Wy) + L(M).
(For finite values of L(M), take u = max{x — dim(W7),0}; for infinite L(M), the
number p = max{x,dim(W;)} works.) Choose a vector subspace V; of M with
dim(Vp) > u. Then the vector subspace V = Vo + W7 = Vo @ W; of F is as desired,
since we have dim(V') = dim(W;) + dim(Vp) > dim(W;) + p > k. O

Proof of Theorem 2.2. Represent W as Wy & Wi, where dim(Wy) = A and
dim(W7) = p. Use Lemma 2.3 to find a star-like M C W, containing 0 such
that A(M,Wy) = mL(M) = a and L(M) = X\. Let F = M + W; C B. Then,
by Lemma 2.4, F > 0 is star-like such that A(F) = A(M,Wp) = a, mL(F) =
mL(M) 4+ dim(W1) = a+ p = p, and L(F) = L(M) + dim(Wa) = A+ a = A, as
required. ([l
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A. Bartoszewicz and S. Glab have asked [4, open question 1] whether the inequal-
ity A(F)T > HL(F) (which is equivalent to A(F) > mL(F)) holds for any family
F C RE. Of course, for the star-like families F with A(F) > ¢, a positive answer to
this question would mean that, under these assumptions, we have A(F) = mL(F).
Notice that Theorem 2.2 gives, in particular, a negative answer to this question.

We do not have a comprehensive example, similar to that provided by Theo-
rem 2.2, for the case when A(M) < |K|. However, the machinery built above,
together with the results from [4], lead to the following result.

Theorem 2.5. Let W be a vector space over an infinite field K with dim(W) >
oKl [f2<k < |W|, there exists a star-like family F C W containing 0 such that
A(F) = k and mL(F) = dim(W) (so that L(F) = dim(W)™T).

Proof. Represent W as W = Wy @ Wi, where dim(Wy) = 2/5! and dim(W;) =
dim(W). If 2 < k < |K]|, then, by [4, Theorem 2.5], there exists a star-like family
M C W, such that A(M,Wy) = k. Notice that the family constructed in that
result contains 0. Then, by Lemma 2.4, the family F = M + W7 satisfies that
A(F) = A(M,Wy) = k and mL(F) = mL(M) + dim(W7) = dim(W). O

3. SPACEABILITY OF DARBOUX-LIKE FUNCTIONS ON R

Recall (see, e.g., [12, chart 1] or [11]) that we have the following strict inclusions,
indicated by the arrows, between the Darboux-like functions from R to R. The
next theorem, strengthening the results presented in the table from [8, page 14],
determines fully the lineability, £, and spaceability, £,,, numbers for these classes.

- AC Conn D \
C — Ext PC
.
SCIVP — CIVP —— PR
~
WCIVP

FIGURE 1. Relations between the Darboux-like classes of functions
from R to R. Arrows indicate strict inclusions.

Theorem 3.1. £,(Ext) = (29)%. In particular, all Darbous-like classes of func-
tions from Figure 1, except C, are 2°-spaceable with respect to the topology of point-
wise convergence.

Proof. In [15, corollary 3.4] it is shown that there exists an f € Ext and an F,, first
category set M C R such that

if ge R® and g | M = f | M, then g € Ext. (4)

It is easy to see that for any real number 7 # 0 the function rf satisfies the same
property.

Notice also that there exists a family {he € R®: ¢ < ¢} of increasing homeo-
morphisms such that the sets Mg = he[M], £ < ¢, are pairwise disjoint. (See, e.g.,
[15, lemma 3.2].) It is easy to see that each function fr = fo hgl satisfies (4) with
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the set M¢. Increasing one of the sets Mg, if necessary, we can also assume that
{M¢: € < ¢} is a partition of R. Let f = (fe [ M¢: € < ¢) and define

V() = {Ut(f)(fs [ M) ¢ eRC}. (5)
£<c

—

It is easy to see that V(f) is 2°-dimensional 7,-closed linear subspace
of Ext. O

As the cardinality of the family Bor of Borel functions from R to R is ¢, Theo-
rem 3.1 easily implies that Ext \ Bor is 2°-lineable: £(Ext\ Bor) = (2)*. Actually,
we have an even stronger result:

Proposition 3.2. £,(ExtNSES\ Bor) = (29)".
Proof. The function f [ M satisfying (4) may also have the property that
M is c-dense in R and f [ M is SES non-Borel. (6)
Indeed, this can be ensured by enlarging M by a c-dense first category set N C R\ M
and redefining f on N so that f | IV is non-Borel and SES.
Now, if f satisfies both (4) and (6) and f = (fe | Me: £ < ¢) is defined as in

—.

Theorem 3.1, then the space V() given in (5) is as required. O

Notice also that Ext "PES = PRNPES = &. In particular, the space V from
Proposition 3.2 is disjoint with PES.

Remark 3.3. Clearly, Theorem 3.1 implies that Ext is 2°-lineable. This result has
been also independently proved by T. Natkaniec in [27]. The idea used in [27] is
similar, but the technique is different from that used in the proof of Theorem 3.1.
The similar technique was also used in the recent papers [3,5].

Recall, that it is known that £(AC\Ext) = (2°). See [19] or [8, page 14].
However, we do not know what the exact values of the following cardinals are.

Problem 3.4. Determine the following numbers:
Lp(FN\G), Lu(F\G), and L(F\G)
for F € {Conn\ AC,D\ Conn, PC\ D} and G € {SCIVP, CIVP, PR}.

Recall (see [15] or [11]) that for every F € {Ext, AC, Conn, D} we have A(F) > ¢*
and so, by Proposition 2.1,

t < A(F) <mL(F) < L(F) < (29T, (7)

In particular, under the generalized continuum hypothesis GCH we have A(F) =
mL(F) = 2¢ and mL(F)t = L(F) = (29T. However, without the GCH the
situation is less clear. Of course, by Theorem 3.1, the value of L(F) is determined
to be (2¢)", reducing the inequalities of (7) to ¢t < A(F) < mL(F) < 2°. At the
same time, it is consistent with ZFC that A(F) < 2°. (See [13] or [11].) In such
situation, the exact position of the number m£L(F) between A(F) and 2¢ is unclear,
leading to the following problem.

Problem 3.5. Let F € {Ext, AC, Conn, D}. Is it consistent with the axioms of set
theory ZFC that A(F) < mL(F)? What about the consistency of mL(F) < 2¢?
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It is worth to mention, that the formula (7) is also true when F is the class SZ
of the Sierpinski-Zygmund functions. Once again, it is consistent with ZFC that
A(SZ) < 2¢, as proved in [14]. However, in contrast with Theorem 3.1, it is also
consistent with ZFC that £(SZ) < (29)%. (See [21]; compare also [6].)

4. SPACEABILITY OF DARBOUX-LIKE FUNCTIONS ON R", n > 2

Recall (see, e.g., [12, chart 2] or [11]) that we have the following strict inclusions,
indicated by the arrows, between the Darboux-like functions from R™ to R for
n > 2.

Conn(R™) AC(R™)
I —
C(R™) — Ext(R™) — AC(R™) N D(R™)
I T~
PC(R™) D(R™)

FIGURE 2. Relations between the Darboux-like classes of functions
from R™ to R, n > 2. Arrows indicate strict inclusions.

The proof of the next theorem will be based on the following result [16, Propo-
sition 2.7]:
Proposition 4.1. Letn > 0 and let f: R™ — R be a peripherally continuous func-
tion. Then for any xo € R™ and any open set W in R™ containing xq, there exists
an open set U C W such that xg € U and the restriction of f to bd(U) is continu-

ous. Moreover, given any € > 0, the set U can be chosen so that |f(xo) — f(y)| < e
for every y € bd(U).

Theorem 4.2. For n > 2, L,(Ext(R™)) = L,(Ext(R")) = L(Ext(R™)) = ¢T.
In particular, the classes C(R™) and Ext(R™) are c-spaceable with respect to the
pointwise convergence topology T, but are not ¢t -lineable.

Proof. First, notice that £,(C(R™)) = ¢* is justified by the space Cy of all contin-
uous functions linear on the interval [k, k + 1] for every integer k € Z. Indeed, Cy
is linearly isomorphic to R%.

Now, since ¢t = L,(C(R")) < L,(Ext(R™)) < L,(Ext(R™)) < L(Ext(R")),
it is enough to show that L(Ext(R™)) < c¢*, that is, that Ext(R") is not c¢-
lineable. To see this, by way of contradiction, assume that there exists a vector space
V C Ext(R™) of cardinality greater than c¢. Fix a countable dense set D C R™ and
let {({(zg,e): k < w) be an enumeration of D x {27™: m < w}. By Proposition 4.1,
for every function f € Ext(R™) and k < w we can choose an open neighborhood U,{
of zj of the diameter at most €5 such that f [ bd(Ug) is continuous. Consider the
mapping V3 f — Ty = (f | bd(U,f): k < w). Since its range has cardinality c,
there are distinct fi1, fo € V with Ty, = Ty,. In particular, f = f1 — fo € V is
equal zero on the set M = |J, _,, bd(Ug1 ). Notice that the complement M€ of M is
zero-dimensional. We will show that f is not extendable, by showing that it does
not satisfy Proposition 4.1.

Indeed, since f; # fo, there is an © € R™ with f(z) # 0. Let ¢ = |f(z)| and
let W be any bounded neighborhood of x. Then, there is no set U as required by
Proposition 4.1.
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To see this, notice that for any open set U C W with x € U, its boundary is of
dimension at least 1. In particular, M Nbd(U) # @ and, for y € M Nbd(U), we

have [f(z) — f(y)| = |f(2)] = e. O

Theorem 4.2 determines the values of the numbers £,(F), £, (F), and L(F) for
F € {C(R"),Ext(R"™), Conn(R™),PR(R™)} and n > 2. In the remainder of this
section we will examine these cardinal numbers for the remaining classes from the
diagram in Figure 2. For this, we will need the following fact, improving a recent
result of the second author. (See [18, Theorem 2.2].)

Proposition 4.3. £,(J(R™)) = (2°)" for every n > 1. In particular, the families
J(R™), PES(R™), SES(R™), and ES(R™) are 2¢-spaceable with respect to the topology
of pointwise convergence.

Proof. Let {M¢: £ < ¢} be a decomposition of R™ into pairwise disjoint Bernstein
sets. For every ¢ < ¢, let fe: M¢ — R be such that fe N F' # & for every closed
set F' C R™ x R whose projection on R™ is uncountable. (All of this can be easily
constructed by transfinite induction. See, e.g., [10].) Notice that

if ge R® and g | Mg =r f¢ for some £ < ¢ and r # 0, then g € J(R™).

Now, if f = (fe I Me: € < c¢) and V(f) is given by (5), then V(f) is 2°-dimensional
Tp-closed linear subspace of J(R™). O

Every function in J(R™) is surjective. In particular, the above result implies
that the class of surjective functions is 2¢-lineable. One could also wonder about
the lineability of the family of one-to-one functions from R™ to R, given below.

Remark 4.4. The family of one-to-one functions from R" to R is 1-lineable but
not 2-lineable.

Proof. Clearly the family is 1-lineable. To see that is not 2-lineable, choose two
injective linearly independent functions f and g generating a linear space Z. Take
arbitrary @ # y in R™ and consider the function h = f + ag € Z \ {0}, where
a=(f(x)— f(y)/(9(y) — g(z)) € R. Then, we have h(z) = h(y), so Z contains a
function which is not one-to-one. O

Other examples of 1-lineable but not 2-lineable sets and, in general, not lineable
sets can be found in [8,9].

Theorem 4.5. For n > 2, J(R") C AC(R™) \ D(R™). In particular, the class
AC(R™) \ D(R") is 2¢-spaceable and L,(AC(R™)\ D(R™)) = (2)".

Proof. By Proposition 4.3, it is enough to show that J(R™) C AC(R"™) \ D(R").
Clearly, J(R™) ¢ AC(R™) N PES(R") for any n > 1. Thus, it is enough to show
that PES(R") N D(R"™) = & for n > 2. But this follows immediately from the fact
that, under n > 2, every Bernstein set in R™ is connected. ([l

Remark 4.6. Notice that, since AC(R™) C Dp(R"), then, for n > 2, we have
L,(Dp(R*) \ D(R™)) = (2°)*. So, Dp(R™) \ D(R") is also 2-spaceable.

Theorem 4.7. Forn > 2, £,(D(R*)\ AC(R")) = (2°)". In particular, the class
D(R™) \ AC(R"™) is 2¢-spaceable.
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Proof. Let m1: R® — R the projection of R™ on its first coordinate. Let W =

—!

V(f) € J be the vector space of cardinality 2¢ build in Proposition 4.3. Then the
vector space

V={fom:feW}
is obviously contained in D(R™) and has dimension 2¢. On the other side, if f € W
then f om; cannot be in AC(R™), because then f would be continuous. (See [24].)
This is not possible, because JNC = @. Therefore, V' C D(R™) \ AC(R"™). To
finish, let us remark that the space V is also closed by pointwise convergence. [

Remark 4.8. Notice that, in R™ (for every n € N), we have that AC\ Ext is
2¢-spaceable (since this class contains the Jones functions). Also, in R, J C
AC\SCIVP C AC\ Ext and, since £,(J) = (29", we have (from the previous
results) that

L,(AC\ Ext) = £, (AC\ Ext) = (2)%.

Problem 4.9. For n > 2, determine the values of the numbers £,(AC(R™) N
D(R"™)), L,(AC(R™) "N D(R™)), and L(AC(R™) N D(R™)).

REFERENCES

[1] R. M. Aron, V. I. Gurariy, and J. B. Seoane-Sepilveda, Lineability and spaceability of sets
of functions on R, Proc. Amer. Math. Soc. 133 (2005), no. 3, 795-803.

[2] M. Balcerzak, A. Bartoszewicz, and M. Filipczak, Nonseparable spaceability and strong al-
gebrability of sets of continuous singular functions, J. Math. Anal. Appl. 407 (2013), no. 2,
263-269.

[3] A. Bartoszewicz, M. Bienias, and S. Glab, Independent Bernstein sets and algebraic con-
structions, Math. Anal. Appl. 393 (2012), no. 1, 138-143.

[4] A. Bartoszewicz and S. Glab, Additivity and lineability in vector spaces, Linear Algebra Appl.
439 (2013), no. 7, 2123-2130.

[5] A. Bartoszewicz, S. Glab, and A. Paszkiewicz, Large free linear algebras of real and complex
Sfunctions, Linear Algebra Appl. 438 (2013), no. 9, 3689-3701.

[6] A. Bartoszewicz, S. Glab, D. Pellegrino, and J. B. Seoane-Sepulveda, Algebrability, non-linear
properties, and special functions, Proc. Amer. Math. Soc. 141 (2013), no. 10, 3391-3402.

[7] L. Bernal-Gonzélez, Algebraic genericity of strict-order integrability, Studia Math. 199
(2010), no. 3, 279-293.

[8] L. Bernal-Gonzélez, D. Pellegrino, and J. B. Seoane-Septlveda, Linear subsets of nonlinear
sets in topological vector spaces, Bull. Amer. Math. Soc. (N.S.), DOI 10.1090/S0273-0979-
2013-01421-6, (to appear in print).

[9] G. Botelho, D. Cariello, V. V. Févaro, D. Pellegrino, and J. B. Seoane-Septlveda, On very
non-linear subsets of continuous functions, Q. J. Math., DOI 10.1093/qmath/hat043, (to
appear in print).

[10] K. Ciesielski, Set theory for the working mathematician, Cambridge Univ. Press, 1997.

[11] , Set-theoretic real analysis, J. Appl. Anal. 3 (1997), no. 2, 143-190.

[12] K. Ciesielski and J. Jastrzebski, Darbouz-like functions within the classes of Baire one, Baire
two, and additive functions, Topology Appl. 103 (2000), no. 2, 203-219.

[13] K. Ciesielski and A. W. Miller, Cardinal invariants concerning functions whose sum is almost
continuous, Real Anal. Exchange 20 (1994/95), no. 2, 657-672.

[14] K. Ciesielski and T. Natkaniec, Algebraic properties of the class of Sierpiriski-Zygmund func-
tions, Topology Appl. 79 (1997), no. 1, 75-99.

[15] K. Ciesielski and I. Rectaw, Cardinal invariants concerning extendable and peripherally con-
tinuous functions, Real Anal. Exchange 21 (1995/96), no. 2, 459-472.

[16] K. Ciesielski and J. Wojciechowski, Sums of connectivity functions on R™, Proc. London
Math. Soc. (3) 76 (1998), no. 2, 406-426.

[17] P. H. Enflo, V. I. Gurariy, and J. B. Seoane-Septlveda, Some Results and Open Questions
on Spaceability in Function Spaces, Trans. Amer. Math. Soc., DOI 10.1090/S0002-9947-2013-
05747-9, (to appear in print).




12

CIESIELSKI, GAMEZ, PELLEGRINO, AND SEOANE

[18] J. L. Gdmez-Merino, Large algebraic structures inside the set of surjective functions, Bull.

Belg. Math. Soc. Simon Stevin 18 (2011), no. 2, 297-300.

[19] J. L. Gdmez-Merino, G. A. Munoz-Fernédndez, V. M. Sanchez, and J. B. Seoane-Sepiilveda,

Sierpiriski- Zygmund functions and other problems on lineability, Proc. Amer. Math. Soc. 138
(2010), no. 11, 3863-3876.

[20] J. L. Gamez-Merino, G. A. Muifioz-Ferndndez, and J. B. Seoane-Sepilveda, Lineability and

additivity in RR, J. Math. Anal. Appl. 369 (2010), no. 1, 265-272.

[21] J. L. Gdmez-Merino and J. B. Seoane-Sepiilveda, An undecidable case of lineability in RE, J.

Math. Anal. Appl. 401 (2013), no. 2, 959-962.

[22] F. B. Jones, Connected and disconnected plane sets and the functional equation f(x)+ f(y) =

f(z +y), Bull. Amer. Math. Soc. 48 (1942), 115-120.

[23] F. E. Jordan, Cardinal numbers connected with adding Darbouz-like functions, Ph. D. dis-

sertation, West Virginia University, USA, 1998.

[24] J. S. Lipinski, On some extensions of almost continuous functions and of connectivity func-

tions, Tatra Mt. Math. Publ. 2 (1993), 15-18.

[25] T. Natkaniec, Almost continuity, Real Anal. Exchange 17 (1991/92), no. 2, 462-520.

[26]

27]

, New cardinal invariants in real analysis, Bull. Polish Acad. Sci. Math. 44 (1996),
no. 2, 251-256.

, Algebrability of some families of Darboux like functions, Linear Algebra Appl. 439
(2013), no. 10, 3256-3263.

(28] L. Rodriguez-Piazza, Every separable Banach space is isometric to a space of continuous

nowhere differentiable functions, Proc. Amer. Math. Soc. 123 (1995), no. 12, 3649-3654.

[29] J. B. Seoane-Septilveda, Chaos and lineability of pathological phenomena in analysts, Thesis

(Ph.D.), Kent State University, 2006. ProQuest LLC, Ann Arbor, MI.

DEPARTMENT OF MATHEMATICS,

WEST VIRGINIA UNIVERSITY, MORGANTOWN,
WV 26506-6310, USA.

AND

DEPARTMENT OF RADpIOLOGY, MIPG,
UNIVERSITY OF PENNSYLVANIA,

BLOCKLEY HALL - 4TH FLOOR, 423
GUARDIAN DRIVE,

PHILADELPHIA, PA 19104-6021, USA.
E-mail address: KCies@math.wvu.edu

DEPARTAMENTO DE ANALISIS MATEMATICO,
FACULTAD DE CIENCIAS MATEMATICAS,
PrAzA DE CIENCIAS 3,

UNIVERSIDAD COMPLUTENSE DE MADRID,
MADRID, 28040, SPAIN.

E-mail address: jlgamez@mat.ucm.es

DEPARTAMENTO DE MATEMATICA,

UNIVERSIDADE FEDERAL DA PARATBA,

58.051-900 - JOAO PESSOA, BRAZIL.

E-mail address: dmpellegrino@gmail.com and pellegrino@pq.cnpq.br

DEPARTAMENTO DE ANALISIS MATEMATICO,
FacuLTAD DE CIENCIAS MATEMATICAS,
PrLazA DE CIENCIAS 3,

UNIVERSIDAD COMPLUTENSE DE MADRID,
MADRID, 28040, SPAIN.

E-mail address: jseoane@mat.ucm.es



