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Abstract: This expository paper focuses on the study of extreme surjective functions in R®. We present several
different types of extreme surjectivity by providing examples and crucial properties. These examples help us
to establish a hierarchy within the different classes of surjectivity we deal with. The classes presented here
are: everywhere surjective functions, strongly everywhere surjective functions, x-everywhere surjective functions,
perfectly everywhere surjective functions and Jones functions. The algebraic structure of the sets of surjective
functions we show here is studied using the concept of lineability. In the final sections of this work we also reveal
unexpected connections between the different degrees of extreme surjectivity given above and other interesting sets
of functions such as the space of additive mappings, the class of mappings with a dense graph, the class of Darboux
functions and the class of Sierpifiski-Zygmund functions in RF.
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1 Introduction

At the beginning of the 20th century Lebesgue [1] proved the existence of a mapping f : [0, 1] — [0, 1] such that
f(I) = [0, 1] for every non-degenerate subinterval I of [0, 1]. Lebesgue’s example can be adapted to construct a
mapping defined on the whole real line that transforms every non-degenerate interval into R. This exotic property
turns out to be shared by a surprisingly large class of functions that we call everywhere surjective.

We point out in Section 2 that everywhere surjective functions attain every real value at least g many times
in every non-degenerate interval. In fact, it is possible to define an everywhere surjective function that attains each
real number ¢ many times in every non-degenerate interval, where ¢ stands for the cardinality of R. An example
of a function enjoying this refined form of extreme surjectivity will also be given. This example, far from being an
isolated case, is just an instance of a very large class of functions called strongly everywhere surjective. The notion
of strongly everywhere surjectivity does not exhaust all possibilities in the search of extreme surjectivity. Indeed,
there are surjective functions satisfying even more restrictive conditions. We also construct a function that attains
every real number ¢ many times in every perfect set, which is obviously a much stronger form of surjectivity. These
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functions are called perfectly everywhere surjective. We can take an even further step forward towards “supreme
surjectivity”. In 1942, F. B. Jones [2] constructed a function whose graph intersects every closed set in R? with
uncountable projection on the abscissa axis. The functions that satisfy this latter property are called Jones functions.
It is easily seen that a Jones function is perfectly everywhere surjective. The class of Jones functions can be proved
to be large from an algebraic point of view too.

In order to formalize what is meant by an “algebraically large set” the notion of lineability is commonly used.
We say that a subset M of a linear space E is A-lineable, if M U {0} contains a linear subspace of E of dimension A.
If M U {0} contains an infinite dimensional linear space we simply say that M is lineable. In Section 3 we will show,
among other important results, that the four classes of surjective functions mentioned above are lineable, actually
2¢-lineable. It is important to mention that the study of the lineability of sets of strange functions has become a
fruitful field since the term “lineability” was coined in 2005 (see [3]). A thorough description of the most relevant
lineability problems and other related topics can be found in the monograph [4] or in the expository paper [5]. The
interested reader may also consult the references [6-23].

In Section 4 we establish the connection existing between the classes of extremely surjective functions defined
in Section 2 with other classes of interesting functions. We consider the sets of additive (that is, Q-linear) mappings,
functions with a dense graph, Darboux functions and Sierpinski-Zygmund functions.

This survey paper is written in such a way that it is accessible to the largest possible audience. For this reason
we provide a good account of examples, which are presented in detailed for completeness. We also give full proofs
of most of the lineability problems introduced in Section 3. We have included the proofs of several well-known
topological results in order to make the paper as inclusive and self-contained as possible. However we have decided
to omit the proofs that either are too complex or require complicated techniques of set theory.

We will use the following standard definitions and notations: R® stands for the set of all mappings from R
to R. D denotes the subset of RF of the Darboux functions, i.e., functions that transform intervals into intervals. S, C
and Z will denote, respectively, the sets of surjective, continuous and injective functions from R to R. If C C R2,
then dom(C) denotes the projection of C on the abscissa axis. If f € R¥, we will often denote the graph of f,

graph(f) := {(x, f(x)) : x € R}, simply by f.

2 A few examples of extreme surjective functions

In this section we provide a few examples of surjective functions enjoying the property that they transform every
non-degenerate interval into the whole real line. We will see that there is a hierarchy among the functions satisfying
this property. Let us see first several examples of everywhere surjective functions.

2.1 Everywhere surjective functions

First recall that a mapping f : R — R is everywhere surjective if it transforms non-degenerate intervals into the
whole real line, or equivalently, if f ((a,b)) = R, for all a,b € R with a < b. The set of all everywhere surjective
mappings is represented by ES. The construction of one everywhere surjective function is not trivial. The first known
example of such a function dates back to Lebesgue and is more than a century old. Here we give several more modern
examples. The first of them appears in [24] and is presented below in detail for the sake of completeness.

Example 2.1. Ifwe define f : R — R by

) nim tan(n!mwx) if the limit exists,
X) = e
0

otherwise,

then f satisfies the following properties:
I. Ifx e Randq € Qthen f(x + q) = f(x).
2. f is surjective.
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3. f is surjective on every non-degenerate interval.
In order to prove the assertions 1-3 the following remark can be useful:

Remark 2.2. If | x| :=max{k € Z : k < x} then

. r(n+1)]
lim ——= =r
n—o0 n+1

)

foreachr € R. Indeed, x — 1 < |x] < x, Vx € R. If we set in the previous inequalities x = r(n + 1) for arbitrary
reRandn e N, thenr(n+1)—1<|r(n+ 1)] <r(n+ 1). Dividing by n + 1 we arrive at

1 r(n+1)—1<Lr(n+1)]<r(n—|—1)_

Tl T T A+ - n+1 _(n—i—l)_r'

Finally, taking limits we conclude that
o rn+ 1))
lim —=r.
n—oo n+1

Proof.

(1) Given x € Rand g € Q, Ir,s € Z such that ¢ = % If n > s, we have that nlg = n!g € Z. Thus

nlrx —n!mw(x + ¢) is a multiple of 7. Therefore tan(n!zw(x + ¢)) = tan(n!xwx), Va > s. If the limit does not exist,

by definition we have 0 = f(x) = f(x + g). Otherwise lim (tan(n!w(x +¢))) = lim (tan(n!mwx)), from which
n—oo n—oo

we conclude that f(x + ¢q) = f(x).

(2) Given y € R we choose r € [0, 1) such that tan(zrr) = y. Let x € R be given by
o0
lnr]
x=)
n=0
It remains to show that f(x) = y. Let us consider the nth-partial sum of x

" \rk)
W=
k=0

and the remaining terms in x by

o0
B k|
w=y U
k=n+1
Of course x = Xx;, + €,. Notice that nlx,, € Z, Vn, and hence, by the previous step we have that tan(n!rx) =
tan(n!mwe, ), Vn. Therefore

o0 o0
lrk] _ [r(n+1)] lrk]
nle, = n! Z = + n! Z .
| ]
Pt k! n+1 Pl k!
Since
. lrn+ 1))
lim ———= =r
n—oo pn+1
and
o>
. Lrk]
' =
nlgnoon. Z i 0,
k=n+2

we conclude that lim;,— oo 11!€;; = r, from which

f(x) = lim tan(n!nx) = lim tan(n!we,) = tan(zr) = y.
n—oo n—oo

(3) Assume that a, b,y € R with a < b. By (2) there exists u € R such that f(#) = y, and by (1) we have that
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fw) = f(u+q)=y,Vq € Q. Since Q is dense in R, there exists ¢ € Qsuchthata <u +¢ <b.Ifx =u +g¢q
thena < x < b and

f() = lim (tan(nlr(u + ¢))
tan(n!wu) + tan(n!mwq)

lim
n—oo | — tan(n!wu) tan(n!ngq)

= nimoo tan(n!mwu)

= fu) =y.
Observe that tan(n!mrg) — 0 as n — co. We conclude that { f(x) :a < x < b} =R. O
The second construction we present in this section is based on the fact that every interval contains a Cantor like set

and that Cantor sets are uncountable. The example is taken from [23] (see also [4], [5] and [15]).

Example 2.3. We construct a mapping f : R — R as follows: Let (I,,) neN
intervals with rational endpoints. Then 11 contains a Cantor like set, which we denote by C1. On the other hand,

be a sequence containing all the

1>\ C1, contains another Cantor like set, which is denoted by C». Now the set I3\ (C1 U C2) contains a new Cantor

like set, namely C3. Repeating this process, we construct by induction a sequence (C’l)n ey Of pairwise disjoint
Cantor like sets, such that I, \ (Uz;ll Ck) D Cy. Since Cy, is uncountable, there exists a bijection ¢, : C;; — R,

for every n € N. It is now that we define f : R — R by

(pn(x) ifx € Cp,

0 otherwise.

fx) =

Finally, if I C R is a non-degenerate interval, then there exists k € N with I D I. By construction of C,, we have
that I, O Cy and hence, by definition of f, f(I) D f(Ix) D f(Ck) = @i (Cx) = R. Interestingly, the mapping f
is null almost everywhere in R.

The third example we provide is based on the fact that there is a partition of R into ¢ many dense sets. This can be
achieved by considering the relationship in R given by

x~y&x—yeQx,yeR).

The equivalence classes have the form [o] = o 4+ Q and are obviously pairwise disjoint, dense sets in R. Since [«]
is countable and R = |, cg[e], it is obvious that R/ ~ contains ¢ elements.

Example 2.4. Let {Dy : o € R} be a partition of R into ¢ dense sets. If we define now f : R - Ras f(x) = «,
Vx € Dy, then f is obviously everywhere surjective.

Remark 2.5. The construction of the mapping in Example 2.4 shows clearly that f attains every real number
infinitely countably many times in each non-degenerate interval. This property is shared by all functions in ES.
Indeed, let (a, b) be an interval witha,b € Randa < b, y € Rand f € ES. Suppose (I,) is a sequence of open,
non-empty, pairwise-disjoint intervals in 1. For instance we can take

( b—a b—a)
I,=la+ ——,a+ ,
n-+

1 n
foreveryn € N. Since f € ES, there exists x,, € I, C I such that f(x,) = y. Since the I,,’s are pairwise-disjoint,
we have constructed a sequence (xy,) of distinct points in (a, b) such that f(x,) = y.
The next lemma will be very useful throughout the paper. For instance, if we apply it to the family
{(a,b) x{y}:a,b,y e Randa < b},

we obtain again an example of a function in ES. We recall that if A C R? then dom(A) denotes the projection of 4
over the abscissa axis.
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Lemma 2.6. Let {Aq}o <. be a family of subsets in R? such that card(dom(Ay)) = ¢, for each a < ¢. Then there
exists a function f € R® such that f N Aq # @.

Proof. We proceed to construct the function by transfinite induction. Let 8 < ¢. Assume we have already constructed
f(xy) for A < B. We choose xg € dom(Ag) \ {xa : A < B}. Observe that dom(Ag) \ {x) : A < B} # @ since
card(dom(Ag)) = cand B < c. Now, as xg € dom(Apg), there exists yg € R such that (xg, yg) € Ag. Define
f(xg) = yg. This construction defines f on a set of cardinality ¢ of R, namely, on {xy : & < c¢}. If we set f(x) =0
forx ¢ {xo : @ < c},then f N Ay # @ foreach o < ¢. O

Among the functions in ES there are some that are yet more surjective since they are able to attain every real number
uncountably many times in each non-degenerate interval of R. We introduce these functions in the next subsection.

2.2 Strongly everywhere surjective functions

Recall that f : R — R is strongly everywhere surjective if f attains every real number ¢ many times in each non-
degenerate interval of R. The set of all the strongly everywhere surjective functions is denoted by SES. Obviously,
we have that SES C ES. Let us check first that SES is non-empty.

Recall that the Cantor set is homeomorphic to {0, 1}, which, in its turn is homeomorphic to

.03 <. %= ) ({0.3" x {e}).

oe{0,1}N

Since the {0, 1} x {a}’s are pairwise disjoint sets homeomrphic to the Cantor set, we have the following:

Lemma 2.7. Let C be a Cantor-like set (i.e., homeomorphic to the Cantor set) in [a,b] and a,b € R with a < b.
Then there is a family {C} : A € R} of Cantor-like subsets of C such that C = |, cg Ca and Cy N Cy, = @ for all
A, u € Rwith A # .

An example of a mapping in SES can be constructed using Lemma 2.7 by adapting Example 2.3. The example is
taken from [15] (see also [4] and [5]).

Example 2.8. In Example 2.3 we had a sequence (Cn) of pairwise disjoint, Cantor like sets such that I, \

neN
(Uz;ll Ck) D Cy, for every n € N. Now, accordi@g to Lemma 2.7, for each n € N there is a partition {C}, : i € R}
of Cy consisting of Cantor-like sets. Since the C}’s are uncountable, for each n € R and i € R there exists a
bijection gofl : C,f; — R. Finally, define f : R — R by

G0 ifx e Cl.

0 otherwise.

f(x) =

It only remains to show that f is strongly everywhere surjective. Indeed, take I C R a non-degenerate interval.
Then there exists k € N with [ D Ii. For this k we have f(I) D f(Ix) D f(C/i) = (p,i (C,i) = R. Also, f attains
obviously every real number ¢ times in 1.

Remark 2.9. Notice that the function constructed in Example 2.4 attains every real number only countably many
times in every interval, and therefore it is ES but not SES. Hence

SES G ES.

In the next section we will see that in the case where the Continuum Hypothesis is not assumed, there is a hierarchy
of degrees of surjectivity between the classes ES and SES.
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2.3 Everywhere k-surjective functions

If k is a cardinal number such that Rg < k < ¢, we say that a function f € RF is everywhere k-surjective if for
every y € R, f attains y at least «x times in every non-degenerate interval. We denote by ES, the set consisting of
all the everywhere «-surjective functions in R¥.

Observe that
- ESy, =ES.
- ES. =SES.
— IfRg <A<k <cthenES, C ES,.

Given « such that 8g < k < ¢, we construct in the following example an everywhere «-surjective function that is
not everywhere « t-surjective. This shows that

ES, € ESj,
forall k, A withRg < A <k <.

Example 2.10. Let « be a cardinal number with Rg < k < ¢ and consider {D¢y, : o € R} the partition of R
into ¢ many dense, countable sets constructed in the comments preceding Example 2.4. Now consider a partition
{kg : B € R} of R into ¢ many sets kg of cardinality k and set D’B = Uaexﬂ Dy for every B € R. Since Rg < «,
the Dl’g ’s have cardinality k. Therefore {DI/3 : B € R} is a partition of R into ¢ many k-dense sets. If we define
f(x) = B forall x € D/’g for all B € R, f is obviously everywhere k-surjective. Also, observe that f attains
every real number exactly k times in every non-degenerate interval, which shows, additionally, that [ cannot be
everywhere A-surjective for every A > k.

The functions in SES might seem sufficiently special or pathological, however it is possible to construct even more
surprising functions in the class SES, as we will see in the next two sections.

2.4 Perfectly everywhere surjective functions

Observe that in the definition of strong everywhere surjectivity we can restrict ourselves without loss of generality
to closed, non-degenerate intervals. In other words, a function f : R — R is strongly everywhere surjective if and
only if f attains every real number ¢ times in every non-degenerate, closed interval. Now, a non-degenerate, closed
interval is a simple example of perfect set. We recall that P C R is perfect if P’ = P. The question that arises
now is whether a strongly everywhere surjective function attains each real number ¢ times in every perfect set. The
answer to this question is no. Indeed, we just need to consider the function defined in Example 2.8, which is SES.
However f attains every real number only once in each Cantor set C ,’l which is perfect. From now on, we will say
that f : R — R is perfectly everywhere surjective if f is surjective on every perfect set. The set of all perfectly
everywhere surjective mappings is denoted by PES. We will see later that f € PES if and only if f attains every
real number ¢ times in every perfect set P C R. This shows that the elements of PES represent a stronger form
of surjectivity than the elements of SES. The example of a PES function we provide here is taken from [15]. In its
construction we will need the following well-known fact, whose proof is given for completeness.

Lemma 2.11. If P is perfect, then card(P) = c.

Proof. Without loss of generality, we can assume that P is bounded. Then, since P is closed, there exist « = min P
and B = max P. Then P C [«, 8]. If m is the middle point of [«, 8], we define

[@,m]N P ifm e (ja,m]N P),

P(0) :=
[@,m)N P ifm ¢ (jw,m]N P),
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and

P(l) = [m,BlN P ifme (m,B]N Py,
"l BIN P itm ¢ (Im, 1N PY,

Then P(0) and P(1) are perfect, infinite sets. If we repeat the same process in P(0) and P (1) we obtain perfect
subsets of P, P(0,0), P(0, 1) on the one hand, and P(1,0), P(1, 1) on the other. This process defines P(a1, ..., o)
for all n € N and for every choice of zeros and ones a1, ..., ay,. Let us consider a sequence o = (ar;) € {0, 1}V,
Using Cantor’s Theorem there exists x(«) € P such that

oo

() Plar.az.....ax) = {x(@)}.

k=1

Let us consider now two different sequences in {0, 1}Y, @ = (ay,) and B = (B5), and assume n¢ is a natural number
such that o, 7# Bn,. Then
P(al,...,ano) n P(,B],...,,Bno) =,

from which x () # x(B). Since card({0, 1}) = ¢, the proof is finished. O

Example 2.12. Consider the family
{P x{y}: P CRisperfectand y € R},

whose cardinality is ¢ because perfect sets are closed and there are only ¢ many closed sets. Notice also that
card(dom(P x {y})) = card(P) = c. Applying now Lemma 2.6 to this family we obtain a function f € PES.

Remark 2.13. Notice that PES € SES. Actually the function constructed in Example 2.8 is in SES \ PES, as pointed
out at the beginning of this section.

There is an even stronger form of surjectivity than perfectly everywhere surjective functions that will be studied in
the next section.

2.5 Jones functions

In 1942, F. B. Jones [2] found an example of a function in R¥ such that for any closed subset C C R? with
uncountable projection over the abscissa axis, f N C # @. A function satisfying this property is called a Jones
function. The set of all Jones functions is denoted by J. (Notice that, since dom(C) is o-compact, then uncountable
is equivalent to cardinality ¢ in the previous definition.)

Example 2.14. In order to obtain a function [ € J, we just need to apply Lemma 2.6 to the family
{C C R?: C is closed and card(dom(C)) = c}.

Remark 2.15. Observe that if f € J, then f € PES since P x {y} is closed in R? for all perfect set P C R.
Therefore J C PES.
Consider the function f constructed in the proof of Lemma 2.6 for the family

{(P\{y}) x{y}: P CRisperfectand y € R}.
Then f N C = @& where C is the closed set {(x,x) : x > 1}. Hence f € PES but f ¢ J, and therefore

J S PES.
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3 Algebraic size of sets of surjective functions

In this section we discuss the algebraic size of the sets ES, ES,, SES, PES and J from the lineability viewpoint.
In order to prove that ES, SES and PES are 2¢-lineable, the following result will be crucial. We reproduce the
original proof for completeness:

Lemma 3.1 (Aron et al. [3]). There exists a vector subspace Vo of R whose dimension is 2° such that every non-
null element of Vy is surjective. In other words, S is 2°-lineable.

Proof. Let ¢ : R — RY be a bijection that transforms (0, 1) into the set of sequences whose first element is 0. For
each A C R, we define

Hq:RY —R
by

o0
Ha(y.x1.x2.x3....) =y [ | La(xi).

i=1

Where 14 is the characteristic function of A. We have the following:

(a) The family {H4 : A C R, A # O} is linearly independent. In order to prove it, let us consider m different
subsets C1, Ca, -+, Cyy, of R and m non-null numbers A1, A2, ..., A;;. Assume that

m
ijch = 0.

Jj=1
Since the C;’s are different, there exists k € {1,2,...,m} and x; such that x; € Cx \ C; foreach j # k. In
order to see the latter, assume that for every k € {1,...,m}, there exists j # k such that Cx \ C; = @. This
would be equivalent to saying that for all k € {1,...,m} there exists j # k with Cx C C,. Renaming the sets

if necessary, we would have:
CiCcCC...CCy CCq,

where o € {1, ...,m — 1}. This would imply that at least two sets coincide, which is a contradiction.
Now, we can set, without loss of generality, that k = m. let

X=(LxX1,X2, ..., Xm—2, Xm—1,Xm—1, Xm—1,...).

We have that

0= AjHc,® =1 [A,- 11 Ic,(xi)}

Jj=1 Jj=1 i=1

= [M 1 e (xi):| + |:/\2- I1 ICz(Xi):| +e

i=1 i=1

. [,\m_l 11 Icm_l(xi):| + [Am 11 Icm(xz')}

i=1 i=1

=040+ 40+ Ay = Anm.

(b) Since the Ax’s were not null, we have reached a contradiction, and therefore the family {H4 : A C R, A # &}
is linearly independent.

(c) Observe that H4 is surjective for every A C R since, for every s € R, we have that H4(s,a,a,a,...) = s,
where a € A.

(d) Inordertoseethat h € I' = span{H4 : A C R, A # @}, h # 0 is surjective, we can proceed as in part (a)
above.



494 —— M. Fenoy-Mufioz et al. DE GRUYTER OPEN

(e) Itis clear that dim(I") = 2¢ since card({A : A C R, A # @}) = 2°.

The space we are looking for is
Vo=span{Hqo0¢:ACR}. O

Remark 3.2. In connection with Lemma 3.1, the reader may find of interest the fact that SN C is c-lineable. To

—rXx

see this we just need to realize that the span of {e"* — e : 1 € (0,00)} is a c-dimensional space contained in

(SNnc¢)u{o}.
Theorem 3.3. The sets ES, SES and PES are 2¢-lineable.
Proof. Letus choose f1 € ES, f> € SES and f3 € PES. Then the spaces

Eg :={fo fx:f €V}

for k = 1,2,3, where Vj is as in Lemma 3.1, satisfy £1 C ESU{0}, E> C SESU{0} and E3 C PES U{0}, and
have cardinality 2°. O

It turns out that J is 2¢-lineable too. This is proved in Theorem 3.6 below. Since J is a subset of all the other classes
of surjective functions introduced in Section 2, Theorem 3.6 also proves that ES, SES and PES are 2¢-lineable.
From this viewpoint Theorem 3.3 (and hence Lemma 3.1 too) would be unnecessary. We have decided to include
Theorem 3.3 because its proof is accessible to a much larger audience.

The proof of the 2¢-lineability is based on a couple of topological results about Bernstein sets. We recall that
B C Ris a Bernstein set if for every perfect set P C R, we have that BN P # @ and (R\ B) N P # &.

Lemma 3.4. There exists a family { By : o < ¢} of pairwise disjoint, Bernstein subsets of R such that

R=|J Ba.

a<c

Proof. Tt suffices to find in R ¢ many pairwise disjoint sets in R, By, @ < ¢, such that By, is perfectly dense, i.e.,
By N P # @ for every perfect set P C R. Indeed, if @ < 8 < ¢ we have also Bg N P # @,s0 (R\ By) N P # @,
and hence B, is a Bernstein set.

In principle there is no need to assume that

UBa:R

a<c

In order to see the latter, suppose we have already constructed a family { By : o < ¢} of pairwise disjoint Bernstein
sets and enumerate
R\ UBa={za:a<K},
a<c
where « < c¢. If we set
B By U{zy} ifa <k,
« By ife <a<c,
then these new sets are also pairwise disjoint, Bersntein sets and their union is R.

Let us enumerate the perfect sets of R as {Pg : B < c}. We just need to construct by transfinite induction a
double sequence (xqg)n.g<. of different elements in R in such a way that x5 € Pg for all o, B < ¢ because in
that case the sets By = {xqp : B < ¢} satisfy what we need.

Suppose that in the step y of the induction we have constructed the elements xyg, where o, B < y. Since the
cardinality of the constructed elements is y2 < ¢, we can choose 2y + 1 additional elements, namely, Xy, € Py
witha < y and xyg € Pg with B < y. Therefore we have constructed {xo8 : o, B < y}. O
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Lemma 3.5. Let B be a Bernstein set. There exists a Jones function f such that for all g € R suchthat f|p = g|p
then g is a Jones function.

Proof. It is enough to apply Lemma 2.6 to the family
{(BxR)NC : C cR?isclosed and card(dom(C)) = c}.

To show that this family satisfies the hipothesis of Lemma 2.6 it suffices to prove that card(B Ndom(C)) = ¢ because
dom((B xR)NC) = BNdom(C). Indeed, dom(C) is a o-compact set of cardinality ¢ and therefore at least one of
the compact sets that form the union must have cardinality ¢. Hence that compact is the union of a perfect set and a
countable set (see [25]) and so it must contain a perfect set. On the other hand, any perfect set contains a Cantor-like
set C*. Taking into account Lemma 2.7 it is straightforward that card(B N C*) = «. O

The 2°¢-lineability of J is proved in [14]. We reproduce below the author’s proof for completeness.
Theorem 3.6 (Gimez-Merino, [14]). The set J is 2°-lineable.

Proof. Let {By : @ < ¢} as in Lemma 3.4. For each @ < ¢ let f, be a function in J such that every g € R¥ with
JfalBo, = glB, satisfies that g € J (see Lemma 3.5). We can also assume that fy |g\ g, = 0. Now consider the set

V:=%Z<p(a)fa:<pe]R‘.

a<c

Observe that V is clearly a linear space and that every non-null element of V is in J by Lemma 3.5 because if
@(B) # 0 for some B < ¢ then ) , . ¢(@) fo coincides with fg in Bg. Also, V is isomorphic to R, whose
cardinality is 2¢, which concludes the proof. O

Remark 3.7. As mentioned above it is interesting to observe that the space defined in Theorem 3.6 also proves that
the other classes of surjective functions introduced in Section 2, namely ES, ES,., SES and PES are also 2°-lineable
since J is a subset of them.

Another fact that reveals that the size of J (and hence the size of ES, ES,., SES and PES too) is enormous, is shown
by the following result, whose proof can be deduced from the fact that the additivity of J is bigger than 2 (see [16]
for details). However, we give below our own proof:

Theorem 3.8. For every f € RE there exist g, h € T such that f = g + h.

Proof. For [ € RR, let us consider the family 7 = F1 U F» where
F1:={C C R?:C is closed and card(dom(C)) = c},
Foi={{(x.,y + f(x)) : (x,y) € C}: C C R?is closed and card(dom(C)) = c}.

Let g € R® be the function constructed in Lemma 2.6 for the family F. Since g N C # @ for all closed C C R?
with card(dom(C)) = ¢ we have that g € J. We also have that (g — f) N C # @ for all closed C C R? with
card(dom(C)) = ¢, which implies that g — f € J,and hence h := f — g € J. O

In the rest of this section we present a series of results showing what is known nowadays about the algebraic size of
the sets S\ ES, ES \ ES, with g < A < k < ¢, SES \ PES and PES \ J. Among the above problems we know the
optimal solution to only two of them:

Theorem 3.9 (Gamez-Merino et al. [15, Theorem 2.7]). The sets S\ ES and SES \ PES are 2-lineable, and this is
optimal.

For the rest of the cases we only have partial and probably not optimal answers.

Theorem 3.10 (Bartoszewicz et al. [8, Theorem 3.12]). If Rg < A < k < ¢ then ES) \ ESy is 2*_lineable.
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Remark 3.11. Although it is not explicitly shown in [8], it can be deduced that ES ) \ ES is 2 -lineable for every
W < K since, in that case, ES,, \ ES, C ES; \ ES, and, by Theorem 3.10 is 2*-lineable.

The case A = Ko and k = c is explicitly studied in [11, Theorem 2.14].

Also, it can be proved that the result given in Theorem 3.10 is not optimal in general. If we admit Martin’s
Axiom, 2 = ¢ for all Rg < p < ¢. However we have the following result:

Theorem 3.12 (Ciesielski et al. [11, Corollary 2.15]). The set ES \ SES is ¢t -lineable.

The estimate given in Theorem 3.12 implies that ES \ SES is 2¢-lineable under CH (Continuum Hypothesis).
Whether or not ES \ SES is 2¢-lineable in ZFC (Zermelo-Fraenkel Theory with Axiom of Choice) is still an open
question.

We do not know much about the size of the set PES \ J. We do not even know whether this family is lineable or
not.

4 Relationship between extremely surjective functions and other
classes

In this section we will study the relationship between the class ES and other families of interesting functions like,
for instance, the class of additive mappings (or equivalently, Q-linear), the class of function in R® with dense graph
in R, the class of Darboux functions and the set of Sierpiniski-Zygmund functions. We will deal in the first place
with additive mappings and functions with a dense graph.

4.1 Everywhere surjective functions, additive mappings and functions with a dense
graph

Recall that f € R® is addtive if f(x + y) = f(x) + f(y) forall x,y € R. It is easy to prove that a function is
Q-linear if and only if it is additive. We denote the sets of additive mappings and the set of functions with a dense
graph, respectively by Add and DG.

The classes DG and Add are related to ES as follows:
(a) ES C DG, which is obvious, and
(b) ESNAdd = Add N(S\Z). Recall that S and Z denote, respectively, the surjective and injective elements of R¥.

In order to see (b), we reproduce the argument used in [20]. Observe first that f : R — R is in ES if and only
if £~1(¢) is dense for all € R. Also, any 1-dimensional Q-subspace of R is dense, and therefore any proper
Q-subspace of R is dense too. Since ES N Add C Add N(S \Z) is trivially true, assume that f € Add N(S\Z). Since
£ is surjective, for every ¢ € R there exists x € R with f(x) = ¢. Notice that f ! (f) = x + ker(f). Also ker(f)
is dense. Indeed, since f is not injective, ker ( f) # {0}, and hence the Q-subspace f~1(0) = ker (f) is dense. We
conclude that £~ (¢) is dense for all ¢, or in other words, f € ES N Add.

It is easy to prove that ESN Add # &. Indeed, if H = {h; : i < ¢} is a Hamel basis, we just need to define
f on H such that f is surjective and not injective. Extending f to R by linearity we obtain an additive mapping in
ES N Add. In fact we have a much stronger result whose original proof, for completeness, is given below:

Theorem 4.1 (Garcia-Pacheco et al. [20]). The set ES N Add is 2¢-lineable.

Proof. Consider a Hamel basis I of R regarded as a Q-linear space and let ® : I — R be bijective. Define
W={god:gelyl

where V) is a 2°-dimensional space of surjective functions (except for the zero function). Clearly card(W) = 2¢
and each non-null element f : I — R of W is a surjective function that can be extended by linearity, uniquely, to



DE GRUYTER OPEN A hierarchy in the family of real surjective functions =——— 497

a Q-linear mapping f : R — R. A moment’s thought reveals that U = {f : f € W} is in fact a 2°-dimensional
space contained in (ES N Add) U {0}. O

It is interesting to observe that the non-null elements of the space Vp introduced in Lemma 3.1 are not Q-linear.
Indeed, using the terminology of the proof of Lemma 3.1, for each f € Vy and x € (0,1), we have f(x) =
(Hao0¢)(x) = Hyq(0,x1,x2,..) =0-[[{2; L4(x;) = 0 from which f is neither injective nor lies in ES. Hence
f cannot be Q-linear. It is still possible to prove that ES \ Add is not only empty, but also algebraically large. We
give the proof for completeness.

Theorem 4.2 (Garcia-Pacheco et al., [20]). The set ES \ Add is 2¢-lineable.

Proof. Choose f € ESN Add and define W = {go f : g € Vp} with 1y as in Lemma 3.1. It is easily seen that W
is a 2°-dimensional space (isomorphic to V) whose non-null elements are in ES.
On the other hand, if g € Vy \ {0}, since g is not additive, there exist x, y € R such that

gx+y)#gx)+g®»).

Leta,b € R be such that f (a¢) = x and f (b) = y. Then

(go f)la+b)=g(f(a)+ f (b))
=gx+y)
#Fg(x)+g (k)
=(go f)a)+(go f)D),

which shows that g o f is not additive. Hence W C (ES \ Add) U {0} and the proof is finished. O

Next we study the lineability of the set DG N Add \ ES. We reproduce the original proof for completeness.
Theorem 4.3 (Garcia-Pacheco et al., [20]). The set DG N Add \ ES is 2¢-lineable.

Proof. Let I be a Hamel basis of R regarded as a Q-linear space. Fix i € I and consider a bijection¢ : I — I\ {i}.
It is straightforward to prove that ¢ can be extended by linearity to an injective Q-linear mapping ® : R — R.
Observe that i ¢ ®(R). If there existed oy, ...,ax € Q and iy, ...,ix € I such that ®(a1i + ... + axix) =i,
thenay ¢ (i1)+...+ax @ (ix)—i = 0. The latter contradicts the fact that {®(i1), ..., P(ix), i} is linearly independent.
It can also be proved that ®(R) = R. Indeed, choose € > 0 and p € R\ ®(R), and consider j € I \ {i} and
o« € Q such that |oj — p| < €. Since there is s € I with ¢(s) = j, we have that |®(as) — p| = |ap(s) — p| =
loj — pl <e.

Define now
U={bog:geW},

where W is any 2¢-dimensional linear space such that W C (ES N Add) U {0} (see Theorem 4.1). It is clear that U
is a 2°-dimensional linear space and that every non-null element of U is Q-linear and not surjective. Also, f maps
every non-degenerate interval to ®(RR), which completes the proof. O

To finish this section we have included a result on the elements of Add \ DG.
Proposition 4.4. A function f € Add is discontinuous if and only if f € DG.

Proof. Choose f € Add. If f € DG, then f is obviously discontinuous. If we assume now that f is not continuous,
then f cannot be homogeneous, and hence there does not exist ¢ € R such that f(x) = cx for all x € R. If we take
x1 # 0, there is x2 # 0 such that

Sx1) y f(x2)

X1 X2
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The vectors v = (x1, f(x1)) and vo> = (x2, f(x2)) are clearly linearly independent and therefore they generate R.
If g1,9> € Q, we can approximate g1 v + g2v2 to any vector v since QQ is dense in R2. Therefore

q1v1 + q2v2 = q1(x1, f(x1)) + q2(x2, f(x2))
= (q1x1 + q2x2,q1 f(x1) + g2 f(x2))
= (q1x1 + q2x2, f(g1x1 + g2X2)).

Then

graph(f) = {(x, y) 1 x = q1x1 + q2x2,y = f(x):q1,¢2 € Q} = R%.
In other words f € DG. O

The next section is devoted to the study of the linear structure of the set of the Daboux functions in R¥.

4.2 Darboux functions

We recall that f € RF is Darboux if it transforms intervals into intervals and that D represents the set of Darboux
functions. Obviously ES C D and therefore D is 2¢-lineable. We also have the following interesting results:

Theorem 4.5. The set D \ ES is 2¢-lineable.

Proof. Let V be a 2¢-dimensional space in ES U{0}. For each f € V let us define

0 ifx <0,
fHx) = .
f(ogx) ifx > 0.

If we consider the 2¢-dimensional linear space W = { f# : f € V', then it is plain that W C (D \ ES) U {0}. O
Theorem 4.6. The set S\ D is 2°-lineable.

Proof. Observe that the space V' generated by the characteristic functions of subsets of (—oo, 0] has cardinality 2¢
and hence it is 2°-dimensional. Let B; = {ey : @ < 2°} be a basis for V. Now let us consider a basis B> = { fy :
o < 2¢} of Vp, where Vp is as in Lemma 3.1. If for each @ < 2¢ we define

eq(X) ifx <0,
galx) = .
fa(logx) ifx >0,
then the span of {g, : o < 2¢} is a 2°-dimensional space contained in (S \ D) U {0}. O

4.3 Sierpinski-Zygmund functions
The construction of a Sierpifiski-Zygmund function is motivated by the following result:
Theorem 4.7 (Blumberg [26]). For every f € RR there exists a dense set Z C R such that f|z is continuous.

The set Z provided in Blumberg’s proof turns out to be countable. Sierpiniski and Zygmund asked whether or not
an uncountable set could be found satisfying Theorem 4.7. This led them in 1923 ([27]; see also [28, pp. 165,166])
to the construction of an instance of what nowadays it is known as a Sierpifiski-Zygmund function. We recall that
f € RR is Sierpifiski-Zygmund if for every Z C R with cardinality ¢, the restriction f|z is not continuous. We
denote the set of Sierpinski-Zygmund functions by SZ.

If CH holds, the restriction of a Sierpiniski-Zygmund function to any uncountable set cannot be continuous. The
Continuum Hypothesis is necessary in this setting. Shinoda proved in [29] that if Martin’s Axiom and the negation
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of CH hold, and 8¢ < « < ¢ then for every f € RF there exists a set Z C R of cardinality « such that f|z is
continuous.

It is interesting to observe that Sierpinski-Zygmund’s example satisfies a stronger condition, namely f|z is
not Borel for all Z C R with card(Z) = ¢, which is a stronger condition than that of the definition of Sierpinski-
Zygmund function. This motivates the following definition

SZ(Bor) := { f € R® : VZ C R with cardinality c, the restriction f| is not Borel }.

Obviously SZ(Bor) C SZ. The question is whether or not SZ(Bor) = SZ is undecidable under the usual set theoretic
settings. However, if dec(Bor, C) denotes the minimal cardinal « such that for every Borel function f : X — R
there is a partition (Xq)o < of X with f|x, continuous for all @ < «, then it can be proved that:

Theorem 4.8 (Bartoszewicz et al., [8, Theorem 4.4]). For the sets SZ(Bor) and SZ we have:
1. If ¢ is a successor cardinal and dec(Bor, C) = ¢, then SZ # SZ(Bor).
2. If cis a regular cardinal and dec(Bor, C) < ¢, then SZ = SZ(Bor).

Another interesting question to be considered is that the standard axioms of set theory (like ZFC) do not guarantee
the existence of Sierpinski-Zygmund functions that are surjective or Darboux. However, the following can be proved
assuming stronger hypothesis:

Theorem 4.9 (Ciesielski et al., [11]). If cov(M) = ¢, i.e., the union of less than continuum many meager sets does
not cover R, then SZ NES is ¢t -lineable.

Observe that Martin’s Axiom (see [30]) implies the condition cov(M) = c¢. However, assuming different set of
theoretic hypotheses, it is possible to prove that SZ and ES are even disjoint:

Theorem 4.10 (Balcernak et al., [31]). Under the CPA, Covering Property Axiom (see [32] for details), we have
that SZN(D US) = & (hence SZNES = O).

5 Conclusions and open questions

The diagram in Figure 1 shows how some of the classes introduced in this paper are related to each other.

Fig. 1. Relationship between some of the classes mentioned in the paper where A — B means A < B. Observe that here 8¢ <

K<c¢
DG
)
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Table 1 summarizes all the results presented in Sections 3 and 4. Observe that there are still three open questions:

1. We know that ES \ SES is ¢t -lineable (see Theorem 3.12). However, we do not know whether ¢ is optimal or
not.

2. The optimal lineability of ES) \ ES, with 89 < A < k < ¢ is not known.

3. Nothing is known about the lineability of the set PES \ J.

Table 1. Summary of the most important lineability results related to surjective functions

Set Lineability Reference

J 2¢ [14]
PES 2¢ [15]
SES 2¢ [15]
ESe (Ro =<K =¢) 2¢ [15]
ES 2¢ [3]
PES\J ? —
SES \ PES 2¢ [15]
ES\ SES >ct [15]
ES) \ES,y NRo=<A<k=<¢) | =2" (n=<k) [8]
S\ ES 2¢ [15]

D\ES 2°¢ Theorem 4.5

S\D 2¢ Theorem 4.6
ES N Add 2¢ [20]
DGNAdd\ES 2¢ [20]
ES \ Add 2¢ [20]
D 2¢ [3]
DG\ (ES U Add) 2¢ [20]

Besides lineability, another important tool used to measure the algebraic size of a family of functions is the notion

of algebrability and strong algebrability.

(a) We say that a family 7 C K¥ (i.e., the algebra of all the functions f : K — K) is x-algebrable if F U {0}
contains a k-generated subalgebra A of K¥, i.e., the minimal cardinality of the system of generators of A is .

(b) We say that a family F C K is strongly k-algebrable if F U {0} contains a «-generated subalgebra A of KX
isomorphic to a free algebra.

Notice that it is not possible to construct an algebra of real surjective functions since f2 is never surjective if
f € RR. However, there are a few nice results in the literature about algebras of surjective functions in C. We refer
to [8] for a complete account of results on algebrability of complex surjective functions. For instance, in [8] it is
proved that the family of complex Jones functions is strongly 2¢-algebrable. Here a complex Jones function stands
for a mapping f € CC such that for every closed set C C C? with uncountable projection on the first coordinate,
we have that C meets the graph of f.
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