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ABSTRACT. In the additive topological group (R, +) of real num-
bers, we construct families of sets for which elements are not mea-
surable in the Lebesgue sense. The constructed families have alge-
braic structures of being semigroups (i.e., closed under finite unions
of sets), and invariant under the action of the group ®(R) of all
translations of R onto itself. Those semigroups are constructed by
using Vitali selectors and Bernstein subsets on R. In particular, we
prove that the family (S(B) VS(V)) « Ny := {(U1 UU2)\ N)UM :
U € §(B),U; € S(V),N, M € Np} is a semigroup of sets, invariant
under the action of ®(R) and consists of sets which are not mea-
surable in the Lebesgue sense. Here, S(B) is the collection of all
finite unions of some type of Bernstein subsets of R, S(V) is the
collection of all finite unions of Vitali selectors of R, and A is the
o-ideal of all subsets of R having the Lebesgue measure zero.
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1. INTRODUCTION

Let (R,+) be the additive group of real numbers endowed with the
Euclidean topology, and let P(R) be the collection of all subsets of R. It
is well-known that there exist subsets of R which are not measurable in
the Lebesgue sense [2], [§]; for instance, Vitali selectors of R, Bernstein
sets of R, as well as non-Lebesgue measurable subsets of R associated
with Hamel basis. Accordingly, the family P(R) can be decomposed
into two disjoint non-empty families; namely, the family £(R) of all
Lebesgue measurable subsets of R, and the family £¢(R) = P(R) \ L(R)
of all non-Lebesgue measurable subsets of R.

The algebraic structure; from the set-theoretic point of view, of the
family £(R) is well-known. Indeed, the family £(R) is a o-algebra of sets
on R, and hence it is closed under all basic set-operations. It contains
the collection Bp(R) of all Borel subsets of R, as well as, the collection
Ny of all subsets of R having the Lebesgue measure zero. In addition,
the family £(R) is invariant under the action of the group ®(R) of all
translations of R onto itself; it means that if A C R is such that A € L(R)
and h € ®(R) then h(A) € L(R).

On the other hand, the family £¢(R) does not have a well-defined
structure from the set-theoretic point of view. In fact, the union (resp.
intersection, difference, and symmetric difference) of two elements in the
family £¢(R) can be inside or outside of £L¢(R). However, like £L(RR), the
family £¢(R) is invariant under the action of the group ®(R).

Given a countable dense subgroup @ of (R, +), let V(Q) be the col-
lection of all Vitali selectors related to (). The construction of Vitali
selectors is discussed in Subsection and more facts about them can
be found in [2]. The following question constitutes the motivating key
of this paper.

Question 1.1 ([14]). Could we find in L°(R) subfamilies of P(R) con-
taining V(Q) and have some algebraic structures from the set-theoretic
point of view?

In [11], it was shown that each element of the family V1 (Q) = {U;, Vi :
Vi € V(Q),n € N} of all finite unions of Vitali selectors related to @,
is a semigroup of sets with respect to the operation of union of sets,
and that, it is invariant under the action of the group ®(R) such that
V(Q) S Vi(Q) € LE(R). In addition, the family V(Q) = V1(Q) * N :=
{(U\N\M)UN : U € Vi(Q),M,N € Ny} was shown to be a semi-
group of sets, invariant under the action of the group ®(R) and that
Vi(Q) € V2(Q) € LE(R). Using the family V1 (Q) and different ideals
of subsets of R, different semigroups of sets for which elements are not
measurable in the Lebesgue sense, were constructed in [12] and [13].
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Let V be the family of all Vitali selectors of R, and let S(V) be the
collection of all finite unions of elements of V; that is, S(V) = {J_, Vi :
Vi € V,n € N}. In [16], it is shown that the family S(V) x Ny =
{(UNM)UN :U € 8§(V),M,N € Ny} is an abelian semigroup of sets,
for which elements are not measurable in the Lebesgue sense, and that
Vo(Q) € S(V) * N for every countable dense subgroup @ of (R, +).
We note that the non-Lebesgue measurability of elements of the family
S(V) * Ny was also proved in [15] together with other interesting facts
about the semigroups generated by Vitali selectors of R. Besides that, it
is proved in [16] that the abelian semigroup S(V) * Ay has an algebraic
structure of being invariant under the action of the group II(R) of all
affine transformations of R onto itself.

The semigroups of sets that exist in the literature (for which elements
are not measurable in the Lebesgue sense), are mostly constructed by
using Vitali selectors of R. In this paper, we consider a more general
setting, by looking away for extending Question [l.1. Accordingly, we
consider a Bernstein set B which has an algebraic structure of being
a subgroup of (R,+). Such a set exists as it is shown in [2] and [1§].
Furthermore, we consider the collection R/B of all cosets (translates)
of B in (R, +), that we denote by B for simplicity. Since the family of
Bernstein sets is preserved by homeomorphisms of R onto itself [2], it
follows that each element of B is also a Bernstein set.

Question 1.2. Could we find in L°(R) subfamilies of P(R) containing B
and have some algebraic structures from the set-theoretic point of view?

Through the paper, different families of sets answering Question @
are constructed. In particular, the family S(B) = {{J;_, Bi : B; € B,n €
N} of all finite unions of elements of B, and its extension S(B) * Ny by
the o-ideal N, constitute an answer to Question [L.9.

For an extension, one can consider the family V'V B := {V UB :
V € Vand B € B} made by all possible pairwise unions of a Vitali
selector and a Bernstein set. The main aim of this paper, is to construct
families of sets that constitute answers to the following question; which
generalizes in some sense Question and Question [1.2.

Question 1.3. Could we find in L°(R) subfamilies of P(R) containing
the family V'V B and have some algebraic structures from the set-theoretic
point of view?

In this paper, different families of sets having the algebraic structure
of being semigroups with respect to the operation of the union of sets, are
constructed through the use of ¥V and B. The constructed semigroups
extend the existing ones, and in particular, some contain the family
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YV V B. The constructed families also consist of sets that are not mea-
surable in the Lebesgue sense, and they are invariant under the action
of the group ®(R). It is proved that, for any Bernstein sets B; and Bs
having the algebraic structures of being subgroups of (R, +), the family
[S(B1)VS(B2)VS(V)|*No := {[(U1UUUU3)\NJUM : Uy € S(By),Us €
S(B2),Us € S(V), N, M € Ny} is an abelian semigroup of sets, for which
elements are not measurable in the Lebesgue sense, and that it is invari-
ant under the action of the group ®(R). We further show that the equal-
ity [S(B1)VS(B2) VE(W)]* Ny = (S(B1)*No) V (S(B2) *No) V (S(V) xNp)
always holds.

This paper uses the standard notation and facts from Set Theory
and Real Analysis, and it is organized as follows: After an introductory
section, where motivating ideas and the problem under investigation are
developed, the second section deals with the theory of semigroups, the
theory of Vitali selectors, and different facts about Bernstein sets. The
third section is about the semigroups of non-Lebesgue measurable sets
constructed by using Bernstein sets. The fourth section complements
the part about Vitali selectors, developed in the preliminary section,
and it is about semigroups of non-Lebesgue measurable sets generated
by Vitali selectors. The fifth section, is devoted to the semigroups of non-
Lebesgue measurable sets, that are constructed by using Vitali selectors
and Bernstein sets, simultaneously.

2. PRELIMINARY FACTS

2.1. Theory of semigroups and ideals of sets. Let S be a non-
empty set. The set S is called a semigroup of sets, if there is a binary
operation x : S x § — §, for which the associativity law is satisfied;
ie, (xxy)*xz=uxx(yx*z) forall z,y,z € S. The semigroup § is said
to be abelian, if x xy =y *x for all z,y € S.

For a non-empty set X, let P(X) be the collection of all subsets of
X. Consider a non-empty family of sets S C P(X), such that for each
pair of elements A, B € S, we have AU B € S. Since the union of sets
is both commutative and associative, such a family of sets, is an abelian
semigroup, with respect to the operation of union of sets.

Definition 2.1. A non-empty collection of sets S C P(X), is called a
semigroup of sets on X, if it is closed under finite unions. If S is closed

under countable unions, then it is said to be a o-semigroup of sets on
X.

It is evident that if S is a semigroup of sets on X, with respect to the
operation of union of sets, then the collection {X \ S : S € S} = {5°:
S € 8} of all complements of elements of S in X, is closed under finite
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intersection of sets, and thus, it is a semigroup of sets with respect to
the set-theoretic operation of intersection of sets on X.

A non-empty family of sets R is called a ring of sets on X, if it is
a semigroup of sets and closed under relative complement; that is if
A,Be€R then AUB € R and if A,B € R then A\ B € R.

Recall [7] that a non-empty collection Z C P(X) of sets is called an
ideal of sets on X, if it satisfies the following conditions:

(i) f AcZ and B€Z, then AUB € T.
(i) f Ae Z and B C A, then B € 7.

If the ideal of sets Z is closed under countable unions of sets, then it is
called a o-ideal of sets on X. Clearly, each ideal of sets is a semigroup
of sets which is closed under taking subsets.

Example 2.2 ([12]). If A C P(X) is a non-empty family of sets, con-
sider the collection S(A) = {lJ;; 4i : A; € A,n € N} of all finite unions
of elements of A, and consider the collection Z(A) = {B € P(X) :
there is A € S(A) such that B C A}. Tt is clear that the family S(.A) is
a semigroup of sets, while the collection Z(.A) is an ideal of sets on X.
The family S(A) is called the semigroup of sets generated by A, while
Z(A) is called the ideal of sets generated by A. Evidently the inclusions
S(A) CZ(A) and A C S(A) always hold. If A is a semigroup of sets on
X, then we have the equality S(A) = A.

Example 2.3. On the set R of real numbers, consider the following
families of sets: The family Zy of all finite subsets of R, the family Z. of
all countable subsets of R, and the family B,(R) of all bounded subsets
of R. All these families are semigroups of sets on R. They are ideals of
sets on R and both are rings of sets on R.

For any families A and B of subsets of X, define a new family of sets
on X by setting A« B = {(A\B1)UBy: A€ A B; € B,By € B}.
One can observe that, if A, B,C and D are families of sets on X such
that A C B,C C D, then A+ C C B*D. For any family of sets A on
X, the inclusion A C A * A always holds, but the reverse inclusion does
not need to hold. If §; and Sy are semigroups of sets, then the family
S1 %S9 does not need to be a semigroup of sets, unless one of them is an
ideal of sets. This fact is illustrated by the following statement, which
presents a way of extending a given semigroup by using an ideal of sets.

Proposition 2.4 ([12]). Let S be a semigroup of sets on X and let T be
an ideal of sets on X. Then, the families TxS and S xZ are semigroups
of sets on X, such that S CZ+S C S*Z. Moreover, T+ (ZxS)=1x*S
and (S+xI)*xT =8xT.

For any families A and B of subsets of X, consider the collection
AVB={AUB:Ae A B e B}. Tt is clear that if A,B,C and D are
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families of sets on X, such that A C B,C C D, then AVC C BV D. For
any family of sets A on X, the inclusion A C AV A always hold but the
reverse inclusion doesn’t need to hold. If A is a semigroup of sets on X,
then AV A = A. The inclusions A C AVB and B C AV B do not need to
hold for any families A and B with or without the assumption of being
semigroups. If S and Sy are semigroups of sets, then the usual union
S1 U Sy does not need to be a semigroup of sets, however the following
lemma holds.

Lemma 2.5. If §; and Sy are semigroups of sets on X, then the family
S1V Sy is also a semigroup of sets on X.

Proof. Assume that U; € §;VSs and Uy € 81V Ss. Then Uy = A1 U Ay
and Us = By U By for some A1,B; € S and Ay, By € S;. Note that
A1 UB; € 8§ and Ay U By € §; as S and Ss are semigroups of sets. It
follows that Uy UUy = (A1 U Ag) U (Bl U Bg) = (Al U Bl) U (A2 U Bg) is
an element of S V Ss. O

We observe that for any sets A and B, we have AUB = (A\B)UB =
(B\ A)UA, which implies that AVB C AxB and AV B C BxA, for any
families of sets A and B on X. In addition, the equality S(A) US(B) =
S(AU B) does not need to hold.

Example 2.6. On the set X = {a,b,c,d}, let A= {a,b}, B = {b,c} and
D = {¢,d}, and consider the families A = {A} and B = {B, D}. Note
that AUB = {4, B, D}, S(A) = Aand S(B) = {B, D, BUD}. It is clear
that S(4) US(B) = {A,B,D,B U D} while S(AUB) ={A,B,D,AU
B,AuD,BUD,AuBUD} = {A,B,D,AU B,BUD,X}. Hence
S(A)US(B) € S(AUB). Since AVB={AUB,AUD} ={AUB, X},
we further remark that S(A) vS(B) = {AUB,AUD,AUBUD} =
{AUB, X} =S8(AV B).

Lemma 2.7. If A and B are non-empty families of sets on X, then the
equality S(AV B) = S(A) V S(B) always holds.

Proof. Assume that ¥ € S(AV B). Then Y = (J,Y;, where Y; €
AV B, ie. Y, = A, UB; with A; € A, B, € Band n € N. Hence
V= U~ (4UB) = (U A) U Uiz Bi). Put A = UL, 4; and
B = |J,B;. It is clear that A € S(A) and B € S(B), and hence
Y € S(A) v S(B) implying that S(AV B) C S(A) v S(B).

Assume that Y € S(A) vV S(B). Then Y = AU B, where A € S(A)
and B € S§(B), which means that A = |J;_; 4; and B = J;", B;, where
A; € Aand B; € B for some n and m in N. We will have two cases to
consider:

e If n=m, then Y =J;_, (4; UB,;) and hence Y € S(AV B).
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o If n # m, without loosing generality, assume that n < m. We can
write Y = ULy (4 UB)JU(U,41 Bi)- Fori =n+1,n+2,--- ,m,
put A; = Ay, where k is some fixed integer in the set {1,2,--- ,n}. It
follows that Y = [U;L:l (Al U Bl)]U[U;in-s-l(AZ U Bl)] = U:il (Az U Bz)
Since A;UB; € AVBfori=1,2,--- m, it follows that Y € S(AV B),
and thus S(A) vV S(B) C S(AV B).

O

The following proposition is a generalization of Lemma @ for any
finite collection of families of sets.

Proposition 2.8. Let A; be a non-empty family of sets on X, where
i =1,2,---,n, for some n € N. Then, the equality S (\/7_, Ai) =
Vi_y S(A;) always holds.

It follows from Proposition @, that if S; and Sy are semigroups of
sets, then the families (S; V Sy) * Z and Z * (S V S2) are semigroups
of sets for any ideal of sets Z on X. However, no one of the inclusions
S1xZ C (81 \/82) xL,SoxT C (81 \/82) x L, TxS1 CILx (51 \/52) and
Z %8Sy CTx*(S1VS2) needs to hold.

Example 2.9. Let X be a non-empty set having atleast three elements,
ie. Card(X) > 3, and let A be a non-empty proper subset of X. Let
B = X \ A. Consider the semigroups S; = {A, X}, So = {B, X} and
the ideals of sets Z = P(A) and K = P(B) on X. It is clear that
S§1 VS, ={X}, and 0 and A cannot be elements of (S V S2) xZ, but 0
and A are elements of S x Z. Similarly, the collection S * K contains
the elements () and B, but the family (S; V Sz) * K cannot contain () and
B. Hence S1 *Z ¢ (81 V82) *Z, and So x K € (S1 V Sa) * K. Further,
observe that Z x (S1VS&2) = {X} = K (S1 VS2). The semigroup Z * So
contains the set B and the semigroup K * S contains the set A. Hence

Ix8 ZI*(S1VS)and Kx8 € Kx(S1VSs).

Proposition 2.10. Let §1 and So be semigroups of sets on X. If T is
an ideal of sets on X, then the following equalities always hold:

(Z) (Sl \/SQ) x 7T = (Sl *I) V (82 *I)

(ZZ) T % (81 VSQ) = (I*Sl) V (I*Sg).

Proof.  (i). Assume that A € (81 VS2)*Z. Then A = [(S1US2)\I|UK
where S1 € 81,5 € Sy and I, K € Z. It is clear that A =
(Sl\I)U(SQ\I)UK = [(Sl\I)UK]U[(SQ\I)UK] S (Sl*I)V(SQ*I).

Assume that A € (81%Z)V(Sa*Z). Then A = [(S1\N)ULJU[(S2\
P)UR], where Sy € 81,52 € Ssand N, L, PR € Z. Note that A =
(S1\N)U(S2\ P)U(LUR). Putting I = LUR € T it follows that
A=[S1NN)YU(SaNP))“UT = [(S1NN)°N(S2nN P)° U
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I =[(SfUN)N(SSUP)°UI. Furthermore, A = [(S{fN SS) U

(S{NP)U(SSNN)U(NNP))cUI. Put J=(SfNP)U(S5N

N)U (N NP) € Z and note that A = [(SfNSSHUJ|“UT =
[(SSNSS)NJTTUT =[(S1US2)\ J]UI. Since S1 € 81,5 € Sa
and J, I € T then we have A € (51 V S2) 7.

(ii). Assume that A € (Z*S1)V (Z+S2). Then A = [({; \ U;) U W] U
[(_[2 \ Ug) U WQ] where I1, 1o € Z,U;, W7 € §; and Uy, Wy € Sy, It
is clear that A = (Il\Ul) U([Q\UQ)U(Wl UWQ) = IU(Wl UWQ),
where I = (I; \ Up) U (I3 \ Uz). Since I € Z then the set A can be
written as A = [I\ (W1 U Wg)] U (W1 U WQ) el x (81 V 82)

Assume that A € Z % (§1V S2). Then A = [I'\ (U1 UU2)| U
(Wl U Wg) where I € Z,Uy,W7 € &1 and Uy, Wy € Sy, Since
I\ (Ul U Ug) = ((I\UQ) \ U1>) U ((I \ Ul) \ Ug), then we get A =
(1 \ U2) \ 1]U[(I \ Up) \ U2]U(W1UW>) = [((1 \ Uz) \ U1) UWA]U
[(I\U1)\ Uz) UWsy]. Since the sets I\ U; and I\ U, are elements
of Z then we have A € (Z*xS1) V (Z x S2).

U

Corollary 2.11. Let 81,89, -+, S, be a finite collection of semigroups
of sets on X. If T is an ideal of sets on X, then the following equalities
hold:

(7). Vi1 Si)* L=V, (Si*T).
(it). Tx (Vi) Si) = Vie, (T Si).

It follows from Proposition that if A and B are semigroups of
sets on X, and Z is an ideal of sets on X, then S[(AV B) xZ] =
S[(A*Z)V (B+TI)] and S[Z*(AVB)|=S[(Z*A)V (Zx*DB)].

Question 2.12. Let A and B be families of sets, and let T be an ideal
of sets. What is the relationship (in the sense of inclusion) between the
semigroups of sets S(AV B) *Z and S[(AV B) «Z]?

We observe that if A and B are semigroups of sets then by Example
R, we get S(AVB)+T = (AVB)*T = (A*T)V (B * ) = S[(AVB)+1T].

The following statement can be used in the extension of semigroup
of sets. Its proof is based on the properties of ideals of sets goes in the
same line as Proposition R.1(.

Proposition 2.13. Let 71 and I be ideals of sets on X and let S be a
semigroup of sets on X. Then, the following hold:
(7,) SxT; C 8*(1-1Vl-2) fori=1,2 and (S*Il)\/(S*IQ) - 8*(1-1\/1—2).
(i) Tix S C(TiVI) *S= (11 *S) V (Lo x S) fori=1,2.

Proof.  (i). Since 7y C 71 VZIy and Zy C Z; VI, then inclusions SxZ; C
S#*(Z1VIy) and S *Zy C S (Z1 V Iy) follow directly.
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Assume that A € (S*Z1)V (S*Zz). Then A = [(S1\ 1) UILL]U
[(SQ\Ig)UI4], where 51,50, € S, 11,1> € 7 and I3, I, € 75. We can
write that A = (Sl\fl)U(Sg\Ig)U(IQUI4). It is clear that (Sl\Il)U
(S2\ I3) = [(S1\ 1)U (S2\ I3)]* = [[(S1\ 1) U(S2\ [3)]]° =
[(S1NI§)° N (S2 N IS, which is the set [(S{U L) N (S5 U I3)] =
[(Sf N S;) U (Sf N I3) U (SS N Il) U (Il N Ig)]c. Since SS NI C Iy,
Sf NI3 C I3, 1 NI3 C I and I1 N I3 C I3, it follows that I =
(S{NIs)U(SsNI)U (1 NI3) € Iy VIo. It follows that A =
[(Sf N Sg) U I]C U (IQ U I4) = (Sl U SQ) \ I) U ([2 U 14). Since S is a
semigroup of sets then S; U Sy € S, and thus A € S % (Z; V Iy).

(ii). Since Z; € Z; V Iy and Zo C Z; V Iy the inclusions Z; * S C
(Zy VIo) * S and Zy xS C (Z1 V ) * S follow directly.

Assume that A € (Z1 VZ) *S. Then A = [(I1 U I3) \ S1] U So
for some 51,50 € §,I1 € Z; and I, € Z,. We can write A =
[(Il UIQ) ﬂSﬂ USy = (Il N Sf) U (IQ N Sf) USy; = (Il \ 51) U
(IQ \ Sl) U Sy. Observe that I3 \ S1 € 7y and I \ Sy € Io. Put
K =1;\S; and L = I3\ Se. This implies that A = (KUL)USy =
(K U 52) U (L U Sg) = [(K \ SQ) U SQ] U [(L \ Sg) U SQ] and hence
Ac (Il *S)V(IQ*S)

Assume that A € (Z1%S)V (Z2*S). Then A = [(I1 \ S1) U So|U
[(12 \ 53) U 54], where I € 74,51, 52, 53,54 € S and Is € 7. Note
that A = [(Il \ Sl) U (IQ \ Sg)] U (52 U 54) Since I \ S1 €7Z; and
I\ S3 € Iy, it follows that the set [ = (I3 \ S1) U (12 \ S3) is
an element of Z; V Zy. Since § is a semigroup of sets then the set
S = S,US}4 is an element of S. It follows that A = TUS = (I\S)US
and hence A € (Z; VIy) * S.

O

Corollary 2.14. Let 11,1, -+ , I, be a finite collection of ideals of sets
on X. If S is a semigroup of sets on X, then the following inclusion
and equality always hold:

(1) Vi (S* 1) € S+ (Vi L)

(ii). (VieiZi) xS = Vi1 (Zi + S).
2.2. Lebesgue measurability and the Baire property. Recall that
the Lebesgue outer measure of a set E C R, denoted by p*(FE), is meant
the number p*(E) = inf {d> 2, ((I,) : E C U2 I}, where inf is taken
over all sequences {I,,}72 ; consisting of open intervals covering the set
E. The Lebesgue outer measure is defined for all subsets of R, but it is
not countably additive.

A subset E of R is said to be Lebesgue measurable, if for each A C
R, the equality pu*(A) = p*(AN E) 4+ p*(A N E°) is satisfied. If E
is a Lebesgue measurable set, then the Lebesgue measure of E is its
outer measure, and it is denoted by u(F). Let Ay be the collection
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of all subsets of R having the Lebesgue measure zero (null subsets of
R). It is well known that the family Ny is a o-ideal of sets on R. The
family £(R) of all Lebesgue measurable sets on R is a o-algebra of sets
on R, containing the collection Bo(R) of all Borel sets on R as well
as the collection Ny. Let us note that there exist subsets of R which
are not measurable in the Lebesgue sense [p], [2]. Hence the domain
dom(p) of the set function u is not equal to P(R). As a consequence,
the complement £°(R) = P(R) \ L(R) of L(R) in P(R) is not empty.

Recall [7] that, if O(R) C P(R) and ¥(R) is a group of homeomor-
phisms of R onto itself, then the family O(R) is said to be invariant
under the action of W(R), if for each A € O(R) and for each h € ¥(R),
we have h(A) € O(R).

The collection £(R) is invariant under the action of the group ®(R)
of all translations of R; i.e., if E € L(R) and t € R, then B+t := {e+1:
e € E} € L(R). Furthermore, pu(E +t) = u(E), and if £ € L(R),t € R,
then tE := {te : e € E} € L(R) and p(tE) = |t|u(E), where |¢| is the
absolute value of t. Hence, the families £(R) and £¢(R) are invariant
under the action of the group II(R) for which elements are of the form
h(x) = ax + b with a,b € R and a # 0.

Lemma 2.15 ([10]). Let A and B be subsets of R. If A € L(R) and
w(AAB) =0, then B € L(R) and p(A) = pu(B).

If A a subset of R, then Int(A) and CI(A) are used to denote the
interior and the closure of A in R, respectively. A subset M of R is said
to be meager (or of first category), if it can be represented as a countable
union of nowhere dense; i.e., M = |J;°; M; with Int C1(M;) = 0 for each
i=1,2,---. It is well known that the collection Z,, of all first category
subsets of R is a o-ideal of sets on R and that Z; C Z. € Z,, and
Iy CI. C No.

A subset A of R is said to have the Baire property in R if A can be
represented as A = OAM, where O is open in R, M is a first category
set on R, and A is the usual operation of standard symmetric difference
of sets [§], [19]. The family Bp(R) of sets having the Baire property
in R is a o-algebra, containing the collections Bp(R) and Z,,, and it is
invariant under the action of the group H(R) of all homeomorphisms of
R onto itself. The Lebesgue measurability and the Baire property are
two important classical concepts in real analysis and topology.

2.3. Vitali selectors in the additive topological group of real
numbers. The Vitali selectors of R constitute an example of subsets of
R, which are not Lebesgue measurable and without the Baire property
in R. To define Vitali selectors, we follow [2] and [5], and we emphasize
that their existence is granted by the Axiom of Choice.
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Consider a countable dense subgroup @ of the additive topological
group (R, +) of real numbers. Define a relation R on R as follows: for
z,y € R, let 2Ry if and only if z —y € Q. Clearly, R is an equivalence
relation on R, and hence it divides R into equivalence classes. Let R/Q =
{E4(Q) : a € I} be the collection of all equivalence classes, where I is
some indexing set. Accordingly, we have the following decomposition of
R:

R=|J{Ea(Q): €T} (2.1)
It follows from the definition of PR that the set R/Q consists of disjoint
translated copies of @ by elements of R. Namely, if ¢t € F,(Q) and
EL(Q) € R/Q, then E,(Q) = Q+t = {q+1t:q € Q}. Hence each
equivalence class F,(Q) is a countable dense subset of R. Equality (R.1))
implies that Card(I) = ¢, where ¢ is the continuum.

Example 2.16. The set Q of rational numbers, the set D = {a + by/2 :
a,b € 2N}, the set Q(v) = {a+ by : a,b € Q} for each irrational number
7, and the set v2Q = {v/2¢ : ¢ € Q}, are some examples of countable
dense subgroups of (R, +).

Definition 2.17 ([p], [2]). A Vitali selector of R related to @ is any
subset V' of R containing one element for each equivalence class; i.e. any
subset V' of R for which Card(V N E,(Q)) =1 for each a € I. A Vitali
selector is called a Vitali set, whenever the subgroup ) coincides with
the additive group Q of rational numbers.

Proposition 2.18 ([5], [2]). Let @ be a countable dense subgroup of
(R,+) and let V be a Vitali selector related to Q. Then, the following
statements hold:
(i) If 1,42 € Q and q1 # q2, then (V +q1) N (V + q2) = 0.
(i) Any two sets in the collection {V + q: q € Q} are homeomorphic,
and

RzU{V—Fq:qGQ}. (2.2)
(iii) The set V is not of the first category in R, and it is not a null set.

The following theorem shows that the collection of all Vitali selectors

of R is invariant under the action of the group ®(R) of all translations
of R.

Theorem 2.19 ([L1], [16]). If U = U}, Vi, where each V; is a Vitali
selector related to Q; and t € R, then the set U+t := (|, Vi) +t =
Ui, (Vi +t) is a union of Vitali selectors, where each Vi +t is related
to Q;, fori=1,2,--- n.

It is possible to define bounded and unbounded Vitali selectors of R.
If O is a non-empty open set of R, then one can define Vitali selectors
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which are dense in O. This implies, in particular, that there exist Vitali
selectors which are dense in R. We further point out that there exists
a Vitali selector which contains a perfect set [7], and it can be easily
observed that for any Vitali selector V' of R the set R\ V is dense in R.

Theorem 2.20 ([2], [5]). Any Vitali selector V of R is not measurable
in the Lebesgue sense and does mot have the Baire property in R.

It follows from Theorem and Proposition that if V be a
Vitali selector of R, then every Lebesgue measurable subset of V' has the
Lebesgue measure zero, and every subset of V' with the Baire property
is of the first category.

The next theorem is a more general result on the Baire property than
Theorem .

Theorem 2.21 ([14]). Let V; be a Vitali selector for each i < n, where
n is some integer such that n > 1. Then the set U = |J;_, V; does not
contain the difference O \ M, where O is a non-empty open set and M

is a meager. In particular, the set U does not possess the Baire property
in R.

A similar result to Theorem about non-Lebesgue measurability
of finite unions of Vitali selectors of R was proved by A.B. Kharazishvili.

Theorem 2.22 ([l]). If {V, : 1 < a < m} is a non-empty finite family
of Vitali selectors of R, then the union |J{Va : 1 < a < m} is not
measurable in the Lebesgue sense.

Below, we recall the classical Banach Theorem, and two important
lemmas, which were used in the proof of Theorem P.22, and they will
be very useful in the sequel. For, first recall that B,(R) is denoting the
family of all bounded subsets of R.

Theorem 2.23 (Banach Theorem [1]). Let R be a translation invariant
ring of subsets of R, satisfying the relations R C By(R) and [0,1) € R,
and let 9 : R — [0,400) be a finitely additive translation invariant
functional such that ¥([0,1)) = 1. Then there exists a finitely additive
translation invariant functional n : By(R) — [0, +00) such that n is an
extension of V.

Lemma 2.24 ([1]). Let ¥ be as in Theorem , and let X € By(R)
have the following property: There exists a bounded infinite sequence
{hi : k € N} of elements of R such that the family {X + hy : k € N} is
disjoint. If X € dom(V), then necessarily 9(X) = 0.

Lemma 2.25 ([l]). Let X be a bounded subset_of a Vitali selector V.
Then, X has the property indicated in Lemma |2.24.
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It follows from Equality Eé in Proposition , that the results of

Theorem P.21) and Theorem , are not valid for infinite countable
unions of Vitali selectors of R. However, the following theorem provides
examples of infinite countable unions of Vitali selectors without the Baire
property in R.

Theorem 2.26 ([9]). If V is a Vitali selector of R related to @ and T’
is a non-empty proper subset of Q, then the set U =|J{V +q:q €T}
does not possess the Baire property in R.

Question 2.27. Let V' be a Vitali selector of R related to QQ and let T’
be an infinite countable proper subset of Q. Under what conditions the
set U=J{V +q:q €T} is not measurable in the Lebesgue sense?

It is clear that if @ \ ' is finite, then by Theorem , the set
W = |{V +¢:q € Q)\T'}Lis not measurable in the Lebesgue sense.
Consequently, by Equality @, the set U = |J{V + ¢ : q € T'} is also not
measurable in the Lebesgue sense.

We also note [13] that, if O is a non-empty open subset of R, then
there exists a sequence {V7, Vs, - - - } of (disjoint) Vitali selectors of R such
that O = (J;2, V;. It is clear that such a union is Lebesgue measurable
and has the Baire property in R.

2.4. Bernstein sets of the additive topological group of real
numbers. The Bernstein sets on R constitute also an example of sub-
sets of R which are not measurable in the Lebesgue sense. A Bernstein
set is a subset of R that meets every uncountable closed subset of R but
that contains none of them.

Definition 2.28 ([2], [8]). A subset B of R is called a Bernstein set if
BNF #(and (R\ B)NF # ( for each uncountable closed subset F of
R.

The existence and the construction of Bernstein sets on R is based on
the Method of Transfinite Recursion as it is detailed in [§]. For Bernstein
sets, the following statements hold.

Proposition 2.29 ([8], [6]). Let B be a Bernstein subset of R. Then
the following statements hold.

(i) The complement R\ B of B is also a Bernstein set, and Int(B) =
Int(R\ B) = 0.

(7i) Both B and R\ B are dense subsets of R and we have Card(B) =
Card(R\ B) = ¢.

The family Bg(R) of all Bernstein subsets of R is invariant under the
action of the group H(R) of all homeomorphisms of R onto itself, i.e. if
B € Bg(R) and h € H(R) then h(B) € Bg(R).
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Theorem 2.30 ([8]). Any Bernstein set B on R is not measurable in
the Lebesgue sense and does not have the Baire property. Indeed, every
Lebesgue measurable subset of either B or R\ B has the Lebesgue measure
zero, and every subset of either B or R\ B with the Baire property is of
the first category.

Corollary 2.31 ([8],[4]). Any set with positive Lebesgue measure has a
non-Lebesque measurable subset. Any set of second category has a subset
that does not have the Baire property.

We point out that there exist Bernstein subsets of R, which have
some additional algebraic structures for subgroups of the additive group
(R, +), as it is indicated in the following statements.

Lemma 2.32 ([2], [L8]). There exists a subgroup B of (R, +), such that
the factor group R/B is isomorphic to the group (R,+), and B is a
Bernstein set in R.

Theorem 2.33 ([2]). There exist two subgroups G1 and Gz of the ad-
ditive group (R,+) such that G1 N Go = {0}, and both G1 and Gy are
Bernstein sets in R.

For other notions and facts, we refer the reader to [12] and [g].

3. SEMIGROUPS OF NON-LEBESGUE MEASURABLE SETS GENERATED
BY BERNSTEIN SETS

3.1. Semigroups related to a Bernstein subgroup of (R,+). Let
B be a Bernstein subset of R which has the algebraic structure of be-
ing a subgroup of (R,+) as in Lemma p.32. Consider the collection
R/B = {B + x : x € R} of all cosets of B. Without losing generality,
we may assume that R/B consists of pairwise disjoint sets, and for sim-
plicity the collection R/B will be denoted by B. Hence, B is made of
pairwise translated copies of B by real numbers. From [3], we observe
that Card(B) > Ny, where Xy = Card(N), and Card(B) is the same as
the cardinality of the set {R\Y : Y € B}. Since the family Bg(R) is in-
variant under the action of the group H(R), it follows that each element
of B is also a Bernstein set on R.

Let S(B) = {U;-,; Bi : B; € B,n € N} be the semigroup of sets
generated by B. Evidently, the family S(B) is invariant under the action
of the group ®(R) of all translations of R onto itself.

Lemma 3.1. If U is an element of the semigroup S(B), then U is a
Bernstein subset of R. Consequently, the semigroup S(B) consists of
sets which are not measurable in the Lebesgue sense, and without the
Baire property in R.
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Proof. Assume that U € S(B). Then, there exists n € N such that
U=, B;, where B; € Bfori=1,2,--- ,n. Let F be an uncountable
closed subset of R.

Since each B; is a Bernstein subset of R, then we have FFN B; # ()
for each i = 1,2,---,n. It follows that FNU = Fn (U, Bi) =
Ui (FNB;) #0.

Assume that FN(R\U) = (. Then F C U. Let By, be an element of B
for some k ¢ {1,2,--- ,n}. Such an element exists, since Card(B) > Ny.
Since each element of B is a Bernstein set, we must have F' N By, # ()
but by construction, By NU = By N (J;_, B;) = 0 implying that () #
FNB, CUNB, = 0. Hence the inclusion F C U is impossible.
Necessarily, we must have F'N (R\ U) # 0.

We conclude that U is a Bernstein subset of R. As a Bernstein set,
U is not measurable in the Lebesgue sense and does not have the Baire
property in R. O

Proposition 3.2. The families S(B) * Ny and No+S(B) are semigroups
of sets on R such that S(B) C NoxS(B) C S(B)*«Ny. They are invariant
under the action of the group ®(R), and they consist of sets which are
not measurable in the Lebesque sense.

Proof. The families are semigroups of sets by Proposition @ and the
inclusions follow from the same proposition.

Let A € §(B)*Ny and assume that A € L(R). Then A = (U\M)UN,
where U € §(B) and M, N € Ny. Note that AN\U C Nand U\ AC M
and hence AAU C M U N. It follows that u[(A\U)U(U\ A)] =
u(AAU) < p(MUN) = 0 and thus u(AAU) = 0. Lemma @ indicates
that the set U must be measurable in the Lebesgue sense. However, U
is a Bernstein set on R, and thus, it is not measurable in the Lebesgue
sense. This is a contradiction.

The family S(B) * N is invariant under the action of the group ®(R),
since both families S(B) and Ny are invariant under the action of the
group ®(R). O

Lemma 3.3. Let Y be a bounded subset of a Bernstein set A in the
collection B. Then, Y has the property indicated in Lemma .

Proof. Consider a Bernstein set A € B, and let Y be a bounded subset
of A. Then, we have A = B + xg, for some g € R, where B is a
Bernstein set having an algebraic structure of being a subgroup of (R, +)
as described in Lemma @, andY +2xC B+ag+ax=B+yfory=
zo+2x € R. In view of the definition of B, the family B =R/B = {B+u= :
x € R} of all cosets is made by pairwise disjoint sets. Consequently,
the family {Y + = : © € R} consists of pairwise disjoint sets. Since
every infinite set contains an infinitely countable subset [17], let A be an
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infinitely countable bounded subset of R. The family {zy: zr € Ak =
1,2,---} can play the role of {hy : k € N} in Lemma P.24. It follows
that if Y € dom(v) then ¥(Y) = 0, and this ends the proof. O

Proposition 3.4. Let B be a Bernstein set of R that has the algebraic
structure of being a subgroup of (R, +). Any element U of the semigroup
S(B), cannot contain any set of strictly positive Lebesque measure.

Proof. Suppose that there exists a Lebesgue measurable subset Y of R
such that u(Y) > 0and Y C U. Since U € S(B), then U = |J;_; B; with
B; € B for each i = 1,2,--- ,n. Since Y = (J72___ (Y N[r,r+1)) and
u(Y) > 0, then we have p (Y N [r,r +1)) > 0 for some r. Without loss
of generality, we may assume that Y is bounded. Let ¢ be the restriction
of p1 to the family B,(R) Ndom(u). Note that the family B, (R) ﬂdon%

is a ring of sets on R. So, there exits a functional n as in Theorem

extending ¥ on By(R). Then
YN (U BZ»>
i=1

< ZH:U(YﬂBi)

=1

0<IY)=nY)=n(YNU)=n

(3.1)

n

U ns)

=1

Inequality @ implies that n(Y N B;) > 0 for some i € {1,2,--- ,n}.
Since Y N B; is a bounded subset of the Bernstein set B; € B C S(B),

="

then it has the property described in Lemma B.3. According to Lemma
, we must have the equality n(Y N B;) = 0, and this is a contradiction.
O

Corollary 3.5. Let B be a Bernstein subset of R which has an algebraic
structure of being a subgroup of (R,+). Any element of the family
S(B) * Ny, cannot contain any set of strictly positive Lebesgue measure.

Proof. Consider A € S(B) x Ny. Note that A= (U\M)UN CUUN,
where U € S(B) and M, N € Ny. Assume that there exists Y C A
such that pu(Y) > 0. Note that Y = (Y NU) U (Y N N). This implies
that 0 < pu(Y) < p(Y NU) +w(Y NN) = u(Y NU). Hence the set
Y NU is a subset of U with a_strictly positive Lebesgue measure, which
is impossible by Proposition B.4. O

Observe that a contradiction in the proof of Corollary @ can be
obtained by considering Lemma and Theorem .

Theorem 3.6. Let Uy be an element of S(B) and hy be an element of
®(R) for k=1,2,--- ,n, where n € N. Then, the set U = J;_, h(Ug)
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s not measurable in the Lebesgue sense, and it does not possess the Baire
property in R.

Proof. It is enough to show that the set U = |Jii_; hx(Uy) is a Bernstein
set on R. Accordingly, we will show that U € S(B).
Since U, € S(B), then Uy = |J:", Byi, where By; € B for i =

1,2,--- ,m and some m € N. We can write the following:
U=Jm@) =] (U Bm) = U [U hi.(Brs)
k=1 = i=1 k=1 Li=1

By the invariance of the family B under the action ®(R), each set
hi(By;) is also an element of B, and hence, a Bernstein set. Put By =
Ui~ hi(Bg;). Since the family S(B) is invariant under the action of
®(R), it follows that By is an element of S(B). Now, the set U =
Us— B is a finite union of elements of S(B). Since S(B) is a semigroup
of sets, then we have U € S(B).

Lemma implies that U is a Bernstein set and consequently, it is
not measurable in the Lebesgue sense, and it does not possess the Baire
property in R. U

3.2. Semigroups related to two Bernstein subgroups of (R,+).
Let B; and By be Bernstein sets having an algebraic structure of being
subgroups of (R, +) as in Theorem P.33, and consider the families B; =
R/Bj and and By = R/ By of all disjoint translates (cosets) of By and Bo,
respectively. Let S(B;) and S(Bz) be the semigroups of sets generated
by Bi and Bs, respectively.

Lemma 3.7. Let B1 and By be Bernstein sets having the algebraic
structure of being subgroups of (R,+), and let Uy € S(By1) and Uy €
S(B2). Then, the union U = Uy U Uy cannot contain any subset of
strictly positive Lebesgue measure.

Proof. Assume that there exists a Lebesgue measurable set Y such that
p(Y) > 0and Y C U = Uy UUs, where Uy = |J; By; and Uy =
U?:l By, with By; € By and By, € By for ¢ = 1,2,--- ,n and k =
1,2,--- ,m. Without loss of generality, we may assume that the set Y
is bounded. It follows from Proposition B.4, that the set Y cannot be
placed entirely in U; nor in Us. Write U = U:lem X;, where X; = By;
fori=1,2,--- ,nand X,y = Bo for k =1,2,--- ,m. Accordingly, we
have the following:

n+m

tm
0<puY)=p¥YnU)=pn|J¥NXy) ] Z YNX). (32
=1 =1
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Inequality @ implies that (Y NX;) > 0 for some indexi € {1,2,--- ,n+
m}. Since Y N X; € By(R), let ¥ be the restriction of p to the rin
By(R)Ndom(p). For this 9, there exists a functional 7 as in Theorem
which is an extension of . It follows that 0 < u(Y NX;) =9(Y NX;) =
n(Y N X;). We will have two cases to consider:

e If X; € By, then we must have n(Y N X;) =0 by Lemma %
e If X; € By, then we must have n(Y N X;) = 0 by Lemma

We conclude that the set Y cannot exist and this ends the proof. U

Theorem 3.8. The family S(B1) V S(B2) is a semigroup of sets on R,
which consists of non-Lebesgue measurable sets, and it is invariant under
the action of the group ®(R).

Proof. The family S(By) V §(B2) is a semigroup by Lemma @ Let

U € §(B1) vV §(B2) and assume that U is a Lebesgue measurable set.

Then, U = Uy U U, where U; € S(B;1) and Uz € S(Ba).

e Assume that u(U) = 0. Then u(Uy) = p(Usz) = 0. This is a contradic-
tion of Theorem @, since Uy and Uy are Bernstein sets by Lemma

e The inequality p(U) > 0 is impossible by Lemma @
It follows that the set U is not Lebesgue measurable.

It is evident that for any h € ®(R) we have h(U) = h(U; U Us) =
h(U1) Uh(Us) € S(B1) VS(Bz), due to the fact that both families S(B;)
and S(B2) are invariant under the action of the group ®(R). O

Corollary 3.9. If A € S(B1) V S(B2), then dim A = 0, where dim is
the Lebesgue covering dimension.

Proof. Assume that there is an element A in S(B;) V S(B2) such that
dim A = 1. Note that A = U; U Us, where U; € S(B1) and U, € S(Bs).
Recall that each subset of R with dim A = 1 contains a non-empty
open subset of R [20]. It follows that there exists a non-empty open
set O in R such that O C A. Since every non-empty open set has a
positive Lebesgue measure [21], it follows that p(O) > 0. This is a
contradiction to Lemma , and consequently, since A # (), we must
have dim A = 0. (]

Theorem 3.10. The families Nox(S(B1) V 8(B2)) and (S(B1) V S(B2))x
No are semigroups of sets on R, and they satisfy the inclusions: S(B1)V
S(B2) C No*(S(B1) VS (Ba)) C (S(B1) Vv S(Bs))*Noy. They are invari-
ant under the action of the group ®(R), and they consist of sets which
are not measurable in the Lebesgue sense.

Proof. The families are semigroups by Proposition @ The inclusions
follow from the same proposition. The family (S(B1) V S(B2)) * Ny is
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invariant under the action of the group ®(R) by Theorem @ and the
fact that the collection Aj is invariant under the action of the group
®(R). The proof that each element of the family (S(B1) V S(B2)) * Ny
is not measurable in the Lebesgue sense goes in the same line as in
Proposition taking into consideration Theorem j3.§. U

The family S(B;1) * S(B1) does not need to be a semigroup of sets,
but the following statement shows that, it consists of elements, which
are not measurable in the Lebesgue sense.

Corollary 3.11. Each element of the family S(B1) * S(Ba) is not mea-
surable in the Lebesgue sense.

Proof. Let A € S(B1) * S(B2) and assume that A is a Lebesgue mea-
surable set. Note that A = (U; \ Uz) U Us for some U; € S(By) and
Us,Us € S(By). Since Us is Bernstein set and Us C A, then the set
A cannot have the Lebesgue measure zero. Assume that p(A) > 0. It
follows that A = (U1 \UQ) UUs CU1UU;3 € S(Bl) V S(BQ) By Lemma

, the set U1 UUs can not contain any set of strictly positive Lebesgue
measure. (]

Question 3.12. Is each element U in the families S(B1) V S(B2) and
S(B1) * S(B2) without the Baire property in R?

4. SEMIGROUPS OF NON-LEBESGUE MEASURABLE SETS GENERATED
BY VITALI SELECTORS

Let C be the family of all countable dense subgroups of (R,+). The
following statement shows that, each finite union of Vitali selectors is
not measurable in the Lebesgue sense, and it generalizes Theorem .22,

Theorem 4.1 ([16]). Let U = |J;_, V; be a finite union of Vitali selectors
of R, where V; € V(Q;) and each Q; is an element of C fori=1,2,--- ,n.
Then, the set U is not measurable in the Lebesgue sense.

For n = 2, Theorem @ implies the following statement.

Corollary 4.2. Suppose that Vi and Vo are Vitali selectors related to
elements Q1 and Qo respectively in C. Then, at least one of the sets
Vi\ Vo, Vo \ Vi and Vi NVa must be a non measurable set in the Lebesgue
sense.

Proof. 1t follows from Theorem @ that the set V3 UV5 is not measurable
in the Lebesgue sense. Note that V1 UVa = (V1 \ V) U (Vo \ V1)U (ViNV3)
and sets in this union are disjoint. If all the sets in this union are
Lebesgue measurable, then V; U V5 will be a Lebesgue measurable set,
and this will be a contradiction. O
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A result similar to Theorem @ also holds in the case of the Baire
property, as it is proved in [12]. If @ € C, then we denote by V(Q)
the family of all Vitali selectors related to @, and V;(Q) the semigroup
generated by V(Q); that is V1(Q) = {Ui_, Vi : Vi € V(Q),n € N}, ie.
the collection of all finite unions of elements of V(Q). The following
statement shows that each topological group isomorphism maps Vitali
selectors of R to Vitali selectors of R, not necessarily related to the same
subgroups of (R, +).

Theorem 4.3 ([16]). Let Q be a countable dense subgroup (R, +) and let
VeVv@Q). If h: (R,+) — (R, +) is a topological group isomorphism,
then P =h(Q) € C and W = h(V) € V(P).

Let Q1 and Q)2 be elements of C such that Q1 C Q2 and Q1 # Qs. It
was shown in [13] that if Card(Q2/Q1) < oo then V1(Q1) C Vi(Q2) and
V1(Q1) 75 Vl(Qz), and if Card(Qg/Ql) = NQ then Vl(Ql) N Vl(QQ) = (2)
From here, we consider the collection V = {V : V € V(Q),Q € C} of
all Vitali selectors of R, and we define the semigroup S(V) = {U;~, Vi :
Vi € V,n € N} generated by the collection V of all Vitali selectors of
(R,+). Clearly, V(Q) € V and V1(Q) € S(V) for each Q € C. It is well
known [12] that the families S(V), Z,, * S(V) and S(V) * I,,, consist of
sets without the Baire property and they are invariant under the action
of ®(R).

Theorem 4.4 ([16]). The families Ny x S(V) and S(V) x Ny are semi-
groups of sets on R, for which elements are not measurable in the
Lebesgue sense, such that S(V) € Ny * S(V) € S(V) x Ny, and they
are invariant under the action of the group II(R) of all affine transfor-
mations of R onto itself.

The following theorem is a more general result than Theorem @

Theorem 4.5. Let U = |J_; Vi be a finite union of Vitali selectors of
R, where V; € V(Q;) and each Q; is an element of C for i =1,2,--- ,n.
Then, the set U cannot contain any subset of strictly positive Lebesgue
measure.

Proof. Suppose that there exists a Lebesgue measurable subset Y of R
such that pu(Y) > 0 and Y C U. Without loss of generality, we may
assume that the set Y is bounded. Let ¥ be the restriction of p to the
ring of sets By(R) Ndom(u). For this 9, there exists a functional 7 as in
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(U

n
Uanvl <3y nv)
i=1 i=1
Inequality @ implies that n(Y N'V;) > 0 for some ¢ € {1,2,--- ,n}.
Since Y NV, is a bounded subset of the Vitali selector V;, it follows
from Lemma , that it has the property described in Lemma P.24.
According to Lemma , we must have the equality n(Y N'V;) = 0, but
this a contradiction. We conclude that the set U cannot contain any
Lebesgue measurable set with positive measure. O

Theorem . Clearly, we have

0<9Y)=nY)=n NU)=n

(4.1)

n

=1

It is important to point out that Theorem @ is not valid in the case
of countable unions of Vitali selectors. A simple way to observe this
fact, is to consider Equality .9, but a more general result was proved
in [13], where it was shown that, if O is a non-empty open subset of
R, then there exist a sequence of Vitali selectors Vq, Vo, -+ such that
O = |J;2, Vi. Such a union contains a set of strictly positive Lebesgue
measure.

Corollary 4.6. No element of the family S(V)* Ny can contain any set
of strictly positive Lebesgue measure.

With the help of Theorem @, we can prove the following statement.

Corollary 4.7. Let Uy = |J;_, Vir be a finite union of Vitali selectors
of R, where Vi, € V(Qk) and Qi is an element of C for each k, and
let hy be a topological group isomorphism of (R, +) onto itself, for each
k=1,2,---,n. Then, the union U = |J,—, hi(Uy), cannot contain any
Lebesgue measurable set of strictly positive measure.

Proof. By Theorem @, it is enough to show that U is a finite union of
Vitali selectors of R. Note that hy(Ux) = by (Ui—y Vie) = Uiy hie (Vik).
By Theorem @, the set hy (Vi) is a Vitali selector related to the group
hi(Qr) € C. Hence, hi(Ug) is a finite union of Vitali selectors. It
follows that U = (J,~; hie(Us) = Upy Ui hie(Vig) is also a finite union
of Vitali selectors of R. O

5. SEMIGROUPS OF NON-LEBESGUE MEASURABLE SETS GENERATED
BY A COMBINATION OF BERNSTEIN SETS AND VITALI SELECTORS

We now combine Bernstein sets and Vitali selectors of R, to construct
families of sets for which elements are not measurable in the Lebesgue
sense.
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Theorem 5.1. Let B be a Bernstein subset of R which has the algebraic
structure of being a subgroup of (R,+), and let S(V) be the semigroup
generated by the collection V all Vitali selectors of R. Any union U =
Uy U Uy, where Uy € S(B) and Uy € S(V), cannot contain any subset of
strictly positive Lebesgue measure.

Proof. Assume that there exists a Lebesgue measurable set Y such that
p(Y)>0andY C U = Uy UUy, where Uy = |J;; B; and Uz = J;; Vi
for B; € B and Vi, € V. Without loss of generality, we may assume that
the set Y is bounded. It follows from Proposition and Theorem
that the set Y cannot stay entirely in U; nor in Us. Write U = 7™ X;
where X; = B; for i = 1,2,--- ,nand X4 = Vi for K =1,2,--- ,m.
Then we have the following:

n+m n+m
0<pY)=p¥YnU)=pn|J¥n X,-)] <> uYnx). (5.1)
=1 =1

It follows from Inequality @ that ©(Y N X;) > 0 for some index i €
{1,2,--- ,n+m}. Since Y N X; € By(R), let ¥ be the restriction of u to
the ring of sets B,(R) Ndom(yu). For this ¥ there exists a functional 7 as
in Theorem P.23 which is an extension of ¥. So we have 0 < p(YNX;) =
e If X; is an element of V, then (Y N X;) = 0 by Lemma %

e If X; is an element of B, then (Y N X;) = 0 by Lemma B.3.

As a conclusion the set Y cannot exist. O

Corollary 5.2. Let B be a Bernstein set of R which has the algebraic
structure of being a subgroup of (R,+), and let S(V) be the semigroup
generated by the collection V all Vitali selectors of R. Then the semigroup
S(B) v S(V) consists of sets which are not measurable in the Lebesque
sense, and it is invariant under the action of the group ®(R).

Proof. Assume that there exists a Lebesgue measurable set U in S(B) V
S(V). Then, U = Uy UUs, where Uy € §(B) and Uy € S(V). Since Uy =
Ui, Vi, where V; € V(Qi), let V4, be a fixed Vitali selector in this union
such that Vi € V(Qy). Since by Equality @, R=U{Vk+q:q¢€ Qk}
and Vi C Up C U, then we have R = (J{U + ¢ : ¢ € Qx}. Given that
w(U + q) = p(U) for each ¢ € Qp and p(R) > 0, then we must have
w(U) > 0, and this contradicts Theorem p.1l.

Since the family S(V) is invariant under the action of the group II(R)
and the family S(B) invariant under the action of the group ®(R), it
follows that the family S(B) V S(V) is invariant under the action of the
group ®(R). O

Corollary 5.3. Each element of the family S(B)*S(V) is not measurable
in the Lebesgue sense.
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Proof. Let A € S(B)*S(V) and assume that A is a Lebesgue measurable
set. Then, A = (U; \ Uz) U Us for some U; € S(B) and Uy, Us € S(V).
Since Us is a finite union of Vitali selectors and Us C A, then the set
A cannot have the Lebesgue measure zero. Assume that p(A) > 0. It
follows that A = (U; \ Uz) UUs C Uy UUs € S(B1) VS(V). But by
Theorem p.1, the set Uy U Uy cannot contain any set of strictly positive
Lebesgue measure. O

Let us point out that the family S(B) * S(V) does not need to be a
semigroup of sets.

Theorem 5.4. The families Ny (S(V) V S(B)) and (S(V) V S(B))*N
are semigroups of sets on R satisfying the inclusions: S(V)V S(B) C
Nox (S(V)VSE(B)) C (S(V)VS(B)) x Ng. They are invariant under
the action of the group ®(R), and they consist of sets which are not
measurable in the Lebesgue sense.

Proof. The given families are semigroups of sets by Proposition @ and
Lemma R.5. The inclusions follow from Proposition P.4.

Let A € (S(V) Vv S(B))* Ny and assume that A is measurable in the
Lebesgue sense. Then A = (U3 UUz) \ M) UN, where Uy € S(V),U; €
S(B) and M, N € Nj. Note that A\ (U;UU3) C N and (U1UU3)\A C M
and hence AA(U; UUz) € M UN. It follows that pu(AA(U; U Us)) <

M UN) =0 and thus u(AA(U; UUsz)) = 0. It follows from Lemma
@ that the set U; U Uy must be measurable in the Lebesgue sense.
But, Corollary @ tells us that the set U; U U; is not measurable in the
Lebesgue sense, and we have a contradiction. O

Let us note that S(B) VS (V) C S(B)*S(V) and (S(B) VS(V))*xNy C
(S(B) * S(V))*Ny. Tt follows from Lemma R.7 and Proposition @/\tfhat
S(BVV)xNy = (S(V)VSEB))*Ny = (S(V) *No) V (S(B) * Npy). These
semigroups consist of sets which are not measurable in the Lebesgue
sense.

Corollary 5.5. The families No* (S(B) * S(V)) and (S(B) * S(V)) * N
consist of elements which are not measurable in the Lebesgue sense.

Question 5.6. Is each element of the families S(B) V S(V) and S(B) *
S(V) without the Baire property in R?

The positive answer to Question @ will imply that the semigroups
of sets S(V) VS(B), L, * (S(V) VS(B)) and (S(V) V S(B)) * Z,; which
are invariant under the action of the group ®(R), consist of sets without
the Baire property in R.

Lemma 5.7. Let By and Bs be Bernstein subsets of R having the
algebraic structure of being subgroups of (R,+), and let S(V) be the
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semigroup generated by all Vitali selectors of R. Then, any union
U = Uy UUy UUs, where Uy € S(Bl),UQ S 8(83) and Us € S(V)
cannot contain any set of strictly positive Lebesgue measure. In partic-
ular, the family S(B1) V S(B2) vV S(V) is a semigroup of sets for which
elements are not measurable in the Lebesgue sense, and it is invariant
under the action of the group ®(R).

Proof. To prove that the element U cannot contain any set of positive
measure, we proceed as in Theorem EI It is clear that the family
S(B1)VS(B2)VS(V) is a semigroup of sets by Lemma @ It is invariant
under the action of the group ®(R), since both families S(B1), S(B2) and
S(V) are invariant under the action of the group ®(R). O

The following statement can be proved in a similar way as Theorem
by taking into account Lemma @

Theorem 5.8. Let By and By be Bernstein subsets of R having the
algebraic structure of being subgroups of (R,+), and let S(V) be the
semigroup generated by all Vitali selectors of R. Then the families
Nox(S(B1)VS(B2)VS(V)) and (S(B1)VS(B2)VS(V))*Ny are semigroups
of sets on R such that S(B1) VS(B2) VS(V) C Ny x (S(B1) VS(Bs) v
S(V)) C (S(B1)VS(B2)VS(V))*Ny. They are invariant under the action
of the group ®(R) and they consist of sets which are not measurable in
the Lebesgque sense.

It follows from Proposition @ and Lemma @ that S(B1 V B2V V)
Ny = (8(81) \/S(Bg) \/S(V)) * Ny = (S(Bl) *No) \Y (S(BQ) *No) V (S(V) *
M) and No*(S(B1)VS(B2)VS(V)) = (No*S(B1))V (No*S(B2)) V (No*
S(V). All these semigroups consist of sets which are not measurable in
the Lebesgue sense. We have used the o-ideal A in the construction of
different semigroups for which elements are not Lebesgue measurable.
All the statements remain valid by using an ideal of sets Z such that
Z C Np. Different statements involving the collection S(V) remain valid
when S(V) is replaced by V;(Q) for any countable dense subgroup @) of
(R, +).
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