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The investigation of ¢-ideals of subsets of the real line has a long tradition.
The main motivation for the study of the collection of all microscopic sets,
which constitutes a o-ideal, stems from the fact that whenever one has to prove
that a certain property in functional analysis or measure theory is fulfilled for
"almost all" elements, the concept of "smallness" of the set of "exceptional
points" should be described. The most classical of these concepts are related
to Lebesgue nullsets and the sets of first Baire category.

In certain applications, the ideals of measure and category turn out not to
be suitable. In these situations it is useful to consider another o-ideal having
some good set-theoretic, algebraic and geometric properties.

What makes microscopic sets interesting is the property that the collection
of all microscopic sets constitutes a o-ideal strictly smaller then the o-ideal
of sets of Lebesgue measure zero and orthogonal to the o-ideal of sets of
first Baire category. Therefore, in cases where it is well-known that a certain
property holds everywhere except for a set of Lebesgue measure zero, it is im-
portant to check if the set of exceptional points is microscopic. If the answer
is positive we get a stronger version of the property in question. In the classi-
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cal function theory on R” the examples of such theorems are given by Fubini’s
theorem, Kuratowski - Ulam theorem, Steinhaus theorem, Piccard theorem, re-
sults of Oxtoby and Ulam concerning homeomorphisms or Sierpifiski - Erdos
Duality Principle and many others. These results are of importance for various
branches of mathematics, such as functional analysis, measure theory, geo-
metric measure theory and descriptive set theory. Their stronger versions will
provide a useful subtle tool for mathematicians working on different topics.

20.1 Microscopic sets on the real line

The notion of microscopic set on the real line was introduced at the begin-
ning of 21-st century in the paper [1] by J. Appell.

Definition 20.1. A set £ C R is microscopic if for each € > 0 there exists
a sequence of intervals {I, },en such that E C U,y In, and A(1,) < " for each
neN.

The family of all microscopic sets will be denoted by M.

Deeper studies of microscopic sets were done by J. Appell, E. D’ Aniello
and M. Vith in the paper [3] from 2001. They showed that the collection of all
microscopic sets constitutes a o-ideal. It is not trivial to verify that a union of
microscopic sets is microscopic, so we repeat it here.

Let {A¢}ren be a sequence of microscopic sets. Let € € (0,1) and define
&, := €2 forevery k € N. Then for any k € N there exists a sequence of intervals
{Iin fnen such that Ay C Upen lin, and A (I ,) < €, for each n € N.

Define amap ¢ : N x N — N by

¢ (k,n) =21(2n—1). (20.1)

Obviously, it is a bijection.

Now consider the sequence of intervals {I,, } ncn, Where 1, 1= Ii , with m =
¢(k,n).

Then UgenAr C Umendn and A(L,) = A(l,) < & = (e¥)" = e2'n <
g?kn) — gm for every m € N.

Therefore | JycnAx € M.

Some properties of the considered o-ideal are straightforward.
If AeMand o € R, then

l.LA+a={x+oa:xeA} eM,
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2. " A={—x:x€A} eM,
3. arA={a-x:x€A} eM,
4.if0¢A thenA™' ={1l:xeA} e M.

On account of the first two statements we can say that there is no "model
set" for this ideal (see [13]). It means there is no set A € M such that for each
B € M there exists x € R such that B C A+x.

Analogously as the o-ideal of Lebesgue nullsets, M is G- generated:

Theorem 20.2 ([21], Lemma 2.3). Every microscopic set is contained in some
microscopic set of type Gg.

Proof. Let A be a microscopic set. Then for each j € N there exists a sequence
{Ij }nen of open intervals such that A C |J,,eyIn,j and A (1, ;) < (%)" for each
n € N. Put B=7_; U~ In,- Obviously, A C B and B is a microscopic set of
type Gs. a

Simultaneously, the set constructed by A. S. Besicovitch in [10] shows that
an approximation of Borel sets by Fy sets with accuracy to microscopic set is
impossible. Besicovitch proved that there exists a Borel set £ C R such that if
E =AUN and A is a set of type Fg, then N is not a set of Hausdorff dimension
zero, so also not microscopic, as each microscopic set has Hausdorff dimension
zero (compare [3], p. 258-9 or [2], p. 213).

A microscopic set can be also described in another way.

Theorem 20.3 ([15]). The following conditions are equivalent:

1) A is microscopic,
2) for every n > 0 there exists a sequence {J,},en of intervals such that

A C limsupJ, and Z A(Jx) <" forneN,
n k=n

3) for every 8 > 0 there exists a sequence {J,},cn of intervals such that

A C limsupJ, and A(J,) < 8" forn € N.
n
Proof. 1) = 2) Suppose that E is microscopic set and 1 € (0,1). Put

0=—"_ (20.2)

and g = 0% for k € N.
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Let k be a fixed positive integer. As E is microscopic, there exists a sequence
{I*},.cn of intervals such that

Ec|JIf and A(I}) < (&) (20.3)

n=1
Let ¢ be a function defined in (20.1) and let m € N. There exists a unique pair
(k,n) € N x N such that ¢ (k,n) = m. Put
T =1I%.

Then E C limsup,,J,,. Let p € Nand A, = {(k,n) € NxN: ¢(k,n) > p}.
Using (20.3) and (20.2) we obtain

Y AUn= L A< T (&)= ¥ 6¥"< § ¥ =
m=p

(k,n)eA, (k,n)eA, (k,n)eA, (k,n)eA,
Z 9¢(k,n) — Z oM — < <> — n["
(k.n)eA, m=p 1-6 1-6
The other implications are obvious. O

20.2 Comparison with other o-ideals

We want to consider families of small subsets of the real line having in mind
various concepts of "smallness".

We are going to use the following notation: let C denote the family of all
countable sets, S - strong measure zero sets, I/ MS - universal measure zero
sets, Ho - sets of Hausdorff dimension zero.

We recall here only definitions of sets belonging to S and UMS.

A set E C R is of strong measure zero if for each sequence of positive reals
{€n}nen there exists a sequence of intervals {1, },cn such that

EC UI" and A(I,) < &, forn e N.

neN

A set E C R has universal measure zero if for each Borel measure u there
is a Borel set of u - measure zero covering E.

Of course each of these families is a o-ideal. It was observed that the fol-
lowing inclusions hold

CCSCTMC HoCN.



20. Properties of the o - ideal of microscopic sets 329

The first one is proper under CH because every Luzin set (an uncountable
subset of a real line having countable intersection with every set of the first cat-
egory, whose existence is proved under CH) is a strong measure zero set ([9],
Lemma 8.2.1.) Indeed, assume that A is a Luzin set. Let {r, } ey be a sequence
of all rational numbers and let {&, },cn be an arbitrary sequence of positive
real numbers. Then the set

b Emn &
nL:Jl(rn 3 s+ 3 )

is open and dense, so its complement is a set of the first category. Consequently,
the set

82n &
B=A —
\U rt =)

is countable. Let {x, },cn be a sequence of all elements of B. Then

€ * R: €
ACU 2n,n Zn UU 2n—1 n+ 2§]>,

n=1

S0 A is a strong measure zero set.

An example of a microscopic set which is not a strong measure zero set is
given in [15].

The example of a non-microscopic set of Hausdorff dimension zero can be
found in [2] and [3].

The classical one-third Cantor set is a Lebesgue nullset but it has a positive
Hausdorff dimension. Nevertheless, it is possible to construct a Cantor-type set
which is microscopic ([23], Lemma 2), as follows.

We shall define by induction the sequence of open intervals {J,;}, i €
{1,...,2"71} n € Nin a following way. Put J; | = (4, 4) Denote by Ki.1, K12
successive components of the set '\ J; ;. Obviously A (K ;) = 22 forie {1,2}.
Let J51,J22 be two open intervals concentric with K 1, K] » respectively, such
that A (J271) =1 (Jz_’z) = (Kl,l) — 23%. Let Kz_]] ,Kz_’z, K273, K274 denote succes-
sive components of the set I\ (J;,; UJ2,1 UJz2). Notice that A (K, ;) = 3% for
i€{1,2,3,4}.

Let £ > 2. Assume that we have constructed the open, nonempty intervals
Ji1, .3 Jp o1 concentric with Ky 1, ..., K;_j -1 respectively, such that

1

A1) = A(Ki-11) —ZW
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for I € {1,...,k} and i € {1,..,2"""}. Let Ky 1,...,K; » be successive com-
ponents of the set 1\ U, U%:ll Jii. Notice that A(Ky;) = m for i €
{1,...,2k}.

Now let Ji+1,1, ..., k41 0+ be open intervals concentric with K 1, ..., Kj o« re-
spectively, such that

1
A(Jit1) = A(Ke1) —Zm
forie {1,..,25}. Let Ki+1,15 - Kiy 1 o401 be successive components of the set
-1 . .
INUH UL, J1,. Obviously A(Kiy 1) = W foric {1,...,2K 11,
Let us put
o 2k

M= JKxi

k=1li=1

Now let € > 0. There exists ng € N such that % < &. Obviously M ¢ UX K,
Moreover

05i*

1 1 ;
MKyi)=—— < — <&
( n(),l) (n0+ 1)2 0 no'
forie {1,...,2"}. Hence M is a Cantor-type set which is microscopic.
As a perfect set M cannot be a strong measure zero set ([9], Corollary 8.1.5)

soM e M\ S.

A classical result of Marczewski states that every strong measure zero set
has universal measure zero ([26], Theorem 5.1), but the o-ideals 4/ MS and
M are incomparable. Indeed, by theorem of Marczewski ([26], Theorem 9.1) a
set of reals X belongs to U/ M S if and only if every set homeomorphic to X has
Lebesgue measure zero, so since a microscopic Cantor-type set is homeomor-
phic to a Cantor set with positive Lebesgue measure, it is not universal measure
zero set. On the other hand there exists on the real line a universal measure zero
set with Hausdorff dimension one ([32]), it means not microscopic.

The next theorem ensures the existence of a microscopic set which is large
in a sense of category, i.e. it is residual.

Theorem 20.4 ([21], Lemma 2.2). There exists a decomposition of R
R=AUB

such that A is of the first category and B is a microscopic set.
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Proof. Let {r,}ncn be a sequence of all rational numbers. Let [, ; = (r, —
serT I+ 5 ), nEN, jEN.
Put

for j €N,

and A =R\ B. For each & > 0 there exists j € N such that 1/2/ < €. Obviously,
BCGj=Uy_iInjand A(I, ;) = (%)” < €" for n € N. Hence B is a micro-
scopic set. Simultaneously, G; is open dense subset of R for each j € N, so B
is a residual set and, consequently, A is a set of the first category. O

Consider an equivalent definition of a set of strong measure zero: a set
E C R belongs to S if for each sequence of positive reals {&,},cn there ex-
ists a sequence of intervals {I, },n such that

E C limsup/, and Z A(Ly) < &, forn e N.
n k=n

Looking at this definition of a strong measure zero set and the definition of
a microscopic set from Theorem 20.3 we can notice a similarity to the Borel
idea ([27], Lemma 14.1) of describing a Lebesgue measure zero set E by exis-
tence of a sequence of intervals {I, },cn such that

E Climsup/, and A(L,) < oo.
n n=1

Following E. Borel and M. Frechet ([11], [17]) W. Just and C. Laflamme
in [20] and [25] classified measure zero sets according to their open covers
and considered some o-ideals of measure zero sets. One of them is o-ideal of
strong measure zero sets, so it is contained in M. We are going to justify that
others are imcomparable with M.

Let ‘H denote a collection of sets £ C R with a property that there exists a
sequence of positive reals {€,},cn converging to zero such that for all nonin-
creasing sequences {J, }nen if 8, > €, infinitely often, then there exists a se-
quence of intervals {1, } ,ci such that

E Climsupl, and Z).(Ik) <9, for neN.
n k=n
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Then H is a o-ideal and any uncountable closed set of measure zero be-
longs to H ([25]), so it contains both classical Cantor set and Cantor - type
microscopic set.

The next class L is a collection of sets E C R with a property that there exists
a sequence of positive reals {&, },en such that for all sequences of intervals
{I }nen if E C limsup,, I,, then the condition Y ;°_, A(I;) > &, holds for all but
finitely many n € N.

Since each residual set of measure zero belongs to the L-class ([25]), then
by Theorem 20.4 there is a microscopic set in £ and if we consider a union of
a microscopic comeager set with a nonmicroscopic set of measure zero (for ex-
ample a classical one-third Cantor set) we get an example of a nonmicroscopic
set from L.

The next collection U consists of measure zero sets not in £, so E C R be-
longs to U if for each sequence of positive reals {€, } < there exists a sequence
of intervals {1, },cn such that

E C limsup/, and Z A(Iy) < &, for infinitely many n € N.
n k=n

Then U/ is a o-ideal ([25]) and of course S C U. Therefore there are micro-
scopic sets in ¢/ and comeager microscopic sets do not belong to ¢/. Since ‘H
is consistently contained in U ([25]), there are also nonmicroscopic sets in U/.
Hence U is imcomparable with M.

Given a proper ¢ - ideal Z of subsets of the real line, containing all single-
tons and G- generated, one can consider the family of all sets which can be
covered by Fy- sets from Z (see for example [8]). If we denote this family by
Z* then Z* C Z and Z* is a o-ideal. In particular M* is a ¢ - ideal. The next
theorem states the results of the comparison of this family with others.

Theorem 20.5.
1) G C M* and M*\ C # 0,
2) M* € M and M\ M* # 0,
3) N*\ M # 0 and M\ N* #£0,
4) M* C N* and N*\ M* £ 0,
S)NN\ (MUN) #£0.

Proof. All the above inclusions follow directly from definitions. We only have
to show that the listed differences are really nonempty.

1) Any microscopic Cantor-type set belongs to M* \ C.

2) Any residual microscopic set belongs to MV \ M*.
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3) The classical one-third Cantor set belongs to N/* \ M and any residual
microscopic set belongs to M\ N*.

4) The family N* \ M* is nonempty since it contains N/*\ M.

5) The union of the classical one-third Cantor set and any residual null set
belongs to A"\ (MUN™). O

Since N* C M NN,
M C MNN,

where M denote a o-ideal of sets of the first category.

Note that the o-ideal of ¢ - porous sets satisfies the analogous inclusion, so
it is natural to compare it with M*.

Let us recall the relevant definitions ([31]). ForA C R, x € Rand € > 0 let

Y(A.x,€) = sup{r>0: Jem(z—rz+r) C (r—e.x+€)\A},

where we put sup 0 := 0.

The porosity of A at x is defined by

2y(A,x, €
p(A,x) :=limsup M
e—0t €

A is called porous if p(A,a) > 0 for each a € A. It is called 6-porous if it
belongs to P — the o-ideal generated by the porous sets.

As was already mentioned P C M NN and M* C M NN. However

Theorem 20.6. P and M* are incomparable.

Proof. Note that
P\M* £0,

since P\ N* # 0 (see [16]).

To show M* \ P # 0 we use the idea from Lemma 0.2 ([19]). We prove
that there exists a sequence of sets {Cy},cn» Co C (0,1) for n € N, with the
following properties:

1. C, is closed microscopic nowhere dense set for n € N;
2. C,NCp,=0forn,meN, n+#m;
3. U C,isdensein [0,1].
n=1

Put A; = (0,1). By Theorem 2.10 in [21] there exists a closed nowhere
dense microscopic set C; C A;. Now we proceed by induction. Let n € N,
n > 2. Suppose that we have defined the pairwise disjoint sets C1,Cs, ...,C,—1
closed, nowhere dense and microscopic such that for each p € {1,...,n—1}
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c, (2lkvl+1>\UC

where k € NU{0}, 7 € {0,1,...,28 — 1} and the pair £, fulfills equality p =
2k41.

There exists the unique pair &,/ of integers such that k € NU {0}, [ €
{0,1,...,2—1} and n = 2* + 1. Put

Aw=<;f+l>\UC

Obviously, A, is an uncountable set of type Gg, hence, by Theorem 2.10
in [21], there exists a closed, nowhere dense, microscopic set C,, C A, SO

n—1
anlJc=o.
i=1

It is easy to see that the sequence {C’l}neNN fulfills the conditions (1)-(3)
and Uz, C, € M*\ P. 0

20.3 BorAM

We consider a o-field of Borel sets modulo a o-ideal M:
BorAM :={BAM : B € Bor and M € M}.

Clearly BorAM C Bor AN = L . We shall prove that Bor/AM # L. For this
purpose we need an auxiliary lemma.

Lemma 20.7. The following conditions are equivalent:

1). E € Bori’M
2). there exist two Borel sets Ay, Ay such that Ay C E C Ay and A, \ A} € M.

Proof. 1)=2). Let E € BorAM. Then there exist B € Bor and M € M such
that E = BAM. Hence B\M C E C BUM. There exists a microscopic Borel set
N (of type Gg) such that M C N. Then B\N C E C BUN, (BUN)\ (B\N) =
N € M and B\ N as well as BUN are Borel sets.
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2)=-1). Suppose that there exist two Borel sets A, Ap such that Ay C E C
A and A \ A} € M. Then E = A; UD, where D C Ay \ A, so D € M and
consequently £ € BorAM. O

Theorem 20.8. There exists a measurable set E such that E ¢ Bor AM.

Proof. Let C be a classical Cantor set and let B denote the Bernstein set. Put
Ci=CnBand C; =C\B. Then C=C;UC,, s0 C; ¢ M or C; ¢ M ( as
C ¢ M). Suppose that C; ¢ M (the case C; ¢ M is analogous). Let A}, A, be two
arbitrary Borel sets such that A; C C; C A;. Suppose that A| is uncountable.
Then from Alexandroff-Hausdorff theorem it contains some Cantor-type set
(uncountable and closed). It gives a contradiction with the fact that both B
and R\ B meet every uncountable closed subset of the real line. Hence A
is countable, so C; \ A} ¢ M. Clearly, C; \A; C A2 \ Ay, and Ay \ A; ¢ M.
Put E = C; Using the previous lemma we get a measurable set E such that
E ¢ BorAM. 0

Using the notion of a Bernstein set, which is a useful tool to investigate
a o-field of Borel sets modulo a o-ideal ([7]), we can prove even more.
Let A C R and let A contain a perfect set.

Definition 20.9. A set B C A is called a Bernstein set relatively to A if both B
and A \ B meet each perfect subset of A.

We will use the following:

Proposition 20.10 ([7]). If a o-ideal T has a Borel base and A C X is an ana-
Iytic set such that A ¢ T then there is no set B in Bor/AZ which is a Bernstein
set relatively to A.

Applying the last result with A - the classical one-third Cantor set yields:
Corollary 20.11. There exists a Bernstein set B relatively to a perfect nowhere
dense Lebesgue null set, such that B ¢ Bor AM.

According to the above corollary, we have:

Theorem 20.12.
(NNND)\ (BorAM) #£0,

where N'D denotes the family of all nowhere dense sets.

To check the countable chain condition for the ¢ - field BorAM and M
we verify a stronger condition, the "property (D)", which is defined in a more
general case. Let X be a perfect Polish space, (X,+) - a metric abelian group,
7 - an invariant ideal.
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Definition 20.13 ([5]). Z has the property (D) if there exists a set B € Bor\ Z
and a perfect set P C X such that {B+x: x € P} forms a disjoint family.

Proposition 20.14. M has the property (D).

Proof. If T and J are ideals such that Z C J and J has the property (D)
then Z has (D). It was shown in [5] that for every s € (0,1) the o-ideal J;
of s-dimensional Hausdorff measure zero sets has the property (D). So, since
M C Hy C Js, we are done. O

Corollary 20.15. (Bor AM, M) does not satisfy ccc.

20.4 Studies on the possibility of replacing Lebesgue nullsets by
microscopic sets in the classical theorems of measure theory
and theory of real functions.

In 2008 A. Karasiniska and E. Wagner-Bojakowska in [22] studied how "big"
can be a set on which a nowhere monotone continuous function can be injec-
tive. They proved that a "typical" (in a sense of Baire category) continuous
function on [0,1] is nowhere monotone and injective outside a microscopic
set. This result is a strenghtening of the result described in [12] (see Ex. 10:
6.6, p. 471). In the paper [22] one can find an example of a continuous nowhere
monotone function with a bounded variation on [0,1] (so not a "typical" con-
tinuous function), which is injective outside a microscopic set.

In [21] A. Karasiriska, W. Poreda and E. Wagner-Bojakowska proved that
the theorem analogous to Sierpifiski-Erdoés Duality Theorem for the family of
microscopic sets and sets of the first category on the real line is valid.

In 1934, W. Sierpinski proved in [29] (assuming CH) that there exists a
bijection f : R — R such that f(E) is a nullset if and only if E is of the first
category. Sierpinski asked whether a stronger theorem is also valid: does there
exist a bijection f : R — R that maps each of two classes M and N onto
the other. The positive answer to this question was given in 1943 by P. Erdos
in [14]. Erdos proved (assuming CH) that there exists a bijection f: R — R
such that f = f~! and f(E) is a nullset if and only if E is a set of the first
category. From these properties it follows that f(E) is a set of the first category
if and only if E has Lebesgue measure zero. From Erdos result there follows a
theorem known as Duality Principle (see [27], Theorem 19.4).
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Observe that if we change the notion of set of Lebesgue measure zero by
the notion of a microscopic set, the theorem analogous to Duality Principle
will also be true.

For this purpose it sufficient to prove that the family M has the following
properties:

(a) M is a o-ideal

(b) the union of M is equal to R

(c) M has a subfamily G such that card(G) < X; and for each A € M there
exists B € GsuchthatA C B

(d) the complement of each set A € M contains a set of cardinality X; which
also belongs to M.

The condition (a) was already justified, (b) is obvious, (c) follows from The-
orem 20.2 (assuming CH). We concentrate on (d). For any A € M we have
A(A) =0, so R\ A contains some uncountable closed subset. Using Theorem
2.10 from [21] we obtain that R \ A contains some microscopic set with cardi-
nality Xj.

Using Theorem 19.5 in [27] we obtain

Theorem 20.16 ([21], Theorem 2.12). (CH). There exists a one-to-one map-
ping f of the real line onto itself such that f = f~' and f(E) is a microscopic
set if and only if E is a set of the first category.

Consequently, for microscopic sets the theorem analogous to Duality Prin-
ciple holds:

Theorem 20.17 (CH). Let P be any proposition involving solely the notions of
microscopic set, first category set and notions of pure set theory. Let P* be the
proposition obtained from P by interchanging the terms "microscopic set" and
"set of the first category” whenever they appear. Then each of the proposition
P and P* implies the other.

However, the extended principle, where the notions of measurability and
Baire property would be interchanged, is not true.

Among many similarities between o-ideals A/ and M so called Steinhaus
property is worth to be mentioned.

Let A and B be two subsets of the real line. By A + B we denote the algebraic
sum of A and B,i.e. A+B:={x+y:x €A,y € B}.In 1920 H. Steinhaus proved
in [30] that for arbitrary measurable sets A, B of positive measure, so outside
o-ideal NV, int(A + B) # 0.
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A category analogue of the theorem of Steinhaus was proved by S. Piccard
(see [28]). If A,B C R are two sets of the second category having the Baire
property, then int(A + B) # 0.

Observe that for microscopic sets the analogous property is not true: con-
trary to the o-ideal /' of Lebesgue measure zero sets and to the o-ideal M of
sets of the first category M has not a Steinhaus property.

Theorem 20.18. There exists a Borel set A C R such that A is not microscopic
and int(A+A) = 0.

Proof. Let C be a Cantor set and let H be the set of all end-points of component
intervals of [0,1]\ C. Put A = C\ H and for each k € N let

3k o

l

Nkzu{Sk}.
i=0

Then for each k € N we have

AxA)N [ J{xy) :y=—x+a}=0.

aEN,
Hence for each k € N
(A+A)NN; =0,
SO
(A+A)N [ JNe=0.
keN
The set Ugen Nk is dense in [0,2], so int(A +A) = 0. O

It is well known that the theorem converse to Steinhaus or Piccard results
is not true. There exists a nowhere dense set A C R of measure zero such that
int(A +A) # 0. This condition holds for example for Cantor set C because
C+C = [0,2]. Observe, that the analogous property also holds for the o-ideal
M.

Theorem 20.19. There exists a microscopic set A C R such that int(A+A) # 0.

Proof. Let A be a microscopic set residual in R (see Theorem 20.4). From
theorem of S. Piccard it follows that A + A contains some interval. O
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20.5 Extension of the notion of a microscopic set in the Euclidean
spaces of higher dimensions.

In the n-dimensional Euclidean space the notion of microscopic set can be
introduced using various differentiation bases (as rectangles with sides paral-
lel to coordinate axes, or cubes for example). Hence we can obtain different
notions of microscopic sets. The properties of the sets, their invariance with
respect to translation, rotation and other algebraic and set-theoretic operations
are investigated in [24].

Definition 20.20. We shall say that A C R? is a microscopic set if for each
€ > 0 there exists a sequence {/, },cny of rectangles with sides which are paral-
lel to coordinate axes such that A C |J, 1, and A2(1,) < €” for each n € N.

Definition 20.21. We shall say that A C R? is a strongly microscopic set if
for each € > 0 there exists a sequence {I,},cn of squares with sides which
are parallel to coordinate axes such that A C J,cn 1, and A2(7,) < €" for each
neN.

Denote by M, the family of all microscopic sets in R? and by M, the family
of all strongly microscopic sets in R?. Obviously, each strongly microscopic
set is microscopic, so Moy C M.

In the sequel a rectangle with sides which are parallel to coordinate axes
will be called an interval.

Analogously as on the real line one can prove the following theorems.

Theorem 20.22 ([24], Theorem 3). The families My and My, are the G-ideals.
Theorem 20.23 ([24], Theorem 4). The following conditions are equivalent:

(i) A is a microscopic set on the plane.
(ii) For each positive number 1 there exists a sequence {J,}nen of intervals
such that
A Climsup,J, and Y7, 22(Jx) <" for each n € N.
(iii) For each positive number 8 there exists a sequence {I,},cn of intervals
such that
A C limsup, I, and Ay (I,) < 8" for each n € N.

The analogous theorem holds for strongly microscopic sets (the intervals
are changed with the squares).

Theorem 20.24 ([24], Theorem 5). The plane can be represented as the union
of two disjoint sets A and B such that A is a set of the first category and B is
a strongly microscopic set.
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Corollary 20.25 ([24], Corollary 6). There exists a strongly microscopic set
B C R? which is residual.

Theorem 20.26 ([24], Theorem 14). If A € My, and (o, B) € R?, then

() A+ (a,B) ={(x+a,y+B) : (x,y) €A} € My,
(b) —A ={(—x,—y) : (x,y) € A} € My,
(c) (a,B)-A={(a-x,B-y): (x,y) €A} € My,
(d)if AN{(x,y) :x-y=0} =0, then A~ = {(%,%) s (x,y) € A} € My,
Clearly the analogous theorem holds for the family M.
Let us denote by N, the family of all sets of Lebesgue measure zero on the
plane and by €, - the family of all countable subsets of the plane.
Obviously, each countable set is strongly microscopic and if A is micro-
scopic, then A is of Lebesgue measure zero, so we have

Cr C My, C My CNZ'
Observe that all these inclusions are proper. It is easy to see that the set
A={(x,x):x€[0,1]} (20.4)

is a set of plane measure zero which is not microscopic on the plane, and the
set
B=10,1] x {0} (20.5)

is a microscopic set on the plane which is not strongly microscopic. Clearly,
each residual strongly microscopic set is uncountable, so

Cy € My © Mz C NS

=

Comparing the sets A and B defined above we see that the family M, is
not invariant under rotation with respect to the origin. For the family M, the
situation is quite different.

Theorem 20.27 ([24], Theorem 9). The set A € My if and only if for each
€ > 0 there exists a sequence {By}qen of circles on the plane such that A C
Unen Bn and 22(B,) < €" for each n € N.

Consequently, the family Moy, is invariant under rotation and if A € My;,
then the projection of A onto any line is a microscopic set.

IfECXxYandxe€ X, theset Ex ={y €Y :(x,y) € E} is called the x-
section of E.
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Fubini Theorem underlines a close connection between the measure of any
plane measurable set and the linear measure of its sections perpendicular to
an axis. In [27], Theorem 14.2 one can find an elementary proof of the fact
that if £ is a plane set of measure zero, then E, is a linear nullset for all x
outside a set of linear measure zero.

Fubini Theorem has a category analogue. Kuratowski and Ulam in 1932
proved (compare [27], Theorem 15.1) that if E is a plane set of the first cate-
gory, then E, is a linear set of first category for all x except those belonging to
a certain set of the first category.

Note that for strongly microscopic sets the result analogous to Fubini the-
orem also holds. It is not difficult to observe it because there is a close con-
nection between the area of the square and the length of its side.The result
analogous to Fubini theorem for microscopic sets on the plane is also valid.

Theorem 20.28 ([24], Theorem 17). Let E C R? be a microscopic set on the
plane. Then E, is a microscopic set on the real line for each x € R outside some
microscopic set on the real line, i.e. the set

{x € R: E, is not a microscopic set on the real line}
is microscopic on R.

Using Theorem 20.28 we proved

Theorem 20.29 ([24], Theorem 18). A product set A X B is microscopic on the
plane if and only if at least one of the sets A or B is microscopic on the real
line.

20.6 Additional remarks

In 2003 G. Horbaczewska and E. Wagner-Bojakowska introduced a defini-
tion of convergence of a sequence of functions with respect to the o-ideal of
microscopic sets. The idea comes from the Riesz theorem which states that
a sequence of measurable functions { f, },en is convergent in measure to the
function f if and only if for every increasing sequence {n,,},cn there exists
a subsequence {ny, }pen such that the sequence {f,, }cn is convergent to
f almost everywhere (i.e. outside the set of measure zero). Therefore conver-
gence in measure (in a finite measure space) can be defined using only the
notion of a nullset (compare Chapter 6). This enables us to define convergence
of the sequence of functions for different o-ideals. In [18] two kinds of such
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a convergence, for the o-ideal of microscopic sets and for the o-ideal of sets
of first Baire category were compared with the convergence in measure and
with the convergence introduced by G. Beer using the Hausdorff metric. It was
shown that even for continuous functions we have different types of conver-
gence.

References

(1]
(2]

J. Appell, Insiemi ed operatori "piccoli” in analisi funzionale, Rend. Ist. Mat. Univ.
Trieste 33 (2001), 127-199.

J. Appell, A short story on microscopic sets, Atti. Sem. Mat. Fis. Univ. Modena
Reggio Emilia 52 (2004), 229-233.

J. Appell, E. D’ Aniello, M. Vith, Some remarks on small sets, Ric. Mat. 50 (2001),
255-274.

M. Balcerzak, A generalisation of the theorem of Mauldin, Comment. Math. Univ.
Carolin. 26, (1985), 209-220.

M. Balcerzak, Can ideals without ccc be interesting?, Topology Appl. 55 (1994),
251-260.

M. Balcerzak, Classification of 6-ideals, Math. Slovaca 37, no 1 (1987), 63-70.

M. Balcerzak, On Borel sets modulo a o-ideal, Demonstratio Math. 29 (2), (1996),
309-316.

M. Balcerzak, J. E. Baumgartner, J. Hejduk, On certain c-ideals of sets, Real Anal.
Exchange 14, (1988-89), 447-453.

T. Bartoszynski, H. Judah, Set theory: On the Structure of the Real Line, A. K. Peters,
Ltd., Wellesley, MA, 1995.

A. S. Besicovitch, An approximation in measure to Borel sets by Fs-sets, Journal
London Math. Soc. 29 (1954), 382-383.

E. Borel, Les Eléments de la théorie des ensembles, Albin Michel, Paris, 1949.

A. M. Bruckner, J. B. Bruckner, B. S. Thomson, Real Analysis, Prentice-Hall, Upper
Saddle River, New Jersey 07458, 1997.

J. Cichon, A. Kharazishvili, A. Weglorz, Subsets of the Real Line, Wydawnictwo
Uniwersytetu L.édzkiego, 1995.

P. Erd6s, Some remarks on set theory, Ann. Math. 44 (2) (1943), 643-646.

M. Filipczak, E. Wagner-Bojakowska, Remarks on small sets on the real line, Tatra
Mt. Math. Publ. 42 (2009), 73-80.

J. Foran, P. D. Humke, Some set theoretic properties of o-porous sets, Real Anal.
Exchange 6 (1980-81), 114-119.

M. Frechet, Les probabilites nulles et la rarefaction, Ann. scient. Ec. Norm. Sup.,
3%serie, 80 (1963), 139-172.

G. Horbaczewska, E. Wagner-Bojakowska, Some kinds of convergence with respect
to small sets, Reports on Real Analysis, Conference at Rowy (2003), 88-97.

G. Ivanova, E. Wagner-Bojakowska, On some modification of Darboux property,
Math. Slovaca (to appear).

W. Just, C. Laflamme, Classifying measure zero sets with respect to their open cov-
ers, Trans. Amer. Math. Soc. 321, (1990), 621-645.



20. Properties of the ¢ - ideal of microscopic sets 343

(21]

(22]

(23]

[24]
[25]

[26]

A. Karasinnska, W. Poreda, E. Wagner-Bojakowska, Duality Principle for micro-
scopic sets in monograph Real Functions, Density Topology and Related Topics,
1.6dZ University Press, 2011, 83-87.

A. Karasiniska, E. Wagner-Bojakowska, Nowhere monotone functions and micro-
scopic sets Acta Math. Hungar. 120 (3) (2008), 235-248.

A. Karasiniska, E. Wagner-Bojakowska, Homeomorphisms of linear and planar sets
of the first category into microscopic sets, Topology Appl. 159 (7) (2012), 1894—
1898.

A. Karasinska, E. Wagner-Bojakowska, Microscopic and strongly microscopic sets
on the plane. Fubini Theorem and Fubini property, Demonstratio Math. (to appear).
C. Laflamme, A few c-ideals of measure zero sets related to their covers, Real Anal.
Exchange 17 (1991-92), 362-370.

A. W. Miller, Special subsets of the real line In: Kunen K., Vaughan J.E. (Eds.),
Handbook of Set-theoretic Topology, Elsevier, North Holland, Amsterdam, 1984,
201-233.

J. C. Oxtoby, Measure and Category, Springer - Verlag New York Heidelberg Berlin,
1980.

S. Piccard, Sur les ensembles de distance, Mémoires Neuchatel Université, 1938-39.
W. Sierpinski, Sur la dualité entre la premiere catégorie et la mesure nulle, Fund.
Math. 22 (1934), 276-280.

H. Steinhaus, Sur les distances des points dans les ensembles de mesure positive,
Fund. Math. 1 (1920), 93-104.

L. Zajicek, Porosity and o-porosity, Real Anal. Exchange 13 (2) (1987-88), 314—
350.

O. Zindulka, Universal measure zero, large Hausdorff dimension, and nearly Lips-
chitz maps, Fund. Math. 218 (2012), 95-119.

GRAZYNA HORBACZEWSKA

Faculty of Mathematics and Computer Science, £.6dZ University
ul. Banacha 22, 90-238 £.6dz, Poland
E-mail: grhorb@math.uni.lodz.pl

ALEKSANDRA KARASINSKA

Faculty of Mathematics and Computer Science, £.6dZ University
ul. Banacha 22, 90-238 £.6dz, Poland

E-mail: karasia@math.uni.lodz.pl

ELZBIETA WAGNER-BOJAKOWSKA
Faculty of Mathematics and Computer Science, £.6dZ University
ul. Banacha 22, 90-238 £.6dz, Poland

E-mail: wagner@math.uni.lodz.pl





