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ABSTRACT. In a previous paper, the authors introduced new ideas to treat
the problem of connectivity of Parseval frames. With these ideas it was shown
that a large set of Parseval frames is arcwise connected. In this article we
exhibit a larger class of Parseval frames for which the arcwise connectivity is
true. This larger class fails to include all Parseval frames.

1. INTRODUCTION AND MAIN RESULT

The connectivity on the set of orthonormal wavelets is an interesting problem
which remains open many years after it was proposed (see for instance [11, [10] [, [5]).
The question has been extended to the larger class of Parseval frame wavelets
(see [7] and [3]). Even in this extended setting, the problem seems very difficult
and is still open. We recall that a function ¢ € L?(R) is said to be a Parseval
frame wavelet (or a normalized tight frame wavelet) if the collection {1; 1 (z) =
21242V —k): j€Z, k€Z} forms a tight frame (with constant 1) for L(R).
When this is the case we shall write ¢y € PFW. It is well known (see [4, Ch.7])
that these functions are characterized by the two equations:

(A1) > @O =1 ae.f €R,

(A2)  ty(Ev) =) DROVRIE+2qm) =0 aefER, Ve 1.

This characterization is used in [3] to give a new approach to the connectivity of
the set PFW. In particular, in that paper we were able to construct explicit paths
for two large subclasses K, and Ky of PFW, defined by size conditions on the
spectrum (see section 3 below). Since each subclass in some sense takes care of one
of the basic transformations (translations and dilations), one may conjecture that
finding a condition that encompasses both would settle the problem completely.
Unfortunately, as we shall prove in this article, this is not necessarily so. We
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provide a new condition along that direction which defines an even larger class of
connected Parseval frame wavelets, but that it does not include the entire PFW.

We shall say that J C R is a Calderdn set if the family {27J},cz forms an a.e.
partition of R\{0}. A particular example is the Shannon set S = [—2m, —m)U(r, 27].
Observe that J is a Calderén set if and only if the function z/; = x satisfies (Al).
By (A2), if in addition J C [—m, 7], then ¢ € PFW. For sets A, K C R we shall
also use the following notation from [3]:

[A]=[J274, [4A_= D 2794, and 7x(A)=JA+2km)NK.
§j=0

JEL kez
k0

Definition 1.1. Let .Jy be a bounded Calderdn set and denote J; = 277.Jy, j € Z.
We say that a measurable subset K C R is Jy-admissible or that it belongs to the
class K(Jp) whenever there exists M € Z such that the set correspondence

o0
Icuml-= | 20— £(I) = Lk(I) = [rx(D)]N S
=M
is continuous in the sense of the measure algebras. That is, for each n > 0 there
exists 0 > 0, such that V I C [Jy]— with |I| < §, we have |L(I)] < .

It is easy to see that bounded sets belong to the class K(S). Indeed, in such a
case only finite unions of translates and dilates of I are involved in the definition of
L (I), whenever I C (—m, ). The continuity then follows easily by subadditivity.
It is also easy to see from the definition that K(S) C K(Jy) for any bounded
Calderén set Jy. Indeed, the “domain” of the set correspondence in Definition 1.1
is always of the form (—e,¢) for the class K(S), while for general classes K(Jy) it
is only a subset of one such interval. We do not know whether K(S) = KC(Jy) for
general Jy.

Concerning the connectivity of PFW, the main result in this paper is the fol-
lowing.

Theorem 1.2. Let Jy C [—7, 7] be a Calderdn set. Then, for every ¥ € PFW such

that Supp 12 belongs to the class IC(Jy), there exists a continuous path {i;}o<i<1
inside PFW such that

Yo =1, 1= (xs) and Supp iy C Supp ¢ U [Jo]_ .

In particular, the set of all v € PFW with Supp 12)\ € K(Jo) is arcwise connected
in L*(R).

Since bounded Calderén sets belong to K(S), Theorem applied to {D\ = XJo
shows that xj, and Xg can be continuously connected within PFW. Thus, as a
corollary we obtain that the class of all PFW’s with spectrum in /(.Jy) for some .J,
is arcwise connected. Moreover, the proof of Theorem shows that the subclass
of MSF Parseval frames is arcwise connected, recovering in a different way a result
from [7].

The paper is structured as follows. The proof of Theorem is given in section
2. In section 3 we show the relation between the class K(S) and the classes K,
and ICj from the previous paper [3]. Finally, in sections 4 and 5 we show that
R & K(Jy) for every Calderén set Jp, as well as the connections of this result with
number theory.
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THE CONNECTIVITY OF PARSEVAL FRAME WAVELETS 3213

2. THE PROOF OF THE THEOREM

The following elementary properties about the class K(Jy) are easily verified:
(1) For any j € Z, K(Jo) = K(27Jy). Thus, there is no loss in assuming
Jo C [—7, 7.
(2) If K1, K3 belong to K(Jp), then so do K7 U K> and any subset of K7 or K.
(3) In Definition [T} the Shannon set S can be replaced by any Calderén set
H, provided it has finite measure. More precisely, given any fixed set E in
R the map

(2.1) ICEv— L) := [rg()]NH

is continuous if and only if I C E + L)(I) is continuous. This is an
elementary consequence of the following lemma.

Lemma 2.1. Let Hy, Hy be two Calderdn sets with finite Lebesgue measure. Then,
Vn>0,38>0 suchthatVACR: |[A]NHy| <d = [[A]NHy| <.

Proof. Define the set function: w(F) = |[F] N Ha|, F C H;. From the Calderén
property of H; one easily checks that u is a well-defined measure in H;. Moreover,
it is clear that u is finite and absolutely continuous with respect to the Lebesgue
measure dz|, . Then, the usual characterization of absolutely continuous measures
applied to F' = [A] N Hy establishes the lemma (see [8, Th.6.11]). O

Proof of Theorem [L2L Let v € PFW be so that its spectrum, K = Supp @Z, is
Jo-admissible. Let us choose a large positive integer M = M (K, Jy) so that the
map I C [Ju]- — Lx(I) is continuous (by the K(Jy) condition). Since Jy and
Jyr = 27M Jy are trivially connected with the continuous path {tJo}iep-—m 1), we
may assume through the rest of the proof that M = 0. Following the ideas in [3],
we divide the proof in three parts.

Step 1 (Construction of new PFW’s). As in [3], we present a general procedure
to construct new PFW’s starting from a given one ¢ and an arbitrary interval I
in Jy. The dynamics of the construction is the following: suppose I = Ij is an
arbitrary subset of Jy, hence contained in [—m,7]. Construct by induction the
following sequence of subsets of [—m, 7]:

I = ([rx(o)]\ [lo]) N Ji,
I ([re(ID]\ [Lo U 11]) N Ja,

Iny1 = ([TK(IN)]\[I()U...UIN]) N Jnt1-

Define E; = |Jy_o I~ and note that by construction this union is disjoint (we shall
denote this by the symbol |+). Moreover, using the fact

-1
1] = [ 2710 = [ (L)) \ (U [IND),
jez NZo

it is easy to verify that:
(1) [Er] = UplLe], with disjoint union;
(2) {27Er}jez is a disjoint family;
3) [rx(En] = UN=olrie (In)] € URZo(Uplh' (1)) = [Ex).
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Since we also have Ef C [—m, 7], we conclude from Proposition 2.1 of [3] that
Yp, € PFW, where ¢, (§)=v(¢) if § € R\ [E7], and ¢, (§) =Xz, (§) if § € [E].

Step 2 (Construction of the path). Since Jy is a Calderén set, there is a bijective
measurable mapping I': € € Jy — 2/©¢ € S. Define the following family of
subsets of Jo: I(t) = T~'({m < [¢| < (1+t)7}), t € [0,1]. Observe that I(0) = 0
and I(1) = Jo. Consider the family ¢ = vg,,, inside PFW obtained from the
sets E(;) as in the previous step. Observe that

~ ift =0,
22) Vo= Ve = { XJo,  ift=1,

while Supp ¥y C (Supp 1?\ [EI(t)]) UE7) C Supp &U[Jo],. Finally, since bounded
sets always belong to K(Jy), we have [Jo]— C [—m, 7| € K(Jy). Therefore, using
Supp 1; € K(Jp) and the properties at the beginning of section 2, we conclude that
Supp ¥ € K(Jp). Thus, we have constructed a path t € [0,1] — ¢, € PFW with

the properties required in the theorem, and it only remains to show the L?(RR)-
continuity of such a path.

Step 3 (Continuity of the path). By Proposition 2.2 of [3], a path of the form
{¥E@) Yo<i<1 inside PFW is continuous provided we can show

lim [E(t)AE(to)| = Jim [E()AE(to)| =0, ¥t €[0,1],

t€[0,1] t€(0,1]
where E = [E]N S, E C R\ {0}. Now, observe that when ¢ \ #, we have
[I(HAI(to)| = [T ({(1 +to)w < [¢] < (1 +t)7})| — [TH(@)| =0,
and when ¢ /' t; we have
[I(t)AI(to)| = [T ({1 +)m < [¢] < (L +to)m})| — [T ({I¢] = (1 +to)7m})| = 0

in this last case since I' ! preserves null sets. Thus, for the continuity of our path
t — 1 it suffices to show that

(2.3) |E;AE; |+ |E;AE| — 0, as |[IAI'] — 0.

We shall deduce this from our key assumption: K = Supp 1//)\ € K(Jp). That is,
the set mapping I C [Jy]- — L(I) is continuous in the sense of measure algebras.
Now, by continuity, for every n > 0 there exists an integer My = My(n) > 0 such
that

| [ (0l 1 (=5%5. 570)) | N8| <.
7T 7T 27

We may assume that My is large enough so that |(—5iz, 575 )| = 5375 < 1. There-
fore, for all M > My, and for all I C Jy we have

U Iv € [Jo]-n(—5f5. 5%5)  and

U TN = U [I]\url]mSC U [TK(IN)]PIS: [TK( U IN)]ﬂSzﬁ( U IN).
N=M+1 N=M N=M N=M N=M
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THE CONNECTIVITY OF PARSEVAL FRAME WAVELETS 3215

Thus,
o0 o0 -
(2.4) ‘ U IN} +‘ U IN‘ <2, VM > M,.
N=M+1 N=M+1

Let us now show that the second term in the sum ([23) converges to 0. Observe
that, for all M > 0,

EsEr - (U 5)a(U )

=0 N=0

C=xz >
Zﬁz
>
D)
c
—~
_
o
c
_
S

(2.5) C

Therefore, if we are able to show that for I,I’ C Jy
(2.6) [INATL| — 0, as [IAI'] -0, VYN =0,1,2,...,

then, combining (ZH) with Z4) it will follow that |[E;AE| — 0, as [IAI'| — 0.
Now, to show ([2.6]) we first consider the case N = 0: since I, I’ C Jy we have
(2.7) IAT = ([IJA[I')) NS = [IAI'| N S.

Then, by Lemma [Z7] the measure of this set goes to 0 as |IAI'| = |[IAI'] N
Jo| — 0. For the general case we proceed as in Lemma 4.4 of [3]: write Iy41 =

[In+1]NS = ([TK(IN)] \ [Uévzo Ig]) NS, and use standard Boolean algebra to obtain
TNHATJ’\,H C ([TK(INAIJ/V)] U (UéVZO[IgAIé]) ) N S. Then, we proceed by induc-

tion: for N = 0 we have |[LAI| < |[rg (IAI')] N S| + [[IAI'] N S|, for which the
first summand goes to 0 by the continuity assumption (as [IAI'| — 0, I,I’' C Jy),
and the second one by ([Z71). Suppose now that we have shown

AL — 0, as |IAI'| -0, V£=0,...,N.
Again, by Lemma 2.1l we have that
(2.8) [, AL = |[IAI) N Jy,| — 0, as [I,AI] N S| = [I,AL)| — 0.

Then, using the induction hypothesis and the continuity assumption we obtain

N
T ATl < e (INATOI A S|+ 3 FAT] — 0, as [TAL] =0,
£=0
establishing our claim, and concluding the proof of (2.6). To completely establish
23), it remains to show that |[E;AEp| — 0 as [IAI'| — 0. This follows from our
previous arguments since

M
|E;AEp| < ) |INATy| +
N=0

so we just need to combine (24) with ([2F]). O

U v

N=M+1

+

U &y

N=M+1

)
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3. SUFFICIENT CONDITIONS

3.1. The K, condition. We recall from [3] that a set K C R is said to belong to
the class K; whenever there exists € € (0, 7] such that

(3.1) 3 |_;| K 1 (207 + (—&,€))| < oo,
[n|>1

Proposition 3.1. K, C K(S).

Proof. Let K € K, and choose ¢ as in (B1). Given H = [—¢,—¢/2) U (¢/2,¢], it
suffices to show that I C (—¢,¢) — LU(I) (as in &1I))) is continuous in measure.
By Lemma 4.3 in [3], there exists a constant C' > 0 such that for each such I

1 1
[ (DINH| < Ce ) W|Km(2nﬂ+1)| = C€/J§ WXK+2mr(§)d§-

In|>1

Since K € K, the right-hand side of this equalities is finite. The result follows by
an application of the Lebesgue dominated convergence theorem. O

3.2. The K, condition. Next we turn to the condition K4 in [3]. We say that a
set K belongs to such class whenever there exists € € (0, 7] such that

1
(3.2) | lim sup Q—H(Kﬁ 2"5%)| =0, where S%:=[-¢,—¢/2)U(¢/2,¢].
If we define L,, = L\ = Un”,, 3= (KN2"5%), condition [F.2) is the same as saying
that |L,,| — 0 as m — co. By simple Boolean algebra, L,, = [K N (J,—,, 2"5°)]N
Se. Since |, 2"S° = £( Zg,w)7 we see that ([32) is actually equlvalent to

(3.3) |[[K N ((—00,—R) U (R,0))]NS*| =0 as R— .
Proposition 3.2. K; C K(S5).

Proof. Let K € K4 and € as in (B2)). Take any n > 0 and I C (—¢,¢). By 33),
there exists Ry > 0 such that

(3.4) 1K 1 (=00, ~Ro) U (Ro,00))] N §°] < 3

Let ko be such that 2kom > Ro + 2, so that if |n| > ko we have 2nr + )N K C
KN (—o00,—Ry) U (Ry,0). Then,

c(ninss=[ |J ear+DNEK|nse
neEZ, n#£0

c { U [@nr+DNEK] mss} U {[Kﬂ (=00, —Ro) U (Ro,50))] N 56}.
0<|n|<ko

Thus, by 34) and Lemma 5.6 in [3]

Iric (I )mSE\< + Y |lenr+ DN K] me\< + kol .
0<|’I’L|<k}0

Choosing ¢ < 5= we obtain |75 (1) N S°| < £ + £ if [[| < 0. This shows that EE(S )
is continuous and hence that K € IC(5). O
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3.3. Other examples. The following examples show that I, U ICd;iIC(S), that
is, there exist sets K which are admissible according to Definition [[.T] but are not
contained in the setting of our previous paper [3]. In fact, it will suffice to consider
K = Ky UKy, where K1 € K; \ Kg and Ko € K4\ K;. Indeed, when this is the
case, we necessarily have that K ¢ K, U K4, while from the second observation at
the beginning of section 2 (and Propositions Bl and B2)) we see that K € K(S).

Example 3.3. Let Kj = U‘nEl(%S +27mn). Then K1 € K.\ Kq.

Proof. From the definition we see that K is disjoint with 27m + (-7, §) for every

m € Z. This trivially implies that K; € K. Next we see that K; ¢ K. Given any
€ > 0 and any large integer m we have

oo
L9 2 [U # {0259} | 2 27 [ Kin2[s,e) .
l=m
Now, if m is large enough we have

|K1n2m,e)| > Z |27n + [§,7)| > 2™,

nez
2m—leco2rn<2Me—r

for some constant ¢ > 0. Thus, lim,, . \Lffl)| > ce > 0, showing that K7 ¢ 4. O
Example 3.4. Let K> = J,>, [2nm,2"m(1+ 1)), Then Ky € K\ K.
Proof. This time we have, for all m > 1,

™

|L£77:J)rl’ = ’U 2[%{[{2m2é+1[%77r)}’ = ‘U 2%[2Z7T,2Z7T(1+%))| = E
l=m l=m

Since this number tends to 0 as m — oo, we have established that Ky € 4. On
the other hand, for any € > 0 and for integers m = 2™ + r (with n large enough),
we have ‘KQ N{2r (2" +r) + (75,5)}‘ = 2¢, at least when 0 < 7 < %, for some

universal constant ¢ > 0. This implies

1 =1

Z — ’Kz N {2rm + (*6,6)}‘ > Z onil Z ‘KQ N{2r(2" +r) + (—¢,¢)}
m>1 m n=1 0<r<2m

(oo}

1 27
ZCZ2n+1 n T
n=1
and therefore K5 cannot belong to K. O

4. NONADMISSIBILITY OF R
In this section we show the following theorem.

Theorem 4.1. For all sets A C R of positive Lebesque measure we have

(4.1) IR\ JU27A+k)]| =0

LT k#0

As a consequence we have [Tr(I)] = R a.e. for any set I with positive measure.
This implies that |Lr(I)] = 27 for such sets, and therefore, R ¢ K(Jp) for any
bounded Calderén set Jy. Hence, our results on connectivity do not apply to the
full class of PFW’s. As we shall see the proof of Theorem 1] is not completely
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trivial, and has an unexpected connection with number theory which we shall make
clear in the next section. For convenience, throughout these two sections we shall
replace the number 27 by 1.

Proof. Set S =[-1, —1/2)U[1/2, 1). Tt suffices to show that
(4.2) s\UUz2A+n| =

(€7 k40

for all sets A C R of positive Lebesgue measure. By symmetry first and then by
rescaling, we may assume with no loss of generality that A C [0,1). Moreover, (£2)
will follow from the statement:

For all dyadic intervals T C [0,1)

(4.3) 2,0\ | Ue2‘u+r =0 vVL=012....
(>L+1 k>1

To see this, given any set A C [0,1) of positive Lebesgue measure and § > 0, take
a dyadic interval I such that

[T NA|

1|

By the statement ([@3]) with L = 0 and the nesting property of the family of dyadic
intervals Ip ), = 27°(I + k), we can write [1/2, 1) as a disjoint union W 4 ep Lok
(a.e.), for a certain index set D C Zy x Z,. If we denote Apy = 27(A + k), we
also have

2.0\ U2 @R < Y0 1w — Al = > ekl = Tex N Akl

£>1k>1 (Z,k)eD (¢,k)eD

(4.4) 1-0<

<1.

Now, by a simple rescaling of (£4)), we see that |l | — [Lex N Aex| < 81| and,
therefore, we obtain

2o\ Uz @+r < > dlhkl=6| | Ig7k|:g.

£>1k>1 (¢,k)eD (t,k)eD
Since 0 is arbitrary, the left-hand side equals 0. By symmetry,

(-1, =12\ U 27A+k)| =0,

£>1k<-1
which gives ([@2]). It then remains to prove (L3J).
The result is clearly true for the particular case I = [0,1) since
2L+l
2~ | (14 k) =27 (HDRE 28 = [1/2,1),

k=2L
The key step to finishing the proof of Theorem [£1] is contained in the following
lemma.

Lemma 4.2. If the inclusion in [A3) is true for a given dyadic interval I C [0,1),
then it is true for its two dyadic sons IT and 1=, I = IT™ UI~, and therefore, for
all its descendants.
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Proof. Take L € N. From the hypothesis, there exist positive integers k;,¢;, with
¢; > L, so that the intervals I; = 2% (I +k;) are mutually disjoint, for j = 1,2, ...,
and [1/2,1) = W5, I, ae. If we set I}" = 275 (I + k), then [I| = §|I;| and
so the sequence {I+}] coverb” 5 of the size of [1/2,1). Now fix j € N and take

={; +1> L so that 2~ |I| |7;7|. Then, from the hypothesis again we can
cover [1/2,1) by disjoint intervals of the form 27¢(I + k) with ¢ > L;. In particular,
those intersecting I~ are necessarily contained in ;- (since they are smaller). Thus,
for this j, there are positive integers k;;,£;;, with £;; > L;, so that the intervals
I; = 274 (I + k; ;) are mutually disjoint, for i =1,2,..., and I = Wy>1 L ae.

Hence
b= (WL Y| W
j>1li>1 j>1
Call I}f; = 27%+(I'" 4 k). Then {I}, I}, : j = 1,2,...;i = 1,2,...} covers § of

[1/2,1). By a straightforward induction process, we obtain the result for I and,
similarly, for I—.

5. CONNECTIONS TO NUMBER THEORY

We begin with an elementary observation. The statement of Theorem [.1] is
equivalent to

(A) There ezists a null set E C [0,1) so that for all x € [0,1) \ E the sequence
of points { 2'z (mod 1) : ¢ > 1} is dense in [0,1).

Suppose (A) holds and let L > 0 be a fixed integer. If I is any dyadic interval
in [0,1) and = € [0,1) \ E, by density of {22 (mod 1) : ¢ > L} there must exist
integers £ > L, k € N so that 22 — k € I. Thus |[0,1) \ Urs 631 = 0 which
implies (&3). For the converse, if Theorem E] holds we also have

oo\ Uz ‘u+r =0

£>1k>1

for every dyadic interval I C [0,1). Since the number of dyadic intervals is count-
able, we can define a set of Lebesgue measure zero by

E= | {01\UU2 I+k}

I dyadic (>1k>1

Then, for every z € [0,1) \ E the sequence {2‘r (mod 1) : ¢ > 1} touches each
dyadic interval I (in fact infinitely often), which clearly implies that this sequence
must be dense.

The assertion (A) has a number theoretic flavour. In fact, it is actually a conse-
quence of a stronger result related with “uniformly distributed sequences”. We say
that a sequence {a,}?°, of real numbers in [0,1) is uniformly distributed in [0,1) if
for every interval I C [0,1) we have

lim 7#{1<E<n: ag €I} = |1|.

n—oo M
Of course, every uniformly distributed sequence must be dense in [0,1). A classical
theorem of H. Weyl et al. establishes that for all irrational numbers x € [0, 1) the
sequence {{z}?°, is uniformly distributed modulo 1 (see, e.g., [0, Th. 6.3]). There
exist several extensions of this result, based on Weyl’s celebrated characterization
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of uniformly distributed sequences in terms of limits of exponential sums. One of
these extensions establishes that for every strictly increasing sequence {a;}3°, C N
and for a.e. x € [0,1), the sequence {apx}72, is uniformly distributed modulo 1
(see, e.g., [2 p. 138]). If as a particular case we let a, = 2¢, then we obtain a
stronger version of the result stated in (A).

There is another interpretation of (A) purely in terms of the intrinsic properties
of numbers. Indeed if we represent the number = € [0,1) in its binary expansion,
then the fact that the sequence {2/z}2°, is dense modulo 1 in [0,1) is the same
as saying that any arbitrary block of {0, 1}-digits “b; ...bg" is contained infinitely
often in the binary expansion of z. We shall call the numbers z € [0,1) with this
property weakly normal (to base 2). Then, in view of the previous discussion, the
statement of Theorem [] is equivalent to saying that a.e. z € [0,1) is a weakly
normal number.

In relation with this concept, a stronger result is also known. We say that a
number z € [0,1) is normal to base r if any arbitrary block made of digits in
{0,1,...,7 — 1} of length k, say “Bj = biby...b;”, is contained in the decimal
expansion of z in base r with frequency 1/r*. That is, if N(By,n) counts the
number of occurrences of the block By, within the first n digits of the expansion of
x, then we must have

limw:%, VB, Vk>1

n—oo n r
(see, e.g., [6l Ch. 8] for this and other equivalent definitions). In particular, every
normal number to base 2 is weakly normal according to our previous definition.
Then, a classical theorem of E. Borel (Rend. Circ. Mat. Palermo 27 (1909), 247—
271) establishes that a.e. x € [0,1) is normal to every base r. This gives another
proof of (A), and hence of Theorem LIl In fact, the two notions we have introduced
are related by a theorem due to D. Wall which asserts that a number x € [0,1) is
normal to base r if and only if the sequence {réx}j';l 1s uniformly distributed modulo
1 (see [0, Th. 8.15]).

Finally we would like to point out that verifying one of the previous properties
for a specific number x can be a very hard question. For instance it is not known
whether such numbers as v/2, e or 7 are normal to any base. In fact, the set of
numbers which are not normal to any base are of course dense (since it contains
the rationals) and can be shown to be uncountable [0} p. 116]. As a simple example
observe that the binary numbers of the form x = .0b10b20bs.... (for b; = 0, 1) are not
normal, nor even weakly normal to base 2. Thus, the exceptional set in assertion
(A) is a dense uncountable subset of [0, 1).
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