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Abstract

Let g > 2 be an integer, {X,,},>1 a stochastic process with state space {0, ..., g — 1}, and
F the cumulative distribution function (CDF) of Z;’i 1 Xng™". We show that stationarity
of {X,},>1 is equivalent to a functional equation obeyed by F, and use this to charac-
terize the characteristic function of X and the structure of F in terms of its Lebesgue
decomposition. More precisely, while the absolutely continuous component of F can
only be the uniform distribution on the unit interval, its discrete component can only be
a countable convex combination of certain explicitly computable CDFs for probability
distributions with finite support. We also show that dF is a Rajchman measure if and
only if F is the uniform CDF on [0, 1].
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1. Introduction

Consider a random variable X on the unit interval [0, 1] which is given by the base-g
expansion

o0
Xi=(0X1Xz...)g:= > Xaq ", (1.1)
n=1

where g € N (the set of natural numbers), and where the digits {X,},>1 form a stochastic pro-
cess with values in {0, ..., g — 1}. The case where the X, are independent and identically
distributed (i.i.d.) has been much studied in the literature (see Sections 1.1 and 1.3). The present
paper deals with the more general case where {X,},>1 is stationary, i.e. when {X,},>1 and
{Xy}n>2 are identically distributed — for short we refer to this setting as stationarity. As we will
see, under stationarity there is almost surely a one-to-one correspondence between {Xj},>1
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932 H. D. CORNEAN ET AL

and X, and we will study various properties of the cumulative distribution function (CDF) of X
given by
F(x):= P(X <x), xeR, (1.2)

and its associated probability measure dF.

1.1. Background

Assuming the X, are i.i.d., the stochastic process {X,},>1 is a so-called Bernoulli scheme.
Then, in the dyadic case ¢ = 2, ignoring the trivial case with P(X; =0)=1or P(X; =1)=1,
only two different things can happen: if the digits O and 1 are equally likely, then F is the
uniform CDF (on [0, 1]); otherwise, F is singular (i.e. F' is non-constant and differentiable
almost everywhere with F’(x) = 0), continuous, and strictly increasing on [0, 1], cf. [20, 22,
24]. In the triadic case ¢ =3, if 0 and 2 are equally likely and P(X; = 1) =0, then F is the
Cantor function, cf. [3, Problem 31.2]. This function is also singular continuous, but piecewise
constant and only increasing on the Cantor set. In fact, interestingly, the measures dF' in all
the Bernoulli schemes for any ¢ are again all singular with respect to one another (this seems
to be a folk theorem, but see [2, Section 14]) and only one is absolutely continuous relative
to Lebesgue measure, and that is the one where all j € {0, ..., g — 1} are equally likely. In the
latter case, dF' is Lebesgue measure itself on [0, 1].

Harris in [8] considered the case where g > 2 and {X,,},>1 is stationary and of a mixing type.
He showed that either F is the uniform CDF, or F has a single jump of magnitude 1 at one of
the points k/(q — 1), k=0, ..., g — 1, or F is singular continuous. A similar result has been
shown in [6] under the assumption that {X},},>1 is stationary and ergodic, namely that either F
is the uniform CDF, or F has k jumps of magnitude k!, or F is singular continuous.

It is well known that if the X,, are i.i.d., then F is the uniform CDF if and only if dF is
a Rajchman measure [9, 18, 22]. Recall that a Rajchman measure is a finite measure whose
characteristic function EeX tends to zero as t — 4-00. Rajchman measures have received much
attention in the Fourier analysis community (see the review article [13]) and the behavior of
the characteristic function of singular continuous probability measures at infinity are of general
interest in quantum mechanics (see [1] and references therein). To the best of our knowledge
it has yet not been clarified in the literature whether, under stationarity and when F is not the
uniform CDF on [0, 1], there is a case where dF is a Rajchman measure.

1.2. Our results

In this paper, Theorem 2.1 provides a complete characterization of stationarity in terms of
a functional equation for F' without using the extra assumptions of [8] and [6]. This leads to
Theorem 2.2, which characterizes stationarity in terms of the characteristic function of X, and
the asymptotic behavior of the characteristic function at 00 is treated in the stationary case. In
particular, we show that none of the measures dF arising are Rajchman measures, except when
dF is Lebesgue measure on [0, 1]. Furthermore, Theorem 2.3 describes stationarity in terms
of a Lebesgue decomposition result for F. Here, it is known that the absolutely continuous
component of F can only be the uniform CDF (see [15, Theorems 1 and 2]), but we give a
simpler proof (see Proposition 2.2). In addition, we prove that the atomic component of F' can
only be a countable convex combination of certain explicitly computable CDFs for probability
distributions with finite support.

For ease of presentation, the proofs of our theorems and propositions are deferred to
Section 3. Moreover, Section 3 provides an interesting example of a function not belonging to
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L' (Example 3.1) and another interesting example of a non-measurable function (Example 3.2),
both of which satisfy an important requirement (but not all requirements) of a putative
probability density function for X in the stationary case.

1.3. Future work

From Theorem 2.3 it is reasonable to expect that many well-known stationary stochas-
tic processes with a finite state space correspond to singular continuous F. Assuming that
the X, only take values O and 1, a natural generalization of (1.1) would be to consider
X= thil X,A", where X € (0, 1). Let v, denote the probability distribution of the affine trans-
formation Z;’;l(ZXn — DA =@2/0)X — 1/(1 — A). If the X, are ii.d., vy is a Bernoulli
convolution. This is a much studied case in the literature, and in particular the absolute conti-
nuity or singularity and the Hausdorff dimension of the support of v as a function of A have
been of interest (see [16, 25] and references therein). We leave it as an open problem to study
the absolute continuity or singularity of v, in the more general case where {X,,},>1 is stationary
and 1/A is not an integer (the present paper covers only the case where g = 1/ is an integer).
Also, in the stationary case and for any A € (0, 1), it would be interesting to study the Hausdorff
dimension of the support of v;.

Define the function f(x1, x2, ...):= Zn>1 x, A" =x with x1, x2, ... €{0, 1}, and for m =
1,2, ..., consider the 2" closed intervals of length A”*! /(1 — 1) and having left end points
ZZ:I xp A" with xq, ..., x,, € {0, 1}. These 2™ intervals cover the range of f, which contains
the state space of X. For 0 < A < % the 2™ intervals are disjoint, so it follows that f is injec-
tive and the range of f has Lebesgue measure zero, since 2”2”1 /(1 — 1) — 0 as m — oo.
Consequently, if 0 <A < %, the CDF of X is purely singular (no matter whether {X,},>1 is
stationary or not). Thus, the case with % < X < 1 is more interesting and difficult, but a good
starting point could be to study the stationary case.

In a follow-up paper we will consider the categorization of Markov chain models, renewal
processes, and mixtures of these in terms of the Lebesgue decomposition of the correspond-
ing F. Furthermore, in some examples of that paper we will derive closed-form expressions
for F.

2. Main results

2.1. Characterization of stationarity by a functional equation for F

Recall that any number x € [0, 1] has a base-g expansion x = (0.x1x3 ... )y withxq, x2, ... €
{0, ..., g — 1}. This expansion is unique except when x is a base-q fraction in (0, 1), that is,
when for some (necessarily unique) n € N we have either x, <x,41 =x,420=---=g— 1 or
Xp > Xpy1 = Xp42 = - - - = 0; we refer to n as the order of x and denote the set of all base-g
fractions in (0, 1) by Q.

Here is the first main result of our paper.

Theorem 2.1. We have the following:
(1) Stationarity of {X,}n>1 holds if and only if, for all x € Q4, we have

g—1
Fx)=F©O0)+ Y [F((x+))/q) — F(/9). 2.1

J=0
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(1) Suppose that F is a CDF for a probability distribution on [0, 1] such that F satisfies
(2.1) for all x € Q. Then there exists a unique stationary stochastic process {X,}n>1

on {0, ..., q— 1} such that (0.5(15(2 ... )g follows F. Furthermore, F is continuous at
all x € Qq, and F satisfies the functional equation in (2.1) for all x € [0, 1] (not just for
xeQy).

Remark 2.1. Functional equations for the characterization of singular functions have been
used in various non-probabilistic contexts, cf. [12]. Our stationarity equation (2.1) is equivalent
to special cases noticed in [12], namely in connection to the de Rham-Takécs (see the last
sentence in [12, Section 5C]) and the Cantor function (see the last sentence in [12, Section
5A]); however, it was not noticed in [12] that (2.1) provides a characterization of stationarity
as we show in Theorem 2.1.

Remark 2.2. Clearly, when the X,, are i.i.d., (2.1) is satisfied, and for the examples of i.i.d.
X, discussed in Section 1.1, F" was either the uniform CDF on [0, 1] or a singular continuous
function.

Apart from these examples, the best-known example of a singular continuous CDF is prob-
ably Minkowski’s question-mark function (Fragefunktion ?(x)) restricted to [0, 1]; see, e.g.,
[4, 5, 12, 14]. Recall that for two reduced fractions p/q > r/s such that ps — rg =1 (i.e. two
consecutive Farey fractions), Minkowski’s question-mark function is recursively defined by

p+r
q+s

20/1)=0, u1/H=1, ?( > =p/9+2r/9)/2,

and extended to any x € [0, 1] by continuity. As later shown in Corollary 2.1, the ?-function
does not satisfy (2.1) for any ¢ > 2. Hence, if the ?-function is studied in the framework of
(1.1) and (1.2), the process {X,},>1 would not be stationary.

In the case of a Bernoulli scheme it is well known that dF is self-similar in the sense of
Hutchinson, see [9, 10, 23]. For completeness we remind the reader that dF is self-similar

if there exist pg, ..., pp > 0 with ZJ'-'ZO pj=1 and contractions Sy, ..., S, on R such that
dF(E) = Z;l:o pde(Sj_l(E)), for all Borel sets £ CR. When n=¢ — 1 and S;j(x) = (x +))/q
forj=0, ..., g— 1, we show in the next proposition that self-similarity occurs if and only if

the X, are i.i.d.

Proposition 2.1. Under stationarity the X, are i.i.d. if and only if

q—1
Fx)=Y) PO =j)F(gx—j),  x€[0,1]. 2.2)
J=0

As any CDF is differentiable almost everywhere, we next consider the derivative of F
when F satisfies (2.1). As usual, we let L'([0, 1]) be the set of complex absolutely inte-
grable Borel functions defined on [0, 1]. Note that F'(x) exists outside a set of Lebesgue
measure zero, M C [0, 1], and, for all x not belonging to M U {x € [0, 1] : x € gM — j for some
j€{0,...,g—1}}, it follows from (2.1) that F'(x) =g~ quz_ol F'((x +))/q), for almost all
x € [0, 1]. Proposition 2.2 shows that F’ is almost everywhere on [0, 1] equal to a constant
ce|0, 1] (with c¢=1 if and only if F is absolutely continuous), and hence that the only
purely absolutely continuous dF is Lebesgue measure. Proposition 2.2 is a consequence of
[15, Theorems 1 and 2], where the author considers absolutely continuous measures which are
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invariant under the transformation 7'(x) = 8x (mod 1) where 8 > 1. In Section 3.3 we give a
proof for Proposition 2.2 which is simpler than the one in [15] due to the fact that g is integer.

Proposition 2.2. Let f e L1([0, 1) be such that, for almost all x €10, 1] (with respect to
Lebesgue measure),
qg—1
FO =471 f(x+i/a). 23)

=0
Then f is almost everywhere a (complex) constant equal to fol f(x)dx.

In Section 3.3 we construct remarkable examples of functions f ¢ Ll([O, 1]) where (2.3) is
satisfied, but in one case f is not absolutely integrable and in another case f is not measurable.

2.2. Characterization of stationarity by the characteristic function of X

Next, we characterize stationarity of {X,},>1 in terms of the characteristic function of X
given by f(1):= [ €™ dF(x), t € R. In particular, we discuss when dF is a Rajchman measure,
meaning that f(f) — 0 as t — o0, cf. Section 1.1.

Theorem 2.2.

(I) Let X be a random variable on [0, 1] with CDF F and characteristic function f. Then F
satisfies (2.1) if and only if, for all k € Z, f2rwkq) =f (2 k).

(Il) If F satisfies (2.1), then lim,_,  f(¢) exists if and only if there exists c € [0, 1] such that,
forall x€[0, 1], F(x) = (1 — ¢)x+ cH(x). In this case, ¢ =1lim;_, o f(?). In particular,
dF is a Rajchman measure if and only if F is the uniform CDF on [0, 1].

By the Riemann—Lebesgue lemma, if dF is absolutely continuous relative to Lebesgue mea-
sure, then it is also a Rajchman measure. Thus, a corollary to Theorem 2.2(Il) is that if F is
a CDF satisfying (2.1), then dF is absolutely continuous with respect to Lebesgue measure if
and only if F is the uniform CDF on [0, 1]. But a more direct argument for this is to apply
Proposition 2.2; see the beginning of Section 3.5.

Salem in [22] asked whether the measure d? corresponding to Minkowski’s question-mark
function restricted to [0, 1] is a Rajchman measure. It has recently been shown that d? is indeed
a Rajchman measure [11, 17]. Combining this with Theorem 2.2(I), we obtain the following
corollary.

Corollary 2.1. Minkowski’s question-mark function does not satisfy (2.1) for any integer
q > 2. In particular, if Minkowski’s question-mark function equals the CDF of a random
variable as in (1.1), then the stochastic process {X,}n,>1 cannot be stationary.

2.3. Characterization of stationarity by a decomposition result for F

The theorem below characterizes stationarity of {X,},>1 by properties of each part of the
Lebesgue decomposition of F. It is a generalization of results obtained in [8] and [6]; our proof
in Section 3.5 is based on Theorem 2.1, Proposition 2.2, Theorem 2.2, and a technical result
(Lemma 3.3).

We need the following notation and concepts. We call s € [0, 1] a purely repeating
base-q number of order n if the base-g expansion of s is of the form s=(0.f; ... 7, :=
Ot1..ctuty oty )y = Z’-’zl tjq_j/(l — g~ "), where n is the smallest possible positive inte-

j
ger and t1,...,t,€{0,...,qg— 1}. A purely repeating base-g number cannot be a base-g
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TABLE 1. All cycles up to equivalence when g € {2, 3} and n € {1, 2, 3}.

q=2 q=3
n=1 0,1 0,3,1
=2 (53) 53 G 9 G D)
n=3 (33939 (%5 %) (2 2) (6 %50 2): (560 35+ ).
(56 35+ 26)- (26 56+ 36)+ (56 6+ 38)- (36 58+ %)

fraction; if Sj(x) :== (x +j)/q then the purely repeating number (0.71 . . . ;)4 is the unique fixed

point of the function Sy, o---0S;,. For any n € N we call (sq, ..., s,) a cycle of order ne N
if, for some integers #1, ..., %, €{0,...,qg— 1},

s1=00.1nt ... tn)q, s =(0.1,11 ... tn_l)q, ey =012 .. tnll)q, 2.4
and s1, . .., s, are pairwise distinct. Note that for two cycles (s1, . . ., s,) and (s’l, ey Sy, the
sets {s1, ..., sy} and {s/l, ..., )} are either equal or disjoint. Table 1 shows the cycles up to

the order of elements for ¢ =2, 3 and n =1, 2, 3. Moreover, let H be the Heaviside function
defined by H(x) =0 for x < 0 and H(x) = 1 for x > 0. Finally, we say that F is a mixture of an
at most countable number of CDFs if there exist CDFs Fp, F», ... and a discrete probability
distribution (61, 65, .. . ) such that F =}, 6,F;.

Theorem 2.3. F satisfies the stationarity equation (2.1) if and only if F is a mixture of
three CDFs F1, Fa, F3 whose corresponding probability distributions are mutually singular
measures concentrated on [0, 1] such that Fy, Fy, F3 satisfy the following statements (I)—(1I1):

(I) Fy is the uniform CDF on [0, 1], that is, F1(x) = x for x € [0, 1].

(Il) F> is a mixture of an at most countable number of CDF's of the form
1 n
zgwﬁay=;§;H@—%x x€eR, (2.5)
]:

where (s1, . .., Sy) is a cycle of order n.
(Ill) F5 is singular continuous and satisfies (2.1) (with F replaced by F3).
Moreover, we have:
(IV) F1 and F> also satisfy (2.1) (with F replaced by F1 and F», respectively).

The CDF Fy, . given by (2.5) is just the empirical CDF at the points in the cycle
(s1, - - ., Sy). Thus, the following corollary follows immediately from (2.5).

Corollary 2.2. Let (s1, ..., sy) be a cycle of order n, defined by t1, ..., t,€{0,...,qg— 1} as
given in (2.4), and assume that X follows Fy, . given by (2.5).

(I) Ifn=1, then X1 =X, = - - - = t1 almost surely.

(II) If n>2, then the distribution of {X;}m>1 is completely determined by the fact
that (X1, ..., Xy—1) is uniformly distributed on {(t1, ..., th—1), (tn, t1, ..., th—2), ...,
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(t2, ..., ty)}, since almost surely {Xmm}m>1 is in a one-to-one correspondence with
X and
X1, X)) =01, tm1) = X=51=0.11.. . 1)y,
X, oo XD =W 11, t2) = X232=(0~tntlo-«tn—l)qs

X1, .o X)) =2, - t)) = X=5,=(0.12.. . 1st1)y.

Remark 2.3. Corollary 2.2 shows that the stochastic process corresponding to a CDF as in
(2.5) is a Markov chain of order n — 1, but essentially it is equivalent to a uniform distribution
on n elements. Thus, a stationary stochastic process {X,},>1 corresponding to a mixture of
CDFs as in (2.5) will be rather trivial. Hence, by Theorem 2.3, it only remains to understand
those stationary stochastic processes {X,},>1 which generate a singular continuous CDF F.
This will be the topic of our follow-up paper mentioned at the very end of Section 1.

3. Proofs and further results

3.1. Proof of Theorem 2.1

Before proving Theorem 2.1, we need the following two lemmas.

Lemma 3.1. Suppose that {X,,},>1 is stationary. Then the probability of all X,, having the same
value starting from some no > 1 and at least one X,,, having a different value for some m < ny
is zero:

P( U X #X= n0+1=~--}>=0. 3.1)
O<m<ng<oo

Proof. Tt suffices to verify that, for integers 0 <m < ng < 0o,

P(Xon # Xy = Xppp1 =) =0, (32)
where, without loss of generality, we may assume thatm =ng — 1. Forany k€ {0, ..., g — 1},
we have, by the law of total probability for two events, that
IP)()(l’lo = Appg+1=""" :k) :P(Xn(),] #k9 Xn() =Apg+1=""" Zk)
+ ]P(Xno—l :Xno == k)
Then (3.2) follows, since by stationarity of {X,},>1 we have P(X,) =X, +1=---=k) =
P(Xpg—1 = Xpy, = ... = k). Thereby, (3.1) is verified. O

Lemma 3.2. If F is the CDF for a probability distribution on [0, 1] which obeys (2.1), then F
is continuous at every x € Q.

Proof. Clearly, (2.1) is also true for F(x) if x=1, so using (2.1) we have, for any 6 € Q, and
for any base-q fraction x € (§, 1) or for x = 1, that

g—1
Foy—Fx—8)= ) [F(j+x)/9) — F(j+x)/q— /9. (33)

=0

Now, we prove the lemma by induction, considering first base-g fractions of order
one. Letting x = 1 gives F(1) — F(1 —8) = F(1) — F(1 — §/¢) + Z,-;oz (F(G+1)/q) — F((G+
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1)/qg — 8/¢)], and letting 8 | 0 we see that all the jumps of F at 1/q, ..., (g — 1)/q must be
zero, so F is continuous at these points, which are first-order base-q fractions. Next, let us
assume that, for a given order n> 1, F is continuous at all base-g fractions of order n. Let
x=(0.k1kz ... ky)4 with k, # 0. By using (3.3) and taking 6 | 0, we obtain that F is continu-
ous at all numbers of the form (x +j)/g = (0.jk1, . . . k)4 forall j € {0, ..., g — 1}. This shows
that F is continuous at all base-g fractions of order n 4 1, which completes the proof. (]

Now, to prove Theorem 2.1 we need the following notation and observations.
Let (x1,...,%), (t1,...,t)€{0,...,g—1}". We write (xq,...,x,) <(t1,...,1,) if
S g k<38, teg7F. Define 1 := D1 tiq /. Note that x = 3%, x;g~" € [0, 1] satisfies
x <t+ g " if and only if one of the following two statements holds true:

e The first n digits of x obey (x1, ..., x,) <(#1, ..., 1) (regardless of the values of the
next digits X,,41, Xn+2, - - .).
e Wehavex; =1, ..., Xxy—1=th—1, Xn=ty + 1, Xp41 =Xp42=---=0.
Define

]:l(tl9 cee t}l) = P((Xl’ . 3Xn)§(tlv tet tn))
- > PX; =x1, - ., Xp = Xp).

[T Xn) (11, eestn)

Stationarity of {X,},>1 is equivalent to that for every (¢1,...,%,)€{0,...,g—1}", so
Fi(t1, ..., t,) equals

Faltr, oo, ty)i= Z PXo=x2, ..., Xur1 =Xut1),

2,y X 1) S (A1 o)

cf. Kolmogorov’s extension theorem. Furthermore, by (1.1) and (1.2) we have

Ft+q ") =Fit1, ..., tn)
+P(Xl =1f,... 7Xn71 =11, antn+ I’Xn+l =Xn+2="'=0)' (34)

Proof of Theorem 2.1(I). Assume that {X,},>1 is stationary. Using (3.4) together with
Lemma 3.1 we obtain

Fit+q " =Fi(t1,...,tn). (3.5)
Furthermore, stationarity of {X,},>1 implies that X and the ‘left-shifted’ stochastic vari-
able Y~ X,1197" =¢qX — X, are identically distributed. Thus, F(x) =P(gX — X| <x) =
YO P =j. X < (x+))/q). We see that P(X; =0, X <x/q)=P(X=0)+P(0 < X <
x/q) = F(0) + (F(x/q) — F(0)). Further, forje {1, ...,q— 1},

PX)=j, X< (x+)D/@=PX1=j,Xo=X3="--=0)+P(/g< X< (x+))/q)
=F(x+)/9 —F(/q),

where we used (3.1) in order to get the second identity. This leads to (2.1).

Conversely, assume that F satisfies (2.1). Then, since F is right continuous and Q, consti-
tutes a dense subset of [0, 1], (2.1) holds for all x € [0, 1]. Further, by Kolmogorov’s extension
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theorem we can define the distribution of {X,},>1 on {0, ..., g — 1} by specifying the finite-
dimensional distribution F; o f (X1, ..., X,) for every integer n>1 in a consistent way,
setting

Filty, oo ) =P(Xy, ., X)) S (0, oo, tn) i= F(t+g77). (3.6)
Furthermore, for any € >0 and x{,...,x, €{0, ..., q— 1}, the inequality P(X; =x1, ...,
Xpn=xp, Xpp1=--=0+PX1=x1,.... X 1=% 1, Xn=x— L Xpp1=--=g— 1=

P(x —e <X <x)=F(x) — F(x — €) holds, and hence by Lemma 3.2 the probability of
realizing a base-¢ fraction is 0. Hence, the second term on the right-hand side of (3.4) is 0, and

so0 (3.5) again holds true. Consequently, for any n € N and (¢1, ..., %) €{0,...,q— 1}",
q—1
fZ(tlw-wtn):Z Z PX1=j,Xo=x2, ..., Xpy1 =Xny1)
J=0 (2, X 1) =115, 10)
q—1
=PX=0)+Y P(/qg<X<j/q+t/qg+q """
j=0
q—1
=FO)+ Y (F(t+q"+)/9)—Fii/9)
Jj=0
=F({t+q™",

using in the first identity the law of total probability, in the second that the probability of
realizing a base-g point is zero, in the third (1.2), and in the last (2.1). Thereby, (3.6) gives
that Fi(¢q, ..., t,) = Falty, ..., ty) for every n € N and every (¢1,...,t,)€{0,...,q—1}",
s0 {X,;}n>1 is stationary. O

Proof of Theorem 2.1(Il). Let ¢(x) = {x,},>1 be the one-to-one mapping on [0, 1]\ Q,
corresponding to mapping x into its base-g digits xi, x2, ..., i.e. x=) v x,¢~". Further,
let F be a CDF for a random variable X on [0, 1] such that F satisfies (2.1) for all
x € Qq. By Lemma 3.2, and since Q, is countable, we can assume that X ¢ Q,. Then X
is in a one-to-one correspondence with {5(,1},12 1= qb(f(), and X = Z;’;l 5(,1(]_” follows F.
We conclude from "Eheorem 2.1(I) that the stocha§tic process {5(,,},,2 1 is stationary. Since
the distribution of {X,},>1 is induced by that of X and the one-to-one mapping ¢, let us
show that {X,},>1 is the unique (up to its distribution) stationary stochastic process on
{0, ..., g— 1} so that Z;il X,q~" follows F: if {Xn}nzl is another stationary stochastic pro-
cess on {0,...,q— 1} so that Y o2, X,q~" follows F, then, for any event G of sequences
{x4}n>1 such that each x,, € {0, ..., g — 1} and Z;‘;l Xnq~ " € Qq, we have P({Xn}nzl eG)=
P(X € ¢~ 1(G)) = P({X,}n=1 € G). Furthermore, by right continuity of 7 and since Q, is dense
on (0, 1), F satisfies (2.1) for all x € (0, 1). Finally, F obviously satisfies (2.1) for x=0 and
x=1. O

3.2. Proof of Proposition 2.1

Suppose that the X;, are i.i.d. Since (2.2) holds for x =1, F is right continuous, and Qj is
dense on (0, 1), it suffices to show that (2.2) holds for all x € Q. Let x = (0.x; . .. x,)4 with

https://doi.org/10.1017/jpr.2022.6 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2022.6

940 H. D. CORNEAN ET AL

Xty ..., X, €1{0,...,q— 1} where x, #0. By Lemma 3.1, P(X|; =x{, ..., X, =X, Xp1 =

Xu4+2 =+ -=0)=0. Hence, setting Zj_:lo .o.=0,
x1—1 xp—1
Fry=Y PXi =) +PXi=x1) ) P(Xz=))

J=0 Jj=0
xp—1

+ -+ PXp =x1) Z PXo=x3,...,Xn—1=Xn—1, Xn =J)
j=0

x1—1

=Y P =j) + P(X) = x0)F(gx — x1),
j=0

using that the X, are independent in the first identity and identically distributed in the second.
Furthermore, forj€ {0, ..., g — 1},

0 if x; <}J,
Flgx—j)=31 if x; >, 3.7
F((0x2...,x0)g) ifxi =],

and so we conclude that (2.2) holds at x.

Conversely, suppose that (2.2) holds. Then F(0)=P(X; =0)F(0), so either P(X| =
0)=1 or F(0)=0. In the first case, since by stationarity the X, are identically dis-
tributed, we obtain immediately that the X,, are i.i.d. So, assume that F(0) =0 and let x=
(0.x1...x)g with xq,...,x,€{0,...,g—1}. Then P(X; =x1,..., X =x)=Px <X =<
x+q")=F(x+q ") — F(x), using in the last identity that P(X =x) =0, cf. Lemma 3.1.
Thus,

PXi=x1,...,Xy=x)=Fx+g ") — F(x)
g—1
=Y PXi =j)(Flqtx+q™") —j) — Flgx — )
J=0

=PX; =x)(F(0x2 ... x)g +q ") = F(0x2 . . . X)),
where in the second equality we use (2.2) and in the third we use (3.7). The dependence on

x1 has now been isolated in the factor P(X; = x1), and using the same method for the other
variables xp, . .., x,, we obtain

PXy=x1, ..., Xn=x4)
qg—1

=P(X1=x1) ) PO =))(Flz —j+ O3 x)g +47"2)
j=0

—F(xo—j+O0x3... xn)q))
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=PX; =x)P(X; :xz)(F((O.X3 e Xp)g + q_"+2) —F((O.x3 .. .xn)q))

q—1
=P =x1) - P& =x,-1) ) PG =) (FCt —j+ 1) = Flxn — )
j=0
=PX; =x1) - PX) = x,—)(PX1 =x)(1 — F(0)) + P(X1 = x, + F(0)).
Consequently, since F(0) =0 and by stationarity the X, are identically distributed, P(X; =
Xty ., Xyn=x)=PX| =x1)---PX| =x,) =PX,, =x1) - - - P(X;, = x;,). Therefore, the X,
are i.i.d.
3.3. Proof of Proposition 2.2 and related examples

Proof of Proposition 2.2. We first claim that for every n € N, there exists a Borel set A, C
[0, 1] of Lebesgue measure 1 such that, for all x € A,,

q"—1

f@=4" Y f(+/dD. (3.8)

J=0

The case n = 1 follows by the assumption in Proposition 2.2. Define

g—1 .

~ Ar+j

2= U ) Ay:=A1NA;
=0 1

Since the Lebesgue measure of (A; +/)/q N (A; 4+ k)/q is O for j # k, Ay and hence A, have
Lebesgue measure 1. For every x € A we have (x +j)/q € A1 and hence, using (2.3) for f((x +
J)/q), we obtain

q—1 1

fo=q¢72

f<x+] )_ 2 Zf(x+]>

Continuing in this way the claim is verified. Define 7 := fol f@dteC and [, :=
G ja™" +q ™). Then (3. 8) gives, for all x€A,, f()=T=Y00" [, {F(Ce+)/g) -

fO}dy, so |[f(x) —Z| < Z]q fl . f((x+/)/q") —f(y)| dy. Integrating with respect to x €
[0, 1] and making the change of Varlable t=(x+j)/q" €1, we obtain

q—
j=0 k=

~.

1 q"—1
/Olf(X)—IIdXSf]"Z/I /1 [f () —f()|dydz (3.9)
j=0 YA Hin

Now, for any e >0, there exists a uniformly continuous function g, :[0, 1] — R such
that |f — gl <e&/3, where we consider the usual L'-norm. Writing |f(r) —f(y)| <

[F(®) — gD + [f (V) — g + [86(1) — ge(¥)|, we obtain from (3.9) that fol [f(x) —Z|dx <
2¢/3 + sup;_y <4 |18s(t) — ge(y)|. Since g, is uniformly continuous, for any sufficiently
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0 .

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

FIGURE 1. The function f(x) = g(x) + 1/(1 —x) forx € [0, 1 — 2_4], where g is given in Example 3.1.

large n=n(¢) e N we have SUP|;_y|<g—7(® |ge(t) — g:(y)| <e/3. Thus, fol fx) —Z|dx <e.
Consequently, f =7 almost everywhere on [0, 1]. (|

We end this section by presenting two examples of functions f & L' ([0, 1]) where (2.3) is
satisfied but in one case f is not absolutely integrable and in the other case f is not measurable.

Example 3.1. (A solution to (2.3) which is not in L1([0, 1]).) Let g = 2. Below we construct a
solution to (2.3) which is piecewise smooth on [0, 1], has finite jumps at all dyadic fractions
1 — 27" with n € N, but whose integral diverges.

For this, we notice the following. For any function f: [0, 1] — R, define g(x) := f(x) —
1/(1 —x) for x€[0, 1), and let g(1) be any number. Then f satisfies (2.3) if and only if g
satisfies the equation

g(0) =g(x/2)/2 + g(x+1)/2)/2+1/(2—x)  for almost all x € [0, 1]. (3.10)

To construct a particular solution g to (3.10), we start by setting g(x) := O forallx € [O, l).

2
Then g(x/2) =0 for all x € [0, 1), and in accordance with (3.10) we should have
g((x+1)/2)=2g(x) —2/(2 —x) for all x € [0, 1), (3.11)

which is possible because of the following observations. For each n e NU {0}, the map
[1—27"1-2""sxr> (x+1)/2€[1 —27""1, 1 —27"72) is a bijection. Thus, for n =
1,2, ..., we can inductively use (3.11) to compute g(x) for all x e [1 —27", 1 —27""1). We
see that g becomes more and more negative near 1. Now, the function f(x) = g(x) + 1/(1 — x)
is not constant on [0, 1), since f(x)=1/(1 —x) on [0, %). Although f satisfies (2.3) and is
smooth on each interval [1 — 27", 1 —27"~1) with n € N, f cannot have a finite integral due to
Proposition 2.2. Figure 1 shows a plot of f.
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Example 3.2. (A non-measurable solution to (2.3).) Let ¢ = 2. Below we construct a solution
to (2.3) which is bounded but cannot be measurable.

Define G:= {2",r)|ne€Z, reD}, where D:= (m2™" |meZ, neN}. Then G is a
group with product (2, p)(2", r) = (2", p 4 2"r) for 2™, p), (2", r) € G, and G acts on R
by (2", r)x:= 2"x+r for (2", r) € G, x e R. For any x € [0, 1], let M, be the restriction of
the orbit {2"x + r|neZ, r e D} to [0, 1] (this is a countable dense set in [0, 1]). Given any
x € [0, 1], then both x/2 and (x 4 1)/2 belong to M,.

By the axiom of choice, given any orbit restriction M N[0, 1], we can pick a representa-
tive C(M) € [0, 1] and thus construct a function f(x) := C(My) € [0, 1], x € [0, 1]. Then f is
constant on each orbit, though with different constants on different orbits. Since x, x/2, and
(x + 1)/2 always belong to the same orbit, (2.3) is satisfied everywhere. We now show that this
(bounded) function cannot be measurable due to Proposition 2.2. Indeed, if f was measurable,
it would be integrable and equal to a constant on [0, 1] outside some set A of zero Lebesgue
measure. Since f has different (constant) values on different orbits and because f is constant
on [0, 1T\ A, it implies that [0, 1]\ A is a subset of exactly one orbit. As the orbit is countable
and has Lebesgue measure zero, it follows that the Lebesgue measure of [0, 1] is zero. Hence
we have a contradiction.

3.4. Proof of Theorem 2.2

First, we prove Theorem 2.2(I) with X, F, and f as in the theorem and S;(x) = (x +j)/q as
in Section 2.3. Note that, for any k € Z,

B 1 3 1 rGHn/g N
fQRrkqg) = / exp(2rixkqg) dF (x) = Z / exp(2mixkq) dF (x)
0 j=0 Yila

=1 .
= Z / exp(2i(x + j)k) d(F o S;)(x)
j=0"0

1 g-1
- f exp(znixk)d(ZFoS,-)(x). (3.12)
0

j=0
If F satisfies (2.1) then dF = 27;01 d(F o Sj), which, combined with (3.12), shows that

FQkq) =fQ2rk) (3.13)

for all k € Z. _ ~
Now: suppose that (3.13) holds forNall k € Z. Define dG := d( Z]qz_ol FoS)) and (1) :=
f e™ dG(x). From (3.12) we have that f(2wkg) = g(2k) which, together with (3.13), implies
f (2mk) = g(2mk) for all k € Z. Recall that any continuous Z-periodic function ¢ : R — C is a

uniform limit of trigonometric polynomials 25{\;7 N civ e?™ 1k where each civ eCand NeN
[21]. Taking the limit N — oo and using Lebesgue’s dominated convergence theorem, we get

/ o(x) dF(x) = / o(x) dé(x). (3.14)
[0,1] [0,1]

The remaining part of this proof consists of verifying (3.14) when ¢ is merely continuous
and then applying the Riesz—Markov theorem, which implies that a positive linear functional
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on Cy([0, 1]) can be represented by a unique measure (see [19]). First, we establish equality
of dF and dG at the endpoints of the interval [0, 1]. Since the indicator function of Z can
be pointwise approximated by uniformly bounded continuous Z-periodic functions, another
application of Lebesgue’s dominated convergence theorem in (3.14) gives dF o} + dF ({1 }) =
dG({0}) + dG({1}), where, by the definition of dG, dG({0}) = dF({0} + dF({1/g}) + - -
dF({(g — 1)/q}) and dG({1})=dF({1/q}) + - +dF( (¢ — 1/q}) +dF({1}). From this, 1t
immediately follows that dF({j/qg))=0forj=1, ..., q— 1, which leads to dF({0}) = dG({O})
and dF({1}) = dé({l}). Second, we extend (3.14) to all continuous functions on [0, 1] in the
following way. If ¢ : [0, 1] — C is continuous, define, forn=1, 2, ...,

v (%) forxe[0,1—1],
n[p©@ —v(1-H]x-(1-)+y(1-1) forxe(1-1 1]

This is a uniformly bounded sequence of continuous and Z-periodic functions converging
pointwise to ¥ on [0, 1). Since dF({1}) =dG({1}), it follows from Lebesgue’s dominated
convergence theorem that

n(x) :=

¥ () dF () =dF({1hy (1) + lim /[ o & dF(x)

[0,1]

=GP+ lim f n() G ()

= ¥ (x) dG(x).
[0,1]

The maps Co([0, 1]) > ¢ — f[o,l] Y(x)dF(x) e C Co([0, 1) > ¢ > f[o,l] ¥ (x)dG(x) € C are
positive linear functionals and can be represented by a unique measure according to the Riesz—
Markov theorem (see [19]), thus dF = dGon [0, 1]. Equivalently, F satisfies (2.1) and the proof
of Theorem 2.2(I) is complete.

Next, we prove Theorem 2.2(II). As the ‘if” part of the proof follows from a direct calcula-
tion, we only prove that if ¢ := lim,_,  f(¢) € C exists, then 0 < ¢ < 1 and, for every x € [0, 1],

F(x) = (1 — o)x + cH(x), (3.15)

where H is the Heaviside function. Since lim;—, o f(f) = ¢, for any a € R a straightforward
calculation gives
) (T i ¢ ifa=0,
lim T / fe " dr= .
T—o0 0 0 ifa#0.
Define

ifx=a,

T 1
fr0i= = f e dr = .
T Jo (i(x —a)T)~ ' T6— — 1)  ifx#a.

Using Fubini’s theorem we obtain % fOT f(He @ dr= f[o,l] fr(x) dF(x). Since |fr(x)| <1 and
Jfr(x) converges pointwise to the indicator function of the set {a}, an application of Lebesgue’s
dominated convergence theorem shows that the above limit equals dF({a}). Consequently, ¢ =
F(0) € [0, 1] and F is continuous on (0, 1).
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It remains to verify (3.15). If ¢ =1, then F = H and (3.15) follows. Assume ¢ < 1. Then
G(x) := (F(x) — cH(x))/(1 — ¢) is a continuous CDF that also satisfies the stationarity condi-
tion (2.1). Thus, defining g(7):= [ ¢ dG(x), we obtain the identity g(2mkq) = g(27k) for all
k € Z.. A repeated use of this identity gives, for any m € N and k € Z,

8Q2mkg™) = g(2mk). (3.16)

From the definition of G it follows that lim;_,», g(#) =0, and since c is real we also obtain
lim;—, _so g(t) = 0. Combining this with (3.16) where we take m to infinity, we conclude that
gmk)=0forall ke Z\ {0}. If h(r) := fol ¢'™ du, then also h(2rk) = 0 for all k € Z \ {0}, and
since dG({1}) =0 it follows from the same arguments as in the proof of Theorem 2.2(I) that
dG =dx on [0, 1]. Consequently, F(x) = (1 — c)x + cH(x) for all x € [0, 1].

3.5. Proof of Theorem 2.3

The Lebesgue—Radon-Nikodym theorem [3, 7] leads to the decomposition F(x)=
01F1(x) 4+ 0,F>(x) + 03F3(x) for x € [0, 1], where 61, 05,03 >0and 6; + 6, + 03 =1, F| is an
absolutely continuous CDF on [0, 1], F> is a discrete CDF on [0, 1], and F3 is singular con-
tinuous CDF on [0, 1]. Proposition 2.2 implies that F 1 =1 almost everywhere on [0, 1], and
so since F is absolutely continuous, F1(x) = x for all x € [0, 1]. Thus, F satisfies (2.1) and it
only remains to show that F> is as claimed in Theorem 2.3(I) and satisfies (2.1).

3.5.1. Proof of Theorem 2.3(II)

Lemma 3.3. Suppose that F satisfies (2.1) and s € [0, 1] is a discontinuity of F. Then there
exists n € N and a cycle (sy, . .., sp) in the sense of (2.4) such that s =sy and sy, . .., s, are
discontinuities of F. Furthermore, the jumps of F at these n discontinuities are all equal.

Proof. We start by investigating what can happen at 0 and 1. Both 0 = (O.ﬁ)q and 1=
(O.ﬁ)q are purely repeating base-g numbers of order 1, and they can be discontinuity points
because both H(x) and H(x — 1) satisfy (2.1). Therefore, in the following we will only consider
possible discontinuities at x € (0, 1). Our idea is then to show that each point of discontinuity
belongs to a ‘cycle’ of finitely many points which are all discontinuities and the jump at each
point is the same.

As in Section 2.3, define Sj(x) := (x+j)/q for x€ (0, 1) and j=0, ..., g— 1. Then, by
Theorem 2.1, it follows that, for any x € (0, 1), there exists a sufficiently small §o > 0 such
that, for all § € (0, &),

q—1
Fx) = Fx—8)= Y [F(S;(x)) — F(Sj(x — §)]. (3.17)

J=0

For x € (0, 1), define Lo(x) := {x} and L,(x) := U;’;OI Si(Lp—1(x)), n=1, 2, ... Furthermore,
let J, := limg o [F(x) — F(x — §)] denote the jump of F at x € (0, 1). Taking § | 0 in (3.17)
shows that

=Y . (3.18)

YEL1(x)

Suppose s € (0, 1) is a discontinuity of F with jump Js > 0, and let k > 1/J; be an integer.
First, we show that the sets Lo(s), . .., Lr(s) are not pairwise disjoint. For the purpose of a
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contradiction assume that Lo(s), . . ., Lx(s) are pairwise disjoint. By assumption s & L{(s), thus
replacing x = s in (3.18) shows that F' has a total jump of at least 2J;: one J; from s, and the
other J; from the accumulated contribution of all the points of L;(s). Using (3.18) for x = S;(s)
withj=0, ..., g — 1, we see that the possible jump at each S;(s) equals the total accumulated
jump at the points of L;(S;(s)). Hence, by assumption, the total jump of F" at the points of Ly (s)
is again J;. Continuing this way we obtain that erLj(s) Jy=Js for j=0,1,..., k. By the
choice of k this contradicts ' < 1 and hence the sets Lo(s), . . . , Li(s) are not pairwise disjoint.
Next, let n denote the smallest integer (not necessarily larger than 1/J5) such that
Lo(s), ..., L,(s) are not pairwise disjoint. We will show that s e L,(s). Suppose this is
not the case. Then by the choice of n there exist an integer m with 1 <m <n and
Jtseeosdmidys o5 €10, ..., g — 1} such that

Sl/l O~-'OSj;,(S)=Sj1 O~~-OSjm(S). (3]9)
If s=(0.t112 ... )g, then from (3.19) it follows that (0.j; . . .jmt1t2 ... )g=Sj, 0---08S;, ()=
Sjpo--08;(s)= (04} ... jptit2 ... )g, and thus S/ﬁn+1 o--- 08y (s)=s, contradicting the min-
imality of n. Hence, s € L,(s), which implies that there exist i, ..., i, €{0, ..., g — 1} such
that §;; o---0S;,(s) =s. Note that (0.iy ... i), is also a fixed point of S;; o...S;,, but since
Si, o...Sj, is a contraction on [0, 1] (with Lipschitz constant g—") it has a unique fixed point
and we must have s = (0.i1 . . . iy)4.

By definition S;, (s) € Li(s), and from (3.18) we deduce that J; > Js, (5). Letting x =S (s)
in the left-hand side of (3.18) we have that Jy > Js; () = Js; _ os;,(s)- Continuing in this way
we see that J; > Js, )= = JS[QO.Hos,.n(S) > JSilo"'OS[,,(S) =J;. This shows that the numbers
5, 8i,(8), ..., S 0+ 08; (s) are discontinuities of F with the same jump. By the minimality
of n these points are distinct and hence constitute a cycle. O

Now, Theorem 2.3(II) follows from Lemma 3.3 and the fact that F' has countably many
points of discontinuity.

3.5.2. Proof that F, satisfies (2.1) Because of Theorem 2.3(Il), in order to show that F, sat-
isfies (2.1), without loss of generality we may assume that F(x) = % Z}‘zl H(x — s;), where
(s1,...,8,) is a cycle. For each j€ {1, ..., n}, let s5;(1) denote the first digit in the base-q
expansion of s; and note that gs; = s;— + s;(1), where we define so := s,,. Hence, for any k € Z,
the characteristic function f; of F, satisfies

| 1 o
f2(27'rkq) — _ 2 :ekaqu — _ 2 :62711ij,1 =f2(27‘[k).
n n
j=1 J=1

Then, by Theorem 2.2(]) it follows that F satisfies (2.1).
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