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Abstract. This paper presents some facts related to the exponential statistic
of return times. We first investigate the question of computing the speed
of convergence to this limiting law. We show that this speed carries some
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1. Introduction

Given a map T : X — X which preserves a probability measure p, and a measurable
subset A C X, after Poincaré we know that almost any point from A will return into
A again under iterations of T". In this setting, it is natural to ask for the quantitative
version of this observation. Which proportion of points inside A will return before a
time ¢ into A 7

An approximate answer may be obtained by Chebychev’s inequality via Kac’s
theorem, which says that the expectation on A of the return time into A is finite,
bounded by 1/u(A), with equality if for example the measure p is ergodic.

To be more precise, given a measurable A C X of positive measure we define

Ta(x) = inf{k > 0:Trz € A}.
We call 74(x) the first return time or first entrance time into A whether x belongs to
A or not, respectively. Setting 4 & ﬁ/ﬂA we can define the distribution of return
times into the set A by
)
u(A)”
In a wide variety of (sufficiently) mixing dynamical systems it was proven that

the distribution of return times is close to an exponential, which means that Fa(t)
converges to exp(—t) as u(A) — 0, when A is chosen in a suitable family of sets (e.g.

FA(t) E MA(-T €A: TA(l‘) >
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balls, cylinders). Suppose that for each point x a sequence of neighborhood (¢(x)).
with pu(Q:(z)) — 0 as € — 0 is given. We say that the return times on the family
{Qc(z):x € X, e > 0} are exponentially distributed if

Eu(Qe(x)) = 0ase—0, for p-almost every z, (1)

where for any measurable A of positive measure we set

def

Eu(A) = sup |[Fa(t) — exp(=t)|.

This kind of result is proven for Axiom A diffeomorphism [9], some intermittent
maps of the interval [10] and some rational maps [8]. The exponential distribution of
entrance times — which is implied by the exponential distribution of return times [10]
— has also been proven in a variety of different systems. Among them, topological
Markov chains [15], intermittent map of the interval [5, 4, 3] some p-mixing dynamical
systems [7] and some Collet-Eckmann unimodal maps [1].

At this time it seems that this exponential statistic holds very often, thus it
makes sense to ask for the reciprocal question: what kind of systems may enjoy an
exponential statistic for the return times ?

A partial answer is that F4 is close to the exponential law if and only if
Fi = u(ra > ﬁ), the distribution of the first entrance time, is close to Fla; see (5).
This can be viewed as a (kind of) mixing property. Yet it is not easy to relate this
property to well known characteristics of the system, like hyperbolicity.

Indeed, all the available explicit estimates of €,(A) are given in terms of mizing
properties of the system and short recurrence of the set A (see Sections 2 and 4
for details). However, it is unclear if these properties are really essential. That is
why we are particularly interested in the effect of slow mixing and short recurrence
on the statistic of return times. We give in Section 2 a comprehensive answer to
these questions, by showing that the speed of convergence to the exponential law
is intimately related to these characteristics. First, this question is addressed in a
one-parameter family of intermittent maps (with polynomial rate of mixing), and we
show in Subsection 2.1 that this rate of convergence vanishes when the map looses its
hyperbolicity. We believe that this rate of convergence can be used to recover some
hyperbolic properties of much more general systems. Second, for subshifts of finite type
with Gibbs measures (with exponential rate of mixing), we obtain in Subsection 2.2
that the rate of convergence is equal to some quantity defined in terms of a first return
time of cylinder sets, and also vanishes for points with short recurrence.

After this attempt to understand which ingredients a system needs to possess in
order to have an exponential statistic of return times, we look at an interesting possible
application of this statistical property. There is a deep link between recurrence and
entropy, as expressed by Ornstein and Weiss theorem [13], which says that a stationary
ergodic process will repeats its first n symbols after a time of order exp(nh) where h is
the entropy of the process. This is of particular interest in the theory of compression
algorithms and sequences analysis [18, 13, 11, 6].

For numerical analysis of dynamical systems this provides a new way of computing
the measure theoretic entropy of a map, simply by looking at a typical orbit. Moreover,
no storage of information is needed. Let Z be a finite partition of Z, and denote by Z2
the element of the partition ZvIT 1 ZV.--vT~"*! Z which contains the point z € X. If
1 is ergodic, then the Ornstein-Weiss theorem says that % log 77+ () converges almost
surely to the entropy of p relative to Z. Another method to compute the entropy is
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well known. Take the same partition and compute the measure of the set Z¥ around
the typical point z. By Shannon-McMillan-Breiman theorem, f% log u(Z%) converges
almost surely to the entropy. The problem here is to estimate the measure of Z}.
With the repetition time there is no need to know the measure, only a typical point
is needed, hence it is in principle much simpler to implement.

It could be that for numerical purpose the (Lempel-Ziv)-Ornstein-Weiss method is
not adapted, because the fluctuations of % log 77+ () could be much stronger than the

one of —1 log 1(Z%). We prove in Section 3 that this is never the case when the return

n
time are exponentially distributed on cylinders of Z. Under this assumption, the
fluctuations in the two methods are exactly the same (this phenomenon was addressed
and prove in [11, 6] in the case of rapidly mixing dynamical systems with log-normal

fluctuations).

2. Speed of convergence to the exponential law

We consider a measure preserving dynamical system (X,T,p) together with a
countable measurable partition Z. For p-mixing process with ¢ summable, Galves
and Schmitt have shown in [7] an upper bound of the type |F(t) —e™t| = O(u(A)?).
We want here to give a precise meaning to this exponent (.

Definition 2.1 We define the local (lower and upper) rates of convergence of the
distribution of return times to the exponential-one law by
. log€&,(ZF) - — log&,(Z%)
= 1 o ZriTn/ d = 1 £ = .
Bo(e) = 1m0 Sogu(zzy *9 P20 = M Yoz
We recall Proposition 2.3 in [10] which says that for any dynamical system with
a measurable partition Z, and for any point x € X, the rate of convergence to the
exponential law lies in the interval [0, 1].

0< B (z) <PBz(z) <1 (2)
A rate of convergence 3z = 1 is therefore optimal. We will try now to see how this
quantity depends on the system under consideration. As already pointed out in the
introduction, the estimates for €, involve a rate of mixing and short recurrence. In
Subsection 2.1 we try to understand how [ evolves while the rate of mixing becomes
slower and slower, as a map becomes less and less “hyperbolic”. On the other hand,
even if the rate of mixing is exponential it is unlikely that the return times statistic
around a periodic point is exponential, because too many points would return too fast,
hence for these points we should have 8z (z) = 0; the effect of short recurrence will be
treated in Subsection 2.2.

2.1. Speed of convergence versus hyperbolicity
Let « € (0,1) and consider the map T, defined on X = [0, 1] by

[ z(1+2%2%) ifaxel0,1],
Tolz) = { 2z — 1 otherwise.

The rate of decay of correlation depends strongly on hyperbolic properties of the map,
as showed in the family T,. In this sense the non-uniform hyperbolicity of the map
reflects in the decay of correlations. We would like to show that the exponent 3 may
also contain some informations about the hyperbolicity of a map.
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Let Z be the countable partition generated by the left preimages a, of 1,
Z = {A,, : m € N} with A,, = (an+1,an]. Let u, denotes the invariant measure
absolutely continuous with respect to Lebesgue (see e.g. [17, 12] for the existence and
properties). Next proposition shows that for any cylinder of the dynamical partition
Z, the tail of the distribution is polynomial.

Proposition 1 Let Z € 2, = ZVT'ZV .- VT " Z be any cylinder of the
dynamical partition of order m. The distribution of entrance time is bounded from
below, for some constant C(Z) > 0 by

fa(Ty > ) > C(Z)t =
for any t > 0.

This shows in particular that the first moment of the entrance time does not exist
whenever o > %, since in this case

/Tzdua > tug(rtz >t) > Ct2™a — 400 as t — o0.

Note that this does not contradict Kac’s theorem, which says that the first moment
of the return time always exists; the existence of the first moment of the entrance
time is in fact equivalent to the existence of the second moment of the return time
(Proposition 1.5 in [16]). Despite this polynomial tail, when the cylinders Z* shrink
to almost any point £ —due to the normalization by 1/u,(Z%)— this tail goes away,
and we recover an exponential distribution of the return times, as proven in [10], with
a rate at least 1 — a. These observations are essential to establish the following.

Theorem 2 For any o € (0,1) we have for the system ([0, 1], Ty, tta)
— 1
1—a§§2§ﬂzga—1 Lhoa.e..

In particular, if « > 1/2 then Bz < 1 almost everywhere, and ||Bz| 1o (,.) vanishes
as o tends to one.

Note that the upper bound is interesting only when a € (%, 1). This non optimal rate
of convergence to the exponential law corresponds also to the range of parameter a
where the central limit theorem may fail to hold (due to a non-summable decay of
correlations, see Theorem 4.1 in [12]).

2.2. Speed of convergence versus short recurrence

From now on, let (X, T) be a topologically mixing subshift of finite type. The statistic
will be done with respect to the Gibbs measure p associated to an Holder continuous
potential ¢ : X — R (see [2] for details). Let Z be the finite partition of X into
1-cylinders. We focus on the dependence of the speed of convergence with respect to
some local quantity defined in terms of first return time of cylinders, the first return
time of a set A C X being defined by 7(A) = inf e 7a(2).

Definition 2.2 We define the local (lower and upper) rate of return for cylinders by
m(Zy) — 7(Z3)

Rz(z) = lim n" and Rz(x) = nlLrI;O o

Note that Rz < 1 by specification, and for periodic points one has R; = Rz = 0.
By an easy construction it can be shown that the set of points x for which 0 < Rz (z) <
Rz(x) =1 is dense in X.



On fluctuations and the exponential statistics of return times 5

Definition 2.3 A point x € X is called, say, p-reqular if it is a generic point for the
n—1

function @, which means % Yohlo @(Thz) converges as n — oo.

We emphasize the fact that a lot of points are @-regular; for example, by
Birkhoff theorem almost all points with respect to any invariant probability measure
are p-regular. Note also that the set of ¢-regular point is invariant. When ¢ is
(cohomologous to) a constant, that is to say that p is the measure of maximal entropy,
then obviously all the points are regular.

Theorem 3 The rate of convergence of the distribution of return times to the
exponential-one law and the rate of return for cylinders are the same for p-regular
points, which means that if x € X is p-reqular then

ég(m) = Bz(x) and Bz(m) - Ez(x)

Theorem 3 not only says that for the points with neighborhoods with long
recurrence (i.e. Rz(r) > 0) the convergence to the exponential law is fast
(exponential), but also that this is a necessary condition. We believe that this
phenomenon appears in much more general situations. This explains why to establish
the exponential statistic of the return time one really has to consider the problem of
short recurrence.

Remark 4 From the equality given by Theorem 3, it is clear that gz (resp. Bz)

has the same properties than Rz (resp. RZ) on p-reqular points. Hence, by
Proposition 3.6 in [10] we obtain that for any ergodic invariant measure v we have
v-a.e. © € X

B,(z) = Rz(x) = const and Bz(x) = Rz(x) = const.

An easy adaptation of the proof of Proposition 3.7 in [10] yields to the following
theorem, which was stated in the same paper in this special setting.

Theorem 5 ([10]) For every Gibbs measure v with Hélder potential,
R; = Rz=1 wv-ae.

Collecting the results of Theorem 5 and Theorem 3 we find out that almost all
points with respect to Gibbs measures with Holder potential have an optimal rate of
convergence (fz = 1) to the exponential law.

Remark 6 In a forthcoming paper with S. Vaienti and S. Troubetzkoy we show that
indeed for any invariant measure v with non zero entropy we have Rz > 1, v-a.e..

3. Convergence in law of the repetition time

In this section, (X, B, i) is a probability space, T : X — X is a measurable map, and
Z is a countable measurable partition of X. We define the n-repetition time of = by
Ry(z) = 72z (x). Ry(x) is the smallest time k > 0 such that = and T*z lies in the
same component of Z,. Let a = (a,)nen be some sequence converging to +oo and
let h > 0. We define the law of the fluctuations of the measure of n-atoms and of the
n-repetition time by

M (1) dZCf,u{a: €X: —logp(Zy) = nh >t},

a an

fRz(in)(t) (E,U,{;U cX: IOan(CL') —nh S t} .

an
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We also define the corresponding limiting law by
M, (t) = lim M (t), Ma(t) = Iim M (1), and Ma(t) = lim M (1)

n—oo

whenever the last limit exists. We do the same for the repetition time R,.

We are now able to give our results saying that the fluctuations of the measure
are equal to the fluctuations of the repetition time when the map has an exponential
statistic for the return times.

Theorem 7 If the return times are exponentially distributed on cylinders of Z
(see (1)) then the following properties hold:

(i) for allt € R we have

M, (t4) S R, (1) <My (t—)  and  Ma(t4) < Ra(t) < Ma(t-);
(ii) in particular for all but countably many points we have

R =M and Ry = My,

(i4i) moreover, the limit My exists on a dense set if and only if Ma and R, exists for
all but countably many points, and in this case the two limits are equal;

a a

() finally, one can exchange R and M is all of these statements.
It is possible to sharpen this result when the distributions are continuous.

Theorem 8 Suppose that the return time on cylinders of Z are exponentially
distributed (see (1)).

The limiting distribution My exists and is continuous if and only if the limiting
distribution R, exists and is continuous. In this case, Ry = M, and fR;(in) converges

uniformly to Ry if and only if Mz(,") converges uniformly to M.
Remark 9 We emphasize that in Theorem 7 and Theorem §:

(i) the measure p does not have to be invariant;

(ii) it is in fact not necessary that the sequence of partition Z, is given by ZVT 1ZV
- VT~ Z for some fized partition Z. Actually all the results remain true when
(Z1)nen is an arbitrary sequence of countable measurable partitions, such that the
return times are exponentially distributed on atoms of (Z,)n.

We now discuss the case of an ergodic measure preserving dynamical system
(X,T,p). Suppose that H,(Z) = —> ,.zm(Z)logu(Z) is finite. Under these
assumptions, the Shannon-McMillan-Breiman theorem tells us that —%log w(ZE)
converges pi-almost surely to the metric entropy relative to Z denoted by h, (T, Z).
A similar result holds for the repetition time, as proven by Ornstein and Weiss [13].
Namely, if Z is finite, % log R,, converges p-almost surely to h,, (T, Z). Hence we must
set h = h,(T, Z) in order to obtain a non-trivial law. Theorem 8 applies, hence the
fluctuations of the measure and of the repetition time are equal if they are given by a
continuous distribution.

For log-normal fluctuations, taking a, = o/n for some o € (0,00) and h =
h, (T, Z) we get the immediate corollary of Theorem 8.

Corollary 10 Let (X,T,u) be an ergodic measure preserving dynamical system.
Assume that the return times are exponentially distributed on cylinders of Z. For
any o € (0,00) we have the equivalence:
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i) the random variable 1°8fn="h converges in law to N(0,1);
oyvn

—log u(Zn)—nh

g\/Nn

(i1) the random variable converges in law to N(0,1).

In [6] an explicit formula is given in the case where the variance o vanishes. However,
in this full generality we do not know what happens when the variance is zero or
infinity.

The case of log-normal distribution was treated in some papers using the following
sketch (see [6, 14]), and inspired us to formulate Theorem 8 :

(i) the measure of the cylinders have log-normal fluctuations;

(ii) the law of entrance time in cylinders is exponential, with some sharp control on
the rate of convergence to the limiting law,

|u(rz; > t/u(Z)) — exp(=1)| = O(u(Z;)");
(iii) small returns have small probabilities.

Another approach of a more probabilistic nature was developed in [11] and was
essentially a strong approximation between the measure of a cylinder and the
repetition time for strongly mixing stationary processes.

4. Proofs of the results in Section 2
Before the proofs, we recall the definition of the quantities involved in the paper [10]
and the related results.

Proposition 11 (Theorem 2.1 and Lemma 2.4 in [10]) Given a dynamical sys-
tem (X, T, u) and a measurable set U with positive measure we define

an(U) = pu(tv < N),
by (U) = sup {|pu (T~ NV) — w(V)|; V measurable} ,
oU) = swluu(ru > k) = plru > K,

Eu(U) = iEE‘“U(TU > t/u(U)) —e™"].

The distance to the exponential law of the distribution of return time on U is bounded
from above by

Eup(U) < 4p(U) +c(U)(1 = log c(U)); (3)
and conversely

c(U) <2u(U) + €,(U)(2 — log €, (U)); (4)
while the quantity c(U) may be estimated by

c(U) <inf{an(U) +bnx(U) + Nu(U) : N is an integer }. (5)
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4.1. Proofs of the results in Subsection 2.1

Proof of Proposition 1 Let a € (0,1) and denote by pu = p, the T,-invariant
measure absolutely continuous with respect to Lebesgue. Let Z be a cylinder of the
dynamical partition Z,, and let m = m(Z) > n be the minimal integer such that
T™Z = X . This implies that ZN [0, a,,) = 0, hence for any integer &, any point inside
[0, am+k) has an entrance time in Z bigger than k, which gives

w(rz > k) = p([0, am))-

An easy modification of Lemma 3.2 in [10] gives a, > ¢1p~ =, while the density h, of
the invariant measure p,, satisfies hq (z) > coz™® (see [17]). Hence

Am+k 1 .
([0, amtr)) = / he(x)dz > crea(m +k)'™a > crea(m + 1)1_El€1_é
0
which proves the proposition, with C(Z) = ciea(m(Z) + 1)1—5. O

Proof of Theorem 2 Let o € (0,1) and set 1 = po. Let © € X be such that
B,(z) = 1—a>0and lim, . —Llogu(Z¥) = hy > 0; by Theorem 3.8 in [10] and
the Shannon-McMillan-Breiman theorem this concerns p-a.e. points. Let e € (0,1—q)
be arbitrary. Setting Z = ZZ, by (4) in Proposition 11 we get for any k& > 0

p(rz > k) — e ") < |u(ry > k) = pz(tz > k)| + |pz(rz > k) — e 2]
< 2u(Z) + £,(2)(3 — log £,(2)).

With k = 1/pu(Z%)1*¢, Proposition 1 yields to
- — log[C(Z5)u(Z5) =~ V0F) — exp(—p(Z) 7))
Bz(z) < lim n L L . 6
Note that Z7 = Z7 ., where m(ZZ) is as in the proof of Proposition 1 and that
limy, o0 — 2 log (Z%) > 0. Consequently, lim, .« log Sg:)) = 0, hence (6) gives us

— 1

Ba(e) < (=~ 1)(1+2).

The conclusion follows since € > 0 was arbitrary. ]

4.2. Proofs of the results in Subsection 2.2

In the sequel we suppose without loss of generality that the potential ¢ is normalized,
so that its pressure is zero, and the invariant density is the constant function 7. We
refer the reader to [2] for details. Let P be the Perron-Frobenius operator of (X, T, ¢),
which satisfies PT = I, and p(f o Tg) = u(fPg) for all continuous f,g: X — R.

Proposition 12 For any p-regular point v € X and 0 < r <1, we have
log u(Z [gcrn])
1 _— =
28, Tog u(Z2)
Proof of Proposition 12 If » = 0 then the result is obvious, because Z generates;
so let us suppose that r # 0.

As usual, we write S, = Z;é @oTF. Let x € X be a p-regular point, and
©v«(x) be the limit of the Birkhoff average. By the Gibbs property, it is easy to see
that lim, ..o £ log (Z%) = ¢.(z), which implies

logu(Z[”;;n]) 7"% logu(Z[“;;n])
= 1 — T.
log u(Z7;) wlog u(Zy)  m—eo
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Lemma 13 There exists a constant c3 such that for any v € X, and any integer
n > 0, the following bound holds:

oZ2) < comp(Z3,,).
whenever rn, = 7(Z%)/n < 1, where ¢(Z2) is defined in Proposition 11.

Proof of Lemma 13 We first compute ay(ZF):

1
NVAESDY S Zy N T Zy)

1
= § P 4.d

k=nr,

SN[P"" 1 7z |loo < N exp(Sur, 0(2)) < e1Np(Zy,,)-

nry

The last two inequalities follow from the bounded distortion and the Gibbs property.

For by (ZF), we observe that since our system enjoys an exponential decay of
correlations, there exists some A < 1 such that by(Z%) < coAN~". Thus, taking
N = (K + 1)n, with K sufficiently large (but which does not depend on n) leads to
by (Z2) < AE™ < p(ZE, ). And finally, with this particular choice of N, applying (5)
in Proposition 11 ylelds "to the result. (|

Proof of Theorem 3 Let x € X be a ¢-regular point.
We first show that 5z (r) > Rz(z). We use the estimate (3) in Proposition 11,
then we apply Lemma 13, and finally Proposition 12 (we set r,, = 7(Z%)/n)

— — logé&,(Z%) = logc(Z7)
B(z) = lim ——#"2 > Jim
(#) = Jm, log p(Z) ~ n—oe log pu(Z3)
w logu(Zy,,)  — -
n = 1 n = R .
2 N 7)) A T = Rzl

The case 3 = (x) > Rz (z) follows in the same way.

We now compute the other bound: 3;(r) < Rz(x). Suppose that Rz(z) < 1,
otherwise there is nothing to prove; see (2). There exists a subsequence of integers
such that r,, = 7(Z%)/n — Rz(z), with r, < 1. Fix such an integer n, and let k = nr,
and C' = ZZ. Let us put D = ZF NT~*C. One can check that D C C, and any point
in D returns in C after exactly k iterations. We shall prove then that the measure
e (D) is quite big. The Gibbs property tells us that for any y € D, the following
holds:

exp(Sn+ks0(y)) exp(Ske(y)) exp(Snp (T y))
e (D) > ¢y xp(Sne()) =G exp(Sne(y))
> c5exp(Spp(z)) > copn(Z5).

Here we used the fact that both y and T*y belong to Z2, and the bounded distortion
inequality. This ensures that between [nr,,nr, + 1], the distribution of return times
has a jump

pzz(Tzz > nrn) = pzg(Tzg > nrp +1) 2 po(D) 2 cop(Zyy, ),

—ku(Z

while the jump of the exponential e =) in this interval is only

exp(—nrnpu(Zy)) = exp(=[nrn + 1u(Z3)) = O(u(Z7))-
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This proves that

Bz(@) = lim S 7)) = Togu(ze) AT = Rz (@)

The case 3_(z) < Rz () follows in the same way. O

5. Proofs of the results in Section 3

The following simple lemma will be of interest for the proof of Theorem 7, it shows
up a very interesting property of limiting distributions (notice that distributions are
decreasing functions).

Lemma 14 Ifu, : R — [0,1] is a sequence of decreasing functions, then we have the
equivalence

(i) uy converges on some dense set;

(ii) wuy, converges except possibly for countably many points.

Proof of Lemma 14 We first define u(t) = lim u,,(t) and @u(t) = limu,(¢). Both u
and u are decreasing, hence v = u —u > 0 is of bounded variation. If u,, converges on
some dense set then v = 0 on the same dense set. This implies that {z : v(z) > 1/n}
is finite for all integer m, hence {v > 0} is at most countable, which proves the
implication. The reciprocal is trivial. |

Proof of Theorem 7

(i) Let € > 0 and define
K.n={x:€,(Z)) <eforalln>N}.
By assumption the set ' = N.»o Unen K¢ v is of full p-measure. Choose then
N (e) sufficiently large such that for all n > N(e) we have u(K.,) > 1 —¢ and
exp(—ay,) < €.
Let n > N(¢) and t € R. Define A,(t) = {z € X : efal@=nh 41 4nd set

An
0n = logan/a,. We are interested in the limit of R (t) = u(An(t)). We first
decompose the measure along cylinders Z € Z,, according to whether or not they
intersect K p:

ROV = > pZnA)+ > wZnAl) (7)
Z€Zn,ZNK. »#0 Z€Zn,ZNKe n=0

The second term is bounded by u(X \ K. ) < €, while whenever Z N K. ,, # 0,
we have €,(Z) < e. Thus if we notice that R, (z) = 7z(x) when z € Z we get
that for these Z

w(Z N A(t) = w(Z)pz(tz > exp(ta, +nh))
(Z) [exp[—u(Z) exp(tan + nh)| + ] .

Accordingly, we have
REI(t) < 2 + / oxp[—u(Z3) exp(tan + nh)] dp( 8)
X

Let fn(t,z) = p(ZF)exp(ta, +nh) and B,(t) = {z € X : fu(t,z) < an}. We
decompose the integral in (8) according to whether or not « € B, (t). First,

/ effn(t,z)du(x) < sup e*fn(t,ér) < e an <e. (9)
X\ B, (t) X\Bn(t)
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(i)
(iii)

On the other hand,
/ e_f”(t’w)dl,t(x) S /,L(B’n(t))
B?L(t)

—log 1(Z%) — nh log an,
Su({x: ogu(Zy) —nh _, loga }>

Qap Qp

<MW (t—6,). (10)

Using estimates (8), (9) and (10) we finally end up with

RO(t) < MU (t - 6,) + 3e.
If we consider the complement of X \ A, (t) instead of A, (t) itself, a similar
computation yields to 1 — R (¢) < 1 — MY (¢ + 6,,) + 3¢. Thus

MU (t46,) — 32 < R (1) < MU (8 —6,,) + 3e. (11)
Since d,, — 0 as n — oo and one-sided limits of M, exists we get

M, (t+) — 3e < R, (B) < M, (t—) + 3e.
As ¢ was arbitrary, this finishes the first part of the proof. The limit R, van be
treated in the same way.

It suffices to remark that decreasing functions can have at most a countable
number of discontinuities.

Lemma 14 ensures that if M, exists on a dense set then it exists for all reals
except for an at most countable set C'. Moreover, M| x\¢ is decreasing, hence it
is continuous except may be on countably many points D. Hence M, exists and is
continuous on X \ (CUD) where CUD is at most countable. The first statement
of the theorem implies then that R, exists and is equal to M4 on X \ (C U D).

From Inequality (11) applied once with ¢ = s — §,, then with ¢t = s + §,, we get
RO (s +6,) — 3e < MM (s) <R (s —6,) + 3e.
The rest of the proof follows exactly in the same way.

O

Proof of Theorem 8 When M, or R, is continuous Theorem 7 gives us that
M, = Ra. Remark then that the distribution is uniformly continuous, because the
limits in 00 exist. Then for all € > 0 it is possible to find a § = §(¢) independent
of t,s € R such that [Ma(t) — Ma(s)| < € whenever [t — s| < §. In addition, if the
convergence of M;(in) to M, is uniform, taking M (¢) sufficiently large we get that for
any n > M(e) and real s, |M((an)(s) —Ma(s)| < € and d,, = logay,/a, < 6. Thus for all
real t,

Ma(t) — 26 <M (E+6,) <M (t—6,) < Malt) + 2¢.

Let N(¢g) be as in the proof of Theorem 7. Inequality (11) in the proof of Theorem 7
gives that for all real ¢ and for any n > max{N(e), M(e)}

Ma(t) — 5e < RV () < Ma(t) + 5e.

This completes the proof. O
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