Recent advances in the metric theory
of a new continued fraction expansion

Gabriela Ileana Sebe

Abstract. A survey of the metric theory of a new continued fraction
expansion discussed in Chan [1], Davison [2] and Sebe [6]-[9] is given. Us-
ing the optimal solution to the Gauss-Kuzmin-Lévy problem obtained by
Tosifescu and Sebe [5] we derive some spectral properties of the Perron-
Frobenius operator of the continued fraction transformation under its in-
variant measure.
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1 Introduction

One particular expansion in Davison [2], which attracted the attention of Chan [1],
has raised to a new type of continued fractions which is quite different from the regular
continued fractions.

Define for any « € I = [0, 1] the transformation

7(x) = 2(0e5= /182 1 2.0; 7(0) = 0,

where {u} denotes the fractionary part of a real u. For any x € [0,1) put a,(z) =
a;(t" Y(z)), n € Ny = {1,2,...,}, with 7%(x) = z the identity map and a;(z) =
[(logz~1)/log2], = # 0; a1(0) = oo, where [u] denotes the integer part of a real u.
Then every irrational € Q = I \ Q has a unique infinite expansion

(1.1) x—%—[al(x),ag(x),...].
ST

The incomplete quotients or digits of = € Q, a,(x), n € N are natural numbers. We
usually suppress the dependence on x in the notation of the digits ay,as,... Define
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,oosan],meNL, Db =27 ay,...,a4p) = —— =, n > 2. It th
(a1 an], n +, by [a1] [a1 an) TR P—— n en

appears that

(1.2) x = lim [a,...,ay]
n—oo
which is the precise meaning of (1.1).

Let B denote the g-algebra of Borel subsets of I. The digits a,,, n € N4, are non-
negative integer-valued random variables which are defined almost surely on (I, B)
with respect to any probability measure on B that assigns probability 0 to the set
I\ Q of rationals in I. Such a measure is Lebesque measure A. But a more important
one is the invariant probability measure v of the transformation 7. It was proved in
Sebe ([6], Proposition 4) that

1 dx
v(4) = log(4/3) /A @+ )z +2) AeB

Hence, v(A) = v(t71(A)) for any A € B and the sequence (a")neNJr is strictly
stationary on (I, B, v).

2 Open questions and recent results

It is only recently (see Sebe [6]) that the ergodic properties of these expansions have
been studied. It should be stressed that the ergodic theorem does not yield rates of
convergence for mixing properties; for this a Gauss-Kuzmin theorem is needed.

It was proved in Sebe ([8], Proposition 3) that the random system with complete
connections associated with this new continued fraction expansion is uniformly ergodic
and its transition operator is regular with respect to the Banach space of Lipschitz
functions. This leads further in Theorem 1 in [8] to a solution of a version of Gauss-
Kuzmin problem for these continued fractions.

The study of optimality of the convergence rate remains an open question.

It was investigated in Sebe [7] the Perron-Frobenius operator of the continued
fraction transformation 7 under different probability measures on B. The study fo-
cussed on the Perron-Frobenius operator of 7 under the invariant measure v induced
by the limit distribution function. Using well-known general results (see losifescu
and Grigorescu ([3], pp. 202 and 262-266), Iosifescu and Kraaikamp ([4], Subsection
2.1.2)), it was derived the asymptotic behaviour of this operator. It should be said
that the asymptotic properties of the Perron-Frobenius operator U : L., — L1, where

L = {f : I — C / |fldv < oo}, are not strong enough for to lead to a satisfactory
I

solution to Gauss-Kuzmin problem, while when restricting U to BEV(I) = {f|f €

L°°(1,B, ), f has a version of bounded variation } they are substantially better. In

the sequel the domain of U will be successively restricted to various Banach spaces.
Recall that the vary f over A C I of a complex-valued function f on [ is defined

k—1
as supz |f(t;) — f(ti—1)| the supremum being taken over all t; < ... < t; € A and
i=1

k > 2. If varf = varyf < oo, then f is called a function of bounded variation. A
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variation v(f) for L>°(I,B,)\), the collection of all classes of A-essentially bounded
measurable complex-valued A-indistinguishable function on I, is defined as v(f) =
inf var f, the infimum being taken over all versions of f (i.e. all measurable f:I1—-C
such that f = f, X - a.s.). The set BEV(I) is a Banach space under the norm

£l = v(£) + [1f]l1, where || - ||, is the usual L} norm [|f]}y = / | fldA.
I

Chan [1] proved a Gauss-Kuzmin-Lévy theorem for the transformation 7. He
showed that the convergence rate of the distribution function A(7" < z) of 7" to

its limit F(z) = v([0,2]) = — 2(x +1)

log(4/3) " "a +2
q < 0.880555 uniformly in x.

Using a Wirsing-type approach (see [10]), in Sebe [9] it was obtained a better
estimate of the convergence rate involved. The strategy in both papers ([1] and [9])
was to restrict the domain of the Perron-Frobenius operator of 7 under its invari-
ant measure v to the Banach space of functions which have a continuous deriva-
tive on I. It was noticed in [7] that the Perron-Frobenius operator U of 7 under

v is given a.s. on I by Uf(z) = Z P;(z)f(ui(x)), x € I, for f € L., where
ieN
9—(i+1) 1 2 9—i
- (z+ )(:1: +2) and u;(zr) = ——,
27 i+ x4+ 1)(2-0) + 4+ 1) z+1
that U takes L} into itself while

/ deV:/ fdv, A€B,
A T-1(A)

for any f € Ll. The Perron-Frobenius operator U is a bounded linear operator of
norm 1 when restricted to B(I), the Banach space of all bounded measurable functions
f: I — C under the supremum norm |f| = sup |f(x)|.

zel

, x € Iis 0(¢"™) as n — oo with

Pi(z) = x € I, i € N. This means

Let us consider the sequence (s7,), N, @ > 0, where si = 279" /(1 + s;5_,),

n € N4, with s§ = a. Also, consider the probability measures v, on B defined by
(a+2)x
r+a+1’

The motivation for considering the v,, a € I, will appear later on. It is known
(see [5]) that (s;),.N is an I U {a}-valued Markov chain on (I, B,v,) which starts
from s¢ = a > 0 and has the following transition mechanism: from state s € I U {a}
the possible transitions are to any state 27¢/(s + 1) with corresponding transition
probability P;(s), i € N. Reasoning as in Iosifescu and Kraaikamp ([4], Section 2.1)
we get that for any a > 0 the operator U : B(I) — B(I) is the transition operator of
the Markov chain (Sa)n€N+ on (I, B,v,).

n

their distribution functions v, ([0, z]) = x€l, a>0.

Let C(I) denote the collection of all complex-valued continuous functions on [
and C'(I) the collection of all functions from C(I) that have a continuous deriva-
tive. The strategy in Sebe [9] was to restrict the domain of the operator U to the
Banach space C'(I). Define a linear operator V : C(I) — C(I) by Vg = —(Uf),
g € C(I), where f' = g. Since U is a Markov operator, V is well defined. It
is easy to check that (U"f)" = (=1)"V"f', n € Ny, f € C'(I). It was proved
in Sebe ([9], Proposition 4.1 and Corollary 4.2) that there are positive constants
v > 0.206968896 and w < 0.209364308 and a real-valued function ¢ € C(I) de-
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3bz% +4(b+ 1)z +6
fined b =
ned by (@) = S ) + 1)F
v < Vi < wep. Next, putting

x € I, where b = 0.794741181..., such that

()
a(f) = a=min Fla)

for any f € C*(I) for which f’ > 0, we get

O(f) = 0 = max

Conpr<vnp < Sunf neN, .
g B

Since in this case we cannot use a functional theoretic approach (see Iosifescu
and Kraaikamp ([4], Subsection 2.2.2)) which provides the means for computing an
eigenvalue Ay, v < Ay < w, of the positive operator V, it follows that we cannot
obtain the exact convergence rate by this method.

Actually, in Theorem 4.3 in Sebe [9] there are obtained upper and lower bounds
of the convergence rate, respectively O(w™) and O(v™) as n — oo, which provide a
near-optimal solution to the Gauss-Kuzmin-Lévy problem. Let us recall this theorem.

Theorem 1. Let j1 be a probability measure on B such that u < X and fo € CH(I)
such that f§ > 0. For anyn € Ny andz € 1,

(log(4/3))*amin fo(w)
57 V" F(x)(1 = F(z)) < |u(t" <z) - F(z)| <
(105(4/3))2 3 max fi ()

< - W F(z)(1 - F(x)).

In particular, for any n € Ny and x € 1,
0.01023923v" F(z)(1 — F(z)) < |[A(7" < x) — F(z)] < 0.334467468w" F(z)(1 — F(x)).

Let BV (I) denote the linear space of all functions f : I — C of bounded variation.
Note that under the norm ||f||, = |f| + varf, f € BV(I), the linear space BV (I) is
a commutative Banach algebra with unit.

By restricting the Perron-Frobenius operator to BV (I) it was proved in losifescu
and Sebe ([5], Theorem 3) that the exact (optimal) convergence rate of v, (s < x)
to v([0,]) is O(g*") as n — oo with g2 = (3 — v/5)/2 = 0.38196... Let us recall this
theorem.

Theorem 2. For any a > 0 and n € N we have
(a+1)(a+2) ,
< sup v, (sp < x) —v([0,z])] < koo'(n),
2(aFy, + Fuy1)(aFny1 + Fuyo) — er)' ( ) (10, ) 07’ (n)

where ko < 291.665 and o’(n) = o(n) = 1/F,Fu41 oro’'(n) =o(n—1)=1/F,_1F,
according asa < 1 ora > 1. Here the F,, are the Fibonacci numbers defined recursively
by Fo=FK=1, Fn+1 =F,+F,_1,n€ N+.

Remark. Since

(2.1)

1 < (a+1)(a+2)
Fn+1Fn+2 o Q(GFTL + Fn-l—l)(aFn-‘rl + Fn+2)

for any n € N4 and a > 0, it follows that both lower and upper bounds in Theorem
2 are O(g?") as n — oo.

(2.2)
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3 Properties of the Perron-Frobenius operator on BV (/)

Let us recall some results obtained in Iosifescu and Sebe [5].

Proposition 1. For any n € N we have

varU" f varU" f varU"f n
su su = sup varU"I(q 1],

Up = p - p
reB),r1 varf  gepn,pl varf  aepon)

up
feBv(r) varf

where the first two upper bounds are taken over non-constant real-valued functions f.
Here 1 (]) means that f is non-decreasing (non-increasing), and I(4 1) stands for the
indicator function of the interval (a,1].

Theorem 3. We have v, < koo(n), n € N where ko is a constant not exceeding
291.665 and o(n) = (F,,F,,4+1)"'. Here the F,, are the Fibonacci numbers.

We are now able to derive some results concerning the Perron-Frobenius operator
U defined on BV (I).

Proposition 2. Let f € BV(I) be real-valued. For any n € N we have U™ f —
U*f| < koo(n)var f, where U f = /fdu.
I

Proof. Since [U™f —U>®f| < varU™f, n € N, the result is implied by Proposition
1 and Theorem 3. The case n = 0 can be checked directly. O

Proposition 3. The spectral radius of the operator U — U™ in BV (I) equals
g2 = (3—/5/2 = 0.38196....

Proof. We should show that
s — o=, "
lim U™ — U||}" = lim sup — = g%
n—o00 n—=o0 \ 0£feBV(I) ||f||U
The arguments used in the proof of Proposition 2 and Theorem 3 yields
NWO"f=U>®fll,=|U"f=U>®fl+varU"f < 2var U™ f <

< 2kgo(n)var f < 2koo(n)||fllv
for any n € N and f € BV(I). Hence lim ||U" — U||/™ < ¢%.

We have already used in Section 2 the fact that U is the transition operator of
the Markov chain (SZ)nGNJr on (I,B;,v,) for any a > 0. Therefore, in particular, we

have

(3.1) Ulp.z)(a) = Ea(Ij0,4](57)) = Va(s, < )

or

(3.2) U™ jo.0)(59) = Ea(Tjp.0)(s5)]51) = va(sy < z|s{)

for any x € I and n € N, according as a < 1 or @ > 1. Here E, stands for the mean
value operator with respect to the probability measure v,. We have
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(3.3) U0 = / Tiomdv = ([0,a]), z € I.
I
By (2.1), (2.2), (3.1), (3.2) and (3.3) we obtain

(3.4) <sup U9 20 — U I[g 2] < sulz var U I[g ]
[AS

Fn+1Fn+2 zel

for any n € N. The converse inequality lim ||[U" — U °°||11)/ " > ¢2 follows by taking
f = Ijo,2) and using (3.4). O

4 Final remarks

(i) Theorem 2 allow a quick derivation of the asymptotic behaviour of v, (7" <
x,s% < y) as n — oo for any a,z,y € I, and of the optimal convergence rate, the
same as above.

(ii) The results presented in Section 2 allows us to derive all the results in Iosifescu
and Kraaikamp ([4], Sections 2.5.3 and 2.5.4) that hold for the regular continued
fraction expansion.
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