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MULTIFRACTAL ANALYSIS FOR EXPANDING INTERVAL
MAPS WITH INFINITELY MANY BRANCHES

AI-HUA FAN, THOMAS JORDAN, LINGMIN LIAO, AND MICHAL RAMS

ABSTRACT. In this paper we investigate multifractal decompositions based on
values of Birkhoff averages of functions from a class of symbolically continuous
functions. This will be done for an expanding interval map with infinitely
many branches and is a generalisation of previous work for expanding maps
with finitely many branches. We show that there are substantial differences
between this case and the setting where the expanding map has only finitely
many branches.

1. SETTING

Let (X, d) be a metric space and T : X — X be a piecewise continuous transfor-
mation. Let ¢ : X — R be a real-valued function (called a potential). The Birkhoff
average of ¢ is defined by

Ano(x) :=

S|

z_: &(T7x).

With respect to an ergodic measure, for a measurable potential ¢, the Birkhoff
averages A,¢(x) almost surely converge to the integral of ¢. However, since for an
expanding map there is a large family of ergodic measures, the Birkhoff averages
can take a wide variety of values. From the point of view of multifractal analysis,
one considers the size (Hausdorff dimension) of the level sets of the limit of the
Birkhoff averages. That is, for a given level a € R, the Hausdorff dimension of the
set
{ac € X: lim A,¢(z) = a}.
n—oo

There has been a substantial amount of works on this multifractal analysis,
especially for expanding interval maps with finitely many branches. The first ex-
ample we know where a problem of this type was studied is the work of Besicov-
itch in [Bes35] on the Hausdorff dimension of sets determined by the frequency of
the digits in dyadic expansions. This can be viewed as a multifractal analysis of
the Birkhoff averages of the indicator functions for the doubling map. This work
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was subsequently extended by Eggleston [Egg49] and many others [BS00l[Caj81]
Dur97, [01i98] (01300, [01s02), [01s03blL [OW03, [PS07, [VoI58]. For a continuous poten-
tial, the case of mixing subshift of finite type is studied in several papers including
[BS01BSS02blBSS02al[FF00,FFWO01LFLW0201s03allOI99OW 07, [PWO Tl Tem01].
In [FLWO02] Feng, Lau and Wu proved a conditional variational principle for contin-
uous potentials in the setting of general conformal expanding maps and in [BS01]
Barreira and Saussol showed that this conditional variational principle varies ana-
lytically for Holder potentials. In [TV03|] Takens and Verbitzkiy considered systems
with specification property and calculated the topological entropy of the level sets.
In [Hof10|], Hofbauer studied the entropy of the level set of Birkhoff averages for
piecewise monotone interval maps. It is also possible to study a countable family
of piecewise continuous potentials. This case was investigated by Olsen [Ols03al,
Olsen and Winter [OW07] for subshifts of finite type and conformal iterated func-
tion systems and by Fan, Liao and Peyriére [FLP08], in terms of topological entropy,
for systems satisfying the specification property.

In particular in [Ols03a], the following situation is considered. Let T : [0, 1] —
[0,1] be a C' expanding map and for i € N let ¢; : [0,1] — R be continuous
functions. For a vector a € RY let

n—1
1 .
— - hm = (Tig) = ous ;
Xq = :CE[O,l].nlgréonEOqu(Tx) a; foralli e N
j=

It is shown that if X, # @ there exists a T-invariant measure y such that [ ¢;dpu =
«; for all 7 € N and

dim X, :sup{% : /gbidu = qy for all i € N}.
< I

Here dim stands for the Hausdorff dimension, h(u) denotes the measure theoretic
entropy of p and A(p) = [log(|T”(z)|)dp is the Lyapunov exponent of .

The aim of this paper is to look at expanding maps 7" on a non-compact space
where T has a countable number of inverse branches. While much of the same
theory still holds there are also substantial differences.

In the setting of expanding maps with a countable number of branches, there have
been several papers looking at multifractal analysis. Most of these papers concen-
trate on the local dimension of Gibbs’ measures or specific examples of continuous
potentials, for example log |T’| concerning the Lyapunov exponent. Of particular
relevance to our work are the papers [FLMI10] and [FLMW10] which consider the
frequency of digits for certain maps with a countable number of branches. This can
be viewed as an example of multifractal analysis for Birkhoff averages of a specific
family of potentials. A notable feature of these papers is that frequencies of digits
which sum to less than 1 still yield positive dimension. However such sets cannot
be related to an invariant measure. There is also a preprint [[J10], which considers
the case of one piecewise continuous potential with certain properties. Our main
aim is to generalize these results to more general families of potentials and more
general countable expanding maps with a countable number of branches. Related
questions are also studied in certain non-conformal settings [Reelll[KR12].

Let {I;}32, be a countable collection of disjoint subintervals of [0, 1]. Let T; :
I; — [0,1] be a bijective C' map such that |T/(z)| > ¢ > 1. By this we will mean
that T; can be extended to a C! diffeomorphism from an open neighbourhood of
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I; to an open neighbourhood of [0,1] which maps I; to [0,1]. We define the map
T :JI; — [0,1] as follows. If = is not a common end point of two intervals, define

T(z)=Ti(z) ifx €.

Otherwise we simply set T'(z) = T;(z) where | = min{j : z € I, }.
Consider the full shift (3,0) with ¥ = NN and the natural projection II : ¥ —
[0,1] defined by
(i) = lim T; ' o-- 0T} '([0,1)).

n— oo v

Let
A =T1I(%).

Then (A, T) defines a dynamical system. We remark that the space A is not neces-
sarily compact and it could also be a Cantor type set. We will denote

E:={xcA:#I1  (z) > 2}

and note that this set is at most countable and so for any set {2 C A we have that
dimQ = dim Q\E. To avoid confusion with the notion of the derivative of T we
will adopt the convention that for z € A T"(x) = T/(x) where I = min{j : = € I;}.
We will also assume that the variations of log |T”| converge uniformly to 0 (defined
precisely in Section 2; see Definition 2.).

Let M(T') be the set of T-invariant probability measures on A and note that
they must assign 0 measure to E. Thus II gives a bijection between the set of shift
invariant probability measures and T-invariant probability measures. To avoid
complications when we refer to weak™ limits of a sequence of measures we will
always mean weak™ limits of the measures in the symbolic space.

Given a sequence of functions ¢; : A — R (i € N), which satisfy that the
variations tend uniformly to 0 (again see Definition 2.1]), we will denote the Birkhoff
averages

n—1
Andi(w) = = 3 6:(T7),
j=0

We wish to study the possible limit points in RY of the Birkhoff average sequences
{4, ¢i(z)}nen by investigating the sets of the form
A, ={ze€A: lim A,¢;(x) =~ foralli e N}, RN
- n—oo -

The following sets will describe the possible limits of the Birkhoff averages. Let

Zy = {ZERN:EIueM(T),VieN,/gbidu_%}.

We will denote by Z the closure of Z; in the pointwise limit topology. That is to
say, 7 € Z means that for any € > 0 and any k € N there exists a T-invariant
probability measure p such that

V1 <i<k, ‘/@dﬂ—%‘ <e

For a T-invariant probability measure p let h(x) and A(p) denote the measure
theoretic entropy and the Lyapunov exponent of u respectively. See Section 2 for
formal definitions.
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Our aim is to find the Hausdorff dimension of A, and consider how the dimension
varies with 7. The known results for dynamical systems of finite branches suggest
three natural candidates in the infinite case. Given vy € Z, let

o h(p) .
ai(y) = lim lim H:EI?T) {m : }/@dﬂ — %

<eVi<k, h(,u)<oo}.

Let as be a similar function, the difference being that the supremum is taken over
ergodic measures (Mg(T)):

az(y) = lim lim  sup {M : ‘/gbid,u — %

e—=0k—o0 nEMe (T) )\(/,L)

Finally, for v € Zo we will define

<eVi<k, h(u)<oo}.

asz(y) = sup {% : /@dM:% Vi eN, h(u) <OO}-

- HEM(T)

We can now state our main theorems.
Theorem 1.1. Fory ¢ Z, we have Al ={. For all Y € Z, we have
dim Al = CV1(Z) = 042(1).

We would like to state the spectrum using the function as, too (hence, without
the awkward limits in k¥ and €). However, as shown in [FLMI10] and [FLMWT10], the
spectrum is not necessarily equal to a3(y). One particular problem is that there
might be points in Z \ Zy that are limits of the Birkhoff averages of ¢; for some
x € A (while, not belonging to Zy, they are not averages of potentials ¢; for any
invariant measure). Another problem is that even for points in Z; the spectrum
needs not to be the supremum of h/\ over invariant measures with given averages
of (bz

We are only able to present the “exact” type statement for bounded potentials,
and the proof involves more steps than for the “approximate” type statements of
Theorem [Tl We also need to introduce the quantity,

Soo = inf {s >0: Zdiam([i)s < oo}.
ieN
Observe that 0 < sy, < 1. The exponent s., will play an important role.
Theorem 1.2. If the potentials ¢; are all bounded, then for all v € Zy we have
dim A = max {soo, oz;;(l)} ,
while for all v € Z \ Zy we have
dim Al = S0o-

The rest of the paper is structured in the following way. In Section 2 we give
some results based on the distortion of the functions and the topological pressure.
Next we use Section 3 to introduce the main tools we will use to prove Theorems
[T and Section 4 gives the proof of Theorem [[LT] and the proof of Theorem
is given in Sections 5 and 6. Finally in Section 7 we give some examples of our
results, including frequency of digits, harmonic averages for continued fractions and
multifractal spectra with flat regions.
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We now give a list of the notation which will be used in this paper.
¥ = NV : the full shift with the shift transformation o.

[ ]

e 3, ={1,...,¢}" : the symbolic space of g symbols.

e [wy, - ,wy] : nth level cylinder set in 3.

o Ch(w) =Ch(z) = Cpwy -+ wy) with z = Tw,w € [wy,- -+ ,wy] : nth level

basic interval in A.

@, ¢; : functions on A; f = ¢ oll, f; = ¢; oIl : the corresponding functions
on Y.

Andi(z) = %Zj;ol ¢:(TIx) : Birkhoff averages of ¢;.

{, (t; © Measures on A; v,v;,7,17; : Measures on X.

A; : the maximal contraction ratio of map T;.

Pi(2) = £ SUDyecy (o) 10g [(TF) (y)].

k() = [ rdp.

dim A : Hausdorff dimension of a set A.

h(p) : entropy of w.

A(p) : Lyapunov exponent of p.

For (w1,...,wn) € N, (w1,...,w,) denotes the periodic point 7 € 3 such
that for any a € Nand 1 <b < n 74ptp = wp.

2. TOPOLOGICAL PRESSURE AND DISTORTION

We first introduce several useful quantities (including entropy, Lyapunov expo-
nent, pressure) and a variational condition on potentials which ensures a distortion
result.

We start by defining cylinders and basic intervals in our setting. Let w € 3. De-
note by [wi, -+ ,wy] the nth level cylinder. The nth level basic interval determined
by w is

Cn(w) = Cp(wi,...,wp) =T, 00T, ([0,1])\E.
Sometimes, we also write this basic interval by C,,(z) with z = Ilw.

Two key concepts for this paper will be the measure theoretic entropy and the

Lyapunov exponent of an invariant measure. For a T-invariant probability measure

u we define its entropy ([MUQ3], pages 292-293) by
1
M) = Jm =S p(Caln, ) log (G, )
(w1...,wn)ENT

and its Lyapunov exponent by

M) = / log [T () du(x).

It is well known that h(p) < A(p). However it is possible that they could both be
infinite.

We now consider the regularity conditions we will need our potential functions
¢; to satisfy. For ¢ : A — R define its nth variation by

vary, (@) = sup{|é(x) — d(y)| : x,y € Cp(w),w = (w1,...,wy) € N'}.
It is clear that var,(¢) decreases as n tends to co and that lim,, var, (¢) = 0 means
f := ¢ o1l is uniformly continuous on ¥ when ¥ is equipped with the usual metric.

Definition 2.1. Let ¢ : A — R. We say that ¢ has variations uniformly converging
to 0 if vary (¢) < oo and lim,,_, . var,(¢) = 0.
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Given a basic interval Cy, (w1, . ..,w,) we define
M*(b(wla cee ,U.}n) = sup An¢(x)>
JCECn(w17--<7Wn)
M.p(wr, ... ,wy) = inf Ano(z).

2€C), (W1 ,...,wn)
Lemma 2.2. Let ¢ : A = R have variations uniformly tending to 0. Then
lim sup M*p(wr, ... ,wn) — Mudp(wi,...,w,) = 0.

Proof. The result immediately follows from the estimation: for fixed n € N we have
1 n
M* e wy) — M, ey wpn)| < — i =o(l
M $lwr, o wn) = Mag(wr, . wn)| n;vaw o(1)

O

Since we are assuming that log |7”(z)| has variations uniformly tending to 0, this
lemma has an immediate consequence on the size of basic intervals.

Lemma 2.3. For anyw € X
| log(diam(C, (w))) — nd, (= log [T o TI(w)])| = o(n).

Proof. This can be proved straightforwardly since by the mean value theorem we
have

log(diam(C),(w)) = nA, (—log|T" o II(7)|)
for some 7 € ¥ such that (71,...,7,) = (w1,...,wy,). We can then apply Lemma
22to ¢ = log |T’| which was assumed to have variations tending uniformly to 0. O

Now it is time to refer to the notion of pressure of a potential. If p: A - R is a
function with variations uniformly tending to 0, then we define its pressure by

P(«ﬁ):%s%){ + [ odu: / odp > oo}

This can be alternatively stated as (see [MUOQ3], p

2z Sn(@0T1(@))
(2.1) P(¢) = lim nlog;

Notice that it is possible that P(¢) = oc.

Finally we prove some important results regarding the relationship between the
topological pressure and s.,. Observe that ¢ — P(—tlog|T”’|) is decreasing because
log |T"(z)| > 0.

Lemma 2.4. We have
S0 = inf {t > 0: P(—tlog|T']) < oo} .
Proof. For convenience we will let
P(x) = —log|T](z)], G(x)=logdiam(l;), where | = min{j: z € I;}.
To complete the proof simply note that if P(tG) < co or P(t1)) < oo, then by (2]
we have

|P(tG) — P(t)| < tvary (¢).
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Lemma 2.5. There exists a sequence of T-invariant probability measures {1, }nen
such that ()
- T
A3 Mpn) =000 I8 N iy 5

Proof. We suppose so, > 0 and leave the easy case s, = 0 to the readers. We
start by fixing ¢ > 0 and noting that for any T-invariant measure p such that

igﬁ; > 5o + 2¢ we have

P(—(sx +¢)log|T"])

h(p) = (800 +€)A(1)

>
> e

and so A\(p) < P(*(soﬁ;)long’l)'

We now take two sequences {t, }nen and {ky, }nen such that for each n, ¢, < soo,
limy, 00 t = Soo and lim, o k,, = 00. Since for all n we have that P(—t, log |T’|)
= 00, by variational principle, we can find a sequence of T-invariant measures .,
such that

h(pn) = tnA(pn) > 1,

and hence 22 > ¢ Furthermore, by the fact that A(z) > h(u), we can have

)‘(l"n)
AMpn) > k.
However, for any ¢ > 0, if k,, > P(f(s‘”f) og|T']) " then QLEZ; < S0 + 2¢. So,
lim () = Soo-
n—00 A(fin)
([l
3. TooLs

It will be useful for us to describe in some detail the main tools we are going to
use. They are already used in the literature in the finite symbolic case, but in this
paper we are working with infinitely many symbols and this introduces some minor
changes. We remind the reader that (X, 0) is the full shift on one-sided symbolic
space over an infinite alphabet.

3.1. Bernoulli approximation. In this section we will present a process of using
sets of cylinders to define Bernoulli type ergodic measures. This is a similar idea to
Misurewicz’s proof of the variational principle but here we also exploit the structure
of the symbolic space. Since we are in a non-compact setting, an added complication
is that weak* limits of measures will not always exist.

Let ¢ : ¥ — R have variations uniformly tending to 0. Let f = ¢ o II. We prove
the following result.

Proposition 3.1. Let € > 0 and n € N be fized. Suppose that
var, (An,¢) <e, var,(A,log|T']) <e.

For any set J C N"™ and any probability vector {p;};es (0 <p; <1, > .c;pj =1),
we can find an ergodic T-invariant measure p such that

(1) f¢d:u’ € (71 — &M +5)7

(2) )\(/J’) € (72 —&,72 + 5)7

(3) h(p) =1/n3;c, pilogp;,
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where
= SRS @), = - > pslogdiam(I1(7).
jed jeJ
Proof. For convenience define ¥ : 3 — R by
U(w) = log [(T")'(Tlw)].

Each j in J defines a cylinder. We start by defining a o”-invariant Bernoulli measure
Vp On X by assigning each cylinder j € J the weight p;. This measure will satisfy
(1) & [ Sufdv, € (m —e,m +e),
(2) fS (logT" o I)dvy, € (72 —€,72 +€),
( ) (Vm ) = Z;ejpj 1ngj-
Then define a o-invariant measure

n—1
1 —1
= — E Vp OO
n
=0

Since the measure v, is o™-ergodic, v is o-ergodic. By straightforward calculations
and Abramov’s formula for entropy (see [PU10], Theorem 2.4.6 page 32), the above
three formulas can be written for v as

(1) fde € (71 — &M +‘€)7
2) [logT' olldv € (y2 —&,72 +¢),
(3) h(v,0) = =1 X e pilogp;.

To finish the proof we simply let

p=voll L
O

We will use this proposition in two ways. One is to construct measures from
sets of cylinders where the Birkhoff averages for certain potentials will be the same.
The other is to approximate invariant measures with ergodic measures.

Let k € N. For v = (y1,...,7) € RF, denote by (v) the following set of
cylinders in X

{lwr, .. wn] : Angi(Tlw) € (i — &, + €),Yw € w1, ..., w,],V1 < i < kY.

Corollary 3.2. Fizk €N, v = (71,...,7) € RF and n € N. If there exists s such

that
Z diam([wy, ..., wp])° =1,
=(v)
and
— Z diam([wy, ..., wy,])" logdiam([wy, . . . ,wy]) < 00,
=(v)
then there exists a T-invariant ergodic measure p such that

) h €
/¢zdu€ —g,vi+e), V1<i<k, and %_S‘SK—E'

Proof. We simply apply PropositionBIlwith J = ¥() and with diam([w1, . .., wy])
as probabilities. (|

S
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Corollary 3.3. If there exists a T-invariant measure p and a vector v € R¥ (k € N)
such that

Ap) < o005 v1§i§k,/¢idu=%

then there exist strictly increasing sequences of integers {qe}, {n¢}, and a sequence
of T™ -invariant Bernoulli measures {p} supported on II(X,,) such that

(1) limy, oo [ Anopidug =y for 1 <i <k,

(2) limy—o0 h(pe, T™) = h(p),

(3) limg oo Ale, T) = Alj).

Proof. Take such an invariant measure p. For any € > 0 we can find N € N and
q € N such that for any n > N

(1) var,{A,(logT' o II)} < &,

(2) for each 1 <i < k, max;{var,(A,$;)} <e,

(3) foreach 1 <i <k,

> iMwr, . wn)) Andi (@1 wn)) — 3| <&,

(4) [ S 7
(5) [ Sy T
)_

where in points (3)-(5) the sums are taken over all words wy ...w, € {1,...,q}"
and

(Mw, - . ., wn]) log diam([wi, . . ., wn]) — n/\(,u)‘ < ne,
(e, wal) log ATTfwn, . wn]) = nh(u)| < me,

wn]) = w(Iws, .. wi))
T Ewl,‘..,w p(Mfwr, .. wy])’

n

We can now apply the first part of the proof of Proposition Bl to construct
our sequence of measures. We could go on to get a sequence of T-ergodic mea-
sures. However, these T™¢-ergodic measures p, will actually be more useful for our
purposes. O

AT, .

3.2. W-measures. The main tool to prove the lower bound of our theorems will be
to use the technique of w-measures used in [GRO9]. This involves using a sequence
of ergodic measures to define a new measure which we will use to calculate the
lower bound for the dimension.

Theorem 3.4. Let {y; }‘;‘;1 be a sequence of T-invariant measures of finite entropy
such that the following limits exist:

j—oo
Then for v = (vi)ien we have

h(p)
Alws)
Proof. This statement is analogous to the one proven in [GR09, Proposition 9,
Theorem 3] in the special case: it was a finite iterated function system, the measures
pj were Gibbs and there was only one potential ¢ = log|T”|. The proof of the
general statement is analogous, but there are some changes so we rewrite it.

By choosing a subsequence we can freely assume that h(u;)/A(u;) have a limit.

dim A, > limsup
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To begin, we are not going to use the measures u; directly. Fix a sequence
e; = 0. By Corollary B3] for each j, there exist an integer n; and a Gibbs (even
Bernoulli) 7"/ -invariant measure j; such that

1) | [ Angidp; —7i| <ej/2for 1 <i<j,
(2) |h(us, T ) = h(pg)| < €5/2,
(3) A}, T™9) = Apy)| < 5/2.

Then let

(3.1) :—Z,u]oﬂoa

" 1=
The family {7;}52, has the following properties:
h(n) = 5-h(pf;0™),
— each measure 7; is supported on a symbolic space ¥, with only finitely

many symbols, the sequence {g;} is in general unbounded (note that X,
is compact, hence each f; = ¢; o Il is bounded on %, ),

‘M h(p;)

Amy) Ay

/fz'dnj —/¢idﬂj

Let {m;} be a fast increasing sequence of integers (in the following we will
provide further conditions). We will construct a probability measure 1 supported
on X by defining it on a family of cylinders, which has a product structure.

First, on all cylinders of level m; we define

Sej,

>
~—

—forall1<i<y

Sé"j.

N(wi, .- swm,]) = m([wi, -+, Wm,))-
Then, in an inductive step, having the measure defined on cylinders of level m;_1,
we subdivide it on their subcylinders of level m; by the following formula:
(@1 rwmy]) = 11, sy ]) 0 (Womy sy )
We assume that
mi > ny, (mj _mj—l) > n;.
Note that at each step of construction the measure is defined on a symbolic space
with finitely many symbols. Denote

L,(w) = %bg [(T™) (w)| and M, (w) = —% logn([wi, ..., wn])-

We claim the following: we can choose {m;} such that
(32) — 10g /\qjJrl < Ej41MM

where A; is the maximal contraction ratio of map 7} and that the following prop-
erties are satisfied for any j and for all points w in a positive 7-measure set A C X:
forall 1 <i < jand m; <n < mj; we have

(33) M*fi(wl,...,wn)—M*fi(wl,...,wn) SE]',

Seja

(3'4) ‘A fz /fzdm _nmj /fidnj+1
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n —

(35) 0e) = A0y) - Ay )| <

mn—m;
Lh(nj11)

(36) ) - ) - <=

Let us prove the last four expressions. Formula [B3]) follows from Lemma
provided all m; are big enough. The other three expressions are the main part. Note
that (B3] and [B.6) are actually special cases of (84). L, (w) is (by bounded dis-
tortion) approximately a partial Cesaro average of the function log|7”|. Similarly,
while 7; is not a Gibbs measure, yj is (for 7). Hence, (nM,(w) — m;M,, (w))
is (by Gibbs property) approximately a partial Cesaro average of the potential of
the Gibbs measure u;- 41 (average under iterations of T™s+1). For this reason, we
will provide a detailed proof of the formula (4] only and the formulas ([B5]) and
B8) can be proved analogously.

Applying the Birkhoff Ergodic Theorem to the measure 77; and the function fi,
we get that

(3.7) ‘ my f1(w /fldn

on a set of n;-measure 1 — §;, where ; can be chosen arbitrarily small if m; is
sufficiently big. The next statement we will need is that

0 |Anfr(0™ () - / frdns

<&l
-2

(3.8)

mie
S—;1+n€2

for all n > 1 for a set of w of ny-measure 1 — o1 (more precisely, we will only
need this statement for 1 < n < my — mq, but it is important that we can choose
arbitrarily big ms and the statement will still be true). It follows from the Central
Limit Theorem (see [PUL(, Thm 5.7.1]) for the measure 7, that for any continuous

f and for big n
s~ [ am| <

for all w except a subset of measure approximately exp(—cne?). Hence, 51 can be
chosen arbitrarily small, provided me; is big enough (how big is big enough will
depend on €3).

We continue in an inductive way. By the Birkhoff Ergodic Theorem we have

(39) A1) - [ fn < §

for all 1 <4 < j on a set of n-measure 1 — §;, where §; can be chosen arbitrarily
small provided m; is sufficiently big and sufficiently big in comparison with m;_;.
By the Central Limit Theorem

n | Aufi(e™ @) = [ fidnyn

<

(3.10)

forall 1 <7 < jand n > 1 for a set of w of n;,1-measure 1 — gj, where Sj can
be chosen arbitrarily small, provided mje; is big enough. Combining (3.7), (B5),
9) and BI0) we get (34) true on a set A of n-measure at least 1 — Y d; — > 0;,

which can be chosen arbitrarily close to 1.
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Let n4 be the restriction of n to A. By (B3) and ([3.4), we have
ACA,.

On the other hand, for all m; < n < mj41, A is contained in a union of nth level
cylinders, each of size at least

rn 1= exp (=mA(n;) — (n— my)A(n41) — ne;)
(by (33)) and of p-measure at most
cn i= exp (=m;h(n;) — (n = m;)h(n;1) + nej)
(by (36])). According to (3.2)), we have
|log rpq1 — logry,| < gj]logry|/n.

For any w € A, the ball B, (w) intersects A at most two nth level cylinders.
Hence

A (Brn (W)> < 2¢c,

By Frostman’s Lemma,

h(n; h(p;
dimTI(A) > Timinf 08— jiy i 20%)
An)) 'y
Recall that at the beginning, we assume that h(u;)/A(p;) have a limit. The proof
is then completed. ([l

4. PROOF OF THEOREM [L1]
The proof is divided into the following three propositions. Recall that
A, ={zeA: lim A,¢;(x) =, for all i € N}.
- n—roo

Proposition 4.1. Ify ¢ Z, then A, = 0.

Proof. Given 7, assume there exists x € A such that lim,, ;. An¢i(x) = 7; for all
i € N. Let w € ¥ satisfy llw = z. If we fix e > 0 and k& € N, then we can find NV
such that for all n > N we have

sup |An¢i($) - 'Y'L" < 6/27
1<i<k

sup sup | An@i(z) — Andi(y)| < /2.

1<i<k z,y€ll([wi,...,wn])

We then let v be the shift invariant measure on ¥ defined on the periodic orbit
(Wi, ... wp). If we let p = v oIl then we have that p is T-invariant and that
U ¢;dp — *yi’ < ¢ for each 1 <14 < k. This completes the proof. |

In what follows, we will restrict ourselves to the case v € Z.
Proposition 4.2. Ify € Z, then dim A, > ().

Proof. Tt follows immediately from Theorem [3.4] O
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Proposition 4.3. Ify € Z, then dim A, < az(y).

Proof. Let § = dim A, = dim(A,\E). Given ¢ > 0, for any covering of A,\E with
intervals E; of lengths |E;| < 6 we will have

SB[ > N (o)

with N(J) — oo as 6 — 0. In particular, if we choose a covering of A, with nth
level basic intervals, the corresponding sum Y [II[wy,...,w,]|*"¢ will be greater
than 1 provided n is big enough. If this summand is infinite, we can choose a finite
subfamily of nth level basic intervals intersecting A, such that the sum of their
diameters in power § — ¢ is still greater than 1. We can then choose a different
exponent s > § — ¢ for which this sum is equal to 1.

By Lemma 2.2 for any k for sufficiently big n if an nth level cylinder intersects
A, then

|Andi(w) — il <e

for all ¢ < k and for all w in this cylinder.

We can now apply Proposition Bl and Corollary to construct an ergodic
measure v with respect to the shift acting on finitely many symbols (hence, of
finite entropy), and then a T-invariant ergodic measure p satisfying

‘/(bidﬂ -

for all 1 < i < k. By the formula dim g = h(u)/A(1) the proof of the upper bound
in Theorem [[.1] is completed. O

h(w) 2e
%, |4 <
= ‘A(u) =K e

5. PROOF OF THEOREM

From now on we will assume that each function ¢; is bounded above and below.
Recall that

B 1
ai(y) = lim lim H:EI?T) {—/\ " ‘ / pidp — i

<eVi<k, hip )<oo}

az(y) = sup {% : /qbid,u:% Vi e N, h(u) <oo}.

neM(T)
We will first show that for all ¥ € Z we have (see Lemma [5.T])
a1(y) > Soo-
As Theorem [[1lis already proven, we then have
dim A, = max {50, @1(7)} -
Then we will show that (see Proposition [(.2))
a1(y) > seo = a1(y) = as(y).

It will follow that dim A, = max {5, a3(7)}.
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Let us first prove the following lemma.

Lemma 5.1. Lety€ Z, k € N, e >0 and p € M(T) such that

[ ordu=n

There then exists a measure v € M(T) such that

Ap) < o0, sup <e.

1<i<k

h
EZSOO—&:, sup /gf)idu—%— < 2e.
/\(V) 1<i<k
Proof. Let A = sup;<;<j sup,cy |¢i(z)]. By Lemma we can find a sequence of

T-invariant measures g, such that lim, ., A(u,) = oo and % > 8o — % for
each n. Consider the measure
€ €
vp = (1— Z)ﬂ + Z,U/n-

Then we have that for each 1 < i <k,

/d)idvn—%— < quidu—% + ‘/¢idﬂ_/¢idyn < 2e.
Furthermore,
o h(vn) (L —e/A)h(p) + /Ah(pn)
1 f =1 f
e Av)  nome (1— =/ A)A() + £/AN(jin)
= liminf (ptn)
n—=00 A(fn)
> So0 — =
This completes the proof. O

Thus we can conclude that for all v € Z, we have a;(7y) > Sco-
Proposition 5.2. Let y € Z. If a1(7) > $c0, we have ay(y) = az(y).

The proof of the proposition is lengthy and it is presented in the next section.

6. PROOF OF PROPOSITION

The assertion of Proposition 5.2 will follow immediately from the following state-
ment.
Proposition 6.1. Given v € Z and a sequence of invariant measures ji; such that

— h(p) /A (1t5) > Soo + 0 for some § > 0,
— [ ¢idp; — i for alli €N,

there exists an invariant measure p satisfying

h(w) _ . h(p;) At — e
m = lim sup )\(Hj‘) and /(bzdu = VieN.

To prove the statement we will consider the locally constant potentials ¢, defined
by

Ui(@) = = sup log|(TH) ().
yGCk(I)
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We then have the following straightforward lemma.

Lemma 6.2. For any p € M(T) such that A(p) < oo we have

20— [ | = o0,

Proof. This follows simply because the variations of log|7”(x)| tend uniformly to
0. O

We will first prove an analogous statement to Proposition [6.1] for ¢ () and then
use Lemma [6:2 to deduce Proposition [6.Il For convenience for p € M(T) we will

let & (1) = [ Yrdp.
Lemma 6.3. Fiz any k € N. Given v € Z and a sequence of invariant measures
i; such that
— h(p;)/&r(pej) > Soo + 6 for some 6 > 0,
— [ ¢idu; — ; for alli €N,
there exists an invariant measure | satisfying

h(p) .. h(p;) Ay = . Vi
o = Imew (2 i [ o= vien

Note that to prove Lemma it suffices to prove the statement for £ = 1 since
the statement for general k can then be deduced by considering the map T*. The
proof of Lemma will now follow by a series of technical lemmas.

Lemma 6.4. For any § > 0 there is K(6) > 0 such that if p is a T-invariant

measure and ghl((l;)) > Soo + 0, then h(p) < & (p) < K(9).

Proof. We fix t € R such that s, <t < $eo+9d. By the methods from Lemma 24 we
get P(—t1)1) < co. So by the variational principle we get h(u) — t€1 () < P(—ta)q).

Since &L Seo + &, we have
&1(p)

P(=t1) > (500 + 3 — 1)1 (1)

So,
P(—tlogT")
<~ "o/
§1(p) < Py
([l

Therefore if the hypothesis of Lemma holds, then we can deduce that the
sequence of measures {y;} is tight and so will have at least one limit point y which
will be a T-invariant probability measure. Moreover by the lower-semi continuity
of &1(p;) (see Lemma 1 in [JMUOH]), by the simple fact that h(u) < A(p) and the
fact that A(p) < & (u) we know that h(p) < &(u) < K. To finish the proof of
Proposition [6.1] we would only need entropy to be upper semicontinuous.

Unfortunately, the entropy is not upper semicontinuous on M(T). We have,
however, a limited form of semicontinuity when we consider entropy divided by
Lyapunov exponent, and this will be enough:

Lemma 6.5. Let {11;};en be a sequence of measures converging weakly to p and
satisfying that h(p;)/&1(p;) > Soc + 0 for some § > 0 and all j € N. We have

M) . hy)
Gl = P E )
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Proof. Denote by n; the measure on X such that u; = n;0Il~*. We start by choosing
a subsequence of 7); such that h(n;)/& (n;) converges to the maximal possible limit.

Given ¢, consider the projection 7, : 3 — 3, obtained by replacing in a sequence
w1, wsa, ... all symbols ¢+ 1,q+ 2,... by symbol g. The projection of a measure v
under 7, will be denoted by v/|,.

Let us denote
cjq =Y _n;([K)
k>q

Ng:=|log inf {|T'(2)[}].
0= llog tnf {T"(x)]}

Note that ¢; 4 is uniformly (in j) converging to 0 as ¢ increases. Consider the
two partitions:
q

A:{m,[z g -1, [j } {U g+ 1], q+2},...}.

We have

h(n;) = h(n;|AV B) < h(n;|A) + h(n;|B).
The former summand is h(n;|,). The latter can be bounded from above by the
entropy of the corresponding Bernoulli measure. It has one atom with measure
1 —¢j 4 and the other atoms are cylinders [k] (k > ¢). Hence,
h(n;|B) < (1 —¢jq)|log(l = cjq)| + ¢jq

< ¢jgh(¥ig) +€0(0);

where v; 4 is the Bernoulli measure obtained by assigning on each symbol k > ¢
probability 7;([k])/cj,q, and €o(q) converges to 0 as ¢ — co. We know that

fl(Vj,q) > logweLiJrlg;fq Il{‘T/(x”} = 5‘(1

which must tend to co as g goes to co. Thus by Lemma

logc; o + cjqh(v;
(6,1) J1Q| 7,9 ( jﬁQ)

h(v,q) s c
(6.2) S < seo te1(9)

for some £1(q) converging to 0 as ¢ — co. At the same time,

(6.3) Amg) = Y0 ()L II(R)) = Anjlg) + ¢ (Mvjq) — 1 (11(@)))-
k

As &1(nj) < 00, ¢q¥1(11(g)) must converge to 0, but this convergence is not
uniform. Still, from the sequence {n;} we can choose a subsequence 7;, , a sequence
q; and a sequence €3(q;) — 0 such that for each ¢; we have

lim{sup cj/qu'(/)l (H(@)) < 52((]1).
Ik
Indeed, otherwise we would be able to choose a sequence 7;, such that for some
¢ > 0 and for any sufficiently big ¢ we would have

liminf ¢;, 491 (I1()) > ¢
Jk
and that would imply that & (n;) = oo

So, finally we get by (1)), (@2) and (@3] and Lemma [6:2] that given I, for all k
big enough we have

(6.4) h(nji.) = P(0jicla) < Soo - K (G @1) + €3(q1,6)
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and

(65) gl(njk) - 51(77jk|qz) > K(]ky QZ) - 53((117 5)7

where K(j,q) = ¢j4&1(vj,4) > 0.
Now consider the following diagram:

M. "7
njk|¢]l 7 n'qz

By (64) and ([63), given I, for k big enough

h(njk|qz) > h(njk)

gl(njk‘lh) N §1(77jk)
The convergence of n;,|q to 7n]g takes place in space of invariant measures of
(24, 0), where entropy (and hence h/&;) is upper semicontinuous. Finally, h(n) =
lim h(n|,, ). Taking u =noIl~!, we have

h(p) . h(n)
alw) e, ~S@k

As we can choose arbitrarily big ¢;, e(gq;) is arbitrarily small. We are done. ]

—&(q,9).

The statement of Lemma [6.3] now follows.
To complete the proof of Proposition choose a sequence of T-invariant mea-
sures p; such that
— h(p)/ A (p5) > Soo + 6 for some § > 0,
- fgbzd,u] — Vi for all 7 € N.
We choose ¢ > 0 sufficiently small such that h(u;)/(A(p;) +€) > Soo + /2. We
then choose k sufficiently large such that vary(log |7’ (x)|) < € and so in particular
E(py) — M) < e. Thus h(p;)/Ex(p) > Soo + 6/2 and we may apply Lemma
to show that there exists a T-invariant measure p such that h(p)/Ex(p) =
limsup;_, o, h(p;)/&k(1;) and [ ¢ydu = ; for all i € N. Moreover

: h(p;) : h(p;)
lim sup 22> limsup I —p 13
oo Alj) jroo Sk(py) ()&t
h(p) h(p) eh(p)
> + 3
Ap)+e = AMp)  A(p)? +eA(p)
and Proposition [6.1] now easily follows.
This completes the proof of Theorem

7. EXAMPLES

We now look at some examples where our results can be applied. We will consider
an application to frequency of digits which applies the fact that our level sets are
defined using countably many functions. We then consider two cases which look at
possible behaviour when the level set is just determined by one bounded function.
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7.1. Frequency of digits. There have been many papers on the Hausdorff dimen-
sion of sets determined by the frequency of digits for various types of expansion;
see for example [Bes35|, [BSS02a], [Ege49], [FLMI10], [FLMW10], [Ols04]. Here we
show how our results can be applied to give results in this direction in the setting of
expanding maps with countably many branches. We take a partition {I;};cny and
a map T as in the first section. We define ¢; to be the characteristic function for
the interval I;, that is,

1 if zel,

dil) = xu (@) = { 0 if z¢lI.

For an infinite vector p = (p1,pa,...) where Soooipi < 1let
A, ={xeA: lim A,¢,(x) =p; for all i € N}.
— n—oo

The assumptions of Theorem are all satisfied and it is easy to see that all
such p belong to Z. Therefore

dim A, = max {500, a3(p)}

where

az(p) = sup {M cu(l) =p; Vi eN, h(u) < oo} .
pemry LA(1)

We refer to these sets A, as “sets of digit frequency”. This is because in the case
where T is the Gauss map, T(z) = 1/z mod 1, A,¢;(z) gives the frequency of 7 in
the first n terms of the continued fraction expansion of x. In particular our work
shows that the dimension of such a set is always bounded below by s, even if the
frequencies sum to less than 1. Note that so, = 1/2 when T is the Gauss map. This
problem has already been studied in the setting of continued fractions ([FLMI0]),
and in the countable state symbolic space ([FLMW10]). Our work shows that this
phenomenon extends to more general countable branch expanding maps. We should
also point out that there was a step missing from the proof in [FLM10] where the
argument of how to go from the statement of Theorem [Tl to Theorem was not
given. The section on the proof of Theorem shows how this can be done.

7.2. Harmonic averages for continued fractions. For another example we
again let T' be the Gauss map. If we just take one potential ¢ : [0,1]\Q — R
defined by ¢(x) = #(w) where aq(z) is the first digit in the continued expansion of

x, then Theorem is still applicable. In particular, if for a € [0, 1] we let

1 1 1
e P e Py At el o
Ao = {xe 0,1\Q: lim 2 — @) an (2) _a},

n—00 n

then we have

dim A, = max 1, sup {_,u /qi)d,u—oz h(p )<oo}
2" pemry LA(W)

From this we can deduce that

dlmAO = A1 = =
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For A;, note that the Dirac measure on the point ‘/52_1 is the only T-invariant
measure v with [ ¢dv = 1. However, despite the fact that this measure clearly has
dimension 0, the set A; still has dimension %

Furthermore, in this case we can show that the only points where the dimension

achieves the lower bound % are the end points of the spectrum.

Proposition 7.1. For all a € (0,1) dim A, > 1.

Proof. Fix a € (0,1). Consider the set of irrationals = for which the continued
fraction expansion a1(x),az(x),... satisfies that for some N € N a;(z) > N for all
1 € N. We will denote this set Ex and note that if we consider the restriction of
the Gauss map T to the union of the intervals I; (j > N), then Ey is its attractor
and the corresponding value of s is still 3. In [JKI0] it is shown that
. 1 loglog N
dim Ey ~ 5 + 2log N
Since % < dim Fy, we can deduce that E admits an ergodic measure of maximal
dimension py with hA(uy) < oo. Note that for N sufficiently large we have that
A(pn) > log N.
Take 6; to be the Dirac measure at @ Then 67 is ergodic and f¢d§1 = 1.
Now consider measures of the form

vp =pun + (1 —p)di.

If we choose p > g A(51)4log N

m, then we have

1  loglog NV
h = ph >pl =+ —=>"
) = i) 2p (5 + BT ) )
loglog N

p
= SA(un) +pm

5 ()

1 1
> 5 @A) + (1 =p)AL) = SA(1).
Thus QEZZ g > % Furthermore, since limpy_, o %

= 0, we can choose ¢ such that % > % for all p > ¢ and o = fgbdyp for some
P

P> q. O

=0 and imy_,oo [ ¢dpn

It is straightforward to adapt this argument to the case where T" is the Gauss map
and where ¢ is a bounded function with variations uniformly tending to 0. This will
show that the interior of the spectrum is strictly greater than % . However this is
not always the case for alternative choices of T'. A simple counterexample is when
P(—551l0g|T’]) <0 and ¢ is any bounded potential. In this case dim A, = s for

all
@ Leif\I}lfLT) {/¢du} 7HES/&IET) {/qbdu}] .

7.3. Locally flat spectrum. Here we look at single functions where the multi-
fractal spectrum will have interesting phase transitions. These are examples where
the function @ — dim A, has flat regions but for which the whole spectrum is
not flat. Let T" be a piecewise linear map defined using a partition (similar maps
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are studied in [KMS12)]) as follows. We consider a set of disjoint closed intervals
{I;}32,. Denote s as before and let

o0
K = diam(I1)°> and C' = Zdiam(]i)sx.

i=2
We will assume that C' < 1, K4+C > 1. (These can be easily satisfied. For example,
take |I,,] ~ n=2(logn)~%.) Define T to be the piecewise linear map which maps
each interval I; bijectively to the interval [0, 1]. These conditions will ensure that

dim A > s, P(—s50log|T"]) < .

We will take ¢ = xy,, that is, the characteristic function for the interval I;. We
will prove the following result.

Theorem 7.2. There exist 0 < a, < a* < 1 such that dim A, = s for a €
[0, ] U [a*, 1] and dim Ay > oo for a € (au, a*).

Proof. We will prove Theorem by a series of propositions and lemmas. We start
with the following general proposition.

Proposition 7.3. Let ¢ : A — R have variations uniformly converging to 0. For
any a € R if there exist q,6 such that

P(q(¢ — a) = dlog [T"]) < 0,
then

) _ }
ues./\lill()T) {)\(M) : /¢du =a and M) < oo p < 0.

Proof. Let p € M(T) such that [¢dp = a and A(u) < co. By the variational
principle, we have

o) + [ (a6~ a) = Slog | < 0.
So,
h(p) = 0A(p) < 0.

Thus h(u)/A(p) < § which completes the proof. O

Therefore, for our specific choice of T and ¢ if we can find ¢ > 0 and o* € (0,1)
such that P(q(¢ — a*) — 5o log |T’]) = 0, then dim A, = sy for all @ € (a*,1).
Similarly if we can find ¢ < 0 and a,. € (0, 1) such that P(¢(¢p—aw)—ss log |T']) =0,
then dim A, = s for all a € (0, ).

We are going to show that we can indeed find such a,, a*. We can calculate

P(q(¢ — ) — soclog|T"|) = log(Ke? + C) — aq.
By solving the equation P(q(¢ — a) — se log |T7]) = 0, we have
log(Ke?+C
alq) = ¥’ q#0.

We then have the following lemma.

Lemma 7.4. Such a,,a™ do exist.

Proof. The function a(g) has the following properties:
(1) The function a(q) is real analytic on both (—oc0,0) and (0, 00).
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(2) limgooa(g) =1 and limg,_o a(g) =0.

(3) limy—o4 a(q) = +oc0 and lim, - a(g) = —cc.

(4) Under our conditions K + C > 1 and C < 1, aq) < 1 for ¢ < 0 and
a(q) > 0 for ¢ > 0 and the equation a(g) = 0 admits only one solution

q=q_ =log <0

and the equation a(g) = 1 admits only one solution

C
> 0.
1-K
From the above properties, one can see the minimum and maximum of the
following can be obtained:

q=gqy4 =log

* = inf a(q) = inf d a,=infa(g) = inf .
o’ =nfalg) = inf a(g) and o.=infa(g) = inf afg)

These are what we want. O

Therefore we have that for any a € [0,a,] U [@*, 1] there exists g such that
P(q(¢ — @) — 800 1l0g |T’]) < 0 and so by Proposition [7.3] we have

dimA, = oo, Va € [0,a,] and Vo € [a*,1].
Now we need to show
Vo € (aw, "), dimpg Ag > Soo-
For t € [$o0,dim Al, denote

K(t)=|n|" and C(t)=> |L["
=2

Let f(t,q) = P(q¢ — tlog|T’|). Then the dimension of the set A, is the first
component t(«) of the solution (t(a), ¢(a)) to the following system (see [FLWW09)):

) f(]f,q) = qa,
' a_q(tv(I) =«

whenever such a solution exists. By a simple calculation we have

f(t,q) =log(K(t)e? + C(t)).
For a fixed t, let fi(q) = f(¢,q).

Lemma 7.5. For a € (o, o) we have that P(q(¢ — &) — seolog|T’]) > 0 for all
q and that P(q(¢ — a) — (dim A) - log|T”]) < 0 for some q € R.

Proof. The function ¢ — f;(¢q) has the following properties:

(1) Fort € (800, dim A), the function f;(¢) has two asymptotic lines y = log C(¥)
for ¢ = —o0 and y = = + log K(t) for ¢ — oo. In particular note that for
any « € (0,1) there exists ¢(a, t) such that f/(q(a,t)) = a.

(2)

a*:infst(Q)<1 and a*:inffs‘”—@)>0.
q>0 q q<0 q
(3) If @ € (ax,a*), then f,__(g) = ag has no solution.
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By property (3) and property (2) we can thus deduce that for « € (a, a*) and for
any ¢ € R

P(q(¢ — @) = soolog|T"|) = fs.. (q) — g > 0,
which is the first part of the lemma.
By property (1) if we let s = dim A, then there exists ¢(«, s) such that f!(q(«, s))

= o It then follows that there will be an equilibrium state 14 s such that [ ¢dpg, s
=a and

fs(q(a,s)) = aq — SA(ﬂq,s) + h(,uq,s) < og.
Thus the second part of the lemma follows. O

Due to the fact that f(¢,q) depends analytically on ¢, ¢ in the region ¢ > s, q €
R, we can now assert that for o € (a,,a*) there exists t(a) € (So0,dim A) which
is the first coordinate of the solution (¢(«),¢(«)) to (ZI) and thus dim A, = t(«).
This completes the proof of Theorem O

We can also deduce that if pugrp is the equilibrium state for the potential
—(dimA) - log |T"| and & = [ ¢dusgrp, then the function a — dim A, is strictly
increasing on (o, &) and strictly decreasing on (&, ) and by the implicit function
theorem varies analytically in the region (., a*).
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