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Contemporary Mathematics

Halving dynamical systems
Shaun Stevens, Tom Ward, and Stefanie Zegowitz

ABSTRACT. We discuss the possible orbit-growth behaviour in pairs of topo-
logical dynamical systems one of which is obtained from the other by forming
the quotient under the action of an involution. Examples illustrate the extent
to which their orbit behaviour can differ.

1. Introduction.

Our purpose here is to discuss doubling and halving in the context of topological
dynamical systems, which for convenience we take to mean pairs (X, T") where X is
a compact metric space and T : X — X is a homeomorphism with a fixed point and
with finitely many points of period n for each n > 1. Halving (and doubling) may
be thought of as a relationship between pairs (X,T) and (X,T) of the following
form. Suppose there is a continuous involution ¢ : X — X that commutes with T,
and use this to define an equivalence relation on X by saying that x ~ y if and
only if x = 1(y). Writing [z] for the equivalence class {z,2(z)} of x we define X
to be the quotient space X/~ and T to be the map defined by T ([x]~) = [T'(x)]~.
The process of passing from (X,T) to (X,T) may be thought of as halving, and
passing from (X,T) to (X,T) as doubling.

The question we address is to ask which structures are preserved and which are
not by doubling and halving in this sense. The most important quantity associated
to a topological dynamical system is the topological entropy, which will not be of
interest here as it is preserved by halving (see [3, Ch. 5] for the definition and
details). We are particularly interested in the relationship between closed orbits
in the two systems. It turns out that there are some constraints on the relation-
ship between the numbers of closed orbits for T and for T but that, within these
constraints, essentially everything is possible. The constraints will be described in
Lemma 5, and the freedom within those constraints in Corollary 10.

2. Closed orbits

We begin with some notational conventions for a map 7' : X — X. For n a
natural number, we write Fr(n) = {r € X | T"(x) = x} for the set of points
of period n under iteration of T, and Fr(n) = |%#r(n)| for the number of points
of period n. Similarly, write &1 (n) for the set of closed orbits of length n under
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2 SHAUN STEVENS, TOM WARD, AND STEFANIE ZEGOWITZ

iteration of T, and Op(n) = |Or(n)| for the number of closed orbits of length n.
The set of points of period n comprises exactly the disjoint union of those points
on a closed orbit of length d for each d dividing n, and each such orbit consists of d
distinct points. Thus

1) Fr(n) = 3" dOr(d),
d|

and hence, by Mobius inversion,

Or(n) =%y n(3)Fr(d)
d|n

for any n > 1.
A convenient generating function for the periodic point data is the dynamical
zeta function

(r(z) = exp ZFT(n)% =J[a-= o™,

n>=1 n>1
(the second equality is equivalent to the identity (1)), which defines a function
under the assumption that Fr(n) < oo for all n > 1, in which case it has radius of
convergence given by

(hm sup (Fr(n))"/ ) -

n—oo

3. Closed orbits and topological factors

If (X,T) and (Y, S) are topological dynamical systems with a continuous sur-
jective map m: X — Y satisfying m o T = S o7, then (Y, S) is called a topological
factor of (X,T), and halving is a special case of this. In general, closed orbits
can behave very badly under a topological factor map, as the following examples
illustrate.

ExaMPLE 1. Closed orbits in (X,T) may be glued together in a topologi-
cal factor. An extreme instance of this is to take Y = {y} to be a singleton,
set S(y) =y, and define the factor map = by 7(z) =y for all x € X. Then, what-
ever the sequence (Or(n)) of numbers of closed orbits under T, the factor system
has Og(1) =1 and Og(n) =0 for all n > 2.

EXAMPLE 2. Finite pieces of orbits in (X,T) that are not closed may close
up under the factor map, producing closed orbits in (Y, S). For example, take any
topological dynamical system (Y,S) and form the product system X =Y x T,
where T = R/Z is the additive circle, with map T'(y,t) = (S(y), ¢+ o (mod 1)) for
some fixed o ¢ Q. Then (Y, S) is a topological factor of (X,T') via the projection
onto the first coordinate. Clearly whatever the sequence (Og(n)) of numbers of
closed orbits under .S, the map T has no orbits of finite length.

For quotienting by an action of Cs (that is, halving), the situation is more
restricted.

EXAMPLE 3. Let X = T = R/Z be the additive circle, and define the map T
on X by T(z) = 2z (mod 1). This is not a homeomorphism, but is a convenient
familiar map to use as an initial example. The involution 2(z) = 1 — 2 commutes
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with 7', and so defines a halved system (X,T). A convenient way to visualize this

system is to imagine looking sideways at the unit circle so that points identified by
the map ¢ are seen as a single point, as illustrated in Figure 1. It is straightforward

FiGUure 1. Halving the circle doubling map gives a tent map.

to check that the quotient system (X, T is the tent map, with X = [0, %} and

— 2z 0<z <4,
T(x) = 1 %1

For these two systems it is easy to calculate that

1—
Gr(z) =3z 2Zz
and
1
Gr(z) = 1-2z°

In this example, a system with approximately 2" points of period n and a rational
zeta function is halved to a system with the same properties.

The following example gives a natural way in which one could double a topo-
logical dynamical system, simply by putting together two copies of the system.

EXAMPLE 4. Given any dynamical system (Y,.S) on a metric space (Y,d) we
may form the doubled space X =Y x{0,1} and define a map on the doubled space
by

T:X — X
y,e) — (S(y),e+1 (mod 2)).
The involution 2 : (y,e) = (y,e + 1 (mod 2)) commutes with 7', giving a halved
system (X,T) which can be identified with the original system (Y, S). Clearly

B {O if n is odd;

2 F
@ r(n) 2Fg(n) if n is even,

so that
lim sup % log Fr(n) = limsup % log Fs(n),
n—oo n—oo
meaning that the zeta functions (7 and (7 = (g have the same radius of conver-

gence. Moreover, the relation (2) may be written as

(3) ¢r(s) = (s(s)Cs(—s),
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showing that if (g is rational then {7 is also rational, though we will see later that
the converse is not true (see Example 11).

Our purpose here is to show how extremely unrepresentative Examples 3 and 4
really are. In general, both the growth rate in the number of periodic points and the
arithmetic nature of the zeta function do not survive under doubling or halving.
However, in contrast to Examples 1 and 2 we will show that the change of the
growth rate in the number of closed orbits is restricted.

4. Shortening, Surviving, and Gluing Orbits

We put ourselves back in the halving situation of the introduction. Thus (X, T)
is a topological dynamical system, which we recall means a pair with X a compact
metric space and T : X — X a homeomorphism with a fixed point and with
finitely many points of period n for each n > 1, and ¢ is a continuous involution
on X which commutes with 7. Then X is the quotient of X under the equivalence
relation induced by 2, with quotient map 7 : X + X given by n(z) = {z,1(x)}.
Note that X is a metric space: if dx is the metric on X, then the metric d+ on X
is given by

dx(T,7) = min{dx (z,y) | v € 77 (@),y € 7' (@)}

The map T : X — X is (well-)defined by the relation 7 o7 = T o7, and is a
homeomorphism.

The factor map m maps any closed orbit under T to a closed orbit under T}
conversely, since the fibres of 7 are finite, the inverse image under 7 of a closed orbit
under T is a finite set closed under T so is a finite union of closed orbits under T
In particular, m induces a surjective map

o0

(4) Or(n) = || OF(n).
1 n=1

n=

In order to analyze this more closely, let 7 = {z,T(z),T?(z),...,T"(z) = z}
be a closed orbit in (X,T) of length n. Then ¢ and 7 can interact in just three
ways.

(1) It could fix the orbit 7 pointwise, (we say that 7 ‘survives’), that is = ()
for all z € 7; we write 0% (n) for the set of closed orbits of length n under T
that are fixed pointwise by 2. Then the factor map m induces an injective
map O07.(n) = Op(n).

(2) It could map 7 to another closed orbit 7/ of the same length (we say that 7
is ‘glued’ to 7’), that is «(z) € 7’ for all z € 7; we write % (n) for the set
of closed orbits of length n under T' that are glued together in pairs. The
factor map 7 induces a 2-to-1 map O%.(n) — Ox(n).

(3) Tt could preserve the orbit 7 but not fix it pointwise; in that case, we must
have n = 2k even and «(x) = T*(x), for all x € 7, so that the orbit 7(7)
of T has length k (we say that 7 is ‘halved’). we write &/ (n) for the set of
closed orbits of length n under 7' that are halved in length, and 7 induces
an injective map O (2k) — Op(k).

Clearly
Or(n) = OF(n) U 04 (n) U O .(n)



HALVING DYNAMICAL SYSTEMS 5

is a disjoint union, and so
(5) Or(n) = Of(n) + 0%(n) + O%(n),
for any n > 1. Similarly, from the surjective map (4) and the three possible
behaviours, we get

O7(n) =7 (0F(2n)) U (64.(n)) U T (O3(n)),
and it follows that
(6) O7(n) = O%(2n) + 50%(n) + 0% (n),
for any n > 1. Since these numbers are finite and

O7(1) > O07(1) — 50%(1) > 507(1) > 0,

we see that (X, T) is also a topological dynamical system.

The way in which the set of orbits of length n under T' decomposes into those
that halve in length, those that glue together, and those that survive, is not arbi-
trary. Whatever constraints on ¢ arise from having to be a continuous involution
on X that commutes with T, there are some purely combinatorial constraints as
follows:

(7) O%(n) = 0/if n is odd,;

(8) 0%.(n) is even for all n > 1.

These observations already constrain the effect that halving can have on the growth
rate of closed orbits.

LEMMA 5. Suppose (X,T) is obtained from (X,T) by halving. Then, for
anyn =1,
(a) 3Fr(n) < Fp(n) < 5 (Fr(n) +Fr(2n));
(b) Oz(n) < Or(n) + Or(2n), and if n is odd then Ox(n) = $O07(n).

PrOOF. (a) The lower bound for Fz(n) comes from the fact that the fibres
of the factor map m have cardinality at most 2; since m maps Fr(n) to Fx(n),
we deduce that Fz(n) > 1Fp(n). The bound is achieved if all orbits of length
dividing n glue together in pairs. The upper bound comes from the contain-
ment 71 (F5(n)) C Fr(2n). If x € Fr(2n) \ Fr(n), then n(z) € Fx(n) if
and only if z lies in an orbit which halves in length, in which case x lies in a fibre
of cardinality 2. Thus

Fr(n) = |Fp(n) 0n(Fr2n) \ Fr(n))| + | Fp(n) Nw(Fr(n))|
5 (Fr(2n) + Fr(n)).

The upper bound is achieved if all orbits of order dividing n survive, while all other
orbits of order dividing 2n halve.
(b) For the upper bound for Oz(n), we have

Oz(n) = 0% (2n) + 10%.(n) + 0%(n) < O7(2n) + Or(n),

by (5) and (6). Again this is achieved when all orbits of order n survive, while all
orbits of order 2n halve.

N
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For the lower bound, when n is odd we have O (n) = 0 so that
Or(n) = O7(n) + O%(n)
and, from (6),
Oz(n) = 30%.(n) + O7(n) = 507 (n).
This bound is achieved if all orbits of length n are glued in pairs. O

REMARK 6. Note that Lemma 5 does not give a lower bound for O(n) when n
is even. Specifically, when n is even, all orbits of length n might halve in length
while orbits of length 2n retain their length. Thus the only possible lower bound
is the trivial one Op(n) > 0.

In the case that Or(n) grow exponentially, Lemma 5 immediately gives bounds
on the logarithmic growth rate of Oz(n).

COROLLARY 7. Let (X,T) be a topological dynamical system, let v be a con-
tinuous involution on X commuting with T, and let (X,T) be the halved system.
Suppose there is a real number A\ > 0 such that lim sup % logFr(n) = X. Then

n—oo

A <limsup 1 log F(n) < 2.

n—oo

We will see later (see Corollary 10) that every growth rate in the closed inter-
val [A, 2] is obtainable.

5. The basic lemma

Our main observation is that, if we are free to choose the topological dynam-
ical systems, then (7) and (8) are the only constraints on the behaviour of closed
orbits under halving. This is a simple extension of an elementary remark in [7]:
for any sequence (a,) of non-negative integers, there is a topological dynamical
system (X, T) with Or(n) = a, for all n > 1.

LEMMA 8. Let (b%), (b9), and (b") be three sequences of non-negative integers,
with b5 > 0. Define sequences (a®), (a2), and (af) by

n
h . .
A {bn/2 if n is even,

5 _ s 9 _ 919 _
a, =by, a)=2b), and a, = .
0 otherwise.

Define a,, = a;, + a9 + afl and b, = b, + b9 + bz for alln > 1. Then there are a
topological dynamical system (X,T) and a continuous involution v : X — X that
commutes with T, such that Op(n) = a, and Ox(n) = by, for alln > 1.

Notice in particular that taking b5 = a,, and b, = b = 0, for all n > 1 recovers
the basic lemma of [7].

Before giving an algebraic proof, we give a more geometric sketch to give an idea
of what is happening. We can construct X as a closed (and hence compact) subset
of the triangle {(z,y) | 0 < z < 1,0 < y < 2} C R?, with the metric inherited
from R2. Above each point (%, 0) for n > 2 draw a,, disjoint regular n-gons in such a
way that all of them are disjoint as subsets of the plane. By hypothesis a; > 1, and
we draw a; — 1 points (1-gons) above (1,0). Finally locate a single 1-gon at (0,0)
(which may be thought of as a point ‘at infinity’). The space X is now defined to
be the union of all the vertices of the polygons. (See Figure 2.) It is closed because
all but one point is isolated, and the accumulation point (0, 0) is, by construction,
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a member of X. Number the vertices of each n-gon with the numbers 1 to n
consecutively clockwise, so that we may speak of the ‘same’ point on two disjoint n-
gons as being the point with the same symbol. The homeomorphism T is defined
to be the map that takes each point on any n-gon to the next point in a clockwise
orientation around the same n-gon (equivalently, adding one using the labels; the
action of this map is illustrated by the lines joining vertices of the polygons in
Figure 2). This defines a homeomorphism since all but one point is isolated in X,
and all the points close to the fixed point (0,0) are moved by a very small distance.
Then (X,T) is a topological dynamical system, and by construction Or(n) = a,
for all n > 1.

ooonpnon
[T T NI NTNT]

@il e

VIRV

e
N A

FIGURE 2. Building the system (X, T).

s a?, and a” as

n 'n?

Now we define an action of C5 on X using the numbers a
follows.

e For each n > 1 pick ag pairs of n-gons above (1,0) and define the
action of 2 to send a point on any one of them to the same point on the
paired n-gon (these are the glued orbits).

e For each n > 1 pick a” of the n-gons above (%, 0), chosen from those that
have not been chosen already for gluing, and on each polygon (which will
by hypothesis have even length) define the action of 2 to be rotation by =
(these are the halved orbits).

e On all the remaining points that are vertices of polygons that are neither
glued nor halved, define 2 to be the identity map (these are the surviving
orbits).

It is clear that ¢ is continuous (since all points close to the fixed point are moved by
a very small distance) and commutes with 7" and so defines a halved system (X, T)
which, by construction, has the required numbers of orbits.

Note that, in the proof below, we do not refer to the triangle in the plane and
the metric on X we give is not the same one as in this sketch, but it does give the
same topology.

PROOF OF LEMMA 8. We write Ca = {e, 1}, where e is the identity element, for

the cyclic group of order 2. We begin by describing X as a set, before compactifying.
It will take the form
X =] Xn

n>1
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where each X,, will be the union of closed orbits of length n. We set
X:={1,2,...,a5} X Z/nZ,

X, =XSUXIUX!, where { X9={1,2,...,09} x Cy x Z/nZ,
XP={1,2,...,a"} x Z/nZ.

We define T': X — X and ¢ : X — X by describing their restrictions to each of the
sets X2, X9, X" which will be preserved:
o for x = (i,k) € X2, put T'(x) = (i,k+ 1 (mod n)) and +(z) = x;
o for z = (i,7,k) € Xg, put T'(z) = (4,7,k + 1 (mod n)) and +(z) =
(7;’ v, k)7
e for x = (i,k) € X, so that n is even, we put T'(x) = (i,k + 1 (mod n))
and o(z) = (i,k + § (mod n)).
Then 2 commutes with T and, by construction, the map T and the induced map T
on the quotient set X have the required numbers of orbits.

It remains to show that X can be given the structure of a compact metric
space, with respect to which T and 2 are homeomorphisms. To do this, we pick a
point in X? (which is non-empty by hypothesis) and call it co and define a metric
as follows: if z € X,,, and y € X,,, with = € y, oo, then

1 .
= if y = oo,
d(z,y) =d(y,z) =™ .

————— otherwise

min{m,n} ’
and d(z,x) = 0. It is straightforward to check that this does indeed define a metric
and, given any open set U containing oo, there exists N > 1 such that U con-
tains |_|n>N X, so that X \ U is finite; hence X is compact. Moreover, since T'
and ¢ preserve the sets X, and the point co, they are isometries, so homeomor-
phisms, and we are done. O

6. Growth in closed orbits

Lemma 8 shows that any pair of sequence (ay, ), (by,) for which the combinatorial
constraints (5)—(8) are satisfied does in fact arise as the orbit count of a pair of
systems related by halving. However, it is not so easy to give conditions directly
on the sequences (a,, ), (b,) which guarantee that the combinatorial constraints are
indeed satisfied. The following result gives some sufficient conditions.

PROPOSITION 9. Let (a,) be a sequence of non-negative integers with a; > 1
such that there is an integer N > 1 with agy, = %an, for allm > N. Let (by,) be any
sequence of integers such that by > %al and

%angbnéan forn < N,
La, <b, <agn formn > N.

Then there is a topological dynamical system (X, T) with a continuous involution 1
of X commuting with T', such that Orp(n) = a, and Ox(n) = by, for alln > 1.

The conditions on the pair of sequences (ay), (b,) here are not necessary for
the existence of a suitable halving system, but they are sufficient for our interests
and are not so far from being necessary: for n > N odd, the condition

1
§an < bn < a2n

is necessary by Lemma 5.
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PROOF. In order to use Lemma 8, we recursively define non-negative inte-
gers b%, b9 and b such that

by = b5, 4+ b3 + b, an = b5, + 205 + b5, and bl < agn,

where we understand bZ/g = 0 when n/2 ¢ Z. So suppose k > 1 and we have
defined these for n < k. Then there are two cases.
If b <ap — bZ/z’ which we note is always the case for k < IV, then we put

by = ak — by — by, bi =bp — b, b =0.
On the other hand, if by > ay — bZ/za then we put
bl =0, b} =ar—"bj,y by =Dbp—Db.

These are non-negative and, in the latter case, we have b’g < b < agg, since k > N.
Note also that, in either case, b7 > 0. Now Lemma 8 implies the result. (Il

As a consequence, we get the following result when we consider exponential
orbit growth rates.

COROLLARY 10. Let A\, n, ¢ be positive real numbers with A > 1 and

n=Aandc> %,
ne (\A?), or

n=M and0<c<1.

or

Then there exist a topological dynamical system (X,T) and an involution v on X
commuting with T, such that

Or(n) ~ A" and Op(n) ~cn™ asn— .

PROOF. Let N > 1 be any integer such that en¥ < A2N and define sequences
by

an if n <N,

n — )\n7 by, =
¢ [A"] {[cn"] ifn>= N,

for n > 1. This gives a pair of sequences satisfying the hypotheses of Proposition 9,
from which the result follows. (I

7. Dynamical zeta functions

Bowen and Lanford [1, Th. 2] showed that there are only countably many ra-
tional dynamical zeta functions, so Corollary 10 shows in particular that halving
and doubling cannot preserve the property of having a rational zeta function. We
now discuss some examples that give concrete instances of this phenomenon. The
arguments all rely on the following facts: a power series with positive radius of con-
vergence represents a rational function if and only if the coefficients satisfy a linear
recurrence (see [4, Sec.1.1]). Moreover, the Skolem—Mahler-Lech Theorem says
that, in any linear recurrence sequence (a, ), the set of zeros, comprising those val-
ues of n € N for which a,, = 0, is the union of a finite set of arithmetic progressions
and a finite set (see [4, Ch. 1] for further details and a proof).
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ExAaMPLE 11. We revisit Example 4, so that (Y, .5) is a topological dynamical
system and X =Y x {0,1} with the map T(y,e) = (S(y),e + 1 (mod 2)). The
involution 2 : (y,e) = (y,e + 1 (mod 2)) commutes with T, giving the halved
system (X,T) = (Y, S). There is sufficient freedom in the choice of orbits of odd
length under S to allow us to find examples with (7 = (g irrational but {7 rational.
In particular, we may take

2" 4+ 1 if n is even;
Fs(n) =9 2 d20@-D/2  if n is odd.
d|n

It is a pleasant exercise to verify that these really do arise from a topological
dynamical system (that is, 2Og(n) is a non-negative integer for each n). Then
by (2)

1

&)= a0y

is rational. On the other hand

/ s 42 63—45
zCs(Z;:;Fsm)z":lZ TS )

Cs(z —z 1-422  (1-22?)
where
PR SECTID S
n=1 d|2n+1

d#1,2n+1
We claim that ¢ is irrational, so that (g is irrational. To see this, note that the
coefficient of z™ in ¢(z) vanishes precisely when n is even or n is an odd prime; since
the set of primes is infinite, while any arithmetic progression contains composites,
the Skolem—Mahler—Lech Theorem implies the sequence of coefficients cannot be a
linear recurrence sequence and hence ¢ cannot be a rational function.

Our next examples use the sum of divisors function o(n) = 3_,,, d. There are
sophisticated bounds for size of o(n), but for our purposes it is sufficient to note
the trivial bounds

n < o(n) < n”.

It follows that the complex power series

zn
0(z) = —
(2) =exp Y oln)
n>1
has radius of convergence 1. It is known that
1 2,54 7
=l—-z—-2"+2"4+2"—---,
0(z)
where the powers of z are those of the form (3k%4k)/2 (see, for example, Pélya and
Szegd [6, Sec. VIII, Ex. 75]). This means that ﬁ is a power series with arbitrarily
long consecutive sequences of zero coefficients. Thus, by the Skolem—Mahler-Lech
Theorem, the coefficients of ﬁ are not a linear recurrence sequence and we deduce
that 6(z) is not a rational function of z.
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EXAMPLE 12. In order to use the irrationality of §(z), we define b9 = 1 and b =
0, for all n > 1, and we choose b; later. Now we define b,,, a,, as in Lemma 8 and
denote by (X,T), (X,T) the pair of systems given there. Thus T has one extra
orbit in each length, compared to T', and the action of : on X has the effect of
gluing together exactly one pair of orbits of each length.

Now we first take b, = & Ed‘n 1 (2)24—1, for n > 1, so that b, is the number
of orbits of length n in any system with 2™ points of period n. Then

(rlz) =7 —1 22
while
Fr(n)= Zdad =2"+0o(n),
din
so that

(r(z) = T _1220(2).

By the remarks above, this is not a rational function.

In the reverse direction, we take b = 1 and b = 1 de p(%)24—2, forn > 2,
so that a,, is the number of orbits of length n in any system with 2" + 1 points of
period n. Then

1
(r(z) = A=) =22
while
Fr(n) =Y dbg=2"+1—0o(n),
d|n
so that
() = 1
T (1—2)(1—22)0(2)’

which is again irrational.

In fact, the zeta function in the previous example is worse than irrational.
The function 1/6(z) has integer coefficients and radius of convergence 1, but is not
rational. Thus, by the Pélya—Carlson Theorem (see [2, 5]) it has the unit circle
as natural boundary, and the function (7 also has natural boundary here. Since
the radius of convergence of (7 is only % this is perhaps not so interesting, but our
final example shows that it is possible for the circle of convergence and the natural
boundary of (7 to coincide, even when (7 is rational.

EXAMPLE 13. We begin by recursively defining an auxiliary sequence (c¢,) of
non-negative integers by the following conditions:
e if n =1 or n is prime, then ¢, = 0;
e if n is composite then, for any prime p dividing n,

Cn = Cn/p (mod pord?(”)),
and n < ¢, < 2n.
Note that, by the Chinese Remainder Theorem, these conditions determine (cy,)

uniquely. Now set

=230 ()20 by=an+ 13 p(3) a2

d|n d|n
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We assume for now that the sequences (a,), (bn) are non-negative integers satisfying
the conditions of Proposition 9 and denote by (X, T), (X, T) the systems given there
with these numbers of orbits. Then

while

G7(2) 2z —
Gplz) 1-22
Now the integer sequence (¢, ) is not a linear recurrence sequence, since it is zero
for all primes and non-zero for all composites, while the bound ¢, < 2n implies
that the power series
e

n=1

has radius of convergence 1. Hence it has a natural boundary on the unit circle,

and we deduce that zgfgg has a natural boundary on the circle |z| = 1. Thus (7
T

also has a natural boundary here, since it has radius of convergence %

It remains to show that (a,),(b,) are non-negative integers and satisfy the
conditions of Proposition 9. First, note that a, is the number of closed orbits of
period n of the tent map so that (a,) is a sequence of non-negative integers. Now
we prove that the sequence (b, — a,) is also a sequence of non-negative integers.
First we must check that

> n (%) ca?!
d|n

is a non-negative integer divisible by n, for all n > 1. To show that it is divisible
by n, we show that it is divisible by p°*d»(") | for each prime p dividing n. For this,
we use the following version of Euler’s generalization of Fermat’s Little Theorem:
for any prime p and integers r, m, with p|m, we have

P = /P (mod pordp(m)).
Thus, for any prime p dividing n,

ZM (%) ca2? = ZM (%) (Cde — Cd/de/p) =0 (mod pordp(n))’
d|n d|n

pi
since, for any d dividing n with p t %, we have ord,(d) = ord,(n) and cq = cq/p
(mod p°d»(D) by construction.
For non-negativity, when n is 1 or prime we have b,, — a,, = 0. On the other
hand, for n composite, the bounds ¢, > n and ¢4 < 2d < n, for d a divisor of n,
imply that

Zu (2) cq2% > n2™ — Z n2% > n(2" — 251 > 0.
dn <z

Finally, for n composite, the same bounds show that

1 n
bn —an = gZM (2)ca2? < (2" + 251 < 2mF
d|n
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and, similarly,

n 1 n 1
—(2m—22M) <@, < — (2" 251 < ot
n n n

Thus, for n > 6, using that 22" > (2n + 3)2"*!, we have

1 " " n+1 n
sy > %(22 -2 H) > (n>2 s (bn — ap) + an = by,

Finally, one checks that by = 19 < 30 = ag and, since b, = a,, < a9, for n prime,
the conditions of Proposition 9 are satisfied with N = 2.

(1]

(2]
(3]
(4]
(5]

[6]

7]

(8]

8. Concluding remarks and questions

(1) The simple observation in [7] that for any sequence (a,) of non-negative
integers there is a topological dynamical system (X,T) with Or(n) = a,
for all n > 1 was extended by Windsor [8], who showed that the map
may be required to be an infinitely differentiable map on the 2-torus.
Does Lemma 8 also have a smooth version, in which both maps and the
involution are differentiable maps on a manifold?

(2) We have only considered quotients by an action of the group Cs. The same
process makes sense if (X,T) supports an action of some finite group G
commuting with 7', and similar questions arise. In this setting the struc-
ture of the group plays a larger role, and other complications arise; this is
explored in [9], where generalizations of Corollaries 7 and 10 are obtained.
A particularly interesting sample problem is to understand a version of
the relation (3) for other groups of symmetries.

(3) Achieving radius of convergence strictly smaller than 1 in Example 13
is important because with radius of convergence 1 the rational part of
the Pélya—Carlson dichotomy is not particularly interesting: a rational
Taylor series with integer coefficients and radius of convergence 1 has the
form % for some polynomial p with integer coefficients and inte-
gers a,b > 0. In our settings, this would correspond to dynamical systems
in which the number of closed orbits of length n is constant for large n.

References

R. Bowen and O. E. Lanford, III., Zeta functions of restrictions of the shift transformation, in
Global Analysis (Proc. Sympos. Pure Math., Vol. XIV, Berkeley, Calif., 1968), Amer. Math.
Soc., Providence, R.I., 1970, 43-49.

F. Carlson, Uber ganzwertige Funktionen, Math. Z. 11 (1921) 1-23.

M. Einsiedler, E. Lindenstrauss, and T. Ward, Entropy in dynamics, to appear.

G. Everest, A. van der Poorten, I. Shparlinski, and T. Ward, Recurrence sequences, Mathe-
matical Surveys and Monographs, vol. 104, American Mathematical Society, Providence, RI,
2003.

G. Pdélya, Uber gewisse notwendige Determinantenkriterien fiir die Fortsetzbarkeit einer Poten-
zreihe, Math. Ann. 99 (1928) 687-706.

G. Pélya and G. Szegd, Aufgaben und Lehrsatze aus der Analysis. Band II: Funktionen-
theorie. Nullstellen. Polynome. Determinanten. Zahlentheorie, Dritte berichtigte Auflage. Die
Grundlehren der Mathematischen Wissenschaften, Band 20, Springer-Verlag, Berlin-New York,
1964.

Y. Puri and T. Ward, Arithmetic and growth of periodic orbits, J. Integer Seq. 4 (2001) Article
01.2.1, 18.

A. J. Windsor, Smoothness is not an obstruction to realizability, Ergodic Theory Dynam.
Systems 28 (2008) 1037-1041.



14 SHAUN STEVENS, TOM WARD, AND STEFANIE ZEGOWITZ

[9] S. Zegowitz, Closed orbits in quotient systems, Ph.D. thesis, Univ. of East Anglia, 2014.

SCHOOL OF MATHEMATICS, UNIVERSITY OF EAST ANGLIA, NORWICH RESEARCH PARK, NOR-
wicH UK, NR4 7TJ
E-mail address: shaun.stevens@uea.ac.uk

EXECUTIVE OFFICE, DURHAM UNIVERSITY, DURHAM UK, DH1 3LE
E-mail address: t.b.ward@durham.ac.uk

COLLEGE OF ENGINEERING, MATHEMATICS AND PHYSICAL SCIENCES, UNIVERSITY OF EXETER,
NorTH PARK RoAD, EXETER UK, EX4 4QF
E-mail address: S.H.Zegowitz@exeter.ac.uk



