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ABSTRACT. In this article we consider non-constant holomorphic
maps on Riemann surfaces and product of Riemann spheres, we
give conditions on the maps in order that they have arbitrary large
prime numbers as periods. We use Lefschetz fixed point theory and
in particular we compute the Lefschetz numbers of period m for
large m’s.

1. INTRODUCTION

In the theory of the dynamical systems and mainly in the study of
the iteration of self-maps on a topological manifold X, the periodic
orbits play an important role. More precisely, let f : X — X be a
continuous map, a point x € X is periodic of period k € N if f*(z) = x
and fi(x) # x for j = 1,...,k — 1. The set {z, f(z),..., f*(x)} is
the periodic orbit of the periodic point = of period k. If £ = 1 then
the periodic point x is called a fized point. We shall denote by Per(f)
the set of periods of the map f. A natural question is to ask for all
the possible periods that the map f can exhibit. In some situations
the knowledge of some possible periods of the map gives understanding
of some global properties of the dynamics of the map, as in the case
for continuous self-maps on the interval. If a continuous map on the
interval has a periodic orbit of period three, then the map has orbits
of all possible periods (cf. [8, 12]).

The differential topological methods are very useful for understand-
ing the periodic structure of continuous self-maps on manifolds on di-
mensions greater than 1, because the topology of the manifold plays an
important role, in particular we use the Lefschetz fixed point theory.
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In this article we study the periodic structure of non-constant holo-
morphic maps on Riemann surfaces and product of Riemann spheres,
in particular we give conditions on homology such that the maps have
arbitrary large prime numbers as periods; the corresponding results are
Theorems 4, 5 and Corollary 8. In section 2 we consider the self-maps
on Riemann surfaces and in section 3 the maps on product of Riemann
spheres.

Let X be an n—dimensional topological manifold and f a continuous
self-map on X. The map f induces a homomorphism on the k—th
rational homology group of X for 0 < k < n, i.e. fi: Hp(X,Q) —
Hp(X,Q). The Hi(X,Q) is a finite dimensional vector space over Q
and f,; is a linear map whose matrix has integer entries.

The Lefschetz number of f is defined as

n

(1) L(f) =) _(=1)*trace(f.p).

k=0
The Lefschetz Fized Point Theorem states that if L(f) # 0 then f
has a fixed point (cf. |3] or [9]).

The Lefschetz numbers of period m, introduced in [4] and [10], are
defined by

(2) 0™y = p(r) L™,
rlm

where the sum is taken over all divisors r of m and p is the Md&bius
function defined by

1 i m = 1;
p(m):=< 0 if there is a k such that k* divides m;
(—=1)* if m =p;---ps with p; distinct primes.

By the M6bius inversion formula

L(f™) = _Uf).

rlm
Observe that L(f™) and ¢(f™) are integer numbers for all m.
The Lefschetz zeta function of f is defined as
L{/™)
Cr(t) = exp ——t"|.

This function keeps the information of the Lefschetz number for all the
iterates of f, so this function gives information about the set of periods
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of f. This function is rational, moreover its expression is

(3) Gr(t) = [T det(Tdu — t£0) ",

k=0
where n = dim M, ny = dim H,(M,Q), Id := Id, is the identity map
on Hy(M,Q), and by convention det(/d,; —tfux) = 1 if np = 0 (cf. [6]).

Using formal computations we can write the Lesfchetz zeta function
as a formal infinite product that involves the £(f9), for details see [1]:

(4) Cr(t) = exp (Z % tm> _ H<1 _ tdr@.

m>1 d>1

The following result characterizes when the product in the identity
(4) has a finite number of nontrivial factors, i.e. when ¢(f9) # 0 for
only finitely many m.

Theorem 1. Let X be an n—dimensional topological manifold and f a
continuous self-map on X. The zeros and poles of the Lefschetz zeta
function of f are roots of unity if and only if £(f™) # 0 for only finitely
many m.

Proof. “The only if part”. Let mq, ..., my be the only values of m such
that £(f™) # 0. Accoding to (4),

Cf(t) — (1 _ 757711)—15()”"1)/”11 . (1 _ tmk)—e(f’"k)/mk.
Therefore the roots and poles of (f(¢) are roots of unity.

“The if part”. Since (f(t) is a rational function it has only a finite
number of poles and zeros, i.e. let wy,...,w; be such zeros and poles.
So they are of the form w; = e*™" 'k for some positive integer k; and
0 <r; <k; —1. According to Gauss’s lemma the minimal polynomial
of w; over the integers is the k;-th cyclotomic polynomial, i.e. @, (1).
Hence @y, ... Py, are factors either in the numerator or denominator
of (¢(t). By basic properties of the cyclotomic polynomials (cf. [7]):

Dy, (1) = H(l _ td)u(kj/d)'

d|k;

Therefore there exist non-zero integers c;, with 1 <7 < s, for some s,
such that

G = [Ja -y
i=1
where d; is a divisor of the least common multiple of &y - - - k. O
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The relationship between the numbers ¢(f™) and the periodic struc-
ture for holomorphic maps was given in [5] in the following result.

Theorem 2 (Theorem A of [5]). Let M be a compact complex manifold
and f : M — M be a nonconstant holomorphic map. Then, there exists
M > 0 such that for all p € N prime and p > M, I(fP) # 0 if and only

if p € Per(f).

2. COMPACT RIEMANN SURFACES OF GENIUS ¢

Let X = M, be a compact surface of genus g endowed with a complex
structure and f : My, — M, be a non-constant holomorphic map. The
homology groups of X with rational coefficients are:

HO(MgaQ):HQ(MgaQ):Qa Hl(MgaQ):Q@@@

29

The identity (3) allows to write the Lefschetz zeta function of f as
p(t)
5! t) =
o) G0 = T

where D is the degree of f and p(t) = det(Id — ¢f.1), which is a poly-
nomial of degree at most 2g.

Proposition 3. Let f: My, — M, be a continuous map. Then

(a) If p(t) is not a product of cyclotomic polynomials, then ((f™) #
0 for infinitely many m.

(b) If |D| # 0,1 and D™! is not an eigenvalue of f., of multiplicity
1, then £(f™) # 0 for infinitely many m.

Proof. For continuous self-maps on M, an expression of its Lefschetz
zeta function is given in (5), which is written in irreducible form, i.e.
1 —t and 1 — Dt are not factors of p(t). If p(t) is not a product of
cyclotomic polynomials then (y(t) has zeros which are not roots of
unity, according to Theorem 1, there are infinitely many m’s such that
(fm) #o.

If D # 0 and D~!is not an eigenvalue of f,; of multiplicity 1, then
D! is a root or pole of (f(t), because p(t) = det(Id — tf,1). So if
D # —1,1 since D is an integer, we have that (¢(¢) has a root or pole
which is not a root of unity. Therefore ¢(f™) # 0 for infinitely many
m’s. U

From Proposition 3 and Theorem 2 it yields the following result.



PERIODS OF TRANSVERSAL MAPS ON THE TORUS 5

Theorem 4. Let M, be an orientable surface of genus g endowed with
a complex structure and f : My — M, be a nonconstant holomorphic
map such that its Leftschetz zeta function is given in (5).

(a) If p(t) is not a product of cyclotomic polynomials.
(b) If |D| # 0,1 and D~! is not an eigenvalue of f. of multiplicity
1.

Then there exists an integer N > 0 such that for all prime p > N, p s
a period of the map f.

Theorem 5. Let My be an orientable surface of genus g endowed with
a complex structure and f : My — M, be a nonconstant holomorphic
map. Let Ay, ... Ny be the eigenvalues of f.i and D the degree of f. If
any of these conditions hold

(a) |D| > max{L, |\],...,|A|}-
(b) There exists |A\;| > max{1, |D|, |\;| : ¢ # j}.
(¢c) There exists iy,...,i such that \;;, =---=\;, and

\Xiy| > max{1, |DI|,|\;| : J#i1,..., 0}
d) There exists i1,...,1 such that
(
|)\ll| == |)\Zk| > max{l, |D|, ’/\]’ : ] 75 il,... ,Zk}

Then there exists an integer N > 0 such that for all prime p > N, p is
a period of the map f.

Proof. From the definition of the Lefschetz numbers (1) and for all
m € N we have
L(f™)=1—= A"+ +A5) + D™
For p prime, according to (2)
(fr) = L7 = L(f)
= (1= +-+M)+D") —(1— (A1 +---+Xy) + D)
= (D= D) = (=) == (= Ay
If conditions (a) or (b) are held, it can be easily checked that ¢(f?) #

0 for sufficiently large prime p. Hence, by Theorem 2 these prime
numbers belong to Per(f).

If \;, =--- =\, the number ¢(f?) can be written as

UfP) = =k, = X)) + (D" =D) =y (A= ).

JF1 50
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Hence

) = kAL =N = [DP =Dl = > A=y

JFi ik
DP — D AT — N
STV o i oAl
‘ . 1‘ < ’Afl - )\741| ];ﬁz Afl - >\Zl|
1142

If [N,y | > max{1,|D|,|\;| : j #i1,-..,1ix}, the ratios

D = D| A = Al
‘)\Z - )\il" ‘)\Z - )\Zl‘

are arbitrary small for sufficiently large p. Hence |¢(fP)| > 0 for large
prime numbers p. So by Theorem 2, these numbers p belong to Per(f).
This proves statement (c).

(UM = (N =X+ A =N )= [DP =D = > A=)
JF g
el L O A o D DI Y]
JFL el
> Ci\ = [DP =D = Y M-\,
JF#i, 0k
for some constant C; > 0.
Hence
|DP — D| [AF— N
(MM > Pl - ——— — — .
(f )|_| 1| ( 1 |)\i1|p j;&z‘ |)\Z.1|p
01,000

If |\, | > max{1,|D|,|\;| : j #i1,...,4} then the ratios

D —D| |\ =\
T L P

are small for arbitrary large p. Therefore we can conclude ¢(f?) # 0,
for large p. This proves statement (d). O

We note that the minimal periods of holomorphics maps on surfaces
has been studied in [11].



PERIODS OF TRANSVERSAL MAPS ON THE TORUS 7

3. PRODUCT OF RIEMANN SPHERES

In this section we consider the product of Riemann spheres, which
have a natural complex structure. We define X (n) :=§% x - x S?,
—_———

n—times

Theorem 6. Let f : X(n) — X (n) be a continuous map. Let Ay, -+ |\,
be the eigenvalues of f.o.

(@) If |\i| > 1 for 1 < i < n, then ((f?) # 0 for all prime number

.
(b) If \i = —1 for some i then £(f?) = 0, for all odd prime numbers.
(¢) If i = =1 for some i and \; # 0 for 1 < j <n then ((f*) # 0.

Before proving Theorem 6 we present the following result that de-
termines the value of the Lefschetz numbers for the maps on X (n).

Theorem 7 ([2]). Let f: X(n) — X(n) be a continuous map. Then,
for all m > 0,

L(f™) = det(Ild + f13),

where Id is the identity map on Q™. In particular,
L(f™) = (=1)"Cpn(-1),

where Cy(t) := det(t Id — h) denotes the characteristic polynomial of
h.

Proof of Theorem 6. Due to Theorem 7, we have
L(f™) = (=1)" (L4 A7) - (L+ A7)
If p is a prime number then
(6) €(f") = L(f*")—L(f)
(7) = (D" +A]) - (T A]) = (T+ A1)+ (14 An)).
If \; > 1 for 1 <i<nthen A > \; so (—1)"¢(f?) > 0 for every prime
.

If \; < —1for 1 <i<nthen \! <\, for every prime p > 2. If n is
even then ¢(f?) > 0 and if n is odd ¢(f?) < 0. Similarly if p = 2 then
(—=1)™¢(f?) > 0 for all n. This proves statement (a).

If \; = —1 for some i, then it follows from (7) that ¢(f?) = 0 for p
an odd prime. Moreover if \; # 0 for all 1 < j < n then, from (7) we
have ((f?) # 0. This proves statements (b) and (c), respectively. [
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The following corollary is a consequence of Theorem 6 and Theo-
rem 2.

Corollary 8. Let f : X(n) — X(n) be a non-constant holomorphic
map. Let A1, , \, be the eigenvalues of foo. If [N;| > 1, for1 <i<mn
then there exists an integer N such that all prime numbers p > N are
periods of f.

Theorem 9. Let f : X(n) — X(n) be a non-constant holomorphic
map. If f.o has an eigenvalue bigger than one in modulus and that it
does not have root of unity as eigenvalues. Then there exists N such
that all prime numbers p > N are periods of f.

Theorem 9 is a particular case of the following more general result
proved in [13].

Theorem 10. Let f : X (n) — X(n) be a continuous map. We assume
that f.o has an eigenvalue bigger than one in modulus and that it does
not have root of unity as eigenvalues. Then there exists N such that

0(f™) #£0 form > N.
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