ON GENERALIZED LATTES MAPS

By

FEDOR PAKOVICH

Abstract. We introduce a class of rational functions A : CP' — CP! which
can be considered as a natural extension of the class of Lattes maps, and establish
basic properties of functions from this class.

1 Introduction

Lattés maps are rational functions A : CP! — CP! of degree at least two which
can be characterized in one of the following equivalent ways (see [10]). First, a
Lattes map A can be defined by the condition that there exist a compact Riemann
surface R of genus one and holomorphic maps B : R — R and 7 : R — CP' such
that the diagram

B
R —— R

(D ln ln

cpt —2 cp!
commutes. This condition can be replaced by the apparently stronger condition
that there exists a diagram as above such that 7 is the quotient map 7 : R — R/T’
for some finite subgroup I' of the automorphism group Aut(R). Finally, Lattes
maps can be characterized in terms of their ramification.

The last characterization uses the notion of orbifold. By definition, an
orbifold O on CP! is a ramification function v : CP! — N which takes the
value v(z) = 1 except at a finite set of points. We always will assume that consid-
ered orbifolds are good meaning that we forbid O to have exactly one point with
v(z) # 1 or two such points z;, z» with v(z;) # v(z2). A rational function f is called
a covering map f : O; —» O, between orbifolds with ramification functions v,
and v, if for any z € CP! the equality

v2(f(2)) = vi(z) deg f
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holds. In these terms, a Lattes map can be defined as a rational function A such
that A : O — O is a covering self-map for some orbifold O.

In the recent paper [13], a class of rational functions A satisfying (1) under
the assumption that the surface R is the Riemann sphere was considered. It was
shown in [13] that under certain restrictions such functions possess a number of
remarkable properties similar to properties of Lattes maps. In particular, they are
related to finite subgroups of the group Aut(CP'), and admit a description in terms
of orbifolds. In this paper, modifying the approach of [13], we construct a unified
theory which equally fits the classical Lattes maps and functions studied in [13],
using the term “generalized Lattes maps” for the set of functions obtained in this
way.

Notice that allowing R in (1) to be an arbitrary compact Riemann surface does
not lead to a yet more general class of functions, since for R of genus at least
two any holomorphic map B : R — R has degree one. Notice also that in order
to define an interesting class of functions A through diagram (1) with R = CP!
some restrictions on A, B, and 7 are necessary, since there exist too many rational
functions making diagram (1) commutative. Say, for any rational functions U
and V the diagram

cpt Y%, cpt

v 0
cp! 25 cp!
commutes, and it is clear that the function V o U does not posses any special
properties in general.

The easiest way to define generalized Lattes maps uses the concept of a minimal
holomorphic map between orbifolds. By definition, a rational function f is called a
minimal holomorphic map f : O; — O, between orbifolds if for any z € CP!
the condition

2(f(2)) = vi(z) ged(deg, f, v2(f(2))

holds. It is easy to see that any covering map A : O; — O, between orbifolds
is a minimal holomorphic map, but the inverse is not true. We say that a rational
function A of degree at least two is a generalized Lattes map if there exists an
orbifold O distinct from the non-ramified sphere such that A : O — O is a minimal
holomorphic map between orbifolds.

We recall that for an orbifold O the Euler characteristic of O is the number

2(©@=2+ " (U(IZ) - 1),

zeCP!
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the set of singular points of O is the set
(O ={z1,22, -2 ...} ={z€ CP' | v(z) > 1},
and the signature of O is the set

v(0) = {v(z1), v(z2), . . ., V(Zs), - - - ).

It is well known thatif A : O — O is a covering map between orbifolds, then the
Euler characteristic of O equals zero, implying that the signature of O belongs to
the list

2) {2,2,2,2}, {3,3,3}, {2,4,4}, {2,3,6}.

On the other hand, if A : O — 0 is a minimal holomorphic map between orbifolds,
then the Euler characteristic of O is non-negative. Thus, to the above list we should
add the signatures

3 A{nny,nz=2, {2,2,n}, n=2, {2,3,3}, ({2,3,4}, ({2,3,5},

corresponding to orbifolds of positive Euler characteristic.

In this paper, we provide three characterizations of generalized Lattes maps
parallel to three characterizations of Lattes maps given in the paper [10] by J. Mil-
nor. Let Ry, R,, and R’ be Riemann surfaces. We say that a holomorphic map
h:R; — R'is a compositional right factor of a holomorphic mapf : Ry — R,
if there exists a holomorphic map g : R — R, such that f = g o h. Compositional
left factors are defined similarly. In this notation, the following statement holds.

Theorem 1.1. Let A be a rational function of degree at least two. Then the

following conditions are equivalent.

(1) There exist a compact Riemann surface R of genus zero or one and holomor-
phic maps B: R — Rand n : R — CP! such that the diagram

R —— R
4) ln ln’
cpt —2 cp!

commutes, and 7 is not a compositional right factor of B** for some s > 1.
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(2) There exist a compact Riemann surface R of genus zero or one, a finite non-
trivial group T' C Aut(R), an isomorphism ¢ : I' — T, and a holomorphic
map B : R — R such that the diagram

B
R —— R

(5) l l
A
CP! —— CP!,
where T : R — R/T is the quotient map, commutes, and for any o € 1 the
equality

6 Boo=¢(0)oB

holds.
(3) There exists an orbifold O, distinct from the non-ramified sphere, such that

A:0—->0

is a minimal holomorphic map between orbifolds.

Let us make several comments concerning conditions of Theorem 1.1. By
definition, A : O — O is a minimal holomorphic map between orbifolds if

(7 V(A(2) = v(2) ged(deg, A, v(A()), z € CP',

and it is easy to see that for the Riemann sphere, considered as a non-ramified
orbifold, this condition holds for any rational function A. Thus, we must exclude
this case in the third condition. For the same reason, we assume that I'  {¢} in
the second condition.

The assumption in the first condition, requiring that z is not a compositional
right factor of some iterate of B, is always satisfied if g(R) = 1, since for any
decomposition . w

R— R — R

of B**, s > 1, the genus of R’ must be equal to one. However, this assumption
is essential if R = CP!. It can be replaced by the assumption that 7 is not
a compositional left factor of some iterate of A. Further, notice that for any
diagram (5) such that # : R — R/T is the quotient map for some finite group
I' C Aut(R), condition (6) holds for some homomorphism ¢ : I' — I'. Moreover,
this homomorphism is always an isomorphism if g(R) = 1, however it may have a
non-trivial kernel if R = CP'.

The paper is organized as follows. In the second section, we recall main
technical results of [13] about Riemann surfaces orbifolds and different kinds of
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maps between orbifolds. In the third section, we describe a general structure
of holomorphic maps satisfying the semiconjugacy condition (1), where R is a
compact Riemann surface of genus zero or one, and prove Theorem 1.1. In
the fourth section, we study properties of generalized Lattes maps related to the
operations of composition and decomposition. In the fifth section, we describe
rational functions satisfying condition (7) for orbifolds O with signatures {n, n},
n>2,and {2,2,n}, n > 2.

In the sixth section, we investigate the following problem: given a rational
function A, what are orbifolds O such that A : O — O is a minimal holomorphic
map between orbifolds? For ordinary Lattés maps, there exists at most one such
orbifold defined by dynamical properties of A. On the other hand, for generalized
Lattes maps there might be several and even infinitely many such orbifolds. For
example, it is easy to see that z" : O — O is a minimal holomorphic map for
any O defined by

v(0)=m, v(co)=m, gcdn,m)=1,

while £7,, : O — 0O is a minimal holomorphic map for any O defined by the
conditions
v(—D)=v(1)=2, v(oco)=m, gcd(n,m)=1.

Nevertheless, we show that if A is not conjugate to z" or &7, then there exists a
“maximal” orbifold O such that (7) holds. In more detail, for orbifolds O; and O,
we write O; < O, if for any z € CP' the condition v,(z) | v2(z) holds. In this
notation, the main result of the sixth section and one of the main results of the
paper is the following.

Theorem 1.2. Let A be a rational function of degree at least two not conjugate
to 75 or £T,. Then there exists an orbifold O suchthat A : Of — Of is a minimal
holomorphic map between orbifolds, and for any orbifold O such thatA : O — O
is a minimal holomorphic map between orbifolds the relation O =< 06‘ holds.
Furthermore, Ogd = Oé foranyl > 1.

In the seventh section, we relate the problem of describing generalized Lattes
maps, which are not ordinary Lattes maps, with the problem of describing rational
functions commuting with a finite automorphism group of Aut(CP'). We recall
a description of such functions obtained by Doyle and McMullen ([3]), and give
examples of practical calculations of corresponding generalized Lattes maps of
small degrees. Finally, we show that polynomial generalized Lattes maps reduce
to the series T, and z"R"(z), where R € C[z] and gcd(r, n) = 1, emerging in the Ritt
theory of polynomial decompositions [19].
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2 Orbifolds and maps between orbifolds

In this section, we recall basic definitions concerning Riemann surface orbifolds
(see [11], Appendix E), and overview some technical results obtained in the
paper [13].

A Riemann surface orbifold is a pair O = (R, v) consisting of a Riemann
surface R and a ramification function v : R — N which takes the value v(z) = 1
except at isolated points. For an orbifold O = (R, v) the Euler characteristic
of O is the number

O =x®+ Y (1),
ZER

the set of singular points of O is the set
cO®)={z1,22, .52 ...} ={z€R|V(z) > 1},
and the signature of O is the set
v(0) = {v(z1), v(z2), .. ., V(Zs), - . . }.
For orbifolds O; = (R, v1) and O, = (R», v3) We write
€)) 01 202
if R} = R;, and for any z € R; the condition
v1(2) | v2(2)
holds. Clearly, (8) implies that
201) = x(0,).

Let Ry, R, be Riemann surfaces provided with ramification functions vy, v;.
A holomorphic branched covering map f : Ry — R» is called a covering map
f: 071 = O, between orbifolds O; = (R, vy) and O, = (R, ;) if for any z € R,
the equality

©)) v2(f(2)) = vi(z) deg f

holds, where deg_ f is the local degree of f at the point z. If for any z € R instead
of equality (9) a weaker condition

(10) v2(f(2) | vi(2) deg f

holds, then f is called a holomorphic map f : O; — O, between orbifolds O,
and O,.
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A universal covering of an orbifold O is a covering map between orbifolds
Oo : O — O such that R is simply connected and v(z) = 1. If Oy is such a
map, then there exists a group I'¢ of conformal automorphisms of R such that the
equality Oy (z1) = Ov(z2) holds for z1, 25 € R if and only if z; = o(zy) for some
o € I'g. A universal covering exists and is unique up to a conformal isomorphism
of R, unless O is the Riemann sphere with one ramified point or with two ramified
points z; and z, such that v(z;) # v(z2). Furthermore, R =Difand only if y(0) < 0,
R = C if and only if x(O) = 0, and R = CP" if and only if (0) > 0 (see, e.g., [6],
Section IV.9.12). Abusing notation we will use the symbol O both for the orbifold
and for the Riemann surface R.

Covering maps between orbifolds lift to isomorphisms between their universal
coverings. More generally, for holomorphic maps the following proposition holds
(see [13], Proposition 3.1).

Proposition 2.1. Letf : Oy — O, be a holomorphic map between orbifolds.
Then for any choice of 0p, and 8o, there exist a holomorphic map F : O; — O,
and a homomorphism ¢ : I'g, = T, such that the diagram

o~ F o~
Ol E— 02
(11) la la

Ol;)({)z

is commutative and for any o € I' 9, the equality
(12) Foo=¢(o)oF

holds. The map F is defined by 0v,, 6v,, and f uniquely up to a transformation
F — goF, where g € I'n,. In the other direction, for any holomorphic map
F: E)Vl - (‘72 which satisfies (12) for some homomorphism ¢ : I'g, = T'o, there
exists a uniquely defined holomorphic map between orbifolds f : Oy — O, such
that diagram (11) is commutative. The holomorphic map F is an isomorphism if
and only if f is a covering map between orbifolds.

If f: O — O, is a covering map between orbifolds with compact R; and R»,
then the Riemann—Hurwitz formula implies that

x(01) =dx(02),

where d = degf. For holomorphic maps the following statement is true (see [13],
Proposition 3.2).
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Proposition 2.2. Letf : O; = Oy be a holomorphic map between orbifolds
with compact Ry and R,. Then

x(01) < x(Oz)degf,

and the equality holds if and only if f : O — O, is a covering map between
orbifolds.

Let Ry, R; be Riemann surfaces and f : Ry — R; a holomorphic branched
covering map. Assume that R; is provided with ramification function v,. In order
to define a ramification function v; on R; so that f would be a holomorphic map
between orbifolds O; = (R, v) and O, = (R, v2) we must satisfy condition (10),
and it is easy to see that for any z € R; a minimum possible value for v,(z) is
defined by the equality

(13) v2(f(2)) = vi(z) ged(deg, £, v2(f(2)).

In case (13) is satisfied for any z € R; we say that f is a minimal holomorphic
map between orbifolds Oy = (R, vi) and O; = (R;, V7).

It follows from the definition that for any orbifold O = (R, v) and holomorphic
branched covering map f : R — R there exists a unique orbifold structure v’
on R’ such that f becomes a minimal holomorphic map between orbifolds. We will
denote the corresponding orbifold by f*O. Notice that any covering map between
orbifolds f : O; — O, is a minimal holomorphic map. In particular, O; = f*0O,.
For orbifolds O; and O, we will write

(14) v(01) < v(02)

if for any x € ¢(0,) there exists y € ¢(0;) such that v(x) | v(y). Clearly, the
condition that f : O; — O, is a minimal holomorphic map implies condition (14).
Notice that (8) implies (14) but the inverse is not true in general.

Minimal holomorphic maps between orbifolds possess the following funda-
mental property (see [13], Theorem 4.1).

Theorem 2.3. Let f : R — R and g : R* — R be holomorphic branched
covering maps, and O = (R, v) an orbifold. Then

(8of)"0=f"(g"0).
Theorem 2.3 implies in particular the following corollaries (see [13], Corol-
lary 4.1 and Corollary 4.2).

Corollary 2.4. Letf : Oy > O and g : O' — O, be minimal holomorphic
maps (resp., covering maps) between orbifolds. Then gof : 01 — O, is a minimal
holomorphic map (resp., covering map).
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Corollary 2.5. Letf : Ry — R and g : R* — R, be holomorphic branched
covering maps, and O = (Ry,vy) and Oy = (Ry,vy) orbifolds. Assume that
gof : 01 = 0y is a minimal holomorphic map (resp., a covering map). Then
g:28°0y > Oz andf : 01 = g*0, are minimal holomorphic maps (resp. covering
maps).

With each holomorphic map f : Ry — R; between compact Riemann surfaces
one can associate in a natural way two orbifolds O"l = (Ry, Vf1 ) and o, = (R3, v’;),
setting v’;(z) equal to the least common multiple of local degrees of f at the points
of the preimage f~'{z}, and

V() = V(f(2))/ deg. f.

By construction, f : Of - O’; is a covering map between orbifolds. It is easy to
see that the covering map f : O’; - O’; is minimal in the following sense. For any
covering map between orbifolds f : O; — O, we have

O"l =<0y, O’; < 0,.
On the other hand, for any holomorphic map f : O; — O, we have
f702 2 0y.
Orbifolds Of1 and O’; are useful for the study of the functional equation
(15) fop=goq,
where
p:R—>C, f:C,—>CP, g:R— C,, g:C,— CP!

are holomorphic maps between compact Riemann surfaces. Recall that the fiber
product of the coverings f : C; — CP! and g : C, — CP! is defined as the set of
pairs (z1, z2) € C; x C; such that f(z;) = g(z2). The fiber product is a finite union
of singular Riemann surfaces, and can be described in terms of the monodromy
groups of f and g (see, e.g., [12], Section 2). We say that a solution f, p, g, g of
(15) is good if the fiber product of f and g consists of a unique component, and p
and g have no non-trivial common compositional right factor. By definition, the
last condition means that if

p=pow, g=gouw
for some holomorphic maps

w:R— R, ﬁ:ﬁ—) Ci, c7:1§—> C,,



10 F. PAKOVICH

then necessarily degw = 1. Notice that if f and g are rational functions, then the
fiber product of f and g has a unique component if and only if the algebraic curve

fx)—g(»=0

is irreducible. On the other hand, the Liiroth theorem implies that if p and ¢
are rational functions, then they have no non-trivial common compositional right
factor if and only if C(p, q) = C(2).

In the above notation, the following statement holds (see [13], Theorem 4.2).

Theorem 2.6. Letf, p, g, q be a good solution of (15). Then the commutative
diagram
0f —— o

oo b
08 —— 0}
consists of minimal holomorphic maps between orbifolds.

Below we will use the following criterion (see [13], Lemma 2.1).

Lemma 2.7. A solution f,p, g, q of (15) is good whenever any two of the
following three conditions are satisfied:

e the fiber product of f and g has a unique component,

e p and g have no non-trivial common compositional right factor,

e degf =degqg, degg =degp.

In this paper essentially all considered orbifolds will be defined on CP'. The
only exceptions from this rule are orbifolds which are universal coverings. So,
usually we will omit the Riemann surface R in the definition of O = (R, v) meaning
that R = CP!. We also will assume that all considered orbifolds have a universal
covering.

The central role in our exposition is played by orbifolds O of non-negative Euler
characteristic. For such orbifolds the corresponding groups I'¢ and functions 8¢
are described as follows. Groups I'9 C Aut(C) corresponding to orbifolds O with
signatures (2) are generated by translations of C by elements of some lattice L C C
of rank two and the rotation z — ¢z, where ¢ is an nth root of unity with n equal
to 2, 3, 4, or 6, such that ¢L. = L. In more detail, the subgroup Ag C I'¢ generated
by all translations is a free group of rank two so that R = C/A g is a torus, Ay is
normal in 'y, and ['g/Ag is a cyclic group of order 2, 3, 4, or 6, which acts as
a group of automorphisms of R = C/A . Accordingly, the functions 89 may be
written in terms of the corresponding Weierstrass functions as ¢(z), £/(2), £°(2),
and ('%(z) (see [6], Section IV.9.5 and [10]).
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Groups I'y € Aut(CP') corresponding to orbifolds O with signatures (3) are the
well-known finite subgroups C,,, D»,,, A4, S4, As of Aut(CP'), and the functions 0
are Galois coverings of CP! by CP! of degrees n, 2n, 12, 24, 60, calculated for
the first time by Klein in [7].

In conclusion of this section, let us mention the following more precise version
of Proposition 2.1 for minimal holomorphic self-maps between orbifolds of positive
characteristic (see [13], Theorem 5.1).

Theorem 2.8. Let A and F be rational functions of degree at least two and O
an orbifold with y(O) > 0 such that A : O — O is a holomorphic map between
orbifolds and the diagram

~ F ~

O —— O
(16) lﬁo lgo
A
O —— 0
commutes. Then the following conditions are equivalent.

(1) The holomorphic map A is a minimal holomorphic map.
(2) The homomorphism ¢ : T'9 — ' defined by the equality

Foo=¢p(0)oF, oelyp,

is an automorphism of T .
(3) The triple F, A, 8y is a good solution of the equation

Aolg=09oF.

3 Semiconjugacies and generalized Lattes maps

In this section, we describe a general structure of holomorphic maps satisfying the
semiconjugacy condition (1), where R is a compact Riemann surface of genus zero
or one, and prove Theorem 1.1. We recall that we defined a generalized Lattes
map as a rational function of degree at least two such that A : O — O is a minimal
holomorphic map between orbifolds for some O distinct from the non-ramified
sphere. By Proposition 2.2, for such O necessarily y(0) > 0. Notice that if
x(O0)=0,then A : O — 0O is a covering map by Proposition 2.2, and therefore A
is an ordinary Latteés map.

Let B be a rational function of degree at least two. For any decomposition
B =VoU, where U and V are rational functions, the rational function B=UoVis
called an elementary transformation of B, and rational functions B and A are called
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equivalent if there exists a chain of elementary transformations between B and
A. For a rational function B we will denote its equivalence class by [B]. Since for
any invertible rational function W the equality

B=BoW)oWw™!

holds, each equivalence class [B] is a union of conjugacy classes. Thus, the relation
~ can be considered as a weaker form of the classical conjugacy relation. Notice
that an equivalence class [B] contains infinitely many conjugacy classes if and only
if B is a flexible Lattés map (see [15]).

The connection between the relation ~ and semiconjugacy is straightforward.
Namely, for B and B as above we have

BoU= UoB, BoV=Vo§,

implying inductively that if B ~ B, then B is semiconjugate to B, and B is semi-
conjugate to B. Moreover, the following statement is true.

Lemma 3.1. Let
B— B — B, — ---— B;

be a chain of elementary transformations, and U;, V;, 1 < i < s, rational functions
such that
B=V,oU;, B;=U;oV, 1<ic<s,

and
a7 UioVi=VioUi, 1<i<s—1
Then the functions

U=UsoUs_yo0---0U;, V=Vio---oVe_ 10V

make the diagram
cpt —2 cp!

v |v
cPl — CP!
v| |v
cpl —Z cp,

commutative and satisfy the equalities

VoU=B”, UoV=B;.
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Proof. Indeed, we have

Bio(UsoUs—jo---o0U)=Uso(VsoUy)oUs_jo---0U
=Us;o(Us—1oVs_1)oUs_10---0U
=UsoUs_1o(Ve_joUs_))oUs_po---0U
=---=(U;oUs_yo0---0U;)oB,

and Bo(Vio---oV_10V)=Vio(U;oV)oVyo---0V,_10V;
=Vio(VaolUz)oVso---0V_j0V,
=VioVao(UyoVy)o---0oVs_j0oV,
=-..=Vjo---0V, 0V oBy.
Further,

BDS:(VIOU])O(VIOUI)O"'O(VIOUI)ZVIOB?S_IQUI
=V10V2OB§S‘20U2OU1=-~~=(V1OV20~-~oVs)o(USo...oUonl)

and
B?S:(USOVS)O(USOVS)O"'O(USOVS)ZUSOB?S__IIOVS
=USOUs—]OB;)S__zzovs_loVS:...

=U;oUs_10---0Up)o(Vio---0V,q0Vy. 0

The notion of equivalence can be extended to endomorphisms of complex
tori. Namely, if B : R — R is such an endomorphism, and B = Vo U is a
decomposition of B into a composition of holomorphic maps U : R — R’ and
V : R — R between complex tori, then the endomorphism UoV : R — R’
is called an elementary transformation of B, and endomorphisms B : R — R
and A : T — T between complex tori are called equivalent if there exists a
chain of elementary transformations between B and A. Clearly, an analogue of
Lemma 3.1 holds verbatim for any chain of elementary transformations between
endomorphisms of complex tori. Abusing the notation, below we will use for
equivalent endomorphisms of complex tori the same symbol ~ as for equivalent
rational functions.

Theorem 3.2. Let R be a compact Riemann surface of genus zero or one,
and A : CP! — CP!, B: R = R, and & : R — CP' holomorphic maps of
degree at least two such that diagram (1) commutes. Then A is a generalized
Lattes map, unless R = CP! and B ~ A. In more detail, there exist a compact
Riemann surface Ry of the same genus as R and holomorphic maps v : R — Ry,
7o : Ry = CP!, and By : Ry — Ry satisfying the following conditions.
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(1) By ~Bandw =myo y.
(2) The diagram

(18) Ry %5 R,
-
cpt —2 cp!
commutes.
(3) The map mo has degree at least two, unless R = CP! and B ~ A, and the
collection
(19) f=mo, p=Bo, g=A, q=mo

is a good solution of (15).

(4) The maps A : 03° — 0O3° and By : O7° — O7° are minimal holomorphic
maps between orbifolds.

(5) The map v is a compositional right factor of B> and a compositional left
factor of By’ for some s > 1.

Proof. If the collection
(20) f=m, p=B, g=A, q=nm
is a good solution of (15), we can set
Ry=R, By=B, my=m, w=2z.

Then A : 07° — 0O7° and By : O] — O7° are minimal holomorphic maps by
Theorem 2.6. The other conditions hold trivially.

Assume now that (20) is not a good solution of (15). Since for solution (20)
the third condition of Lemma 2.7 is always satisfied, this implies that 7 and B have
a non-trivial common compositional right factor, that is, there exist a Riemann
surface R’ and holomorphic maps

U :R—>PR, n:R—->CP, V,:R >R,
such that

1) r=noU, B=V, oU,
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and deg U; > 2. Furthermore, since B : R = R is decomposed as
U1 / V]
R— R — R,

the equality g(R) = g(R) holds.
Substituting (21) in the equality

Aomw=moB,

we obtain the equality
Aon'=n" o U0V

and the commutative diagram

B
R —— R

Iz Iz

A
CcpP! —— CPL.
If the solution
fzﬂla szlovla g:Aa q:ﬂ'/

of (15) is still not good, we can perform a similar transformation once again.
Since deg U; > 2 implies that degz’ < degx, it is clear that after a finite number
of steps we will arrive at diagram (18), where By is obtained from B by a chain
of elementary transformations (17) (in the notation of Lemma 3.1, By = By), the
function y has the form

l//:USO---OUonl,

and the maps 7o and By have no non-trivial common compositional right factor.
Furthermore, deg wo = 1 only if R = CP! and B ~ A. By Lemma 2.7, solution
(19) of (15) is good, and applying Theorem 2.6 we obtain that A : 03° — O3° and
By : O7° — O7° are minimal holomorphic maps between orbifolds. Notice that
by Proposition 2.2 this implies that y(03°) > 0. Finally, by Lemma 3.1, y is a
compositional factor of B®* and a compositional left factor of By*. (]

Remark 3.3. Theorem 3.2 implies in particular that the problem of describing
rational solutions of the functional equation

(22) Aomr=moB
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in a sense reduces to the case where x(07) > 0 (see [13] for more detail). Moreover,
it is shown in the paper [14], based on methods of [13], that for any good rational
solution of the more general functional equation

(23) Aod=moB,

such that
degA > 84degm,

the inequality y(O7) > O still holds. The rational functions 7 with x(037) > O are
characterized by the condition that the genus of the Galois closure of C(z)/C(x)
equals zero or one (see [14]). For a detailed description of such functions we
refer the reader to the paper [17]. Notice that functional equations (22) and (23)
naturally arise in arithmetic and dynamics (see, e.g., [1], [S], [9], [16]).

Let us prove now the chain of implications 3 = 2 = 1 = 3 between the
conditions of Theorem 1.1.

3 = 2. By Proposition 2.1, for any minimal holomorphlc mapA: 0 —> 0O
between orbifolds there exists a holomorphic map F : 00— 0 and ahomomorphism
¢ : T'9 = T'¢ such that the diagram

~ F ~
O —— 0O

lgo lﬁo

0o 250

commutes and
Foo=¢(o)oF, oeTlp.

If ¥(O) > 0, then O=CPlisa compact Riemann surface, so (5) holds for
R=CP!, B=F =7x=09, T'=Typ,

and the assumption O % CP! implies that the group I is non-trivial. Finally, the
homomorphism ¢ in (6) is an isomorphism by Theorem 2.8.
Assume now that y(0) = 0 and O = C. Observe first that since in this case
A : O — 0O is a covering map, the homomorphism ¢ in (12) is a monomorphism.
Indeed, by Proposition 2.1, the map F : C — C is an isomorphism, that is it has
the form
F=az+b, a,beC.

Thus, F is invertible and hence the equality F o ¢ = F implies that ¢ is the identity
mapping.
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Let now A be the subgroup of I'y generated by translations. By the classifi-
cation of groups I'¢ given in the previous section, ¢ is decomposed as

0o : C Y5 C/Ap = R -5 R/T = CP!,

where R = C/Ao is a complex torus and I' = T'g/Ag is a finite subgroup of
Aut(R). Since ¢ is a monomorphism, it maps elements of infinite order of I'¢ to
elements of infinite order. Therefore, p(Ap) C A, implying that F' descends to
a holomorphic map B : R — R which makes the diagram

F=ax+b

cC —— C

[ [
[ [

cPt — CP!
commutative. Finally, the condition that diagram (5) commutes implies that B
commutes with the group I' (see [10], p. 16). Thus, (6) holds for the identical
automorphism ¢.
2 = 1. Itis enough to show that if A, B and z satisfy the second condition,
then 7z is not a compositional right factor of B**, s > 1. If g(R) = 1, this is obvious,
since for any decomposition

T / w
R— R — R
of B, s > 1, the genus of R’ must equal one. So, assume that R = CP'.
Since
(24) 7 : CP' - CP'/T" = CP!

is a Galois covering, for any branch point z;, 1 < i < r, of 7 there exists a
number d; such that 7=!{z;} consists of |I'|/d; points, and at each of these points
the multiplicity of f equals d;. In other words, the orbifold OF is non-ramified.
Since CP! is simply-connected, this implies that 7 is the universal covering of 03.
Therefore, diagram (5) has form (16), where O = O3, and Theorem 2.8 implies
that A : OF — OF is a minimal holomorphic map. Assume now that

(25) B*¥=won
for some rational function w and s > 1. Clearly, (5) implies

(26) A® o =moB%,
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and substituting (25) in (26), we see that
27 A¥ =rmow,

that is 7 is a compositional left factor of A®*. Since A : OF — OF is a minimal
holomorphic map, Theorem 2.3 implies that

(A™)*07 = 03.
On the other hand, it follows from (27) by Theorem 2.3 that
(A”)*05 = (1 0 w)* 05 = w*(x*0F) = w*Of = w*CP' = CP".
Therefore, OF = CP!. However, for I' # e the orbifold OF for quotient map (24) is
ramified. The contradiction obtained finishes the proof.

1 = 3. Let us consider good solution (19) provided by Theorem 3.2 for the
maps A, B and 7 satisfying (4). We observe that degmy > 2, for otherwise the
function # along with y is a compositional right factor of B°* and a compositional
left factor of A%, in contradiction with the assumption. By Theorem 2.6, A :

O03° — 03° is a minimal holomorphic map, and it follows from degz( > 2 that
03° # CP!. g

Remark 3.4. The above proof shows that the assumption in the first condition
of Theorem 1.1, requiring that 7 is not a compositional right factor of some iterate
of B, can be replaced by the assumption that 7 is not a compositional left factor of
some iterate of A.

Further, we observe that for any diagram (5), condition (6) holds automatically
for some homomorphism ¢ : ' — I'. Moreover, if g(R) = 1, then ¢ is an
automorphism, since in this case the commutativity of diagram (5) implies that B
commutes with I".  On the other hand, if g(R) = 0, then, by Theorem 2.8, the
condition that ¢ is an automorphism can be replaced by the requirement that 7
and B have no common compositional right factor.

Finally, we observe that for surfaces R of genus one the second condition of
Theorem 1.1 can be replaced by the condition that there exists a subgroup I' of
Aut(C) acting properly discontinuously on C whose translation subgroup is a free
group of rank two, and a holomorphic map F : C — C such that diagram (5),
where 7 : C — C/T is the quotient map, commutes (cf. [10]).

4 Compositions and decompositions

For a given orbifold O, we denote by £(O) the set of rational functions A such that
A : O — O is a minimal holomorphic map. In this section we study compositional
properties of elements of £(O).
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Theorem 4.1. Let O be an orbifold and U, V rational functions of degree at
least two. Assume that U and V are contained in E(O). Then the composition
U o V is also contained in E(O). In the other direction, if U o V is contained in
E(0), then v(U*O) = v(Q) and V : O - U*OQ and U : U*OQO — O are minimal

holomorphic maps. In particular, whenever v(Q) # {2,2,2,2}, there exists a

1

Mobius transformation u such that U o u and u= o V are contained in £(0).

Proof. If U,V are contained in £(O), then Corollary 2.4 obviously implies
that the composition U o V is also contained in £(0).

In the other direction, assume that U o V € £(0), and set O’ = U*0O. Since by
Corollary 2.5

(28) U:0—-0, V:0=(¢
are minimal holomorphic maps between orbifolds, we have
(29) v(0) < (') < v(0).
Furthermore, by Proposition 2.2, the inequalities
x(0) < x(O)degV, x(0') < x(0)degU
hold. Therefore,
2(0) < x(0)degV < x(O)deg UdegV,

implying that y(O") = 0 whenever x(0) = 0, and y(O’) > 0 whenever y(0) > 0.
Assume first that y(O) = 0. Then a direct analysis of Table 1

{2222} {333} {244} {236}

{2,2,2,2} < < <

{3,3,3} < <

2,44} <

{2,3,6} <
Table 1.

listing all v(O;) and v(O,) such that
x(01) = x(02)=0

and v(0;) < v(0,), shows that (29) is possible only if v(0’) = v(0).
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If ¥(O) > O the proof can be done as follows (cf. [13], Corollary 5.1). Since
maps (28) are minimal holomorphic maps, it follows from Proposition 2.1 that
there exist rational functions Fy and Fy which make the diagram

cp! 5 cpt 2 cp!

o e
cpt — cpt —L cp!

commutative and satisfy
Fyoo=¢y(o)oFy, oely, Fyoo=¢ylo)oFy, oely,
for some homomorphisms
ov:T'o—=>To, eu:Te —To.

Since the function F; o Fy makes the diagram

cp 2% cp!
o e
UoV

CP! —— CP!

commutative, Theorem 2.8 implies that the composition of homomorphisms
puogy:To—To

is an automorphism. Therefore, 'y = T', implying that v(Q’) = v(O).
Finally, if v(O) # {2, 2, 2, 2}, the orbifolds O and O have at most three singular
points, implying that we can find u as required. (]

In a sense, Theorem 4.1 reduces the study of generalized Lattés maps to the
study of indecomposable maps. Recall that a rational function A is called inde-
composable if the equality A = U o V, where U and V are rational functions,
implies that at least one of the functions U and V has degree one. Clearly, any
rational function A of degree at least two can be decomposed into a composition

A=A10A20---OA[

of indecomposable rational functions of degree at least two. Such decompositions
are called maximal.

Corollary 4.2. Let O be an orbifold whose signature is distinct from
{2,2,2,2}). Then any rational function A of degree at least two contained in
E(O) has a maximal decomposition whose elements are contained in £(0).
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Proof. Indeed,if A is indecomposable we have nothing to prove. Otherwise,
A = U oV for some rational functions U and V, and changing U to U o u and V to
u~' oV, where u is a Mobius transformation provided by Theorem 4.1, without
loss of generality we may assume that U, V € £(0). Continuing in this way we
will obtain the required maximal decomposition. ([l

Corollary 4.3. Let O be an orbifold whose signature is distinct from
{2,2,2,2}). Assume that A € £(O) and B ~ A. Then B is conjugate to some
B’ € £(0).

Proof. By Theorem 4.1, the statement is true for any elementary transforma-
tion of A. It follows now from the definition of the equivalence ~ that it is true for
any B ~ A. ([

Corollary 4.4. Let A be a Lattes map and B ~ A. Then B is a Lattes map.

Proof. It follows from Theorem 4.1 and Corollary 2.4 thatif A = U o V is
contained in £(O), then the elementary transformation Vo U is contained in E(U*O).
Moreover, since v(U*0) = v(0), if y(O) = 0, then y(U*O) = 0. Therefore, if
A =U o Visa Lattes map, then V o U is also a Lattes map. O

For orbifolds Oy, O,, ..., O; we define the orbifold O = lcm(Oy, O,, ..., Oy)

by the condition
v(z) = lem (v1(2), 12(2), . .., v5(z)), ze CP.

Theorem 4.5. Let Oy, Oy, ..., 05 and 0}, 0, ..., O, be orbifolds, and A a
rational function such that the maps A : O; — 0O, 1 < i < s, are holomorphic
maps (resp., minimal holomorphic maps, covering maps) between orbifolds. Then

A :1em(04, O, ..., O5) = lem(0}, 05, ..., O))

is also a holomorphic map (resp., a minimal holomorphic map, a covering map)
between orbifolds.

Proof. Inorder to prove the first part of the proposition, it is enough to observe
that the conditions
Vi(AQ) | vi(z)deg A, 1<i<s,

imply the condition
lem (v} (A(2)), V5(A(2)), . . . ,V(A(2))) |
lem (vi(z) deg, A, vo(z) deg, A, . .., v5(z) deg, A)
=lem (v1(2), v2(2), . . ., 15(2)) deg, A.
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In order to prove the second part, we must show that if
Vi(A(2)) = vi(2) ged (Vi(A(2)), deg, A), 1<i<sy,
then
lem (V) (A(2)),V5(A(2)), . . ., Vi(A(2)))
(30) = lem (v1(2), 12(2), - - -, v5(2))
x ged (lem(V(A(2)), V5(A®)), . . ., Vi(A(2))), deg, A).
Let p be an arbitrary prime number and z € CP!. Set
b; = ord,Vi(A(z)), a;=ord,vi(z), c=ord,deg A, 1<i<s.

Considering the orders at p of the numbers in the left and the right sides of equal-
ity (30), we see that we must prove the following statement: if a;, b;, 1 <i <'s,
and c are integer non-negative numbers such that

(31) b; = a; + min{c, b;}, 1<i<sys,
then
(32) max{ b} = max{a;} + min{ c, max{b;}).

Let I, (resp., 1) be the subset of {1, 2, ..., s} consisting of indices i such that
¢ < b; (resp., ¢ > b;). Clearly, we have

max{b;} = max { max{b;}, rgg}}{bi}}-

Foreachi, 1 < i < s, equality (31) implies that b; = a; + ¢, if i € I, and q; = 0,
if i € I,. If ¢ > max;{b;}, that is, the set I; is empty, then max;{a;} = 0, and
hence (32) holds. On the other hand, if ¢ < max;{b;}, then /; is non-empty and for
an arbitrary iy € I; we have b;, = a;, + ¢, implying that for any i € I, the inequality

io
b <c< c+a; = bio < max{b;}
i€11

holds. Thus,
max{b;} < max{b;}
iElz iell

and hence
max{b;} = max{b;} = max{a; + ¢} = max{qa;} + c.
i ieIl i€11 i€11

Furthermore, since a; = 0 whenever i € I, we have

max{a;} = max{a;}.
iell i
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Therefore, if ¢ < max;{b;}, then
max{b;} = max{a;} +c,

as required.

Finally, since a minimal holomorphic map f : O — O’ is a covering map if
and only if deg, A[V'(A(z)) for any z € CP!, in order to prove the last part of the
theorem it is enough to observe that the conditions

deg, A | Vi(A(z)), 1<i<s, zeCP,
imply the condition

deg, A | lem (V|(A(2)), V5(A®2)), . . ., Vi(A(2))), ze CP. 0

Corollary 4.6. Let A be a rational function of degree at least two, and O an
orbifold such that the function A° is contained in £(O) for some | > 2. Then,
unless the signature of O is {2, 2}, {3, 3}, {2, 2,2}, or {2, 2,4}, the function A is
also contained in £(0).

Proof. Set O’ = A*O. Applying Theorem 4.1 to the decomposition
A% = A 0 A°U-D
we see that v(0") = v(O) and the maps
(33) A:0 >0, AV 050

are minimal holomorphic maps. In particular, in order to show that A € £(0) it is
enough to prove that O’ = O. Since (33) are minimal holomorphic maps, applying
Corollary 2.4 to the decomposition

Al = A°0-D g A

we see that A% € £(0). It follows now from Theorem 4.5 that A° € 8(6), where
0= lem(O, O’). However, this implies that X(@) > 0, and it is easy to see that if O
and O’ are two orbifolds of non-negative Euler characteristic such that v(0’) = v(O)
and X(@) > 0, then O’ = O, unless the signature of O is {2, 2}, {3, 3}, {2,2,2},
or {2, 2,4}. Indeed, assume that, say, v(0) = {2,2,n}, n > 2. Since ){(6) > 0,
if ¢(0") # ¢(0), then c((~9) contains four points and v(@) = {2,2,2,2}, so that
n = 2. On the other hand, if ¢(Q") = ¢(O) but O’ # O, then v(@) ={2,d, d}, where
d = lcm(2, n), implying that n = 4. Other signatures can be considered similarly. []

Notice that Corollary 4.6 implies in particular the following statement.

Corollary 4.7. Let A be a rational function of degree at least two such that
some iterate A°" is a Lattes map. Then A is a Lattés map.
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5 Generalized Lattes maps for the signatures {n,n}
and {2, 2, n}

In this section we describe minimal holomorphic maps A : O — O for orbifolds O
with signatures {n,n} and {2,2,n}. To be definite, we normalize considered
orbifolds by the conditions

(34) v(O)=n, vco)=n, n>2,
and
(35) v(—D)=2, v(l)=2, vico)=n, n>2.

For the orbifold O defined by (34) the corresponding group I'¢ is a cyclic group C,
generated by

(36) a:z— eXing,

and
9@ =2.

For O defined by (35) the group I'¢ is a dihedral group D,, generated by

: 1
(37) aiz— g Bz
z
and 1 ]
— n
90_ Z(Z +z")'

Notice that the assumption n > 2 in (35) is due to the fact that the description of
the group Aut(Dy,) in the case n = 2 is different from the general case. The case
n =2 can be analyzed by the method of the seventh section.

By Theorem 2.8, A : O — O is a minimal holomorphic map for an orbifold O
with y(O) > 0 if and only if the solution of (15) provided by the commutative
diagram

(38) lao lao

is good, or, equivalently, the homomorphism ¢ : I'9 — "¢ defined by

(39) Foo=¢(o)oF, oeTly,
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is an automorphism. Thus, the problem of describing minimal holomorphic map
A : O — O for orbifolds O defined by (34) and (35) essentially is equivalent to the
problem of describing good solutions of the functional equations

(40) Aof"=7"0F, n>2,
and
Lo, Iy 1/, 1
(41) Aoz(z +Zn)—2<z +Zn)oF, n> 2,

or, equivalently, to the problem of describing F satisfying (39) for automorphisms ¢
of I'op =C, and I'g = Dy,.

Abusing the notation, we will say that a couple of rational functions A, F'is a
good solution of (40) if the functions A, 7", 7", F form a good solution of (15). A
good solution of (41) is defined similarly.

Theorem 5.1. A couple of rational functions A, F is a good solution of (40)
if and only if A = 7R"(2) and F = 77 R(Z"), where R € C(z) and gcd(r,n) = 1. In
particular, any minimal holomorphic map A : O — O for O defined by (34) has

the above form.

Proof. Since for 'y generated by (36) any automorphism ¢ : I'9 — I'¢ has
the form

42) pl@)=a", 1<r<n—1, gcdn,r)=1,

a rational function F satisfies (39) if and only if for some r coprime with n the
function F/z" is I'g-invariant, that is, F/z" is a rational function in z*. Thus, F
satisfies (39) if and only if F = z"R(z"), where R € C(z) and gcd(r, n) = 1. Finally,
it follows from
AoZ'=7"0ZR(EZ")=7ZR" ()0 7"

that A makes diagram (38) commutative if and only if A = z"R"(2). O

Notice that A = Z”R"(z) and F = z'R(Z") make diagram (38) commutative
for any » > 0, not necessarily coprime with n. However, if gcd(r,n) > 1, the
homomorphism ¢ has a non-trivial kernel, and A : O — O is a holomorphic map
but not a minimal holomorphic map.

Corollary 5.2. Let A, F be a good solution of (40) and m = degA = degF.
Then m > n, unless F = cz¥™ and A = ¢"z*™, where ¢ € C.

Proof. Indeed, if a rational function R has a zero or a pole distinct from 0
and oo, then the degree of the function F' = z'R(Z") is at least n. Otherwise,
F = cz*" implying that A = "z, O
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Corollary 5.3. Let A be a rational function of degree m > 2 such that
A : O — 0 is a minimal holomorphic map between orbifolds with v(Q) = {n, n},
n > 2. Then m > n, unless A is conjugate to zt™. O

Let us denote by ¥ the set of rational functions commuting with the involution
1
piz—> .

Since the equality G(z)G(1/z) = 1, where G is a rational function, implies that
a € CP! is a zero of G of order k if and only if 1/a is a pole of G of order k, it is
easy to see that elements of T have the form

(z—a)"(z—a)? - (z—ay)"
(a1z — Dh(arz — )2 -+ - (agz — DI’

where a;, as, ...,a;, € C\ {O}and ly, [y, r,...,l; € N.

G = +7th

Theorem 5.4. A couple of rational functions A, F is a good solution of (41)
if and only if F = ez’ R(Z") and

(43) A= gzn(ZrR"(Z) 0(z+ V2 = D+7R' @) o(z— V2 —1)),

where R € X, gcd(r, n) = 1, and " = 1. In particular, any minimal holomorphic

map A : O — O for O defined by (35) has the above form.

Proof. Since an automorphism ¢ of the group I'9 generated by (37) maps any
element of order n of the group I'9 = Dy, to an element of order n, and n > 2,
equality (42) still holds. On the other hand, since ¢ maps f to an element of order
two not belonging to the subgroup generated by a, we have

(44) fﬂ(ﬂ)=a°"0ﬁ=ez””‘/"zol, 0O<k<n-—1.
Z

It was shown above that condition (42) holds if and only if F = z’R(z"), where
R € C(z) and gcd(r, n) = 1. On the other hand, condition (44) holds if and only if

1

_ 2’7lrik
(45) F/z=et

or equivalently if and only if e WkF e %,0 < k < n—1. This implies that F
satisfies (39) for some automorphism ¢ of I'g if and only if

(46) F =¢Z’ R(Z"),

where R € T, ¢2" = 1, and ged(r, n) = 1.
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Finally, if
1 1y 1 1
47) Ao (24 )=, ("= z") 0 62’ R(Z",

then it follows from

Vs Z
and ;
; (" + Zl) 0 e R(Z") = 82 (z+ i) 0 ZR'@) o7,
that
(48) AO;(ZJri):i(Z"Li)OZar(Z)
o

5 (er"(z) +7'R'(z) o i)

Substituting now z by z +1v/z2 — 1 in the left and the right sides of the last equality
we obtain (43). On the other hand, if (43) holds, then substituting z by

1 1
2 (Z " z)
we obtain (48) and (47). O

Corollary 5.5. Let A, F be a good solution of (41) and m = degA = deg F.
Thenm > n+ 1, unless F = ez, where ¢ = 1, and A = &"T),.

Proof. Indeed, if a rational function R € ¥ has say a zero a distinct from 0
and oo, then it has a pole 1/a also distinct from 0 and co. Therefore, the function
F = ¢7’R(7") has the degree at leastn+r > n+ 1.

On the other hand, if R € ¥ has no zeros or poles distinct from 0 and oo, then
R =4z, 1 > 1. Therefore, F = ez, where ¢?* = 1, and the well known identity

1
Tn(2) = 2((Z+ V2 =1+ (= V2= 1"
implies that A = &"T,,. (|

Corollary 5.6. Let A be a rational function of degree m > 2 such that
A : O — 0 is aminimal holomorphic map between orbifolds with v(0) = {2, 2, n},
n> 2. Thenm > n+ 1, unless A is conjugate to £T,,. O
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In conclusion of this section, we provide a description of good solutions of the
equation

(49) AoT,=T,0oB, n>2,

based on Theorem 5.4.

Theorem 5.7. A couple of rational functions A, B is a good solution of (49)
if and only if

(50) B = ;(er(Z") o(z+ V2= D+ZRE@) o (z— V22— 1)),
and
(5D A= ;(er"(z) o(z+ V2 =1+ 7R o (z— V2= 1)),

where R € ¥ and ged(r, n) = 1.

Proof. Assume that A, B is a good solution of (49). Let us observe that for
n > 2 the orbifold O = OIT" is defined by the equalities

v(—D=2, v)=2.

Since B: O — O is a minimal holomorphic map by Theorem 2.6, this implies by
Proposition 2.1 that we can complete (49) to the diagram

cp' s cp

[ ety | ety
(52) cp' —2 cp!

|7 |7

cp' —2 cp.

Furthermore, since A : Og” - Og” is also a minimal holomorphic map, and O,"
coincides with O defined by (35), the solution A, F of (41) induced by (52) is good
by Theorem 2.8, so that equalities (43) and (46) hold.
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Applying Proposition 2.1 to the upper square of diagram (52), we see that F
maps the subgroup generated by f to itself. Thus, £ = 0 in (45), and hence
F = 77R(Z"), implying that (43) reduces to (51). Moreover, substituting z by
7+ 172 — 1 in the left and the right sides of the equality

1 1 — 1 1 r ny 1 r n r n 1
Bo 2(z+ Z) = 2(z+ Z) 0ZR(Z") = 2(zR(z )+Z'R(Z") o Z),
we obtain (50).

In the other direction, assume that A and B are given by (50) and (51). Since in
this case the function F = z'R(Z") satisfies the equalities (41) and

1 1 1 1
Boz(z+ z) = 2(z+ z) oF,
the functions A and B satisfy (49). Finally, Lemma 2.7 implies that A, B is a good
solution of (49). Indeed, since A, F is a good solution of (41), the curve

1/, 1
Alx) — 2(y +yn) =0
is irreducible. Therefore, since 7,(z) is a compositional left factor of %(z” + Zl,,),
the curve

A = T,(») =0

is also irreducible, implying that A, B is a good solution of (49). O

Corollary 5.8. Let A, B be a good solution of (49) and m = degA = degB.
Thenm > n+ 1, unless B==+T,, and A = (£1)"T,,.

Proof. Since a good solution A, B of (49) induces a good solution A, F' of
(41), the corollary is obtained by a modification of the proof of Corollary 5.5,
taking into account that k£ = 0 in (45). ]

6 Orbifold O}

Let A be a rational function of degree at least two. In this section we study the
totality of orbifolds O such that A : O — O is a minimal holomorphic map, and
prove Theorem 1.2.

If A is an ordinary Lattes maps, then an orbifold O such thatA: O — Ois a
covering map is defined in a unique way by dynamical properties of A (see [10]).
We start by reproving the uniqueness of O using Theorem 4.5.
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Theorem 6.1. Let A be a rational function of degree at least two. Then there
exists at most one orbifold O of zero Euler characteristic suchthatA : O — Oisa
minimal holomorphic map between orbifolds.

Proof. Assume that O, O, are two such orbifolds, and set O = lem(O4, O»).
By Proposition 2.2, A : O; — O and A : O, — O, are covering maps between
orbifolds. Therefore, A : O — O is also a covering map, by Theorem 4.5. Thus,
x(0) = 0. However, it is easy to see that whenever v(O;) and v(0O,) belong to
list (2) the equality x(O) = 0 implies the equality O; = O,. g

In general, there might be more than one orbifold O such that A : O — O
is a minimal holomorphic map between orbifolds, and even infinitely many such
orbifolds. The last phenomenon occurs for the functions z*¢ and +7;, which play
a special role in the theory. Namely, z*¢ : O — O is a minimal holomorphic map
for any O defined by the conditions

(53) v(0)=v(c0)=n, n=>2, gecdd,n)=1,

and £7; : O — O is a minimal holomorphic map for any O defined by the
conditions

54) v(—)=v(1)=2, v(cw)=n, n=>1, gecd(d,n)=1.

Indeed, it is enough to check condition (7) only at points of the finite set
(55) c(0) UA™!(c(0)),

since at other points it holds trivially, and at points of (55) this condition holds by
the well-known ramification properties of z*¢ and £T,.

Notice that for odd d, additionally, =7, : O — O is a minimal holomorphic
map for O defined by

(56) (=2, v(0)=2,
or
(57) (=) =2, w(co)=2.

Theorem 6.2. Let O be an orbifold distinct from the non-ramified sphere.
(1) The map z¥¢ : O — O, d > 2, is a minimal holomorphic map between
orbifolds if and only if O is defined by conditions (53).
(2) The map £T,; : O — 0O, d > 2, is a minimal holomorphic map between
orbifolds if and only if either O is defined by conditions (54), or d is odd
and O is defined by conditions (56) or (57).
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Proof. We prove the theorem for +7,. For z*¢ the proof is similar. As-
sume that £7,; : O — O is a minimal holomorphic map between orbifolds,
and set O, equal to LCM of the orbifolds O and (54). By Theorem 4.5, the
map £7, : O, — O, is a minimal holomorphic map between orbifolds, implying
that y(O,) > 0. However, it is easy to see that for n big enough this inequality
holds only if O is defined either by (56), or by (57), or by

(=D =v(1)=2, voo)=r, n >1.

Finally, checking condition (7) at the points of £7; I{—1, 1, 0o}, we see that in
the last case d and n’ must be coprime. (]

Lemma 6.3. Let A be a rational function of degree d > 2 such that some

dl

iterate A is conjugate to z7*%. Then A is conjugate to 7. Similarly, if A° is

conjugate to £Ty, then A is conjugate to £T,.

Proof. Assume say that A is conjugate to zt%. Then for any n coprime

with dl there exists an orbifold O with the signature {7, n} such that z*¥ e £(0),
implying by Corollary 4.6 that A € £(0O). It follows now from Corollary 5.3 that A
is conjugate to z¥¢. The case where A° is conjugate to £T; is considered similarly.

O

Proof of Theorem 1.2. In order to prove the existence of O} it is enough
to show that there exist at most finitely many orbifolds O such thatA: O — Oisa
minimal holomorphic map. Indeed, it follows from Theorem 4.5 that in this case
we can set

05 =lem(0;, 0y, ..., O,

where O, O, ..., O;is a complete list of such orbifolds.

Assume to the contrary that there exists an infinite sequence of pairwise distinct
orbifolds Oy, O,, ... such that A : O; — 0; is a minimal holomorphic map for
every i > 0. Set

Uy =1em(Oq, Oz, ..., 0Of), s> 1.

By Theorem 4.5, the maps A : U; — U;, s > 1, are minimal holomorphic
maps between orbifolds. Clearly, if the set Uy, Uy, ... is finite, then the set
01, Oy, ... is also finite. Therefore, the set U, U, ... is infinite. Since y(U;) > 0
by Proposition 2.2, and U; < U, this implies that for s big enough either
v(Uy) = {n, n}, or v(Uy) = {2, 2, n}, where n — oo as s — oo. However, in this
case Corollary 5.3 and Corollary 5.6 imply that the function A is conjugate either
to 74 or to +7, in contradiction with the assumption.
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By Lemma 6.3, the orbifolds Oéoz either exist for all [ > 1, or do not exist for
all/ > 1. Assuming that they exist, the proof of the equality

(58) 0" =0}
is obtained by a modification of the proof of Corollary 4.6. Set
O =A* 08",  0=lem(04", ).

Then A : O — O‘gol and A° : © = O are minimal holomorphic maps. Since
04" < 0, it follows from the maximality of O4” that O = ©4”. This condition
is stronger than the condition ){((5) > 0 used in Corollary 4.6 and combined with
v(©) = v(O4") implies that O’ = O4”". Thus, A : 04" — 4" is a minimal
holomorphic map, and hence (‘)6‘01 = O‘g. On the other hand, the first part of
Theorem 4.1 implies that 04 < 04", Therefore, (58) holds. O

Notice that generalized Lattes maps are exactly rational functions for which the
orbifold OF is distinct from the non-ramified sphere, completed by the functions
conjugate to z+ or T, for which the orbifold (‘)6‘ is not defined. Furthermore, the
following statement holds.

Lemma 6.4. A rational function is a Lattes map if and only if )(((96‘) =0.

Proof. The “if” partis obvious. On the other hand, if A : O — O is a covering
map, then it follows from O < Of that x(0) > x(03). Therefore, since y(03) > 0
and x(0) = 0, the equality x(O04) = 0 holds. O

Remark 6.5. The functions z" and %7, can be considered as covering self-
maps between orbifolds if we allow the base Riemann surface to be non-compact.
Namely, it is easy to see that the map z=" : O — O is a covering map for the
non-ramified orbifold with the base surface R = C\ {0, oo}, while =7}, : O — Ois
a covering map for the orbifold defined on R = C \ { oo} by the condition v(1) = 2,
v(—1) = 2. The corresponding functions @y are ¢* and cosz. Notice that the
functions z*" and £T;, along with Lattés maps play a key role in the description of
commuting rational functions obtained by Ritt (see [20], [4], [18]).

In order to check whether or not a given rational function A is a generalized
Lattes map one can use the following lemma.

Lemma 6.6. Let A be a rational function of degree at least five, and O, O,
orbifolds distinct from the non-ramified sphere such that A : 01 — O, is a minimal
holomorphic map between orbifolds. Assume that y(O1) > 0. Then c(0O,) C c((f)é).
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Proof. Suppose that zg € ¢(05) is not a critical value of A. Then (13) implies
that for every point z € A~!{z9} we have v;(2) = v2(z0) > 1, implying that c(O;)
contains at least five points in contradiction with y(O;) > O. (]

Corollary 6.7. Let A be a rational function of degree at least five, and O an
orbifold distinct from the non-ramified sphere such that A : O — O is a minimal
holomorphic map between orbifolds. Then c¢(0) C c((‘)‘é‘). [

Corollary 6.7 provides a practical method for finding Of. Indeed, it implies
that for a given rational function A of degree at least five, not conjugate to z=¢
or =T, any orbifold O such that (7) holds satisfies ¢(0) C c((‘)g‘). Combined with
Corollary 5.3 and Corollary 5.6, this implies that there exist only finitely many
possibilities for O. Finally, for each possible O it is enough to check condition (7)

only at points of the finite set (55).

7 Generalized Lattes maps for the signatures {2, 3, 3},
{2,3,4} and {2, 3, 5}

In this section, we describe an approach to the description of minimal holomorphic
maps A : O = O for O with y(O) > 0 basing on a link between such maps and
rational functions F commuting with I'g. We also describe the class of polynomial
generalized Lattes maps. Denote by Out(I"¢) the outer automorphism group of I,
and by do the order of Out(I").

Lemma 7.1. Let O be an orbifold with x(O) > 0, A a rational function such
that A : O — O is a minimal holomorphic map between orbifolds, and F a rational
function such that diagram (38) commutes. Then there exists o € ' such that
o o F°4o commutes with T ¢ and the diagram

goF°do

CP! —— CP!

lgo lﬁo

od
cp 225 cp!

commutes.

Proof. We recall that by Proposition 2.1 a rational function F satisfying (38)
for given A and 69 is defined up to the composition o o F, where ¢ € I'p.
Furthermore, it is easy to see that for ¢ € I'¢ the change ' — ¢ o F corresponds
to the change ¢ — ¢ o @ o ¢~!. In particular, if the automorphism ¢ is inner, then
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for an appropriate o the automorphism o o ¢ o 6~ ! is identical, or equivalently the
function ¢ o F commutes with I'y. Therefore, since (38) implies the equalities

A 009 =090 F", n>1,

F"oo=¢"(6)oF", oceTlyp,

and the automorphism ¢°?° is inner, there exists o € "¢ as required. O

Notice that if O is given by (34), then a rational function F = z"R(z") from
Theorem 5.1 commutes with I'g = C, if and only if » = 1. Thus, since doy = p(n),
where ¢(n) is the Euler totient function, Lemma 7.1 is equivalent in this case to the
Euler theorem saying that

™ = Imod n

whenever gcd(r, n) = 1. Further, since Out(S4) is trivial, Lemma 7.1 reduces
the description of minimal holomorphic maps A : O — O for orbifolds O with
v(0) = {2, 3, 4} to the description of rational functions commuting with S;. On
the other hand, since

Out(As) = Out(Ay) = 7./27,

it follows from Lemma 7.1 that in order to describe all minimal holomorphic
maps A : O — O with v(QO) = {2,3,3} or v(O) = {2,3,5} it is enough to
describe the maps corresponding to functions commuting with I'g as well as
“compositional square roots” of such maps. The method for describing rational
functions commuting with finite automorphism groups of CP! was given in [3].
We overview it below.

We identify a rational function f with its dual 1-form as follows. Let us take
a representation f = f] /f>, where f| and f> are polynomials without common roots,
construct the homogenization F; of f; to the degree n = max{degfi, degf>}, and set

w = —Fydx+ Fdy.

It is clear that the form w is defined up to a multiplication by 4 € C \ {0}, and
forms w; and w; represent the same function if and only if w, = 1w, for some
2 € C\ {0}. Under this identification the function x~! o f o u, where

_az+p

= B
u M a,pB,y,0e€C,

is identified with the pullback u”*w, where

w i (x,y) —> (ax+ Py, yx+dy).
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Thus, the problem of describing rational functions commuting with a group I
reduces to the problem of describing forms w such that for any ¢ € T the equality

o= (o

holds for some y(u) € C. On the other hand, it was shown in [3] that a 1-form of
degree n satisfies this condition if and only if

(59) w=Ux, Ni+dV(x,y),

where U and V are invariant homogeneous polynomials with the same character,
degV=n+1,degU =n—1, and

A = —ydx + xdy.

It is easy to see that the function f corresponding to form (59) is obtained by
setting z = x/y in

XU@, )+ Y (@, y)
yU(-xay) - %Z(X,J’)

Notice that since 0 is a form of every degree, U and V can equal zero. In particular,

(60)

for any homogeneous polynomial V we obtain a function commuting with I" setting
z=x/yin

v
_a& y).

V(x,y)
On the other hand, if V = 0, then for any U formula (60) leads to the same function
f=z

Let us illustrate the above considerations by finding explicitly all rational

(61)

functions of degree < 7 commuting with the group I'¢g for an orbifold O with
v(0) = {2, 3, 3}, and corresponding minimal holomorphic maps A : O — O. Ac-
cording to Klein [7], homogenous polynomials for the corresponding group I' = A4
are polynomials in the forms

O =x*+ 21'\/3)62)/2 +yh, P=xt— 2i\/3x2y2 +yh r=xyt —yh.

Furthermore, ¢ is absolutely invariant, while ® and ¥ are invariant with cha-
racters yo and yy whose product is the trivial character. This implies that all
forms (59) of degree < 6 are obtained from (61) for V equal to @, ', or 7. Indeed,
for non-zero U and V such a form may satisfy the condition degV = deg U + 2
only if U is equal to ® or ¥, and V is equal to . However, for such U and V the
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condition concerning characters is not true. Rational functions commuting with
I' = A4 which correspond to forms (61) with V equal @, P, ¢ are

V32 +1

T iV3+2)
V322 —1
(V3 =22

(2 =5)
574 —1"

F, =

F5;=

For the degree seven we obtain a one-parameter series setting in (59)
U=ct, ceC, V=0V

In order to obtain the corresponding generalized Lattés map in a compact form, it
is convenient to rescale this parametrization setting ¢ = 8iv/3a, a € C, so that

1 (3az6 — 7iz*/3 — 3az* — i\/3)

F —
* iv/376 + 3az* + 7iv/322 — 3a

Z

The generalized Latteés maps corresponding to F;, 1 < i < 4, are

L= 27z

7 @z — 1>
(z—4)°

L= —

? 2722
5z —4)°

L3:_ ) 3
z?(4z —5)

and
B ((a—l)4 2—2(a—l)(a3—3a2—9a—21)z+(a—7)(a+1)3)3
YT @E D@ =132 =2+ 1)@ +3a® — 9a+ 21z + (a+ 1)

The functions L;, 1 < i < 4, and F;, 1 < i < 4, are related by the commutative
diagram

cp! —5 cp!

T

1L 1
crr —— CP,

where O is normalized by the condition

(62) v0)=3, v(1)=2, v(oco)=3,
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and the function
(* +2iV32 + 1)°
O =
(24— 2iV322 + 1)3

is obtained from W3/ ®3 by setting z = x/y.

Of course, the factthatL; : O — O, 1 < i < 4, are indeed minimal holomorphic
maps between orbifolds can be checked directly. For example, for L, we must
check condition (7) at points of the set LZI{O, 1, oo}. Clearly, (7) holds for any
point z such that L4(z) = oo, since all points of L; !{ oo} distinct from oo have the
multiplicity divisible by 3 while the multiplicity of oo is one. Similarly, (7) holds
for points z with L4(z) = 0. Finally, formula

L= L= e ) e
implies that (7) holds for points z with L4(z) = 1.

Notice that the functions L; and L, are conjugate by the function u = 1/z.!
This is explained by the symmetry of the orbifold O given by (62) with respect
to u, implying thatif L : O — O is a minimal holomorphic map between orbifolds,

1

then =" o L o u is also such a map. Correspondingly, L; and L, are conjugate

by u, the function L3 commutes with x, and
1 o Ly(a, 2) o u = Lu(—a, 2).
In conclusion, we describe the class of polynomial generalized Lattés maps.

Theorem 7.2. Let A be apolynomial of degree at least two suchthatA:O — O
is a minimal holomorphic map between orbifolds for some O distinct from the non-
ramified sphere. Then either A is conjugate to 7'R"(z), where R € Clz] and
gcd(r, n) = 1, or A is conjugate to £T,,, where gcd(m, n) = 1.

Proof. We show first that y(O) > 0. Indeed, if y(O) = 0, then arguing as in the
proof of Theorem 1.1 we can construct commutative diagram (4) with g(R) = 1.
Since A is a polynomial, A~!{oo} = oo, implying that the set S = 7~ !{oo}
is completely invariant with respect to B. On the other hand, since g(R) = 1,
the map B is non-ramified by the Riemann—Hurwitz formula, implying that the
set B~1(S) contains

[S|deg B > 2|S| > |S]
points.

IWe thank Benjamin Hutz who drew our attention to this fact.
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Let us assume now that y(O) > 0, and consider diagram (38) provided by
Theorem 2.8. Itis well known that the complete F-invariance of a finite set implies
that it contains at most two points. Therefore, the set S = 6’61 { oo} contains at most
two points, and without loss of generality we may assume that either S = { oo},
or § = {0, 00}. Since 051{00} is an orbit of 'y, where ' is one of the five
finite rotation groups of the sphere, in the first case it follows from |061 {oo}] =1
that v(0) = {n,n}, n > 2. Therefore, since 951{00} = {oo}, without loss of
generality we may assume that 6y = cz", ¢ € C. Moreover, considering instead of
the polynomial A the polynomial A(cz)/c, we can assume that 89 = z". Arguing
now as in the proof of Theorem 5.1 and taking into account that F is a polynomial
since F~!'{oo} = {oo}, we obtain that A = z"R"(z), where R is a polynomial and
ged(r, n) = 1.

Similarly, if § = {0, oo}, then it follows from |(951 {oo}| = 2 that without loss of
generality we may assume that

(63) eo:ﬂo;(zuzln), n>1,

for some Mobius transformation x such that u(co) = co. Indeed, if Hoo}isa
singular orbit of I'g, then v(0) = {2,2,n}, n > 2, implying (63). On the other
hand, if the orbit 4951 { oo} is non-singular, then v(0Q) = {2, 2}. Therefore,

b
0o =az+ +c
z

for some a, b, ¢ € C, implying that composing 6 with v/b/a z we still can assume
that (63) holds. Moreover, since p(c0) = 0o, the transformation u is a polynomial,
so conjugating A by u we can assume that x is the identical mapping.

The equality F~'{0, co} = {0, co} implies that F = ¢z, ¢ € C. On the other
hand, by Theorem 2.8, the homomorphism ¢ in (39) is an automorphism implying
that F injectively maps any fiber of §y onto another fiber. Therefore, the singular
fiber 05'{ 1} consisting of nth roots of 1 is mapped either to itself or to the other
singular fiber 651{ —1} consisting of nth roots of -1. Since this implies that ¢? is
an nth root of unity, it follows now from

Ao ;(z"+zln) = ;(z"+zln) oc7"
= 4T, 0 ;(z"+zln)

that A is conjugate to +7,,. (]
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