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ON ITERATES OF RATIONAL FUNCTIONS WITH MAXIMAL
NUMBER OF CRITICAL VALUES

FEDOR PAKOVICH

ABSTRACT. Let F' be a rational function of one complex variable of degree
m > 2. The function F is called simple if for every z € CP! the preimage
F~1{z} contains at least m — 1 points. We show that if F is a simple rational
function of degree m > 4 and Fol = GroGr_10---0 G, 1 > 1, is a de-
composition of an iterate of F' into a composition of indecomposable rational
functions, then » = [ and there exist Mobius transformations p;, 1 <7 <r—1,
such that G, = Fopu,—1, G; = ,u;l oFop;—1,1<i<r,and G; = ,u{l oF.
As applications, we solve a number of problems in complex and arithmetic
dynamics for “general” rational functions.

1. INTRODUCTION

Let F' be a rational function of one complex variable of degree m > 2. The
function F' is called indecomposable if the equality F' = F o Fy, where Fy, F5, are
rational functions, implies that at least one of the functions F}, Fs is of degree one.
Any representation of F' in the form F = F.o F._yo0---0 Fy, where F, F5,..., F,
are rational functions of degree at least two, is called a decomposition of F. Two
decompositions

(1) F=F.0oF. _j10---0F] and F=GoG_10---0G;

are called equivalent if | = r and either r = 1 and F; = G1, or r > 2 and there exist
Mobius transformations p;, 1 < ¢ < r — 1, such that

F.=Gropup_1, Fi:ui_loGiO,ui,l, 1<i<r, and Flzul_loGl.

It is obvious that any rational function F' of degree m > 2 can be decomposed into
a composition of indecomposable rational functions, although in general not in a
unique way. The problem of describing all such decompositions is quite delicate,
and the general theory exists only if F' is a polynomial or a Laurent polynomial
(see 7], [31]).

In dynamical applications, one needs to have a description of decompositions of
the whole totality of iterates of a given rational function F (see e.g. [5], [18], [19],
[27], [34], [42], [43]), and the main result of this paper states roughly speaking that
for a general rational function of degree m > 4 all such decompositions are trivial.
As applications, we solve a number of problems in complex and arithmetic dynamics
for general rational functions. Here and below, saying that some statement holds
for general rational functions of degree m, we mean the following: if we identify the
set of rational functions of degree m with an algebraic variety Rat,, obtained from
CP?™*! by removing the resultant hypersurface, then this statement holds for all
F € Rat,, with exception of some proper Zariski closed subset.
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In more detail, we prove a number of results, which hold for simple rational
functions, that is, for rational functions F' of degree m > 2 such that for every
z € CP! the preimage FF~!{z} contains at least m — 1 points.

Our main result is the following statement.

Theorem 1.1. Let F be a simple rational function of degree m > 4. Then any
decomposition of F°', 1 > 1, into a composition of indecomposable rational functions
is equivalent to F°.

We apply Theorem[[T]to describing a variety of objects associated with a rational
function F' of degree at least two, using the following notation.

(F) is the semigroup of rational functions generated by F.
C(F) is the semigroup of all rational functions commuting with F'.
Aut(F) is the group of all Mébius transformations belonging to C'(F).
Coo(F) is the semigroup of all rational functions commuting with
some iterate of F'.
Autoo (F) is the group of all M&bius transformations belonging
to Coo (F).

(Autoo(F), F') is the semigroup of rational functions generated by F
and Aute (F).

WE is the measure of maximal entropy of F.

Ey(F) is the group of all M&bius transformations preserving .

E(F) is the semigroup consisting of all rational functions G of degree
at least two with ug = pp, completed by the group Fy(F).

Go(F) is the maximal subgroup of Aut(CP!) such that for every

0 € Go(F) there exists v € Go(F') satisfying Foo =vo F.

Using Theorem [T, we show that for simple rational functions the above objects
are related in a very simple way.

Theorem 1.2. Let F be a simple rational function of degree m > 4. Then
Ey(F) = Autoo(F) = Go(F) and E(F)=Cx(F)={Aut(F),F).

The link between Theorem [I.1] and Theorem is based on the results of Ritt
([8]) and Levin and Przytycki ([24], [25]). Namely, the theorem of Ritt about
commuting rational functions implies that for a fixed non-special rational function
F of degree at least two, a rational function G of degree at least two belongs to
Coo(F) if and only if the equality

(2) Fok _ Gol

holds for some k,! > 1. On the other hand, the results of Levin and Przytycki yield
that G belongs to E(F) if and only if the equality

(3) Fokl _ Fokg o Gol

holds for some ky,1 > 1, ko > 0 (see Section [31] for more detail).
As an application of Theorem [[.2] we prove the following result.

Theorem 1.3. For a general rational function F of degree m > 4, the equalities
Ey(F) =Auto(F) = Go(F) =id and E(F)=Cx(F)=(F)
hold.
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Notice that Theorem provides an affirmative answer to the question of Ye,
who proved that the equality E(F) = (F') holds after removing from Rat,, count-
ably many algebraic sets, and asked whether it remains true if to remove from Rat,,
only finitely many such sets ([56]).

Further applications of Theorem [I.T] concern problems that can be reformulated
in terms of semiconjugacies between rational functions (see the papers [4], [9], [I1],
[22], [27], [36], [42] for examples of such problems). We recall that a rational
function B of degree at least two is called semiconjugate to a rational function A if
there exists a non-constant rational function X such that the diagram

cpl 2 cp

@ | |x

cpt —2— Cp!
commutes. A comprehensive description of triples A, B, X such that [{@l) commutes
was obtained in the series of papers [33], [35], [37], [38]. For simple A, Theorem [Tl
permits to reduce this description to the following uncomplicated form suitable for
applications.

Theorem 1.4. Let F be a simple rational function of degree m > 4, and G, X
non-constant rational functions such that the diagram

cpl —% . cp!

®) | |x

cpt £ — cp!
commutes for an integer r > 1. Then there exist a Mobius transformation v and
an integer I > 0 such that the equalities

X:FOlOM, G:/J,_loFOTO/J,
hold.

As an example of an application of Theorem [[4], we consider the problem of
describing periodic algebraic curves for endomorphisms of (CP!)? of the form

(F1, Fo) © (21, 22) = (Fi(21), F2(22)),

where Fi, F5 are rational functions, which reduces to describing solutions of a sys-
tem of semiconjugacies. A description of periodic curves in the case where Fi, F
are polynomials was obtained by Medvedev and Scanlon ([27]) and has numerous
applications in complex and arithmetic dynamics (see e. g. [3], [11], [15], [16], [17],
[20], [30]). A description of periodic curves in the general case was obtained in the
recent paper [42]. Notice that the problem of describing periodic curves is closely
related to a variant of a conjecture of Zhang ([58]) on the existence of Zariski dense
orbits for endomorphisms (Fy, Fy) defined over a field K of characteristic zero (see
271, [@2), [57)).

Theorem [[4] permits to shorten considerably the results of [42] in case F} and Fy
are simple, leading to the following result, which can be easily used for applications.
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Theorem 1.5. Let Fy and F» be simple rational functions of degree m > 4, and C
an irreducible algebraic curve in (P*(C))? that is not a vertical or horizontal line.

Then (Fy, F)°4(C) = C for an integer d > 1 if and only if
Fsd=aoFloa™?
for some Mobius transformation «, and C' is one of the graphs

y=(aopoF*)(w), w=(noFi*oa™)(y)
where p € Aut(F?) and s > 0.

Using Theorem [[L5] we prove the following result about invariant and periodic
curves for general rational functions.

Theorem 1.6. For every m > 4 there exists a Zariski open set U in Rat,, such
that the following holds. For any Fy,Fy € U, an irreducible algebraic curve C in
(PY(C))? that is not a vertical or horizontal line is (Fy, Fy)-periodic if and only if

Fy=aoF, oa?

for some Mobius transformation o, and C' is one of the graphs
y=(aoF®)(z), =" oa ) (y),
where s > 0. In particular, any (Fy, F»)-periodic curve is (Fy, Fa)-invariant.

For proving Theorem [Tl we use the following strategy. First, we show that if F’
is a simple rational function of degree m > 4 and H is an indecomposable rational
function of degree at least two such that the algebraic curve

(6) H(y) - F(z) = 0

is irreducible, then the genus of this curve is greater than zero. Second, we show
that if (@) is reducible, then either H = F oy, where p is a Mobius transformation,
or deg H is equal to the binomial coefficient (7;) for some k, 1 < k < m — 1. Third,
using the theorem of Sylvester [53] and Schur [50] about prime divisors of binomial
coefficients, we show that there exists a prime number p such that p | (') but p { m.
The above statements yield that if F°! = H o R for some rational function R, then
H necessarily has the form H = F o i for some Mobius transformation u, and this
fact allows us to prove the theorem.

The paper is organized as follows. In the second section, using the above ap-
proach we prove Theorem [[LTl In the third section, we deduce from Theorem [Tl
Theorem [[.2] and Theorem [[.3l In the fourth section, basing on results about semi-
conjugate rational functions and invariant curves from [33], [38], [42], we prove
Theorem [[.4] Theorem [[L5] and Theorem

Finally, in the fifth section, we give a number of conditions implying that some
iterate F°F, k > 1, of an indecomposable rational function F has a decomposition
not equivalent to F°F itself. We also construct explicit examples of simple rational
functions of degree 2 and 3 for which Theorems [I.1] - and Theorems [I.4] -
are not true. As for Theorem [[3and Theorem [[.G] we believe that they have some
analogues for m = 2 and m = 3. However, the methods of this paper do not apply
to this situation.
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2. DECOMPOSITIONS OF ITERATES OF RATIONAL FUNCTIONS

2.1. The monodromy group and decompositions. Let G be a group which
acts transitively on a finite set S. We recall that a subset T of S is called a block of
G, if for each g € G either g(T) =T or g(T)NT = (. Clearly, if T is a block, then
T ={0o(T),0 € G} is a partition of S, which is called an imprimitvity system of G.
The group G is called primitive if its blocks are only singletons and the whole S.
Otherwise, G is called imprimitive.

Let F be a rational function, and ¢(F) = {z1, 22, ..., 2} the set of all critical
values of F. Let us fix a point zg € CP*\¢(F) and some loops 7; around z;, 1 < i <7,
such that v1v2...7 = 1 in 71 (CPY\ ¢(F), 29). Further, let us denote by 6;, 1 < i < r,
a permutation of points of F~1{zy} induced by the lifting of ~;, 1 <i < r. In this
notation, the monodromy group of F' is defined as the permutation group generated
by d;, 1 < i < r. We will denote this group by Mon(F).

The imprimitivity systems of the group Mon(F') correspond to decompositions
of F. Namely, if F = Ao B is a decomposition of F' into a composition of rational
functions A and B, where deg A = d, then Mon(F') has an imprimitivity system
consisting of d blocks B~{t;}, 1 < i < d, where {t1,t2,...,ta} = A~ {2}. Fur-
thermore, any imprimitivity system of Mon(F') arises from a decomposition of F,
and to decompositions F' = AoB and F' = C'oD corresponds the same imprimitivity
system if and only there exists a Mobius transformation g such that

A=Cout, B=poD.
In particular, F' is indecomposable if and only if Mon(F’) is primitive.

2.2. A calculation of the genus of H(z)—F(y) = 0. Let F be a rational function
of degree m > 2. We denote by deg , F' the multiplicity of F' at a point 2 € CP'. The
following two results are known. We include the proofs for the reader convenience.

Lemma 2.1. Let F be a rational function of degree m > 2. Then the following
conditions are equivalent.
1) The function is simple.
11) The number of critical points of F is equal to the number of critical values,
and the multiplicity of F' at every critical point is equal to two.
11i) The number of critical values of F is equal to 2m — 2.

Proof. The equivalence i) < ii) follows from the definition. Furthermore, it follows
from the Riemann-Hurwitz formula

2m —2 = Z (deg ,F — 1)
zeCP?

that the number of critical points of F' does not exceed 2m — 2, and the equality
is attained if and only if the multiplicity of F' at every critical point is equal to
two. Since the number of critical values of F' does not exceed the number of critical
points, this implies easily the equivalence i) < 7ii). (]

Theorem 2.2. Let F be a simple rational function of degree m > 2. Then F is
indecomposable, and Mon(F') = S,,.

Proof. Assume that
(7) F = F1 e} FQ,
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where F} and F, are rational functions of degrees m; and ms. Since F' is simple,
the number of critical values of F' is 2myms — 2 by Lemma[2Z.Il On the other hand,
it follows from (7)) by the chain rule that the number of critical values of F' does
not exceed (2my — 2) + (2mg — 2). Thus,

2m1m2 -2 S (2m1 — 2) + (2m2 — 2),
implying that
2m1m2 -2 (2m1 — 2) — (2m2 — 2) = 2(m1 — 1)(m2 — 1) S 0.

Therefore, at least one of the functions F; and F5 has degree one.

Since F' is indecomposable, the monodromy group Mon(F') of F is primitive.
Furthermore, for any critical value ¢ of F, the permutation in Mon(P) corre-
sponding to c is a transposition. Since a primitive permutation group containing a
transposition is a full symmetric group (see [55], Theorem 13.3), we conclude that
Mon(F) = S,,. O

Let F and H be rational functions of degrees n and m, and Hy, Hy and Fi, F;
pairs of polynomials without common roots such that H = Hy/Hs and F = Fy/ Fs.
Let us define algebraic curves hp g (z,y) and hp(z,y) by the formulas

hgr: Hi(z)F2(y) — Ha(z)Fi(y) =0

and
Fi(z)Fa(y) — Fa(z)Fu(y)
hF : =0.
T —y
In case these curves are irreducible, their genera can be calculated explicitly in
terms of ramification of H and F' as follows. Let S = {z1, 29, ..., 2.} be the union

of all critical values of H and F. For i, 1 <i < r, we denote by
(@i, @i2, s Qip,)

the collection of multiplicities of H at the points of H~1{z;}, and by
(bij1,bi2,..s big,)

the collection of multiplicities of F' at the points of F~{z;}. In this notation, the
following formulas hold (see [13] or [32]):

(8) 2 —2g(hu,r) Z i i GCD( aw1 ,Jz) —mn(r —2),

i=1 jo=1j1=1

(9) —2g(hr) = i Z Z GCD(b; j, bij,) — (r — 2)m?

i=1 jo=1j1=1

Theorem 2.3. Let F be a simple rational function of degree m > 4, and H a
rational function of degree n > 2 such that the curve hy p is irreducible. Then
g(hm,r) > 0. In particular, the functional equation FoX = HoY has no solutions
in rational functions X,Y .

Proof. Keeping the above notation, let us observe that if z;, 1 < i < r, is not a
critical value of F', then obviously

Pi
(10) > GCD(aijibij,) =pin 1< j2<aq,

ji=1
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and
qi  Pi
(11) Z Z GCD(ai7j1bi)j2) = mp;.
J2=1j1=1

Assume now that z;, 1 < i < r, is a critical value of F. Then (I0) still holds if
bi)jQ = 1, while if bi)jQ = 2, 1 S jg S q;, We have

Pi
> GCD(aij,bi ) = pi + L,
Jji=1
where [; is the number of even numbers among the numbers a; ;,, 1 < ji < p;.
Since among the numbers b; j,, 1 < jo < g;, one number is equal to two and m — 2
other numbers are equal to one, we conclude that

i Pi
(12) Z Z GCD(aij, bij,) = (m = 2)pi + pi + li = mp; + (li — pi).
Je=1j1=1
As
T Pi T
2n—2 = Z (deg ,H — 1) = Z Z(aim -1) :Tn—Zpi,
2€CP! i=1j1=1 i—1

the equality
(13) Zpi =(r—-2)n+2
i=1

holds, implying by () and (I2) that
T qi Pi

(14) Z Z Z GCD(ai,jlbi,jg) = Zmpi + Z/(li _pi) =
=1 j2=171=1 i=1
=m((r=2n+2)+> (i - p),

where the sum 3 " runs only over indices corresponding to critical values of F. It
follows now from (8) that g(hg,r) =0 if and only if

2m—2+Y (Il —pi) = 0.

Stating differently, g(hg r) = 0 if and only if the preimage H~*{c1,ca, ..., cam—2},
where ¢1, ca, ..., cam—_o are critical values of F', contains exactly 2m —2 points where
the multiplicity of H is odd.

Let us observe now that for any finite subset S of CP! it follows from

2n—2= > (deg,H-1)> Y (deg H-1)
z€CP! z€H—1(S)

that the preimage H~1(S) contains at least n(|S| — 2) + 2 points and the equality
is attained if and only if S contains the set of critical values of H. Therefore,

H_l{cl,CQ, ceyCom—2} > (2m —4)n+ 2,
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and the equality is attained if and only if any critical value of H is a critical value of
F. On the other hand, the condition that H~{c1,ca,...,com_2} contains 2m — 2
points where the multiplicity of H is odd implies that

n(2m —2) — (2m —2)

H ey e, comon) < (2m—2) + ) =Mn+1)(m-1),
and the equality is attained if and only if all 2m — 2 points with odd multiplicity in
H ¢y, ca,. .., com_2} have multiplicity one, while all points with even multiplicity

have multiplicity two. Thus, if g(hg,r) = 0, then
2m—4)n+2<(n+1)(m-1),

implying that
(n—1)(m—3) <0.

Since the last inequality is satisfied only for n = 1 or for m = 2, 3, we conclude that
g(hHJ:') > 0. [l

Theorem 2.4. Let F be a simple rational function of degree m > 3. Then the
curve hp is irreducible and g(hg) > 0. In particular, the equality FoX = F oY,
where X and Y are rational functions, implies that X =Y.

Proof. Tt is well-known (see e.g. [32], Corollary 2.3) that the curve hp(z,y) is irre-
ducible if and only if the monodromy group Mon(F’) is doubly transitive. Therefore,
since a symmetric group is doubly transitive, the irreducibility of hp(z,y) follows
from Theorem

Further, applying (I4)) and ([I3]) for H = F we see that

T pi Pi 2m— 2m—2 2m—2

2
SN GCDiibigy) = Y mpi+ Y (1—pi)= > (m—1)p+2m—2=
=1 =1

=1 j2=171=1 i=1

=(m—1)((2m — 4)m +2) +2m — 2 = m?(2m — 4) — 2m?* 4+ 8m — 4.
Therefore, by formula (@), we have:

(15) g(hr) = (m —2)*,

and hence g(hp) > 0 whenever m > 3. O

2.3. Conditions for reducibility of H(x) — F(y) = 0. The problem of find-
ing conditions under which the algebraic curve hp r is reducible, the so-called
Davenport-Lewis-Schinzel problem, has a long story and is not solved yet in its full
generality (see [14] for an introduction to the topic). In this section, we consider
a very particular case of this problem (Theorem 277 below), which is related to
the subject of this paper and can be handled without using serious group theoretic
methods. The reader interested in these methods is referred to the recent paper
[23], where a significant progress has been made in the polynomial case, and the
bibliography therein.

Let F be a rational function of degree m > 2, and U C CP! a simply connected
domain containing no critical values of F'. Then in U there exist m = deg F' different
branches of the algebraic function F~!(z). We will denote these branches by small

letters fi, fo,..., fm.



ON ITERATES OF RATIONAL FUNCTIONS 9

Lemma 2.5. Let F be a rational function of degree m > 2 such that Mon(F) = S,,,
f1, f2, - -+, fm different branches of F~1(2) defined in some simply connected domain
U containing no critical values of F, and C;, 0 < i < m, rational functions. Then
the equality

(16) Cifi+Cofo+ -+ Cnfm=Co
implies that C1 = Cy = --- = Cp,.

Proof. Assume, say, that C; # Cs. Since Mon(F) = S,,, the transposition
o = (1,2) is contained in Mon(F'), and considering the analytical continuation
of equality (I6]) along a loop corresponding to o we obtain the equality

(17) Cifoe+Coft + -+ Cpfrn = Co.
It follows now from (6] and (I7) that

(C1 = C2)(f1 — f2) =0,

whence f; = f3 in contradiction with the assumption that f1, fa,..., fm are diffe-
rent. O

Lemma 2.6. Let H be an indecomposable rational function of degree n > 2,
hi,ha, ..., hy different branches of H=1(z) defined in some simply connected do-
main V' containing no critical values of H, and R another rational function. Then
either R(h;) # R(h;) fori # j, 1 <1i,5<n, or R(h1) = R(h2) =--- = R(hy,). In

the last case, R(h1) is a rational function.

Proof. 1t is easy to see that for fixed j, 1 < j < n, the set of all ¢, 1 < ¢ < n,
such that R(h;) = R(h;) is a block of Mon(H). Since H is indecomposable, this
implies the first statement of the lemma. Finally, if the functions R(h;), 1 <i < n,
are equal, then the algebraic function obtained by a full analytical continuation of
R(hy) is single-valued in CP! and therefore it is a rational function. O

Theorem 2.7. Let H and F be rational functions of degrees n > 2 and m > 2
such that H is indecomposable, Mon(F) = Sy, and the curve hy r is reducible.
Then either H = F o p, where p is a Mébius transformation, or n = (7]?) for some
k,1<k<m-—1.

Proof. Suppose that
hH,F(xay) = M(‘Tu y)N((E, y)

for some non-constant polynomials M (x,y), N(z,y). Notice that since H and F
are non-constant, for such polynomials the degrees deg , M, deg , M, deg , N, deg , N
are distinct from zero.

Let hi,hs,...h, be different branches of H~1(z) and fi, fo,... fmn different
branches of F~1(z) defined in a simply connected domain U C CP! containing
no critical values of F' or H. Since

hg,r(hy, fi) =0, 1<i<m,

among the indices ¢, 1 <@ < m, there are k = deg,M > 0 indicies for which the
equality

(18) M(hy, fi) =0
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holds. Moreover, k < m, since otherwise the equality deg ,M +deg ,N = m implies
that deg,, N = 0. Let 71,42, ... ,ix be indices for which (I8)) holds. Writing M (z,y)

in the form
M(z,y) = Pi(x)y" + Poo1(2)y" ™" + - + Pi(2)y + Po(2),
where P;, 0 < i <k, are polynomials, we see that (I8)) implies that

(19) fis ¥ fio + -+ fir = Q(h),
where Q = Pj,_1/ Py, is a rational function. Furthermore, since the set {iy, 42, ..., %%}
is a proper subset of {1,2,...,m}, the function Q(h;) is not a rational function by

Lemma [2Fl Therefore, by Lemma 2:6] the functions Q(h;), 1 < i < n, are pairwise
different.

Continuing equality ([9) analytically along an arbitrary closed curve « in CP!,
we obtain an equality where on the left side is a sum of branches of F~!(z) over
a subset of {1,2,...,m} containing k elements, while on the right side is a branch
Q(hi), 1 < i < n, of the function Q(h;). Furthermore, to different subsets of
{1,2,...,m} correspond different branches of Q(hq), for otherwise subtracting we
obtain a contradiction with Lemma Since the equality Mon(F') = S,,, implies
that for an appropriately chosen v we can obtain on the left side a sum of branches of
F~1(2) over any k-element subset of {1,2, ..., m}, while the transitivity of Mon(H)
implies that for an appropriately chosen v we can obtain on the right side any branch
of Q(h;), 1 <1i < n, we conclude that n is equal to the number of k-element subsets
of {1,2,...,m}, for some k, 1 < k < n, that is, n = (7;)

To finish the proof, let us observe that if & = 1, then n = (7;) implies that
n = m. Furthermore, equality (I9) implies the equality

z=F(fi,) = (FoQ)(h).
Thus, the function F o (@ is inverse to hy, that is, H = F'o(@Q. Finally, Q is a Mdbius

transformation since n = m. The same conclusion is true if k = m — 1, since we
can switch between M (z,y) and N(x,y). O

2.4. Prime divisors of (7]'). The classical theorem of Sylvester [53] and Schur
[50] states that in the set of integers a,a+ 1,...,a+ b — 1, where a > b, there is a
number divisible by a prime greater than b. For a natural number z, let us denote
by P(z) the greatest prime factor of . Then the theorem of Sylvester and Schur
may be reformulated as follows ([7]): for any m > 2k the inequality P(('})) > k
holds. Furthermore, the last inequality may be sharpened to the inequality

((7)-1

(see [10], [21]). We will prove that this implies the following corollary.

Theorem 2.8. Let m > 4 be a natural number, and k a natural number such that
1<k <m—1. Then there exists a prime number p such that p | (7]?) but p t m.

Proof. Since (7;) = (m"j k), it is enough to prove the theorem under the assumption
that m > 2k. Applying the Sylvester-Schur theorem, we conclude that there is a
number s, m — k + 1 < s < m, such that P(()) = P(s) = p > k. Moreover, if s is
strictly less than m, then p cannot be a divisor of m for otherwise

(21) pl(m — s),
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where m — s < k — 1 in contradiction with
(22) p > k.

Since however s can be equal to m, we modify slightly this argument. Namely, we
apply the Sylvester-Schur theorem in its strong form (20) to the binomial coefficient

(117:—_11) related with (7;;) by the equality

@ () - ()

Notice that (23]) implies that every prime factor p of (’g:ll) satisfying (22) remains
a prime factor of (7;)

Since m > 2k implies m —1 > 2(k — 1), applying 20)) to (7,?:11) we conclude that
there is a number s, m — k + 1 < s < m — 1, such that

7((721)) =20 =p= L=

Furthermore, if £ > 3 then
7

implying that p | (7;) On the other hand, p ¥ m since otherwise (2I)) holds in
contradiction with (22)).
For k£ < 3, the theorem can be proved by an elementary argument. If k& = 2,

then .
()=

Therefore, since GCD(m, m—1) = 1, the statement of the theorem is true, whenever
(m —1) 12, and the last condition is always satisfied if m > 3. Similarly, if & = 3,

then
m\ _ m(m—1)(m—2)
Q)_ 2-3 ’
and the statement of the theorem is true whenever (m — 1) { 6. The last condition
fails to be true for m > 3 only if m is equal to 4 or 7. However, the pair m = 4,
k = 3 does not satisfy the condition 1 < k < m — 1. On the other hand, for the

pair m =7, k = 3, we have (7;) = (g) = 5.7, and the statement of the theorem is
satisfied for p = 5. O
Proof of Theorem [ The proof is by induction on . Let

(24) Fl'—=F oF,_j10---0F

be a decomposition of F°! [ > 1, into a composition of indecomposable rational
functions. Since F' is indecomposable by Theorem 2.2], for [ = 1 the theorem is
true. On the other hand, since by Theorem [2.4] the equality F'o X = F oY implies
that X =Y, to prove the inductive step it is enough to show that equality (24)
implies that

(25) F.=Fopu

for some Mdbius transformation .
Clearly, equality (24 implies that the algebraic curve

(26) F(z) - Fy(y) =0
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has a factor of genus zero. Therefore, (28) is reducible by Theorem Since
Mon(F) = Sy, by Theorem 2.2] it follows now from Theorem [277] that either (23]
holds, or deg F,. = (’}3) for some k, 1 < k < m — 1. However, the last case is
impossible since ([24)) implies that any prime divisor of deg F,. is a prime divisor of
deg F' in contradiction with Theorem 2.8 ([l

Corollary 2.9. Let F be a simple rational function of degree m > 4, and Gy,
1 <4 <r, rational functions of degree at least two such that

Fl=G,0G,_10...Gy

for somel > 1. Then there exist Mobius transformations v;, 1 < i < r, and integers
si > 1,1 <1i<r such that

G,=F°"ov,_q, Gi:Vi_loFosioui,l, 1<i<r, and GlzyfloFosl.

Proof. To prove the corollary, it is enough to decompose each G;, 1 <14 < r, into a
composition of indecomposable rational functions and to apply Theorem [T [

3. GROUPS AND SEMIGROUPS RELATED TO RATIONAL FUNCTIONS

3.1. Groups and semigroups related to simple rational functions. We
start this section by recalling some basic facts concerning the groups and semigroups
defined in the introduction. We will say that a rational function F of degree at
least two is special if F' is either a Lattes map, or it is conjugate to a power 2" or
to a Chebyshev polynomial +7,, (we will recall the definition of Lattes maps below,
in Section ], in a more general context).

It is obvious that C(F) is a semigroup, and it follows from the inclusions

C(FOk), C(Fol) C C(FOLCM(k,l))
that Coo(F') is also a semigroup. We use the following characterization of Coo(F).

Theorem 3.1. Let F' be a non-special rational function of degree at least two. Then
a rational function G of degree at least two belongs to Coo (F') if and only if equality
@) holds for some k,1 > 1.

Proof. By the Ritt theorem (see [48], and also [8], [40]), commuting rational func-
tions of degree at least two are either special or have a common iterate. Thus, if G
belongs to Coo (F') \ Auteo (F'), then (2)) holds for some k,1 > 1. On the other hand,
if @) holds, then G' commutes with F°* and thus G belongs to Co. (F). O

Notice that a practical method for describing C(F') for an arbitrary non-special
rational function F' was given in the recent paper [40], but a satisfactory description
of Coo(F) is still not known (see [44] for some particular results). Thus, condition
(@) remains the only characterization of Coo(F).

Let us recall that by the results of Freire, Lopes, Mané ([12]) and Lyubich ([26]),
for every rational function F' of degree n > 2, there exists a unique probability
measure pr on CP', which is invariant under F, has support equal to the Julia
set Jr, and achieves maximal entropy log n among all F-invariant probability mea-
sures. The measure jp can be characterized as follows. For a € CP!, let zF(a),
i =1,...,n% be the roots of the equation F°*(z) = a counted with multiplicity,
and pp(a) be the measure defined by

k
1 &
(27) NF,/C(G/) = ﬁ Zézf(a)'
=1
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Then for every a € CP! with two possible exceptions, the sequence ppi(a), k> 1,
converges in the weak topology to pp. It follows from the characterization of pr as
a limit of (27) that any G sharing an iterate with F belongs to E(F). Thus,

(28) Cw(F) C E(F).
Moreover, since the equality
For=a loF"oq,
where o € Aut(CP') and n > 1, implies that
[SNF~"(a)| = |a(S)NF " (a(a))], k=1,
for any set S C CP! and a € CP!, this characterization yields that
(29) Autoo(F) C Eo(F).

The fact that E(F) is a semigroup can be established using the Lyubich operator
or the balancedness property of pp (see [6], [44]), and the analogue of Theorem [31]
is the following statement.

Theorem 3.2. Let F' be a non-special rational function of degree at least two. Then
a rational function G of degree at least two belongs to E(F) if and only if equality
@) holds for some k1,1 > 1, ko > 0.

Proof. 1t is known and can be easily shown using the Lyubich operator that equality
@) implies the equality ur = pe ([24]). On the other hand, it is shown in [56]
that the characterization of non-special rational functions sharing the measure of
maximal entropy obtained in the papers [24], [25] implies that for such functions F’
and G equality ([B]) holds. O

A complete description of F(F) is known only if F is a polynomial, in which
case E(F)\ Eo(F) coincides with the set of polynomials sharing a Julia set with F’
(see [I], [2], [49] and also [41], [44]). Some partial results in the rational case can
be found in [39], [56].

The group Go(F) obviously is a subgroup of the larger group G(F) consisting of
all ¢ € Aut(CP') such that

(30) Foo=voF
for some v € Aut(CP?). It is easy to see that G(F) is indeed a group and that the
map

Vo=V
is a homomorphism from G(F) to the group Aut(CP'). The group G(F) is finite
and its order is bounded in terms of m = deg F', unless
(31) aoFof=z"
for some Mébius transformations «, 8 (see [37], Section 4 or [45], Section 2). Thus,
the group Go(F) is also finite, unless (3I)) holds.

Lemma 3.3. Let F be a simple rational function of degree m > 3. Then the group
Go(F) is finite, and the restriction of v to Go(F') is an automorphism of Go(F).

Proof. Since equality ([BI]) is impossible for simple F' of degree m > 3, the group
Go(F) is finite. Furthermore, since the equality F' = F o o, where 0 € Go(F),
implies by Theorem 2.4 that o is the identity element, the restriction of v on
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Go(F) is a monomorphism. Since v(Go(F')) € Go(F) by the definition, this implies
that the restriction of v to Go(F’) is an automorphism of Go(F). O

Corollary 3.4. Let F be a simple rational function of degree m > 3. Then
Go(F) C Aut(F°®), where s = |Aut(Go(F))|.

Proof. For s = |Aut(Go(F))|, the iterate v°¢ is the identity automorphism of Gy (F).
Therefore, since for every o € Go(F) the equality

FOlOO':’}/Ol(O')OFOl, 1217
holds, every o € Go(F') commutes with F°%. O

Lemma 3.5. Let F be a rational function, and o a Mdébius transformation such
that

(32) (0o F)°l = F°!
for some | > 1. Then o € Aut(F°).

Proof. Clearly, equality ([B2)) implies the equality

(33) (o0 F)°U=Dog = pol-b),
Composing now F' with the both parts of equality (33]), we obtain the equality
(34) (Foo) =F°
It follows now from ([B2]) and (34 that
Flog=(0coF)oo=00(Foo)" =0o0F°. O

Lemma 3.6. Let F be a simple rational function of degree m > 4. Then F is not
a special function.

Proof. The proof follows easily from the analysis of ramifications of special func-
tions. Since below we prove a more general result (Lemma [L.3]), we omit it. (]

Theorem 3.7. Let F' be a simple rational function of degree m > 4. Then
Eo(F) = Go(F) = Auto (F) = Aut(F°?),

where s = |Aut(Go(F))|.

Proof. By Corollary 34 and (29]), we have:
Go(F) C Aut(F°%) C Autoo(F) C Eo(F).

Thus, to prove the theorem we only must prove that Eg(F) C Go(F). For this, it
is enough to show that for every o € Ey(F) there exists v € Ey(F') such that (B0)
holds. Let o be an element of Eo(F'). Then F oo is a simple rational function which
belongs to E(F'), implying by Lemma and Theorem that

Fokl _ Fok:2 ° (FO O,)Ol

for some ky,l > 1, ko > 0. Applying to the last equality recursively Theorem [Z.4]
we see that

(35) Fotki=kz) — (F o g)°,

Therefore, by Theorem [[L1] there exist Mobius transformations pu;, 1 <4 <1 —1,
such that

Foo=Fopu,_1, Foa:u{loFoui,l, 1<i<l, and Foa:ufloF.
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Thus, equality (@30) holds for v = uy*. Furthermore, since equality (B5) implies that
k1 — ko = [, we have:
Pl = (Foo) = (" o F)°,

implying by Lemma that

prt € Aut(F°Y) C Auto, (F) C Eo(F). O
Corollary 3.8. Let F' be a simple rational function of degree m > 4. Then every
element of the semigroup (Auteo(F'), F) can be represented in a unique way in the
form « o F°% where a € Autoo(F) and s > 0. Moreover, for every k > 1, every

element of the semigroup (Aut(F°F), F) can be represented in a unique way in the
form a o F°, where a € Aut(F°%) and s > 0.

Proof. The first part of the corollary follows from the equality Aute, (F) = Go(F).
To prove the second, it is enough to observe that for every v € Aut(F°F) the
element v/ € Auto(F) such that

(36) Fov=V0oF
belongs to Aut(F°*). Indeed, (B6) implies that
Fokor oF =F%*ocFov=FoF%oyv=FovoF* =y oFoF*=10F%0F,
whence 1/ € Aut(F°F). O
Proof of Theorem[L.2. In view of Theorem [3.7] we only must show that
Coo(F) = E(F) = (Autoo(F), F).

By (28], the first equality follows from Theorem and Theorem [Z4] since the
latter implies that any G satisfying (B satisfies @) for k& = k1 — k2. Since the
semigroup (Aute (F'), F') is obviously a subsemigroup of Co, (F), to finish the proof
we only must show that if a rational function G satisfies (), then it belongs to
(Autoo (F), F).

Applying Corollary 29 to equality (2]), we see that there exist Mdbius transfor-
mations p;, 1 <7 <[ —1, such that

G=Fopu_1, qu{l oF*opuiq, 1<i<l, and G=pu;'oF°,
where s = k/l. Moreover, since

Fosl _ Gol _ (:U‘1_1 o Fvos)ol7
Lemma implies that
prt € Aut(Fes!) C Autoo (F).
Thus,
G =p;toF € (Auto(F), F). O

3.2. Groups and semigroups related to general rational functions. Let
us recall that writing a rational function F' = F(z) of degree m as F' = P/Q, where
P(2) = amz™ +am_12™ 4 a1 z4+a0, Q(2) = bypz™ +by 2™ b bz 4 b

are polynomials of degree m without common roots, we can identify the space of
rational functions of degree m with the algebraic variety

Rat,, = CP*™ 1\ Res,.m.-(P,Q),
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where Resy, m, (P, @) denotes the resultant of P and Q. We recall that we say that
some statement holds for general rational functions of degree m, if it holds for all
F € Rat,, with exception of some proper Zariski closed subset.

Lemma 3.9. A general rational function F of degree m > 2 is simple.

Proof. We recall that for F' € Rat,, the set of finite critical points of F' coincides
with the set of zeroes of its Wronskian

W(z) = P'(2)Q(2) — P(2)Q'(2).
Obviously, deg W < 2m — 2. Moreover, deg W = 2m — 2, unless F' belongs to the
projective hypersurface U in CP?™*! defined by
U: anbm—1—bmam—1 =0.
Let us define now a polynomial R(t) by the formula
R(t) = Resam—2,m,:(W(2), P(2) — Q(2)1).
By the well-known property of the resultant, for F' € Rat,, \ U the equality
Rity=c [] (PQ)-QQ)
W (¢)=0

holds for some ¢ € C*, and thus the set of zeroes of R(¢) coincides with the set of
finite critical values of F.
Finally, let us define a projective hypersurface Z in CP2™+! by

Z R652m72,2m73,t(R(t)7 R/(t)) = O

By the resultant properties, F' € Rat,, \ U belongs to Z if and only if either some
finite critical values of F' coincide, or deg R(t) < 2m — 2 meaning that infinity is a
critical value of F. Thus, every rational function F' € Rat,, \ Z U U has 2m — 2
distinct finite critical values, and hence is simple. ([l

Lemma 3.10. For a general rational function F of degree m > 3 the group G(F)
is trivial.
Proof. Let
_a11z+apa _ Praz+Boa
a2zt apa’ B2z + Bos
be elements of Rats, and
r_ Jm 2™ 4 frm122™ 7 4+ fraz+ foa
fm22™ + frm—122"" 4+ froz + fo
an element of Rat,,. It is easy to see that the coefficients of the numerator of the
rational function cvo F o 8 — F' are polynomials in ag , Bf , ff homogenous of degree

one in af, homogenous of degree two in f/, and homogenous of degree m in Bf .
Thus, the equality

aoFof=F
implies that the coefficients of «, 5, and F' belong to some projective algebraic

variet
' W C CP? x CP*™+! x CP3.

Since the projection

pr o (CPY! x (CPY* — (CPY)*, kl>1,
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is a closed map (see e.g. [29]), this implies that the set of F' € Rat,,, with non-trivial
group G(F) is contained in some Zariski closed subset of CP?"+1,

To finish the proof, we only must show that Z does not contain the whole variety
Rat,,, for m > 3. For this, it is enough to show that for every m > 3 there exists a
polynomial F' of degree m such that the group G(F) is trivial. Let us recall that for
any polynomial F' of degree m > 2 the group G(F) is a finite cyclic group generated
by a polynomial, unless ([BI]) holds (see e.g. [45], Section 2). On the other hand, it
is easy to see that if F' has the form

(37) F=2zm + am_2zm—2 + am_32m—3 NI ao,

then equality (30) may hold for polynomials ¢ = az+b, p = cz+d only if b =0
and a is a root of unity. This implies easily that for any polynomial of the form
BT) with ay,—2 # 0, am—3 # 0 the group G(F) is trivial. O

Notice that Lemma[310is not true for m = 2. Indeed, for every rational function
F of degree two there exist Mobius transformations «, 8 such that equality (31
holds, implying that the group G(P) is non-trivial, and even infinite.

Proof of Theorem [I.3 Since Go(F) is a subgroup of G(F), the theorem follows
from Theorem combined with Lemma and Lemma [3.10 O

4. SEMICONJUGATE RATIONAL FUNCTIONS AND INVARIANT CURVES

4.1. Generalized Lattés maps, semiconjugate rational functions, and
invariant curves. In this section, we recall some definitions and results related to
the functional equation

(38) AoX=XoB

in rational functions, and to invariant curves for endomorphisms of (CP!)? of the
form
(A1, A2) © (21, 22) = (A1(21), A2(22)),
where A1, A, are rational functions.
Let us recall that an orbifold © on CP! is a ramification function v : CP* — N,
which takes the value v(z) = 1 except at a finite set of points. For an orbifold O,
the set of singular points of O is the set

c(0) ={z1,29,. .., 25,... } = {z € CP* | v(2) > 1},

and the Euler characteristic of O is the number
1
0)=2 — 1.
O =2+ (51)

Let A be a rational function, and 01, Oy orbifolds with ramifications functions
vy and vo. We say that A: O; — Oz is a covering map between orbifolds if for any
z € CP! the equality

Va(A(2)) = v (2)deg , A
holds. In case the weaker condition
v2(A(z)) = v1(2)GCD(deg , A, v2(A(2))

is satisfied, we say that A : O — 05 is @ minimal holomorphic map between
orbifolds.

In the above terms, a Lattés map can be defined as a rational function A such
that A : O — O is a covering map for some orbifold O (see [28], [38]). Following
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[38], we say that a rational function A of degree at least two is a generalized Latteés
map if there exists an orbifold O, distinct from the non-ramified sphere, such that
A: O — O is a minimal holomorphic map. Thus, A is a Lattes map if there exists
an orbifold O such that

(39) v(A(2)) = v(z)deg LA, 2z € CP?,
and A is a generalized Lattes map if there exists an orbifold O such that
(40) v(A(2)) = v(2)GCD(deg , A, v(A(2))), =z € CP".

Since ([B9) implies @), any Lattés map is a generalized Lattes map. More generally,
any special function is a generalized Lattés map (see [38]). Notice that if (39) holds
for some rational function A and orbifold O, then O has zero Euler characteristic,
while (#0) implies that the Euler characteristic of O is non-negative (see e.g. [38]
for more detail).

Latteés maps and generalized Lattes maps can be characterized also in different
terms (see [28], [38]). However, the definition using orbifolds is most convenient for
our purposes since it permits to show easily that a simple rational function of degree
at least four is not a generalized Lattes map. In turn, this fact is crucial for our
proof of Theorem [[.4land Theorem [[.5]since for rational functions A and A;, As that
are not generalized Lattés maps describing solutions of (B8]) and (A;, As)-invariant
curves reduces to describing decompositions of iterates of A and A, As.

Specifically, our proof of Theorem [I.4] relies on the following corollary of the
classification of semiconjugate rational functions (see [42], Proposition 3.3).

Theorem 4.1. Let A, B be rational functions of degree at least two and X a rational
function of degree at least one such that equality (B8] holds and A is not a generalized
Lattés map. Then there exists a rational function Y such that X oY = A°? for
some d > 0. [l

In turn, our proof of Theorem [[.5] uses the following corollary of the description
of invariant curves for endomorphisms (A1, As) of (CP!)? (see [42], Theorem 1.1).

Theorem 4.2. Let Ay, As be rational functions of degree at least two that are not
generalized Lattés maps, and C' an irreducible algebraic (A1, As)-invariant curve in
(CPY)? that is not a vertical or horizontal line. Then there exist rational functions
X1, Xo, Y1, Y5, B such that:
1. The diagram
cptyz LB, (cprye

(41) (leXz)l l(Xth)

Ap A
9 (A1,42)

(CPY) (CP')?

commutes,
2. The equalities
Xy oYy = A, Xpo0Y, = A5,
hold for some d > 0,
3. The map t — (X1(t), Xa2(t)) is a parametrization of C. O

Notice that if diagram (#I)) commutes, then this condition alone obviously is
sufficient for (A;, Az)-invariance of the curve C parametrized by t — (X1 (t), Xa(t)).
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4.2. Proof of Theorem [1.4, Theorem [I.5, and Theorem We start by
proving the following lemma.

Lemma 4.3. Let F be a simple rational function of degree m > 4. Then F is not
a generalized Lattés map.

Proof. If F is a simple rational function of degree m > 4, then the preimage of any
k distinct points of CP! under F' contains at least k(m — 2) > 2k distinct points z
such that deg ,F' = 1. Thus, if the equality

v(F(2)) = v(2)GCD(deg . F,v(F(z))), z¢& CP

holds for some orbifold O distinct from the non-ramified sphere, then the preimage
F~1{c(O0)} must contain at least 2|c(O)| points where v(z) > 1. However, this is
impossible since any such a point belongs to ¢(0O). ([l

Proof of Theorem [I] By Lemma 3 F' is not a generalized Lattés map. Since
a rational function F is a generalized Latteés map if and only if some iterate F°9,
d > 1, is a generalized Lattés map (see [42], Section 2.3), this implies that F°" also
is not a generalized Lattes map. Hence, by Theorem [£.1] there exists a rational
function Y such that the equality

XoY =rF°
holds for some d > 0. By Corollary [Z9) this implies that
X=Floy

for some Mobius transformation p and ! > 0. Thus, diagram (@) reduces to the
equality
FOTOFOlOM:FOlOMOG,
and applying to this equality Theorem 2.4 we conclude that
G=ptoF"opu. O

Proof of Theorem [L3. Assume that

(42) (Fi, F2)°4C)=C, d>1.
Then Theorem and Theorem [[.4] imply that C' is parametrized by
(43) t— ((F7™ 0 B)(0), (F5™ 0 a)(1))

for some dy,ds > 0 and Mobius transformations «, 8 such that
B loFtlof=a"toFy%0a.

It is clear that without loss of generality we may assume that /3 is the identity
map implying that

(44) Fil=aloF%0a=(a"toFoa)
This yields that
atoFyoac C(FY) CCul(F),

and hence

(45) aloFRoa=pok
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for some p € Autoo(F1) by Theorem [[L2 and Corollary B8 Further, equalities (4]
and (@3] imply by Lemma 3.5 that p € Aut(FP?). Therefore,

(46) Fy=aopoF oa "

for some p € Aut(FP?), and parametrization (Z3) takes the form

(47) t (Ffdl (1), ao (o F1)°% (t)) .

Moreover, it follows from (@T7) by Corollary 3.8 that there exists y/ € Aut(Fp?)
such that this parametrization can be written in the form

(48) o (Ffdl (1), (a0 o Ffd2)(t)) .
If d; < ds, then [@]) implies that C is parametrized by
o (t, (oo Ff”fdl))(t))
for some p' € Aut(F7?). On the other hand, if d; > dg, then C' is parametrized by

t— (F), (o)1)
Since Corollary B.§ implies that
Flo(dl—dz) o Iu/fl P Iu// o FIO(d1—d2) oa!

for some p'" € Aut(FP?), we see that in this case C' is also parametrized by

o (0 F 0 1) (0), )

for some p" € Aut(FP?). This proves the “only if” part of the theorem.
In the other direction, let us assume that ([@4]) holds and C'is a curve parametrized
by
t = (t, (oo F7*)(t))
for some p € Aut(FP?), Mébius transformation a, and s > 0. Since

F;do(aO/j,OFlos):aOFdeMOFfS:aoMOFde TP =(aopoFY%)o 1°d,
in this case the diagram

(CP!)? (B,B) (CP!)?

(49) (X11X2)l l(Xl,X2)

(Fy,F5Y)
e

(CP')? (CP')?

commutes for
B=F" X =z Xy=aopok,
implying that (#2) holds. Similarly, if C' is parametrized by
t— ((,u oFy%o ofl)(t), t) ,
then it follows from
Flo(poFfoa )y =poFoF*oa ! =poF*oatoaoFloa™ =

:(,qufSooz_l)oF;d
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that diagram ([A9)) commutes for
B=F¢ X, =poFfoa™l, X,=r=z O

Proof of Theorem[1.8. By Lemma [3.91and Lemma [B.10] there exists a Zariski open
set U in Rat,, such that every F' € U is simple and the group G(F) is trivial.
By Theorem [[L2] this implies that for every F € U the group Aut.(F) is also
trivial. Since for simple Fy, Fy equality ([@4]) yields equality (8], it follows now
from Theorem [[H that if Fy, F» € U, then (Fy, Fy)-periodic curves exist if and only
if

F,=aoF oa™!

for some Mébius transformation «. Furthermore, these periodic curves have the
form
o o —1
y=(aok®)(z), = (F"ca )(y),
and it is easy to check arguing as above that these curves are (Fy, Fy)-invariant. O

5. INDECOMPOSABLE FUNCTIONS WITH NON-TRIVIAL DECOMPOSITIONS OF
ITERATES

Let F' be an indecomposable rational function. In this section, we give a number
of conditions implying that some iterate F°*, k > 1, of F has a decomposition into
a composition of indecomposable rational functions that is not equivalent to F°F.
For brevity, in this case we will say that F'°* has a non-trivial decomposition. We
also give explicit examples of simple rational functions of degrees 2 and 3 for which
Theorems [L.1] - and Theorems [[.4] - do not hold.

Let us recall that for a rational function F' the group G(F) is defined as the
group of all Mobius transformations o such that

Foo=volF

for some Mobius transformations v. Along with the group G(F) we will consider
its subgroup X(A) consisting of all Mébius transformations o such that Aoo = A.
We recall that for a finite subgroup G of Aut(CP') an invariant function for G is
a rational function 8¢ such that the equality

Oc(x) =0 (y), z,y € CP!,

holds if and only if there exists o € G such that o(x) = y. Such a function always
exists and is defined in a unique way up to the transformation § — p o 6, where
1 is a Mobius transformation. Obviously, the degree of 6¢ is equal to the order of
G, and it follows easily from the Liiroth theorem that a rational function F' is a
rational function in ¢ if and only if G C 3(F).

Theorem 5.1. Let F' be an indecomposable rational function such that the group
G(F°%) for some ko > 1 contains an element that does not belong to the group
G(F). Then the iterate F°* has a non-trivial decomposition.

Proof. Let o be a Mobius transformation such that o € G(F°*) but o ¢ G(F).
Then
FO]{ZO o = VOFO]C()

for some Mobius transformation v, implying that

Fo" = (@ 'oF)oFo---oFo(Foa).
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Moreover, the decomposition on the right side of this equality is non-trivial since
otherwise F' = p o (F o) for some Mébius transformation p, in contradiction with
the assumption a € G(F). O

Theorem 5.2. Let F' be an indecomposable rational function of degree n > 2 that
is not conjugate to 2" such that the group X (F°°) for some ko > 1 contains an
element that does not belong to the groups L(F°%), 1 < k < ko. Then the iterate
F°ko has a non-trivial decomposition.

Proof. Let o be such an element. Since (o) is a subgroup of %(F°), there exists
a rational function R such that F°*0 = Ro 05y Assume for a moment that

|(0)| < (deg F)ko.
Since deg 0,y = |(0)|, in this case deg R > 2. Let now
R:G10G20~-~OGl and 9<U>:H10H20...0Ht

be any decompositions into compositions of indecomposable rational functions.
Concatenating them we obtain a decomposition

(50) F°* =G, 0Gs0---0GoH 0 Hyo---0H,;
of F°ko_If this decomposition is equivalent to F°k0 then
Fok:,uoHloH20~-~oHt:,uot9<U>,

for some Mobius transformation p and £ > 1. Moreover, k < ko since deg R > 2.
Thus, 0 € X(F°F), where k < ko, in contradiction with the condition. Hence,
decomposition (B0) is non-trivial.

To finish the proof, we only must show that the equality

()] = (deg F)*
for o € Aut(CP') with |{0)| < oo implies that F is conjugate to z*". Since
0oy = o HMop
for some Mo6bius transformations a and 3, this reduces to showing that if
(51) Foko = ;7" o 3
for some ko > 1 and M&bius transformations 3, then F is conjugate to z*".
Clearly, if (5I) holds, then the preimage (F Oko)fl {0,000} contains only two

points, implying that all the preimages (Fok)_l {0,000}, 1 < k < ko, also contain
only two points. Set {a,b} = F~*{0,00}. Then it follows from (5I)) that

(52) ‘ (F°<k°*1>) 0, oo}‘ - ‘ (F°<k°*1>) " a b}‘ —9,

implying that
-1
(53) ‘(Fo(ko_l)) {0, 00, a, b}‘ <4

Let us recall now that the Riemann-Hurwitz formula implies that the preimage
of a finite set S under a rational function H of degree d > 2 contains at least
d(]S| — 2) + 2 points, and the equality is attained if and only if the set of critical
values ¢(H) of H belongs to S. In particular, if S contains at least three points,
then

|H-'{S}| > d+2.
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Thus, if n > 2 or kg > 2, then (53)) is possible only if {0, 00} = {a, b}, implying that

F is conjugate to z*". On the other hand, if n = ko = 2, then it follows from (52)

that ¢(F) = {0,000} and ¢(F) = {a, b}, implying again that {0, 00} = {a, b}. O
As an example illustrating the above theorems, let us consider the function

22 -1
54 F=——:.
(54) P
Since F' = jjr} 022, the group G(F) consists of the transformations cz*!, ¢ € C\ {0}
(see e. g. Section 2 of [45]). On the other hand, for
222
Fo?=—
24417

the corresponding group G(F°?) contains the transformation i = 2t satisfying

-
F?20pu=voF°

—z+1
—32z—1

(55) 22—-1 22-1 1 22 -1 22 -1 22 2iz
— 0 —/— = 124 o O O = — o —-
2241 2241 22+1 21 M 22-2 221’

where the decomposition on the right side is non-trivial by Theorem (.11
Furthermore, the transformation § : z — % obviously satisfies

Fod=—-F, F°20§=F

Thus, § € X(F°?) but 6§ ¢ X(F), and therefore F°? is a rational function in

1
Oy =2+ .
(0 =2+ 2

for v = . Hence,

The corresponding non-trivial decomposition provided by Theorem is given by
the formula

22—-1 22-1 2 1
(56) z2+1022+1__z2—2o<2+;>'
Notice that although & does not belong to 3(F), it belongs to G(F). Thus, we
cannot apply to ¢ previous Theorem B.1]

Let us remark that decompositions of F°? on the right sides of (55 and (50)
are not equivalent to each other. Indeed, for equivalent decompositions () the sets
of critical points of F; and G; are equal. On the other hand, the sets of critical
points of the functions %% and z + 1 are {—i,i} and {—1,1}. Notice that since
the set of critical points of F is {0,00}, this also gives another proof of the fact
that decompositions (B3) and (B0) are non-trivial. Finally, let us mention that
F°2 has no other non-trivial decompositions. To see this, let us observe that the
function F°? is an invariant function for the Klein four group V & Z /27 x Z /27
generated by the transformations z — % and z — —z. Since Mon(0g) = G for any
finite subgroup G of Aut(CP!), this implies that Mon(F°?) = V. Therefore, as
the group V has three proper imprimitivity systems, F°2 has three non-equivalent
decompositions (one of which corresponds to the decomposition F°? itself).

In relation with Theorem [B.]] and Theorem [£.2] let us mention that according
to the recent results of [45] for any rational function A of degree n > 2 that is not
conjugate to z", the orders of the groups G(A°*), k > 2, are finite and uniformly
bounded in terms of n only.
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To construct further examples of rational functions whose iterates admit non-
trivial decompositions, we will use Lattes maps. More precisely, we will use those
Lattés maps that can be obtained as projections on the z-coordinate of self-isogenies
of elliptic curves. We emphasize that this class of Lattes maps does not exhaust
the entire class Lattés maps as it was defined in Section Il However, for brevity,
in the rest of the article we will call by Lattées maps only these particular Lattes
maps, which are defined in detail below. Notice that this time we use another, more
common definition of Lattés maps.

Let C and C be elliptic curves over C defined in the short Weierstrass form.
We recall that an isogeny between C and C is a morphism v : € — € that sends
the identity element of the group € to the identity element of the group €. Such
a morphism is necessarily a homomorphism of groups (see e. g. [51]). Thus,
P(—z) = —(x), implying that there exists a rational function F' such that the
diagram

e Y, ¢

(57) lw lm

cpt —— cpt
commutes. If € = € and 1 is an endomorphism, we will call the corresponding
rational function F' a Lattes map. For example, for any elliptic curve €, the mul-
tiplication by n on C induces an endomorphism [n] : ¢ — € of degree n?. We

will denote by Fe, the corresponding Lattes map of degree n?, which makes the
diagram

e M, ¢
| &
cpr emy cpt

commutative.

Below, we will use the following results about isogenies (see e.g. [51], Ch. III).
Let ¢ :C — € be a non-zero isogeny of degree n. Then its kernel I' is a subgroup of
order n in €. Moreover, for any subgroup of C there exists an isogeny ¢ : € — € such
that ker¢ = T, and this isogeny is defined in a unique way up to an isomorphism of
e. Finally, for any isogeny ¢ : € — € of degree n there exists a unique dual isogeny
¥ : C — € such that P o) = [n] on € and 1 o ¢ = [n] on €.

Theorem 5.3. Let p be a prime number, and € an elliptic curve such that the
multiplication by i,/p on C induces an endomorphism of C. Then the corresponding
Lattés map F is indecomposable, and the iterate F°? has a non-trivial decomposi-
tion.

Proof. Clearly, F°2 makes the diagram

e —[p] @
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commutative. Since the change of the sign of ¢ in (57) obviously does not affect
the corresponding Lattes map, this implies that F°* = Fg ,. Therefore, as any
rational function of prime degree is clearly indecomposable, to prove the theorem
it is enough to show that the function Fe¢ j, has more than one equivalence class of
decompositions into compositions of indecomposable rational functions.

Let us show that starting from any finite subgroup I' of € of order p one can
construct a decomposition of Fe , into a composition of rational functions of degree
p. Let ¢ : € — Cr be an isogeny such that kerv = I'. Then there exists a rational
function Vr such that the diagram

e .y e

cpt - CP!
commutes. Similarly, for the dual isogeny 121} : Cr — C there exists a rational
function Ur such that the diagram

e —2 e
| |
cpt I cpt
commutes. Gluing these diagrams we obtain a decomposition
Fe)p = UF 9 VF.

Let us prove now that if I'y # I's, then the decompositions Ur, oVr, and Ur,oVr,
are not equivalent. Let us consider the maps Vr, o Ur, and Vr, o Ur,, which make
the diagrams

Yr, o) ot
GF1 T YT, eFl Cro Pr,09r, GF2
cpt 270, cpr, cpt =272, cpt

commutative. Clearly, Vr, o Ur, and Vr, o Ur, are Lattes maps. Moreover, if the
decompositions Ur, o Vr, and Ur, o Vr, are equivalent, then these Lattes maps are
conjugate. However, for conjugate Lattes maps the corresponding elliptic curves
are isomorphic (see e.g. [62], Theorem 6.46). Thus, if the above decompositions
are equivalent, then Cr, = Cr,, implying that I'; = I's.

To finish the proof, we only must show that there exist at least two different
subgroups of order p in €. In fact, it is easy to see that there exist exactly p + 1
such subgroups. Indeed, any subgroup of order p is cyclic and is contained in the
subgroup of points of € whose order divides p, that is, in the kernel of [p]. Thus,
the number of subgroups of order p is equal to the number of cyclic subgroups of
order p in Z/pZ x Z/pZ. In turn, this number is equal to the number of elements
of order p in Z/pZ x Z/pZ, which is equal to p? — 1, divided by the number of
elements generating the same subgroup, which is equal to p — 1. ([

Notice that Lattes maps satisfying conditions of Theorem exist for every
prime p. To see this, it is enough to observe that i,/p is an endomorphism of an
elliptic curve corresponding to the lattice generated by 1 and i./p.
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Examples illustrating Theorem[5.3]for p = 2 and p = 3 are given by the functions

2 \/ix —x2 -1 6x
= d P=—7/—
2z a 3 —2
(see [28]). Using Vélu’s formulas for isogenies ([54]) or a brute force calculation,
one can find the following non-trivial decompositions of their second iterates:

(58) L

(59) L°2=UoV,
where
U— x? Cv= x?—1 7
Az~ ) z—V2+1

and

(60) P2=QoR,

where

7 23328z 36w (22322 — 42 +2V/2)
23 + 216 /222 + 3888 22/3z — 93312’ 22/332 + 22 +2 /2

As above, to see directly that these decompositions are indeed non-trivial it is
enough to compare the sets of critical points of L and V for (E9) and the sets
of critical points of P and R for (60). In the first case, one can check that the
corresponding sets are

{-1,1} and {V2—-14i\/—-2+2V2,V2—-1—i\/—2+2V2}.

In the second case, it is enough to observe that co is a critical point of P, but is
not a critical point of R.

It is clear that any rational function of degree 2 is simple. Moreover, one can
check that the function P in (B8) has four critical values (in fact it is true for any
Lattés map) and hence is simple by Lemma 2I1 Thus, the functions given by (B4)
and (B8) provide us with counterexamples to Theorem [[1] for m equal 2 and 3.
Moreover, for these values of m, functions given by (B8)) give counterexamples also
to Theorem [[L2 Indeed, for a Lattes map F' the semigroups E(F) and Cs (F) are
not finitely generated (see [28]). On the other hand, the group Aute,(F) is finite
for any rational function F (see [45]).

A simple counterexample to Theorem [[.4] for m = 2 is obtained from the semi-
conjugacy

3e)| [FIC
cp! s CP
for m = 2. Indeed, it is clear that z™ and T, are not conjugate. On the other
hand, T% is simple. Furthermore, the commutative diagram
2 2
(CP1)2 (=7,27) (CP1)2
(=3(=+2)) | |GG+

2 (221T2)

(CPY) (CP')?



ON ITERATES OF RATIONAL FUNCTIONS 27

defines for non-conjugate simple rational functions 22 and T an irreducible (22, Ts)-
invariant curve parametrized by z — (z, % (z + %)), providing a counterexample to
Theorem

Counterexamples to Theorem [[.4] and Theorem for m = 3 can be obtained
from the semiconjugacy

(=)
cpt 2 cpt
J+ I
z—a\2
cpt 2E), epr
where a,b € C, which is a particular case of the semiconjugacy
cpt 25D, opr
cpt 20, cpr,

where R is an arbitrary rational function and r,n are integer positive numbers.
Setting, for example, a = 2,b = 3 and observing that

2
A-z(z 2>
z—3

has three fixed points 0, 0o, 5/2, while

2 _
B_. z 2
22 -3

has only two fixed points 0 and co, we see that A and B are not conjugate. On the
other hand, since A has four critical values 0, 00,32/3,1/4, it is a simple rational
function. Thus, we obtain a counterexample to Theorem[[.4l A counterexample to
Theorem [[.5] is obtained from the diagram

(CP!)? (B,B) (CP!)?
(szz)l l(zﬁf)

(CP')? (B,A) (CP')?

in the same way as above, taking into account that B is also simple since it has

four critical values :I:%, i%.

In conclusion, we mention that if F' is decomposable, then the problem of de-
scribing the whole totality of its iterates seems to be even more complicated than
in the indecomposable case, and a “qualitative” description comes to the fore. An
example of such a description is the result of ([59]), which states that if F is a
polynomial of degree n > 2 not conjugate to z™ or to £7,,, then decompositions
of its iterates can be obtained from decompositions of a single iterate F° for N
big enough in the following sense: there exists an integer N > 1 such that any
decomposition of F’ °d with d > N has the form

_X — Fokl OX’, Y — Y/OFOk27

where F°N = X' oY’ and ki, ko > 0 (see [59] and also [34], [43] for different proofs
of this fact).
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Conjecturally, the result of [59] remains true for any non-special rational function
F. To the date, this conjecture is proved for “tame” rational functions, that is, for
the functions F satisfying the following condition: the algebraic curve

F(z) - F(y) =0

has no factors of genus zero or one distinct from the diagonal ([43]). Since any
simple rational function F' of degree m > 4 is tame by Theorem 2.4] and formula
(@3, this also shows that the conjecture is true for simple and general rational
functions of degree at least four. On the other hand, Theorem [[I] shows that for
such functions it is true already for N = 1.
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