Proc. London Math. Soc. (3) 102 (2011) 1-24 © 2010 London Mathematical Society
doi:10.1112/plms/pdq009

Jordan—Holder theorem for imprimitivity systems and maximal
decompositions of rational functions

M. Muzychuk and F. Pakovich

ABSTRACT

In this paper we prove several results about the lattice of imprimitivity systems of a permutation
group containing a cyclic subgroup with at most two orbits. As an application we generalize
the first Ritt theorem about functional decompositions of polynomials, and some other related
results. Besides, we discuss examples of rational functions, related to finite subgroups of
Aut(CP'), for which the first Ritt theorem fails to be true.

1. Introduction

Let F be a rational function with complex coefficients. The function F'is called indecomposable
if the equality F' = F; o Fy, where Fj o Fy denotes the superposition Fj(Fy(z)) of rational
functions F} and F5, implies that at least one of the functions F; or Fy is of degree 1. A
rational function that is not indecomposable is called decomposable. Any representation F of
a rational function F' in the form

F=F oFyo...0F,, (1)

where Fy, F5, ..., F,. are rational functions, is called a decomposition of F. If all Fy, Fs, ..., F,
are indecomposable of degree greater than one, then the decomposition F is called maximal.
Two decompositions of a rational function F

F=UioUyo...0U, and F=VioVh0...0V,, (2)

which are maximal or not, are called equivalent if they have the same length (that is, k = m)
and there exist rational functions of degree one p;, with 1 <i < k — 1, such that

Uy =Viopu, Ui:ui__lloVio,ui, 1<i<k, and Uk:u;_llovk.

In the paper [28] Ritt described the structure of possible maximal decompositions of
polynomials (note that any decomposition of a polynomial into a composition of rational
functions is equivalent to a decomposition into a composition of polynomials). This description
can be summarized in the form of two theorems usually called the first and the second Ritt
theorems (see [28, 30]). The first Ritt theorem states that, for any two maximal decompositions
D and € of a polynomial F', there exists a chain of maximal decompositions F;, with 1 < i < s,
of F' such that ¥, = D, F, ~ €, and F; 1 is obtained from F;, with 1 <14 < s — 1, by replacing
two successive functions in F; by other functions with the same composition. This implies in
particular that any two maximal decompositions of a polynomial have the same length. Below
we will call two maximal decompositions D and € of a rational function F' such that there
exists a chain as above weakly equivalent. This defines an equivalence relation on the set of
maximal decompositions of F.
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The first Ritt theorem reduces the description of maximal decompositions of polynomials to
the description of indecomposable polynomial solutions of the equation

AoC=DBoD (3)

such that the decompositions A o C'and B o D are non-equivalent, and the second Ritt theorem
states that if A, B,C, D is such a solution, then there exist polynomials A, B,C, D, p1, p2,
where deg 11 = 1, and deg o = 1, such that

A=poA, B=poB, C=Copy, D=Dopy,, AoC=DBoD,
and up to a possible replacement of A by Band C by D either
AoC ~2"02"R(2"), BoD ~ z"R"(2)02",
where R(z) is a polynomial, r > 0, n > 1, and ged(n,r) =1, or
AoC~T,o0T,, BoD~T,oT,,

where T), and Ty, are the corresponding Chebyshev polynomials, n,m > 1, and ged(n, m) = 1.
Furthermore, the second Ritt theorem remains true for arbitrary polynomial solutions of (3)
if we replace the equalities deg 1 = 1 and deg s = 1, respectively by the equalities

deg 11 = ged(deg A, deg B), deg us = ged(deg C, deg D)

(see [7, 31]).

Note that the classification of polynomial solutions of (3) appears in a variety of different
contexts some of which are quite unexpected. For example, this classification is closely related to
the problem of describing Diophantine equations of the form A(z) = B(y), where A, B € Z[z],
having an infinite number of integer solutions (see [4, 8]), and to the problem of describing
polynomials C and D satisfying the equality C~1{S} = D~1{T'} for some compact sets S, T C
C (see [22]). Note also that the problem of describing solutions of (3) such that C' and D
are polynomials while A and B are allowed to be arbitrary rational (or even just continuous)
functions on the sphere can be reduced to the description of polynomial solutions (see [21]).
Some other recent results related to the second Ritt theorem can be found in the papers [19,
24-27).

The classification of polynomial solutions of (3) essentially reduces to the description of the
polynomials A and B such that the algebraic curve

Az) = By) =0 (4)

has an irreducible factor of genus 0 with one point at infinity. On the other hand, the proof
of the first Ritt theorem can be given in purely algebraic terms that do not involve the genus
condition in any form. Indeed, if G(F') < Sym(€2) is the monodromy group of a rational function
F, then equivalence classes of maximal decompositions of I’ are in one-to-one correspondence
with the maximal chains of subgroups

GW(F):T0<T1<<TT,:G(F), (5)

where G, (F) is the stabilizer of an element w € Q in the group G(F'). Therefore, any two
maximal decompositions of F' are weakly equivalent if and only if, for any two maximal chains
of subgroups as above R and Ry, there exists a collection of maximal chains of subgroups 73,
with 1 <7 < s, such that T3 = Ry, T3 = Ro, and T;11 is obtained from T; with 1 <i < s —1,
by a replacement of exactly one group. It was shown in the paper [18, Theorem R.3] that
the last condition is satisfied for any permutation group G containing an abelian transitive
subgroup. Since the monodromy group of a polynomial always contains a cyclic subgroup with
one orbit (its generator corresponds to a loop around infinity), this implies in particular the
truth of the first Ritt theorem for polynomials.
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It was also proved in the paper [18, Claim 1] that if A, B,C, and D are indecomposable
polynomials satisfying (3) such that the decompositions Ao C and B o D are non-equivalent,
then the groups G(A) and G(D) as well as the groups G(C) and G(B) are permutation
equivalent. Since any two maximal decompositions of a polynomial P are weakly equivalent,
this implies by induction that for any two maximal decompositions (2) of P there exists a
permutation o € Sy such that the monodromy groups of U; and V,;), with 1 < <k, are
permutation equivalent [19]. The algebraic counterpart of this fact is the following statement:
if G < Sym(2) is a permutation group containing a cyclic subgroup with one orbit, then for
any two maximal chains

G, =Ay<...< A, =G and G,=By<...<B,,=G

the equality & = m holds and there exists a permutation o € S such that the permutation
group induced by the action of A; on cosets of A;_; is permutation equivalent to the
permutation group induced by the action of B, ;) on the cosets of B,;)_1, where 1 < < k. If
a permutation group G satisfies this condition, then we say that G satisfies the Jordan—Hélder
theorem for imprimitivity systems.

In this paper, we extend the above results about the permutation groups G containing a
cyclic group with one orbit to the permutation groups containing a cyclic subgroup H with at
most two orbits and apply these results to rational functions (or more generally to meromorphic
functions on compact Riemann surfaces), the monodromy group of which contains H.

First, we prove that for a permutation group G containing H the lattice L(G,,, G) (consisting
of subgroups of G containing G,) is lower semi-modular and even a stronger condition of the
modularity of L(G,, &) holds whenever L(G,,G) does not contain a sublattice isomorphic
to the subgroup lattice of a dihedral group. It follows easily from the lower semi-modularity
of L(Gy,G) that one can pass from any chain of subgroups (5) to any other such chain by
a sequence of replacements as above and therefore the first Ritt theorem extends to rational
functions, the monodromy group of which contains H. Note that this implies, in particular,
that the first Ritt theorem holds for rational functions with at most two poles. Although for
such functions the result was known previously (see [23, 26, 32]) the algebraic proof turns out
to be more simple and illuminating. Note also that our description of the lattice L(G,,, G) for
groups G containing H has an interesting connection with the problem of describing algebraic
curves having a factor of genus 0 with at most two points at infinity, studied in [4, 8].

Further, we prove that if a permutation group G contains a cyclic subgroup with exactly
two orbits and these orbits have different length, then the lattice L(G,,, G) is not only lower
semi-modular but also modular and G satisfies the Jordan—Ho6lder theorem for imprimitivity
systems. This implies, in particular, that if F' is a rational function that has only two poles
and the orders of these poles are distinct, then any two maximal decompositions (2) of
F have the same length and there exists a permutation o € S, such that the monodromy
groups of U; and V), with 1 <i<r, are permutation equivalent. We also show that
the Jordan—Holder theorem for imprimitivity systems holds for any permutation group
containing a transitive Hamiltonian subgroup that generalizes the corresponding results of
[15, 18, 19].

For arbitrary rational functions the first Ritt theorem fails to be true. The simplest examples
are provided by the functions that are regular coverings of the sphere (that is, for which G, = ¢)
with the monodromy group Ay, Sy, or As. These functions were described for the first time
by Klein [14] and nowadays can be interpreted as Belyi functions of Platonic solids (see [5,
17]). For such a function its maximal decompositions simply correspond to maximal chains
of subgroups in its monodromy group. Therefore, since any of the groups Ay, Sy, and As has
maximal chains of subgroups of different length, for the corresponding Klein functions the first
Ritt theorem is not true.
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Although the fact that the Klein functions provide counterexamples to the first Ritt theorem
is a well-known part of the mathematical ‘folklore’, the systematic description of compositional
properties of these functions seems to be absent. In particular, to the best of our knowledge
maximal decompositions that do not satisfy the first Ritt theorem were found explicitly only
for the Klein function corresponding to the group Ay (see [3, 12]). In the appendix to this
paper we provide a detailed analysis of maximal decompositions of the Klein functions and
give related explicit examples of non-weakly equivalent maximal decompositions. In particular,
we give an example of a rational function with three poles having maximal decompositions of
different length. This example shows that with no additional assumptions the first Ritt theorem
cannot be extended to rational functions, the monodromy of which contains a cyclic subgroup
with more than two orbits.

In conclusion, note that some of results of this paper overlap with the results of the paper
[15] which appeared simultaneously with the earlier version of this paper [20]; namely, our
Corollary 3.6 is equivalent to Corollary 1.6 of [15] while our Corollary 3.4 is a stronger form
of Theorem 1.4 of [15].

2. Jordan—Hélder theorem for imprimitivity systems

2.1. Lattices, imprimitivity systems, and decompositions of functions

Recall that a lattice is a partially ordered set (L, <) in which every pair of elements x,y has a
unique supremum z V y and an infimum x A y (see, for example, [1]). Our basic example of a
lattice is the lattice L(G) of all subgroups of a group G, where by definition G; < Gy if Gy is
a subgroup of Gy (clearly, G1 N G is an infimum of G1,Gs and (G1,G2) is a supremum). A
simplest example of the lattice L(G) is obtained when G is a cyclic group of order n. In this
case L(Q@) is isomorphic to the lattice L,, consisting of all divisors of n, where by definition
dy < dy if dy | da.

A sublattice of a lattice L is a non-empty subset M C L closed with respect to V and A. For
example, for any subgroup H of a group G the set

LH,G) = {X<G|H< X <G}
is a sublattice of L(G). Another example of a sublattice of L(G) is the lattice
L(A,AB) ={X <G|A< X C AB}

(note that in our notation X < G means that X is a subgroup of G while X C AB means that
X is a subset of the set AB which in general is not supposed to be a group). Recall that by
the Dedekind identity (see, for example, [13, p. 8]) for arbitrary subgroups A, B, X of a group
G such that A < X C AB the equality X = A(X N B) holds. It follows from the Dedekind
identity that the mapping f : X — X N B is a monomorphism from the lattice L(A, AB) into
the lattice L(A N B, B) with the image consisting of all subgroups of B that are permutable
with A. We call f the Dedekind monomorphism.

For the elements a and b of a lattice L the symbol a < - b denotes that a < b and there exists
no element ¢ # a,b of L such that a < ¢ < b. A lattice L is called semi-modular [1] if, for any
a,b € L, the conditions

aNb<-a, aAhb<-b, (6)
imply the conditions
b<-aVb a<-aVb. (7)

Conversely, it condition (7) implies condition (6), then the lattice L is called lower semi-
modular. A lattice L is called modular if L is semi-modular and lower semi-modular. A maximal
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chain R between the elements a, b of L is a collection ag, as, . . . aj of the elements of L such that
R:ia=ay<-a1<-... <-a=>b.

The number k is called the length of the chain R (we always assume that in the lattices
considered the length of a chain between a and b is uniformly bounded by a number depending
on a and b only).

It is well known (see, for example, [1]) that, for a semi-modular or lower semi-modular lattice,
all maximal chains between two elements have the same length. Below, using essentially the
same proof, we give a modification of this statement in the spirit of the first Ritt theorem.

We say that two maximal chains between elements a and b of a lattice L are r-equivalent if
there exists a sequence of maximal chains T7, 75, ..., T, between a and b such that T3 = Ry,
Ts = Ry, and T;41 is obtained from T;, with 1 <i < s— 1, by a replacement of exactly one
element. Clearly, all m-equivalent chains have an equal length.

THEOREM 2.1. Let L be a semi-modular or lower semi-modular lattice. Then any two
maximal chains between any elements a and b of L are r-equivalent.

Proof. Since after the inversion of the ordering of a lattice the condition of semi-modularity
transforms to the condition of lower semi-modularity and vice versa, it is enough to prove the
theorem for lower semi-modular lattices.

Fix a € L. For arbitrary b € L denote by d(b) a maximum of the lengths of maximal chains
between a and b. We will prove the theorem by induction on d(b). For b satisfying d(b) < 1
the theorem is obviously true. Suppose that the theorem is proved for b satisfying d(b) < n — 1
and let

Ri: a=ag<- a2 <- ... <~ak1:b, Ry : a=by<-by<- ... <'bk2:b

be two maximal chains between a and an element b € L such that d(b) = n.
If ag,—1 = br,—1, then we are done by induction. Hence, we may assume that ap, —1 # bp,—1.
Then, by the maximality of ax,—1 and bg,_; in b, we conclude that ag, 1 V by,—1 = b. Hence

gy —1 < Qpy—1 Vbiy—1, bry—1 <-ap,—1Vbr,—1
and therefore, by the lower semi-modularity of L, we have
Ay —1 AN bgy—1 < @py—1, Q-1 Abpy—1 < bgy—1. (8)
Let
a=cop<-ca<- ... < € =0k —1Nbpy—1
be any maximal chain between a and ay, 1 A bg,—1 and let
a=cp<- <+ ... < <-ap-1 9)

be its extension to a maximal chain between a and ay, —1. Since d(ax, —1) is obviously less than
d(b), it follows from the induction assumption that the chain

a=ap<-a2 <- ... < Q-1

obtained from Ry by deleting ay, is r-equivalent to the chain (9). Therefore, the chain R; and
the chain

a=cp<-ca<- ... <-q<-ap-1<-b (10)

are also r-equivalent.
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FIGURE 1.

Similarly, the chain Ry is r-equivalent to the chain
CL:CO<'CQ<'...<'Cl<'bk2_1<'b. (11)

Since the chains (10) and (11) are r-equivalent, we conclude that the chain Ry is r-equivalent
to the chain R,. ]

REMARK. Note that there exist lattices that are not semi-modular or lower semi-modular
such that any two maximal chains between any elements are r-equivalent. An example of such
a lattice is shown in Figure 1.

Let © be a finite set and let G < Sym(2) be a transitive permutation group. Recall that a
partition € of Q is called an imprimitivity system of G if € is G-invariant. Elements of £ are
called blocks. For a point w € Q, we denote by &(w) a unique block of & which contains w.
Since the group G permutes the elements of £ transitively, it follows that all blocks of € have
the same cardinality denoted by ne. Denote by E(G) the set of all imprimitivity systems of G.
It is a partially ordered set, where by definition € < F if € is a refinement of F. Note that if
&€ < J, then ng/ng is an integer denoted by [F : €].

It is easy to see that £(G) is a lattice where the lattice operations are defined as follows:

EANF:={ANT|Ac&T cTFand ANT #0},
EvF = \{De&G)|E<Dand F< D}

Tt is well known that the lattice £(G) is isomorphic to the subgroup lattice L(G,,,G), where
w € Q is an arbitrary fixed point. The correspondence between two sets is given by the formula
€ — Geg(u), where

Gew) = {9 € G|E(w)? = E(w)}-

Conversely, an imprimitivity system corresponding to a subgroup K € L(G,,, G) is defined as
follows: €x = {wX9|g € G}. Note that, for any &, F € &(G), we have

Germ)w) = Gew) NGrwy,  Gevaw) = (Gew) GFw))-

Moreover, if € < F, then [F: €] = [G3w) : Gew)l-

If G is the monodromy group of a rational function F', then imprimitivity systems of G are
in one-to-one correspondence with equivalence classes of decompositions A o B of F: namely,
suppose that G is realized as a permutation group acting on the set z1, 29, ..., 2, of preimages
of a non-critical value zg of F = A o B under the map F : CP* — CP!, and let 21,29, ..., 2,
be the set of preimages of zp under the map A : CP!' — CP'. Then blocks of the imprimitivity
system of G corresponding to the equivalence class of decompositions of F' containing A o B
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are just preimages of the points 1, zs,...,z, under the map B : CP' — CP'. More generally,
equivalence classes of decompositions of a rational function F' are in one-to-one correspondence
with the chains of subgroups

G,=Ty<h<...<T. =G,

where G is the monodromy group of F.

Following [26] we say that two maximal decompositions D; and D5 of a rational function F
are weakly equivalent if there exists a chain of maximal decompositions F;, with 1 <17 < s, of
F such that F; = Dy, Fs ~ Dy, and F; 11 is obtained from F;, with 1 < i < s — 1, by replacing
two successive functions in F; by other functions with the same composition. The remarks
above imply that two maximal decompositions of F' are weakly equivalent if and only if the
corresponding maximal chains in L(G,,G) are r-equivalent. In particular, the conclusion of
the first Ritt theorem is true for a rational function F' if and only if all maximal chains between
G, and G in L(G,, G) are r-equivalent. Therefore, Theorem 2.1 implies the following corollary
(cf. [26, Theorem 2.5]).

COROLLARY 2.2. Let F be a rational function such that the lattice L(G,,,G), where G
is the monodromy group of F, is semi-modular or lower semi-modular. Then all maximal
decompositions of F' are weakly equivalent.

Corollary 2.2 shows that the groups G for which L(G,,G) is semi-modular or lower semi-
modular are of special interest for the factorization theory of rational functions. The simplest
examples of such groups are groups containing a transitive cyclic subgroup.

THEOREM 2.3. Let G < S, be a permutation group containing a transitive cyclic subgroup
C),. Then the lattice L(G1,G) is a modular lattice isomorphic to a sublattice of the lattice L,,.

Proof. Since any sublattice of a modular lattice is modular (see, for example, [1]) and it is
easy to see that L,, is modular, it is enough to prove that L(G1, G) is isomorphic to a sublattice
of L,.

The transitivity of C,, implies that G = G1C,,. Therefore, the Dedekind monomorphism
f: X — XNC, maps L(G1,G) into a sublattice of L(G1 N C,,, Cy). On the other hand,

L(G1 N Cy,Cp) = Le,Cp) = Ly, 0

Note that Theorem 2.3 implies the following proposition (cf. [7, 31]).

COROLLARY 2.4. Let A, B,C, and D be polynomials such that
AoC=BoD.
Then there exist polynomials U, V7A, C’, B, and ﬁ, where
degU = ged(deg A,deg B), degV = ged(deg C,deg D),
such that
A=UoA, B=UoB, C=CoV, D=DoV,
and

AoC=BoD.
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In particular, if deg A = deg B, then the decompositions Ao C and Bo D are necessarily
equivalent.

2.2. Jordan—Hélder theorem for groups with normal imprimitivity systems

As above let G be a transitive permutation group. It is easy to see that if N is a normal subgroup
of GG, then its orbits form an imprimitivity system of G. Such an imprimitivity system is called
normal and is denoted by ©Q/N. For an imprimitivity system & € £(G) set

Ge = {g S G|VA65 A9 = A}

Note that each block of € is a union of G¢-orbits and G¢ = coreg(Gg(y)). In particular, Ge is
a normal subgroup of G.
Let us call a subgroup A € L(G,,, G) core-complementary if A = G corec(A).

PROPOSITION 2.5. An imprimitivity system & € E(G) is normal if and only if the group
G¢(w) is core-complementary.

Proof. Indeed, if
Ge() = Gucoreg(Ge(wy) = GuGe, (12)
then
E(w) = wlew = 0

and hence Gg acts transitively on €(w). Since G¢ < G, this implies that G¢ acts transitively
on every block of €. Thus blocks of € are orbits of the normal subgroup Ge.

Conversely, if € is normal, then € = Q/N for some N < G. This implies that G¢(,) = Gu N
and N < Ge. It follows now from

Gew) = GuN < GuGe < Gew
that equality (12) holds. O

Recall that two subgroups A and B are called permutable if AB = BA or, equivalently,
(A, B) = AB. Recall also that if A and B are subgroups of the finite index of G, then the
inequality

[(A,B): Bl > [A: AN B (13)

holds and the equality in (13) is attained if and only if A and B are permutable (see, for
example, [16, p. 79]).

Denote by L.(G.,,G) the subset of L(G,,, G) consisting of all core-complementary subgroups.
Note that, in general, L.(G,, G) is not a sublattice of L(G, Q)

PRrROPOSITION 2.6. The following conditions hold.
(a) If A€ L.(G,,G), then AB = BA for each B € L(G,,G).
(b) If A, B € L.(G.,G), then AB € L.(G,, Q).

Proof. (a) In order to lighten the notation set N = coreg(A). In view of Proposition 2.5 we
have

AB=G,NB=NG,B=NB=BN = BG,N = BA.
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(b) Set M = coreg(B). Since MN < G and M N < AB, we have
MN < coreg(AB).
It follows now from Proposition 2.5 that
AB =G, ,NG,M = G,MN < G,coreg(AB) < AB.
Therefore, G, coreq(AB) = AB and hence AB € L.(G,,,G) by Proposition 2.5. O

ProrosiTIiON 2.7. Let A, B < G be permutable subgroups. If AN B is maximal in A and
B, then A and B are maximal in (A, B) = AB.

Proof. Let A; be a subgroup of G satisfying A < A; < AB. It follows from
ANB< A NB<LB

that either AN B=ANDB or Ay N B = B. It follows now from the Dedekind identity A; =
A(A; N B) that in the first case A} = A while in the second A; = AB. ]

PROPOSITION 2.8. If any two subgroups of L(G,,G) are permutable, then the lattice
L(Gy, G) is modular.

Proof. Indeed, if AN B is maximal in A and B, then A and B are maximal in (4, B) = AB
by Proposition 2.7.

Suppose now that A and B are maximal in AB and let A; be a subgroup of G satisfying
ANB < A; <A Then

B< A B<AB

implies that either B = A;B or AiB = AB. If B= A1 B, then A; < B and therefore A, =
AN B. On the other hand, if A1B = AB, then it follows from A < AB = A; B that, for any
a € A, there exist a; € A; and b € B such that a = a1b. Since the last equality yields that
b € AN B, this implies that A < A;1(AN B) < 4y and hence A; = A. 0O

Let H < G be an arbitrary subgroup and let H \ G := {Hz |z € G}. Denote by G//H a
permutation group arising from the natural action of G on H \ G. Thus G//H is always
considered as a subgroup of Sym(H \ G). Note that if N <G is contained in H, then the
groups G//H and (G/N)//(H/N) are permutation equivalent. Below we denote permutation
equivalence by =,,.

Say that a transitive permutation group G < Sym(f2) satisfies the Jordan—-Holder theorem
for imprimitivity systems if any two maximal chains

G,=Ay<.. <Ay =G and G,=By<...<B,,=G

of the lattice L(G,,, G) have the same length (that is, k = m) and there exists a permutation
o € S, such that the permutation groups A;//A;_1 and B,(;)//Byi)—1, with 1 <i <k, are
permutation equivalent. Note that if G is the monodromy group of a rational function F', then
it follows from the correspondence between imprimitivity systems of G and equivalence classes
of decompositions of F' that G satisfies the Jordan-Hoélder theorem for imprimitivity systems
if and only if any two maximal decompositions of F'

F:UloUQO...OUk and F:V10V20...0Vm,

have the same length and there exists a permutation o € Si such that the monodromy groups
of U; and V. (;), with 1 < i < k, are permutation equivalent. [
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THEOREM 2.9. Let G be a permutation group such that L(G,,G) = L.(G,,G). Then
the lattice L(G,, G) is modular and G satisfies the Jordan—Hdélder theorem for imprimitivity
systems.

Proof. First of all observe that since, by Proposition 2.6, any two subgroups of L(G,,G)
are permutable, it follows from Proposition 2.8 that L(G,, G) is a modular lattice. Now let

A=G,=4y<..<A,=G and B:=G,=By<...<B,,=G

be two maximal chains of L(G,G). Since L(G,,G) is a modular lattice, it follows from
Theorem 2.1 that £k = m and A and B are r-equivalent. Therefore by induction it is sufficient
to prove the theorem for the case when B and A differ at exactly one place, say i (1 <i < k).
Clearly, in this case we have

Ai1=DBi1=4,NB;, A1 =B =AB;.
In order to lighten the notation set
N :=corey,,, (4;).

It follows from the equality A; = G, coreg(4;) that A; = A, _qcorec(A;). Therefore,

Ai = Aj_jcoreg(A;) < A1 N < 4A;
and hence

A;=A4;,_1N =B;,_1N
and
Ajs1 = A;B; = A;_\NB; = Bi_,NB; = B;N.
Since N < A; = B;_1N and N < A;;1 = B;N, this implies that
Ait1//Ai = (BiN)//(Bi-1N) = (BiN)/N // (Bi—1N)/N.

By the Second Isomorphism Theorem the group (B;N)/N is isomorphic to the group
B;/(B; N N) and the image of (B;_1N)/N under this isomorphism is

B, 1(B;NN)/(B; N N).
Furthermore, it follows from N < A; that B; " N < A; N B; = B;_1. Therefore,
Bi_1(BiNN)/(B;AN) =B;_1/(B; N\ N)
and hence
(BiN)/N [/ (Bi-1N)/N =, B;/(BiN\N)// Bi—1/(B; N N).
Finally, since B, N N < B;, it follows that
Bi/(BiNN)//Bi—1/(BiNN) =y Bi//Bi
and hence A;+1//A; =, B;//B;—1. Replacing A and B in the above argument, we obtain
similarly that B;y1//B; =, Ai//Ai—1. O

Recall that a group is called Hamiltonian if all its subgroups are normal.

THEOREM 2.10. Let G be a permutation group containing a transitive Hamiltonian
subgroup K. Then L(G,,G) is a modular lattice isomorphic to a sublattice of L(K) and
G satisfies the Jordan—Hélder theorem for imprimitivity systems.
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Proof. 1t follows from the transitivity of K that G = G, K. Therefore, by the Dedekind
monomorphism L(G,,, G) is isomorphic to a sublattice of L(G, N K, K). Clearly, G, N K =
K. Furthermore, since K is Hamiltonian, it follows that the subgroup K, is normal in K and
therefore, for any w’ € €, the equality K, = K, holds. This implies that K, = 1 and hence
L(G,, G) is isomorphic to a sublattice of L(K). Since L(K) is modular by Proposition 2.8, it
follows that L(G,,,G) is modular as well.

By Theorem 2.9 in order to prove that G satisfies the Jordan-Holder theorem it is enough
to show that L.(G,,G) = L(G,,G). Observe first that it follows from G = G, K that, for
arbitrary A € L(G,,, G), the equality

coreg(A) = ﬂ gAg! (14)

geK

holds. On the other hand, since K is Hamiltonian, we have: A N K < K. Therefore, for each
g € K we have

g HANK)g=ANK <A
implying that
ANK K< gAgil. (15)
It follows now from (14) and (15) that AN K <
Gu.(ANK) < G,coreq(A) < A.

Since by Dedekind’s identity G, (AN K) = A, we conclude that Gcoreg(A) = A for any A €
L(G,, Q) and hence L.(G,,G) = L(G,,G) by Proposition 2.5. O

corei(A) and hence

COROLLARY 2.11. Let F be a rational function such that its monodromy group contains
a transitive Hamiltonian subgroup. Then any two maximal decompositions of F are weakly
equivalent. Furthermore, for any two decompositions of F

F=UyoUyo...0U; and F=VioVso...0Vy,

there exists a permutation o € Sy such that the monodromy groups of U; and V,;y, with
1 <i < k, are permutation equivalent.

REMARK. Note that the condition of Corollary 2.11 is satisfied in particular if K is cyclic
or abelian. Therefore, Corollary 2.11 generalizes Theorem R.3 and Claim 1 of [18], and
Theorem 1.3 of [19]. Note also that if a group G satisfies the Jordan—Hoélder theorem for
imprimitivity systems, then G automatically possesses the so-called ‘Jordan property’ defined
in [15]. In particular, Theorem 2.10 provides a more precise version of [15, Proposition 1.2] for
permutation groups containing a transitive Hamiltonian subgroup.

2.3. Jordan—Hélder theorem for groups containing a cyclic subgroup with two orbits of
different length

Let Q be a finite set, let h € Sym(£2) be a permutation which is a product of exactly two
disjoint cycles, and let H := (h). For the rest of this subsection it is assumed that G < Sym(€2)
is a transitive permutation group containing H. Without loss of generality we may assume that
G <5, and

h:(12...nl)(n1+1n1—|—2...n1+n2),

where 1 < ni,ny < n and ny + ne = n.
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Say that an imprimitivity system & € (@) is H-transitive or H-intransitive if the action of
H on the blocks of € is transitive or intransitive, respectively. Say that a group K € L(G,,,G) is
H-transitive or H-intransitive if the corresponding & i € £(G) is H-transitive or H-intransitive,
respectively.

Since H permutes blocks of &, it is easy to see that if € is H-transitive, then there exist
numbers d | n and 41,4 with 1 < 41,42 < d, such that any block of € is equal to Will,d U Wi’d,
where the symbols W]{l and ng,z denote the union of numbers equal to j by modulo [ from
the segment [1,n1] and from the segment [n; + 1,n1 + no] respectively. On the other hand, if
& € &(@) is H-intransitive, then there exist the numbers dyjny, dajns and 41,42, with 1 < 4y < dy,
1 < i < da, such that

nl/dl :n2/d2 =nNeg (16)
and any block of € is equal either to Wll1 4, or to W2

ig,d2”

PROPOSITION 2.12. Any H-intransitive imprimitivity system & € &(G) is normal.

Proof. In the notation above set r = lem(dy, ds) and K := (h"). Clearly, we have K < G¢
and therefore any orbit of G¢ is a union of orbits of K. The length of any orbit of K on [1,n]
is equal to

ny - ne
ged(ng,r)  ged(neg,r/dy)’
On the other hand, the length of any orbit of K on [ny + 1,n;1 + no] is equal to
) - ne
ged(ng,r)  ged(ne,r/ds)’
Therefore, the length of any orbit of G¢ on 2 is divisible by

lem ( ne ne ) = ne =n
ged(ng,7/d1)’ ged(ne,r/d>) ) ~ ged(ng, ged(r/di,r/dz))
This implies that an orbits of G¢ coincide with the blocks of € and hence € is normal. O

PROPOSITION 2.13. If an H-transitive imprimitivity system & € E(G) is not normal,
then ny = ny and there exists a normal imprimitivity system & < & such that [€: '] = 2.
Furthermore, & is H-intransitive, its blocks coincide with an orbits of Gg, and for any
H-intransitive imprimitivity system F € E(G), such that F < &, we have F < &’.

Proof. In the notation above set K = (h?). Clearly, any block VV}1 Y Wf% 4 of € is a union
of exactly two orbits of K and K < G¢. Since € is not normal, this implies that the orbits of
Ge coincide with the orbits of K. In particular, since the orbits of G¢ have the same length,
the same is true for the orbits of K and hence ny = ns. The remaining statements of the
proposition are now obvious. |

THEOREM 2.14. If a transitive permutation group G contains a cyclic subgroup with two
orbits of different length, then L(G,, G) is modular and G satisfies the Jordan—Hélder theorem
for imprimitivity systems.

Proof. Tt follows from Propositions 2.12 and 2.13 that L(G.,G) = L.(Gw, G). Now the
theorem follows from Theorem 2.9. ]
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COROLLARY 2.15. Let F be a rational function such that F has only two poles and the
orders of these poles are distinct. Then any two maximal decompositions of F' are weakly
equivalent. Furthermore, for any two decompositions of F

F=UjoUso...0oU, and F=VioVyo...0Vg,

there exists a permutation o € Sy such that the monodromy groups of U; and V,;y, with
1 <i < k, are permutation equivalent.

3. The lattice of imprimitivity systems for groups containing a cyclic subgroup with two
orbits
3.1. Semimodularity and modularity of L(G,,,G)

PrRoOPOSITION 3.1. Let G be a transitive permutation group. Suppose that L(G,,Q)
contains the subgroups E and F such that [E:ENF|=[F:ENF]=2. Then ENF
is normal in (E,F) and (E,F)/ENF = Dsy,,, where 2m := [(E, F) : EN F]. Furthermore,
L(ENF,(E,F)) 2 L(Dayn).

Proof. Since [E: ENF|=[F:ENF]|=2, the subgroup FNF is normal in F and F
simultaneously and therefore E N F < (E, F'). Since

(E,F)/(ENF)=(E/(ENF),F/(ENF))

and E/(ENF)>7Zy and F/(ENF) 2 Zsy, the group (E/(ENF),F/(ENF)) is isomorphic
to Da,, for some m > 1 (see, for example, [6]). Furthermore, since

(B, F): (ENF)] = |(E,F)/(ENF)

we have [(E, F) : (ENF)] = 2m. Finally, it is clear that
L(ENF,(E,F))2L{E,F)/(ENF))

and therefore L(E N F,(E,F)) = L(Day,). O

In the rest of this subsection it is assumed that G' < Sym(2) is a transitive permutation
group containing H.

PROPOSITION 3.2. The lattice L(G,,, @) is lower semi-modular.

Proof. Assume the contrary and let £y € L(G,,,G) be a subgroup of G such that
ENF < B, <E, (17)
where E, F € L(G,,G), with E # F, are maximal in (F, F). Note that then
EixNnF=FENF
If E, is permutable with F, then (Ey, F) = E1 F and by (13)
(Ey,F):F|=[E,: E\NF|=[E :ENF|<[E: ENF|<[(E,F):F].

Therefore, (Eq,F) < (E,F). Since F < (Ey, F) and F is maximal in (F, F'), this implies that
(B, F) = F. Hence, Ey < F and therefore By < EN F, in contradiction with the assumption
that ENF < E.



14 M. MUZYCHUK AND F. PAKOVICH

Suppose now that F' and F; are not permutable. Then Proposition 2.6 implies that both F;
and F' are not core-complementary. It follows now from Propositions 2.5 and 2.13 that there
exist F', B € L.(Gy,G) such that [Ey : Ef] = [F : F’] = 2. Note that each of the groups F” and
E1 is permutable with any X € L(G,,, G) by Proposition 2.6. In particular, E{F € L(G,, G)
and EF’ € L(G,,G).

It follows from

F<EYF<(EF)

that either E1F = (E,F) or E{F = F. If E{F = (E, F'), then the inclusions
imply that E1F = (E, F) € L(G,,,G), in contradiction with the assumption that F; and F
are not permutable. Thus, assume that E{F = F. In this case £ < F and hence E} < ENF.
Together with EN F < Ey and [E; : Ef] = 2, this implies that

El=ENF=ENF. (18)
In view of Proposition 2.13 the last equality yields that £ N F' is H-intransitive and E N F < F’.
Consequently,

ENF=ENF'. (19)
It follows from
E < EF <(E,F)
that either EF’ = (E, F) or EF' = E. If the equality EF’ = (E, F') holds, then (13) and (19)
imply the inequality
[F:ENF|<[(E,F):E]=|EF :E|=[F : ENF|]=[F :EnF|=1F:EnF),

which is impossible. Thus, assume that EF’ = FE. In this case I’ < E and therefore
F' < ENF < F. Together with [F : F’] = 2 this implies that either ENF = For ENF = F'.
Furthermore, since owing to the maximality of F' and E in (F, F) the equality FNE = F is
impossible, we may assume that F’ = E'N F. In this case [F : E N F] = 2. Together with (18)
and [F; : E]] = 2, this implies that
It follows now from Proposition 3.1 that the lattice L(E; N F, (Ey, F')) is isomorphic to the
subgroup lattice of a dihedral group Da,,, where 2m = [(Ey, F) : E; N F]. Furthermore, it
follows from F' < (Ey, F) < (E, F) that either (E1, F) = F or (E1, F) = (E, F). The first case
is impossible since EN F < FEy < E. Therefore (Ey, F) = (E, F) and hence

L(ENF,(E,F)) = L(Ex1 N F,(E1, F)) = L(Day,). (21)

Since maximal subgroups of Dy, have prime index, it follows from (21) that the number

p:=[(E, F): F] is prime and hence
(E,F): ENF|=[(E,F): F|[F:ENF]=2p.
On the other hand, by (20) we have
(E,Fy: ENF|=[E,F): E|[E: FE\][E,: ENF|=2[(E,F): E|[E: E].

Therefore, [(E, F') : E|[E : Ey] = p. Since this equality implies that at least one of the numbers
[(E,F): E], [E: E4] is equal to one, we conclude that there exists no E; € L(G,,, G) satisfying
(17) and therefore the lattice L(G,,, G) is lower semi-modular. O
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PROPOSITION 3.3. Let E, F € L(G,,,G), with E # F. Suppose that E N F is maximal in E
and F. Then either E and F are permutable and E and F are maximal in (E,F), or ENF <
(E,F) and (E,F)/(ENF) 2 Dy, for some m > 1. Furthermore, L(E N F,(E, F)) = L(Da,,).

Proof. If E and F are permutable, then E and F are maximal in (F, F) = EF by Proposi-
tion 2.7. Hence, suppose that E and F are not permutable and consider the core-complementary
subgroups E' < E and F' < F from Proposition 2.13.

It follows from

ENF<E(ENF)<E
that either E'(ENF) = FE or E'(ENF) = ENF. In the first case we obtain
EF =FE(ENF)F=FE'F € L(G,,Q)

that contradicts the assumption that E and F are not permutable. Therefore E'(ENF) =
ENF or, equivalently, £/ < ENF. Since [F : E'] = 2, this implies that £/ = E N F. Analo-
gously, F/ = EN F. Thus

[E:ENF|=[F:ENnF]=2.
Now Proposition 3.1 yields the result. ]

COROLLARY 3.4. Let E.F € L(G,,G) be maximal in (E,F). Then ENF is maximal in
E and F and either EF = FE, or ENF < (E,F) and (E,F)/(ENF) 2 Dsy,, for a prime m.

Proof. By Proposition 3.2 the group EN F' is maximal in F' and E. If F and F are not
permutable, then Proposition 3.3 implies that ENF < (E, F) and (E, F)/(E N F) = Dsy,, for
some m > 1. Furthermore, since F' is maximal in (F, F'), the group F/(E N F) 2 Z, is maximal
in the group (F, E)/(E N F) = Dy, and therefore m is prime. O

We can summarize Propositions 3.2 and 3.3 as follows.

THEOREM 3.5. Let G be a transitive permutation group containing a cyclic subgroup
with two orbits. Then the lattice L(G,,, Q) is lower semi-modular. Furthermore, L(G,, Q) is
modular unless there exists an interval of L(G,,, G') which is isomorphic to the subgroup lattice
of a dihedral group.

Proof. By Proposition 3.2 the lattice L(G,,, G) is lower semi-modular. If it is not modular,
then the existence of an interval isomorphic to L(Da,,) follows from Proposition 3.3. O

COROLLARY 3.6. Let F' be a rational function such that its monodromy group contains
a cyclic subgroup with at most two orbits. Then any two maximal decompositions of F are
weakly equivalent. Furthermore, if

F=F oFyo...oF, and F=RioRyo0...0Ry

are two decompositions of F', then the set of degrees of the functions F;, with 1 <i <k,
coincides with the set of degrees of the functions G;, with 1 < i < k.

Proof. The first part of corollary follows from Theorem 3.5 and Corollary 2.2. Furthermore,
it follows from the first part that in order to prove the second part it is enough to establish
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that if A and B are subgroups of G such that AN B is maximal in A and B, and A and B
are maximal in (A, B), then the sets {[(A, B) : B],[B: AN B]} and {[(4,B) : A],[A: An BJ}
coincide. If A and B are permutable, then this is a corollary of formula (13). On the other hand,
if A and B are not permutable, then the property needed easily follows from Corollary 3.4. []

REMARK. The proof of Theorem 3.5 given above is a simplified version of the proof given
in the earlier preprint of the authors [20].

3.2. Non-permutable subgroups of L(G1,G) and algebraic curves having a factor of genus 0
with at most two points at infinity

The following result is the algebraic counterpart of [9, Proposition 2] (see also [4, Theorem 8.1;
26, Theorem 3.5]).

PROPOSITION 3.7.  Let G be a group, and let A and B be non-permutable subgroups of G.
Then there exist non-permutable subgroups A and B of G such that A < A and B < B, and
coreq A = coregB.

Proof. For C' < G denote by d(C) a maximal number such that there exists a maximal
chain of subgroups

CZCo<Cl<...<Cd(C):G.

We use the induction on the number d = d(A) 4+ d(B). In order to lighten notation, set N =
coreqgA and M = coregB.
First of all note that the subgroups AM and BN are not permutable since

(AM)(BN) = AB, (BN)(AM) = BA.

In particular, AM # G and BN # G. Hence, if d = 2 (that is, if both A and B are maximal
in G), then AM = A and BN = B, and hence M < A and N < B. Since M <G and N < G,
this implies that M < N and N < M, and hence M = N. Therefore, if d = 2, then we can set
A:= A and B := B.

Assume now that d > 2. If d(AM) < d(A) or d(BN) < d(B), then the proposition follows
from the induction assumption. On the other hand, if d(AM) = d(A) and d(BN) = d(B), then
as above AM = A, BN = B, and M = N. Therefore, we can set A := A and B := B. |

Proposition 3.7 together with previous results allows us to describe non-permutable
subgroups of L(G,,G).

THEOREM 3.8. Let G be a transitive permutation group containing a cyclic subgroup with
two orbits and let E, F € L(G,,,G) be non-permutable subgroups of G such that (E, F) = G.
Then there exists N < G such that ENF < N and G/N = D, for some m > 1.

Proof. By Proposition 3.7 there exist non-permutable subgroups E and F of G such that
E<Fand F < F and coreq & = coreg F. Furthermore, Proposition 2.6 implies that both E
and F' are not core- complementary. Therefore, by Propositions 2.12 and 2.13

E:E=2, [F:F]=2, (22)
where £’ = (coreqE)G,, and F’ = (coreg F)G.,,.
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Since coregE = coreF', we obtain E' = F < ENF. On the other hand, the inequality
EF + FE implies that E N F is a proper subgroup of both £ and F'. It follows now from (22)
that £/ = F' = ENF and [E: FNF] = [F: F N F)] = 2. Therefore, the theorem follows from
Proposition 3.1 taking into account that E N F' < ENEF. [

Theorem 3.8 has an interesting connection with the problem of describing the algebraic
curves

Ax) = B(y) = 0 (23)

having a factor of genus 0 with at most two points at infinity. This problem is closely related
to number theory and in this context was studied in the papers [4, 8]. In particular, in [4]
a complete classification of such curves (defined over any field k of characteristic zero) was
obtained. Another proof of this classification (over C) was given in the paper [26] in the
context of description of double decompositions

L=AoB=CoD (24)

of rational functions L, with at most two poles, into compositions of rational functions. The
last problem turns out to be more general than the previous one since if the curve (23) has an
irreducible factor of genus 0 with two points at infinity, then this factor may be parameterized
by some Laurent polynomials and therefore there exist Laurent polynomials L, L1, and Ly such
that the equality

L:AOleBOLQ (25)

holds. On the other hand, there exist double decompositions (24) which cannot be reduced to
decompositions (25).

Both proofs of the classification of curves (23) having a factor of genus 0 with at most two
points at infinity split into two parts: the first one is the analysis of the condition that, under
the assumption that (23) is irreducible, the genus of (23) is zero, and the second one is the
reduction of the general case to the case when (23) is irreducible. The first part essentially
consists of a straightforward although highly laborious analysis of the formula which calculates
the genus of (23) via the branching data of A and B, while the second part requires some more
sophisticated considerations.

Denote by G the monodromy group of L, and let G4 and Gp be subgroups of L(G,,G)
corresponding to decompositions (25). Then the condition that (23) is reducible is equivalent
to the condition that G4Gp # G. Therefore, Theorem 3.8 can be viewed as an algebraic
counterpart of the portion of the discussed classification related to the reducible case, and
implies easily the corresponding result (cf. [4, Theorem 9.3; 26, Theorem 7.3]).

PROPOSITION 3.9. Suppose that curve (23) is reducible and has a factor of genus 0 with at
most two points at infinity. Then there exist the polynomials R, A, B, and u, where deg u = 1,
such that

A=RoA, B=RoB (26)
and either the curve A(z) — B(y) = 0 is irreducible, or
A=-T,ou, B=T,op, (27)

where Ty, and T}s are the corresponding Chebyshev polynomials with r,s > 1, [ > 2, and
ged(r,s) = 1.

Proof.  Without loss of generality we may assume that there exists no polynomial R, with
deg R > 1, such that (26) holds for some polynomials A and B, or equivalently that (G4, Gp) =
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G. If curve (23) is irreducible, then there is nothing to prove and so assume that (23) is
reducible. In this case L; and Lo are not polynomials since otherwise Corollary 2.4 and the
assumption about solutions of (26) imply the equality ged(deg A, deg B) = 1 which in its turn
implies easily the irreducibility of curve (23). Therefore, the cyclic subgroup H of G generated
by the permutation corresponding to a loop around infinity has two orbits.

It follows now from Theorem 3.8 that there exists N < G such that N € L(G,,G) and
G/N 2 Ds,, for some m > 1. Furthermore, since N < G the action of G on the cosets of N is
regular. Therefore,

G//N %p (G/N)T gp (D2m)r

where X, denote the right regular permutation representation of X.

Hence there exists a decomposition L = U oV of L such that the monodromy group of U
is a regular covering of the sphere with the dihedral monodromy group. By the well-known
classification of regular coverings of the sphere, which goes back to Klein (see [14] and the
appendix), this implies that

1 1
2 zm

where p7 and po are automorphisms of the sphere.

Clearly, without loss of generality we may assume that u; = z. Furthermore, since L has
poles only at the points 0 and oo, it follows from L = U o V' that ps o V = 2% o (¢z) for some
n > 1 and ¢ € C. Therefore,

1 1
L= 5 (zm" + zm"> o (cz) (28)
and G = Do, Now the proposition follows easily from the description of possible double
decompositions of function (28) (see Appendix below). O
Appendix

In this appendix we describe the structure of maximal decompositions of rational functions
which are regular coverings of the sphere that is of the functions for which G, = e. These
functions, appearing in a variety of different contexts from differential equations to Galois
theory, were first described by Klein [14]. For such a function f its monodromy group G is
isomorphic to its automorphism group and therefore is isomorphic to a finite subgroup of
Aut CP'. Any such subgroup is isomorphic to one of the groups: C,,, Da,, A4, S4, and A5 and
the corresponding function f is defined by its group up to a composition p1 o f o s, where pq,
e € Aut CP'.

The Klein functions provide the simplest examples of rational functions for which the first
Ritt theorem fails to be true. Indeed, if f is a Klein function, then its maximal decompositions
correspond to the maximal chains of subgroups of its monodromy group G. Therefore, in order
to find counterexamples to the first Ritt theorem, it is enough to find non-r-equivalent maximal
chains of subgroups of G. For the groups C,, and D,, such chains do not exist while for the
groups Ay, Sy, and As they do. For example, it is easy to see that

e< Oy < Vi< Ay, e<(C3< Ay, (A1)

where Cs or (5 is a cyclic group of order 2 or 3, respectively, and V} is the Klein four-group,
are the maximal chains of different length in A, and therefore for the corresponding Klein
function the first Ritt theorem fails to be true. The fact that the first Ritt theorem is not true
for arbitrary rational functions was already observed by Ritt in [28]. Although Ritt did not
give any indications about the nature of such examples (see the discussion in [2, 10, 11]), the
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fact that the Klein functions corresponding to A4, Sy, and As were mentioned by him in [29]
suggests that he meant exactly these functions.

Below we give a detailed analysis of the decompositions of the Klein functions. We show
that, for a function f corresponding to A4 or S4, the number of weak equivalence classes of its
maximal decompositions equals two and that two non-equivalent maximal decompositions of f
are weakly equivalent if and only if they have the same length. On the other hand we show that
the function corresponding to As has six weak equivalence classes of maximal decompositions,
five of which have the same length. Besides, we give several related explicit examples of non-
weakly equivalent maximal decompositions. In particular, we give an example of a rational
function with three poles for which the first Ritt theorem fails to be true.

A.1. Decompositions of fc, and fp,,

For the cyclic and dihedral groups the representatives of the corresponding classes of Klein
functions are
1

n n 1
fo, = 2", fDZn:2<Z +z”>

and by Corollary 3.6 all maximal decompositions of these functions are weakly equivalent.
Observe that any decomposition of fc, into a composition of two functions is equivalent to
the decomposition

n/d d

2" %o 2%,

where d | n, while any decomposition of fp, is equivalent either to the decomposition

1 1 1 1
- n i T n/d d
2<z +2n)—2<z +Zn/d)oz,

where d | n, or to the decomposition

1 1 1 1
v =) = e - d =
2 (Z + Zn) w n/d © 2 <.UJZ + lf/zd) )

2n/d _ 1.

where d|n and u

A.2. Decompositions of fa,

The subgroup lattice of the group A, can be described as follows. The group A4 has three
pairwise conjugate subgroups Ci,C2, and Cj of order 2 which are contained in a unique
subgroup of order 4 which is the Klein four-group Vj; = {e, (12)(34), (13)(24), (14)(23)}. In
addition, A4 has four conjugated subgroups Ci,C%, C3, and C§ of order 3 which are maximal
in A4. This implies that fa, has seven non-equivalent decompositions corresponding to the
chains

e<Cy<Vi<Ay, e<Ci<Vi<Ay e<Ci<Vy<Ay, (A.2)
and

e<Ci<Ay, e<Ci<Ay, e<Ci<Ay, e<Ci<Ay (A.3)

Clearly, all decompositions from the first group are r-equivalent. The same is true for
decompositions from the second group. On the other hand, compositions from the first and the
second groups obviously are non-equivalent since they have different lengths.
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A.3. Decompositions of fg,

Similarly to the case of the group Ay, two maximal chains in Sy are r-equivalent if and only
if they have the same length. However, since Sy has already 28 proper subgroups, in order to
prove this statement, we use an argument distinct from the examination of all maximal chains.

First of all, notice that any maximal subgroup of S4 distinct from A4 is conjugate either to

Dg = {e, (12), (34), (12)(34), (13)(24), (14)(23), (1324), (1432)},

or to Ss3. Besides, it is easy to see that any maximal chain of subgroups of A4 has length 3 or
4. We show now that any two maximal chains

F: 1<k <Fy<8S and &: 1< FEi<FBEy< Sy

of length 3 are r-equivalent. If F; = F5, then the statement is clear and so we may assume that
E5 # F5. This implies in particular that Fo N Fy is a proper subgroup of the groups Fy and Fb.
Observe that Fy N Fy is non-trivial, since otherwise we would have |Sy| = |Es||Fs| = 36 > |S4].
In order to prove that the chains F and € are r-equivalent, it is enough to show that the chains

gji 1< FhNEy, < Fy< Sy and é: 1< FhoNEy < By < Sy
are maximal since then
FrFrEnE.

First, note that Fso, Iy 2 Dg, since maximal chains in Dg have length 3. Therefore, at least one
of the groups Fy and Fy, say Fy, is isomorphic to S3 and hence the chain F is maximal since
|S3] = 6. If Ey 22 S5, then the chain € is maximal as well. On the other hand, if Ey = Ay, then
|Fy N Es| = |S3 N Ag| = 3 implying that the chain 1 < F» N Ey < E5 is one of the chains (A.3)
and, therefore, is maximal.

Similarly, any two chains

F: 1<F1<F2<F3<S4 and & : 1<E1<E2<E3<S4

of length 4 are r-equivalent. Indeed, if E3 = F3, then either E3 = F3 = Dg or F3 = F3 = Ay
and the statement is true since maximal chains of equal length in the groups Dg and A4 are
r-equivalent. Therefore, we may assume that F3 = A4 and E3 = Dg. Now setting

Vi ={e, (12)(34), (13)(24), (14)(23)},  C2 = {e, (12)(34)}
and observing that Fs N F3 =V}, we see that the chains
F:l<Cy<Vi<Ai<S, and &: 1<Cy<Vi<Dg<S,

are maximal. Since any two chains of equal length inside Dg and A4 are equivalent, this implies
that

FruTF~E~E

A.4. Decompositions of fa,

It is easy to see that any maximal subgroup of As is conjugated to A4 or to Dig, or to Ss
and that any maximal chain of subgroups in fa, has length 3 or 4. In contrast to the groups
Ay and Sy, in the group As we face a new phenomenon: although any two maximal chains of
length 3 in Aj are r-equivalent, there exist non-r-equivalent decompositions of length 4.

First prove that any two maximal chains

9721<F1<F2<A5 and €Z1<E1<E2<A5
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of length 3 in Aj are r-equivalent. If Ey5 = F5, then the statement is clear and so we may
suppose that Ey # Fb.

Assume first that Ey = Dy and Fy = S3. Since As is not a product of Dy and S3, the
intersection Eo N Fy is non-trivial. Therefore the chains

F:1<FNE<F<A; and &: 1< FNEy < Ey < As

are maximal, implying that

FruTF~E~E

By transitivity of ~ this yields that any two maximal chains of length 3 such that F, = Sj,
Fy = S3 or By = Dy, Fo =2 Dy also are r-equivalent.
Now let

B: 1< By < By < As

be a maximal chain such that By = A4. Then (A.3) implies that |B;| = 3. One can check that
the normalizer C' of any group of order 3 in Ay is isomorphic to S3. Therefore, B is equivalent
to a maximal chain

1< B <C<A;

with C' = S3. It follows now from the transitivity of ~ that all the chains of length 3 are
r-equivalent.
Let us show now that two maximal chains of length 4

B:=1< By <By<B3<As; and C:=1<(C; <Cy<(C3< As

in A5 are equivalent if and only if their maximal subgroups coincide. Clearly, we have B =
C3 = Ay. If Bs = Cf3, then B ~ € since any two chains of length 4 in A4 are r-equivalent.

Assume now that B3 # Cs. If the chains B and € are equivalent, then in the sequence of
maximal chains which connects them there should be two chains of the form

1< Pi<P<P3<A;, 1<P<P<Qs3<As,

where P3 # Q3. The maximality condition implies that P3 N Q3 = P5. Furthermore, P, =V,
by (A.2). On the other hand, A4 contains a unique Sylow 2-subgroup of order 4 which is normal
in Ay. Therefore, P, < P3 and Py < Q3, and hence Py < (P53, Q3) = As. Since this contradicts
the simplicity of A5, we conclude that B and € are not r-equivalent.

A.5. Explicit formulas

Although all the information about maximal decompositions of Klein functions can be obtained
from the analysis given above, the actual finding of the corresponding decompositions requires
some non-trivial calculations. In particular, the corresponding maximal decompositions which
do not satisty the first Ritt theorem were found explicitly only for the simplest chains (A.1) (see
[3, 12]). It turns out that a convenient tool for such calculations is the Grothendieck theory
of ‘Dessins d’enfants’, which provides an identification of fa,, fs,, and fa, with the Belyi
functions of the tetrahedron, cube, and octahedron, respectively. Below we give several explicit
examples of non-equivalent maximal decompositions obtained by this method, referring the
reader interested in the details of calculations to the forthcoming paper ‘Dessins d’enfants and
functional equations’ by the second author and Zvonkin.
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First, a calculation shows that the Belyi functions for the tetrahedron can be written in the
form

1 23(2% - 8)3
_ A4
N VAN EE (A-4)
and any maximal decomposition of f4, is weakly equivalent either to
1 z(2-8)7
fa, = 6 a1+ 1) oz
or to the decomposition
1 4 22—4 2242
_ - . A5
N VA e (45)
Furthermore, one can show that the inclusion A4 C S4 implies that
4z 25623 (20 — 72° — 8)°
fS4:—270fA4: ( 4) (AG)
2 +1-2z (26 + 2023 — 8)

and therefore the decompositions of fg, corresponding to the chains

1< O3 <Ay <8y, 1<Co< V<A< S,y
B 4 1 z(z —8)3 3
fS4_<_;z:2+1—2:1:>o(_64 (z+1)3>°Z’

P 4o 1, 224 22 +2
=l—-———)o|—2" )0 o .

S 22 +1-2z 64 z—1 Z+1

On the other hand, one can show that, for example, the maximal decompositions of fg,

(written in a slightly different normalization) corresponding to the chains

1<C2<C4<D8<S4, 1<CQ<S3<S4 (A?)

are, respectively,

and

are, respectively,

U (L) (3 o)

1 (1628 — 562* +1)3 256 1(z—-1)3 1
-— = (-2 -1 S 41 -=1.
432 24zt 1) Ty A Vi sy Rl G

Finally, identifying the chains of subgroups
Oy < 53 < 84, Co<Vy < Dg < S4 (AS)

and

with maximal decompositions of the function

1 4 2 2 3 3
_ 7w7 (A.9)
27 (224 1)4
which is a left compositional factor of fg,, one can show that the maximal decompositions
corresponding to A.8 are:

1 (2" +222-3)° (1 (7T—2)3
27 (2+1)F (54(z+1)2

)o(222+4z+1)oz2
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and
1 (2 4222 - 3) 256 1(z—1)3
SN G e Y (e TGS | ST ).
27 (2+1)F G-V e\ arr t

Note that since function (A.9) has three poles, this example shows that with no additional
assumptions the first Ritt theorem cannot be extended to rational functions, the monodromy
of which contains a cyclic subgroup with more than two orbits.

Acknowledgement. The authors would like to thank I. Kovacs, P. Miiller, U. Zannier, and
A. Zvonkin for discussions of different questions related to the subject of this paper.
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