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hyperelliptic involution permits one to compute these groups in a very simple manner.
Similarly, as classical Fermat curves of degree k admit a unique subgroup of automorphisms
isomorphic to Zf, the determination of the group of automorphisms is not difficult.

In this paper we consider a family of non-hyperelliptic Riemann surfaces, obtained
as the fibre product of two classical Fermat curves of the same degree k, which exhibit
behaviors of both elliptic and hyperelliptic curves. These curves, called generalized Fermat
curves of type (k, 3), are the highest regular abelian branched covers of orbifolds of genus
zero with four cone points, all of the same order k. More precisely, a generalized Fermat
curve of type (k, 3) is a closed Riemann surface S admitting a group H < Aut(S), called
a generalized Fermat group of type (k, 3), so that H = Zz and S/H is an orbifold with
signature (0, 4; k, k, k, k). In this paper we prove the uniqueness of generalized Fermat
groups of type (k, 3). In particular, this allows the explicit computation of the full group of
automorphisms of S.

MSC: 30F10; 30F40; 14H37; 14H45

© 2012 Elsevier B.V. All rights reserved.

1. Introduction and main result

If S is a Riemann surface, then we denote by Aut(S) its group of conformal automorphisms and by K—u\t(S) its group of
conformal/anticonformal automorphisms. If K < Aut(S), then we denote by Autk(S) the normalizer of K in Aut(S). If S
is a closed Riemann surface of genus g > 2, then H.A. Schwarz [22] proved that Aut(S) is finite and A. Hurwitz [13] that
|Aut(S)| < 84(g — 1), so |Aut(S)| < 168(g — 1). W. Baily [1] showed that in genus g > 2 closed Riemann surfaces
with non-trivial group of conformal automorphisms are very special. Breuer [3] provided a classification of all finite groups
which can act as the group of conformal automorphisms up to genus 48. Natural problems are (i) to describe those groups
which occur as the full group of conformal automorphisms of a genus g Riemann surface and (ii) to determine the group of
automorphisms of a given Riemann surface. Closed Riemann surfaces can be represented as algebraic curves in projective
space in many ways, the most important one being the canonical curve which, in the case of non-hyperelliptic Riemann
surfaces, is determined by the choice of a basis of holomorphic 1-forms [8]. Although sometimes the use of a concrete curve
description of the Riemann surface permits the construction of explicit examples of automorphisms, determining whether
these automorphisms constitute the full automorphism group is usually intractable. In the literature there are few examples
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of Riemann surfaces whose defining algebraic equations and full automorphism groups are completely determined (see, for
instance, [11,16-18,28,30]).

If S is a hyperelliptic Riemann surface and H is the cyclic group generated by the hyperelliptic involution, then H is
unique in Aut(S) [4]. Also, if S is a classical Fermat curve of degree k (which is not hyperelliptic for k > 4), that is,
S = {x’l‘ + x’g + x’§ = 0} C P?, then the group H < Aut(S) obtained by multiplying the coordinates by k-th roots of unity
is the unique subgroup K < Aut(S) with the properties that K = Zi and S/K is an orbifold with signature (0, 3; k, k, k).
In these two cases, the uniqueness of the corresponding group H permits one to obtain explicitly the groups Aut(S) and
Aut(S) [24,29].

A closed Riemann surface S is called a generalized Fermat curve of type (k, n), where k > 2 and n > 1 are integers,
if it admits a group Z; = H < Aut(S), called a generalized Fermat group of type (k, n), so that S/H is an orbifold with
signature (0,n + 1; k, ..., k) (that is, S/H is the Riemann sphere C together with n + 1 conical points, each one of order
k); the pair (S, H) is called a generalized Fermat pair of type (k, n). By the Riemann-Hurwitz formula, the genus of S is
Zn = 2+ k" 1((n — 1)(k — 1) — 2))/2 and, in particular, g, > 1 except for the pairs (k, n) € {(k, 1), (2,2), (2, 3)}.
A generalized Fermat curve of type (k, 1) (respectively, of type (2, 2)) is just the Riemann sphere, with H being the cycle
group generated by a Mobius transformation of order k (respectively, H = Z% ). A generalized Fermat curve of type (k, 2) is
a classical Fermat curve and every genus one Riemann surface is a generalized Fermat curve of type (2, 3).

If g.n > 1, then it was noticed in [10] that if I" is a Fuchsian group so that H?/I" = S/H, then S = H?/I"’, where
I'’ is the commutator subgroup of I". In particular, if M is the subgroup of Mébius transformations that keep invariant the
conical points of S/H, then there is a natural epimorphism p : Auty(S) — M, whose kernel is H. Another consequence
is that if (Sq, Hy) and (S;, H,) are both generalized Fermat pairs of the same type, then there is an orientation-preserving
homeomorphism F : S; — S, so that F1H1Ff1 = H,.

In[10] it was proven that every generalized Fermat curve of type (k, n), wheren > 2, can be described as the fibre product
of (n — 1) classical Fermat curves so that the corresponding generalized Fermat group (and its normalizer in the group of
conformal automorphisms) is linear. That description is as follows. Assume (S, H) is a generalized Fermat pair of type (k, n)
and let 7 : S — C be a branched regular covering with H as group of covering transformations. Up to composition with
a Mobius transformation, we may assume that the branched values are given by the points {c0, 0, 1, A1, ..., A,_3}. Then
(S, H) is conformally equivalent to (S, . Ho), where

XXk 4 Xk =0
)qu + xjg —Hd;l = 0
k AoXs + x5 +x = 0 n
S)\] ..... Ap—2 2% ] 2 5 C P (])
X+ X, = 0
and Hy = {(aq, . ..., a,), where
Gx1 - X)) =X X X i X e i Xp1], J=1,..00,0, (2)
with wy = e**/k and the covering map is given by
k
X2
a([xg - X)) = — (—) (3)
X1

whose branch values certainly are
00,0, 1, A1, ..., An_a. (4)

Observe that the above smooth projective algebraic curve is of degree k"~ '. As the degree of the canonical curve is
2(gr — 1) = k" 1((k — 1)(n — 1) — 2), the above algebraic representation has lower degree than the canonical curve
representation. If g, > 1, then equality only holds for (k, n) € {(2, 4), (4, 2)}. The case (k,n) = (2, 4) corresponds to
the so-called Humbert curves [6,7], in which case the generalized Fermat group of type (2, 4) is unique and therefore the
computation of Aut(S) can be easily done [6]. The case (k, n) = (4, 2) corresponds to the classical Fermat curve of genus 3,
given by C = {x] + x5 + x3 = 0} C P2, for which Aut(S) = 72 x &3 [24,29].

If S is a generalized Fermat curve of type (p, n), where p is a prime and g, , > 1, then it was proved in [10] that any two
generalized Fermat groups of same type (p, n) must be conjugate in Aut(S). Moreover, if the prime p is sufficiently large in
comparison with n, then, as a consequence of results in [ 12], the generalized Fermat group of type (p, n) must be unique; in
particular, Aut(S) = Auty(S) can be explicitly computed. This leads us to conjecture the following.

Conjecture 1. Ageneralized Fermat curve of type (k, n), where k is any integer greater than or equal to 2, has a unique generalized
Fermat group of type (k, n), up to conjugation.
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In this paper we provide a positive answer to the above conjecture in the case of generalized Fermat curves of type (k, 3),
that is, closed Riemann surfaces described by curves of the form

k ko ok
k_ )X +x+x3=0 3

S’\_{Ax’{—i—x’z‘—l—xﬁzo cF ()
Theorem 2. A generalized Fermat curve S of type (k, 3), where k > 3 is an integer, admits a unique generalized Fermat group H
of type (k, 3). In particular, H is a normal subgroup of Aut(S), and Aut(S) and Aut(S) can be explicitly computed.

In order to prove Theorem 2, we first prove that H is a normal subgroup and then we use this fact to prove the uniqueness.
The proof make uses of Singerman’s results [26,25].
Some of the consequences of Theorem 2 (see Section 2) are the following.

(1) Fuchsian groups of signature (0, 4; k, k, k, k) are uniquely determined by their commutator subgroups (Corollary 3).
(2) Explicit descriptions of the groups Aut(S) and Aut(S) of each generalized Fermat curve S of type (k, 3) are obtained.

This article is organized as follows. In Section 2 we provide some consequences of Theorem 2. In Section 3 we recall
some basic facts about orbifolds and Fuchsian groups. We will especially need Singerman'’s results in [26,25]. In Section 5
we describe the group Auty(S) for an arbitrary generalized Fermat pair of type (k, 3). In Section 6 we prove that every
generalized Fermat group of type (k, 3), k > 3, is necessarily a normal subgroup. In Section 6.2 we prove Theorem 2. In
Section 7 we provide the proof of a key proposition needed in the proof of Theorem 2 whose proof we postponed for the
reader’s convenience.

2. Consequences of Theorem 2

In this section we provide some consequences of Theorem 2.

2.1. A commutator rigidity

In[10] it was noted that if (S, H) is a generalized Fermat pair of type (k, n), k > 3,and I" is a Fuchsian group acting on the
hyperbolic plane H? so that H?/I" = S/H, thenS = H?/I""and H = I" /I"', where I"’ denotes the commutator subgroup of
I'.In the case n = 3, as a direct consequence of Theorem 2, we obtain the following commutator rigidity.

Corollary 3. Forj = 1, 2, let Ij be Fuchsian groups acting on the hyperbolic plane H? so that H?/ T; is an orbifold of signature
(0, 4; k, k, k, k) (hence necessarily k > 3). If I'| = Iy, then I'T = I,

Remark 4. Corollary 3 may be seen as a kind of Kleinian version of Torelli’s theorem for orbifolds of type (0, 4; k, k, k, k),
where k > 3.

2.2. Equivalence of generalized Fermat curves

As already noted, from the results in [10], every generalized Fermat curve S of type (k, 3), where k > 3, is conformally
equivalent to one of the form S¥, as in (5), for some A € C — {0, 1}.
Consider the group G = &5 defined by

G = (u) =A/(A—1),v(A) = 1/1) = Aut(C — {0, 1}).
We observe that G is precisely the covering group of the classical elliptic modular function
(=422’
Ah—-12

Every orbifold of genus zero with exactly four conical points (all of them with the same order) is conformally equivalent
to one whose conical points are oo, 0, 1 and some . € C — {0, 1}. Now, if ®; and @, are two such orbifolds, say with
conical points {0, 1, co, A1} and {0, 1, 0o, A,} respectively, then @ and @, are isomorphic if and only if there is a Mobius
transformation T sending the set {o0, 0, 1, A1} onto the set {o0, 0, 1, A,}. It is not difficult to see that this is equivalent to
the existence of some t € G such that A, = t(Xq), that is, to have that j(A;) = j(A;). When k = 2 this amounts to saying
that j classifies elliptic curves, a classical fact from which the function takes its name.

By the uniqueness of generalized Fermat groups of type (k, 3) established in Theorem 2, we may show (see Section 3
in [10]) that the equivalence of generalized Fermat curves of type (k, 3) is equivalent to the equivalence of orbifolds of
genus zero with four points of equal multiplicity. More precisely, the following fact holds.

Jj)

Corollary 5. Two generalized Fermat curves of type (k, 3), k > 3, say 51{1 and 5’;2' are conformally equivalent if and only if there
is some t € G so that ., = t(\q), or equivalently, if and only if j(A1) = j(A;). In particular, the moduli space of generalized
Fermat curves of type (k, 3), k > 3, is isomorphic to the moduli space of orbifolds of signature (0, 4; k, k, k, k), which is also
known to be isomorphic to the moduli space of genus one Riemann surfaces, this being the orbifold whose underlying Riemann
surface is the complex plane C with two conical points, one of order 2 and the other of order 3.
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2.3. Group of conformal and anticonformal automorphisms

In Section 5 we compute the groups Auty (Si‘). Once this is done, Theorem 2 allows us to compute the full group of
automorphisms of S¥.

Corollary 6. Let Sf{ be a generalized Fermat curve of type (k, 3), where k > 3, and A € C — {0, 1}. Set

(—1)Vk = ek ifkis even
—1, ifkisodd
V/k ¢ R, (_2)1/k _ (_1)1/;(21/1{’
(X1 : X2 i X3 1 X4]) = [x2: Ay s xg 0 AVkx3]

Blx1 x5 i X3 xa]) = [(=1)V¥x3 1 xq = (h — 1) VExy : (=) VKL — 1)VExy]

V(X1 X2 x50 x4]) = [x4 0 2 %%g 1 x50 (=2)VEx5], A =2 6
V(X1 : X0 i X3 0 X4]) = [X3 0 %4 1 2VKxy 1 (=2)Vkxq], A= —1 (6)
V(X1 :% 1 X3 :x4]) = [2Vx3 1 %1 1 (=2)VE x4 1 x2], A =1/2

E([xl 1Xo X3 Xa]) = [((1403)/2)V*xy 1 (=) *%y 1 x5 1 x3], A= (1+i4/3)/2
8([)(1 tX2 1 X3 §X4]) = [((1 — i«/§)/2)1/’<x1 1 Xg Xy (—1)1/kX3], A= (1 — 1«/§)/2

and L = (@, E). Note that y* = 1,33 = 1, and that (i) for k even, L = D,, where D, denotes the dihedral group of order 2n, and
that (ii) for k odd, L = 73.
Then
(i) If A ¢ G({2, (1 4 i/3)/2}), then Aut(S¥)/H = 72, Aut(S¥) = H x L and the signature of SK/Aut(S¥) is (0, 4; 2, 2, 2, k);
(ii) if A € GQ2) = {—1,1/2,2}, then Aut(S¥)/H = D,, Aut(S¥) = H x (@, B,7) and the signature of S /Aut(S") is
(0, 3; 2, 4, 2k); R
(iii) if A € G((1+iv/3)/2) = {(14iv/3)/2, (1 —iv/3)/2}, then Aut(S¥)/H = A4 Aut(S¥) = H x (@, B, ) and the signature
of SK/Aut(S¥) is (0, 3; 2, 3, 3k).
The proof of Corollary 6 will be provided in Section 5.
A symmetry of a closed Riemann surface S is an anticonformal involution T : S — S. As a consequence of Harnack’s
theorem [5,15,21], the locus of fixed points of a symmetry on a closed Riemann surface of genus g is either empty or it
consists of N < (g + 1) pairwise disjoint simple loops (the mirrors or ovals of the symmetry).

Corollary 7. Let 5’; be a generalized Fermat curve of type (k, 3), where k > 3, admitting a symmetry.

(M Ifr: 5’; — Sf is a symmetry and t € G, then the generalized Fermat curve S:((A) admits a symmetry analytically equivalent
to .
(2) Up to the action of G, the values of A belong to

R—(—1,1DUEL —{1)

whereS|, = {z € C: |z| = 1,Im(z) > 0}.
3) Ifx € R — (—1, 1], then S,’{ admits the following two symmetries

T([x1: %2 1 X3 1 X4]) = [X1 1 X2 1 X3 1 X4]
p([x1: X x3 1 xal) = [X3 0 AVA%7 0 Xq 2 AVA%5]
In this case, S’A‘/(H, T) is a closed disc with 4 conical points in its border, all of them of order k.
(a) If 1 < A, then Si‘/(H, p) is a closed disc with two conical points in its interior, both of order k.
(b) If A < —1, then Sf /{H, p) is the real projective plane with two conical points, both of order k.
(4) If A € SL, then S¥ admits the symmetry

T([%1 i % %31 xa]) = [X 1 %7 : %30 AV¥xg].
In this case, Sf{ /(H, t) is a closed disc with two conical points in its border and one in its interior, all of them of order k.

Proof. Let us assume that Sf admits a symmetry 7.

As the generalized Fermat group H is unique in Aut(Sl’{), by Theorem 2, the symmetry t descends to an anticonformal
involution, say 7, of the Riemann sphere keeping invariant the set of conical points {oo, 0, 1, A}. Now, ift € G, then there is
a Mébius transformation T sending the set {00, 0, 1, A} onto the set {oo, 0, 1, t(1)}. It follows (see Corollary 5) that there is
an isomorphism T : S¥ — Sty sothatm o T = T o 7w [10], where 7 ([x1 : X2 : X3 : Xa]) = — (X2/x1)*. This proves (1).
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In order to obtain (2), observe that 7 is either a reflection (it has a circle of fixed points; so it is conjugate to z — z) or
an imaginary reflection (it has no fixed points; so it is conjugate to z — —1/Z). If  is a reflection and C is its circle of fixed
points, then either (i) the four conical points belong to C or (ii) two of them belong to C and the other two are permuted
by 71 or (iii) none of them belong to C and they are permuted in pairs by 7. In case (i), it is clear that C = R U {00}, so
A € R—{0, 1}. As t(L) = 1/A belongs to G, we may assume A € R — (—1, 1]. In case (ii), up to some element of G, we may
assume that 1, A € C and that 0 and oo are permuted by 7. In this case, the only possibility is to have n(z) = 1/z,so0 C is
the unit circle S, and it follows that A € S'. Again, using t(1) = 1/A, we may assume that A € S]r. In case (iii), again, up to
some element of G, we may assume that n(co) = 0 and that (1) = A. As n permutes 0 with oo, it follows that (z) = R/Z,
for some R > 0. Now, as n(1) = A, necessarily R = A. As before, using t(1) = 1/A, we may also assume A > 1. Now, let
us assume 7 to be an imaginary reflection. Up to the action of G, we may assume that n(oco) = 0 and that n(1) = A. In this
case, as 1 permutes 0 with oo, one has that 1(z) = R/z, where R ¢ [0, +-00). The equality n(A) = 1 asserts that R = A
and the equality n(1) = A asserts that R = A, from which we see that A € R. Proceeding as in the previous cases, we may
assume A < —1.

Parts (3) and (4) now follow easily. O

Corollary 8. LetS l; be a generalized Fermat curve of type (k, 3), where k > 3.IfS l; admits an anticonformal automorphism, then
it admits an anticonformal involution. In particular, Aut(S)’{) is completely determined from Corollaries 6 and 7.

Proof. Let S)’{ be a generalized Fermat curve of type (k, 3), where k > 3, admitting some anticonformal automorphism,
say 1. One has that m(s’;) = (Aut(Sf), n). By the uniqueness of the generalized Fermat group H < Aut(S), n induces an
anticonformal automorphism 6 of the orbifold S’A‘/H. There are two possibilities, either 8 has order 2 or 4. In the case that 6
has order 2, using the action of G on the parameter space of A, one obtains that . € (R — (—1, 1)) U (Sl+ — {1}). It follows

from Corollary 7 that Sf admits an anticonformal involution. If & has order 4, then, up to the action of G, we may assume
that

0(oc0) =0, 0(0) =1, 6(1) = A, 0(A) = o0

and it follows that

A _
9(2):?, A+A=|r? AeC—{0,1)

in which case n may be taken as

-y
ﬂ([X11X23X35X4])=[X43)\/

Then, we note that p(z) = (1 — A1)z + A is areflection so that p(oc0) = oo, p(1) = 1and p(0) = A. We now can see that

([ X %31 x4]) = [(1 = D)Y*%7 1 (1) Vo 1 %51 (=1)*%;]

X% (=) VR3]

defines an anticonformal involution on S¥, since each of the coefficients has modulus one. O

3. Orbifolds and Singerman’s conditions

3.1. Orbifolds

An orbifold @ with signatureo = (g, r; ny,...,n;),whereg > 0,r > 0, n; > 2 are integers, is a closed Riemann surface
of genus g together a collection of r conical points of orders ny, ..., n.; these orders are called the periods of the signature.
Its orbifold fundamental group is

g r
7"(0) =<a1,...,ag,b1,...,bg,cl,...,cr : H[aj,bj]nq =1=c"= ...=cff> (7)
j=1 s=1

where [a, b] = aba~'b~'. If S is a closed Riemann surface and H < Aut(S) a finite group, then S/H is an example of an
orbifold. Generalities on orbifolds can be found in [23,27].

Two orbifolds are conformally equivalent if there is a conformal homeomorphism between the respective underlying
Riemann surfaces preserving conical points and conical orders. The set Mg r.p,,....n,) Of conformally equivalent classes of
orbifolds of signature (g, r; nq, ..., n,) is called the moduli space of orbifolds of such signature. Details on Teichmiiller
theory and moduli spaces can be found in [20] and the references therein.

An orbifold with signature (g, r; ny, ..., n;) is called hyperbolic if

2g—2+2(1—%)>0. (8)
]

=1
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If @ is a hyperbolic orbifold with hyperbolic signature (g, r; ny, ..., n;), then there is a Fuchsian group I" acting on the
hyperbolic plane H? with presentation
g r
r :<a1,...,oeg,,31,...,,Bg,(Sl,....,(Sr e g1 Joi=1=06"="- :5fr> (9)
j=1 s=1
such that H? /I is an orbifold conformally equivalent to . We also say that I" as above has signature (g, r; ny, ..., n,). It

is well known [2,19] that each finite order element of a Fuchsian group I", with presentation as in (9), is conjugate in I" to
some power of one of the generators §; (this is part of the Poincaré polygon theorem).
We say that a signature o is of index D in a signature o if there are Fuchsian groups I with signature o, forj = 1, 2, so
that Iy is contained in I, with index D. If moreover, I'; <t I3, then we say that the signature o7 is normal in the signature o5.
By the hyperbolic area of a Fuchsian group (respectively, an orbifold) of signature (g, r; nq, ..., n,) we refer to the
hyperbolic area of any of its fundamental polygon domains. This is given by

r 1
A(g,r;nl,...,nr):Zn(2g—2+2(1—n—j>). (10)

=1
If a signature o is of index D in a signature o, then

A(o1) = DA(02) (11)

3.2. Singerman’s conditions

Let us recall the following result due to D. Singerman [25] which provides necessary and sufficient conditions for possible
inclusions among Fuchsian groups of finite type in terms of their signatures.

Proposition 9 ([25]). Let I" be a Fuchsian group with signature (g, r; ny, ..., n;). Then I" contains a subgroup I'y of index D
with signature

(7/’,01 +p2+”'+/Or;m11$"-'7m]p1a-'-amrla""7ml'pr)
if and only if the following conditions hold

(a) there exists a finite permutation group J transitive on D points, and an epimorphism 6 : I' — ] satisfying that each
permutation 6 (8;) has precisely p; cycles of lengths less than n;, the lengths of these cycles being

nj/mﬂ, ey nj/mjpj;
(b) ATY)/A(I") = D.

Remark 10. (i) In Proposition 9 the subgroup I is (up to conjugation in I") equal to 6 ~!(J;), whereJ; = {h € J : h(1) = 1}.
It follows from the transitivity of | that if, for some x € I'", 8 (x) fixes a point, then there is a conjugate y € I" of x so that 6 (y)
fixes 1, that is, y € J;. This fact will be used frequently in the applications of Singerman'’s result. (ii) In the same proposition
it may occur that some of the values p; = 0.

4. Key propositions

In this section we state the key propositions we will need to prove Theorem 2. The proof of one of them will be postponed
to the last section.

Proposition 11. Let K be a Fuchsian group of signature (0, 3; t, s, r), where 2 < r < s < t, containing as a subgroup of index 2
a Fuchsian group U of signature (0, 4; 2, 2, 2, k), wherek > 3. Thenr = 2,s = 4and t = 2k.

Proof. As U is a normal subgroup of index two, it follows that the orbifold @ = H?/U admits a conformal involution
o : O — O (permuting the conical points and keeping invariant their orders) so that @/(p) = H?/K. Then necessarily
p must fix the conical point of order k and one of the conical points of order 2, permuting the other two conical points. It
follows that ©/{p) must be an orbifold of signature (0, 3; 2k, 4, 2). O

Proposition 12. Let (S, H) be a generalized Fermat pair of type (k, 3), k > 3. Let K be a Fuchsian group acting on the hyperbolic
plane H? so that H? /K = S/Aut(S). If I < K is so that H?/I" = S/H, then I’ < K.

Proof. This is consequence of the fact that H2/I"" = S [10]. O
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at+B+Hy=2m/k

Fig. 1. Fundamental domains for U and I".

Proposition 13. Any Fuchsian group U, of signature (0, 4; 2, 2, 2, k), where k > 3, contains a unique normal subgroup I" of
index 4 and signature (0, 4; k, k, k, k). Moreover, U/I" = Z% and, if

U= (wq, wa, w3, Wy : w% = w% = w% = wﬁ = waw3zwyw; = 1),
then

I' = (X1, X3, X3 :x'{ = x’é = x’§ = (x3x2x1)'< =1)
where

X1 = W3wWaWh,
Xy = Whwiws, (12)
X3 = Wiw3wj.

Proof. Let us consider a presentation of U as follows

U= (wq, wa, w3, Wy : wf = w% = w% = wil = waw3zwrwy = 1).

It is clear that the group I" as defined in the proposition is a normal subgroup so that U/I" = Zﬁ and of signature
(0, 4; k, k, k, k) (see Fig. 1). We claim that I" is unique with such a property. In fact, if I"* is a normal subgroup of U of index
4, then there is a homomorphism 5 : U — &4 so that n(U) is a transitive subgroup and I'* = ker(n). As the signature
of I'* is required to be (0, 4; k, k, k, k), according to Proposition 9, we must have that n(w4) = (1)(2)(3)(4) and, for each
j =1, 2, 3, that n(wj) consists of two 2-cycles. Up to an automorphism of &4, we may assume that n(w¢) = (12)(34) and
n(wy) = (13)(24). As n(wiwows) = N(wiwwswy) = 1, then n(ws3) = (14)(23). As for each automorphism t of G4 one
has that ker(zn) = ker(n), then we obtain that I'* =I". O

Proposition 14. Let K be a Fuchsian group with signature (0, 3; t, s, r), where 2 < r < s < t, containing with finite index D a
Fuchsian group U < K of signature (0, 4; 2, 2, 2, k) for some k > 3. Let I" be the unique Fuchsian normal subgroup of U of index
4 and of signature (0, 4; k, k, k, k). If U is a normal subgroup of K, then I"' is also a normal subgroup of K.

Proof. Let us assume U is a normal subgroup of K. As I is the unique normal subgroup of U of index 4 and signature
(0, 4; k, k, k, k), it follows that I" is also a normal subgroup of K. As I’ is a characteristic subgroup of I, it also follows that
I'" is a normal subgroup of K. O

The following will be proved in Section 7.

Proposition 15. Let K be a Fuchsian group with signature (0, 3; t, s, r), where2 <r <s < .

(1) The group K does not contain a Fuchsian group of index D and signature (0, 4; 2, 2, 2, k) in the following cases.

[rls[c[k][D]
2[3[12]6]4
2[4[38 (83
2[5(5 [5]3
33443




1798 Y. Fuertes et al. / Journal of Pure and Applied Algebra 217 (2013) 1791-1806

(2) Assume K contains a Fuchsian group U < K of signature (0, 4; 2, 2, 2, k), for some k > 3, as a finite index D subgroup. Let
I” be the unique Fuchsian normal subgroup of U of index 4 and of signature (0, 4; k, k, k, k). Then, I'’ is not normal in K in
the following cases. In particular, U cannot be normal either.

[rls[c[k]D]
2[3]7 [3[7
2(3(7 715
2[3[8 3[4
2[3[8 [ 4]6
2[3[8 809
2[3[10[10] 6
2[4[5[5][6
24545
2[4[6 43
24664

5. Auty (S) for a generalized Fermat pair (S, H) of type (k, 3)

As already noted in the Introduction, a generalized Fermat curve of type (k, 3), where k > 3, can be described as an
algebraic curve of the form [10]

k k k
k_ ) xi+x+x=0 3
%= {Ax’{+x’2<+x§ —of T (13)

where A € C — {0, 1} and the generators of the generalized Fermat group Zz =H={(a,a,a) < Aut(Sf), as

Ay ([X1 @ X2 1 X3 1 X4]) = [X1 @ wiXa @ X3 @ X4] (14)

{a1([x1 DX 1 X3 1 Xg]) = [wiXy X2 1 X3 0 Xyg]
(13([X1 C X2 X3 :X4]) = [X] X D WiX3 IX4].

The orbifold Sf/H is precisely ;, the Riemann sphere with conical points 0o, 0, 1 and A, the four of them of order k. The
corresponding degree k> holomorphic branched covering map with H as covering group is

. . X k
S, —> CiX:x X3 1 X4] > — x_ ,
1
whose branch values are the points
7 (Fix(ay)) = oo, m (Fix(az)) = 0, w (Fix(as)) = 1, w (Fix(aq)) = A, (15)

where a4 = ajayas. It is not difficult to see that if b € H — {I} has fixed points, then b € (qg;), for some j = 1,2, 3, 4.
We say that aq, a;, as and a4 are the standard generators of H. This permits us to speak of the 4 standard generators of any
generalized Fermat group of type (k, 3) [10].

5.1. Generic automorphisms

We observe in passing the fact that any Riemann surface S/’\‘ possesses a larger group of automorphismes, say G, so that
H<G G/H= Zﬁ and S’;/G is of signature (0, 4; 2, 2, 2, k). In fact, the orbifold S’,{/H always admits Zﬁ as group of orbifold
automorphisms, generated by the transformations

a(z)=XA/z and B@EZ)=(@Z—-1)/(z—1). (16)
If we choose values for Ak, (—=1)"/¥, (., — 1)/, then the transformations

{&([X] :XZ :X3 . X4]) = [XZ : )\'l/kX] : X4 . A.l/kX3]

k
Bllxi % x5 xa]) = [(—=1)Voxs g+ (A — D)Wy 1 (~D)VeG — 1)1/kxz]} € AL, (7)

satisfy the properties that ar = 7@ and B = 7 B, therefore G = (H, @, B) < Auty (5. Note thata? = B? = 1,butap
has order 2 only if k is odd and (—1)"/k = —1, in which case, Z2 = (@, B) < Auty (S¥).

The above only reflects the fact that the pair of signatures (0, 4; k, k, k, k) and (0, 4; 2, 2, 2, k) is one of the few that
occur in Singerman’s list of pairs of signatures representing strict inclusions between Fuchsian groups having the same
Teichmiiller space [26].
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5.2. Extra automorphisms

For generic values of A, there are no more orbifold automorphisms of @, = S’A< /H, that is, generically, Auty (Si‘) =G=
(H,a, E) (EHx Z%, for k odd). For some particular values of A € C — {0, 1} it happens that G # Auty (S’;). These cases
occur when the orbifold ¢, admits extra automorphisms.

Note that the set of orbifolds © of genus zero with exactly four conical points (all of them of a same order k) can be
identified to the space C4 of unordered quadruples of distinct points of (C which itself can be viewed as the quotient space
@4 /&4, where 04 is the space of ordered quadruples of distinct points of Cand B4 is the symmetric group in four letters. The
group PGL(2, C) acts by Mobius transformations on both (3’4 and C4. The quotient C4/PGL(2, C) is the moduli space of such
orbifolds and the stabilizer of a given orbifold ¢ is isomorphic to its automorphism group Aut(@). For any such a orbifold
0, the group Aut(0) is usually identified to a subgroup of &, via its action on its conical points z1, z, z3, z4. This subgroup
contains always Klein's four group V = ((1, 2)(3, 4), (1, 3)(2,4)) < &4, which corresponds to the group Zg generated
by the transformations « and § introduced above. Therefore, there is a natural action of 53 = &,4/V on the intermediate
covering C) := C4/V such that the orbifolds with extra automorphisms, that is, the orbifolds @ such that Aut(©)/V is not
trivial, correspond to the points fixed by this action.

On the other hand, there is a classical function on C4), called the cross ratio, defined by the formula

(24 — 22) (23 — 21)

(z4 — 21)(z3 — 22))
that is invariant under the action of PGL(2, C) and that in fact produces an isomorphism between the Galois covers
Cw4)/PGL(2, C) — C4/PGL(2, C) with deck group &3 and j : C{0, 1} — C with deck group G = &3 (see 2.2) defined
by associating to the orbifold with conical points z;, z5, z3 and z,4 the orbifold ©; with conical points 0, 1, o0 and A =
[z1, 22, z3, z4]. It follows that the orbifolds @, with extra automorphisms correspond to the values of A which are ramification

points of the modular function j. These values are {1 + V3 /2} which constitute the G-orbit that maps over 0 together with
{—1, 1/2, 2} which constitute the G-orbit that maps over 1 (see Remark 4.61 of [9]). Thus, up to the action of the group G,

we may assume these valuestobe A € {2, (1+iv/3) /2}. For instance, for A = 2 we have the extra Mobius transformation of
order 4 given by T(z) = 2/(2 — z) that permutes the set of points {co, 0, 1, 2}. Similarly, for A = (1+ iﬁ)/z we have that
the extra Mébius transformation of order 3 given by S(z) = 1/(1—z) (for details, see Chapter Il of Part I in Klein’s book [ 14]).

If A1 = 2 (and for values of A in its orbit under the action of G), then S)’\‘] /H admits an extra automorphism of order
4 given by y(z) = 2/(2 — z). In this case S’;] /H has a dihedral group D4 as group of automorphisms and (S’;l /H) /D4 has
signature (0, 3; 2, 4, 2k). As such a signature is a maximal one [26], then S} /Aut(S} ) = (S}, /H)/D4 and Aut(Sy ) /H = D
Since

(21,22, 23, 4] =

P(x1:x x5 xa]) = [xa: 2% 1 %00 (=2)*%3] @ =1)
is a lifting of y to S} , then Aut(S ) = (G, 7).

Similarly, if A, = (1 + 1\/§)/2 (and for values of A in its orbit under the action of G), then Slfz/H admits an extra
automorphism of order 3 given by §(z) = (1 + iv/3 — 2z)/(1 + iv/3). In this case S’;z /H has the alternating group 4 as
group of automorphisms, (S’;2 /H) /44 has signature (0, 3; 2, 3, 3k) and Aut(S’{z)/H = 4. As such a signature is a maximal
one [26], then S} /Aut(Sy,) = (S§,/H)/A4 and Aut(Sy,)/H = A,. Since

S([x1 X 1 x3 1 xa]) = [((A+1v3)/2) %% (=)o i % i x5] (82 =1)
is a lifting of & to S¥ , then Aut(S} ) = (G,3).

All the above determines Auty (Si‘), for generic A, and Aut(S’;), fora e {—1,1/2,2,(1+£ iﬁ)/Z}.
The above, together with Theorem 2, provides a proof of Corollary 6.

6. Proof of Theorem 2

6.1. Normality property

In this section, we prove that, if (S, H) is a generalized Fermat pair of type (k, 3), with k > 3, then H is a normal subgroup
of Aut(S), thatis, Aut(S) = Auty(S). In the previous section we have already obtained this for A € {—1, 1/2, 2, (1 ii«/§)/2}.

Let (S, H) be a generalized Fermat pair of type (k, 3), where k > 3 and choose > € C — {0, 1} so that S = 5’,{, and, as in
the previous section, let G = (H, @, E) < Aut(S). We denote by D the index of G in Aut(S).

As S/H has signature (0, 4; k, k, k, k), it follows from Hurwitz’s formula [8] that the genus of Sisg = 1 —2k? + k3 > 10
(as k > 3). Since the orbifold S/G has signature (0, 4; 2, 2, 2, k), it follows that the signature of the orbifold S/Aut(S) is
either of the form (i) (0, 4; r,s, t,u) (2 <r,s, t,u)or(ii) (0, 3;r,s,t) (2 < 1,5, t).
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Case (i)

If S/Aut(S) has signature (0, 4; r, s, t, u), then it follows from [26] that the only possibility is to haver =s =t = 2 and
u = k, that is, G = Auty(S) = Aut(S).

Case (ii)

Let S/Aut(S) be of signature (0, 3;r,s, t), where r=! +s7! + t7! < 1. As G # Aut(S), there is a natural branched
covering of degree D > 2,say P : S/G — S/Aut(S), induced by the inclusion G < Aut(S). Proposition 11, together with the
computations done in Section 5, asserts that the index D = 2 corresponds to the value A = 2 (up to the action of G) and the
explicit determination of Aut(SQ‘) shows that Aut(S) = Auty(S) as required.

So, from now on we assume D > 3.

We consider co-compact Fuchsian groups U and K so that S/G = H?/U and S/Aut(S) = H?/K. Moreover, these groups
have presentations as follows:

v a2 2 2 k
U= (wi, wy, w3, Wq : W] = W) = W5 = W, = WiWwW3W4 = 1)

K=xyz: X =y =2"=xyz=1)

By Proposition 9, there is a homomorphism 6 : K — &p, so that 6(K) is transitive and 6 ~'(J;) = U, where J; is the
stabilizer of 1in 6 (U).

Lemma 16. I[fD = 3 and {r, s, t} # {2, 4, 6}, then U is a normal subgroup of K, that is, G is normal in Aut(S).

Proof. In this case, there is a homomorphism 6 : K — &3 as in Proposition 9 withx = §;,y = 6, andz = §3.] = 8(K) isa
transitive subgroup of &3 and the only transitive subgroups of &3 are ((1, 2, 3)) and &s.

If] = ((1, 2, 3)), thenJ; = {(1)(2)(3)}, and U is a normal subgroup of K.

If] = &3,as 618263 = 1, then at least two of the permutations 6(§1), 0 (5,) and 6 (83) must be permutations of order two
and different from each other. We may assume, without loss of generality, that 6(5;) = (1)(2, 3) and 9(6,) = (2)(1, 3).
So, in this case 8(§3) = (1, 3, 2). As the signature of K is hyperbolic, at least two of the values r, s and t must be at least 3.
Without loss of generality, we may assume r > 3. In this way, p; = 2 and we must have that

1=—, 2=—.
my myp
It follows that my; = r, my; = r/2 € {2, k}. The only possibility is to have k = r = 4. Now, p; € {1, 2}. But p, = 2 will
assert that myy = s, my; = s/2 € {2}, a contradiction. It follows that p, = 1, from which we must have thats = 2, my; = 2
and p3 = 1(as p1 + p2 + p3 = 4). As we must have that {mq1, my, my, ms1} = {2, 2, 2, 4}, one has that m3; = 2 and, in
particular, that
t t
3 = —_— = -
msq 2
thatist =6. O
Lemma 17. At least of one the integers r, s, t, must be divisible by k.

Proof. This is consequence of the facts: (i) each finite order element of a Fuchsian group I, with presentation as in (9), is
conjugate in I" to some power of one of the generators d;, and (ii) G < Aut(S). O

As a consequence of the previous lemma, from now on in this section can assume t = Tk. We also assume that2 <r <
(ifr = 2, thens > 3). By comparison of hyperbolic area, one has

1 1 1 1 1 1 1 1
———=D(1--—=-—-- =D|{1— - — — — J— (18)
2 k r S t r s Tk

In particular,
1+1+1>3+1 o)
r s t — 4 2k

Proposition 18. IfD > 3,then T € {1, 2, 3}. Furthermore the value T = 3 corresponds to D = 3, signature (0, 3; 2, 3, 3k) and
— 1+iV3 ;

A = 5= (up to the action of G).

Proof. As D > 3, it follows from (18) that 1/r + 1/s + 1/t > 5/6 + 1/(3k). Ast > 2 and s > 3, we obtain that

5/6 + 1/t > 5/6 4+ 1/(3k), from which t < 3k, thatis T € {1, 2, 3}. Equality t = 3k (thatis, T = 3) asserts equality
in the above, sor = 2 and s = 3 and, by (18), that D = 3. Therefore, in this case, the signature of our triangular group is

(0, 3; 2, 3, 3k) which, by Lemma 16, corresponds (see Section 5) to the case A = # O

By Proposition 18 the only cases we need to consider are T € {1, 2} which we proceed to analyze below.
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6.1.1. CaseT =1
In this case, t = k and, since we are assuming that D > 3, relation (18) yields

1 1>31 1 1 1 N 1+1 >5 2>11 20)
- s r s) 6 3k 18

The above inequality, together with the fact that 1 > r=! 4+ s~ 4 k=, asserts that

2,3,k), k>7

2,4,k), k=5,6,7,8

2,5,k), k=3,4,5

2,6,4), (2,7,3),(2,8,3),(2,9,3), (3,3, 4).

(r,s, k) =

The case (2, 9, 3) produces D = 3 and, by Lemma 16 and Section 5, it corresponds to A = (1 + iﬁ)/Z. in which case,
the explicit determination of the automorphism group shows that Auty (S) = Aut(S).

We claim that the rest of the cases do not occur.

(i) The cases (r, s, k) = (2,6,4) (D =3),(r,s, k) = (2,7,3)(D=7),(r,s, k) = (2,8,3)(D=4)and (r, s, t) = (3, 3,4)
(D = 3) are not possible by Proposition 15.

(ii) In the case (r, s, k) = (2, 3, k), with k > 7, we have D = 3(,<k:62). We now claim that D is divisible by 3. Clearly any
pre-image in S of the conical point ¢ € S/Aut(S) of order 3 is a point with ramification order 3, and, since no cone point
of S/G has this order, it follows that the fibre of g in the intermediate orbifold S/G must also consist of, say, d points, all of
them with ramification order 3 and each of them different from the fourth conical point of S/G. Therefore, D = 3d where

d= ;:%é. It follows that k € {7, 8, 10}. Thus we are left with the following three cases

(r,s,k;D) € {(2,3,7;15),(2,3,8;9), (2, 3, 10; 6)}

which are not possible by Proposition 15.

(iii) Let us consider the case (r, s, k) = (2, 4, k), where k € {5, 6, 7, 8}, in which case D = z(l:‘:f). As D is an integer, it
follows that k € {5, 6, 8}. Thus we are left with the cases
(r,s,k;D) = {(2,4,5;6),(2,4,6;4), (2,4, 8; 3)}
which are again not possible by Proposition 15.
5(k—=2)

(iv) Let us consider the case (r, s, k) = (2, 5, k), where k € {3, 4, 5}.In this case D =
follows that k € {4, 5}. Thus we are left with the cases

(r,s, k; D) =1{2,5,4;5), (2,5,5; 3)}

30 - Again, as D is an integer, it

which are again not possible by Proposition 15.

6.1.2. CaseT =2
In this case, t = 2k and relation (19) now yields

1+1+1>3+1:>1+1>3 21
r s 2k 4 2k r s 4

It follows that (r, s) € {(2, 3), (2, 4)}. So we are left with only the following possible signatures:

(1) (0, 3; 2, 4, 2k). In this case D = 2 and this signature occurs for A = 2 (see Section 5). Then we know that Aut(S) =
Auty (S) as required.

(2) (0, 3; 2, 3, 2k). In this case D = 3 + 3/(k — 3) and, in particular, k € {4, 6}. For k = 4 we obtain signature (0, 3; 2, 3, 8)
and degree D = 6, which is not possible by Proposition 15. The value k = 6 gives signature is (0, 3; 2, 3, 12) and degree
D = 4. This case is again impossible by Proposition 15.

6.2. Uniqueness property

In the previous section we have proved that every generalized Fermat group of type (k, 3), with k > 3, is a normal
subgroup of the full group of conformal automorphisms. We use this property to show that the generalized Fermat group is
unique; which is the content of Theorem 2.

Lemma 19. Let S be a generalized Fermat curve of type (k, 3), k > 3, and let H; and H, be generalized Fermat groups for S, both
of type (k, 3). If both of them have in common an element b £ I acting with fixed points, then H; = H,.



1802 Y. Fuertes et al. / Journal of Pure and Applied Algebra 217 (2013) 1791-1806

Proof. Let b € Hy N H, — {I} be a common element acting with fixed points. Let p € S be a fixed point of b. We know that
there is a standard generator b; € H;,forj = 1, 2,so thatb € (b;) = Z. Moreover, the point p must be also a fixed point of b;
[10]. As the stabilizer in Aut(S) of p is a cyclic group, it must follow that (b;) = (b,), in particular, H,; and H, have a common
standard generator. Let a € H; NH, be a common standard generator. Let R be the underlying Riemann surface associated to
the orbifold S/(a). Then R is a classical Fermat curve of degree k with Fermat group K; = H;/(a) = Zﬁ < Aut(R),forj =1, 2.
Therefore K; = K; [24,29] so in particular, H; = H,. O

Let (S, H) be a generalized Fermat pair of type (k, 3). Assume there is another different generalized Fermat group H <
Aut(S) of type (k, 3). Let@ € H be a standard generator of H. It follows from Lemma 19 thata™ ¢ H form = {1,..., k— 1}.
It follows, from the normality of H in Aut(S) (proved previously), that @ induces a conformal automorphism a of order k of
the orbifold S/H. As the signature of S/H is (0, 4; k, k, k, k) and k > 3, it follows from Section 5.2 that k € {3, 4}; so up to
G-equivalence

3 _
s S(1+iﬁ)/2 fork =3
Sy fork = 4.

We already know the full group of conformal automorphisms of S in those cases and the uniqueness of H can be
checked directly. We may assume (because k > 3 and the non-trivial elements of L = (&, 8) (Section 5.1) induce order
2 automorphisms on S/H) that

~_ [5 ifk=3(of order3)
“ |y ifk=4(of order4)

Casek = 4

In this case the conformal automorphism (of order 4)
V(X1 % 1 X3 xa]) = [xa 1 2% 1 %5 1 (=2)"*x3] (22)

(where we have fixed choices for 2/4 and (—2)'/4) has exactly 8 fixed points on S. In fact, the fixed points of 7 in P? are the
points of the form

Fix(P) = {[1:2"4/p : 2" /p? : p] : p* = V2(=1)*} C P, (23)

1/4

and Fix(¥) N S corresponds to the case (—1)/* = (=1 £ 1)/ /2. As the number of fixed points of a standard generator in

this case is 42 = 16, this case is not possible.
Casek =3

In this case the conformal automorphism (of order 3)
S(lxa % xs xal) = (1 +v/3)/2)Px1 : (=1)Pxa 1 30 2 3] (24)

(where we have fixed choices for ((1 + i+/3)/2)!/3 and (—1)!/3) has no fixed points on S. In fact, the fixed points of 3 in P3
are the points of the form

Fix(§) = {[0: 1:1/p: 1/p2], [1: %2 : x2/p : X2/p%] : p° = (=1)*} C P?, (25)

and so Fix(/B\) NS = (. As a standard generator must have fixed points, this case is not possible.

7. Proof of Proposition 15

Let K be a Fuchsian group of signature (0, 3; t, s, r), where2 <r <s < t, say
K= (x1,% :X; =%, = (x2x1)° = 1).

In this section, if A < K, then we will use the notation ((A)) to denote the smallest normal subgroup of K containing A. If
A < C < K, then we use the notation ((A)) to denote the smallest normal subgroup of C containing A.
Assume that K contains a Fuchsian subgroup U of signature (0, 4; 2, 2, 2, k), k > 3, of index D. By Proposition 13, U
contains a unique index 4 normal subgroup I" of signature (0, 4; k, k, k, k). Moreover, if we write
U= (wq, wo, w3, wy : wf = w% = w% = w'j = wawswyw; = 1),
then

F'=y1y2y3: 08 =Y =95 = Gayay)k = 1),
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where

Y1 = w3wws,
Y2 = wawqws, (26)
Y3 = wjwswy.

A set of generators of U as above will be called a nice set of generators of U. Note that

F/ = (([yhy]]a l?.] € {1’23 3}>>F

and
(" = syl i.j € {1,2,3).
As U < K is of index D and signature (0, 4; 2, 2, 2, k), it follows from Proposition 9 the existence of an epimorphism
0:K—] < &p,

with J acting transitively, U = 6~1(J;), where J; = {h € ] : h(1) = 1}, and non-negative integer values p;, p; and p;
satisfying o1 + o2 + p3 = 4, such that

(1) 6(x71) has precisely p; cycles of lengths less that t; these lengths being divisors of t and each of the short cycles, say of
length «, produces a conical point of H? /U of order t /a € {2, k};

(2) B(xy) has precisely p, cycles of lengths less that r; these lengths being divisors of r and each of the short cycles, say of
length B, produces a conical point of H? /U of order r/8 € {2, k};

(3) O(x2x1) has precisely p3 cycles of lengths less that s; these lengths being divisors of s and each of the short cycles, say of
length y, produces a conical point of H? /U of order s/y € {2, k}.

Now, if T € Aut(&p), then we may also consider the homomorphism
Yw=Tob:K—>T() < &p.

The subgroup U :Aw‘l(jl) is conjugate to U in K. Moreover, if T is the unique normal subgroup of index 4 of signature
(0, 4; k, k, k, k) of U, then I’ is a normal subgroup of K if and only if I"" is a normal subgroup of K (since U and U are
conjugate in K). This observation permits us to search for all the possibilities for 6(x;) and 6 (x,) satisfying conditions (1),
(2) and (3) up to conjugation in &p and to assume that #~'(J;) equals U (otherwise, we will be working with a conjugate
copy of U in K). In this way, in order to prove Proposition 15, we only need to prove that I"’ cannot be a normal subgroup
of K.

If our choices for 6(x;) and 6 (x,) happen to be inconsistent with the identity 8 (x,x;) = 6(x2)6(x;1), that would mean
that K cannot contain such a subgroup U and we are done in that case.

If on the contrary these choices are consistent, then the group J; can be easily described. This being done we will
determine a nice set of generators of U by making a choice of elements of U satisfying the desired relations, and then using
GAP [31] to check that the index of the subgroup U; of U generated by them is equal to 1. Next we write generators y1, ¥
and y3 for I" as above. Clearly, I"’ is normal subgroup of K if and only if I’ = ((I'")).As[K : "] = [K : UJ[U : I'][T" :
I''] = 4Dk3, in order to get a contradiction we only need to see that [K : ((I"’))] # 4Dk>. The computation of the index
[K : ((I"’))] is done with the help of GAP.

Remark 20. In using GAP, we should be aware of the following fact. We multiply cycles from right to left whereas GAP does
it from left to right. In order to get the same results, we need to make the computations in GAP reversing the order of the
cycles in each permutation.

Proof of part (1)

Casek =6,D =4, (r,s,t) = (2,3,12)

As x,x1 has order 3, it follows that 6 (x,x;) must fix some point. We may assume 0 (x,x1) fixes 1. It follows then that
Xox; € U, which implies that H? /U should have a conical point of order 3, a contradiction.

Casek =8,D =3, (r,s,t) = (2,4,8)

As in the signature of U there is not a period 4, it follows that no conjugate of x,x; can belong to U, that is, 6 (x,x;) should
not fix a point. But, as x,x; has order 4 and D = 3, it follows that this must be the case, a contradiction.

Casek =5,D =3, (r,s,t) =(2,5,5)

As in the signature of U there is a period 5, we may assume x; € U. As 8(x1)> = 1, it follows that 8(x;) = (1)(2)(3). It
follows we must have at least three periods of order 5 in the signature of U, a contradiction.
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Casek =4,D =3, (r,s,t) = (3, 3,4)

As in the signature of U there is a period 4, we may assume x; € U. As 6(x;)* = 1, it follows that p; € {2,3}.AsD = 3,
itis clear that p,, p3 € {0, 3}. With such a possibilities p; 4+ p; + p3 # 4, a contradiction.

Proof of part (2)

We have to analyze the ten cases listed in the first table of Proposition 15. Since the method is similar in most of them,
we only describe it in three representative cases.

Casek =5,D=6,(r,s, t) = (2,4,5)

In this case, since U has a period of order 5 in its signature, we may assume, up to conjugation in K, that 6(x;) € J;.
Next, up to permutation of the indices 2, ...,6, we may assume (as U has only one period of order 5 in its signature) that
0(x1) = (1)(23 45 6).As p; = 1, we have that p; + p3 = 3.1f p, € {1, 3}, then 6(x;) should contain exactly p, cycles of
length 1 and all the others of length 2. But this is impossible for D = 6; it follows that p, € {0, 2}.

Subcase 1
If o = 0, then p3 = 3 and we must have

0(x2) = (a1 a2)(as as)(as ag), O(x2x1) = (b1 b2) (b3 bs)(bs be).
We may assume a; = 1 and, up to conjugation by a power of 8 (x;), that a, = 2. In this way, the possibilities are
0(x2) € {(12)(34)(56), (12)(35)(46), (12)(36)(45)}
In the case 8(x,) = (1 2)(3 4)(5 6) we have that O(x;x1) = 0(x)0(x1) = (1 2 4 6)(3)(5); in the case
O(x2) = (1 2)(3 5)(5 6) we have that 6 (x;x1) = 6(x2)0(x1) = (1 2 5 4 3 6); and in the case 9(x;) = (1 2)(3 6)(4 5)

we have that 0 (x,x1) = 6(x2)0(x1) = (1 2 6)(3 5)(4). Each of these cases produces a contradiction with the desired cycle
decomposition of 6 (x,x1).

Subcase 2
If o, = 2, then p3 = 1 and we must have

0(x2) = (a1 az)(as as), 0(x2x1) = (b1 by)(bs bs bs bg).

If 6(x,)(1) = 1, then 6(x,x1)(1) = 1, a contradiction to our assumption. So, we may assume a; = 1. Also, up to
conjugation by a power of 8 (x;), we may also assume that a, = 2. The possibilities are

0(x2) € {(12)(34), (12)(35), (12)(36), (12)(45), (12)(46), (12)(56)}
Therefore, the only chances to have a cycle decomposition of 0 (x,x1) as desired are given by

0(x2) = (12)(35) = O(xx1) = (1256)(3 4)
0(x2) = (12)(46) = O(xx1) = (1236)(45).

Both cases are the same up to the (geometric) automorphism of K defined by ¢(x;) = xl_l, ¢(x2) = x,. So we only
need to consider one of them, say 6(x;) = (1 2)(3 5).Inthiscase,] = 0(K) = ((2 3 4 5 6),(1 2)(3 5)) and
J1i=(23456),(345)).

Let us consider the subgroup U; generated by the elements z; = x;,2z, = x2x1_1x2x1_2x2, Z3 = xzx?xzxfxz and
z4 = x2x1x2x;1x2 (see Fig. 1 for a fundamental polygon for U; and the side pairings). We have that U; < U and that
[K:Uj]=6=[K:U];soU; =U.

Notice that wy = xpX1XX; "X, Wy = XpX3XaX; "X, W3 = X%3 (X1%2)X] X, and wy = x] ' are nice generators of U. So,
generators of I" are given by y; = xq,y, = xle_zxzx]_zxzx%xzx;1x2x1x2 and y3 = x2x1x2x1_2x2x1_2x2. We obtain, by using
GAP, that [K : ((I'"})] = 10 # 4Dk, in particular, I’ cannot be normal subgroup of K.

Casek =8,D=09, (r,s,t) = (2,3,8)

As U has an element of order 8, then we may assume 6 (x;) € J;, thatis, p; > 1.Let us recall that p; denotes the number of
cycles of 6 (x1) whose lengths are divisors of 8 and different from 8; therefore p; # 2.Let us now note that p, > 1; otherwise
every cycle of 8 (x,) must have length 2, not possible using D = 9 letters. As o1+ 0, < 4, it follows that p; € {1, 3}. Similarly,
p3 # 1; otherwise 6 (x,x1) has exactly one cycle of length less than 3 and, as such a length is a divisor of 3, it has length 1.
This clearly is again impossible to achieve with D = 9 letters.
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Up to permutation of the indices 2, 3, 4, 5, 6, 7, 8, 9, we may assume that (x;) is one of the following ones:

(23456789), p1=1
0(x) = {(2345)(6789), 01 =3 (27)
Subcase 1
Let us assume 6(x;) = (2 3 45 6 7 8 9). Asin this case, p, + p3 = 3, p > 1and p3 # 1, we have the
following possibilities: (o, p3) € {(1,2), (3, 0)}. The case p3 = 2 ensures that 6(x,x;) has exactly two cycles of length
1 and all the others of length 3; this is not possible with D = 9 letters. So, we have that p, = 3 and p; = 0; that is
0(x;) = (a; ay)(as as)(as ag) and 6(x,x1) = (b1 by b3)(bs bs bg)(b; bg bg). The only possibilities for 6(x,), up to
conjugation by powers of 6 (x;), are

0(x2) € {(13)(24)(69), (13)(24(G 8)}.
If we consider the groups (both of order 432)
L1=(23456789),(13)24(538))
and
L, =(23456789),(13)(24)(69))=(29876543),(14)(27)(35)),
then there is an isomorphism ¢ : Ly — L, defined by

$((23456789))=(29876543)
P((13)(24)(58) = (14273 5).

As a consequence, we only need to consider one of the two possibilities for 6 (x;), say 6(x;) = (1 3)(2 4)(6 9). In this
case,

J=(23456789), (13)24)(58))
J1=1((35)(48)(79), (2, 6)(3, 8)(4,;7), (2, 7)(3, 6)(5, 9), (2569)(3874)).

The group U is generated by the elements w; = xle_zxzx%xzx?xz, wy = x2x1_3x2x?x2, w3 = xzx%xle_zxz and wy = x;.In
this case, I' is generated by y; = x;', y2 = x23%x] *%,x7 2%, and y3 = x2X] *x2X3 %X, >%,X3%,%3%,. Now it can be seen that
[K : ((I'"))] = 2 # 4Dk3, from which we infer that I’ cannot be normal in K.

Subcase 2

Let us first assume 6(x1) = (2 3 4 5)(6 7 8 9). In this case p; + p3 = 1and p, > 1.1t follows that p3 = 0 and p, = 1.
This now ensures that 6 (x,x;) is product of exactly three disjoint 3-cycles and that 6(x;) has exactly one cycle of length 1
and all the others of length 2. Clearly, 6 (x,) cannot fix 1, for otherwise, 6 (x,x;) will have a 1-cycle, a contradiction. Up to
conjugation by 6 (x;), we may assume that

0(x2) = (2)(1 az)(az a4)(as ag)(a; as)
and
0 (x2x1) = (b1 by b3)(bs bs bg)(by bg by).

Using GAP, one can check that the above cannot happen.
Casek =7,D =15, (r,s,t) = (2,3,7)

In this case (and only in this case) we use a different kind of argument (one may also proceed similarly as in the other
cases, but the computations are lengthy in the symmetric group in 15 letters). Let S = H?/I"’,let H = I'/T"’" < Aut(S)
and let us assume that I’ is a normal subgroup of K. By means of GAP we see that in this situation F = K/I'" < Aut(S)
isoforder | F |= [K : T'][I" : I''] = 60 % 7> = 20580. Note that the number of 7-Sylow subgroups is greater than 1,
for otherwise, H <t F and F/H will be a group of (orbifold) automorphisms of the orbifold H?/I" of order 60, which is not
possible by the computations in Section 5: the only possible orbifold automorphism groups are Z2, D4 and +.4. On the other
hand, it is known that there is no simple group of order 20 580, therefore we may construct a non-trivial chain

Fi<F,<---F aF4 =F, (28)

with Fj;1/F; a simple group and F/F; non-trivial. As the only order of a non-cyclic simple group that divides 20 580 is 60,
the group F /F; is either cyclic or 4s. This quotient cannot be +4s as in that case F, would be a normal 7-Sylow subgroup,
a contradiction. It follows that F/F, is a non-trivial abelian group. But, F = K/I'" and F, = K,/I"’, for some K, < K, and
K/K, = F/F,. It follows that K’ < K,. Now, as K/K' = (a,b : a’ = b*> = (ba)®> = 1,ab = ba) = (a,b : a' = b' = 1), it
follows that [K : K'] = 1. We get that K, = K, so F, = F, a contradiction.
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