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1. Introduction. If X is a Klein surface (KS) with boundary, of algebraic genus p,
and ® is an automorphism of order N, May [8] proved that N=2p +2 when X is
orientable and p is even, and N < 2p otherwise.

He proved also that the unique topological type of an orientable KS having an
orientation-preserving automorphism of maximum order is a surface with one boundary
component when p is even, with two boundary components when p is odd.

In [8] May asks for the topological types of an orientable KS with boundary having
an orientation-reversing automorphism of maximum order, and also for the topological
types of non-orientable KS with boundary having an automorphism of maximum order.

In this work we solve this problem. We obtain besides, in all cases, the types of NEC
groups providing the automorphism of maximum order. This result is also obtained for
the case that May solved in [8].

We prove also that the maximum order of an orientation-reversing automorphism of
an orientable KS with boundary, of genus p odd, is 2p — 2. This bound completes the list
given by May [8] of the maximum order of automorphisms. The technique we use is the
theory of NEC groups.

2. NEC groups and Klein surfaces. The first modern study of KS is due to Alling
and Greenleaf [1]. They are surfaces with or without boundary endowed with a dianalytic
structure; the automorphisms of these surfaces are dianalytic homeomorphisms.

In this work we study Klein surfaces using non-euclidean crystallographic groups
(NEC groups) [6].

An NEC group is a discrete subgroup I' of the group of isometries of the
non-euclidean plane U (U = {z € C/Im z >0}) with compact quotient space, including
orientation-reversing elements, reflections and glide-reflections.

NEC groups are classified according to their signatures [6], which are symbols of the
form

(g x5 [my, ..o m) {(nu, .o nyg) o (e, - oo, Ak},

where g is the genus of the surface U/T, the sign + indicates whether the surface is
orientable or not, the m; =2 (proper periods) represent the branching order of interior
points of the surface by the canonical projection p:U— U/T, the n;=2 (periods of
period-cycles) represent the branching order of boundary points of the surface by the
above mapping, and k is the number of holes of the surface.
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The signature of an NEC group determines a presentation of it given by generators

() x4, ..., %,
(ii) ey, ..., e,
(ii1) €105+« s Clsyp -+ » Ckos + + - » Chsys
(iv) (if the signis +) a;, by, ..., a,, d;
(if the signis —) d,, ..., d,
and the relations
() xm=1,i=1,...,1,
(i) cioy=ci=(cjocy)"=1(=1,...,k;j=1,...,s),
(iii) e 'cioeics, =1,i=1,...,k,
(iv) (if the sign is +)
Xi...xe ... eabav'bil . aba'b;' =1,

(if the signis =) x, ... xe, ... edi. . .di=1.

From now on the letters x, a, b, c, d, e, will be used for these canonical generators of the
group.
The relation between NEC groups and KS is a consequence of the following results
of Preston [9], Alling—Greenleaf [1] and May [7].
If X is a KS of algebraic genus p =2, then X may be represented by U/T’, where T is
an NEC group with signature

& £ [ ().
k

If I is an NEC group then the quotient space U/T" may be endowed with a structure
of KS.
A group H is an automorphism group of the KS U/T if and only if H =TI"/T where I’
is an NEC group such that I' II"" (T" a bordered surface group).
An NEC group with orientation-reversing elements will be called a proper NEC
group.
If T is a proper NEC group, then the Fuchsian subgroup of I', formed by its
orientation-preserving elements, has index 2 in I' and will be denoted by I'* (canonical
Fuchsian group of I').
We shall indicate now some results obtained in [2, 3] that will be used throughout this

paper.

THEOREM 2.1 [2]. Let T be an NEC group with signature

(g9 +;[m1) e ml]: {(n111 LRI} nls,)' . (nlcb ety nk.rk)})
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and Ty a normal subgroup of T such that [T :Ty] =N, N even. We suppose that:
(i) C=A{c;, c;}(j=1,...,p) is the set of pairs of reflections which are generators of T,

not belonging to Ty, and such that c; . c; is an elliptic element of order n;;

(ii) p; is the exponent of x; modulo Ty (1 =i =<t);

(ili) g; is the exponent of c; . c; modulo Ty (1=j =<p).
Then the proper periods of T, are

[(mi/pi)Nlpi(i = 1) L] t) pi ;&mi)) (nj/qj)N/(ij)(j = 1) « sy P; qj $nj)])

where by (—) we mean that this proper period is repeated r times.

THEOREM 2.2 [3]. Let I be an NEC group with signature
o) =( £ [--L{(=)... (=),
———

k
and I'" an NEC group such that T T and I''/T' = Zy, N even. Then I"’ has signature

o) = (g £ [N/, .., NIKLA() . (D)2, 2.2, D)),

f
s ry Iy

where the numbers r; are even and

’

k=s—p—t'+ > t,Nln+ Y rN/4,
niN j=1
n#*#N

witht'= Y. t,and t, =0, where t, and p are positive integers.
n|N
n#N

3. Topological types. If X = U/T is a compact orientable KS of algebraic genus at
least two and @ is an automorphism of X, it is known that (®) =T'/T where I'" is an
NEC group and (®) denotes the group generated by ®. Besides if gT is a generator of
I''/T, one may define

3. Topological types. If X =U/T is a compact orientable KS of algebraic genus at
least two and ® is an automorphism of X, it is known that (®) =TI"'/T" where I'" is an

TueoreM 3.1. Let X = U/T be an orientable bordered Klein surface and G =T"'/T the
automorphism group of X. Then all the elements of G preserve the orientation of X if and
only if all orientation-reversing elements of the canonical generating system of "' belong to
I.

Proof. Let R’ be a fundamental region of I'" (see [11]) and N the order of G. Then if
T'/T={yl, yl,..., yn1I, T},
we have that
R=R'Uy(R)U...Uyy_1(R")
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is a fundamental region of I'; moreover, applying I" to R, we obtain a tessellation of U,
and R/T=U/TI.

Suppose that not all reflections or glide reflections of the canonical generator system
of I'" belong to T'; then let ¢ be a reflection of I'" not belonging to I': we may take y; = c; if
we write R’ as At where 7 is the side fixed by ¢ and A denotes the other sides of the
polygon, we have in R the connected region R’ U c(R’). Suppose that cT  is the element of
I'/T corresponding to an automorphism ® € G; then @ reverses the orientation of the
interior of R since the image of R’ associated to this automorphism is c¢(R’). Hence &
reverses the orientation of U/T.

We would act the same way if there were a glide reflection of I’ not belonging to T'.

We now prove the sufficiency. Let all orientation-reversing elements of the canonical
generating system of I'" belong to I' and suppose that gT' e I''/T.

Let g=w; ... Wi WiWeyq ... W, be an expression for g in terms of the canonical
generators of I'', where w, reverses orientation. Then

gr= (Wl [ Wk_l)wk(wk+1 [N Wr)r= (W] e Wk_l)wkrwk+] . A
=Wy Wik g Wey .. Wrr,

as w, € I'. Thus we can choose all the coset representatives to be orientation-preserving.

Given ® e G, let yI' be the element of I''/T" associated to ®. Define now an
orientation in the interior of ysR’; since y; preserves the orientation, y;y,R’ has the same
orientation. The identification of sides of y,R' and y;y,R’ is made by elements of I"
preserving the orientation (non-orientable generators of I'" belong to I'), so ® preserves
the orientation of U/T.

THEOREM 3.2. Let X = U/T be an orientable KS with k boundary components of
algebraic genus p = 2.

(a) If p is even and X has an orientation-reversing automorphism of order 2p + 2,
then k =p + 1. Besides, if ® is an (orientation-reversing) automorphism of X of order
2p +2, the group generated by it is (®) =T"'/T where T'" is an NEC group with signature

0; +; [p+11;{(2, 2)}).

(b) If p is odd, the maximum order of an orientation-reversing automorphism of X is
2p —2, and this value is only obtained when k=2 and 4 ¥ p—3 or when k=4 and
4| p —3. Besides if ® is an orientation-reversing automorphism of X of order 2p —2, the
group generated by it is (®) =T"'/T, where ['" is an NEC group with signature

(15 = REA(-)D.

Proof. (a) If p is even, the maximum order of an orientation-reversing automorph-
ism is 2p + 2. If this value is achieved, there exists an NEC group I'" with I''/T' = Z,,,,.

From the relation of areas of the fundamental regions (see [11]) of I' and I'" one has
[T’ = |[}/(2p + 2). Since the area of T (see [10]) (up to a factor 27) is p — 1, one has

T'=1/2-1/(p +1). 1)
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Since I has period-cycles, I’ also has period-cycles.
If T'" has sign + in its signature, by 2.2 the signature of I'' has the form

@5+ +2/ky, ..., e+ (). .. (D)2, ) (2, ..., 2)%),

M N e/ D —
K} r re
and so its area is, up to a factor 2x,
koo ¢
ID'|=ko+2g' —2+1/22, 2 (1-1/2)+ >, (1 - k/(2p +2)), )
i=1 j=1 i=1

where k, is the number of period-cycles in the signature of I'", and so ko= 1.
By (1), [I'’'| <1/2 and as k; =1 we have g’ =0. We then see that k, =1 and now from
(1) and (2)
(i) k'=1,rrn=0,t=2
or
(i) k'=1,rin=2,t=1.

In case (i) we have from (1) and (2)
2
12-1/(p+1D)=-1+D (1—-k/2(p +1))
i=1

and hence k,+k,—3=p. As k, and k, both divide 2(p +1) the only solution is
ki=p+1, k=2

Analogously in case (ii) one obtains k, = 2.

Hence the signatures of I'’ are

(o) (0;+;[2, p+1];{(—)})

or
B) 0; +:[p +1]; {2, D}).

If the signature of I'" is (&) then there is just one conjugacy class of reflections in I"'.
As U/T has a boundary, T also has reflections. Thus if ceI''/T" is a reflection and
0:T'— Z,,., is the homomorphism then 6(c) = 0 so by Theorem 3.1 the automorphism
associated to 6 is orientable. In case (f) there exists an epimorphism

0:T'> 275,42
with ker 8 =T, such that
6(c)=p +1, 6(c,) =0,
6(cy) =0, or 6(c)=p +1,
B(cs)=p+1 8(c3) =0.

By 2.1 6(x,) =a has order p + 1, and so 6(e,)=2p +2 —a, since 6(x,e,) is 0; hence by
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Theorem 3.1 the automorphism associated to 0 reverses the orientation. As ¢,c; € ker 8,
by [4,3.1] k=(2p +2)/2=p +1.
If I has sign — in its signature, then by 2.2 it has the form

;@ +Dlky, ..., +2)/kL{(-)...(DQ,....2" ... (2,...,2)"}),
- v N, J e —

!
s n r

and so the area of the associated fundamental region (up to factor 27) is

| =ko+g' —2+1/2§) 2(1—1/2)+}j(1—k/(2p+2)) 3)
i=1 j=
where k, is the number of period-cycles of the signature of I'" and s0 ky=1. As g'=1,
then |I’| = 1/2 (since 7’ is even), and so (3) is never equal to (1).
(b) If p is odd, then by [8] the maximum possible order of an orientation-reversing
automorphism of X is 2p. If this bound is attained, there exists an NEC group I'" with

I'r=2,,.

From the relation of the areas of fundamental regions of I' and I'" one has that
IT"| = T/ (2p).

Since the area of I' (up to a factor 27) is p — 1, we have

IT'|=1/2-1/2p. 4
If the signature of I'" has sign +, then by 2.2 it has the form

(&5 +;[2plky, . .., 2p/kl); () ()(2 D220,

v —
and so its area is
ko
D' =ko+2g' —2+1/2, 2(1—1/2)+§)(1—k/2p) 5)

i=1 j=1

where k,=
From (4) and (5) we have g’ =0; besides, k, cannot be 2 since then the remaining

quantities of (5) would have a value bigger than 1/2; if k,=1 the only solutions for
coincidence of values of (5) and (4) are:

0; +; [2p); {(2, 2)}),

05 +502, 2p]; {(-)}),

0; +; 3,3 {(=)), p=3,
O; +: 3, SLE{(=), p=15,

for which there does not exist the epimorphism we are looking for.

Since there are not automorphisms with maximum order 2p, we look for automorph-
isms of order 2p — 2.
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The relation of areas is now
T} =1T1/2p +2)=(p - 1)/(2p —2) =1/2. (6)
If I’ has sign + in its signature, then by 2.2 that signature has the form

@5+ 2 —2/ky, ..., =2k} {(=)...(=)2,....2)"...(2,...,2)*})

and so the area is (up to a factor 2x)
koonirl
T'l=ko+2g' —2+1/2, 2(1—1/2)+2(1 k/(2p - 2)), (7

i=1 j=
where k, = 1. Then the only solutions equating (6) and (7) are
M O +[-1{222,2,2,2)}),
(ii) (0; +;[2;{(2, 2,2, 2)}),
(iii) (0; +;[2,2]; {(2,2)}),
@(iv) (05 +;12,2,2;;{(-)}),
(v) (0; +;[4, 4] {(-)}),
(vi) (0; +;[3,6); {(-)}),
(vii) (0; +; [2]; {(=)(=)}),
(viii) (0; +;[-]; {(2, 2)(-)}).
In cases (i), (ii), (iii), (iv), if there exists an epimorphism 8 :I"' — Z,,_, with any of these
signatures, then by [4, 3.1] and 2.1 the group Z,,_, would have only generators of order
2, whence p =2, which is impossible.

In case (v) there exists no epimorphism whose associated automorphism is
non-orientable.

In case (vii) if there exists 6 :T'— Z,,_, with ker 8 =T, then by [3, 3.1] and 2.1 one
has

6(x,)=p — 1 of order 2,
B(c;)=00rp—1,
6(c;)=0o0rp—1,
6(e1) =b,
0(ez) = 6(er 'x1 ).
Since the automorphism associated to 6 is non-orientable, then by Theorem 3.1

8(c;)=p—1 or 8(c;)=p—1, whence 8(x;c;)=0 or 6(x,c;)=0, and hence (see [5,
Theorem 2]) T would have sign — in its signature, which is impossible.

https://doi.org/10.1017/50017089500007059 Published online by Cambridge University Press


https://doi.org/10.1017/S0017089500007059

94 J. A. BUJALANCE
In case (viii), by [3, 3.1] one has

0(c10) =1_7_1: 9(010)=0,
0(cn) =0, or 9(cn)=[_7 -1,
B(crz)=p -1 0(ci2) =0,

0((,'20) = () or p-— 1.

Since 6(e,) = 6(er"), one has 6(e,) and p — 1 generate Z,,_,; as 2(p — 1) is a multiple of
4, 6(e,) must have order 2(p — 1), since otherwise the two elements would not generate
the group. Supposing 6(e;)=1 (in other cases we act analogously) one obtains
6(e?~'c,0) =0, and so ker @ has sign — in its signature (which is not possible).

If T has sign — in its signature, then by 2.2 the signature of I’ has the form

(& —5@p -2k ..., Qp =/ {(=) .- (N2, )" (2, 2,

and so the area is (up to a factor 27)
koo :
ICl=kotg' =2+1/22 X (1-1/2)+ 2 (1-k/(2p -2), ®)
i=1 j=1 i=1

where ko =1 and g' = 1. The only solutions for (6) equating with (8) are:
(@) 4= [=5{@, 2,
(i) (L =525 {(-)]).

If I'" has signature (i) and there exists an epimorphism 6:I'— Z,,_, with ker 8 =T,
we have, by [3, 3.1]

6(CIO) =p_ - 11 B(CIO) = (—),
9(C11)=0, or B(C“) =p"‘1,
6(c2)=p -1 0(c12) =0

with 8(e,) = 6(d;?); so p — 1 and 6(d,) generate Z,,_,. An argument similar to the case
(viii) above allows us, without loss of generality, to suppose that 8(d,) = 1; from which
one deduces 6(d}'c;0) =0 and d§ 'cy is a non-orientable element since p — 1 is even;
hence ker 6 would have sign — in its signature and it would not be isomorphis to I'.

If T has signature (ii), any epimorphism 6:I"'— Z,,_, with ker 6 =T should satisfy

e(xl) =p-_ 1:
O(Clo) = 0,
0(er) = 6(xi" d7).
As p —1 and 6(d,) generate Z,,_, we may suppose 8(d;) =1, and so 8(e,)=p - 3.

By [5, Theorem 2] U/ker 6 is an orientable KS, and the automorphism associated to 6 is
non-orientable.
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Now we look for the number of boundary components of U/ker 0; by [4, Lemma 1]
it is enough to know the minimum power of e, belonging to ker 6. If it is «, then
a(p —3)=n(2p —2), n being an integer number, and « divides p — 1, since p — 3 is even.
Hence o =2n(p - 1)/(p —3)=2n+2(2n/(p —3)). As a =p — 1, we have

2n(p=D/(p-3)=p -1,
and so 2n/(p —3)<1. As a is an integer, we have
2n/(p—3)=1 or 2n/(p-3)=1/2,

andsop=3+2norp=3+4n

If p=3+2n, we have a=p—1. If p=3+4n we have a=(p—1)/2. So, if
p—3=4, the minimum power « of e; such that 8(e?)=0 is (p —1)/2. Hence by
[4,Lemma 1], k=2(p - 1)/(p —-1)=2.

If p — 3+ 4, the minimum power « of e, with (ef)=01is p — 1, and by [4, Lemma 1]
we have k=2(p—-1)/(p-1)=2.

In a similar way we have the following theorems; part of the next theorem appears in
May [8].

THEOREM 3.3. Let X = U/T be an orientable KS with k boundary components of
algebraic genus p =2.

(a) If p is even and X has an orientation-preserving automorphism of order 2p + 2,
then k = 1. Besides, if @ is an automorphism of X of order 2p + 2, the group generated by
itis (®)=T'/T, where " is an NEC group with signature

0; +;[2, p + 1| {()])-

(b) If p is odd and X has an orientation-preserving automorphism of order 2p, then
k =2. Besides, if ® is an automorphism of X of order 2p, the group generated by it is
(®)=T"/T, and I'" is an NEC group with signature

0; +; (2, 2p1; {(=)))-

THEOREM 3.4. Let X = U/T be a non-orientable KS with k boundary components, of
algebraic genus p = 2.

If X has an automorphism of order 2p, then k = p. Besides, if ® is an automorphism
of X of order 2p, the group generated by it is (®)=T'/T, and T is an NEC group with
signature

(0; +;[2p); {2, 2)}).

This paper forms part of the doctoral thesis of the author, written under the direction
of Prof. E. Bujalance. I express to him my acknowledgement.
The author wishes to thank the referee for his helpful suggestions.
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