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§1. Introduction.

The symmetric group &; on five letters 1, 2, 3, 4,5 is generated by per-
mutations s;=(, i+1) (=1, 2, 3,4). As is known, the 2-dimensional complex
projective space P? admits a birational action of &; in the following manner:

st (6116t &) —> (61716771 69D,

s2: (1161 &) —> (L1 &1—61 61—&y),
sst (611621 80) —> (521611 &),

sst (6ii bt &) —> (61161 6o

Here &=(&;:&;:&;) means a homogeneous coordinate of P2 Putting S=
{EeP?; £:16:63(6:—Eu)(§s—E61)(6:1—62)=0}, we find that each s; defines an auto-
morphism of P?—S. Moreover, it is known that &, coincides with the group
of birational actions ¢ of P? such that ¢|(P?—S) are automorphisms.

Suggested by a result of [S], N. Takayama showed that there are mutually
disjoint twenty simply connected domains D; (=1, ---, 20) of P?—S such that
their union is open dense in P? and that they are transitive by the &;-action.
On the other hand, it is well-known that the alternative group U, of the fifth
degree is the symmetry group of the icosahedron which has twenty faces.

The purpose of the present paper is to give a description of the fundamental
group m,(P?—S) in terms of combinatorial properties of the icosahedron. In
particular, we shall introduce a group B(y) consisting of certain equivalence
classes of sequences of the twenty simply connected domains and show that
7(P*—S)= B(r). The precise statement is given in Theorem 8.11.

We are going to explain the contents of this paper briefly. In §2, we shall
define twenty simply connected domains of P?—S and study their properties.
In §3, we shall construct the blowing up space Z of P? so that the proper
transform S of S is the union of ten lines whose intersecting points are of
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normal crossing type and in §4, we shall determine the boundary components
of the simply connected domains in the space Z. In §5, we shall name the
twenty faces of the icosahedron in a natural way and in §6, we shall construct
a non-orientable surface X from the icosahedron by using the results of §5.
The surface X is topologically isomorphic to the connected sum of three Klein
bottles and has a triangular decomposition with twenty triangles. Then we
shall prove the existence of a natural bijective map between the set of twenty
domains of P*—S given above and that of twenty triangles of K. In this way,
the set of the twenty triangles of X admits an &;-action and in this sense, X
is regarded as a non-orientable analogue of the icosahedron. In §7, we shall
define a group B(y) consisting of certain equivalence classes of sequences of
twenty letters which are in a one to one correspondence with the twenty do-
mains of P?—S introduced above, where 7 is a letter corresponding to one of
the simply connected domains. In §8, after a detailed study of the structure
of the group B(y), we shall prove that B(?)=r,(P*—S).

The author expresses his gratitude to Professors N. Takayama, K. Okubo
and K. Yamaguchi for valuable discussions on this topic.

§2. Twenty simply connected open subsets of P*—S.

We begin with introducing polynomials ¢,(§) (1=i<5) of Re§;, Im§; (j=
1, 2, 3) defined by

P1(8) = Im &:&(E1—Ea)(E1—64),
@o(8) = Im (£, —E:)(6:— &),
0o(8) = Im &,

@i(8) = Im &,&;,

@s(8) = Im &, .

In spite that ¢;(§) (1=/<5) are not functions on P? it is possible to define
open subsets U$ (1575, e==+) of P? by

Ui={§=P?; epi(§)>0}.
LEmMMA 2.1. Put Ui=UiN\(P*—S). Then
Vi if j=1i
s((*U3) =1 U if j=1i+1
°U;* otherwise.

This lemma follows from direct computation.
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LEMMA 2.2.
(1) UinUinUf c UiNU4.
) UINUiNU? is simply connected.

PROOF. (i) From the equations
(&) = — |&:120:(8)+16:120u(8)— | &:205(8),
©2(8) = @a(&)—u(8)+s(8),

we find that ¢;(§)<0, ¢.(§)>0 on the set UiNU7NU7 and (i) follows.
(i) is proved by direct computation (cf. [S]).

Combining Lemmas 2.1, 2.2, we have the following :

Ap=UsnNUINU; CcUINU3,
A =UiNUINU; CUTNUY,
Ay =UiNnU;NU; c UTNUy,
A =UiNnU;NUf C UINUYE,
A =UINU;NUF C USNU5,
Ay =UINUINUT C USNUY,
Aps =UINUINU; C UTNU5,
Ay =UINUNUL C UNUY,
Ay =UINU;NU; C U3NUs,

A =UiNUNUT CUINU5,

B, =UinU:NUt CcUNUY,
By =U;nNUNUF CcUiNU5,
B, =U;NUNUT C UTNUS,
B =U;NUiNU; CcUTNU3,
By =UTNUINU; C U;NU%,
By =UiNUNU; CU;NU7,
By =UNUNUF CU;NU%,
B, =UiNUiNU; C UINU;,
By =UTNUINUF C UTNU},
B =UiNUNU; CcUNU¥.

We frequently write AijIAji, Bij:Bji for SlmpliCIty.

THEOREM 2.3.

(1) The action of S5 on the open sets °U; (1<i<5, e=++) induces thal on
‘the set D={A;;, Bi;j; 1<i<j<5}. The concrete description of the action of &;
is given in Figure I. In particular, the Ss-action on D is transitive.

(i) (UisAi)\I(Ji<;Byj) is open dense in P2,

REMARK. The main part of this theorem was first formulated and shown

by N. Takayama whose proof is very complicated. We give here a simpler
proof based on Lemma 2.2l

PROOF. (i) First we determine the isotropy subgroup Iso (A4,,) of A, in
S;s. It follows from that Iso (A4;;) is contained in {s;, s;, S.>. From
this, it is easy to show that Iso(A;,)={s;8s, s;8:». Therefore 9=C;- A,,.
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The statement (ii) is a consequence of (i) and [Lemma 2.2l

1,34

Figure L

§3. The blowing up space of P2,

Following [ST], we shall construct the blowing up space of P? at7four
points (1:0:0), (0:1:0), (0:0:1), (1:1:1). First we introduce the space”Z de-
fined by

Z ={((61:62:83), (91: M Ns), ((1:8:80) € P P*x P?;
51771 = Ezﬁz = 53773 ’ £.8i 460464 =0, £i+8+E =0}

and the projection = of Z to P? by =n(§, 5, {)=§. Moreover we define ten lines
L@zj) (1=:i<j<h) of Z by

L(2):&=6&=6& nm=1=17,
L(A3):&=6&=9=0,
Ld4:6=6=19.=0,
L(15): & =6&=79=0,
L23): 6, =79.=7,=0,
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L24):&=n=9.=0,
L25):&=9.=9,=0,
LBY):&=6&, =1,
L35):6:=6&, nNi=1s,
L(45): & =§&,, Ne=1s.

We frequently write L(i/)=L(j7) (:>>7) for simplicity. From the definition, we
find that
a(L(12) = {(1:1:1)},

a(L(13)) = {(1:0:0)},
n(L(14)) = {(0: 1: 0)},
n(L(15)) = {(0:0: 1)},
m(L23) = {(§::&:: &) ; 6, =0},
n(L(24) ={(6:1:6::8:); & =0},
m(L(25)) = {(6:: & &0); &= 0},
(LB ={§::6:: 8); &1 =&},
mn(LB5) = {(¢:1:4:: &) &= &3},
m(L(45)) = {(€:: &:: &a); & = &i}.

We find that z~!(P?—S) is biholomorphic to P*—S and the complement of
z-}(P?*—S) in Z is S=z"%S) which is the union of the lines L(ij) (:<j) which
intersect at normal crossing points. To explain more precisely, we state the
following which is easy to prove.

LEMMA 3.1. If LGj))N\LGE'J)#Q, then 1, 7, ¢, j' are mulually different and
the intersection L(E7)NL(®Z'7") consists of a unique poini at which L(ij) and L(7'j")
intersect normal crossingly.

As a result, we find that Z is a blowing up space of P? at the four points
(1:0:0), (0:1:0), 0:0:1), (1:1:1).

There are holomorphic involutive automorphisms ¢; (=1, 2, 3, 4) of Z such
that mo{;=s;°m. In particular, (7, i4+1)—t; implies an isomorphism of &; with
the group generated by i, t., ts, £,. In this way, &; acts on the space Z. If

/1 2 3 45
g—(a, gy Gs G, O
of Z maps the line L(ij) to L(c;0;).

is a permutation of &;, the corresponding automorphism
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We put Ts=z"'(U3) (e==+), ﬁg:ﬁ{'—ﬂﬁ—? G=1, -, 5), Ay=r1"'(Ay), Bi=
:ﬂ—l(Bij) (Z<]) and @:{Aij, B”} It follows from the definition that AUE
B;;=B;;. Moreover, we denote by Zr the real locus of Z, that is,

ijs

Zr={(:1:6:: &), (1 N2 Na), &:86:8) e 78,6, 6 R

REMARK. In Terada [T2], the blowing up space Z is constructed in an
alternative way.

§4. The boundary components of /Nlij, g{j.

In the sequel, for a closed algebraic set Y of Z and its locally closed subset
V which contains an inner point of Y, V° denotes the interior of V in Y.

The purpose of this section is to study the boundary components of the
sets Aij, B”

PROPOSITION 4.1.

(i) The six subsets 0A4,5M0B.s, 0By A,s, 0A2M0B s, 085010 Ass, 045508,
0By M0As, of Z are contained in U° and their union coincides with U°. More-
over, their interiors are simply connected and mulually disjoint.

(i) The six subsels 0A15M0 Ays, 0B 15M0B.s, 0A1:M0Ass, 0B14M0B.s, 04 15M0 A,
8§15ﬂ3§34 of Z are contained in U and their union coincides with U3. More-
over, their interiors are simply connected and mutually disjoint.

(ili) The six subsets 0A1,M0Ass, 0B15M0B s, 0A15M0A g5, 0B 1:M0 B s, 041,M0 Ay,
8Bl5ﬂ8§24 of Z are contained in UY and their union coincides with U3. More-
over, their interiors are simply connecied and mutually disjoini.

(iv) The six subsets d A3\ Aqs, 0B 15N B s, 0 A 150 Azs, 0B 131085, 0A15M0 Ass,
aéwmafszg of Z are conlained in U9 and their union coincides with U More-
over, their interiors are simply connected and mutually disjoini.

(v) The six subsels 0 A1, A, 0B15M0B 4, 0A15M3Ass, 08158 Bys, 0410 Ay,

{{_6514[\83/23 of Z are contained in 0% and their union coincides with U°. More-
Y "over, their interiors are simply connected and mutually disjoint.

PrOOF. From the definitions of Zlﬁ, Eij, we find that each J? is contained
in the union of \U;c;(0A4;,\UdB;;). Noting the &;-action on Z, the proposition
is a consequence of below.

LEMMA 4.2. Take two open sets C,, C, of 9. Assume that C,#C,. If
0C,M0C, has 3 dimensions over R and contained in U, then {C,, C,} equals one
of the following six sets {Bis, Bas}, {Auw, Ass}, {Ais, Ass}, {Bis, Bas}, {Bis, B,
{A, A}, Moreover, (0C.N3C,)° is simply connected and disjoint with S.

Proor. We take £=U? and assume that £,#0 for a moment. Then, from
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the assumption, we have

515-2——'5152, @1(5)2(5152—151[2)903(5);

oulf) = 52;25‘ o®), o) = %%(5).

From these equations, we find the following:

(1) If &/6: > 1, ¢u() >0, then ¢i(&) <0, ¢(8) <0, @u(&) > 0.

@) If &/6 > 1, ¢s(&) <0, then ¢,(8) >0, ¢a(8) >0, ¢u(§) <O.

(3) If 0<&1/6: <1, @s(6) >0, then ¢,(8) >0, @u(6) >0, @u(6) > 0.
(4) If 0<&/8 <1, 0u8) <0, then ¢y(&) <0, ¢u(8) <0, ¢u(6) <O0.
(5) If &/6: <0, @s(£)>0, then ¢1(§) <0, ¢a(8) >0, @u(§) <O.

(6) If &/& <0, @4(€) <0, then ¢;(8) > 0, ¢x(8) <0, ¢u(&) > 0.

Moreover, comparing the above inequalities with the definition of A,;, B;; we
have the following :

In the case (1), {C,, C,} = {Bs, Bas}.
In the case (2), {C,, C:} = {Au, Ass}.
In the case (3), {C,, C.} = {A., Aul}.
In the case (4), {C,, C,} = {Bis, Bas}.
In the case (5), {C., Cs} = {Bis, Bs}.
In the case (6), {Ci, Co} = {A1, Asl.

Now we consider the case C,=B,,, C,=DB,,, that is, the case (1). Then,
from the argument above, we find that the set

M= {geP?; |£]°<&:5,=E86<16:1% Im£:E,>0}

is an open subset of (0B,,\0B;;)°. Since it is easy to show that (08,,N\0B,;)°
and £,=0 are disjoint, we find that M=(0B,sMN\0B,3)°. On the other hand, put-
ting x=§&,/&, y=§&/&, we find that M is isomorphic to the set {(x, y)=C?;
1<x=Zx, Im y>0} which is clearly simply connected. Hence M=(0B,,"\0Bss)°
is simply connected. It is clear from the definition that MN\S=@. By an
argument similar to the above case, we can prove that (0 4;:M0A35)°, (0A1:M0A5,)°,

(0B1sM\0Bs,)°, (0B1:MN0Bs,)°, (0A1:MN0A,,)° are simply connected and are disjoint
with S.
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From [Proposition 4.1, we have the following: Let j,, ---, j5 be numbers
such that {j,, ---, 7s}=1{1, 2, 3, 4, 5}.

(i) The case where 1{J,, J.}.

(.1) The union of (@A;;,N04,,,)", 04;;,N04s,.)°, 0A;;,M04;,)° is
open dense in 94; ;, and

0@A; ;) = 8A;,;,—0A4;,;,N04,,,) U@A,;,M8A;,;) V@A, ;,N0A;;0°).

(1.2) The linion of (agjljzf\agjm)", (a§j1j2ﬂ3§j3j5)°, (agjljzf\aﬁju-s)" is
open dense is 0B, ;, and

0©8,,;,) = 8B,,;,— {0B;,,,n0B,,;,)° U@B;,;,ndB,,;)° U(3§j1j2ﬂ9§j4j5)°} .

(ii) The case where j;=1.

(il.l) The Llni()n of (3Ajlj2,f\aBj3,~4)°, (aAjljZf\aBjsjs)", (aAjljzﬂaBj4,-5)° is
open dense in 04;;, and

a<a/~1j1j2) = aﬁflfé_ Kagiﬂzmaghh)oU(a;lhfzmagfajs)oU@ﬁfﬂ'zmagju's)o} .

(ii.2) The union of ©08,,5,M04;,;)°, @B;,,M3B;,;.)°, @B;,;,ndB;,)° is
open dense in 0B, ;, and

808;,5,) = 0B,,3,— 10B,3,N04,,3,)"\J@B},3,N3B 1,5)° U(@B;,5,M08,,5,)°} .

In the rest of this section, we study the subsets 8(6;1“-), 6(65%) which have
two dimensions.

PROPOSITION 4.3.

YO0 = ) 004,) 0008} = ZrotlY LG}

<y

PrROOF. It follows from [Proposition 4.1 and the definitions of 8(3A.;),
9(0B;,) that

Y@in0H = 100A)S0@5 )}

<J

On the other hand, it is clear from the definition that Zg and (\U:<;L(75)) are
contained in U;<;{0(0A:;)\U0@B,;)}. The converse inclusion relation follows
from the following lemma.

LEMMA 4.4. ]f {]‘1; ]'2: ].3; ].4) ]5}:{1’ 2’ 3) 4: 5}} then ﬁglmﬁggc
Z I\ J s L(i7)).
PRrROOF. Noting the S;-action, it suffices to prove the lemma in the case

where j,=4, j,=5. Then it follows from the definition that {3N\J¢ is contained
in the set

{&,9,0eZ; &8, =E.8, &&, =84, 0172 = 7102, P1Ts = 719s}.
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Therefore the lemma follows from the definition of Z and that of ten lines.

Next we determine the connected components of Zr—S. For this purpose,
we introduce twelve subsets of Zz defined by

D(12345) = {(§, 0, D € Zr; 0 <&, <& < &3},
D233 ={(¢, 7, D € Zr; 0<6 <& <&,
D(12435) = {(§, 9, D € Zr; 0 <& <6 < &b,
D(12453) = {(§, 1, D € Zr; 0 <& <& <&},
D283 = {(§, 7, D € Zpr; 0< & <& <&},
DA2543) = {(§, 7, D € Zr; 0 <& <& <&},
D(13245) = {(§, 1, ) € Zg; £&: <0 <& <&l
D(13254) = {(§, 1, D € Zp; £: <0 <& <&},
D(13425) = {(§, 1, D € Zp; & <0 <& <),
D(A3524) = {(§, 7, D € Zr; £: <0 <& <&
D(14235) = {(§, 7, D € Zr; £ <0 <& <&}
D(14325) = {(§, 7, ) € Zg; § <0 <& <&}

2

PROPOSITION 4.5. (i) The twelve sets D(12345), D(12354), D(12435), D(12453),
D(12534), D(12543), D(13245), D(13425), D(13524), D(13254), D(14235), D(14325)
are simply connected, mutually disjoint. Their union is open dense in Zg and
its complement equals Z gM\(\Ji<; L(if)).

(ii) The action of &5 on the set

& = {D(12345), D(12354), D(12435), D(12453), D(12534), D(12543),
D(13245), D(13425), D(13524), D(13254), D(14235), D(14325)}.

is transitive. The isotropy subgroup of D(12345) is generated by w,=s$,5,5:S, and
We=1518:$:54 and is isomorphic 1o the dihedral group of order 10.

The proof of this proposition is straightforward and so we omit it.

Last we remark on some properties of the set D(12345). The set D(12345)
is simply connected and is surrounded by the lines L(12)g, L(23)z, L(34)g,
L(45)g, L(15), where L(ij)g=L(ij)"\Zg which is isomorphic to P!R), the 1-
dimensional real projective space. More precisely, we have

s(12345, 12) = D(12345)N\D(12543) C L(12)g,
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s(12345, 23) = D(12345)N\D(13245) C L(23)r,

s(12345, 34) = D(12345)N\D(12435) C L(34)r,

s(12345, 45) = D(12345)N\D(12354) C L(45)r,

s(12345, 15) = D(12345)N\D(14325) C L(15)r,

and each s(12345, i7) is a segment of the real line L(7j)z. Moreover, there are
five vertices of D(12345) which are defined by

s(12345, 12)N\s(12345, 34) = L(12)NL(34),
s(12345, 34)N\s(12345, 15) = L(34)N\L(15),
s(12345, 15)N\s(12345, 23) = L(15)"\L(23),
s(12345, 23)N\s(12345, 45) = L(23)N\L(45),
s(12345, 45)N\s(12345, 12) = L(45)N\L(12).
REMARK. The non-orientable surface Zg with the set of faces & is regarded
as a non-orientable analogue of a dodecahedron admitting an &;-action. Later,

we shall construct a non-orientable surface KX with a triangular decomposition

with twenty triangles which is regarded as a non-orientable analogue of an
icosahedron (cf. §6).

§5. Some elementary properties of the icosahedron.

The purpose of this section is to name the twenty faces of an icosahedron
in a natural way.

We begin with giving a 2-1 map from the totality & of the twenty faces
of an icosahedron to the set ={(7, j); 1=:<j<5}.

Let f be a map of & to ¢ with the following condition :

(x) Take a face A of the icosahedron. Since A is an triangle, there are

three faces A,, A,;, A,=F which have common sides with A. Then there is
a permutation ¢=&; such that

f4) = (a(1), a(2)),

fA) = (a(4), a(5),
f(4,) = (a(3), a(3)),
J(Ay) =(a(3), 0(4)).
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Figure II

It is easy to show that such a map f of & to ¢ is unique up to S;-action. A
concrete correspondence is given in Figure II. In this way, we attach a pair
of the letters 1, 2, 3, 4, 5 to each face of the icosahedron. Then it is possible
to attach one of the five letters 1, 2, 3, 4, 5 to each of thirty sides of the icosa-
hedron in the following manner. Let s be a side of the icosahedron. Then
there are two faces both of which have s as the common side. If (74, 7,), (s, 7.)
are the pairs of letters which are attached to the faces in question. Then, it
follows from the definition that there is a letter 7; such that {7y, 75, 75, 74, 75}
coincides with {1, 2, 3,4, 5}. Then we attach 7; to the side s. Since there are
thirty sides on the icosahedron, there are six sides attached with the same letter.
We are going to decompose the twenty faces into two sets each of which
has ten faces by cutting off along twelve sides of the icosahedron with an
additional condition which will be explained soon. We first take six sides
which are attached with the same letter, say 1. Next we choose three letters
from the remaining letters 2, 3, 4, 5, say, 3, 4, 5. Then there is a sequence of
i sides s, -+, 53 such that 1,3,1,4,1,5,1, 3, 1, 4, 1, 5is the sequence of letters
which are attached to s,, s,, -+, Sy, respectively. From the definition, we find
that s,, s;, -, S;2 decompose the icosahedron into two parts, say, I, I,. Let
F; be the set of faces belonging to I; (=1, 2). Then it is easy to see that
both &; contain ten faces and that the map of & to ¢ defined above induces
a bijection of F, to @ (=1, 2). We note here that the decomposition of F to
F,, F, does not depend on the permutation of 3, 4, 5 in the choice of the

sequence S;, Sy, *-+, S1. As a result, we name all the faces of the icosahedron
so that
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Fi={ay; 1=2i<j <5},
gfz-:{bij; 1§Z<]§5},

where (7, j) is the pairs attached to both of a;; b;;. For later purpose, we
specify the twelve sides s; (1=/<12) in the following manner. We first take
as s, the side of the face as, attached with the letter 1 and next take as s,
the side of a,, attached with the letter 3 and so on. Then the twelve sides in
question are uniquely determined (cf. Figure II).

§6. The connected sum of three Klein bottles.

As usual, we consider the two dimensional sphere S? on which all the
vertices of the icosahedron in question lie on. Projecting the thirty sides of the
icosahedron to the sphere from the center of S?, we obtain thirty segments and
twenty faces on S®.. There is a one to one correspondence between the set of
faces of the icosahedron and that of faces on the sphere obtained as above.
For this reason, we use the same name for the face on S? with that of the
corresponding face of the icosahedron. We now concentrate our attention to the
twelve segments s; (1=</<12) which are obtained by the projection of the sides
s; (1=5iL12) given in §5. Let P; (resp. Q;) be the vertex of S* which is the
end of the segments sj;;-, and sj; (resp. si; and si;.,) (1=<7<6), where we put
sis=si. Now we cut off S*® along the six segments s}; (1=<7/<6). Then we
obtain new segments %,;, I5; whose ends are P; and Q;. Under the specification
of the sides s; given in the last of the previous section, we designate ?,, t,, f,
ts, tio, 112 the sides of ay, s, @13, Gss, @15, G24 respectively and designate ¢35, ti,
ti, ta, tho, 11z the sides of bus, bys, bas, bas, bas, bis, respectively. In this way, we
obtain a surface ¢ with six holes.

We are going to construct a non-orientable surface X from ¢ identifying
the three pairs of the six holes as follows:

(xx) We identify t,; with fy.4 t5; With #};4,, P; with P;.s and Q, with

Q..s, resSpectively.

In this way, we obtain a new surface X which has twenty faces which come
from the icosahedron. Hereafter, we write aj; and b}; as faces of X corre-
sponding to the faces a;; and b;; of the icosahedron, respectively and put ¥'=
{ai;, bi;; 1=i<j<b}.

LEMMA 6.1. The surface X is isomorphic o the connecied sum of three
Klein bottles. In particular, KX is non-orientable.

This lemma follows from the construction of X. The following explains
the reason why we introduce the surface X.
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PROPOSITION 6.2. The map of the set & to &' defined by A, —al;, Bi—bl;
preserves adjacent relation, that is, if, C,, C,€9D are adjacent (i.e. they have
a common codimension one boundary) and if c¢; is the corresponding element of
g’ (i=1, 2), then ¢, and c. have the common side and vice versa.

COROLLARY. The surface X admits a G;-action induced from that of P2

In spite that the icosahedron only permits the ;-action, the surface X
admits an S;-action in the above sense. We have defined the &;-action on X
in a combinatorial way. Therefore we are lead to the following problem.

PROBLEM 6.3. Is there a smooth Gj-action on the surface X so that the
induced action on the set § coincides with that given above?

As explained in §4, the space Z; with the set & of its faces is regarded
as a non-orientable analogue of a dodecahedron. Therefore, it is natural to ask
whether there is a duality between Zp and the surface K something like the
duality between the dodecahedron and the icosahedron or not?

§7. An equivalence relation on the set of words.

The purpose of this section is to introduce a group B(y) consisting of equi-
valence classes of certain sequences of letters under an equivalence relation
(see below). In the next section, we shall prove that B(y) is isomorphic to the
fundamental group =,(P*—S).

Let a;;, By (1=:<j=<5b) be letters which are in a one to one correspondence
with the simply connected domains AU, B ;; in such a way that A”—>a”, B”
—B:;. We denote by d the map of 9 to .L={a;;, B:;} thus defined. Then the
action of &; on 9 induces that on .C.

DEFINITION 7.1. Take 7, 7’.L. Then 7 and ¢’ are adjacent in the weak
sense if =7’ or 07'(7) and ¢*(7’) have a common codimension one boundary.

DEFINITION 7.2. (i) A word ¢ is a sequence of a finite number of letters
7il2 =+ 7o (n>0) such that y;=L (=1, ---, n) and that 7; and 7,;, are adjacent
in the weak sense (:=1, ---, n—1).

(i) For any word o=7.7,--7. and we&;, we define wo=(wy.)(wyy) -
(wr,). In this way, &; acts on the set of words.

(iii) Let o=717s - ¥m, T=7172 -+ Tn be two words. If 7, and 7| are adjacent
in the weak sense, then or=7,7s .- Tnlils == 7n is called the product of ¢ and .
On the other hand, ¢7'=7, - 7.y, is called the inverse of ¢. By definition,
both ¢7 and ¢! are words.

DEFINITION 7.3. (i) Let ¢=7.7,-- 7, be a word. If 7,=7, for i<;<i+3,
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then z=7,7s - 7iT441 = Tn 1S also a word. Then we write go-T Or T3,
(ii) Let ¢, ¢ be words. Then oNT if there are words p, o’ and weg,
such that both the products pgp’, prp’ are well-defined and that
{w(pap”), w(prp")} = {@1@ssa1.0258:4 12, A12034B25P14835812} -

(iii) Let ¢, be words. Then ¢ and 7 are equivalent and write g~z if
there are finitely many words ¢,=a, 0., -+, 6o=7 such that 004y OF

0y i (7=1, ---, m—1). By definition, “~” actually defines an equivalence

relation on the set of words.

The following lemma is a consequence of Definition 7.3/ and [Proposition 4.1.

LEMMA 74. Lel 0,7 be words. If e~t, then wo~wt for any weG;.

DEFINITION 7.5. (i) Let ¢ be a word. Then {¢) denotes the equivalence
classes of ¢ and is called an e-word (=an abbreviation of the equivalence class
of the word o).

(i) If o, ¢ are words such that the product ¢z is well-defined, then <{o7)
depends only on <¢), <z). So we write {gr)={0o)<r> and call it the product
of <o) and <z>. Similarly, <6~ depend only on <¢). So we write {g)~'=
{¢~*> and we call it the inverse of <{¢).

It follows from Lemma 7.4 that &; acts on the set of e-words.
DEFINITION 7.6. For any 7, 7v’'<.L, we define
B, v )=1{{o>; 0 =712 Tm is @ word such that 7, =7, 7n=7"}
and put B(y)=B(, 7) for any r=.L.

It follows from the definition that B(y) has a group structure and <7} is
the unit element of B(7).

§.8. The fundamental group =,(P>*—S) and the group B(7).

The purpose of this section is to prove that the group B(7) defined in the
previous section is isomorphic to z,(P*—S)=zx,(Z~—35).

In the sequel, if ¢: [0, 1]-Z—S is a path, we denote by [¢] its homotopy
class.

Let ¢: [0, 11-Z—8 be a path with the conditions (D, D’: i), (D, D’: ii):

(D, D':1) ¢(0)eD, c(l)eD'.

(D, D':ii) There is a sequence of a finite number of domains E,=D,
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E,, -, E,=D’" and a decomposition #,=0<t,< -+ <tp=1 of the interval
[0, 1] such that E;=9, that dimg(0E;-,NOE,;)=3, that ¢((t;-1, t;))CE; (=
1, ---, m) and that c(t;,)€(@E;N0E;4y)° (=1, ---, m—1).
Here D, D'=3. Then we put {(c)=06(D,)é(D,) - 6(D,) which is a word and
therefore <{(¢)> is an e-word contained in B(d(D), 6(D")). In the sequel, we
frequently write (D:i) and (D:ii) instead of (D, D: i), (D, D:ii) for simplicity.

PROPOSITION 8.1. There are closed paths c., -+, ce with the conditions
(21,2: i), (f~112: ii) and satisfy the following :

(i) ¢ (resp. ¢, sy €4y Cs, Co) makes a round of the line L(24) (resp. L(45),
L(25), L(35), L(23), L(34)).

(ii) [cicacscacsce]=1.
(iii) (1) = @12a3501:023B 4581283425014 35015
C(co) = amassamazsﬁuﬁ15524“356112 ’
Eles) = a12a35ﬁ24[315ﬁ34ﬁ12545“23a15a34a12 ’
C(cs) = 120300150238 45813B2s X412
Lles) = 61'120-'34,325.313,8240535“12 ’
L(ce) = @12035B2: P13 B 452314055015 .
PROOF. We consider the section L :§,+2§,—:§,=0 of P?. Then L=L"U

{GG:0:11)}, where L'={(x:1:—i(x+2)); xC}. For simplicity, we put x=
x:+ix, (x,, x,=R) and define polynomials f;(x)=f;(x;, x,) (=1, -+, 5) by

fi(x) = 3+ 230+ xxd+ x4 xiH4x x+ x5 —2x,F4x,,
fz(x) = x%+x§+x1“xz_2 ,

f3<JC) = —'xl_—29
fo(x) = —x}—x3—2x,,
fs(x) = —x2.

Then, by direct calculation, we find that +¢,((x:1: —i(x+2)))>0 if and only
if +f,x)>0. In the sequel, we identify the (x,, x.)-space with L’ by x=
x1+ix,—(x:1: —i(x+2)). Then we find that

L,I/\ﬁ(L(34)) - {(xlx x2) - (1’ 0)};
L'Na(LE@5) = {(xy, xo) = (=1, =D},
L,ﬁﬂ.'(L(45>) = {(xl; xz) = (—2’ 1)}:
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L'Na(L(23)) = {(x1, x2) = (0, 0)},

L'na(L@2H) = D,
L'Nr(L(25)) = {(x1, x2) = (=2, 0)}.

Figure IIL

It is easy to construct closed paths ¢; (=1, ---, 6) with the conditions in the
proposition by looking at the Figure III. For example, we explain how to con-
struct a path c¢; with the required conditions. From Figure III, it is easy to
construct a path ¢; in L’ which starts at a pomt » in the 1ntersect10n ApNL
and passes through the domains Am, A34, st, Bm, 324, Ags, A 12 1n this order and
ends at the point p and which satisfies (i), (ii), (iii). We can construct paths
Ca, Cs, Csy C¢ DY a similar way. To construct a path ¢;, we need a modification.
The point g=LN\r(L(24)) is outside of L’ and so is regarded as the infinite
point of L=P!. For this reason, we construct a path ¢, which makes a
round of o= P?, identifying L with P!. The rest of the argument is similar
to that for the case c¢;.

LEMMA 8.2. We define

Uiz = A3y 14093 15R 04013, H13 = A1pQ3aQ 1509314035013
His = O1pQ340015Q240 130450 15, Hi1s = O1pQgs0 14 Qas13® 52,
Uz = a12a34525,813,824a350'12 ’ Hos = a12a34,825;8141823a45a12 ’
s = a12a35,324,315;823a45a12 ’ Uss = a1saz4,835[914,823a45a13 ’

Hss = a13a25‘834ﬂ15ﬁ23a45a13 , Has = ﬂ25as4a15a24,835ﬁ14ﬁ25 .

Then there is a closed path h;; which makes a round of the line L(ij) such
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that L(hi)=pi; (E<]).

ProOOF. The path ¢; for example, makes a round of the line L(23) in the
positive direction and

C(C5> = a1201341925,313/324a35a12 .

Considering the &;-action on the space Z and the set of words, we imply the
lemma.

LemMmA 8.3. Put 7;=l(c;) =1, ---,6). Then
<a12a45‘#12'0(45a12> =TT, <#13> =LTalsTe »

) = Tslals> s L) = TalsTw s

ras) =<Ts) 5 o> =<7,

a5y = <Ts), o1a0ss fas- Aus01a) = {Te) ,
{aptys- flas Austys) = T, {@1a@3a- flas Asallre) = {T2)7" .

This lemma is an easy consequence of the definition of p;; and
7.3.
On the other hand, we have the following.

LEMMA 8.4. There is a closed path c: [0, 11-Z—S8 with the conditions
(Ags: 1), (Ags:ii) such that [¢c]=1 and that

L) = azaaxsauﬁ35,814,823.815‘824a35a14a23 .

PROOF. We prove this lemma by constructing a path ¢ in an explicit way.
We consider P? instead of Z. We first put

EJ' = uj_l_ivj (]:1, 2: 3);

g—j= Datiqa, g—:= ps+igs,

and define
1
f1 = P {Uiqwa((h—(]3)+2v14243(u2—u3)
1
+ulqoqs(ga—qs)+1u1(gaUs—qsls) —(qauf—qsud)} ,

fo= ;1- (= 12)ga +(ta—1)g4}

1
fa=u—(uzqa-—u3qz), fa=gqs, f5=¢.
1
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Then, by direct computation, we find that

]El|4f1 = @1(5),
1"51|2fj = (pJ(E) (]:2’ 37 4: 5) .

Now we assume that 0<us<u,<u,; and 0<p; and fix them for a moment.
Moreover, we define a closed path ¢.(t)=(ecos @nt—nr/4), esin Crt—=z/4)) (t<

[0, 1]) on the (p,, ps)-space for e>0. From the definitio

n, ¢, is regarded as a

closed path on Z which we denote by c¢.. Then, it is possible to show that

for some (u., u,, us, v;) with the condition above and
have

[c]=1.

for some 0<e<1, we

C(Cs> = azaawauﬂ35ﬁ14,323/915;824a35a14a23 .

In fact, we take (u,, u,, us, vi)=®4, 3, 1, 3). Then

1 -
fi= 16 {25¢2q3(g2—q3)+12¢295+3g.—3¢s},

1
fa= 2(342“(13),

1
fs= 1(343"(12)-

Therefore from Figure IV, we can easily see the claim above.

s f:<0  f1<0

1.9 \/fs>0 YF>0

f5>0 bas
A3y

fs>0

f.<0

f:>0

B
2 f.<0 3

Figure 1V,

This lemma has an easy consequence.
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PROPOSITION 8.5. For any E=é& (for the definition of &, see Proposition
4.5.), there is a subset {D;; j=1, ---, 10} of & and a closed path cy: [0, 1]1-Z—8§
with the conditions (D, : 1), (D,: ii) such that dimg(@D;N0D;s,)=3 (=1, 2, ---, 10),
where we pul D,,=D, and that

[cF] = 1 ’
Clcr) = 0(D1)O(Dy) --- 0(D10)0(D1y) .

We here give a concrete correspondence between the twelve connected
components of Zr—\UJ,<;L(ij) and words given in [Proposition 8.5:

D(12345) —> 5435148258138 240 a5 14025013054
D(12354) —> 5583415824813 B 2511504013055
D(12435) — a23845P13825814B2sis 13025014055 ,
D(12453) —> a35B3:B15823 814825054 15025014055 ,
D(12534) —> a53B45813824B15B2:0 4513024015053
D(12543) —> a24835B14B238 1582435014003 15024
D(13245) —> @34 258148358 1285425140350 15054
D(13254) —> a3s824B15834B 1283504015120 35
D(13425) —> a23B45812835814B2s 512035014025
D(13524) —> a23B45B12834815B 230 a5 12 35015053
D(14235) —> 348258138458 1284005013 450120 34
D(14325) —> a34B55B128458 138240550 12045013054
We are going to explain the reason why we introduced the relation ~ on

the set of words (cf. (ii)). We first consider the domains A,,
and ém. Among the twelve words above, the words containing the letters a,s,
B.. are those corresponding to the sets D(13245), D(13425), D(13524), D(13254),
D(14235), D(14325). Now we take our attention to the word corresponding to
D(13245). Then it follows from [Proposition 8.5 that there are two paths ¢,
¢s: [0, 1]1»Z—§ with the conditions (A, By : i), (A,s, Bue: ii) such that

C(§b1) = a12a35a14a251934/312 ’
C(sz) = 0512“34,325,814,8351912 ’

and that
[Sbl] = [sz:l .
For the remaining cases D(13425), D(13524), D(13254), D(14235), D(14325), there
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are pairs of paths on Z—S§ with the conditions similar to the above. Moreover,
taking a pair {/Nlij, Eij} instead of {ﬁm, 512}, we can obtain similar results.
Therefore we have the following proposition which is a consequence of Defini-
tion 7.3 and the argument above.

PROPOSITION 8.6. For any <y>& B(a..), there is a closed path ¢: [0, 1]—
Z—8 with the conditions (lezzi), (A : 11) such that (c)=y. We put =(r)=[c].
Then t is a group homomorphism of Blay) to m(Z—S, po) for p.=Au.

What we want to prove next is that = is an isomorphism. For this pur-
pose, we are going to obtain the relations among <7.>, 72>, I, T, Is)»
{re>. Before doing this, we define

CCUD) = {r"><r<r»™; <1 € Blaww)}

for any {(y>=B(a;;). As we showed in Lemma 8.3, to each line L(ij), there
associates an e-word. Let 7;; be a word which is associated with L(ij) there.
We note here that both CC((7;;>) and CC(<ry;>~') are associated with L(ij).
But it is enough to choose one of them in the subsequent discussion. We put
CC(i7)=CC(K74) for simplicity. A concrete correspondence between the ten
lines and the conjugasy classes in B(a;,) is given as follows (cf. Lemma 8.3):

CC(12) = CCKN1s7), CC(13) = CCKTalsTe) s
CC(14) = CCKYs7ra7s>), CC(15) = CCKr21s70) s

CC(23) = CCKrs»), CCRY = CCr™),
CC25) = CCKra), CCB4) = CCKra),
CC@B35) = CCKri™, CCH5) = CCrz™).

We now recall the following well-known result :

LEMMA 8.7. Let D={x&C; |x|<1} be the unit disk and let (x, y) be a
coordinate of X=DXD. Put X'={(x, y)eX; xy+0}. Then w(X’) is
abelian.

Noting this lemma and [Lemma 3.1, we can expect that if L(i;) and L(’;")
intersect at a point, then <7y;7:;>=<{v ;74> for some <7.,>=CC(J), 1w e
CC(@'j"). In fact, we have the following.

PROPOSITION 8.8.

Halelslelsler =1 ’ 7o = Gy, Tels) =<TsT2> s
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Tsle) = Tels Tivels) = Fo¥sly = Talil2
T als) = TalsTs> = VsTalw) s sVl = Tel1Ts> = <TTsTe -

PROOF. First we pay attention to the lines L(12), L(34). They intersect
at a point in a normal crossingly. On the other hand, CC(7.r:7:>)=CC(12)
and CC(re»)=CC(34). Then one can show the relation <7.7s7s7e) =<7 757>
by using the equivalence relation “~”. By a similar way, we obtain 15 rela-
tions among the generators <7.>, <¥s>, ¥, <, I, {re corresponding to 15
normal crossing points of the lines L(ij) (cf. Lemma 3.7). It is easy to show

that the 15 relations thus obtained combined with the relation <7.7.7:7:7sTe>=1
are equivalent to the 10 relations in the proposition.

We review the structure of the fundamental group =, (P*—S, p,) which was
studied in Terada [T2].

PROPOSITION 8.9. The fundamental group =n,(P*—S, p,) is generated by
o) (<7, 14, =0, 1, 2, 3) and the defining relations are

0(01)p(02)0(12)p(03)p(13)p(23) = 1,
0(01)0(02)0(12) = p(02)p(12)0(01) = p(12)0(01)0(02),
p(01)p(03)p(13) = p(03)0(13)p(01) = p(13)p(01)0(03),
0(02)p(03)0(23) = p(03)p(23)p(02) = p(23)0(02)p(03),
0(12)0(13)p(23) = p(13)p(23)0(12) = p(23)p(12)0(13).

Instead of [T2], we used the notation in [YY, Proposition 2.1]. The defin-
ing relations given in [YY] is slightly different but it is easy to prove that the
relations above are equivalent to those in [YY, Proposition 2.1].

We are now in a position to state the main theorem of this paper.

THEOREM 8.10. The group B(a,s) is generated by <r.>, 2>, Vs>, ¥, <Is>»
{re> and t is an isomorphism of B(ays) to m(Z—S, Do) for pe=Ag,.

PROOF. Since 7 is surjective, it suffices to show that Kerrz=1. By direct
computation, we find that, by the correspondence

T —> P(Ol) ’ T30 —> P(ls) ’ s — 9(03):
T —> P(23), o) —> P(OZ), o) —> 9(12) »

the relations given in [Proposition 8.8 are equivalent to those given in Proposi-
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tion 8.9. This means that Kerr=1.

ReEMARK. It is clear from the definition that for any 7, v'<.L, there is a
group isomorphism between B(7), B(Y’).

Last in this section, we mention some statements on the relations between
(2 —8) and 7w (KX) which seem interesting. We recall the relation “f;” (cf.

Definition 7.3). Noting that “f;” is also an equivalence relation on the set of

words, we introduce the set A(y) for y=.L by

A = {{edr; 6 =712 Tm i @ word such that 7, =7, =7},
where {g)>p={¢’; there are finitely many words ¢, -+, on

such that ¢ = g;, ¢’ = ¢, and that Ty Tis (=1, ---, m—1)},

and in particular, we denote by A(ay;)’ the subgroup of A(a,;) generated by
or Teor Tor <Yor, Tsor, <Ter-

On the other hand, we recall the set of triangles of the surface K. In
particular, we take a point ¢, of aj,. Then, to each word 7 with <;>r=A(a.s),
there associates a closed path g: [0, 1]— & such that g(0)=g(1)=¢, and satis-
fying the condition similar to (17112: ii). Let [g]x denote the homotopy class in
(K, go) of the path g. Then it seems true that the correspondence <{7>—[g]x
defines a group homomorphism 7’ of A(a;s) to my(X, ¢,). Moreover, it is known

(cf. [M]) that
Ty(K) = {Xy, Xa, X3, X4, X5, Xe| xix3x5xixExE = 1D

PROBLEM 8.11. Are the following statements true or false?

(i) Alaw) is generated by <Vvpr, Ve, V1, Tor Iodrs Tedr, in other
words, Ala,) =A(as).

(ii) Alaw)=n(Z—(Zp\Ji<;L37))).

(iii) The generators x,, X;, X3, X4, X5, X¢ Of w(K, qo) gtven above are so
taken that ©'({y>r)=x% (=1, ---, 6).
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