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Abstract

We study monoids generated by certain Zariski-van Kampen generators in
the 17 fundamental groups of the complement of logarithmic free divisors
in C? listed by Sekiguchi. They admit positive homogeneous presenta-
tions (Theorem 1). Five of them are Artin monoids and eight of them
are free abelian monoids. The remaining four monoids are not Gaufian
and, hence, are meither Garside nor Artin (Theorem 2). However, we
introduce the concept of fundamental elements for positive homogenously
presented monoids, and show that all 17 monoids posses fundamental el-
ements (Theorem 3).

1 Introduction

A hypersurface D in C! (I € Z>g) is called a logarithmic free divisor ([S1]), if
the associated module Derci(—log(D)) of logarithmic vector fields is a free O¢i-
module. Classical example of logarithmic free divisors is the discriminant loci
of a finite reflection group ([S1,2,3,4]). The fundamental group of the comple-
ment of the discriminant loci is presented (Brieskorn [B]) by certain positive
homogeneous relations, called Artin braid relations. The group (resp. monoid)
defined by that presentation is called an Artin group (resp. Artin monoid) of
finite type [B-S], for which the word problem and other problems are solved



using a particular element A, the fundamental elements, in the corresponding
monoid ([B-S],[D],[G]).

In [Sel], Sekiguchi listed up 17 weighted homogeneous polynomials, defining
logarithmic free divisors in C3, whose weights coincide with those of the discrim-
inant of types Az, B3 or H3. Then, the fundamental groups of the complements
of the divisors are presented by Zariski-van Kampen method by [I1] (we recall
the result in §3). It turns out that the defining relations can be reformulated
by a system of positive homogeneous relations in the sense explained in §4 of
the present paper, so that we can introduce monoids defined by them. We show
that, among 17 monoids, five are Artin monoids, and eight are free abelian
monoids. However, four remaining monoids are not Gaussian, and hence are
neither Garside nor Artin (§5). Nevertheless, we show that they carry certain
particular elements similar to the fundamental elements in Artin monoids (§6).

Let us explain more details of the contents. The 17 Sekiguchi-polynomials
AX (I’, Y, Z) are labeled by the type X € {Ai, Ai17 Bi, Bib Biiia Biva BV, Bvi7 Bviia Hi,
Hi;, Hisi, Hiv, Hy, Hyi, Hyii, Hyii b (82). They are monic polynomials of degree 3
in the variable z. We calculate the fundamental group of the complement of
the divisor Dx := {Ax(z,y,2) = 0} in C® by choosing Zariski-pencils [ in z-
coordinate direction, which intersect the divisor Dx at 3 points. Zariski-van
Kampen method gives a presentation of the fundamental group 71 (C? \ Dx, *)
with respect to three generators a, b and c presented by a suitable choice of
paths in the pencil counterclockwise turning once around each of three intersec-
tion points.

We rewrite the Zariski-van Kampen relations into a system of positive ho-
mogeneous relations (not unique, §4 Theorem 1), and study the group Gx and
the monoid G} defined by the relations as well as the localization homomor-
phism 7 : G} — Gx, where Gx is naturally isomorphic to 7 (C3 \ Dx,*). We
denote by WG; the image of G} in Gy, that is, the monoid generated by the
Zariski-van Kampen generators {a, b, c} in m(C3\ Dx,*).! The monoid G}
depends on the choice of generators but not on the choice of homogeneous re-
lations, whereas the monoid G;r( does. It turns out that G} are Artin monoids
for the types X € {A;,B;, H;, Aji, Biv}, and are free abelian monoids for the
types X € {Biii, By, Byii, Hiv, Hy, Hyi, Hyii, Hyisi } so that one has the injectivi-
ties: G} — Gx . However, for all the remaining four types B, Byi, Hii, Hiii,
the monoids 7G% does not admit the divisibility theory (see [B-S, §5], or §5
Theorem 2 of present paper). That is, their associated groups are not Gaus-
sian groups [D-P, §2], and, hence, they are neither Artin nor Garside groups
(actually, we have an isomorphism GJr ~ G4 and hence 7rGJr o~ 7TG+“]).

On the other hand, as one main result of the present paper we show that
the monoid G carries some distinguished elements, which we call fundamental
(§6 Theorem 3). Namely, we call an element A € G%; fundamental (see §6 ) if
there exists a permutation oa of the set {a,b,c}/ ~ (:=the image of the set
{a,b,c} in G%) such that for any d € {a,b,c}/ ~, there exists Aq € G¥ such

'We changed the notation from [S-T1]. Namely, G; and TI'G; in the present paper are
denoted by Mx and G , respectively, in [S-I1].



that the following relation holds:
A = dAd = Ad~0'A(d).

The set F(G%) of fundamental elements in G form a subsemigroup of G%
such that QZ(GL)F(GE) =F(GL)QZ(GL)=F(G%) (see §6 Fact 3.) where
QZ(G%) is the quasi-center of G.2

Since the localization homomorphism induces a map F(G%) — F(rG7%), the
fact F(G%)#0 for all 17 monoids (§6 Theorem3) implies F(rG%)#0. 3

In §7, we discuss the cancellation condition on the monoid G;. In fact, this
condition together with the existence of fundamental elements (shown in §6),
imply that the localization homomorphism 7 : G}'{ — G x is injective. An Artin
monoid or a free abelian monoid satisfies already the cancellation condition ([B-
S]). We show that the monoid Ggﬁ satisfies the cancellation condition (Theorem
4). For the remaining three types By, Hii, Hiij, we do not know whether the
localization homomorphism 7 is injective or not. That is, we don’t know whether
we have sufficiently many defining relations to assert the cancellation condition
or not.

Finally in §8, we construct non-abelian representations of the groups Gp,,, G
Gy, and Gy, into GL2(C) (Theorem 5). Actually, this result is independent
of §5, 6 and 7, and is used in the proof of Theorem 2 in §5.

vi?

2An element A €GY,; is called quasi-central ([B-S,7.1]) if d-A=A-0a(d) for d € {a,b,c}.
3We ask, more generally, whether the monoid generated by Zariski-van Kampen generators
in the local fundamental group of the complement of a free divisor has always a fundamental

element (see §6 Remark 6.4). In the 4 types Bi;, Byi, Hii, Hiii, we observe that ]:(ﬂG;r() is not
singly generated. Therefore, we ask, also, whether the set of fundamental elements f(WG;)
is finitely generated over QZ(WG;) or not. For an Artin monoid of finite type, ]—'(G;) is
generated by a single element A and f(Gj'() =A%=1 ([B-9)).



2 Sekiguchi’s Polynomial

J. Sekiguchi [Sel,2] listed the following 17 weighted homogeneous polynomials
A in three variables (z,y, z) satisfying freeness criterion by K.Saito [S1].

A (z,y,2) = —4ady? —27y* + 16272 + 144xy®2 — 1282222 + 25623
Ap,(z,y,2) = 225 — 322 + 1823y — 18xy?2 + 27y* + 2°

Ag,(z,y,2) = z(z?y® —4y® — 422 + 18zyz — 272%)

Ap, (z,y,2) = 2(—2y° + 423z + 182yz + 2727%)

Ap, (7,y,2) = 2(—2y° + 9zyz + 4527)

Ag,, (z,y,2) = z(92%y* — 4y® + 18zyz + 92°)

Ap,(z,y,2) = ay'+y’z+2°

Ap,,(z,y,2) = 9zy* + 62’2 — 4yP2 + 2327 — 120y22 + 423

Ag,, (7, y,2) = (1/2)ay* — 22292 — y32 + 20327 + 2wy2? + 2°

Ap, (z,y,2) = =502+ (42 — 5022y)2? + (427 + 60z y* + 225213) 2

—(135/2)y® — 1152°%y* — 102%y® — 4292

Am, (2,y,2) = 1002°y* +y° + 402*y?2 — 102y 2 + 42°2% — 152%y2? + 23
Auy(,y,2) = 82%y* +108y° — 3622 — 2%y2? + 42°

An,, (2,y,2) = y° —22y’z + 2%y +2°

Ap, (z,y,2) = 2%y =y’ +3wy’z+2°

An, (z,y,2) = x3y* +9° — 222 — APz 4+ 2°2% 4 32%y2® + 23
An,, (1’, Y, Z) = xySZ + yS +2°
An,,(z,y,2) = o3yt +o° — 8utyPz — Twylz 4 162°2% 4 122%y22 + 25

Here, the polynomials are classified into three types A, B and H accord-
ing to whether the numerical data (deg(z), deg(y), deg(z); deg(A)) is equal to
(2,3,4;12), (2,4,6;18) or (2,6,10;30), respectively. In each type, the polyno-
mials are numbered by small Roman numerals i, ii,...etc. We remark that, in
all cases, the polynomial is a monic polynomial of degree 3 in the variable z.

3 Zariski-van Kampen Presentation

Let X be one of the 17 types A;,A;;,Bi,..., By, Hi,... ,Hyi;i. In the present
section, we recall in Table 1 from [I1] [S-I1] the result of the calculation of the
fundamental group 7 (Sx \ Dx,*x) of the complement of the free divisor Dx
in the space Sx by Zarisik-van Kampen method (see [Ch],[T-S] for instance),
where we put Sx := C3 and

(3.1) Dx :={(v,y,2) € C* | Ax(x,y,2) = 0}.



Table 1.

1%

ab = ba,
a,b,c| bcb = cbe, >
aca = cac

ababab = bababa, >

m1(Sa; \ Da;, *a;)

’/Tl(SAu \ DAm *Aii) = a, b, c aba = bab,

b=c

abab = baba,
be = cb,

1%

a,b,c

71(SB, \ Dg;, *8;)

aca = cac,
cbac = baca

ababab = bababa,
<a,b,c be = ab, >
ac = ca

7-‘-1(‘9]3“ \ DBii ) *Bii) =
a=2",
~ a = cbab ¢t
ﬂ—l(SBiii\DBiii’*Biii) = a,b, c b= cbacbe=ta=1b~le! >
c=cbacbcb ¢ a7l !
achb = cba,
beba = chac,

Il

71—1(SBiv \DBiv7*Biv) a,b,c

cbac = bacb,
ab = ba

m1(SB, \ DB, , *B, ) = a,b,cl a=b=c >

1%

71(SBy; \ DB, *B,;)

aba = bab,
a,b,c| aca = bac, >

acaca = cacac

! (SBvii \ DBviia *Bvii)

a = b tebab~tebab  ebab teba b e tha b et ba " b e 1,
b ¢ = bab~tebab tebab tebab e tba b e ha o e tha T,
@0,€ a=ba" b letbabLebab™ T,
cba = bab, cba = beb, cba = bab~ ¢~ b Lebeb




ababa = babab, >

cba = ach

71 (Su, \ Duy,, *1,,) =

m1(Su, \ D, *u;) = <a, b,c be = cb,
aca = cac
abab = baba,
m1(Sn, \ Duy, *m,;) = <a, b,c| aca = bac, >
acaca = cacac
aba = bab,
ﬂ-l(SHiii \ DHim *Hiii) = <av b, c| bcba = cbhac, >

a,b,cl a=b=c >

acba = cbac,

o\ D) = (] U=
be = cb
abababab = babababa,
m1(Su,; \ Du,,, *n,,) = <a, b,c ba = cb, >
ac = ba

a = chaca b e,

b= cbacbclalblcl,>

1 (St \ DHiis *H,s) ¢ c=chacbab e a1
)

b=c
<a,b,c

4 Positive Homogeneous Presentation

12
/g‘\
-

1%

ab = be,

ac = ca

abababa = bababab,
™ (SHviii \DHviii’ *va) >

In the present section, we rewrite the presentations of the fundamental groups in
section 3 to a positive homogeneous form. We, first, prepare some terminology.

Definition. 1. Let G = (L | R) be a presentation of a group G, where L is
the set of generators (called letters) and R is the set of relations. We say that
the presentation is positive homogeneous, if R consists of relations of the form
R; =S, where R; and S; are positive words in L (i.e. words consisting of only
non-negative powers of the letters in L) of the same length.

2. If a positive homogeneous presentation (L | R) of a group G is given, then
we associate a monoid G defined as the quotient of free monoid L* generated
by L by the equivalence relation ~ defined as follows:

1) two words U and V' in L* are called elementarily equivalent if either U = V
or V is obtained from U by substituting a substring R; of U by S; where R; =.5;
is a relation of R (S; = R; is also a relation if R; = S; is a relation),



2) two words U and V in L* are called equivalent, denoted by U ~ V if
there exists a sequence U =Wy, Wy,--- ,W,, =V of words in L* for n € Z>g such
that W; is elementarily equivalent to W;_; for i =1,---  n.

3. The natural homomorphism 7 : G — G will be called the localization
homomorphism. The image of the localization homomorphism is denoted by

7GT.

Note. 1. The monoid 7G" depends on the choice of the generators for the group
G. Even if we choose the same generators for the same group G, the monoid
G7 depends on the choice of the relations R.
2. Due to the homogeneity of the relations, one defines a homomorphism:
l: G — Z

by associating 1 to each letter in L. The restriction of the homomorphism on
7GT and its pull-back to G by the composition with the localization homo-
morphism are called length functions. Length functions have the additivity:
W(UV)=1(U)+ (V) and the conicity: (U) = 0 implies U = 1 in the monoids.
The existence of such length functions implies that the monoids G* and 7G™
are atomic ([D-P, §2]) and that 7G™ is also a positive homogeneously presented
monoid.

Theorem 1. The fundamental group in Table 1. of type X is naturally isomor-
phic to the following positive homogeneously presented group G x by identifying
the generators {a,b,c} in both groups.



: Gp,i= <a,b,c

:Gu, = <a,b,c

aba=bab, aca=-cac, bcb=abc, cba=ach, bca=cbc, baa = aac,

ab = ba,
beb = cbe, > .

aca = cac

= <a,b7c

aba = bab,
< b=c
abab = baba,
< be = b, >
aca = cac
cbb = bba,
< bc = ab, >
ac = ca
a=2>,
Bui - < ac = ca >
ab = ba,
: <abc beb = cbe, >
ac = ca
= <a7b,c a=b=c

aba=bab, bcb=cbc, aca=bac, cab=bca, acb=cac, abb = bbc,
beea = ccac, bbac = caab, cbbb = bbba, acbchb = beeca,

accbb=bccba, accaa = ccaac, caacc= aacca, baaccba = cbaacch,
accce = beeeb, bbaac = cbaab, bbaab = caaaa, caaab = abaac,
a® = b° = ¢®, baaab = aaaac, cccca = beebb, ccbaac = accbaa

:Gp,; = <a,b,c a=b=c
ababa = babab,
: Gy, = <a, b, c bc = cb, >

aca = cac

Ry, (Rpy,, is given at the end of present Table).

acch = ccbe, aabc = cbba, caaa = aaab, bcaca = accca,

becaa = accab, beebb = cebbe, cbbee=bbeeh, abbecab = cabbeca,
bcccc = accca aabbc = cabba, aabba = cbbbb, cbbba = babbc,
a® = b® = ¢, abbba = bbbbc, ccceh = accaa, ccabbe = becabb

a=b=c

a=b=c

= (e

- <<
Hoy ° <a b,c
How - <a b, c

a=b=c

o
=y
)

8
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abab = baba, aca = bac, bcbc = cbeb, acb = cac, bbcaba = abccac,
abbbca = baaaac, bbbabb = abbaaa, baaaaba = abbbbab,
baabbb = aaabaa, abcce = cccab, bbebab = cccaac,
ccebeaa = bbbecab, beebbb = cecbece, bbecab = caacce,
ccaac = becaa, ccaab = accaa, ccabaac = accbeaa,
caaccab = becaacca, aabaaa = bbbaab, bbbaaa = aaabbb,
abaaaab = babbbba, aaabba = bbabbb, baabbaa = aabbaab,
baabaabaa = abbabbabb, aabbaac = babbcaa, aaabc = becaaa,
abbaabaac = babbabbca, cccaaa = aaacce, cccbbb = bbbecc,
caacaac = aabeeba, bbbebb = cbbecee, abacbe = cbeaba,
cbbbbeb = beeecbe, cabbbe = acceeb, beececaa = cbbbeaac,
ccbeee = bbbeceb, cheaaab = beccaba, caabeh = bacceca,
bebaab = aaccha, baaccbbe = caccabeb, becabb = accaaa,
babcbab = cabcaca, caabbbbch = baccceeca, cbaacc = beebab,
Ry = { abcbaa = ccbabb, bebbaa = cebbab, caacac = babeca,

i cbbaaaacc = acacbbeba, caaaacc = aabeeca, beabbee = aabbebb,
bbcaabc = cccaabb, cbbcaab = becabba, bbaabba = abbaabb,
abaabce = bbabbceb, bacbcab = cabcaba, cbcabea = beaacab,
caaccbba = beabcaab, babbebb = aabecbe, bbebbb = cecbbe,
bebbbbe = cbeceeb, beebbabbe = abeabecba, bbabebbab = cbbabbece,
cabaaccc = abbebbab, bacabe = cbeabb, beabaab = abcabaa,
aaccbcab = beabaacce, cbaabee = baccbea, cecbaabe = baaccaba,
beebaabe = cabacbea, abaabcaba = bbaabcabb, ccbbaaa = aaacchb,
ccbbaabca = abcabbaac, baabcabba = abacabaab, bcaabb = aaacca,
accbbee = ccabbeb, bbecabbece = abbabbeceb, beaaccbe = abeabeca,
cabaabce = babecbea, babeeba = cbbabeb, aabecbea = cabaabeb,
abcbbaacch = ccbaaacaba, baaccbea = abacbaac, ccbeabaa = abecbaab,
bbcbbabba = ccbecbaab, chabbeba = accbaach, aacccbab = cbcaaaba,
cbcaaac = aacccca, baaccca = cccaaab, caaacch = beccaaa,
bbaacce = cecbbaa, acabbabe = cbbabeeb, ccabaaa = aaaccab

Proof. Except for the types Bii, Byi, Hii, Hiii, Hyiii, the relations are obtained by
elementary reductions of the Zariski-van Kampen relations, and we omit details.

Some new relations for the cases of types Bii, Byi, Hij, Hiji are obtained by
cancelling common factors from the left or from the right of equivalent expres-
sions of the same fundamental elements (introduced in §6 6.1. See §7 Definition
7.1), where these equivalent expressions of a fundamental element are obtained
with the help of Hayashi’s computer program (see http://www.kurims.kyoto-
u.ac.jp/ saito/SI/). In the following, we sketch how some of them are obtained
by hand calculations. In the proof, “the first relation, the second relation, ...”,
mean “the relation which is at the first place, the second place, ...in Table 1.
of Zariski-van Kampen relations in §3”.

The case for the type Hyi;; needs to be treated separately because its calcu-
lations are non-trivial. Detailed verifications are left to the reader.

Bii: Using ab = be, rewrite the LHS ababab (resp. RHS bababa) of the first
relation to beabbe (resp. babbea). Then, using the commutativity of a and ¢, we
cancel ba from left and ¢ from right so that we obtain a new relation cbb ~ bba.



Byi: Using the defining relation aca = bac, rewrite the LHS acaca of the

third relation to acbac so that the relation turns to acbac ~ cacac. We cancel
ac from right and obtain a new relation acb ~ cac. Using this, one has bebac ~

becaca >~ bacba ~ acaba ~ acbab ~ cacab ~ cbacb ~ cbcac.
We cancel ac from right and obtain beb ~ cbe. Using this, one has acabe ~

bachbe ~ babcb ~ abacb ~ abcac. Cancelling a and c for left and right, we obtain
a new relation cab ~ bca. Using this, one has cabba ~ bcaba ~ bcbab ~ cbcab ~
cbbea. Cancelling ¢ and a for left and right, we obtain a new relation abb ~ bbc.
The second relation of length 4 is obtained by cancelling a from left of the
equality: abbac ~ bbcac ~ bbacb ~ bacab ~ acaab.

Hii: Using the defining relation aca = bac, rewrite the LHS acaca of the

third relation to acbac so that the relatlon turns to acbac ~ cacac. We cancel
ac from right so that we obtain a new relation ach ~ cac.

Hji;: Multiply b to the second relation from the right, and rewire the LHS to
beaba (by a use of the defining relation bab = aba and rewrite the RHS to cbcba
(by a use of the defining relation acb = cba). Cancelling by ba from right, we
obtain a new relation bca ~ cbe.

Using the length 3 relations, one has acabc >~ acbch ~ cbacb ~ cbcba ~
cabca >~ cacbe. Cancelling by be from right, we obtain a new relation aca ~ cac.

Using the length 3 relations, one has bcaac >~ cbcac ~ cbaca ~ acbca ~
abcaa >~ bebaa. Cancelling by be from left, we obtain a new relation aac >~ baa.

In the above sequence, the middle term acbca is also equivalent to accbe.
Thus, cancelling ¢ from right, we obtain a new relation acch ~ cbca(~ bcaa).

Hyiii: From the defining relations, we have abababa ~ bcbcbea, bababab ~
bbebebe, and, hence, bebebea =~ bbebebe (1). Multiplying b from the right, we
get bebebebe ~ bebebeab ~ bbebebeb (2). In the equality (2), dividing by b from
the left, we get cbebcbe ~ bebebeb. Dividing (1) by b from the left, we get
cbebea >~ bebebe. The left hand side of this equality is equivalent to cabbca ~
acbbca, and the right hand side of the equality is equivalent to abbcbc so that
acbbca ~ abbcbe. Dividing by a from the left, we get bbebe ~ cbbeca ~ cbbac.
Dividing by ¢ from the light, we get cbba ~ bbcb(~ babb). Multiplying cbcb
from the right, we get cbbacbcb ~ bbebebeb. The right hand side is equivalent

to bbebebeb ~ bebebebe >~ chebebee ~ cbebeabe ~ cbebacbe. The left hand side is
equivalent to cbbacbeb >~ cbbcabeh ~ cbababceb, and hence cbababch ~ cbebache.

Dividing by c¢b from the left, we get cbacbc ~ ababcb. The left hand side is
equivalent to cbacab ~ cbaacb. Dividing by c¢b from the right, we get abab ~ cbaa
(3). Mutiplying b from the right, the left hand side is equivalent to ababb ~
acbba ~ cabba ~ cbcba so that cbeba ~ cbaab. Dividing by c¢b from the left, we
get cba ~ aab (4). Applying (4) to the equality (3), we get abab ~ cbaa ~ aaba.
Dividing by a from the left, we get bab ~ aba ~ bca. Dividing by b from the
left, we get ab ~ ca = ac, and hence b ~ c.

This completes a proof of Theorem 1. O

Notation. For each type X e {AAi7 Aiia Bi, Biia Biiia BiV7 BV, Bvia Bviia Hi, Hii; Hiiia
Hiy, Hy, Hyi, Hyii, Hyiii }, we denote by Gx, G} and WG} the group, the monoid
and the image of localization = : G} — Gx, respectively, associated with the
positive homogeneous relations of type X given in Theorem 1.

From the presentations, we immediately observe the followings.

Corollary 1. i) For the type X € {A;, Ay, Bi, Biv, H; }, the monoid G} and the
group Gx is an Artin monoid and an Artin group of type As, As, Bz, Ay x As
and Hs, respectively. As a consequence, we have the injectivity: G} — Gx.

10



il) For the type X € {By,Byii, Hiv, Hy, Hyi, Hysi, Hyiii }, the monoid G} and
the group Gx is the infinite cyclic monoid Z>o and group Z, respectively. The
monoid Ggm and the group G, is a free abelian monoid (Z>0)* and group Z*
of rank 2. As a consequence, we have the injectivity: G;g —Gx.

iii) The correspondence: {a — b,b— a,c — c} induces an isomorphism:

vai = Ggiii
and, hence, also the isomorphisms: Gp,, ~ Gu,, and Wvai ~ WGEm. Note that
the isomorphism does not identify the Coxeter elements (c.f. Proposition 6.5).

Proof. We can show that the Zariski-van Kampen relations of one of the two
types can be deduced, up to the transposition of a and b, from that of the other
type. O

As the consequence of Corollary 1, in the rest of the present paper, we shall
focus our attention to the remaining 4 types By, Byi, Hi; and Hy; together with
the “constraint By; ~ Hj;”.

Corollary 2. The groups Gp,, and Gu,, do not admit Artin group presentation
with respect to any Zariski-van Kampen type generator system.

Proof. Due to Theorem 1., both groups have the relations: a® = b°> = ¢®, which
are invariant by the change of generator system by the braid group B(3). O

Remark 4.1. The group Gx is naturally isomorphic to the fundamental group,
which does not depend on the choice of Zariski-van Kampen generators {a, b, c},

but the monoid G} depends on that choice (see next Remark 4.2).
Furthermore, the monoid G}, a priori, depends on the choice of relations
in Theorem 1. The injectivity in the above corollary follows from cancellation
conditions on G (see [B-S]). We shall show that, also for Gf; in §7, the
cancellation condition holds, implying the injectivity  : ng — Gp,,. Thus, for
these cases as a consequence of the cancellation condition, G} does not depend
on the choice of relations in Theorem 1. However, for the remaining types By,

Hi; and Hjyj;, it may be still possible that we need more relations in order to
obtain the injectivity of the localization homomorphism.

Remark 4.2. Recall that we have chosen Zariski pencils for the calculation
of the fundamental group of C®\ Dx in the direction of the z-axis, where z is
the weighted homogeneous coordinate of the highest weight so that the pencils
intersects the divisor Dx at three points and, for a generic choice of a pencil,
we get three generators {a, b, ¢} of the fundamental group(see §1 Introduction).
However, this does not determine {a,b,c} uniquely. It is wellknown that the
ambiguity of the choices of the generators is described by the action of the braid
group B(3) with three strings on the free group F3 generated by {a,b,c}. Here
is a remarkable observation for the type Bj;.

Assertion. For any choice of Zariski-van Kampen generator system {a,b,c}
(up to a permutation), the fundamental group admits only one of the following
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two positive homogeneous presentations I. and II.

cbb = bba,
I: a,b,c| be=ab .
ac = cd
ababab = bababa,
IT: a,b, c b=c, .
aabab = baaba

5 Non-division property of the monoid 7G%

In the present section, we show that none of the monoids WG} of the four types
Bii, Byi, Hi; and Hji; does admit the divisibility theory ([B-S, §4]), and therefore
the monoid is neither Gaussian, Garside nor Artin.

We first recall some terminologies and concepts on the monoid 7G™.

An element U € 7G™T is said to divide V € mG* from the left (resp. right),
denoted by U|,V (resp. U|.V), if there exists W € 7G* such that V = UW
(resp. V=WU). We also say V is left-divisible by U, or V is a right-multiple of
U.

We say that #GT admits the left (vesp. right) divisibility theory, if for any
two elements U,V of WG}, there always exists a left (resp. right) least com-
mon multiple, i.e. a left (resp. right) common multiple which divides any other
left (resp. right) common multiple. Since 7G% can be positive homogeneously
presented, the only invertible elements in the monoid is the unit element, so
that we have the unique left (resp. right) least common multiple, denoted by
lemy (U, V) (resp. lem, (U, V)).

Theorem 2. The monoids FGgii,Wvai,ﬂ'GEii, ﬂGgm admits neither the left-
divisibility theory nor the right divisibility theory.

Proof. We claim a fact, which shall be proven in §8 Theorem 5 ii) independent
of the results of §5, 6 and 7.

Fact 5.1. None of the groups Gp,,, Gp,,, Gu,, and Gy, is abelian.

Assuming that the monoid G} admits the right divisibility theory, we show
that Gx becomes an abelian group: a contradiction! to Fact 5.1. The case for

the left divisibility theory can be shown similarly.

1) #GE : Tt is immediate to see I(lem, (b, ¢)) > 2 from the defining relations
in Theorem 1. Then, bba = cbb is a common multiple of b and ¢ of the shortest
length 3, and, hence, should be equal to lem,.(b, ¢). On the other hand, we have
the following sequence of elementary equivalent words: bcba, abba, acbb, cabb.
That is, bcba = cabb in 7TG+_ is another common right- multlple of b and c. If
bba = cbb divides beba = cabb from the left, there exists d € {a,b,c} such that
bcba = bbad. So, in ﬂGgu, we have cba = bad which is again a common right-
multiple of b and ¢. Thus, we have the equality: cba = ¢bb in WG;{“. That is,
a=">bin WGEH. By adding this relation a = b to the set of the defining relations
of the group Gg,;, we get G, ~Z. A contradiction!
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2) ngvi: Due to the first defining relation in Theorem 1., we have {(lcm,(a, b))

< 3. Let us consider 3 cases:
i) {(lem,(a,b)) = 1. This means I(lem,(a,b)) = a = b. By adding this
relation to the defining relation of the group Gg,,, we get Gp,, ~ Z. A contra-

diction!
ii) {(lemy.(a,b)) = 2. This means that there exists u,v € {a,b,c} such that

I(lem,(a,b)) = au = bv. Depending on each choice of u and v, one can show
that this assumption leads to a contradictory conclusion G, ~ Z. Details are

left to the reader.
iii) I(lemy(a,b)) = 3. In view of the first two defining relations in Theorem

1., one has aba = bab = aca = bac. By adding this relation to the set of the
defining relations of the group Gg,,, we get Gp,, ~Z. A contradiction!.

3) TrGIJgii: Due to the second defining relation in Theorem 1., we have
I(lemy, (a, b)) < 3. Let us consider 3 cases:

i) I(lema, b)) = 1. This means I(lcm,.(a, b)) = a = b. By adding this relation
to the defining relation of the group Gp,,, we get a contradiction Gy, ~ Z.

ii) I(lem,(a,b)) = 2. This means that there exists u,v € {a, b, c} such that
I(lem,(a,b)) = au = bv. Depending on each choice of u and v, one can show
that this assumption leads to a contradictory conclusion Gy, ~ Z. Details are
left to the reader.

iii) I(Iemy(a,b)) = 3. In view of the first two defining relations, one has
lem, (a, b) = aca = bac, and it divides abab=baba (from left). This means that
there exists d € {a,b,c} such that ¢d =ba in Gy,. For each case d=a,b or ¢
separately, one can show that Gu,, ~Z. A contradiction!.

4) WGEmZ Due to the isomorphism 7Gg,, ~ WGIfIm (Corollary 1,iii) of The-
orem 1), we can reduce this case to the case 2).
These complete the proof of Theorem 2. O

Corollary 5.2. The monoids ﬂ'Ggﬁ,ﬂ'vai, ﬂ'GIJ_rI“,wGﬂm are not Gaussian and
hence are niether Gaussian nor Garside (a monoid is Gaussian ([D-P, §2]) if
it is atomic, satisfies the cancellation condition and admits divisibility theory).

6 Fundamental elements of the monoid G}L(

An Artin monoid of finite type has a particular element, denoted by A and
called the fundamental element ([B-S] §6). In this section, we generalize the
concept for positive homogeneously presented monoids.

In view of Theorem 2, we do not naively employ the original definition: the
left and right least common multiple of the generators. Instead of that, analyzing
equivalent defining properties of the fundamental element for Artin monoid case,
we consider two classes of elements in the monoid G*: quasi-central elements
and fundamental elements, forming subsemigroups QZ(G") and F(G") in G,
respectively, with F(GT) C QZ(GT). The goal of the present section is to show
F(G¥L) # 0 for all types X, implying also F(rG%) # 0 for all types X.

Let G* be a monoid given in §4, i.e. defined by a positive homogeneous
relations on a generator set L. Let us denote by L/ ~ the quotient set of L
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divided by the equivalence relation generated by the equalities between two
letters (in the relation set R). An element A € G™ is called quasi-central ([B-S]
7.1), if there exists a permutation oa of L/~ such that

a-A~A-oa(a)

holds for all generators a € L/~. The set of all quasi-central elements is denoted
by QZ(G™). The following is an immediate consequence of the definition.
Fact 2. The QZ(GT) is closed under the product. For two elements Ay, Ay €
QZ(GT), we have oa,.Ay = TA, - TA, -

According to Fact 2, we introduce an anti-homomorphism:
o: QZ(GY) — S(L/~), A oa.
The kernel of o is the center Z(G™) of the monoid G*.

Next, we introduce the concept of a fundamental element.

Definition 6.1. An element A € G7 is called fundamental if there exists a
permutation oa of L/~ such that, for any a € L/ ~, there exists A, € 7G%
satisfying the following relation:

A~ a- A, = A,-oa(a).

We denote by F(GT) the set of all fundamental elements of G*. Note that
1€ QZ(GT) but 1 ¢ F(GT)

Fact 3. The F(G™) has the following two properties.

i) A fundamental element is a quasi-central element: F(GT) C QZ(G™T).
The associated permutation of L/ ~ as a fundamental element coincides with
that as a quasi-central element.

ii) Products A-A" and A’-A of a fundamental element A and a quasi-central
element A" are again fundamental elements whose permutation of L/~ is given
in Fact 2. We have (AA")y = DA, and (A'A)q = A'A,, (a)-

F(GT)QZ(GT) = QZ(GT)F(GT) = F(GT).

Proof. i) We have a - A ~ a-Ag-0a(a) ~ A-oa(a) for all ae L/~.
ii) We prove only the case A - A’.
On one side, one has:

AN ~(a-Ay)- A ~a- (A, A).

On the other side, one has:
A-A = (Ay-oa(a)) A=A, (oala) - A) ~ A, - (A" -oar(oa(a)))
~ (A - A)-oa(oala)) = (Ay - A) -oan(a)). O

One basic property of a fundamental element is that it can be a universal
denominator for the localization homomorphism (c.f. §7 Lemma 7.2.2).

Fact 4. Let A be a fundamental element of G¥. Then, for any U € GT, U
divides A" from left and from right.
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Proof. We prove only for the left division. Right division can be shown similarly.
We show the statement by induction on I(U), where the case [(U) = 1 follows
from the definition of a fundamental element. Let [(U) > 1 and U ~ U’ - a. By
induction hypothesis, we have AHU)=1 ~ U’ . V for some V. Then, multiplying
A from right, we have A'W) ~ U V- A~ U"-A-oa(V)=U"-a-Ay-oa(V).
Here, if V' is the word vy - - - v, then oa(V) is a word oa(v1) -+ oa(vn) O

Remark 6.2. If G is an indecomposable Artin monoid (of finite type), then
any non-trivial quasi-central element is fundamental ([B-S] 5.2 and 7.1). That
is, one has the “opposite” inclusion: (QZ(G™)\ {1}) C F(G™).

Remark 6.3. By definition, any fundamental element is divisible from both left
and right by all generators in L. However, a (non-trivial) quasi-central element
in general may not have this property.

(i) b* € QZ(GY, ) is central. However, it is not divisible by a and ¢ from the
left and right.

(ii) ababa € ng is divisible by all generators from both sides, but it does

not belong to QZ(GEH).

Definition 6.4 A fundamental element A is called a minimal fundamental
element if any fundamental element dividing A from right or left coincides with
A itself.

Remark 6.5 A fundamental element is called prime, if it does not decompose
into a product of two nontrivial quasi-central elements. In general, a minimal
fundamental element may not be prime (see [12]).

We state the second main result of the present paper.

Theorem 3. The following elements are minimal fundamental elements in Gj(
for any type X . Fxcept for the types Byi, Hy and Hy;, they are the complete list
of minimal fundamental elements.

A;: Ap, = (cba)? o (Z’ :’ ;,)
A Ap, = aba o (Z:::D
Bi: Ag, = (cba)® o (" Z: °)
Bi:  Apg o= @) (k21) o: (0]
Biii Ap,, = ac o (ZZ z)
Biv : Ap,, = abcb o (° lcn’ ‘)
By : Ag, = a . (Zigij)
By : Ap,1 = a® =0 ~c° o: (Z b Z)
Ap,2 = (aba)? o (Z’ Z: Z)
Ap,3 = bccabch o (Z z Z)
Ap,a = (bbac)? o - (Z Z, Z)
Agp,s = (acaca)? o - (Z z ‘)
BB = (eha) 75 ()
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a=b=c

o N o)
H; Ay, = (cba)® o (P
Hi; An,1 = (acaca)? =~ (ac)® o (Z ZZ ‘)
A2 = (babac)® ~ (cba)® o : (Z Z: Z)
Hii - Apyn =a® ~0° ~ ¢ o: (Z: :: Z)
Ap,2 = (aba)? o (Z’ Z: z)
Anys = accbaca . (Z :Z °)
Apya = (beba)? o - (Z z: z)
Apys = (bebeb)® = (be)* o (Z Z 2
Ao = (abe) 7 ()
H;, : Ay, = a o (Zigii)
H, : AHV = a o (Z;Q;)
Hyi: An,, = a o (Z;Q;Z)
Hyi : Ap,y, = a o (Z;g;)
Hyiii : Ap,, a o: (25

Proof. Since the cases for an Artin monoid or a free abelian monoid are classical,
we show only the 4 exceptional cases.

Bii : For the proof of this case , it is sufficient to show that Ap, ; are quasi
central elements which are divisible by the generators a, b and ¢ (see Proposition
7.4). Actually, it is easy to show the following:

(a®b)3 ~ (ba*)® ~ (bc*)® ~ (c*b)3.

For the proof of the facts that they are quasi-central and they form the complete
list of minimal fundamental elements, one is refered to [12].

Byi : Since the monoids of types By; and Hy; are isomorphic to each other (see
Remark after Theorem 1 in §4), we may reduce the proof to the case Hy;.

Hj; : First, let us show a relation: acaca ~ cacac (acaca ~ acbac ~ cacac),
which shall be used in the sequel.

Ay, = acacaacaca.

Ap,1 = a(cacaacaca) ~ cacacacaca ~ (cacaacaca)a.

Ap,1 ~ c(acacacaca) ~ acacaacaca ~ (acacacaca)c.

An;1 ~ acacaacaca ~ b(accaacaca) ~ acacaacaca ™~ acacacacac
~ accacaccac ~ accaacbeac ~ accaacbach ~ (accaacaca)b,
Agg,2 = babacbabacbabac ~ ababcbabacbabac.

A, = a(babebabacbabac) ~ bababebabacbabac ~ babcacabacbabac

~ babcbacbacbabac ~ babcbacacababac ~ babcbaacbababac
~ babcbaacababbac ~ babcbabacbabbac ~ (babcbabacbabac)a.

Ap,2 = b(abacbabacbabac) ~ ababcbabacbabac ~ ababcababebabac

~ ababcababcbaaca ~ ababcbabacbaaca ~ ababacbaacabaaca
~ agbabcbaacababac ~ ababcbaacbabaac ~ ababcbacacabaac
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~ ababcacaacabaac ~ ababacbaacabaac ~ abaacabaacabaac
~ abaacababacbaac ~ abaacbabaacbaac ~ abacacabaacbaac
~ abacbacbaacbaac ~ abacbacbacacaac ~ abacbacacaacaac
~ abacbaacbaacac ~ abacbaacbabacac ~ abacbaacababcac
~ gbacbabacbabcac ~ (abacbabacbabac)b.

Ap,,2 = abacbabacbabach ~ aacababacbabacb ~ aacbabaacbabacb
~ acacabaacbabach ~ acbacbaacbabach ~ c(acacbaacbabach)

~ acbacbaacbabach ~ acacabaacababch ~ acacababacbabch
~ acacbabaacbabch ~ acacbabacacabeb ~ acacbaacaacabeb
~ acacbaacabacbch ~ acacbaacababcbe ~ (acacbaacbabach)c.

P
AHmQ = (aba)g.
Ap,,2 = a(baaba) ~ bababa ~ (baaba)a.
Ap,,.2 = b(ababa) ~ abaaba ~ (ababa)b.
Hyy2 = abaaba ~ aaacba >~ aacbaa ~ aacaac
Ap,,3 = accbaca.
Ay, 3 = accbaca) ~ cbeaaca ~ ccbeaca ~ (ccbaca)a.
Apn,,3 = accbaca ~ cbeaaca ~ b(caaaca).
Hy;3 = accbaca >~ cbecaaca >~ ccbeaca >~ caccbea =~ cacbcaa
~ caaccba ~ caacach ~ (caaaca)b.
Ap,,s = accbaca ~ c(bcaaca).
Ap,,3 = accbaca ~ cbcaaca ~ becaaaca ~ (bcaaca)c.
Atg,,4 = bebabeba.
Ap,,a ~ a(beabeba) ~ beabacba ~ (beabeba)a.

Ap,,a = b(cbabeba) ~ beabacba ~ cbebacba ~ cbacbcba

~ cbabcaba ~ (cbabcba)b.
4 == beabacba ~ c¢(bebacba) ~ bebaabea ~ bebaache ~ bebacbac.
Amq..5 := bebebbebeb.

Ap,,5 ~ abeebbebeb ~ abeebebebe ~ a(bebebebbe),
Ap,,5 = bebebebebe ~ (bebebebbe)a.

Ap,,5 = b(cbebbebeb) ~ cbebebebeb ~ (cbebbebeb)b.

Ap,,5 ~ c(bebebebed) ~ (bebebebeb)c.

AHui6 = (abc)3

Ap,,6 = a(beabeabe) ~ bebabeab ~ beabacabe ~ beabeacbe ~ (beabcabe)a

H;6 = (abcabcab)c ~ abcabcbeb ~ abcabbeab ~ acbcbbeab
~ acabcbeab ~ cacbebeab ~ c(abcabeab).

iii
An

iii

iii

These complete the proof of Theorem 3. O

Let us state some observations related to the fundamental elements.

Let Gt be a monoid defined by positive homogeneous relations. Recall (§4
Definition) that 7G™ is the image of G in the group G by the localization ho-
momorphism 7. We define quasi-central elements and fundamental elements of
7GT exactly by the same defining relations for GT. Let us denote by QZ(nG™)
and F(rG7T) the set of quasi-central elements and fundamental elements in
7GT, respectively. Then, the localization homomorphism induces homomor-
phisms: QZ(G1) — QZ(rG™) and F(G") — F(rG™), which may be neither
injective nor surjective. However, Theorem 3 implies the following fact.
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Corollary 6.4 For any type X, the set of fundamental elements .7-'(7TG)+() 1
non-empty.

We note that F(7G¥) may not be singly generated. Evenmore, it is infinitely
generated for the type By (see details [12]).

Next, we state an observation that a power of the Coxeter element yields a
fundamental element.

Proposition 6.5 Ezcept for the types when the monoid decomposes into direct
products or when we have a nontrivial relation ~ on L (explicitly, except for
types Aii, Biii, Biv, By, Byii, Hiv, Hy, Hoi, Hyii, Hyisi ), deg(z)-th power of the Cox-
eter element C' := cba (= a homotopy class which turns once around all the
three points Cx N, ¢ counterclockwise) is a fundamental element.

Proof. Except for the type Hj;, the statement is true due to Theorem 3. In the
case of type Hj;, we have:

-
(cba)" = AHiiilAHiii5 = AHmQAHmﬁ = AHiii3AHiii4‘

O

Let us give further exmaples of local fundamental groups, where the Coxeter
element plays a similar role as in the 17 cases treated in the present paper. In
order to state the result, we introduce a property:

(P): The local fundamental group of the complement of a logarithmic-free in-
decomposable* local divisor admits a positive homogeneous presentation by a
suitable choice of Zariski-van Kampen generators such that a power of the Cox-
eter element, defined as a suitable product of the generators whose realizing
path has no self-intersecting point, gives a fundamental element of the monoid
generated by them in the fundamental group.

1. The discriminant of a finite irreducible reflection group satisfies the prop-
erty (P) ([B-S, S2, S3)).

2. The discriminant of a finite irreducible well-generated complex reflection
group ([B-M-R, Be]) satisfies the property (P) if their generators are identified
with certain Zariski-van Kampen generators.

3. The zero-loci of Sekiguchi polynomials define divisors satisfying (P) (The-
orems 1. and 3. of the present paper).

4. A plane curve is locally logarithmic free ([S1]), and, conjecturally, satisfies
(P) (c.f. [K]).

5. The discriminant of elliptic Weyl group is a free divisor ([S4]II), which
satisfies, conjecturally, the property (P), where the hyperbolic Coxeter element
in the elliptic Weyl group ([S4]LIII) can be lifted in the fundamental group to
an element whose power of order mr is a fundamental element.

Question. We ask whether the property (P) holds for any indecomposable
logarithmic free local divisor or not.

4A local divisor D in (C™, O) at the origin is called decomposable if there exist local divisors
D; in (C™,0) (i = 1,2) and alocal analytic isomorphism (C™, O) ~ (C™t, O) x (C™2, O) which
induces a local isomorphism D ~ (Dj xC"2) U (C™ x D3). A local divisor D in (C",0) is
called indecomposable if it is not decomposable.
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7 Cancellation conditions on the monoid G;}

In the present section, we study the cancellation condition on a monoid G*. In
the first half, we show some general consequences on the monoid G under the
cancellation condition, or under its weaker version: a weak cancellation condi-
tion. In the latter half, we prove that the monoid Ggii satisfies the cancellation
condition, however, we do not know whether the monoids vai, Gfgii and Gﬂm
satisfy it or not.

Definition 7.1. A monoid G is said to satisfy the cancellation condition, if
an equality AXB=AY B for A, B, X, Y € M implies X =Y.

It is well-known that an Artin monoid satisfies the cancellation condition
[B-S, Prop.2.3]. Let us state some important consequences of the cancellation
condition on a monoid defined by positive homogeneous relations.

Lemma 7.2. Let Gt be a monoid defined by positive homogeneous relations.
Suppose it satisfies the cancellation condition. Then, we have the following.
1. Forany A € QZ(G™T), the associated permutation on of L/~ extends to an

isomorphism, denoted also oa, of GY. The correspondence: A — o induces
an anti-homomorphism:

QZ(GF) — Aut(GH).

2. If F(GT) # 0, then the localization homomorphism T is injective.

3. For any element A€ G and any A€ F(GT), there exist BEnGT and n€Zx>q
such that, in G, one has equalities:

A=B-(A)" = (A7) 03" (B).

Proof. 1. First, we note that the permutation o induces an isomorphism of the
free monoid (L/~)*, denoted also oa. Let U and V' be words in (L/~)* which
are equivalent by the relations R (i.e. give the same element in GT). Then, by
definition, UA ~ Acoa(U) and VA ~ Ao (V) are equivalent. That is, Aca (U)
and Aoa (V) give the same element in G*. Then, cancelling A from the left,
we see that oa(U) and oA (V) give the same element in GT. Thus oA induces a
homomorphism from G* to G™. The homomorphism is invertible, since a finite
power of it is an identity. By definition, for any U € G* and Ay, As € QZ(G™T),
one has:

U'AlAQ ~ Al 'O'AI(U) -AQ ~ AlAg -O'Az(O'Al(U)).

2. For a localization homomorphism to be injective, it is sufficient to show
that the monoid satisfies the cancellation condition and that any two elements
of the monoid have (at least) one (left and right) common multiple (Ore’s con-
dition, see [C-P]). In view of Fact 4. in §6, for any two elements U,V € G* and
A € F(GT), Amax{lU)IV)} g a common multiple of U and V' from both sides.

3. Owing to the previous 2., it is sufficient to show that, for any element
A€ G and any A € F(GT), there exists k € Zx¢ such that A*- A € 7G*. This
can be easily shown by an induction on k(A) € Z>( where k(A) is the (minimal)
number of letters of negative power in a word expression of A in (LU L~1)*.
Details are left to the reader.
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Next, we formulate a weak cancellation condition and its consequences.

Definition 7.2. An element A € G™ is called left (resp. right) weakly cancella-
tie, if an equality A =U -V =U-W (rtesp. A=V -U =W -U) in GT for
some U, V,W € G, implies V =W in G™.

Using the concept of weakly cancellativity, we give a proposition character-
izing fundamental elements.

Proposition 7.4. Let G be a monoid defined by positive homogeneous rela-
tions. A quasi-central element A is a fundamental element if, for any s € L,
sA is left weakly cancellative and s divides A from the left.

Proof. Since A is divisible by any s € L/ ~ from the left, we put A = sA;
for a suitable A;. Multiply, oa(s) from the right so that we obtain Aca(s) =
sAsoa(s), where the left hand side is equal to sA = ssA;. Therefore, using the
weakly cancellativity of sA, dividing by s from the left, we obtain sAs = Ao (s).
This implies the statemnt. O

Notation. For an element A € GT, we put
Divi(A):={U e Gt: U |, A} and Div.(A):={U e G": U |, A}.

Proposition 7.5. Let a fundamental element A € F(GT) be left weakly can-
cellative. Then the following 1), ii), iii) and iv) hold.
i) For any element U € Divj(A), let U € (L) ~)* be a lifting to a word.
Then, the class of O’A(U) in Gt depends only on the class U but not
on the lifting U. Let us denote the class in Gt by oa(U).
ii) The divisor set Divi(A) is invariant under the action of oa. In particular,
the unique longest element A is fized by oa.
iii) The fundamental element A is right weakly cancellative.
iv) We have the equality:  Divi(A) = Div,.(A).

Proof. i) Suppose one has a decomposition A ~ U - 4 for U,V € G*, and let U
be a lifting of U into a word in (L/~)*. Then, oA (U) is well-defined as a word

and hence induce an element in G, which we denote by the same oa(U). We

claim that A is equivalent to V- oA (U). This is shown by induction on I(U). If
I(U) = 1, this is the definition of fundamental elements. Let [(U) > 1,U = U’-a
and A ~ U’ -a-V. By induction hypothesis, we have A ~ a -V - oao(U’). Due
to the weak cancellativity, V - o4 (U’) is equivalent to A,. Then, by definition
of fundamental elements, A is equivalent to V - oa(U’) - oa(a) = V - oa(0).

Let Uy and Us be liftings of U. Then, applying the above result, we see that
A'is equal to V-oa(U;) and V- (Us). Then, applying the weak cancellativity
of A, we see that o (U;) and o (Us) define the same element in G+, which we
shall denote by oa (U).

ii) In the proof of i), taking U = A and V' = 1, we obtain A = ga(A). Then,
since o is of finite order, we obtain oa(Divi(A)) = Divi(ca(A)) = Divi(A).

ili) Suppose A = V -U = W - U. Then according to i), we have A
U-0a(V)=U-oa(W). Then the left cancellation condition implies oa (V)
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oa(W). On the other hand, according to ii), oa(V) = oa(W) are again ele-
ments of Div;(A) so that we can apply oa to the equality. Since oa is of finite
order, after repeating this several times, we obtain the equality V = W.

iv) A is left divisible by U if and only if A is right divisible by oa(U). That
is, the set Div,.(A) of right divisors of A is equal to oa (Divi(A)) = Divi(A). O

Conjecture. Let C* of the element in §6 Proposition 6.5. If C*kordeck) jg
weakly cancellative, then GT satisfies the cancellation condition.

The following theorem shows that we have already enough relations for type
Bii-

Theorem 4. The monoid ng satisfies the cancellation condition.

Proof. We, first, remark the following.

Proposition 7.6. The left cancellation condition on ng implies the right can-
cellation condition.

Proof. Consider a map ¢ : Ggﬁ — ng, W — (W) := o(rev(W)), where o
is a permutation (Z zi) :) and rev(W) is the reverse of the word W = zyz5 - - - 24
(z; is a letter or an inverse of a letter) given by the word ;- - zox;. In view
of the defining relation of Ggu in Theorem 1., ¢ is well defined and is an anti-

isomorphism. If Sa ~ ~va, then p(Ba) ~ (ya), ie., p(a)p(B) ~ p(a)p(vy).
Using left cancellation condition, we obtain ¢(3) = ¢(vy) and, hence, 8 ~~. O

The following is sufficient to show the left cancellation condition on G .

Proposition 7.7. Let X and Y be positive words in GEH of length v € Z>¢.

(i) If uX ~uY for some u € {a,b,c}, then X ~ Y.

(ii) If aX ~ bY, then X ~bZ, Y ~ ¢Z for some positive word Z.

(iii) If aX ~cY, then X ~cZ,Y ~ aZ for some positive word Z.

(iv) If bX ~ cY, then there exist an integer k (0<k<r—1) and a word Z
such that X ~ c*baZ and Y ~ a*bbZ.

Proof. Let us denote by H(r,t) the statement in Proposition 7.7 for all pairs
of words X and Y such that their word-lengths are r and for all u,v € {a,b, c}
such that ©uX ~ vY and the number of elementary transformations to bring uX
to vY is less or equal than ¢. It is easy to see that H(r,t) is true if r < 1 or
t <1.

For r,t € Z~1, we prove H(r,t) under the induction hypothesis that H (s, u)
holds for (s,u) such that either s < r and arbitrary v or s =7 and u < t.

Let X,Y be of word-length r, and let u1 X ~ usWo >~ - ~ u, Wy ~ uy 1Y
be a sequence of elementary transformations of ¢ steps, where wuy, - ,usy1 €
{a,b,c} and Wy, --- ,W; are positive words of length r. By assumption t > 1,
there exists an index i € {2,...,t} so that we decompose the sequence into two
steps u1 X ~ u;W; ~ ur 1Y, where each step satisfies the induction hypothesis.

If there exists ¢ such that w; is equal either to w; or u;41, then by induction
hypothesis, W; is equivalent either to X or to Y. Then, again, applying the
induction hypothesis to the remaining step, we obtain the statement for the
u1 X =~ ug1Y . Thus, we assume from now on u; # wug,uz4q for 1 < i <t.
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Suppose u1 =uzyq. If there exists ¢ such that {u; =usy1,u;} #{b,c}, then
each of the equivalence says the existence of a, € {a, b, c} and words Z;, Z such
that X ~azy, W;~872,~37Z5 and Y ~«aZ,. Applying the induction hypothesis
for r to 8721 ~ 875, we get Zy ~ Z, and, hence, we obtained the statement
X ~aZ) ~aZy ~Y. Thus, we exclude these cases from our considerations.
Next, we consider the case {u1 =usy1,u;} ={b,c}. However, due to the above
consideration, we have only the case us =ug =--- =wu;. Then, by induction
hypothesis, we have Wy ~ ... ~W;. On the other hand, since the equivalences
ur X =~ usWs and up41Y =~ u;W, are the elementary transformations at the
beginning of the words, there exist again a, 8 € {bb,ba} and words Z;, Zo with
the similar descriptions as above hold, implying again X ~Y.

To complete the proof, we have to examine three more cases (uy,us,uz) =
(a,b,¢), (a,c,b) and (b,a,c) for t = 2, where we shall put W := Wa.

(I) Case (a,b,c). We have aX ~ bW ~cY.

Since the equivalences are single elementary transformations, there exist words
7y and Zy such that X ~ b2y, W ~ ¢Z; ~ baZy and Y =~ bbZ;. Applying
the induction hypothesis for r to the two equivalent expressions of W, we see
that there exist k and a word Zs such that 0 < k < r — 2, Z; ~ aFbbZs
and aZy ~ c*baZs;. We can apply k-times the induction hypothesis to the
last two equivalent expressions and we see that there exists a word Z4 such that
Zy ~ c*Z, and baZ3 ~ aZ4. Applying again the induction hypothesis to the last
equivalence relation, there exists a word Zs such that Z, ~ bZ5 and aZ3 ~ cZs.
Once again applying the induction hypothesis to the last equivalence relation, we
finally obtain Z35 ~ ¢Zg and Z5 ~ aZg for a word Zgz. Reversing the procedure,
obtain the descriptions:

X
Y

bZy ~ ba*bbZs ~ ba*bbcZs,
bbZy ~ bbck Z, ~ bbckbZs ~ bbckbaZg.

~
~

By using the relations of GEH, we can show ba*bbc ~ cbbckb and bbcFba ~
abbc®b. So, we conclude that X ~ ¢Z,Y ~ aZ for Z ~ bbc*bZs.

(I)  Case (a,c,b). We have aX ~ cWW ~ Y.
Since the equivalences are single elementary transformations, there exist words
Zy and Zs such that X ~ ¢Zy, W ~ aZ; ~ bbZy and Y ~ baZs. Applying the
induction hypothesis for r to the two equivalent expressions of W, we see that
there exists a word Z3 such that Z; ~ bZ3 and bZs ~ c¢Z3. Again applying the
induction hypothesis to the last two equivalent expressions, we see that there
exist an integer k with 0 < k < r—3 and a word Z4 such that Z5 ~ c*baZ, and
Z3 ~ a*bbZ,. Reversing the procedure, obtain the descriptions:

X ~ ¢Zy ~ cbZ3 ~ cbakbe4 and Y ~ baZy ~ backbaZ4.

It is not hard to show the equivalences cba®bb ~ bbacfb and bacfba ~ cbackb.
Thus, we obtain X ~ bZ,Y ~ ¢Z for Z = backbZ,.

(III)  Case (b,a,c). We have bX ~ aWW ~ Y.
By induction hypothesis, there exist words Z; and Z5 such that X ~ cZj,
W ~ bZ) ~ c¢Zy and Y ~ aZs. Applying the induction hypothesis for r to
the two equivalent expressions of W, we see that there exist £ and a word Z3
such that 0 < k < r — 2, Z1 ~ *baZs and Zy ~ a*bbZ3. Thus, we obtain the
descriptions:

X ~ cZ] ~ CCkbClZ3 and Y ~ a7y ~ aakbeg.

22



This is the conclusion in Proposition 7.7 (iv) with 0 < k + 1 < r—1, which we
looked for.

This completes the proof of Proposition. O
This completes the proof of Theorem 4. O

Remark 7.3. The sufficient criterion for the cancellation condition given in
[D-P, Prop. 3.6] is not satisfied by the monoid Ggﬁ.

8 2 x 2-matrix representation of the group Gx

We construct non-abelian representations of the groups Gg,;, G,;, Gu,,, Guy; -

vi?

Theorem 5. For each type X € {Bi;, Byi, Hi;, Hiii }, consider matrices A, B,C
€ GL(2,C) listed below. Then we have the following i) and ii).
i) The correspondence a — A,b+— B, c+— C induces representations
p : Gx — GL(2,C).
ii) The image p(Gx) is not an abelian group if 1> # 1.

1. Type By:

a=u(3 ) ool &) oma()

where 1° =1 and u,v € C*.

2. Type By;:

— =
N———

h
Il

N
~
O o~
To
—
~—
&
Il

IS
—~
o
QS
~—
Q
Il

Ny

—
=3
VS
S—

a=a(§ 8) s 0) emu(]

where ' =1 (12 #1) and u € C*

— =
N———

1 412 -1 ;3
a=——r——, bc=—F——+, d=—+—
(2 -1) (1-12)2 2-1
b d
p=—l'a, ¢ o r=—l% s 5
3. Type Hy;:
_ I 0 _ a b _ p q
aen(h 0) mea(2 ) ez D

where u € C* and one of the following two cases holds.
i) +1+1=0and3p*+3p+2=0

-1 -2 P bl +2) p(1—1) P
= — d: b = —— = —"= e f .
“T T3 3 T g1 3p 3 7T 3
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i) 1> —1+1=0 and 3p*> —3p+2=0.

[+1 -1 — —
a = + s d: +2,bC:727 q:b( l+2), T = p<l+1)’ 8:3'
3 3 3 3 3b 3
4. Type Hij:

A=u(l ) pea(th) emur 1)

where 1'° =1 (12 # 1) and u € C*
1 —t 412 -1 3

46=——5——, be=—F5——, = ——

(2 -1 (12 —-1)? ?2-1

Proof. Tt is sufficient to prove only for the case u =v = 1.

We present the matrices A, B and C' by the indeterminates a, b, c,d,p,q,r, s
and ! as in the statement, and then solve the polynomial equation on them
defined by the relations listed in Theorem 1. It is unnecessary to check all re-
lations, since some relations are included in the list because of the cancellation
condition, whereas GL(2,C) is a group where the cancellation condition is au-
tomatically satisfied. However, as we shall see, it is sometimes convenient to
take these “superfluous” relations in account. Detailed calculations are left to
the reader.

1.Type Bj;: We need to show CBB = BBA,BC = AB,AC = CA, whose

verifications are left to the reader. We have det(A)=det(C)=u?#0,det(B) =
9 . i1 (1 121 =12 -1 (1 12=-1
v2£0. Since ABA™LB _(0 ( ; ) JandBeptet= (L P,
p(Gg,) is abelian if and only if [ = 1.

2. Type Byi: We need to show ABA = BAB,ACA = BAC,ACB = CAC.
Actually, solving the (1,1) entry of the equation ABA = BAB, tr(A4) = tr(B)
and det(B) = 1, w obtain the expressions for a, b, ¢,d. Then, using the relation
C = ABA™2B, we obtain the expressions for p, g, r, s. Furthermore, comparing
the (1,1)-entry of A% = B% we get I3+ 16+ 14 +12+1=0.

3. Type Hy;: We need to show ABAB=BABA,ACA=BAC,ACB=CAC.

_( be+a22  bd+ abl? _( be+a®® ab+bd/1?
ABAB_(GC+cd/12 bet a2z ) PABA= gy ae? be + d? /12

By these calculations, we have d 4+ al?> = 0. By TrA = TrB = TrC and
det A=det B=detC,wehavea+d=1+1"'=p+s,ad—bc=ps—qr=1.

2 2
S S (Y
I1-12) Z-1

ACA — ’p ¢ BAC — [ @lp+br/l alqg+bs/l
- ros/I2 ) -

(74
e 220D
=17

cp+dr/l clg+ds/l
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b (I 4+ 1)p —91

D A Y (E ) R R P P
ACB = CAC & (1-1+1%) = 0 and 3p*>—3p+2 =0, or , (14+1+1%) = 0 and 3p*+3p+2 =0

We calculate each cases separately and obtain the result.

4. Type Hy;: We need to show ABA=BAB,CBA=ACB,BCA=CBC.
As in case of By, already the first relation ABA = BAB (in particular tr(A) =
tr(B) and det(B) = 1) implies the expressions for a, b, c,d. Using further the
relation ACA = CAC, we obtain a = p, d = s and bc = gr. Then applying the
relation A2C' = BA?, we get ¢ = I*b and r = [~*c. Further, using the relation
CA3 = A3B, we obtain ['0 = 1. O

q

Corollary. For X € {By, Byi, Hi, Hiil, a(QZ(WG})) consists only of the
identity.

Sketch of Proof. For o € &(L), we consider a matrix X € Mat(2, C) satisfying
the equations: AX = Xo(A), BX = Xo(B), CX = Xo(C). If 0 = 1, then
the solutions are constant x id. If o # 1, then X = 0.

Remark. J.Sekiguchi constructed the following 3 x 3-matrices representation:
av+ A b+— B,c+— C of the group of type Bj;.

ay 0 0 0 0 bl as 0 0
A= 0 az 0 5 B = bg 0 0 y C= 0 as 0 5
0 0 as 0 b3 0 0 0 ay

for ai,az, as, b17 b2, bg € C*.
Acknowledgement. We thank David Bessis for pointing out that the group Gy,
is an infinite cyclic group, and Masaki Kashiwara for interesting discussions.
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