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Complex hyperbolic triangle groups
with 2-fold symmetry

John R. Parker, Li-Jie Sun

Abstract. In this paper we will consider the 2-fold symmetric complex hy-
perbolic triangle groups generated by three complex reflections through angle
27 /p with p > 2. We will mainly concentrate on the groups where some ele-
ments are elliptic of finite order. Then we will classify all such groups which
are candidates for being discrete. There are only 4 types.

1. INTRODUCTION

A complex hyperbolic triangle is a triple (C, C2, C3) of complex geodesics
in H(%. If each pair of complex geodesics intersects in H% U 8H(% and the
angles between Cj_; and Cy for k = 1,2,3 (the indices are taken mod
3) are mw/p1,m/p2, 7/p3, where pi,p2,p3 € NU {co}, we call the triangle
(C1,C4,Cs) a (p1,p2, p3)-triangle. The intersection points of pairs of com-
plex geodesics are called the wvertices of the complex hyperbolic triangle.
A group T is called a (p1, pe2, p3)-triangle group, if T' is generated by three
complex reflections Ry, Re, R3 fixing sides C1, Co, C3 of (p1, p2, p3)-triangle.
Note that a complex reflection may have order greater than 2. In what fol-
lows we suppose that R;, Rs and Rj3 all have order p € Z with p > 2.

Any two real hyperbolic triangle groups with the same intersection angles
are conjugate in Isom™ (H?), which is the orientation preserving isometry
group of real hyperbolic plane, see section 10.6 in [1|. If we consider the
groups in PU(2,1) = Aut(H2%), we will get the nontrivial deformations.
The deformation theory of complex hyperbolic triangle groups was begun
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in 3] in which they investigated I' of type (00, 00, 00) with p = 2 (complex
hyperbolic ideal triangle groups). Since then, there have been many de-
velopments referring to other types, such as [15, 6, 13] among which they
mainly gave the necessary conditions of I" to be discrete. Especially Parker
and Paupert in [10] and [11] investigated the equilateral triangle group
generated by three complex reflections with finite order. These include De-
raux’s lattice, Livné’s lattices, Mostow’s lattices. Our starting point is a
result given by Thompson [14] where he investigated the non-equilateral
triangle groups generated by three complex involutions (that is the order
of the reflections is p = 2). He obtained his result using a computer search.
Using [11] we see that Thompson’s results apply to groups with p > 2 as
well. In what follows we will give the specific case about the triangles group
with 2-fold symmetry and we give a rigorous proof.

We will restrict to the complex hyperbolic triangle groups generated by
three complex reflections with finite order p > 2. Suppose that the polar
vector of a complex geodesic C is vy (see Section 2 for a more precise ex-
planation). We consider the complex reflection R; in the complex geodesic
C1. This map sends vy to €®vy and acts as the identity on the orthogonal
complement of vy, that is on vectors that project to C;. We will always
restrict to the case where ¢ = 27/p and so Ry has order p > 2. Then R; is
given by the following formula:

_ id <Z7 V1>
Ri(z) =z + (e 1)7<v1’v1>v1. (1.1)
In order to convert R; into a matrix with determinant 1, we need to multiply
the expression in (1.1) by e~*/3. The ambiguity involved in this choice is
precisely the ambiguity involved in lifting an isometry in PU(2,1) to a
matrix in SU(2,1).
Here we recall the terminology for braid relations between group elements
(see Section 2.2 of Mostow [8]). Let G be a group and a, b € G. Then a
and b satisfy a braid relation of length [ € Z, if

(ab)'? = (ba)'’?,

where powers means that the corresponding alternating product of a and b
should have [ factors. For example, (ab)*/? = aba, (ba)? = baba. We denote
the braid length [ by br(a,b) to be the minimum length of a braid relation
satisfied by a and b.

We define the (1, l2,l3; l4)-triangle groups to be the triangle groups with
the following braid relations:

br(Ra,Rs) =11,  br(Ry, Rs) = la,
br(Ri,Ry) =13,  br(Ri, Ry'RaRs) = Ly,
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where each R; is of order p.
In this paper we aim to list the candidates of discrete triangle groups
generated by Ri, Ro, R3 with [; = [y and I3 = [4 as stated in Theorem 2.4.

2. THE PARAMETER SPACE, TRACES AND MAIN RESULT

Firstly we recall some fundamentals about complex hyperbolic 2-space.
Please refer to [4, 9] for more details about the complex hyperbolic space.
Let C%! denote the vector space C? equipped with the Hermitian form

<Z7 W) = 21W1 + 22W2 — 23W3
of signature (2,1), where z = [21, 22, 23]* and w = [wy, w2, w3]t. The Her-
mitian form divides C*! into three parts V_, Vy and V,, which are

V. = {z € C*'|(z,2) < 0},

Vo = {z € C*!|(z,2) = 0},

Vi = {z € C*'|(z,2) > 0}.

We denote by CP? the complex projectivisation of C*! and by
P:C*!'\ {0} — CP?
the natural projectivisation map. The complex hyperbolic 2-space H% is de-
fined as P(V_). It is called the standard projective model of the complex hy-
perbolic space. Correspondingly the boundary of HZ is 0HZ = P(V; \ {0}).
One can also consider the unit ball model whose boundary is the sphere S3
by taking z3 = 1, which can be simply written as
{(z1,22) € C? 1 |21]* + |22)* < 1}.

The complex hyperbolic plane H(QC is a K&hler manifold of constant holo-
morphic sectional curvature —1. The holomorphic automorphism group of
H% is the projectivisation PU(2,1) of the group U(2,1) of complex linear
transformations on C?*!, which preserve the Hermitian form. Especially
SU(2,1) is the subgroup of U(2,1) with the determinant of each element
being 1.

Let 2, € HZ be points corresponding to vectors x,y € C*!\ {0}. Then
the Bergman metric p on H(QC is given by

cosh? (ﬂ(w,y)) _ yiyx)
2 (x,x)(y,y)
where x, y€ V_ are the lifts of x, y respectively. It is easy to check that
this definition is independent of the choice of lifts.
Given two points x and ¥ in H(QC U 0HZ, with lifts x and y to C?!
respectively, the complex span of x and y projects to a complex line in
CP? passing through z and y. The intersection of a complex line with H(%
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will be called a complex geodesic C' (which is homeomorphic to an open
2-dimensional disk), which can be uniquely determined by a positive vector
veVy ie C=P{zeC>*\{0}]|(zv)=0}). We call v a polar vector
to C. As stated in Section 1, we will consider (11, l2, l3;l4)-triangle groups I'
generated by three complex reflections, see (1.1), through angle ¢ in three
complex geodesics.

Throughout this paper, we assume that R;, R, R3 are three complex
reflections in complex geodesics C1, Co, C3 respectively. We parameterize
the triangle groups generated by R;, Ro, R3 by three complex numbers p,
o and 7. Up to the action of PU(2,1), we can parameterize the collection
of three pairwise distinct complex lines in H(% by four real parameters,
see Proposition 1 of [12]. The parameters we choose are |p|, |o|, |7| and
arg(poT). In particular, we can freely choose the argument of two out of
the three parameters.

Write u = €'?/3 = ¢2/37_ The group I' has generators given by

u? —ur a 0 0 a 0 0
Ri=1]0 0 |, Ro=|-up u? ., Rs=(0 @ 0] (21)
0 m 0 0 u T —us u?

which preserve the Hermitian form

o 2D
)

o B B
H = ﬂl 9 52 ) (22)
B3 By «

where o = V2 — ud — @3, By = —iu'/?p, By = —iu'/?0, B3 = —ia'/?1 (note
that here we take @!'/2 = e=™/3P),

This Hermitian form has signature (2, 1) if and only if det(H) < 0. That

is,
0 < alBif’ +alfel* + alBs — o’ — 815283 — B1B2Ps

= 2p)? + o)’ + ?|r)? — o — iw®?por + w2 por.

In terms of these parameters

tr(R1R2

tI"(RQRg

tr(Ry Rs

tr(R1R3 RoR3

u(2— |pl*) + ﬂ2,
(2~ |o]?) + @,
u(2—|7*) +
u(2—\07'—ﬁ\ )+u2

(2.3)

e ~— ~— —

Lemma 2.1. [11 Corollary 2.5] If |p| = 2cos(, then the three eigenvalues
of R1Ry will be u?, — ue?S, —ye=2¢,
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Proof. Each point on C is a & = e~ /3 eigenvector of R, and each point
on Cy is a 4 = e~ /3 eigenvector of Ry, see (1.1). Therefore if z € C1 N Cy,
then we will get that

RiRy(z) = e /3R (z) = e 29/3

Hence z is a 42 = e 293 eigenvector of R Rs. Hence the sum of the other
two eigenvalues of RyRs is u(2 — |p|?). By the assumption |p| = 2cos,
we know that R;Rp is not loxodromic, see Section 6.2 in [4]. Therefore
each eigenvalue of R1Rjs is of modulus one. Then we can get that the three
eigenvalues of Ry Ry will be @2, —ue?<, —ue=?€ from the form of tr(R; Ro)

in (2.3). O

Remark 2.2. We suppose that m € N, m > 2. If |p| = 2cos(7m/m)
then br(Ri, R2) = m, see Section 2.2 in [8| for details or more precisely
[2, Proposition 2.3]. (In fact this is true if |p| = 2cos(kw/m) where k is
coprime to m.) In the following Theorem 2.4, we suppose

ol = o7 — | = 2cos(/m), o] = || = 2cos(/n),

which is the case of interest in [2].
If Ry, Ry are complex involutions (p = 2), then the order of RyRs will
be of m.

Assume that
br(Ry, Ry) = br(R1, Ry 'RaR3), br(Ra, R3) = br(R1, R3).
From Remark 2.2 and (2.3), our hypothesis on braiding implies that
ol = loT —pl, lo| = I7].

Since we are free to choose the argument of two of the three parameters, we
impose the condition that ¢ and 7 should be real and non-negative, which
means that Im(p) = Im(o7 — p). So the condition |p| = |07 — p| becomes
either o7 = p+ p or o7 = 0. In the latter case the group is reducible, so
we do not consider it. Hence we suppose Re(p) > 0 and o =7 = /p+ p.

Suppose that |p| = 2cos(m/m) and 0 = 7 = 2cos(7/n), where m,n € N
and m,n > 3. Then the matrices in (2.1) become:

u?> p —u\/p+p

Rio= o a o : (2.4)
0 O m
U 0 0

Ry = |-up v* p+7p], (2.5)
0 0 U
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a 0 0
Ry = 0 a 0]. (2.6)
VPP —up i u
Furthermore, the Hermitian form H (2.2) has signature (2, 1) if and only if
0 < alpf® +2a(p+ p) — o —iw**(p* + |pI*) + i®*(p* + |p|*)

(2.7)
=2a(p+p) — a® —iw3?p? + P2

Proposition 2.3. Let

p u(l—p—p) u*/p+p
S=1u 0 0
0 ayp+p -1
Then
(a) S* = RiRyRs,
(0)

SR1S™' = RiRyR;‘,

SRyS™' = RiRsRiR;'Ri",

SR3S™! = RiR3R;".
In particular,

S(RyR3)S™' = Ry Rs, S(R1R3'RyR3)S™! = RiRs.

Moreover, S is the only matriz in SU(2,1) satisfying (a) and (b).
Proof. Suppose that S satisfies (b). The basis vectors vi = [1,0,0],
vy = [0,1,0]" and v3 = [0,0,1]" are the polar vectors to the fixed com-
plex geodesics of Ry, Ra, R3 respectively. Since SR;S™! = RleRfl, we
see that S sends vy to a vector that is polar to the fixed complex geodesic

of RleRfl, which is a non-zero multiple of Ryve. Similarly for the other
complex reflections. Therefore

SVl = )\R1V2, SVQ = /LRleVl, SVg = Z/R1V3.
Hence any matrix S satisfying (b) has the form:
Ap pu(l—p—p) —vuy/p+p
S=1X\u 0 0 ,
0 puN/p+p v
where A\, p, v € C — {0}. Now squaring S and comparing its entries with

the entries of Rj RaR3, we see that if such a matrix S also satisfies (a), then
we must have:

N =1, Ap=1, py = —u, AV = —u, v =u”.
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Also, since S € SU(2,1) we have 1 = det(S) = —Auvu. The only solution
to these equations is A = y = 1 and ¥ = —u. Hence S has the form we
claimed.

Finally, it is easy to check directly that the matrix S in the statement of
the proposition lies in SU(2, 1) and satisfies (a) and (b). O

In the following we will classify all discrete triangle groups generated by
Ry, Ry, R3 with the 2-fold symmetry given by S satisfying the conditions (a)
and (b) in Proposition 2.3.

Theorem 2.4. Let Ry, Ry, R3 be three complex reflections of order p (with
p = 2)in SU2,1) so that R; keeps a complex geodesic C; (i = 1,2, 3)
invariant. Assume that there is S € SU(2,1) such that

SR1S™' = RiRa R,

SRyS™' = RiRsR1R; 'Ry,

SR3S™' = RiR3R; ",

S? = RiRyR3.

Let p and o be as in (2.3). Suppose |p| = 2cos(w/m) and |o| = 2 cos(w/n),
which implies that br(Ry, R3) = n, br(R1, R2) = m (where m, n € N and
m,n > 3). Suppose also that RiRsR3 is of finite order. Then the the
possible values for (n,m) are (3,4), (3,5), (4,3), (5,4), (8,6) and (k,k)
(k€N and k > 3).

Moreover, in each case the group preserves a Hermitian form H. When
(n,m) is one of (3,5) or (k,k) for k > 5 the form H has signature (2,1)
for all p = 2. For the other values of (n,m) the form H only has signature
(2,1) for the following values of p:

(3,4), p = 5; (4,3), p > 4 (5,4), p
(8,6), p > 3; (3,3), p =>4 (4,4), p

Note that the solutions correspond to the following parameter values, or
their complex conjugates:

>4 = 3;
>4 > 3.

(n,m) || p s=p—1 pr——
3,4) || (1+ i\ﬁ)/g 2T { Ami]T | o—6mi]T 1

3,5 2e27i/5 cos(1/5) e2mi/5 4 oTmi/15 | —13mi/15 | |

; 1 0 V2

)
)
) (1 + Z\/g)(\/g— Z\/g)/4 e—27ri/3 + 627ri/15 + e87ri/15 (1 + \/5)/2
) (1 + Z)(l _ Z/\/§) eTri/Q + eﬂ'i/12 4 6777ri/12 24 \/i
k) || 2¢7/F cos(/ k) e2mi/k 2 cos(m/k)
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3. THE PROOF

Firstly a direct computation will show that the symmetry S conjugates
RiRs to R1R§1R2R3 and conjugates RoR3 to R Rs3. It means that

br(Ry, Ry) = br(R1, Ry 'RaR3), br(Ra, R3) = br(R1, R3)

by recalling Remark 2.2 and (2.3). By the parameterization of the triangle
groups in Section 2 and the assumption in Theorem 2.4, one could get the
matrix representation of H, R, Ra, R3 as (2.2), (2.4), (2.5), (2.6), where

lp| = 2 cos(m/m), o =1 =2cos(m/n).

Throughout the proof we let ( = w/m and n = 7/n. Then by Proposi-
tion 2.3, we can get the unique matrix from of S € SU(2,1).

Because of S? = Ry Ry R3, we can restrict ourselves to S, which is elliptic
of finite order. Equivalently, there exist a and b that are rational multiples
of 7 for which:

tr(S) = —14 p = €@ + € 4+ 7@+, (3.1)

Observe that there is some ambiguity in the choice of a and b. First, we can
permute the three terms in this expression, and so permute {a, b, —a — b};
secondly we can change the sign of all three terms and, finally, since tr(.S)
is only defined up to multiplying by a cube root of unity, we can add the
same integer multiple of 27/3 to both a and b. We will use these operations
to simplify things in our calculations below.

We denote tr(S) by s, then get that

s> =1+ [p]* =2Re(p) = [+ e+ D2, (32)
Re(s) = -1+ Re(p) = cos(a)+ cos(b) +cos(a+b), (3.3)
Recall that

Ip|> = 4cos®¢ =2cos(20) + 2,

Re(p) = % = 2cos?n = cos(2n) + 1.

The above two equations can be simplified to
1 = cos(2(¢) — cos(2n) — cos(a — b) — cos(a + 2b) — cos(2a +b), (3.4)
0 = cos(2n) — cos(a) — cos(b) — cos(a + b). (3.5)
In what follows we will repeatedly use the following result given by

A. Monaghan, which generalizes the result of Conway and Jones for van-
ishing sums of cosines of rational multiples of 7.

Proposition 3.1. [7, Theorem 2.4.3.1] Suppose that we have at most five
distinct rational numbers of w, for which some rational linear combination of
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their cosines is rational but no proper subset has this property. If ¢ € (0, )
and all other angles are normalized to lie in (0,7), then the appropriate

linear combination is proportional to one of the following:

(a) 0= cos(¢) + cos(¢ + &) + cos(¢ + 1),

(b) 0= cos() + cos(¢ + Z) — cos(¢ + 3T) + cos(¢ £ 77),
(c) 0 =cos(¢) —cos(¢ £ Z) + cos(¢ + =) — cos(¢ £ 1F),
(d) 5 = cos(5),

(e) % =cos(%) — cos(%’r),

() % = cos(¥) —cos({5) + cos(%),

(g) % = —cos(%’r) + COS(%) — cos(%),

(h) 5 = —cos({5) + cos(1F) + cos(7F) — cos(TF),

(1) % = cos(%) — cos(277r) + cos(377r),

() 3 = cos(F) — cos(3) + cos(3}) — cos(37),

(k) % = cos(%) cos(?’%) — cos(37) + cos(SilT),

(1) 3 = —cos(3F) + cos(3F) + cos(5f) + cos(FF),
(m) % = cos(%) — cos(gy) + Cos(%r) - cos(5—71r) + cos(%r),
(n) % = - COS(27W) + cos(%—’lr) + cos(é—l) — CoS 52’—1) + cos(%),
(0) % = cos(%”) — cos(g7) + COS(%) + cos(%—’lr) + cos(120—1”).

Since the right hand side of equation (3.4) is 1 (rather than 0 or 1/2),
Monaghan’s theorem implies that it must be a sum of (at least) two similar
sums involving fewer cosines. We begin by showing that at least one of the
cosines must itself be rational.

Proposition 3.2. Suppose that ( = n/m, n = w/n and a, b are rational
multiples of m so that equations (3.4) and (3.5) hold. Then one of the
cosines in equation (3.4) must be rational.

Proof. Suppose that none of the cosines are rational. Then (3.4) splits into
two rational sums, one of length two and the other of length three, neither
of which has a rational subsum. By inspection from Proposition 3.1 we see
that these two sums must have the value 0, +£1/2. Since they sum to 1,
they must both be 1/2. Therefore, the sum of length 2 must be (e) and the
sum of length 3 must be one of (f), (g) or (i).

(1) 1/2 = cos(2¢) —cos(2n) = — cos(a—b) —cos(a+ 2b) — cos(2a+b). Since
¢ = m/m and n = w/n the sum (e) implies 2¢ = 7/5 and 2n = 2x/5.
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For the second equation, there are certain symmetry operations on a
and b described in the paragraph after equation (3.1) above. Up to
these operations, we now list the possible values of a and b. In the first
column we indicate which of the identities (a) to (o) in Proposition 3.1
we mainly used.

a—b| a+2b| 2a+b a b

(f) | 7/15 | 117/15 | 4x/5 | 13w/45| 27/9
(g) | 2n/5 | Tw/15 | 13w/15 | 197/45 | w/45
(i) | 2w/7 | 4m/7 | 67T | —27/7 | —47/7

Using 2n = 27 /5, we see that none of the values in this table sat-
isfy (3.5). Therefore we get no solutions.

(2) 1/2 = cos(2¢) — cos(a — b) = — cos(2n) — cos(a + 2b) — cos(2a + b). The
first equation gives 2¢ = m/5 as in case (1) and so a — b = 27/5. Since
a—0b = (2a+ b) — (a + 2b) the difference of two of the angles in the
second equation must be 27/5. By inspection, we see the only solution
is a+2b="7Tr/15 and 2a + b = 137 /15. This means 2n = 27 /5 and we
are back in case (1).

(3) 1/2 = —cos(2n)—cos(a—b) = cos(2¢)—cos(a+2b)—cos(2a+Db). The first
equation gives 2n = 27 /5 as in (1) and so a — b = 4x /5. Substituting
in the second equation, we see a + 2b = —n /15 and 2a + b = 117 /15.
Thus 2¢ = 7/5 and we are back in case (1) again.

(4) 1/2 = —cos(a—b) —cos(a+2b) = cos(2¢) — cos(2n) —cos(2a+b). Up to
symmetries of a, b and —a — b, the first sum implies that a — b = 27/5
and a + 2b = 47/5. Hence 2a + b = 67/5 and so the second sum
must be (f). Thus cos(2¢) = cos(2m/m) = cos(4m/15) or cos(2n) =
cos(2m/n) = — cos(4m/15), so either m or n is not an integer. Therefore
there are no solutions. O

As a consequence of this result, we can consider separate cases where each
of the cosines in (3.4) is rational. If either cos(2() or cos(2n) is rational
it must be 0 or £1/2 since ( = m/m and n = 7/n where m and n are at
least 3. If one of the other three cosines is rational we can use the allowable
symmetries of a and b, we to assume that cos(a — b) is rational. We treat
each of these cases separately below. First we eliminate a simple situation
which gives us many solutions and will recur in the different cases.

Lemma 3.3. Suppose that cos(2() = cos(2n), or equivalently m = n, then
putting s = e=2™/"™ gives a solution to equations (3.4) and (3.5) for all
m = 3.

Proof. Substituting cos(2¢) = cos(2n) into (3.4) gives:
0 = 1+ cos(a—b)+ cos(a+ 2b)+ cos(2a + b)
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= 2cos®((a—b)/2) +2cos((a — b)/2) cos(3(a + b)/2)
= 4cos((a—b)/2) cos((a+ 2b)/2) cos((2a + b)/2).
Therefore one of (a — b), (a + 2b) or (2a + b) is an odd multiple of =.
Without loss of generality, we suppose that a + 2b = (2k + 1)w. Then we
get —a — b = b — (2k + 1)m which yields s = €', where a is a rational
2
multiple of 7. Because Re(s) = =14 Re(p) = -1+ % = cos(2n), we see
that cos(a) = cos(2w/m) = cos(2m/n).
Now we consider the signature of the Hermitian form
40436 ;

Det(H) =ie™ 2z (=14 @97 (e 4 ¢9)2,

TABLE 3.1. Signature of Hermitian form

s (2, 1) | degenerate | (3, 0)
e%(m:n:?)) p=>4 p= p=2
e%(m:nzél) p =3 p= none
e (m=n=k>=5)|p=>2 none none
In this case, we get the solution n = m. O

We now consider the cases where cos(2(), cos(2n) or cos(a — b) are ra-
tional. We will use the following result proved by Parker when he was
analyzing the triangle groups with 3-fold symmetry [10]. In [10] the last
two cases were missed out, but this was corrected in [2].

Proposition 3.4. [10, Proposition 3.2] Let 0, a and b be rational multiples
of m. Write s = €'+ ¢ 4 e~ aH0)  Then, the only possible solutions to the
equation

1
cos(260) — cos(a — b) — cos(a + 2b) — cos(2a +b) = 3

give rise to the following values of 0 and s, up to changing the sign of 0
and up to conjugating s and multiplying it by a power of w = e27/3:
(1) 20 = 2n/3 and s = —e /3 for some angle ¥ that is a rational
multiple of m;
(i) 20 = v and s = e2V/3 4 ¢=1W/3 = 1¥/69 COS% for some angle ¢ that
s a rational multiple of m;
(iit) 20 = 7/3 and s = €™/3 + ¢=7/62 cos T

: _ _ pin/3 4 —in/6 .
(iv) 20 = /5 and s = €™/3 4+ e~/ 2cos % ;
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(v) 20 = 37/5 and s = €™/3 4+ e7/62 cos sy
9 = 7‘(’/2 and s = 627Fi/7 +e4wi/7 + 6—671—7:/7;
0=m/2 and s = ¥/ + e7""/92 cos 2 ;

2
(vi) 2
i) 2
20 = 7w/2 and s = €™/ 4 e=17/99 cos AZ ;
2
2
2

(vii
(viii

)
)
)
(ix)
)
)
)

57
0 =m/7 and s = e*™/9 4 e71"/92 cos I ;

0 =57/7 and s = >/ 4 e="7/92 cos 47”;
0 =3m/7 and s = e*™/9 + e=/92 cos & ;
(xii) 20 =27 /5 and s =1+ 2cos %”;
(xiii) 20 = 4xw/5 and s =1 + 2 cos %’T.

(x

(xi

Note that for the groups Parker was considering s = e/ + ¢ 4 ¢—fo—i
was the trace of R;J, whereas in our case it is the trace of S. In the cases
where cos(2¢) = 1/2 or cos(2n) = —1/2 then equation (3.4) reduces to the
equation from Proposition 3.4, and we can use that result to find solutions.

Lemma 3.5. Suppose that cos(2n) is rational. Then the only solutions
to (3.4) and (3.5) are cos(2¢) = cos(2m/m) and cos(2n) = cos(2m/n) where

Proof. Since cos(2n) is rational and not equal to +1 it can only be 0 or
+1/2. We treat each case separately.

(1) cos(2n) = —3, which gives n = 3. Note that
1
5= cos(2n) +1 = Re(p) = Re(s) + 1

and so Re(s) = —1/2. We rewrite (3.4) to give the equation from
Proposition 3.4 with 8 = (.
By direct calculation, we just need to consider cases (i), (ii) and (vi)
because of Re(s) = —1/2.
(i) s = —e~™/3 and so |s| = 1. This yields that |p| = 2cos(7/m) = 1,
and so m = 3. By considering Re (s) = —cos(6/3), we know that
0 = 47 + 6kn (k € Z) which means that s = —e¥/3, From (2.7),
we get that

Det(H) = T3 cos(¢/2) + sin(¢/2) — 2sin(3¢/2).

We list the corresponding signature of Hermitian form for different
s in Table 3.2. In this case, we get that n = m = 3.
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TABLE 3.2. Signature of Hermitian form

s (2, 1) | degenerate | (3, 0)
—e 3 p >4 p=3 p=2

/3

—e none p=2~6 pF£6

(ii) s = e¥¥/3 4 e=W/3 = /62 cos(¢p/2) where ¢ = 20. By solving
—1/2 = Re(s) = cos(46/3) + cos(20/3)
= 2cos*(20/3) + cos(20/3) — 1

we obtain cos(20/3) = (—1 £+ /5)/4. That is, 20/3 = £21/5 + 2k
or +47/5 + 2kw. Hence § = +37/5 + 3km or +67/5 4+ 3kw. The
only solution to |s| = 2| cos(0)| = 2 cos(w/m) is m = 5 (coming from
20/3 = 4m/5 — 2m).

Therefore s = €2™/% 4 ¢47/5 or 5 = ¢=2™/5 4 ¢=47/5 In these cases
we find, respectively, that:

Det(H) = —\/5—}—2\/5005% - (2+\/5+4cos¢)sin§,
Det(H) = \/5+2\/5cos§ - (2+\/5+4cos<;5)sin§.

TABLE 3.3. Signature of Hermitian form

s (2

7 )
e 5 +e 5
277 LYY

p
es +es |p

1) | degenerate | (3, 0)
7 none p=8
2

WV /A |

none none

In this case, we get that n =3, m = 5.

(vi) Since s = €2™/7 4 4™/ 4 ¢=6m/T — (1 4 \/Ti)/2, it follows that
Re(s) = —1/2 and |s| = v/2 which indicates that m = 4. A simple
calculation yields that

Det(H) = %(1 — 8cos ) sing

from which it follows that the signature of the Hermitian form will
be of (2,1) for p > 5, otherwise it will be positive. In this case, we
get that n =3, m = 4.

Therefore we obtain the solutions (n,m) = (3,3), (3,4) and (3,5).
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(2)
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cos(2n) = 0. Now we have |o|?> = 2 which yields Re (s) = 0. Therefore
one can get the following two equations

{ cos(2¢) — cos(a — b) — cos(a + 2b) — cos(2a +b) =1,

3.6
cosa + cosb + cos(a + b) = 0. (36)

Since the first of these has 1 on the right hand side, it must split as the
sum of (at least) two minimal subsums. Treating these case by case we
see that the only possibilities are cos(2¢) = 0, which yields m = n = 4
and cos(2¢) = —1/2, which gives n = 4 and m = 3. The former case is
a particular instance of Lemma 3.3. In the latter case we rewrite (3.2)
as

517 = 1+ |pl” = 2Re (p) = 1 + 2 cos(2() — 2 cos(2n) = 0.

Therefore, the only solution is s = 0, or equivalently p = 1. This
implies that

Det(H) = —2sin 3¢ = —2sin 377r7

2 p

and the signature of the Hermitian form will be positive if p = 2,
degenerate if p = 3, negative (of signature (2,1)) if p > 4. Therefore in
this case we get that n =4, m = 3. Hence the only solutions we get in
this case are (n,m) = (4,3) and (4,4).
cos(2n) = 1/2. Now we have |o|> = 3 from which it follows that
Re (s) = 1/2. We rewrite the two equations

cos(2¢) — cos(a — b) — cos(a + 2b) — cos(2a + b) = g, 57

1
cos a + cosb + cos(a +b) = 5

If the second equation is irreducible, then it must be one of Proposi-
tion 3.1 parts (f), (g) or enum:posi:1:i. We see in each case that the
angles involved do not sum to 0 (making each cosine positive, the sum
is 7 times the ratio of two odd integers for each choice of sign). If the
second equation splits as the sum of two rational subsums then, without
loss of generality, cos(a) is rational. Hence it is in the set {0,+1/2.£1}.
Simple trigonometry shows that

2cos(a/2)cos(a/24+b) = cos(b) + cos(a + b)
1/2 — cos(a),
cos(a+2b) +1 = 2cos?(a/2+D)

= (1/2- cos(a))2/(l + cos(a)),
cos(a —b) +cos(2a +b) = 2cos(3a/2)cos(a/2+b)
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= —2(1/2- cos(a))Z.

Substituting these identities in the first equation, we see that cos(2()
is a rational function of cos(a), and so is rational. Substituting the
different values of cos(a) gives a solution with ( = 7/m only when
cos(a) = £1/2. In both cases, cos(2¢) = 1/2 and so m = 6. Thus we
obtain the solution (n,m) = (6,6). O

Lemma 3.6. Suppose that cos(2¢) is rational. Then the only solutions
to (3.4) and (3.5) are cos(2¢) = cos(2m/m) and cos(2n) = cos(2w/n),
where (n,m) is one of (3,3), (4,3), (4,4), (5,4), (6,6) or (8,6).

Proof. Since cos(2() is rational and not equal to 1 it can only be 0 or
+1/2. We treat each case separately.

(1)

cos(2¢) = 1/2, which gives m = 6. In this case, we know
|s|> = 1 + 2cos(2¢) — 2cos(2n) = 2 — 2cos(27).

In this case, we rewrite equation (3.4) to give the equation from Propo-
sition 3.4 with 20 = m — 2n. Checking one by one, we will find that
there is no value of s in Proposition 3.4 satisfying (3.5) except the
cases (i) and (ii). For (i) we have 2n =7 — 20 = 7/3 and so n = 6 (we
have analyzed this case previously). For(ii), we have ¢ = m — 25 and
5 = e2im/3=4in/3 4 o=im/3+2in/3 Qubstituting in equation (3.5) gives

0 = cos(2n) — Re(s)
= —cos(m —2n) — cos(2m/3 — 4n/3) — cos(7w/3 — 2n/3)
= —cos(27/3 —4n/3)(1 + 2cos(7/3 — 2n/3)).

The only solution with n = 7/n is when 27/3 — 4n/3 = 7/2. That is,
n = 8. By calculating Det(H) = —2cos(¢)(1 + 2sin¢), we see that H
is of signature (3,0) for p = 2 and is of signature (2, 1) for any p > 3.
In this case, we get (n,m) = (6,6) or (8,6).

cos(2¢) = 0, which gives m = 4. Then we get that |p|> = 2 and
5|2 = 3 — |o|?. Also (3.4) can be replaced by

—cos(2n) — cos(a — b) — cos(a + 2b) — cos(2a + b) = 1.

We have already analyzed the case where cos(2n) = 0 or —1/2, which
lead to the solution (n,m) = (3,4) or (4,4). If cos(2n) = 1/2, then
lo|? = 3 induces s = 0, which contradicts Re (s) = —1 + |o|?/2 = 1/2.
Then it suffices for us to consider the following possible values due to
n= 77/”7
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2n la—bla+2b| 2a+b a b
(g) | 2n/5 | 2n/3 | Tm/15 | 17w /15 | 3w /5 | —7/15
(e) |2n/5 | 2nx/5 | 4m/5 | 6m/5 |8n/5 | 27/15

From this table, we know that n = 5 and the pair values a = 37/5
and b = —7/15 do not satisfy the equation (3.5). However the second
line a = 87/5 and b = 27 /15 satisfy the equation (3.5) by applying the
equation (g) in Proposition 3.1. Then we calculate the signature of the
Hermitian form H using (2.7). We see that H is of signature (3,0) for
p =2 and is of signature (2, 1) for any p > 3. In this case, we get that
m =4 and n = 5.
(3) cos(2¢) = —1. It follows that m = 3 and

—cos(2n) — cos(a — b) — cos(a + 2b) — cos(2a + b) = g

Also, cos(2¢) = —1/2 implies |p| = 1 and so cos(2n) +1 = Re(p) < 1.
This means that cos(27) < 0 and so either cos(2n) = cos(27/n) = —1/2

or 0. We have analyzed both of these cases already. These give solutions
(n,m) = (3,3) or (4,3). (]

Now we begin to consider the remaining case in which cos(a — b) is
rational.
Lemma 3.7. Suppose that cos(a — b) = —1, then cos(2¢) — cos(2n) = 0,

and the possible solutions are given in Lemma 3.3 in which n = m.

Proof. It follows from cos(a — b) = —1 that b = a + (2k + 1)m. Hence

we have cos(a + 2b) = cos(3a) and cos(2a + b) = —cos(3a). Therefore,
equation (3.4) reduces to cos(2¢) — cos(2n) = 0, which we have already
treated in Lemma 3.3. U

Lemma 3.8. Suppose that cos(a —b) = —1/2, cos(2() and cos(2n) are not
rational, cos(2¢) — cos(2n) # 0. Then we get no solutions for n, m such

that (3.4) and (3.5) hold.

Proof. It follows from cos(a — b) = —1/2 that b = a £ 27/3 + 2kw. Hence
we have cos(a + 2b) = cos(3a F 27/3) and cos(2a + b) = cos(3a £ 27/3).
Therefore equation (3.4) becomes
1/2 = 1+4cos(a—0b)
= co0s(2¢) — cos(2n) — cos(a + 2b) — cos(2a + b)
= cos(2¢) — cos(2n) + cos(3a).

Since we have supposed that cos(2¢) and cos(2n) are not rational, the only
way this equation can split into to rational subsums is for cos(3a) to be
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rational. Investigating the different possibilities, we see that (3.5) then
implies cos(27n) is rational.

Now suppose the equation does not split into two rational sums of cosines.
We list the possible values of 2¢, 2n, a, b in Table 3.4, up to the allowable
symmetries of a and b.

However, we note that there are no values of 21, a, b in the list satisfy-

ing (3.5). Therefore there are no solutions for n, m. O
TABLE 3.4.
2¢ 2n 3a |a—b a b
(e)| m/5 |2n/5| w/2 |2nx/3| ©/6 —m/2
(e) | 2n/5 | w/5 0 27/3 0 —2m/3
(f) | =/5 |w/15|4m/15 | 27/3 | 4w /45 | —26m /45

(g) | 2m/15 | 2n/5 | 87 /15 | 2w /3 | 8w /45 | —227 /45
(i) | =/7 |2x)7| 3n/7 |27/3 | «/7 |—11n/21

Lemma 3.9. Suppose that cos(a —b) =0, 1/2 or 1, cos(2¢) and cos(2n)
are not rational, cos(2¢) — cos(2n) # 0. Then there are no solutions for n,
m satisfying both (3.4) and (3.5).

Proof. We immediately get that
cos(2¢) — cos(2n) — cos(a + 2b) — cos(2a + b) = 1 or g or 2. (3.8)

Since the right hand side is not 0, £1/2, we see that this sum must split
into shorter rational sums of cosines.We break down into the following three
cases.
(1) Case cos(2¢) — cos(2n) = £1/2.
(i) Suppose cos(2¢) — cos(2n) = 1/2. Note that ( = 7/m and n = 7/n,
where m,n € N. Therefore we know that (n,m) is (5,10) and

1
cos(a — b) + cos(a + 2b) + cos(2a + b) = ~5

We have supposed that cos(a — b) is rational, then using elementary
trigonometry arguments, we see that

1
2cos((a — b)/2) cos(3(a+b)/2) = 5 cos(a — b).
Squaring both sides and rearranging gives

cos?(a — b) — 3/4

cos(3a + 3b) = cos(a—b) 7 1
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We have assumed that either cos(a — b) = 0 or cos(a —b) = 1/2 or
cos(a — b) = 1, which means that cos(3a + 3b) = —3/4 or —1/3 or
—1/8. It gives a contradiction here.

(ii) cos(2¢) — cos(2n) = —1/2. It follows that

cos(a + 2b) — cos(2a + b) = —g or —2or — g

This sum must again split and so both cosines are rational. There-

fore the possible values for cos(a+2b) are just —1 or —1/2 which are

equivalent to the case where cos(a — b) is this value, see Lemma 3.7

and Lemma 3.8. However we assumed cos(2() — cos(2n) # 0, there-

fore there are no solutions for n, m satisfying both (3.4) and (3.5).

(2) Assume that cos(2¢) —cos(x) (or cos(2n)+cos(y)) is 1/2 or —1/2, where
z,y € {a+ 2b, 2a + b}.

Recalling the equation (3.8), cos(2¢) — cos(z) = £1/2 means that
cos(2n) + cos(y) is one of the values {—5/2, —2, —=3/2, —1, —1/2}.
We just need to consider the case cos(2n) + cos(y) = —1/2, because
other values of cos(2n) + cos(y) mean that cos(2n) will be rational.
Without loss of generality, we suppose that x = a + 2b, y = 2a + b and
list the values of 2(, a + 2b, 21, 2a + b and corresponding a — b:

2¢ |a+2b| 2n |2a+b|a—0>b
(e) | 7/5| 2x/5 |2n/5| 4n/5 | 27/5
(e) | w/b|—2n/5|2n/5 | 4n/5 | 67/5

There are no values of a — b such that cos(a —b) = 0 or cos(a—b) = 1/2
or cos(a — b) = 1. Therefore there are no solutions for n, m satisfying
both (3.4) and (3.5) in this case.

(3) Suppose that cos(x) is rational, where z € {a+2b, 2a+b}. By suitable
changes of a and b, the cases cos(a+2b) or cos(2a+b) is —1/2 or —1 are
equivalent to the cases in Lemma 3.7 and Lemma 3.8. Therefore there
are no solutions for n, m because we supposed cos(2¢) — cos(2n) # 0.

Then we consider the condition for cos(x) to be 0, 1/2 or 1 and
suppose that x = a + 2b. We get that

)
cos(2¢) — cos(2n) — cos(2a + b) € {1, g, 2, 2 3} ,

which can be reduced to cos(2¢) — cos(2a + b) or cos(2n) + cos(2a + b)
is rational which has been considered above.

Now we can get that there are no solutions for n, m satisfying both (3.4)
and (3.5) under the conditions in Lemma 3.9. O
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We sum up all the possible values for n, m from above process,

Lemma 3.3 n=m2>3;

Lemma 3.5 (n,m) € (3,3), (3,4), (3,5), (4,3), (4,4) or (6,6);

Lemma 3.6 (n,m) € (3,3), (4,3), (4,4), (5,4), (6,6) or (8,6);
which we desired. Also we could see the range of p for each possible value
to hold from the above analysis.

Remark 3.10. Note that the new candidates for (n,m) to be (5,4), (4,3)
and (8,6) do not appear on Thompson’s list in [14]. However referring
to [2], in what follows we will see that the triangle groups for (n,m) to
be (5,4) corresponds to Thompson groups Sy and the triangle groups for
(m,n) to be (4,3) is of actually Mostow groups with braiding (2, 3,4;4).
The pair (n,m) = (8,6) was also found by Deraux when he was making a
similar computer search to Thompson (private communication).
Case 1: (n,m) = (5,4). Suppose that M;, My, M3 are three complex

reflections of order p, which satisfy

br(My, My) =4,

br(My, Ms3) = br(Ma, M3) = 3,

br(My, My ' MyMs) = 5.
Actually, My, Ms, M3 will be Thompson group So. Write Ry = M2_1M1M27
Ry = MiMyM; ', Ry = M3. We claim that

br(R1, Rg) = br(Ry, Rs'RaR3) =4,  br(Ry, R3) = br(R2, R3) = 5.
First, observe, we also have br( M, ' My My, M3) = br(M; * My My, M3) = 5.
Thus

br(R1, Rs) = br(My ' My M, Ms) = 5,

br(Rg, R3) = br(M; MaM; ', M3) = 5.
Using br(My, My) = 4, we have

Ry Ry = (My ' My My)(My My M) = My (My My Mo My ) M = My M.
Hence br(Ry, R2) = br(Mi, Ma) = 4. We denote M, Ml_1 by 1, 1 simply
and so on. Now we consider
RiR3'RoRy = My ' My My My " My Mo My ' M;
= 21231213

123123)(3213 - 121 - 31213 - 123123)321321
(

= (
= (123123)(

32
32
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= (123123)(12)321321.
Since R1R§1R2R3 is conjugate to M Mo we see that
br(Ry, Ry ' RoR3) = br(My, My) = 4
as claimed. In particular, this shows that this case is equivalent to Thomp-
son groups Ss.

Case 2: (n,m) = (4,3). In this case, it is easy to check that Ry, Rj
(also R3, Ry) braid with length 4, Ry, Ry (also Ri, Ry 1R2R3) braid with
length 3, Ry, RoR3R, ! (also R3, RiRoR; ") braid with length 2 (i.e. they
commute) and Ry R R3 is regular elliptic of order 3. Note that Det(H) < 0
when p > 4.

As the same fashion in [5], we define ¢ by the reflection of group that
acts on the generating set (Ry, Ra, R3) as follows,

W(Ry) = Ry, (Re) = RiRaRy ", (R3) = R3.

Under the action of ¢, the (4,4,3;3)-triangle groups will be sent to the
triangle groups with braiding (2, 3, 4;4)

<L<R1), L(Rg) L(Rg) : L<R2R3) = L(R3R2), (L(Rle))
(t(R1R3))* = («(R3Ry))?,
(«(R1RyR3R;1))? = (L(RQRgRglRl))2>.

3
2

= ((RoRy))?,

Recall the Mostow groups I'(p,t) mentioned in [8, 10]. For Mostow
groups, there exists a complex hyperbolic isometry J of order 3 so that
Rjy1 = JRjJ_1 and R;R; 11 R; = Ri1R;R;11. We could rewrite them as
triangle groups with braiding (2, 3,4;4) as follows

3
(R1, Ry, J(RiR2) ™" :RoJ(RiRy) ™! = J(R1Ro) 'Ry, (RiR2)? = (R2R1)2,
(RiJ(RiR2)™')? = (J(RiR2) ' Ru)?,
(RiRoJ(RiRs)'Ry")? = (RoJ(RiR2) 'Ry ' Ry)?).

N
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