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BOLZA QUATERNION ORDER AND ASYMPTOTICS
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ABSTRACT. We give a detailed description of the arithmetic Fuch-
sian group of the Bolza surface and the associated quaternion or-
der. This description enables us to show that the corresponding
principal congruence covers satisfy the bound sys(X) > % log g(X)
on the systole, where g is the genus. We also exhibit the Bolza
group as a congruence subgroup, and calculate out a few examples
of “Bolza twins” (using magma). Like the Hurwitz triplets, these
correspond to the factoring of certain rational primes in the ring of
integers of the invariant trace field of the surface. We exploit ran-
dom sampling combined with the Reidemeister-Schreier algorithm
as implemented in magma to generate these surfaces.
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1. INTRODUCTION

This article pursues several related goals. First, we seek to clarify the
algebraic underpinnings of the celebrated Bolza curve which turn out
to be more involved than those of the celebrated Klein quartic. Fur-
thermore, we seek to provide explicit algebraic foundations, in terms of
a quaternion algebra, for calculating out examples of Riemann surfaces
with particularly high systole corresponding to principal congruence
subgroups in the Bolza order. In an effort to make the text intelligible
to both algebraists and differential geometers, we sometimes give de-
tailed proofs that could have been shortened if addressed to a specific
expert audience.

In 2007, Katz, Schaps and Vishne [13] proved a lower bound for
the systole of certain arithmetic Riemann surfaces, improving earlier
results by Buser and Sarnak (1994 [8, p. 44]). Particularly sharp results
were obtained in [13] and [14] for Hurwitz surfaces, namely Riemann
surfaces with an automorphism group of the highest possible order in
terms of the genus g, yielding a lower bound

4
sys(X,) > glogg (1.1)

for principal congruence subgroups corresponding to a suitable Hurwitz
quaternion order defined over Q(cos 2*).

Makisumi (2013 [20]) proved that the multiplicative constant 3 in
the bound (ILT]) is the best possible asymptotic value for congruence
subgroups of arithmetic Fuchsian groups. Schmutz Schaller (1998 [24]
Conjecture 1(i), p. 198]) conjectured that a 4/3 bound is the best pos-

sible among all hyperbolic surfaces. Additional examples of surfaces
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whose systoles are close to the bound were recently constructed by
Akrout & Muetzel (2013 [1], [2]). The foundations of the subject were
established by Vinberg (1967 [27]).

We seek to extend the bound (L)) to the case of the family of Rie-
mann surfaces defined by principal congruence subgroups of the (3, 3,4)
triangle group corresponding to a quaternion order defined over @(\/5),
which is closely related to the Bolza surface.

The Fuchsian group of the Bolza surface, which we henceforth de-
note B, is arithmetic, being a subgroup of the group of units, mod-
ulo {£1}, in an order of the quaternion algebra

DB:(_gv\/i>:K[i7j|i2:_3v j2:\/§7 .]Z:_Z.]] (12)

over the base field K = Q(v/2). The splitting pattern of this algebra
is determined in Section [{l Let Ox = Z[v/2] be the ring of integers
of K. This is a principal ideal domain, so irreducible elements of O
are prime.

Lemma 1.1. The standard order

SpanOK {1a i>j> Z]}

in the algebra Dpg is contained in precisely two mazimal orders Q
and Q', which are conjugate to each other.

We will prove Lemma [T in Section 6l This lemma is a workhorse
result used in the analysis of maximal orders below. We let Qg = Q.

Theorem 1.2. Almost all principal congruence subgroups of the maz-
imal order Qg satisfy the systolic bound (L)).

This is proved in Section [ where a more detailed version of the
result is given. In fact, Theorem is a consequence of the following
more general result. For an order () in a quaternion algebra D, let Q*
be the group of units of () and let d be the dimension over QQ of the
center of (). We define a constant Ap o > 1 depending on the local
ramification pattern (see Section [)). Let X; be the quotient of the
hyperbolic plane H? modulo the action of Q!.

Proposition 1.3. Suppose 23V Ap o < ﬁ&l). Then almost all the

principal congruence covers of Xy satisfy the bound sys > %log g.

Note that this is stronger than the Buser—Sarnak bound sys X (I') >
slog g(X(I')) — ¢(Ty) where the constant ¢(T'g) could be arbitrarily
large. Returning to the Bolza order, we have the following result.
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Theorem 1.4. There are elements o and 3 of norm 1 in the algebra
Dp of ([L2) such that Qp = Ok« 8] as an order. Let Qk = («a, ) be
the group generated by o and 3. Then QL /{+1} is isomorphic to the
triangle group A 3.4).

In Corollary [10.4] we find that the Bolza group B has index 24 in
QL /{#1} and is generated, as a normal subgroup of QL /{41}, by the
element (af3)%(a?3?)%. The choice of o and 3 implies that B is con-
tained in the principal congruence subgroup Q% (v/2)/{#1}. However,
this congruence subgroup has torsion: it contains an involution closely
related to the hyperelliptic involution of the Bolza surface (see Sec-
tion [IT]). Working out the ring structure of Qp/2Qp, we are then able
to compute the quotient BOL(2)/Q%(2) and obtain the following.

Theorem 1.5. The fundamental group B of the Bolza surface is con-
tained strictly between two principal congruence subgroups as follows:

Qp(2)/{*1} € B © Qp(vV2)/{£1}.

This explicit identification of the Bolza group as a (non-principal)
congruence subgroup in the maximal order requires a detailed analysis
of quotients, and occupies Sections [[0HI3l In contrast, the Fuchsian
group of the Klein quartic (which is the Hurwitz surface of least genus)
does happen to be a principal congruence subgroup in the group of
units of the corresponding maximal order; see [14] Section 4].

It follows from Theorem that B is a congruence subgroup. More-
over, we show that Qk/(—1, B) = SLy(F3), explaining some of the
symmetries of the Bolza surface. The full symmetry group, GLy(F3),
comes from the embedding of the triangle group A 34y in A 35); see
Corollary 134

In the concluding Sections [I4] through [I6] we present “twin Bolza”
surfaces corresponding to factorisations of rational primes 7, 17, 23, 31,
41, 47, and 71 as a product of a pair of algebraic primes in Q(+/2).

Recent publications on systoles include Babenko & Balacheff [3];
Balacheff, Makover & Parlier [4]; Bulteau [7]: Katz & Sabourau [12];
Kowalick, Lafont & Minemyer [I5]; Linowitz & Meyer [16].

2. FUCHSIAN GROUPS AND QUATERNION ALGEBRAS

A cocompact Fuchsian group I' € PSLy(RR) defines a hyperbolic Rie-
mann surface H?/T", denoted Xp, where H? is the hyperbolic plane.
If T is torsion free, the systole sys(Xr) satisfies

2 cosh (§sys(Xr)) = m]Vi[n [trace(M)],
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or
sys(Xr) = mj\}n? arccosh (1|trace(M)]) (2.1)

where M runs over all the nonidentity elements of I'. We will construct
families of Fuchsian groups in terms of suitable orders in quaternion
algebras. Since the traces in the matrix algebra coincide with reduced
traces (see below) in the quaternion algebra, the information about
lengths of closed geodesics, and therefore about systoles, can be read
off directly from the quaternion algebra, bypassing the traditional pre-
sentation in matrices.

Let k£ be a finite dimensional field extension of Q, let a,b € k*, and
consider the following associative algebra over k:

A=k[i,j|i® =a,j* =0, ji = —ij]. (2.2)
The algebra A admits the following decomposition as a k-vector space:
A=kl kidkjdkij.

Such an algebra A, which is always simple, is called a quaternion alge-
bra. The center of A is precisely k.

Definition 2.1. Let © = xo+x1¢+22) +231) € A. The conjugate of z
(under the unique symplectic involution) is * = xy — 211 — 29J — 231j.
The reduced trace of x is

Tra(z) ==z + 2" = 2y,

and the reduced norm of x is

Nry(x) := za* = 23 — ax? — bal + aba?.
Definition 2.2 (cf. Reiner 1975 [22]). An order of a quaternion al-
gebra A (over k) is a subring with unit, which is a finitely generated
module over the ring of integers O, C k, and such that its ring of
fractions is equal to A.

If a and b in ([Z2]) are algebraic integers in k*, then the subring O C A
defined by

O =01+ Ori 4+ Orj 4 Oyij (23)

is an order of A (see Katok 1992 [10, p. 119]), although not every order
has this form; a famous example of an order not having the form (2.3)
is the Hurwitz order in Hamilton’s quaternion algebra over the rational
numbers. Note that in the order the scalars are taken from the ring of
integers Oy; the scalars are taken from the field k£ when passing to the
ring of fractions.
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3. THE (2,3,8) AND (3,3,4) TRIANGLE GROUPS

The Bolza surface can be defined by a subgroup of either the (2,3,8)
or the (3,3,4) triangle group. We will study specific Fuchsian groups
arising as congruence subgroups of the arithmetic triangle group of
type (3,3,4). First we clarify the relation between the (3,3,4) and the
(2,3,8) groups. Let A 35) denote the (2,3,8) triangle group, i.e.

A(2,3,8) = (:L",y | r? = yg = (Iy)g = 1)- (3-1)
Let h:Apsg) — 7,/27 be the homomorphism sending = to the non-
trivial element of Z /27 and y to the identity element.

Lemma 3.1. As a subgroup of A 3g), the kernel of h is given by
ker(h) = (a, 8| o = §° = (af)" = 1)

where o =y and = zyx.

Proof. The presentation can be obtained by means of the Reidemeister-
Schreier method, but here is a direct proof. Note that zy"z = (zxyz)" =
p". Each element ¢ € ker(h) is of one of 4 types:
(1) t = zy™ay™ .-y
(2) t=ymay" - xy"a;
(3) t = wy™ay" - - xy™;
(4) t =ymay™ .- ay™,
with an even number of x’s, where all the exponents n; are either 1
or 2. To show that each element can be expressed in terms of «
and 3, we argue by induction on the length of the presentation in terms
of x’s and y’s. Type (1) is reduced to (a shorter) type (2) by noting
that xy™xzy"? .- xy™z = My ... xy™x. Type (2) is reduced to (a
shorter) type (1) by noting that y™'xzy"? - - - zy™z = o™ xy"? - - - xy™ .
Type (3) is reduced to type (4) by noting that zy™xy™ .- xy™ =
gy .- xy™. Type (4) is reduced to (a shorter) type (3) by noting
that y™taxy™ - - xy™ = a™xy™ - - xy™k.
To check the relations on ker(h), note that
o o = =1;
o 3 = (ayx)® = 2ydr = 2w =1,
o (af)! = (yryz)' = y(ay)®y~" =1,
completing the proof. 0

For a finitely generated non-elementary subgroup I' C PSLy(R), we
define T'® = (t2 .t € T).

Lemma 3.2. ForI' = Ag35) we have I'® = ker(h), and therefore the
group Ag)g 5) 8 isomorphic to the triangle group A 3.4).
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Proof. We have a = ot = (a?)? and similarly for 8. Thus ker(h) C
Ag?&fi)‘ Choosing T' to be the right-angle hyperbolic triangle with acute
angles ¢ and g, we note that the “double” of T, namely the union of T'
and its reflection in its (longer) side opposite the angle %, is an isosceles

triangle with angles %, %, and 7, proving the lemma. 0

Definition 3.3 ([19]). Let I' be a finitely generated non-elementary
subgroup of PSLy(R). The invariant trace field of of ', denoted by kI,
is the field Q(trT'?).

Definition 3.4. For an (¢, m,n) triangle group, let
A, m,n) = 4 cos? T 4 dcos? = +4cos? T+ 8cos = cos - cos — — 4.
14 m n 14 m n
In particular, A(3,3,4) = v/2. Therefore by [19, p. 265], the invariant

trace field of A(33.4) (see Definition B.3)) is

kA@s0 = Q(V2). (3.2)

By Takeuchi’s theorem ([25]; see [19, Theorem 8.3.11]), the (¢,m,n)
triangle group is arithmetic if and only if for every non-trivial embed-
ding o of its invariant trace field in R, we have o (A(¢,m,n)) < 0.
The field Q(v/2) has two imbeddings in R. The non-trivial imbed-
ding sends V2 to —v/2 < 0. Therefore by Takeuchi’s theorem, the
group A 34) is arithmetic.

4. PARTITION OF BOLZA SURFACE

The Bolza surface M is a Riemann surface of genus 2 with a holo-
morphic automorphism group of order 48, the highest for this genus.
The surface M can be viewed as the smooth completion of its affine
form

' =1 —x (4.1)
where (x,y) € C?. Here M is as a double cover of the Riemann
sphere ramified over the vertices of the regular inscribed octahedron;
this is immediate from the presentation (4I]) where the branch points
are 0, £1, £, oo. These six vertices lift to the Weierstrass points of M.
The hyperelliptic involution of M fixes the six Weierstass points. It also
switches the two sheets of the cover and is a lift of the identity map
on the Riemann sphere. The hyperelliptic involution can be thought
of in affine coordinates (A1l as the map (z,y) — (z,—y). The pro-
jection of M to the Riemann sphere is induced by the projection to
the x-coordinate.

The surface M admits a partition into (2,3,8) triangles, which is
obtained as follows. We start with the (octahedral) partition of the
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sphere into 8 equilateral hyperbolic triangles with angle w/4. We then
consider the barycentric subdivision, so that each equilateral triangle
is subdivided into 6 triangles of type (2,3,8).

Here the Weierstrass points correspond to the vertices of the (2,3,8)
triangle with angle 7/8. The partition of the Riemann sphere into
copies of the (2,3,8) triangle induces a partition of M into such trian-
gles. On the sphere, we have 8 triangles meeting at each branch point
(corresponding to a Weierstrass point on the surface), for a total angle
of m around the branch point. This conical singularity is “smoothed
out” when we pass to the double cover to obtain the hyperbolic metric
on M.

To form the (3,3,4) partition, we pair up the /8 angles, by com-
bining the (2,3,8) triangles into pairs whose common side lies on an
edge of the octahedron. This creates a partition of the sphere into
copies of the (3,3,4) triangle and induces a partition of M into copies
of the (3,3,4) triangle. Therefore the vertex of the (3,3,4) triangle
where the angle is 7/4 lifts to a Weierstrass point on M.

5. THE QUATERNION ALGEBRA

For the benefit of geometers who may not be familiar with quaternian
algebras, we will give a presentation following Maclachlan and Reid
2003 [19, p. 265] but in more detail. To study the (3,3, 4) case, we will
exploit the quaternion algebra

Dy=K|i,j|i®=-3 j2=2, ij:—ji] (5.1)

where K = Q(v/2). Denote by oy the natural embedding of K in R
and by o the other embedding, sending v/2 to —v/2.

Definition 5.1. A quaternion algebra D is said to split under a com-
pletion (archimedean or nonarchimedean) if it becomes a matrix alge-
bra. It is said to be ramified if it remains a division algebra.

Remark 5.2. In general there is a finite even number of places where a
quaternion algebra ramifies, including the archimedean ramified placesﬂ
Our algebra Dpg ramifies at two places: the archimedean place ¢ and
the nonarchimedean place (v/2) (see below).

Proposition 5.3. The algebra Dg splits under the natural embedding
of the center in R and remains a division algebra under the other em-
bedding.

1Recall that in the Hurwitz case there are two archimedean ramified places and
no nonarchimedean ones (see [13]).
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Proof. Since V2 > 0, we have
Dp ®,, R = Ms(R)

by [10, Theorem 5.2.1]. Meanwhile, under ¢ the algebra Dp remains a
division algebra since —v/2 < 0, and following [10, Theorem 5.2.3], we
have D ®, R = H where H is the Hamilton quaternion algebra.  []

Corollary 5.4. The algebra Dpg is a division algebra.

Proof. Indeed Dp is a domain as a subring of Dp ®, R, and being
algebraic over its center, it is a division algebra. U

Proposition 5.5. The algebra Dp ramifies at the prime (v/2) and is
split at all other non-archimedean places.

Proof. The ring of integers of Q(v/2) is Z[v/2], in which the ideals (v/2)
and (3) are prime. The discriminant of Dp is —6+/2, thus the algebra
splits over any prime other than (v/2) and (3).

Recall that @, denotes the field of p-adic numbers, where p is a ra-
tional prime. Notice that 2 is not a square in Z/3Z, and therefore
it cannot be a square in Qs, so the completion Q3(v/2) of Q(v/2) at
the prime 3 is a quadratic extension of Q3. To show that Dpg splits
at (3), it suffices to present V2 as a norm in the quadratic exten-
sion Q3(v/2,v/=3)/Q3(v/2), namely in the form z? + 3y? for z,y €
Q3(v/2). By Hasse’s principle, it suffices to solve the equation in the
residue field Zs[v/2]/3Zs[v/2] = Fy, where one can take x = 1 — /2
and y = 0 (indeed (1 —v2)? =3 —2v/2 = 1/2 (mod 3)).

Finally we show that Dpg remains a division algebra under the com-
pletion of Q(1/2) at the prime (v/2), which is Q(v/2). It suffices to
show that /2 is not of the form 22 + 3y? for z,y € Qy(v/2). Clear-
ing out common denominators, we will show that there is no non-zero
solution to

2% + 3y? = /222
with 2,7,z € Zy[v/2]. We may assume not all of z,y,z are divisible
by v/2. This equation does have a solution modulo 4 (indeed, take z =
y=1and z = 0). We will show that there is no solution modulo 4v/2.
So assume
2243y = V222 (mod 4v2).

Observe that if one of , y is divisible by v/2, then they both are. But in
that case z is also divisible by v/2, contrary to assumption. So we can
write v = 1+ /22 and y = 1+ /2y for ',y € Z,[v/2]. Substituting,
we have

V2 + 22 + V22" + 2y + 3vV2y? = 2% (mod 4),
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so z is divisible by /2 and we can write z = /22’ for 2/ € Zy[v/2]. Now
24+ V2 + 2 + V2 +3y? = V22?2 (mod 2V2),

so y = 2’ (mod v/2), and we write 3 = 2’ + /2y" for y" € Zy[V/2).
Substituting we get

2+ 2y + 2y =227 (mod 2v/2),
so clearly z is divisible by v/2, and then
242y +2y*=0 (mod 2v2),
which implies
1 +y//+y//2 = (IIlOd \/5)’
a contradiction since y” + 42 is always divisible by /2. O

6. THE STANDARD ORDER IN Dp AND MAXIMAL ORDERS
CONTAINING IT

In this section we prove Lemma [T Recall that an order M in
a quaternion algebra D over a number field is maximal if and only
if its discriminant is equal to the discriminant of D [26, Corollaire
I11.5.3], where the discriminant of D is the product of the ramified
non-archimedean primes. If M happens to be free as an Og-module,
spanned by x1, ..., x4, then its discriminant is easily computed as the
square root of the determinant of the matrix of reduced traces (Trp(z;z;)).

Since a = —3 and b = /2 are in O = Z[v/2], we obtain an or-
der O C Dp by setting

O = Ok [i,j] = Ogl + Ogi + Ogj + Okij.

This is the “standard order” resulting from the presentation of Dg,
for which we have disc(0)? = 16a%b?, so that disc(Q) = 12v/2. On the
other hand disc(Dp) = v/2 by Proposition[5.3] so O is not maximal. We
seek a maximal order Q containing . Comparing the discriminants,
we know in advance that [Q: O] = 144.

Notice that

1
o= 5(1+z’) (6.1)
is an algebraic integer. We make the following observation.

Proposition 6.1. The order Oy generated over O by « is Okla, j],
which is spanned as a (free) Ox-module by the elements

L a,j, aj.
In particular disc(O;) = 3v/2.
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Proof. Since i = 2a— 1, clearly Ola] = Okli, j, a] = Ok|a, j]. To show
that this module is equal to O + Oga + Ok j + Oy, it suffices to
note that j2 = v/2,
a” =a—1
and
Jja=j—ayj.

The claim on the discriminant of O then follows from computing the
determinant of the 4 x 4 traces matrix, using tr(a) = 1 and tr(jaj) =

V2. O
Now let
yzé(3+¢) [1—(1+\/§)j (6.2)
and consider the Og-module

Q == OK + OKOé + OK’}/ + OKOé’}/.

Proposition 6.2. The module Q is a maximal order of Dg. Moreover,
Q contains O1.

Proof. First note that
j=1=V2)(~1+2y—ay),

so that O C O, C Q.
To prove that Q is an order it suffices to show it is closed under
multiplication, which follows by verifying the relations:

2

= —l+a«
Vo= (1+V2)+7y
yo = —l+a+vy—ay.

Maximality of Q follows by computation of the discriminant, which
turns out to be v/2. O

Also let v/ = iyi~' = £(3+14) [1+ (1 + ﬂ)j}, and
Q' = Ok + Oga + Ogy + Ogay'.
Notice that @' = iQi~! is conjugate to Q.
Corollary 6.3. The module Q' is a mazximal order containing O .
Proof. This is immediate because iO;i~t = O;. O

Proposition 6.4. The only two mazimal orders containing O are Q

and Q'.
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Proof. Let y € Dp be an element such that Oly] is an order. Write
1 Ty . To | T3 ..
=@+ 5+ —7=)+—=1),
y=5wo+ 3 N 7)
where zg, 71, T2, 13 € Q(v/2). Since tr(yO) C O, we immediately con-
clude that in fact xg, z1, 29, 13 € Z[x/?] Furthermore, the norm of y is
an algebraic integer, proving that 12v/2 divides

—3V2x% — V22? + 322 + 22

in Z[+/2]. Working modulo powers of v/2, we conclude as in Proposi-
tion 5.3 that x5 = oy + 2v/21%, 11 = 2 + 2%, 29 = /22 for suit-
able o, ), ¥4 € Z[v/2]. The remaining condition is that (zy — 74)% =

V2(xhy, — 25)? (mod 3), so in fact
xo = o) + 0(1 — V2)(2h — o) + 32}
for some xf, € Z[v/2] where § = +1. But then
1 1
y—zy = F(L+d(ag+a)+ 50 +ij)a
1
+5 001 - V2)(3+1) + 35 + ij| (xh — ah)
= (ah+ 2o+ ahaj + (25 — 25)(1 = V2),
where 7,1 = 7 and y_; = 7. Thus y is an element of Q (if 6 = 1) or
of @ (if 6 = —1). O

Note that Q + Q' is not an order, since v+ = 1 + % is not an
algebraic integer.

7. THE BOLZA ORDER

In order to present the triangle group A 34y as a quotient of the
group of units in a maximal order, we make the following change of
variables. Let

B = % <3+(1+2\/§)i—2ij>. (7.1)

Since
f=al—(1-v2))
(where 7 is defined in (6.2)) and
y=—-(1+V2)(1 -5 +ap),
we have that
Qp = Okla, f] = Q.

In particular, Qp is a maximal order by Proposition
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One has
1 . L
aff = ~% (3\/_ —(2+V2)i+3j — zy) . (7.2)

Theorem 7.1. The order Qg is spanned as a module over Ok by the
basis {1, a, B, a5}, so that

Op =0rl1®Oga® OB Ogap. (7.3)

Proof. Let M = Okl + Oga + Ok + Ogap. The following relations
are verified by computation:

(1) a*=-1+aq,

(2) B2=-1+5,

3) Ba=(-1-V2)+a+8—apB;
and thus a(af) = -+ af € M and

BlaB)=(-1—-V2)B+af+p2—af?=—-14+a—V28e M.

It follows that aM, M C M, so M is closed under multiplication and
is therefore equal to Op.
O

8. THE TRIANGLE GROUP IN THE BOLZA ORDER

Let QL denote the group of elements of norm 1 in the order Qgp.
Through the embedding D — My(R), we may view Qk as an arith-
metic lattice of SLy(R). Furthermore, by Proposition (.3 the alge-
bra Dp ramifies at all the archimedean places except for the natural
one, so it satisfies Eichler’s condition; see [26, p. 82]. Therefore Q% is
a co-compact lattice.

Since N(a) = N(B) = 1, the subgroup generated by «, 5 in D} is
contained in Q.

Proposition 8.1. The elements «, 8 defined in ([61)) and () satisfy
the relations

o’ = 5 = (aB)' = -1

Proof. First we note that N(a) = N() = 1. The minimal polynomial
of every non-scalar element of Dp is quadratic, determined by the
trace and norm of the element. Since tr(a) = tr(8) = 1, both «
and 8 are roots of the polynomial A\?> — \ + 1, which divides \® + 1.
Similarly tr(a8) = —v/2, so af is a root of A2 + v/2\ + 1, which
divides \* + 1. O

A comparison of the areas of the fundamental domains shows that
in fact Ok = («, 8) and that QL/{+1} is isomorphic to the triangle
group A(37374).
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9. A LOWER BOUND FOR THE SYSTOLE

We give lower bounds on the systole of congruence covers of any
arithmetic surface and then specialize to the Bolza surface. Let K be
any number field, Ok its ring of integers, D any central division algebra
over K, and Q an order in D. Let X; = H?/Q', where Q! is the group
of elements of norm 1 in Q. We let d = [K:Q).

We quote the definition of the constant Ap g from [13| Equation (4.9)].
Let T’ denote the set of finite places p of K for which D, is a division
algebra, and let 75 denote the set of finite places for which (), is non-
maximal. It is well known that 17 and 75 are finite. We denote

Apo=]] (1+—) 12 II Ne®, (01

peTI\T> peT> peTL,p|2

where for a diadic prime, e(p) denotes the ramification index of 2 in the
completion O,, namely p*® 0O, = 20,, and N(I) denotes the norm of
the ideal I. This constant is chosen in [13] to ensure that [Q: Q' (I)] <
Ap oN(I)3, for any ideal I.

Recall that if I<9Og is any ideal, then Q'(I) is the kernel of the nat-
ural map Q'—(Q/IQ)' induced by the ring epimorphism Q—Q/IQ.
This congruence subgroup gives rise to the surface X; = H?/Q(I),
which covers X;. A bound for the reduced trace was given in [13]
Equation (2.5)] as follows. Let = # +1 in Q'(/). Then we have

1

By [13] Corollary 4.6], we have
(@' QU] < ApoN(I).

Therefore
A7 (g(X1)—1) < area(XI)

= [Q":Q"(1)] - area(X,)
< Ap QN(I)3 area(Xl),
N(I) > (ADQ .jrrea(Xl) (9—1)) ' -

Proposition 9.1. Suppose 28@"VAp o < ma(X . Then all but finitely
many principal congruence covers of Xy satisfy the relation

4
sys > 3 log g.
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Proof. A hyperbolic element x in a Fuchsian group I' C PSLy(R) is

conjugate to a matrix
A0
0 Xt )

Here A = e+/2 > 1, where £, > 0 is the length of the closed geodesic
corresponding to z on the Riemann surface H?/T". Since

I Tranm ()] = A+ A7 <A+ AT < A+,

we get
ly = 2log |A| > 21log (| Trag,m) (z)| -1) .

By (@.2),
sys(X7) > 2log(|Trp(z)|-1)

1

> 2o <22(i_1> o O] - 3) .

Expanding the argument under the logarithm as a series in g, we find
2

win

that the coefficient of the highest term ¢?/3 is T i Q':foa(xl)} °

When this coefficient is strictly greater than 1, for sufficiently large ¢
we have that

sys(X7) > 5 log (9(X) O

A closer inspection of (@.3]) enables us to provide an explicit bound
on the genera g for which the inequality of Proposition holds.

Remark 9.2. We have that

1 47
21 -1
" (22“—” o mancey )

if and only if

win

- 3) > glog(g)

5 \3/2
(1 + g2—/) Arr
1 —

< .
— 23d=DAp o - area(X7)

SHE

Since

Q

5 \3/2
SN 72 S 4+ —
_1 - 2/3
1 ; g
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for every g > 13, we conclude that if 22@=YAp o5 < srea(xy) then

sys > glog g provided that

6 3/2
g > max { 13, ( 1 )
x -1
23— Ap parea(X1)

Corollary 9.3. Principal congruence covers of the Bolza order satisfy
the bound sys > %logg provided that g > 15.

Proof. Since the order Qp is maximal, it follows (e.g. by [19, Corollary
6.2.8]) that all localisations are maximal as well. Therefore the set T
is empty (see material around [13, formula 4.10]), while 77 consists
of a single nonarchimedean place v/2 with norm 2 (see Remark [5.2).
Therefore Ap,, g, = 3.

Moreover, since QL /{+1} is the triangle group (3, 3,4), we have

area(X;) = 2 (7?— (g + % + %)) = %,

ir__ — 24. Finally the dimension of the invariant trace field

area(X1)
over Q is d = 2, so the condition 23@VA, o <
tion holds since 12 < 24.

In order to obtain the explicit lower bound on g, we substitute in
Remark 0.2 using the numerical value 632 ~ 14.697. O

SO

ﬁ&l) of Proposi-

10. THE FUCHSIAN GROUP OF THE BOLZA SURFACE

In this section we give an explicit presentation of the Fuchsian group
of the Bolza surface in terms of the quaternion algebra Qp. We start
with a geometric lemma that will motivate the introduction of the
special element exploited in Lemma [10.2]

Lemma 10.1. Let A and B be antipodal points on a systolic loop of a
hyperbolic surface M. Let A and B be their lifts to the universal cover
such that d(A, B) = 1 sys(M). Let 4 and T be the involutions of the
universal cover with centers at A and B. Then the composition Tg o T
belongs to a conjugacy class in the fundamental group defined by the
systolic loop.

Proof. A composition of two involutions gives a translation by twice
the distance between the fixed points of the involutions. Thus, consider
the hyperbolic line p in the universal cover passing through A and B.
Then the composition 75 o 74 is a hyperbolic translation along p with
displacement distance precisely sys(M). The image of the projection
of p back to M is the systolic loop. O
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We now apply Lemma [I0.1]in a situation where the points A and B
are lifts of Weierstrass points on the Bolza surface (see Section M for
details). The composition of the involutions (af)? and (Ba)? yields
the desired element. This element was obtained through a detailed
geometric analysis of the action in the upperhalf plane which we will
not reproduce (magma was not used here).

Lemma 10.2. The element (af)?(Ba)~2 is in the congruence subgroup

Q5(V2).
Proof. One has (a8)?(Ba)? =1+ v2(1 + (1 +V2)(a — B)). O

Proposition 10.3. The normal subgroup of the (3,3,4) triangle group
generated by the element (a8)*(Ba)™2 has index 24. The normal sub-
group is generated by the following four elements:

a1 =a 'Paflap,
¢ = aflafalp,
¢ =af la” o™l p,

¢y = fa ' Bafa,
which satisfy a single length-8 relation c;'c3'cocscicy eyt es = 1. The
reduced traces are

tr(cy) = tr(cs) = tr(es) = tr(cy) = —2(1 +V2).

This was checked directly using the magma package.

Corollary 10.4. The normal subgroup of Qk generated by the element
(aB)*(Ba)™2 generates the Fuchsian group of the Bolza surface.

Proof. The presentation of the Fuchsian group given in Proposition I0.3]
implies that the surface has genus 2. This identifies it as the Bolza
surface which is the unique genus-2 surface admitting a tiling of type
(3,3,4) or (2,3,8); see Bujalance & Singerman (1985 [6, p. 518]). This
surface is known to have the largest systole in genus 2, or equivalently
largest trace 2(1-++/2) (see e.g., Bavard [5] p. 6], Katz & Sabourau [11],
Schmutz [23]). Therefore all 4 generators specified in Proposition
correspond to systolic loops. [l

11. AN ELLIPTIC ELEMENT OF ORDER 2

The principal congruence subgroup QkL(y/2) contains the Fuchsian
group of the Bolza surface (see Lemmal[l0.2)), but it also contains torsion
elements. The element

@ =1+V2ap (11.1)
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in QL(1/2) defines an elliptic (torsion) element of order 2 in the Fuch-
sian group. Indeed, applying the relations given in Theorem [7.1], we
have (af)? = —1 — v/2a3. Hence

@ = (1+v2a8)? =1+ 2v2ap +2(af)? = —1

and therefore w is of order 2 in the Fuchsian group.

By the above, @ = —(a/3)?. The fixed point of @ can be taken to be
the vertex of a (3, 3, 4) triangle where the angle is /4. The element o
gives a rotation by m/2 around this vertex, and therefore w gives the
rotation by 7 around the vertex of the (3,3, 4) triangle where the angle
is /4.

Lemma 11.1. The action of w descends to the Bolza surface and
coincides with the hyperelliptic involution of the surface.

Proof. The involution w is a rotation by 7 around a Weierstrass point
(see Section M), namely the vertex of the (3,3,4) triangle where the
angle is /4. Therefore w descends to the identity on the Riemann
sphere. Thus w lifts to the hyperelliptic involution of M. U

12. QUOTIENTS OF THE BOLZA ORDER

In the next section we compare the Bolza group with some principal
congruence subgroups of the Bolza order. To this end, we need to
compute quotients of the Bolza order Qp.

Remark 12.1. In Theorem [7.I] we obtained the presentation
Qp = Ok la,B|a® = —1+a, B2 = =148, fa = (—1-V2)+a+B—af)].

The symplectic involution z — z* on the quaternion algebra D (of
(1)) is defined by ¢* = —i and j* = —j. It follows from the definition

of a, f in (1)) and (1)) that
ot =1-aq, pr=1-p; (12.1)

so in particular the order Qp is preserved under the involution. This
is particularly useful for the computation of the groups, because the
norm is defined by N(z) = zz* for every z € D.

12.1. The Bolza order modulo 2. Let us compute the ring Op
Qp/2Qp, which will be used below to compute the index of Q%(2) in
Qk.

Notice that Ok /20 = Z[V2]/2Z[V?2] = Fyle|e® = 0], where ¢
stands for the image of /2 in the quotient ring.
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Proposition 12.2. Qp = Qp/2Qp is a local noncommutative ring
with 256 elements, whose residue field has order 4, and whose mazimal
ideal J has nilpotency index 4. Moreover each of the quotients J/J?,
J?/J? and J® = J3/J* is one-dimensional over Qp/J = Fy.

Proof. Replacing 8 by 5 = 4+ a + 1 + € in the presentation of Re-
mark [I2.1] we obtain the quotient

Qp =Fyle| € =0][a,f'|a* =1+ a, 8% =€ fa+af =],

where € is understood to be central (which actually follows from the
relations).

This ring has a maximal ideal J = $'Qp, with J? = €Qp and J? =
€' Qp, and with a quotient ring

Op/J =Flala®=1+a] = F,.
Taking Fy = Fy[a| = Fy + Fya, we obtain
Qp =F, O Fyf' & Fre ® Fyeld,
where 3" acts on Fy by f'a = (a+1)5', 8% = € and € = 0, so the ring
has 256 elements. O

12.2. The quotients QVB = QB/\/§QB. Since € stands for the im-
age 0f_\/§ in Qp, we immediately obtain the quotient Qp / V205 =
Qp/eQp:

Proposition 12.3. QVB = QB/\/§QB s a local noncommutative ring
with a maximal ideal with 4 elements and a quotient field of order 4.

Proof. Taking € = 0 in the presentation of Qp = Qp /2Qp obtained
above, we get

Qp =Fola,f'|* = 1+, B2 =0, flatap = p),
which can be written as
Qp =F, 0 F,p;
this quotient of Qp = Qp /2Qp has 16 elements. The ideal
B'Qp = Foff + Fraf

has four elements, and (8'Qp)? = 0. O
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12.3. Involution and norm. The involution defined on Qp clearly
preserves 2Qp,; so it induces an involution on the quotient Qp. Using
(2.1)), we conveniently have that ™ = f* +a* +1+¢€ = 3.

The subring Fsle, a] of Qp is commutative, and the involution in-
duces the automorphism o of Fyle, a defined by o(a) = a + 1 and
o(€) = e. The norm defined above coincides with the Galois norm,

N(LL’O + Sl?lOé) = (LL’O + Sl?lOé)(SL’(] + Sl?l(Oé + 1)) = SL’% + Toxr1 + LL’%
for zg, 1 € Fyle]. Furthermore, writing
Q—B = F2 [67 OK] EB ]F2 [67 a]ﬁ/v
we have for yo, y1 € Fale, o] that (yo + v18")* = v5 + B'yi = y5 + nf-
Therefore, for every yo,y; € Fale, o],

N(yo +118") = (o +wnB) (o + 118") = N(wo) + N(y1)e € Fafe].
Together, we have
N(zoo+zora+a10f +xnaf’) = (ZE(2)0+93002701+If1)+(ﬁo+$10$11+ﬁ1)6

for every xgg, o1, 10, T11 € Fo [E]

Clearly, an element is invertible if and only if its norm is invertible.
There are two invertible elements in Fa[e], namely 1 and 1 + €, and
14+ ¢ = N(1+ ea) is obtained as a norm, so we conclude:

Corollary 12.4. The subgroup Q—Bl = {:c € Qp : N(z) = 1} has in-

dex 2 in the group of invertible elements 05",

In contrast, when we reduce further to the quotient Qp = Qp/ V205,
which is equal to Qp/eQp, the induced norm function takes values in
[Fy[e]/eFsle] = Fo, where only the identity is invertible. We therefore
obtain the following corollary.

—~1 —~

Corollary 12.5. The subgroup Qp = {z €Q9p: N(z)= 1} 1s equal
to @Tgx.

12.4. Subgroups of_Q—BX. The ring Op = Qp/2Qp has a unique
maximal ideal J = 3'Qp, and its powers are

0=J'CcP=e805C J*=c05C J= 305

Similarly to congruence subgroup of Qp, for every ideal I<1Qp which is
stable under the involution (so that the involution and thus the norm
are well defined on the quotient Qp/I), we have the subgroups

05 (N=05'N(1+1)



BOLZA QUATERNION ORDER AND SYSTOLES 21

and
X

Q5 (=05 N(1+1);
when I = xQp, we write Q—Bl(x) and Qp () for Q—Bl(:cQ—B) and
Q—BX(xQ—B), respectively.
Proposition 12.6. The numbers along edges in Figure 121 are the
relative indices of the depicted subgroups.
Proof. The argument leading to Corollary [[2.4] also implies that
— ——1 — ——1
Q5" (8):Qp (8)] =25 (): Q5 (9] =2,
because the invertible element 1 + ea, whose norm is 1 4 € and not 1,
is in Qg (¢). However,
— ——1
QBX(Eﬁ/) = Qp (Eﬁ/)
because N (1 + z3¢3') = 1 for every 3 € Fy[a]. Moreover, since Qp is
explicitly known, it is easy to compute the quotients

Qi /95" () =T}
and o
Q5 (J)/0p (J*Y) 2Ff,  (i=1,2,3);
together, we have all the indices of the subgroups as depicted in the
diagram. U

Since we encounter several small classical groups, let us record their
interactions.

Remark 12.7. The group A, of even permutation on 4 letters is iso-
morphic to PSLy(F3), and Sy = PGLy(F3). The group A4 has two
central extensions by Z/2Z: the trivial one, namely Ay x Z/2Z, and
the group SLy(F3). Likewise GLy(F3) is a central extension of Sy by
Z./27., and we have the short exact sequences

where the image of Z/27 in both groups is central.
Since A, has the triangle group presentation

Apag = <x,y 2% =y = (2y)* = 1>7
it follows that SLy(F5) can be presented as
(zyla® =y’ =(ay)" =1, [, (xy)"] = 1).
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o

FIGURE 12.1. Subgroups of Q—BX, with relative indices

Proposition 12.8. The following holds for the quotients on—B1 :
S——
Qp /Qp (ef) = SLy(Fs), (12.2)
—1 =1
Op /Op () = A (12.3)
Proof. The elements «, 8 € Qk, which satisfy o® = 3% = —1, map to
their images o, 8 € Q—Bl.il Oz we have the relations o = 8% = 1
(noting that —1 = 1 in Qp = Qp/2Qp), and also, by computation,
(aB)? = 1+ €+ eafy’. Passing to the quotient Q—BI/Q—Bl(eﬁ’), we have
that
o’ =3 = (af)! = [a, (af)’] = [B, (aB)?] = 1
since in this quotient (a3)? = 1 + ¢, which is central of order 2. By

Remark [I2.7], the group with this presentation is SLy(FF3), of order 24.
To complete the proof, it remains to show that the image of («, 8) in

oI’ /Q—Bl(eﬁ’ ) has order 24. This can be done by computing in each
quotient separately:
e « generates Q—BI/Q—Bl(ﬁ’) =~ 7/3Z;
e af =1+ea+apf =1+af (mod Q—Bl(e)), and fa = 1+ea+
(1+a)B' = 1+(1+a), which together generate Oz (8)/Q5 (e),
isomorphic to Z/27Z x 7Z/2Z;
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e and (a3)? generates Q—Bl(e)/Q—Bl(eﬁ’) = 7./27 as we have seen.
As for the second isomorphism, passing with the previous item to the
quotient 05 /Q—Bl(e), we have that

o = = () = 1
so we get the triangle group A3 30y = A4. (An explicit isomorphism is
obtained by a +— (123) and § — (124)). O
Remark 12.9. The following quotients decompose as direct products:
Q"[T5 (eB)) = SLy(Fs) x (Z/27),
05" /05 (¢) = Ay x (Z)27).
Proof. The element 1 + ea, which has order 2, is not in Q—Bl because

it has norm 1 + €. To prove the first isomorphism, it suffices to note
that 1 + ea commutes with the generators o, 8 = 1+ €+ a + ' of

Q—Bl/Q—Bl(eﬁ’), because

(1+ea)l+a+e+p)1+ea) ' =1+a+e+p +ef =1+a+e+ .
The second isomorphism follows by taking the first one modulo

Q—Bl(e), giving the quotient 05 /Q—Bl(e), which is isomorphic to Ay

by Proposition 12.8 O

Remark 12.10. The group Qg (€) is isomorphic to (Z/27)*.

Proof. By definition, Q5 (€) = 1+ Fyale + Fylof'e has order 16. But
for every f € Qp, (1+ fe)> =1+2fe+ f?¢2 = 1. This shows that the
group has exponent 2, so it is abelian. U

13. THE BOLZA GROUP AS A CONGRUENCE SUBGROUP

Our goal is to compare the Fuchsian group B, corresponding to the
Bolza surface, to congruence subgroups of Q% modulo {£1}. To sim-
plify notation, we write

POy = Qp/{+1}
and
PQ(I) = (~1, Qp(1))/{£1} (13.1)

for any ideal 1<IZ[v/2].
By Lemma [[0.2) the group B CPQ}L is generated, as a normal sub-

group, by the element § = (a3)?(a?3?)? = 1+v2(1+ (1 +v2)(a—3)).

Proposition 13.1. The map QL/0L(v2)= 05 /05 (€), induced by
the projection Qp—0Opg, is an isomorphism.



24 KARIN KATZ, MIKHAIL KATZ, MICHAEL M. SCHEIN, AND UZI VISHNE

Proof. The projection modulo v/2 provides an injection
——x a1
Qp/Qp(V2)— Qs Q5 (o),
which a priori need not be onto 05 /Q—Bl(e), even taking into account

that every element of (Qp/2Qp)* has norm 1. But in Proposition 12.8
we observed that the images of a, 8 € QL generate 05 /Q—Bl(e). O

Theorem 13.2. The Bolza group B satisfies PQL(2) C B C PQL(V?2),
and

PQL/B = Qs Qs (¢f).
Proof. Noting that —1 € QL(2), we investigate the chain of groups
PQj(2) C BPQR(2) C POL(V2) C PO

Let ¢: Q}3—>Q—B1 be the map induced by the projection Qp—Qp =
Qp/2Qp. This homomorphism, whose kernel is Q%(2), is well de-
fined on PQL = QL /{+£1}, since —1 € QL(2). Furthermore, ¢ carries
PQL onto Q—Bl, and the subgroup PQ%(v/2) onto Q—Bl(e), by Proposi-
tion [13.11

At the same time, because ¢(0) = 1 + €8’ € Q—Bl(eﬁ’), the normal

subgroup it generates is mapped into Q—Bl(eﬁ’ ). This proves that
[PQy:B-PQy(2)] = (05 : T (e8)] = 24.
But since PQ} is isomorphic to A(33,4), we have by Proposition
that
[PQL: B] = 24
as well. This proves that B = BPQL(2), so that POL(2) C B. It

follows that the injection of QL/QL(2) into Oy sends & to 1 + ¢/,
and the normal subgroup B generated by the former, to the normal

subgroup Q—Bl(eﬁ’ ) generated by the latter. O

Let Sym s 3 4(B) denote the quotient PQp/B, which is the group of
orientation preserving symmetries of the Bolza surface stemming from
the (3,3,4) tiling.

Corollary 13.3. The symmetry group Sym s 5 +(B) is isomorphic to
SLy(FF3).

Proof. Indeed, the automorphism group PQL/B = Q—Bl /Q—Bl(eﬁ’ ) was
computed in Proposition 2.8 (12.2). O
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Let us add this result to the observations made in Section [3 where
we embedded

A@izay = <047ﬁ |o® = = (af)! = 1>
as a subgroup of index 2 in

Apszg = <Iay | =y’ = (xy)8 = 1>
via the map o — y and 3 +— zyx. Since B C A3 34 is the normal
subgroup generated by (a3)?(a?8%)~2 by Lemma [I0.2] its image in

A3y is ((yx)4(y_1x)4)<y’xyx>, which happens to be normal in A 3g),
and the quotient group is

(.yl2? =y’ = (z9)" = (y2)' (v '2)" = 1).
This quotient is isomorphic to GLy(F3) by taking z — (

NER
y 01 )

Corollary 13.4. The symmetry group Symy;¢(B) = Apzg)/B is
isomorphic to GLa(F3).

= O

1
0) and

We can also compute the quotient of B modulo the principal con-
gruence subgroup it contains:

Remark 13.5. We have that B/PQL(2) = Z/27 x Z/27Z.

Proof. Indeed, Q—Bl(eﬁ’) has order 4, and as a subgroup of Qg (e),
which is of exponent 2 by Proposition I2.10, we obtain

B/PQL(2) = Q5 (¢f) = Z/2Z x Z,/2Z,
as claimed. O

Corollary 13.6. PQL(\/2) is generated by B and the torsion element

@ of [ILI).

Proof. As we have seen before, B is torsion free, so w ¢ B, and (B, w)
strictly contains B, so the result follows from [QL(1/2): Q5(2)] =8. O

14. COMPUTATIONS IN THE BOLZA TWINS

In this section and the ones that follow, we will present some ex-
plicit computations with the “twin” surfaces corresponding to the al-
gebraic primes factoring rational primes in K = Q(+/2). Recall that
Ok = Z[V/2]. We first state a result on quotients co-prime to 6, which
follows from the definition of ramification (and splitting) in a quater-
nion algebra.
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Lemma 14.1. Let I<Og be a prime ideal. If 2 and 3 are invertible
modulo I, then Qp/1Qp = My(Ok/I).

Proof. Tt is convenient to make the substitution
1 1422 1
=o' — =4 ——d —-.
a=ao + 5 B=p+ 5 @ + 5
Then o and ' anticommute, and we obtain a standard presentation

QB/]QB:(OK/I) [O/,ﬁ/ 04/2:—%, ﬁ/2:§’ ﬁ/a/:_alﬁl .

Since a’? and 3 are invertible, the quotient Qp/IQp is a quaternion
algebra over O /I. But as a finite integral domain, O /I is a field, so
by Wedderburn’s little theorem (that the only finite division algebras
are fields), Qp/I1Qp is necessarily isomorphic to My (O /1). O

Corollary 14.2. Let I<iOk be a prime ideal such that 6 is invertible
modulo I. Then

PQL/POL(I) = PSLy(Ox/1).

Proof. By Lemmal[l4.Tand strong approximation we have QF/ Q%L (1)
SLa(Ox /).

Lemma 14.3. Let p be a rational prime that splits in K, so that pOg =
I 15 for distinct prime ideals I, [s5<\Ok. There are exactly two normal
subgroups H<PQ}, such that PQL/H = PSLy(F,), namely POL(I;)
and POL(I,).

O IR

Proof. Recall that the rational primes p splitting in K are precisely
those satisfying p = +1 mod 8. Let H<PQL be a normal subgroup
such that PQL/H = PSLy(F,) and choose a surjection ¢ : PQp —
PSLy(FF,) such that ker(p) = H. Clearly ¢ is determined by the triple
(p(a), o(B), p(aB)™) € (PSLy(F,))?, where we use «, 3 to denote the
images of these elements in PQL. Note that ¢(a) must have order 3;
otherwise it would be trivial and ¢(PQL) would be abelian, contradict-
ing surjectivity. Similarly, ¢(3) has order 3. Since a8 has order 4 in
PQL, the order of p(af) must divide 4. If p(a3) is trivial, then again
we get that (PQL) is abelian. If p(af)? is trivial, then it is easy to
show that (p(af), p(fa)) C PSLy(F,) is a normal subgroup and hence
all of PSLy(F,) since the latter is a simple group. However, this is
again absurd because a finite group generated by two involutions must
be dihedral. Thus the order of ¢(af) is 4.

We have thus shown that (¢(a), o(8), p(aB)™!) is a non-exceptional
group triple in the sense of [9, Section 8]. Moreover, since none of
these three elements of PSLy(F,) can be a scalar matrix, it follows
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that if (g1,92,93) € (PSLa(F,))? is any triple such that g;g095 = 1
and (tr(g1), tr(go), tr(gs)) = (tro(a), tro(B), tro(8~'a™)), then the or-
ders of g1, g2, g3 are 3, 3,4, respectively. In particular, the subgroup
(g1, 92, g3) is never abelian. Hence the trace triple

(trg(a), tro(B), trp(B~ a™))

is not commutative, and so it must be projective by [17, Theorem 4].
Since p € {2, 3}, all the hypotheses of [9, Proposition 8.10] hold. By
that proposition, there are at most two normal subgroups H such that
POL/H = PSLy(F,). On the other hand, PQL(I;) and PQL(I,) are
clearly distinct and satisfy this condition by Corollary I4.21 We are
grateful to J. Voight for directing us to the reference [9. O

Remark 14.4. For every p splitting in K, we obtain a pair of Bolza
2
twin surfaces M of genus g(M) = % + 1, i.e., Euler characteristic

— (p*-1) mp(p?—1) .
x(M) = ;1)2—4, and area ™ZE—— . Since the area of the (3,3,4)

triangle is 5 and its double is %, the automorphism group generated by

12
orientation-preserving elements of the triangle group has order @,

namely that of PSLy(F)).

15. BOLZA TWINS OF GENUS 8

We now apply the results of Section [ to the pair (1+2v/2)Og and
(1 —2v2)Og. Both of these have norm 7, and therefore their principal
congruence quotients are isomorphic to the group PSLy(F7) of order
168. These ideals give rise to twin surfaces analogous to the Hurwitz
triplets (see [14]), namely non-isometric surfaces with the same auto-
morphism group. Note that by estimate ([@.2)), these Fuchsian groups
contain no elliptic elements.

The normal subgroup of the triangle group generated by each of
these in magma produces a presentation with 16 generators and a single
relation of length 32, corresponding to Fuchsian groups of a Riemann
surface of genus 8. Therefore it coincides with the corresponding con-
gruence subgroup, since it gives the correct order of the symmetry
group (i.e., index in the (3,3,4) triangle group), namely order 168.

To find these groups, we searched for subgroups of index 168 using
magma, and looked for the simplest generator whose normal closure is
the entire group. The results are summarized in Lemmas [[5.1] and
below.

The numerical values reproduced below suggest that the systole of
the surface corresponding to the ideal (1 + 2v/2)O should be smaller
than the systole of the surface corresponding to the ideal (1 —2v/2)Ok.
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Lemma 15.1. The element —(af™H)* is in QL(1 + 2/2). Its nor-
mal closure is the full congruence subgroup corresponding to the ideal
generated by 1 4 2+/2.

Proof. With respect to the module basis we have
(af™)' = (5 +3vV2)(a —ap) — (2+2V2),

which is congruent to —1 modulo the ideal (1 + 2v/2). On the other
hand,

(a,B|a’ = 3% = (ap)' = =1)
has order 168, showing that the normal closure of (af™1)* is the full
congruence subgroup. O

Remark 15.2. The element (a3~ 1)* has trace 7+4+/2 = 12.656 ... Of
the 16 generators produced by magma, 14 have this trace (up to sign),
and the remaining two generators have trace 19+13v/2 = 37.384 ... (up
to sign). The smaller value 7 + 4v/2 = 12.656.. .. is a good candidate
for the least trace of a nontrivial element for this Fuchsian group.

Lemma 15.3. The element —(8 'a" B apa)? is in QL(1 — 2v/2).
Its normal closure is the full congruence subgroup corresponding to the
ideal generated by 1 — 2+/2.

Proof. A calculation shows that

(B~ a1 B rafa)? = (T4+5V2) + (5+4v2)a— (845v2) 8+ (3+V?2)ap.
Adding 1, the coefficients 8 + 5v/2, 54 4v/2 and 3 + /2 are divisible
by 1 —2v/2, s0 (3~ 'a" '8 aBa)? is congruent to —1 modulo 1 — 2v/2

in the Bolza order. Again, the normal closure is the full congruence
subgroup because the group

(o, Bla® = 3% = (af)! = (B a" 7 afa)? = 1)
has order 168 as well. O

Remark 15.4. The trace of (87 a3 'aBa)?is 9+ 612 = 17.485.. ..
Of the 16 generators of the Fuchsian group produced by magma, 13 have
this trace (up to sign), and the remaining three have trace 14+111/2 =
29.556 ... The smaller value 9+ 6v/2 = 17.485. .. is a good candidate
for the least trace of a nontrivial element for this Fuchsian group.

The traces in Remarks and [I5.4] can be compared to the trace
bound of [I3] Theorem 2.3|, cf. (0.2), which, since QBQ%OK[i,j],
gives for any ideal I<Z[v/2] and any +1 # x € QL () that |Trp(z)| >
IN(I)? — 2. In particular since N(1 + 2v/2) = N(1 — 2v/2) = 7, we
have for both congruence subgroups mentioned in this section the trace
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lower bound % = 10.25. Note that the trace appearing in Remark [15.2)
exceeds the theoretical bound by less than 25%.

Remark 15.5. It would be interesting to explore possible algorithms
for the computation of the systole of an explicitly given Fuchsian group,
possibly exploiting its fundamental domain using Voight [28].

16. BOLZA TWINS OF HIGHER GENUS

In this section we collect explicit computations, performed in magma,
of Bolza twins for some primes p > 7 that split in K = Q(v/2). We
briefly sketch the method. Let I; and Iy be the two places of K di-
viding p. We first obtain presentations of the congruence subgroups
PO} (1) and PO} (15). By Lemmal[I4.3] these are the only two normal
subgroups of PQL such that the corresponding quotients are isomor-
phic to PSLy(F,).

The most efficient way to find such subgroups in practice is randomly
to generate a homomorphism from the triangle group onto PSLy(IF,).
Thus, we generate pairs (A;, Ay) of random elements of SLy(F,) by
means of the Product Replacement Algorithm and search for pairs that
generate SLy(F,) and such that the projective orders of Ay, As, A1 Ao
are 3, 3,4, respectively. Each such pair corresponds to a surjection
¢ : PQL — PSLy(F,) determined by ¢(a) = A; and ¢(B) = Ay;
here the bars denote images in PSLy(F,). We search for two pairs
such that the kernels of the corresponding surjections are distinct; by
Lemma [14.3], these kernels are our two congruence subgroups.

This random search is far faster than any known deterministic algo-
rithm. Finding suitable pairs (A;, As) is very quick: for p = 71, for
instance, a search through one million random pairs produced twenty
suitable ones and took only a few seconds.

We then rewrite the presentations of these kernels by means of the
Reidemeister-Schreier algorithm, as implemented in magma; this is time-
consuming, taking a few hours to run on a MacBook for p = 71. It may
be necessary to treat more than two surjections ¢ before two different
kernels are found.

In all cases that we have investigated, the Reidemeister-Schreier algo-
rtihm produces presentations with 2g, generators and a single relation
of length 4g,; here g, = p(p? — 1)/48 + 1. We search through this list
for elements of minimal trace and for generators whose normal closure
in PQL is the full congruence subgroup and present our results below.
In some cases, none of the elements of minimal trace normally generate
the entire congruence subgroup, and for one of the primes dividing 71
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we were unable to find any single element that normally generates the
associated congruence subgroup.

16.1. Bolza twins of genus 103. Factoring the rational prime p = 17
as —(1 — 3v/2)(1 + 3v/2), we obtain a pair of Bolza twins of genus
103, with automorphism group PSLy(FF17). The order of PSLy(F,) is
(p?> — 1)p/2. This is 2448 for p = 17. The element

afa”fra T Bap T af T aT B a T BaBaT BT T a8

is congruent to 1 modulo (1 — 3v/2) and normally generates the corre-
sponding congruence subgroup. Its trace is 75 + 53v/2 ~ 149.953 . . .,
which is the least trace (in absolute value) among the 206 generators
(with a single relation of length 412). For the “twin” normal subgroup,
we find a generator of the form

(af~ a7 papa B ap)?,

equal to —1 mod (14 3+/2). It generates the full congruence subgroup,
and gives the least trace, namely 79 + 561/2 ~ 158.195. .., among all
the generators.

16.2. Bolza twins of genus 254. For p = 23, there are two normal
subgroups of the triangle group whose quotient is PSLy(Fa3). The
order of PSLy(F,) is (p*—1)p/2. This is 6072 for p = 23. One obtains
a generator

flaf e Ba BaT B e aBaT BaT Ba

with minimal trace of 91 4+ 651/2, whose normal closure is a group with
508 generators and a single relation of length 1016. This generator is
congruent to +1 modulo 5 — V2.

For its Bolza twin, the lowest trace appears to be 119 + 84v/2. An
element that normally generates the congruence subgroup of 5+ v/2 is

afaplapaf aBa?p e Baf o ap !

This generator is congruent to —1 modulo 5 + /2.

By Lemma[I4.3], for each prime p satisfying p = £1(mod 8), there are
precisely two normal subgroups of our triangle group with quotient iso-
morphic to PSLy(F,), which are congruence subgroups corresponding
to the two algebraic primes factoring p.
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16.3. Bolza twins of genus 621. Consider the decomposition 31 =
(9 — 5v/2)(9 + 5v/2). The generator

Baﬁa_lﬁOéﬁ_lOéﬁ_1OKBOK_IB_IQ_lﬁOé_lﬁ_lOéﬁ_lOéﬁ_lOé_l

is equivalent to 1 modulo 9 — 5v/2 and normally generates the corre-
sponding principal congruence subgroup, producing a surface of genus
g = 621 = 31(312 — 1)/48 + 1. This element has trace 153 + 109+/2,
which is the smallest among the 2¢g generators.

For the Bolza twin, the element

(B~ aBa™' " ap a™ Ba)?

equals —1 mod (945+/2), with normal closure with the same properties,
the least trace being 129 + 90+/2.

16.4. Bolza twins of genus 1436. Let 41 = (7 — 2v/2)(7 + 2V2).
For both PQL (7 —2+/2) and PQL(7+21/2), magma found presentations
with 2¢g generators and a single relation of length 4¢g, where g = 1436 =
41(41% — 1) /48 + 1. The generator

ﬁOé_lﬁOé_1B04_15_10&5_IOK_IB_lOéﬁOé_lﬁOé_lﬁ_lOéBOéﬁ_lOéﬁOé_l

is congruent to —1 mod (7 — 2v/2) and has trace 208v/2 + 295. Its
normal closure is the full congruence subgroup PQL(7 — 2v/2).
The pair of generators

(510"

and
ﬁaﬁa‘lﬁa_15_1a5_10f1ﬁaﬁ_1a_15_1a5a_15_1a5_10f1ﬁ0f1

are congruent to —1 and 1 mod (7 + 2v/2), respectively, and they have
traces 281 4+ 198v/2 and —(281 + 198+/2), respectively. The normal
closure of this pair is the congruence subgroup IP’Q%(? + 2\/5) While
281 + 1984/2 is the minimal trace among the 2g = 2872 generators
of PQL(7 + 2v/2) found by magma, no single generator of this trace
normally generates PQL(7+2 1/2). It is, however, normally generated
by the element

Bapa™ Ba” Ba" o B afaT BT a7 BaT BaT BaT BafTHa T
which is congruent to 1 mod (7 + 2v/2) and has trace 681 4 4811/2.
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16.5. Bolza twins of genus 2163. Let p = 47 = (7 — v/2)(7 + /2).
The generator

(B~ aBa” B aBa” B e a)?
has trace 5294 374v/2 and equals —1 mod (7— \/5), while the generator
5aﬂa_lﬁaﬁ_la_15a_lﬁa_lﬁa_lﬁ_la_lﬁa_lﬁ_laﬂa_lﬁa_lﬁa_l

has trace 499 + 353v/2 and equals 1 mod (7 + v/2). In both cases,
normal closures are subgroups with 2¢g generators and a single relation
of length 4g, for g = 2163.

16.6. Bolza twins of genus 7456. Consider p = 71 = (11+5v/2)(11—
5v/2). The two elements

Bafa " Baf o Ba" BaT Baf e B aBaf T e Ba BT Ba!
and
Bafa " Ba Bap a T Baf e e B aBa BB o BaB T et

are each congruent to 1 modulo (11 + 5v/2), and they each have trace
—(951 4+ 672v/2). The normal closure of this pair of elements is the
corresponding congruence subgroup PQL(11 + 5v/2). This congruence
subgroup can also be generated by a single element; however, the min-
imal trace that we have found of such a generator is 2299 + 1625v/2,
for instance for the generator

BaBa 1 apapa Ba Ba pa o  paB e e Ba  Ba  Ba

The congruence subgroup has a presentation with 2¢g generators and
a single relation of length 4g, for the expected g = 7456 = 47(47% —
1)/48 + 1.

For its Bolza twin, we were unable to find any element whose nor-
mal closure is the entire congruence subgroup PQL(11 — 5v/2). This
congruence subgroup again has a presentation with 2¢g generators and
a single relation of length 4¢g; however, the normal closure of each of
these generators have index at least 3 in PQL(11 —5v/2). The smallest
trace among the 2g = 14912 generators is 4(633 + 449+/2), which is
obtained for eighteen of them. We note that magma was unable the
determine the index in PQL(11 — 5v/2) of the normal closure of all
eighteen of these generators; this index is likely to be very large or
infinite. However, the congruence subgroup can be normally generated
by the two elements

5@5(1_lﬁaﬁ_la_15a_lﬁ_1a_lﬁa_lﬁa_lﬂ_la_lﬁa_lﬂ_laﬁa_lﬁaﬁa_lﬁa_l
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and
BaBa " Ba” Ba” B af o B aBaf T a T B afa B aBaB T aBa  Ba,

which are congruent to 1 modulo (11 — 54/2) and have traces 633 +
449+/2 and the next smallest —(1527 + 1080+/2), respectively.

16.7. Summary of results. To summarize, we collect some of the re-
sults presented above in a table. Each line of the table corresponds to
a prime ideal I<iOx = Z[v/2] dividing a rational prime p that splits in
K = Q(v/2). We present the lowest trace discovered by our magma com-
putations of a non-trivial element in the congruence subgroup PQL(I),
as well as the decimal expansion of this candidate for the lowest trace,
rounded to the nearest thousandth. For comparison, the rightmost
column displays the theoretical lower bound N(I)?/4 — 2 for the trace.

For some ideals, such as I = (11 — 54/2), we find elements whose
traces are remarkably close to the theoretical bound. For other ideals,
our experimental results are not as close to the theoretical bound; we
ask whether elements of lower trace exist that could be discovered by
other methods.

‘ T N(I) | lowest trace | | N(I)?/4—2]
(1+2v2) 7 7T+4V2| 12657 10.25
(1—-2v2) 7 9+6v2| 17.485 10.25
(1-3v2)| 17| 75+53v2| 149.953 70.25
(1+3v2) | 17| 794562 | 158.196 70.25

(5—+v2)| 23| 91+65v2] 182.924 130.25
(5++v2)| 23| 119+84v2| 237.794 130.25
(945v2) | 31| 129+90v2| 256.279 238.25
(9—-5v2) | 31| 153+ 1092 | 307.149 238.25
(7+2v2)| 41| 2814198v2| 561.014 418.25
(7T—2v2) | 41295+ 2082 | 589.156 418.25
(T++2)| 47499+ 353v2 | 998.217 550.25
(7—+/2)| 47| 529+ 374y/2 | 1057.916 550.25
(11 —5v2) | 71| 633 +449v/2 | 1267.982 1258.25
(114+5v2) | 71| 9514 672/2 | 1901.352 1258.25
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