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Abstract

We present a general method to compute a presentation for any cusped arithmetic hyperbolic lattice
I', applying a classical result of Macbeath to a suitable I'-invariant horoball cover of the corresponding
symmetric space. As applications we compute presentations for the Picard modular groups PU(2, 1, O4) for
d =1,3,7 and the quaternion hyperbolic lattice PU(2, 1, H) with entries in the Hurwitz integer ring H. The
implementation of the method for these groups is computer-assisted.

1 Introduction

Discrete subgroups and lattices in semisimple Lie groups form a rich and well-studied class of finitely gen-
erated groups acting on non-positively curved metric spaces. The case of real rank one, where the associated
symmetric space is negatively curved, is of special interest. There are essentially two main families of con-
structions of such lattices, arithmetic on one hand and geometric on the other. Arithmetic lattices are roughly
speaking obtained by taking matrices with entries lying in the integer ring of some number field; the general
definition is more complicated and we will not give it here, as the arithmetic lattices that we consider in this pa-
per are of this simplest type. By Margulis’ celebrated superrigidity and arithmeticity theorems, all (irreducible)
lattices in G are of this arithmetic type when G is a semisimple Lie group of real rank at least 2.

The other family involves geometric constructions such as polyhedra, reflections or other types of involutions
or other finite-order isometries. A prototype of this type of construction is given by Coxeter groups in the
constant curvature geometries E™, S™ and H™, which are generated by reflections across hyperplanes. These
groups are classical and were classified by Coxeter in the spaces E™ and S™, whereas their hyperbolic counterparts
(studied by Vinberg and others) are still not completely understood. However by construction these groups
come equipped with data including a presentation (as an abtract Coxeter group) and a fundamental domain for
their action on the symmetric space.

Arithmetic lattices are given by a global description and their global structure is in some sense well under-
stood by work of Siegel, Borel, Tits, Prasad and others. However concrete information such as a presentation
and a fundamental domain are not readily accessible from the arithmetic construction. One can obtain geo-
metric information such as volume by Prasad’s celebrated volume formula ([Pr]) but computing the constants
appearing in this formula usually involves some non-trivial work (see for example [Be] and [Sto]).

Very few presentations of arithmetic lattices, and of lattices in general, are known. Presentations can
provide useful geometric and algebraic information about groups, such as explicit index of torsion-free subgroups
(effective Selberg lemma, as used for example in [Sto]), cohomology of the group I' or quotient space X/T', see
for instance [Y] (for the Picard modular groups with d = 1,3) and of course representations of I', for instance
if one is interested in deformations of I' into a larger Lie group.

Presentations for SL(n,Z) with n > 3 were given by Steinberg ([Ste], following Magnus); the case of SL(2,Z)
is classical and possibly dates to Gauss; see also Siegel [Si]. In rank one, Swan gave in [Sw] presentations for
the Bianchi groups PGL(2,04) (where O4 denotes the ring of integers of Q[iv/d] for d a positive square-free
integer), following Bianchi’s original construction in [Bi]. These act as isometries of (real) hyperbolic 3-space,
as they are lattices in PGL(2, C) ~ Isom™ (H3).

Presentations for the related Picard modular groups PU(2,1, O4) were found only recently in the simplest
cases of d = 3 (|[FP]) and d = 1 ([FEFP]). One of the reasons for this is that the associated symmetric space,
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complex hyperbolic 2-space H%, is more complicated and in particular has non-constant (pinched) negative
curvature. A particular feature of such spaces, the absence of totally geodesic real hypersurfaces, makes con-
structions of fundamental domains difficult as there are no obvious walls to use to bound such domains. The
presentations obtained for d = 1,3 were in fact obtained by constructing fundamental domains and using the
Poincaré polyhedron theorem. This approach seems to become too complicated when considering more com-
plicated groups, such as Picard modular groups with higher values of d, and no further such constructions
have appeared. Using a similar strategy, Zhao gave in [Zh] generating sets for the Picard modular groups with
d=1,2,3,7,11 but he does not go as far as obtaining a presentation, finding a set whose translates covers the
space but without control over intersections and cycles. (We will in fact use a covering argument closely related
to the one he uses to cover a fundamental prism on the ideal boundary by isometric spheres, see Lemma .

In this paper we present a method for obtaining presentations for cusped hyperbolic lattices, i.e. non-
cocompact lattices in semisimple Lie groups of real rank one, based on a classical result of Macbeath (Theorem
below) which gives a presentation for a group I' acting by homeomorphisms on a topological space X, given
an open subset V whose I'-translates cover X. We apply this by finding a suitable horoball V' based at a cusp
point of I" whose I'-translates cover X, then analyzing the triple intersections and associated cyles to obtain a
presentation for I'. The main tools for this analysis come from the additional arithmetic structure that we get by
assuming that T is in fact an integral lattice in the sense that it is contained in GL(n+ 1, O) for some number
field E (or finitely generated division algebra over Q). The crucial such tool that we use is the notion of level
between two E-rational boundary points in 0, X (see Deﬁnition which gives a notion of distance between such
points using only algebraic data. More importantly for us, levels measure the relative sizes of horospheres based
at the correpsonding boundary points, which allows us to control whether or not such horospheres intersect at
a given height (see Lemma [4]).

As applications of this method we compute presentations for the Picard modular groups PU(2,1,O4) with
d =3,1,7, given in the appendix and Propositions [2} [3] respectively. The cases d = 2,11 can be treated with the
same method but are computationally more intensive; David Polletta has treated these in [Po]. We also compute
a presentation for the quaternion hyperbolic lattice which we call the Hurwitz modular group PU(2,1,H), where
H is the ring of Hurwitz integers H = Z[i, j, k, W} C H. This is a lattice in PU(2,1,H) (also denoted
PSp(2,1)), acting on the 8-dimensional symmetric space H%. As far as we know this is the first presentation
ever found for a higher-dimensional quaternion hyperbolic lattice. (In dimension 1, HY ~ H2 and such groups
have been studied e.g. in [DVV], see also [A], [W] and [Ph]). The implementation of our method for this group
turned out to be computationally much more intensive than anticipated, and in fact the resulting presentation
is too large for many purposes (see Section 5). It does however allow us to compute the abelianization of the
lattice, and to find a nice generating set, see Theorems [2] and [3]

Using a somewhat similar principle Cartwright and Steger found presentations for some cocompact arithmetic
lattices in PU(2,1) in their classification of the so-called fake projective planes, see [CaS1] and [CaS2].

The paper is organized as follows. In Section 2 we discuss generalities about horoball coverings of hyperbolic
spaces, levels for cusp points of integral lattices, and outline how we apply Macbeath’s theorem in this context.
In Section 3 we discuss horosphere intersections in more detail, in particular the quantitative relation between
levels and heights of horospheres for integral lattices. In Sections 4 and 5 we apply this method to compute
presentations for the Picard and Hurwitz modular groups respectively.

We would like to thank Daniel Allcock for suggesting this method and for many helpful comments, Matthew
Stover for pointing out a mistake in an earlier version of the paper and Martin Deraux for helpful discussions.
We would also like to thank the referee for numerous comments and suggestions which greatly improved the
paper; in particular their suggestion to automate the computational steps was critical to obtaining certifiably
correct presentations for the final version of the paper.

2 Horoball coverings and lattice presentations

2.1 Adapted horoball coverings and covering complex

Let X be a negatively curved symmetric space, i.e. a hyperbolic space Hg, with K=R,C,H or O (and n > 2
ifK=R,n=2if K=0). We refer the reader to [CG| for general properties of these spaces and their isometry
groups. In particular isometries of such spaces are roughly classified into the following 3 types: elliptic (having



a fixed point in X), parabolic (having no fixed point in X and exactly one on 9., X) or lozodromic (having no
fixed point in X and exactly two on 9,,X).

Let T’ be a lattice in Isom(X); the well-known Godement compactness criterion states that I' contains
parabolic isometries if and only if it is non-cocompact, which we now assume. A cusp point of I' is a point of
O X fixed by a parabolic element of T'; a cusp group of T' is a subgroup of the form Stabr(p) where p € 05X
is a cusp point of IT".

Assume that we are given a I'-invariant covering of X by (open) horoballs (see Deﬁnition, i.e. a collection
B of horoballs such that:

{’yBerorallveI‘andBeB
Upes B=X

We will moreover assume that each horoball B € B is based at a cusp point of I, and that each cusp point
of T' is the basepoint of a unique horoball in B (giving a bijection between cusp points of I' and horoballs in
B); we will call such a covering B a I"-adapted horoball covering. Since the lattice I" has only finitely many cusp
points modulo the action of I, it follows that such a horoball covering is a finite union of I'-orbits of horoballs.

Given a I'-adapted horoball covering B, the covering complex C(B) associated to B is the simplicial 2-complex
with vertex set B, with an edge connecting each pair of vertices B; and Bs such that By N By # @), and a triangle
for each triple of vertices By, Ba, B3 such that By N By N By # (). This the 2-skeleton of a simplicial complex
sometimes called the nerve of the covering. By the above remark the quotient of the covering complex by the
action of I' is a finite simplicial 2-complex.

We will use the following classical result of Macbeath ([M]):

Theorem 1 ([M]) Let T' be a group acting by homeomorphisms on a topological space X. Let V' be an open
subset of X whose I'-translates cover X.

(1) If X is connected then the set E(V) ={y €T | VN~V # 0} generates T.

(2) If moreover X is simply-connected and V path-connected, then I' admits a presentation with generating set
E(V) and relations v - = vy for all v,~" € E(V) such that VN~V Nyy'V £ (.

We kept the notation from [M]; to clarify the notation in part (2), let S = {e, |y € E(V)} be a set labelled by
the generating set E(V) from part (1). The claim is that T" has presentation (S| R), where R consists of the
relations e, - e, = e for all 7,7" € E(V) such that V NyV N~yy'V # (. Note that the latter condition implies
that vy € E(V).

Now if as above I' is a lattice in Isom(X) and B is a I'-adapted horoball covering of X, we may as re-
marked above write B as a finite union of I'-orbits of horoballs By, ..., By, (say, minimally). One can then apply
Macbeath’s theorem with V' = B; U ... U By, after possibly enlarging each horoball B; in order for this union
to be (path-)connected. For simplicity of exposition, we henceforth asume that T has a single cusp, so that the
I-adapted horoball covering consists of a single I'-orbit of horoballs (this is the case in all examples considered
in this paper). In that case the process of obtaining a presentation fom the covering complex is closely related
to a complex of groups structure on the quotient of the covering complex, the only difference being that we
need to take into account non-trivial edge and face stabilizers.

2.2 Levels and proximal cusp complex

Recall that if X is a hyperbolic space H (with K = R, C or H) then X admits the following projective model
which we briefly recall.

Consider K™1, the vector space K" endowed with a Hermitian form (-,-) of signature (n,1). (When
K = H we will use the convention that scalars act on vectors on the right, whereas matrices act on vectors
on the left.) Let V— = {Z e K™'|[(Z,Z) < 0}, V° = {Z e K™'|(Z,Z) =0} and let 7 : K"™! — {0} — KP"
denote projectivization. One then defines HE to be 7(V~) C KP", endowed with the distance d (Bergman
metric) given by, for Z, W € V—:

ot (AEZLTWYy N2 )P
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Note that the right-hand side is independent of the choice of lifts Z, W. Then Isom"(X) = PU(n, 1,K), the
(projectivization of) the matrix group preserving the Hermitian form (see [CG]). Note that PU(n,1,K) is
usually denoted PO(n, 1) when K = R, PU(n, 1) when K = C and PSp(n,1) when K = H. The boundary at
infinity 0., X is then identified with 7(V?) C KP". We would like to measure distances between points of 95 X
using the Hermitian form as in ; one way to do this is to use integral lifts of vectors with rational coordinates
as follows.

We now assume that I" is an integral lattice in the sense that it is contained in U(H,Op) for some number
field E (or finite-degree division algebra over Q when K = H) with ring of integers O, and Hermitian form
H = (-,) defined over E. We say that an integral vector Py = (p1,...,Pnt+1) € (’)Zfl is primitive if it has no
integral submultiple in the following sense: if PybA™! € (’)f’E+1 for some A\ € O then A is a unit in Og.

If p is an E-rational point in KP™, i.e. the projective image of a vector P = (py, ..., pps1) € E"TL, a primitive
integral lift of p is any lift Py of p to O};i"’l which is a primitive integral vector.

Lemma 1 If Og is a principal ideal domain then primitive integral lifts are unique up to multiplication by a
unit.

Lemma 2 (a) Any column-vector of a matriz A € U(H, Og) is a primitive integral vector. (b) If moreover E is
imaginary quadratic with O a principal ideal domain and one of the standard basis vectors B; is H-isotropic,
then for any H-isotropic primitive integral vector V and A € U(H,OFg), AV s a primitive integral vector.

Proof. (a) Let A € U(H,Op) and V a column-vector of A. Then V is integral; assuming that it is not
primitive, there would exist a non-unit A\ € O such that VA~! is also integral. But then the matrix A’ obtained
from A by replacing the column-vector V by VA~! would also be in GL(n + 1,0g), with det A’ = det AX"!, a
contradiction since the latter is not an integer, as det A is a unit and A is not.

(b) Let V' be an H-isotropic primitive integral vector and A € U(H,Og). If O is a principal ideal domain
then PU(H, Og) has a single cusp (see [Zi]), therefore there exists M € U(H, Og) mapping B; to AV A for some
A € E. Then as in (a) A must be a unit, hence AV is a column-vector of MA~! € U(H, Op) and we conclude
by (a). O

Definition 1 Given two E-rational points p,q € s X, the level between p and q, denoted lev(p, q), is |(Po, Qo)|?
for any two primitive integral lifts Py, Qo of p,q respectively. When we are given a preferred E-rational point

00 € 05X, the depth of an E-rational point p € 0xc X is the level between p and co.

By Lemma [l this is well-defined when Op is a principal ideal domain. The proximal cusp complex of level
n, denoted C,(T"), is the complex whose vertices are cusp points of I', with an edge connecting 2 vertices p, g
whenever lev(p, ¢) < n, and a triangle for each triple of distinct edges.

Levels give a convenient way to distinguish orbits of edges and triangles in the covering complex, by the
following observation which follows from Lemmas [I] and [2}

Lemma 3 If Og is a principal ideal domain, for any two E-rational points p,q € 0xX and v € U(H,OF),
lev(vp,vq) = lev(p, q).

More importantly, levels allow us to find the optimal height u of a horosphere H,, = 0B, based at a preferred
E-rational point 0o € 0o, X such that the orbit I'B,, covers X. This relies on the following result, which is part
of Corollary [I] in Section 3:

Lemma 4 There exists a decreasing function v : N — R such that, for any E-rational point p € 05X with
depth n, and any (integral) A, € T" satisfying A,(c0) = p, the set H,NA,(H,) is empty if and only if u > u(n).

In fact we will see in Corollary |1| that the function u is given by u(n) = %

Definition 2 The covering depth of I' is the unique n € N such that \/n%l < ufv < %, where u’ denotes

n
the maximal height such that T'Bycov covers X.




In practice, for the purpose of finding a presentation of I', we will not need to explicitly determine the
covering depth or . It will suffice to bound the covering depth from above, and use the covering of X at the
corresponding height to apply Macbeath’s theorem.

2.3 Reduction modulo the vertex stabilizer I'

We choose a preferred cusp point oo € 95X of T' (in general we will take oo = 7([1,0,...,0]7) in the Siegel
model, see section , and consider the cusp stabilizer I'o, = Stabr(co). Since T' is a lattice, it is well known
that ', acts cocompactly on all horospheres based at co. Let n denote the covering depth of I' and u®" the
corresponding covering height, so that the I'-translates of the horoball B, cover X, and let D, C H, be a
compact fundamental domain for the action of 'y, on H,, ~ 0,,X \ {c0}. In practice we will choose D, to be
an affinely convex polytope in Heisenberg coordinates (see section .

Assume that we are given a finite presentation I'o, = (So|Roo). Then we may reduce the procedure in
Macbeath’s theorem to finitely many additional generators and relations as follows. Let {p1, ..., pr} denote the
E-rational points with depth at most n in D, and assume for simplicity that they are ordered in such a way
that the first r of them form a system of representatives under the action of I'o,. Assume moreover that we
have found for each i = 1,...,7 an element A; € I" such that A;(c0) = p; (this is possible in principle since I is
assumed to have a single cusp).

Generators: The group I is generated by {Se, 41, ..., A, }. This follows easily from part (1) of Macbeath’s
theorem and Lemma [4 as any E-rational point of dX with depth at most n is in the I'-orbit of one of
P1, .-, Pr. Note that with the notation from the Theorem, we are using the open set V = B, = B to cover X,
and E(B) = {y € T|BNyB # 0} = Too{A1, ..., A} T00 = (VL A2 | 74,72 € Tooyi = 1,...,7}. Indeed, by
Lemma [ B N~yB # § if and only if oo is either co or an E-rational point of depth at most m, which is a
I'o-translate of one of py, ..., p;.

Relations: We now rephrase part (2) of Macbeath’s theorem in this context. Let v,7 € E(B) satisfy
BnNyBN~y' B # ), and first assume that yoo # oo and /0o # oo. After conjugating by an element of 'y, we
may assume that v = A,, v/ = L Ay, v = 73, AL, for some a,b,c € {1,...,r} and v ,...,7L € 's. The
corresponding relation vy’ = 7y -4/ is then: A,y Ayy2 = 72, A.vL . Taking the image of co under both sides
of this relation gives: A, (vipy) = 72, Pe-

In practice this is how we will detect the relations, finding which points of depth at most n are sent to points
of depth at most n by the generators A,. One then recovers the relation as follows. For each triple (a,b,c)
for which there exist 71,73, € T such that A,(vlpp) = 73.pe, we obtain a relation R, ;. by identifying the
element A7 1(72) 1A,y Ay € T as a word in the generators S... The key point is that there are only finitely
many such triples (a, b, ¢) to be checked, by Lemma @

Now assume that one of yo0, 7’00 is 0o but not both (as the relations in ', have already been considered).
The corresponding relation can be obtained as above, using the point p,, = 0o with corresponding group element
A = 1d.

Summarizing the above discussion gives:

Lemma 5 With the above notation, T' admits the presentation I' = (Soo, A1, ..., Ar|Roo; Rabc)-

2.4 The method in practice

We now give an outline of the method we use to apply Macbeath’s theorem:) )

(1) Find an explicit (affine) fundamental domain Do, C 05X ~ H,, for the action of I's, = Stabr(co), and a
presentation I'eg = (Soo|Roo)-

(2) Find the covering depth n of I'. Consider the corresponding covering complex C(I'Byeov ) =~ Cp,(T").
(3) Find all E-rational points {p1,...,pq} in Dy with depth at most n (and denote po, = 00).

(4) For each of the r I'-orbits of points p,, find an explicit A, € I such that A,(c0) = p,.



(5) For each triple (a, b, ¢) for which there exist y1,, 73, € T'o such that A, (vl py) = 73, p. we obtain a relation
R, . by identifying the element AZH(y3) 7t AL Ay € T as a word in the generators Se.

To find all such triples, we seek triple intersections of the form described above. A necessary condition
for the triple intersection B N A,B N~3, A.B to be nonemepty is for all three pairwise intersections to be
nonempty. We get two of them, BNv3 A.B # () and BN A, B # 0, for free since A, and A, are generators.
For each of the finitely many A,’s and A.’s, we want to find all 3, such that the third pairwise intersection
is nonempty.

The third intersection A,BN~3, A.B will be nonempty if and only if the level between the corresponding
points p, and 3, p. is at most the covering depth n. By Lemma@ this translates to a bound on the Cygan
distance between these points, which by the triangle inequality gives a bound on the Cygan distance of
each point to the reference point (0,0). As there are finitely many points {p; ..., p,}, we obtain an upper
bound on these distances, and cover a ball centered at (0,0) of the corresponding radius by translates of
D4 The finite collection of translates required to do this is our finite list of candidates for 2 . For each
such 43, we iterate over the A,’s and A.’s, checking the level between p, and 2, p,. to find all intersections.

Finally, we take all the pairs (a,c¢) for which the three pairwise intersections are nonempty, and compute
coordinates for the point A7 173 A.ps. If the depth of this point is greater than n, it will not give us a
relation so we discard it. If it is less than n, then it is of the form . p,. We can easily identify v. and
b by figuring out which translate of D, the point lives in. The last step is to identify the group element
Ay (L)AL A2 AL as a word in the generators of T

Then by Macbeath’s theorem and Lemma I'=(Soc, A1, ..., Ar|Roo, Rapc). Note that in step (5) we don’t
in fact check which triples of horoballs have nonempty triple intersection (which is harder to check); rather we
write a relation for each triple satisfying the necessary condition arising from Lemma[6] In principle this may
yield redundant relations which we later eliminate.

Step (5) was largely carried out by a computer. Using the bound on the level coming from the Cygan
distance (see Lemma @, we found a Cygan ball containing all centers of horoballs that could possibly have
nonempty intersections with any of {41 B, ..., A.B}. We then covered this ball by I'o.-translates of D, and
iterated over the list of centers to generate a list of cycles. We then compute the matrix representation of
AZH(y3) AL Ay and attempt to identify it as a word in I's. For d = 1,3,7 we did this very inefficiently,
by iterating over words in I'y, of increasing length until we found it. This way of searching would have taken
unreasonably long for the quaternions, so instead we devised a way of guessing the element based on distance,
and then making small corrections to get it exactly right. See [MCode] for the details of the computations.

In order to avoid tedious repetition of similar arguments or straightforward computations, we will only
give one detailed proof for each step for the Picard modular groups; we will give detailed arguments for the
quaternionic Hurwitz lattice. We will usually choose the most difficult case, or the most instructive if the
various cases are of similar difficulty. Step (1) is routine and we just state the results, except for the Hurwitz
lattice, where we find a presentation for I'y, in Lemma and use Philippe’s fundamental domain found in [Ph]
(see Proposition [d]). We give a detailed argument and proof for step (2) for the Picard modular group I'(7) in
Lemma and for step (3) for the same group and depth 2 in Lemma

There seems to be no general strategy for step (4); we find all relevant matrices in this paper by combining
two tricks, which luckily cover all the cases we need. The first trick is to use stabilizers of vertical complex lines
in the Heisenberg group: it is easy to find such a matrix when it stabilizes the vertical axis, then we carry over
to other vertical lines by conjugating by a horizontal translation. The second trick is to hit all relevant integral
points by the group elements that we already know, and see if we land in the I'o-orbit of the point we are
trying to reach.

2.5 A toy example: I' = PSL(2,Z)

In order to illustrate the method, we now go through its steps for I' = PSL(2,Z) exactly as we will for the
more complicated Picard and Hurwitz modular groups. The results are either well-known or elementary and
we state them without proof.

Presentation and fundamental domain for the cusp stablilizer I',: The cusp stabilizer I',, has
presentation (T'); a fundamental domain for its action on OHZ \ {00} ~ R is D, = [0,1]. Concretely we use the
following generator for I'y:
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Covering depth and Q-rational points in D..: The covering depth of PSL(2,7Z) is 1. The Q-rational
points of depth 1 in D, are 0 and 1, both in the same I's.-orbit. An integral lift of 0 is pg = [0, 1]7; we denote
p1="Tpo.

In the Picard modular and Hurwitz cases this is a more difficult estimation, owing to the fact that we cannot
simply look at a 2-dimensional picture. In the Picard modular case we can look at a 3-dimensional picture to
guess at the covering depth which we may then verify, but in the Hurwitz case it is much more challenging to
use a picture for help; see Figure |5 for some visual intuition in that case.

Generators: The following element Ag € I' maps the point oo = [1,0]% to po:

0 -1
Ao =T = { - ]

In the Picard modular and Hurwitz cases we must find generators mapping oo to points of depth greater
than 1. While there is no general method for doing this, in practice we were always able to do it by combining
the two tricks described at the end of the previous section.

Relations: We list in Table 1 the relations obtained for PSL(2,Z) by applying generators to points of depth
at most 1 as described in part (5) of section The second relation is obtained by following the corresponding
cycle of points, which gives IoTIoTIy € T'so. The latter element is computed to be T—!, giving the relation
(IyT)? = 1d.

For each matrix A and point p for which A.p has depth less than or equal to the covering depth, we obtain
a relation from the following cycle of points

A wtal , A
oo L p —=p —— o0
We write A.p = W.p’ where W is an element of I',, written as a word in its generators. Then AilW_lAAp is

an element of I's,, where A, and A,/ are our chosen generators taking oo to p and p’ respectively. We write that
element as a word W’ in the generators of I, and the relation we obtain from the cycle is A, WAA, =W’

Ap | P | AJW AL, | W
Iopo | o0 2 Id
Iopy | po | (TIo) " (TIo)'Ip | T

Table 1: Action of generators on vertices for PSL(2, Z)

This step works in exactly the same way in the Picard modular and Hurwitz cases, but with more points
and more cycles.

3 Horosphere intersections

Our main reference for this section is [KP]. We will use the Siegel model of hyperbolic space HE (with
K = R, C,H), which is the projective model (as described in Section associated to the Hermitian form on
K"t given by (Z, W) = W*JZ with:

0 o0 1
J=10 I,—1 0
1 0 0
Then hyperbolic space HE can be parametrized by K"~! x ImnK x RT as follows, denoting as before by 7 the
projectivization map: HE = {7(¢(¢,v,u)) | ¢ € K* 1 v € ImK,u € RT)}, where:



(—I¢P? —utv)/2
P(C v u) = ¢ (2)
1

(For consistency between the cases K = C, H, we use the convention that elements of Im C are of the form it with
t € R). With this parametrization the boundary at infinity 0. H}} corresponds to the one-point compactification:

{r(¥(¢,v,0))[¢ € K" v € ImK} U {cc}
where co = 7((1,0,...,0)T). The coordinates ((,v,u) € K*"~!xIm KxR™* are called the horospherical coordinates

of the point 7(¢(¢,v,u)) € HE.

Definition 3 For a fized ug € R™, the level set H,, =
horosphere at height ug based at oo, and B,, = {7r( (¢,
horoball at height ug based at oco.

{(r((Cv,u0)) | ¢ € KL u € ImK} is called the
v,u))[¢ € K" Lo € ImK,u > ug} is called the

The punctured boundary O,.Hf \ {oo} is then naturally identified to the generalized Heisenberg group
Heis(K,n), defined as the set K"~! x ImK equipped with the group law:

(C1,v1) (G, v2) = (G 4 Coyv1 +v2 +2Im (G - G1))

where - denotes the usual Euclidean dot-product on K®~!. This is the classical 3-dimensional Heisenberg group
when K = C and n = 2. The identification of d,cH \ {co} with Heis(K,n) is given by the simply-transitive
action of Heis(K, n) on 0,.HE \ {oo}, where the element (¢1,v1) € Heis(K, n) acts on the vector 1((2,v2,0) by
left-multiplication by the following Heisenberg translation matrix in U(n, 1,K):

L= (=Gl +v)/2
Tt o) = 0 In G (3
0 0 1

~

Given an element U € U(n,K), the Heisenberg rotation by U is given by the following matrix:

1 0 0
Ru=|0 U 0 (4)
00 1

There is an additional class of isometries fixing oo when K = H, coming from the action of diagonal matrices
which is non-trivial in the non-commutative case. Recall that our convention is that matrices act on vectors
on the left, and scalars act on vectors on the right. Then, for any unit quaternion ¢ € H, the diagonal matrix
Cy; = ¢1d acts by the isometry of hyperbolic space given by conjugating horospherical coordinates (the result
of multiplying the vector form by g on the left, then normalizing by ¢~! on the right):

Cq + (Cv,u) — (g¢a™ " qug™",u) ()
For this reason, when K = H the relevant projectivization of U(n,1,H) acting on Hf is PU(n,1,H) =
U(n,1,H)/{£ld} rather than U(n, 1, H)/U(1).
Heisenberg translations and rotations, as well as conjugation by unit quaternions, preserve the following
distance function on Heis(K, n), called the Cygan metric, defined for ({1,v1), ((2,v2) € Heis(K, n) by:

2‘1/4

do((Cv1), (Cv2)) = [IG = Gl* 4 |v1 —v2 +2Im (G - G1)| (6)
= 12(¢(C1,v1,0),9(Ca, v, 0))] (7)

This is in fact the restriction to dsHf \ {oo} of an incomplete distance function on HE \ {co} called the
extended Cygan metric (see [KP]), defined for ((1,v1,u1), (C2,v2,u2) € K"t x ImK x RZ? ~ HZ \ {00} by:

2’1/4

dxc((Cryv1,u1), (G2, v2,u2)) = ’(|C1 — Col* + |uy — uz|)2 + |v1 = vz + 2Im (G2 - G1)| (8)
1200(Cr,v1,un), (G, v, u2)) [ 9)



We define Cygan spheres, Cygan balls, extended Cygan spheres and extended Cygan balls in the usual way

relative to these distance functions.
When I' < U(n, 1,0g) is an integral lattice with Og a principal ideal domain as in section 2.2, the Cygan
distance relates to levels and depths of integral boundary points as follows:

Lemma 6 Let g = (g; ;) and h = (h; ;) € U(n,1,0g) satisfy goo # 00, hoo # oo, and denote (C4,vq), (Ch, vn)
the horospherical coordinates of goo, hoo respectively. Then:

B 4lev(goo, hoo) v
de ((Cgs vg), (Cyvn)) = (depth(gOO)depth(hOO)> .

In particular, given n > 1:

4n 1/4
levigoe, i) < = do (GG < (i)

Proof. By Lemmal[2] the first column vector of g (resp. h) is a primitive integral lift of goo (resp. hoo), and
it can be written in terms of horospherical coordinates as gnt1,1%(Cg,v4) (resp. hpi1,1%(Cn, vn)). Therefore,
using @ we have:

lev(goo,hoo) = (gny1,1%((gs Vg), hnt1,19(Chs vn))
2<¢(Cga”g)v¢(<h;vh)>

dc ((Cgs vg)s (Chvvh))4
4 .

|ns1.1 | ny1 1

= depth(goo)depth(hoo)

O

When we apply Macbeath’s theorem we argue that the images under I' of the horoball B, based at oo at a
certain height u > 0 cover X, or equivalently cover the horosphere H, = dB,. The following result allows us
to control the traces on H, of these images in terms of Cygan spheres depending only on arithmetic data. It
involves Ford isometric spheres, whose definition we first recall.

Definition 4 The Ford isometric sphere I, of an isometry g € U(n,1,K) is defined as
Iy ={z=(C,v,u) € Hg | [(¢(2), ¥ (00))| = [(¥(2), g~ ¥(00)) |}
By Proposition 4.3 of [KP], the Ford isometric sphere I, of g = (g;;) € U(n,1,K) is in fact the extended
Cygan sphere S with center g~!(c0) and radius \/2/|gn+1,1]-

Proposition 1 Let g = (g;,;) € U(n,1,K) satisfy g(co) # oo, S = I,-1 the extended Cygan sphere with center

g(00) and radius \/2/|gn+1,1|, and H,, the horosphere based at oo at height ug > 0. Then H,, N g(Hy,) =
H,,NS.

Proof. Using the following standard form for g and g~!, equation (1.2) of [KP], where a,b,c,d € K,
Oé,ﬁ,’}/,é S Kn_l and A (S Mn_l(K)Z

a v* b d B* b
g = a A B ’ g_1 = b A v ) (10)
c o0 d c o a

from Equation ([2)) and Deﬁnitionwe get that: z = ((,v,u) € [-1 =5 <= |S(=|¢F —u+v)+a*(+ d|2 =
1.

Now fix ug > 0 and let z = (¢,v,ug) € Hy,. We claim that: ¢g7!(2) € H,, <= 2 € S.
Indeed, using the above forms for g=! and 1(z) we have:



g(*|C|Q*U0+0)+5 C+5b G
97 (2) = | S(—[CP—uo+v)+AC+y | = G
7(—|C|2—u0+v)+a*c+a (3

The corresponding point is in the horosphere H,,, if and only if its u-coordinate in horospherical coordinates
equals ug. Now the u-coordinate of a point is recovered from any lift (¢, (o, (3)T by:

u=—0¢G -GG RGP = -GG -GGG G GG = =G TGO + GG+ (G-

(Note that we conjugated by (3 in the second step). Therefore: ¢g=1(2) € H,, <= (3¢1+1(+][(|? = —uo|(3)?.
Expanding the left-hand side gives:

((~I¢ = o — )% +<a+a)( 6P = w0 +) + G +5)
# (1P — w0 =05+ 840) (1P~ uo+ o) +a% +a)
(P w05+ e Aty ) (GEIE w0+ AC+)

If we further expand by distributing and collecting the terms in (—|¢|? — ug), ¢, v (and their conjugates and
products), all terms vanish by the relations gg=! = g~'g = Id applied to the standard forms of g,¢g~! from
equation (10)), except for the term in (—|¢[?> — ug)/2 which has coefficient (ad + b + 7*8) + (cb + da + 6*) = 2
and the term in (¢* which has coefficient a* + fa* + AA* = Id. Therefore the left-hand side simplifies to —ug,
whence:
|2

g (2) € Hyy <= —up=—ug|G]? <= |G]*=1 <= 2€8.

This proves the claim and hence the Lemma. |

Corollary 1 Let E be a number field such that Og is a principal ideal domain, p € 5o X an E-rational point
with depth n > 1 and g, € U(H, Og) satisfying g,(c0) = p. Then HyyNgp(Hyy) = Huy NS, with S the extended

Cygan sphere centered at p with radius (%) 1/4 . In particular: Hyy N gp(Hyy) =0 <= up > u(n) = %

Proof. Since g,(c0) = p and e; = (1,0,...,0)7 is a lift of oo, the first column vector of g, is a lift Py of p,
and since gp € U(H,Og) it is an integral lift. In fact by Lemma it is a primitive lift, therefore the depth of p
is [(Py,e1)|* = |gnt1,1|%, denoting as above g, = (g;,;), and the result follows from Proposition 1] I The second
part of the statement follows by using this radius in the formula (8 for the extended Cygan metric. ]

We will also use the following observation, which is Lemma 1 of [FFP], in our covering arguments:

Lemma 7 Ezxtended Cygan balls are affinely convex in horospherical coordinates.

Finally, when considering the action of a discrete subgroup I'o, of Isom (9., X) (relative to the Cygan metric)
it is convenient to consider its vertical and horizontal components defined as follows (see [FP] for the case
K = C and n = 2). The homomorphism II : Heis(K,n) — K"~! given by projection to the first factor in the
decomposition of the set Heis(K,n) as K»~! x ImK induces a short exact sequence:

1 — ImK — Isom(Heis(K, n)) 0, Isom(K"™!) — 1, (11)
where the isometries of K"~! are relative to the Euclidean metric and and Im K acts by (”vertical”) translations.

Denoting 'Y, = I'o, NIm K and T'%, = IT*(I'y,) this gives the short exact sequence:

1—TY — T 25 Th 1. (12)

10



4 Picard modular groups

In this section we use the method described in Section [2:4] to compute presentations for the Picard modular
groups I'(d) = PU(2,1,0,) with d = 1,3,7. The following propositions summarize the results in this section.
Recall that presentations for I'(d) = PU(2,1,0,4) with d = 1,3 were obtained in [FP] and [FFP| respectively.
We only include these cases as test cases for our method; it turns out that the presentation we obtain when d = 1
simplifies nicely (thanks to Magma [Mag]) so we include it below, whereas the presentation we obtain when
d = 3 is much more complicated than the Falbel-Parker presentation, so we only include it in the appendix. We
note the abelianization in each case as a corollary of the presentation.

Corollary 2 ([FP]) The abelianization of T'(3) is Z/6Z.

Proposition 2 The Picard modular group T'(1) = PU(2,1,01) admits the presentation (I, A|R1), where Ry
is the following set of 6 relations:

I2=1d

A8 =1d

TAT2TA?TA?TA—2 =1d

(IA3TA=3)3 =1d

(ATUTA2TA T IABTA-TA2])3 = 1d
TA2JAIASTAIA=2TA-'TATA?TA- ' TATA—2—

TA ' TATA2TA~'TATA2TA-\TABTATABTABTA—'TASTABTA = 1d

Corollary 3 ([FFP]) The abelianization of T'(1) is Z/27 x Z/4Z.

Proposition 3 The Picard modular group T'(7) = PU(2,1,07) admits the presentation (T1, R,I|R7), where
Rr is the following set of 13 relations:

R*=1d
I2=1d
(RI)? =1d

RT\RT, = T\RT\R

(W ITy'R)* =1d

(T; ' I R)* =1d

Ty T I T IT A IT I T T = 1d

(T, T I T T )? =1d

(IT7'R)" =1d

T T I T AT I IT2 T T I T = 1d

T, T IT IRT IRT IT T IT, ' ITy RT M IRT T = 1d

RTVIRT I T, ' ITy  IRT, M IRT, M IT IV T IT Y = 1d
RTURT RT, M IT TV IRTYIT IT, ' RO RIT R M ITV T TV IT =1d

Corollary 4 The abelianization of I'(7) is Z/2Z.

The action of I'as(d) = Stabr(gy(c0) on OHZ is well understood for all d, see [EP] for d = 3, [EEP] for d = 1
and Section 5.3 of [PW] for all other values (using unpublished notes of Falbel-Francsics-Parker). We will refer
to these papers for presentations and fundamental domains for I'w, (d) which we state in Lemmas and

We will denote 7 = % when d = 3 (mod 4), so that Oy = Z[7].

4.1 The Eisenstein-Picard modular group I'(3) = PU(2,1, O;)

Presentation and fundamental domain for the cusp stabilizer I'(3):

11



Figure 1: Covering the prism Dy (3) by Cygan balls of depth 1

0.0

-1.0

0.5

2n

Lemma 8 1. The cusp stabilizer T'o(3) admits the following presentation:

_ [[Tl, TT]7T1] ; [[Tl’ T‘F]’ T‘r] ) [[Tlv T-,—]7 R] )
Foo(3) - < Tl) TTa R ‘ R—ITTR — Tl, R—lTlR — TlTT_l, R6 .

2. Let Dy(3) C OHZ be the affine convex hull of the points with horospherical coordinates (0,0), (1,0),
(TH,0), (0,2v3), (1,2v3), (T,2V3). Then Doo(3) is a fundamental domain for I'ss(3) acting on

OHZ \ {oo}.
Concretely, we use the following generators for I'o(3) (recall that 7 = 1+§‘/§)
1 -1 72 1 -7 72 1 0 0
T1 = T(l’\/g) = 0 1 1 T.,- = T(T7\/§) = 0 1 T R= 0 7 0
0 0 1 0o 0 1 0 0 1

Covering depth and Q[iv/3]-rational points in D (3):

We denote B ((z,t),r) the open extended Cygan ball centered at p = (z,t) € O oHZ with radius r (see
Equation E for the definition of the extended Cygan metric). Recall that u(n) = \/iﬁ is the height at which balls
of depth n appear, in the sense of Corollary

Lemma 9 Let u = u(5) + & = 0.895 and H, the horosphere of height u based at co. Then the prism Dy (3) x
{u} is covered by the intersections with H, of the following extended Cygan balls of depth 1: B ((0,0),\/5 ,

B ((0,2v/3),v2) and B ((1,V3),V?2).
We omit the proof, which is similar to the proof of Lemma [13| but much simpler; see Figure

Note that in order to cover D (3) x {u} we only need balls of depth 1, in particular none of depths 3 or 4
even though they are present at the height © = w(5) + & which we consider. It seems however necessary to pass
to this height, as we have observed experimentally that at height u = u(4) + ¢ balls of depth at most 3 do not
cover Dy (3) x {u} (there are no Q[iv/3]-rational points of depth 2), i.e. that the covering depth is more than 3.

12



Corollary 5 The covering depth of T'(3) is at most 4.

By inspection, we see that the Q[iv/3]-rational points in D (3) with depth at most 4 are, in horospherical
coordinates:

e Depth 1: (0,0), (0,2v/3) and (1,v/3), all in the same T's (3)-orbit;

e Depth 3: (0,2v/3), (1,2+/3) in one I'(3)-orbit, andF (0,3v/3), (1, 51/3) in the other;
e Depth 4: (0,/3), (1,0) and (1,2+/3), all in the same T (3)-orbit.

Integral lifts of representatives of 'y, (3)-orbits of these points are:

0 -1 -2 iv3
po= |0 P31 = 0 D32 = 0 D4 = 0
1 iv3 iv3 2
Generators: The following elements A, € I'(3) map the point oo = [1,0,0]7 to the corresponding p, as
above (for « = 0;3,1;3,2;4) :

0 0 1 -1 0 V3
Aog=I,=]10 -1 0 Azq = Az = 0 1 0
1 0 0 iv3 0 2
—iv/3 0 =2
Azo = A7! Ay = 0 -1 0

-2 0 V3

Relations: We obtain a complete set of relations between these generators by applying generators to points
of depth at most 4 as described in part (5) of section The detailed steps of the computation can be
found on the companion Sagemath Jupyter notebook in [MCode]. The direct output is a presentation with 8
generators and 583 relations, which simplifies, thanks to Magma [Mag], to the presentation in the appendix.
More specifically, we obtain that particular simplification by specifying a subset of the generators which must
be preserved, using in this case the command Simplify (G: Preserve:=[1,4,5]);.

To illustrate the steps involved we compute by hand the cycles and relations corresponding to triples (a, b, ¢)
for which the point A, (py) has depth at most 4, hence is of the form v (p.) for some vo € I'se and p. € Do
with depth at most 4. In the notation of part (5) of section this corresponds to 71, = Id and 73, = voo.
The results are listed in Table 2, with the same notation as in the example of section 2.5

4.2 The Gauss-Picard modular group I'(1) = PU(2,1,0y)

Presentation and fundamental domain for the cusp stabilizer I'o(1):

Lemma 10 1. The cusp stabilizer T'wo(1) admits the following presentation:

_ T4 4
Foo(l) — < T2’ T7—7 Tva R [TMTZ] - Tv7 [TU,T2]» [Tv;T'r]a [TvaR]a R ) >

RTyR™' = T2T, ' T4, RT, R~ = T, T, 'T?

C OHZ be the affine convez hull of the points with horospherical coordinates (0,0), (1,0), (7,0),

2. Let Doo(1)
1,2), (1,2). Then Doo(1) is a fundamental domain for Ts(1) acting on OHZ \ {oo}.

(O’ 2)’ ( ’

Concretely, we use the following generators for I'o (1) (denoting 7 =1 + 4):

13



Ap P | AJWTTAA, W’
Topo o I3 Id
Aupa o0 A2 Id
Rpo Po IyRIy R
Rps1 D31 A;'RAs R
Rps 2 D32 AsRAZ? R
15(0,2V/3) | ps32 AT, 1T, 1o R3
In(1,V3) | po | I T '\T IcTh 1y | T, TWTH
Iops 1 Do IyT, 1o As R3T !
Iops,2 D4 AT, I AS? R3
Iopy D31 AT, 10 Ay R3
Aspo D4 Ayt Azl RT,
A3zpa Po I T AgAy R?
Asps 1 P32 A3 R3
Aupo D32 Az Al R3T,
A4ps i Do 0T, Ay As R3

Table 2: Action of generators on vertices for d = 3

1 -2 -2 1 -7 -1
T2 — T(Q,O) - 0 1 2 TT — T(.,—70) = 0 ]_ T
0 0 1 0 O 1
1 0 =1 1 0 0
Tv == T(O,Z) = 0 1 0 R == 0 ) 0
0 0 1 0 1

Covering depth and Q[i]-rational points in D (1):

We denote B ((z,t),r) the open extended Cygan ball centered at p = (z,t) € O .HZ with radius r (see
Equation E for the definition of the extended Cygan metric). Recall that u(n) = % is the height at which balls
of depth n appear, in the sense of Corollary

Lemma 11 Letu = u(5)+¢ = 0.895 and H,, the horosphere of height u based at co. Then the prism Doo(1)x{u}
is covered by the intersections with H, of the following extended Cygan balls:

o (depth 1) B((0,0),v2), B((0,2),v2), B ((1,0),v2), B((r,2).v2), B ((1,V7),V2),
e (depth 2) B ((1,1),v/2).
We omit the proof, which is similar to the proof of Lemma [I3] but simpler; see Figure

Note that in order to cover Do (1) x {u} we only need balls of depth at most 2, in particular none of depth
4 even though they are present at the height uw = u(5) + & which we consider. It is however necessary to pass
to this height, as we have observed experimentally that at height « = u(4) + & balls of depth at most 2 do not
cover Do (1) x {u} (there are no Q[i]-rational points of depth 3).

Corollary 6 The covering depth of T'(1) is at most 4.
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Figure 2: Covering the prism Dy (1) by Cygan balls of depth 1 and 2
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By inspection, we see that the Q[é]-rational points in D (1) with depth at most 4 are, in horospherical
coordinates:

e Depth 1: (0,0), (0,2), (7,0) and (7,2), all in the same I's(1)-orbit;
e Depth 2: (1,1)
e Depth 4: (0,1), (7,1) in one ', (1)-orbit and (1,0), (1,2) in the other.

Integral lifts of representatives of I'o, (1)-orbits of these points are:

0 -1 ) —1
po=10 p2=| 1+1 pa1=| 0 Dap= | 2
1 1474 2 2

Generators: The following elements A, € I'(1) map the point co = [1,0,0]T to the corresponding p, as
above (for o = 0;2;4,1;4,2) :

0 0 1 -1 -2 2+1
AOZI(): 0 —]. 0 A2: 1+’L 2+’L —1—’i
1 0 0 1+47 1+ —1
i 0 1 -1 -2 2
Agi=10 =1 0 Ago=1| 2 3 =2
2 0 —i 2 2 -1

Relations: We obtain a complete set of relations between these generators by applying generators to points
of depth at most 4 as described in part (5) of section The detailed steps of the computation can be
found on the companion Sagemath Jupyter notebook in [MCode]. The direct output is a presentation with 8
generators and 247 relations, which simplifies, thanks to Magma [Mag], to the presentation in Proposition
More specifically, we obtain that particular simplification by specifying a subset of the generators which must
be preserved, using in this case the command Simplify (G: Preserve:=[5,61);.

To illustrate the steps involved we compute by hand the cycles and relations corresponding to triples (a, b, ¢)
for which the point A,(py) has depth at most 4, hence is of the form 7 (p.) for some v, € ', and p. € Do
with depth at most 4. In the notation of part (5) of section this corresponds to vl = Id and 73, = veo.
The results are listed in Table 3, with the same notation as in the example of section [2.5
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Ap p’ AWLAA, W’

Topo 00 Ig Id
Ag1pa 00 A?l,l Id
Asopao 00 Az21,2 Id

Rpo Do IoyRIy R

Rpa 1 P41 AZ&RA4J R
1y(0,2) Do IyT, 10T, 1o RT!
Io(7,0) | (7,0) (T 1Io) ' 1o Tx o R*T,
Io(1,2) | p2 | (TTrIo) ' IoT, Ty P Ay R?

Iop2 Do Iy T 1T, I Ay RT,'T;?

Iopa Do T3y As RT!
Iops o Po 1Ty 'Io Ay s 7!

Aapo Do I T3 IyAsn RT!

Aapo 00 A2 R\, T3
Aopy D2 A2_1T174T2_1TTA2A4,1 R2Ty !
Aopy o D2 AT AR Ay o TwT 'R
A4 1po Po IoT, YAy o R7IT?2
Ay 1po D2 Ay Ag1 Ay RPT\Ty T2
Ay 2P0 Do IoT5 " Ay o1y Tyt
Agops | (7,0) (TTIo) *T, Ay 045 R'T, T, *

Table 3: Action of generators on vertices for d = 1

4.3 The Picard modular group I'(7) = PU(2,1, O;)

Presentation and fundamental domain for the cusp stabilizer I'(7):

Lemma 12 1. The cusp stabilizer T' o (7) admits the following presentation:

FOO(7) = < T17 T‘I’a EM R [TT7T1] = T’U7 [T’LMTI]? [T’UaT‘F]ﬂ [T’U7R]7 (RTT)27 (RT1)2 = T’U7 R2 >

2. Let Doo(7) C OHZ be the affine convex hull of the points with horospherical coordinates (0,0), (1,0), (7,0),
(0,2v/7), (1,2V/7), (7,2V/7). Then Duoo(7) is a fundamental domain for T'oo(7) acting on OHZ \ {oo}.

Concretely, we use the following generators for I'o(7) (denoting 7 = H'éjﬁ):
1 -1 -1 1 -7
h=T,sm=|0 1 1 Tr=Teo=|0 1
0 0 1 0 0
10 /7 1 0 0
Ty=Tpaym=10 1 0 R=]0 -1 0
00 1 0 0 1

Covering depth and Q[iv/7]-rational points in D (7):

We denote B ((z,t),r) the open extended Cygan ball centered at p = (2,t) € 9,,HZ with radius r (see

Equation ﬁ for the definition of the extended Cygan metric). Recall that u(n) =

of depth n appear, in the sense of Corollary
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Figure 3: Covering the prism Do (7) by Cygan balls of depth 1, 2 and 4

9.2

0.5

0.7

Lemma 13 Let u = u(8) + & = 0.70711 and H, the horosphere of height u based at co. Then the prism
Do (7) x {u} is covered by the intersections with H, of the following extended Cygan balls:

e (depth 1) B ((0,0),v2), B((0,2v7),V2), B((7,0),v2), B ((r,2v7),v2), B ((1,V7),V?2),
e (depth 2) B ((1/2,3V7/2),V2), B (((t +1)/2,V7), V2)
e (depth 4) B ((1,V/7),1).

Proof. Figure shows the prism D, (7) and the relevant Cygan balls. We prove the result by dissecting
the prism Dy (7) x {u} into affine polyhedra, each of which lies in one of the extended Cygan balls. This is
reminiscent of the proof of Proposition 5.2 of [Zh]. Consider the following points of 6OOH%, in horospherical
coordinates (see Figure [4.3)):

¢1 = (0.657,2.8) G2 = (1,2) g3 = (1,3.3)  q4=1(0.354+0.657,3.4) ¢5 = (0.7+0.37,4.2)
g6 = (1,4.3) =((1+1)/2,1.5) g3 =(7,1.5) g9 = ((1+1)/2,0) qi0 = (1,1)
qu = (7,4) ((T +1)/2,2V7)  qus = (1/2,4) q1a = (1/2,2V/7) q15 = (0,3.5)
q16 = (0.37,3) = (1/2,1) g1 = (0,1.7) qi9 = (7/2,0)

Denoting Hull(S) the affine hull (in horospherical coordinates) of a subset S C H, ~ 0..H% x {u}, we
claim that the following affinely convex pieces of Do (7) x {u} are each contained in the corresponding (open)
extended Cygan sphere:

e Dy = Hull((0,0),(1,0),q9,q10, 17, 18, q19) C B((0,0),\/ﬁ)

o Dy = Hull ((0,2V7), (1,2V7), g6, q12, 413, q1, q15) B ((0,2V/7), V2)
o = Hull ((7,0), ¢7,¢s, 99, @17, q19) C B ((7,0),v2)

o Dy =Hull ((1,2V7), g1, q12, @13, q14) C B ((1,2V7),V2)

° = Hull (( ), 46,47, q10, 915, 416, 417, Chs) ((17 V), \/5)
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o Dg = Hull (q1,43, 44, g5, q11, 12, 13, @15, G16) C B ((7/2,3V7/2), V/2)
e D7 = Hull(q1, 92, 44, G5, 96, 47- 48, Q16: ¢17) C B (((T +1)/2,V/7), V/2)
o Dg= HUH(Q1,Q2,Q3,Q4) cB ((T7 \/?)a 1)

To verify each of these claims we check numerically that each of the vertices indeed belongs to the ball in
questlon using Equation (), then extend to the whole affine covex hull by Lemma |7} For example, the point

= (0.657,2.8) indeed belongs to B ((1/2,3V7/2), V2) , B ((( +1)/2,V/7),V2) and B ((7,v/7),1) because:

(
dxc ((0.657,2.8,u), (1/2,3v7/2,0)) ~ 1.179 < v/2 ~ 1.189
dxc ((0.657,2.8,u), (1 +1)/2,v/7,0)) ~ 1.172 < v/2 ~ 1.189
dxc ((0.657,2.8,u), (1,v/7,0)) ~0.982 < 1

The result then follows as the prism Dy (7) X {u} is the union of the affinely convex pieces Dy, ..., Dg. Indeed,
each of these pieces has all of its vertices on the boundary of the prism, the union of the boundaries of the pieces
covers the boundary of the prism, and each piece shares a codimension-1 face with its neighbors, see Figure
O

Corollary 7 The covering depth of T'(7) is at most 7.

Note that in the above covering argument we have only needed balls of depth at most 4 (in particular none of
depth 7) even though they are present at the height u = ug + ¢ which we consider. It is however necessary to
pass to this height, as we have observed experimentally that at height u = w7 + € balls of depth at most 4 do
not cover Do (7) x {u} (there are no Q[i/7]-rational points of depths 5 or 6).

By inspection, we see that the Q[iv/7]-rational points in D.(7) with depth at most 7 are the following, in
horospherical coordinates. We give in Lemma [I4] below a detailed justifcation for the points of depth 2.

e Depth 1: (0,0), (0,2v/7), (7,0), (7,2v/7) and (1,v/7), all in the same T'o,(7)-orbit;
e Depth 2: (% %\[) in one I', (7)-orbit and (TT'H, V/7) in the other;

e Depth 4: (0,V/7), (1,V7), (1,0), (1,2V/7) in one I'(7)-orbit, (3, 3V/7) in a second, (ZH,0), (T, 2v/7)

in a third, (2, 5Tﬁ) in a fourth, and (742, %ﬁ) in a fifth.

e Depth 7: for each &k = 1,...,6, there is a 'y (7)-orbit containing the 3 points (0,% 7, (7, 27k 7,
(1, 22E2/7) (with 2k + 7 taken mod 7).

Integral lifts of representatives of I'o(7)-orbits of these points are:

0 -7 =2 2
po= |0 D21 = -1 pro=|1—-7
1 T—1 | -7 |
[ V7 ] r—1 [ -1 ] —27 —1 2r — 4
P41 = 0 Di2 = T paz= | T+1 Dis = -1 D45 = T
| 2 | 2 i 2 i T—2 T+ 1
(o1 2 -3 4 5
P71 = 0 D72 = 0 P73 = 0 Dra = 0 D75 = 0 P76 =
| VT ] ivT iV VT VT
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(1,2V7)

q12
2
o 4
(1,2v/7) (0,2/7) Q1 (1,2V/7) @12 (1,2V/7)
®
4
2 2
de [
q13
q11
q15
q3
5
q2
q18
qs
q10 q10
1 3
1
(1,0) (1,0)
(0,0) (7,0) X
3
1
q9
(1,0)

Figure 4: Affine cell decomposition of the prism D (7)
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Lemma 14 The Q[i\/7)-rational points in Do (7) with depth 2 are exactly (3,3V/7) and (T52,V/7).

Proof. We illustrate the general procedure for finding points of depth n, then specialize to the present case.

The depths at which there will be E-rational points are the natural numbers n such that |2|> = n has a
solution z € Oy4. For d = 7, the first few n’s are 1,2,4,7,.... Begin by assuming we have found all points of
depth less than n. In this case those are just the points at depth 1.

1. Find all ¢ = 2 + y7 € Oy (up to multiplication by a unit) with |¢g|> = n. From the geometry of
numbers, we know that there are only finitely many such ¢. In this case, there are two possibilities: either

q:TzziHé‘ﬁorq:T—l.

2. Consider the standard lift of a point of IHZ \ {oc}:

—|z|% it
2
P = z

1

Note that ¢ = by/7 for some b € Q. The calculation is more transparent if we rewrite the first coordinate:

—|zP it —|z]* —
2 N 2

+ b1

For P to be the vector form of an E-rational point p of depth 2, it must satisfy the following:

(a) P does not have depth 1 (in general, P does not have depth less than n). In other words, the
coordinates of P are not in O~.

(b) Pg’s coordinates must be in O for some ¢ from step (1).
Next, we do some calculations to make sure (b) is satisfied.

3. Find all z in the projection to C of D, such that zq € O7. If ¢ = 7 we can have z = 0,1, 7, or 1+T If
q=7—1, we can have 2 =0,1,7, 5

4. For each possible z, find |z|? and compute (%sz + bT) q. Use this to list all b’s such that (z,0) € Do
and (# + bT) q € Or.

z |z ¢ (_lzl + bT) g b’s point(s) in horo. coords

0 0 T 26+ 0,2 (0,0), (0,2v/7)
-1 -5 %r 0,2 (0,0), (0,2v7)
1 1 T 2b+ 1 (1,3/7)
r—1 158 —%T 1 (1,V7)
T 2 T —2b— %2 0,2 (0,0), (0,2v/7)
r—1 E_Zbr 2 (0,0), (0,2v/7)
BT weRl (20
RN (52F)

5. Get rid of all the ones that are level 1 (or from any previous level). What you are left with are the level

2 points: {(HTT,\ﬁ) (%,i)}
|

Generators: The following elements A, € I'(7) map the point oo = [1,0,0]7 to the corresponding p, as
above (for o = 0;2,1;2,2;4,1;...;4,5;7,1;...;7,6) :
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A() = Io = 0 -1 0 Ag,l = -1 -1 0 A272 = 1—71 —2 T
1 0 O T—1 T =T -7 T7—-1 2
W7 0 4 r—1 7 2 -1 7-=2 2
Agn=1 0 1 0 Ago=| 7 2 1-7 Ags=| 741 3 —7-1
2 0 —iVT 2 1-7 -7 2 2—-7 -1
—2r—1 —4 4 2r—4 3+3t 4-31
A4’4 = —1 —1 0 A475 = T 2 1—71
T—2 T =T 147 3—-21 —2—7
-1 0 0 -2 0 W7 [ =3 0 /7]
. — 0 1 0 Arg = 0 1 0 Arz = 0 1 0

T 0 -1 7T 0 3 VT 02

-4 0 3iVT -5 0 3iVT7 [ =6 0 VT ]
Arg=1] 0 1 0 Ars=1] 0 1 0 Arg=1| 0 1 0
7T 0 5 T 0 4 VT 01

Relations: We obtain a complete set of relations between these generators by applying generators to points
of depth at most 4 as described in part (5) of section The detailed steps of the computation can be
found on the companion Sagemath Jupyter notebook in [MCode|]. The direct output is a presentation with 18
generators and 406 relations, which simplifies, thanks to Magma [Mag], to the presentation in Proposition
More specifically, we obtain that particular simplification by specifying a subset of the generators which must
be preserved, using in this case the command Simplify (G: Preserve:=[1,4,5]);.

To illustrate the steps involved we compute by hand the cycles and relations corresponding to triples (a, b, ¢)
for which the point A, (py) has depth at most 7, hence is of the form 7 (p.) for some vo, € I'os and p. € Do
with depth at most 7. In the notation of part (5) of section this corresponds to 71, = Id and 73, = 7vuo.
The results are listed in Table 4, with the same notation as in the example of section [2.5

5 The Hurwitz quaternion modular group PU(2,1,H)

In this section we use the method described in Section[2.4]to compute a presentation for the Hurwitz modular
group I'(H) = PU(2, 1, H) (also denoted PSp(2,1,H)). Recall that the Hurwitz integer ring is H = Z[i, j, k, 0] C
H, with ¢ = W The resulting presentation is unfortunately too large for Magma to handle directly (see
comments at the end of this section), however it still allows us to obtain the following results.

Theorem 2 The abelianization of T'(H) is Z/3Z.

Theorem 3 T'(H) is generated by T'so(H) and Iy.

Theoremwas in fact stated in [Ph] (Th. 4.4.2), but the very short proof given there is inadequate (it would
indeed apply to any group containing Iy and a nontrivial stabilizer of co). However, it is shown in [Ph] that
I's(#) can be generated by only 3 elements, which combined with the above shows that I'(H) can be generated
by 4 elements.

We will use Theorem [3] in the proof of Theorem [2} so for future reference we note that Theorem [3] follows
from the result of computational simplification of a partial presentation by Magma. More specifically, we enter
the Magma command Simplify(G: Preserve:=[1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17]); applied
to the group G presented by all generators and the first thousand relations in our main presentation (see file
QuaternionsTruncated1000.txt at [MCodel]). This returns a presentation of G with 17 generators, corre-
sponding to 16 generators for I'o,(H) and Iy. Theorem [3] follows since I'(H) is a quotient of G.
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Ap p’ AWLAA, W’
Iopo 00 I2 Id
Ay 1pan 00 Aj Id
Ay 2pa2 00 Af o Id
Ay 3pas 0 Aig Id
Rpy Do IyRI R
Iopa o D43 A;§T1 IpAs o T
Iopy1 D75 AEéTvIOA4,1 R
Iopao D2,1 Ai}TvT1]0A4,2 RT,\T1T72
Iopas Po Azz%IOTTle—;TIIO T,
Iop7 Po AT IT, ! I R
Topr 2 P41 A7 I0T, Ay 1d
1,(0,2V7) | pre A7 §T, 10T, Iy 1d
Io(1,V7) | paa A;&TUI(]TII() T2T, 1
Io(7,0) | (7,0) (TrIo) " IoT: 1o RT,
Az 1po D75 AEéAz,Jo RT,T]*
Az 2po D42 A;%AQQIO Id
Ay 1po D74 AE};A4,1IO Id
Ay 1paa D22 A£§T7A4,1A4,4 Tt
As1p73 Do 10T, Ayq Az s R
Ay 2P0 P22 A5 3 A1 1d
Ay opr2 D22 AiéTlT;1A4,2A7,2 T, 77T,
Ay 3p0 po | LT ' T T Agsly | T T,
Ay apo D74 AZ};A4,410 RT?
Ay spo2 D75 A{éA4,5A272 RT,
Az 1po Do IoA711o RT,!
A7.9pa Do IgA72A4 Tt
Az 2p7.3 00 A72A73 R
A7 2p74 D71 A{%A7,2A7,4 R
Az 3po D41 A;%Azsl‘o RT,
A7 3pa2 P21 AiiT1A7,3A4,2 T'TET,
Az 3p7a D74 AE};A7,3A7,1 Id
A7 3p7.2 00 A7 3A72 R
A7 4po D41 A;%A7,4fo Id
A7spaa | pas | AgsTiT, ' Ar5Az0 RT T
A7 5p4,1 Po IT P Ar 5 A4 R
A7 5p44 Do LT, " T A7r 5444 Id
A7 5p7.3 7.6 A;,fl;AzsA?,?, Id
A75p7.4 00 A7 5A74 RT,
A7 6Do Do IoT; Az 61 T,
Az 6p71 00 A7 A7 RT,
A7 6D7.2 7.5 AEéAzGAw R

Table 4: Action of generators on vertices for d = 7
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Presentation and fundamental domain for ' (H):

In this section we study the action of the cusp group I'so(H) = Stabr(z)(c0) on d..HE \ {00} ~ H x Im H.
The referee informed us that a fundamental domain for the action of I's(H) on d5HZ \ {00} had been found
by Philippe in her thesis [Phl]. In a previous version of this paper we only used a coarse fundamental domain,
i.e. a domain whose translates cover the space; using her fundamental domain simplified the arguments and
computations in this section, so we thank the referee for drawing our attention to it. In fact Philippe gives in
[Ph] (Theorem 4.3.11, Proposition 4.3.22 and pp. 103-104) two fundamental domains, related by a sequence of
cut-and paste operations. We denote these two domains by DL (H) and D% (H) and will in fact use both, as
they have different geometric/combinatorial advantages. More specifially, D2 () is simpler combinatorially as
it is a product of a 4-simplex and a 3-cube, whereas D! (H) is a union of two such objects. However each of
the two isometric pieces of D! (H) is contained in a smaller Cygan ball centered at 0, which makes it easier to
use in the covering argument below.

Recall that 9,,H% \ {oo} ~ H x Im Hj; we will refer to H as the horizontal direction and Im H as the vertical
direction. The vertices of the horizontal component of these domains consist in the following points in H
(following the notation in [Ph]):

ngO, pgzi, 01:(1+Z/3+]+k)/2, 02:(—1+Z/3—j—k)/2,
g =1/2, qua=(i+k)/2, a8 = (i +7)/2, qi6 = (1 — k)/2, q20 = (i —j)/2.

Proposition 4 ([Ph]) Consider the subsets S = Hull(po, ps, 1, q14,q18), C1 = Hull(po, g0, ¢1, q14, (18) and
Cy = Hull(po, qo, ¢2, q165q20) of H. Then DL (H) = (C1 U Cy) x [=1,1]* and D2 (H) = S x [-1,1]> are
fundamental domains for the action of Tso(H) on OsoHE \ {00} ~ H x Im H.

We now determine a presentation for I'o,(H) by more algebraic methods, understanding this group as a
sequence of normal extensions of simpler subgroups. The presentation we give is highly redundant in terms of
generators, but we will need this ”geometrically complete” set of generators when we are required to algorith-
mically identify given elements of I'oo(H) in terms of the generators. (Also note that [Ph] does not identify a
presentation corresponding to the above fundamental domains).

We use the notation of Equations , and , namely T¢ ), Ry, Cy respectively denote Heisenberg
translation by (¢, v), Heisenberg rotation by w and conjugation by w. Note that for any unit quaternion w € H
and purely imaginary g € H, I's(H) contains the following Heisenberg translations:

1 —w —1+i2+j+k 1 0 q
Tw=Twitjery=| 0 1 w ; T, =T29p=| 0 1 0 (13)
0 O 1 0 0 1

Lemma 15 T'(H) admits the following presentation:

FOO(H) = <SOO |ROO> = <Ri7RdaCiaCalevTivTj7Tk7Tcr7Tviaij7Tvk |A17A27A37A47-A5>

where the A, are the following sets of relations:

Ay ={R},R}R;? (RiR,)*,(R;'R,)*R; 'R, *}
AQ = {07,27 Cga (Cng)?)}

[va,T] ’ [Tla Tw] = Tv;za [Tla Tcr] = TﬁlTvileil }

A3 _ v; v 0
{ [Tw: To) = T3, [Tws To) = T, T, T LT Ty = T;T,, T, T,

ww !

where T' runs over T1, T, T;, Ty, T, Ty, , T, s Ty, w Tuns over 4, j, k, and i1=j,7 =k, k=i.

Ay = {CiR,C; = R;,CiR,C; = R;R,R;,C, R,C, ' = R,R;R;",CR,C, ' = R, }
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As = {GTG71 = EG,T}7

where G runs over R;.Ry,,Ci,Co, T runs over Ty, T, T;, Ty, Ty, Ty, , Ty, , Ty, , and Eg 1 is the entry in the G
column and T row of the table below:

Ri Ra 01 O(T
T T; T, T T'; 1 Tv_k 1 T
T, | ,7'7,.T,T,, T{'T;'T,T,T2 T,T, T, T;
T; Ty T T, TA T, T7'T, T
Ty | T;'T,T,T, Ty T, 'T,T,T: T, 'T, T
T, | T,'"T;TyT,, T, T 'T, T\ T, T, T,
T,, T, T,, T, T,
T, T, T, Tt Ty,

2

To, Toy Toy T, T,

Proof. To obtain a presentation for I'oo(#H), we identify 3 of its subgroups, observe that some of them
normalize each other, and build up the presentation via a sequence of extensions using the following procedure.
Suppose that G is a group with subgroups N and K where N is normal in G and G is an extension of N by K.
Suppose also that we know presentations for N and K, N = (Sy | Ry) and K = (Sk | Rx). Then G admits the
presentation (SyUSk | Ry URKk UR), where the set R consists of relations of the form knk~! = n’ where k runs
over all elements of Sk, n runs over the elements of Sy, and n’ € N is expressed as a word in the generators
Sn.

The three subgroups of I, (H) we identify are the rotation, conjugation, and translation subgroups.

The rotation subgroup consists of all Heisenberg rotations R,, where w is a Hurwitz integral unit quaternion.
It is isomorphic to the binary tetrahedral group, which has order 24 (see e.g. [CoS]). It admits the presentation

<Ri7 Ro’ |A1>

The conjugation subgroup consists of all conjugations by unit quaternions. Elements of this group also
correspond to Hurwitz unit integral quaternions, only C,, acts the same as C_,,. Thus, this group is isomorphic
to the quotient of the binary tetrahedral group by —1, which is the tetrahedral group (or the alternating group
on 4 elements). It admits the presentation

(Ci,Cy | A2)

The translation subgroup consists of all Heisenberg translations. It admits the presentation
<T17 ﬂv Tja Tka To’a Tvi 5 ij 5 T’Uk ‘ -A3>

The rotation subgroup is normalized by the conjugation subgroup. The extension of the rotation subgroup
by the conjugation subgroup is a finite group of order 288. We obtain the four relations in A4 by conjugating
R; and R, by C; and C,.

The translation subgroup is normalized by the rotation-conjugation subgroup. The conjugates of the trans-
lation generators by the rotation and conjugation generators are listed in the table. The translations T are
along the left side, the rotations/conjugations G are along the top, and the table entry Eq r is the element
GTG~! written as a word in the translation generators. A5 contains these relations. (|

Corollary 8 The abelianization of T'wo(H) is (Z/37)?, generated by (the images of) Ry and C,.

Covering depth and Q[i, j, k]-rational points in D (H):
We denote as before B ((¢,v),r) the open extended Cygan ball centered at p = ((,v) € dxH% with radius r
(see Equation [§] for the definition of the extended Cygan metric dx¢). Recall that u(n) = -~ is the height at

vn
which balls of depth n appear, in the sense of Corollary
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Lemma 16 Let u = u(5) + ¢ = 0.89443 and H, the horosphere of height u based at oo. Then the prism
DL (H) x {u} is covered by the intersections with H, of the following 17 extended Cygan balls of depth 1:

Proof. Recall from Proposition using the notation from [Ph|, that D! (H) = (C1UC2)x[-1,1]> C HxImH,
where Cy and Cy are the 4-simplices C; = Hull (po, qo, ¢14, q18, ¢1) C H and Cy = Hull (po, qo, q16, 20, ¢2) C H.

Claim: C; x [0,1]? is contained in By U B, where By = B ((0,0), \/i) and B, = B ((0,i+ j + k), V2).

Using coordinates (z1 + x2i + 235 + w4k, t17 + toj + t3k) on H x Im H, we separate C; x [0, 1]? into 2 pieces
by the piecewise linear hypersurface A = {(x1 + x2i 4+ x3j + T4k, t1i +taj + tsk) € Hx ImH | T = L(X)}, where
we denote T'=t, + to +t3, X = x1 + x2 + 3 + x4, and L is the piecewise linear function defined by:

27 if X e[0,1/2]
L(X) = { —14X +34 if X e[1/2,1]
—0.9X +2.9 if X e[1,5/3].

Heuristically, the coordinate X (resp. T') measures the (I-) distance from the origin (0,0) in the horizontal
(resp. vertical) direction, and the choice of the hypersurface A was inspired by the position of the 40 vertices
of Cy x [0, 1]* relative to the Cygan balls B ((0,0), \/5) and B ((0,i+ j + k), V2), see Figure [5| and below.

The claim is then verified by showing that C; x [0,1]> N A= C B ((0,0),v/2) and C; x [0,1> N AT C
B ((U,i +7+k), \/i), where A* denote the 2 half-spaces bounded by A, with (0,0) € A~ and (o,i+j+k) € A*.
This is done as in the proof of Lemma by checking the vertices numerically using Equation , then extending
the result to their affinely convex hull by Lemma [7}

Since A is only piecewise linear, we first subdivide AT and A~ into affinely convex pieces as follows.
First we add the base vertices si,...,55 € H defined as the respective intersections of the affine segments
[po, q18] [Pos 1], [Po, g14] with the hyperplane {X = 1/2}, and [qo, c1], [po, c1] with the hyperplane {X = 1} (see
Figure |5). Explicitly:

ity _3+i+35+3k itk _3+5i+35+ 3k _3+i+35+3k
S1 = 4,82— 20 , 83 = 4 ,84—#,85—1—0.

Since C7 = Hull (po, g0, q14, ¢18, ¢1) with X (po) = 0, X(qo) = 1/2, X(q14) = X(q1s) = 1 and X(¢1) = 5/3,
this ensures that:

C1 N{X < 1/2} = Hull(po, qo, 51, 52, 53) ,
CiN{1/2 < X < 1} = Hull (g0, q14, q18, 51, 52, 53, 54, 55)
Ol n {1 < X < 5/3} = HUH (po,q0,51,32,53) .

This produces a total of 10 vertices in the horizontal factor H, above each of which lies a 3-cube in the
vertical factor, spanned by 0, 4, 7, k, ¢+, i+ k, 7+ k, i +j + k. We check numerically, using Equation that
each of these 80 vertices lies in By, B,, or both as indicated in Figure p| Finally, we check that each point of
intersection of an edge of a cube with the hypersurface A lies in both By and B, (of course, the values appearing
in the definition of the function L above were chosen to satisfy this property). Explicitly, these intersection
points comprise:

e 3 points at height "= 2.7 on the top 3 edges of the cube above py,

e 12 points at height T'= 2.7 on the top 3 edges of the cubes above qq, s1, 52, s3,

e the 12 vertices at height T' = 2 (with vertical coordinates i + j,i + k, j + k) above qis, 84, S5, q14,
e and 6 points at height 7= 1.4 on the middle 6 edges of the cube above c;.

For example, the relevant point above ¢; = (1+4/3 + j + k)/2 on the vertical edge [4, ¢ + j] has coordinates
(c1,0.4i + §) = (1/2,1/6,1/2,1/2,0.4,1,0) and satisfies:

dxc ((e1,0.4i + j,u), (0,0,0)) =~ 1.410 < V2,
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Figure 5: Vertices of the prism C x [0, 1] (po, qo, ¢14, ¢18, ¢1) and its intersections with the level sets {X = 1/2}
(s1,82,83) and {X = 1} (s4,85). The vertices of the horizontal base are labelled by name, above each lies a
vertical 3-cube spanned by 0, i, j, k, i+j, i+k, j+k, i+j+k, ordered here from bottom to top and left to right.
A vertex is colored white if it belongs to B ((O, 0), \@), black if it belongs to B ((a,i +7+k), \@), and black and
white if it belongs to both. Cubes in a common column belong to a common level set of X = x1 4+ x5 + x3 + 4.

dxc ((c1,0.4i + j,u), (0,i+ j + k,0)) ~ 1.394 < /2.

All other computations are similar, and the claim follows.

We now complete the proof of Lemma [16] from the claim. Replacing C; by C3 by negating the first, third
and fourth horizontal coordinates gives that the other subprism Cy x [0,1]% is contained in B ((0,0),v/2) U
B ((0 —1—j—kji+j+k), \/5), since that transformation is an (affine) isometry of the Cygan metric.

Finally, by likewise negating some or all of the vertical coordinates we get that the 14 other subprisms
C1 x [-1,0] x [0,1]%, Cy x [=1,0] x [0,1]2.... are contained in the extended Cygan balls obtained by switching
the corresponding signs of the vertical coordinates of the center. This results in the 17 Cygan balls in the
statement of Lemma O

Corollary 9 The covering depth of T'(H) is at most 4.

We now use the other fundamental domain to list the points up to depth 4, namely D2 (H) = S x (—1,1]3,

where S is the simplex S = Hull (07 %7 Hz'k7 %(1 + % + 4+ k),z) C H.

Lemma 17 The Q[i, j, k]-rational points in D% (H) with depth at most 4 are, in horospherical coordinates:
e Depth 1: (0,0);
e Depth 2: (0,i+ j);
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o Depth 3 (07 i?iq:gji%c), (1+3i+j+k 3i—j—k), (1+3i(-3|-j+k

e, _i+§’j+k), (AEISk 3iIoRy (5 points total);

6 ) 3

o Depth 4: (0,4), (0,0 +j + k), (L, EEEEY (10 points total);
and all of their T -translates.

Proof. We use the general procedure outlined in Lemma
Let T'[i" C T'», be the finite subgroup of order 288 described in Lemma I'Zin describes two different
actions by units u € H on 0., Hz. One is the action by left multiplication on the first coordinate

R, :p=(z,t) = (uz,t)

The other is by conjugation
Cu:p=(2,t)— (uzu™t utu™")
Consider the standard lift P of a point p € 9HZ \ {oo}:
2
P= z
1

For P to be the vector form of a Q(4, j, k)-rational point p of depth n, it must satisfy the following:
1. P does not have depth less than n

2. Pq’s coordinates must be in H for some ¢ with |g|> = n. Write 2 = 21 + i20 + jz3 + kzg and ¢ =
q1 +1iq2 + jq3 + kqs+. Then we have

2141 — 2242 — 2343 — 2444,
— 1
Z1G2 + 22q1 + 2344 — 2443, €7 oreZ+ = (14)
21q3 + 23q1 — Z2Q4 + 2492,
2194 + 2491 + 2293 — 23Q2

and
—|2PPq1 — tiga — tags — tsqu),

—

—|212q2 + tiq1 + t2qa — t3g3),

—~

1
€Z, 0r€Z+§ (15)

—~

)
)
—|21%q3 + taqr — t1qa + t3q2),
)

—|212q4 + tsq1 + t1gz — t2go

pO| N | | D | =
—~

To list the points of depth n, we first assume we have already listed the points of depth less than n, and then
we follow these steps:

1. Find all ¢ € H with |¢|*> = n. From the geometry of numbers, we know that there will only be finitely
many ¢’s. Even better, we only need to consider one representative for every '/ orbit of ¢’s under the
I'Zi" action on H. The reason for this is that if u is a unit, then

e if Pqu has coordinates in H then so does Pq.
e if Pug has coordinates in H then C, ! Pq = u~!Pugq also has coordinates in H.

e if Pugu~! has coordinates in H then C; ! Pq also has coordinates in H.
Thus, we will always find a point in the I'/I"-orbit of P using our chosen q.

2. For each ¢, find all potential first coordinates z, which are solutions to . Like in the previous step,
we only need one z representing each I'/"-orbit. We pick z inside the fundamental domain C, and if
necessary we modify our choice of ¢ by a unit so that zq € H.
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3. For each z, find all solutions to with —1 < t1,t9,t3 < 1. Keep only those solutions that are not on
the list of points of depth less than n.

In practice, here’s how that goes:

Depth 1: In step 1, ¢ must be a unit, and there is a single orbit of ¢’s represented by 1. In step 2, we must
have z € H N D" (H), and so z = 0 is the only solution to (T4).

It follows that |z|? = 0, and so in step 3, the solutions t satisfying the inequalities are (ti,t2,t3) € Z3
with 0 <tq,t0,t3 < 2 and ¢y, t9,t3 all even. This gives us exactly the depth 1 point listed above.

Depth 2: In step 1, there is one orbit of ¢’s, represented by 1 + i. In step 2, we find z € C by solving
which specializes to

1
21 — 29,21 + 29,23 + 24,24 — 23 € 7, or€Z+§

Using some basic algebra, we conclude that

1
221,229,223,224 € Z, or € 7+ 5
The possible values of z in C' are then represented by 0, %, %
The values of |z|? corresponding to these z’s are 0, %, % respectively. In step 3, specializes to

S(lel = 1), 5 (=12 + )
With z = 0, we find that taking two of ¢1,%s,t3 equal to 1 and the other equal to 0 gives a solution. These
solutions are all new points of depth 2, and are Fgé”—equivalent (by conjugation). This is the depth 2 point
listed above.

For the other two 2’s, with |z|? = % and %, there are no solutions to .

Depth 3: In step 1, there is one orbit of ¢’s, represented by 1 — j — k. In step 2, we find z by solving
which specializes to

1 1 1
—(—t t3), =(t3 — ¢ 7 7+ —
72( 2+ 3),2(3 2) €Z, or € +2

1
21+ 23+ 24,20 — 23+ 24, —21+ 23+ 24,—21 + 24 — 20 € Z, 0r€Z+§

Using some basic algebra, we conclude that
1
321,329,323,324 € Z, or € Z + 5

The possible values of z in C' are then represented by
i i4+j5 14+3i+5+k

0
37 37 3

The values of |z|? corresponding to these z’s are 0, %, %, and % respectively. In step 3, specializes to

1 1 1 1 1
5(—|z\2 + tg + t3), 5(tl —tg +t3), 5(|z|2 + 1ty + 1), 5(\z|2 +t3—t) €L, or € Z+ 5

Using some basic algebra, we find that

3|Z‘2 3t1 3t2 3t3 1
3 2 3 g L orelty

meaning that 3|z|? € Z and its parity is the same as that of 3¢y, 3ty, 3t3. Therefore, we see that |z|?> = 0 or %
We then solve (15)), and in addition to finding the depth 1 point we already have, we find five new solutions at
depth 3.

Depth 4:

In step 1, there is one orbit of ¢’s, represented by 2. In step 2, we find z by solving which specializes to

1
221,229,223,224 € Z, or € Z + 3
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The possible values of z in C' are then represented by

The values of |z|? corresponding to these z’s are 0, %,

Thus, we must have z = 0 or z =

0. —
727

1 i+
2

1
|2|%,t1,ta,t3 € Z, or € 7+ 3

7

we already found, as well as ten new points of depth 4.

Integral lifts of representatives of I'o, (#H)-orbits of these points are:

po= |0

1
1—i—j+k

P33 = 2
—1-3i+j+k
2
i+j+k
P2 = 0

2

1
—1—i
—l+i+j—k

Pae =

1
—1—3j
—1+i+j+k

P40 =

-1
P2 = 0
1+
1
P34 = —k
—1-i-3j—k
2
_ ) i
Pa3 = 1—1
ik
_ ) i
Pa7 = 1—j
14k

Paa =

Pag =

—j—k

| —14+i—j+k |

P32 =

Pa5 =

P49 =

Pa1 =

and % respectively. In step 3, (15]) specializes to

%j. When we solve for tq,ts,t3, we recover all the depth 1 and 2 solutions

O

i—j+k

N O

1
—i+k

1tk

1
—j+k

| —1—i+j+k

Generators: The following elements A, € I'() map the point oo = [1,0,0]” to the corresponding p, as above
(for « =0;2;3,1;...;3,5;4,1;...;4,10) :
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Ag=Ip=|0 -1 0 Ay = 0 1 0
1 0 0 i+j 0 1
1 00 1 00
Az = 0 10 Azy = 0 10
—i+j—k 0 1 i—j+k 0 1
i 1 0 07 1 0 0
Ass = %k 1 . 0 Agy = 1‘—k3‘ ) 1 0
—1-3it+j+k  —l-i—j+ —1+i—3j—
L ;] 12] 1_ 2J —k 1
I 1 0 0] i 0 1
Ass = %k L 0 Agp=10 -1 0
—1—43—5—3 —1—i4j— _
I i L 1] 2 0 i
[ i+j+k O 2 ] [ 1 0 0]
Ayp = 0 —1 0 Ayz = 1—i 1 0
2 0 —i—j—k | | -1—i—j—k —-1—i 1|
[ 1 0 0] i 1 0 0]
Ayg = —i—k 1 0 Ays = —i+k 1 0
| —1+i-j—k —i—k 1 | | —1—i+j—k —i+k 1|
1 0 0 i 1 0 0]
Agg = —1—i 1 0 Ayr = 1—3j 1 0
—1+i+j—k 1—i 1 | —1—i—j+k -1—5 1 |
1 0 0 i 1 0 0]
Ayg = —j—k 1 0 Ayg = —j+k 1
—“1+i—j4+k —j—Fk 1 | —l—i+j+k —j+k 1
1 0 0
Ag10 = -1-7 L0

~1+itj+k 1-5 1

Relations: We find a complete set of relations by applying generators to points of depth at most 4 as
described in part (5) of section The detailed steps of the computation can be found in the companion files
in [MCode]. The direct output is a presentation with 33 generators and 968,480 relations, which is unfortunately
too large for Magma to handle directly (the text file for this presentation, quaternions.m, is slightly over 200
MB and can also be found at [MCodel).

To illustrate the steps involved we compute by hand some of the cycles and relations corresponding to triples
(a, b, c) for which the point A,(py) has depth at most 4, hence is of the form . (p.) for some vo € 'y and
pe € Do with depth at most 4. In the notation of part (5) of section this corresponds to ., = Id and
Y3, = Yoo. The results are listed in Tables 5-9, with the same notation as in the example of section

We would also like to make explicit certain relations in the group, which essentially follow from these tables.

Proposition 5 The following relations hold among the generators of T'oo(H) and I = Iy:

I [I,R)), [I,R,], [I,Ci], [I,C,], (T, 1)® = R;C;, (TviijI)‘l:Rf, (TviijTka)ﬁ,

UT,IRT,'Ci, Ry, (O (IT, ' T, ' T, )’ Ri Co, Ry, (O (IT, T, M T, )P RECo, Ry,

[C;l(ITv—ilTv;lTl;cl)?’RfCU,C(,], (IT; IR, T, 'C;)?, IT, '(IT,,)* = (T,,IT, ")*R;C;,
(T, T, 1)% C I, T, T )P RECy |, IV T, T =TT, T, T, MOt

i

(16)
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It is straightforward to check that each of these relations hold. However we find it instructive to illustrate
how some of them can be deduced from the cycle relations in the tables. We now give more details on how
to obtain the relations (T, T,,T,, 1) and [(T,,T,,1)?, C;l(ITngvleQ;l)?’R%CU]. The rest of the details are
either straighforward or similar to these two.

Substituting for As in (2) using (1) (both from Table 6), we obtain

Ayo = IT, ' T, ' IT, ' T, T, T, T, IT,, T, IC, ' RiC, T, T, T, ' C CiCy
Use the relations C, T, C;' =T, and [R;,T,,] = 1 from ' (H) and the relations (5) and (6) from Table 9
to get
Ay = C T, T, T, IT, T, IT, T, T, RiCiC,

o Vi~ v;

Use the relation (IT,)* = R;C; to make the subsitution IT,,I = T, 'IT, ' R;C;.

Ay = CoUT, T, ' T, T, RCiT,, T, IT,, T, T, ' RiCiCy

Ve v,

Use the relations [C;, T,,] = 1 and C;T,

[

Cit =T,V if w# i from T (H) to get

Asp = CoUT VT, VT T, T AT, T, T, T, REC,

Vk Vi

= CoYIT ' T IT )3 R2C,
o V4 v, Vi i

The relation (T, Ty, Ty, I )¢ comes from substituting this expression for Ao in the relation (4) from Table
8. The relation [(T,,T,,1)*, C; (IT,' T, ' T,,")> R} C,] comes from first observing that (3) in Table 8 and (2)
in Table 6 are conjugate to each other by As. Since both are equal to Ay 2, we obtain [As, A4 2] = 1. Then to
get the relation that appears in the presentation, we substitute for A using (1) from Table 6 and for A, o using
the expression obtained above.

Corollary 10 The abelianization of T'(H) is Z/3Z, generated by (the image of) R,, or trivial.

Proof. By Theorem[3] I' = I'(H) is generated by I'os(H) and I, hence by S and Iy (where So, denotes our
generating set for I'o(H), see Lemma . Therefore T" is a quotient of the abstract group A with generators
S~ and I and relations R, together with the relations listed in Proposition [5| (with So the set of relations
for T'oo (M), see Lemma. By Corollary |8 the abelianization of A is a quotient of (Z/3Z)?, generated by (the
images of) R, and C,. By inspecting the relations listed in Proposition [5] we see that the abelianization of A
is Z/37Z, generated by (the image of) R,. O

We then obtain Theorem [2|by combining these results with a computational check using the full presentation.
More specifically, while the full presentation is too large for Magma to handle at once, we found that it could
handle files approximately 10 times smaller in a few hours. To check that the abelianization remains unchanged
after adding the roughly 106 relations of the mondo presentation, we subdivide the file with all relations into
10 pieces (each with approximately 10° relations), see files mondo1.m,....mondo10.m at [MCode] (each of these
also contains the relations from T',(#H)). Recall from Corollary [§] that the abelianization of T'w(H) is (Z/37Z)2.
We add to each file enough relations to bring the abelianization down to Z/3Z - in practice we simply add the
relations C, = 1 = Iy (which hold in the abelianization by the above, but of course not in the group). This
produces the files mondoimodified.m,... mondo10modified.m, for which Magma is able to compute that all 10
abelianizations are Z/3Z, proving Theorem
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Ap p’ AWTTAA, W’
Ipo 00 I? Id
I(o,i+j+k)| po IMT; T, I nT,'T,'T,'C;!

Ips Do IT,, T, 1A, TIZITU’]lRl2

Ips 1 Do IT, T, Ty, 1A3, Id

Ips o Do IT; T, Ty, I As 5 Id

Ipss Do IT, T, 'T,, Ty T As 3 Id

Ipsa Do IT; 1Ay T,,'R;C;

Ipyso P31 As1T, T, Ty TAy 5 RIT,'T,'T,*

Ipss po | IT2T, T2 T ' T, ' TAs 3 Id

Ipga Do ITk_lTl_lﬂiﬂ;ka4,4 Id

Table 5: Cycles coming from I

Ap p AI;,IVV'_lAAp W’
A2po | po IOTleﬂT,,lAzfo Ay = (T, T, 10)° (1)
Aspo 00 A% R?
Aopsi | po LT, T, T, Ay Ag R;'R;'R,C;'C,C,T,,
Aspss | pss | As3Ay 'R, T,,C71CiCp Az s C;1CiC,R;
Agpsr | p2 ATV Ap Ay C,R;'C;'T,,T,,CyC;C;?
Aopao | p2 AT Ay Ay C,;'R,C,T,, T, T, ' C;1C;iC, (2)
Aspas | po AT Ar Ay g T\ T, T, T, C;

Table 6: Cycles coming from Aj
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Ap P | AJWTTAA, W’
Ag,lpo Do IAg,l.[ Tv_ilTv;lTl;cl
p—]
Ag)gpo Po IAg’QI Tviij Tvk
Asopay | P31 A£1A3,2A4,1 R,CiT;*
As3po | Po TA;z 51 T,'T,'TT, "

Table 7: Cycles coming from As 1, A3 2, A3 3

A.p p’ AJWLAA, W’

Ag1po | po IT  Ayq I T2R;'C;

Agip2 | po AT, AgqAs T, 'T,,R:C;

Ay1ps | P32 A;::%CiTilA4,1A3,1 Ri_l

Agapan | 00 A7, Id

Ay 1pas | Paa A;}lciﬂfilRi_leA4,1A4,3 R;!

Agopo | D32 Az sCiT T T, P Ay o1 T,,T,, T, R3C;

Agops | po AT Ay 0 A T,,T,,T,')C;'R,C;C,  (3)
As2p3,1 | Po IT,'T,'T, ' Asp Az T,,T,,T,, R?
As2p33 | P33 AgzglgC;lCiCaT;lT[jlR?A4,2A3,3 C’iijlT,;lij T
Agopsn | o0 Ad, Id (4)
Agopas | paa | ALSCiT T T RO R Ay s A | O, T, R RiRy YRy RV,
Aszpo | Do TA,31 ETkvaiQT,flel;f

Agapo | po TAqy 4l nLT,°T,,
Agapan | Pa3 A;%)RUA4,4A4,1 CiR,R; 'R,R; 'R;'T;*

6 Appendix: presentation for the Eisenstein-Picard modular group

Table 8: Cycles coming from A4 1, A4 2, As3, Asa

PU(27 17 03)

The presentation for the Eisenstein-Picard modular group PU(2,1, O3) which we obtain is (T}, R, I | R3),

where R3 is the following set of 19 relations:

I’=1d
R7'IRI =1d
RS =1d

RTR'TT'RT'TIR =1d
ITVIRTIT ' IR\T =1d

Ty T IRTIT, 'R =1d
R2T7 MR IR'TWRT; ' =1d
IR*TVIR?T\R*IT, = 1d
IRT'RYIT, M IR R = 1d

Ty 'RTERT'RT'R'TIRT'TIR = 1d
IT;'RTVIR-3TyRIRT, = 1d
IR*T'RYIRTT'R2IT'R? = 1d
IRT'IRM T, ' R2T T, 'IR2T = 1d
IT ' RN IT ' R2T T T P RYIT R
T ITAIRT, "IRTyIR2T T 21T T = 1d

L=1d

T,RMT RYITy I IR T IT, Y IRT, 'R =1d

TIT ' R*T RV RV IT, ' R™2T IT, ' RIT ' R*T 'R = 1d

TfQRTllTlITl_1RQTlRlelRT%Ig%‘llelR‘QTlR‘3T1]T1 R=1d
1

T 'RTVR>TVIT T, ' R2TIT N2 =1d
1 1




Image of a point Cycle of points Relation
Ripo = po 0o L2 Do KN Po 2y 00 [R;, Io) =1d (5)
Ropo = po 0o L9, Do RN Do ELNGNS Ry, Io] =1d
Cipo = po 00 2% py F py 1% oo (Ci, Io] = 1d (6)
Cypo = po 00 2 Do Lo, Do ELNFNS [Cy,Ip) =1d
Rips = p2 00 22 py —>p2A—1>OO [Ri, As] = 1d
Rop2 = p2 o0 22 py Loy py A2 1100 (R, Az] = 1d

Rips1 = pa oo Sh1, D41 ELN D41 A—1> 0o | [Ri,Asq]=1d

Ropa1 = pa1 o S, D4,1 Lo, D41 A—> 0 | [Ry,Asq]=1d
I

Ripao = pao 00 —> D4,2 EiN D42 A—> 0o | [Ri,Aso]=1d
T

Ropa2 = pap o 2, D42 LN D42 A—> 0 | [Ry,As] =1d
1

Cipa1 = pa o 2ty P41 <, D41 A—> oo | [C,Asn] =1d

Copa2 = Pa2 oo 22 D42 Loy D42 i; 0o | [Chy Ay =1d

Table 9: Action of generators on vertices for H, degenerate cycles coming from R’s and C’s
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