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Abstract

We define Picard-Einstein metrics on complex algebraic surfaces as Kéhler-Einstein metrics with
negative constant sectional curvature pushed down from the complex unit ball allowing degenera-
tions along cycles. We demonstrate how the tool of orbital heights, especially the Proportionality
Theorem presented in [H98], works for detecting such orbital cycles on the projective plane. The
simplest cycle we found on this way is supported by a quadric and three tangent lines (Apollonius
configuration) with at most 3 cusp points sitting on the double points of the configuration. We
determine precisely the uniformizing ball lattices in the case of 3, 2, 1 or 0 cusp(s) respectively. The
corresponding orbital planes are (leveled) Shimura surfaces corresponding to Jacobian varieties of
certain families of plane genus 3, 6, 5 or 13 genus respectively. We present many examples of plane
orbital surfaces with quadrics, and determine for them precisely the uniformizing ball lattices. By
the way we check that some of them are Galois quotients of celebrated 27 orbital planes with line
arrangements occurring in the PTDM-list (Picard-Terada-Mostow-Deligne) which we will call also
BHH-list (Barthel-Hirzebruch-Hofer) because it is most convenient to get it from [BHH]. The others
are quotients of Mostow’s [M2] half-integral arrangements. Proofs are based on the Proportionality
Theorem and classification results for hermitian lattices and algebraic surfaces.
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Introduction

The main purpose of this article is to show that the world of complex algebraic surfaces is Picard-Einstein
with a universal degeneration lifted finitely from a quadric and three tangents on the complex projective
plane. The three tangent points are “points at infinity” (cusp points) from the non-euclidean metric
viewpoint. We call a hermitian metric on a smooth complex surface X Picard-Einstein (in a wide sense),
if it is Kéahler-Einstein with negative constant sectional curvature. If, moreover, X is a Zariski open
part of an algebraic surface X, then one says that X is Picard-Einstein (with Picard- Einstein metric)
degenerating (at most) along X \ X. The Bergman metric on the two-dimensional complex unit ball B
is Picard-Einstein, see [BHH], Appendix B, for a short approach. For a ball lattice I' C Autp, B the
(quasiprojective) quotient surface X = Xr = B/I" (also any compactification X of X) is Picard-Einstein
degenerating along the branch locus of the canonical quotient map p = pr : B — B/T" (and along
the compactification cycle). The Picard-Einstein property lifts to each finite cover Y of X degenerating
(at most) along the preimages of branch loci of ppr and Y — X. Wecal Y Picard-FEinstein, if it is
finitely lifted (that means via finite covering) from a ball quotient surface B/I" such that the Baily-Borel

compactification B/T" of B/T" is the complex projective plane P2. If one finds a ball lattice with this
property, then each complex projective surface is Picard-Einstein in the narrow sense because each such
surface is a finite covering of P2, e.g. via general projections.

The first proof for the fact that P? is Picard-Einstein (degenerating along six lines) can be found in
[H86]. There we used the Picard modular group of Eisenstein numbers. The main result of this paper
is to show that P? is Picard-Einstein degenerating along the Apollonius configuration (Apoll-3) with
precisely 3 cusp points, see theorem 9.1. The corresponding group I'(1 +4) is the congruence sublattice
of I' := SU(diag(1,1,-1),9), O = Z + Zi, i = \/—1, belonging to the ideal O(1 + i). This is a Picard
modular group of Gaufl numbers.

Some papers of other authors have to be mentioned which come - with other methods -already near
to this result, or present useful preparations: Terada [T], Deligne & Mostow [DM1, DM2], Matsumoto
[Mat], van Geemen [vGm], Shvartsman [Sv1], [Sv2], Hashimoto [Has].

The most natural way for finding a configuration (reduced cycle Z) on an orbiface (two-dimensional
orbifold), which could be the degenerate locus of a Picard-Einstein metrics has been described in [H98].
Beside of quotient singularities we allow also cusp singularities on the surface. The irreducible com-
ponents of the configuration (points and irreducible curves) are endowed with natural numbers or oo
(weights) in an admissible manner. Then one gets an orbital cycle. The surface X together with the
orbital cycle Z is called an orbital surface. The orbital surface germs around points are irreducible
components of the orbital cycle are called orbital points or orbital curves, respectively. Points or curves
with weight oo are called cusp points or cusp curves, respectively. They form a subcycle Z., of Z whose
support is denoted by Xo.,. The finitely weighted points are quotient (triple) points. For details we refer
to [H98], where we corresponded rational numbers to our orbital objects called orbital heights. The
orbital surface heights (global heights H) generalize volumes of I'- fundamental domains on B of arbi-
trary ball lattices I'. The orbital curve heights (local heights h) do the same for the complex unit disc
D and D-lattice groups. Euler form and signature form define on this way two different orbital heights
H., H, and he, h, called Euler or signature heights, respectively. A finite uniformization ¥ — X
of an orbital surface X = (X, Z) is a finite Galois covering ¥ — X such that Y is smooth (outside
cusp points) and the weights of the components of Z coincide with corresponding ramification indices.
A ball uniformization of X is a (locally finite) infinite Galois covering (quotient map by a ball lattice)
B — Xy := X\ X again with weights equal to corresponding ramification indices. We announce the
following

Theorem 0.1. For an orbital surface X = (X, Z) the following conditions are equivalent:
(i) X has a ball uniformization
(i) The proportionality conditions

(Prop 2) H.(X) =3H,(X)>0
(Prop 1) h.(C) = 2h.(C) <0 for all orbital curves C C Z

are satisfied, and there exists a finite uniformization Y of X, which is of general type.



The direction (i) = (ii) has been proved in [H98], see Proportionality Theorem IV.9.2. Notice that
our h, is 3 times h, of [H98]. The other direction follows from the degree homogenity of the global
heights and a well-known theorem of R.Kobayashi-Miyaoka-Yau applied to Y. Namely, it is easy to see
that the (Prop 2)-condition lifts to the logarithmic Chern number condition ¢ = 3¢, for Y. ]

In section 2 we use the explicit orbital height machine for detecting suitable weights for points
and curves on the Apollonius configuration on P? such that the corresponding orbital surface satisfies
the proportionality conditions. This has been done for demonstrating and understanding a general
approach to detect Picard-Einstein metrics on surfaces. Any orbital configuration (X, Z) defines a
system Dioph(X, Z) of diophantine equations. It comes out from a system of a quadratic and some
linear equations with rational coefficients closely related with (Prop 2) or (Prop 1), respectively, for
which we have to determine inverse of natural numbers as solutions (the inverse of the weights we look
for). There are at most finitely many solutions, see [H98], IV.10.

In section 3 we discus the weights obtained in 2. This is a connection between classical approach
and the proportionality technic. Then we give generators of the modular group and prepare the result
for the second part of the paper.

In the next section we transform the detected weights to seven properties (), ..., (vii) of a uniformiz-
ing ball lattice TV we look for using the Proportionality Theorem via the system Dioph(X,Z) again,
this time in converse direction: We know the weights but the data (Chern numbers, selfintersections)
of X, Z are unknown. With the scvoggostulatod properties we are able to determine these data and
to classify surface and curves to get B/I = P? and the Apollonius configuration back. In the sections
9,10,11 we prove that the congruence lattice I'(1 + ¢) has all the seven properties.

The second author wrote a detecting algorithm on MAPLE based on constructive proof of the
Finiteness Theorem in [H98]. It proves that there are precisely 4 possibilities (Apoll-k), k=0,1,2,3
number of cusp points, of Picard-Einstein metrics on P? degenerated along Apollonius configuration.
Here we present another proof which is more analytic. We add some examples with two quadrics
and some lines, where we used a MAPLE programm from the first author which is able to check the
proportionality conditions for any orbital surface.

Acknowledgement. We have to thank A.Pifieiro for his contribution to the 5-th section.



Part 1
Proportionality and Monodromy

1 The basic orbital surface: Plane with Apollonius cycle
We consider an orbital surface

(1) X =(X;Co+C1+Co+C3+P,+P, + P53+ K| + Ky + K3)

with smooth compact complex algebraic surface X supporting the orbital cycle

(2) Z(X)=Co+Ci+Co+C3+ P, + Py + P3 + K; + Ky + K,

which consists of four orbital curves éj, Jj =0,1,2,3, on X with weights v;, three (finite) orbital
abelian points P;, j = 1,2, 3, of type C?/Z,, x Z,, where Z, X Z,, C Gly(C) denotes the abelian group
generated by 2 opposite reflections of orders v, v¢, and Ky, Ks, K3 are precisely the special points (cusp
or quotient). For the surface X and the reduced cycle

(3) ZX)=Co4+Cr+Co+Cs+ P+ P+ P3+ K, + Ky + K3
we claim the following conditions:

(i) The surface X is the projective plane P2

(i) a) Cpis a quadric on P2;
b) Cy,Cy, s are projective lines on P2;
¢) Pi, Py, P3 are the three different intersection points of these lines;
d) C' is the tangent line of Cp at K;, j=1,2,3;
e) The configuration divisor Co+ C1+Cy+ Cy is symmetric. This means that there is an

effective action of the symmetric group S3 on P? preserving Co+Ch+Cy+Cs.

Definition 1.1. If these conditions are satisfied we call CO +C1+Co+C5a plane Apollonius config-
uration or Apollonius configuration on P2, the cycle Z(X) a reduced plane Apollonius cycle and each
effective cycle with this support a plane Apollomus cycle.

The properties a),b),c),d) mean that the Apollonius configuration on P? consists of a plane quadric and
three different tangent lines of it. We will see below that e) is automatically satisfied with a unique Ss-
action. The following graphic describes the corresponding configuration together with three additional
lines L; joining P; and K. For the rest of this section we work on X = P? and omit the hats over C;
(see Figure 1).

Without loss of generality we can chose the Ss-symmetric

Normalized Model 1.2.

Co:(X+Y —2)? —4XY = X?+Y?+ 72 - 2XY —2X7Z - 2Y Z = 0;

CllY = 0 CQIZ =0 C3ZX = 0,
P = (0:1:0) P, = (0:0:1) P; = (1:0:0);
K, = (1:0:1) Ky, = (1:1:0) Ky = (0:1:1);
Li: X = Z Ly: X =Y Ly:Y = Z.

By elementary projective geometry the following facts are easy to check.

Proposition 1.3. Up to PGls-equivalence the Apollonius configuration is uniquely determined. All
Apollonius configurations are Ss-symmetric.

Corollary 1.4. The action of the symmetric group Ss on P? preserving the configuration Cy + Cy +
Cs + C3 is unique. It is determined by extending permutations of points w : K; — Ky, Pi — Py,
i=1,2,3, 71 € Ss, to Il € AutP? = PGI3(C). Especially for the normalized model 1.2 the group S3 acts
by permutation of canonical projective coordinates (x :y : z) on P2.
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Figure 1: divisor Cy + C1 + Cs + C

Remark 1.5. The lines L1, Lo, L3 defined in (1.4) have a common point.

Lemma 1.6. For three projective lines C1,Co, C3 on P? intersecting each other in different points and
for a given subgroup Y3 = S3 of PGl3 permuting them there is precisely one quadric Cy with tangents
C1,Cs,Cs. For the canonical coordinate axes X =0, Y =0, Z = 0 of P? the corresponding quadric (see
1.2, normalized model) has equation

X244 Y2422 -2XY —2XZ-2YZ=(X+Y - Z)? —4XY =0.
Definition 1.7. An Apollonius cycle on a smooth compact complex algebraic surface Y is a cycle
Z = voLo +viLy +voLo +v3L3y + Py + Py + P3 + Ky + Ko + K3,

where the v;’s are positive integers, Py, Py, P3, K1, Ko, K3 are points on Y, and the L;’s are smooth
complete algebraic curves on 'Y with the following intersection behaviour:

Lo‘Lj:2Kj fOTj:1,273; LlLJ :Pk fOT{Z,j,k}:{1,2,3}

The supporting reduced curve Lo+ Ly+ L3+ L is called an Apollonius configuration on Y. The Apollonius
cycle (configuration) is called symmetric, iff there is an algebraic Ss-action on'Y, which preserves the
cycle Z permuting effectively its components C;, P;, K;, j = 1,2,3, respectively.

Remark 1.8. Obviously, vi = vo = vz holds in the symmetric case. If Y is the projective plane, then
the Apollonius configuration is automatically of the (symmetric) plane Apollonius cycle consisting of a
quadric and three tangent lines as defined in 1.1 .

2 Proportionality

Turn back now to the more precise notations of 1.1 not assuming in this section the symmetry condition
(ii) e). We blow up each of the the points K, twice such that the proper transforms of C; for i =
1,2,3 on the resulting surface X do not intersect the proper transform of Co. The exceptional divisor
E(X — X ) on X consists of three connected components. Each of them is a pair of transversally
crossing smooth rational curves with selfintersection -1 or -2, respectively. Then we contract the three
-2-curves to get a surface X’ with three quotient singularities of type C?/ + ($9) lying on exceptional
curves E1, F>, E3 C X', On this way we get an orbital birational morphism X’ — X being isomorphic
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Figure 2: o singularity of type (2, 1)

outside X! = E; + E3 + E3 and Xoo = K1 + K3 + K3. The proper transforms of the C’j are denoted
by C’](, 7 =0,1,2,3, respectively. On this way we get a complete orbital surface

X' =(X; Ch+Cl+CL+C,+P; +Py+ P3+E; + Ey + Ej)

called the canonical locally abelian model of X. The finite part supported by X = X b= X"\X{ is the

open orbital surface
X =(X; Cp+Ci1+C2+C3 +P1 + Py +Pj)

with supporting non-compact curves C; = C’J( ;= CA\X%. The orbital cycle Z(X’) is described in the
Figure 2. The open orbital curves can be written as

Co =vCo, Ci=(v1Cy; P2+ P3), Co=(v2Cy; P14+ P3), C3=(v3Cs; P1+P2).

The corresponding atomic graphs of the four orbital curves and the three exceptional curves look like
Figure 3. The molecular graph of the whole orbital cycle is the Figure 4.

Vo V3
k, O O 4
Vk Uj
2,1y 1 1 o o) o v;
O Yo O Ui E17E27E3:
°, ®,
Co: Cy,C,Cs: Vo k;
-1
kl (%) kv Vo
o) 1 o) o) 1 o) 2,1) [1
(2,1) (2,1)

Figure 3: atomic graphs of Cq, Cy,Cy, C3, Eq,Ep, E3

In [H98], IV, Theorem 4.9.2, we proved that there are rather strong proportionality conditions for
an orbital surface to be an orbital ball quotient. For this purpose we defined orbital heights for orbital
curves and surfaces, which are rational numbers. First one has to draw the graph of an orbital curve
C on an arbitrary B—orbital surface X (B—orbital means that only ball cusp singularities are allowed



Py
U1 V2
° <<32 ) °
-1 1 ’ 1 -1
Yo (2,1)
[ J
9 O
PO O -1 oPr
(2,1)
U3
[ J
-1

Figure 5:

“at infinity”). On the open “finite” part X of X at most quotient singularities are admitted. In our
examples cusp and triple (fraction) singularities are possible. These singularities are classified in [H98],
II1, Definition 3.5.6 and Corollary 3.5.9. We denote the cusp and triple singularities with squares and
triangles respectively. In the following shortly special point is cusp or triple singularity. In our examples
K1, K5, K3 are special points with weights k1, ks, k3 respectively. The special points on the Figure 3 are
cusps (squares), but every square can also be a triangle.

The (atomic) graph of the orbital curve C = (vC; 3. P; + Y. K;) looks star-like — Figure 5. The

center represents the curve ¢ weighted with v € N and s is the selfintersection number (C’z) on the
minimal singularity resolution X — X’ of the canonical locally abelian resolution X’ — X, which
replaces each special point K by an irreducible curve Ex (finite quotient of an elliptic curve) supporting
(at most 4) cyclic surface singularities.

The proper transform of C on X’ or X is denoted by C’. The arrows to small circles represent cyclic
surface singularities P; of type (d;, e;) of X’ lying on C” and the circle itself represents the curve germ

of weight v; crossing C’ at P;. The abelian point P; : SD*»0> consist of the crossing curve germs of C,
v

v;
C; with weights v, v;, respectively. The small boxes represent cusp points lying on C , and the arrow to
the box represent the intersection point of Ex and C’ on X' being a cyclic singularity of type (d;, e;)

isomorphic, by definition, to the singularity of C2/( (g Coe ) ), where ¢ denotes a primitive d-th unit root.

Similarly the triangle represent triple points with weight vy and the arrow to the triangle represent the
intersection point of Ex and C’ on X’ being a cyclic singularity of type (dx, ex). The weight ¢ at the box
or triangle is the selfintersection of (the proper transform of) Ex on X. We omit the arrow orientation
and (, ), if (d;, e;), (dj,e;) or (d,ex) = (1,0). This means that the corresponding intersection point is
non-singular. The arrow orientation is also omitted, if the singularity of type (d,e) is symmetric. This



means that its minimal resolution (linear tree of smooth rational curve with selfintersection numbers
read off from the continued fraction of g) is symmetric. Examples are given in Figure 3. For more
details we refer to [H98]. There we defined (see IV, Definition 4.7.3 and restrict to our situation) the
Euler height of C by

’ 1 / !
(4) he(C) = e(C') = (1 - Uidi) ~#CL -2 (- dek)’

and the signature (or selfintersection) height

® 0= e+ £+ T S [ gk

(which is 37 (C) in the notations of [H98]). The first sum runs over all abelian points P; on C, the
second sum in (5) over all arrows (%% joining the center with a cusp box and the last sum in (4-5)

oO—

over all triple points (all arrows (Od’;’e’g joining the center with a triple triangle), see picture 5.
On this way we obtain for each Apoll-k separate system of diophantine equations. Effective Finiteness

Theorem 4.10.3 [H98] say that there are only fininitely many possibilities of weighting the B—orbital
surface X. We prefer to consider all Apoll-k together and have only one system of diophantine equations.
Any solution of this system is a candidate for appropriate weight. For this purpose we introduce
“universal weights”:

v; — orbital curve

Vg 1= 00 — cusp point
—vy, — triple point (negative weight) .

With the new universal weights we use also new Euler height (v < 0)

(6) ue(c) = e(cl) - Z(l - Uildi) o Z(l a ooldj) N Z(l B Ukldk )7

and the signature (or selfintersection) height

" w@ =[O XX+ Xal

Obviously the connection between two heights is:

(8) he(C) = u(C) +2 )

For a special point K we define Euler and signature heights u.(Fx) and u,(Fk) using the exceptional
curve Fr on X'.

Remark 2.1. It is easy to redefine cusp and triple points:
if ue(BEx) = 0 and lim,, oo ur (Ex)v; <0, then K is cusp point;

if exist v, < 0 such that ue(Ex) = 2u,(Eg) > 0 then K is triple point.

For an orbital curve C using Proportionality [H98], IV, Theorem 4.9.2 we have h.(C) = 2h.(C).
Applying (8) and Remark 2.1 we obtain

9) ue(C) = 2u,(C), Ce{Cy,Cy,CyCs, E|,Ey, E3} .

This is a system of seven diophantine equations connected with Apollonius configuration. In terms of
[H98] and [HPV] these equations are Prop 1, Prop 0, Prop oc.

Let as look at the Figure 3 and apply (9)

1 1 -2
C 2_<1_7>_<1_7>_<1_7>: 52
0 1 ko ks Vg
1 1 1 ~1
co 2 (- Yy ey
V2 V3 kq v
1 1 1 141
E;: 2—(1——)—(1_i>_<1_7): 9 +2

Yo U1 2 k1




One write the equations for Cy, C3, Eq, E3 after cyclic permutation 1 — 2 — 3. The last system is
equivalent to
4 1 1 1

—t — 4+ —+— =1
’Uo+k}1+k}2+k‘3

(10) f+f+*+*+*:17 i=1,2,3

—+ —4+— == =1,2,3.
Vo Ul+k2 27 ! T

We are looking for solutions of this system in oo U Z\0. If vy,v9,v5 are known then vy, k1, ko, k3
are determined uniquely. The symmetric group S3 acts on vy, vs,v3 and after lifting on all variables
vg, U1, U2, U3, k1, k2, k3. Up to S3 symmetry (v; < ve < v3) the system (10) has 58 solutions (Table 1)
and 41 from them are hyperbolic!.

vg v1 vz w3 ki ky k3 H, vo vi v2 w3 ki ko k3 H,
1 |18 -18 2 9 2 -18 3 13/216 | 30 5 2 10 10 -5 5 5 3/20
2 4 -12 2 3 3 -4 -12 1/24 31 6 2 12 12 -6 4 4 7/48
3 112 -12 2 6 2 -12 4 7/96 32 9 2 18 18 -9 3 3 13/108
4 12 -12 3 3 2 12 12 7/48 33 | oo 2 o0 o0 o0 2 2 X
5110 -10 2 5 2 -10 5 3/40 34 2 3 3 3 -3 -3 -3 |
6 8 -8 2 4 2 -8 8 9/128 | 35 3 3 3 6 -6 -6 00 1/12
71-3 -6 -6 2 1 1 3 X 36 4 3 3 12 -12 -12 6 7/48
8 3 -6 2 2 3 -3 -3 O 37 6 3 3 00 00 o0 3 1/6
9 6 -6 2 3 2 -6 00 1/24 38 3 3 4 4 -6 -12 -12 1/12
10 | 4 -4 2 2 2 -4 -4 | 39 4 3 4 6 -12 o0 12 17/96
11| 4 -4 4 4 1 2 2 O 40 6 3 4 12 o 12 4 11/48
12| 6 -3 -3 1 1 1 -3 X 41 8 3 4 24 24 8 3 11/48
13| -6 -3 2 6 1 6 2 O 42 | 10 3 5 15 15 5 3 37/150
14| -6 -3 3 3 1 3 3 O 43 6 3 6 6 00 6 6 1/4
15| 0 -2 1 oo 1 -2 2 X 44 | 12 3 6 12 12 4 3 1/4
6|00 -2 2 2 1 o0 o X 45| 00 3 6 oo 6 3 2 1/6
17| 2 1 d -d -1 -d d O 46 | 18 3 9 9 9 3 3 13/54
18] 1 2 2 2 -1 -1 -1 O 47 4 4 4 4 00 0 00 3/16
19 | 2 2 2 oo -2 -2 00 X 48 5 4 4 5 20 20 10 | 99/400
20| 2 2 3 6 -2 -3 -6 O 49 6 4 4 6 12 12 6 13/48
21| 3 2 3 o~ -3 -6 6 1/24 50 8 4 4 8 8 8 4 9/32
22 | 2 2 4 4 -2 4 -4 O 51 | 12 4 4 12 6 6 3 13/48
23 | 3 2 4 12 -3 -12 12 7/96 52 | oo 4 4 o 4 4 2 3/16
24 | 4 2 4 o0 -4 o 4 3/32 53 | 12 4 6 6 6 4 4 7/24
25 | 4 2 5 20 -4 20 5 99/800 54 | -12 4 12 12 3 2 2 7/48
26 | 3 2 6 6 -3 o 00 1/12 55 | 10 5 5 5 5 5 5 3/10
27 | 4 2 6 12 -4 12 6 13/96 | 56 | oo 6 6 6 3 3 3 1/4
28 | 6 2 6 oo -6 6 3 1/8 57 | -8 8 8 8 2 2 2 9/64
29 | 4 2 8 8 -4 8 8 9/64 58 | -2 00 o0 o0 1 1 1 X

Table 1: solutions of diophantine equations (10) € Z\0 U co

We want to connect the solutions of (10) with the classical theory. Let us consider the configuration
divisor ([BHH, DM1]) zyz(x—y)(y—z)(2—x) (see Figure 6). In this case special points are Py, Ps, Ps, Py.
We blow up the four special points and the resulting divisor have 10 lines with selfintersection —1. Let
exceptional lines are Lyj, j = 1,2, 3,4. The proportionality equations (9) are:

s 2 )- () ) -

Lo: : 2—(1—%4)—(1—&)—(1—%) - 22)—11.

IWe say that a solution is hyperbolic if it satisfy the proportionality conditions (see proposition 2.3).

(11)
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Figure 6: zyz(z —y)(x — 2)(z — 2) =0, (v:y:2) € P?

The symmetric group Sy = S{1,2,3,4} acts on this system changing the indexes. Under the action of
(13),(14), (23),(24),(34) on the first and (12), (13), (14) on the second equation we obtain ten equations
for lines L respectively. We assume that [;; = [;;. The last diophantine system has 38 solutions in
oo UZ\0 and 27 from them are hyperbolic (see [BHH], page 201, [DM1] page 86, [T] page 465).

Theorem 2.2. If vy, v1,v2,v3, k1, k2, k3 is a solution on system (10) such that vy is even then

v
l14 = l34 = v3, laz = l12 = vy, log = ko, li3 = 507

loa = ka1, lor = log = v2, loz = ks.
is a solution on (11). For vy even (0o is also “even” number) the map
T: (vo, vi,v2,v3, k1, k2, k3) — (l12,113,l23, l14,124, 134, lo1, 102,103, l0a)
is surjective in the sets of solution of (11).

Proof. The condition for vy even is obvious. In the section 3 we will give geometric proof. (]

We are looking for solutions of (10) which are hyperbolic weights of Apollonius configuration. In this
case 1 < wvg,v1,v2,v3 € N and ky, ko, k3 € Z_ U oo, Z_ — negative integer numbers. The restrictions for
ki1, k2, ks are because K1, Ko, K3 are special points. Only solutions 20, 22, 26, 34, 35, 38 and 47 satisfy
the above conditions.

We calculate Euler and signature height using (8)

1 1 1 1 1 1
he(C 1++++2(++),
(12) (Co) ki ko ks || |k2| ks3]
he(Ci) NI S S 1 =1,2,3
e i) — — - - — T 7. TR t=1,2
v v2 vz v Kk LA
-2 1 1 1
he(Co) = — 4 o4 o+ o,
(o) = o Tl ¥ ol " T
(13) . )
he(Ci) = —+——, =123
( ) 'Uz+|kz| ?

10



and the result is the next table

Vo V1 (%) V3 kl kg kg he . C() Cl CQ Cg

20 2 2 3 6 -2 -3 -6 0 0 0 0

22 2 2 4 4 -2 -4 A4 0 0 0 0

(14) 26 Apoll2 | 3 2 6 6 -3 oo oo 2/3 -1/3 -1/3 -1/3
34 2 3 3 3 -3 -3 -3 0 0 0 0

35 Apoll-1 | 3 3 3 6 6 -6 oo 2/3 -1/3 -1/3 -1/3

38 Apoll-0 | 3 3 4 4 -6 -12 -12 2/3 -1/3 -1/3 -1/3

47 Apoll-k3 | 4 4 4 4 oo o0 0 -1 -1/2 -1/2 -1/2

In this table we write only h.(C) because in all cases h.(C) = 2h,(C). According to relative propor-
tionality ([H98], Proposition 4.7.4) an orbital curve C is such that h.(C) = 2h,(C) < 0. Then only the
solutions 26, 35, 38 and 47 can be hyperbolic weights of Apollonius configuration.

Until now we did not prove that the points K, Ko, K3 are allowed to be considered as special points.
For the corresponding orbital curves E = Ex, K = K, i € {1,2,3}, on X’ we have (see Figure 3)

1 1 1
he(Bi) = uo(Eq) =2 — (170—0) -(1-2)-(1-3)

V; 2
-1+1
hT(El) = _uT(EZ) = - k. ’ ki < 07

. . 1 1 1
lim h(E;)w = lim —(—1+7>w:—7<0, k; =00

w——>00 w——>00 W 2 2

The explicit calculation give
E, E, E;
38 Apoll-0 | 1/6,-1/12 | 1/12,-1/24 | 1/12,-1/24

(2,3,3) (2,3, 4) (2,3, 4)

35 Apoll-1 | 1/6,-1/12 | 1/6,-1/12 | 0,-1/2

(15) oo e (23,3 | (2.3.3) | (2.3.6)
ype 26 Apoll-2 | 1/3,-1/6 0, -1/2 0, -1/2

(2, 2, 3) (2, 3, 6) (2, 3, 6)

17 Apoll3 | 0,-1/2 0, -1/2 0, -1/2

(2, 4, 4) (2,4, 4) (2,4, 4)

This table shows that Apollonius configuration have triple points of type (2,2,3), (2,3,3), (2,3,4) and
cusp points of type (2,3,6) and (2,4,4). The graphs of these special points appears in the graphical
classification list in [H98], III, Figure 3.5.2 and 3.5.3. So we can change to the graph of special points
K., which looks like Figure 7.

(2,3,4) (2,4,4) (2,3,6)

Figure 7: graphs of the special points K

Now we calculate the heights of X using Proposition 4.10.2 in [H98], chapter IV, as definition. The
local contributions appear in [H98], IV, Table 10.2, the global ones in (4.10.2), (4.10.3) there. Since the
open surface X is smooth the formulas for the Euler height and the signature height simplify to

(16) Ho(X) = e(X) = S(1 = D)he(C) = S he(Pr) = 3 he(Ko)

Ui
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(1) HL(X) = 7(X') = 5 320 = S )he(C) = Yo e (P) = - hr(K

e(X') = Euler number of X'
= e(X) — #{componentsof E(X — X')} = e(X) — 3,

e(X) = Z(—l)idim HY(X,C) = Euler number of X
and - - .

7(X") = 7(X) + #{componentsof E(X — X')} = 7(X) + 3,

7(X) = signature of X = signature of Hy(X,R).
The sums in (16), (17) run over all orbital curves C,, all abelian points P on X and all special points
K, (cusp or triple) on X. The point contributions can be read off from the molecular graph of the

orbital cycle Z(X) connecting the graphs of orbital curves and points as demonstrated in our example
in Figure 4. Namely, for abelian points P we have

1 1 1 (dye) .
he(P)y=1- d " vd + po (P o— in general)
1 1 1
=1-——-—+ for our points P = C; N C;,
(18) V; Uj ViUj
/
iMAP):TNP)+Wp—§—§5ﬁngmmﬂ)

=043-0—0—0=0 for our points P.

Thereby [p denotes the length of a resolution curve Ep (number of irreducible components of the linear
tree Ep of rational curves) of the cyclic singularity P, Tr(P) the trace of the intersection matrix of
these components.

We define h.(K) and h,(K) for a special point K using the resolution orbital curve E.

he(K) =2 rational cusp point,

(19) he(K) = (1 _ 7) (Ex) + Z he( triple point ,

where T; are the abelian points of intersection between exception curve and orbital curves.

4
3h, (K )+ Z 3l — — cusp point,
(20) ! ,
1.1
3h(K) = ( ) (Ex) + Zh Z v; — ;)vd» triple point.

Tr(K) is the trace of the intersection matrix of Ex being the preimage of Ex € X’ on X. The numbers
l; are the lengths of minimal resolutions of the cyclic surface singularities T; € X’ of type (d;, e;) sitting
on Ex. The formulas (19) and (20) can be read from [H98], IV, Table 4.8.1.
We give explicitly the calculation for Apoll-2. For our main example Apoll-3 all calculation are
written in [HPV]. By (18) it holds
1 1 1 25 1 1 1 )
he(P1)=1—=-—=-+— = — he(P3) = he(P3)=1— - — = —.
(P1) 6 67606 36 (P2) = he(Ps) 576726 12
Let Ty, T, T5 be the cyclic singularities of E1, Ty € Cy, To € Cy, and T3 is of type (2,1) (see Figure 3
and 7 type (2,2,3)). Again by (18) we have

11
2.3 3’

_|_

N —
W

1
2
11
72 ,17777>: .
( 3 3 2)=0



We obtain the Euler and signature heights of the special points K using (19) and (20)

11 4 1 1 14
he(Ka) = he(Ka) =2, oK)= (1= 55) g+ 5+ 5+5= 5
1 1 1
(1) he(Ke) = ho(Ko) = o (=3+3-1-3) = —.

hT(Kl):é {(3+§);+3~0—(3—;);—(2_;);_<1_1)3%2} :%2_

Knowing X = P2 we get e(X) = 3, 7(X) = 1, hence

and
(22) e(X)=9-3=6 , 7(X')=-5+3=-2.

Now we are able to calculate the heights of X explicitly substituting the local heights (12), (13), (18),
(21) and e(X'), 7(X’) into (16), (17), respectively:

HE(X):6—(1—1)_—2—(1—1)_—1—2(1—1)_—1—§—2-3—2~2—E:i

373 2/ 3 6/ 3 36 12 9 12’
(23) 1 1.-1 1.-1 1.-1 1 2 1

For other Apoll-k we give the heights of the special points K and X in the table

K, K, K X
Apoll-0 | 127/72, -17/36 | 541/288, -25/72 | 541/288, -25/72 | 1/12, 1/36
(24) Apoll-1 | 127/72, -17/36 | 127/72, -17/36 2,-1/6 1/12, 1/36
Apoll-2 | 14/9, -2/3 2,-1/6 2,-1/6 1/12, 1/36
Apoll-3 2,-1/6 2,-1/6 2,-1/6 3/16, 1/16

Summarizing (15), (14) and (24) we proved in this section the following

Proposition 2.3. The orbital surface X of (1) with X = P2 and orbital locus (2) supported by any
Apollonius configuration 1.1, (i) a),b),c),d) satisfies the proportionality conditions for ball quotient
surfaces described in [H98] (IV.9, Theorem 4.9.2):

he(Ex) =0, h(Ex) <0, K - cusp point; (Prop o)

(25) he(Ex) = —2h(Ex) >0, K - triple point; (Prop 0)
he(C;) =2h.(C;) <0,i=0,1,2,3; (Prop 1)

H.(X)=3H,(X)>0; (Prop 2)

only in four cases Apoll-k, k = 0,1,2,3. The corresponding weights are given in (14) solutions 26, 35,
38 and 47. O

The universal heights introduced in (6) and (7) are an easy way to find all orbital hyperbolic weights
for a given curves configuration (compare [H98], IV, Effective Finiteness Theorem 4.10.3). In this section
we have presented the following algorithm:

Step 1. Resolve all special points and obtain model X’ — X — X (for Apollonius that is
Figure 2) on which all orbital points are abelian or separate and the corresponding graphs look like

(di, i) (di,ei) (di, ei)
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On X’ we know the Euler number and selfintersection on each curve and also type of possible cyclic
singularities (d;, e;). Now write u.(C) = 2u,(C) for each curve C on X'. This is a system of diophantine
equations (compare with (10) and (11)) with variables v;—the weight of the orbital curve C;.

Step 2. Solve the system of diophantine equations in Z\0 U co.
Step 3. Check every solution obtained in Step 2. For a solution one have to see:

1. if v; = 1 then C; is not “pure” orbital curve (p : B — B/T is not ramified over C;). An example
is solution 18 for Apollonius configuration.

2. if v;,v; € Z_ U oo then C; and C; does not intersect on X’.

3. if v; < 0 or v; = oo then C; is triple or cusp point resolution curve and one apply Remark 2.1.
4. if v; > 1 then C; is a pure orbital curve. We check if h.(C;) = 2h,(C;) < 0.

5. calculate and see if H.(X) = 3H,(X) > 0.

If the above holds for any solution of our diophantine system, then this solutions satisfy the proportion-
ality conditions ([H98], IV, Theorem 4.9.2) and is hyperbolic.

At this place we define similar to (6) and (7) “universal heights” for orbital surface X’ and abelian
points P € X’. The universal height «(P) for abelian point P is the same as h(P) in (18) but v,v" €
Z\O U co. Let us remember that X’ has only abelian points. The universal heights of X are

U(X) = e(X) = 301 = D)ue(C) = 3 ue(Py),

U (X) = 7(X') = 5 (01 = e (Ci) = Y ur (P

where the fist sum runs over all curves on X’ and the second over all abelian points on X’. We assume
that Step 3 condition 2 is satisfied. Then there exist connection between heights

(26) Ho(X) =U(X) =3 ) iue(Ek), HA(X) =U(X) = ) —ur(By).

Using proportionality u.(Ey) = 2u,(Ey) we have
H.(X)=3H,(X) «— U/(X)=3U,(X).
For Apollonius configuration the universal heights are
1 1 1 1 1 1 1 1
vax) —1- (-1 )
( ) Vo + V1V2 + VoUs3 + V3V1 + z:zl (3 2]431 + ’Uz'ki + ’Uoki

3
1 2 1 1
o=l sy
U-(X) =5~ 5.2 ;30?+6k§

Remark 2.4. It is not difficult to see that from (10) follows Ue(X) = 3U,(X) «— H.(X) = 3H,.(X).

Now we are ready to consider any of our 58 solution connected with Apollonius configuration. The
solutions which don’t satisfy Step 3-2 are denoted with x, these which don’t satisfy Step 3—4 are
denoted with 0. Only 41 solutions are hyperbolic and H.(X) for them is given in the table. The
calculations are made by using (26). From these 41 hyperbolic solutions four are such that v; > 1, i =
0,1,2,3, k; <0or k; =00, i=1,2,3, and they are 26, 35, 38, 47.

Until now it is not generally known that the four proportionality conditions (25) are sufficient for X
to be a ball quotient. In second part we prove it for our special plane orbital Apoll-3 surface solution 47.
This will be prepared in section 8 translating precise heights and local conditions to geometric lattice
conditions on the ball. For this purpose one has to read backwards the proof of the Proportionality
Theorem 4.9.2 in [H98], well-prepared in the book parts before. In the section after we find an arithmetic
ball lattice satisfying all these conditions.

14



We give a geometric interpretation of Table 1. e

Problem. Find all magic triangles with elements p/q € Q,
p =0 or 1 such that:

co+c+1t; = 5 221,273

(see Table 1). @ e @

At the end of this section we give a table with the introduced new orbital heights on model X’.

(P) o1, ﬁ’oe>< 1(T(P)+3l ¢ el) .
ISR SR O 1 e ¢ .
v vd  vd " vvd 13 " PTaT
v

(en+xs) >

—Co+crt+cp ey =

N~ N~

1 1
Answer: ¢; = —, t; = —
v; ks

£
a
2
Q
|
—
|
—_
~—
SHE

oo ko g, oo U o
1 1
H(X) Ue(X) =3 > ——ue(Ex) U-(X) = Y —ur(Ey)
v <0 Uk v <0 Uk

3 Monodromy

Let p:= (po, - - ., a) be rational numbers satisfying

4
(27) O<me <1, > =2
1=0

and consider families of plane curves

(28) w? = y™mo (u—1)""(u—2)™(u—y)™, (z,y) € C?
where
_ % _
Ho = d ) ; M4 d

and d is the least common multiple of denominators of the uy. Shortly we denote such a sequence with
[d; mo, m1, ma, mg, my] «— pu. We suppose (z,y) is pair of parameters running though

A= {(z,y) € C* | zy(x — 1)(y — 1)(z —y) # 0} .

15



Under this condition (w,u)-curve (28) is Riemann surface R and the projection p : (w,u) — u is
d-cover of P! ramified in 0,1, z,y, c0. We denote 0,1, x,y, oo with ug, k = 0,1,2,3,4 respectively.

If (d,my,) > 1 then R is singular surface at (p~!(us),ux). Let R’ is non-singular model of R obtained
by blowing up the singularities of R. The geometric genus g of R’ by Riemann-Hurwitz formula is

4

(29) 2—292d~2—2(mk—rk), rr = (d,myg) .
k=0

The aim of this section is to study the (z,y) moduli (28) and to connect to each solution of Table 1
six numbers [d; mq, m1, Mo, M3, My].

Let (z,y) are fixed and U is an simply connected domain on the
< Riemann sphere and the ordered points {ug,u;,us,us,us} € OU.
P We suppose 0U have positive orientation with respect to U.
The map p: (w,u) — w is d-cover of P and by (27) one can chose
0- U — o branch w such that w = p(u) = o (u — )" (u — z)"2(u — y)"s is
well defined single valued holomorphic function when u € U.
1 | y We consider integrals

Uk d Uk d
(30) Ik::ck/ —u:ck/ M k=123,
o p(u) 0o w

where the oriented path of integration (0,ux) C U, ¢ = 1 — exp(—2miug). The integrals I do not
depend from the path of integration because du/w is holomorphic differential in U.

Until now (z,y) =: (xo, yo) are fixed. For general (x,y) € A we obtain the domain U(x,y) taking a
path s joining (zo,yo) and (z,y) and define U(x,y) by continuation of U(xg,yo) along s; it is possible
since the family (28) is locally trivial fiber space over A if u is fixed. Notice that this choice of U depends
from the path s.

We assume that (d,mg) = 1 and let ¢ be the projective map

¢: A%]Pﬁa ¢($,y)::(11112113),

We will connect the map ¢ with periods of Jacobian variety

u J(R'). Let consider the homology group Hi(R',Z) and let o

be the automorphism of R’ defined by o(w,u) := (ew,u), & =
exp(2mi/d).

We take three cycles Ay € Hi(R',Z), k = 1,2,3. They start

Uu; from a point in U near to 0 go near to uy, make a positive loop

around ug and then come back to starting point. The definition

of these cycles? is correct since (d,mg) = 1. There is a relation between periods of the holomorphic

differential du/w on cycles Ay and (30)

(31) /A du = (1 — exp(727ri,uk)) /Ouk du =1I.

w w

Proposition 3.1. For each v € H1(R',Z) there exist ¢, € Z[e] such that
du
/ — = Cl-[l + 6212 + 6313 .
Y W

Proof. The automorphism ¢ acts on each § € H;(R’,Z) and let denote the lifting by o(§). It is
easy to see that the cycles o%(A;), k=0,...,d—1, j = 1,2,3, generate H;(R',Z). On the other side

du du du d—k du
- = 7](: frg T = £ —_— .

ak(A;) W A; O (w) A; ETW A; W

Now by (31) the proof is complete. O
Let for general (z,y) € A cycles Ag(x,y), k = 1,2,3, and basis of Hy(R'(z,y),Z) are defined as

continuation on the same path s as U(z,y). Any element ¢ of 7 (A, (z,y)) induces an automorphism
of H\(R',Z).

2If (d,mg) > 1 one cannot take cycles Ay as described above. In this case Pochhammer cycles on Jacobian variety
work fine and then we change ¢y, to cxco = ¢, 1 — exp(—2mipg) -
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Definition 3.2. Let § € m1(A, (x,y)). By proposition 3.1 the periods Iy, Is, Is are transformed as
(I Lo, I3) — g(8) (I, 12, I3) . g(0) € GL(3,Z[¢)) .
Picard modular group for u and ¢ is
L(n) = {g(0) € GL(3, Z[e]) | 6 € m(A, (w,9))}-
The map ¢ is called developing map.

Remark 3.3. The integrals I}, are three linearly independent solutions of the system of Fuchsian par-
tial differential equations for Appell hypergeometric function Fy (see [T]). The group T'(u) is also the
monodromy group of these solutions.

There are many papers about the group I'(u) (see Picard [P], Shimura [Sm64], Terada [T], Shiga
[Shg], Deligne and Mostow [DM1, DM2|, Yoshida [Y97]). Here we presented briefly I'(x). For some p,
the closure of the image of the map ¢ is projectively equivalent to the unit two dimensional complex
ball and this map gives an isomorphism of C?\A into By /T'(u).

We can take generators {d,} of w1 (A, (z,y)) and then {g(ds)} are generators for I'(u) (see [Mat]).
Here we give different presentation similar to [T], [Y97].

Let us consider five different ordered points u; on Riemann sphere P!. We assume uy, are fixed and
the domain ¢ and holomorphic differential du/w, w € U, are as above. The following 10 paths A;;,
0 <i < j <4, are similar to cycles Ay of Jacobian variety. Namely A;; is closed path starting from
u;, go near to u; inside U, make a positive loop around u; and then come back to u; inside ¢. On the
same way as we defined U for general (x,y) we define action of A;; on I by continuation.

Definition-Proposition 3.4. The action of A;;, 0 < ¢ < j < 3, on I are generators of Picard
modular group I'(u).

Next definitions are from [DM2]. Let S := {0, 1,2, 3,4}. We say u satisfies condition INT iff for all
s,t €S with pus + e <1 and s # ¢,

(32) Aot = (1 —pg— )t €Z.

We say that p satisfies condition XINT(S1) iff S; C S, pus = p¢ for all s,¢t € S; and for all s,¢t € S with
s#tand ps + pp <1,

1
1 §Z if S,tES]_

(33) Ast = (1= ps — )" €

Z otherwise.

We say that p satisfies XINT if p satisfies XINT(S;) for some S C S.

In [DM1] is proved that I'(x) is a lattice in PU(2,1) if p satisfies condition INT. In [M1] this
hypothesis is weakened to condition X1 NT'. List of all u satisfying condition INT and XINT is given
in [M2]. When ps + u; = 1 we substitute Ay = co. Using list of [M2] one see that when ug + py > 1
then (1 — s — p1;) ™ € Z. So A is well defined in all cases.

Theorem 3.5 ([BHH], page 197). The diophantine equations (11) and (32) have the same solutions
in the sets Z\0U oo and Z?:o wj respectively. More precisely

)\st:lsta 0§S<t§4,
If p satisfy 0 < ps < 1 for 0 < s <4 then p is hyperbolic solution. There are only 27 such solutions.
We will connect Figure 6, A and Figure 1. These are spaces with configuration divisors

P2 zyz(z —y)(z—2)(y—2)=0
P'xP' — pop1goqi(po — p1)(g0 — ¢1)(Poq1 — p1go) =0
P — p2+q2+r2—2pq—2pr—2qr:0
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respectively. Between them the rational maps

r_Po P _Po 4
zZ P T P14
(34) A: B:
y_ (1= (1- D)
z q’ r P1 q1

are defined. Notice that B is 2-cover ramified above the quadric (p + ¢ — 7)? — 4pq.

(z:y:z) eP? (Po:p13q0:q1) € P'x P! (p:q:r)eP?

We blow up the four points P, € P? and (0,0), (1,1), (c0,00) € PLxP! and obtain the same model.
We denote this surface with Y’. Let denote the 7 lines of P! xP! by Xo, X1, Xeo, Y0, Y1, Yoo, Dy and
special points by Qq, @1, Q. So we obtain for the corresponding weights

To = l34, r1 = logz, Too = lo3, =4, =la,
(35) 0 34 1 23 03 Yo 14 Y1 12

Yoo = lo1, qo = lo2, q1 = loa, Goo = l24, ey = l13.

The symmetric group S5 = S{0,1,2,3,4} acts on the curves L;; of Y/ an on py, by changing the indexes.
This action lifts on the weights =y, yi, gk, dzy, k = 0,1, 00, in obvious manner. When j; = p3 then
x = yg for £ =0,1, 00 and we have

(36) )\34:.’E():’l)3,7 )\23:$1 =1, /\03 = Too = V2, 2)\13 :2dzy:’l}0,
Aoz = qo = k3, Aos = q1 = k1, A2g = Qoo = k2.

By theorem 3.5 and from the table [BHH] page 199 one see that for each solution of (11) there exist s
and t with ps = ps. Since S5 acts on p we can permute the indexes so that (s,t) — (1,3). Sometimes
there are many such possibilities. Examples are [4;1,2,1,2,2], [4;2,1,2,1,2], [4;1,2,2,2,1].

We have obtained:

Theorem 3.6. i) If one apply the algorithm for finding proportional weights for P2 minus 6 lines and
P'xP! minus seven lines as described at the end of section 2 then Prop. 1 for both models are diophantine
equations (11). Both weights are connected with equations (35).

it) Diophantine equations (11) and (32) are equivalent.

iii) When us = pe after permuting the indexes (s,t) — (1,3) and using (36) one obtain a solution
of (10).

If we look at Table 1 we see that there are solutions with vy odd (examples are Apoll-k, k =0,1,2).
They come from “pure” LINT solutions p of (33) with S; = {1,3}. In this case 2\13 = 2d;y = v is
odd number. At the end we give a table with corresponding u’s for Table 1.

The last two column of Table 2 are the number in [BHH] and [M2]. Looking at tables 1 and 2 we
see

Theorem 3.7. i) If vs, ks, vg is solution of (10) then by (36) one obtain p which satisfy INT or SINT
condition. For INT pu the last two column contain numbers and for SINT u only the last column
contain a number (see Table 2).
it) Any solution of (10) is hyperbolic iff the corresponding p is such that 0 < ps < 1 for 0 < s <4.
i11) If p satisfy “pure” SINT condition with #S1 > 2 then this p is not solution of (10).
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d |mg mi mos ms3 my | BHH | M2 d |mg mi mo ms my | BHH | M2

1 18| 1 8 11 8 8 16 79 30|10 | 6 3 2 3 6 59
2 |12 3 3 10 3 5 14 68 31 (12| 7 4 2 4 7 10 67
3 112] 1 5 8 5 5 12 62 32 (18|10 7 2 7 10 81
4 12| 3 5 8 5 3 12 70 331 2 1 1 0 1 1 35

5 10| 1 4 7T 4 4 6 57 34 | 3 2 0 2 0 2 29

6 8 1 3 6 3 3 4 53 35| 6 3 1 3 1 4 48

716 2 5 2 5 -2 36 |12 | 5 3 5 3 8 11 70
8 6 2 1 6 1 2 37| 3 1 1 1 1 2 19 41
9 6 1 2 5 2 2 25 49 38|12 7 2 6 2 7 66
10 | 4 1 1 4 1 1 31 39112 6 3 5 3 7 27 71
11 | 4 0 3 2 3 0 30 40 1 12 | 5 4 4 4 7 26 73
12| 3 2 2 2 2 -2 37 41124 | 9 9 7 9 14| 18 89
13/6 -1 4 4 4 1 38 42 115 | 6 6 4 6 8 15 78
14| 3 0 2 2 2 0 29 43 | 6 3 2 2 2 3 22 52
151 2 |-1 1 2 1 1 36 44 | 12 | 5 5 3 5 6 9 72
16 | 2 0 1 2 1 0 34 451 6 2 3 1 3 3 23 51
17| d | d-1 O 0 0 d+1| 28 46| 9 | 4 4 2 4 4 5 56
18 | 2 2 -1 2 -1 2 471 4 | 2 1 2 1 2 20 43
19 | 2 1 0 1 0 2 34 48 | 20 | 9 6 9 6 10 87
20| 6 | 4 0 3 0 5 32 49 | 12 | 5 4 5 4 6 8 74
21 | 6 3 1 2 1 5 46 50 | 8 3 3 3 3 4 2 55
22 | 4 3 0 2 0 3 30 51 12| 4 5 4 5 6 8 74
23|12 7 2 4 2 9 65 52 | 4 1 2 1 2 2 20 43
24 | 4 2 1 1 1 3 21 42 53 |12 | 5 5 4 5 5 7 75
2512011 5 5 5 14| 17 85 54 | 12 | 4 7T 2 7T 4 10 67
26| 6 | 4 1 2 1 4 47 55 | 5 2 2 2 2 2 1 44
27 (121 7 3 3 3 8 13 69 56 | 6 2 3 2 3 2 22 52
28 | 6 3 2 1 2 4 24 50 57 | 8 2 5 2 5 2 3 54
29 | 8 5 2 2 2 5 3 54 58 | 1 0 1 0 1 0

Table 2: correspondence p «— equations (10)

4 Matrix representation

Let us remember diophantine equations (11) with unknown variables [;;. If u satisfy INT or ¥INT then
lij == Xij € %Z is a solution of (11). Notice that some l;; can be “half” integer. The symmetric group
S5 acts on l;; and on this way on the corresponding curve (28) permuting m,. We apply a permutation
on each curve on our Apoll-k curves and calculate the genus by (29) and the result is:

permutation | d | mg mp ms mz my | XINT | genus | symmetry
38 A-0 (01324) 12| 7 7T 2 2 6 | {2, 3} 13 Zo X Lo
(37) 35 A-1 (03) 6 1 1 3 3 4 | {0, 1} 5 Zio X Lo
26 A-2 (03)(24) 6 1 1 4 4 2 |{0,1} 6 Zo X o
47 A-3 (03)(14) 4 1 2 2 2 1 3 Zo X S3

Here we give generators for monodromy groups of our Apoll-k. One can use [T] formulas or calculate
them explicitly using proposition 3.4. We denote them with My, qr = exp(—2miug).

@o@n 0 0 l—q+aqg 0 a1 —qi 1 0 -1

Mot = |qog2—qo 1 0| Miz=|(1-gq)1-q¢g) 1 (@—1)1—-q)| Muz=|0 1 ¢g—1

q0g3 —q 0 1 1—gs 0 "0 0 qogs
l-q+qqe ag—¢ 0 1 0 0 1 q¢—-1 0

Mys = 1—¢q a1 0] Myz=|0 1—g2+g3q2 q2—q3| Moz=|0 qogq2 0
0 0 1 0 I—gs 92 0 qog3 —qo 1

The projective multiplicative group generated by My, is T'(u).
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Theorem 4.1 (Terada [T], Deligne and Mostow [DM1]). Up to multiplicative real constant there
exist unique hermitian matriaz®

(@—-q19)/(1 —q1) qq 914249
H= q (T@—q29)/(1 — q2) 029
71929 29 (@—q39)/(1 - g3)

satisfying 'MHM = H for all M € T'(u), where ¢ = —\/liq = —exp(—mipy). The matriz H has
signature (1,1, —1) and define the projective unit ball By := {w € P? | wH 'w < 0}. The image ¢(A)
of developing map is dense subset of By.

Definition 4.2. Arithmetic group for p is A(p) := PU(Z[e], H) = {Q € GL(3,Z[e]) | 'QHQ = H}.
Any normal subgroup of A(u) of finite index is called arithmetic group for hermitian form H and Zle].

It is obvious from the generators of I'(11) that it is subgroup of A(p). Is it true that I'(p) is arithmetic
group connected with hermitian form H and Z[e]?

Proposition 4.3 (Mostow [M2] page 582, [DM1] page 76). Let u satisfies LINT condition.
Then T'(u) is arithmetic iff for each integer s relative prime to d with 1 < s < d —1 then
> (spj) =1 or 4, where (b) denote fractional part of b.

Looking at (37) and after some calculations we see that all Apoll-k are arithmetic groups. There is
an extension of Picard modular group which is equal to arithmetic group A(u). We need some definition
more.

From (37) it follows that the curves Apoll-k for different (x,y) € A can be isomorphic as Jacobian
varieties. For Apoll-k we define automorphisms of A by

ao1 : (,y) (1-21-y), azs : (2,9) (y, ),
11 1
ao4 - (l‘vy) (77 7) ) a2 : (:1773/) — (77 g) .
xr Yy r X

Let To12 and T3 be the groups generated by (ag1, as3) and (ags, ai2, azs) respectively and they are
isomorphic to Zs X Zy and Z3 x S3. Two curves (28) for different (z,y) and (2',y’) € A are isomorphic
if (z,y) is equivalent to (z’,y") under Tp12 or T3 for Apoll-0,1,2 or Apoll-3. Since the corresponding
Jacobian varieties are isomorphic and by proposition 3.1 there exist matrix @ € Z[e] such that

(11712a 13)(‘1:/7?/,) = Qt(IhIQvI?))(xay) :

This matrix @ belongs to arithmetic group A(u).
As we defined paths the A;; in section 3 let for p; = p; Aj; be “half” from A;j, namely that is path
from wu; to u;. It changes u; and u;.

Definition-Proposition 4.4. The action of A;;, 0<i<j <3, and A}, for all us = p on Iy are
generators of full Picard modular group FT(p). If s = pe then (g(AL,))* = g(As).

So we need to take as generators for Apoll-0,1,2 the permutations (0,1), (2,3) and for Apoll-3 (0, 4),
(1,2), (2,3), (1,3). They are

—q 0 0 1 0 0
My = |1 —qug2)/(a—1) 1 0 Mys=10 1—q ¢
(1 —q193)/(qn —1) 0 1 0 1 0
For Apoll-3 we give them explicitly
2 3 2 3 2 3 2 3
) 1—7 —1+42¢ 2 -1 0 2 0 -1 1 0 O
(38) My =4-1+i 2—i —1+i5 My=41 0 05 Mj;=4%2 1 -25 Mj;=40 2 -15
—1+7 1—2 7 0o 0 1 1 0 O 0 1 O

3The matrix H and the ball come from Riemann periods relations on Jacobian variety ITJ!IT = J, TIJ!TI < 0, J is
the intersection matrix.
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From Deligne and Mostow ([DM2] page 76) results follows I'(11) is normal subgroup of FI'(u) and
more precisely

FT(p)/T(p) =~ Zy for Apoll-0,1,2,
FT () /T (p) = Zox S for Apoll-3.
Terada proved ([T] page 182 example 8) that for Apoll-3 A(u) = FT'(u).
In the following we consider in more details Apoll-3. In this case we substitute q; = ¢2 = ¢q3 = —1,
go = g4 = —t and obtain generators of Picard modular group I'(y)
i 0 0] 1 -2 0] [1 0 —2]
Myr=12i 1 0 Mp =10 ¢ 0 Moz =10 1 =2
2t 0 1 0 2 1 0 0 1
(39) . - . - -
3 =20 3 0 -2 10 0
Mp=12 -1 0 M= 14 1 —4 Myz =10 3 -2
0 0 1} 2 0 —1j 0 2 -1
Lemma 4.5. The multiplicative set of matrices {(1] 1 8], {? 0 8], [(% 0 (1)], [8 1 (1)], [8 0 (1)], [(1) 0 (1)],
001 001 010 100 100 010
is tsomorphic to the symmetric group Ss and they correspond to permutations: identity, (12), (13), (23),

(123) and (132) respectively.

Let A— be the multiplicative group generated by M/, and Mg, 0 < s < ¢ < 3. This is Apollonius
modular group* for Gaul numbers.

Theorem 4.6. i) A— is normal subgroup of FT' and FT'/Al' = Ss.
ii) AT = {Q € GL(3, Z[i]) | '"OHQ = H, Q ~ E mod (1 +i)}. E= (% 0 8).

001
By (38) and (39) we obtain the inclusion C for ii). The opposite direction is the aim of the second
part of the paper.
The first part i) is known for p which satisfy INT condition. Notice that if we replace E with any

of the matrices from lemma 4.5 then we obtain factor classes of FT'/AT. O
2 3
1 —1+7 1-—3
For the Hermitian form H we have H =41 — 1 —1 4149,

1+ —-1-—1 1
Proposition 4.7.,There exist matriz d g SL(3,Z[i]) such that tdHd = diag(1,1,—1).
—1-7 -1 1+
For example d:=4 —i  —2i 2 O, O
1—7 =20 —1421¢
If we take as generators Picard modular group I" and some matrices from (38) then we will obtain
other modular group and orbital surfaces. In section 6 we shall give more examples.

5 The ball quotient as moduli surface of curves of special type

For Apoll-3 there is an exact sequence (see Lemma 9.2)
0 — Zy = AT/T — FTJAT — S3 = FTJAT — 1

with an index-2 subgroup I' of AT'. It comes from the double cover of X = P? branched precisely along
the quadric Co. In second part we prove that B/ AT is P2. The compactification branch locus of the
quotient mapp: B — B/AT is premsely Apollonius configuration. Here we use this result and classify
the ball quotient surface Y =B / I'. On this way we demonstrate how the Proportionality help to classify
the covering surface if one already knows the corresponding quotient surface.

The degree formulas for orbital heights applied to the finite orbital double covering f : y —
(P2, 2C), see [H98], compare with (16), (17), yield

1 1

S HD) 2B 20 =2 = 1 - e =2 i
r(¥) = Hy(V) = 2H, (P, 2Cy) = 2[r(F*) — 52— 5)- (G =2[1 - 5 -2] =0.

4In case Apoll-0,1,2, Apollonius modular group is equal to Picard modular group T'(u).
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Now we calculate Euler numbers and selfintersections of irreducible preimage curves D; of C;, i =
0,1,2,3, respectively, by the degree formulas for local orbital heights, see [H98], compare with (4),(5).

Since Cy is the branch locus we get immediately Dy = Cpy =
covering Y/ — X’ for getting a locally abelian situation.

v=uv;=1,7=1,2,3, of f along D;- covering C;, we get

P'. We have to change to the double

With the ramification indices vy = 2,

e(Dj) = he(Dj) = [Dj : Cj] - he(Cj) = [e(CF) — 2(1 — %)] (D il =2+ [Dj = ¢,

hence

F3

e(D;) =2, D; g]}ﬂ’ [D
(D) = ho(

(D) = h(Drg) =

Fy

D -1

D)=

[D

1Dy

i:Cl=1,i=0,1,2,3;

el _ 2\ _ R .
;’ . Cj] : h’T(C_/j) - (C/j) - 717 J= 172737

O] he(Cy) = 5 (CR) = -

Since f’ : Y’ — X'’ is not ramified and not inert at
D’ , each of the curves C’; has precisely two irreducible
preimage curves D;-r and D; . Let F; C Y’ denote the
preimage of E; C X'. Locally Z5 acts around each fixed
point on Y’ with smooth image on X’ as a reflection
group. Starting from a preimage of the intersection point
of E; and C|), we see that Z, acts effectively on F; because
it acts trivially on Dj, see Figure 2. This means that
[F; : E;] = 2. We calculate

e(Fy) = he(Fy) = [Fj : Ej] - he(Ey)
=2 [e(E)) — 201 - )] =2

(F?) = he(Fy) = [D} : C}] - hr(Ey)

=2-[(E}) +

Forgetting for a moment Dy and D, we get the above configuration on Y. From (40) follows that

Dy
(@)
0
Dy
(@)
Dy
Dy
O

0
O
9 0
0
O
Dy
0
(@]

1 N
—(e4+7)=1,3(Y)=12x —e=8.

() ()=

Blowing down the curves Fi, F5, F3 we get two crossing
smooth rational curves with selfintersection 0 on Y, for in-
stance Df and D3 . There is up to isomorphism only one
smooth compact surface with Chern numbers xy = 1 and
¢? = 8 and such crossing curve pair, namely P! x P!. For
this fact we refer to [H98], end of V.2 (blow up the intersec-
tion point of the curves and blow down the two curves to get
a smooth rational surface with ¢? = 9, which must be P2,
see [H98], V.2, Proposition 5.2.4). Taking in consideration
now also D2 and D, we get the left branch configuration

on Y =BT = P! x P!

The six circles mark the (abelian) quotient points (images of all I's-elliptic points on B); the three
boxes mark the compactifying cusp points.
vertical fibers in precisely one point. Therefore Dy is a section for both canonical projections of P! x IF’l
Blowing up the central cusp point in last figure and blowing down the two D and D after, then Dy
becomes a smooth rational curve on P? with selfintersection 1, hence a projective line. It is uniquely
determined as line through the remaining two cusp points. Therefore Dy coincides with the diagonal
line on P! x P!,

Altogether we get the following

DO crosses each of the three marked horizontal and three

22



Theorem 5.1. The compactified ball quotient surface B/T is isomorphic to P! x P1. The compactified
branch locus of the quotient map p : B — B/T" consists of three horizontal fibres lA);', three vertical
fibres DJ_ and the diagonal Dy. The configuration is Zs X Ss-invariant, where the generator of Zs
changes the P*-components of each point (P,Q) € P* x P! and S3 acts by simultaneous permutation of
natural homogeneous P?-coordinates (x : y : 2) with sum zero (v +y+ 2z =0), on both components. The
cusp points are the three intersection points of the diagonal curve Dy with the other curves ﬁ]i The

ramification indices of p at Dy or DJi are 2 or 4, respectively, for j = 1,2,3. The uniformizing ball
lattice of BHH-20 is T with generators (39).

The 2S;-invariance comes from the factor group FT'/T. Cusp points and the branch indices are
simply lifted from those of

B — B/AT =Y/Z, = P?\ {K}, Ko, K3},
with obvious notation. Only at Dy we loose the factor 2, while the other branch indices remain to be 4.
O

We want to interpret the ball quotient surface B/T" = P! x P!/2S53 = P?/S3 as compactified moduli
space of a special curve family. Following Shimura [Sm64] we consider plane curves of affine equation
type w* = pa(u) p3(u)?, where p,(u) € C [u] denotes a normalized polynomial of degree n.

Similarly to (28) let us consider again the families of plane (w,u) curves

Cha : w? = (u—ag)™ (u—a1)™ (u—az)™ (u—a3)™ (u—ayg)™, a €A,

(42) )

A:={a=(ap,....as) |a € (P), a;#ar}.
If some as = oo then we substitute (v —as)™ = 1. We denote with C',m the normalization of projective
closure Cq C P2. The genus of C*,m for general a € A is known by (29) and if p is fixed it is independent
of a. The projective group PGL(2,C) acts on a and this action preserves genus of C\,q. If g € PGL(2,C)
and a’ = ga then the curves C,, and C,,o/ are projective equivalent. We can consider moduli space

Cp={Cua|achA}, A:=PGLE2C)\A.

Without loss of generality we choose a9 = 0, a; = 1, a4 = 00, ag = x, ag = y and vary only x,y #
0,1,00,  # y. In other words A = (x,%) can be identified with the complement of seven lines on P! xP!
as on the picture near to (41).

Proposition 5.2. The symmetric group S5(0,1,2,3,4) has exact representation on A given by trans-
positions (st) in the next table.

(01) -z, 1y (13) z/y, 1/y

(02) | z/(x=1), (@—y)/(x=1) | (14) | z/(z—-1), y/(y—1)
(43) (x,y) — | (03) | (y—2)/(y—1), y/(y—1) | (23) Yy, x

(04) 1z, 1/y (24) | 1 ==, y(I —2)/(y — =)

(12) 1z, y/x (34) | z(1-y)/(x—y), 1-y

The symmetric group Ss acts on p and on C), permuting m;. Let H be subgroup of S5 and p is
H-invariant (for example [4; 2,2,1,1,2] is H = {((01), (23)) invariant). Then we define

Coum :={Cua | a € Ap},  Ay:=A/H:=PGL(2,C)\A/H,

where H acts on a € (P')° by permuting a,. If two curves f, g are elements of C,, 5 they define Jacobian
varieties which are isomorphic.

Following Deligne and Mostow [DM2] page 76, let ', be the extension of I',, corresponding to H
(w is H invariant). We do not give here general definition of I, i, since for all our examples we will give
generators of this group.

Our main idea is the correspondce:

(44) (, H) — Ag — Cug — T'yg — B/T' ;g — Proportionality — Surface
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Example 5.3. p=[4; 1,2,2,2,1], H =1id or (04). This is Apoll-3 and the curve is:
C: w'=u(u—1)7u—2)*(u—y)? (z,y) € A.
Matsumoto [Mat] and van Geemen [vGm] work with the following family:

C[4; 2,2,1,1,2] * w' = UZ(U - 1>2(U =) (u = 72), (71,72) €A
Since (03)(24)[4; 1,2,2,2,1] = [4; 2,2,1,1,2] and by (43) we obtain the relation between both families:

1—2 y(l—2a)
-y’ fv(l—y))'

We prefer to work with p = [4; 1,2,2,2,1] since in this case the generators of full Picard modular group
FT are simple.

If H = (04) then p is H invariant and I'yg = 'y 04y = AL = (T, My,) (see (38)). Now we want to
find the quotient surface A/(04) = A/((x,y) ~ (1/z, 1/y)). We do this in terms of v. Using (43) and
(45) we see that the (04) action on (z,y) goes down to the transposition of v; and . In S5 language
that is (03)(24) - (04) - (03)(24) = (23). So instead of (z,y) quotient A/(04) we must to find (v1,72)
quotient A/(23). This surface is P? and we know this by (34) and the map B defined there.

Let define the maps

(45) (2.9) — (@) = (1, 72) = (

H: P'xP' —P?, (r,72) — (prgir)=(mre: 1—=—m)1—92):1),
and write our curve as
wh = u?(u—1)%(u—y)(u—12) = v (u—1)*(u® = (1 +72)u +172)
=u*(u—1)*(u® + (g —p— Du+p).

The last (w,u) curve has genus 3 precisely when pq ((q —p—1)2— 4p)) # 0. So we have obtained our
Normalized model 1.2 again. We denote last (p, q) moduli space with C),(4).
We have a commutative moduli diagram of algebraic morphism

c, — A < P'xP' = B/T

! ! ! -

(46) Cuory — A/(04) —  P? = B/AT
! ! !

— A/2S; — P?/S; = BJFT

The second author don’t know how to complete the last diagram. In next section we obtain similar
diagrams for other subgroups H of S5. ~
A /2S5 is the moduli space of the curve family C), by Pineiro’s result in the first appendix of [HPV].

But P2/S; = IWI*?F is also the moduli space of abelian 3-folds with Q(7)-multiplication of type (2,1),
see [Sm63]. The Jacobians of the above curves C,, are obviously abelian threefolds of this type, see
[Sm64]. It follows that

Theorem 5.4. The compactified moduli spaces of of the curve families éu and of (principally polarized)
abelian 3-folds with Q(i)-multiplication of type (2,1) coincide with P?/S3 = B/FT.
([l

We have two families of curves

Cu: w' =u?(u—1)%(u—y)(u—2)
Chaoy: w' =u?(u—12w?+ (¢—p—Du+p).

If 4, and 2 are known one reconstruct corresponding (z,y) using (45). For given (p, q) we reconstruct
v1 and 7o as roots of quadratic equation Z2 + (¢ —p —1)Z + p but we loose the order. Observe that the
order of 7, 72 determines the order of the linear factors of C,. Forgetting the order of ~;, 72 means to
forget the order of the two linear factors and this is the case C),(g4). Then we say that our curves are
(only simply) distinguished.
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Theorem 5.5. The surfaces P x P! = IBT/\F and P? = m are the (compactified) moduli spaces of
double distinguished respectively distinguished curves of Shimura equation type. More precisely: The
correspondence

Cur— (z,y) = (711,72)

defines a map to the moduli space P! xPP' D A of distinguished curves, which restricts to the set of curves
wh =u?(u—1)2(u—)(u—"2) and w* = u?(u—1)%(u —71)(u—2). Via Zo equivalence interchanging
these curves by changing 1 and 2 we get a map to the moduli space P2 = P! x P1/(04) > A/(04)
of distinguished curves, which restricts in isomorphy-compatible manner to the curves C, g4y = u?(u —

(w4 (g —p—1Du+p), where p=m17v2, ¢ = (1 —7)(1 —y2). O

6 More proportional orbital planes with quadrics

Here we present more examples to demonstrate how (44) works.

Example 6.1. p=[12; 7,7,2,2,6], H =1id or (23). Looking at table (37) we see that this is Apoll-3.
Due to Deligne and Mostow ([DM2] page 76) we know know that I',, = AT, := (', Ma3) = I'y(23y. The
generators and hermitian form are given in section 4. We must substitute qo = q1 = €7, ¢z = q3 = €2,
qs =5, ¢ = 3, ¢ = exp(—2mi/12). This is arithmetic cocompact subgroup of index 2 of the full Picard
modular group FT',, and the curve we associate is:

C,u = O/,L(23) : w12 = ’U,7(U - 1)7(U2 + (q 2 l)u +p)2 5

where (p,q) are coordinates in C2, pq ((q —p—1)2 - 4p)) # 0. I section 2 we check that Proportion-
ality conditions are satisfied. The orbital surface seems to be B/I', = A/(23) C P? with Apollonius
configuration divisor, but until now it is not generally known that the four proportionality conditions
(25) are sufficient for X to be a ball quotient.

Example 6.2. ;= [6; 1,1,3,3,4] or [6; 1,1,4,4,2], H =id or (01). These are Apoll-1 and Apoll-2.
Both cases are similar to 6.1. The table (37) show that XINT condition set is {0,1}. By the same
argument we have I')y = AL, := (I'y, Mgy;) = I';01). To find curves we apply o = (02)(13) to p and
obtain similar to example 5.3 new coordinates (y1,72),

x x—1)
(,y) — y(2,9) = (11,72) = (x_y, x_y) :
In these new coordinates (01) — (x,y) action goes to (23) — (y1,72) action, which is interchange of ~;
and 72. From (71,72) coordinates in P! x P* we go to (p,q) coordinates on P2. We go further as in
previous 6.1.

Example 6.3. ©=[3; 1,1,1,1,2], H = id. This is classical Picard [P], BHH-19, modular group for the
curve w® = u(u — 1)(u — x)(u — y). The surface is P? with 4 cusps and line arrangement as in Figure 6.
It is known that BHH-19 has the uniformizing ball lattice A(p)(1 —¢), € = exp(2mi/3), see [H86], Ch. I
or [H98], V.2. Arithmetic group A(p) is definition 4.2, A(p)(1 —¢) :={g € A(p) | g ~ E mod 1 — €}
Moreover, we have an exact sequence of group homomorphisms

1 —T,=Ap0 —-e) — A(p) =FI'y — Sy — 1.

We give a table with proportional invariants as in BHH-19.

01 02 03 04 12 13 14 23 24 34 surface
weights | co 00 o0 o0 3 3 3 3 3 3
he o o o o0 -2/3 -2/3 -2/3 -2/3 -2/3 -2/3 1/3

Example 6.4. p = [3; 1,1,1,1,2], H = (23). This is again as previous example (see Table 1 and 2
solution 37) but this time I'y23) = (', Mys). The uniformizing ball lattice I',,(23) is nothing else but
the preimage of (23) C Sy in A(u). In other words, we have an exact subsequence

1 — A(p)(1 —¢) =T — Tyeas) — ((23)) — 1.
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P, Gy
Oy 1 E
0]
K,
—>
o Vooo(2,1)
[ J
Qs K,
K,
H Q2 Q1 H Q2 Q1

The curve is obvious w® = u(u — 1)(u? + (¢ — p — 1)u+p) but how to find the appropriate surface? One
expect P?/(23), where (23) action on P2 is (a:b:¢c) ~ (b:a: c).

Here we use Proportionality again. We consider on P? two quadric C;,Cy with two intersection
points O, K7, where at O the intersection has multiplicity 3. The tangents to both quadric are denoted
by T, H and the line though O, K; with V (at this time we don’t use V). Let us blow up two times P?
at O and then contract the line T. Now we contract the exceptional line with selfintersection —2 and
obtain the model right with @3- the singularity of type (2,1). This is the surface we look for. Before
the last contraction one gets Hirzebruch surface Fo. The orbital cycle is E,C,Co, H with Q1, Q2, K>
cusp points and Q3 elliptic point.

We must check proportionality conditions and that P?/(23) is isomorphic to [F,. Let start with
proportionality. This is already done in section 2. This is because this orbital cycle and the Apollonius
cycle (quadric and three tangents) have the some model Y’. Really after blowing up Q1,Q2, K2 two,
two, one times and contracting exceptional lines with selfintersection —2 we get Figure 2. We give
weights and heights in table:®

Q1 Q2 Ky H E 4 Cy | surface
weight | co o0 0 6 3 3 3
he 0 0 0 -1/3 -2/3 -2/3 -2/3 1/6

From the other side it is not difficult to see that P2/(23) is isomorphic to Fy. Looking at Figure 6 one
can think the quotient map P? — P?/(23) as symmetries about L3 and the map is ramified (only)
along this line. It goes down to H C Fy. The line pairs {L14, L34}, {Los, L12} are mapped onto Cq, Cs,
respectively. The line Loy projects onto E and the fixed point (—1:1:0) € Loy goes to elliptic point Q3
of type (2,1). Namely, by proportionality of heights and relations with surface invariants, one checks
that the quotient surface has Euler number 3. Therefore the blowing up the only surface singularity
Q3 yields a smooth rational surface with Euler number 4, hence a Hirzebruch surface Fy/P*. Again
by proportionality H, Cy,Cs, E have selfintersection 2,0, 0,0 respectively. It follows immediately that
Fq = Fy (see [HI98] Remark 5.2.7).

The weights from the previous example go obviously down to the weights in our case. We have
proved the following

Proposition 6.5. For a suitable choice of C1,Cs the open plane
P>\ supp (Cy + Co+ T + H)

has a Picard-Einstein metric. As uniformizing ball lattice one takes a suitable index-2 extension T, (23)
of A(u)(1 — ), where A(u) the ring of integral Eisenstein numbers. More precisely, after a birational
transformation B - the blowing up two times of O and contraction of the exceptional line with self-
intersection —2 one gets the ((23))-quotient of the orbital surface BHH-19 of the table in [BHH], p.
201.

Let o be an element of S5. By proposition 5.2 with o we associate an automorphism of A. This auto-
morphism has fixed line in A if and only if when o = (i5)(kj), ¢, j, k, [ different (see [DM2], Lemma 8.3.2).
In the following the group H we consider have such elements.

5Both authors have MAPLE packages for working with orbital invariants.
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Example 6.6. ©=[3; 1,1,1,1,2], H = (01)(23). This is very closed to example 6.4 and we give only
some results. The action (01)(23) is (x,y) ~ (1—y,1—2) which goestoP? as (a: b: ¢c) ~ (c—b:c—a: c).
This is symmetries about a + b — ¢ = 0. Orbital surface is the same as example 6.4 with weight table
(the line V' is the image a + b = ¢):

Q1 Q2 Ki Ky 1% H E Ci Cy | surface
weight | co o0 oo o0 2 3 3 3 3
he |0 0 0 0 -2/3 —1/3 —1/3 -2/3 —2/3| 1/6

The group is T'\01y(23) = (T, My M33) (in other words we take as a new generator generator the
multiplication of two matrices. As coordinates on the moduli space one can take ¢ = = + 1 — v,
p = z(1 —y). Similar proposition to 6.5 holds.

Example 6.7. p = [3; 1,1,1,1,2], H = ((01), (23)). The modular group we associate is I";((01),(23)) =
(T, My, Mjs). The coordinates on the moduli space we consider p = zy(1—=z)(1—y), ¢ = (1—zy)(1—
(1 —2)(1—y)). We want to find the quotient P?/((01), (23)). Let us consider the map

7 P2 — P2, (ziy:z) —(a:b:ie)=((x—y)*: 2% (z—2—y)?) .

Obviously this map is invariant under the action of ((01), (23)) and P? is the quotient we look for. The
image of the lines L;; from Figure 6 is our Apollonius configuration. Namely the lines { Lo4, L14, Lo, L12}
projects to the quadric; {L13, L24} to {a = 0, b = 0} respectively and the line = + y = z goes to ¢ = 0.
The quotient map 7 is Zs X Zs cover ramified only along z(z — y)(z — x — y) = 0. After calculating the
heights we see that they are the same as Apoll-2. By Proportionality Theorem we get the following

Theorem 6.8. The open plane

P?\ {zyz((z —y — 2)* — 4yz) = 0}

has a Picard-FEinstein metric. As uniformizing ball lattice one takes a suitable Zo X Zy extension
Tyqon),c23)) of A(n)(1 — €), where A(u) the ring of integral Eisenstein numbers, p = [3; 1,1,1,1,2].
Apoll-2 is Zs X Zy quotient of the orbital surface BHH-19.

Example 6.9. 11y =[6; 5,1,3,1,2], po = [4; 3,1,1,1,2], H = id or (13). These are solutions 21 and 24
from Table 1, and 24 is BHH-21. They have special weights v3, k1, ko precisely as example 6.4. In case
H = (13) the orbital cycle is again Cy,Cq, E, H and the surface is F.
Since p1 has only Z, symmetrie and 14 satisfies pure XINT condition I',, = FT',,, = A(m1).
For p1o and H = id orbital cycle is Figure 6 with three cusps and one quotient point (1:1:1) € P2,
The exact sequence holds
l1—T,, — FT

H2%53—>1.

and from generators one gets I',, C A(p2)(1 —4). This is again ring of Gaufl integers but with different
hermitian form.

Example 6.10. = [4; 1,2,2,2,1], H = (23). This is solution 52. The curve is wy = u(u — 1)?(u? +
(q—p—VDu+p)? p=ay, ¢= (1 —x)(1—y). Notice that this time we forget the order of quadratic
terms instead of linear. The group is obviously I',23) = (I'y, M33). To obtain surface we prosed as
in example 5.3 and apply o = (03)(24) to p. Since 071(23)0 = (04) the (x,y) action on (23) goes
to (04) action on (y1,72). Using (43) we see that (04) is (7v1,72) ~ (1/71,/72) and so one have to
gets the quotient P! x P'/(y1,%2) ~ (1/71,/72). By proportionality of the heights we find that the
quotient have Euler number 4, signature 0 and 4 singularities of type (2,1), namely the images of the
fixed points (1,1), (1,-1), (=1,1), (—=1,—1). All curves are rational with selfintersection 0, only D have
selfintersection 1. Cusp points are K1, K5. We want to find nonsingular minimal model of this surface.
After resolving all singularities and blowing up K; we find smooth surface with Euler number 445 = 9.
Now we contract —1-curves L, R, D and the exceptional curves to the down three singular points and
obtain smooth surface with Euler number 9 — 6 = 3. Since this surface have rational curves it is P? and
we obtain our Apollonius configuration. Cusp points K1, Ko goes to horizontal line and quadric. This
explains very well line 52 to the Table 1.

27



® K ) K, Cs
Cl C2
K, L— o O+« R
[ ] [ ]
— K1
L L4 R
P P

Example 6.11. p=[4; 1,2,2,2,1], H = (04)(23). Again Gaufl numbers. The (04)(23) action in 71,2
coordinates is (vy1,72) < (1/92,1/71) and is ramified only along quadric
~v1v2 = 1. The quotient of P! x P! with respect to this action is P?. The
proof is similar to example 6.4 where we find the quotient P?/(23). The
configuration divisor is zyz(x — y) ((z —y—1)2 - 4y)7 namely Apollonius Q2

configuration with diagonal line H : z = y. H Ko

Q1 Q@ K K H Co & Cy Cy surface
weight | —4 —4 oo o0 2 2 4 4 4 K Q@1
he /4 1/4 0o 0 -—1/2 -1 -—1/2 —1/2 —1/2| 3/16

Notice that H is the image of diagonal line and the quadric of 71y = 1. Now cusp points are Ki, Ko
and @)1, Q)2 are quotient points.

Example 6.12. o = [12; 7,7,2,2,6], j1 = [6; 1,1,3,3,4], o = [6; 1,1,4,4,2], H = ((01),(23)).
These are full Picard modular groups for Apoll-k, £k = 0,1,2. From section 4 we know that they are
arithmetic groups connected with hermitian forms Hj. To find the orbital surface one must find the
quotient P* x P*/(z,y) ~ (y,z) ~ (1 — z,1 —y). We know that P! x P'/(x,y) ~ (y,z) = P2 Let
the quotient map be (z,y) — (p,q) := (xy, (1 — 2)(1 — y)). In (p,q) coordinates the action (z,y) —
(1—2,1—vy)is (p,q) — (¢,p). But from example 6.4 we know this quotient and we obtain again [y
with two quadrics and two lines.

7 Two Gaull ball lattices — commesurability

Example 7.1. us = [4; 1,2,2,2,1], H3 = ((04),(13)). This is Apoll-3. We consider together also
we = [4; 3,1,1,1,2], Hy = ((13)). In both cases we connect the curves

Cs: w =u(u—1)*(u—2)%(u—1y)?, Cy: wr=w3u—1)(u—2)(u—1y)

having genus 3 and 4 respectively. We use (z,y) on Cy and (71, 72) coordinates on Cs. The birational
relations between them is defined in (43). Shortly we denote these groups with

G3 =T 41,2,2,2,11((04),(13)) » Gy =T g31,1,1,21((13)) -

To find B/G4 we need to find the quotient P?/(z,y) ~ (x/y,1/y) which is symmetries about the vertical
line Loz on Figure 6. We know from example 6.4 that this is I§‘2 and the orbital surface contain two
quadrics and two lines.

Since o=1{(04), (13)) = ((01), (23)) it follows B/G3 = P! x P!/(y1,72) ~ (y2,71) ~ (1 — y1,1 — ¥2).
As in example 6.12 the surface is F,. The weight and height table for both groups is the same:

Q1 Q2 Ko H E Ch Cy | surface
weight | oo —4 o0 4 4 4 2
he o 14 o -1/2 -1/4 -1/2 -1/2| 3/32
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We want to prove that both groups are conjugate. We know the monodromy matrices from section 4.
For Cy and p = [4;3,1,1,1,2] we substitute (qo,q1,92,93,44,9) = (i, —%,—i,—i,—1,—%) and obtain
generators {Ts:} of G4 and hermitian form H,y.

i 1—-i 0 144 0  —i 1 0 0

To= 147 —i 0 Tis=|14+4i 1 —1—i Tos= 10 & 1—4

0 0 1 1 0 0 0 1+4+i —i
1 0 0 [1 —1—-4 0 1 0 —1—34 1 =1 4
Toi=|1-4 1 0 Toa= |0 1 0 Tos=10 1 —1—34 Hy=1|-1 1 =1
1—3 0 1 0 1-i 1 0 0 1 - -1 1

Theorem 7.2. The groups Gs and G4 presented in example 7.1 are conjugate. More precisely
i) G3 and G4 are extensions

Zo Zo Z
Dl 12,220 < Ty 1,222.1)00) <= Gs = G4 — Ty 31,1,1,9)

of Picard modular groups corresponding to curves Cs, Cy respectively. These curves appear in [BHH]-list
as numbers 20 and 21.
it) they are arithmetic groups

G, ={9€GL(3,Z[i]) | g~ E or E, mod(1+1), |det(g)| =1, 'gH;g =H,},
Ty 31002 = {9 € GL(3,Z[1)) | g~ E mod(1 +1), |det(g)| = 1, "gHag = Ha},

where £ = {(1)(1)8}, E, = {8(1](1)},
001 100 B
i) there exist matriz Q € GL(3,Z[i]), det Q = 1 + i, such that '*QH3Q = Hy, Q 1G3Q = Gy;
iv) the hermitian form Hs and Ha are similar to:

. B 00—] i _[ 0 07171 o
gsHsgs = [% 01, gaMaga=| 0 1 0 |,  g3.91€SL(3,Z[);

v) let By and By be the projective two dimensional complex balls: B; := {w € P? | "wH;w < 0}.
Then the quotient surfaces B;/G; are isomorphic to Hirzebruch surface Fo with one singularity of type
(2,1). The arrangement is as in example 6.4 and the weight table is given in example 7.1.

Proof. This is commesurability between two groups like [DM2] Corrolary 10.18.
ili-iv) We can take

—1 14i —i 0 —1 —i 1 1
Q=|-1 1 =1|, gg=1i -1 0|, gi:=]0 0 1
~1 1-4 -1 i -1 —i 1 00

We need to check also the inclusions Q@ 'G3Q C G4 and Q@ 'G3Q D G4. Since we know the generators
of both groups it is suficient to check these inclusions only for them. The next equalities show that
really Q 1G3Q = G4. Some terms appear with negative degree — they are cusp generators. We consider
projective groups and terms like —1, +¢ are not important.

Q" My, Q = iToz Tos Tos Tor = Q™ Mg, Mi5 My1Q

Q' Mo1 Q =T{5To3Tiz Too = Q1 My3Q

Q' Moy Q = iTi3Tor Tos Tos = Q "M’ M, Myz MasQ

Q7' Moz Q = —Ti5 Ths Ty Ty Tip = Q7" Mo My MGy Mgy, Myy' Mgy MonQ
Q ' M12Q = Ty' Toa Tos T{3 = iQ ' Moz Mis My Q

Q7' Mi3Q =Tz Toz Tos Tos = —i Q™ Mgy, M' 3 My,'Q

Q' My Q =T33 T2

i) Since Q~1G3Q = G4 and from the construction of both groups i) follows immediately.
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ii) The inclusions C follows from the fact that the generators satisfy such inclusions. The other
direction is not trivial. From the second part of the paper we know the exact group sequence

1— {g € A(ps) | g ~ E mod(1 +z)} =Ty00) — FTyy, = A(pz) — Sz — 1.

The ideal (1+14) splits A(us) onto 6 classes. They are characterized as {g € A(u3) | g ~ F; mod(1+1)},
where E; are defined in Lemma 4.5. In the following we will write only ~ 0 instead of ~ 0 mod(1 + 7).
Now it is easy to get the opposite inclusion O for G3, namely

Gz ={9€ A(uz) | g~ E or By, "GHzg = M3} .
We need the following

Proposition 7.3. Let QQ be the matriz from Theorem 7.2, det Q =1+ 1i. Then

i) Q{g € GL(3,Z[i] | g ~ 0 mod(1+4)}Q~" C GL(3,Z[i]).

i) QE,Q~! ~ E mod(1 + i).

i11) Let {Es} be the set of matrices from Lemma 4.5. Then only two of them E and E, satisfy the
inclusion Q~1EsQ C GL(3,Z]i]).

Let us assume that there is an element p of {g € GL(3,Z[i]) | g ~ F or E,, 'gHsg = H4} and
p & G,. We want to get contradiction. We consider r := QpQ~'. Using the proposition 7.3 we obtain
r € GL(3,Z][i]), 'THsr = Hs. In other words r is an element of the full Picard modular group FT,,.
If » € G5 then using Theorem 7.2 iii) we have Q7 'rQ = p € G4. So let us assume that r ¢ G3. Then
r does not belongs to classes presented by E or E,. But in this case Q~'rQ = p ¢ GL(3,Z[i]) and we
have contradiction.

Since T3 ~ E, and E2 = E we get I',,, = {g € GL(3,Z[i]) | g ~ E, 'gHag = Ha}.

Now v) follows from examples 6.9 and 7.1. O

Remark 7.4. We have translated information from G3 to G4. On the similar way we can also connect
classical Picard curve w® = u(u —1)(u — z)(u — y) (example 6.7) with Apoll-2 curve w® = u(u — 1)(u —
x)*(u — y)*. This is another example of commesurability.
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Part 11
Arithmetic Lattices

In this part we work only with the lattice of Gaufl integers and use different notations. They are
shortly and more convenient in this case. We give the connection with the notations from Part I,
w=1[4; 1,2,2,2,1], in the table:

part I part 11
A(p) = FT, r
A(p)(1+1i) = AT, =Tyay | I =T(m) =T(1 +1)
r, Iy

8 Ball lattice conditions

We look for an arithmetic ball lattice I' C SU((2,1),C) C Gl3(C) acting effectively on the complex
two-ball
B={(21,22) = (21 : 22 : 1) € P%|21]® + |22 < 1} € P? = P?(C)

via projective (fractional linear) transformations with postulated data described in 8.1 below (for special
I instead of general T'). For the sake of simplicity we assume that all our ball lattices I" are arithmetical
(arithmetic defined subgroup of SU((2,1),C)) and that they act effectively on B.

Furthermore we use the following notions, see [H98], especially chapter IV, for more details. A
reflection is an element 1 # o € I' of finite order fixing a subdisc D = D, of B pointwise. The disc
D, is uniquely determined by o. It is called a I'-reflection disc, if such o € I exists. If T is fixed we
omit the prefix I'-, also for further notations depending on I'. For given subdisc D of B we call ¢ a
D-reflection, if D = D, for a reflection o. The group of D-reflections in I' is finite cyclic. Its order is
called the T'-reflection order at/of D. It coincides, say by definition, with the ramification index of the
natural locally finite quotient map p : B — B/I" along D, and appears as weight of the orbital image
curve D/T" on the orbital quotient surface B/T.

A T'-cusp is a boundary point k € B of B such that the unipotent elements of the isotropy group
T form a lattice in the unipotent radical of the parabolic group P, (R) of all elements of SU((2,1),C)
fixing k. The set of all I'-cusps is denoted by/gpIB. The quotient map p extends in a continuous
manner to a unique surjective map p* : B* — B/T" from B* = B*(I') := B U 0rB onto the Baily-Borel

compactification B/T" of B/T', which is a projective surface adding a finite number of normal points to
B/T.

An element 1 # « € T'is called (honestly) elliptic if it has finite order and is not a reflection. It is
equivalent to say that v has precisely one fixed point @) on B. In opposition we call Q € B a I'-elliptic
point, if it is an isolated fized point of T', which means that an elliptic element v € I exists fixing Q.

Two subsets M, N of B* are called I'-equivalent, iff there is a v € I' such that N = (M). Two
points P, Q € B* are said to be I'-equivalent, iff { P} and {Q} are. The I'-equivalence classes of I™-elliptic
points, I'-cusps or I'-reflection discs are finite, see [H98].

We look for an arithmetic ball lattice IV satisfying seven special conditions. For the subdiscs D
below we will use the following notation for the subgroup of all elements acting on D;:
F; = {'7 € F/; ’Y(D2> = Dl}? i= 07 17233'
Postulates 8.1. for the ball lattice T

(i) There are precisely three T'-inequivalent T -cusps k1, ko, ks € OB. The corresponding cusp points
Ki,K5, K3 on X = B/I" are nonsingular.

(i) There is up to I'"-equivalence precisely one I'-reflection disc Dy C B with reflection order 4 such
that K1, ka, ks € ODyg is a complete set of I'y-inequivalent cusps for the quotient curve Do /T'§.

(i) Up to I'-equivalence there are precisely three I'-reflection discs D1, Do, D3 with reflection order
4 supporting at the boundary 0D; precisely one cusp up to I‘;—equivalence, namely kj, j =1,2,3,
respectively.
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(iv) Each T'-reflection disc is T’ -equivalent to one of the four discs above.

(v) Up to T'-equivalence there are precisely three T'-elliptic points O1,02,03 € B. They coincide
with the pairwise intersection points of Dy, Do, D3 (for suitable choice of the three discs). The
isotropy group F’Oj, O; =Dy NDy, {4,k 1} ={1,2,3} coincides with the abelian group of order
16 generated by the reflections of order 4 fixing the points of Dy or Dy, respectively.

) - 3
(vi) The Euler-Bergmann volume of a I"-fundamental domain is equal to 15.

(vii) There is a subgroup X3 of AutpaB isomorphic to Sz normalizing T, which acts on Dy and permutes
Dl; ]D)27 D?)'

We illustrate the situation in Picture 8 with a mixed 2- or 3-dimensional imagination (the latter around
Dy with boundary points k1, k2, k3) of the real 4-dimensional unit ball B.

B K
1 D,
O3
1}
K2
01 K3 D3 o2
Dy

Figure 8: Representative I''-fixed point configuration on B

Theorem 8.2. Under the conditions (i) - (vii) it holds that X = ]BT/F’ is the projective plane P2. The
compactified branch locus of the quotient map

p: B— X =B/T

consists of a quadric Co and three tangents C'j, j=1,2,3. These curves are the (compactified) images
of the reflection discs Dy or D, j = 1,2,3, respectively. There is up to PGlz-equivalence an - up to
Ss-symmetry - unique projective coordinate system on P? such that the projective lines Cj, 7 #0, are
the coordinate axes and the quadric has the equation

(47) Co: (X+Y —2)? —4XY = X2+ Y2+ 2% -2XY —2XZ —2YZ = 0.
In orbital surface terms we will prove mainly that
8.3. The orbital ball quotient surface X = IBT/F’ coincides, up to projective equivalence, with
X=(X;Co+Ci4+Cy+C3+P1 +Py+P3+K; + Ky +Kj)

described in section 1, (1), (2), (3) with properties 1.1 (i), (ii) a),b),c),d) (omitting the symmetry
condition e) here).

The open curves C; = éi\{Kl, K, K3} are defined as images of the discs D;, i = 0,1, 2, 3, the points
P; are the images of the elliptic points O;, and the cusp points K; are the images of the cusps x; with

respect to the extended quotient map p* : B* — B/T".
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We use again the height calculus for orbital surfaces developed in [H98] based on equivariant K-
theory. The orbital heights of orbital ball quotient surfaces are links between differential geometric
volumes of fundamental domains and algebraic-geometric invariants of surfaces or embedded curves.
Mainly Euler heights he and signature heights h. are used. We dispose on the following strong

Theorem 8.4. ([H98], IV, Theorem 4.8.1, first part) For ball lattices T C U((2,1), C) with open orbital
ball quotient B/T it holds that

H,(B/T) = covolpp(T") := vol g5 (Fr) := vols, (3r).
([l

Thereby §r denotes a I'-fundamental domain on B, and the volume is taken with respect to the
U((2,1), C)-invariant Euler-Bergmann (volume) form 72 = %y1 Ay on B with 93 = —3w (Kéhler-
Einstein relation) the Ricci form and w the Kéhler form of the Bergmann metric on B. For these details
we refer to [BHH], Appendix B.

From this theorem and condition (vi) for I we get

3

4 )= —
(48) covolgp(I) 16

The signature form on B can be proportionally defined to be o = %('yl A1 —272). As for Euler heights
we have

Theorem 8.5. ([H98], IV, Theorem 4.8.1, second part) For ball lattices T C U((2,1),C) it holds that
1
H,(B/T) = gcovolEB(I‘) = covol,(I") = vol, (§r).

O

This is the origin of the proportionality relation (Prop 2) for orbital ball quotient surfaces B/T.
From condition (vi) for IV we get now

1 1
(49) H (B/T') = SHe(B/T') = —

3 16
Now we change our attention to orbital curves coming from discs. Let D C B be a (linearly embedded
complete) disc whose image on B is an algebraic curve D/T on B/T" (I-disc). For the finer object, the
orbital curve D/T' C B/T. Euler height and covolume are connected by

Theorem 8.6. ([H98], IV.7, first part of (4.7.7))

he(D/T) = covolgp(I'n) := volgp(Fry) := vol,(Fry,),

where
(50) I'p := Nr(D)/Zr(D)
is the effectivized subgroup of all elements of I' acting on D,
(51) Nr(D) = {y € T37(D) = D}, Zr(D) = {5 € Tyyp = idp}.

The volume of a I'p-fundamental domain Fr, is taken with respect to the U((1, 1), C)-invariant Euler-
Poincaré form n on D. This explicitly well-known volume form is normalized in such a way that the
height h. of any compact quotient curve C' of I by a torsion free D-lattice N is nothing else but the
Euler number e(C) = 2—2g < 0, g the genus of C. Assume for a moment that N = Ng(D) for a torsion
free cocompact ball lattice G and K is a canonical divisor of the smooth compact algebraic surface B/T.
By relative proportionality, see [BHH], appendix B.3.E, it holds that 3e(C) = —2(K - (). Together
with the adjunction formula —(K - C) = e(C) + (C?) one gets e(C) = 2(C?). In order to calculate
selfintersection numbers by means of volumes we define adequately the signature form on D to be %n.
We proved also
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Theorem 8.7. ([HI98], IV.7, second part of (4.7.7))

1 1
h,(D/T) = icovolEp(FD) = §UOZn(§FD)-

O

This is the origin of proportionality condition (Prop 1) for orbital disc quotients on ball quotient
surfaces. Especially we get

(52) 2h,(D/T}) = he(D/T%) i = 0,1,2,3.

Now we check the admissibility of our cusp conditions, see (Propoc). There are precisely 3 cusp points

K., K5, K3 on IBT/F’ coming from k1, ko, ks (condition (i)). The possible graphs of the corresponding
orbital cusp points K1, Ky, K3 are classified in [H98], 111.3.5. We denote one of these points, say the
first, by x, K or K, respectively. In general, each cusp point is the quotient of an elliptic singularity by
a cyclic group G, of order 1, 2, 3, 4 or 6, see [H98], IV.4.5. Since two 4-reflection discs go through our
special k and there are no 2-reflection discs (condition (iv) and (ii), (iii) before), the group Gy, is cyclic
of order 4, and the graph of K must look like

O O
(4,0) (4,0)
(2,0) -1

O

Figure 9: atomic graph of cusp point

(-1 in the box will be explained below, see (53). This means that K has a canonical smooth rational
resolution curve E,; supporting a surface singularity of cyclic quotient type (2,1). In [H98] we call it the
cusp curve corresponding to the center of the resolution graph 9 of k. Remember that we have three
of them: F,, Es, E3 corresponding to K1, K2, K3, which are contracted to K, Ko, K3, respectively, along

the birational morphism X’ — X = B / I. Resolving the three singularities of type (2,1) by rational
-2-curves we get a birational morphism X — X’ with three connected exceptional curves L;+Ej on
X contracted to the nonsingular points K; along X — X by the last part of condition (i). Omitting
indices again, the smooth rational components L, E intersect each other transversally and (L?) = —2.
The contraction to a nonsingular point is only possible, if £ has on X selfintersection (E?) t=-1. 50

for all proper transforms of £; on X we get

(53) (B3 g =-1,j=1,2,3.

PropOSItlon 8.8. The compactified ball quotient surface X = IB%/F’ is smooth. Moreover, the closures
C; of C; :=D;/T”, i=0,1,2,3, on X are smooth curves.

Proof. The singularities of any Baily-Borel compactified ball quotient surface come from (honest)
elliptic points and cusps. The cusp points K; are nonsingular by (i). By condition (v) there are only
three points P; € B/I” with elliptic preimages, namely the images of O;, j = 1,2,3. Let O be one
of them. The corresponding isotropy group I', is generated by reflections, see condition (iv) again.
Therefore the points P; are nonsingular (Chevalley criterion [Bou], V.5 Theorem 4); for our application,
see [H98], I.1, Lemma 1.1.1 and IV.5, proof of Lemma IV.5.9). Now it is clear that X has to be smooth.

We denote by C be an arbitrary one of the curves ¢; C X and by C’ its proper transform on X'.
Assume that C goes through one of our cusp points K with canonical resolution curve F on X’. Its
preimage on B is one of the I'-reflection discs D = D;. It corresponds to one of the (4,0) arrows in
the cusp diagram 9. Looking down again to X’ this diagram teaches us that C’ intersects E locally
transversal at (at most two) nonsingular surface points. By (ii) and (iii) F is intersected by precisely
two of the reflection curves C; because the cusps r; are boundaries of precisely two of the corresponding
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reflection discs, see picture 8. So C' intersects E at one point only. Because of transversality this is a
nonsingular point of C’. This point remains nonsingular on C C X after contraction of E (orof L+ F
starting from X). Locally around Ej, Es, E5 the intersection behaviour of these curves on X’ with Ci,
7=0,1,2,3, is described in Picture 2.

It remains to be proved that the non-compact curves C; C B/I' are smooth. In [H98], IV 4,
we proved that for IV-rational discs D on B the natural map D/I';, — D/I" is the normalization
(singularity resolution) of the latter curve on B/I". Our I'-reflection discs are arithmetic because I" is.
Curve singularities on D/T” come from (honest) IV-cross points @ on D. Such a point Q) is characterized
by the property that through @ goes a I'-equivalent disc D' not being I'-equivalent, see [H98], 1V,
Definition 4.4.5 and Proposition 4.4.6. Assume that @ is a I'-cross point of D. Then it is the intersection
point of two I''-reflection discs D = D,, D' = Ds belonging to reflections o, § € I, say. Then Q is
an elliptic point because it is fixed also by the elliptic element ¢d, which is not a reflection, because
its representation on the tangent space Tg = Tp(B) at @ € B has two non-trivial eigenvalues, namely
the non-trivial eigenvalue of ¢ and the non-trivial eigenvalue of 4. The only I'-elliptic points are the
I-orbits of O1, Oz, 03 by condition (iv). So we can assume without loss of generality that @ is one of
these points, say Q = O3 = Dy N Dy, D = Dy = D,. The disc D' cannot coincide with Dy because the
latter disc is not I'V-equivalent with Dy by (iii). Therefore @ is the intersection point of three different
reflection discs. But then the isotropy group I"Q is not abelian because their elements produce at least
three eigenlines in Ty by the directions of the three reflection discs through @. This contradicts to
the second part of condition (iv). Hence, there is no I'V-reflection disc D with I''-cross point; the image
curves are smooth. This finishes the proof of the proposition. (I

It follows that the orbital quotient surface looks like
B/F’ =X = (X;CO+Cl +CQ+C3+P1+P2+P3+K1 +K2+K3)

we started with in section 1 not knowing until now that X = p2 Moreover, we have to prove the
properties (i), (ii) a),...,d) before definition 1.1. Let us start with

c') Py, Py, P5 are the three different intersection points of the curves
C1,Cs,Cs.

This follows now immediately from (iv), because an intersection point of two of these reflection curves
is necessarily an image point of I'-elliptic point. Up to IV-equivalence there are only three of them,
namely 017 02, 03.

d’) C; and Cy touch each other at K (with local intersection number 2), j = 1,2, 3.

Co goes through each of the cusp points K; by (ii). The other reflection curve through Kj is C'j by
(iii), see Figure 8. From the intersection graph 9 we deduced the intersection behaviour of the curves
Ci, C’;7 E; locally around £, which is described in picture 2. Going back to X we blow down first the
-l-curve E;. On the corresponding surface the proper transforms of Cj and C’J’- intersect each other
transversally. The proper transform of the -2-curve L becomes a smooth rational -1-curve denoted by
L again supporting this intersection point. The intersection of the two C-curves with L are transversal,
too. Now blow down the -1-curve L to K; to see that the local situation of touching we look for is
well-described in picture 1.

Now we relate Euler numbers e; with selfintersections s} of C} on X’ for ¢ = 0,1, 2, 3 using geometric
height formulas (12), (13) for orbital curves C on open orbital surfaces:

he(C) =e(C') =Y (1 — —) — #CL,

vid;

h(O) = LICH + LG+ D).

The sums on the right-hand side can be read off from the atomic graph of the orbital curve C (or
compact orbital curve C' = (vC’; Y- P; + > K,;,) which have been already described in Figure 3.
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Filling these contributions in the height formulas we get together with (Prop 1), see (52),

he(CO) =€ — 37
1 1

h’e(CJ):eji(liz)i(liZ)il?]:172737

54
o4 h-(Co) = i(sa+0+0),

1
h(C;j) = Z(s; +0+0),j=1,23.

It follows that

sp=2e—6 , s;=2e—-5,;j=123.
Blowing down the three rational -1-curves and the three rational -2-curves on X to the cusp points
K1, Ky, K3 we get on X the selfintersections sg = s, +6, s := s; = s; + 2 for the curves C;, 1 =0,1,2, 3,
because Cy goes through all three cusp points and each C'j only through one of them. It follows that

so =26 , s=2—3, e::ejze(Cj),j>0-

In a similar opposite use of height formulas in comparison with their calculation in the previous
section we can calculate now the Euler number and signature of X using (16) and (17):

Ho(X) =e(X') = (1- vli)he(ci) =3 he(P;) — 24#{rational cusp points}

HL(X) = 7(X') = 5 30— < )he(C0) = Y hn () = 3 e (o)

The point contributions have been already substituted in 2, see (23). The left-hand sides are known
from (49). So we get with the above substitutions (h.(C;) =s'/4 = (2e —5)/4 ...)

S=e(X) (1= oo~ ) 31~ e~ ) =3 -3
T =7(X) = 5104~ D)(2eo — 6)/4+3(4— 1)(2e —5)/4] ~3-0 -3+ (~).

Set B :=e(X) =e(X') —3 and S := 7(X) = 7(X’) + 3. After substitution we obtain

8E + 6(3—e)) + 9(5-—2) = 39,

(55) 165 + 10(3—eg) + 15(5—2) = 41

Proposition 8.9. Let Y be a smooth compact complex algebraic surface supporting a configuration
Ly + L1 + Ly + L3 with smooth curves L;, i = 0,1,2,3 intersecting pairwise in at least one point.
Assume that the invariants E = e(Y), S = 7(Y), eg = e(Ly) and e = e(L;), j = 1,2,3 satisfy the
relations (55). Then'Y =P?, and the curves Lis, 1 =0,1,2,3, are rational.

Proof. We need some basic facts of surface classification theory, which can be found in [BPV], for
instance. Adding the first to the second equation of (55) we get the relation

(56) 64x +22(3 —ep) +33(5 — 2¢) =119

for the arithmetic genus x = x(Y) = (E + 5)/4 of Y. The integers

(57) 3—ep=290+1 , 5—-2e=4g+1,

where go, g are the genera of Ly or Lj, j > 0, respectively, are positive. From (56) we get x < 0 or
(58) x(Y) =1,90 = g(Lo) = 0,9 = g(L;) = 0.

We exclude the former case: Assume that x < 0. Then Y has negative Kodaira dimension. By
surface classification theory Y must be a (blown up) ruled surface over a smooth compact curve B of
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genus ¢, say. The arithmetic genus of Y is equal to x = 1 — ¢ < 0. The fibres of the fibration Y — B
are linear trees of rational curves. Since, by assumption, L1 + Lo + L3 is a connected cycle it cannot
belong to any finite union of fibres. Therefore one of the components covers B finitely. It follows that
g > q. The identity (56) yields

64(1 — q) +22(1 4 2go) + 33(1 + 4g) = 119,

hence 11g¢ + 33g = 16¢, which contradicts to g > ¢ > 1.
We proved that the relations (58) must be satisfied. Altogether we solve(d) the simple linear system
(55) of diophantine equations coming from the Proportionality Theorem. We get the surface invariants

x=1,E=3 =1, (K*)=9, (K*)/E =3,

where (K?) = 12y — E is the selfintersection index of a canonical divisor K on Y. We proved also that
L;,i=0,1,2,3, is rational by (58).

The extreme Chern quotient (K?)/E = 3 with positive Euler number E is only possible for Y = P?
or for compact ball quotient surfaces B/T for torsion free ball lattices I" by a theorem of Miyaoka-Yau,
Kodaira-classification of surfaces and fine classification of rational surfaces, see [H98], V.2, Proposition
5.2.4, and the references given there. But B, hence also B/T', is hyperbolic in the sense of Kobayashi.
Therefore it does not support any rational curve. The compact ball quotient case is excluded by the
rationality of L; C Y. Therefore Y must be the projective plane. O

Corollary 8.10. IfT" satisfies the conditions (i),...,(vii), then )? = I@F is the projective plane, P2, Cy
is a quadric and Cq, Cy, C3 are tangent lines. In other words, Co+ C1 + Cs 4+ C3 is a plane Apollonius
configuration.

Proof. We have only to summarize. X is a smooth surface by 8.8. Moreover, as Baily-Borel
compactification X is projective, hence algebraic. We proved already that our four curves C; are
smooth, see Proposition 8.8. Together with ¢’), and (55) the assumptions of the proposition are satisfied.
Therefore hatX = P? and our curves are rational. More precisely, from Bezout’s theorem and the
intersection behaviour described in ¢/, d’ follows that the configuration is of Apollonius type. O

Now we finish the proof of 8.3 and Theorem 8.2. The projective lines C can be used as coordinate
lines X =0,Y =0, Z = 0 of P? such that the configuration divisor Co + C + 01 + C’1 is Ss-invariant by
Proposition 1.3 and Corollary 1.4 with the natural projective action of S5 on P? permuting coordinates.
The uniqueness of the equation (47) of Cy comes from (the proof) of Lemma 1.6 verifying that this
equation is the only Ss-symmetric possibility. Theorem 8.2 is proved.

The weights for the orbital cycle of a smooth orbital ball quotient surface come from reflection
orders only, by definition. Therefore 8.3 follows now from these order postulates in 8.1 (ii),(iii) and from
postulate (iv) forbidding other branch curves beside of C;, i =0, 1,2, 3.

9 The Gaull congruence ball lattice

Let Q(4), i = v/—1, be the field of Gauss numbers and O = Z[i] = Z + Zi the (maximal) order of Gauss
integers in it. The center Z of the unitary group

Di=1((2,1),9) = {g € Gla(0): ‘g (31 5, ) 9= (33 5, )3

with Gauss integers as coeflicients is generated by (8 g 0) The ineffective kernel of the action of I on the
ball B coincides with Z. We concentrate our attention to the special Gauss ball lattice T := SU((2, 1), D),

which is an arithmetic ball lattice acting effectively on B. It holds that [ = Z-T. The isomorphisms
[/Z =T =PU((2,1),0) = PSU((2,1), D)

allow us to identify (sometimes, if we want) these groups. The most important role plays the congruence
subgroup IV :=T'(1+14) (Gauss congruence ball lattice) of the prime ideal of Z[i] generated by the prime
divisor 1 + ¢ of 2 with residue field Fs.

We want to prove the following
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Theorem 9.1. The arithmetic ball lattice T satisfies all conditions (i),..,(vii) of 8.1. The Baily-Borel
compactification B/T" is equal to P? with Apollonius configuration 1 supporting the orbital cycle of B/T".

An essential role in the proof plays the theory of hermitian lattices, which is not so difficult in the
case of O — lattices with small ranks, because 9 is an euclidean ring. The basic lattice is A := O3
endowed with the indefinite unimodular hermitian form

ay by _ _ _
<,>:AXA—>D, ((az),<b2)>a1b1+a2b2a3b3.

as b3

We consider T' as group of unimodular automorphisms of the hermitian O-lattice A := ©3. Then I”
consists of all elements of I" which restrict to an automorphism of the sublattice A" := (1 4+ #)A. The
factor group I'/T” acts effectively on the residue space A/A’ =2 F3. The hermitian structure on A
reduces to the canonical non-degenerate bilinear form on F3. Therefore I' /T’ appears as subgroup of the
corresponding orthogonal group Q(3,F3). This group consists of permutation matrices only, because the
canonical basis vectors of F3 are the only ones with (Fz)-norm 1 and norm 1 vectors in its orthogonal
complement. Hence I'/TY C O(3,F3) & S5.

We want to prove that the inclusion is the identity. It suffices to find two non-commuting elements
in T/T". Let a € O3 be a vector whose hermitian norm a? := (a, a) is equal to &1 or £2. We define the
reflection R, : 92 — O3 by

3(5, aya.

Raiﬁ'_’é_ag

It sends a to —a and each vector of the orthogonal complement
Ag:={uecO%ula}

to itself. Therefore id # R, is an isometry of A. Its reduction R, (modulo 1 + i) is the reflection
isometry

ra: By — T, 53— (.08,
where we overline by bar all kinds of reductions modulo 1+ 4. This is a non-trivial isometry if and only

if a2 = 42 and a # o0 modulo 1 + 1.
The following examples yield two such reflections. Take

1414 1
a= 1 ,b=11
1

Both have norm 2. As reductions of the corresponding reflections we get 7(g,1,1) or 7(1,1,0) with matrix

. 100 010 . .
representations (8 01 ) or ( 1o (1))’ respectively. Obviously, they generate O(3,Fs).

Lemma 9.2. We have an exact group sequence

red

1 — I — I' — S35 — 1.

with a section S5 — T' sending S5 = O(3,F2) to the stationary group I'p. := {v € T'; v(c¢) € Oc} for a
vector ¢ € 93 with negative norm ¢? = —3.

Proof. The left-exact part comes from the definition of I' as kernel of the reduction homomorphism

red
The surjectivity of the reduction homomorphism has just been verified. The reflections R, and Ry, (_a7 b
as above), act trivially on the orthogonal complements A, or Ay, respectively, hence they fix ¢ = <2i )

—1

generating the rank one lattice A, N Ap. The norm 2 vectors a, b have been chosen in such a way that
their Gram matrix is
az  (a,b)\ (2 1
(b,a) b2 ) \1 2)°

38



hence

Ry: a— —a,b—b—a, c—cq
Ry: a—a—b,b— —b, c—c.

Looking at the corresponding matrix representation it is clear that the subgroup of I'p. generated by
—R,, —Rj is isomorphic to Ss. O

More generally we define reflections p € U((2,1),C) as elements of finite order with precisely two
different eigenvalues. The eigenspace E(p) of the double eigenvalue of p is called the reflection plane
of p. We call p a B-reflection, iff E(p) is an indefinite hermitian subspace of C3. In this case (only)
D(p) := PE(p) N B is a complete (linear) subdisc of B called the reflection disc of p. The complete
linear subdisc D of B is called a I'-reflection disc iff there exists a B-reflection p € T’ such that D = D(p).
Starting from D the D-reflection group Zr (D) defined in (51) is finite and cyclic. Its order is called the
reflection order of D w.r.t. T'. The latter definitions apply to any ball lattice T' C U((2, 1), C).

Proof of Theorem 9.1(i). The second statement follows from the first by Theorem 8.2. So we have
to check step by step the properties (i),...,(vii) of 8.1.

(i) By a result of Shvartsman [Sv1],[Sv2], the surface BT/\I‘ has only one cusp point. We refer to [Zin]

for the more general result, that the number of cusp points of Picard modular surfaces B/ U((/Z,T), Or),
L an arbitrary imaginary quadratic number field, coincides with the class number of L. It is also known
that B* = BN 0B(L) setting OB(L) = OB NP?(L) in this case.

With the above notations we get OrB = 0B(Q(7)) = I'x with x = P¢, for each

tchy ={acAa®=0}

because Jg(Q(7)) = PAg. The set Ay maps onto

0 0 1 1
Vo:={l0], 1] ,0],|1]}cCF3
0 1 1 0

by reduction. The group S3 = I'/T" acts effectively on Vj, with bi-transitive restriction on the non-zero
vectors. It follows that I acts bi-transitively on OrB/I"” completely represented by

k1=0:1:1), ko=(1:0:1), k3=(1:1:0)

with ineffective kernel I'V. Especially we get up to I''-equivalence precisely three cusps. This proves the
first part of ().
For the proof of the second part and later use we introduce the notations

X =B/I'cX :=B/", Y :=B/T cV :=B/L.

We know that Y = X/S3 C Y = X/Sg, considering S = I'/T’ now as subgroup of Aut X = Aut X. If
z = P3, 3 € C3, is a point of B* we denote its image on X by Z. The quotient map of B onto B/I"
is denoted by p’. These notations will be preserved also for the extensions of this projections to B*.
Since the cusp points K; = p’(k;) are Ss-equivalent, it suffices to show that an arbitrary one of them
is non-singular. We move the ball inside of P? such that co := (0 : 0 : 1) becomes a Q(i)-rational
boundary point of the image ball gB. For this purpose we choose g € Gl3(9) such that

Such choice is possible. Namely the Z-lattices (Z3, (é El)) §1>) and (Z3, (§ ((1; é)) are isometric because
they are unimodular, indefinite and have same rank, signature and type (defined by norms modulo 8).
We refer to ([Se70], V.2). The isometry can be extended to isometries of hermitian O-lattices

=0 ()= (4 1) -0 1= (31)



where the added first one is obvious. We get the Siegel domain
gB=PV_ : 2Imu — |v|? >0,
V=(CI)=Ca (O’ I)=CogA, V. ={reV; () <0}

On ¢gB act G := gl'g~! = SU(I, O) and its congruence subgroup G’ = G(1+1i) = gI"g~! with quotient
0
0

~—

group G/G’ =T /T’ = S5. The stationary group of I" at oo is generated by ( 9 8) and by its unipotent
part 0
1 ia ila®+r
Uss(®)={[0 1 a =: [a,7]; a € C, r € R} NSI3(O),
0 0 1

see [H98], IV.2, also for the next considerations. As torsion free nilpotent group of rank 3 each unipotent
ball lattice has three generators. As generators of the unipotent congruence subgroup U, (£)’ one finds
[144,1], [1—¢,1] and [0, 2]. The covolume of Z(1+41%)+Z(1—i) in C and the covolume of 2Z in R are both
equal to 2. The selfintersection of the elliptic curve Ty = Too(G’) in the cusp bundle Fyy = Fio (G')
coincides with the characteristic number ¢ of the unipotent lattice. This number can be calculated as
-2 times the covolume volume quotient Z, hence (T2) =t = —2.

Now consider T, as embedded curve in F,, . Endowed with trivial weight 1 it is an orbital curve
To. In order to get the canonical partial resolution/\of a cusp point K of X we look at the canonical
abelization X’ — X of the orbital surface X = B/I". Following [H98], IV.5, the canonical orbital
resolution E = Ex of K coincides with the orbital quotient curve To,/Z4 with Z, = (o) generated by

the reflection o = (é —21 8). From the classification of cusp points by resolution graphs in [H98], IIL.5,
1

we know that K has to be of type (2,4,4), which means that Ex = (P'; P; + Py + P3) with abelian
points Py, Po, P3 of cyclic type (2,e1), (4,e3), (4, e3), respectively. We determine these types precisely
together with the selfintersection (E?) on the minimal resolution X of X’. For this purpose we calculate
the signature heights of our orbital curves, see (5). First we receive h,(Tw) = (T2) = —2. Now we use
the following

Proposition 9.3. ([H98], Theorems I1.2.4, I1.4.2). If C — D is Galois-finite morphism of orbital
curves and h = h, or h = h, denote Euler heights or signature heights, respectively, then it holds that

h(C) = [C : DIh(D), [C : D] = deg(C — D).

Applied to the Galois-covering T, — E of degree 4 we get

1 1 1
ho(E) = = ho(Too) = = - (—=2) = —=.
(E) =7 h(Too) = ;- (=2) = —3
The explicit formula (5) for signature heights yields
1 €1 €2 €3
- = (E? A LY
BV e EN

where the summands have to be smaller than 1. Since a I'-reflection of order 4 belongs to the cusp
group at least one abelian point on E, say P35 has to be of type (4,0). The last identity reduces to

hence (E?) = —1 because the selfintersection must be negative (E is contractible to the cusp point K).
Below we will see that there is no I''-reflection disc with I'V-reflection order 2, see 11.10. Therefore P
cannot be of type (2,0), hence e; =1, e5 = 0.

We proved that the graph of the orbital cusp point K is already drawn in figure 7. So F is a
projective line supporting precisely one singular surface point P = Py, (E?) = —1, P of type (2,1) as it
has been drawn already, for E; say, in figure 2. Therefore E contracts to the non-singular surface point
K. The proof of property (i) is finished. a
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10 Unimodular sublattices

In the next two sections we give basic definitions and results without proofs because the latter are of
purely arithmetic nature, not so interesting for algebraic geometers. For detailed proofs we refer to the
HU-preprint [HPV] available via INTERNET.

Let K = Q(4) be the Gaul number field, © = Z[i] the ring of Gauf} integers, V a finite dimensional
K-vector space of dimension n with a hermitian metric <, > with values in K. An O-module A C V|,
more precisely (A, <,>|5), is called a sublattice of V, and a V-lattice, if moreover n coincides with
the rank (O — rank) of A. A hermitian O-module A is a torsion free O-module of finite rank together
with an hermitian form with values in K. It is a V-lattice in V = K ® A endowed with the extended
hermitian form. The dual lattice of A is the V-lattice

M=—{teV=KaA<rgl>€O foralll € A}.

Notice that A C A% iff the hermitian form has (only) integral values on A. A hermitian O-lattice is
called unimodular iff A# = A. This happens if and only if the hermitian form has integral values on A
and the discriminant d(A) is a unit (£1). Two subsets M, N of a hermitian O-lattice are orthogonal,
iff <mn>=0forallme M,ne N. We write M LN in this case. The orthogonal complement of M
in A is the sublattice
M+ = Mi ={1e A;ILM}.

(We omit the index A if A is fixed and there is no danger of misunderstandings). Two sublattices M, N
of A are called orthogonal complementary (in A), iff M NN = O, M+ = N and N+ = M.

Proposition 10.1. Let (A, <, >) be a unimodular hermitian O-lattice, M and N orthogonal comple-
mentary sublattices of A, then M# /M = N# /N as O-modules. O

Corollary 10.2. Under the conditions of the proposition, M is unimodular if and only if its A-
orthogonal complement N is unimodular. O

For arbitrary hermitian O-lattices A and sublattices M we denote by AutA C EndgpA the isometry
group of A and by Aut(A, M) its subgroup of isometries sending M to M.

Corollary 10.3. Let A be a unimodular hermitian D-lattice, M a unimodular sublattice and N its
orthogonal complement in A. Then A= M & N and

Aut(A, M) = Aut(A, N).

We need classification results for unimodular lattices.

Proposition 10.4. (see Hashimoto [Has], Prop. 3.8). Let (V,<, >) be a hermitian space of dimension
r over K of signature (ps,p—) which contains a unimodular V -lattice (O-sublattice of V' of rank r).

(i) If r is odd, then there is only one genus of unimodular V -lattices.

(ii) If r is even, then the set of unimodular V -lattices consists of at most two genera. The cardinality
of this set is 2 if and only if p— = r/2modulo 2.

O

A genus consists, by definition, of all V-lattices which are locally U(V')-isometric at all natural primes
p. More precisely, two such lattices M, M’ belong to the same genus iff for each natural prime p there
exists

W eUV), V=VeQ,=VaK,

endowed with the <, >-extending form, sending M, = M ® Z, = M ® 9, to M,. The V-lattices M,
M’ belong to the same class if and only if g(M) = M’ for a suitable g € U(V).

Proposition 10.5. (see Hashimoto [Has], Theorem 3.9). If the hermitian metric on V is indefinite,
then each genus of unimodular V -lattices consists of one class. (]
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Corollary 10.6. There are precisely two isometry classes of indefinite unimodular hermitian O-lattices
of rank 2; one is odd and the other even. They are represented by (9%, (§°)) or (9% (93)),
respectively. a

Corollary 10.7. All definite unimodular hermitian O-lattices A of rank 2 are isometric to the standard
lattice (D%, (39)). O

We say that two hermitian D-lattices with integral values have the same parity, iff they are both odd
or both even, respectively. Let I' = f(A) be the automorphism group of a fixed hermitian O-lattice A,
and I a subgroup of finite index. A I''-class of sublattices of A is a I"-orbit of one (arbitrary) sublattice
of A. The normal subgroup of elements with determinant 1 of any subgroup G of the linear group of a
finite dimensional vector space is denoted by SG. Usually we set

(59) I =T(A) := ST = ST(A).

Theorem 10.8. Let A be an indefinite unimodular O-lattice of signature (p4,p—) of odd rank r =
p+ + p—. With the above notations it holds that:

(i) If py > 2, then there exists precisely one T -class containing a definite unimodular sublattice of
rank 2.

(i) If p— > 2 or (p4+,p—) = (2,1), then there exist precisely two D-classes of indefinite unimodular
rank-2 sublattices.

The parity and discriminant form under the conditions of (ii) a complete invariant system for -classes
of unimodular rank-2 sublattices of A. |

Let A = O" be an indefinite unimodular lattice of odd rank r as in the above theorem. For two
unimodular rank-2 sublattices E, E’ of A of same discriminant and parity we denote by I'som(E, E’)
set of isometries of E onto E’ and set

I'"(E,E")={yel';~v(E)=FE}.
Corollary 10.9. Under the conditions of the theorem the restriction maps
[(E,E') — Isom(E,E') , T(E,E') — Isom(E, E')

are surjective. The isometry class Cly(E) of sublattices of A containing E, the D-class T - {E} and the
D-class T - {E} coincide. O

Now come back to the Picard modular group T' = SU((2, 1), O), the special automorphism group of
the standard unimodular lattice A = 92 of signature (2,1), and its congruence subgroup I'(r).

Proposition 10.10. There are precisely three I'-classes of unimodular rank-2 sublattices E of A com-
pletely represented by lattices with Gram matrices (§9) (definite), (§ %) (indefinite, odd) or (93)
(even), respectively. The I'-class splits into three I'(m)-classes if and only if E is not even. In the even
case we have only one class T'(w) - {E} =T-{E}. O

At the end of this section we draw a representative plane picture of projective images of unimodular
rank-2 lattices FE; representing E;, ¢ = 0,1,2,3. We distinguish for ¢ = 1,2,3 definite and indefinite
representatives by upper index + or —, respectively. By Proposition 10.10 we have a complete system of
representatives Ey, Ef, E;, E;r, El,E;5,E; of I'(m)-classes. For the rest of this section we denote the
subplanes R ® EZi of the canonical hermitian signature (2,1) space C3 by E? and the projective lines

PEE C P? = P?(C) by LE. The orthogonal complements of a = (%), b= (é), ¢ = (g), ¢ = (_f)

in C3 yield the special representatives E; = at, B, = ¢t E; = at and Ey = e+. Using projective
coordinates (x : y : z) the corresponding lines are described by linear equations:
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L
’ Loy: X-Y+Z=0,L7:Y=0,Ly:X=0,
Ly L = Lo : Z =0 (the infinite line)
K3
on the (real) projective plane where the (real) ball
K1 points lay inside of the (unit) circle, the I'-cusps sit
on the circle. All intersection points of the lines are

02 real, hence all visible in the real picture. Restricting
to B we forget L;r and the marked points. Then
Lo we get for the remaining lines and points the dual
K2 0O, O3 unweighted graph left down.
Applying S3 C I' (the alternating subgroup As C S5 is
sufficient) we get similar graphs including also Ly = PE; .
Altogether we get the I'(m)-graph of indefinite unimodular
rank-2 lattices.
2
© P o Lo
— L_
L1. ° 2 o
Lo
([ J L{;
@) O (@) @) _
0 L;
B
®
L
Ly

11 Elements of finite order

In this section we determine positive weights as reflection orders, calculate (negative) heights as Euler-
Poincare volumes of fundamental domains in discs Dy, ¢ = 1,2, 3, cutten out as intersections of L; with
the ball B.

Let K be a number field, O = O its ring of integers, I' a subgroup of Gl,,,(9), a C O an ideal and
I(a) C T the corresponding congruent subgroup defined as kernel of the natural group homomorphism

I — Gl (D) — Gl (D /).

Lemma 11.1. Ify"* =1 for v € I'(a), Then a divides ( — 1 in O, L = K((), where ¢ is an arbitrary
eigenvalue of v (a suitable n-th unit root). |

Corollary 11.2. In the special case of the field K = Q(i) of Gauf$ numbers there are at most two
possibilities for non-trivial ideals a C O such that T'(a) contains non-trivial elements of finite order,
namely a = (w) = (1 +14) or a = (2). The only orders of such elements are 2 and 4. Elements of order
4 belong to T'(m) \ T'(2). Especially, T'(73) is a torsion free group. O

We concentrate our further considerations to subgroups of I' = U((2,1),9), O = Ok, K = Q(i),
especially to I' = ST, again. Elements of order 4 in I' belong to the Gl3(K)-conjugation classes
of diag(1,i,—1), diag(—1,i,i) or diag(—1,—i,—i), and elements of order two are conjugated to
diag(1,—1,—1). The conjugacy classes of the latter three types exhaust the set of all semisimple el-
ements 1 # o € I' with a double eigenvalue. This follows easily from the fact that the characteristic
polynomials x-(7) have to lay in O[T]. Semisimple elements in T' with precisely two eigenvalues are
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called A-reflections. The reflection lattice E(c) C A is defined to be the intersection of A = 93 with
the eigenspace of the double eigenvalue of o. Obviously, it has O-rank 2.

Proposition 11.3. For each A-reflection o € T'(w) is the reflection lattice E(c) unimodular. O

For I" C T and any pair of orthogonal complementary sublattices OalE of A we have a pair of
restriction homomorphisms
Aut E «—— T'(E,E) — Aut Oa

For unimodular F and I” =T one gets a pair of cartesian projections
Aut E — T'(E,E) = T'(Da,Oa) = Aut E x Aut Oa — Aut Oa = O,

where the surjectivity on the left-hand side comes from Corollary 10.9 and the identity from Corollary
10.3. Restricting to I' we get an exact sequence

1—SAuwtE — T(E,E)=T(Oa,0a) — AutOa = O* — 1,

[
Aut E

where the vertical isomorphism sends p to p x detp. It restricts via intersections with I'(7) to the
obviously splitting exact sequence

1 — (SAut E)(r) — TI(m)(E,E) =T(n)(Oa,0a) — AutOa=O* — 1,
(60) |
(Aut E)(7r)

Lemma 11.4. Fach mazimal finite subgroup G of (SAut E)(w) is cyclic of order 4.

Theorem 11.5. (i) Each mazimal finite subgroup T of T'(w) is isomorphic to O* x O*.
(i) The set of all these groups coincides with the set of intersections
[(m)(E,E)NT(r)(E',E") = T(7)(Oc¢) N T(7)(Ob),

where E = A and E' = Ay are two different unimodular rank-2 sublattices of A with orthogonal
vectors b, ¢ of hermitian norms +1.

(iii) Each element 6 € I'(w) of order 2 is a square of a reflection p € T'(m) of order 4.
(iv) Each element v € T'(w) of finite order is a reflection or a product of two reflections.

(v) A non-trivial element of finite order of T'(w) has order 2 if and only if it belongs to I'(7?) = T'(2).
It has order 4 if and only if it belongs to T'(w) \ T'(7?).
O

Notation. Er := R® F for each O-lattice F.

Definition-Remark 11.6. We call a A-reflection § a B- reflection, iff L(6) := PERr(S) intersects B.
We denote the corresponding (complete linear) subdisc D(8) = L(6) N B or by Dy, where a € C3 is an

arbitrary non-trivial vector orthogonal to E. & is a B-reflection if and only if a> > 0 or, equivalently,
E(0) is indefinite.

Corollary 11.7. Any three different projective lines
L; =PE;g C P? = P(Ag)
of unimodular rank-2 sublattices of A have no common intersection point Q@ on B. O

Proposition 11.8. The surface B/T'(w) is smooth. There are precisely three T'(w)-orbits of T'()-elliptic
points on B. Its union is the T-orbit of O = (0:0: 1) € B consisting of all q € A with q> = —1. Each
subgroup 3 = S3 of I' acts transitively as permutation group on the three orbits via conjugation. The
isotropy group I'(m)q of each T'(m)- elliptic point Q is the product of two cyclic groups each generated
by a reflection of order 4. Oq is the intersection of the corresponding reflection lattices E and E'. Both
are unimodular, indefinite and odd. ([l
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Corollary 11.9. Each q € A with hermitian norm q*> = —1 estends uniquely, up to O*-factors and
order of enumeration, to an orthogonal basis (a1,a2,q) of A. The both unique unimodular (indefinite
odd) rank-2 sublattices of A with intersection Oq are the reflection planes

(61) FE = Aa1 = 9Oay + Dq, FEy = Aa1 = Oa; + 5DC|7

Moreover, we set
E3 = Aq = Da1 + Dag.

The set of residue planes of the lattices Ej, j = 1,2,3, coincides with the set of the three unimodular
odd subplanes in T3 = A/wA with possibly other enumeration. Two —1-vectors q,q’ belong to the same
D (m)-orbit if and only if ¢ = q' mod . O

Proposition 11.10. The irreducible components of the branch locus of the quotient map B — B/T'(7)
are smooth. It consists of 4 curves

(62) Co =Dg/Ty, C1 =Dy /I'1,Co =Dy /Ty, C3 = D3 /T,

where D; = BN L;, L; = P(E;R), E; an arbitrary unimodular indefinite rank-2 sublattice of A with
(non- degenerate) residue subplane E; of F3 and T'; = I'(r)(E;, E;), j = 0,1,2,3, respectively. The
ramification index is 4 for all four components. The action of Sz = T'/T'(w) on B/T(x) permutes the
curves C1, Cy, Cs and restricts to an effective action on Cy. Cy intersects Cy in precisely one point Py,
for any triple {k,l,m} = {1,2,3}. The intersection is transversal. The points Py, Py, Ps are the images
of all T'(m)-elliptic points on B. The B-reflection discs D1,D9, D3 do not intersect Dy. [

Proposition 11.11. Fach I'-cusp k = P, £ € A a primitive isotropy vector, is the intersection of
precisely two T'(m)-reflection lines Lo, L1. Both come from unimodular indefinite lattices Fo, Eq, where
the first one is even and the other odd. Each unimodular even (hence indefinite) lattice Foy contains
isotropy vectors €1, o, €3 representing all the possible non- trivial residue isotropy vectors

(1).(0). (1) ews.

1 1 0

They can be choosed as Az-orbit of &1, where Az is the alternating subgroup of a group (isomorphic to and
identified with) Ss C T'(Ey, Eo) acting on E such that the corresponding reflection lines Ly, Lo, L3 # Lo

through k1, ko or K3, respectively, intersect each other pairwise on B. These three elliptic intersection
points represent the three I'(m)-orbits of all T'(m)-elliptic points. O

Remark 11.12. Restricting to reflection discs D; = L; NB we realized the situation described in Figure
8.

Proof of Theorem 8.2. It remains to check the properties (ii),...,(vii) postulated in 8.1 For IV = T'(r).

(ii) Let k1, ko, k3 € OxDy be an Sz-orbit for S3 C 'y = ['(Ey, Ey), see 11.11, and k € dxDy arbitrary.
We have to show that £ € T'{x;. Assume, for instance, that x = k; modw. Then k = Ly N L}, hence
Kk = -yk1 for a suitable v € T' with k1 = Lo N Ly. Since pairs of reflection lines through one point are
unique, v acts on Lo and transfers L; to L. Therefore v or 7o (2,3) sends L; to L}, j = 2,3. This
property can be assumed now for our v. Then v = FE mod m which means that v belongs to I".

(iii) Take D; = BN L, described in 11.11. Then k1 = L1NLy € 0D is fixed by (2,3) € S3 C T'(Eo, Ep).
For arbitrary x € 0gDy take v € I' such that kK = k1. By the same argument as above, v acts on
L, and sends Lg, Ly to L{, or L}, respectively (if not take yo(2,3)). It follows again that v belongs to I'}.

(iv) see Proposition 10.10.
(v) see Proposition 11.8.

(vi) The proof of the following theorem is completely published in [H9S].
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Theorem 11.13. ([H98], V, Theorem 5A.4.7). Let K be an imaginary quadratic number field with
ring of integers O, discriminant D = Dy g # —3, Dirichlet character x(n) = (%) (generalized

quadratic residue, Jacobi symbol) and corresponding Dirichlet series L(s,x) = > x(n)n=%. Then for
n=1

I' =SU((2,1), Ok) with fundamental domain Fr on B it holds that

3|D|5/2
)= L .
'UOZEB( ) 3973 (37X)
It is now easy to calculate for K = Q(¢) the §p-volume 3% in the case of Gaufl numbers. This was
first proved by Shvartsman [Sv1]. Since I'/T'(r) = Ss it follows that volgp(I'(7)) = <.

(vii) see Proposition 11.11.

Theorem 8.2 is proved.
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