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Abstract

We show that most of the genus-zero subgroups of the braid group B3 (which are
roughly the braid monodromy groups of the trigonal curves on the Hirzebruch sur-
faces) are irrelevant as far as the Alexander invariant is concerned: there is a very
restricted class of “primitive” genus-zero subgroups such that these subgroups and their
genus-zero intersections determine all the Alexander invariants. Then, we classify the
primitive subgroups in a special subclass. This result implies the known classification
of the dihedral covers of irreducible trigonal curves.

Keywords Trigonal curve - Alexander invariant - Braid monodromy - Burau
representation - Modular group - Dessin d’enfant

Mathematics Subject Classification Primary: 14F35; Secondary: 14H50 - 20F36 -
14H30 - 14H57
1 Introduction

In this paper, all varieties are over C. Specifically, P! denotes the Riemann sphere
C U {oo}. Moreover, let A := 7z, 1, and let I" := PSL(2, 7).

1.1 Motivation

Let C C P? be a curve. The fundamental group 7 (P?\ C) is an important invariant of
C. It has been subject of interest since [13], yet its structure is still not well understood
in general. As the singularities of C grow, 771 (P?\ C) gets more complicated. A precise
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statement in the direction of this principle is that under certain upper bounds on the
singularities, 771 (P2 \ C) is abelian [9]. In this case, 71 (P* \ C) = H(P?\ C), hence
it is known due to Poincaré duality.

Another important invariant is the (conventional) Alexander invariant ACC defined
as follows: Let d be the degree of C; then there is a canonical epimorphism Ik : 771 (P?\
C) — Z4 which takes a loop to its linking coefficient with C. Then,

¢:=K/K', K :=Ker(k).

There is a canonical A-module structure on Af., where ¢ acts as conjugation by an
element in 1k~ ! (1). Note that 7 = 1. Even though the Alexander invariant is simpler
than the fundamental group, its structure is not fully known in general either. However,
there are some general results which show that the Alexander invariant of a plane curve
is significantly more restricted than that of knots.

The Alexander polynomial Ac(t) is defined as the order of the C[¢, t~1]-module
A ®C,i.e. itis the characteristic polynomial of the -action on the underlying vector
space of A¢. ® C. In fact, Ac(¢) is the only isomorphism invariant of A7, ® C, because
=1 implies that all Jordan blocks of the ¢-action have size 1. The roots of Ac¢(¢)
are roots of unity with orders dividing d (also because of r¢ = 1). In contrast, the
roots of Ak (#) need not be roots of unity for a knot K. Moreover, if C is irreducible,
the order of a root of A¢(#) cannot be a prime power [14]. Another general theorem
on the Alexander polynomial is the following upper bound [8]: Let {L1, L, ..., L,}
be the links cut by the singularities of C. Then,

Aco)| J] An@.

1<i<m

Note that this theorem also illustrates the principle that these invariants get more
complicated as the singularities of C grow.

In addition to these general theorems, there is a number of particular curves C for
which the invariants have been computed. For example, 771 (P? \ C) is known for all
C with d < 5 [see [5]]. On the other hand, there are formulae which express Ac (¢) in
terms of the cohomology of certain linear systems, thus Ac (¢) can be computed with-
out topological methods [e.g. [10]]. The textbook [6] is a good source of information
on this subject.

1.2 Monodromy Alexander invariant

In this paper, we study the so-called monodromy Alexander invariants of trigonal
curves, based on the results of [4] on the braid monodromy of these curves.

Let ¥ = X, be a Hirzebruch surface, let E C X denote the exceptional section,
and let C C X be a curve. Note that the context of Hirzebruch surfaces is more general
than that of P2, since P2 blown up at a point is ;. Let C be n-gonal, i.e. C intersects a
generic fiber of the ruling at n points, and let the degree of C refertod := nm+[C - E].
Then, there is a canonical linking coefficient epimorphism lk: 71 (X \ (CUE)) — Zq4
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and the conventional Alexander invariant Ag. is defined in terms of Ik as in the case of
plane curves. For a generic fiber F, of the ruling, there is a canonical epimorphism
Ik: 71(2 \ (CUE U Fy)) — Z, and A¢ can be equivalently defined in terms of Ik
instead of 1k, since there is an induced isomorphism Ker(Ik) = Ker(lk). Consider a
plane curve C C P? and let C’ C X be its proper transform; then Ar = AL

Consider the ruling ¥ — B = P!. For the image bo, € B of Fxo, the restricted
projection X'\ (C U E U Fy,) — B\ {bx} is topologically a fiber bundle away from
finitely many singular fibers. Let Fy # F be another generic fiber of the ruling,
then F° := Fy \ (C U E) is a fiber of this bundle. Clearly, F° is homeomorphic
to a disk with n punctures, so that 7 (F°) = F,, the free group on n generators.
Let {b1, b2, ..., br} C B denote the image of the singular fibers. Then, there is a
monodromy action 11 (B \ {bso, b1, b2, ..., br}) — Aut(mw(F°)) = Aut(F},), whose
image M is called the braid monodromy group of C. With some semi-standard
choices, one has M¢ C B, - Inn(F,,) C Aut(F,) (see Sect. 2.2). But since the choices
are not unique, M¢ is well-defined only up to conjugation by B,,. The Zariski-van
Kampen theorem states

TU(E\(CUEU Fx)) = Fp/la =m(a) |« € F,, m € Mc).

Letu: F,, — Z be such that u maps each generator to 1. Then, u is the composition
of Ik with the quotient epimorphism F,, — 71 (X \ (C U E U Fy,)).
Consider the A-module A, defined in terms of u in the same way that A¢. is defined
in terms of Ik:
An =K, /K], K, :=Ker(u).

Here, M¢ acts on A, = A" ! yia the Burau representation, namely the induced
action B, - Inn(F,) — Aut(A,) = GL(n — 1, A). The Zariski-van Kampen theorem
motivates the definition of the monodromy Alexander invariant Ac:

Ac=A"Yu=mw) |ue A", me Mc).

There is a canonical epimorphism Ac — A{., which is often (though not always)
an isomorphism [4]. Thus, as long as “upper bounds” are concerned, it suffices to
classify the monodromy Alexander invariants. On the other hand, the latter is easier
to compute than the conventional invariant, because it depends only on the image H¢
of Mc — GL(n — 1, A), which we call the Burau monodromy group of C. Note
that Hc is well-defined up to conjugacy as a subgroup of the image Bu,, of the Burau
representation, which we call the Burau group. In fact, for any subgroup H C Bu,,
we can define

AH):=A"Y)VH), VH)=(h—=1)-u|lue A ' heH).
Consequently, Ac = A(Hc). Clearly, the ambiguity in H¢ does not affect Ac up to
isomorphism.

From now on, we consider only the trigonal curves (the case n = 3), whose Burau
monodromy groups are almost completely characterized in Theorem 1.1 below. This
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case is a borderline: the case n < 2 is quite easy, and the case n > 4 appears very
difficult as of now. We ignore the very special case of isotrivial trigonal curves, which
have constant j-invariant on all fibers. There is a canonical epimorphismc: Buz — I
which is roughly defined by evaluation of a matrix at t = —1 (see Sect. 2.2). A finite-
index subgroup H C Bujs is called genus-zero if c(H) is genus-zero as a subgroup of
the modular group I".

Theorem 1.1 (Degtyarev [4]) Let C C X be a non-isotrivial trigonal curve; then, Hc
is genus-zero. For a partial converse, let H C B3 C Bus be a genus-zero subgroup.
Then, there is a non-isotrivial trigonal curve C such that H = Hc.

In view of Theorem 1.1, the main question considered in this work can be approxi-
mately formulated as follows:

Problem 1.1 Classify the modules of the form A(H) for genus-zero H C Bus.

Degtyarev [4] gave some partial answers to Problem 1.1. For example, he deter-
mined all possible eigenvalues of the f-action on the underlying vector space of
A(H) ® Q and A(H) ® F,, for any prime p. For another example, he determined
abelian groups of the form A(H)/(t + 1). This second example is the classification
of the dihedral covers of trigonal curves.

1.3 Principal results

Given H C Bus, the module A(H) is equipped with an epimorphism A% — A(H),
which is always understood but usually omitted from notation. Conversely, given any
module A with an epimorphism ¢: A> — A, we can define the subgroup

H(A) = H(¢) := {h € Buz | (h — 1) - A% C Ker(¢)}.

Two epimorphisms ¢, ¢, are called Burau equivalent if there exists b € Bus such
that Ker(¢1) = b - Ker(¢»). In this case, H(¢1) and H (¢,) are conjugate in Bus.

For a maximal ideal m C A, the word m-local refers to a non-trivial A-module
annihilated by m" for sufficiently large n. Note that any maximal ideal m is given in
the form m = (p, ¥ (¢)) for a prime p and a polynomial v (¢) which is irreducible
modulo p. Also note that any local module is finite. Our Theorem 1.2 below suggests
that Problem 1.1 reduces to the classification of the genus-zero subgroups of the form
H (A) for local modules A. Then, our main Theorem 1.3 classifies these subgroups
for m-local A for a special class of maximal ideals m. Only one subgroup from each
conjugacy class is shown in the classification, since conjugate subgroups come from
Burau equivalent modules.

Theorem 1.2 Let H C Bus be a subgroup, and let A be a module equipped with an
epimorphism A* — A.

1. We have H C H(A(H)), A(H) = A(H(A(H))), H(A) = H(A(H(A))).
2. If H(A) is finite-index, there is a finite quotient A’ of A with H(A) = H(A’).
3. If A is finite, there is a decomposition A = @ A, into local modules Anp,.
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4. If A = @ A; for some modules A;, then H(A) = () H(A;).

It appears that very few intersections of the form H(A{) N H(A;) are genus-zero,
contributing to the list of Alexander invariants of trigonal curves [4].

Theorem 1.3 (Main) Let m := (p,t + 1) C A with p # 2, and let A be an m-local
module equipped with an epimorphism A*> — A. If H(A) C Bus is genus-zero, then
it is in one of the conjugacy classes listed in Table 1 on page 20.

The case m = (p, t + 1) is likely to be more difficult than the case t + 1 ¢ m,
which we intend to consider in a forthcoming paper. Moreover, this case is related to
the dihedral covers of trigonal curves, i.e. cyclic covers of certain elliptic surfaces [see
[4]]. The subgroups H (A) which appear as part of the classification of the dihedral
covers in loc. cit., except for p = 2, are precisely those of depth 2 in Table 1. We
exclude the case p = 2 since it would likely involve much more computation; on the
other hand, p = 2 does not appear for irreducible trigonal curves [4].

1.4 The contents of the paper

In Sect. 2, we cite a few properties of the groups I", B3, and Bus. In Sect. 3, we first
give an alternative description of H(A). Then, we prove Theorem 1.2 and establish
restrictions on H (A) for local A. Finally in Sect. 4, we prove the main Theorem 1.3.
Also, Table 1 and its explanation are given in Sect. 4.1, after necessary terminology
has been introduced.

2 Preliminaries
This section contains necessary preliminary information on the modular group I, the

braid group B3, and the Burau representation B3 — Buz C GL(2, A). The content
of this section is completely standard; one can consult the classical sources [1,2,11].

2.1 The modular group I

The modular group is often considered together with its left action on the complex
upper half plane H via the inclusion I" C PSL(2,R) = Aut(H). Explicitly, the

This I'-action is discrete and almost free:

. . ab) . az+b
action of a matrix <c d> 1S 7 — cord

there are only two orbits for which the stabilizer is nontrivial, but the stabilizer is finite

1+/3i
2

for these two orbits as well. Namely, the stabilizer of w := is generated by

X = (_01 }), i.e. 7 l%z; and the stabilizer of i is generated by ¥ := <(1) _01>,

ie z+— —%. A very classic theorem states

r=(Xx,Y|x’=v>=1). 2.1
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270 M. Uger

Hence, the abelianization of I” is isomorphic to Zg; we fix the abelianization ab: I" —
Ze such that ab(X) = 2 (note that one necessarily has ab(Y) = 3).

2.1.1 The modular curves

Since the ["-action on H is discrete and almost free, for any subgroup K C I, the
quotient space K \H naturally admits a Riemann surface structure (it also admits an
orbifold structure, but we do not use this language explicitly). In particular, I'\H = C.
We adopt Kodaira’s normalization which fixes an identification I"\IH = C by mapping
the orbits of w e Handi € Hto 0 € C and 1 € C, respectively.

Let K C I be of finite index. The modular curve X  is a standard compactification
of the Riemann surface K \H. In particular, X = P! = CU{o0}. Any inclusion K| C
K> of subgroups clearly induces a non-constant (holomorphic) map Xg, — Xk,
between the corresponding modular curves. For any K, the map Xx — X = Pl is
unramified outside the special points {0, 1, oo}. The conjugacy class of K determines
the map Xx — P! up to isomorphism. Conversely, the map Xx — P! determines
K up to conjugacy. The cusps of K are the points in X g which map to oo € P'. The
width of a cusp is the ramification index. The genus of K, denoted by g(K), is defined
as that of Xg.

There is an immediate generalization of the construction above, which we find very
useful. Let E be a finite right I"-set. The modular curve X is the disjoint union of
the curves Xk as K varies over the stabilizers of distinct orbits in E. The I'-set E
and the map Xz — P! determine each other up to isomorphism. The cusps of E
are similarly defined. The notion of genus g(E) applies when E is transitive, while
that of Euler characteristic y (E) is meaningful in general. We denote the singleton
I'-set by {x}, as such Xy = Xr = P!. For any I"-equivariant surjection £y — E,
there is a covering Xg, — XEg, (possibly ramified). In the subsequent sections, we
frequently deal with surjections of I"-sets. Whenever we speak of a covering, it is
possibly ramified.

Remark 2.1 Let E;, E; be finite transitive I'-sets with a I"-equivariant surjection
E1 — E;. If g(E;) = 0, then g(E>) = 0 as well. This is clear because there is
a covering Xg, — Xg,. Consequently, let K1 C K, C I' be finite-index subgroups.
If g(K1) = 0, then g(K3) = 0 as well.

2.1.2 The standard CW-structures on the modular curves

The terminal bipartite graph e——o is canonically embedded in C ¢ P! = X {+} such
that the black vertex goes to 0, the white vertex goes to 1, and the edge goes to the
real interval [0, 1]. For any finite right I"-set E, we denote the preimage of this graph
under the map X — X4 by Sg. In particular, we denote the terminal bipartite graph
itself by Sy). The notation Sk is similarly defined for finite-index subgroups K C I".
Note that the restricted map Xg \ Sg — X{x} \ S« is unramified outside oo, since
0,1 € Siy. Thus, each component of Xg \ Sg is a 2-cell. Hence, Sg provides a CW
decomposition of X g. Clearly, each of the 2-cells contains exactly one cusp. Note that
Sg is aribbon graph in a natural way, since it is embedded in an oriented surface. By
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On the Alexander invariants of trigonal curves 271

convention, we agree that the cyclic ordering of the edges is in the counter-clockwise
direction. In fact, the ribbon graph Sg coincides with Grothendieck’s dessins d’enfant
corresponding to the ramified covering Xz — P! [see [7]]. The preimage F of Six)
under the map H — I'\H = C s a tree [e.g. [12]]. Clearly, F has a black vertex at @
and a white vertex at i. Moreover, @ and i are joined by an edge e. The I"-action on H
restricts to an action on F. It is interesting that this action immediately shows (2.1),
by the Serre theory [see [12]].

The set of edges of Sg is aright I"-set in a natural way, moreover it is isomorphic to
E.Consider the two loops x, yin P!\ {0, 1, oo} based at %, formed as counterclockwise
circles of radius % centered at 0 and 1, respectively. Then, the lifts of the path x under
the covering map Xg — P! define the action of X on the set of edges of Sg, while
the lifts of the path y define the action of Y. More explicitly, X takes each edge to
the next one among the edges sharing the same black vertex and Y takes each edge
to the next one among the edges sharing the same white vertex. Here, “next” refers
to the cyclic order coming from the ribbon graph structure. These actions of X and Y
uniquely extend to a right /"-action. Thus, the action of Y X is described by the lifts of
a certain loop formed by joining a clockwise circle around oo to % along a path lying
in the lower half plane, since yx is homotopic to such a loop. Hence, the cusps are in
bijection with Y X-orbits.

The right I"-action just described applies to F as well and it can be equivalently
characterized as follows: The left I"-action on the set of edges of F is free and tran-
sitive; hence, by identifying the edge e with 1 € I', one identifies this set with I".
The right I"-action comes from this identification. We now show the isomorphism
between the set of edges of Sg and E. Clearly, one can assume that E is transitive. Let
K be the stabilizer of any element of E (well-defined up to conjugacy); then, one has
Sg = Sk. On the other hand, Sy = K\ F; thus, the set of edges of Sk is identified
with K\I", which is isomorphic to E as right I"-sets.

In light of the above, we introduce the following terminology for a right I"-set E.
The black vertices in E are the X-orbits, the white vertices are the Y -orbits, the edges
are simply the elements of E, and the regions are the Y X-orbits. Then, the black and
white vertices and the edges in E are in bijection with those of Sg, while the regions
in E are in bijection with the cusps of E, or equivalently, the components (2-cells)
of Xg \ Sg. Continuing to imitate the graph theory language, we say that a vertex in
E is monovalent if it consists of a single element. Furthermore, we often speak of an
equivariant surjection E; — E, of I'-sets as a covering. A covering takes vertices to
vertices, regions to regions, etc. For vertices and regions, we speak of ramification,
whose meaning must be clear. For example, a vertex which is not monovalent is
necessarily unramified. Similarly, the meaning of the degree of a covering, or the
notion of a regular (Galois) covering must be clear as well. We now give a formula
for the Euler characteristic of a I"-set.

Lemma 2.1 (Euler Characteristic Formula) Let E be a finite right I"-set. For any
y € I', let |E, | denote the number of y-orbits in E and |E” | denote the number of
y -fixed elements in E. Then
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272 M. Uger

X(E) = |Ex| + |Ey| — |E| + |Eyx|
|E]

2 1
= —— +|E S\ EX| 4+ = |EY
6+|Yx|~|-3| |+2| I

Proof By definition, x (E) = x(Xg). In the canonical CW-decomposition of X g, the
number of O-cells (the black and white vertices) is |Ex| + | Ey|, the number of 1-cells
(the edges) is | E| and the number of 2-cells is | Ey x|; this establishes the formula in
the top line. For the bottom line, it is sufficient to observe that |Eyx | = @ + % - |EX|

and |Ey| = % + % -|EY|. This is because each X-orbit contains 1 or 3 elements and
each Y-orbit contains 1 or 2 elements (since X3 = Y2 = 1). O

2.2 The Braid groups and the Burau representation [1,2]

Consider the free group F;, as equipped with a fixed n-tuple (s1, 2, ..., s,) of gen-
erators. The braid group B, consists of those elements in Aut(F),) which take each
s; to a conjugate of some s; and which fix the product sys3 - - - s, € Fj. Then, B, is
generated by o1, 02, ..., 0,—1 which are defined by

Ui:si|—>sisi+1si_l, Sit1 > Si, sjr>sjforj#i,i+1

The action of B, - Inn(F;,,) C Aut(F;) on F, respects the epimorphism u: F;,, — Z
defined by u(s;) = 1. The Burau representation B,, - Inn(F,,) — GL(n — 1, A) is
the induced action on A, := Ker(u)/Ker(u)’ = A"~! Here, we identify A, with
Al by matching the special basis (s1s, 1, 5283 1, e Sn—1S, 1y of the former with
the standard basis of the latter.

In the braid group B3, let X := o107 and let Y := o10207. Then, one has

Bs = (X, Y| X} =Y?. (2.2)
Explicitly written out,
X -1 -1
DS S1828) 5 > §1835) §3 > 81,
Y: 51—~ slszms;lsfl, $2 > slszsfl, $3 > 81,

and X3 = Y2: 5; — (s15283) - si - (s15253) L. Moreover,
the Burau representation B3 — Busz C GL(2, A) is faithful. 2.3)
Hence, we identify B3 with its image and write
0—t 0 —t
=(2) v=(59)
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Thus, X3 = Y2 =3 . 1. Clearly, Bus is generated by X, Y and ¢ - 1. Then, one has
|Bus : B3| = 3 since
t-1¢B;s. 2.4)
There is a canonical homomorphism ¢ x dg: Buz — I" x Z: the first component
c is defined by the evaluation of a matrix at t = —1 followed by projectivization, and
the second component is defined as dg(b) = deg(det(b)) for any matrix b. Then,

cX)=X, W)=Y, c¢-1)=1,
dg(X) =2, dg(Y)=3, dg(r-1)=2.

It is easy to see that the image of B3 under c x dg consists of those pairs (y, n) for
which ab(y) = n (mod 6), which proves (2.4). It is also easy to see that the only
relation between X := (X,2) and Y := (Y,3) in I" x Z is that X3 = Y2, because
the only relation between X and Y in I" is X3 = Y2 = 1. This observation shows that
the only relation between X and Y in B3 is X3 = Y? (see (2.2)), it shows (2.3), and it
shows that ¢ x dg is injective, all at once.

We define the depth d(H) of a finite-index subgroup H C Bujy as the least integer
such that 14) . 1 ¢ H. Equivalently, d(H) = | Ker(c) : Ker(c) N H|.

3 Reduction to local modules

Let A be a A-module. Consider the following right Bus-action on the set A2 of pairs
of elements:

X X
(mwu)-(Z Z))=(X~a1+z-az,y~a1+w~az), (Z z)) € Buz. (3.1)

This Bus-action restricts to the subset £(A) := {(a1, a2) € A2 | A-aj + A-ar = A}
of generating pairs. This allows us to give an alternative description of H(A?> — A).

Lemma3.1 Let ¢: A> — A be an epimorphism, and let ey = ¢ <|:(1)]) and ey =

¢ <|:(1):|> Then, H(¢) C Bus is the stabilizer of (e1, e2) € E(A).

Proof Let b := <’ZC Z) ) € H(¢). By definition, [x R 1} —bh-1- [(1)] e Ker(¢)
and [u) )L 1:| = (b—l)-l:(l)i| € Ker(¢). Thus, (x —1)-e1+z-e2 = ¢ <|:x ; 1i|> =0

andy-ej+(w—1)-ex =¢ (|:w)i 1i|> = 0. Hence, (e, e2) - b = (ey, ¢p). This

proves that H(¢) is contained in the stabilizer. The reverse inclusion can be proved
with exactly the same calculations, in the backward direction. O

We now prove item 2 of Theorem 1.2. In fact, items 1 and 4 are obvious, and item
3 is a general fact of algebra; thus we do not prove them.
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274 M. Uger

Proof (Theorem 1.2, item 2) Let d := d(H(A)). Since ¢ - 1 € H(A), we have

d _
|:t 0 1:| € Ker(A? - A) and |:td0_ i| € Ker(A? — A). Therefore, A is a quotient

1

of (A G 1))2. In particular, A is finitely generated over Z. Hence, for any finite
set S C A of nonzero elements, there is a positive integer n such that S " nA = ¢.
Note that the quotient module A’ := A/nA is finite.

Let (e1, e2) € £(A) be as in Lemma 3.1, let O denote the Bus-orbit of (eg, e3), and
let S be the set of all nonzero s € A such that O contains a pair of the form (e + s, a)
or (a, ey + s). Since H(A) is finite-index, O is finite, hence § is finite. Let A’ be a
finite quotient of A such that S N Ker(A — A’) = @ and let O’ C £(A’) be the orbit
such that O — O’. Clearly O = O/, hence H(A) = H(A). O

Let A be a local module. We denote the set of ¢-orbits in £(A) by C(A), i.e.
(a1, az) ~ (t* - ay, t* - ax). We denote the quotient map by c: £(A) — C(A). Since
t -1 € Bujz generates the kernel of c: Buz — I" (see Sect. 2.2), the Buz-actionin (3.1)
reduces to a I"-action on C(A). This action is explicitly described as follows:

clar, @) - X = c((ar, a2) - t7'X)) = c(aa, —a1 — a2),
clar, @)Y =c((ar, @) - (t7'Y)) = c(~taz, —ay),
clai,ap) - YX =c(—tap, —ay) - X = c(—ay, tay + ay). (3.2)

Note that an epimorphism A} — A induces a covering C(A;) — C(A»).

Let 2 C C(A) be a I'orbit, then ¢~ (£2) C £(A) is a Buz-orbit. We denote by
H(£2) C Bus the stabilizer of an arbitrary pair in ¢ =1 (£2), thus it is well-defined up to
conjugacy. Clearly, H(£2) is genus-zero if and only if £2 is genus-zero. Now, suppose
that A is equipped with an epimorphism A? — A, equivalently a distinguished pair
(e1,e2) € E(A). Let £2¢ be the orbit of c(ey, ep) € C(A). By Lemma 3.1, H(A) is
equal to H(£2p) up to conjugacy. Hence, for a proof of Theorem 1.3, it is enough to
check m-local modules A and orbits £2 C C(A).

For a genus-zero orbit £2 C C(A), the subgroup H(2) is completely determined (up
to conjugacy) by the so-called type specification on §2 [see [4]]. Explicitly, let d denote
the order of the ¢-action on A; clearly d = d(H($2)). For each monovalent vertex or
region a C £2, consider an arbitrary pair (aj, a2) € ¢ !(a) c ¢~ 1(£2) and let L denote
X, Y, or (YX)‘“‘ depending on whether a is a black vertex, a white vertex, or a region,
respectively. Then, there is an integer k which satisfies (aj, a2) - L = (tk -ai, k. a);
let k(a) € Z4 be the value of k modulo d which is unique and independent of the
choice of (aj, az). The type specification is essentially the data which consists of d
and the collection of the values k(a).

3.1 Local modules

In the rest, whenever m C A refers to a particular maximal ideal, k denotes the
residue field A/m. Let A be an m-local module. By Nakayama’s Lemma, a subset
{ai,az,...,a,} C A generates A if and only if its projection generates the vector
space A ® k = A/mA. Nakayama’s Lemma applies because A can be considered
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as a module over the local ring A/m”. Note that we only consider modules with
dim(A ®k) < 2, for C(A) is otherwise empty. In the case dim(A ® k) = 1, the module
A can be generated by one element, hence it is cyclic. In the case dim(A ® k) =2, a
pair (aj, az) isin £(A) if and only if a; and a; project to linearly independent nonzero
vectors in A ® k. We briefly call the modules in the latter class wheels. We discuss the
modules in the former class in a separate section.

3.1.1 Modules withdim(A® k) =1

Let A be a module in this class and let R denote the quotient (as a ring) of A by the
annihilator of A. Since A is cyclic, it is isomorphic to R as a A-module. Conversely,
the quotient of A by any ideal which contains some power of m is a module in this
class. Therefore, from now on, we only consider the rings R. Moreover, let the word
ring always refer to a ring of this type. Whenever we consider a ring R, we denote
by m the image of m C A in R, then the unique maximal ideal m C R is nilpotent.
Finally, let R* := R \ m denote the group of invertible elements.

We denote by P(R) the set of R*-orbits in E(R), i.e. (r1,r2) ~ (ury, ury) for
u € R*, and the quotient map by pc: E(R) — P(R). Since t € R* and since the
R*-action on £ (R) obviously commutes with the Bus-action in (3.1), the latter reduces
to a ["-action on P(R). Then, the obvious quotient covering C(R) — P(R) is regular
(Galois). Let £2 C P(R) be an orbit, and let 2 C C(R) be an orbit which maps to £2.
It is clear that H(£2) depends only on £2, i.e. independent of the choice of §2. Thus,
we define H(£2) accordingly. Hence, for a proof of Theorem 1.3, it is enough to check
the orbits £2 C P(R) for rings R and £2 C C(W) for wheels W.

Let a C P(R) be a vertex or a region, and let n(a) be the ramification index of
o' — afor any @' C C(R) in the preimage of a. Clearly, n(a) is independent of the
choice of a’. Then, we assign to each a the weight of w(a) = ﬁ and always consider
P (R) with these weights. Thus, we redefine the Euler characteristic x (§2) for an orbit
£2 C P(R) as the sum of weights over the vertices and the regions in £2 minus |£2|
(the number of edges). Let £ C C(R) be an orbit in the preimage of £2, and let d be the
degree of the covering £2 — 2. The following is a direct consequence of Lemma 2.1
and the definitions here:

xX(2)=d- x(£2).

Therefore, H(£2) is genus-zero if and only if x (£2) > 0. By a slight abuse of termi-
nology, we say that an orbit £2 C P(R) is genus-zero if and only if x (§£2) > 0. We
now give a formula for x (§2), which is straightforward. We say that a monovalent
vertex is complete if it has weight 1.

Lemma 3.2 (Euler Characteristic Formula) Ler 2 C P(R) be an orbit, let 2y x denote
the set of regions in §2, and let §24 and $2, denote the set of complete monovalent black
and white vertices in S2, respectively. Then

2] 2 1
X(2) = ="+ 312+ 5121+ Y w(@),

aerx
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We now describe a standard way of choosing the pair of elements to denote an edge
in P(R), although we do not restrict ourselves to this standard notation in the rest. Any
edge is denoted by pc(ry, r2), where (r1, r2) € E(R), i.e. r,r» € R and at least one
of ri, rp isin R*. If r; € R*, one has pc(ry, r2) = pe(l, %). If r; € m, then r, € R*
and one has pc(ry, rn) = pc(%, 1). Therefore, any edge can be denoted in the form
of either pc(1, r) for some r € R or pc(m, 1) for some m € m. It is clear that this
form is unique for each edge. In particular, the number of edges in P(R) is given by
[R| + [m| = (k| + 1) - [m].

Remark 3.1 Let m* denote the kernel of the group epimorphism R* — k*. Then, m*
is a p-group, hence R* naturally splits as R* = m* @ k*. One can see this as follows:

let n be such that m?" = 0, then (1 +m)?”" ™ =1 for all m € m.
3.1.2 Rings and wheels form = (p, t + 1)

In the case m = (p, t 4+ 1), we fix the following brief notation:

Ai=—1—1,
pi-1
wp = (0" N ()P P = Y (o) for €2 0,
i=0
p—1
8p = (—0)P P 4 (P T =N P i for g = 1.
i=0

Whenever we speak of a ring R, the notation above refers to elements of R; and
whenever we speak of a wheel W, they refer to elements of A. Then, note that L € m
and 8, € m. For aring R, we use the following additional notation:

1. For any a € R, let £o(a) denote the value for which
we - a(a —A) = 0if and only if £ > £p(a).

This is well-defined because wy = wy_18¢. Let £y denote the common value of
£o(u) for any u € R* = R \ m. Note that w, = 0 if and only if £ > £.
2. For any m € m, let £{(m) denote the non-negative value for which

Lo (m)+L

(=P (14 wgyomy+e - (A —m)) € (1) C R* if and only if £ > €, (m).

This is also well-defined since (1 + w1 (A — m)) = (1 + w¢ (X — m))? for all
> Lo(m).

3. Inthe case p # 2, the definition of £ () can be simplified. Consider the decom-
position R* = m* @ k*. Then (1) = (1 +A) @ (—1). Since (—=1)?*""*" = —1
and (1 4+ wgymy+¢ - (A —m)) € m*, one has

(1 + weymy+e - (A —m)) € (1 + 1) C m* if and only if £ > £(,(m).
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Finally, note that one simply hask = A/(p,t + 1) =TF).

3.2 Restrictions on C(W) and P (R)

In this section, we establish formulae about the monovalent vertices and the regions
in C(W) or P(R) for a wheel W or a ring R. With these formulae, one can compute
the Euler characteristic of an orbit by Lemma 2.1 or Lemma 3.2.

3.2.1 Monovalent vertices
Lemma 3.3 Let W be a wheel. Then, there is no monovalent vertex in C(W).

Proof There is an epimorphism W — k2, hence an induced covering C(W) — C(k?).
Thus, it is enough to show that C (kz) contains no monovalent vertex, i.e. no edge fixed
by X or Y. Just by comparing the first coordinates, we see that (a1, ap) € £ (k2) is not
in the same #-orbit as (a2, —a; — az) € E(k?), hence c(aj, a) #clay, —a; —ar) =
c(ay, az) - X by (3.2). Similarly by comparing the first coordinates, we see that no
edge is fixed by Y. O

Lemma 3.4 Let R be a ring.

1. A complete monovalent black vertex in P(R) consists of an edge pc(l, r) where
ret)andr’4+r+1=0.
2. A complete monovalent white vertex in P(R) consists of an edge pc(1, r) where

2_1
—r € {tyandr” = ;.

Consequently, the number of complete monovalent black vertices is at most 3. For
m = (p,t + 1) with p # 3, the number is 0. The number of complete monovalent
white vertices is at most 1. For m = (p, t + 1) with p # 2, the number is 0.

Proof The complete monovalent black vertices in P(R) are counted by the solutions
of the equations c(1,r) = c(l,r)- X =c(r,—r — 1) and c(m, 1) = c(m, 1) - X =
c(1, —m — 1). Clearly, the second equation has no solution m € m, while the first
equation is satisfied if and only if 7> + 7 +1 = O and r € (t) C R*. The equality
Prr+1=0 implies r3 = 1, therefore there are at most 3 such vertices (those
elements in the cyclic group (¢) with order dividing 3). Moreover, if p # 3, the equality
r2 +r + 1 = 0 holds if and only if the order ord(r) = 3. Therefore, the number of
such vertices is 2 if 3 | ord(¢) and O otherwise. But for m = (p,t + 1), one has
ord(t) | 2 - [m*| which is not divisible by 3 for p # 3.

Similarly, the complete monovalent white vertices in P(R) are counted by the
solutions of the equations c(1,r) =c(1,r)-Y = c(—tr,—1)andc(m, 1) =c(m, 1) -
Y = c(—t, —m). As above, the second equation has no solution m € m, while the first
equation is satisfied if and only if r? = % and —r € (t) C R*.If ord(z) is even, ()
is properly contained in (¢), hence there is no such vertex. If ord(z) is odd, there is a
unique square root of % in the cyclic group (¢), hence there is 1 such vertex. Note that,
form = (p, t + 1) with p # 2, one has ord(¢) even. O
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3.2.2 Regions

The lemmas in this section concern the regions in C(W) or P(R) in the case of
m = (p,t + 1) only. It is easier to establish corresponding results for # + 1 ¢ m, but
we prefer not to include them here as they are not relevant.

Lemma 3.5 Let W be a wheel with m = (p,t + 1). Then, the size of any region in
C(W) is a power of p.

Proof Let c(aj, ay) € C(W). Then
cla, @) - (YX)P = (=D)P - car, (1 + o)) - az — wp - ay).

For sufficiently large £, one has wy - W = 0, hence c(ay, (1 + we)) -ar — w¢ - ay) =
c(ay, ar). Moreover, the factor of (—1)? * canbe ignored because of the following: for
p > 2,acertain power of  acts on W as —1; and for p = 2, one has (—1)/’Z = 1. Thus,
clai,ar) - (YX )pz = c(ay, ay) for sufficiently large £, which proves the statement. O

We now give a characterization of the orbits in the Bus-set £ (k?). There is a natural
identification £(k?) = GL(2, k) of underlying sets as follows: any element is £ (k2)
is a pair of linearly independent nonzero vectors in k?, hence it is identified with
the matrix formed by putting the two vectors side by side as column vectors. This
identification of sets allows a natural interpretation of the Buz-action on GL(2, k); it
is essentially matrix multiplication on the right. Here, in order to multiply a matrix in
Bus with a matrix in GL(2, k), one first evaluates the former at t = —1 (since ¢ acts
as —1 on k?2), then reduces it modulo p. In other words, Bus acts on GL(2, k) via
the composed epimorphism Bus — SL(2,7Z) — SL(2, k). Therefore, the orbits in
E(k?) = GL(2, k) are the cosets of SL(2, k), i.e. they are characterized by the value
of the determinant.

We now define a particular surjective functionr: C(k?) — C(k), which is useful in
describing the regions in C(k?): for any c(vy, v2) € C(k?), let r(c(vy, v2)) = c(vy).
Here, c(vy) is meaningful when we treat v| as a pair of elements of k. Note that r is
not ["-equivariant, it is simply a function between the underlying sets.

Lemma 3.6 The size of any region in C(k?) is equal to p. Two edges ci, ¢ € C(k?)
are in the same region if and only if they are in the same orbit and r(c1) = r(c2). The
function t remains surjective when it is restricted to any orbit in C(k?).

Proof For the first statement, first observe that w, annihilates the wheel k2, therefore
the size of any region is at most p. Secondly, 7 acts on k2 as —1, hence claj,ar) - YX =
c(—ai,a; — azx) = clay,ar — ay) # c(ay, az), therefore the size of any region is
greater than 1 (at least p). The inequality here can be shown by comparing the second
coordinates and noting that they are not in the same #-orbit.

Two edges c1, ¢ in the same region are clearly in the same orbit, and the equality
r(c1) = r(cz) can be seen by noting c(aj, a2) - YX = c(aj,az — ap). The other
statements are immediate consequences of simple facts of linear algebra once we have
the above characterization of the orbits in £(k?). The function r is surjective when
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restricted to any orbit, because keeping the first column of a matrix in G L(2, k) fixed,
one can arrange the second column to obtain an arbitrary value of the determinant.
Similarly, r(c1) = r(cp) implies that ¢1 and ¢, are in the same region provided that they
are in the same orbit, becuase keeping the first column and the determinant of a matrix
in GL(2, k) fixed, one can vary the second column only by adding the multiples of
the first column. O

Lemma 3.7 Let R be a ring with m = (p,t + 1). The sizes and the weights of the
regions in P(R) are as follows:

1. Foranyr € R, the size of the region which contains pc(1,r) € P(R) is p*® and
the weight is 1 (the region is unramified).

2. For any m € w, the size of the region which contains pc(m, 1) € P(R) is pt™
and the weight is p’%(”‘).

Proof As in the proof of Lemma 3.5, one has
pe(l,r) - (Y X0 = (=) - pe(l, (1 + weh) - r — wg) = pe(l, r + wg(hr — 1)),

Clearly, pc(1, ¥ + w¢(Ar — 1)) = pc(1, r) if and only if w;(Ar — 1) = 0. The latter
is equivalent to wy = 0 since (Ar — 1) € R*, which holds if and only if ¢ > £.
Moreover, the equality c(1,r) - (Y X )plo = c(1, r) similarly holds. This finishes the
proof of item 1. Similarly,

pe(m, 1) - (Y X)P" = (=1)?" - pe(m, 1 + weh — wem) = pe(m, 1+ wp(h — m)).

Now, pc(m, 1 + wg(A —m)) = pc(m, 1) if and only if (1 + we(A —m)) - m = m, that
is, wg - m(m — 1) = 0, which holds precisely for £ > £o(m). Then,

Lo (m)+L Lo (m)+e

c(m, 1) - (Y X)P = (=D”

~c(m, 1+ wgymy+e - (A —m)).

plotmte fom+t

But, (—1) -c(m, 14+ wey(m)+¢ - (A —m)) = c(m, 1) if and only if (—1)”
(1 + wgo(my4¢ - (A —m)) is in (1) C R*, which holds precisely for £ > £{(m). This
finishes the proof of item 2. O

4 The proof of the main theorem

In this section, we prove Theorem 1.3 by checking the orbits £2 C C(W) for wheels
W and the orbits 2 C P(R) for wheels R, case by case. In each subcase, we write
one main statement in italics at the beginning. If the statement is of the “infinite”
kind, e.g. one which claims that there is no genus-zero orbit £2 in P(R) if R isin a
certain infinite class of rings which may be characterized by a certain condition, then
we explicitly prove the statement. However, if the statement is of the “finite” kind,
e.g. about properties of a particular orbit £2 C C(W) for a particular wheel W, we
leave its proof to the reader. During the proof, we use all of the lemmas in the previous
sections implicitly.

@ Springer



280 M. Ucer

We begin with an observation: For any prime p, there is only one orbit in P (k).
Because there are only two regions in P(k), one of which has size p and the other
has size 1; then, it is only left to show that the edge in the region of size 1, namely
pc(0, 1), is not fixed by X € I".

The case p > 7: There is no genus-zero orbit §2. Since any ring or wheel admits an
epimorphism onto k, it is enough to show x (P(k)) < 0. There is no complete mono-
valent vertex in P (k), hence x (P(k)) = — 2! +2 < 0.

The case p = 7: There is no genus-zero orbit §2, except in P(R) for R = k or
R = Kk[A]/A%. First, consider wheels. Since any wheel admits an epimorphism onto
k2, it is enough to observe that all orbits in C(k?) are of positive genus, because all
regions are of size 7. Now, consider rings. Note that any ring other than the afore-
mentioned ones admits an epimorphism onto at least one of these: k[A]/A>, Zo[A]/
(A —7k) and Zao[A]/ (71, pr- 7k) forsome k = 0, 1, ..., 6. Then, one simply checks
that there is no genus-zero orbit in Pk[A1/23), P(Zao[M1/ (A — Tk)) or P(Zao[A]/
(7x, A2 — Tk)) for any value of k. As for the exceptional rings, there are three orbits
in P(k[1]/A2), each of which is genus-zero. As £2 ranges these orbits, (§2) ranges
H(7,1), Hy(7, 1), and H3(7, 1). Finally, H(P(k)) = H(7,0).

Wheels with p = 5: For a wheel W not annihilated by w1, there is no genus-zero
orbit in C(W). Let W be such a wheel and let §£2 be an orbit in C(W); we will
show that the number of regions in §2 is less than é - |£2|, which lets one con-
clude g(£2) > O since there is no monovalent vertex in 2. Note that the size of
any region is 5 or at least 25. If an edge c(ay, ap) is contained in a region of size 5,
then c(ay, ax) = c(ay, ax + w1 (A - ap — ay)). This implies either wi(a; — A -az) =0
or (1 + 1)K = 1) - a; = 0 for some k for which (1 + 1)¥ — 1 does not annihilate
W. Let n be greatest such that w,A = (1 + )»)5" — 1 does not annihilate W. The
equation ((1 + We—1-a; =0 implies w, A - a; = 0. Consider the images of the
submodules {a € W | w1 -a =0} and {a € W | w, A - a = 0} under an epimorphism
W — k. These images are subspaces of dimension at most 1 since these equations
do not identically hold in W, and W is generated by any two elements which project
to linearly independent vectors in k2. Therefore, if an edge c(ay, a2) is contained in
a region of size 5, then a; projects into one of these two 1-dimensional subspaces.
Overall, out of the 24 nonzero vectors in kZ, at most 8 of them (union of two dis-
tinct 1-dimensional subspaces) can be equal to the projection of aj. Let £2” be the
image of £2 under the covering C(W) — C(k?). The restriction on a; is equivalently
expressed as follows: at most 4 out of the 12 regions in 2’ can be the image of the
region which contains c(aj, az). This shows that at least two thirds of the edges in 2
are contained in regions of size at least 25. Hence, the number of regions is bounded
by §-3-121+ 53121 < §- 121

For a wheel W annihilated by w1 and $2 an orbit in C(W), one has H(§2) = H(5)
ifW =k2, and H(2) = 1 (5) otherwise. First, observe that all regions in C(W) are of
size 5, hence any orbit is of genus zero and is isomorphic to its image in C(k?). More-
over, L := (YX)> acts as ¢ on all pairs in E(W) since L = —1 = > - 1 (mod w1).
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Hence, H(£2) is uniquely determined once the order of the z-action on W, i.e. the
depth d(H(£2)), is known. Since > = —1 (mod 1), the order is either 2 or 10; in
fact, it is 2 if and only if W = k2.

Rings with p = 5: For a ring R in which w1 # 0, there is no genus-zero orbit in P(R)
unless R = Zos[A]/ (A — 5k) for some k = 1, 2, 3, 4. First suppose that A ¢ Rw;. By
replacing R with R/(Sw1, w1A) if necessary, we assume that Sw; = wjA =0 € R,
hence wy = 0. Aregionin P(R) whichis of size 1 and weight 1 must consist of an edge
pc(m, 1) where 1 +1—m € (14+A) and m(m — 1) = 0. The first condition alone shows
that all such edges are distinct modulo wy, because (1 +A) = {1, 1+Ax, ..., (1+ A)4}
and A # 0 (mod w;). Now, let £2 be an orbit in P(R) and §2’ be its image under the
5-fold covering P(R) — P(R/w1). If £2 contains regions of size 1 and weight 1, they
all project to distinct regions in £2’, hence there are at most d such regions where d is
the degree of the covering £2’ — P (k). This is because all such regions must project
to the unique region of size 1 in P(k). On the other hand, note that there are exactly d
regions of size 5 in £2’; namely, those which project to the unique region of size 5 in
‘P (k). The corresponding regions in £2 are of size 25, which implies that the covering
2 — $§2' is 5-fold and that there are exactly d regions of size 25. Finally, the degree
of the covering £2 — P(k) is 5d, hence |§2| = 30d. As a consequence of all of this,
the sum of weights over the regions in £2 is bounded above by d + % +d < %.
Since there is no complete monovalent vertex in P(R), one concludes yx (£2) < 0.

Now suppose that . = wr forsomer € R.Note that w; = 5446 for6 € m, hence
A=5r(1— Gr)’l. This requires that R = Zs» for some n > 2 and A = 5k. Then, it
is only left to check that there is only one orbit in P(R) whose Euler characteristic is
negative when n = 3 with any value of A or when n = 2 with A = 0. Whenn = 2
and A = 5k forsome k = 1, 2, 3, 4, one has x (P(R)) = 1 and H(P(R)) = H(25; a)
where a = —5k — 1.

For a ring R in which w1 = 0, except the cases R = k and R = k[X]/A2, there
is one orbit 2¢ in P(R) with H(£2¢) = I1(5,1) and one has H(§2) = f(5) for any
other orbit §2. First, note that A2 # 0, otherwise R must be one of the two excep-
tional rings. Hence, there are only two regions in P(R) with size 1 and weight 1;
namely, pc(0, 1) and pc(X, 1). Because, these are the only values m which satisty
l4r—me (d1+A)={1,14+x,...,(1+21)* and m(m — 1) = 0. Moreover, these
two edges are in the same orbit §2y. Then, it is easy to deduce that (5, 1) := H(£2p)
is uniquely determined, by arguments very similar to those in the case of the wheels.
Any other orbit £2 consists of regions which are either of size 5 or of size 1 but weight
%. Hence, in the preimage of £2 in C(R), all regions are of size 5. Then, by similar
arguments again, one deduces that H(£2) = I (5), which was already defined. As for
the exceptional rings, there are three orbits in 7 (k[1]/A%) each of which is genus-
zero. As §2 ranges these orbits, H(§2) ranges 1 (5, 1), H{(5, 1), and H>(5, 1). Finally,
H(P k) = H(5,0).

Wheels with p = 3: For a wheel W not annihilated by w1, there is no orbit of genus
zero in C(W) unless W = Zg -e; @ Z3 - ex with . - e; = 0 and X - ey = 3ej. The
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proof is similar to the case of p = 5. Let £2 be an orbit in C(W) and £2’ be its image
in C(k?). The size of any region in £2 is 3 or at least 9, and only 2 out of the 4 regions
in £2’ can be the image of a region of size 3 in £2. This comes from considering the
images of the submodules {a € W | w;-a = 0} and {a € W | w,A -a = 0} in
k2, as in the case p = 5. First suppose that at most 1 out of the 4 regions in £ is
the image of a region of size 3 in §2. Then, the number of regions in £2 is less than
or equal to % . 4—1L -2 + é . % -2 = % - 1821, hence g(£2) > 0. Now suppose that
exactly 2 out of the 4 regions are as such. In other words, §2 contains edges c(ay, az)
and c(by, b) such that both of these edges lie in regions of size 3 and a; and b,
project to linearly independent vectors in k2. Then, the images of the submodules
fae W |w -a=0}and {a € W | wyA - a = 0} must be distinct 1-dimensional
subspaces, such that a; and b project into these. Thus one must have n = 0, otherwise
the latter subspace contains the former. Now, w.l.o.g, let a; and by project into the
images of {a € W | w1 -a = 0} and {a € W | A -a = 0} respectively. Thus,
wi(ar —r-ax) =0and (1+1)K=1)-b; =0, (1 +1)F=1)-br = w1 (A by — by)
for some k coprime to 3. Note that (1 +1)F—1 = Asfors € A\m.Then, »-b; = Oand
w1 -b1 = (w1 — 5)A - by. The last equation implies, in particular, that 2.2 annihilates W
because A2-by = (a)l—s)’1 -wiA-b; = 0.Here, (w; —s) " Lis meaningful because even
though (w1 — s) may not be invertible in A, its action on W is invertible. This allows
one to replace w; = 3 + 31 + A by 3(1 + ) in the equations. Hence, by introducing
the brief notation a; = (1 + ) - (a1 — A - az) and b;, = (1 + ML () =) - by,
we re-express the equations as follows: 3] = 0, A - by = 0 and 3b; = A - b). Since
aj and by generate W, one can write b, = ¢1 - a] + ¢ - by for some ¢, ¢, € A;
moreover, ¢ ¢ m since by and b} project to linearly independent vectors in k2. Thus,
3by = & - by, = A¢y - a]. Finally, let ¢; denote by and e, denote ¢; - aj, then e; and
ey generate W and the equations take the form 3e; = 0,1 - ey = 0,3e; = X - e2;
which shows that W is the exceptional wheel introduced in the beginning. For this
exceptional wheel W, there are two orbits in C(W). As 2 ranges these orbits, H(£2)
ranges I:h (9) and FIZ(9).

For a wheel W annihilated by w; and 2 an orbit in C(W), one has H(£2) = H(@3)if
W = k2, and H(£2) = I(3) otherwise. This is proven in a way completely analogous
to the case p = 5.

Rings with p = 3: For a ring R in which wy # 0, there is no genus-zero orbit
in P(R) unless R = Zoy7[A]/(A — 3k) for some k = 1,2,4,5,7, 8. First suppose
that wiA ¢ Rwy. By replacing R with R/ 3wz, waA) if necessary, we assume that
3wy = wh = 0 € R, hence w3 = 0. If P(R) contains a complete monovalent
vertex, there is € (¢) such that 72 4+ r + 1 = 0. The candidates for this equation are
(1,1 + oA, (1 +wA)?), but (1 + wi1)? + (1 + wiA) + 1 = 8 # 0. Hence, one
necessarily has 3 = 1 + 14+ 1 = 0 € R. In this case, w» = A8, thus R = k[A]/2?;
then, there is no genus-zero orbit in P(R). Henceforth, we assume that P(R) contains
no complete monovalent vertex. Let 2 be an orbit in P(R), let £2 be its image in
P(R/wy) and let d be the degree of the covering 2/ — P (k). As in the case p = 5,
£2 contains at most d regions of size 1 and weight 1, it contains exactly %’ regions of
size 27 and the covering 2 — £2’ is 3-fold. Consequently, the sum of weights over

the regions in 2 is less than or equal to d + % + % = %, hence x (§£2) < 0.
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Now suppose that w1 A = wyr for some r € R,but A ¢ Rw;. Note thaté; = 3+ A0
for & € m, hence wiA = w18>r implies wA = 3wir(l — 0r)~!. This implies that
w1A = 3kw; for some integer k. Therefore, wy = w182 = 3w (1 + kO). We may
assume 3wy = 0 € R, hence 9w; = 0 and w3 = 0. As in the previous paragraph, there
is no complete monovalent vertex in P(R), since 3 # 0, §2 # 0 and w; # 0. Now,
let §2 be an orbit in P(R), let 2’ be its image in P(R/w1) and let d be the degree of
the covering 2" — P(k). Since A ¢ Rwi, §2 contains at most 3d regions of size 1
and weight 1, it contains exactly d regions of size 27 and the covering 2 — 2’ is
9-fold. Therefore, the sum of weights over the regions in §2 is less than or equal to
3d + % +d= %, hence x (§£2) < 0. Finally, suppose that . € Rw;. As in the case
p = 5, this requires that R = Z3» for some n > 3 and A = 3k. Then, it is only left
to check that there is one orbit in 7P(R) whose Euler characteristic is negative when
n = 4 with any value of A or when n = 3 with A = 9%k. Whenn = 3 and A = 3k
forsome k =1,2,4,5,7,8, one has x (P(R)) = 2 and H(P(R)) = H(27; a) where
a=-3k—1.

For a ring R in which w» = 0 but w11? # 0, there is no genus-zero orbit in P(R).
Let £2 be an orbitin P(R). First suppose that 2 contains no region of size 1 and weight
1 and it contains no monovalent vertex. Let d be the degree of the covering £2 — P (k).
Then, §2 contains exactly % regions of size 9, hence the sum of weights over the regions
in £2 is less than or equal to % + % = %, thus x (£2) < 0. Henceforth, we assume that
£2 contains either a region of size 1 and weight 1 or a complete monovalent vertex.
Note that w2 ¢ R - 3w;. Otherwise, one has oA = 3w,r for some r € R, then
& =3(14+wir+ w%r), hence w12 = 3wir = Sow1(1 + w1 A+ a)fr)_lr = 0, since
8rw1 = wy = 0. Thus, by replacing R with the appropriate quotient if necessary, we
assume that 3w; = w13 = 0 € R. Then, note that A2 ¢ R - 3, hence there is an
epimorphism R — k[k]/)ﬁ. Now, let £2’ be the image of £2 in P(k[)\]/)ﬁ). There
are three orbits in P(k[A]/A%) two of which contain regions of size 1 and weight 1,
but no monovalent vertex; while the other one contains complete monovalent vertices,
but no region of size 1. We cover the two cases separately. Let d be the degree of the
covering 2 — £2'.

For the former case, first observe that there are only two regions in P(R) with size 1
and weight 1; namely, pc(0, 1) and pc(A, 1). Because, these are the only values m which
satisfy l +A—m e (1+A) ={1,1+A,..., (1 +2)8Yand m(m — 1) = 0. These two
edges project into distinct orbits in 7 (k[A]/A%), hence §2 contains only one of them.
Assume that pc(0, 1) € £2; we will not treat the other case since it is completely analo-
gous. Then, £2 contains two more regions of size 1, but these are of weight % Itis easy
to verify that the preimage of any of these two regions under the covering £2 — £2’ con-
tains a region of size greater than 1, hence d > 1. We will now show that this preimage
contains no region of size 1 and weight % or of size 3 and weight 1. For this, it is enough
to observe that (1 + w1 (A —m)) ¢ (1 + A) for any m which projects to +12 e k[rl/
A3, Indeed, for such m, one has 1 + w1(A —m) = 1 + wih + (£w1A%) ¢ (1 + A).
Using the observations above, one can bound the sum of weights over the regions of
2 by % + % +d < 2d = WTl, hence x (£2) < 0. In the latter case, all regions
in £2 are of size 9. Because, if m projects to —A € k[A]/A2, then m(m — 1) projects
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to —A2 € lk[)»]/)ﬁ, hence wy - m(m — A) # 0. In particular, one has d > 3, hence
|§2] > 36. Then, since there are at most 3 complete monovalent vertices in §2, one
deduces x(2) < -l + £l 12 <.

For a ring R in which wy = 0 and wi2* = 0, but w1 # 0, except the cases
R = k[A1/A3, R = k[Al/A%, R = Zo[Al/A%, R = Zo[X]/(3A, A2), R = Zo[A]/
(A = 3k) for some k = 0, 1, 2, there are exactly two genus-zero orbits in P(R). As 2
ranges these orbits, H(£2) ranges 11 (9, 1) and 1> (9, 1) if w1 A = 0, and itranges 1 (9, 2)
and 7>(9, 2) otherwise. For the proof, first note that 3 # 0 and 22 # 0; otherwise R
must be one of the exceptional rings. Moreover, 6 = 343w A+ w%)\z =3(1+wi)),
hence 3w; = 8w1(1 + wiA)~! = 0. This, in turn, implies 8 = 3 4+ 3w = 3.
Therefore, there is no complete monovalent vertex in P(R) since 3 # 0,8, =3 # 0
and w1 # 0. Thus, if an orbit £2 in P(R) contains no region of size 1 and weight 1,
one has x (£2) < 0 as above. Hence, let §2 contain such a region pc(m, 1). Let £2" be
the image of §2 and pc(m’, 1) be the image of pc(m, 1) in P(R/wiA). Since pc(m’, 1)
is also a region of size 1 and weight 1, onehas 1 +A —m’ € {1, 1+ A, (1 + A)z}, i.e.
m' € {0, A, —A(1 + 1)}. However, if m’ = —A(1 + 1), then m(m — A) # 0 because
A2 # 0, hence 2’ contains pc(0, 1) or pc(A, 1). Now, observe that A ¢ R-3+ R -w|A,
hence there is an epimorphism R/wiA — k[A]/A%. (Suppose for the contrary that
A =3r1 + wiArp. Then, A = 3r (1 — a)lrz)_l, which implies A = 3k for an integer
k. Then, w1 = 3(1 4+ 3k + 3k2), hence 9 = 0 because 3w; = 0. Thus, R is one of the
exceptional rings.) Now, consider the induced covering P(R/wiA) — P(k[A] /32).
The edges pc(0, 1) € P(R/wi)) and pc(r, 1) € P(R/wi)) project into distinct orbits
in P(k[A]/A?), thus £2’ contains only one of them. Then, one can verify as before that
H($2') is uniquely determined in either of the two cases; so it ranges 1;(9, 1) and
(9, 1). Clearly, if ;A = 0 € R, then 2 = £/, hence this case is complete.
Otherwise, the covering P(R) — P(R/w1A) is of degree 3. Then, one simply checks
that all three edges in the preimage of pc(0, 1) € P(R/wiA) or pc(A, 1) € P(R/w1A)
are in the same orbit. As before, one can deduce that H(£2) is uniquely determined in
both cases; so it ranges 71(9, 2) and 1>(9, 2).

If R is one of the exceptional rings of the previous paragraph, all orbits in P(R)
are genus-zero. There are three orbits in P (k[1]/ A3 As 2 ranges these orbits, H(2)
ranges 11(9, 1), 1o(9, 1) and H’(9, 1). There are five orbits in Pk[rA]/2%). As 2
ranges these orbits, H(£2) ranges 11(9, 2), 12(9, 2), H{(9, 2), H;(9, 2), and H;(9, 2).
There is one orbit in P(Zg[A]/(A — 3k)). Then, H(P(Zo[r]/(A — 3k))) is equal to
H(,0) if k = 0 and H(9; a) with a = —3k — 1 otherwise. There are three orbits
in P(Zo[A]/ (3%, A2)). As 2 ranges these orbits, H(£2) ranges 11(9, 1), Io(9, 1) and
H (9, 1). There are five orbits in P(Zo[1]/A2). As £2 ranges these orbits, 7 (§2) ranges
1(9,2), 1509,2), H(9,2), H2(9,2), and H3(9, 2).

For a ring in which w; = 0, except the cases R =k and R = k[A]/A2, there is one
orbit 2o in P(R) with H($29) = 113, 1), one orbit 21 with H(§21) = Ib(3, 1), and
one has H($2) = I (3) for any other orbit §2. The proof is very similar to the case of
p = 5. In summary, the only regions of size 1 and weight 1 are pc(0, 1) and pc(%, 1)
and these edges are in distinct orbits. Then, let £2¢ denote the orbit of pc(0, 1), and £2;
denote the orbit of pc(A, 1). One can easily verify as before that H(£2¢) and H(£21)
are uniquely determined; so they are as given. In any other orbit £2, the regions are
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Table 1 Genus-zero H := H(A) for m-local A where m = (p, t + 1) with p # 2

| HC Bug | A(H) | cH)CcI | d(H) |
Hq (7, ].) 14
2
H(7,0) Z7 where t=—1 2
e Fsli)/(t + 1)2 "
1(5,1) AJF— B2 —t+1) 1) 10
H(5,0) Zs where t=—1 2
I(5) AZ)(tr =3 + 12—t + 1) s 10
H(5) Zs ® Zs where t= —1 ( ) 2
H(25;a)* Zos where t=a Ih(25) N 11(5) 10
H(3,1) F3[t]/(t + 1)2 6
gg 3 AJ#2 — t+1) ri(3) 0
H(3,0) Z3 where t=—1 2
1(3) AZ)(t2 —t+1) 6
H(3) Z3 ®Z3 where t=—1 r@) 2
H(9;a)* Zg where t=a I'v(9) 6
Hi(9,2) 18
H3(9,2) Zolt]/(t +1)? 18
Hs5(9,2) 18
o e e | e |
H(9,1) Zo[t]/(3(t+ 1), (¢ + 1)%) 6
28 R AJB(E2 — £+ 1), (83 + 1)) 2
H(9,0) Zg where t=—1 2
H/(9,2) 18
Hé (9’ 2) F3 [t]/(t + 1)4 9]0 18
H(9,2) 18
H'(9,1) Fs[t]/(t +1)° 6
g; ES; Zg ® Z3 where t= — ((1) ?) 9HO 2
H(27;a)* Zor where t=a 27AY 18

either of size 3 or of size 1 and weight % Then, it is also easy to verify H(£2) = 1(3)
as in the case of wheels. As for the exceptional rings, there are three orbits in P(k[A]/
22). As £2 ranges these orbits, H(£2) ranges I1(3, 1), I>(3, 1), and H (3, 1). Finally,
H(P(k)) = H(3,0).
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4.1 The table in the main theorem

The first column of Table 1 shows the names of the subgroups H = H(A). Each
subgroup must be understood to represent its conjugacy class. The subgroups which
are marked with a (*) involve an additional parameter a € Zpk such that a = —1

(mod p) and @ # —1 (mod pz) (note that pk = 25,9,27). The second column
shows A(H), which is well-defined up to Burau equivalence when considered together
with the distinguished epimorphism A?> — A(H), since H is well-defined up to
conjugacy. Note that several distinct subgroups correspond to (abstractly) isomorphic
modules, but these are not Burau equivalent. In fact, for any H in the table, one has
H = H(A(H)) by Theorem 1.2, item 1.2. The third column shows the subgroups
c(H) C I'.In all of the cases in the table, c(H) is a congruence subgroup. However,
this cannot be true in general: we know examples with other maximal ideals m where
c¢(H) is not a congruence subgroup. When there is no common notation for c(H), we
use the notation of [3]. Finally, the fourth column shows the depth d(H) (see Sect. 2.2).
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