GEOMETRY OF THE WIMAN-EDGE PENCIL, I:
ALGEBRO-GEOMETRIC ASPECTS

IN MEMORY OF W.L. EDGE

IGOR DOLGACHEV, BENSON FARB, AND EDUARD LOOIJENGA

ABSTRACT. In 1981 W.L. Edge [10, 11] discovered and studied a pencil & of highly
symmetric genus 6 projective curves with remarkable properties. Edge’s work was
based on an 1895 paper [23] of A. Wiman. Both papers were written in the satis-
fying style of 19th century algebraic geometry. In this paper and its sequel [8], we
consider ¥ from a more modern, conceptual perspective, whereby explicit equations
are reincarnated as geometric objects.
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1. INTRODUCTION

The purpose of this paper is to explore what we call the Wiman-FEdge pencil €, a
pencil of highly symmetric genus 6 projective curves with remarkable properties. The
smooth members of € can be characterized (see Theorem 3.3) as those smooth genus 6
curves admitting a nontrivial action of alternating group 2;. This mathematical gem
was discovered in 1981 by W.L. Edge [10, 11], who based his work on a discovery in
1895 by A. Wiman of a non-hyperelliptic curve Cy of genus 6 (now called the Wiman
curve) with automorphism group isomorphic to the symmetric group &5. The results
of both Wiman and Edge are in the satisfying style of 19th century mathematics, with
results in terms of explicit equations.

In this paper and its sequel [8], we consider ¥ from a more modern, conceptual
perspective, whereby explicit equations are reincarnated as geometric objects. In par-
ticular we will view € through a variety of lenses: from algebraic geometry to represen-
tation theory to hyperbolic and conformal geometry. We will address both modular
and arithmetic aspects of €, partly through Hodge theory. Given the richness and
variety of structures supported by %, we can say in hindsight that the Wiman-Edge
pencil deserved such a treatment, and indeed it seems odd that this had not happened
previously.

In the introduction of his Lectures on the Icosahedron [17], Klein writes: “A special
difficulty, which presented itself in the execution of my plan, lay in the great variety of
mathematical methods entering in the theory of the Icosahedron.” We believe that this
is still very much true today, in ways Klein probably never anticipated. This, by the
way, is followed by the sentence: “On this account it seemed advisable to take granted
no specific knowledge in any direction, but rather to introduce, where necessary, such
explanations ...” While we are writing only about one aspect of Klein’s book, in this
paper we have tried to take Klein’s advice seriously.

The Wiman-Edge pencil. As mentioned above, the story starts with A. Wiman [23],
who, while classifying algebraic curves of genus g = 4,5 and 6 whose automorphisms
group contains a simple group, discovered a curve Cy of genus 6 with automorphism
group isomorphic to the symmetric group &5. On the last page of his paper, Wiman
gives the equation of a 4-nodal plane sextic birationally isomorphic to W :

22x4yz—|—22x3 22x4y2+2xyz+ — 6x%y*22 =0,
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He reproduces this equation on p. 208 of his later paper [24], related to the classification
of finite subgroups of the plane Cremona group. Wiman states there that the group of
birational automorphisms of C is generated by a group of projective transformations
isomorphic to the symmetric group &, together with the standard quadratic birational
involution with fundamental points at its three singular points.

Wiman erroneously claims that his curve is the unique non-hyperelliptic curve of
genus 6 whose automorphism group contains a non-cyclic simple group, the alternating
group s in his case. This mistake was corrected almost a hundred years later by W.
Edge [10, 11], who placed W inside a pencil

AP(z,y,2) + pQ(z,y,2) =0

of four-nodal plane sextics each of whose members admits a group of automorphisms
isomorphic to 5. In projective coordinates different from the one chosen by Wiman,
the pencil is generated by the curves defined by the homogeneous equations :

P(z,y,z) = (" —y*)(y* = 2*)(2* —2%) =0
and
Qla,y, 2) :x6+y6+26+(x2+y2+22)(l_4+y4+24)_12x2y222:07

where the Wiman curve W corresponds to the parameters (A : u) = (0: 1).

Edge showed that it is more natural to view the pencil as a pencil € of curves on a
quintic del Pezzo surface S obtained by blowing up the four base points of the pencil.
In this picture, the lift Cy to S of Wiman’s curve W is, as Edge discovered, “a uniquely
special canonical curve of genus 6” on S. That is, the standard action of G5 on the
quintic del Pezzo surface S permutes the 1-parameter family of smooth genus 6 curves
on S but leaves invariant a unique such curve, namely the Wiman sextic Cj,.

The action of &5 on S induces a birational action of G5 on €', whereby the subgroup
25 leaves each member of the pencil ¢ invariant, and acts faithfully on each curve by
automorphisms. In addition to Cy, the pencil ¢ has precisely one other &s-fixed
member, a reducible curve that is a union of 10 lines intersecting in the pattern of the
Petersen graph (see Figure 2), with the G5 action on this union inducing the standard
G5 action on the Petersen graph. The other four singular members of 4" come in pairs,
the curves in each pair being switched by any odd permutation. A schematic of €,
and the &5 action on it, is given (with explanation) in Figure 1.

Since Edge’s discovery, the pencil 4, which we propose to call the Wiman-Fdge
pencil, has appeared in several modern research papers. For example, its nonsingular
members have been identified with the quotient of one of the two 1-parameter families
of lines on a nonsingular member of the Dwork pencil of Calabi-Yau quintic threefolds:

5, .5 .5 .5, .5
]+ x5+ 23 + 2 + 22 + 5¢r1T2737475 = 0

by the group of order 125 of obvious symmetries of the Dwork pencil (see [3], [26]).
It occupies a prominent place in monograph [4] on birational geometry of algebraic
varieties with 2s-symmetry.
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FIGURE 1. A schematic of the Wiman-Edge pencil €, consisting of genus 6 pro-
jective curves containing the alternating group 25 in their automorphism group. The
generic curve C; € € has Aut(Cy) = s, while there is a unique smooth member
Co € €, the Wiman sextic, with more symmetry: Aut(Cy) = &5. There are 5 sin-
gular members of €: two irreducible curves, 6-noded rational curves C;,. and C|

)

two curves C, and C”, each consisting of 5 conics whose intersection graph is the
complete graph on 5 vertices; and a union C, of 10 lines whose intersection graph
is the Petersen graph. The group &5 acts on ¥ with 25 leaving each member of ¢
invariant. This action has two Gg-invariant members, Cy and Cy,, while any odd
permutation switches C;, with C.. and C. with C.

This paper. The purpose of the present paper is two-fold. First, we reprove all
previously known facts about the Wiman-Edge pencil that can be found in Edge’s
papers. Instead of computations based on the pencil’s equation (used also in a later
paper [13] whose authors it seems were not aware of Edges’s work), our proofs rely on
the representation theory of the symmetry group of the pencil, and also on the moduli-
theoretical interpretation of the quintic del Pezzo surface. Although our approach is
not new, and has been used also in [4] or [15], respectively, we would like to believe
that our methods are more conceptual and geometric.

The other goal of the paper is to answer some natural questions that arise while one
gets familiar with the pencil. Thus we give a purely geometric proof of the uniqueness
of the Wiman-Edge pencil as a 2s-invariant family of stable curves of genus 6, and in
particular, the uniqueness of the Wiman curve W as a non-hyperelliptic curve of genus
6 with the group of automorphisms isomorphic to &5. In fact, we give two different
proofs of this result: an algebraic geometrical one given in Theorem 3.3 below, and a
second one in the sequel [8] that is essentially group-theoretical and topological.
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Secondly, we give a lot of attention to the problem only barely mentioned by Edge
and later addressed in paper [19]: describe a A5-equivariant projection of the Wiman-
Edge pencil to a Klein plane realizing an irreducible 2-dimensional projective repre-
sentation of 5. It reveals a natural relation between the Wiman-Edge pencil and the
symmetry of the icosahedron along the lines of Klein’s book [17]. In particular, we
relate the singular members of the pencil with some attributes of the geometry of the
Clebsch diagonal cubic surface as well with some rational plane curves of degree 6 and
10 invariant with respect to a projective group of automorphisms isomorphic to s
which were discovered by R. Winger [25].

In the sequel [8] we will discuss some other aspects of the Wiman paper related to
hyperbolic geometry, the moduli space of curves and Shimura curves.

Section-by-section outline of this paper. Section 2 collects a number of mostly
known facts regarding quintic del Pezzo surfaces, but with emphasis on naturality,
so that it is straightforward to keep track of how the automorphism group of such a
surface acts on the vector spaces associated to it. We also recall the incarnation of
such a surface as the Deligne-Knutsen-Mumford compactification /Voﬁ and mention
how some its features can be recognized in either description. Perhaps new is Lemma
2.1 and its use to obtain Proposition 2.3.

Section 3 introduces the principal object of this paper, the Wiman-Edge pencil .
Our main result here is that its smooth fibres define the universal family of genus 6
curves endowed with a faithful 25-action. We also determine the singular fibers of €.
Each of these turns out to be a stable curve. Indeed, the whole pencil consists of all
the stable genus 6 curves endowed with a faithful 2(s-action that can be smoothed as
a As-curve. We further prepare for the next two sections by describing Gs-orbits in
Moﬁ, thus recovering a list due to Coble. This simplifies considerably when we restrict
to the RAs-action and this what we will only need here.

The following two sections concern the projection to a Klein plane. These are
s-equivariant projections as mentioned above. Section 4 concentrates on the global
properties of this projection, and proves among other things that the ramification
curve of such a projection is in fact a singular member of the Wiman-Edge pencil.
It is perhaps worthwhile to point out that we prove this using the Thom-Boardman
formula for cusp singularities. This is the only instance we are aware of where such
a formula for a second order Thom-Boardman symbol is used to prove an algebro-
geometric property. We also show that the image of the Wiman-Edge pencil in a Klein
plane is no longer a pencil, but a curve of degree 5 with two singular points.

As its title makes clear, Section 5 focusses on the images in the Klein plane of
special members of the Wiman-Edge pencil. We thus find ourselves suddenly staring
at a gallery of planar representations of degree 10 of genus 6 curves with 2s-action,
probably all known to our predecessors in the early 20th century if not earlier. Among
them stand out (what we have called) the Klein decimic and the Winger decimic.
Less exciting perhaps at first is the case of a conic with multiplicity 5; but this turns
out to be the image of a member of the Wiman-Edge pencil which together with its
G5-conjugate is characterized by possessing a pencil of even theta charecteristics.
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In the final section, Section 6, we look at the Gs-orbit space of mg,g) (which is
just the Hilbert-Mumford compactification of the space of binary quintics given up to
projective equivalence) and make the connection with the associated invariant theory.

Acknowledgements. We thank Shigeru Mukai for helpful information regarding
genus 6 curves.

Conventions. Throughout this paper the base field is C and S stands for a quintic
del Pezzo surface (the definition is recalled in Section 2). The canonical line bundle 7,
of a complex n-manifold M will be often denoted by wy,. As this is also the dualizing
sheaf for M, we use the same notation if M is possibly singular, but has such a sheaf
(we only use this for curves with nodes).

For a vector space V', let P(V') denote the projective space of 1-dimensional subspaces
of V and P(V) = P(VY) denotes the projective space of hyperplanes of V. We write
Sym?V for dth symmetric power of the vector space V. For a space or variety X we
denote by Sym? X the quotient of X% by the permutation group &,.

2. DEL PEZZO SURFACES OF DEGREE 5

2.1. A brief review. Here we recall some known facts about quintic del Pezzo sur-
faces, i.e., del Pezzo surfaces of degree 5, that one can find in many sources (such
as [7]). By definition a del Pezzo surface is a smooth projective algebraic surface S
with ample anticanonical bundle wgl. For such a surface S, the first Chern class map
Pic(S) — H?(S;Z) is an isomorphism. Denoting by Kg € H?(S;Z) the canonical
class of S, i.e., the first Chern class of wg (and hence minus the first Chern class of
the tangent bundle of S), the self-intersection number d = (—Kg)? = K2 is called the
degree of S. With the exception of surfaces isomorphic to P! x P! (which are del Pezzo
surfaces of degree 8), a del Pezzo surface of degree d admits a birational morphism
7 : S — P? whose inverse is the blow-up of 9 — d distinct points (so we always have
d < 9) satisfying some genericity conditions. But beware that when d < 6, there is
more that one way to contract curves in S that produce a copy of P2

When d = 5 (which we assume from now on), these genericity conditions amount to
having no three (of the four) points lie on a line so that we can adapt our coordinates
on P2 such that the points in question, after having them numbered (py, p2, p3, ps), are
the vertices of the coordinate system:

pr=(1:0:0), pp=(0:1:0), p3=(0:0:1), py=(1:1:1).

This shows that any two quintic del Pezzo surfaces are isomorphic and also proves
that the automorphism group of S contains the permutation group &4. The complete
linear system | — Kg| := P(H°(S,wg")) defined by nonzero sections of the dual of the
canonical line bundle of S is then the strict transform of the linear system in P? of
plane cubic curves passing through these points in the sense that a general member is
the strict transform of such a cubic. This is a linear system of dimension 9 —4 =5
and gives an embedding in a 5-dimensional projective space

S — Pg := P(H(S,wg!))
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with image a surface of degree 5. We call S, thus embedded in a projective space, an
anticanonical model of S.

The automorphism group of S is, however, bigger than G,: the embedding &, —
Aut(S) extends to an isomorphism

65 = Aut(S)
given by assigning to the transposition (45) the lift of the Cremona transformation
(to ity ite) = (tgt 1yt 851,

which indeed lifts to an involution of S (see [7, Theorem 8.5.8]).

The image of a nonsingular rational curve on S with self-intersection number —1
(in other words, an exceptional curve of the first kind) is a line on the anticanonical
model, and any such line is so obtained. Any line on the quintic del Pezzo surface S is
either the strict transform of a line through p; and p; (1 <14 < j <4) or the preimage
of p; (1 =1,...,4), so that there are (;1) + 4 =10 lines on S.

The strict transform P; of the pencil of lines through p; makes a pencil P; of rational
curves on S whose members are pairwise disjoint: they are the fibers of a morphism
from S to a projective line. The strict transform of the conics through py, ..., py make
up a pencil Ps with the same property. The intersection number of a member of P;
with — K is equal to the intersection number of a cubic with a line in P? minus 1 if
i # 5 (resp. cubic with a conic minus 4 if i = 5), hence is equal to 2. This is therefore
also a conic in the anticanonical model, and that is why we refer to P; as a pencil of
conics and call the corresponding morphism from S to a projective line a conic bundle.

Every pencil of conics has exactly three singular fibers; these are unions of two
different lines. For example, the pencil P;,7 # 5, has singular members equal to the
pre-images on S of the lines p;p; joining the point p; with the point p;,j # ¢. The
singular members of pencil Ps are proper transforms of the pairs of lines p;p; + prp;
with all indices distinct.

It follows that each of ten lines on S is realized as an irreducible component of exactly
three different pencils of conics. This allows one to label it with a 2-element subset
of {1,...,5}, being the complement of the corresponding 3-element subset. We thus
obtain a bijection between the set of 10 lines and the collection of 2-element subsets of
{1,...,5}, with two lines intersecting if and only if the associated 2-element subsets
are disjoint, or equivalently, when the two lines constitute a singular member of one of
the five pencils of conics. Thus the intersection graph G of the set lines, i.e., the graph
whose vertex set is the set of lines and in which two vertices are connected by an edge
if and only if the associated lines intersect, is the Petersen graph (Figure 2). We see
here Aut(S) also represented as the automorphism group of G.

The edges of the Petersen graph represent reducible conics on .S, and there are indeed
3 x 5 = 15 of them. The 3 reducible conics of a conic bundle are then represented by
three disjoint edges whose indices are three 2-element subsets of a subset of {1,2,3,4,5}
of cardinality 4. If we regard the missing item as a label for the conic pencil, we see
that Aut(S) = &j is realized as the full permutation group of the set of conic pencils.
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FIGURE 2. The Petersen graph G. This is the graph with vertices corre-
sponding to 2-element subsets of {1,2,3,4,5}, with two vertices {i,;j} and
{k, £} connected by an edge precisely when {7, j} N {k,¢} = 0. The graph G
is the intersection graph of the 10 lines on the quintic del Pezzo surface, with
a vertex for each line and an edge connecting vertices corresponding to lines
with nontrivial intersection.

2.2. The modular incarnation. A quintic del Pezzo surface has the—for us very
useful—incarnation as the Deligne-Mumford moduli space of stable 5-pointed rational
curves, Mg s, see [16]. In the present case, this is also the Hilbert-Mumford (or GIT)
compactification of M5, which means that a point of Mog, is uniquely represented
up to automorphism by a smooth rational curve C' and a 5-tuple (zy,...,z5) € C°
for which the divisor 327, (;) has all its multiplicities < 2. One of the advantages of
either model is that the Gs-action is evident. The ten lines appear as the irreducible
components of the boundary 8ﬂ075 = Moys M, 5 of the compactification: these are
the loci defined by x; = z;, where {7, j} is a 2-element subset of {1,...,5}. We thus
recover the bijection between the set of 10 lines and the collection of 2-element subsets
of {1,...,5}.

The conic bundles also have a modular interpretation, namely as forgetful maps:
if a point of Mg is represented by a Deligne-Mumford stable curve (C;xy, ..., xs),
then forgetting x; (i = 1,...,5), followed by contraction unstable components (and
renumbering the points by {1,2,3,4} in an order preserving manner) yields an element
of My4. There is a similar definition in case a point of M 5 is represented in a Hilbert-
Mumford stable manner, but beware that a Hilbert-Mumford stable representative of
MOA is given uniquely up to isomorphism by a 4-tuple (1, ...,z4) € C* for which the
divisor 24_1(:@) is either reduced or twice a reduced divisor; if for example z; = 2o,
then we also require that x3 = x4 (but xs # x3). The moduli space MM is a smooth
rational curve and 3/\/10 4= /\/lo 4\ M4 consists of three points indexed by the three
ways we can partition {1 2,3 4} into two 2-element subsets. The resulting morphism
fi + Mos — Moy represents P; and over the three points of Mg, lie the three
singular fibres.

Let us focus for a moment on Ps, in other words, on f5 : ﬂoﬁ — MOA. Each z;,
i =1,...,4, then defines a section MOA — ﬂo,g) of f5, and f5 endowed with these four
sections can be understood as the “universal stable 4-pointed rational curve”. Note
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that the images of these sections are irreducible components of 8/V075 and hence lines in
the anticanonical model. They are indexed by the unordered pairs {i,5},i=1,...,4.
The singular fibers of f5 are those over the 3-element set 9 M 4; each such fiber is a
union of two intersection lines, so that in this way all 10 lines are accounted for.

The G;-stabilizer of the conic bundle defined by f5 is clearly &4. Let us take a closer
look at how &, acts on f5. First observe that every smooth fiber of f5 (i.e., a strict
transform of a smooth conic) meets every fiber of every f; (i # 5) with multiplicity
one. We also note that &, acts on the 3-element set QMOA as its full permutation
group, the kernel being the Klein Vierergruppe. So the Vierergruppe acts trivially on
M4, but its action on the universal pointed rational curve My 5 is of course faithful.
The homomorphism &, — &3 can also be understood as follows. If we are given a
smooth rational curve C' endowed and a four element subset X C C, then the double
cover C of C ramified at X is a smooth genus one curve. If we enumerate the points
of X by X = {x1, x5, 23,4}, then we can choose z; as origin, so that (C,z;) becomes
an elliptic curve. This then makes {x1, z, 25} the set of elements of (C,z1) of order
2. Thus My 4 can be regarded as the moduli space of elliptic curves endowed with a
principal level 2 structure. This also suggests that we should think of X as an affine
plane over Fy; for this interpretation the three boundary points of M, 4 are cusps, and
correspond to the three directions in this plane. We now can think of &, as the affine
group of X, the Vierergruppe as its translation subgroup, and the quotient &3 as the
projective linear group PGLy(F2).

Choose an affine coordinate z for the base of My, such that My, is the root
set of 23 = 1. Then the full permutation group of Mgy is the group of Mobius
transformations consisting of the rotations z +— (z and the involutions z — (/z,
with (3 = 1. From this we see that this action has 3 irregular orbits: two 3-element
orbits: besides the root set of 2> = 1 which is 8M074, the root set of 2* = —1, and
one 2-element orbit: {0,00}. The root set of 2> = —1 is represented by P! with an
enumeration of the 4th roots of unity in C C P!, and the third orbit is given by {0, 0o}

We will be more concerned with the last orbit that gives rise to two special conics
in the pencil. So every conic bundle has two special conics as fibers and &5 permutes
these 10 special conics transitively. Two distinct special conics intersect unless they
are in the same pencil. The two points 0, co have the same &3-stabilizer in P! of order
3. In the action of &4 on the total space of the pencil, the two special conics are
fixed by the subgroup 2,. It follows from the preceding that these two fibers define
the locus represented by (1, ...,25) € C° (with C' a smooth rational curve) for which
there exists an affine coordinate z on C' such that {z(x;),...,2(z4)} is the union of
{oo} and the root set of 22 = 1. Our discussion also shows that the subgroup 25 has

two orbits in that set, with each orbit having exactly one special conic in each conic
bundle.

2.3. Representation spaces of G;. In what follows we make repeated use of the
representation theory of G5 and 25, and so let us agree on its notation. In the Tables
1 and 2, the columns are the conjugacy classes of the group, indicated by the choice of
a representative. We partially followed Fulton-Harris [12] for the notation of the types
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of the irreducible representations of &5. Here 1 denotes the trivial representation,
sgn denotes the sign representation, V' denotes the Coxeter representation, that is,
the standard 4-dimensional irreducible representation of &5 and E stands for A?V.
Note that each of these representations is real and hence admits a nondegenerate Gs-
invariant quadratic form, making it self-dual.

Our labeling of the irreducible representations of 25 overlaps with that of G5, and
this is deliberately so: the Gs-representations V' and V' ®sgn become isomorphic when
restricted to 25, but remain irreducible and that is why we still denote them by V.
The same applies to W and W ® sgn (and of course to 1 and sgn). On the other hand,
the restriction to s of Ss-representation F := A%V is no longer irreducible, but is
isomorphic as an 2s-representation I @ I’ (cf. Table 2). The representations I and
I’ differ by the outer automorphism of 2[5 induced by conjugation with an element of
S5\ As. Both I and I are realized as the group of isometries of Euclidean 3-space
that preserve an icosahedron. In particular, they are real (and hence orthogonal).

We will often use the fact that the natural map &5 — Aut(2s) (given by conjugation)
is an isomorphism of groups. So the outer automorphism group of 25 is of order two
and representable by conjugation with an odd permutation.

TABLE 1. The character table of Gs.

] type H 1 \ (12) \ (12)(34) \ (123) \ (123)(45) \ (1234) \ (12345) ‘
101 1 1 1 1 1 1
sgn| 1| —1 1 1 —1 -1 1
Vid| 2 0 1 —1 0 —1
V®sgn| 4| -2 0 1 1 0 —1
Wbl 1 1 —1 1 —1 0
W ®sgn| b| —1 1 —1 —1 1 0
E=ANV|[6] 0 -2 0 0 0 1

TABLE 2. The character table of 5.

(type [(1) [ (12)(34) [ (123) [ (12345) | (12354) |

1] 1 1 1 1 1
V4 0 1 —1 —1
W5 1 —1 0 0
I 3 ~1 0 | (1++v5)/2|(1—+5)/2
'l 3 —1 0 |[(1=v5)/2](1+V5)/2

The isomorphism Aut(S) = &5 depends of course on the model of S as a blown-up
P2, but since Aut(S) permutes these models transitively, this isomorphism is unique up
to an inner automorphism. This implies that the characters of Aut(S), or equivalently,
the isomorphism types of the finite dimensional irreducible representations of this
group, are naturally identified with those of Gs.
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Via this action of &5 on §, all linear spaces naturally associated to S can be made
into linear representations of &5. For example, H?(S;C) contains the trivial repre-
sentation, spanned by the anticanonical class ¢;(S) = —Kg. The intersection pairing
gives an integral, symmetric bilinear form on H?(S;Z). The orthogonal complement
of Kg in H*(S;Z), denoted here by HZ(S;Z), contains (and is spanned by) a root
system of type A4, the roots being the elements of self-intersection —2. A root basis is

(61 — €2, — €3,63 — €4,60 — €1 — €2 — 63)

where ¢ is the class of a preimage of a line in P? and e; is the class of the line over
pi. This identifies HZ(S;C) as a Gs-representation with the Coxeter representation
V. The (classes of) lines themselves in H?(S;Z) make up a Ss-orbit. In the language
of root systems, it is the orbit of a fundamental weight; for the given root basis this
weight is represented by the orthogonal projection of e; in HZ(S;Q). Thus HZ(S;C)
is isomorphic to V' as a G5-representation.

Another example is H°(S, w;l), a 6-dimensional representation of G5. Using the
explicit action of &5 on S and hence on the space of cubic polynomials representing
elements of H°(S,wg'), we find that it has the same character as £ = A?V. This is
why we shall write Fg for H%(S,wg"), so that | — Kg| = P(Es) and Py = P(Es).

2.4. The Pliicker embedding. We here show how S can be obtained in an intrinsic
manner as a linear section of the Grassmannian of lines in projective 4-space. The
naturality will make this automatically Aut(S)-equivariant. Let C,, denote the union
of the ten lines on S. It is clear that C is a normal crossing divisor in S.

Lemma 2.1. The sheaf of logarithmic differentials Q%(log Cy) is globally generated.
The action of &5 on S makes the space of global sections Wg := H°(S; Q% (log C.))
an irreducible b-dimensional Ss-representation isomorphic to W.

Proof. Denote by L the 10-element set of lines on S and consider the residue exact
sequence

(2.1) 0— QF — QL(log Cy) == ®rerinOr — 0,

where iy, : L < S is the inclusion. All homomorphisms here are natural and the exact
sequence of cohomology gives an exact sequence of G5-representations:

0 — H(S;QL(log C)) — C£ 5 HY(S; QL)

The Gs-representation C* is the permutation representation on the vertices of the
Petersen graph. Its character is that of 1 & V @& W, as one can see by looking at
pairs of complementary pentagons inside of the Petersen graph. We also note that
H'(S;QL) = H?(S;C) is as a representation isomorphic to 1 & V. The blow-up
model makes it obvious that H?(S;C) is generated by the classes of lines, so that the
homomorphism ¢ is surjective, and we obtain an isomorphism of representations

Ws = H°(S;Q5(log Csp)) = W.

It remains to show that Wy generates Q4 (log Cy,). For this, we use the description
of S as the blowup of P? in the vertices of its coordinate simplex. In terms of the
coordinates (to : t; : to), the logarithmic forms dt;/t; — dtyg/to and dts/ty — dity/tg
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generate the sheaf of differentials on P? outside the coordinate simplex and so they
define elements (; and (; of Wy which generate Qg ¢, . Since Aut(S) is transitive
on the vertices of the Petersen graph, it remains to prove generation along just one
line, say the strict transform of t; = 0. A straightforward computation shows that (3
and (, take care of this, except at the point at infinity (where to = 0), but the origin
is included. Since Aut(S) is also transitive on the edges of the Petersen graph, this
finishes the proof. 0J

Remark 2.2. A local computation shows right away that det Q%(log Cw) = ws(Cwo)-
Since C, is a divisor of wg?, the latter is isomorphic to wg', so that ¢;(Q%(log Cy)) =
— K. The residue exact sequence allows one to compute ¢, (24 (log Cyy.)) also: we have

() c 2
Mooy~ (4t st elS) LT+ 21+109)

As is well-known, ¢5(.5) is the cohomology class in top degree whose value on the fun-
damental class is the Euler characteristic of S, which is 7 (since S is the blow up of four
points in P?). Using the identities L* = —1 and ), _.[L] = —2K, together with the
fact that the Petersen graph has 15 edges, we then find that { co(Q%(log C)), [S]) = 2.

c(Q5(log Coo)) =141 + ¢ =

Since Q% (log C,) is globally generated, the evaluation map e, : W — Q4 (log Cy ) ())
is onto for every x € S. So ker(ey) is of dimension 3 and the annihilator of this kernel
in W¢ is of dimension 2. We thus obtain a morphism

fi8 = G2WY) = GiB(WY)) = Gi(P(Ws))

Under this map, the pull-back of the dual of the tautological subbundle on the Grass-
mannian becomes isomorphic to Q%(log C,).

Proposition 2.3. The morphism f is a closed, S5-equivariant embedding. Its com-
position with the Plicker embedding

G1(P(Wy)) = P(A* Ws) = P?

18 the anticanonical embedding into the subspace P(Es), where Eg is identified with a
direct summand of the representation

(2.2) N Ws = Es @ (V ® sgn).

In particular, the anticanonical model of S is &s-equivariantly isomorphic to the in-
tersection of G1(P(WY)) with the subspace P(E) in its Plicker embedding.

Proof. A locally free sheaf £ of rank r on a compact variety X that is globally generated
determines a morphism X — G(r, H°(€)") whose composite with the Pliicker embed-
ding G(r, H°(E)Y) — P(H"(E)V) is given by the invertible sheaf det £. Applying this
to our situation, we find that the composite of f with the Pliicker embedding is given
by the complete linear system | — Kg|. We know that it defines a closed embedding,
from this the first claim follows.

To see the second claim, we compute the character of the representation of Gy
in A?Wg by means of the formula xr2w(9) = 3(xw(9)® — xw(g?)). The standard
character theory gives us the decomposition (2.2). O
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Remark 2.4. The linear map F : V ® sgn — A?2WV of Gs-representations found
above defines an equivariant linear embedding

P> P(V) =P(V ®@sgn) — P(A2W) = P

whose geometry is discussed in Example 10.2.20 of [7]. We note that this give rise to
a rational map

F:P(V) --> P(W)

obtained as the composite of the Veronese map P(V) — P(Sym?® V) and the projec-
tivization of the linear map

Sym? V 2255 Sym2(A2WY) = AWV 2 det(WY) @ W,

It is clear that F is given by a 4-dimensional linear system of quadrics. Its indetermi-
nacy locus is where F'(v) has rank < 2 instead of 4 (as one might expect) and consists
of 5 points in general position (so these are the vertices of a coordinate simplex of
the 4-dimensional P(V)) and F is then given by the linear system of quadrics through
these. The Ss-equivariant map F appears in modular setting which we shall now recall
(and which is discussed for example in §9.4.4 of [7]).

The moduli space My of stable 6-pointed genus zero curves is isomorphic to the
blow-up of P? at the 5 vertices of its coordinate simplex followed by the blow-up of the
proper transforms of the lines of this simplex (see [16]). There is a natural map from
MO,G to the Hilbert-Mumford compactification of Mgg. The latter appears as the
image an MO,G in a 4-dimensional projective space via the linear system of quadrics
in P2 through the 5 coordinate vertices so that this reproduces a copy of our map @
above. The image of this map is a cubic hypersurface, called the Segre cubic Ss.

The Segre cubic has 10 nodal points, each of which is the image of an exceptional di-
visor over a line of the coordinate simplex. Observe that the modular interpretation of
the morphism ﬂo,ﬁ — 83 makes evident an action of &g, although in the above model,
only its restriction to the subgroup G5 is manifest. The ambient 4-dimensional projec-
tive space of the Segre cubic S5 is the projectivization of an irreducible 5-dimensional
representation of G4 corresponding to the partition (3,3) (see [7], p. 470).

2.5. The anticanonical model. Some of what follows can be found in Shepherd-
Barron [22]; see also Mukai [18].

We have just seen that an anticanonical model of S is obtained as linear section of
a Grassmannian G (W) for its Pliicker embedding. It is well-known that the Pliicker
equations define the image of G (WY) — P(A2WY) = P(A*Ws) as the intersection of
five quadrics: these are given by the map

NWY — AW =det(WY) @ W
o = o\«

or rather by its dual det(Ws)@Wg — Sym?(A2Ws). The latter is a nonzero map of &;-
representations. As we mentioned, the irreducible representation W is self-dual, and
the character table of &5 shows that the (—1)-eigenspace of the transposition (12) € S5
in W has dimension 2. Hence det(WWy) is the trivial representation and det(Ws) @ W
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can as a Gx-representation be identified with the irreducible representation Wg. Thus
we have obtained an Gj-equivariant embedding

Wg — Sme(/\QW5>

(unique up to scalars) and this realizes P(Wy) as the linear system of (Pliicker) quadrics
in P(A?Ws) that define G;(W¢). By restriction to EY, we can also understand Wy as
defining the linear system of quadrics in P(Eg) that has S = G, (WY) NP(Es) as its
base locus. When thus interpreted, we will write Is(2) for W.

The character of Sym? Eg can be computed by means of the formula Xsym? £(9) =
s(xe(9?) + x&(9)?). We then find that

(2.3) Sym? Eg 2 W™ @ (W ®@sgn) ®V & 1@ sgn.

We have already singled out the subrepresentation Ig(2) as a copy of W and so the re-
maining summands in (2.3) will add up to a representation that embeds in H°(S,wg?).
An application of Riemann-Roch or the explicit discussion below shows that this is in
fact an isomorphism, so that we have an exact sequence of G5-representations

0 — Is(2) = S?H?(S,wg') — H(S,w5?) — 0.
and a Gj-equivariant isomorphism
(2.4) w32 | X P(W @ (W @sgn) @V @ 1@ sgn) =P

The summands 1 and sgn in Sym? Eg are explained by restricting the representation Eg
to As: then Fg decomposes into two irreducible s-representations: Eg = I & I, each
of which is orthogonal. This means that (Sym? 1) and (Sym?® I')* are of dimension
one. If Q is a generator of (Sym? I)%, then its image @’ under an element of G5~ As
is a generator of (Sym*)™. So Q + Q' € Sym® Eg is Gs-invariant (it spans the
1-summand) and @Q — Q' € Sym? Eg transforms according to the sign character (it
spans the sgn-summand). The above discussion shows that their images in H(S, wg?)
remain independent.

Corollary 2.5. The image of Q — Q' in H°(S,wg?), which spans a copy of the sign
representation, has divisor Cy.

Proof. As is well-known, ‘taking the residue at infinity’ identifies the space of rational
3-forms on C? that are invariant under scalar multiplication (i.e., are homogeneous of
degree zero) with the space of rational 2-forms on P2. Thus

(dtg A dty A dty)?
=
totita(to — t1)(t1 — t2)(ta — to)

can be understood as a rational section of wg, whose divisor is minus the sum of the
six coordinate lines. It follows that 7*« can be regarded as a generating section of
w%(Cy). Hence its inverse m*a~! becomes a generating section of wg?(—Cy,), making
H(S,wg?(—Cy)) a Gs-invariant subspace of H°(S,wg?). Exchanging ¢; and t, clearly
takes a to —a and so the span H(S,wg?(—Cy)) of ma~! is a copy of the sign
representation in H(S, w§2). It follows that 7*a~! must be proportional to the image
of Q — Q' in H°(S,wg?), so that the divisor of Q — Q" is C. O
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Remark 2.6. We can make the canonical embedding and I5(S) explicit in terms of
the blowup model of S. Let us first observe that the Petersen graph has twelve 5-cycles
(pentagons). The stabilizer subgroup of a 5-cycle is the dihedral subgroup Dy of &5
of order 10. For example, the cycle formed by the vertices (12), (23), (34), (45), (15)
is stabilized by the subgroup generated by permutations (12345) and (25)(34). A
geometric interpretation of a 5-cycle is a hyperplane section of S which consists of a
pentagon of lines. Note that they come in pairs with respect to taking the comple-
mentary subgraph. A pentagon of lines, viewed as reduced divisor on S, is a member
of the anticanonical system of S. For our description of S as a blown-up P? these must
be transforms of triangles in P2. The list of these trangles is as follows:

fo = tita(to — t2), fo = to(to — t1)(t1 — t2);
fi=1t(to — t1)(to — t2), fi = tota(ty — t2);
fa = (to — t1)(to — t2)ta, fo = tota(ty — t2);
fz = tita(to — 1), J3 = to(to — t2)(t1 — t2);
fo=ti(to — t2)(t1 — ta), f1 = tota(to — t1);
fs = ta(ts — t2)(to — t1), f5 = tot1(to — ta).

A direct check gives that the left-hand column can be linearly expressed in terms of
the right-hand column (and vice versa), as follows:

fo=Hh—fa+ fs, fi=fo—fs+ fs, fo=fo— fs+ fu,
fs=H—fat f4, fi=fo+ fs—fs, fi=f+h+fa

But beware that in order to get actual of sections of wgl, we need to multiply
these elements with (dtg A dt; A dty)™!: the resulting 3-vector fields are then invariant
under scalar multiplication and have a residue at infinity that can be understood as an
element of H(S,wg') Note that (fo,..., fs) is a basis of the linear space H°(S,wg"),
and so these basic elements can serve as the coordinates of an anticanonical embedding
S — P5. Since f;f! = f; [}, we see that S is contained in the intersection of quadrics

defined by equations r;z; — x;2; = 0, where x; is the linear form in xo,...,zs that
expresses f/ in terms of the fo,..., fs. The five linear independent quadratic forms
z;xh — woxy, (1 = 1,...,5) then give us the defining equations for S in P°. We easily

check that the quadratic form Zle x;x; corresponding to the sum of pentagons of lines
spans the sgn summand. It cuts out on S the union C4, of lines on S. The linear space
spanned by quadratic forms {z;x}}%_; decomposes as the direct sum sgn & W. As we
have already observed, the space of quadrics V (z;x} — z¢xf;) span the kernel Ig(2) of
Sym? HO(S,wg') — HO(S,wg?).

It is a priori clear that &5 permutes the pentagons of lines listed above, but we see
that it in fact preserves the 12-element set and the preceding discussion makes explicit
how.
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3. THE WIMAN-EDGE PENCIL AND ITS MODULAR INTERPRETATION

3.1. The Wiman-Edge pencil and its base locus. We found in Subsection 2.5
that there are exactly two G;-invariant quadrics on P(Eg), one defined by Q 4+ Q" and
spanning the 1-summand, the other by () — @’ and spanning the sgn-summand and (by
Corollary 2.5) cutting out on S the 10-line union C.,. The trivial summand spanned
by Q + @’ cuts out a curve that we shall call the Wiman curve and denote by Cy. We
shall find it to be smooth of genus 6. We observe that the plane spanned by () and
Q' is the fixed point set of A5 in Sym? Eg and hence defines a pencil € of curves on
S whose members come with a (faithful) As-action. This pencil is of course spanned
by Cy and Cy and these are the only members that are in fact Ss-invariant. We refer
to € as the Wiman-Edge pencil; we sometimes also use this term for its image in P?
under the natural map 7 : S — P2,

Lemma 3.1 (Base locus). The base locus A := CoNCy of C is the unique 20-element
Gs-orbit in Cs. The curves Cy and Cy intersect transversally so that each member
of the Wiman-FEdge pencil is smooth at A.

Proof. Since this Cy N C4 is Gx-invariant, it suffices to determine how a line L on S
meets Cp. We first note that the intersection number Cy- L (taken on ) is —2Kg-[L] =
2. When we regard L as an irreducible component of C',, or rather, as defining a vertex
of the Petersen graph, then we see that the other lines meet L in 3 distinct points and
that the G5-stabilizer of L acts on L as the full permutation group of these three points.
So if we choose an affine coordinate z on L such that the three points in question are
the third roots of 1, then we find that the G5-stabilizer of L acts on L with three
irregular orbits: two of size 3 (the roots of z* — 1 and the roots of z* + 1) and one
of size 2 ({z = 0,z = oo}). It follows that the Cy meets L in the size 2 orbit. In
particular, the intersection of Cy with Cy, is transversal and contained in the smooth
part of C. O

3.2. Genus 6 curves with 2s-symmetry. Any reduced C' € ¥, being a member
of | — 2K/, has its normal sheaf in S isomorphic to O¢ ® wg?. By the adjunction
formula, its dualizing sheaf w¢ is therefore isomorphic to

Oc® w§2 ®og ws = O0c ® wgl = Oc(1).
In particular
deg(we) = deg(Oc @ wg') = (—2K5s) - (—Ks) = 10.

It follows that C' has arithmetic genus 6, that the natural map Fs — HY(C,w¢) is a
2s-equivariant isomorphism and that C'is canonically embedded in Pg. Our goal is to
give the Wiman-FEdge pencil a modular interpretation.

Proposition 3.2 (25 and &5 orbit spaces). Let C' be a smooth projective curve
genus 6 endowed with a faithful action of As. Then As\C is of genus zero and As has
4 1rregular orbits with isotropy orders 3, 2, 2 and 2.

If the As-action extends to a faithful Ss-action, then S5\C' is of genus zero and S
has 3 irregular orbits with isotropy orders 6, 4 and 2. The union of these irreqular
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Gs-orbits is also the union of the irreqular As-orbits: the Sx-orbit with isotropy order
6 resp. 4 is a ™As-orbit with isotropy order 3 resp. 2 and the Ss-orbit with isotropy
order 2 decomposes into two As-orbits with the same isotropy groups. (In other words,
the double cover As\C — S5\C' only ramifies over the points of ramification of order
6 and 4.) Such a curve exists.

Proof. The stabilizer of a point of a smooth curve under a faithful finite group action
is cyclic. So when G = G;, the stabilizer of a point of C' is a cyclic group of order
1 < 6, but when G = 25, it cannot of order 4 or 6. Let for ¢ > 1, k; be the number of
G-orbits of size |G|/i. By the Hurwitz formula we have

7 —

1
kia

6
10/|G] =2(¢" -1

fi61=2 =1+ 30
where ¢’ is the genus of the quotient.

For G = &5 we have |G| = 120 and so this shows right away that ¢’ = 0. It follows
that

48
25 = 6/€2 + 8k3 + 9]€4 + Ekg, + 1Ok6

It is then immediate that ks = 0 and kg < 1. We find that the only solutions for
(ko, k3, kg, kg) are (1,0,1,1) and (0,2,1,0). The latter possibility clearly does not
occur because it would imply that an element of order 6 acts without fixed points,
contradicting the Hurwitz equality 10 = 6(2¢" — 2).

For G = s, we have |G| = 60 and hence we then also have ¢’ = 0. The formula now
becomes becomes 13 = 3ky+4ks+ 2 ks, which has as only solution (ks, ks, ks) = (3, 1,0).

The assertion concerning the map 2;\C' — &5\C formally follows from the above
computations.

The last assertion will follow from Riemann existence theorem, once we find a regular
Ss-covering of P!\ {0, 1, 00} with the simple loops yielding monodromies a, 3,7 € G5
of order 6,4,2 respectively, which generate &5 and for which a8y = 1. This can be
arranged: take o = (123)(45) and § = (1245) and v = (14)(23). O

We next show that any smooth projective curve genus 6 endowed with a faithful
action of A5 appears in the Wiman-Edge pencil. For this we shall invoke a theorem
of S. Mukai [18], which states that a canonical smooth projective curve C' of genus
6 lies on a quintic del Pezzo surface if and only if it is neither bielliptic (i.e., it does
not double cover a genus 1 curve), nor trigonal (it does not triple cover a genus zero
curve), nor isomorphic to a plane quintic.

Theorem 3.3. Every smooth projective curve of genus 6 endowed with a faithful s-
action 1is Us-equivariantly isomorphic to a member of the Wiman-FEdge pencil. This
member is unique.

Proof. Let C be such a curve. We first show that C' is not hyperelliptic, so that we
have a canonical model. If it were, then it is so in a unique manner so that the set of
its 14 Weierstrafl points is in invariant with respect to 5. But we found in Proposition
3.2 that 25 has in C' one irregular orbit of size 20, three of size 30, and no others, and
thus such an invariant subset cannot exist.
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From now on we assume that C'is canonical. We first show that it is neither trigonal,
nor bielliptic, nor isomorphic to a plane quintic.

C 1is trigonal. This means that C' admits a base point free pencil of degree 3. This
pencil is then unique ([2], p. 209) so that the s-action on C' permutes the fibers.
Consider the associated morphism C' — P!. The Riemann-Hurwitz formula then tells
us that the ramification divisor of this morphism on C' has degree 16. It must be
s-invariant. But our list of orbit sizes precludes this possibility and so such a divisor
cannot exist.

C' is isomorphic to a plane quintic. 1t is then so in a unique manner ([2], p. 209) and
hence the As-action on C will extend as a projective representation to the ambient P2.

The resulting projective representation cannot be reducible, for then 25 has a fixed
point, p € P? say, and the action of 25 on the tangent space T,P? will be faithful. But
as Table 2 shows, 25 has no faithful representation. So the projective representation
is irreducible and hence the projectivization of copy of I or I’. Either representation
is orthogonal and so the ambient projective plane contains a 2s-invariant conic. The
quintic defines on this conic an effective divisor of degree 10. Since 25 acts on the conic
(a Riemann sphere) as the group of motions of a regular icosahedron, no 2(s-orbit on
this conic has fewer than 12 points and so such a divisor cannot exist.

C' s bielliptic. This means that C' comes with an involution ¢ whose orbit space is
of genus one. Let G C Aut(C) be the subgroup generated by 25 and ¢. By a theorem
of Hurwitz, |Aut(C)| < 84(6 — 1) = 420 and so [G : 2As5] can be 1, 2, 4 or 6.

Let us first deal with the index 6 case. For this we note that the G-action (by left
translations) on G/2; has a kernel contained in 2(;. This kernel is a normal subgroup
and contained in 2A5. Since RAs is simple, this kernel is either trivial or all of 5.
It cannot be all of 5, because G /5 is then cyclic of order 6 and hence cannot be
generated by the image of ¢. It follows that G acts faithfully on G /25 so that we get
an embedding of G in Gg. Its image is then a subgroup of index 2 and so this image
must be Ag: G = Ag. We now invoke the Hurwitz formula to this group action: the
stabilizer of a point is cyclic of order < 6 and so if for a divisor ¢ of |G|, k; is the
number of G-orbits in C' of size |G|/i, then

10/360 = 2(¢' — 1) + S0, =1k,

where ¢’ is the genus of the quotient. This implies that ¢’ = 0 and then this comes
down to
73 = 18ky + 24k + 27k + ks + 30ks.

It is clear that k5 must be zero. Since the left hand side is odd, we must have ks = 1,
and we then find that no solution exists.

If the index < 4, then the argument above gives a map G — &,4. Its kernel is
contained in A5, but cannot be trivial for reasons of cardinality. It follows that the
kernel equals 25, so that 25 is normal in G. Since the image of ¢ generates G /s, it
then follows that the index is 1 or 2.

In the last case, G is either isomorphic to 25 X €, or to &5, depending on whether
or not conjugation by ¢ induces in %5 an inner automorphism. In the first case, the
action of 25 descends to a faithful action on the elliptic curve. This would make 25 an
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extension of finite cyclic group by an abelian group, which is evidently not the case.
It follows that G C &5 and that ¢ is conjugate to (12) or to (12)(34).

Denote by x the character of the Gs-representation H°(C,Q¢). Since the quotient
of C' by ¢ has genus 1, we have x(¢) = =5+ 1 = —4. If ¢ is conjugate to (12), then we
then read off from Table 1 that y is the character of 1 @ sgn®® or sgn®? @ (V ® sgn).
Its restriction to s is then the trivial character resp. 192 @ V. But this contradicts
the fact that the 2z-orbit space of C' has genus zero. If ¢ is conjugate to (12)(34), then
we then read off from Table 2 that the 2s-representation H°(C, Q¢) takes on ¢ a value
> —2, which contradicts the fact that this value equals —4.

According to Mukai [18], it now follows that C' lies on a quintic Del Pezzo surface
Sc in P(H(C,we)). Tt is also known [22] that S¢ is unique. This uniqueness property
implies that the faithful 2s-action on C, which extends naturally to P(H°(C,w¢)), will

leave S¢ invariant. A choice of an 2A5-equivariant isomorphism h : S¢ = S will then
identify C' in an 2As-equivariant manner with a member of the Wiman-Edge pencil.
Any two 2s-equivariant isomorphisms h, h’ : S¢ = S differ by an automorphism of S,
so by an element g € G5. But the 2s-equivariance then amounts to g centralizing 2As.
This can happen only when g is the identity. So h is unique. U

Let B denote the base of the Wiman-Edge pencil (a copy of P!) so that we have
projective flat morphism ¢ — B. Recall that &5 acts on the family in such a manner
that the action on € — B is through an involution ¢ which has two fixed points. We
denote by B C B the locus over which this morphism is smooth. So the restriction
65 — B over B is a family of smooth projective genus 6 curves endowed with a faithful
s-action. It has the following modular interpretation.

Theorem 3.4 (Universal property). The smooth part of the Wiman-Edge pencil,
s — B, is universal in the sense that every family C' — B’ of smooth projective genus
6 curves endowed with a fiberwise faithful As-action fits in a unique As-equivariant
fiber square

C — CB

(!

B —— B
Moreover, the natural morphism B — Mg factors through an injection (1) \B < Mg.

Proof. Theorem 3.3 (and its proof) has an obvious extension to families of genus 6-
curves with 2s-action. This yields the first assertion. If ¢,¢ € B are such that C; and
Cy are isomorphic as projective curves, then as we have seen, an isomorphism C; = Cy
is induced by an element of &5 and so t' € {t,¢(t)}. O

We will find in Subsection 3.3 that the singular members of the Wiman-Edge pencil
are all stable. We found already one such curve, namely the union of the 10 lines, and
so this element will map in Mg to the boundary.

From on we identify the base of Wiman-Edge pencil with B.
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Corollary 3.5. The Wiman curve Cy is smooth and is Ss-isomorphic to the curve
found in Proposition 3.2. It defines the unique t-fized point of B.

Proof. By Theorem 3.4, there is a unique member of the Wiman-Edge pencil whose
base point maps the unique point of B which supports a smooth genus 6 curve with
Gs-action. The Wiman-Edge pencil has two members with Gs-action, one is the union
of the 10 lines and the other is the Wiman curve. So it must be the Wiman curve. [J

Corollary 3.6. Let C be a smooth projective curve genus 6 endowed with a faithful ac-
tion of As. If the resulting map ¢ : A5 — Aut(C) is not surjective, then it extends to an
isomorphism &5 = Aut(C), and C = Cy is the Wiman curve. The Us-representation
(resp. Gs-representation) H°(C,we) is equivalent to I & I' (resp. E) and H'(C;C) is
equivalent to I9? & I'Y? (resp. E%?).

Proof. Since the 2As-curve C' is represented by a member of the Wiman-Edge pencil,
we can assume it is a member of that pencil. Since C' is canonically embedded, an
automorphism of C' extends naturally of the ambient projective space and hence also
to S (as it is the unique quintic del Pezzo surface containing C'). This implies that
Aut(C) C S5. This inclusion is an equality precisely when C' is the Wiman curve.

As for the last assertion, we know that the representation space H°(C,w¢) is as
asserted, since it is a member of the Wiman curve. The representations I & I’ resp.
E are self-dual and since H'(C, C) contains H°(C,w¢) as an invariant subspace with
quotient the (Serre-)dual of H(C,w¢), the last assertion follows also. O

Remark 3.7. If an 2s-curve C' represents a point z € B, then 25 acts nontrivially
(and hence faithfully) on H°(C,w?) and hence also on its Serre dual H'(C,0¢). Since
25 is not a complex reflection group, a theorem of Chevalley implies that the orbit
space 25\ H'(C, 6¢c) must be singular at the image of the origin. The local deformation
theory of curves tells us that when 25 is the full automorphism group of C, the germ
of this orbit space at the origin is isomorphic to the germ of Mg at the image of z.
Hence B maps to the singular locus of Mg. (This is a special case of a theorem of
Rauch-Popp-Oort which states that any curve of genus g > 4 with nontrivial group of
automorphisms defines a singular point of M,.)

3.3. Singular members of the Wiman-Edge pencil. The singular members of the
Wiman-Edge pencil were found by W. Edge [11]. A modern proof of his result can be
found in [4, Theorem 6.2.9]. Here we obtain them in a different manner as part of a
slightly stronger result that we obtain with a minimum of computation.

Let us begin with an a prior: characterization of the reducible genus 5 curves with
2Us-action that occur in the Wiman-Edge pencil.

Lemma 3.8. There are precisely two reducible members C. and C. of € distinct
from Cs; each is is a stable union of 5 special conics whose intersection graph is 2As-
equivariantly isomorphic to the full graph on a 5-element set. Any element of S5\ Us
exchanges C. and C..

Proof. Let C be such a member of % and let Y an irreducible component of C'. Then
Y cannot be a line and so its degree d := —Y - Kg in the anticanonial model must be
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> 2. Since 25 has no subgroup of index < 5, the number 7 of irreducible components
in the 2As-orbit of Y, must be > 5. But we also must have rd < deg(C) = 10, and so
the only possibility is that (d,r) = (2,5).

An irreducible, degree 2 curve in a projective space is necessarily a smooth conic.
Its As-stabilizer has index 5 in A5, and so must be G5-conjugate to 4. This implies
that Y is a special conic. The 5 irreducible components of its 2s-orbit lie in distinct
conic bundles P;, and we number them accordingly Y7,...,Ys. For 1 <i < j <5, any
smooth member of P; meets any smooth member of P; with multiplicity one, and so
this is in particular true for ¥; and Y;. Hence the set of singular points of C' is covered
in a YAs-equivariant manner by the set of 2-element subsets of {1,...,5}. The action
of 25 on this last set is transitive, and so either the singular set of (' is a singleton
{p} (a point common to all the irreducible components) or the intersections Y; N'Yj,
1 <1 < j <5 are pairwise distinct. The first case is easily excluded, for p must then
be a fixed point of the RA5-action and there is no such point. So C' is as described by
the lemma.

The sum of the classes of the 5 conic bundles is Gx-invariant and hence proportional
to —Kg. The intersection product with —Kg is 5.2 = 10 and hence this class is equal
to —2Kg, in other words, the class of the Wiman-Edge pencil. Since an 2A5-orbit of a
special conic takes precisely one member from every conic bundle, its follows that the
sum of such an orbit indeed gives a member of 4. There two such orbits and so we
get two such members. 0

There are precisely two faithful projective representations of 25 on P up to equiva-
lence, and they only differ by precomposition with an automorphism of 25 that is not
inner. We will refer to theses two representations as the Schwarzian representations
of 5. Both appear as the symmetry groups of a regular icosahedron drawn on the
Riemann sphere. This action has three irregular orbits, corresponding to the vertices,
the barycenters of the faces and the midpoints of the edges, and so are resp. 12, 20 and
30 in size. Their points come in (antipodal) pairs and the 2(s-action preserves these
pairs. We give a fuller discussion in Subsection 4.1.

Lemma 3.9. There exists an irreducible stable curve C' of genus 6 with 6 nodes en-
dowed with a faithful As-action. Such a C' is unique up to an automorphism of As.

Proof. Let C be such a curve with 6 nodes and denote by D C C'its singular set. Then
the normalization of C' — C'is of genus zero: C' 2 PL. If D c C denotes the preimage
of D, then D consists of 12 points that come in 6 pairs. The 2s-action on C lifts to
C and will preserve D and its decomposition into 6 pairs. From the above remarks it
follows that s acts on C as the symmetry group of an icosahedron drawn on C which
has D as vertex set and such that antipodal pairs are the fibers of C' — C. This shows
both existence and uniqueness up to an automorphism of ;. 0

Proposition 3.10. An irreducible singular member of the Wiman-FEdge pencil is nec-
essarily as in Lemma 3.9: a stable curve with 6 nodes and of geometric genus zero. It
appears in the Wiman-FEdge pencil together with its outer transform.
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Proof. We have already encountered the singular members C., and C., C.. A well-
known formula (see, for example, [14], p. 509-510) applied to the Wiman pencil gives

e(S) = e(Ce(P') +C-C = (e(Cy) - e(C))
teB
where e( ) stands for the Euler-Poincaré characteristic, C' denotes a general fiber and
C, denotes a fiber over a point ¢t € B. The left hand side equals 27 — (—20) = 47. The
reducible fibers C,, C., C? contribute to the right hand side 15 + 2 - 10 = 35, so that
there is 12 left as the contribution coming the irreducible fibers.

It is known that e(C;) — e(C) is equal to the sum of the Milnor numbers of singular
points of C;. We know that 25 leaves invariant each fiber, but that no fiber other than
Cw (which is reducible) or the Wiman curve C (which is smooth) is Ss-invariant. In
other words, the irreducible fibers come in pairs. Since 25 cannot fix a point on S
(because it has no a nontrivial linear representations of dimension 2 and hence cannot
act nontrivially on the tangent space at this point), and a proper subgroup of s
has index > 5, the irreducible fibers come as a single pair, with each member having
exactly 6 singular points, all of Milnor number 1, that is, having 6 ordinary double
points. Hence the normalization of such a fiber is a rational curve as in Lemma 3.9 [

We sum up with the following.

Corollary 3.11 (Classification of singular members of ©). Each singular member
of the Wiman-Edge pencil € is a stable curve of genus 6 with As-action. The set of
these curves is a union of three sets:

(lines): C, a union of 10 lines with intersection graph the Petersen graph.

(comics): a pair C., C., each of which is a union of 5 conics whose intersection
graph is the complete graph on 5 vertices.

(irred): a pair Cy,., C}, of irreducible rational curves, each with 6 nodes.

The action of S5 on € leaves Cy, invariant; the induced action on the set of 10 lines
of Cy induces an action on the corresponding intersection graph that is isomorphic to
the S5 action on the Petersen graph. The action of any odd permutation of G5 on €
interchanges C. and C., and also interchanges C;,. and Cj, .

Remark 3.12. Our discussion in Subsection 2.1 shows that C. U C?, when regarded
as a curve on MO,E), meets M5 in the locus parameterizing 5-pointed rational curves
(C;x4,...,x5) with the property that there exists an affine coordinate z for C' such that
{x,...,z5} contains the union of {0} and the roots of 23> = 1. So we can characterize
the Wiman-Edge pencil on M, 5 as the pencil which contains in |[0M 5| and these two
loci. It is desirable to have a modular interpretation of this pencil.

3.4. Plane model of the Wiman-Edge pencil. Let 7 : S — P? be the blowing-
down morphism. The Wiman-Edge pencil is the proper inverse transform of a pencil of
curves of degree 6 with points of multiplicity > 2 at the fundamental points invariant
with respect to the Cremona group G of transformations isomorphic to 24. Following
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Edge, we chose the fundamental points of 77! to be the points
(=1:1:1), (1:=1:1), (1:1:-=1), (1:1:1).

The group generated by projective transformations that permute the coordinates and
their sign changes is isomorphic to &, where the sign changes are even permutations
of order 2. Together with the additional symmetry defined by the Cremona involution
T with the first reference points, we obtain a subgroup of Cremona transformations
isomorphic to &5. The subgroup 25 is generated by cyclic permutations, sign changes
and the transformation 7.

Let F' = 0 be the equation of a curve from the Wiman-Edge pencil. The condition
that F'is invariant with respect the sign changes shows that F' must be a combination
of monomials 2%9°z¢ with a, b, c even. This allows us to write

F = a(a® + 4% + 25) + b(ay? + y'22 + 2422) + c(a2? + y'a? + 242) + day?22

The additional conditions that 3a+3b+3c+d = 0 will guarantee that the fundamental
points are singular points. The Cremona involution T is given by

o:(x:y:2) = (2 P+ 22 daytazdyz 2t — i+ P oyt aztyz P - 22 oy fazty2)
The invariance of F' with respect to T gives (a, b, ¢) is a linear combination of (2,1, 1)
and (0,1, —1,0). This gives the equation of the Wiman-Edge pencil

F=Xa%+95 +2° + (2% + 92+ 22) (@ + y* + 2%) — 1202922 + p(a? — ?) (y? — 2D (@? = 22 =0
We check that the Wiman curve B is the member of the pencil with (A : p) = (1:0).

Computing the partial derivatives, we find that the curve is indeed smooth confirming
Corollary 5.10.

FIGURE 3. Two views of a piece of the Wiman sextic (the image of the
Wiman curve in P?).

The base locus of the pencil should be a subscheme of length 6> = 36. The four
reference points contribute 16 to this number, the rest is the image of 20 base points of
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the Wiman-Edge pencil on S in the plane. It easy to find them. Each line through two
fundamental points intersects Cj at two nonsingular points, this gives us 12 points:

(V—=3:+1:4£1)and (£1:+v—-3:+1) and (£1: £1:v/-3).
The remaining 8 points are on the exceptional curves where they represent the direc-

tions of the tangent lines to the branches of singular points of B. The equations of the
4 pairs of these tangent lines are

(3.1) (x + ey + €2)(x + y + €2)
(z + ey — €22)(x + y — €2)
) )

0,
0,
=0

(x — ey + 22)(x — 2y + ez

(x—ey—€®2)(x — €y —ez) = 0,

where € = #53 is a primitive root of 1. One checks that each tangent line passing
through p; together with three of the lines (p;,p;),J # 4, form a harmonic 4-tuple of
lines in the pencil of lines through p; (*).

Choose one of the branch tangents, say = + ey + €2z = 0. It intersects the Wiman
sextic B at two nonsingular points (1: /=3 : 1) and (1: —1: y/=3). We see that each
double point of W is a biflecnode, i.e. the branch tangents at singular point intersect
the curve at this point with multiplicity 4 instead of expected 3.

The singular irreducible members C;,. (resp. CY.) are proper transforms of the
members of the pencil corresponding to the parameters (A : u) = (1 : 5v/5) (resp.
(1: —5v/5)). The singular points of Cj, besides the fundamental points are

(0:0:A), (0:1:=X), (1:0:X), (1:0:=X), (1:X:0), (1,—X,0),

where \ = %5, N o= %5 The six singular points of C!. are obtained from these

points by replacing A with \'.
The reducible members C.. and C!, of the Wiman-Edge pencil are proper transforms
of the members of the pencil of plane curves

(x+ey+e22) (x4 ey — 2) (v — ey + 2) (v — ey — €22) (2% + €2y* +€2?) =0,

where € # 1,e3 = 1. They correspond to parameters (A : p) = (1 : £v/=3). We leave
these computations to the reader, they are straightforward.

3.5. Irregular orbits in S. Recall that if a group acts on a set, an orbit is called
reqular if the stabilizer of one (and hence any) of its points is trivial; otherwise it
is called an irregular orbit. For what follows it will helpful to have a catalogue of
irregular an Sx-orbits and 2As-orbits in S. Here we can observe that a &x-orbit is an
As-orbit if and only if its Ss-stabilizer is not contained in 25 (otherwise it splits into
two As-orbits). So a determination of the irregular Gs-orbits determines one of the
irregular 2As-orbits. The G5-equivariant incarnation of S as the moduli space of stable,

Edge calls them Hesse duads for the following reason. It follows from observing the Petersen
graph the stabilizer subgroup of each line acts on the line by permuting three intersection points with
other lines. If one considers these points as the zero set of a binary form ¢ of degree 3, then its
Hessian binary form of degree 2 given as the determinant of the matrix of second partial derivatives
of ¢ has zeros at two point, the Hessian duad.
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5-pointed genus zero curves makes this determination (which is in fact due to Coble)
rather straightforward, as we will now explain.

A point of My 5 is the same thing as a stable map z : {1,2...,5} — P! (where ‘sta-
ble’ means here that every fiber has at most two elements), given up to a composition
with a Mobius transformation. The Gs-stabilizer of a stable map x consists of the set
of o € G5 for which there exists a p(o) € PGLy(C) with the property that xo = p(o)z.
Since x is stable, its image has at least 3 distinct points, and so p(o) will be unique.
It follows that p will be a group homomorphism. Its image will be a finite subgroup
of PGLy(C) with the property that it has in P! an orbit of size < 5.

Klein determined the finite subgroups of PGLy(C) up to conjugacy: they are the
cyclic groups, represented by the group p, of nth roots of unity acting in C C P! as
scalar multiplication; the dihedral groups, represented by the semidirect product of
i, and the order 2 group generated by the inversion z — 27!; and the tetrahedral,
octahedral and icosahedral groups, which are isomorphic to 2, &4, 25 respectively.
The octahedral and icosahedral groups have no orbit of size < 5 in P!, and hence
cannot occur here. The tetrahedral group has one such orbit: it is of size 4 (the
vertices of a tetrahedron), but since we want a degree 5 divisor, it then must have a
fixed point, and this is clearly not the case.

It remains to go through the dihedral and cyclic cases. We denote by €, a cyclic
group of order n and by ®,, the dihedral group of order 2n isomorphic €, x €,
(). The conjugacy classes of the nontrival cyclic subgroups of 25 are represented by
((12)(34)) = €, and ((123)) = €3, and for &5 we have the two additional classes
represented by ((12)) = €, and ((12)(345)) = €. Likewise, there are 3 conjugacy
classes of dihedral subgroups in 25 represented by

((12)(34), (13)(23) ) = D4, ((12)(45), (123)) =D = S3, ((12)(34), (12345) ) = Dy
and an additional three conjugacy classes in Gj:
((12),(34) ) = D4, ((12),(123)) = D6, ((12), (1324)) = Ds.
To distinguish the conjugacy classes of dihedral subgroups of order 4 or 6 we denote
them by D, &% (resp. D944, &394) if they are contained in 25 (resp. in &5, but not

in 25). A similar convention applies to €;: we have €594 and €.
We then end up with the following list, due to A. Coble [6], pp. 400-401.

Theorem 3.13 (The irregular orbits of G5 acting on S). The set of irreqular
orbits of &5 acting on S is one of the following sets, named by the conjugacy class of
a stabilizer subgroup :
€sdd: For example, ((12)) is the stabilizer of (0,0, 00,1, 2) when z is generic. An
orbit of this type has size 60. It is a regular As-orbit.
&SV For example, ((12)(34)) is the stabilizer of (z, —z,1, —1, 00) when z is generic.
An orbit of this type has size 60 and decomposes into two As-orbits of size 30.
&4z For example, ((1234)) is the stabilizer of (1,v/—1,—1, —/—1,00). This is an
Gs-orbit of size 30. It is also an As-orbit of type € (take z = /—1).

2We follow the now standard ATLAS notation for finite groups.
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D944: For example ((12), (34)) is the stabilizer of (0,0,1,—1,00). This is a &s-
orbit of size 30, which is also an As-orbit of type € (let z — 0).

SSY: For example ((23)(45), (123)) is the stabilizer of (1,(3,(3,0,00). This is a
Gs-orbit of size 20 which splits into two As-orbits of size 10.

Dg: For example, ((12),(1324)) is the stabilizer of (0,0,00,00,1). This is the
unique Sg-orbit of size 15. It is also an As-orbit of type DY .

Co: For example, ((12)(345)) is the stabilizer of (00, 00,1,(3,(3). This is a single
orbit of size 20 which is also a As-orbit of type €s.

D192 For example, ((25)(34), (12345)) is the stabilizer of (1,(s,¢2,¢3,¢d). The
associated orbit is of size 12 and splits into two As-orbits of size 6.

In particular, the irreqular As-orbits are of type €5 are parametrized by a punctured

rational curve.

Remark 3.14. It is clear from Theorem 3.13 that we have a curve of irregular 2s-
orbits of size 30. However the locus of such points in S has 15 irreducible components.
This is because the preimage of a 25-orbit under the map w € C — (w, —w, 1, —1, 00)
is generically of the form {z,1/z}. An example of the closure such an irreducible
component is the preimage of the line defined in P? by t, = ty + ¢; under the blowup
of the vertices of the coordinate vertex (it is pointwise fixed under an even linear
permutation of these vertices). Since this line does not pass through any of the four
vertices, this also shows that its preimage in S is a rational normal curve of degree 3.
We thus obtain a Gs-invariant curve on S of degree 45 (defined by a section of wg®”)
with 15 irreducible components. A priori this section is As-invariant, but as Clebsch
[5] showed, it is in fact Ss-invariant (see also Remark 6.6).

Since we have already determined the size of some orbits in the anticanonical model,
we can now interpret the orbits thus found. We do this only insofar it concerns ;-
orbits, because that is all we need. Note that this is not a closed subset. Here is what
remains, but stated in terms of the Wiman-Edge pencil:

Corollary 3.15. The irregular As-orbits in S = Mg of size 30 are parametrized by
punctured rational curve and the others (named by the conjugacy class of a stabilizer
subgroup) are as follows:

&3: This 20-element orbit is the base point locus A of €.
D¢ This 15-element orbit is the singular locus of Cw.
S%: This consists of two 10-element orbits in Mos = S\ Co equal to Sing(C,)
and Sing(C").
D10: This consists of two 6-element orbits, namely the singular loci of the two
irreducible members of the Wiman-Edge pencil, Sing(C;,) and Sing(C.,).
The orbit pairs of type &5 and D1y are swapped by an a conjugacy with an element of
S5 \ 5 (which induces a nontrivial outer automorphism of As).

Proof. Theorem 3.13 yields a complete list of the irregular 2;-orbits in terms of Moﬁ
of size smaller than 30. We have already encountered some of these orbits as they
appear in this corollary. All that is then left to do is to compare cardinalities. O
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4. PROJECTION TO A KLEIN PLANE

4.1. The Klein plane. The two representations I and I’ of 205 are the complexifica-
tion of two real representations that realize 25 as the group of motions of a regular
icosahedron. They differ only in the way we have identified this group of motions with
As. The full group of isometries of the regular icosahedron (including reflections) is
a direct product {+1} x 25, and is in fact a Coxeter group of type Hj, a property
that will be quite helpful to us when we need to deal with the 2As-invariants in the
symmetric algebra of I. Both 205 actions give rise to 2 actions on the unit sphere in
Euclidean 3-space. Via the isomorphism SO3(R) = PU,, they can also be considered as
actions of 25 on the Riemann sphere P'. These projective representations are what we
have called the Schwarzian representations and are the only two nontrivial projective
representations of 25 on P! up to isomorphism.

We observed above that a Schwarzian representation has 3 irregular orbits of sizes
12, 20 and 30, corresponding respectively to the vertices, the barycenters and the mid-
points of the edges of a spherical icosahedron. The antipodal map, when considered
as an involution P!, is antiholomorphic: it comes from assigning to a line in C? its
orthogonal complement. We can think of this as defining a 2s-invariant real structure
on P! without real points. In particular, the involution is not in the image of 5. Yet
it preserves the 2s-orbits, so that each orbit decomposes into pairs. The preimages
of As — Aut(P') under the degree 2 isogeny SU, — PU, define two representations
of degree 2 of an extension As of As by a central subgroup of order 2, called binary
icosahedral group. As above, these two representations of §l5 differ by an outer auto-
morphism. If we take the symmetric square of such a representation, then the kernel
{1} of this isogeny acts trivially and hence factors through a linear representation of
s of degree 3. This is an icosahedral representation of type I or I'.

We can phrase this solely in terms of a given Schwarzian representation of 25 on
a projective line K. For then the projective plane P underlying the associated icosa-
hedral representation is the one of effective degree 2 divisors on K (the symmetric
square of K) and K embeds s-equivariantly in P as the locus defined by points with
multiplicity 2. This is of course the image of K under the Veronese embedding and
makes K appear as a conic.

We will identify K with its image in P, and following Klein [17] we refer to this
image as the fundamental conic. It is also defined by a non-degenerate 2s-invariant
quadratic form on the icosahedral representation (which we know is self-dual). We call
P a Klein plane. So an x € P~ K can be understood as a 2-element subset of K. The
latter spans a line in P and this is simply the polar that the conic K associates to x
(when z € K, this will be the tangent line of X at x).

Following Winger, we can now identify all the irregular 2As-orbits in P. As we have
seen, K has exactly three irregular 2s-orbits having sizes 30, 20 and 12, each of which
being invariant under an antipodal map. This antipodal invariance implies that the
antipodal pairs in the above orbits span a collection of resp. 15, 10 and 6 lines in P,
each of which makes up an 2A5-orbit. When we regard these pairs as effective divisors
of degree 2, they also yield 2s-orbits in P ~. K of the same size (K parameterizes the
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nonreduced divisors). The bijection between lines and points is induced by polarity
with respect to K. This yields all the irregular orbits in the Klein plane:

Lemma 4.1 (Winger [25], §1). There are unique irreqular 20s-orbits in P having size
12, 20 (both in K ), 6, 10 or 15 (all three in P~ K ). The remaining irreqular orbits
in P have size 30 and are parametrized by a punctured rational curve. Further, the
points with stabilizer a fized T € A5 of order 2 is open and dense in the image of the
map K — P given by z € K — (2) + (7(2)).

Proof. We can think of a point of K as a point on the icosahedron in Euclidean 3-space.
An element of P~ K is represented by an effective degree 2 divisor on K which has the
same 2As-stabilizer. If we identify K with its 2s-action as a spherical icosahedron in
Euclidean 3-space with its group of motions, then such a divisor spans an affine line in
Euclidean 3-space with the same stabilizer. When the line passes through the origin,
we get the three orbits of sizes 30, 20 and 12, otherwise the stabilizer is of order 2. [J

We call a member of the 6-element 2As-orbit in P ~\ K, a fundamental point and
denote this orbit by F. We call the polar line of such a point a fundamental line.

4.2. Two projections. The irreducible G5-representation Fg splits into two 3-dimensional
irreducible As-representations Ig and I5. The two summands give a pair of disjoint
planes P(Ig) and P(1%) in P(E), to which we shall refer as Klein planes. We abbreviate
them by P resp. P’, and denote by K C P and K’ C P’ the fundamental (2s-invariant)
conics. We have s-equivariant (Klein) projections p : S --» P and p' : S --» P’ of

the anticanonical model S C P(E) with center P’ resp. P. Precomposition with an
element of G5 \ 25 exchanges these projections.

Proposition 4.2. The Klein planes are disjoint with S and the Klein projections are
finite morphisms of degree 5. Together they define a finite morphism

f=mp):S—=PxPF
that is birational onto its image.

Proof. We focus on p : S — P. Let us first note that P’ N S is RAs-invariant and
equals the base locus of the linear system of anticanonical curves parametrized by
P(I) C P(E). The curve part Y of PN S has degree < 5. The class [Y] € H?(S;Z) of
Y is As-invariant. Since the span of Kg is supplemented in H?(S;C) by an irreducible
2s-representation isomorphic to V', we must have [Y] = —dK for some integer d > 0.
But then
5>deg(Y)=1[Y] - (—Ks) =5d

and so Y = (). It follows that the base locus is finite. Since it is a linear section of S
it has at most 5 points. But Lemma 4.1 shows that P’ has no orbit of size < 5 and so
the base locus is empty.

To see that p : S — P is surjective, suppose its image is a curve, say of degree m.
The preimage of a general line in P in S is an anticanonical curve and hence connected.
This implies that m = 1. But then S lies in hyperplane and this is a contradiction.

So p is a surjection of nonsingular surfaces. If some irreducible curve is contracted by
p, then this curve will have negative self-intersection. The only curves on S with that
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property are the lines, and then a line is being contracted. Since 25 acts transitively
on the lines, all of them are then contracted. In other words, the exceptional set is the
union Cy, of the 10 lines on S. But C,, has self-intersection (—2K3)? = 20 > 0 and
hence cannot be contracted.

So the preimage of a point in P is finite. This is also the intersection of the quintic
surface S with a codimension 2 linear subspace and so this fiber consists of 5 points,
when counted with multiplicity.

For the last assertion, we notice that since one of the components of f has degree 5,

the degree of S EN f(S) must divide 5. So it is either 1 or 5. If it is 5 then p and p’ will

have the same generic fiber so that p’ factors through p via an isomorphism h : P =P
But this would make the 2s-representations I and I’ projectively equivalent, which is
not the case. Alternatively, (We could alternatively observe that then the elements of
S5 s preserve the fibers of p so that we get in fact an action of &5 on P which
makes p Gs-equivariant. But there is no projective representation of &5 on P?2.) 0

The proof of the next proposition makes use of the Thom-Boardman polynomial for
the As-singularity locus. Let us first state the general result that we need. Let f be
a morphism between two compact, nonsingular complex surfaces. Assume first that
f has a smooth locus of critical points (= ramification divisor) ¥'(f). As Whitney
and Thom observed, f|X!(f) need not be a local immersion: generically it will have
a finite set X1 (f) of (Whitney) cusp singularities; at such a point f exhibits a stable
map-germ which in local-analytic coordinates can be given by (z,y) — (2® + 2y, ).

In the more general case when X!(f) is a reduced divisor (when defined by the
Jacobian determinant), 11(f) is defined as a 0-cycle on the source manifold. While
is not so hard to prove that the degree of L1 (f) is a characteristic number of the
virtual normal bundle v; of f, it is another matter to obtain a closed formula for it.
In the present case it is equal to (3 (vy) + ca(vy),[S]) (see for instance [20, Theorem
5.1], where this is listed as the case Ay).

Proposition 4.3 (The ramification curve). The ramification curve R of the finite
morphism p : S — P is a singular irreducible member of the Wiman-FEdge pencil, and
hence obtained as a As-curve by means of the procedure of Lemma 3.9.

Proof. The divisor class [R] is given by the well-known formula Kg—p*(Kp). Since Kp
is —3 times the class of a line, and p* takes the class of a line to the class of hyperplane
section (i.e., —Kg), we have p*(Kp) = 3Kg. It follows that [R] = —2Kg. Since R
is As-invariant, it must be a member of the Wiman-Edge pencil. In particular, R is
reduced.

We now apply the above formula to p : S — P. The Chern classes of the virtual
normal bundle of p are easily computed: ¢;(v,) = 2Ks and c2(v,) takes the value —2
on the fundamental class [S] of S. We find that

(e1(vy)? + ca(1y),[S]) =4-5—2=18.

So Xb1(p) is a O-cycle whose support is a 2s-invariant subset of S contained in R.
In Subsection 3.5, we found that 25 has two 6-element orbits in S (each being the
singular locus of an irreducible member of the Wiman-Edge pencil) and that any other
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s-orbit has at least 10 elements. Since R is a member of the Wiman-Edge pencil, we
conclude that that it must be one with 6 nodes (and that each node has multiplicity
3 in X1 (p)). This also proves that p|R is a local isomorphism at the 20-element orbit
A. O

Remark 4.4. The assertion of Proposition 4.3 can be confirmed by computation. If
7w : S — P? is the blowing down morphism and ¢ : S — P° = P(E) is the &;-
equivariant anti-canonical embedding, then the composition gon=! : P2 --» P(E) and
the As-equivariant projection P(E) --» P(I) is given by

(to s t1:ta) = (fo(to, tist2) = fi(to, t1st2) = fa(to, t1,t2))
where
0 = —22+ P+ 28— Nty — Ntz + Naoy? — M2+ daz? — Ny2?,
Y ) Y Y Y

A= NP+ 07 = A+ Dy — (N + Do + 22® + y22,

fo = MNP 22— A+ Day — NPz — Mz + 22
Here \ = %5 and N = 1%@ are two roots of the quadratic equation t> —¢t — 1 = 0.
Here we use the coordinates in the plane in which the equation of the Wiman-Edge
pencil is written. Computing the Jacobian J(fo, f1, f2) we find the equation of a
irreducible singular member of the pencil with parameters (1 : 5v/5).

Proposition 4.5. The preimage Cx = p*K of the fundamental conic in P is a non-
singular member of the Wiman-Edge pencil. The ordered 4-tuple (Cy, Coo, Cr, Cir)
consists of four distinct members of the Wiman-Edge pencil which lie in harmonic
position: there is a unique affine coordinate for € that identifies this 4-tuple with
(0,00,1,—1).

Proof. 1t is clear that Ck is an s-invariant member of | —2Kg| and therefore a member
of the Wiman-Edge pencil. It is defined by the quadric () and similarly Ck is defined
by the quadric @'. The last clause of the proposition then follows as Cy (resp. Cy) is
defined by @ + @' (resp. @ — Q).

If C is singular, then it must be one of C,, C., R, R'. We shall exclude each of these
possibilities.

Suppose that Cx = C.. or C.. Then let Y be an irreducible component of Cx. Now
both Y and K are conics and since p is a linear projection, Y %> K must be of degree
1. On the other hand, R meets C'k transversally in A, and so Y meets R transversally
in four distinct points. This implies that ¥ 2 K must have degree 3 and we arrive at
a contradiction.

We cannot have C'x = R, for then p would ramify along p*K and so p*K would be
2-divisible: this would make it twice an anticanonical divisor (a hyperplane section)

and R is clearly not of that type. If Cx = R/, then R’ = Cx & K must ramify in
the singular part Sing(R’) of R’ and so R contains Sing(R'). This contradicts the fact
that the two members R and R’ of the Wiman-Edge pencil intersect transversally. [

We can also improve the statement about the birationality of the map (p,p’).
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Theorem 4.6. The map
(p,p'): S —PxPF

18 a local isomorphism onto its image. Further,
fi(1) = 5(h* + hh' + h'?)

where (h, h') is the standard basis in H*(P x P';7Z), and hence the composite of f with
the Segre embedding

PxP=PI)xP(I')—=P(IxI)=P
has degree 20.

Proof. We have already proved that the map is of degree one onto its image and hence
coincides with the normalization of the image.

[t remains to show that (p,p’) is a local isomorphism. Suppose it is not. Since the
projection p resp. p’ is a local isomorphism on S\ R resp. S~ R’, the map could only
fail to be local isomorphism at some x € RN R'. Let L be the kernel of the derivative
at x. Then L is mapped to 0 under the composition with the both projections. This
implies that L coincides with the tangent line of R and R’ at x. But we know that
two curves in the Wiman-Edge pencil intersect transversally at a base point. This
contradiction proves the assertion.

Next represent h resp. h’ by general lines ¢ C P and ¢/ C P'. Then f*(h.h') is
represented by p*.p*¢'. This is evidently a plane section of S and hence is a class of
degree 5. Since p and p’ are also of degree 5, it follows that f.(1) is as asserted. O

Remark 4.7. The map (p,p’) : S — P x P’ is not injective. We will make this explicit
in Remark 5.7, but we here give a general argument that implies that there must exist
a whole curve of fibers consisting of more than a single point. Let us write f for (p,p’).
The double point formula asserts that its virtual number of double points is equal to

the degree of f*fi(1) — c2(vf) [20]. The degree of
f Q) = f1(5(h* + R + h'?))

is equal to 5-5+5-5+5-5 = 75. On the other hand, if ug € H*(S) is the fundamental
class (so that K2 = 5ug) then ¢(fs) = 1+ Kg+ Tugs (the coefficient 7 is the topological
euler characteristic of S) and

pc(0p) = p*(1 +3h + 3h*) =1 — 3Kg + 15us.

Thus
c(vy) = c(bs)"'p*c(0p)p™c(0p)

= (1 + Kg + 7#5')71(1 —3Kg + 15#5)2

= (1 — KS — 2,&5)(1 — 6KS + 75#5)

=1-TKg+ 103us.
This tells us that the degree of v; is 103. It follows that the number of virtual double
points is —28. This can only be interpreted this as saying that the double point locus
of f must contain a curve on S with negative self-intersection.
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4.3. The projection of irregular orbits. Let us describe the images of the irregular
2As-orbits in S under the projection map p : S — P. Since the projection is 2As-
equivariant, the image of an irregular 2As-orbit in S is an irregular orbit in the Klein
plane. According to Lemma 4.1 there are s-orbits in P of size 6, 10, 15 (all outside
the fundamental conic) and of 12 and 20 (all on the fundamental conic), of which those
of size 6 and 10 come in pairs, the others being unique. The other irregular orbits in
P are of size 30 and are parametrized by a rational curve. On the other hand, by
Corollary 3.15, in S there are two 2s-orbits in .S of size 6 and 10, one of size 15 and
20, and an irreducible curve of orbits of size 30.

This immediately implies that the orbits on S of cardinalities 6, 10, 15 are mapped
one-to-one to the orbits of the same cardinality in the Klein plane. This is also true
for the 20-element orbit, since it consists of the base points of the Wiman-Edge pencil
% and hence is mapped to the 20-element orbit on the conic. The size 12 orbit in K
must be the image of an orbit in S whose size is divisible by 12 and so this can only
be a regular orbit. Since the 2s-orbits of size 30 in S and in P are parametrized by
an irreducible curve; p will map the generic point of the former to the generic point of
the latter. This information, insofar relevant here is displayed in Table 3; it will help
us to determine the p-images of the special members of the pencil.

TABLE 3. Irregular 2s-orbits in P of cardinality # 30 explained by
s-orbits in S.

| special As-orbit & in S || #(0) | p(0) C K7 | #(p(0)) |

base locus A of ¥ 20 yes 20

a regular orbit in Ck 60 yes 12
singular part of C 15 no 15
singular part of C, or C” || 10 (2) 1no 10
singular part of R or R’ || 6 (2) no 6

4.4. The projection of the Wiman-Edge pencil. We will later investigate the
p-images of the special members of the Wiman-Edge pencil, but at this point it is
convenient to already make the following observation.

Proposition 4.8. The diwvisor p,Cy is the sum of the 10 lines that are spanned by the
antipodal pairs in the 20 element orbit p(A) on K. FEach singular point of p.Cy lies
on ezactly two lines and the resulting (120) = 45 double points make up two irregular
As-orbits, one of which is the unique 15-element orbit defined by a pairs of lines which
meet in S (and so the other has size 30).

Proof. The image of a line on S is a line in P and so p,Cy is a sum of 10 lines. The
polars of these lines make up an 2s-orbit in P of size < 10. There is only one such
orbit and it has exactly 10 elements.

The singular locus of Cy, is a 15-element orbit and we observed that this orbit maps
bijectively onto the unique 15-element orbit in P. It follows from the discussion in
Subsection 3.5, that the stabilizer of each singular point of C, is the group ©%". Its
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projection has the same stabilizer group. Thus the image of Sing(C,) consists of 15
points. Since there is only one orbit in P of cardinality 15, the remaining 45 — 15 = 30
points form an orbit of s in P. ([l

This has implications for a generic member C of €, as follows. The curve p,C
being reduced and of geometric genus 6, it follows that p,C has the same property. As
p is linear, p,C' is a plane curve of the same degree as C', namely 10. So the arithmetic
genus of p,C is (10 — 1)(10 — 2)/2 = 36, and hence its genus defect is 30. Since the
singular set of C' specializes to a subset of the singular set of C,, it follows that this
singular set consists of 30 nodes and makes up a 25-orbit (but remember that such
orbits move in a curve and can degenerate into an orbit of smaller size).

So C' € € +— p.C defines a morphism from the base B of the Wiman pencil (a copy
of P') to |Op(10)|. We denote its image by p.B. It is clear that every point of p, 8 will
be an As-invariant curve. An 2s-invariant curve in P admits an 2As-invariant equation
(because every homomorphism 25 — C* is trivial), and so every member of p,% lands
in the projectivization of (Sym'® I)*s (recall that P is the projectivization of the dual
of I).

Since 25 acts on I as the group of orientation-preserving elements of a Coxeter group
of type Hj, this space is easy to determine using the invariant theory of Coxeter groups:
if ®5 is an equation for K and ®g, P19, P15 an equation for the As-invariant union of
resp. 6, 10 and 15 lines, then these generate the 2As-invariants in the symmetric algebra
of I. The first three generate the invariants of the Coxeter group and are algebraically
independent (®;52 is a polynomial in these). So (Sym' I)™s is of dimension 3 and has
the basis {®,°, PgPs?, @19}. Thus every As-invariant decimic in P can be written by
equation

(4.1) a®y’® 4+ bPs®s? + cPyg = 0

In particular, p,B is a plane curve. Since p,A is the transversal intersection of the 10
line union and K (the common zero set of &5 and ®4p), we also see from equation (4.1)
that every 2As-invariant decimic in P passes through p,A and is there tangent to the
10 line union unless it contains K as an irreducible component of multiplicity 2 (i.e.,
c=0).

The formula (4.1) also proves the following

Proposition 4.9 (The net of 2;5-decimics). All members of the net of As-decimics
intersect the fundamental conic transversally at 20 points and they are all tangent at
these points to one of the 10 lines that joins two antipodal points.

Of course, the twenty points in the statement of Proposition 4.9 are the projection
of the set A of base points of the Wiman-Edge pencil.

Proposition 4.10. The members of p,€ distinct from 5K are reduced and intersect
K transversally in p,A. The map B — p.B defined by C' — p,C is injective, and p,B
is a curve of degree 5 in |Op(10)].

Proof. If C' € € is not equal to Cx then
p.C-K=C-Cg = (—2Kg)* = 20.
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Since this is also the size of p(C)N K = p(A), it follows that p,C' is reduced and meets
K transversally in p(A).

Let C1,Cy € € ~ {Ck}. Since p.C; is reduced, the map p : C; — p.C; is a
normalization and so the equality p.C; = p.C} lifts to an s-equivariant isomorphism
C1 = (5. As € is the universal family, it follows that C; = C5. So the map B — p.B
is injective.

It also follows that for z € P generic, then through each of the 5 points of p~!(z)
passes exactly one member of ¥ and these members are distinct and smooth. This
means that the hyperplane in |Op(10)| of decimics passing through z meets p.B
transversally in 5 points and so the curve in question has degree 5. U

In particular, p,% is not a pencil. We can be a bit more precise. If a®,® 4 bPPo2 +
c®19 = 0 represents p,C € p, %, with p,C' # 5K, then the fact that p,C is transversal
to K implies that ¢ # 0. So such a curve has unique equation for which ¢ = 1. In
particular, p,R has an equation of the form

Dp = ap®s® + brPePs® + Dyp.

(We will see later that this curve is in fact the Klein decimic.) It follows that
Dy, g, PR, Py5 still generate the algebra 2As-invariants.

Proposition 4.11. The plane curve p.B has two singular points, namely the points
represented by p.R and by 5K, where it has a singularity of type Ay resp. Es (having
local-analytic parameterizations t — (t2,1°) resp. t — (£3,1°)).

Proof. Let x € A. Since p has simple ramification at x, we can find local-analytic
coordinates (z1, 22) at @ and (wy,ws) at p(x) such that p*w; = 2§ and p*wy = 29, and
such that K is at p(x) given by ws = 0. So the ramification locus R is given at = by
z1 = 0 and Cg by 2z, = 0.

A tangent direction at x not tangent to Ck has in the (z1, 25)-coordinates a unique
generator of the form (A, 1). We therefore can regard A as a coordinate for the comple-
ment in P(7,S) of the point defined by T,Ck and hence as a coordinate for the comple-
ment B° C B of the point representing C'x. This means that the member of €\ {Ck}
corresponding to A has a local parametrization at x given by 23 = Aza(14+c¢1(N) 2o+ -+ ).
Its image under p has then the local parametrization w; = AN2wy?(1 + 2¢1(N)wg + -+ - ),
which shows that A\?, when regarded as a regular function on B°, is in fact a regular
function on its image p.3°.

Now let us make these coordinate choices compatible with the chosen basis of invari-
ants. For this we choose a third root <I>(15/3 of ¢ and take wy = ®R®g5/3 (this means
that z; must be a square root of this) and wy = <I>2<I>g1/3. We write a member of p,B°
uniquely as

a(M)®s° + b(\) PPy = gy

with a and b a polynomials of degree < 5 and 5 being attained. If we multiply this
5/ 3, then this becomes

a(AN)ws® + b(N)wy? = w.

equation with @y
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It follows from the preceding that b(\) = A2. Hence a has degree 5. By Proposition
4.10, the curve A — (a()\), \?) must be injective. This means that a(\) — a(—\) is
nonzero when A\ # 0. This can only happen when there is at most one odd power of A
appearing in a. This power must then be 5, of course. It follows that P! = B — p,B
is given by

X p] = (Vas + Npag + N play) @y + (V) D@y — 1 P,

where as, a4, as are constants with as # 0. The proposition follows from this. U

5. IMAGES OF SOME MEMBERS OF THE WIMAN-EDGE PENCIL IN THE KLEIN
PLANE

5.1. The preimage of a fundamental conic. We will characterize Cx and Ck as
members of € by the fact that they support an exceptional even theta characteristic.
Recall that a theta characteristic of a projective smooth curve C'is a line bundle x over
Ok endowed with an isomorphism ¢ : £%? = we. It is called even or odd according to
the parity of the dimension of H°(C, k).

The strong form of Clifford’s theorem as stated in [2] implies that
dim |r| < 5(9(C) = 1)

provided that C'is not hyperelliptic. If || is one-dimensional and without fixed points,
then the associated morphism C' — P(H?(C, x)) = P! is of degree < g(C') — 1 and has
as fibers the moving part of |k|. We can obtain this morphism by means of a linear
projection of the canonical image: the natural map Sym*H°(C, k) — H°(C,wc) is
injective (with image a 3-dimensional subspace), so that dually, we have a projection
onto a projective plane

P(H(C,we)) --» P(Sym?HO(C, k)).

The latter contains a conic that can be identified with the image of PH?(C, k) under
the Veronese map. The composition with the canonical map C' — P(H%(C,w¢)) has
image in this conic and thus realizes C — PH°(C, k). Note that this conic can be
understood as a quadric in P(H°(C,w¢)) of rank 3 that contains the canonical image

of C.

Proposition 5.1. The morphism Cx — K s obtained as the complete linear system
of an even theta characteristic k on Ck followed by the (Veronese) embedding K C P.
The As-action on Cyk lifts to an action of the binary icosahedral group As on Kk in
such a way that H*(Ck, k) is an irreducible ﬁl5—representati0n of degree 2. Similarly
for Cr — K, albeit that H°(Cyr, k') will be the other irreducible ﬁ[5—rep7’esentation of
degree 2.

There are no other pairs (C,0), where C' is a member of € and 0 is a As-invariant
theta characteristic with dim |6 = 1.

Proof. Observe that the preimage of a line in P meets Ck in a canonical divisor and
that any effective degree 2 divisor on K spans a line in P. This implies that the fibers
of O — K belong the divisor class of a theta characteristic (k, ¢ : k%% = wg,. ). The
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As-action on Ck need not lift to such an action on k, but its central extension, the
binary icosahedral group 25, will (in a way that makes ¢ equivariant). Thus H°(Ck, k)
becomes ﬁ[5—representation. It contains a 2-dimensional (base point free) subrepresen-
tation which accounts for the morphism Cx — K. To see that this inclusion is an
equality, we note that by Clifford’s theorem as cited above, dim H°(Ck, k) < 3. If it
were equal to 3, then 25 would have a trivial summand in H %(Ck, ) and hence so
would HY(Ck, k®?) = H°(Ck,wc, ). This contradicts the fact that the latter is of type
I ® I’ as a As-representation.

It is clear that we obtain (Ck, k') as the transform/pull-back of (Ck, ) under an
element of G5~ As.

If (C,0) is as in the proposition, then C' lies on a As-invariant quadric of rank 3.
This quadric will be defined by AQ + N @' for some (A : X) (with @ and @’ as in
Subsection 2.5), and so the rank condition implies A = 0 or ' = 0. In other words,
(C,0) equals (Ck, k) or (Ckr, K'). O

5.2. The image of reducible singular members. Recall that C. and C. is the
s-orbit of a special conic. So the following proposition tells us what their p-images
are like.

Proposition 5.2. The projection p maps each special conic isomorphically onto a
conic in P that is tangent to four lines that are the projections of lines on S, and
passes through four points of the 10-element As-orbit.

Proof. Let Y be a special conic. Since Y is part of C. or C”, Y meets A in 4 distinct
points and p,Y is a degree 2 curve which meets p(A) in 4 points. In particular p maps
Y isomorphically onto its image (not on a double line). For each a € Y N'A, p(a) and
its antipode span a line in P and according to Proposition 4.10 p(Y’) is tangent to the
line at p(a). O

5.3. The decimics of Klein and Winger. Let us call a projective plane endowed
with a group G of automorphisms isomorphic to 25 a Klein plane (but without spec-
ifying an isomorphism G = 25). Such a plane is unique up to isomorphism (it is
isomorphic to both P and P’). For what follows it is convenient to make the following
definition.

Definition 5.3 (Special decimics). We call a reduced, G-invariant curve in a Klein
plane of degree 10 a special decimic if is singular at each fundamental point and its
normalization is rational. If the singularity at a fundamental point is an ordinary node,
we call it a Winger decimic; otherwise (so when it is worse than that) we call it a Klein
decimic.

We will see that each of these decimics is unique up to isomorphism, and that p(R) is
a Klein decimic and p(R’) a Winger decimic. We will also show that the singularity of
a Klein decimic at a fundamental point must be a double cusp (i.e., with local analytic
equation (23 — 3?)(y® — 2*)). As to our naming: a Klein curve appears in [17] , Ch. 4,
§3 (p. 218 in the cited edition), and a Winger curve appears in §9 of [25].

Let us first establish the relation between special decimics and the Wiman-Edge
pencil. Let K be a copy of a P! and let G C Aut(K) a subgroup isomorphic to
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2s. Recall that K has a unique G-orbit F'# of size 12 (think of this as the vertex
set of a regular icosahedron) which comes in 6 antipodal pairs. Let us denote by
z € F# s 2/ € F# the antipodal involution, and let K be obtained from Y by
identifying every z € F'# with 2/ € F# as to produce an ordinary node. This is just
the curve of arithmetic genus 6 that we constructed in Lemma 3.9.

Notice that the normalization of a special decimic factors through this quotient of
K: it is the image of K under a 2-dimensional linear system of degree 10 divisors on
K that comes from a 3-dimensional irreducible subrepresentation of H°(K, O#%(10)).
In order to identify these subrepresentations, we focus our attention on the dualizing
sheaf w of K. This is the subsheaf of the direct image of wg (F*) characterized by
the property that the sum of the residues in a fiber add up to zero. So H°(K,w) is
the subspace of H(K,wy(F#)) consisting of differentials whose residues at the two
points of any antipodal pair add up to zero.

Lemma 5.4. There is an exact sequence of G-representations
0— HY(K,wg) = H'(K,wr(F*)) — H(F;C) = 0

where the last term denotes the reduced cohomology of F. Further, ﬁO(F;C) s an
irreducible G-representation of dimension 5 (hence of type W ).

Proof. For every x € F there is a linear form on H(K,wg(F#)) that assigns to
a € HYK, wg(F#)) the sum of the residues at the associated antipodal pair on K. By
the residue formula, these 6 linear forms add up to zero. Apart from that, residues
can be arbitrarily described and we thus obtain the exact sequence. The character of
the permutation representation on F' (which can think of as the set of 6 lines through
opposite vertices of the icosahedron) is computed to be that of trivial representation
plus that of W. This implies that H°(F;C) = W as G-representations. O

We know by Proposition 3.10 and Proposition 4.3 that the dualizing sheaf of K
defines the canonical embedding for K and that the 6-dimensional G-representation
H(K, wyr) decomposes into two irreducible subrepresentations of dimension 3 that are
not of the same type. This enables us to prove that there are only two isomorphism
types of special decimics.

Corollary 5.5 (Classification of special decimics). Let Y C P be a special decimic
and let K =Y define a partial G-equivariant normalization (so that the 6 nodes of K
lie over the 6 fundamental points of P). Then 'Y can be identified in a G-equivariant
manner with the image of K under the linear system that comes from one of the two
irreducible 3-dimensional G-subrepresentations of H(K,wz). In fact, p,R and p.R
are special decimics and every special decimic is isomorphic to one of them.

Proof. The line bundle wg (F#) is of degree 10. The fact that w is of degree —2+12 =
10 implies that P(H°(K,wg (F7#))) is the complete linear system of degree 10. As the
G-embedding Y C P is of degree 10, the G-embedding Y C P is definable by a 3-
dimensional G-invariant subspace of H(K,wg (F#)). It follows from Lemma 5.4 that
this subrepresentation must be contained in H°(K,wz), and hence is given by one of
its 3-dimensional summands.



38 IGOR DOLGACHEV, BENSON FARB, AND EDUARD LOOIJENGA

Let us write Ex for H'(K,wg) and Pg for P(Ex). The canonical map K — Px
is an embedding and realizes K as a member of the Wiman-Edge pencil: if we regard
this embedding as an inclusion, then the 2s-embedding R C Pg is obtained from the
G-embedding K C Py via a compatible pair of isomorphisms (G, Ex) = (U5, Es). The
preimage Sk C Px of S C Py is a G-invariant quintic del Pezzo surface which contains
K. We have a decomposition Ex = Ix @ I} into two irreducible subrepresentations
such that the two associated linear systems of dimension 2 reproduce the projections
p|R and p'|R. So p,R and p. R represent the two types of special decimics. O

Theorem 5.6. The preimage p~'F of the set of fundamental points is the disjoint
union of Sing(R) and Sing(R’). Moreover, p,R' is a Winger decimic and p.R is a
Klein decimic.

Proof. We know that the singular set of R makes up an 2As-orbit and that such an
As-orbit is mapped to F'. The same is true for R’ and so each fundamental point is a
singular point of both p,R and p,R’. For every singular point x of R, p~!p(z) \ {z}
consists of k < 5 — 2 = 3 points. So p~p(Sing(R)) \ Sing(R) is a As-invariant set of
size 6k € {6,12,18}.

Our irregular orbit catalogue for the 25 action on S (see §3.5) shows that only k& = 1
is possible, so that this must be the 6-element orbit in S different from Sing(R), i.e.,
Sing(R’). This proves that the (disjoint) union of Sing(R) and Sing(R’) make up a
fiber of p. In particular, p,R has an ordinary double point at p(z) and hence is a
Winger decimic. On the other hand, p,R has multiplicity at least 4 at p(x): this is
because the restriction of p to a local branch of R has a singularity at = (because of
the presence of the other branch). So p,R must be a Klein decimic. U

Remark 5.7. Theorem 5.6 shows that there is a unique 2A5-equivariant bijection
Sing(Ciy) — Sing(CY,)

that commutes with p. This gives rise to a bijection o : F = F’ between the set of
fundamental points in P and those in P’. Similarly, p’ will determine a 2(5-equivariant
bijection ¢’ : " — F. The composition ¢’ o ¢ is a permutation of F' that commutes
with the 25 action. Since that 25 action contains 5-cycles (which have just one fixed
point in F), it follows that this permutation must be the identity: the two bijections
are each others inverse. It follows that for every = € Sing(C},), the set {z,0(z)} is a
fiberof pxp' : S — P x P

We can now also say a bit more about the special decimics.

Proposition 5.8. The singular set of a Winger decimic consists of 36 ordinary double
points, and a local branch at each fundamental point has that node as a hyperflex. The
singular points that are not fundamental make up a 30-element orbit.

Proof. For the first assertion, we essentially follow Winger’s argument. The normal-
ization ¢ : Y — Y C P is a rational curve that comes with an automorphism group
G = ;. The points of Y mapping to a flex point or worse make up a divisor D of
degree 3(10 — 2) = 24 (if ¢ is an affine coordinate of Y, and (2o : 21 : 25) is a coordi-
nate system for P such that ¢*zy resp. ¢*z; is a polynomial of degree 10 — ¢ and resp.
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< 10 —1, then D is the defined by the Wronskian determinant (zg, z1, 22) and is viewed
as having degree (10+948) —3 = 24). If a point of Y maps to cusp or a hyperflex (or
worse) then it appears with multiplicity > 2. We prove that each of the two points of
Y lying over a fundamental point of P has multiplicity > 2 in D. This implies that D
is > twice the 12-element G-orbit in Y and hence, in view of its degree, must be equal
to this. It will then follow that Y has only nodal singularities and that these will be
36 in number by the genus formula.

Let us first note that since G has no nontrivial 1-dimensional character, Y admits
a G-invariant equation. Let x € P be a fundamental point. Let U C P be the
affine plane complementary to the polar of x and make it a vector space by choosing
x as its origin. Then G, acts linearly on U. The stabilizer G, is a dihedral group
of order 10, and we can choose coordinates (wq,ws) such that (wy,ws) — (wsq, ws)
and (wy,wy) — (Cswy, (5 'wy) define generators of G,. The algebra of G, -invariant
polynomials is then generated by wiws and w,® + w»®.

The germ of Y at x admits G,-invariant equation and this is given by w;ws+order >
2. So the tangent lines of the branches of Y at x are the coordinate lines. The subgroup
of G, generated by (wy,ws) — ((sw1, (5 'wy) fixes each branch. So the branch whose
tangent line is w; = 0 has a local equation of the type

wy + aw*wy + bwPwy? + cw;y + (terms of order > 5) = 0.

This branch meets w; = 0 at the origin with multiplicity > 4 and hence has there a
hyperflex.

So Sing(p.R') \ F is a 2As-invariant a 30-element subset of P and it suffices to prove
that this is a 2As-orbit. This set does not meet the fundamental conic K (for p,R’ is
transversal to that conic). There are unique s-orbits in P ~\. K of size 6 and 10; the
others have size 30 and 60. Hence Sing(p,R’) \. F' is a 30-element orbit in P~ K. O

5.4. Construction of the Klein decimic. We now give a construction of the Klein
decimic, which will at the same time show that it will have double cusp singularities
at the fundamental points.

Let P be a Klein plane. We first observe that its fundamental set F' does not lie
on a conic. For if it did, then this conic would be unique, hence 2s-invariant and so
its intersection with K would then produce a orbit with < 4 elements, which we know
does not exist. This implies that for each x € F' there is a conic K, which meets F' in
F~ Az}

Now blow up F. The result is a cubic surface X (*) for which the strict transform
K, of K, is a line (an exceptional curve) and these lines are pairwise disjoint. (The
set of 6 exceptional curves arising from the blowup and the K, form what is called a
double siz in X.) So they can be simultaneously blown down to form a copy P’ of a
projective plane. The naturality of this construction implies that the 2s-symmetry is
preserved. In particular, P’ comes with a nontrivial 25-action, and so we have defined

3This surface is isomorphic to the Clebsch diagonal cubic surface in P* defined by Z?:o Z3 =0,
Z?:o Z; = 0; the evident G5-symmetry accounts for its full automorphism group and its isomorphism
type is characterized by that property. The intersection of this cubic surface with the quadric defined
by Z?:o Z? =0 is the Bring curve mentioned in Remark 5.12; its automorphism group is also &s.
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a fundamental conic KT C PT. The image of Umf(m in Pt is a As-invariant subset of size

:
6 and so this must be the fundamental set FT c P, So the diagram P <~ X &5 Pt is
involutive. The birational map

(¢")'q: P> P

is defined by the linear system [k of quintics in P which have a node (or worse) at
each fundamental point, so that P! gets identified with the projective space dual to

[Tk

Lemma 5.9. If (. is the polar line of x, then K, N K = {, N K and hence K, 1is
tangent to K at these two points.

Proof. The divisor ) p K, - K in K is ™s-invariant and of degree 6 - 4 = 24. Given
the 2A5-orbit sizes in K (12,20, 30,60), this implies that that this divisor is twice the
12-element orbit. Hence K, meets K in two distinct points of this orbit and is there
tangent to K. Assigning to x the polar of K N K, then gives us a map from F' onto a
6-element orbit of P. This orbit can only be F' itself. We thus obtain a permutation
of F' which commutes with the 2s-action. Since every point of F' is characterized by
its As-stabilizer, this permutation must be the identity. [l

Corollary 5.10. The Cremona transformation ¢'q™* : P --» P! takes K C P to a
Klein decimic in PT. This Klein decimic has a double cusp (with local-analytic equation
(22 — y3) (2 — y*) = 0) at each fundamental point, and is smooth elsewhere.

Proof. Since ¢ is an isomorphism over K, we can identify K with ¢~*K. Any singular
point of ¢'¢ 'K will of course be the image of some K,. Since we can regard K, as the
projectivized tangent space of the fundamental point in P to which it maps, Lemma
5.9 shows that the image of K at this fundamental point is as asserted: we have two
cusps meeting there with different tangent lines. 0

Note that by the involutive nature of this construction, ¢(g')~! will take KT to the
Klein decimic in P.

Remark 5.11. Theorem 5.6 and the preceding corollary imply that the double cusp
singularity appears as a discriminant curve of a finite morphism between surface germs
of degree 4. Here is a local description for it that also takes into account the Ds-
symmetry: there exist a local-analytic coordinate system (z1, 25) for S at a singular
point of R and a local-analytic coordinate system (wi,ws) at its image in P such that
prwy = 22 4+ 25, prwy = 25 + 23,

Note that it is indeed of degree 4 at the origin. The ramification locus is defined
2122(92129 — 4) = 0, hence is near the origin given by z1z3 = 0. The image of the
ramification locus is at the origin is the double cusp, for the zj-axis, parametrized by
(21,29) = (¢,0) is the the parametrized cusp (wy,ws) = (¢3,13) and likewise zp-axis
maps to the parametrized cusp (wy, ws) = (£3,2).

The 2As-isotropy groups of the two points is a dihedral isotropy group of order 10
and so the map-germ must have this symmetry as well. We can see this being realized
here as in fact coming from two linear representations of this group. Let ®5 be the
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dihedral group of order 10, thought of as the semi-direct product of the group pus of the
5th roots of unity and an order two group whose nontrivial element s acts by inversion:
s¢ = (7's. Then letting D5 act on the source resp. target by

s(z1,22) = (22, 21); ((21, 22) = (CZhC_lZz)
s(wy, wa) = (we, wq); ((wr,ws) = (C2w1,§_2w2).

makes the map-germ Ds-equivariant. It can also be verified that the X %!-multiplicity
of this germ is 3, as it must be, in view of the proof of Proposition 4.3.

Remark 5.12. We have seen that the curve of Wiman decimics in P contains both
5K and the As-invariant sum of 10 lines. It has as a remarkable counterpart: the
pencil of sextics spanned by 3K and the 2s-invariant sum of 6 lines. This pencil was
studied in detail by R. Winger [25] and is discussed in [7], Remark 9.5.11. The 6 lines
meet K in the 12-element orbit and this intersection is evidently transversal. It follows
that this orbit is the base locus of the Winger pencil (as we will call it) and that all
members of the pencil except 3K have a base point as flex point (with tangent line the
fundamental line passing through it). Note that a general member W of the pencil is
smooth of genus 10.

Winger shows that this pencil has, besides its two generators, which are evidently
singular, two other singular members. Both are irreducible; one of them has as its
singular locus a node at each fundamental point (the 6-element orbit of 2(5) and the
other, which we shall call the Winger sextic, has as its singular locus a node at each
point of the 10-element orbit of A5, and each local branch at such a point has this point
as a flex point. So their normalizations have genus 4 and 0 respectively. The former
turns out be isomorphic to the Bring curve (whose automorphism group is known to
be isomorphic to G5) and the latter will be isomorphic as an 2s-curve to K.

In fact, as an abstract curve with 2s-action, the Winger sextic can be obtained in
much the same way as the curve constructed in Lemma 3.9, simply by identifying the
antipodal pairs of its 20-element orbit so as to produce a curve with 10 nodes. This
plane sextic is also discussed in [9]. With the help of the Pliicker formula (e.g., [7],
formula 1.50), it then follows that the dual curve of the Winger sextic is a Klein decimic.
(A priori this curve lies in the dual of P, but in the presence of the fundamental conic
K C P we can regard it as a curve in P: just assign to each point of the Winger curve
the K-polar of its tangent line.)

Other remarkable members of this pencil include the two nonsingular Valentiner
sextics with automorphism group isomorphic to 2 (4).

6. PASSAGE TO G5-ORBIT SPACES

The goal of this section to characterize the Wiman curve as a curve on MO;,, or
rather its Gz-orbit space in &5\ M, 5. The latter is simply the moduli space of stable
effective divisors of degree 5 on P!,

4The first author uses the opportunity to correct the statement in [7], Remark 9.5.11 where the
Valentiner curve was incorrectly identified with the Wiman sextic.
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6.1. Conical structure of 65\m0,5. We first want to understand how the Gjx-
stabilizer &5, of a point z € ﬂoﬁ acts near z. The finite group action on the complex-
analytic germ of My 5 at 2 can be linearized in the sense that it is complex-analytically
equivalent to the action on the tangent space. It then follows from a theorem of Cheval-
ley that the local orbit space at 65\ﬂ0,5 is nonsingular at the image of z if and only
if &5, acts on 7. Zm(],‘ﬁ as a complex reflection group.

Lemma 6.1. The &5-stabilizer of any point not in A is a Cozeter group (and hence a
complez reflection group) so that S5\ My is nonsingular away from the point § that
represents the orbit A.

Proof. 1f 2 is represented in the Hilbert-Mumford model by (z1,...,25) € (P')°, then
the tangent space T, M, 5 fits naturally in a short exact sequence:

(6.1) 0— H'(P',0p1) — @2 T, P = T.Mys — 0
where H°(P!,0p1) is the space of vector fields on P! (which in terms of an affine
coordinate ¢ has basis %,t%,ﬁ%) and the map is given by evaluation at zi,..., x5

respectively. With the help of this formula it is fairly straightforward to determine the
action of &5 , on Tzﬂo,g). When S5 , is of order two, we need to verify that &5 , leaves
a line in 7. ZM% pointwise fixed. This is left to the reader. There are three other cases
to consider:

Case 1: 2 = (1,(3,(3,0,00), and &5, = &% is the group generated by ¢ — (3t and
the involution ¢ + ¢~! (which gives the exchanges (3 +» (2 and 0 <> 00). The fact
that H°(P!, Op1) maps onto the direct sum of tangent spaces at the third root of unity
implies that

ToP' @ Too Pt — T. M5
is an isomorphism. Multiplication by (3 acts here as (vg,voo) = ((300, (5 '0s) and
inversion exchanges vy and v,,. We thus find that G5, acts as the Coxeter group A,
on szo,@

Case 2: z = (0,0,1,00,00), and &5, = Dg acts in the obvious manner. We again
find that T,P' @ T, P! — TZM()é is an isomorphism. The group &5 . now acts as the
Coxeter group Bs: It consists of the signed permutations of (vg, Vs )-

Case 3: z = (1,¢5,¢3,C2,¢2), and S5, = Dy is generated by ¢ — (5t and the
involution ¢ + ¢~' (which gives the exchanges ¢} « (5*). For i > —1 let v ¢
®es—1T:P* be the restriction of the vector field t”l%. Then scalar multiplication by (s
multiplies v® by (57, so that this is a basis of eigenvectors for this action. The vectors
v 0@ v span the image of H°(P!,@p1), and hence v® and v® span T, M.
Multiplication by (s sends (v®,v®)) to (¢ %v®@, ¢ 30®)) and the involution sends it
to (—v®, —v®)). Thus it acts through the Coxeter group I5(5). O

It is clear from Proposition 3.2 that the 2s-orbit space of every smooth member of
% is a smooth rational curve. This is also true for a singular member, for we have seen
that 2A5 is transitive on its irreducible components and that an irreducible component
is rational (a quotient curve of a rational curve is rational). It is clear that &5\ Mg s
will inherit this structure. Since the base locus A is a single s-orbit and all members
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of the Wiman-Edge pencil are nonsingular at A, it then follows that the image of the
Wiman-Edge pencil gives 25\ M 5 the structure of a quasi-cone with vertex .

Proposition 6.2. Regard P? as a projective cone with vertex the origin o of the affine
part C* C P2. Let € be the automorphism group of this cone generated by

(uo @ uy @ up) = (uo : Cauy, —(3uz).

Then &5\M,s is as a quasi-cone isomorphic to €\P? (which has an As-singularity
at its vertex) and embeds in a projective space by means of the 5-dimensional linear
system defined by the degree 6 subspace of Clug, ui,us]%. This embedding is of degree
6 and is such that Cy maps onto a line; any other member of € maps onto a conic.

Proof. The type of this cone can be determined by a local study at a point of A in
the way we did this in the proof of Lemma 6.1. One such point is represented in the
Hilbert-Mumford model by z := (0,0, 1, (3, (3) € (P')®. The Gs-stabilizer of z is cyclic
of order 6 with a generator o with

o (21, 29, 3, T4, T5) = (T2, 1, (323, (324, (3T5)

and the tangent space T, M, 5 is identified with ToP* @ TyP!. If we identify TyP' with
C by taking the coefficient of 2,—o, then we see that o acts as (t1,t) € C* —
(Cata, Gst1) € C2. So if we pass to (u1,us) = (t; + to,t1 — to), then o(uy,uy) =
(Csu1, —C3us). An affine neighborhood of the vertex of the cone 65\m075 is the quotient
of C? by the automorphism group generated by o.

The diagonal form of o shows that it leaves invariant only two lines through the
origin: the ug-axis defined by u; = 0, on which it acts faithfully with order 6, and
the ui-axis defined by us = 0 on which it acts with order 3. Since Cj and C\, are
the only members of ¢ that are Gs-invariant, these axes must define their germs at z.
The G;-stabilizer of z (which we have identified with €g) acts on the germ of Cy, at
0 through a subgroup of &3 (for its preserves a line on the quintic del Pezzo surface)
and so €4 cannot act faithfully on it. It follows that Cj is defined by u; = 0.

Since o2 sends (up,uz) to (uy, —us), its algebra of invariants is Cluy,u3]. Now o
sends (u1,u3) to (Czuy, (3 ud), so that its orbit space produces a Kleinian singularity
of type Ay. Following Klein, its algebra of invariants is generated by u3, uju3, uS. So
the degree 6 part of Clug, u1, us]® has basis ul, udu?, udujui, u§, ub, vuj, ujui, and
this €5\P? in P5. Its image is clearly of degree 6. We have seen that the image of Cj
is given by u; = 0 and the above basis restricted to nonzero monomials are u$ and u$
and so its image is a line. If we substitute us = Auy (with A fixed), then the monomials
in question span uf, udu?, u$ and so the image of this line is indeed a conic. O
Remark 6.3. The conclusion of the previous Lemma and Proposition agrees with the
explicit isomorphism &5\ Mg = P(1,2,3) from Remark 6.6 below. The only singular
point of the quotient is the point (0 : 0 : 1), which is a rational double point of type
As. The points projecting to the singular point satisfy I, = Is = 0. We know that
I, = 0 defines the Wiman curve on S and I = 0 defines the union Cx + C%. They
intersect at 20 base points with the subgroup G599 as the stabilizer subgroup.



44 IGOR DOLGACHEV, BENSON FARB, AND EDUARD LOOIJENGA

The weighted projective space (1,2, 3) is obtained as the quotient of P? by a cyclic

group of order 6 acting on coordinates as
(zo: 212 m2) = (0 : (S + (Ga).

The linear space of €3-invariant homogeneous polynomials of degree 6 is spanned by 6
monomials x§, 2$, zjx?, 22x], 25, 2323, They define a €g-invariant map P? — P° which
factors through the quotient P(1,2,3) = P?/&. In terms of weighted homogeneous co-
ordinates tg, t1, ¢ in P(1, 2, 3) it is given by monomials of the map 3, t3, t3ty, 212, 12, t3t,.
The restriction of the map to the coordinate line ¢y, = 0 is given by the monomials
t3,t2. This shows that the image of the Wiman curve under the composition

S = M075 — ]P)(l, 2, 3) — ]P)S

is a line.
One can interpret this map as the map

f: Mos = P(V(5)) = &5\(P')” = P,

where V(5) is the space of binary quintic. According to [1], this map can be given
explicitly by
5 5
(ay,...,a5) — R(ay,...,a5) = H(Tiz — SPw) = ZBZ-ZE”iwi,
i=1 i=0

where S, T are fundamental invariants of degrees 2 and 3 of binary forms of degree 4
satisfying S3 — 2772 equal to the discriminant. The reference gives explicit expressions
for the coefficients B; as polynomials of degree 24 in basic invariants 14, Is, I15 of binary
quintic forms.

6.2. The cross ratio map. The embedding of &5\ M5 in projective 5-space that
we found in Proposition 6.2 has a modular interpretation, which we now give.

As was mentioned in Subsection 2.1, the conic bundles of S have such an interpre-
tation on M% as forgetful morphisms

fi: Mos — moA(i) ~ p!
(it forgets the ith point). The notation My 4® used here means that we do not

renumber the four points and let them be indexed by {1,...,5} ~ {i}; this helps to
make manifest the Gx-action on the product Hle /\/10,4(i) for which the morphism

f=U 1) mo,s — H?ﬂmo,zx(i)

is Gs-equivariant. The following is well known.
Lemma 6.4. The map f = (fi,...,f5): Moz — H?:l M4 is injective.

Proof. On M, 5 this is clear, since given an ordered 5-element subset (xy,...,xs)
of a smooth rational curve C, there is a unique affine coordinate z on C' such that
(2(x1), 2(x2), 2(x3)) = (0,00,1), and then for i = 4,5 we have z(z;) = fi(C; x1, X2, x3,24).
Since this even allows x4 = x5, we have in fact injectivity away from the zero dimen-
sional strata. A typical zero dimensional stratum is represented in a Hilbert-Mumford
stable manner by a 5-term sequence in {1, 2,3} with at exactly two repetitions, e.g.,
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(1,2,3,1,2) and then the value of f; on it is computed by removing the ith term and
stipulating that of the four remaining two items two that are not repeated are made
equal (and are then renumbered in an order preserving manner such that all terms
lie in {1,2}). (In our example the value of f; is (2,1,1,2), the value of fs, fs, fy is
(1,2,1,2), and the value of f5 is (1,2,2,1).) Elementary combinatorics shows that f
is here injective, too. l

Recall that MOA(“ is naturally a 3-pointed smooth rational curve and that the G5-
stabilizer of the factor Mg 4%, &5, (the permutation group of {1,...,5} \ {i}), acts
on My 4@ through the full permutation group of these three points. Since &5 ;\ Mg 4®
is independent of any numbering, it is canonically isomorphic to &,\Mo 4, and hence
with P! (such an isomorphism can be given by the j-invariant of the double cover of
P! ramifying in a prescribed 4-element subset). So the S5-orbit space of H?Zl Mo 4@
is then identified with Sym®(P'). Since we can regard Sym®(IP!) as the linear system
of degree 5 on P!, it is a projective space of dimension 5. Let

(6.2) D G5\ Moy — 65\ [, Moa® = Sym®(P?)
be obtained from f by passing to the Gs5-orbit spaces and denote by
®: Moys — Sym®(P)
its precomposite with the quotient morphism. It follows from Lemma 6.4 that & is

injective and Proposition 6.2 tells us that & 5\M075 naturally embeds in a 5-dimensional
projective space as a quasi-cone.

Theorem 6.5. The morphism ®* takes the hyperplane class of Sym®(P') to —12Kg,
and ® is projectively equivalent to the projective embedding found in Proposition 6.2.
In particular, ®(Cy) is a line in Sym®(P').

Proof. The hyperplane class of Sym®(PP') pulled back to (P')® is the sum of the degree
1 classes coming from the factors. The map

.A_/l(),4 — 64\M074 = Pl

is of degree 6. The sum of the two special conics that appear as fibers of f5 : M075 —
Mo,zx represent the pull-back of a degree 2 class on Mo,zx and so the pull-back of the
degree 1 class on P! is 3 times the sum of these two special conics. Hence the hyperplane
class pulled back to My is equal to 3(C. + C’) = —12Kg. The degree of the image
of ® is then computed as

(—12K5)*/#(65) = 122 - 5/120 = 6.

This is also the degree of the image of 65\M075 in P? embedded as a quasi-cone. One
verifies in straightforward manner that €¢\P? is simply-connected and so Pic(€g\P?) =
H?(€6\P%; Z) is infinite cyclic. It follows that the two morphisms must be projectively
equivalent. [l

Remark 6.6. Let V(5) be the space of binary quintic forms. It is classically known
(and a fact that can be found in any text book on invariant theory) that the subal-
gebra of SLy-invariants in the polynomial algebra C[V'(5)] is generated by the Clebsch
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invariants Iy, Ig, 12, I1s of degrees indicated in the subscripts (the last invariant is
skew, i.e. it is not a GLy-invariant). Their explicit form can be found in Salmon’s
book [21]. There is one basic relation among these invariants, which is of the form

‘[128 — P(I4718,112).

Since the subspace spanned by elements of degrees 4k is the subalgebra freely generated
by the first three invariants, we see that the GIT-quotient SLy\P(V'(5)) is isomorphic
to the weighted projective plane P(1,2,3). So in view of the discussion above, we
obtain

(6.3) G5\S = &5\ M5 = P(1,2,3).

With the help of exact sequence 6.1 we can identify H°(S,wg*)® with C[V/(5)]2;. In
other words, the zero set (or, more precisely, closed subscheme) of any invariant of
degree 2k pulls back to a curve on S defined by a Gs-invariant section of wgk. It then
makes sense to ask what the curves on S are corresponding to the basic invariants
1y, Ig, 15, Iig, as these correspond to Gs-invariant sections of w§2, w§4, w§6, w§9
respectively. We see for example right away that I, corresponds to our Wiman curve.

The discriminant A of a binary quintic is a polynomial in coefficients of degree 8,
and as such it must be a linear combination of I7 and Ig. In fact, it is known that
A = I? — 128Ig. Tt is also a square of an element D € C[V(5)]4 and so D must
correspond to the curve Cy. It is clear that any SLo-invariant in C[V(5)]s is a linear
combination of A = D? and I}, in other words, has the form (aD + bly)(aD — bl})
for some (a, b) # (0,0). So this defines on S a reducible Ss-invariant divisor which is
the sum of two As-invariant divisors. In other words, it represents the union of two
G5-conjugate members of the Wiman-Edge pencil.

The invariant I,g, being the, up to proportionality unique, invariant of degree 18
must represent a unique curve on S defined by a Gs-invariant section of wgg. According
to Clebsch [5], p. 298, the invariant I3 vanishes on a binary form when its four zeros
are invariant with respect to an involution of P! and the remaining zero is a fixed point
of this involution. This is precisely the locus parametrized by €5 and according to
Remark 3.14 indeed defined by a section of wgg.
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