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Abstract

Consider the curves of genus g > 0 and (principally polarized) abelian varieties of dimen-
sion g > 0, all defined over a field k of positive characteristic p > 0. Denote with M, and A,
respectively their moduli spaces - the spaces that parametrize isomorphism classes of these.
The assignment C — J¢, where a curve of genus ¢ is sent to its Jacobian, that is a principally
polarized abelian variety of dimension g, gives rise to the Torelli morphism M, - A,. An
abelian variety A of dimension g > 0 is supersingular if it is isogenous to EY where E is a
supersingular elliptic curve over k, that is E[p](k) = {O}. A curve of genus g > 0 is super-
singular if its Jacobian is supersingular as an abelian variety. There are some invariants used
to better understand M, and Ay, and in particular, to understand the loci of supersingular
curves and principally polarized abelian varieties such as p-rank, Ekedahl-Oort type, and
Newton polygon. For g = 4,5, and p = 2, we discuss the irreducibility of the supersingular
locus Sy in Ay. Further, we describe a piece of geometry related to the intersection of Sy
with the locus of non-hyperelliptic curves in My in A4. Lastly, inspired by the paper [49]
that (algorithmically) determined all the non-isomorphic curves of genus g = 4 defined over a
field with two elements, we discuss a similar problem for g = 5.
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Introduction

An elliptic curve E over a field k of characteristic p is supersingular by definition if the set of
geometric points of E, i.e., the k-points of F with k an algebraic closure of k, that are of order
p (in the group sense) is empty. A supersingular abelian variety A of dimension g over k is
an abelian variety isogenous to EY for E a supersingular elliptic curve. We say that a curve is
supersingular if its Jacobian is. Investigating the supersingular objects will be the main focus
of this thesis. Throughout the text, we discuss some standard algebro-geometric results that are
relevant for the considered questions to present some of the well-known results as well as some
recent ones. Furthermore, we will present some of the conclusions we obtained.

There are several invariants used to describe the parametrizing spaces of principally polarized
abelian varieties A, of a fixed dimension and curves M, of a fixed genus. Some of them are
the p-rank, Newton polygon, and the Ekedahl-Oort type. Understanding them is related to
understanding the supersingular loci in the mentioned moduli spaces - Supersingular abelian
varieties are always of p-rank zero, have the supersingular Newton polygon, and the possibilities
for their Ekedahl-Oort type are restricted. For working with the supersingular locus inside A, =
Ay ® Fp for p arbitrary, some theory got developed and a lot of results are known. Here, we are
primarily interested in the supersingular locus inside the moduli space My = M4 ®F of curves of
genus four in characteristic two. The main difference when working with curves is that there are
no universal tools for answering some of the algebro-geometric questions, such as irreducibility
and computing the dimension of the supersingular locus, as well as for deciding, for example,
which Ekedahl-Oort types are possible for suspersingular curves.

The problems we considered in this text are inspired by the paper [49]. There, Xarles al-
gorithmically determined a whole set of representatives of non-isomorphic curves of genus four
defined over a field with two elements. Working with the obtained data and extracting the rel-
evant information from it, some questions arose regarding the non-hyperelliptic supersingular
curves of genus four in characteristic two, but also about the whole supersingular locus in the
moduli space of curves of genus four in characteristic two too. There is also a natural question of
considering a similar problem as Xarles did for curves of genus five. One of the perks of working
in characteristic two is that considering objects defined over the finite field with two elements and
using mathematical software for the reasonably demanding computations could lead to getting an
intuition of what could happen for all supersingular objects in characteristic two. On the other
hand, working in characteristic two is somehow different and requires special attention.

In the first section, we discuss the background. We introduce the notions of abelian varieties and
the Jacobians of curves and mention some of their important properties. Then, describing moduli
problems in general, we discuss the questions of the existence of 4, and M, and the difference
between the types of the possible solutions to the moduli problems.

In section two, we discuss the mentioned invariants used to understand A, and M, better. We
compare the results obtained in the case of each invariant individually and present the important
techniques used to work with A, and M,. At the end of the section, we collect some of the
relevant results obtained in the preceding years.

The third section contains some information regarding the supersingular locus in A4, = Ay ®Fp
for p an arbitrary prime number. We present there some of the tools used to describe this locus,
for example, to compute its number of irreducible components via determining certain class
numbers and to compute its dimension. After presenting these well-known results, we discuss the
irreducibility of the supersingular locus in A4 = A, ® Fy using mass formulas, and present similar



examples for higher ¢ in characteristic two.

In the fourth section, we describe the supersingular locus in My = My ® Fy. For getting the
intuition of the geometry occurring over Fy, we use Xarles’s paper mentioned above. In particular,
the data tells us that there is no non-hyperelliptic supersingular curve of genus 4 over Fsy that
lies on a quadric cone. Motivated by that, we discuss the intersection of the supersingular locus
with the locus of non-hyperelliptic curves lying on a quadric cone over Fo.

Lastly, in the fifth section, we discuss the problem of determining the representatives of non-
isomorphic curves of genus five over a field with two elements. We do that separately for the
hyperelliptic curves, the trigonal curves, and the complete intersections of three quadrics in P*.

For parts of the arguments we used in proving certain results, we worked in the mathematical
software SAGEMATH, and we collect these codes in the appendix. We also used SAGEMATH for
the purposes of the final section as well as for getting some examples, and we present them on
https://github. com/DusanDragutinovic/MT_Curves.

Conventions

We will extensively use the language of algebraic geometry of varieties and schemes and sheaves
that can be found in [15], Sections I and II. Taking that into account, we will need to presume
the knowledge of some basic notions and constructions.

Let k be any field and k its algebraic closure. For us, a curve over k is a projective, non-singular
algebraic variety over k of dimension 1, that is defined by polynomials with coefficients in k;
being projective in this situation is equivalent to being complete. Alternatively, a curve over k
is a separated scheme of finite type over k, such that C = C' xgpec(k) Spec(k) is an integral and
non-singular scheme. The genus of a curve C' is the number

4(C) = dimy, H'(C, Oc).

Formally, this is the definition of geometric genus of C, which in our setting matches with the
arithmetic genus of C'. With x(C'), we denote the function field of C, that is the local ring of C
at a generic point using the language of schemes. An important class of curves are hyperelliptic
curves, that exist in any genus and over an arbitrary field. We say that a curve C of genus g > 2
is hyperelliptic if there is a morphism f: C' — P! of degree 2, that is [(C) : k(P!)] = 2.

For any field [ that is an extension of k, we define C'(/) the set of [-points of C to be the
set of all morphisms of schemes Spec(l) - C.

The divisors on a curve C for us are elements of form D = Zf\zfl n; P; for some N € Zsg,n; € Z
where P; e C(k) are points on C, i.e., the Weil divisors. The degree of a divisor D is

N
deg D = an deg P;,
i=1

with deg P; = [k(P;) : k]. If k = k, then x(P) = k for any point P € C(k) so deg P = 1. Note
that since C' is non-singular, D — O¢(D) induces an isomorphism between the group of divisors
modulo linear equivalence and the group of invertible sheaves modulo isomorphisms; we use
the notation Pic(C') for these groups and call it the Picard group of C. Since the sheaf of
differentials Qlo on C'is an invertible sheaf on C, there is the linear equivalence class K¢, called
the canonical divisor, such that Q}, 2 O(K¢).



1 General setting

Here, we set the background of the theory this thesis will discuss. To investigate the supersingular
curves and abelian varieties in the next sections, we first need to introduce the notions of abelian
varieties, the Jacobians of curves, as well as to at least intuitively understand what the moduli
spaces of principally polarized abelian varieties of dimension g and of curves of genus g for some
fixed g € Zs5 are.

1.1 On abelian varieties and Jacobians of curves

As a motivation consider the example that follows. For an elliptic curve E over Fo, with Jx we
denote the subgroup of Pic(E) consisting of the divisors of degree zero.

Example 1.1 (An elliptic curve over Fg). Let E :y? +y =23 be an elliptic curve over Fy. To say
that E is an elliptic curve is nothing more but to say that it is a 1-pointed curve of genus g = 1.
Apart from being a curve, it is well-known that E possesses a group structure, and we will show
that such structure can be inherited by its Jacobian Jg.
Let O be an arbitrary point in E(Fy), without loss of generality the point at infinity. Consider
the map
E(Fg) g jE,P'—) [P—O]

and let us show that it is a bijection. The Riemann-Roch theorem gives us that for any D € Jg,
if we write Kg for a canonical divisor, we have

dimg, H°(E(F,), D +0) = dimg, H*(E(F2), Kg - D-0)+1-g(E) +deg(D+0) =1, (1)

using that deg Ky = 2-2g(E) =0 = deg(Kp-D-0) <0, so dimg H*(E(F2), Kg-D-0) = 0.
For the surjectivity, consider any D € Jg and note that D+O is a divisor of degree 1. The formula
(1) gives us that we can change D with some linearly equivalent class, to get that D+0O is effective.
Thus D+0O = P for some P € E(F2). For the injectivity, suppose that P,Q € E(F3) are two points
such that [P - O] = [Q - O] in Jg, i.e., Q@ = P+ div(f) for some f € k(E). Let D =P -0 and
get by the previous H(E(Fs),D + O) = (1), since it is 1-dimensional. Since D+ O = P and
D+O0 +div(f)=Q >0, we obtain f =c-1 for some ceFy. Hence, P = Q.

By the previous, an elliptic curve is at the same time a curve of genus g = 1 and a group.
Considering it as a 1-dimensional object with group structure leads to the generalization to the
higher-dimensional objects with a group structure that we call the abelian varieties. We discuss
them shortly and mention some of the important properties. On the other hand, we will also see
a natural way to attach to any curve with higher genus g > 1 an abelian variety of dimension
g > 1. In this fashion, we will have a unified framework in which we will work.

1.1.1 Abelian varieties
The main reference for this section are Milne’s notes [30].

Definition 1. We say that a group variety over a field k is a variety V' over k together with
morphisms
m:V xV -V (multiplication), inv:V -V (inverse),

and an element e € V (k) such that the structure on V (k) defined by m and inv is a group structure
with identity element e = ey. A group variety A is an abelian variety if A is complete.



We list a few basic properties of abelian varieties below.
e A group variety (and hence an abelian variety) is non-singular.
e The group law on an abelian variety is commutative.
e Every abelian variety is projective.

Even though these properties are fundamental, the proofs of the latter two, as well as some of
the claims below, are completely nontrivial and require some technical work. The first property
is a consequence of the fact that for any variety, there is an open non-empty subvariety that is
non-singular. Using the translates of that subvariety, we can cover the whole variety to see that
it is non-singular. It also holds that the set of points V(R) for an arbitrary k-algebra R gets a
group structure that depends functorially on R.

Definition 2. A homomorphism f: A — B of abelian varieties is a morphism of varieties and
also a group homomorphism. We define the kernel of f as ker(f) = f~(ep), with ep the neutral
element of B. Lastly, a homomorphism f is an isogeny if it is surjective and has finite kernel.

We sum up the equivalent statements of a morphism being an isogeny below.

Proposition 1.2 ([30], Proposition 8.1). For a morphism f : A - B of abelian varieties, the
following are equivalent:

1. f is an isogeny.

2. dim A =dim B and f is surjective.

3. dim A = dim B and ker(f) is a finite group scheme.
4. f is a finite, flat and surjective morphism.

We define the degree of an isogeny f : A - B as the degree of the function field extension
[£(A):k(B)]. If g: B —» C is another isogeny, then we have deg(g o f) = deg(g) deg(f).
Consider the map

[nJa:A—> A P—»P+...+P,
—_—
n

that is an isogeny of degree n?¥™A If n = deg(f), then ker(f) ¢ ker([n]a), and thus we can
factor [n]4 as [n]Ja = ho f for h : B - A an isogeny. This also shows that the isogeny is an
equivalence relation.

For an abelian variety, it turns out that End’(A) = End(A) ® Q is a finite-dimensional algebra
over Q. The investigation of that object is based on decomposing the abelian varieties into some
more elementary parts. Using [30], Proposition 12.1, we can decompose an abelian variety A in
some simple abelian varieties. We say that an abelian variety is simple if it does not have any
proper nonzero subvarieties. The mentioned Proposition implies that for any abelian variety A,
there are non-isogenous simple abelian varieties A; and r; € Zsg, so that

A~TLAY
i=1

and this decomposition is unique up to isogeny.



Example 1.3 (Frobenius morphism). An important endomorphism on an abelian variety A in
positive characteristic p is the Frobenius morphism. We use [{6] as a reference, and give
general definitions that we will apply to the cases of our interest.

For a scheme X of characteristic p, that is all the local rings of X contain F),, we define the
absolute Frobenius morphism F =Fx : X - X by:

1. F is the identity on the underlying topological space of X,

2. F#:Ox - Ox is given on sections by f — fP.

In the case of an abelian variety A, F = Fy is an isogeny of the degree pi™A. We also cite
that there is an isogeny V =V : A - A called the absolute Verschiebung morphism so that
Vo F =[p] on A.

If ¢ : X =Y is a morphism of schemes of chacteristic p, the following diagram is commutative.

x =, x
Fy
y 2,y

When w: X — S is an S-scheme, then the absolute Frobenius on X is not an S-morphism in
general. A variation in this case is that we first define the scheme X®/5) to be the fiber product
x@9 = x XFg,5 S so that the following diagram is cartesian

x@S) _h .y x

lﬂ-(P) lﬂ ’

SL)S

with 7P : X®19) 8§ ¢ pullback of 7: X - S via Fg:S — S. Then, by the universal property of
the fiber product and using the morphisms Fx : X - X and m: X — S, we get a unique morphism
Fxis: X > X ®/9) which we call the relative Frobenius morphism. Similarly, there is the

relative Verschiebung morphism Vg : X @9 & X of S-schemes so that Vx/so Fxs = [p]
on X and Fxg0Vx s =[p] on X @/9),

Let a € A(k) be a k-point of an abelian variety A, which in particular means that x(a) C k.
Therefore, we have the isomorphism Az x {a} 5 Aj, and we can define the translation map ¢,

as a composition
Ap > Ap < {a} > Ap x Ap & A,

which is on the level of points p —» m(p,a). More general, for a € V', we have t, : Ara) = Ar(a)s
and thus if a € A(k) we have t, : A - A. We mention two important properties where the
translation maps appear.

e Any morphism (of algebraic varieties) f : A — B of abelian varieties can be written as a
composition of a homomorphism h: A - B and a translation ¢, for some b € B(k).

e Let £ be an invertible sheaf on an abelian variety A and a,b € A(k). Then,

o LOL > LRt L



is an isomorphism of sheaves (this is the Theorem of the Square). Equivalently, after
tensoring the previous isomorphism with £72 and using the commutativity of tensor product
since we are working with commutative rings, we get an isomorphism of sheaves that will
be useful for further discussions:

Lo Lt s (Lo L) e (tiLe L.

Let £ be an invertible sheaf on an abelian variety A. The latter property defines the map ¢,
or: A(k) - Pic(A),a~t; L& L7}

that is, moreover, a homomorphism. Our wish is to define the dual variety of A, that is a variety
that naturally comes in pair with A and that can show us some properties of A. For that purpose,
consider the group Pic?(A) of isomorphism classes of invertible sheaves £ on A such that t*£ = £
for any a € A(k), or equivalently (we again refer to Milne’s notes, [30], V, Section 9) such that
m*L 2 p*L ®q*L where p,q are two projection morphisms A x A - A. For an abelian variety A
over k, the wish is for the dual variety A" to satisfy AY(k) = Pic’(Aj) on the level of points. To see
why the elements of Pic’(A) are nice to be considered, let for a k-scheme S, f: S - A,g: S - A
be two morphisms and £ € Pic’(A). Then we see that

(f+9)"L=z(f.9)m Lz (f9)" (p"LegL)zf"LOgL,
and in particular, for S = A, n€Z,

[n]AL=(1a+...+14) L2 L".
| S —

Definition 3. Consider the pair (AY,P) with A" an abelian variety over k and P an invertible
sheaf on A x AV, that satisfy the universal properties:

1. Plioyxav is trivial and for a € A, P|ayiqy is an element of PicO(AN(a)).

2. For T any k-scheme and L an invertible sheaf on A xT such that ['l{(]}xT is trivial and for
t €T, Llaxgy is an element of PicO(AH(t)), and there is a unique morphism f : T — AY
such that (1 x f)*P = L.

We say that AV is the dual variety of A and P is the Poincaré sheaf.

Let us discuss the previous abstract definition and see how it fits in the described wishes. If
K 2k is a field, and T = Spec(K) and £ any invertible sheaf on A x Spec(K) = Ay, we get that
L|a, is in Pic’(Ag). In other words, we get

AY(K) =Pic’(Ag)

so the correspondence between K-points in AV and sheaves £ as above is one to one. For K =k
we get AV(k) = Pic’(Ag). Moreover, Pic’(Ag) is parametrized by the family (Pa)aeav (k) 1€
since any sheaf £ as above corresponds to a unique morphism f : Spec(k) - AV, equivalently to
a unique k-point ay in AY, we see that Pa, = L.

Furthermore, we mention here that for any abelian variety A, the dual variety AY = (A", P)
exists, and the universal properties give us that it is unique.



In addition to the previous, we quote that AYY = A.

Consider a homomorphism f : A - B of abelian varieties. Let Pp be the Poincaré sheaf on
Bx BY. By the universal properties, we get that the invertible sheaf (fx1)*Pp on Ax B" defines

a morphism
fV . B\/ - AV

so that
(Ix fY)Y"Paz(fx1)Pg.

On the level of points, we can see that f¥ is the pullback Pic’(B) — Pic’(4), and sends the
isomorphism classes of invertible sheaves on B to the ones on A. For f: A - B an isogeny, it
follows that f is an isogeny and moreover, [30], Theorem V.11.1 gives that the exact sequence

0—ker(f) - A—>B—-0
gives rise to the exact sequence
0 - ker(f)" - B - AV > 0.

Definition 4. An isogeny A\ : A — AY such that \j, = ¢ for some ample invertible sheaf L on Ay,
1s said to be a polarization on A. Its degree is the degree of A as an isogeny. An abelian variety
equipped with polarization is said to be polarized abelian variety. If moreover the polarization
A on A is of degree 1, we call the pair (A, \) the principally polarized abelian variety.

It turns out that taking into account the polarization A on A leads us to conclusions which
guarantee several finiteness properties. Namely, for A an abelian variety we have the following:

e If \ is a polarization on A, the automorphism group of (A, \) is finite.

e There are only finitely many isomorphism classes of polarized abelian varieties (A, A) with
degree d.

e A has only finitely many direct factors, up to isomorphism.

1.1.2 Jacobian of a curve

Let C be a curve over k of genus g. We saw in Example 1.1, that the elliptic curve E inherits
the group structure from the subgroup Jg of Pic(E) consisting of divisors of degree zero, so it
is considered as an abelian variety. The desire to somehow generalize this and make an abelian
variety out of C' leads to the definition of the Jacobian varieties. We present the approach based
on [30], Chapter VII, with some additions from [15], Section IV.

Consider a connected scheme T over k and an invertible sheaf £ on C' x T'. Let

q:CxT->T

be the projection on the second coordinate, and say that the degree of an invertible sheaf is the
degree of the corresponding divisor. Define

P2(T) = {L € Pic(C x T) : deg(L;) = 0}/¢*Pic(T),

10



and think of elements as families of invertible sheaves of degree 0 on C, parametrized by T
modulo trivial families; the justification for the last name is that for any N € Pic(T), it follows
that ¢*N € Pic(C x T'),deg ¢* N =0 is trivial on each fiber C; = C' x k(t),t € T. Note that

Pg : k-Schemes — AbelianGroups
is a functor.

Definition 5. The Jacobian variety of C, denoted by Jc, is the unique abelian variety J = Jo
over k, for which there is a natural transformation (morphism of functors) Pg - J such that
PA(T) - J(T) is an isomorphism whenever C(T') is nonempty.

As we implicitly assumed, the Jacobian variety always exists; [30], Chapter VII, Theorem 1.1.
Purely from the definition, for a field K 2 k over which C has a point, we get that

Pic’(C) = {£ € Pic(C) : deg(L) = 0} = PX(K) = Jo(K),
which fulfills the desired properties we wanted out of Jo. See also [46], Chapter VI.

Another approach that can also lead to the definition of the Jacobian variety, and is useful for
defining a morphism C — J¢ is the following.

We say that a pair (.5, s) with S a connected k-scheme and s € S(k), is a pointed k-scheme.
Further, a divisorial correspondence between two pointed k-schemes (S, s) and (7,t) is an
invertible sheaf £ on S x T for which L|g,y and L¢gp are trivial.

Proposition 1.4 ([30], Section VII, Theorem 1.2). Let C be as above and p € C(k). Then, there is
a diwisorial correspondence MY between (C,p) and Jo such that for any divisorial correspondence

between (C,p) and a pointed k-scheme (T,t), there is a unique morphism f: T — J(C) such
that f(t) =0 and (1 x f)*MP = L.

From the proof of this Proposition in [30], it can be seen that for each £ € Pic(C), i.e., for an
invertible sheaf on C of degree 0, there is a unique a € Jo (k) such that M, = £ for some a € Jo (k).

Let P e C(k) and let L7 be the invertible sheaf O(A ~C x {P} ~{P} x C) on C x C with A the

diagonal in C' x C'. Using the previous proposition, we obtain a unique morphism
ff:C—-Jo, suchthat fF(P)=0, (1 x Py mP =P

that is moreover a closed immersion. When C(k) # @, we may think of J¢(k) as of Pic?(C'), and
of f¥:C(k) - Jo(k) as of Q = O(Q) ® O(P)™! = O(Q - P). In the language of divisors, we
have fF:Q ~ [Q - P], with [Q — P] the linear equivalence class of Q — P.

To understand J¢o better, we need to introduce the notion of symmetric powers of a curve. Let
r € Zsq be a positive integer and S, the symmetric group of degree r. S, acts on C" by permuting
the factors. We say that a morphism ¢ : C" - T is a symmetric morphism if ¢ = ¢ o o for all
o €S,. It follows that a variety denoted by C(") and called the nth symmetric power of C,
whose underlying topological space is the quotient C”/S,, exists. In this situation, there is also
the symmetric morphism 7 : C" - C(") such that any symmetric morphism ¢ : C" —» T over k
factors through 7. Furthermore, for affine open subsets U ¢ C, U(") is an open affine subset of
C( and it holds that Oy (UM) = Ocr (UT)S.
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As before, let P e C(k) and let f = f¥ as introduced above. Consider the map
O > Ten (Prye o P e (P .+ F(P),
which is on the level of points
(P,...,P.)»[Pi+...+ P.-1rP],

a complete analogue to the case we considered in Example 1.1. Then f" is a symmetric morphism,
so it induces the morphism f() : C) > Jo. Write W7 for the image of f(T) :C(")  Jo that is
a closed subvariety as was already mentioned,

W= ey = f(C)+ ...+ £(C).

r

It holds that for any r < g, the morphism f(") : C(") - W is a birational morphism, i.c.,
it is a morphism, and there is an inverse to it as a rational map. When r = g, we get that
99 - Fo is a surjective birational morphism. Similarly, W9 is closed subvariety of Jc,
birationally equivalent to C9™1 so of dimension g — 1. Hence, © = W9 ! is a divisor on Jc.
We cite an important theorem that tells us that J¢ is canonically a principally polarized abelian
variety via the ©-divisor.

Theorem 1.5 ([30], Section VII, Theorem 6.6). The map woe) : Jo = J¢ is an isomorphism.

At the end of this section, we cite the famous Torelli theorem which gives us that a curve C'
is uniquely determined by its canonically polarized Jacobian J¢.

Theorem 1.6 ((Torelli’s theorem) [30], Section VII, Theorem 12.1). Let C' and C" be curves
over an algebraically closed field k, P € C(k),P" € C'(k) and let f : C - Jo, f': C" - T
be the morphisms f = f¥ and f' = fP’ defined above. Assume that there is an isomorphism of
canonically polarized Jacobians

(Jc, N) > (Jer, N).

Then C and C' are isomorphic.

1.2 On the moduli spaces A, and M,

The moduli spaces we will be mostly interested in throughout this thesis are the moduli space
Ay of principally polarized abelian varieties of dimension g and the moduli space M, of curves
of genus g, for g € Z,1. Roughly speaking, A, and M, will be objects with some structure (we
think of them as varieties) that parametrize isomorphism classes of principally polarized abelian
varieties of dimension g and curves of genus g, respectively, satisfying some universal properties.

Following [2|, we will here briefly introduce the notions of the coarse and the fine moduli
space, and apply that to the cases we are interested in. Lastly, we discuss an alternative to the
these notions and define A, and M, as stacks.
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1.2.1 On moduli problems

Let C be a category whose objects are sets possessing some additional structure, and whose
morphisms respect these structures, such that the collection of all morphisms is a set (so-called
small categories); let Set’ be a category of (some, perhaps not all) sets and set theoretic maps.
Further, consider the covariant functor

|-]:C > Set’

that sends objects of C to their underlying set and satisfies that Home (M, N') — Homg, (| M|, |N|)
is injective. Lastly, we also want that there exists an object P of C (we write sometimes P € C)
called the base point object such that |P| is a point and that there is a canonical bijection

Home (P, M) > M|
and for a morphism f: M — N in C we have that |f|:|M]| — |N| is given by the natural map
Home (P, M) — Home (P, N), ¢ v f o).

Consider C as above. For a set S and an equivalence relation ~g on S we firstly want to solve
the classification problem, which consists of putting the structure of an object of C on S/ ~g in
a natural way. We will define two important functors Fam and F which arise while solving that
problem and then introduce the general moduli problem.

Definition 6. The functor of families of objects of S, denoted by Fam : C — Set’, is a
contravariant functor that satisfies:

1. P— S.

2. For all objects T in C there is an equivalence relation ~p on Fam(T') such that for T = P
we have that ~7 equals ~g.

3. For all morphisms ¢ : T1 — Ty in C, the morphism ¢* = Fam(¢) : Fam(7T) - Fam(T})
sends ~,-equivalent families to ~r, -equivalent ones.

Definition 7. The functor of equivalence classes of families of objects of S is a
contravariant functor F :C — Set’ such that

F(T)=Fam(T)/ ~r and ¢* = F(¢) : F(Tz) —» F(T1)
for T, 11, Ty objects and ¢ : Ty — To a morphism in C.

Note that functor F is well-defined by the properties of the functor Fam, and F(P) = S/ ~g.
Having the previously introduced notions, we can introduce what the global moduli problems are.

Definition 8. Suppose that we have C as above, and that the following data are given: (a) an
object X of C, (b) collection of objects S belonging to a category whose objects and morphisms
are defined intrinsically in terms of X, (¢) an equivalence relation ~g on S, and (d) the functor
Fam of families of objects of S on C as above. The (global) moduli problem () is

e to find an object M in C such that the elements of |M| are in a canonical bijection with the
elements of S| ~g;
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e to investigate how the properties of families control the structure of M.

Yoneda’s lemma states that for any category C and X an object in C the set of natural
transformations Homeg (-, X') — F' is in natural bijection with F'(X). Therefore, if M is a solution
to the moduli problem described above, we see that the structure on M is by Yoneda’s lemma
uniquely determined by the functor Home(—, M). Recall that a contravariant functor F : C — Set’
is said to be representable if for some object X in C there is a natural equivalence of functors
F - Homg (-, X). In particular, we have that the functor Home (-, M) is a representable functor.

1.2.2 Fine and coarse moduli spaces

We define the fine moduli space to be a solution to the moduli problem (*),

M €C, such that F5 Home (-, M),

or more precisely, a pair (M, ®), which represents the functor F of equivalence classes of families
of objects of S, i.e.

& : F S Home(—, M).
Yoneda’s lemma gives us that if such a solution M exists, it is unique. In such a situation,
we may see that for any object T in C, we have the bijection

F(T) - Home (T, M),

which uniquely makes the correspondence between all ~p-equivalent objects of S parametrized
by T and all the morphisms T - M.

Further, let us remark how the structure on S/ ~g corresponds to properties of the families
of objects of S. Consider any object T € C and a family V on T in C. Any element ¢ € |T, since
|T| = Home (P, T'), defines a morphism ¢; : P - T and hence denote Fam(¢;)(V') = V;. Hence, by
the definition of fine moduli, the map

T| - S/ ~g, twVi/~s

gives a unique morphism 7' — M, which corresponds to F(T') =V/ ~p.

Even though the previous situation is very satisfying, asking for M to represent the functor F is
demanding, and can lead to having no solution to the described moduli problem.

Another approach is to define the coarse moduli space M = (M, ®), with M an object in
C and ® : F - Home (-, M) a natural morphism which satisfies:

e For P the base-point object in C, the mapping of sets ®(P) is bijective.

e For any object N in C and any natural transformation ¥ : F - Home(—, N) there is a
unique natural morphism Q : Home (-, M) - Home (-, N), such that ¥ =Qo ®.

Similarly as for a fine moduli space, Yoneda’s lemma implies that a coarse moduli space for
some moduli problem is unique in the cases when exists. By comparing the defining properties,
it is not hard to see that a fine moduli space M is also a coarse moduli space. However, as we
will see soon, the other implication does not hold necessarily.

Further, the first defining property implies that

S/ ~s= F(P) > Home (P, M) = |M]|,

so we can think of structure on S/ ~g as a structure on M.
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1.2.3 The moduli space of curves M,, g>2

Here, we will use the previous theory on a concrete example, namely to define the moduli space
My of curves of genus g > 2, following the approach of [7]. Let k be an algebraically closed field
and g € Zss. As before, by curves of genus g over k& we mean non-singular projective curves of
genus g > 2 over k, (in other words, non-singular projective algebraic varieties of dimension one
and genus g > 2 defined over k). Our wish is to get a variety whose underlying set of points
consists of non-isomorphic curves of genus g. Hence, C from the previous parts will here be the
category k-Schemes of k-schemes.

Let S be a k-scheme. A family of curves of genus ¢ over S is a morphism X — S which is
flat, proper over S and whose geometric fibers are curves of genus g. We say that two families
p: X - S¢:Y - S over S are equivalent, and write ~g, if there is an isomorphism n: X - Y
such that ¢ = on. This gives a first step in constructing the functors Fam = Fam, and F = F,.
We define
Fam,(S) = {Families of curves of genus g over S},

and want to see how two families Fam,(.S) and Fam,(T") relate to each other when there is a
morphism S - T
Let f:S - T be a k-morphism of two k-schemes. Any family of curves of genus g over T,

¢p: X ->T
induces a family of curves of genus g over S by
ffo: X xp S — 8.

It is easy to check that then the set theoretic assignment f* :Famgy(T) - Famgy(S) is functorial
with respect to families of curves of genus g over T, which gives us a functor

Fam, : k-Schemes — Set.
Therefore, we get the functor F; : k-Schemes — Set:

S+ Famg/ ~g= {Isomorphism classes of families of curves of genus g over S},

(f:S=>T)m (f":(¢: X >T)/ ~p—> (Famg(f)o¢: X xp § > S5)[ ~s),
where f* = [Famgy(f)] is induced by Fam,(f) using that Fam, respects equivalence classes.
In [11], Theorem 5.1.1 one can find that there exists a coarse moduli space M, of curves of genus
g > 1, which is a solution the the previously described moduli problem. Deligne and Mumford

showed in [6] that M, is a quasi-projective variety and has dimension 3g -3 over k. However, for
923,

e M, is singular by Popp’s [39],

e There is no fine moduli space which is a solution to the previous moduli problem, i.e., the
functor F, is not representable; one can find a helpful presentation of this in [7], Theorem
4.3.4.
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Both non-existence of the fine moduli space of curves over k of genus g and the singularity of the
coarse moduli space M, of curves over k of genus g are consequences of the fact that there are
curves of genus g > 2 with non-trivial automorphism groups.

An alternative to the previous is to use a substitution for the desire that the moduli space is a
variety or a scheme. Mumford and Deligne in [6] introduced the notion of stacks, when they
constructed the Deligne-Mumford stack of stable curves. Stacks account for the existence
of the non-trivial automorphism groups while keeping some of the wanted properties. However,
formal presentation of stacks is beyond the scope of this text, and we will here only describe some
things from the literature.

Our main references for the following are [6] and [32], Section 1, where we partially used some
of the introductory theory from [36].

Definition 9. For any scheme S and fixed g > 2, we say that a stable curve of genus g over S
18 a proper flat morphism ©: C — S, whose geometric fibers are reduced, connected schemes Cj
of dimension one such that:

1. Cs has at worst nodal sinuglarities, i.e., it is either non-singular or its singularities are
ordinary double points;

2. If P is a non-singular rational component of Cs, i.e., P is of genus 0, then P meets other
components of Cs in at least three distinct points; and

8. dim HY(Cs,0¢,) = g.

We are interested in cases when S is Spec(k) for a field k. Moreover, we assume here for
simplicity that k is algebraically closed.

To a stable curve C over k, we associate the dual graph as in the following definition.

Definition 10. Let C' be a stable curve over k. An undirected graph T is the dual graph of C
if it satisfies:

o Vertices of T' correspond (bijectively) to the irreducible components of C;

e Fdges of I represent the set of singular points of C; extremities of an edge are the vertices
corresponding to the components on which that singular point lie (they can be loops too).

Denote with Wg the Deligne-Mumford stack of stable curves of genus g. It contains the moduli
stack M, of non-singular curves of genus g as an open substack. We will call M, the moduli
space of curves of genus g and Wg the Deligne-Mumford compactification of M. Lastly,
let My, be the underlying coarse variety of M, that we introduced before.

In [6], Deligne and Mumford show that ./Wg, for g > 2, is a complete, connected and non-
singular Deligne-Mumford stack of dimension 3g — 3. Furthermore, M, is open and dense inside
Vg, so in particular we have

dim M, = 3g - 3.

The complement M, — M, is a divisor whose irreducible components we denote by

Ao, Ar,-es Ay,

16



and briefly describe. Namely, we cite that Ag is such that there is its non-empty open part
parametrizing the irreducible curves with a single node, while A; for 0 < i < |g/2] have non-
empty open parts that parametrize curves with exactly two irreducible components which genera
are ¢ and g — .

We say that a stable curve C over (algebraically closed) k of genus g > 2 is of compact type
if its dual graph is a tree, their irreducible components are non-singular, and the sum of genera
summing over all irreducible components is g. Denote the substack of ./Wg consisting of curves of
compact type by M;t, and its underlying coarse moduli with M, gCt. It turns out that ./\/lgt c M,
is precisely the complement of the prime divisor Ag.

Moreover, it holds that the Jacobian of a stable curve C' is a principally polarized abelian
variety if and only if C' is of compact type. In that situation, if C1,...,C},Cji1,...,Cy are all
irreducible components of a curve of compact type C, with C; non-rational, i.e. of genus at least

1, for 1 <7< j, and Cj rational for j <4 <n, then the Jacobian of C as an abelian variety equals

Jc = H Jc;- (2)

In other words, J¢ is the product of the Jacobians of the irreducible components of C'; recall that
the Jacobian of a projective line is a point, so that the Jacobians of the rational components of
C' do not occur in (2).

1.2.4 The moduli space of principally polarized abelian varieties A, g > 2

Similarly to the case of curves, there are the Deligne-Mumford stack A, of principally polarized
abelian varieties, and the underlying coarse moduli space A,.

Attaching to a curve C' its Jacobian J¢, results in the Torelli morphism, a representable
morphism 7 : M, - A, between two algebraic stacks. In [32], Section 1.3, we find that the same
things happen with

T: M;t - Ay,

which we also call the Torelli morphism and is defined in a similar fashion.
This can also be done on the level of coarse moduli spaces, where the Torelli morphism gives
rise to
et
T MgC - A

The image of M;t in A, is called the Torelli locus in A4, while the image of M, in A, is the
open Torelli locus. It turns out that the open Torelli locus is open and dense in the Torelli
locus.
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2 Supersingular abelian varieties and curves

Having introduced the background in the previous section, we are in the situation to define the
main objects of interest, the supersingular abelian varieties, and the supersingular curves. In
order to investigate them, we discuss some invariants of abelian varieties and curves used to
better understand the geometry of A, and M,.

2.1 Invariants of abelian varieties

Let A be a principally polarized abelian variety of dimension ¢ defined over some field k, with
F,ckc Fp. Here, we define several invariants that have been used while working with abelian
varieties, and in particular, while working with Jacobians of curves. Later, we will be most in-
terested in the cases p =2 and g € {4,5}, but for the purpose of having the universal theory, we
will work with the general case. Our main resources for these topics are [41], [8] and [51].

Definition 11. Let E be an arbitrary elliptic curve over T, with E[p](F,) = {O}. We say that
A is a supersingular abelian variety if it is isogenous to EY, i.e., if

A~Ex...xE;
—————
g

we say that a curve C' is supersingular if its Jacobian is. Similarly, the abelian variety A is
superspectal if it is isomorphic to E9, i.e.,

AzEx...xE;
| S —
g

simalarly to the supersingular case, a curve C' is superspecial if Jo is.

Note that being superspecial implies being supersingular. However, the other implication does
not necessatily hold.

2.1.1 p-rank, a-number and Newton polygon of abelian varieties
The first important invariants we define are the p-rank and the a-number of A.

Definition 12. The p-rank of A equals p-rank(A) = f, where f,0 < f < g is the integer such that
#A[p] (Fp) = Pf-
An alternative definition that we will not use here is
p-rank(A) = dim Homg,, (p4p, A),

with p, = Spec(F,[x]/(xP — 1)) the kernel of the Frobenius morphism on the multiplicative
group Gy,.

Definition 13. We define the a-number of A as

a(A) = dim Homg (ap, A),

where ay, = Spec(Fy[x]/(2P)) is the kernel of the Frobenius morphism on the additive group G,.
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It holds that g-dimensional A is superspecial if and only if a(A) = g; see [35], Theorem 2. We
will later see some equivalent definitions of the a-number of abelian varieties that will be more
useful in concrete situations.
The p-rank and the a-number of the abelian variety A are connected via the well-known
relations
0 <prank(A) <g, 1<a(A)+prank(A4)<g.

Furthermore,
p-rank(A; x Ag) = p-rank(A;) + prank(As), a(A; x Ay) =a(A;) +a(Asz),

for any two abelian varieties A; and As over k.

The Newton polygon of an abelian variety is the invariant used in practice to determine whether
the abelian variety is supersingular. We will define it in the case when k is a finite extension of
F, and we will only mention the definition for the general case. Let A be an abelian variety over
k =T, with ¢ = p" of dimension g.

Let ha(t) € Z[t] be the characteristic polynomial of the Frobenius morphism on A. The
L-polynomial of A is defined via ha(t) = t* L(A/F,,t™), and it factors over C as

2g
L(A[F,,t) = 1}(1 - agt),

with a; € C, |ay| = \/g; see for example [29].

If L(A/Fg,t) = Z?fo a;t', denote with v; the p-adic value of the coefficients a;, v; = max{n :
p"la;} or if a; = 0,v; = +oo. The Newton polygon of A is the lower convex hull of the points
(i,v;/r) for i € {0,1,...,2g}. Therefore, Newton polygons are piecewise linear functions on the
interval [0, 2g], starting at (0,0) and ending at (2g, g), so that the coordinates of the break points
are integers. They are symmetric in the following sense: if (7,7) is a break point of the Newton
polygon N, then (2g—1i,g—1i+7) is also a break point of N, or equivalently, if the slope A\ appears
in N with multiplicity m, then the slope 1 — A also appears with the same multiplicity in V.

We say that the Newton polygon that is the straight line from (0,0) to (2g,g), i.e., that
has only the slopes 1/2, is the supersingular Newton polygon, while the ordinary Newton
polygon is the polygon consisting of two lines, the one from (0,0) to (g,0) and the one from
(9,0) to (2g,9), i.e., whose slopes are only 0 and 1.

It holds that an abelian variety A over F, = F),» of dimension g is supersingular if and only if
its Newton polygon is. Furthermore, we have that the Newton polygon is an isogeny invariant,
which follows from, for example [29]. Similarly as for previous invariants, the Newton polygon of
a curve C of genus g over F, = F)r is the Newton polygon of its Jacobian variety.

For a curve C over k = Fy,q = p" of genus g, we have a useful way of computing its Newton
polygon that is based on computing the number of points over a few finite extensions of F,.
The zeta function of C' is

[ee)

Z(C[Fy,t) = exp(z #C(Fqn)%).

n=1

The (proven) Weil conjecture for curves implies that there is a polynomial L(C/F,,t) € Z[t] of
degree 2¢g, such that
L(C[Fq, t)

AR )= -y
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The notation we used to denote this polynomial is not by accident, namely, this is precisely
the L-polynomial of Jc. Now, using the obtained L-polynomial L(C/F,,t) = Z?fo a;t', we can
proceed as before, and define the Newton polygon of C' in the same manner as the lower convex
hull of the set of points (7,v;/r),0 < i < 2g with v; the p-adic value of a;.

Example 2.1. Consider the elliptic curve E : y*> +y = 2° defined over Fy from Ezample 1.1.
Then E is a supersingular curve, and we will see that using three possible definitions in the case
of elliptic curves: via 2-rank, being superspecial, and by computing its Newton polygon.

First, using Silverman’s [{4], Group Law III.2.3, if P = (zp,yp) # O, on E with xp,yp € Fy
is of order two, then (zp,yp) = (xp,yp + 1) which is not possible, so the 2-rank of E is zero.
Secondly, using

1<a(E)+2-rank(F) <1,

we see that E has a-number 1 = g(E), and thus is superspecial. Lastly, using [44], Theorem
V.2.3.1, and #C(Fy) = 3, the characteristic polynomial of E equals

hp(t) =t = (2+1 - #C(Fo))t +2=1>+2,

SO
L(E[Fq,t) =1+ 2%,

Therefore, its Newton polygon is a line from (0,0) to (2,1), thus with a unique slope 1/2.

Figure 1: Newton polygon of E: 4% +y = 2% over Fy

Note that there are two eligible Newton polygons in the case of elliptic curves; namely, the super-
singular and the ordinary one.

If we left out the condition that & is a finite field, we sketch the definition of the Newton polygon of
an abelian variety A as follows. Consider for n € Z( the kernels A[p"] of morphisms [p"]: A— A,

and define the p-divisible group of A, A[p™] = h_r)nA[p”]. Over k = k, the Dieudonné-Manin
theory gives a unique (up to so-called isogeny of p-divisible groups) classification of A[p™] as

Ap™]~e,_a G,

c+d

where ¢,d € Zsg,ged(c,d) = 1, and G, q are simple p-divisible groups over k of codimension ¢ and
dimension d. We define the Newton polygon of A in this case as the multi-set of the slopes A,
that uniquely form a lower convex hull from (0,0) to (2g,¢g). In particular, A is supersingular if

Alp™]~ Gy
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Even though the notions of being supersingular, superspecial and of p-rank zero coincide for ellip-
tic curves, as we saw in the concrete example, these conditions differ for g > 3. For example [41],
Proposition 3.1, tells us that, in general, a principally polarized abelian variety A of dimension ¢
satisfies

A superspecial == A supersingular == p-rank(A) = 0.

However, we cite that for g > 2 being supersingular does not imply being superspecial; note that
isogeny between two abelian varieties is “weaker” that an isomorphism between them.

The p-rank of an abelian varieties A can alternatively be defined using the Dieudonné-Manin
classification as the multiplicity of the slope 0 in the Newton polygon. Since there is always a
principally polarized abelian variety of dimension g with slopes 1/g and (g—1)/g, which will follow
from the theorem on stratification of the moduli space of principally polarized abelian varieties
of dimension g by the Newton polygons given in Section 2.2.2, we see that for g > 3, possessing
p-rank zero does not imply being supersingular.

2.1.2 Ekedahl-Oort type
To define the Ekedahl-Oort type of an abelian variety A we firstly need to introduce the first de

Rham cohomology; for presenting this, we combine [9] and [51].

For an arbitrary scheme X, let U = {U; : i € I} be an arbitrary open affine cover of X, and F a
sheaf of abelian groups on X. Let us denote with C*(U,F) the Cech complex of abelian groups,
and for ease of notation, let C* = C*(U,Ox). Let

ZigU) ={(f,w) e C*' x C°: fiy,nv, = foiw; + fu;nu, Afoiao; = ww, —w,» dwy, =0},

BéR(U) ={(f,w) e ctxc? ‘g€ CO7f|UmU]- =9u; —9u;H Wy, = d9|Ui}-

We define the first de Rham cohomology of X as H,(X) = Hj,(U) (it does not depend on
the choice of covering) by

Hyr(U) = Zip(U)[BirU).

If we go back to the case when X = A is an abelian variety, the (relative) Verschiebung morphism
Vajr induces the k-linear map

Vj/k : Hyp(A) » HclzR(A(p/k))~

Using that H}n(A) and HcllR(A(p/k)) are in particular the same, only with a different k-action,

instead of Vy /i We can consider the Veschiebung operator

V' Hip(A) > Hap(A)

that is a p~l-linear map, ie., V(cf) = PV (f) for c € k, f € H}5(A). Similarly, we have the
p-linear Frobenius operator F : H)o(A) » Hln(A). Also, the properties [p]a = Va0 Fayi
and [p] 4w = Fai © Vayi imply that

VF=FV =0.

There is a symplectic form (-, —) on Hj(A), such that, after ignoring p*!-linearity as de-
scribed above, for any w,n € Hjp(A) it holds

(V(w),m ={w, F(n));
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for example, see [51], page 22. If we denote by H* the orthogonal complement of a subspace H
of Hjp(A), we see that
(V(H)*' = F7H(HY),

so in particular, we have
V(Hir(A)) = H(A, Q) = F71(0), and F(Hg(A)) = V71(0).

In the case when A is the Jacobian of a curve C, things are much nicer, and we can see them
more explicitly. For that purpose, we use the Cartier operator and the Hasse- Witt matrix.

Definition 14. Let C be a curve over k = Fp of genus g. Let x be a separating variable of k(C)
the function field of C, that is an element in k(C) — k(C)P, which forms a p-basis of k(C') over
k(C)P, so that we can write any function z € K(C) in a unique way as

_ P, p P p-1
z=2y 2T+ 2, 2T
for some zg,z1,...,2p-1 € K(C). We define the Cartier operator C on HY(C, Qlc) as

C(zdz) = zp-1de.

For a given basis {wr,...,wy} of H(C,QL), let w = %9 | h; jw; with h;j € k. The Hasse- Witt
matric HW(C) of C is then defined as

HW(C) = (hi ;)1<i,j<g-

Later, in Section 4.3, we will discuss more thoroughly some important properties of the Cartier
operator and connections to the previously introduced invariants.

In [23], Proposition 3.1, we find that there is a Hodge-de-Rham short exact sequence
0 HY(C,QL) 5 Hip(C) 2 HY(C,00) - 0. (3)

The map ¢ is defined by ¢ : w ~ (0,w), where, formally, the second coordinate of (0,w) is w; = w|y;

on affine open subsets of C'. The other homomorphism ~ sends the cohomology class of (¢,w)

to the cohomology class of ¢. It follows that these maps are well-defined from the definition of

H}-(C) and the fact that the coboundary conditions on H},(C) and H'(C,O¢) are compatible.
The Frobenius operator F' and the Verschiebung operator V on H cllR(C ) are defined as

F(f,w)=(f"0) and  V(f,w)=(0,C(w)). (4)

Using this description, we can see that ker ' = H%(C, Q) which then equals V(H}5(C)) by
the existence of the mentioned symplectic form (-,-). Further, the Verschiebung operator V
restricted to H°(C, Q%) € Hj,(C) coincides with the Cartier operator C.

Let A = (A,\) be a principally polarized variety of dimension g and write G = HcllR(A). The
final filtration is the filtration stable under V and F~!,

0=GocG1<S...cGy=V(G)c...c Gy, =G,
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which also satisfies dim(G;) =i and G; = Gag—i,i € {1,...,2g}. To such a filtration, we associate
final type v, that is the increasing surjective map

v:{0717"'729}_){07]‘7"'79}7

such that V(G;) = Gy
We mention that the final filtration is not unique, but the final type is! The properties of V
and F' give
v(29—-i)=v(i)—i+g, for 0<i<g.

As a remark, by saying that v is an increasing surjective map as above, in particular, we get that
v(@)<v(i+1)<v(i)+1, 0<i<g.

For a given final type v on A, we define the Ekedahl-Oort type of A, as the n-tuple u =
(11, ] With 0 <n <gand pg > p2 > ... > py, >0, so that

pij=#{i:1<i<g,v(i)+j<i}.

Note that u = @ is also a valid option. The combinatorial objects u are also called Young dia-
grams, and we will use this terminology when we consider them without mentioning a specific
(principally polarized) abelian variety. Note that giving the final type v is equivalent to giving a
Young diagram g associated with v.

Let us now see how the Ekedahl-Oort type of an abelian variety is connected to its p-rank and
a-number. If a principally polarized abelian variety A of dimension g has Ekedahl-Oort type p
with corresponding final type v, in [37] we find that p-rank(A) = f, where f €{0,1,...,g} is the
integer with the property

o(f)=f=v(f+1).

Furthermore, the a-number of A equals
a(A) = g-v(g) =g-dimV(H"(A,Q})).

In the language of Young diagrams, if p=[p1,...,u,] for 0<n<gand pg > po > ... >y >0, we
can translate the previous to

a(A) =n, and p-rank(A)=g- 1.
For a curve C of genus g we thus have that
a(C) = g - dimC(H*(C, Q%)) = g - rank(C).

Also, it holds that
p-rank(C') = rank(C?);

see for example [45], Section 3. In particular, we find that a principally polarized abelian variety
is superspecial if and only if rank(C) = 0 and that it is of p-rank zero if and only if rank(CY) = 0.
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2.2 Stratifications of A, and M, and some results

Let Ay = Ay ®Fp be the moduli space (stack) of principally polarized abelian varieties in charac-
teristic p of dimension g, and My, = M 9®Fp be the moduli space (stack) of curves in characteristic
p of genus g. Recall that the mapping C' — Jo that to a curve associates its Jacobian induces
the Torelli morphism

T: Mg — A,y

In this section, we will introduce some invariants useful for better understanding the ge-
ometries of A, and M,. They define the stratifications of A, by p-rank, Newton polygon and
Ekedahl-Oort type. Using the Torelli morphism, we transfer them to M,.

For the stratification by Newton polygons, we combine [3] and [8], while for the Ekedahl-Oort
stratification, we use [37], [51].

2.2.1 Stratification by p-rank

For fe{0,1,...,g}, let Vy ¢ A, be the locus of principally polarized abelian varieties with p-rank
less than or equal to f. Using the theory of Dieudonné modules, Norman and Oort in [34], gave
us that each V; is closed, non-empty and pure of codimension g - f, i.e., for any irreducible
component Z of Vy, it holds that

dimZ:@—g+f.

In the case of curves, we have a similar result. The moduli spaces M, and ./Vg can also be
stratified by p-rank into Mg and Mj; that are the loci whose points correspond to curves, and
stable curves respectively, of genus g and p-rank equal to f, as M = U./\/lg; , where Mg are locally
closed. It is known by [1], Lemma 3.2 that Mg are open and dense in the locus Hg of stable
curves whose points are of genus g and p-rank f. Let V; (ﬂg) = Up<es fﬂ; be the locus of stable
curves with p-rank less or equal to f in M. Discussing the completeness and codimensions of
some components of V;.(M,) via induction on r, Faber and van der Geer show in [10]|, Theorem

2.3 that the locus Vf_(ﬂg) is pure of codimension g—- f in Mg. In other words, for any irreducible
component Z ¢ V (M), it holds that

dimZ =2g-3+ f.

Since supersingular principally polarized abelian varieties, and in particular curves (i.e., their
Jacobians), have p-rank 0, we will mainly be interested in the p-rank 0 loci in A, and M.

2.2.2 Stratification by Newton polygons

Consider the eligible Newton polygons of dimension g, that are the ones starting at (0,0) and
(2g9,9), where if the slope A\ occurs in it precisely m times, then the slope 1 — A occurs in it
with the same multiplicity. On the set of all eligible Newton polygons of dimension g, there is a
partial ordering <. For two such Newton polygons N and N’, we write N < N’ if N’ lies on or
completely above N, and naturally, N < N' if N < N' and N # N’. Note that the supersingular
Newton polygon is the greatest element of the partially ordered set of eligible Newton polygons
of dimension g, while the ordinary Newton polygon is its smallest element. It is not hard to show
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Figure 2: Some Newton polygons: Nj - dashed, Ns - solid, N3 - dashdotted, N4 - gray and dotted

that any two maximal chains of the introduced poset with the same endpoints have the same
length.
In Figure 2, N;,i € {1,2,3,4} are some eligible Newton polygons of dimension g = 5. The
1111111111

Newton polygon Ny is the one with the slopes [$,4,4,4 1 1111 1] 50 the supersingular Newton

polygon, while Ny is the ordinary Newton polygon, the one with slopes [0,0,0,0,0,1,1,1,1,1]. N2 has

slopes [0,0,1,1 1 1111 1] and lastly, the Newton polygon N3 has slopes [$,£,1 1 1 4444 4]

7929292792727 270 5757575757575757575

We can see that Ny < Ny < N7 and N4 < N3 < Nq, but also that we cannot compare Ny and Nj.

Consider in A, the locus of principally polarized abelian varieties of dimension g whose Newton
polygons NP(A) satisfy N < NP(A), denoted by Wi = Wn(Ay), where N is a fixed eligible
Newton polygon of dimension g. The sets Wy are closed in A, by Grothendieck and Katz,
see [22], Theorem 2.3.1. Using the theory of the Dieudonné crystals (related to the theory of
Dieudonné modules applied to working with Ag), de Jong and Oort shown in [5], Theorem 4.1
the celebrated De Jong-Oort’s Purity Theorem, that the Newton polygon stratification jumps
purely in codimension 1. If we use the terminology from [8|, and say that the elevation of an
eligible Newton polygon NN in dimension g is the number of lattice points (4, 5) with 1 <i < g,7 >0,
then every irreducible component of the stratum Wy has codimension equal to the elevation of
N.

For the supersingular Newton polygon N, we say that Wy is the supersingular locus in
Ay, and use the notation Sy =Sy ® Fp for it. In Section 3, we will discuss some properties of S;.

Denote by WY = WY(A,) the locally closed locus in A of (principally polarized) abelian vari-
eties whose Newton polygon equals N. Chai and Oort in [4] found that if N is not a supersingular
Newton polygon, then both Wy and W](\], are geometrically irreducible, and moreover

)

U W c(wg)™
N'<N

where (W](\),)Zar is the closure of W](\), in A,. The Purity Theorem implies that for each eligible
Newton polygon N of dimension g, the stratum W](\), of A, defined by N is nonempty and of
codimension equal to the elevation of V.

When it comes to curves and to M, (the moduli space of curves of genus g > 0 over F,), for
a Newton polygon N, we can similarly introduce sets Wy (M) and Wy (M,), as the subsets
of Mgy whose points corresponds to curves with Newton polygon equal, and respectively less
than or equal to N. The supersingular locus in M, is the locus of points corresponding to the
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supersingular curves.

Alternatively, we may think of these loci in Ay, as of the intersections of the image of M, in
Ay with Wiy, W](\), and S respectively. However, in general, even though Wy, W](\), and S, are to
some extent understood, we cannot say that for their intersections with the open Torelli locus.

2.2.3 Stratification by Ekedahl-Oort type

Let us denote by Z,, the locus in A, consisting of principally polarized abelian varieties of dimen-
sion g with Ekedahl-Oort type pu.

For any Young type p, [37] gives us that the sets Z, are locally closed and that they define
the Ekedahl-Oort stratification of the moduli space A,. Furthermore, if pu = [p1,. .., ptp ], then the
stratum Z, has codimension })1"; y1; in Ag.

Consider the set of all Young diagrams in dimension g. Using the constraints we have on
the final type v: v(i) <wv(i+1) <wv(i)+1 and v(2g—i) =v(i) —i+ g for 0 <i < g, we see that
the choice of the first g “jumps” on the values of v(i),0 < ¢ < 2¢g determines the complete type
1. Therefore, there are 29 eligible Young diagrams of dimension g, and they define 29 strata in
the Ekedahl-Oort stratification. Note that further for any p, from their codimension in Ay, the
sets Z,, are also nonempty. One only needs to check the diagram p = [g,¢9 - 1,...,2,1], which
corresponds to the non-empty set of superspecial principally polarized abelian varieties. Note also
that the diagram p = @ defines the largest Ekedahl-Oort stratum in Ay, the ordinary one - we can
actually see that it matches with the loci of principally polarized abelian varieties of dimension g
with p-rank equal to g, or ones with the ordinary Newton polygon. The first conclusion is by the
fact for p = [p1,...,pn], prank(A) = g — u1, and the second one by the characterization of the
p-rank of principally polarized abelian varieties of dimension g with fixed Newton polygon N, as
the number of slopes 0 in N.

On the set of Young diagrams in dimension g, there is a partial order, that we will (again)
denote by <, introduced as

w=p1, s pn] Sv=[v1,. .\ Vn]

if n <m and for all i € {1,2,...,n} it holds that y; < ;. Writing Z, for the Zariski closure of Z,,
in A, we have
p<v = Z,<Z,in A,

Lastly, we mention [4|, Theorem 4.8, a result by Chai and Oort giving a conditions when the
Ekedahl-Oort stratum is completely contained in the supersingular locus.

Lemma 2.2 ([4], Theorem 4.8). Let v be the final type associated to the Young diagram. Then

(1230w

2.3 Supersingular curves

Let g > 0. Most of the results regarding the supersingular objects are known in terms of abelian
varieties, for which, our key reference is the book [27] by Li and Oort.

The supersingular locus S, = S, ®F, in A, = A, ®F,, is of dimension | g?/4] and the number of
its irreducible components can be described using certain class numbers as we will see in Section
3. Also, the generic point of each irreducible component of S, has a-number 1, and moreover, if
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by Sy(a > 2) we denote the closed subset of points of S, whose points correspond to the abelian
varieties A with a(A) > 2, then for g > 1, any irreducible component of Sy(a > 2) is of codimension
1in &,. One of the key ingredients in obtaining these results is the use of the theory of Dieudonné
modules, which we already referred to a few times while presenting some of the results known in
the context of abelian varieties. However, diving into that theory was out of our scope.

We aim to investigate the supersingular curves and to do that in characteristic two. We
first mention some differences appearing when working with supersingular curves instead of su-
persingular principally-polarized abelian varieties and then present some of the relevant results
regarding the locus of supersingular curves.

We saw in Section 2.2.1 that the p-rank stratification of 4, = Ay ® E, and of My, = M, ® E,
behave relatively similarly. However, we are not able to say that for the Newton polygons nor
the Ekedahl-Oort types.

Consider any maximal chain of Newton polygons {N; : i € I} between the supersingular and
the ordinary Newton polygon. By the Purity Theorem, it is of length

5, = 9(92+ 1) _ngQJ’

and, after relabeling the indices, it defines a stratification {Wy, : 0 <i <d,4} of Ay,
SQZWNO EVVN1 E...EWN(SQ :Ag’

so that Wy, is of codimension 1 in Wy,,,. However, we cannot claim the same in the case of
My, see [38], Expectation 8.5.4 and [41], Section 5.3. Namely, if we take for example d, > 3g -3,
which happens for g > 9, we see that the properties of {Wpy,(M,):0<i<d,} are not analogous
to those previously described. Since 6, > dim Mg, some of the W, (M) for 0 < i < §, need to
be of the same dimension, which may lead to the fact that some of the W3 (M,) is empty. In
other words, for a fixed Newton polygon N, it can happen that there is no curve whose Newton
polygon is N.

In particular, we cannot say much about the supersingular locus in M, and we do not even
now whether is it empty for some g and p. Heuristically, the dimension of S, is a half of the
dimension of A4 and they both grow quadratically, while the dimension of M grows only linearly.
When p = 2, we will shortly mention the result by van der Geer and van der Vlugt giving us that
the supersingular locus is non-empty, and moreover giving us (only) the lower bound for the
dimension of the supersingular locus in M,. However, the question of the irreducibility of this
locus, or the number of irreducible components is still unanswered, as well as the question of
computing its exact dimension.

Similarly, even though for any Young diagram p = [p1,. .., ptn ], the locus Z,, is of codimension
Yic1 M in Ag, the same conclusion does not apply in general for the locus Z,, in M. There are
some partial results, out of which we will mention in the end of this section the one resembling
the conclusion for abelian varieties in the case of hyperelliptic curves and characteristic 3.

What seems to be much more approachable while working with curves is the use of the Cartier
operator and the computation of the Ekedahl-Oort type of the curves. In particular, we will see in
Section 4 that for genus 4 curves over Fg, there are some restrictions for the possible a-numbers.

2.3.1 Some relevant results

One of the starting points regarding supersingular curves in characteristic two is the paper [47],
where van der Geer and van der Vlugt, for any g € Z,o constructed a class of supersingular curves
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of genus ¢ that are defined over Fy. In particular, that showed that in characteristic two, there is
a supersingular curve for any possible genus g > 0. We use the notation GV} to denote the locus
of supersingular curves in genus g they considered, and describe it below.

Let R}, = {Z?:O ai:UQl ta; € Fg, ap +0} be a Fy-vector space of 2-linearized polynomials and let

g=2"1 - (1+2+... +2")+... 427 (1+2+...+2™)

be a unique representation of g € Zsg with s;,7; € Zso such that s;+r;+2 <r;q forie {1,...,t-1}.
If we denote u; = s; +1 - Z;-;ll(rj +1) for i € {1,...,t}, then one of the construction of the class
GV, is as follows. Let further L; ¢ RZZ be a Fo-vector space of dimension dimF2 L;=r;+1, and
let £ = EBLI x-Li. If f1,..., fp form a Fy-basis for L, define

Cr.:y*+y=x-fx

and take ¢, : Cy, — P! to be morphisms defined on function fields as inclusion Fo(z) € Fo(z, ).
Then the curve C* defined as a normalization of the fiber product

Cflx"'xcfw

with respect to the maps ¢y, is a supersingular curve of genus g. Choosing a different basis for
L results in a curve that is Fy(x)-isomorphic to C¥.

The authors also determined completely when the curves defined in this fashion are isomor-
phic. Firstly, they showed that for R = Y a;2?", R’ = 21 ala® € R} for some h > 2, the curves
Cr:v’+y=z-RCr:y’+y=a-R are isomorphic if and only if there is some p € F5 such that
for all i = 1,...,h, it holds that a] = p**la;. Using that and choosing the basis elements f; for £
whose coefficient for z is zero, they obtained that C* is isomorphic over Fy with C* is and only
if £ = L' as Fa-vector spaces via an isomorphism of the form z ~ pz for some p € F;. Using this,
they showed that for g # 2, the dimension of the supersingular locus in the coarse moduli space
M, is greater than or equal to

t
Z(Ti + 1)u1 -1.
i=1

In case g = 3 for p > 0 a prime number, both the moduli space of curves M3 = M3 ® Fp and the
moduli space of principally polarized abelian varieties Az = A3 ® F), have dimension

(3+1
dimM3:3.3—3:6:¥

= dim Ag,

while the supersingular locus Sz = S3 ®Fp has dimension 3. In [36], Oort explored the intersection
of the supersingular locus S3 with the locus of hyperelliptic curves of compact type of genus g = 3
over Fp, that is of dimension 5. He showed that every component of this intersection, i.e., of the
locus of (the image in A3 of the) supersingular hyperelliptic curves of compact type of genus g = 3
over Fp has dimension 1.

In particular, for p = 2, he constructed a curve of genus g = 3 over Fy that is non-hyperelliptic
and supersingular, as well as a curve of compact type that is supersingular hyperelliptic. Then,
using class number formula computations (that we will meet in Section 3) for the result that
S3 ® Fy is irreducible, the mentioned result that the locus of supersingular hyperelliptic curves of
compact type of genus g = 3 over Fy is of dimension 1 follows by a dimension argument. However,
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it turns out that in the case p = 2, there is no supersingular hyperelliptic (irreducible) curve. This
is concluded by inspecting what the possibilities are for an automorphism group of a Jacobian of
a supersingular hyperelliptic (irreducible) curve of genus g = 3, and by arguing that none of those
can exist.

From van der Geer and van der Vlugt’s construction, we extract that for g = 4, the locus GVj of
non-isomorphic supersingular curves of genus g = 4 defined over Fy consists of curves that can be
represented in the form

y2 +y= J}Q + C5.’L‘5 + ngg,

with ¢3, c5 € Fy arbitrary.

Moreover, in [43|, using so-called 2-adic box analysis for obtaining lower bound for the first
slopes of the Newton polygons of curves, Scholten and Zhu concluded that the locus of hyperel-
liptic supersingular curves of genus g = 4 over Fy precisely equals the locus GVj. In other words,
a hyperelliptic curve of genus g = 4 over Fy is supersingular if and only if it is isomorphic to
one with affine equation 32 +y = 2 + c52° + c3x>, for some c3, ¢5 € Fo. This completely describes
supersingular hyperelliptic curves and is the reason why we will be interested in this thesis in
considering non-hyperelliptic supersingular curves of genus g = 4 over Fs.

Lastly, let us mention some relevant results for curves of genus 4, that discuss characteristics
other than two.

In [25], the authors showed the existence of a supersingular curve of genus 4 in any charac-
teristic p > 0 by considering the Howe curves, the curves obtained as desingularizations of some
fiber products of elliptic curves over P!,

By discussing the Cartier operator on curves, in [42] Re gave some bounds for the a-number
of curves in terms of the genus and the characteristic in which a curve is defined. Also, by
considering a special class of curves that are certain cyclic covers of the projective line, in [28],
the authors showed the existence of some supersingular curves of genus 4 < g < 11 depending on
the characteristic. We will discuss and use some of these results in Section 4.

Furthermore, in [50], Zhou discussed the Ekedahl-Oort type in the moduli space My. By
considering a special class of curves, there it is showed that for any prime p = +2 mod 5 the locus
Z14,9] of curves with Ekedahl-Oort type [4,2] in My ®IF,, is nonempty, while for p > 2 and p = +2
mod 5, Z[4 3] is nonempty. In particular, the last fact implies that for p odd and p = +2 mod 5,
the supersingular locus in My ® Fp is nonempty by Lemma 2.2. Also, for p = 3, it was shown
that for a Young diagram p = [p1, ..., ftn ], the intersection Z,, with the hyperelliptic locus Hy is
empty if 1> [3,2,1], and otherwise, of (the expected) codimension Yi; p1; in H,.
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3 Class numbers and number of the irreducible components of
Sy € Ay over [Fy.

A basic question that arises while investigating (the geometry of)) supersingular abelian varieties is
whether we can tell something about the irreducibility of the supersingular locus S, in the moduli
space of principally polarized abelian varieties A,, or generally, about its number of irreducible
components. Oort, Katsura, Ibukiyama, and Li connected the problem of counting the number
of these components with the problem of computing certain class numbers. In [19], Ibukiyama,
Katsura and Oort firstly did that for g = 2, and then in [21], Katsura and Oort considered g = 3.
Finally, in [27], Section 4, Li and Oort generalized results of the previous papers and obtained a
conclusion for arbitrary g. Here, we first present some of the general theory from [27] together
with some introductory examples. Using mass formulas and the results from lower g, we discuss
the case g = 4 and show that Sy is irreducible in A4. Lastly, we shortly discuss the irreducibility
questions for some small genera g.

As for example in [13], Section 1, for a,b e Q*, the quaternion algebra B = (a,b)g over Q is a
4-dimensional Q-algebra

(avb)(@ :Q+Qi+Qj+Qij7

with 7, j some of its elements, satisfying i? = a, j? = b and ij = —ji. We usually write k = ij and in
addition, we say that B is definite if a,b < 0.
For a quaternion q = z + yi + zj + wk € (a,b)qg, we introduce its conjugate g as

qg=x-yi—zj—wk,

and its norm
N(q) = qq = 2 — ay® - bz* + abw® € Q.

The main example is when @ =b=~1. Then in (~1,-1)g it follows that % = j2 = -1, ij = —ji
and for ¢ =z + yi + zj + wk with x,y, z,w € Q, we have N(q) = 2% + y? + 2% + w2

We say that (a,b)q is split if it is isomorphic to M>(Q) as Q-algebra, and for any finite place
p of Q (so the equivalence class of a non-archimedean absolute value or valuation), we say that
(a,b)q is split at p if it is, after tensoring with Q,, isomorphic to M>(Q,) as a Q,-algebra.

An order O of a finite-dimensional Q-algebra B is a subring of B which spans B over Q and
is a Z-lattice in B. For any n € Z.q, B a finite-dimensional Q-algebra and O a maximal order of
B"™, we say that a Z-module L in B" is a left O-lattice in B" if it is a left O-module as well as

a Z-lattice in B™.

As a motivation for the definitions that follow, we mention that for every prime p € Zs( there is an
elliptic curve E over [F), such that its relative Frobenius F': F — E(®) is such that F2+p = 0. Such
an elliptic curve always exists, and it is in fact supersingular; this follows from the Hasse bound
and some of the equivalent statements of being supersingular and by the Eichler-Deuring mass for-
mula; see [44], Exercise V.5.8 and Exercise V.5.9. Moreover, for O = End(E®F,) = End(E®F2)
it holds that rankz(Og) = 4, and Bg = End°(F®F,) = End(E®F,) ® Q = Qo is a quaternion
algebra that is split at all primes [ # p, and OF is a maximal order in Bg.

Let p € Zsg be an arbitrary prime number. Let B be the definite quaternion algebra defined over
the field of rational numbers Q that is split at all prime numbers [ # p, i.e., it is of discriminant
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p, and let O be a maximal order of B. For any g € Zsq, if L is a (left) O-lattice in B®9, we have
that it is of the form O®Imy, with my, € GLy(B).
We define the group of similitudes G by

G = {h e My(B) : hh' = n(h)Id, for some n(h) € Q*}.

We say that two O-lattices L1 and Ly in B®Y are globally equivalent and write L; ~ Lo if
there is some h € G for which L; = Loh. Similarly, if we write B; = B ®q Q;,0; = O; ®g Q; and
L; =L ®g Q for any prime number [ € Z,(, we define locally the group of similitudes

Gy = {h e My(B;) : hh' = n(h)Id, for some n(h) € Q;},

and we say that any two O-lattices L1; and Lo are equivalent locally at [, and write Ly ; ~ Lo
if Ly ;= Lo ;h for some h € G.
Lastly, for g even, let us denote by N, the Op-lattice in Bg} 9 defined by

Id
Np:(f);?g( . ﬂ.Idk)ga (5)

with 7 a prime element of O, and £ € GL,(B,) such that ££' = (1 A

The principal genus £,4(p,1) of the (hermitian) space B® is the set of all O-lattices L
of B®9 which are locally at all prime numbers [ € Zsq equivalent to (’)l@g , le, Lp ~ Ol@g for all
primes [ € Zsg. We further call the number of global equivalence classes in L4(p,1) the class
number of the principal genus, and write Hy(p, 1) = #(L4(p,1)/ ~). Similarly, we define the
non-principal genus £,(1,p), the set of O-lattices L such that L; ~ (’)l@g for all prime numbers
l € Zso,l # pand L, ~ Ny, and we call Hy(1,p) the class number of the non-principal genus,
the number of global equivalence classes in that genus H,(1,p) = #(Ly(1,p)/ =).

In terms of the previously introduced notions, we can get a piece of information on the
supersingular locus in the moduli space of the principally polarized abelian varieties. Namely, we
will see in Theorem 3.2 that the number of irreducible components of S, = S, ® F,, equals H,(p,1)
if the genus g is odd or Hy(1,p) when g is even.

Example 3.1. In the case we will be mostly interested in, when B is the quaternion algebra
over Q with discriminant p =2, we have

B=(-1,-1)g=Q+Qi+Qj +Qk
with k =1j,i% = j2 = =1 and ij = —ji, and

1+i+j5+k

O=Z+Zi+Zj+7Z 5

1 _
Additionally, for g = 4 we have No = (’);‘34 = ( L )5, where ¢ € GL4(B2) is such that £€¢ =

1
( = ), and for computing #{irreducible components of Sy}, we are interested in computing
1

#(L4(1,2)/ »), i.e., in finding non-equivalent left O-lattices L in B®* such that Ly ~ O2* for all
primes | #2 and Lo ~ Ny. When g =5, we are interested in L € L5(2,1), i.e., the ones for which
Ly ~ O for all prime L.
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3.1 The supersingular locus §;, =S, ® E, in 4;,=A4,® Fp

Here, we will make a brief summary of the theory used in [27] to describe the supersingular locus
Syg=8;,8F, in Ay = A, ® F,. We also consult the material from [20].

Fix a supersingular elliptic curve E over F, to be as in the motivation from Section 3 and
F,V its relative Frobenius and Verschiebung morphism. Let K be any field containing I,
and k an algebraically closed field such that K ¢ k. Furthermore, let n be a polarization of
EIxK = B9 xg00(F,) SPec(K ) such that ker(n) = £9 [F971]x K, which exists for any K 2 F,2; see
[27], Section 3.6. Recall that the supersingular abelian varieties X are the ones with X xk ~ E9xk,
while the superspecial abelian varieties are the ones with X x k2 F9 x k.

For g > 2 and X an arbitrary supersingular abelian variety of dimension g over K, we cite [27],
Lemma 1.8, that there always exists a superspecial abelian variety Y and a K-isogeny

pY > X,

called a minimal isogeny. The construction of such an isogeny is done inductively, by considering
certain quotients, and it motivates the following definition.

Let S be a K-scheme and 7 as above. A polarized flag type quotient (PFTQ) over S with
respect to 7 is a chain of polarized varieties (Y;, \;),0< i< g over S:

Pg-1 Pg-2

(Yerp0) : (Y1, Ag1) == (Y2, Aga) = ... 5 (Y0, Mo,
such that
1. Yy 1 =EI%x S, \jo1 =nxidg
2. p; are isogenies compatible with polarizations, i.e., p/ o A\ji_1 0 p; = A; for 1 <i<g,

3. ker(p;) is an a-group of a-rank i, 1 <i < g, i.e., ker(p;) is locally isomorphic to a;, x ... o xS,
%‘(_/
K3

4. ker(\;) S ker(F" o V7) for all j€{0,1,...,]i/2]}.

If moreover |
ker(i/g—l - Y;) = ker(Yg_l — Y'O) N }/g—l [Fg—l—z]

for all 1 <i< g we call it a rigid PFTQ.

For an arbitrary polarization 1 of E9 x K such that ker(n) = EI[F97!], by [27], Lemma 3.8, there
is a projective space 77;,,7 over K that represents the functor

K-Schemes — Sets,

S — {rigid PFTQs over S with repect to n}/ .

Moreover, by [27], Proposition 4.3, P, is non-singular, and geometrically integral of dimen-
sion
e
dimy, Py, = 7|
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Let A be a set of representatives of polarizations 1, with ker(n) = EI[F971] of E9 x F, up to
isomorphism, where

M 2 <= ¢ e =ny for some ¢ € Aut(E9 xF)).

Using [27], Proposition 4.1, which says that for any principally polarized supersingular abelian
variety (X, \) of dimension g over Fp there are finitely many, but at least one, rigid PFTQs with
respect to some 1 € A, (Ys, po) over I, such that (Yp, Ao) = (X, \), there is a finite and surjective
morphism
v: 1P, S, ®F, (6)
neA

Therefore, understanding the structure of S, ®F,, can be understood by understanding U(Py,) for
n € A. Tt turns out that ¥ induces a one-to-one correspondence between the set A and the set of
irreducible components of Sy ® FD. After presenting the theorem describing the main properties
of the supersingular locus S; based on the use of (6), we will try to give an insight into the
connections between #A and the class numbers mentioned in the introduction.

Theorem 3.2 (|27], Theorem 4.9). Let p € Zso be a prime number and let g € Zso. The super-
singular locus Sy = S ®Fp in Ag = Ay ®E, has dimension l%J. Furthermore, it holds that

‘ ‘ | Hy(p,1) if g is odd
#{irreducible components of Sq} = {Hg(l,p) if g is even

The key ingredient of the proof is that for any n € A, W(P, ) = (X, ) is a supergeneral abelian
variety, that is a supersingular (principally polarized) abelian variety with a(X) = 1. For such
(X, ), the rigid PFTQ over F,, satisfies

ker()\g_l) = ker(Fg_l : Ytq—l - Yg—l) = }/Tq_l[Fg_l],

or in other words ker(n) = EI[F971]. Now, since for g = 2m + 1, E9"}[F971] ¢ E9[p™] and using
that deg F97! = deg[p™], we actually get

ker(n) = E9[p™], ifg=2m+1is odd
and similarly, we obtain

ker(n) = E9[p™F], if g=2m+2is even.

Therefore, using [27], Corollary 4.8 which gives us:

e The number of equivalence classes of polarization n of E9 ® F,, such that ker(n) = ker([p"])
is equal to Hy(p,1), and

e The number of equivalence classes of polarization 7 of E9®F,, such that ker(F?"*!) ¢ ker(n)
and #(ker(n)) = p2(ng+l(g+1)/2)] for any n € Z, is equal to Hy(1,p),
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we get the desired conclusion
4A - {Hg(p, 1) if g is odd
~ | Hy(1,p) if g is even
The mentioned Corollary is obtained in [27] using the following lemma. We will not present its
whole proof, and our focus will be on showing the explicit relation between computing the number
of irreducible components, polarizations and certain lattices.

Lemma 3.3 ([19], Theorem 2.10, and 27|, Proposition 4.7). The following results hold.

1. The class number Hy(p,1) is equal to the number of equivalence classes of principal polar-
izations of A= EI®TF, up to isomorphism of A.

2. The class number Hy(1,p) is equal to the number of equivalence classes of polarization n of
E9 @ F), with ker(F") c ker(n) and deg(n) = pl(g+1)/2J.

Sketch of a proof for part 1. For E = E®Fp, denote A = EY9 and O = End(F), B=0®Q, and let
D=FE9 ' x{0}+E92x {0} x E+...+{0} x B9}

be a divisor on A. By [33], page 60, we have that D is ample if and only if the set of Fp—points
P on A such that 75D = D is finite, for 7p the translation as in Section 1, using the equivalence
of the divisors and invertible sheaves. Therefore, D defines a polarization ¢p, for which in [19]
it is stated that it is principal.

Note that for divisors H € Pic’(A) we have ¢y = 0, so the mapping

Pic(A)/Pic’(A) - Hom(A4, AY)

is injective. The group NS(A) = Pic(A)/Pic’(A) is called the Néron-Severi group. We say that
v € GLy(A) is positive definite and write v > 0 if for all y € B™, it holds that yyy* > 0. The
mapping
NS(A) - End(A) = My(O),H =~ ¢p o pp

induces by [19], Proposition 2.8 a bijection between the set of principal polarizations on A and
the set S = {y € GLy(O) :v=4">0}. Then [19], Lemma 2.3, gives that any O-lattice L = Oz,
x € GLy(B) is in L4(p,1) if and only if there are some v € GLy(O),n € Qs such that v = 5" and
T =ny.

Consider the mapping from the set of principal polarizations on A to L4(p,1), induced by
NS(A) - L4(p,1). We should show that taking equivalence classes from these define the bijec-
tion. On one hand, for any automorphism ~ of A and Hi, Hy € NS(A), we have that v*Hy = Hy
if and only if

(¢ e (YD P )T = ¢D P;-

On the other hand, [27], Lemma 2.5, gives us that two lattices L; = O%z1 with z127% = n1y1,71 €
GL,(0),n1 € Qs and Lo = 0929 with zod2" = naya, y2 € GLy(O), na2 € Qs are globally equivalent
if and only if for some n € Qsg,7 € GL,,(O) it holds that

1y = nye.

We have v = goblanl and o = goblnp Hy, SOy =7 = goblfyvgo p should give the result. O

34



3.2 Mass formulas and irreducibility of Sy =8, ® Fyin Ay= A, ®F,

In addition to the previously introduced notions, for fixed prime number p, an even g > 0, B a
quaternion algebra of discriminant p over Q, and O € B a maximal order in B as before, let us
define the group G} for any prime number [ by

G| ={heMg(Bl):h(1.~- 1)l_1t:n(h)(1 1), for some n(h) € Q; }.

If £ € GLy(B;) is such that £Et = (1 ot ), then the mapping h ~ £hé™! induces a group isomor-
phism between G; and Gj.

The local conditions defining £4(1,p) give that an arbitrary O-lattice L € L£4(1,p) introduced
above should be written in a simpler form using G,. Namely, in [17], Part III, we find that an
O-lattice L in B® is in L4(1,p) if for all [ # p we have

1
L =0% hy=(Oy,..., 01y
1 |
. g
for some h; € G}, and
1
L,=0% h - hy=(Op,...,0p,70,...,71O)hy
—_—
g/2 g/2

for some h;, € G, where 7 is a prime element of O,. Using that the matrices of the form
1

1
1
belong to G for the appropriate dimensions, we see that the second
1
1
1
g
condition can also be interpreted as Ly, = (Op, 7Op, ..., Op, 7Op)hy, for some hy, € G,
NI —_—

2 2

It is known by Hashimoto and Ibukiyama, [17], Part IT and by Ibukiyama, Katsura and Oort,
[19], Remark 2.17, that the locus of supersingular abelian varieties of dimension g = 2 over Fy is
irreducible, i.e., that H2(1,2) = 1. Thinking in terms of lattices, this gives us a unique (up to
global equivalence) lattice L = O®2my, € L3(1,2), for some my, € GLy(B). We will decide whether
the supersingular locus in A4 is irreducible by applying the known results in the case g = 2 for
the case g = 4, and therefore, let us denote by G4-2 and Gy-4 the groups of similitudes G of the
corresponding dimensions g = 2 and g = 4 respectively, and for prime numbers p € Z.q similarly

Gp,g=2, Gp,g=4 for the local groups of similitudes Gy, and G, 5, G, _, for the groups G. Note
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that for any prime p and h € My(B)) we have
1 1\ -,
Y [ TN N
1 ]~ B 9
h EAUTR I
1
d th ¥ o, implies th f
and thus h e G_, , implies that . €Gyyyp

Let L be the O-lattice in B®* defined by L=0% % Since locally at any prime
L

p*2 L,~ (’)292 we have that i}p ~ (Oa,05,05,05) and similarly, for p = 2, we have Ly ~
(02,705, 09,wO5). Therefore, L e L£4(1,2). The aim is to check whether L is the unique
element of £4(1,2) up to equivalence.

For any g € Zso and prime p € Zsg, let us for an O-lattice A in B®9 define its automorphism
group Aut(A) ={h e G: A =Ah}. Further, let us define the mass of the non-principal genus

Ly(1,p) by

1

Mass(ﬁg(l,p)) = Z m

AeLy(1,p)/~

Note that there are precisely Hy(1,p) summands in the previous formula.

Theorem 3.4 ([14], Proposition 3.5.3; [20] Theorem 2.4). Let g € Z>o be an even integer and let
p € Zso by any prime number. Then

( 1)g(g+1)/2 g

Mass(Ly(1,p)) = H<<1 2z>H<p4’

where ( is the Riemann zeta function.

If we take a look at the table of the first few values of the Riemann zeta function ((-1) =
—1—12, ¢(-3) = %, ¢(-5) = —ﬁ and ((-7) = 555 occurring in the special case we are interested in,
when p=2 and g =2 or g =4, we get

1

Mass(£2(1,2)) = 2 19202 (7)

1
M 1,2)) =
osoe Mass(£4(1,2))

Now, if we show that [Aut(L)| = 2-1920%, we will immediately get that the locus Sy is

irreducible in A44. Recall that H2(1,2) =1 and L € £2(1,2), and see that (7) gives us |Aut(L)| =
1920. Moreover, in [18], Section 2, this group T'y = Aut(L) is explicitly given as m 'GLy(Q)mn

G g-2 where m = ((1] ;1) with r =4 -k, and consists of the elements of the following forms

ar™l —aagr ! ar™t aapr? a 0 0 a o (1+ xr‘l)a zaagr™!
_ _ _ _ r _ _
ar™l aagrt |’ —ar ' aagr ')’ 0 aagl’ aag 0]’ zar™! (1+zr YHaag]’

with a € 0% ag € {1, +i, +j, £k} and o € {~i k, 2=k

Using that O®2mp = O®2mph for h € I'y if and only if there is an element ny € GLy(O)

1 -1
such that nymyp = mph, i.e., mzlanL = h we see that actually mp = m = (O . ) With
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-1
the same argument, we see that I'y = Aut(L) = %GL4(O) @H N G. Thus,
my mr
A A )
515 €'y for any A, B € T'g. Therefore, we have |T'4| > 2-1920°.

To show that actually [T'y| = 2-1920%, using SAGEMATH together with the following reasoning,
we found that there are no other elements in I'y besides the mentioned ones.

L mr
in O = Z+Zi+Zj+Zl+Z;—j+k is an element of Zsq, since N(a+bi+cj+d%),a,b,c,de Z

equals
2 2 2 2
(a+g) +(b+g) +(c+g) +(%l) =a®+ad+ b2 +bd+ P +cd+d* e Z.

-1
Thus, we see that for any matrix in % GL4(0O) (m—L‘m—), all the norms of the entries
L L

are in %Zzo-

1
Let hel'y = % GL4(0O) @HHG. Note that the norm of an arbitrary element

If we write h = (hr,7)1<1,7<4, Where we now assume N (hy y) € %Zzo, the condition h € G is
o 4  N(hry)=1forall Ie{1,2,3,4},
o Yk hrihyr=0foral I,Je{1,2,34},1%J.

The first condition leads to finding 10000 16-tuples of possible norms (N (hr s))i<r <4, or 5200
after we exclude the already considered cases corresponding to the previously known 2 - 19202
matrices and the cases when (N (hy,7))1<1,7<4 has a zero row or zero column using that h needs
to have full rank. Note that in each row of such h there are at most two non-zero elements. The
second condition defining a matrix in G combined with that remark, gives us that in sums

4
Z hI,KBJ,K for any I,J € {1,2,3,4},]%t J,
K=1

at most two summands are non-zero. Therefore for each I,J as before, one of the following
possibilities holds:

o Yo N(hrg)N(hyx) =0,

o Yk N(hrx)N(hyx) = N(hra)N(hsa),

e X2  N(hrr)N(hjx) = Ys N(hix)N(hjr), or
o N(hr1)N(hj1) = Sieeo N(hpx)N(hyx).

These conditions leave us with 120 possible 16-tuples (N (hs,7))1<r1,7<4. If we write h = F‘—),

A| B

C|D
my, A| B {mil ‘ \_ {mLAmzl ‘ mLBmzl\
mp ) \C | D \ ‘ mil} B \mLC’mil ‘ mLDmil}'

Therefore, if one of A, B,C or D is a matrix with precisely one element of norm 1 and three
zeroes, or one element of norm 1/2 and three zeroes or two elements of norm 1/2 and two zeroes,

we have
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the condition mLAmzl,mLBmEI,mLCmEI,mLDmEI € Mat2(O) will not be satisfied since at
least one element of h will be of norm 1/2 or 1/4, so not in O.
To conclude,

-1
F4:%GL4(O) mp, o mG:{%:A,BEFQ}U{%HIA,BEFQ},
L

so [T'y| = 2-19202. We obtained the following result.

Theorem 3.5. The supersingular locus Sq = Sy ® Fy is irreducible in the moduli space of the
principally polarized abelian varieties Ay = A4 ® Fo.

3.3 Other irreducibility questions over F,

Using the well-known relation between the values of the Riemann zeta function at odd negative
integers and the Bernoulli numbers

Bgn:—nC(l—Zn), n€Z>0,

for g € Zsg even and p € Z-o a prime number, the mass formula occurring in Theorem 3.4 can be
rewritten as

1=

(-1)9(g+3)/2 ( 0 92 .
Mass(Ly(1,p)) = g (H BQi) [T -1).
- 1 i=1

For a first few even dimensions g > 4, we get

1 1-31-691
o051z Mess(Ls(1,2) = oo 3

1-31-43-127-691-3617-43867

218.38.55.72.13.17-19 T

Therefore, we can conclude that Sg and Sig are not irreducible, but we cannot say much
about the number of their irreducible components. It can happen that Sg is irreducible. However,
intuitively, we believe that is not the case. Namely, similarly as we used an O-lattice L in B®? to
construct an O-lattice L in B®*, we could try to construct an O-lattice L in B®. By the same
idea we used to find the elements of I'y in Section 3.2, we expect that the automorphism group
of L has at least 1920% ~ 7-10° elements, which is bigger that the number 2'0.3%.52.11 ~2.107
that occurs in the formula for Mass(Lg(1,2)).

We should also remark that we are not able to reproduce the same approach for computing
the (size of the) automorphism groups for even g > 4 we used for Sy since the computations are
becoming more demanding when increasing the dimension.

Mass(Lg(1,2)) =

Mass(£L10(1,2)) =

For p = 2 and g odd, we can also discuss the irreducibility of S, in A,. Here, we explore [17],
Remark 2, and use it to present that Ss is irreducible, while S5 is not. As in Example 3.1, take
B =Q+ Qi+ Qj + Qk the unique (up to isomorphism) quaternion algebra over QQ ramified only
at p=2, and O = Z + Zi + Zj + Z2EE

Using that the norm map N : O - Z maps the invertible elements in O to a {-1,1} € Z, a
direct check of all possibilities gives us the first auxiliary fact |O*| = 24. The lattice L = 09 is in
L4(2,1), and hence, it contributes in the formula for computing H, = Hy4(2,1).
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By looking at the formulas for G-masses in [17], Proposition 9, for G the group of similitudes,
by definition we have

Hy 1

MG(MQ(O)):;;W—Gﬂ’ (8)

with Ay some representatives of G-ideals of A, while using [16], page 235, we have

Mo(M,(0)) = H<2’€+< B2

Since My(O) € L4(2,1), we can take A = My(O). Furthermore, we can conclude
|GLy(O) NG| = |07 - g!

by discussing the possibilities for a matrix to be in GLy(O) NG and using that the norms of
elements in O lie in Zyo. Namely, if a1, ..., a4 are the entries of the first row of m e GL,(O)nG,
from m € G we see that N(a1)+...+N(ag) =n(m), and n(m) =1 from m € GLy(O). Therefore,
one a; has to be in O* and others must be zeroes. There are g|O*| ways to choose such a g-tuple
of a;s. Continue this with the second row and use that the element in ith row has to be zero,
giving us (g — 1)|0*| ways, and so on. Hence, we computed

[My(O)" nG:1]=|GLy(O)nG| = |07 gl =249¢!. (10)
Collecting (8), (9) and (10), we get that for g € Z, odd

. Iszl
H,=1 1 .
g — 249 - H ( ) )

For example, since
1 1 1 1
- _-1.—.5. 7. ’
243 . 3! 6-4 30-8 4212

we get that Ss is irreducible, while since

1 1 1 1 1
+1- .5. 7. .17 .31 5 ’
245 . 5! 6-4 30-8 42-12 30-16 66 - 22

we can see that S5 is not irreducible.
Lastly, using that

Bai ~ 4k (k[me)** (11)

we can verify a well-known result that for large g, the locus S, will not be irreducible in A,.
Namely, using the asymptotic (11), by the mass formulas described in this section, we see that
there is some gg € Zsg such that H,(1,2) > 1, for g > go even, as well as H,(2,1) > 1 for g > go odd.
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4 The supersingular locus in M,

In this section, we will discuss some properties of the moduli space of curves of genus four in
characteristic two My = My ® Fo. First, we recall some notions and facts from the general
algebro-geometric theory, and present the classification of all curves of genus four over an alge-
braically closed field. Then, we discuss the results of paper [49], where Xarles determined all the
non-isomorphic representatives for genus 4 curves over Fo. We use these results to get some in-
tuition on the geometry of the supersingular locus in My. Our focus will be on non-hyperelliptic
curves and we will describe them mainly via the Ekedahl-Oort type, with emphasis on the types
closely related with the supersingular locus in My.

4.1 Classification of curves of genus four

Let C be a curve of genus g an algebraically closed field k = k. Before we classify the curves of
genus four over an algebraically closed field, let us recall some algebro-geometric notions.

Recall that an invertible sheaf £ on C is very ample if it is isomorphic to O¢(1) for some
immersion of C' in a projective space. In other words, £ is very ample if it defines an embedding
of C' in P" for some n. We say that a divisor D on C is very ample if Oc(D) is.

A complete linear system |D| is the set of all effective divisors E = ¥V n;P; > 0 that are
linearly equivalent to the divisor D on C. We call |[K¢| the canonical linear system. Note that
there is a one-to-one correspondence

D]~ (H"(C,0c(D)) - {0})/k*, D+divf ~[f],

which is often useful for defining a morphism from a curve to a projective space, noting that
P = (HY(C,0c(D)) - {0})/k* with n = dim H°(C,Oc(D)) - 1. In particular, if D is a very

ample divisor on C', the corresponding immersion is given on the set of points by

C%an P [fU(P)vfl(P)77fn(P)]7

for {fo, f1,--., fn} a basis of dim H(C,O¢(D)); see [15], Section I1.7. The degree of f(C) can
then be defined as the degree of D.

A linear system D is a linear subspace of some complete linear system |D|, and we say that
the degree of the linear system D is the degree of any divisor in it. If D is a linear system of
dimension r and degree d, we say that it is a gj;. Note that a gj; on C' defines a morphism C' — P"
so that the degree of image of C is d. For example, |K¢| is a gg;Q, and it holds that a curve C
is hyperelliptic if it has a g%.

An important fact, [15], Proposition IV.3.1, is that a divisor D is very ample if and only if

dim|D - P - Q| = dim|D| - 2,

for any two points P,@Q € C. Using this criterion, in [15], Proposition IV.5.2, it follows for a
curve C of genus g > 2 that the canonical linear system |K¢| is very ample if and only if C' is not
hyperelliptic.

Therefore, if C' is a non-hyperelliptic curve of genus g > 3, we have the embedding C' — P91
determined by |K(| called the canonical embedding. The image of C' in P97! is a curve of
degree 2¢g — 2, which we call the canonical model of C'. Moreover, this embedding is determined
up to a projective automorphism, or in other words, two curves C7 and Cy with canonical models
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Cf and Cj are isomorphic, if there is a PGLy(k)-transformation that induces an isomorphism
C1 = Cy.

Recall further that a projective variety X € P" is a complete intersection if its defining ideal is
generated by exactly n —dim X polynomials. [15], Exercise 11.8.4, gives that if a curve C' ¢ P" is
a complete intersection m;‘z_llHi of hypersurfaces H; = Z(F;) for some homogeneous polynomials
F; of deg F; = d;, then it holds that

N-1
OC(KC)NOC(Z di—n—l). (12)

i=1

Theorem 4.1 ([15], Example IV.5.2.2). Let C be a genus 4 curve over an algebraically closed field
k. Then C is either a hyperelliptic curve, or it is a complete intersection of a unique irreducible
quadratic surface and an irreducible cubic surface.

Proof. Let firstly C' be a complete intersection of an irreducible quadratic surface and an irre-
ducible cubic surface. Then Oc(K¢) ~ Oc(1) by 12, and the degree of C'is 3-2 = 6 by intersection
theory. Therefore, C is a canonical model of a curve of genus 4.

Conversely, let C' be a canonical model of a non-hyperelliptic curve of genus 4 in P3. Since
¢ :C - P3 is an immersion, there is the fundamental exact sequence of Ops-modules

07T = Ops = .00 — 0,

with Z the ideal sheaf of C; recall that Z is the sheaf of functions that are “zero on C”. If we
tensor the previous sequence with the invertible sheaf Oc(2) and take a look at the long exact
sequence in cohomology, we get

0 H(P',Z® Opa(2)) > H' (P, Opa(2)) > H(C, 00(2)) ~
- HY (P}, ZT® Ops(2)) » 0= H' (P?,0ps(2)) - ...
Using H'(P3, Ops(2)) # 0 only for i € {0,3}, see [15], Theorem 5.1 for this standard result, and

HY(C,0c(2)) =0 for i > 1 since C is of dimension 1, we get H'(C,0c(2)) = H?(P?,Z ® Ops(2))
and H?(P3,Z® Ops(2)) = H3(P?,0¢(2)). In particular, that gives us

dim H(P?, Z®Ops(2) ) +dim H°(C, O¢(2)) = dim H(P?, Ops (2)) +dim H' (P*, Z& Ops(2)). (13)

It is well-known that dim H°(P3, Ops(2)) = 10. Using Oc(K¢c) = Oc(1) so Oc(2K¢) = Oc(2)

and the Riemann-Roch theorem, we obtain
dim H°(C,0¢(2)) = dim H(C, Oc(2K¢)) - dim H*(C,Oc(-K¢)) = 2deg Ko +1-4=9.

Hence, (13) gives us
dim HY(P*, 7 ® Ops(2)) > 1,

meaning that there is at least one non-zero quadratic form F' vanishing on C. In other words, C' is
contained in a quadratic surface Q2 = Z(F) in P3. Since C is irreducible, if Qs is not irreducible,
then C would be contained in a plane in P3. However, since C' - P? is an embedding, that cannot
be the case, so ()9 is irreducible. Additionally, if it is contained in any other quadratic surface
Q’', then C = Q2N Q" will be of degree 4. Since deg C = 6, we find that the quadric Q2, such that
C ¢ @2, is unique.
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A similar discussion as above gives
dim H(P*, 7 ® Ops(2)) > 5.

We want to show that there is a cubic form defining an irreducible cubic surface that contains
C. C is not contained in a plane as discussed above, and if it is contained in a quadratic surface
Q', then Q' = Q2. Therefore, the only possibilities are that the cubic form vanishing on C is the
product of F, Q2 = Z(F') and a linear factor. The dimension of the space of linear factors is 4,
namely (T, X,Y,Z), as C ¢ P?, so we can find an irreducible cubic form G vanishing on C, i.e.,
Q3 = Z(@G) so that C ¢ Q3. Since both Q2 and Q3 are irreducible and of different degrees, we
have that Q2 N Q3 is a complete intersection containing C. Both @2 N Q3 and C' have degree 6,
so C = QQ n Q3. ]

By the previous theorem, a non-hyperelliptic curve C' of genus four is contained in a unique
irreducible quadric. Being irreducible means that such quadric is either of rank 3 or of rank
4, i.e., it is a quadric cone (singular quadric) isomorphic over an algebraically closed field k to
Qsq:TZ + X2 =0, or it is a non-singular quadric over k isomorphic to Qnsq: TZ + XY =0.

In any case, C is trigonal, that is, there is a morphism C — P! of degree 3, or in other
words, C' has a g. On a non-singular quadric, there are two families of lines, the ones with
al =bX,bZ =aY and with a1 =bY,0Z = aX. If C lies on a non-singular quadric, then these two
families define two gés. Otherwise, if C' lies on a quadric cone, there is a unique gé on it.

4.2 Genus four curves over [,

In his paper [49]|, Xarles determined all curves of genus 4 over Fy. By that we mean that he
gave an algorithm how to compute a representative for each isomorphism class of these curves.
The Magma code based on the results of that paper and the collected data can be found on
https://github.com/XavierXarles/Censusforgenus4curvesoverF2. Besides equations for all
such representatives, for each curve from the list, the number of its points over Fqi,i € {1,2,3,4}
is included.

As we saw above, the curves of genus four are either hyperelliptic or trigonal. Hyperelliptic
curves of genus 4 over Fy have a model

y* +q(z)y = p(z),

for some polynomials p(z), ¢(z) € Fo[x] whose degrees satisfy 9 < max{2degq(z),degp(z)} < 10.
The trigonal curves of genus 4 are the ones whose canonical model in P? is an intersection of a
quadratic (of rank > 3) and a cubic surface. Over Fy and after a suitable choice of coordinates,
by [49], Lemma 9, the quadratic surfaces are one of the following

Qnssg : TZ+XY =0, Quonsg: TZ+X*+ XY +Y?=0, or Qg:TZ+X*=0.

We say that ()yss¢ is the non-singular split quadric, Qpsnsq is the non-singular non-split quadric
and Qg is the quadric cone.

In determining representatives for all non-isomorphic curves of genus 4 over [Fo, Xarles sep-
arately considered the hyperelliptic and non-hyperelliptic ones. For the first kind, it was deter-
mined when two such curves are isomorphic. Using that, certain normal forms of hyperelliptic
curves over o were found. We use the same ideas as Xarles in Section 5, where we determine
the (representatives of the isomorphism classes of the) hyperelliptic curves of genus 5 over Fo.
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The non-hyperelliptic isomorphism classes of curves were determined using that the embedding
of non-hyperelliptic curves in P? is canonical, so the isomorphisms of curves are induced by the
projective automorphisms.

Using the data and the Weil’s conjecture for curves C over Fy

s=1

we computed the coefficient with #%,4 € {1,2,3,4} in the L-polynomial of each curve of genus 4
over Fy. Using the symmetry of Newton polygons, that was enough to deduce which of these
curves are supersingular. In particular, there are 20 supersingular curves of genus 4 over [Fo, out
of which 12 are hyperelliptic and 8 are trigonal (i.e., non-hyperelliptic). Furthermore, using that
any automorphism of the trigonal ones is induced by a projective automorphism, we computed
their automorphism groups over Fs.

We present the obtained non-hyperelliptic supersingular curves together with their automor-
phism groups over [ in Table 1. Note that all the automorphism groups presented there are of
order 2.

C' | Quadric g2 and cubic g3 that define C, C' = Z(g2,¢3) Generator o of Auty, (C) = (o)

TZ+X’+XY +Y?
T2X +TXY + X3+ X2Y +X2Z2+XZ%2+Y%+Y?%Z

a4, | TZ+XY U_( T X v Z)
X s X2 X2V + XY Z+ Y3+ Y22+ 28 "\X+Z T+Y Z Y
4| TZ+ XY o (Ere Voo )
T2X+TX’+TXY+TY?+ X3+ X2 Z+ XY+ X Z?+Y?Z+Y Z? NTT+X T+Y T+X+Y+Z
| TZ+XY (T X Y Z
M P2X 4 TX2+ TXY +TY2+ XY Z+ XZ2+Y3+Y2Z+YV 22 J'(X+Z T+Y Z Y)
A, TZ+XY O_.(T X v Z)
T?°X +TX?>+TY?>+X?Z+Y?*Z+Y2Z? \Z Y X T
B TZ+X?+XY +Y? _ T X Y Z
Y X s TXY +TY2 + X3+ XY2+Y2Z + 23 J'(T+X+Z X Y+2Z Z)
B TZ+X?+ XY +Y? (r x Yy z
2 TX 4 TY?2+ X224+ XZ2+Y2Z U'(Z X X+Y T)
B TZ+X?+XY +Y? _ T X Y Z
N TX 4+ TX2+ X3+ XY + XY Z+Y2Z+Y 22 J'(T+X+Z X Y+Z Z)
(

T X Y Z )
T+X+Z T+Y T+Z T+X+Y+Z

Table 1: Non-hyperelliptic supersingular curves of genus 4 over o

4.2.1 Computations based on the data

Let A1, Ay, A3 and A4 be the supersingular curves of genus 4 defined over Fy as in Table 1, and
for i € {1,2,3,4} let us denote with Q(A;) the quotient of a curve A; by Autp, (A;).

Proposition 4.2. Let A;,i € {1,2,3,4} be genus 4 curves over Fy as above. Then all the quotient
curves Q(A;), are hyperelliptic supersingular curves of genus 2. Moreover, we have the following
isomorphism

QAN 2Q(A) 2 {y’ +y=2"+2"}, Q(A2) 2Q(4A3) 2 {y’ +y=2"+a}.
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Proof. Let us firstly consider curve Ay which is defined as
Ar: TZ+XY =0, T’X+TX*’+X*’Y+XYZ+Y*+Y?Z+2Z%=0.

The computations for Az and A4 are completely analogous to this one. Note that P=(1:1:0:0)
is the point fixed by Autp, (A1) = (Jf‘) do the change of coodinates T+ T = Tpew, X = X +T =
Xnew, Y » Y =Yoew, Z = Z = Zpew, so that new coordinates of P are (1:0:0:0). Projection
from that point leads to replacing 7' with XY /(Z +Y) in new coordinates and inserting it in the
defining cubic equation in new coordinates. We therefore obtained a model

A Y+ X3YZ+ YA Z + XY 22+ XY? 22+ Y322+ XY Z3 + Z° = 0,

which is a quintic in P? with exactly two nodes (0:1:1),(1:0:0). After another change of
coordinates X = X = Xye0, Y » Y + Z =Y, 00y, £ = Z = Zppeqy We obtain

ALY+ X3YZ+ X322+ XPY 22+ XY 22+ Y322 + X222 + XY 22 + Y222 =0

and we see that in these coordinates, Uf‘ actsas X » X +Y,Y » Y Z —» Z. Take therefore
w=X/Y,z=Z7]Y and see that w(w +1),z(z + 1) are the elements fixed by Autp,(A;), which
leads us to the first equation of the quotient curve (w +1)z2 + w3z +1=0, i.e.,

2 w3 1

z°+ z+ =0
w+1 w+ 1

w+1

After the substitution y = ©5z,2 = 1/w we find that y? +y = 2% + 2°, which is finally, after
y 1y + 2, isomorphic to y? +y = 2° + 2>,

In case of A, the idea is the same, with a difference that instead of changing the coordinates
and projecting from (1:0:0:0), we project from (0:0:0 : 1) right away (that is now fixed
by Autp,(As2) = (05‘)). In other words, let us subsitute Z = XY /T into the cubic. Take then

x=X|T,y=Y/T, to get the affine equation
(Pry+ D2+ (P + D2+ (P +y2+y+ D +y°=0

and see that 04" : x = x+ 1,y = y+1. Hence, taking w = z(z +1), 2 = y(y+1) gives as an equation
of the quotient similarly as in the first part. Using the same argument as above, we can find that
Q(Ay) is isomorphic to y? +y = x5 + 3.

There are several ways to see that the QQ(A;)’s are supersingular of genus 2. For example, from
van der Geer and van der Vlugt’s construction we mentioned in Section 2.3.1, we can immediately
see that they are supersingular hyperelliptic of genus 2, and moreover, that they belong to GV5.
Alternatively, using that A;’s have 2-rank 0 since they are supersingular, we can conclude that
the Q(A;)’s have 2-rank 0 and therefore, using that the Q(A;)s are (hyperelliptic) of genus 2 it

follows that they are supersingular. O

Proposition 4.3. Forie {1,2,3,4}, let B; be the supersingular curves of genus 4 defined over
Fy as in Table 1, Q(B;) the quotient of the curve B; by Autg,(B;). Then all the quotient curves
Q(B;) are hyperelliptic supersingular curves of genus 2. Moreover, we have the isomorphism

Q(B1) 2 Q(Bs) = {y’ +y=2"}, Q(B2)2Q(B3) = {y’ +y=a"+2’+ux}.
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Proof. Consider the curve Bs; the cases of By and By are completely analogous. Note that the
point P =(1:0:0:0) is fixed by Autg,(Bs3) = (0‘33). As in the proof of the previous theorem, we
project the points on the curve from P, i.e., we take T = (X2 + XY +Y?)/Z from the defining
quadric to get the model of Bz in P? which is the quintic with two nodes ({2 : 1:0), (¢2+1:1:0),
where (3 € Fy, is such that C22 +(+1=0:

By: X+ X3Y2 4+ XY+ X Z+ XY Z+ XY 2+ X322+ X2Y 22+ XY Z2 + Y223 + Y Z4 = 0.

Consider the affine equation of this model by taking = X/Z,y = Y/Z and see that agB 1T -
z,y » y+1. Hence u = x,v = y(y + 1) are the elements fixed by Autg,(Bs3), and the quotient

equals v?u + (u +u? +u+1)v =u® +ut + 43, ie., to
+1)3
02+uv:u4+u3+u2.
u
If we take y = ﬁv and firstly ¢ = u+ 1, and then = = 1/t, we get y? +y = 2% +2® + 2t + 22 + 2 + 1.
Lastly, the substitution z — z + 1 and then y — y + x> +  gives us the isomorphism between

Q(Bs3) and y? +y = 2 + 23 + x.

To find Q(By), consider T'— T = Tye, X = X +T = Xpew, Y » Y =Yoo, Z = Z+T = Zpew
so that P =(1:0:0:0) is the fixed point under Autp,(By) = (Uf) and project the curve from P
as before. Another change of coordinates X » X +Y = Xyer, Y 2 Y =Yoo, 2> Z+Y = Zpew

leads to the equation of By
Bi= X+ X3Y 2+ XYV 4+ X Z+ XY Z+ XY Z+ X322+ XY 22+ XY 22+ Y2 22+ X 24+ Y 24

for which 0P : X » XY » Y + Z,Z + Z. Take x = X/Z,y = Y/Z and note that z,y(y + 1) are
fixed by Autp,(B4), so the same steps as before lead us to the isomorphism between Q(B4) and
y?+y=ad.

We can prove that the Q(B;)’s are supersingular hyperelliptic curves of genus 2 using the same
argument as for the Q(A;)’s. Alternatively, we compute that the L-polynomials Ly of Q(B;) and
Q(B4) and Ly of Q(By) and Q(B3) are Ly = 4t* +1 and Lo = 4t* + 2¢? + 1. Hence, all the Newton
polygons of these curves are in fact the straight line from (0,0) to (4,2) with slope 1/2. O

If we denote with S={(T: X :Y :Z)eP3:TZ = XY} the non-singular quadric in P, using the
isomorphism P! x P! 5 § obtained via the Segre embedding

Pl X Pl i IP)S, ((a1 ICLQ), (bl . bg)) —> (a1b1 . (1152 : a2b2 : (Ing),

we may recognize the affine plane A? as a subset of S, being the set {(1:a:b:ab) e S:a,beFs}.
This gives us an affine equation of any non-hyperelliptic curve lying on a non-singular quadric

3 . .
C: f(x,y) = Z a; jz'y’ = 0.
i,j=0
In [45], Section 2, a basis of regular differentials {w1,ws,ws,wy} for C is given as

1 dz, w9 = * dz, ws= Y
offoy " P ofloy 0 P

dx and w4 = Y

—d
of oy ofjoy

w1 =
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and its Hasse-Witt matrix is computed

ailp asyp aiz ass

ap1r a1 a a2
aip asop a2 as2

apo G20 ap2 a22
Using this description, we compute the Ekedahl-Oort type of the curves from Table 1.
Proposition 4.4. All curves from Table 1 have Ekedahl-Oort type p = [4].

Proof. We will show this for A; and By, while the argument for the other curves is similar.
For Aq, we can instantly apply the previously given description to get its affine equation

2

A 2P+ 2 v +ty vt v 2+ =0

In the case of By, we firstly need to change the coordinates over Fy (here it is enough over Fy),
X+ X1,V » Y] with X = (G+1)X1 +(Y1,Y = X + Y7, and then to consider the affine part
T+0,2=X1/T,y=Y1/T and Z/T = zy to get

By : x3y3 + x?’y + acyg + ng?’ + :c?y + ny +(G+ 1)y3 + Cga:Z +ay+ (o + l)y2 +(G+ D)z +Cy=0.

Therefore, we compute their Hasse-Witt matrices

0 011 1 1 1 1
o110 @ 1 oG+1o0
HW(Al)_ 1 0 0 0O ’ HW(Bl)_ C2+1 CZ 1 0 ’
0101 0 G G+l 0

that are both of rank 3. Therefore, the a-numbers of Ay and By are 4 -3 =1 so puo = 0 in
their Ekedahl-Oort type. Finally, as they are supersingular, they are in the 2-rank zero locus, so
p1 =4-0=4in both cases. O

4.3 Supersingular curves of genus four over F, lying on a quadric cone

Using [42], Proposition 3.1 and Theorem 3.1 combined with [51], Theorem 2.1 we get that all
genus 4 curves C over Fy satisfy a(C) € {0,1,2}. Moreover, 1 < 2-rank(C) + a(C) < 4, leads to
the conclusion that for curves in the 2-rank zero locus, so in particular for the supersingular ones,
it holds that

a(C) € {1,2}.

When C'is a hyperelliptic curve of genus 4 in characteristic two with 2-rank(C') = 0, by [40],
Lemma 5.4, it satisfies a(C') = 2.

Here, we focus on the locus D of non-hyperelliptic curves of genus 4 over Fy that lie on a
quadric cone. We will briefly show that such curves with 2-rank zero have a-number two. Using
that, we discuss the existence of supersingular curves in D. The motivation to do that originates
from the computations regarding Xarles’s data, which gave us that there is no supersingular non-
hyperelliptic curve of genus 4 over Fo that lies an a quadric cone.

The Cartier operator C on the space of regular differentials on a curve C' of genus 4 over k = Fy
by definition is
C((f + fix)dz) = fida,
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for a separating variable = of k(C), fo, f1 € K(C), and w = (2 + fiz)dxr € H*(C, Q). It is not
hard to check that C satisfies the following properties for w,w,ws € H(C, Qé), fer(C):

o C(wy +w2) =C(wy1) +C(w2),
o C(f*w) = fC(w),
o C(df) =0,

d d

e(¥)-#
Recall that, for a given basis {wi,...,ws} of H(C, Q}J) and w = Y, h; jw; with h; ; € k, the
Hasse-Witt matrix of C' is HW(C') = (h?,j)lgd‘sg. Note that, by definition, the rank of HW (C)
equals the rank of the Cartier operator C. Also, recall that in (4) we saw that the Verschiebung
operator V on Hjp(C) is defined as V(f,w) = (0,C(w)).

Using the notion of the Cartier operator, we give alternative definitions of 2-rank and a-number
of a curve C. Namely, we have 2-rank(C') = f where

f=r1k(C?) = dim(Im(CY)),
and the a-number of C' is given as
a(C) = dim(ker(C)) = g - rk(C).

Let C be a smooth projective curve of genus g over Fy and x(C) its function field. We say that
a divisor class 6 is a theta characteristic if 26 is the canonical divisor K. The main reference
for this is [45|, where all the following properties of theta characteristics are discussed. For a
separating variable z € x(C') - (C)?, the non-zero differential dx is of the form 2Dy, for a divisor
Dy. Furthermore, the class of Dy is a theta characteristic, called the canonical theta characteristic
and denoted by 6y; the definition does not depend on the choice of x. Note that any other theta
characteristic is of form 6y + D2, where Dj is a 2-torsion element of Pic(C).

Stohr and Voloch in [45], Proposition 3.1. concluded that, in our setting, the space of reg-
ular exact differentials is in %—linear bijection with H°(C,O(Dy)). Using that a differential in
characteristic p = 2 is exact if and only if it is contained in ker(C), it holds that

a(C) = g —rk(C) = dim H°(C, O(6p)).

In case of a supersingular curve C' of genus 4 over Fy that lies on a quadric cone, we get that
there is exactly one theta characteristic, namely, the canonical one 0y, as the 2-rank of C is zero.
Furthermore, for example g} on C is a theta characteristic with dim H%(C,0(g3)) = 2; see for
example [26], Remark 29.9. Therefore

a(C) =2. (14)

In order to investigate the locus of non-hyperelliptic supersingular curves C' of genus 4 over Fy
lying on a quadric cone, it is thus enough to restrict ourselves to the case a(C) = 2. In other
words, we should investigate only the curves C' with Ekedahl-Oort type [4,1],[4,2] and [4, 3].
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4.3.1 Curves with Ekedahl-Oort type [4, 3]

Given a Young diagram p corresponding to the final type v, denote with Z,, both the set of ge-
ometric points in A, with Ekedahl-Oort type p, and its pull-back via the Torelli morphism, i.e.,
the locus of curves of genus g with Ekedahl-Oort type u. Since we work here only with curves,
there should be no confusion.

In Lemma 2.2, we saw that for a given Ekedahl-Oort type p and the corresponding final type v,
if it holds that v([%]) =0, then Z, is contained in the supersingular locus in A4. For g = 4, the
Ekedahl-Oort loci Z,, that are contained in the supersingular locus are the ones with v(2) = 0,
corresponding to the p such that [4,3] < u, ie.,

we{[4,3],[4,3,1],[4,3,2],[4,3,2,1]}.

By the previous discussion on a-numbers of curves of genus 4 over Fy lying on a quadric cone, we
immediately get that Z4 31}, Z[4,3.2] and Z[4 32 1] have empty intersection with the locus of curves
lying on a quadric cone. Moreover, we show in Theorem 4.5 that there is no non-hyperelliptic
curve of genus 4 over Fy lying on a quadric cone with Ekedahl-Oort type u = [4,3].

Let C be an arbitrary non-hyperelliptic curve of genus 4 over Fy lying on a quadric cone. After
a possible change of coordinates, we may choose that the cone is given by

Q={(T:X:Y:2)eP?:TZ=X?%.
Consider further the embedding
A5 Q,(a,b)~ (1:a:b:a?),
which enable us to consider an affine equation

C:f(z,y)= Y, aijz'y.

1+25<6
A basis for H°(C,Q}) is given in [45], Section 2 by
1 T Y z?
dz, wo= de, w3= dzr and wy =
offoy " F T offoy " T 0fjoy ' of /oy
Using [45], Theorem 1.1 for the formula
h 2 .\ e
C\—=dz|=|=—%fh| —=
(agim=) - (52) a7

the Hasse-Witt matrix of C', HW (C') is computed. Namely, we have

dz. (15)

w1 =

a1] asy O O

HW(C) = apl a1 ap3 41 (16)
alp asz a2 aso |
0 ann 0 a3



Theorem 4.5. Let D be the locus in My = My ® Fy consisting of non-hyperelliptic curves that
lie on a quadric cone. Then, the set of geometric points of D N Zy 3] is empty.

Proof. Let C' be a curve corresponding to a point of D n Zp,3). Possessing Ekedahl-Oort type
u = [4,3] is equivalent to having final type v, with

v(1)=0, ©»(2)=0, v(3)=1, v(4)=2.

C(HY(C,9)) is thus of dimension two, i.e., rankHW(C) = 2, and C*(H"(C,Q{)) = 0. We
discuss the possible forms of the Hasse-Witt matrix of C.

Case a1 #0. Without loss of generality, we may suppose that a;; = 1. Using that C2(w1) =0,
we firstly conclude that a3y # 0, and then, using that tk(HW (C)) = 2, we get ag3 = aj2 = 0 and
as1 = azi(a21 + agrao1), aso = agi(aso + aziaip). From

C*(w1) = (1 + Yaziv/ao))wr + (Vaz1 + Yaz1\/az1)ws + &azi/agws = 0,

it follows that a4; =0 and a9, = \/az1. However, that leads to

C2(w4) = Japgiwi + agloJ4 =0,

and therefore to ag; = 0, which is a contradiction with our first conclusion.
Case a1 = 0. From C?(wy) = 3 a§1w4 =0, we immediately get azy = 0. If as; # 0, without loss
of generality, we may assume ao; = 1, and get

CQ(wg) = C(w2) + YapsC(ws) =0

which is a non-trivial Fo-linear relation between the second and the third row of HW(C). This
is not possible since rk(HW (C')) = 2, and hence ag; = 0. The restriction on the rank of the
Hasse-Witt matrix gives us that

C*(w2) = YagC(ws) = 0

implies that ags = 0. Similarly

C*(ws) = V/azoC(wa) + /a2l (ws)

implies that agg = aj2 = 0. We ended up with a Hasse-Witt matrix of the form

0 00 O
_ | @o1 0 0 a4l _
HW(C) = 0 g | mk(HW(C)) =2.
0 0 0 O

The condition tk(HW(C)) = 2 gives us that C is non-singular at all affine points with 7' = 1.
However, if we observe the equation in P3

. TZ+X%*=0
NageT? + a1 T?Y +a10T?*X +anY Z? + a50 X Z2% =0

and take a look at the point P =(0:0:1:0), we may see that P is a singular point of C_.
Therefore, we obtained that there are no non-hyperelliptic curves of genus 4 over Fy with
Ekedahl-Oort type [4, 3] that lie on a quadric cone. O
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4.3.2 Curves with Ekedahl-Oort type [4,1] or [4,2]

By the previous theorem, we in particular get that there is no non-hyperelliptic supersingular
curve C of genus 4 over Fy that lies on a quadric cone and has Ekedahl-Oort type [4,3]. As we
mentioned above, the relevant Young diagrams for curves C on a quadric cone that have 2-rank
zero and a-number two, in particular supersingular, are also [4,1] and [4,2]. The computations
similar to the ones above, that we collect in the following example, give us that we cannot a priori
discard such possibilities. Furthermore, we will see what the possible equations are for a curve
with 2-rank zero (and thus a-number two) lying on a quadric cone.

Example 4.6. For C a non-hyperelliptic curve of genus 4 over Fy that lies on a quadric cone
with Ekedahl-Oort type either [4,2] or [4,1], its final type satisfies

v(1)=0, v(2)=1 and v(4)=2.

Similarly as above, we discuss the possible Hasse- Witt matrices for C.

Let us firstly show that a11 = 0. Suppose to the contrary that a;; = 1. We immediately get asi +
0 since otherwise C™(w1) = w1 # 0 for any n € Zsqg, and then the rank discussion gives agz = ajz =0
as well as aq] = a3zl (agl + a31a01),a50 = a3zl (a3() + a31a10). Since dimE (C2(HO(C, Qé))) = 1, we
get that C*(w1) and C*(w4) cannot be two linearly independent vectors. C*(wy) = 0, implies as
before that aq1 = 0 and ag1 = \/%,agl = /a31. However, C3(w4) = 0 then gives a contradiction

with az, # 0. Similarly, we obtain C*(wy) # 0 by considering C3(wy) = 0. The last possibility is
C?(w1) #0, C*(ws)#0, C*(w1)=AC*(ws)

for some X € F;. Comparing the coefficients with wi,ws and wyg, we get as1 = J/as1,ap1 * 0,
A= % +/as1. We compute

C¥(w1) = C((1+ Vasiv/aon)wi + /asiy/aaiws)
=1+ az1v/aor (w1 + /aziws) + /az1 &ani (wa +\/az1wa).

Since C3(wy1) =0, we get agy = \/%31, and thus A =0. This is a contradiction with the choice of \.
Therefore, a11 =0 and then also ag; =0. We compute

C2(w2) = Yaz1C(we) + Yap3C(ws), C2(w3) = Yaz0C(we) + Ya12C(ws3),
and using v(4) = 2,v(2) =1 discuss three potential cases:
CHwy) =0, C%(w3)=0, or C*(w2)=AC%(ws3),\elF,.

C?(w2) = 0 leads to a1 = ap3 = 0 and then C3(w3) = 0 to aja = 0. In that case, we get the
Hasse-Witt matrix

0 0 0 O
HW(C) - apr 0 0 agu
aio as 0 aso
0 0O 0 O
and
. TZ+X%=0
' CLO()T3 + a01T2Y + a10T2X + a41YZ2 + a50XZ2 + bX3 + (b + ago)TXZ =0’
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so we can see that P = (0:0:1:0) is a singular point of C, and thus such C' does not give a
class in My.
Another possibility is C*(ws3) = 0, which leads to

0O 0 O 0
a 0 a a

HW(C) = a(l); 0 83 1 ags # 0. (17)
0O 0 O 0

The final possibility is C?(wy) % 0,C%(ws) % 0 and there is A € Fy such that C?(wy) = AC?(ws),

i.e.,

\4/a2 = /\\4/(13 y \4/(10 = )\3/@12.
aps = 0 implies that C is singular at P = (0: 0 :1:0), so let suppose aps = 1. Computing
C3(wg) = 0,C3(w3) =0, we get agg = a3y, as1 = a2y and a3y +1=0. Writing aja = b,b € F; we get

0O 0 0 O

lann ¥ 1 an
HW(O) =1 0 5y g (18)

0O 0 0 O

Both (17) and (18) are valid possibilities, and we can exclude only some partial cases from them
using the conditions coming from the facts that tk(HW (C)) =2 and that C' is non-singular.

Remembering the embedding A% - Q = {T'Z = X2}, we can rephrase the conclusions obtained in
Example 4.6. Namely, we concluded above that genus four curves over Fy with 2-rank zero and
a-number two lying on a quadric cone have an equation of the form

TZ+X?%=0
Y34+ moXY2+miT?Y + maT2X + m3Y Z2 + my X Z% + msT3+ (19)
+meX2Y + (mg +m3)TY Z + mz X3+ (m7r +m3)TXZ =0

mi m% 1 mg
me9 ’I’)’Lg mo My

Even though there is no non-hyperelliptic supersingular curve of genus 4 over Fo lying on a
quadric cone as we saw in Table 1, using the previous description, we found that over F4 such
a curve exists. Therefore, the supersingular locus has a nonempty intersection with the locus of
non-hyperelliptic curves of genus 4 over Fy that lie on a quadric cone.

with m; € Fy so that ) is a matrix of rank 2.

Example 4.7. Consider C the non-hyperelliptic genus 4 curve over Fy that lies on a singlar
quadric, given by the equation

o TZ+X%*=0
YR QTPX + X 22+ TP =0

with (5 a oot of 2> +x +1 =0 in Fy. We claim that C is a supersingular curve.
Let us briefly check that C is non-singular. In the affine part T # 0, if we denote x = X /T,
y=Y/T,z=x? we get
Clrso: f(x,y) =9y° + Gox + (oa® +1 =0,
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and hence

L =a@i=o, Lay)=y=0
x dy

have a common solution (x,y) = (1,0) that is not a point on C. Using

T=0= X=0,Y =0,

we find that the remaining point that needs to be checked is (0:0:0: 1), where we may look at
the affine part Z £ 0 and similarly see that it will be non-singular.
With the help of SAGEMATH, we computed

H#CO(Fy) =13, #C(Fp2) =49, #C(Fu) =193, #C(Fy) = 769.

Weil’s conjecture for curves gives us

s=1 S

so we can compute the coefficients in L(C|Fy,t) with 1,t,t2,t> and t* and use the symmetry of
the Newton polygons to see that the Newton polygon of C is the supersingular one.

Note that C from Example 4.7 is in fact of form (19). Namely, choose in (19) m;’s as follows:
mg=myg=C, ms=1 and mgy=m1 =m3z=mg=my=0.

If we would like to decide whether the curve C' has the Ekedahl-Oort type [4,1] or [4,2],
we will need to have the basis for the whole H éR(C ) and not only for the space of differentials
H%(C,Qf) © Hjp(C) that we have from (15). Then, we could try to understand how the
Verschiebung operator acts on subspaces of Hj(C) in order to compute what is v(3), the final
type evaluated at 3.

4.4 Cyclic covers of P! of genus four, 2-rank zero and a-number two

Let k = E,, for a prime number p € Z.o (we are still primarily interested in p = 2), and let m € Zso
be such that p + m. Further, let a = (a1,...,an) € (Zsg) be an N-tuple with ged(a;,m) = 1,
ie{l,...,N} for N >3 such that

N
ZaiEO mod m.

i=1
For ¢; =0 and ¢; e k*,i e {1,..., N}, consider a curve
N-1
Cry™ = falz) = [T (z-a)™, (20)
i=1
whose genus, computed using the Riemann-Hurwitz formula equals
N-2)ym-N
40y -1+ D=

We say that C' in (20) is the cyclic cover of the projective line, inspired by the fact that Z/mZ
acts on C via (x,y) ~ (z,Cy) for ¢ a primitive m-th root of unity.
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If we denote by (z) the fractional part of any z € R, ie., (z) = z - |z], and for n,i € Z.,
b(i,n) = | (na;)/m], for example [31], Lemma 2.7 gives us that the space of regular differentials
H(C,9Q}) is generated by

=

N-1 '
wng =y "2t [ (@—c)’™™, 1<n<m,0<1<-2+ (nai/m).
i=1 i=1

N-1

Moreover, if we write s, = [TX11(z - ¢;)?®™) for an N-tuple a as above, and define

1 A
fn,l _ ynx—l—l (ZL‘ _ Ci)—b(’t,n)7
=1

)

and write hq(x) € k[x] for the polynomial satisfying

nasq(x)f'(x) + ((L+1)sa(x) + 25,(2)) fa(2)

sa(x)

for n,1 € Zso, Zhou in [51], Section 4 computed a basis for H}»(C), where C is as in (20).

N-1 i 1
= ha() [] (= )00,
i=1

Theorem 4.8 (51|, Theorem 4.2). Let C be a (non-singular projective) curve over k given by
affine equation (20), and let ©: C — P be the m-covering. For the open affine cover {Uy,Us}
of C with Uy = 7 (P! - {0}),Uz = 77 }(P' - {o0}), a basis of Hin(C), for 1 <n < m -1,
0<1<-2+YN (na;/m), consists of the following elements

Ap | = [(Oawn,lawn,l)] )

77/}71,1(1')15('%')(1 d)n,l(x)t(x)

9

Bn,l: (fn,la dl’) )

xl+2ym—n xl+2ym—n

where t(x) = [INT (2 — ¢;)%7 P01 and 4, 1(2), dni(z) € k[x] are such that ¥y, 1 (x) + dni(z) =
he(x) and 1y (x) is the sum of all monomials in hq(x) of degree less than or equal to [ +1.
Furthermore, in Hj,(C) we have

<O‘i1,j1aﬁi2,j2> #0+— (il,jl) = (iZajZ)-

Using the genus formula for the curves described above, i.e., for the cyclic covers of the projective
line, we can get some genus 4 curves over o for choices

(m7 N) € {(37 6)7 (57 4)7 (97 3)}‘
There is precisely one curve coming from the choice m =9 and N = 3, namely the curve
y? =z +1),

for which it is known that it is supersingular. Alternatively, one can compute its Newton polygon
using the counts over the finite extensions of Fs.
Using Theorem 4.8 with m =5, N =4, Zhou in [51], Corollary 4.6, obtained that any curve

y?=a(z+1)(x +§),
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over Fy, for £ e Fy — {0,1} arbitrary, has Ekedahl-Oort type [4,2]. Therefore, the locus Z149] in
My 1_s at least 1-dimensional. It should be mentioned that such a result is in fact obtained over
any IF,, with p = +2 mod 5. For odd p with p = +2 mod 5, by considering the curves of the form

y> =a(z-)(z+(),

with ¢ € Fp, in [51], Theorem 4.7, Zhou concluded that the locus Z14,3] 1s non-empty in My ®F,.
We discuss the remaining case m = 3 and N = 6 below, and obtain that the locus of curves in
My with 2-rank zero and a-number two is at least 2-dimensional.

Theorem 4.9. Let u,v,w be three mutually distinct elements of k — {0,1} which satisfy the
condition u + v +w +uv + uw +vw = 0. Then the equation

v =z(z-1)(z-u)(z-v)(z-w)
defines a curve C of genus g(C) =4 with 2-rank(C) =0 and a(C) = 2.

Proof. For u,v,w and the equation of C as in the statement of the theorem, in terms of notions
introduced in (20) we have a = (a;)1<i<¢ With a; =1 and

fa=2"+(1+u+v+w)z* + (u+v+w+uvw)z? + vowe.

Therefore, Theorem 4.8 gives us the basis of H°(C, Q};) consisting of the following elements:
1 1.1 1 2
a1 =—dx = [0, —dz, —dm] , Q20 = —de, Q1 = %d:c, g9 = x—QdJ},
Yy Yy Yy Yy Yy Yy
If Ys = Hjp(C), we know that Yy = V(Yg) = H%(C, Q). Recall that V on H°(C,w}) € Hijp(C)
coincides with C, so we compute

V(aze) = C(~dr) = 2C(dz) =0, V(ans) = ~Claxdz) = ~dz =10, V(anz) =0,
Yy Yy Yy Yy

and
3 1 / 2
V() = C(y—4d$) = —C(fdz) = &;xdm =Vuow - ag o+ ag .
Y Y Y
Hence, we get v(4) = 2,v(2) = 1 and similarly v(1) = 0, so in the Ekedahl-Oort type p of C' we
have p1 =4, p9 € {1,2} and u3 = 0. In particular, we get 2-rank(C) =0 and a(C) = 2. O

For precise computing the Ekedahl-Oort type of the curve occurring in Theorem 4.9, we will
also need to consider the basis elements f3,,; € HéR(C' ). However, will not do that here, and we
refer to [51], Corollary 4.6 for a similar problem.
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5 Computing curves of genus g =5 defined over [,

A standard result is that the smooth curves of genus 5 are either hyperelliptic, trigonal, or
complete intersections of three quadric hypersurfaces in P*. Therefore, to understand the moduli
space M5 of smooth curves of genus 5, we should understand the subvarieties parametrizing these
three kinds of smooth curves. Denote with Hs the subvariety of M5 parameterizing hyperelliptic
curves of genus 5, with 75 the subvariety parameterizing trigonal curves of genus 5, and lastly, let
Us be the subvariety parameterizing curves whose canonical model in P* is a complete intersection
of three quadric hypersurfaces.

Let us write Hyp,(FF2) for the set on non-isomorphic (over F2) hyperelliptic curves of genus g
over [y, Triy(IF2) for the set on non-isomorphic (over Fy) trigonal curves of genus g over Fa, and
Comlnty(F2) for the set of non-isomorphic (over Fa) curves of genus g over Fy that are complete
intersections of three quadric hypersurfaces in P* in their canonical models. The aim of this
section is to find algorithms for computing all Fa-isomorphism classes of smooth curves of genus
5 defined over Fy, and to extract a piece of information on the supersingular locus in Msj, by
finding the supersingular curves over Fy among all of them. We do that separately for Hyp(Fs2),
Tri(Fy) and ComInt(FF3). Furthermore, we are interested in automorphism groups over Fo for
curves in the previous three sets. With them, we can get the insight into the moduli count, i.e.,
in computing the numbers |Hs(F2)|, |75(F2)| and |Us(F2)].

We collect the obtained results on https://github.com/DusanDragutinovic/MT_Curves,
and mention some parts of the implementations in the appendix too.

Note that a non-hyperelliptic curve C of genus g > 2 in its canonical model in P* has degree 8.
For the presentation of the following examples, we also consult [12].

Example 5.1. Any curve C of genus 5 and degree 8 in P* lies on three quadric surfaces.

The idea for showing this is similar to the one when we saw that a non-hyperelliptic genus
4 curve lies on a quadric and a cubic, at the beginning of Section 4. Namely, consider the
fundamental exact sequence of Ops-modules, tensor it by Opa(2), and take the long exact sequence
i cohomology to get

0> H(P', Zc ® Oc(2)) - HO (P, Ops) - HY (P, 0¢) - ...

Using deg(Oc(Kc) ® Oc(-2)) <0 so dim H(C,Oc(Kc) ® Oc(-2)) = 0, and the Riemann-Roch
theorem for

dim H°(C, O¢) - dim H(C, Oc(K¢) ® Oc(-2)) = 12,

we get dim H(C,O¢) = 12. Hence, H'(P*,Zc ® Oc(2)) > 3, so C lies on three quadric hyper-
surfaces.

Recall that a curve C' is trigonal by definition if it has a g%, i.e., if there is a map C — P! of degree
3. In [15], Example IV.5.5.3, using that a non-hyperelliptic curve C' of genus 5 is trigonal if and
only if it has a trisecant, it is shown that a non-singular complete intersection of three quadric
hypersurfaces in P* is not a trigonal curve. A consequence of the famous Noether-Enriques
theorem is the converse to that. Namely, if a non-hyperelliptic curve C' of genus 5 is not trigonal,
then it is a complete intersection of quadric hypersurfaces in P4. We collect these in the following
theorem.

Theorem 5.2. Let C' be a non-hyperelliptic curve of genus 5. Then it is either a trigonal curve
or its canonical model is a complete intersection of three quadric hypersurfaces in P*.
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Lastly, we give a useful (for our purposes) description of the trigonal curves of genus 5. Before
that, we mention the well-known formula for computing the genus of a plane curve which possibly
has some ordinary singularities. We say that a singularity is of delta invariant 1 if it is either a
node (an ordinary double point), where a curve is locally of the form zy = 0, or an ordinary cusp,
so that the curve is locally y? = 23. For a curve C, whose singularities are all of delta invariant
1, we compute its genus as
y(c) - D=2
Example 5.3. A curve C of genus 5 is trigonal if and only if it can be represented as a plane
quintic with precisely one singularity of delta invariant 1.

We offer a sketch of this result. Let D be an effective gé. Since deg(K¢c - D) =5 and
dim H(C,0¢(D)) = 2, the Riemann-Roch theorem gives us dim HY(C,O¢c(Kc—-D)) = 3. There-
fore, Ko — D is a g2, so defines a morphism

|Kc - D|: C — P?

— #singularities.

of degree 5. By the genus formula for plane curves, we conclude that the image of C has exactly
one singularity and that it is of delta invariant 1. Conwversely, for a curve f: C — P?, we may
take the divisor E to be such that Oc(E) 2 f*Op1(1), when a similar discussion gives that Ko—FE
: 1
is a g3.

5.1 Hyperelliptic curves

It is known that any hyperelliptic curve of genus g over Fy can be represented in a standard
(affine) equation

v’ +q(z)y =p(x), for p(z),q(z) € Fo[x] with 2g + 1 < max{2deg(q(x)), deg(p(x))} < 2g +2.
(21)
As we mentioned in Section 4, Xarles in [49] gave the approach to compute all (smooth)
curves of genus 4 over Fy up to isomorphism. The given algorithm for determining the hyperel-
liptic curves over Fy can be generalized to higher genera, and here, we will use it to obtain the
set Hyps(F2). Some of the claims made in [49] we can use directly, while for the other, we will
mention the analogs in the genus 5 case.

Let Fao[z], = {h(z) € Fao[z] : deg(h(z)) < n} for n € Zso, and for A = (¢}) € PGLy(F2) and
q(x) € Fao[x],, define an action of PGLy(F2) into Fo[x], by

() (@) = (e + ) ()

cr+d
we will also use the notation A.q(x) for this. Further, denote the quotient set of Fo[x], under
this action by Fa[x],, = Fo[x],/PGLa(F2).

Let H; and Hs be two hyperelliptic curves over Fo given by equations Hi : y? + q1(2)y = p1(z)
and Hy : y?+qa2(x)y = p2(x), where it holds that 2g+1 < max{2deg(g;(x)),deg(pi(z))} < 2g with
¢i () monic, for 7 € {1,2}. Using that any isomorphism of such H; and Hs has to be of the form

(2 y)'_)(aac+b r(z)+y )

cx+d (cx+d)9+!
for some A = (2%) e PGLy(F2) and r(z) € Fo[2]4.1, Xarles showed the following lemma.
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Lemma 5.4 ([49], Lemma 1). Let Hy and Hy be as above. Then there exists A € PGLy(FF2) such
that ga(2) = Pg1(A)(q1 ().

Using the lemma, we can see that when determining all hyperelliptic curves of genus 5 over Fa,
C:y?+q(x)y = p(x), it is enough to consider only elements of Fo[2]g for the representatives of
q(z).

For any ¢(x) € Fa[x]441, let Stab(g(z)) be the stabilizer of ¢(x) under the PGLy(F2)-action.
We cite two results from [49].

Lemma 5.5 ([49], Lemma 4). Let Hy and Hs be two hyperelliptic curves of genus g over Fo given
by standard equations (21): y? + q(x) = pi(x), i € {1,2}. If Hy and Hy are isomorphic over Fy,
then there are A € Stab(q(x)) and r(z) € Fo[x],deg(r(x)) < g+ 1 such that

pa(@) = agar(pr(@) + 7(2)* + g(2)r(x)).

Lemma 5.6 (|49], Lemma 5). Let g € Zs1. Given nonzero q(x) € Fo[x] with q(z) < g+1 and
p(x) € Fo[x] with 29 + 1 < max{2deg(q(x)),deg(p(z))} < 2g + 2, the equation y? + q(x)y = p(x)
defines a hyperelliptic curve of genus g if and only if

ged(q(z),p' () + ¢ (2)*p(x)) = 1,

and either deg(q(x)) =g+1 or a%gﬂ * agg+2b§, where p(x) = 23552 a;x’ and q(x) = Z?Jrol biz'.

The previous three lemmas offer us a possibility to completely determine the set Hyps(F2). The
initial idea is to check for pair of p(z),q(z) € Fo[z] with

11 < max{2deg(q(x)),deg(p(z))} < 12

whether 32 +q(z)y = p(z) defines a hyperelliptic curve of genus 5 over Fy. Lemma 5.4 reduces that
job, by considering some smaller set of possible g(z)’s, namely, only the set of representatives for
Fo[z]e for the PGLa(F2)-action, called Q5(F2). In other words, Q5(F2) is the set of representa-
tives of elements in Fo[x]¢. Then, using Lemma 5.5, for fixed ¢(x) € Q5(F2), we can reduce the
list of possible polynomials p(z), and finally, Lemma 5.6 helps us to decide whether such pairs
(¢(x),p(x)) define hyperelliptic curves of genus 5. Therefore, it is only left to determine Q5 (F2).
We do that below using the same ideas as in [49], Lemma 2.

Lemma 5.7. For q(z) € Fo[x]g, let Dycyy = Z2'(q(x)) + (6 — deg(q(x))) - oo be the zero divisor
of q(z) in P!, where Z'(q(x)) = {P € Fy : q(P) = 0}. Then the action of PGLy(Fy) on Fa[x]g
naturally translates to the (standard) action of PGLa(F2) on Divg(F2), and these actions are
compatible, i.e., D g q(zy = A-Dy(z)-

Proof. For an arbitrary polynomial g(x) = egz® + e52° + ... + e1x + eg € Fa[2]s and a matrix
A=(2%)ePGLy(F2) we compute

Gnew(x) = Aq(z) = eg(az +b)° + es(azx + b)°(cx +d) + ... + e (az + b) (cx + d)° + eg(cx + d)°.

For P =d/c,c # 0, we see that P € Z'(A.q(x)) if and only if deg(q(z)) < 6, and moreover, its
multiplicity as a zero of A.q(x) is precisely 6 — deg(g(x)); this means that the multiplicity of
P =d/cin Dy g is the same as the multiplicity of co in Dy(,y. Using A7l and changing the
roles of ¢(x) and gpew(x) we can similarly get the conclusion on the degree of gpew(x) when
inspecting P = co. For other P ¢ Fy, we see P € Z'(q(z)) if and only if gﬁ:g € Z'(q(x)) and the
corresponding multiplicities match. From these explicit relations, we see that the asserted claim

holds. O
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The previous lemma implies that determining Fo[x]¢ (and hence Q5(F2)) is the same as deter-
mining Divg(F2)/PGL2(F2). Note further that if P is a K-point, for K /Fy some finite extension,

and A = (‘Cl g) € PGLy(Fs), then A.P = Z};:'Z is again a K-point (oo is a Fa-point).

Theorem 5.8. The set Q5(F2) consists of the following elements q(x) € Fao[x]:
deg(q(x))£2 17x,$2,$($+1),x2+x+1
deg(q(z)) =3: a3, 22(z+1), (22 +z+ Dz, 2 +z+1

deg(q(z)) =4: 2*(x+1)% (2?2 +2+1)% (2?2 +2+1)2%, (2?2 + 2+ Da(z+1), (23 + 2+ 1)z,
(B2 + Dzat v+ 1,2t 23+ 1

deg(q(z)) =5: (22 +x+1)%z, (B +z+D)(2?+2+1), (23 +2+ Daz(z+1),(z* + 2+ 1)z,

v+ +x+ D, a®+22+ 1,22+ 23+ L2+ a3 v a2+ 2+ 1

deg(q(z))=6: (2?+x+1)3 (2P +2+1)% (2B +x+1)(23+22+1), (et +2+1)(2®+2+1),
:C6+:c+1,1:6+1:3+1,

Proof. For q(x) € Fo[x]e, let Dy, be as in Lemma 5.7. As we mentioned above, in order to find
Q5(F2), we will firstly determine Divg(F2)/PGLa(F2). We use the well-known fact that given
any three Fo-points peo,po,p1 there is a (unique) projective automorphism A € PGLy(F3) that
sends peo > 00,pg > 0,p1 — 1.

Firstly, any Dy, that consists only of Fo-point, in Dive(FF2)/PGLa(IF2) is equal to the unique
one Moo+ 00 +ng -0 +ny -1 with ny <ng < ne. Since deg(Dy(,)) = 6, we get that all the possible
triples (neo,no,n1) are

{(6,0,0),(5,1,0),(4,2,0),(4,1,1),(3,3,0),(3,2,1),(2,2,2) }.
Using the correspondence from Lemma 5.7, this gives us the subset of polynomials ¢(x) in Q5(F2),
{1,222 z(z+1),2% 2*(x +1),2%(z + 1)*}.

If Dy(,) contains only one point of degree 2 and no other points of degree > 2 in its support,
similarly as above, we get that Dg(,) is equal to one of

3(a, 2(o + 200, 2o+ 00+ 0, (o +400, (3+300+0, (o2+200+2:0, (o+200+0+1.

This induces the set of polynomials in Q5(F2) (we use ¢, as notation for any primitive ¢, € Fy of
degree n over Fo):

{(22+x+1)3, (2P +2+1)2, (2P +2+1) 2z, 22+ 2+ 1, (2P +x+ D)z, (22 + 2+ 1), (P +z+Da(z+1)},
If D) contains a point of degree 3, then the possibilites are the following
Dq(x) € {2C37C3+Cé,<.3+<2+OO’C3+3OO,<3+2OO+O,C3+OO+O+1},

where (3,4 are of degree 3. Since x — z + 1, which is induced by action of A = ((1) %), translates
q(z) = 22+ +1 to go(x) = 2% + 22 + 1, we have that Dy () and Dy, (,) are the same in
DiVG(Fg)/PGLQ(IFQ), and that D(ql(x))27 D(ql(x))(x2+x+1)7D(ql(:):))x(erl) are the same as D(qz(w))27

D (4y(2)) (22 +2+1)s D(ga(2))a(z+1)- Therefore, this case gives us the new list of possible polynomials
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gz): {(@B+rz+ D2 (@B v+ D)@ +22+1), (@3 +2+ )22 +2+1),23+2+1, (2% + 2+ 1z,
(2 + 22+ D, (2% + 2+ Da(z+1)}.

In the case when D,,) contains a point of degree 4, it should be either (4 + (2,(4 + 200 or
(4 + 00 + 0. There are three irreducible polynomials over Fs of degree 4, so out of all possible
combinations, discussing the PGLy(F3) action on Fo[x]¢ as above, we extract the following list
of representatives for q(z):

{@r+z+ D)@ +z+1), 2t +z+ Lzt + 23+ 1, (@ + o+ Do, (2 + 23 + 22 + 2+ D)z
When D, contains a point of degree 5, there is only one possibility for the form of Dg,,
namely Dy ;) = (5+00. Among six irreducible polynomials of degree 5, we found that for example,
the following three are the representatives of ¢(x) for the considered action:

2

(P v+, +23+ 1, 2%+ v 2? v 2+ 1},

Lastly, among nine irreducible polynomials of degree 6, we found two % + z + 1,26 + 2 + 1,

so that acting via PGLy(F3) on them we can get all the others. This corresponds to a unique

choice for the form of divisor Dy(,) that contains a point of degree 6, Dy(,) = ((s)- O

The previously described reasoning leads to an algorithm for computing the set Hyps(F2), that
is practically the same to the one for computing Hyp,(F2) from [49].

e From the previous theorem, we get list of gs, the list of all possible representatives for
a polynomial ¢(x).

e For each ¢(z) in list _of gs compute the stabilizer Stab(q(z)) € PGL2(FF2) of g(z) under
the action defined by ¥6((5))(q(2)) = (cz +d)5q aztby for (25) e PGLy(F2).

cr+d

e For fixed ¢(z) in list _of gs, check if p(z) € Fo[z], 11 < max{2deg(q(z)),deg(p(x))} <12
is such that C : y% + q(2)y = p(x) is a (nonsingular) curve; collect all such p(z)’s in the
list q list _of ps of potential p(z)’s for g(z). The smoothness condition can be checked
using Lemma 5, [49], saying that C' is a (nonsingular) curve of genus 5 if and only if
ged(q(z),p'(2)? + ¢'(2)?p(x)) = 1 and either deg(q(z)) = 6 or a?; # aiab?, where p(z) =
Y12 a;xt and q(z) = X bt

e Fix g(z) in list _of qs and consider q_list of ps, its associated list of potential p(z)’s.
For curves Oy : 42 +q(x)y = p1(z) and Cy : y% +q(x)y = p2(x), we write pi(x) ~ pa(z) if they
are isomorphic over Fy. Refine q list of ps by taking only the representatives p(z) for
this relation ~. With the same argument as in Lemma 4, [49], we find that the relation ~

ax

is defined as: p1(x) ~ p2(x) if and only if (cx + d)lng(ﬁ) = p1(z) +r(x)? + r(x)q(x) for
some (2 %) e Stab(g(x)) and some r(z) € Fo[z] of degree deg(g(z)) <6.

In such a manner, using the mathematical software SAGEMATH, we computed the list of all
non-isomorphic hyperelliptic curves of genus 5 defined over Fo. We found that there are in total
1070 such curves, i.e. [Hyps(F2)| = 1070, and we confirmed that [Hs(F2)| = 512 = 22571, For
them, we computed the number of points over finite fields Fo, Fy2,Fy3,F9s and Fys, and then we
found their Newton polygons. In particular, all the Newton polygons but one occurs for elements
of this class of genus 5 (nonsingular) curves over Fo. In the following table, for each eligible
non-supersingular Newton polygon, we present the standard affine equation and the index in our
list of the first hyperelliptic curve for which such a polygon occurs.
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Slopes of Newton polygon | Index| The affine equation of the curve

0,0,0,0,0,1,1,1,1,1 387 i@z D)+ Day+a+z=0
9 ) ) ) ) ) ) ) ) y y
0,0,0,0,1,1.1,1,1,1] 208 | P+ (@ +x+D)(z+Day+a?+2't+2=0
0,0,0,%,%,%,%,l,l,l] 170 V@ +r+Day+zP+z +2=0
(LO,%,%,%%,%,%JJ] 64 vr(z+Day+a+z't v =0
111111 2 2 12, 11
070,5,5,%,%,%,%,13,1] 104 Yy +(x+ Dz y+z "+ +x=0
07%7&)%717171717111] none N/A
11111222 2 12,11, .9, 5,4, .3, 2
I 7§,§,§,?,?7§,§,§,1] 33 Yy +trxy+x +1}11+17 +x’+x +x"+x"+x =0
2 12
075,575,5,575,575,1] 32 Yy +zy+zx +x +x=0
%,%,%,%,é,%,%,%,%,%] 436 V(@ +2?+ ) (B +a+Dy+a 2+t 1204 22842 = 0
»i,ii,%,%,%,%%,%,%] 437 | P+ (B2 NP v+ Dyrat v v " 1284220
1111111222 2 12,11, 10, 7,,6 .3
2 1
»g,g,g,g,g,g,g,g,g,g] 7 Yy +ty+r " +xr +xr +x +x +1=0

Table 2: Some hyperelliptic curves of genus 5 over Fy and their Newton polygons

In the following table, we collected all the supersingular hyperelliptic curves of genus 5 defined
over [y.

’ Slopes of Newton polygon H Index\ The affine equation of the curve

0 Vv ry+a+att =0

5 Vryraet 120+ 2%+t 2842 +1=0

9 Vvry+rat +20 e 12 12t vt vz =0

11 Vry+reZ ezt 120425 127 =0

15 Vry+rat+2 vt 12t vt vt v =0

20 Vry+aP vz vt 12 12 =0

25 VryrrP et 2t vt v +1=0

31 y2+y+x11+m8+x2+1=0

879 Pr@lrrrDy+at v 12+t 128+ +1=0

887 V@S rzrDy+2P+a’+27+2=0

898 Pr@lrrrDy+rat 2012 vt 12t v+ 2=0
[%,%,%,%,%,%,%,%,%,%] 926 V@S rzrDy+aPrat vab 122 +0+1=0

981 | y?+(z®+x+1)y+af+2?=0

996 VPr@rrrDy+ara®+ad41=0

1000 | ?+(2®+ 23+ Dy+a2+20 12" +23+1=0

1022 | 2+ (ab+2®+ Dy+aP+at +2®+ 28 +2" + 28 2P v 2% 42 = 0

1032 | P+ (@f+ 2+ Dy+a't v+’ +25+ 2 + 28+ 2% +2+1=0

1036 | o2+ (z®+z3+Dy+at +20 42 +2® 42"+ 28+ 25 vt 42341 =0

1039 | 2+ (af +2® + Dy+20+2” +2®+ 28+ 25 +2=0

1041 | ?+ (@f +2® + Dy + a2 +zM +2'0+25 +22 =0

1042 | *+ (2P + 23+ Dy+a2+20+2%=0

1058 | 2+ (@l + 28+ Dy+a+ b+ 2"+ 2l + 25+ 2+ +1=0

Table 3: All supersingular hyperelliptic curves of genus 5 over Fy (22 in total)
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5.2 Trigonal curves

Recall that a singularity of a projective plane curve has delta invariant 1 if and only if it is an
ordinary node or an ordinary cusp. We also saw that a curve C has a gil)) if and only if it can be
represented as a plane quintic with exactly one singularity of delta invariant 1.

Any isomorphism of projective plane curves C;, Co extends to an automorphism of P2. There-
fore, in order to determine the list of all trigonal curves of genus 5 defined over Fo, it is sufficient
only to find PGL3(F2)-representatives among all the quintic homogeneous polynomials in X, Y, Z
that define projective plane curves with delta invariant 1.

For computing all trigonal curves of genus g = 5 over o, we have used the following idea.

e Make the list of all the monomials in X, Y, Z of degree 5 and fix the order of these, e.g. the
lexicographic order X® > X4Y > X4Z > X3Y? > X3YZ > X322 > X?2Y3 > X?Y?Z > X?y 7% >
X273 > XY*> XY3Z > XY222> XYZ3>XZ4>YP >Y Z>Y322>Y?Z23 >YZ* > Z5. Since
the previous list consists of 21 monomials, we can represent all homogeneous polynomials
of degree 5 using coordinates of P?°(Fy). Call the list of coordinates quintics. (For example
we have X° +YZ* «— (1:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:1:0) under the
mentioned correspondence.)

e From the starting list quintics obtain the new list quintics repr consisting only of rep-
resentatives under the action of PGL3(F3) on X,Y, Z.

e Deduce whether a plane quintic corresponding to an element of quintics repr has exactly
one singularity of order 2 to reduce the previous list, and get list good quintics.

e For all quintics with exactly one singularity P of order 2, represented by elements of
good quintics, find a PGL3(F2)-isomorphic quintic with a singularity at (0 : 0 : 1),
such that its tangent space at (0 : 0 : 1) is either zy or 22 + zy + y? (nodal case), or 3>
(potentially cuspidal case). The resulting list is good _quintics 001.

e For all potentially cuspidal quintics, decide whether there is a PGL3(F2)-isomorphic quintic
with lowest terms 32 + 23, since only they are the cuspidal with delta invariant 1. Collect
all such quintics, as well as the nodal quintics from good quintics 001 into the resulting
list trigonal curves.

We found 2854 trigonal curves in total that are not isomorphic (via PGL3(F2)-transformation),
ie. |Tris(F2)| = 2854, and we computed their automorphism groups over Fy. In particular, we
have obtained that |75(F2)|, the number of (non-isomorphic) smooth trigonal curves of genus 5
defined over the finite field with two elements weighted by the size of their automorphism group,

precisely equals
|T5(F2)| = 2817 = 21 + 210 28 4 1,

This matches Wennink’s results from [48], where he, using a partial sieve method for plane
curves, computed these weighted numbers |75(F,)| for any finite field with ¢ elements F;, namely
T5(F)l=q' +¢' - ¢+ 1.

Moreover, we computed the number of points of these curves over finite fields Fy: for ¢ €
{1,2,3,4,5}. Using that, we found that all the eligible Newton polygons occur for these curves,
and that there are exactly 4 supersingular trigonal curves of genus 5 over Fo and all of them have
trivial automorphism groups.
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In the following table, for each eligible Newton polygon /N one trigonal curve having N as its
Newton polygon is presented, and its index in our list is mentioned.

Slopes of Newton polygon H Index‘ The affine equation of the curve

[0,0,0,0,0,1,1,1,1,1] 0 sty+ 2y vyt vt + 2y v 2?2 2 =0
[0,0,0,0,%7%,1, ,1,1] 4 ry+ PP vyt vt rat By vttt ray =0
[0,0,0,%,%,%,%,1, ,1] 2 P +aty+adyi P vyt ot vy + 2ty ray vt 947 = 0
[0,07%7%,%,%%,%,1,1] 9 PratyradyPt vt ezt 17 =0
[0,0,%,%,%,%,%,%,1,1] 3 ry+ayt +at + 2y + 2yt P oyt vty rayt vy =0
111133733 5,.3.2, .23 4, .5 .4 3,.3,.2
[0,1,1,1,1,1,1,1,171] 66 r +ry +try +txy +y +r +xy +r +Y =0
11111222 5, 4 5,.4,.3 4,3 2, .3
[0,3,35:3,3:575 55 1] 136 +ay+y’+rt iy +yt rat rayt +y +ay=0
11111111 5 4,4, 2 2,.3 .2 2
[0,5,57575,5,5,5,571 46 t+ay +y rry+ayt +y ety +y =0
[%7%3%;%7%7%7%7%)%7%] 32 m5+x2y2+my3+y4+x2y+xy:0
1111113333 5,.3°2,.23 4 5 3 292 3 2 2
(3T D35 1010 1 1) 419 2 +riyt+xiy royt +y raty Yyt rayt +aty oy oy = 0
[3,4,2,3,1,11. 22 2] 455 | 2+ aty+ Pt vt vt v 2By vyt vty vy 2y = 0
2222233333 3,2 4,5 .4, 3 2, 2 3,.3
[575,3,5,57573,5,375] 711 Ty +try +y +r +txry+xry +xy +x +l’y:O

Table 4: Some trigonal curves of genus 5 over Fo and their Newton polygons

In the following table, we collected all the supersingular trigonal curves of genus 5 defined
over FFo.

Slopes of Newton polygon | Index| The affine equation of the curve

259 | @+t rayt vt v vy v+ ¥y =0
2050 | 2P +zty+y® + 2y r vyt vyt vy =0
[llllllllll] 29192 5 .4 3,2, 2 3 4.5 3. .4, 2 2, .2
5)515151515r515153 5 T +x2y+a: yrrzfy oyt oy Yyt xfy oyt ot +
zy+y =0

2803 | 2®yP +ayt + S rat 2Py rayd oyt vt vty vty =0

Table 5: All supersingular trigonal curves of genus 5 over Fy (4 in total)

5.3 Complete intersections of three quadric hypersurfaces

The remaining curves of genus 5 over Fy are the ones whose canonical embedding in P* is a
complete intersection of three quadric hypersurfaces. In other words, these curves C' are of the
form C = SpnSgn Sg with Sp = Z(qp),Sq = Z(qq),Sr = Z(qr), where qp, qg and qr are some
(irreducible) homogeneous polynomials of degree 2 in XY, Z, T, U. We denote the set of all the
non-isomorphic representatives of these curves by ComlInts(Fs), and such non-isomorphic classes
of curves, weighted by the size of their automorphism groups, represent the points of Us(Fs).
The idea behind computing all such curves C' in ComlInts(IF3) is therefore to consider all possi-
ble triples (gp, qq,qr) of quadratic homogeneous polynomials and to check whether they satisfy
certain conditions. Namely, to decide whether such a triple (¢p,qq,qr) defines C' as above, in
practice, we should check whether the ideal I = (gp,qqQ, qr) is a radical ideal generated by exactly
three elements of I, and whether C' is smooth. Recall the fact we mentioned in Section 4.1, that
the curves with canonical embedding into P* are isomorphic if and only if their canonical models
in P* are isomorphic via some projective automorphism M € PGL5([Fy).
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The algorithm of determining the set ComInts(Fq) consists of three parts we describe below: first
do the Part I, then Part II and finally Part III.

Take any C' € Comlnts(F2), and a triple (q1,qg2,q3) of quadratic polynomials that represents
curve C. We would firstly like to find a set of triples of quadratic polynomials such that for
any such C, we can represent it with an element of that set, and that such a set is minimal in
some sense. Precisely, we describe below how to find a set triples_repr of triples (¢p,qqQ,qr)
of quadratic polynomials such that for any triple (q1,q2,q3) that represents C' € Comlnts(FFy),
there is an element (qp,qqQ,qr) € triples_repr and an automorphism A € PGL5(F2), so that
A:q = qpr,q2 » qQ,q3 = qQ. Moreover, we want that for any two triples (¢p,qg,qr) and
(¢s,971,qu) in triples_repr there is no A € PGL5(F2) so that A: qp ~ ¢s,q0 = qr,qr = qU-

Hence, we can find some normal form of these triples, where for the first coordinate gp we can
choose only the representatives for the action of PGL5(F3). Then, for fixed gp, for the potential
second coordinate we can only choose the representatives for the action of Aut(Z(gp)) and sim-
ilarly for the third one. We describe the algorithm for determining triples repr and mention
some partial results.

Part 1

e Make a list of all the monomials in X,Y, Z, T, U of degree 2, and put them in lexicographic
order:

X2>XY>XZ>XT>XU>Y?>YZ>YT>YU>2Z%>2T>2ZU0>T?>TU > U>.

Represent homogeneous polynomials of degree 2 in X,Y,Z,T, U using the mentioned or-
dered monomials by elements of P'4(FFy). Using all elements of PGL5(F2), find the rep-
resentatives for the first quadratic polynomial for PGL5(Fq)-action on X,Y, Z,T,U. After
the filtering with 9999360 elements of PGL5(F2), we ended up with a list of seven possible
representatives Py,..., Pr, corresponding to the list of seven possible quadratic polynomials
qpry,---,qp,. Two of them, namely P> and Ps, represent the quadratic polynomials that are
not irreducible, and Pr always defines a singular curve, so the final list of potential first
coordinates is [ Py, Py, Py, Pg]:

list of Ps=[(1,0,1,1,0,0,1,0,0,0,1,0,0,1,0),(0,0,0,1,0,1,1,0,0,1,1,0,0,0,0),
(07 07 1707 07 17 ]"0’ 07 07 07 O? 07 07 0)7 (07 1707 O? 07 1707 1707 17 ]"0’ 07 07 O)]

e For each element P inlist of Ps and the corresponding homogeneous polynomial ¢p com-
pute Stab(P) := Stab(qp) = Autp,(Z(gp)), that is the stabilizer of gp under PGL5(FF2)-
action on XY, Z,T,U. Since we can now assume that the first coordinate of the triple
(qp,qqQ,qr) corresponds to one of only five elements of list_of Ps, we can also put
some restrictions on the second quadratic polynomials of the desired triples. For fixed
P in list _of Ps compute the list P_list of Qs of the representatives for the second
quadratic polynomial for the action of Stab(P) on X,Y, Z,T,U.

e For fixed P in list of Ps and fixed @ in P’s list P_list of Qs, find the subgroup of
Stab(P) that fixes @, i.e., compute G pg = Stab(P)nStab(Q). Find the representatives for
R, i.e., for the third coordinate gp in triple (¢p,qq,qr) when gp, qg are fixed, with respect
to the G pg-action. Check the desired conditions for the third quadratic polynomial of a
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triple, represented by R € P4(FFy). If the conditions are satisfied put the triple (P,Q, R) in
the list triples repr.

The list triples repr contains 22228 triples, out of which 13798 have gp, as its first co-
ordinate, 4636 have gp, as the first coordinate, 3750 have gp, as the first coordinate, and the
remaining 44 have gp, as the first coordinate.

Since a curve C' € ComlInts(FF2) is defined as a zero set of the ideal generated by one of the triples
we mentioned, in particular, we see the set of three quadratic polynomials determines a curve
and not their order. Therefore, the second step is as follows.

Part I

e Compute the orbits of ¢p,,¢p, and gp, under the action of PGL5(IF2).

e Look at the sublist Ly of triples repr of triples whose first coordinate is ¢p,. If the
second or the third coordinate of an element from that sublist is gp,- conjugate, then only
by changing the order of coordinates, and after some projective transformation, we get that
such a triple is already in the sublist of triples repr of triples whose first coordinate is
qp,. Hence, we can remove all such triples from L, and still have all the representatives for
curves C' € ComlInts(Fs).

e Similarly, remove from the sublist Lg of triples in triples repr whose first coordinate is
gps all the triples whose second or third coordinate is either gp,- or gp,- conjugate. And
finally, remove from the sublist L; of triples in triples repr whose first coordinate is ¢p,
all the triples whose second or third coordinate is gp,- or gp,- or gp,- conjugate.

e To further compress the data, in all the sublists of triples starting with gp,, ¢p,, ¢p, and gp;,
consider all the ideals defined by such triples. Remove the triples that define duplicates of
ideals.

After the first three steps of this idea, we ended up with 9489 triples of quadratic polynomials
defining curves C' € ComlInt;(F3), and after the additional fourth step, we ended up with 7118
such triples.

Lastly, out of the previously obtained shortened list of triples which represent all the curves in
Comlnt;5(FF2), we need to extract only the triples that define non-isomorphic curves. We do that
using the following idea which will be explained and confirmed in Theorem 5.9.

Part 111

e We separate the cases when all three quadratic polynomials of a triple are in the same orbit
(Case 1) and the cases when there is precisely one quadratic polynomial (call it special) in
some orbit while the other two are not in that orbit (Case 2).

— In Case 2, we divide them into distinct lists using some order - firstly the ones when the
special quadratic polynomial can be chosen to be in the orbit of ¢p,, then when there
are no special quadratic polynomials in the orbit of ¢p, and the special polynomial can
be in orbit of gp,. Call these lists list 3,list 4. Similarly, the list list 6 consists of
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triples that are not in the previous lists and the special quadratic polynomial can be
chosen to be in the orbit of gp,, and list 1 when the special one is in the orbit of gp,
and not in the orbits of ¢p,, gp, and gp,. We call the number i € {1,3,4,6} chosen by
this criterion specially chosen 1.

e In case when a triple consists of polynomials that are all in the same orbit Orbit(gp,), we
make three copies of that list, and use some PGLj5(F3)-transformation that maps the first
coordinate to gp, to transform all the elements from the first list, then doing the same for
the second list using a PGL5(F2)-transformation that maps the second coordinate to ¢p,,
and analogously for the third list. Call these three in P i list jforie{1,3,4,6} and

j€{1,2,3}.

e For (fi, f2, f3) in list_i and without loss of generality f; € Orbit(qp,), find a PGL5(F2)
transformation sending fi to ¢p, and map all fi, f2, f3 using that map to get the new image
of the triple (defining the isomorphic curve).

e Reduce each list list i so that no two of its elements give the same ideal. Similarly with
three in P i list j. After this step, we ended up with 6305 triples.

e For any P;,i€{1,3,4,6} collect all three_in P i list 1 and all list i into a list all.

e For any triple in all, firstly remove it from that list and append to final list, do all possible
[Fa-basis transformations and check whether they are in (cases 1) or (cases 2). For any of
these triples obtained using the base change:

— If it is in Case 1, find specially chosen i, find a PGL5(IF2)-transformation that maps
the first coordinate to ¢p, and map the triple by that transformation to get (g1, g2, 93)-
Act by all transformations from Stab(P;) on (g¢1,¢2,93), and if some image is in
three in P i list 1, remove it from that list, as well as the elements from the
lists three in P i list 2 and three in P i list 3 that originated from the
same triple. Similarly for the second and the third coordinate.

— If it is in Case 2, find the specially chosen i, map the triple by some PGL5(F2)-
transformation so that the special polynomial maps to gp,. Then using Stab(F;)
transformations remove all the triples from list i that give the same ideal as that
triple.

Theorem 5.9. Algorithm for determining Comlnts(Fy) is correct.

Proof. Recall that Part I gave us the set triples_repr of triples (¢p,qq,qr) of quadratic poly-
nomials such that for any triple (q1,¢2,q3) that represents C' € ComInts(F2), there is an element
(¢r,qq,qr) € triples_repr and an automorphism A € PGL5(FF2), so that A : ¢1 = qp,q2 ~
49,93 ~ qq- Therefore, for any curve C' € ComlInts(F2) there is at least one triple (¢p,qqg,qr) of
quadratic polynomials in triples_repr such that C is isomorphic to a curve Z(gp,qqQ,qr)-

Part I only reduces the set triples repr, and therefore exists only for quicker computations.
To see that we have not lost any C € ComlInts(F2) we note that the order of polynomials in the
triple, or more generally the set of generators of the ideals are not important for giving the set
Z(qr,qqQ,qr) as long as they generate the same ideal.

In order to filter all triples in triples repr so that we get the list only consisting of the
triples that produce non-isomorphic curves, we use Part III. Using Part III is valid because of
the following.
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Let I = <f17f27f3> and J = <gl)927g3> be two ideals of ]FQ[X7K27 T7 U] with f17f27f3)gla.92
and g3 quadratic polynomials that define isomorphic over Fo curves Cj € ComlInts(Fy) and C; €
Comlnts(F2) respectively. Cr = C; implies that there are A, B € PGL5(F2) such that

Al =(A.f1,A.fa,A.f3) = (B.g1,B.g2, B.g3) = B.J,

where the action of PGL5(F2) on Fo[X,Y, Z,T,U] is defined as before, for f = f(X,Y,Z,T,U)
and M € PGL5(F2),
M.f=f((M-(X,Y,2,1,0)")).

Acting by B~! on both sides of A.I = B.J we get that there is C' € PGL5(Fy) such that C.I = J.
Since C.I =(C. f1,C.f2,C.f3) = J we get that there is some (o ;)1<i j<3 € PGL3(IF2) such that

3
C.fi=> aijgi, j=1,2,3
=1

so equivalently, there is (\; j)1<i j<3 € PGL3(F2) such that

3
C(Z)\z,]fz):gm j:17273'
=1

Denote hj = Zg’:l Aijfi and note that we have that h; and g; are in the same PGL5(F2)-orbit
for j = 1,2,3. If, without loss of generality, h; and g; are in the orbit of gp,, then, there are
D,E ¢ PGL5(F3) such that D.h; = gp, = E.g1. In particular, that leads to the equality

ECD Y (D.hy,D.hy, D.h3) = (E.g1, E.g2, E.g3)
where in addition ¢p, = D.hy = E.g1 = qp, gives us that ECD™! € Stab(Py). O

We implemented in SAGEMATH the algorithms for the first two parts of the algorithm for comput-
ing the representatives of all non-isomorphic curves of genus five over a field with two elements,
and we already mentioned some of the obtained results. One can find these implementations as
well as the obtained results on https://github.com/DusanDragutinovic/MT_Curves. For the
third part, we have an implementation that can be found on the same link. However, by the time
of submitting the thesis, we still do not have the complete results.

It should also be mentioned that a similar problem was discussed by Kudo and Harashita in
[24]. There, they showed that any non-hyperelliptic and non-trigonal curve of genus five over
a finite field can be represented as a normalization of a sextic in P?. For some of the possible
cases, that they called generic, they gave an algorithm and an implementation in MAGMA for
computing them.

Once we obtain the final results and thus get the set ComlInts(FF3), we can also try to compute
the automorphism groups of curves C' € ComlInts(Fg). That could be used for computing |Us(F2)]|.
Perhaps some of the ideas from Part III of our algorithm for computing the complete intersections
of three quadratic hypersurfaces in P* over Fy can be used for that purpose, but currently, we do
not have an algorithm for computing the mentioned automorphism groups.
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A Codes

Supporting code for Theorem 3.5

#Declaring the possible 16-tuples of norms
#Let Mat be the list of all possible matrices with entries 0, 1/2, 1

first_list = []
for M in Mat:
if M[0, 0] + M[0, 1] + M[O, 2] + M[0, 3] == 1 and\
M[1, 0] + M[1, 1] + M[1, 2] + M[1, 3] == 1 and\
M[2, 0] + M[2, 1] + M[2, 2] + M[2, 3] == 1 and\
M[3, 0] + M[3, 1] + M[3, 2] + M[3, 3] == 1:
first_list.append (M)
newl = first_list.copy()
teml = []
for M in newl:
if M[0, 0]==0 and M[0, 1] == 0 and M[1, 0]==0 and M[1, 1] == 0 and\
M[2, 2]==0 and M[2, 3] == 0 and M[3, 2]==0 and M[3, 3] == O:
teml .append (M)

if M[0, 2]==0 and M[0, 3] == 0 and M[1, 2]==0 and M[1, 3] == 0 and\
M[2, 0]==0 and M[2, 1] == O and M[3, 0]==0 and M[3, 1] == O:
teml . append (M)
if [M[o, o], M[0o, 1], M[O0, 2], M[O, 3]] == [0, O, O, O] or\
[M[1, 0], M[1, 11, M[1, 2], M[1, 3]1] == [0, O, O, O] or\
M[2, o1, M[2, 11, M[2, 2], M[2, 311 == [0, O, 0, 0] or\
M[3, 0], M[3, 1], M[3, 2], M[3, 31] == [0, O, O, O]:

teml . append (M)
if [M[o, 0], M[1, o], M[2, 0], M[3, 0]] == [0, O, O, O] or\
[M[0, 1], M[1, 11, M[2, 1], M[3, 1]1] == [0, O, O, O] or\
[(m[0, 2], M[1, 2], M[2, 2], M[3, 2]] == [0, O, O, O] or\
mro, 31, M[1, 31, M[2, 31, M[3, 311 == [0, O, O, OI:
teml.append (M)
for M in teml:
while M in newl:
newl.remove (M)
final_list = []
for M in newl:
if M[0,0]*M[1,0] + M[0,1]*M[1,1] + M[0,2]*M[1,2] + M[0,3]*M[1,3] == O or\
M[0,0]*M[1,0] + M[0,1]*M[1,1] + M[0,2]*M[1,2] == M[0,3]*M[1,3] or\
M[0,01*M[1,0] + M[0,1]#M[1,1] == M[0,2]*M[1,2] + M[0,3]1*M[1,3] or\
M[0,0]*M[1,0] == M[0,11*M[1,1] + M[0,2]1*M[1,2] + M[0,3]*M[1,3]:
if M[0,01*M[2,0] + M[0,1]%M[2,1] + M[0,2]1*M[2,2] + M[0,3]1*M[2,3] == 0 or\
M[0,0]1*M[2,0] + M[0,1]1*M[2,1] + M[0,2]*M[2,2] == M[0,3]1*M[2,3] or\
M[0,0]*M[2,0] + M[0,1]1*M[2,1] == M[0,2]*M[2,2] + M[0,3]*M[2,3] or\
M[0,0]1*M[2,0] == M[0,1]1*M[2,1] + M[0,2]1*M[2,2] + M[0,3]1*M[2,3]:
if M[0,01*M[3,0] + M[0,1]%M[3,1] + M[0,2]1*M[3,2] + M[0,31#M[3,3] == 0 or\
M[0,0]1%M[3,0] + M[0,11*M[3,1] + M[0,2]*M[3,2] == M[0,3]+M[3,3] or\
M[0,0]*M[3,0] + M[0,1]1*M[3,1] == M[0,2]1*M[3,2] + M[0,3]*M[3,3] or\
M[0,0]1%M[3,0] == M[0,1]1*M[3,1] + M[0,2]*M[3,2] + M[0,3]*M[3,3]:
if M[1,0]*M[2,0] + M[1,11*M[2,1] + M[1,2]1*M[2,2] + M[1,3]1*M[2,3] == O or\
M[1,01%M[2,0] + M[1,1]*M[2,1] + M[1,2]*M[2,2] == M[1,3]*M[2,3] or\
M[1,01*M[2,0] + M[1,1]1*M[2,1] == M[1,2]*M[2,2] + M[1,3]1*M[2,3] or\
M[1,0]1%M[2,0] == M[1,11*M[2,1] + M[1,21*M[2,2] + M[1,31*M[2,3]:
if M[1,0]1*M[3,0] + M[1,11*M[3,1] + M[1,2]*M[3,2] + M[1,3]*M[3,3] == 0 or\
M[1,01*M[3,0] + M[1,11*M[3,1] + M[1,2]*M[3,2] == M[1,3]*M[3,3] or\
M[1,0]1#M[3,0] + M[1,1]*M[3,1] == M[1,2]*M[3,2] + M[1,3]*M[3,3] or\
M[1,0]*M[3,0] == M[1,11%M[3,1] + M[1,2]1=M[3,2] + M[1,3]*M[3,3]:
if M[2,01*M[3,0] + M[2,1]*M[3,1] + M[2,2]*M[3,2] + M[2,3]*M[3,3] == 0 or\
M[2,0]1*M[3,0] + M[2,1]1*M[3,1] + M[2,2]*M[3,2] == M[2,3]*M[3,3] or\
M[2,0]1%M[3,0] + M[2,1]1%M[3,1] == M[2,2]1*M[3,2] + M[2,31*M[3,3] or\
M[2,0]1*M[3,0] == M[2,1]*M[3,1] + M[2,2]1*M[3,2] + M[2,3]*M[3,3]:
final_list.append(M)
bad = [matrix([[0, 0], [0, 111), matrix([[0, 0], [1, 011), matrix([[O, 1], [0, 011),\
matrix([[1, 0], [0, 011), matrix([[0, 0], [0, 1/2]11), matrix([[0, 01, [1/2, 011),\
matrix([[0, 1/2], [0, 0]1), matrix([[1/2, 0], [0, 0]1), matrix([[O, 0], [1/2, 1/2]11),\
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matrix([[1/2, 1/2], [0, 0]1), matrix([[1/2, 0], [1/2, 01]1), matrix([[0, 1/2], [0, 1/211),\
matrix([[0, 1/2], [1/2, 0]1), matrix([[1/2, 0], [0, 1/2]11)]
while final_list!= [] and ind != 0:
M = final_list[0]
numl = len(final_list)
A = matrix([[M[O0, 0], M[O, 111, [M[1, o], M[1, 111D)
B = matrix([[M[0, 2], M[0, 311, [M[1, 2], M[1, 311D
C = matrix([[M[2, 0], M[2, 111, [M[3, 0], M[3, 1111)
D = matrix([[M[2, 2], M[2, 311, [M[3, 21, M[3, 3111
if A in bad or B in bad or C in bad or D in bad:
while M in final_ list:
final_list.remove (M)
num2 = len(final_list)
ind = numl - num2
print(len(final_list))
#result s 0

An example of a code for computing hyperelliptic curves

var('x, t')
#initializing the fized polynomial q(z)
def q1(x):
return x°3
rin.<X> = GF(2)[]
#initializing the set of invertible matrices
PGL = []
for a in GF(2):
for b in GF(2):
for ¢ in GF(2):
for d in GF(2):
A = Matrix([[a,b], [c,d]])
if A.det() != 0:
PGL. append (A)
#computing the stabilizer of q(z)
Gaql = [1
for A in PGL:
£ = (A[L, 01X + A[1, 11)-6%q1((A[0, 0]*X + A[0, 11)/(A[L, 0]*X + A[1, 11))
if £ == q1(X):
Gql.append(A)
#initializing the set of polynomials p(z)
D12 = []
for a0 in range(0, 2):
for al in range(0, 2):
for a2 in range(0, 2):
for a3 in range(0, 2):
for a4 in range(0, 2):
for ab in range(0, 2):
for a6 in range(0, 2):
for a7 in range(0, 2):
for a8 in range(0, 2):
for a9 in range(0, 2):
for al0 in range(0, 2):
for all in range(0, 2):
P = (a0, al, a2, a3, a4, a5, a6, a7, a8, a9, alld, all, 1)
D12.append (P)
for a0 in range(0, 2):
for al in range(0, 2):
for a2 in range(0, 2):
for a3 in range(0, 2):
for a4 in range(0, 2):
for ab in range(0, 2):
for a6 in range(0, 2):
for a7 in range(0, 2):
for a8 in range(0, 2):
for a9 in range(0, 2):
for al0 in range(0, 2):

71



P = (a0, al, a2, a3, a4, a5, a6, a7, a8, a9, al0, 1, 0)
D12.append (P)
#initializing the set of polynomials r(z)
D6 =[]
for a0 in range(0, 2):
for al in range(0, 2):
for a2 in range(0, 2):
for a3 in range(0, 2):
for a4 in range(0, 2):
for ab in range(0, 2):
for a6 in range(0, 2):
P = (a0, al, a2, a3, a4, a5, ab)
D6 . append (P)
Qlist = []
q = ql(t) + 0%t
#finding all p(z) that satisfy the smoothness condition
for P in D12:
def p1(t):
return P[0] + P[1]*t + P[2]*t~2 + P[3]*t~3 + P[4]*t~4 + P[5]*t~5 + P[6]*t~6 +\
P[7]1*t~7 + P[8]1*t~8 + P[91*t~9 + P[10]*t~10 + P[11]*t~11 + P[12]*t~12
ri.<X> = GF(2)[]
riq = ri(q1(X))
p = (p1(t)).expand()
rip = ri(p1(X))
condl = gcd(riq, rip.derivative()~2 + riq.derivative() "2xrip) ==
cond2 = q.degree(t) ==
cond3 = (mod(p.coefficient(t~11), 2))~2 !=\
(mod(p.coefficient(t~12), 2))*(mod(q.coefficient(t~5), 2))~2
if condl and (cond2 or cond3):
Qlist.append(P)
#reducing the list of potential p(z) by taking the representatives for the Gql-action
g_list_of_ps = []
while Qlist !'= []:
P = Qlist[0]
Vqlist.append(P)
temp = []
temp . append (P)
for R in D6:
def f£(t):
return (P[0] + P[1lxt + P[2]*t~2 + P[3]1*t~3 + P[4]*t~4 + P[5]*t~5 + P[6]*t~6 +\
P[71*t~7 + P[8]*t~8 + P[91*t~9 + P[10]*t~10 + P[11]*t~11 + P[12]*t~12) +\
q1(t)*(R[0] + R[1]*t + R[2]#t~2 + R[3]*t~3 + R[4]*t~4 + R[65]1*t~5 + R[6]1*t~6) +\
(R[0] + R[1I#t + R[2]*t~2 + R[3]#t~3 + R[4]*t~4 + R[5]*t~5 + R[6]*t"6)"2
for A in Gql:
var('x"')
def ge(x):
return (ZZ(A[1, 01)*x + ZZ(A[1, 11))~12\
*£((ZZ(A[0, 01)*x + ZZ(A[O, 11))/(ZZ(A[1, 01)*x + ZZ(A[1, 11)))
ri.<X> = 2z[]
g = ri(ge(X))
qQ = [0, 0, O, O, O, O, O, O, O, O, O, O, O]
1i = g.listQ)
for i in range(0, len(li)):
Q[i] = mod(1i[il, 2)
S = tuple(Q)
temp . append (S)
A = set(Qlist)
B = set(temp)

C=A-B
Qlist = 1ist(C)
HElist = []

q = qi(t) + O*t
for P in q_list_of_ps:
p = P[0] + P[1]1*t + P[2]*t~2 + P[3]#t"3 + P[4]*t~4 + P[5]*t~5 + P[6]*t~6 +\
P[7]1#t~7 + P[8]#t~8 + P[9]1*t~9 + P[10]*t~10 + P[11]*t~11 + P[12]*t~12
HElist.append([q, p]l)
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Finding trigonal curves from the list of a priori non-isomorphic quintics

#function that gives whether the quintic f has only one singularity that is either a cusp or a node
def only_one_node_or_cusp_check(f):
ind = 0
Polr.<x0,x1,x2> = PolynomialRing(GF(2), 3, order='lex')
g = £(x0, x1, x2)
gdx = g.derivative(x0)
gdy = g.derivative(x1)
gdz = g.derivative(x2)
Id = Ideal(g, gdx, gdy, gdz)
if Id.dimension()==1:
F = GF(2) .algebraic_closure()
Pr3 = ProjectiveSpace(2)/F
X = Pr3.subscheme(Id)
rp = X.rational_points()
if len(rp)==1:
Polr.<x0,x1,x2> = PolynomialRing(F, 3, order='lex')
g = £(x0, x1, x2)
P = rp[0]
if P[0]!=0:
h = g.reduce(Ideal(x0-1))
M = Ideal(xl - P[1]/P[0], x2 - P[2]/P[0])
hl = h.reduce(M~2)
h2 = h.reduce(M~3)
if (h1==0) and (h2!= 0):
return True
elif P[1]!=0:
h = g.reduce(Ideal(x1-1))
M = Ideal(x0 - P[0]/P[1], x2 - P[2]1/P[1])
hl = h.reduce(M~2)
h2 = h.reduce(M~3)
if (h1==0) and (h2!= 0):
return True
else:
h = g.reduce(Ideal(x2-1))
M = Ideal(x0 - P[0]/P[2], x1 - P[1]/P[2])
hl = h.reduce(M~2)
h2 = h.reduce(M~3)
if (h1==0) and (h2!= 0):
return True
return False
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