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Abstract

The trigonal curves form a closed subscheme of M5, the moduli space
of smooth curves of genus five. The cohomological data of these spaces
can be found by counting their number of points over finite fields. The
trigonal curves of genus five can be represented by projective plane
quintics that have one singularity that is an ordinary node or an or-
dinary cusp. We use a partial sieve method for plane curves to count
the number of trigonal curves over any finite field. The result agrees
with the findings of a computer program we have written that counts
the number of trigonal curves over the finite fields of two and three
elements.

We also use the partial sieve method to count the number of smooth
plane quintics. This result agrees with a previous result by Gorinov
where he computed the cohomology of nonsingular plane quintics using
a different method.
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Notation

All our schemes are noetherian.

With a curve over an algebraically closed field & we mean a proper scheme
of dimension 1 over k.

With a smooth curve we mean a curve that is smooth and irreducible.

The genus of a smooth curve C over k is given by ¢(C) = dimy H'(C, O¢).
The genus of a singular curve is the genus of its normalization.

With k we will always mean a finite field with g elements unless specified
otherwise. We define k; to be the finite field extension of k that has ¢’
elements.

When we talk about sets of points S C P? they will always be defined over
k.

1 Introduction.

Moduli spaces are spaces that parameterize objects. These objects can be
many things but here we are only interested in moduli spaces of curves. By
studying a moduli space of curves we can discover more about the curves
themselves.

We want to know the cohomology of M 4, the coarse moduli space of stable
curves of genus g. The cohomology of M, has been found for g up to four
but for five it is yet unknown.

It turns out that the cohomological data can be found by counting points
over finite fields. So if we know #Mj5(k) for all finite fields k& then we know
the cohomology of M. Inside My we have the closed subset 75, consisting
of smooth trigonal curves of genus five. In this paper we will count #75(k).
To do this we use the fact that there is a bijection between smooth trigonal
curves of genus five and projective plane quintics that have precisely one
singularity that is either an ordinary node or an ordinary cusp. To count
these plane quintics we use a a method for counting plane curves that we
call the partial sieve method. We derive this name from the fact that we
use the sieving principle up to a certain point and after that we compute
the rest explicitly.

In this paper we first give a short introduction to moduli spaces. We
will not actually use any theory of moduli spaces during our counting of
plane curves. However since moduli spaces provide the motivation for our
counting problem we still included some basic theory. After that we describe



the connection with plane curves and then we develop the partial sieve
method. To give some examples of how the method works we apply it to
count the number of smooth plane curves of degree three, four, and five.
Smooth plane quartics have been counted before (using the same partial
sieve method) by Bergstrom in [3] and later in [5]. In [6] Gorinov has
computed the cohomology corresponding to smooth plane quintics so our
count gives an alternative proof.

Finally we will count the number of plane quintics that have precisely one
singularity that is either an ordinary node or an ordinary cusp. Here we can
reuse part of the computations for smooth plane quintics.

Theorem [10.7] The number of smooth trigonal curves of genus five over a
finite field Fy is given by

#7-5(15‘(1) — qll +q10 o q8 + 1.

We have written a computer program to compute #75(F2) and #75(F3).
The results of this program support the theorem.

2 Moduli spaces.

Let k be an algebraically closed field. We want to find a scheme M, such
that there is a bijection between the k-points of M, and the isomorphism
classes of smooth genus g curves over k. Without any further conditions we
could easily construct such schemes. But we want M, to be unique and the
correspondence to be natural with respect to the structure on M.

To achieve this we look at families of curves. A family of curves over a
base scheme B is a smooth proper morphism C — B such that its geometric
fibers are smooth curves of genus g.

Definition 2.1. The moduli functor M, is a contravariant functor from
the category of schemes to the category of sets.

B+ {families of smooth curves of genus g over B up to B-isomorphism}
(B'— B)— (C/Bw (B'xp(C))

Definition 2.2. A fine moduli space for smooth curves of genus g is a
scheme M, that represents M.

This means there is an isomorphism of functors ¥ between M, and hyy, .
Here hyy, is the functor of points of M, that sends a scheme B to (B, M),
the set of maps from B to M. So every family in My(B) corresponds to a
morphism B — M,.



Remark 2.3. For any field k families of curves over Speck considered up
to k-isomorphism, are just curves up to k-isomorphism. So if B = Speck
where k is an algebraically closed field then as we wanted we get a bijection
between the k points of M, and the isomorphism classes of smooth genus g
curves over k.

The identity map M, — M, corresponds to what we call the universal
family 0 : U — My in My(M,). Now let us have any family ¢ : C' — B and
Up(p) = f: B— My. We look at the commutative diagram

Uy
My(My) — (Mg, My)
ng(f) thg (f)
My(B) —2 (B, M,)

and we get

¢=V5(f)
= Uy (idm, o f)
= (V5" o hag, (f) 0 Wy, )(6)
= (W' oW o My(f))(0)
= My(£)(0)

=B xnp, U

So every family over B is the pullback of the universal family 6 via a unique
map B — M,.

Remark 2.4. In a similar fashion to the above we can also define M, ,, and
M, ,, for smooth curves of genus g with n fixed points.

These fine moduli spaces are very nice but they only exist if the moduli
functor is representable.

We look at a family of curves ¢ : C — B such that all fibers are isomorphic
to some curve Cp. If such a family exists and it is not the trivial family Cy x B
then the fine moduli space does not exist. For if a fine moduli space M,
does exist then W(¢) will factor through the point in M, corresponding to
Co. Which means that the fiber product Cy xp, B is trivial.

Example 2.5. We will construct such a family for ¢ = 1. We consider
complex elliptic curves and write them in Weierstrass form Y2 = X3 +az+b.
Two elliptic curves are isomorphic if and only if they have the same j-
invariant. The j-invariant is given by j = 1728% and it is zero for
a = 0,b# 0. So we look at the family of curves over AL — {0} given by
Y2 = X3 4+ b. If this family is trivial then we can extend it to a family over
A}C. But its fiber over 0 would be Y2 = X3 which is not a smooth curve. So
the family is not trivial and the fine moduli space M; does not exist.



It turns out that this problem is caused by the existence of non-trivial
automorphisms. These non-trivial automorphisms enable us to create a
non-trivial family such that all fibers are isomorphic. We can see a non-
trivial automorphism in example if we go from one fiber to another fiber
and then back to the first fiber. The fibers over 1 and —1 are the curves
Y2 = X3+ 1 and Y? = X3 — 1. The isomorphism between these curves is
given by (z,y) — (—x,4y) where i> = —1. Applying it twice gives us the
non-trivial automorphism (z,y) — (z, —y).

There are three main solutions to this problem.

Solution 1: rigidification.

We no longer consider just the curves but we add some extra data. For
example we will choose some fixed points. If an automorphism fixes enough
points then it has to be the identity. (How many points is enough depends
on the genus.) This way we no longer have any non-trivial automorphism.
The downside of this approach is that we have to keep track of our extra
data.

Solution 2: stacks.

We extend the category of schemes by considering algebraic objects called
stacks. The moduli functor of smooth curves is not representable by a
scheme but it is representable by a stack. This approach is very clean.
However the difficulty of working with extra structure is still there, except
it is now part of the theory of algebraic stacks.

Solution 3: coarse moduli spaces.
Instead of demanding a fine moduli space we lower our demands to get only
a coarse moduli space.

Definition 2.6. A coarse moduli space for the moduli functor F' is a scheme
M and a morphism of functors W : F' — hjys such that:

(i) For algebraically closed fields k& the map F(k) — M (k) is a bijection
of sets.

(ii) Given a scheme N and a morphism of functors ® : F' — hy, there is
a unique morphism f : M — N such that ® = hyo V.

Coarse moduli spaces of smooth curves do exist. But these spaces may
not have nice properties. For example they are not always smooth.

Remark 2.7. From now on we will act as if the fine moduli schemes M,
Mg, exist. (They actually exist as stacks but since my knowledge of stacks
is insufficient I pretend we are just working with a scheme or variety.)



Example 2.8. Smooth 1-pointed curves of genus 1 are elliptic curves. The
j-line A! is a coarse moduli space for elliptic curves. Concretely a curve
C — B is sent to the map B — J that sends a point b € B to the j-
invariant of the fiber Cj. The first condition is satisfied since when k is
algebraically closed isomorphism classes of elliptic k-curves correspond to
l-points on the j-line.

Let m € J(I) for some field [, there is a family of curves C,, — Spec!
such that it is the isomorphism class of curves of j-invariant m. Now for the
second condition: given such N and ® we get the morphism f:J — N by
sending m € J to ®(Cy,).

We will now look at another moduli functor, namely the one for stable
curves. In what follows let ¢ > 0, n > 0 and 29 — 2+ n > 0. Here g is the
arithmetic genus.

Definition 2.9. A stable n-pointed curve of genus g is a reduced connected
curve C' of genus g whose only singularities are ordinary double points,
coupled with a collection Pi,..., P, of distinct nonsingular points, such
that C' has only finitely many automorphisms that fix Pj,..., P,. A stable
curve is a stable 0-pointed curve.

Similar to the smooth case we can define moduli functors M, and My,
for stable curves and n-pointed stable curves. It turns out that there exist
coarse moduli spaces M4, M, , and that these spaces are projective varieties.

As the notation implies the moduli space M, is a dense open subspace of
M. We can take a look at the boundary A, = M, — M,. Every curve in the
boundary has at least one singular point so it is in the closure of some locus
of curves with a singularity at that point. This means that the boundary is
the union of closures of loci of curves with one singularity.

For 1 <i < |4] we define AZ to be the closure of the locus of curves with
one singularity that are the union of two smooth curves of genera ¢ and g—:.
And we define Ag to be the closure of the locus of irreducible curves with
one singularity. We find that A, = |J; Ag.

An irreducible curve with one ordinary double point corresponds to its
normalization which is a curve with genus one lower and two points in the
inverse image of the double point. This gives us a dominating map My_1 2 —
A(g). And we also have dominating maps M; 1 x My_;1 — Ag.

3 Point counts and cohomology.

As we said in the introduction we are interested in the cohomology of M.
Let k be a finite field. We define the number of points over k of M, to be



where the sum is over representatives of k-isomorphism classes of stable
curves of genus g over k.

Bogaart and Edixhoven have shown the following in [1]:
Let d be the dimension of M. If there exists a polynomial P(t) = Y Pit’,
with P; € Q, such that

#MQ(FP") = P(p") + 0(pnd/2) (n — o)

for all p in a set of primes of Dirichlet density 1, then the degree of P(t)
equals d and there exists a unique such polynomial satisfying P; = Py_;
for all 0 < i < d. Suppose P(t) satisfies this symmetry. Then it has
non-negative integer coefficients and satisfies #M,(Fpn) = P(p") for all
primes p. This polynomial also completely determines the cohomology of
Mg. That is, for all primes [ and all ¢ > 0 there is an isomorphism of
Gal(Q/Q)-representations

i~ -~ J0 if ¢ is odd;
" ((Mg)(@’ét’@l) N {Ql(—i/2)Pi/2 if 7 is even.
From Theorem F in [2, p.15] and the fact that M is unirational it follows
that for M5 such a polynomial P(t) exists.

By purity, knowing the cohomology of Mj is equivalent to knowing the
Hodge Euler characteristic of Ms. This Hodge Euler characteristic can be
computed from that of M5 and the S,-equivariant Hodge Euler characteris-
tics of the My, occurring in the description of the boundary As. We say a
function of k = F, is polynomial if it is an element of Q[¢]. The occurring
#M, n (k) are known and polynomial for ¢ < 3. We do not know all the
occuring #My (k) but we do know they are polynomial from Theorem F
in [2, p.15], so #Ms5(k) is polynomial. By the symmetry described above
it will then be sufficient to know the higher order terms of #Ms5(k), from
which we will be able to compute #Ms(k) and #Mj5(k). Since Ms(k) has
dimension 12 the higher order terms are those of order greater than or equal
to 6.

We can split up M;5(k) in three groups of curves:

(i) If a curve has a g1 then it is hyperelliptic. We already know the number
of hyperelliptic curves: #Hj(F,) = ¢°.

(ii) If a non-hyperelliptic curve has a g3 then it is trigonal.

(iii) We call the other curves non-trigonal curves. A non-trigonal curve has

a canonical embedding as a complete intersection of three quadrics in
P4

In this paper we count #75(F,), the number of trigonal curves of genus 5.



Theorem The number of smooth trigonal curves of genus five over a
finite field Fy is given by

#E(Fq) — qll +q10 . q8 4 1.

4 Representing trigonal curves by projective plane
curves.

Proposition 4.1. There is a bijection between the smooth trigonal curves
of genus five and projective plane quintics that have precisely one singularity
which is either an ordinary node or an ordinary cusp.

Proof. Let C be a smooth trigonal curve of genus 5 and let D be a divisor
in its g3. We look at the linear system |K — D|. We see that deg(K — D) =
2g —2 — 3 = 5. And by Riemann-Roch we have dim |[K — D| = dim |D| —
deg(D) 4+ g — 1= 2. So we get a g2.

Claim: The g2 is base point free.

Proof of claim: If it has a base point P then we have dim |[K — D — P| =
dim |K — D| which gives us a g3. This g7 is base point free, otherwise we
get a g% which contradicts Clifford’s theorem. It is also very ample for
otherwise there are points @, R such that dim|K — D — P — Q — R| =
dim|K — D — P| -1 and we get a g4, which is a contradiction with the fact
that C is not hyperelliptic. So C can be embedded as a smooth plane curve
of degree 4. But this means that the genus is 3(4 — 1)(4 — 2) = 3, which is
a contradiction.

Since the gg is base point free we get a corresponding morphism ¢ : C' — P?
with deg(¢) - deg(p(C)) = 5. If deg(¢(C)) = 1 then ¢(C) is a line, which is
in contradiction with the fact that the dimension of the g2 is two. So ¢ is
of degree 1. The image is of degree 5 which gives us

5:g:;(5—1)(5—2)—2}3:(513:6—;513.

So the image has to have precisely one singularity of delta-invariant 1. This
means that it has multiplicity 2 and thus it has two tangents counting mul-
tiplicity. If these tangents are the same then we have an ordinary cusp and
if they are different we have an ordinary node.

The only thing that remains is to prove that the g3 (and thereby the g?)
is unique. If there are two different gi’s then they are both base point free,
otherwise we would get a g2, which contradicts the fact that C' is not hyper-
elliptic. Together these two gi’s give a map to P! x P!. The image of this
map is a curve Z of type (3,3), i.e., the inverse image of a point on either
P! is a divisor of degree 3. A non singular curve of type (a,b) in P! x P! has
genus (a — 1)(b— 1), so Z has genus at most 4, which is a contradiction.



Conversely, suppose that we have a curve C' that has a representation as
a plane quintic with one singularity that is either an ordinary node or an
ordinary cusp. Then by the genus formula

(5-1)(5-2)
2
Every line through the singular point intersects C' in 3 other points counting

multiplicity. So the pencil of lines through the singular point gives us a
1
gs3- [

9(C) = —1=75.

We want to count
#7-5 Z \Autk
C/k

where the sum is over representatives of k-isomorphism classes of smooth
trigonal curves of genus five over k. By the above proposition it is equivalent
to let the sum go over representatives of k-isomorphism classes of plane
quintics that have precisely one singularity which is either an ordinary node
or an ordinary cusp.

Plane curve automorphisms can be extended to P? automorphisms and
the automorphism group of P? is the projective general linear group PGLs.
So the automorphism group of a plane curve C' is the stabilizer of the action
by PGL3 on P2. We get

Z |Autk Z |Stabk
C/k C/k
We can rewrite this as

|Orbk
1.
CET(k

Here T is the set of plane quintics with exactly one singularity which is
either an ordinary node or an ordinary cusp.

This enables us to simply count plane curves rather than plane curves
up to k-isomorphism. However before we compute |T'(k)| we first develop
the partial sieve method for counting smooth plane curves. Later we shall
adjust this method to count curves that have precisely one singularity which
is either an ordinary node or an ordinary cusp.

5 Preliminaries and tools.

Definition 5.1. Let P, ..., P, be points in P? and let 71, ...r, be natural
numbers. We define Vi(d,r1Pi,...,r,P,) to be the set of degree d plane
curves over k that have multiplicity at least r; at P; for 1 <1i < n.
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If S={P,...,P,} is a set of points then we may write Vi(d,rS) :=
Vi(d,rPy,...,7Pp).

The set Vi(d,r1P1,...,r,P,) is the result of applying linear conditions to
the projective space of all degree d projective plane curves over k. When
the conditions contradict each other we get the empty set and otherwise we
get a linear subspace. Whether these conditions are dependent or not does
not depend on the fields that the points are defined over:

Notation 5.2. When we talk about the Frobenius map F we mean the
geometric Frobenius.

Let P? be the projective plane over a field F,. The geometric Frobenius on
P2 is the endomorphism P? — P? defined by (z :y : 2) > (29 : y? : 29).

Lemma 5.3. ([3, 2.8]) If we have points {Pi,...,P,} such that for ev-
ery 1 < i < n there is a j such that F(FP;) = P; and r; = r;, then
dimk Vk(d, ?“1P1, “. ,T’nPn) = dlmE VE(d, 7’1P1, ey rnPn)

Notation 5.4. We write A = [1*, ... v**] for the partition where i appears
A; times. This partition has weight [A| :== >"7_; i-\;. We consider the empty
partition [] to have weight 0. For the sake of notation we leave out the zero
powers, e.g. [12,2°,3% 41] is the same as [12,41].

Given A = [1M, ..., v™] and p = [1™,...,v*] we use [\, u] to denote
[1>\1+u1’ e U/\mLuv].

Definition 5.5. Let X be a scheme defined over k. An n-tuple (z1,...,x,)
of distinct subschemes of X7, is called a conjugate n-tuple if F(x;) = xiq1
for 0 <i < n and F(x,) = xg, where F is the Frobenius map.

A |\|-tuple (z1,...,x|y) of distinct subschemes of X, is called a A-tuple if
it consists of A; conjugate 1-tuples, followed by A2 conjugate 2-tuples, etc.

Given a set S of distinct subschemes of X, we define S to be the partition
such that S is a §—tuple.

A A-tuple is called ordered when it is ordered as a |A|-tuple. A A-tuple
is called unordered when for each 1 < i < v the \; conjugate i-tuples
are unordered among themselves and the points within every i-tuple are
unordered.

For a scheme X defined over k we write Xo.q(A) for the set of ordered
A-tuples of points of X and we write X () for the set of unordered A-tuples
of points of X.

We see that for a partition A = [17 ... v**] we get
|Xord()‘)‘
X(\)| = oAV

11



Lemma 5.6. ([0, 4.12]) Let u denote the Mdébius function. For any scheme
X defined over k, the number of ordered \-tuples of points of X is equal to

v Ai—1 .
Ko =TT T [ | i) - Xkl | =i+
i=1 j=0 dli

Example 5.7. Since the empty product gives one we have | X ([])| = 1.

Example 5.8. We want to know the number of ways we can pick an un-
ordered [2%]-tuple of points on a k-line L. The lemma tells us that the
number is

@D =5 ([ ey 12kl | ~2-0) - [ [ S rC)- 12k | ~21
d|2 d|2
= S (L0~ 1)) - ((1L(k)] ~ LRI — 2)
= (@ + 1)~ @+ D) (@ + 1)~ +1) - 2)
:é(qz—Q)-((qQ—q)—Q)
“(7)

M

There are 25 conjugate 2-tuples on a line so this fits our expectations.
Notation 5.9. We say a curve C'is of type [dy,...,d,] for di,...,d, € Nif

it has n distinct irreducible components C1, ..., ), where C; has degree d;.
The number of singularities on each irreducible component is restricted by

Theorem 5.10. If C' is an irreducible projective plane curve of degree m,
then
3 mp(mp, —1) _ (n—1)(n—2)
2 - 2

i
were mp, is the multiplicity of C' at P;.
Proof. See Fulton [8, 5.4, theorem 2] O

Here are some basic facts about lines that we will use.

Lemma 5.11. Let i,j € N be coprime and let LCM(i,j) denote the least
common multiple of i, 7j.

(i) A conjugate i-tuple of lines and a conjugate j-tuple of lines intersect
in one k-point or in a conjugate LCM(i, j)-tuple of points.

(i) Through a conjugate i-tuple of points and a conjugate j-tuple of points
goes one k-line or a LCM(i, j)-tuple of lines.

12



(iii) There is precisely one k-point on a conjugate 2-tuple of lines.
(iv) There is precisely one k-line through a conjugate 2-tuple of points.

(v) A conjugate 3-tuple of lines either has no k-points on it or all three
lines intersect in one k-point.

(vi) A conjugate 3-tuple of points either has no k-lines through it or all
three points lie on one k-line.

Proof. (ii), (iv), (vi) are the dual versions of (i), (4ii), (v) so just proving the
latter three is sufficient.

(7): Let L be a line in the i-tuple of lines and let R be a line in the j-tuple
of lines. Let t be the minimal natural number such that L N R is a ki-point
P. Ifitt then F*(L) # L and so P € L' for some conjugate L’ of L. Since
F' fixes both L and L' and P = LN L' we get t|i. So i[t or t|i and similarly
we get j|t or t|j. We also know that both L and R are fixed by FFCM@:d) g0
t < LCM(i, ).

If t|i and t|j then because i, j are coprime we get ¢ = 1.

If ¢|t and j|t then t = LCM(4, j).

If i|t and t|j then i|j so i =1 and then t =1 or ¢t = j = LCM(4, j). For t|i
and j|t it is the same with ¢, j switched.

(#i7): Let us denote one of the two lines by L. The k-points on L are
the points on L that are fixed by F, that is the points in the intersection
LN F(L). And two distinct lines intersect in precisely one point.

(v): Let us denote one of the three lines by L. A k-point P is fixed by F so
if P € L then P € LNF(L)NF(L). O

6 The partial sieve method.

In this section we will develop a method to compute |Cy(k)|, the number of
smooth degree d plane curves over k. We first count all curves of degree d
and then ”sieve out” the degree d curves that are singular so that we are
left with the nonsingular curves.

First we count all curves (including singular curves).

> Vi(d,28)] = [Vi(d)|

SeP([])

Every curve that has precisely one singularity has been counted one time.
So we subtract every curve that has at least one singularity at a k-point.
For every k-point P € P? we subtract |Vi(d, {P})|.

— Y IVi(d.29)

SeP?([11])

13



Now for the curves that have precisely two singularities we get two cases:
either the singularities are both defined over k or they form a conjugate
2-tuple.

The curves that have two singularities over k have been counted once and
then subtracted twice (once for each singularity). So we have to add them
once.

+ 3 d2s)]
SeP?([12])
The curves that have a conjugate 2-tuple of singularities have been added
once so we have to subtract them once.

- > Vk(d,29)]
SeP2([21])

And we continue in this manner for curves that have at least three singu-
larities and then curves that have at least four singularities, etc.

Definition 6.1. If A = [1*,... v*] is a partition then by x C A we mean
any partition g = [1#1, ..., v**] such that p; < A; for all 1 <i < w.
We define o(A) € Z such that

o) =1
ZU(;L)H <2z> =0, for A#].

BCA i=1

The number of times a curve with singularities at a A-tuple of points has
to be added in the sieve method described above is given by o()). So if we
continue our sieving we get

S (o X mes)).

A SEP2(A)

We cannot keep counting indefinitely so we only count those A for which
|A| < M where we define M := @. We stop at M because any degree
d plane curve that has more than M singularities has a double component
and thus has infinitely many singularities. So it suffices to count up to and
including M and then afterwards correct the curves that have an infinite
number of singularities.

However it becomes more and more difficult to compute this sum as ||
increases. So we will use a partial sieving method where we will only count
those A for which |A\| < N where N is a fixed number chosen such that
1<N<M.

For the A such that N < |A] < M we will explicitly count |Cy |, the
number of degree d plane curves that have exactly a A-tuple of singular
points.

14



Definition 6.2. For a partition A = [1, ... v*] we define 7(\) € Z such

that
v )\z B
MEC:A o) 1;[1 <M> +7(\) =0
lul<N

The number of times |Cy | has to be added is given by 7(\). We now have

|Cd(k)’ = Sd,sieve + Sd,explicit + Sd,0c0

where

Sd,sieve +— ’PGLg ’ Z < Z |Vk(d7 2S)|>7 (1)

IA|<N SEP2())
1
Sd,explicit *= T ~T 711 T()‘) ’ |Cd,>\|a (2)
plicit |PGL3(k)] N;M;M
Sd,co += — Z Z (3)
|PGL3 CeCd o NN

Here Uy is the set of degree d plane curves that have an infinite number
of singularities.
We will now describe how we will compute these sums.

Lemma 6.3. For a partition A\ = [1M, ... v ] we have

o) = (~D)Ti= Y,

)=o) Y U(M)H<AJ:>.

HCA Hi
lul<M—-N

Proof. First we use induction to show that for a a positive integer and b a
non-negative integer we have o([a’]) = (=1)°. By definition it is true for
o([a®]) = o([]) = 1. If it is true for b < n then for b = n + 1 we get from the
definition of o

0= ni (n j 1)0([@@) = % (“j 1) (—1)" + o([a"+]) — (—1)"+!

=0 i=0

And from the properties of the binomial coefficient we get

i ("7 ==



In a similar fashion we show that o(\) = [[{_, o([i*]) using induction on
the weight of A. For |A] = 0 it is clearly true and if it is true for all A of
weight up to n then we get for [A\| =n+1

i=1a;=0 i=1
=[Ia -+ —JTeo (]
i=1 i=1
=o(\) = [To@]
=1

So o(\) = [1v_; o([i*]). Now it is easy to see that o(\) = (—1)2i=1 i,
From the definitions of ¢ and 7 we find that

W= % owI()

HCA J Hi
N<|plsM
- > cozeqp(Y)
LA ; Hj
N<|plsM
— Z (_1)Zj(/\j—uj)H( Aj )
= AN
|ul<M—N
)\,
—o- X awII()):
HCA ;M
lul<M—N

O]

Definition 6.4. A sieving partition is a partition of |}, <y P2(\) into sub-
sets Uy, ..., U, together with numbers w;,u; € Z>o for 0 < i < n such
that if S € U; then we have |S| = w; and [Vi(d,25) = u;. We also write
Uiy = {S e U;|S = )x}.

We can use a sieving partition to compute sq sieve-

3 a<A>-|U,~,A|> (4)

[Al=w;

1 n
Sd,sieve = T ~1T 711 Uy *
* [PGL3 (k)| ;(
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When we create a sieving partition we have to look at what |Vj(d,25)]
becomes for different S C P2. The set Vi (d) is simply the projective space
spanned by all monomials of degree d. So Vj(d) = P™ where n = d(d; 3 For
Vie(d,2S) we add 3|S| linear conditions to Vi(d): one condition for a point
being on the curve and two for it being a singular point. So if Vj(d,25S)
is not empty then its minimal dimension is @ — 3|S|. If there are no
dependencies between the 3|S| conditions then this minimal dimension is
the actual dimension.

If we have points P, ..., P, on aline L then for any curve C' € Vi (d, 2P, ...
we get for the intersection number that L - C' > 2n. So if 2n > d then by
Bézout L is a component of C'. This means we can see C as a degree d — 1
curve times L. We get Vi(d,2Py,...,2P,) = Vi(d — 1,1P,,...,1P,). The

minimal dimensions are given by @ — 3n for Vi(d,2Py,...,2P,) and

w —n for Vi(d —1,1P;,...,1P,). (Note that these dimensions are
the same for 2n = d + 1.)

We will create our sieve partitions as follows: We will separate U| A<N P2(\)
into subsets based on |A| and on the dependencies we can find as above using
Bézout. So an example would be the subset of all sets of five points such
that there are precisely four points on a line. We will move to a space of
lower degree curves as often as we can if this new space has a higher mini-
mal dimension. When we can no longer do this we have found the ”highest
minimal dimension”. Then we only need to prove that the highest minimal
dimension is the actual dimension. Of course there is no reason to think
that this is always true but it will turn out to be true in all the cases that
We come across.

Example 6.5. Let us have a set of points S = {P,..., Ps, Py} where the
points in S’ = {Py, P, P3, P4} are on a line L and the points in §” =
{Ps, Ps, Pr} are on another line L. We want to know the dimension of
Vi(5,2S5). There are four points on the line L so L is part of any curve
in Vi(5,25). So Vi(5,25) = Vi(4,15",25"). Now for d = 4 the points
in S” determine that L’ is part of any curve in Vi (4,15’,25") so we find
Vie(4,157,258") = Vi(3,15). The projective space Vj(3,1S) has minimal
dimension 9 — 7 = 2. To see that the dimension is equal to 2 we only need
to prove that the seven conditions on the P? of cubics are independent. We
will not do that in this example but it is not very hard to do.

Remark 6.6. For our partial sieving method we generally want to choose
a high N since it is less work to compute sggieve than sgexplicit.- However if
we choose N too high then when we try to make a sieving partition some
of the highest minimal dimensions will be negative. This is a lot harder to
work with so in practice we will want to choose N as high as possible such
that this problem won’t occur.

17
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Definition 6.7. For any scheme X defined over k£ and w € Z>o we define

[A|l=w

This construction will occur quite often, mainly as part of when we have
Ui = X (X) for some scheme X.

In the following table we list some values of 7, (X ) where the rows repre-
sent different X and the columns represent different w. Remember that ¢ is
the number of elements in k.

0 1 2 3 |4(5]6]|7

P! 1| —q—1 q 0 [0]0]0O]|O
PL—{P} |1 —q 0 0 |0]0|0]O
P2 1| —¢—q-1|F+P+q| —¢|0]0][0]0
P2—{P} 1] —¢*—¢ q 0 |0[0[0]0O

Lemma 6.8. In the following cases we will have 54, = 0.
(i) d=3, N >2.
(ii)) d =4, N > 3.

(ii)) d =5, N > 5.

Proof. If we can show that for any C' € Cy00 we have 3 5 <y 0(A)-C(A) =0
then we can see from that s4., = 0. Since d < 5 there are the following
four possible types of double components: A k-line, a k-conic, two k-lines,
and a conjugate 2-tuple of lines.

Let us take a curve C that has precisely one double k-line L. We use Z
to denote the set of singular points of C' that are not on L. The number
of points in Z is at most W. When choosing a A-tuple of singular
points on C' we pick part of the points from Z and the rest from L.

Yoo =>" > oS A)- 1L ]] <§>

AN SCZ|A<N-|S| i=1
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Since Y1, m(P) = 0 for n > 2 we see that 2openo(A) - C(A) = 0 if

N > |\ 42> @223 4 o

For a curve C' that has precisely one double k-conic we can apply the
same reasoning. Except that for d < 5 there are no singularities outside the
double conic. So we end up with the result that 3, .y o(A) - C(A) = 0 if
N > 2.

For a a curve C that has precisely two double k-lines L, L’ there are no
singularities outside the double lines and we get

Yoo =) > o) ILV] L~ L) (w)

NN A u|SN=)|
=> (N -ILN] D> ow) - I(L - L) ()
<N
N—i

A
N
Zﬂ', m;(L—L").

=0 1=j

Since Y1, m(PY) = 0 for n > 2 and m;(P! — {P}) =0 for j > 1 we find
that >\ <y o(A)-C(A) =0if N = 3.

We are left with the curves C that have a double conjugate 2-tuple of lines
L,L'. Let P denote the k-point LNL'. For a partition A = [1M,2*2 ... o]
we define 2\ = [2M,4%2 .. (2v)*]. All points on (LUL')—{P} are defined
over fields k; such that i is even. This means that we can work over base ko
when choosing our points. (For example a [11, 2!]-tuple of points over base k2
consists of a kg point and conjugate 2-tuple of k4 points.) Picking a A-tuple
of points over base ko on L — {P} also determines their conjugates and is
thus equivalent to picking a 2A-tuple of points over base k on (LUL")—{P}.
Note that o(A) = o(2X). We divide the sum -y o(A) - C(A) into two
parts. First we have the sum of A-tuples of points that do not include the
point P. Over base ko this sum is

,_
N
i

Yo o@N L~ {PHNI = m(L—{P}).

IN<LF =0

When we do include the point P we get over base ks

155

Y o(2A) - (L~ {PHNI =~ Y m(L—{P}).

RNESS =0

These two sums cancel each other out if [§| > 1 and |¥71] > 1 so we find
that ZI/\ISN o(A)-C(A\)=0if N >3.

The case where we have exactly a double k-line imposes the condition
N > ((1_2)2&—1—2. For d = 3 this means N > 2, for d =4, N > 3, and for
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d =5, N > 5. The other three cases do not occur for d = 3 and for d = 4,5
their strongest demand is that N > 3. O

7 Smooth plane cubics.

For d = 3 we see that M = d(dgl) = 3 and we choose N = 3. This means
that s3 explicit = 0 and by Lemma we have s3 o, = 0. So we only need to
count s3 gieve- Lo do this we will choose a sieving partition.

We say a tuple of points is in general position if there are no three points
on a line. For every 0 < w < 3 we have the set U,, of w-tuples of points in
general position. For S € U, we see that V;(3,25) is a PY of cubics with
3w linear conditions imposed on it. Because of we can apply a k-linear
transformation to map the w-tuple of points to a subset of {(1:0:0), (0 :
1:0),(0:0:1)}. This makes it easy to see that the 3w conditions are
independent. So u,, = |[P?73%|. For 0 < w < 2 all w-tuples are in general
position.

We write Uy for 3-tuples of points that are on a line. We get a P° of
conics with 3 linear conditions imposed on it. By mapping the points to
(I :0:1),(1:0:0),(0 :0:1) we see that the three conditions are
independent so ug = |P?|.

Since for 0 < w < 2 all w-tuples of points are in general position we
find that U, = P?()\). To get a 3-tuple of points on a line we first pick a
k-line and then a 3-tuple of points on that line. So |Uy,| = [P?|- [PL(N)].
All 3-tuples of points that are not all on a line are in general position so
Us 2l = [P2(0)| — [P2] - [PY (V).

We get

4

1
53,sieve = W Z <u1 g : ‘Ul,)\|>

=0

Z<P9 |7 (PZ))HPO\ (ms(P) — [P - 3 (BY)) + [B?] - [P - moP’l))

w=0

B 1= |9 (2 + g +1) + [P <q3+q2+q>+m0|-(—q370>+0)

|PGL3 |<
|PGL5 |(

So \03( Jl=q

8 Smooth plane quartics.

2
want to choose N as high as we can without getting problems with negative

minimal dimensions.
We say a tuple of points is in general position if there are no three points on
a line and no five points on a conic. For a set of w-tuples of points in general

For d = 4 we see that M = dd—1) _ 6. As we mentioned in Remark we
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position we get a P of quartics with 3w linear conditions imposed on it.
For 1 < w < 4 it is not hard to see that the 3w conditions are independent.
But for w =5 and w = 6 we get a negative minimal dimension.

We can evade this problem since by Theorem [5.10] we find that any curve
with four or more singularities is reducible. In fact a quartic can only have
exactly five singularities if it consists of two lines and a conic, in which case
there will be three points on a line. And a quartic can only have exactly
six singularities if it consists of four lines, in which case there would also
be three points on a line. So there are no quartics that have five or six
singularities in general position.

For N = 6 we will still run into problems but for N = 5 the above
workaround suffices since we do not get any negative minimal dimensions in
other cases. So we choose N = 5. By Lemma we have 53 o = 0.

In our sieving partition we get for 1 < w < 4 the set of w-tuples of points
in general position. We also get the set of tuples of points that have five
points on a conic and multiple sets of tuples of points that have at least
three points on a line. (For example the set of 5-tuples of points that have
four points on a line and one point outside the line.) We do not prove here
that their resulting conditions are independent but it is not hard to see.
Only the sets of points in general position contribute to the count because
7w(PY) = 0 for w > 3 and 7, (P' — {P}) = 0 for w > 2.

As an example we take U;, the set of 5-tuples of points that have three
points on a k-line L and three points on a different k-line L'. To count
|U; x| we first pick the two k-lines which can be done in (ngq“) ways. The
intersection P of these lines is one of our five points and we pick two more
points on each line.

2
5 o 1l = (T 7T S X e (@ - PO (- (PHw)

s [A=2 |u|=2
(P +ag+1 o\ - (L — o(p) - (L'~
_( : )(; V- (L {P})(A)) <|Z= (W) - (L {P})“‘))
_ <q2 T 1) my (B = {P}) - (P!~ {P})

=0
Since the points that are in general position are the only type of points that
do not result in zero we can pretend all points are in general position. (We
actually have to subtract the cases where the points are not in general po-
sition but since we would only subtract zero it makes no difference to the
result.)
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1 4
54 sieve = m u;) |P14_3w| ’Ww(PQ)

_ 1

~ |PGL3(k)|
For |A| = 6 we will explicitly count |Cy )|, the number of smooth degree 4
plane curves over k that have exactly a A-tuple of singularities. If a plane
quartic has exactly six singularities then it consists of four lines. If these
four lines are a [14]-tuple then we count the number of curves as follows. We
first choose two k-points.

<]P’14| L PY (g + 1)+ [P (¢ + ¢ + ) + PP —q3>

)= (C )

Then through each of these points we take two k-lines that do not pass
through the other point.

2
- PP = (7)

Now we have four k-lines that intersect in six points. However for every way
we pick an unordered pair of unordered pairs of lines from the four lines we
get the same four lines, so we have to divide by 3.

The cases for the other A are computed in a similar fashion. For example
when we have a [1!, 3!]-tuple of lines we first take a k-line: ¢% + ¢ + 1.
And then we choose a conjugate 3-tuple of lines such that these lines do
not intersect each other in one k-point. To count this we first choose any
conjugate 3-tuple of lines and then subtract for every k-point P the number
of conjugate 3-tuples of lines through P.

%( 6+q3—q2—q)—(q2+q+1)é(q3—Q) = %( —¢" '+
We will divide Cy y into smaller parts. Since proper subscripts would overly
complicate the notation we will simply denote these parts by C' for all A.
This is quite vague but since we will only use it in tables it will be clear
enough what is meant.

To help see how we computed |C| we make the following distinction in all
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our tables. We write |(P* — {P})([1%])| = (g) and |(PY)([2'])| = %(q2 —q).

lines | A points | 7(\) C]
] opey |1 (7T (9)°
%21 | (12,27 | 1 T @) - a)
[t 37 1 (@ +q+1)35(° - —¢* +¢*)
27 | (%23 | 1 (T (G - ))?
(4 | 244 | 1 3@ - ) — (P +a+ Dt —¢?)

We get

24 8 3 4 4

where the sum is over the rows in the table.
So we have proven the following theorem.

Z plep 1,1 1 1l
!PGLs k)]

Theorem 8.1. ([3, 2.13]) The number of smooth plane quartics over a finite
field Fy is given by
|Ca(Fy)| = ¢° + 1.

9 Smooth plane quintics.

For d = 5 we see that M = d(dgl) = 10 and we choose N = 7. Now by
Lemma we have s5 o = 0.

9.1 The sieve count.

We create a sieving partition.

9.1.1 All points in general position.

We say a tuple of points is in general position if there are no four points on
a line and no six points on a conic. Note that this includes reducible conics.
By Theorem we find that any curve with seven or more singularities is
reducible. So a curve with seven or more singularities either has infinitely
many singularities or is of type [1,1,1,1,1], [2,1,1,1], [2,2,1], [3,1,1], [3,2],
or [4,1].

Lemma 9.1. A plane quintic of type [1,1,1,1,1], [2,1,1,1], [2,2,1], [3,1,1],
[3,2], or [4,1] cannot have seven singularities in general position.
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Proof. If a curve of type [1,1,1,1, 1] has at least seven singular points then
either no three lines intersect in one point or there is precisely one point
where precisely three lines intersect. In either case there are four singular
points on a line.

If a curve of type [2,1,1,1] has at least seven singular points then it has
four singular points on a line unless all three lines intersect in the same point
in which case there are six singular points on the conic.

If a curve of type [2,2,1] has at least seven singular points then there are
six singular points on a conic unless the conics intersect in precisely three
points in which case there are four singular points on the line.

If a curve of type [3,1,1] has at least seven singular points then there are
four singular points on a line.

If a curve of type [3,2] has at least seven singular points then there are
six singular points on the conic.

If a curve of type [4,1] has at least seven singular points then there are
four singular points on the line. O

This means we can just do the dimension proof for the case where we have
six points in general position, since for any lower number of points the
conditions will be a subset of the conditions for some tuple of six points.

Lemma 9.2. If P, ..., Ps form a A-tuple of points in general position where
X is any distribution of weight siz, then Vi (5,2Py,...,2Ps) = P2,

Proof. We get a P?0 of quartics with 18 linear conditions imposed on it so
we need to proof that the conditions are all independent.

Because of we can apply a k-linear transformation to map the A-tuple
of points to (1:0:0),(0:1:0),(0:0:1),(1:1:1),(s:a:f8),(t:7v:0)
for some s,t,a,5,7,0. If s =t = 0 then we have four points on a line so
without loss of generality we can take s = 1. This leaves us with two cases:
t=1and t = 0. We start with £ = 1.

We look at the matrix where the columns correspond to the monomials
of degree 5. For every point we get three rows: one with the values at the
monomials and two with the values at the derivatives of the monomials.
Here we take the derivatives to x and z.

We can remove the rows corresponding to (1:0:0),(0:1:0),(0:0:1)
while also removing the nine corresponding columns. Now we have a 9 x 12
matrix; if we can remove three columns such that we get a square matrix with
nonzero determinant then the rank of the matrix is 9 and the conditions are
all independent. We remove the columns corresponding to y223, zyz3, x223
to get determinant

(aBy — afd — s + B8 — By + ad) (a — 7)(a — 1)a*(y — 1)7°.

If afy—aBd—avyd+ pvd — By+ ad = 0 then there are six points on a conic.

24



If & = v then we remove the columns corresponding to y?z3, zyz3, 132>
instead to get determinant

(a—B)(a—d)(a—1)"a’(B—0)°.

If & = 0,1 we have four points on a line and if 8 = § then two of our points
are the same. If @ = 8 then we remove columns y?23, zyz3, xy%2? to get

—(a—8)5(a—1)5a’.

If this is zero then we have four points on a line or two points are the same.
So we have proven that the conditions are independent if « = v = 5. By
symmetry we have also proven it for & = v = ¢ and thus again by symmetry
for « =y and B = 4.

If @ = 1 then we remove columns 4223, zyz3,y32? to get

—(By = 0)(B—1)°(y — 8)(y — 1)*+*6”.

If v = 1 we have four points on a line, if 3 = 1 then two of our points
are the same, and if § = 0 then there are six points on a reducible conic.
From here on we replace the rows corresponding to derivatives to x by
rows corresponding to derivatives to y. If v = 0 then we remove columns
y2z3,y322, xy222 to get

—(8—1)°".
If v = 6 then we remove columns y?z3, zyz3, xy%2? to get
~(B-1°(y = 1)°”.
If § = By then we remove columns y?z3, zyz?, xy%2? to get
(B—1°8%(v = 1)
If o = 0 then we remove columns y223, :Uyz3, 1'2y22 to get
—37(y = 1)7°(6 - ).

If v = 0 we have four points on a line, if 5 = 0 then two of our points are the
same, and if § = 1 then there are six points on a reducible conic. If v =1
then we have a case symmetric to a = 1,7 = 0.

By symmetry we have also covered v = 0,1 so we are done with the case
where t = 1.

Now for ¢t = 0 we again take derivatives to x and z and we remove columns
:J:yz3,:13y2z2,:c3z2 to get determinant

(Oé o 5)5042")/8(55.

If o = 0 we have four on a line, if v or ¢ is zero the two points are the same,
and if a = 3 then there are six points on a reducible conic.
We have shown that there are no dependencies. ]
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When we descripe a subset of tuples of points in our sieving partition, we do
not explicitly describe all the points. So when we say ”four points on a line”,
we leave implicit that there are up to three other points and that these three
other points are not covered by one of the other cases such as ”four points
on a line and three other points on another line”. Also when we say ”four
points on a line and three other points on another line” we are referring to
a total of seven different points. So the four points are different from each
other and the three points are also different from each other. Furthermore
our use of ”other” implies that the four points are distinct from the three
points.

We only show that the dimension is the expected one for the cases where
we have seven points in total. Since if the conditions corresponding to seven
points are independent then the conditions corresponding to a subset of the
seven points are also independent. We always remove the rows and columns
corresponding to (1 : 0 : 0),(0:1:0),(0:0: 1) from our matrices since
their conditions can easily be separated from the others this way.

9.1.2 Five to seven points on a line.

The line is a double component and we are left with a P? of cubics with at
most six conditions from the points not on the line. It is easy to see that
these conditions are independent.

9.1.3 Four points on a line and four points on another line.

Note that in cases like this where we have an equal number of points on each
line, the lines could be a conjugate 2-tuple. However since we use a k-linear
transformation on the points this does not affect the argument.

We map the intersection point of the lines to (0: 0: 1). The other points
are mapped to (1:0:0),(1:0:1),(a:0:1)and (0:1:0),(0: 8:1),(0:
v :1) where a # 0,1, 5,7 # 0, and 5 # . The points determine both lines
so we get a space of cubics through six points. Looking at the conditions
for (2 0:1),(0:8:1),(0:~:1) and columns yz2, x2% y%2, 2%z we get
determinant

(a—=1)a(B —v)By.

9.1.4 Four points on a line and three other points on another
line.

We map the four points on a lineto (1:0:0),(0:0:1),(:0:1),(8:0:1)
with a, § # 0 and o # . The two other points we map to (0:1:0),(1:1:
1), (v : 1 : ) such that v # 0, 1. The points determine both lines so we get a
space of cubics through seven points. Looking at columns yz2, z22,y?z, 22

we get determinant

(= B)ap(y —1)y.
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9.1.5 Three points on a line and three other points on another
line.

We map the points on the lines to (1 : 0:0),(0:0: 1),(a:0: 1) and
(0:1:0),(1:1:1),(8:1:p) such that o # 0 and 8 # 0,1. The other
point we map to (v : 1 : ) where v # §. The points determine both lines
so we get a space of cubics through seven points that have a singularity at
(7 :1:6). Taking derivatives to  and z and removing the column for zz2
we get determinant

—a*(B—1)B(y —6)°.

9.1.6 Four points on a line.

We map the four points on a line to (1 : 0:0),(0:0:1),(a:0:1),(5:
0:1) with a, 8 # 0 and o # . The two other points we map to (0 : 1 :
0),(1:1:1),(y:1:0) such that v # §. The points determine the line so
we get a space of quartics through seven points that have singularities at
(0:1:0),(1:1:1),(y:1:0). Taking derivatives to x and z and removing
the columns z23,4y%2? we get determinant

(= B)a”B%(y = 6)%y,
so ¢ = 0 but then we remove 23, xy2z? instead to get
(a - /B)CM25255,

so d = 0 but then we would have ¢ = d.

9.1.7 Seven points on an irreducible conic.

The conic is a double component of the curve so we get a P? of lines with
no conditions.

9.1.8 Six points on an irreducible conic.

We have six points P, ..., Ps on a conic C' and one more point () outside the
conic. Among P, ..., Ps there are no three points on a line since otherwise
C would be reducible.

The points determine the conic so we get a P? of cubics with 9 conditions
on it. We first show that when we leave out the condition for Ps we get 8
independent conditions.

We map Py,...,Pst0(1:0:0),(0:1:0),(0:0:1),(1:1:1),(1:a:p)
with «, 5 # 0,1 and a # 3. We also map @ to (1 : :J) with the condition
that it is not on the conic, i.e. affy — a0 — ayd + Bvd — By + ad # 0. We
take tangent conditions dy, dz. First we remove the columns for yz2, 22 to
get determinant

—(afy — aBd — ayd + pyd — By + ad)(a — ) (v — 1)7.
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If ¢ = 0 then we remove columns yz2, zyz instead to get determinant
a2 (B —1)5°.
If ¢ = a then we remove columns yz2, zy? to get determinant
—(B=10)%(a—1)%a.

Now if b=d then Q = (1 : a: b). If d = 0,then we remove columns yz?2, y2z
to get determinant
—B%a — 1)

If ¢ = 1 then we remove columns yz2, zy? to get determinant
(o — 1)%8(6 — 1)26.

Now if d = 1 then Q = (1:1:1), so d = 0, now we remove columns yz2, y2z
to get determinant

~(a—-1)8.

We have shown that the determinant will not become zero and the 8 condi-
tions are independent.

Now if we can find a cubic that passes through Pi,...,Ps and has a
singularity at ¢ but does not pass through P then the condition for Py is
independent from the other 8 conditions. There is a point among Py, . .., Ps
that is not on the line through FPs and @, without loss of generality we
assume this point is P5. Now taking the cubic given by the conic through
Py, ..., Py, Q together with the line through Ps, Q) satisfies our demands.

9.1.9 Counting s5 gieve-

Because 7, (P1) = 0 for w > 4 and 7, (P* — {P}) = 0 for w > 2 all the
counts become zero besides the count of the cases where all points are in
general position. As we did with quartics we can pretend all points are in
general position since subtracting the other cases is just subtracting zero.

6

. — # § 20—3w 2
S5 sieve — |PGL3(]{7)| f ‘P ‘ Ww(IP )
1 ) )
= [P 14+ P - —(2+qg+1)+ |P¥ - (P + >+ +[P11._3)
PGLs (8] (I | P ="+ g+ D+ [P ("+a"+ @)+ P[] —¢

— g2

9.2 The explicit count.

We will count the different types of curves separately. First we note that
when |A\| = 8 we get
T(A) = o(N).
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When |\ =9 we get

And when |A| = 10 we get

A1 A2 A1

AN)=cN)(1 — — .

== (3)- ()2
We will not list the cases where 7(\) = 0 in our tables.

9.2.1 [1,1,1,1,1], three lines through one point Q.

We start with the case where we have a [1°]-tuple of lines, i.e. all lines are
k-lines. We first take two k-points. Then we choose two k-lines through one
of the k-points and three k-lines through the other such that none of these
lines goes through the two chosen k-points. Together this gives us

(")) ()

The other cases are computed in a similar matter. (In all cases @ has to be
a k-point.) We put the results in a table.

The values in the table should be multiplied with (q2+29+1)2.

lines A points | 7(A) |C|
19 EHE (5
[13,21], only one k-line through Q | [1%,22] 1 (g)q%(qQ —q)
[13,21], three k-lines through Q (12,23 | -1 =) ()
1,2 [1%,2°] | -1 | 5(¢° — 9)az(a® — q)
[12,3'] 1237 | 1 (5)3(@* —a)
2, 3] 17,67 | -1 | 3(¢® —a)5(¢* —q)
We get
-] 1 11 11 1
T =)+ o= —(q—=2)— g+ =(qg+1)— ~(g+1) =
Z‘PGL?)(,C)‘ Sla—2)+ 30— a—2) = Ja+ la+1) - (g +1) =0

where the sum is over the rows in the table.
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9.2.2 [1,1,1,1,1], no three lines through one point.

For a [15]-tuple of lines we first take two k-points. Then we choose two
k-lines through one of the k-points and two k-lines through the other such
that none of these lines goes through the two chosen k-points. This gives
(q2+2q+1) (3)2. Then we pick a point P on one of the lines and a line though P
but not through any of the 6 intersection points that we already have. This
gives 4(¢ — 2)(¢ — 3), which we then have to divide again by 4 since we will
get a chosen line four times (once for each of its intersection points with the
other lines). For every way we pick an unordered pair of unordered pairs of
lines from the five lines we get the same five lines, so we have to divide by 15.

We have a table with the results:

lines | A points | 7()) C|
1 | ) | 36 E(CHEN (O (- 2)(g - 3)
127 | 12,24 | -4 (P4 (36— 0)2(a+ 1) (g — 2)
[5] [5%] L 2@+ - -9 — (@ +q+ 1) —q)
We get
> L] = 100~ D@ = 5 DD+ 5+ ) =g+3

where the sum is over the rows in the table.

9.2.3 Tools for conics.

Definition 9.3. A curve C in P" is called strange if there is a point .S which
lies on all the tangent lines of C'. We call S the strange point of C.

Lemma 9.4. Let C be a plane curve and S a point not on C. The following
are equivalent:

(i) C is strange with strange point S.

(ii) Ewvery line through S is tangent to C.
And when (i) holds S is the unique strange point of C.

Proof. (i) = (i) : Any line L through S intersects C' in at least one point
P. The tangent of C' at P goes through S so it is L.

(74) = (7) : The line through S and any point on C' is a tangent line. So S
lies on the tangent line of C at every point of C.

If C' has another strange point S’ then all tangent lines pass through S
and S’. But there is only one line through two points so there is only one
tangent line. This means that C' is a line, which contradicts the assumption
that S is not on C. O
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Proposition 9.5. Given an irreducible plane k-conic C.

(i) If char(k) # 2 then for every point P that is not on the conic there
are precisely two lines through P that are tangent to the conic.

(ii) If char(k) = 2 then the conic is strange.

Proof. Without loss of generality we let the point be P = (0 : 0 : 1), we
have a k-conic C' given by

ax® 4+ by* + c2* + dey + exz + fyz

where a,b,c,d, e, f € k are the coefficients. Since P is not on C' we know
that ¢ # 0. A line through P is of the form rz — sy. We look at the lines
where r # 0 so we can take r = 1 and x = sy. This gives us

(as® 4+ ds + b)y? + (es + flyz + c22.
Now for the char(k) # 2 case the equation will have discriminant
(es + )% — 4c(as® + ds + b).

This will have a zero in s unless a,d, e are all zero which would mean that
C is not irreducible. Now we know that there is at least one tangent line
and we can apply a k-linear transformation such that it becomes the line y
tangent at (1:0:0). Then a,e are zero so we get precisely one more zero
from the above equation.

For the char(k) = 2 case we see that we get a double zero iff es + f = 0.
But this is only for the lines where r # 0. In general we get a double zero
iff es+rf =0. If e= f = 0 then for all lines we get a double zero and
otherwise there is exactly one solution. So either P is strange or precisely
one tangent line of C' passes through P.

We take two different points on C'. The tangent lines of C' at these points
are different and intersect in a point P’ outside the conic. This point P’
has more than one tangent line of C' passing through it so it is the strange
point. O

Lemma 9.6. Let char(k) # 2, C be an irreducible k-conic and P a k-point
that is not on C'. We have two cases for the lines through P, there are

1. 2 k-lines tangent to C,
% k-lines that intersect C in two k-points,
% lj—lmes that intersect C in a conjugate 2-tuple of points,
% conjugate 2-tuples of lines that intersect C' in two conjugate 2-
tuples of points,
2
qT_l conjugate 2-tuples of lines that intersect C in a conjugate 4-tuple
of points.
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2. 1 ko-tuple of lines tangent to C,
% k-lines that intersect C' in two k-points,
% k-lines that intersect C' in a conjugate 2-tuple of points,
W conjugate 2-tuples of lines that intersect C' in two conjugate
2-tuples of points,
2
qT_l conjugate 2-tuples of lines that intersect C in a conjugate 4-tuple

of points.
When char(k) = 2 then the cases for the lines through P are:
1. P is a strange point for C.

2. 1 k-line tangent to C,
k-lines that intersect C' in two k-points,
k-lines that intersect C in a 2-tuple of points,

(q4_2) conjugate 2-tuples of lines that intersect C' in two conjugate 2-

tuples of points,
2

4 conjugate 2-tuples of lines that intersect C' in a conjugate 4-tuple

of points.

QNN

Proof. Since the proofs are all similar and simple we just do the first case
for char(k) # 2: If there are two k-lines through P tangent to C, then there
are ¢ — 1 other points on C. A point on C' determines a k-line from it to P
and all non-tangent lines intersect C' in two points. So we get q;21 k-lines
that intersect C' in two k-points. Which leaves ¢ +1—2 — qg—l = ‘%1 k-lines
that intersect C in a conjugate 2-tuple of points.

So there are qQT—l ko-lines that intersect C' in two ko-points. From this we
subtract the ¢ — 1 k-lines that intersect C in two ko-points. This leaves us
with %(qufl — (¢ —1)) = 1(g —1)? conjugate 2-tuples of lines that intersect
C in two ks-points. Since a ko-tuple of lines will not intersect C' in two k
points we have the answer.

There are (12% ko-lines that intersect C in a conjugate 4-tuple of points.

O

Lemma 9.7. Let char # 2, C be an irreducible k-conic.

There are (qgl) points outside C that are the intersection of two k-tangent
lines of the conic.

There are (g) points outside C' that are the intersection of a conjugate 2-tuple

of tangent lines of the conic.
Proof. Th(lare are (qgl) ways to pick two different k-points of the conic and

there are §(q2 —q) = (g) ko-tuples of points. The tangents of C' at these

pairs of points are pairs of tangents that intersect in a point outside C. [

Lemma 9.8. The number of irreducible k-conics is

(@®+a+1)d*(q—1).
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Proof. There is a P° of conics and every reducible k-conic is either a pair of
different k-lines, a conjugate 2-tuple of lines, or a double k-line.

q6—1_<q2+q+1

1 . )—1(q4—Q)—(q2+q+1)=(q2+q+1)q2(q—1)

2
O

9.2.4 [2,1,1,1], one of the lines is tangent to the conic.

The case where precisely one of the lines is tangent to the conic, no lines
intersect on the conic, and the three lines do not intersect in one point.

To get a [13]-tuple of lines and a [18]-tuple of points we first pick an irre-
ducible k-conic and a k-point @ on the conic: (¢?+q+1)¢*(¢—1)(g+1). The
tangent line at () is one of our three lines. We choose 4 other k-points on
the conic and 2 lines through those points: (Z)S. From this we subtract the
cases where the resulting 3 lines intersect in one point. If char(k) # 2 then

through every k-point on the tangent line besides ) there are q;—l k-lines

-1
that intersect the conic in two k-points: q(q?) If char(k) = 2 then through
every non-strange k-point on the tangent line besides @ there are £ k-lines

that intersect the conic in two k-points: (q — 1)(%)

For char(k) # 2.
The values in the table should be multiplied with (¢%+q+1)¢*(¢—1)(g+1).

lines | A points | 7(\) le]

|y |1 @3-a('7)
102 | -1 | @@ -0-a(5)
1h22 |1 | ) —a(7)

[1t,21] [12,29] 1 (%(q;—q))Q q(q—41)2
(12,244 | 1 Lg* — ) — g2

We get

S Pt = §(<q—3>2 ~ 20— 1)+ (¢ = 1)* ~2(¢* — 20— 1) +2(g + (g - 1)) =1
where the sum is over the rows in the table.

For char(k) # 2.
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The values in the table should be multiplied with (¢®+q-+1)¢*(¢—1)(g+1).

lines | A points | 7()\) lel
[17] [19] : (13- (a—D(3)
192 |+ | (@@ -9 - (@-1) (5’
122 | - | ) - @-ni)
[, 21] 12, 2] i (%(qz—q))z (q— 1)q(q—2)
(12,2441 | - Yt =) — (- 1%

We get

r)-[C] _1 2 2
== —2)(g—4)—2q(q—2 —2)—2(q"—2 2 =1
Z IPGLs(k)| ~ 8 (q—2)(q—4)—2q(q—2)+q(q—2)—2(q q)+2q
where the sum is over the rows in the table.

9.2.5 [2,1,1,1], nine singularities.

We get nine singularities when none of the lines is tangent to the conic, no
lines intersect on the conic, and the three lines do not intersect in one point.

We will have to subtract the case where we have three lines through one
point so we count that first.

To get a [13]-tuple of lines and a [17]-tuple of points we pick an irreducible
k-conic and choose a k-point () outside the conic that is the intersection of
two k-tangents of the conic. By Lemma this gives (¢ + ¢ + 1)¢*(q —
1)(‘1'51). Then we pick three lines through ) that intersect the conic in

1
two k-points: (%) We can also choose a k-point ) outside the conic

3

that is the intersection of a ks-tuple of tangents of the conic: (g) And pick-
q+1

ing three lines through @ that intersect the conic in two k-points gives (q§ )

For char(k) # 2.
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The values in the table should be multiplied with (g% + ¢ + 1)¢?(q — 1).

lines | A points C|
1 | () + @)
152 | (D O %!
1522 | () + O
11,27 ()(3)+©(F)
1121 | (13,27 | (1)) Rl + (g gt lete=d
15,41 | ()P L + ()L
3 | 11,37 *5(¢* — q)
[11,6'] @+ —q)

For char(k) = 2.

The values in the table should be multiplied with (¢>+¢+1)¢*(¢—1)(¢*>—1).

lines | A points |C|
1 | [ (3)
15,2 | (34
15,27 | 4(3)
2 | ()
(11,21 | 18,22 %q(q4—2)
13, 41] 94
B | 043 | 5 —q)
(11,6 | 5(¢* —q)

Now back to the case where there are no three lines through one point. For
a [13]-tuple of lines and a [1°]-tuple of points we pick an irreducible k-conic
and choose six k-points on the conic: (¢ + q + 1)¢*(q — 1)(‘1Jg1). We then
choose three lines through these six points: 15.
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The values in the table should be multiplied with (g% + ¢ + 1)¢?(q — 1).

lines | A points | 7(\) le]
[17] [1°] 8 ("§)15
172" | 6 | (45’ —a)3
22 | 4| ()
13,29 | -2 (")
12| %2 | -2 | ()2
%284 | 2 | (1)l - )
3 | By | -1 (3, )3
3167 | 1 |- -a*+q)

For char(k) # 2.

We get

> ‘TP(S)L% = %(Q—Q)(q—3)(q—4)—%q(q—l)(q—Q)Jri(qH)Q(q—?)
—i(q—2)(q2—q—4)—%(q+1)q(q—2)+i(q+1)q2—%(QB—q—3)+é(q3+q—1)
—<é(q—3)2—g(q—1)2+i(q—1)2—i(q—3)2—i(q2—2q—1)+%(Q+1)(q—1)—éq2+éq2) =

4(g—1)—1=4¢-5
where the sum is over the rows in the table minus the cases from the table
where there are three lines through a point.

For char(k) = 2.
The contribution of the case where we have three lines through one point is
given by

SPa-2)+ -2 - 5aa—2)(a— 1)

- ti(q -2)+ %q?’ - é(q +1)q(qg—1) + é(qu Dg(g—1)=1

gala =g —4) -

so the result is the same.

9.2.6 Tools for [2,2,1].

Let there be a A-tuple of points P;, P», P3, Py such that no three points are
on a line. We write P for the pencil of conics through Pi, Ps, P3, Py. This
pencil of conics is a P'. Let L be a k-line not through any of Py, P, P3, P;.
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For char # 2 we look at the separable finite morphism P! — P! where a
point @ on L gets sent to the conic in P through Q. This map has degree 2
so using Hurwitz’s theorem we see that there are two branch points. So L
is the tangent of two conics.

For char = 2 we choose coordinates such that Py, Py, P3, Py are (1 : 0 :
0),0:1:0),0:0:1),(1:1:1). From a few simple computations it
follows that that the line x + y + z is tangent to all conics in P and that
all other lines that do not pass through the four points are the tangent of
precisely one conic in P.

We define for L and Py, P>, Ps, Py:

e Aj, the number of pairs of k-lines in P (k) such that their intersection
is not on L.

e By, the number of conics in P(k) that L is tangent to.

e X}, the number of reducible conics in P(k).

e Y}, the number of irreducible conics in P(k) that L is tangent to.
We also define the following:

e (Y, the number of irreducible conics in P(k) that intersect L in two
k-points.

o (},, the number of irreducible conics in P(k) that intersect L in a
conjugate 2-tuple of points.

e Dy,, the number of conjugate 2-tuples of irreducible conics in P(k2)
that intersect L two conjugate 2-tuples of points.

e Dy,, the number of conjugate 2-tuples of irreducible conics in P(k2)
that intersect L a conjugate 4-tuple of points.

For C}, we note that any k-point on L gives a k-conic in P(k). We do not
want the conic to be reducible so we subtract 24, and we do not want a
conic that has L as tangent so we subtract By. Every conic that is not
tangent to L intersects L in two points so we have to divide by two.

1
Ckzi(q—l-l—QAk—Bk)

The irreducible k-conics in P (k) intersect L in one k-point, two k-points, or
a conjugate 2-tuple of points. So we get

Cro,=q+1—- X}, =Y, —Ci(L)

1
= §(q+1+2Ak—|—Bk—2Xk—2Yk).
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If we take the ko-conics that intersect L in two ko-points and subtract the
cases where we get a k-conic, then we get the conjugate 2-tuples of points
that give conjugate 2-tuples of conics.

1
DkQ = *(qz +1- 2Ak2 — Bk2 —2C) — 2Ck2)

4
1
= Z(q2 —2¢—1— 24, — Bg, +2X3 + 2Y%)
And lastly we get
1
Dy, = 5((12 —q— (Xp, — Xg) = (Yi, — Yi) — 2Dg,)

1
= Z(q2 + 1+ 244, + By, — 2Xp, — 2Y3,).

When A is [1%],[12,2!] or [2?] all the reducible conics in P(k) are pairs
of conjugate 2-tuples of lines. This means that we have Xj, = 3 and
AkQ + By — X, — Yy, =0

For char(k) # 2.
We have By, = 2 and we use this to get

1
Dkg = Z(q2 —2q—1 ‘|‘Bk;2 +2X; +2Y, — 2Xk2 — 2Yk2)
1
= 1(q2_2q_5+2Xk+2Yk_2Yk2)

and

1 1
Dy, = (¢* +1- By) = 7(¢* — 1).

For A = [1%] there are three pairs of k-lines through P;, P, P3, Py. We denote
their singular points by Bj, Ba, Bs. If By, Ba, B3 are on a line then that line
would be the tangent of least three conics which is a contradiction.
So there are 3 k-lines through two of By, Bo, Bs.
There are 3(¢—3) k-lines through precisely one of B;, B, Bs and not through
any of Pl, PQ, P3, P4.
There are (¢ — 3)? k-lines not through any of By, By, Bs, Py, P», Ps, Py.
There are ¢g—2 irreducible conics in P(k) that each have g—3 non-intersection
k-points. This gives us (¢ — 3)(¢ — 2) k-tangents to irreducible conics in
P (k). From this we subtract 3(¢ — 3) for the lines that have only one k-
conic tangent to it. This leaves us with (¢ — 3)(¢ — 5) tangent points and
3(q — 3)(¢ — 5) lines that have two k-conics tangent to it. And we get
(g—3)2—3(g—3)(g—5) = 3(qg — 3)(g — 1) lines that have two kp-conics
tangent to it.

When we look at the types of lines and their properties we get the following
table:
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For A = [1*] we have X} = 3.

number A | Br | Yi | Y, | 2Ck | 2Cy, 4Dy,
3 1 210 0 |¢g—3|q—1|¢—2¢+1
3(q —3) 2 12|11 |g=5|qg—1]|¢—-2¢+1
5(@=3)q=5) || 3 |2 |2] 2 |q¢g-T|qg-1|¢—-2¢+1
5¢—1(q=3)|| 3|0 | 0] 2 |qg=5|q+1|¢"—2¢-3

Similarly we find for other distributions A:
For A = [12,2!] we have X}, = 1.

number A | By | Yi | Yi, | 2C; | 2Cy, 4Dy,
1 10|00 |g—1|qg+1|g>—2¢-3
qg—1 0 2 1 1 |g—1]q¢—1|¢—2¢-3
(g —1)? 1222 |¢g=3|q¢g—1|¢*—2¢-3
Sa+D(@=3) || 1 | 0] 0| 2 |g-1|g+1|—2¢—7

For A = [2?] we have X}, = 3.

number Ap | Bx | Vi | Yk, | 2C% | 2Cy, 4Dy,
1 1 [ 2]0|0 |¢g=3|qg—1|¢g*—2¢+1
2 0[20]0 |g—1|g=—3|¢—-2¢+1
2(q — 1) 12|11 |¢qg=3|q¢—3|¢g*—2¢+1
q—3 0| 21| 1 |¢g—1lg—5|¢—29+1
a-1)@=3) | 1|2 |2]| 2 |qg=3|¢g-5|¢—-2+1
3@+ D=1 1 0 |0] 2 |qg-1|q¢g-3|¢—-2¢-3

For A = [11,31] we have A, = Ay, = Xy = X, = 0.

number Bk Yk Yk 2Ck QCkQ 4Dk2 4Dk4

2

g+ | 2 | 2] 2 |g-1|¢g—1|¢—2¢+1|¢*—-1
qlg—1) | 0| 0] 2 |g+1|qg+1]¢*>—2¢—-3|¢*—1

NI— | NI

For A = [4!] we have Ay =0, X}, =1, X}, = 3.
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number Ay | B | Y | Y, | 2C, | 2Cy, 4Dy, 4Dy,

1 1 0| 0 |g+1|lqg—1|¢>—2¢q—-3|¢*—1

1|1 |g=1|¢g—1]|¢*—2¢+1|¢*—5

q+1 0
Ha+1)(g—1) | 1
Ha+1)(@-1 | 1

211 |g—1]q¢g—3|¢—-2¢+1|¢*—5

O IN N O

0| 2 |qg+1|qg—1]¢*—2¢q-3|¢*-5

For char(k) = 2.
We do not consider the line that is tangent to all concis in P. We have
By = Bi, = 1 and Y} = Y},. When A is [14],[12,2!] or [2%] we use X}, = 3
and Ay, + By, — Xk, — Yk, = 0 to get

Dy, = i(q272q76+2X;€), and Dy, :i 2,
For A = [1%] there are three pairs of k-lines through P;, P, P3, Py. As above
we denote their singular points by By, Bs, Bs. The points B1, Be, B3 all lie
on the line x + y + z. There are 3(q — 2) k-lines through one of B;, By, Bs
and not through any of Py, Py, P3, Py. There are (¢ — 2)(q¢ — 4) k-lines not
through any of Bl, BQ, Bg, Pl, PQ, Pg, P4.

q

For A = [1%] we have X = 3, so Dy, = 1(¢* — 2q).

number A | Y | 2Ck | 2Ck,

3(¢—2) 2 10 |q-4] ¢
(¢—=2)(¢—4) | 3 |1 |qg-6| ¢

For A = [12,2'] we have X} = 1, so Dy, = 1(¢? —2¢ — 4).

number || Ag | Yi | 2Ck | 2Ck,

q—2 0 0 q q

qq—=2) || 1 | 1 ]|qg—2| ¢

For A = [2%] we have X = 3, so Dy, = 1(¢* — 2q).

number || Ap | Yi | 2C% | 2Ck,

q—2 0 0 q qg—4
2q 1 0 |¢g—2|qg—2

qq—2) || 1 | 1 |¢g—2|q—4
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For A = [11,3!] we have A = Ay, = Xy = X3, =0, Y = 1.

number QCk 2Ck2 4Dk2 4Dk4

(g+1(g—-1)| ¢ g |*-2¢| ¢

For A\ = [41] we have 4, = 0, X = 1, X}, = 3.

number || Ag, | Yi | 2Ck | 2Ck, | 4Dy, 4Dy,

q 0 0] ¢ g | ¢#-2q|¢ -4

¢ 1 | 1| q |qg-2|¢—2¢|¢*—14

When counting the number of ways we can choose a A-tuple of four points
it turns out that it is given by

v(A) - [PGL3 (k)|

Where v(A) is given by

A | Y22t ) phsY 2] | [4Y)

1 1 1 1 1
vN || = 1 3 5 | 1

9.2.7 [2,2,1], eight singularities and the conics are definined over
k.

We get eight singularities when the line intersects each conic in 2 points and
the conics intersect in 4 other points.

For a [18]-tuple of points we pick four k-points P, ..., P, such that there
are no three on a line.

1
(g+ 1) (@ +q+1)(¢* —2¢+1)

V(%) - [PGLa(k)| = 5

We then use the tables above to choose a line and choose two conics through
P, Py, P53, Py such that each conic intersects the line in two k-points.
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For char(k) # 2.

The values in the table should be multiplied with (¢+1)¢3

(a—1)*(¢*+q+1).

| 4 points | A points | T(A)w() | C|
| | A S P-DELT)
+1g-3)(g—5) (21 7>)+§(q 1)((173)(2‘”2 *)
35=3)5(@—1)+3(¢—3)5(¢—5)3(¢—1)
[1°,2"] — 2 +3(a—=3)(¢=5)3(a-TN3a—1)
+30@—-1)(g—3)5(g—-5)5(¢+1)
14,22 1 B(3Y) 430 -3)(214 )
" +3a-3)(¢=5)(%D") + La - D —3) (2%
(%21 | [%2] - (%(} N Yo
+3@ -2 + 2@+ D@ -3)(2'5Y)
s5(a-1350@+1)+(@-1)3(q¢-1)3(¢-1)
[1%,2%] i +i(a—1)*L(q—3)3(@—1)
+3(q+1D)(@—3)3(a—1)3(g+1)
[12,2%) _1 G4+ @-DEGY)
4 +i(g— 1)2(%@;1)) + i+ D(g-3)( <q+1>)
1,31 | 01°,3' 4 Saa+D(9) + dala - (214
[1°,2',3'] -3 39(¢+1)5a—1)35(@—1) + 39(¢ = D5(g+1)35(g+1)
[11,22,3'] 3 La@+DCDY) + 1ala - (YY)
2 4 o2 . GO 423 ) 42— D(EGD) + (- 3) (3 GY)
[27] (1%, 27] 5 i
+3a-D@=3)(F'%Y?) + 3@+ D@-1)(z4Y)
3(0-3)3(¢—1) +25(a—-1)3(q—3)
12,99 s +2(¢—1)3(¢—3)5(¢—3)+ (¢ —3)5(¢ —1)5(¢—5)
+3(a—=1)(a—-3)3(a—3)3(¢—5)
+30@+1)(g-1D5(g—1)5(¢—-3)
" \ GO+ 203 ) 42— DG + (- 3) (3 LY)
[2] 8 1 1
+3a-D@-3)(F'%Y?) + 3@+ De-1)(z%Y)
3@+ D)@ -DEGY) + g+ D@-D(ELY)
s5(a+D5@—-1)+(g+1D35(g—1)5(g—1)
[1%,2,4%] 1 +3(a+1(g—1)5(a—1)5(¢—3)
+30@+1)(g-D5(g+1)35(qg—1)
[22,4] —1 G+ @+ (™)
+a+D@-DCY?Y) + e+ D@ - (YY)
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We get

5 b = 3 (=901 (0-3)a=5)-2(2~503)(a-Dla-3)+ -0+ D(a-1)(a-3)

—6(¢*—3q+1)(q—1)(q—3)+12(¢°—2¢°—1)(¢—1)—6(¢*~3q+1)(¢+1)(q—1)+8(g+1)q(q—1) (¢—2)
—16¢*(g+1)(g—1)+8(g+1)q(g—1)(¢—2)+3(¢*~2¢° —2q—1)(q—3)—6(q°—¢—1) (¢—1) (¢—3)
+3<q27q71>(q+1)(qfl)fﬁ(q%qf1)(q+1>(q71)+12(q27q+1)<q+1><q71)76(q27q71)(q71)<q73)> =

- 51

where the sum is over the rows in the table.

For char(k) = 2.
The values in the table should be multiplied with (¢+1)¢*(qg—1)?(¢?>+q+1).

4 points | A points | T(A)v(A) |C|
14 1%) & 3(a - 2) (25 Y) + (¢ - 2)(¢ — 9 (25
[16,21] % | 3(a—2)3(a—Diq+ (a—2)(a—4)3(q—6)3q
14,22 & 3(q—2)(3) + (a - 2)(¢ — 4) (%)
12249 | [%2] | -} (¢—2)(F) +ala—2(4?)
[14,27) i (¢—2)5q30+a(g —2)5(¢ — 2)3q
[12,2%] -1 (a—2)(37) +ala — 2)(%)
11,31 | [1°,3] 1 (q+1)(q— 1)(%)
(13,2531 | —3 (g+1)(q—1)3q3q
1223 | 4 (q+ 1) — 1)(%)
27 | (422 } (a-2(3) +24(%”) +ala—2) ("5 ?)
12,2 o (¢ - 2)393(¢— 4 +245(¢ - 2)3(¢ - 2)
+q(g —2)5(q—2)5(q — 4)
[24] 3 (¢—2)(Z4Y) +2(24) 4 g(q —2)(24Y)
Wty | - a(3) + A (3)
12,21, 4%] i a3asq+ Piad(q—2)
254 | -} a(3) + (%)
We get
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T\ -1C| _
2 [PGL3 (k)|

1
192

(+(q—2)(q—4)(q—5)(q—ﬁ)—QQ(q—Z)(q—3)(q—4)+Q(q—1)(q—2)2

—6¢(q—2)*(q—3)+12¢*(q—1)(q—2)—6q(q+1)(q—2)*+8q(g+1)(g—1)(q—2)— 164> (¢+1)(¢—1)

+8q(q+1)(q—1)(q—2)+3a(q*—3¢—2)(¢—2)—6¢° (4—2) (¢—3)+3(¢*—3q—6) (q—2) (q—4)

—6q%(q+1)(q—2) + 12¢°(qg — 1) — 6¢*(q — 2)(q¢ — 3)) =

—%(q—l)

where the sum is over the rows in the table.

9.2.8

For char(k) # 2.

The values in the table should be multiplied with %(q—l— 1)g?

[2,2,1], eight singularities with a conjugate 2-tuple of conics.

4 points | A points | T(A)r(A) |
w | ez | a0 | 3@ 2@ -2+
’ 24 1 ,
+3(¢ —1)(¢ = 3)(¢* — 24 — 3)
] k| @S de -
[12,21 | [12,29] 1 3@ +1)(¢* — 29 - 3)
: : ! ) s
+3(g+ 1) = 3)(¢* —2¢ - 7)
(12,21, 4] % (@ —q—1)(g® 1)
(11,31 | 11,3%,2% 1 5@+ a)(® —2q+1)
: 31, ! o 2
+3(¢* —9)(¢° —2¢ - 3)
[11,31,41] —% q2(q2 _ 1)
22] 24) L | @2 -1 -2+ )
8 1 - , .
+3(g+1)(g—1)(¢* — 29 — 3)
ot (@ +a— 1@~ 1)
[41] 22, 41] 1 3la+1)%(¢® —2¢ +1)
: 1 1 2
+3(¢* +1)(¢* —2¢ - 3)
[42] % (q2 _ 1) + (q2 + q)(q2 B 5)
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5 it = g (He -1 a0 D= =30+ 3) a4 )0
—6(q°—q—3)(q+1)(q—3)+6(¢*—q—1)(q+1)(¢—1)+8(q+1)q(q—1)(¢—2)—8(q+1)q*(¢—1)

+3(q3—4q—1)(q—l)—3(q2+q—1)(Q+1)(q—l)—ﬁ(q3—2q2—1)(q+1)+6(q3—4q—1)(q+1)) =

1
- 5((1 +1)
where the sum is over the rows in the table.

For char(k) = 2.
The values in the table should be multiplied with 1(g+1)¢3(¢—1)%(¢*+¢+1).

4 points | A points | r(A)(\) |

1] 14,27 o1 (¢ —1)(g - 2)(¢* - 29)

[14,4%] —51 (¢—1)(q—2)¢?
12,21 | [1%,2% -1 (¢ +1)(g—2)(¢> — 29 —4)

(12,21, 4] i (¢+1)(g—2)¢

[1t,3' | 1,327 3 (¢+ (g — D(¢* - 29)
(1,31, 4] -3 (¢+1)(g—1g¢

2] [2%] g (¢+2)(g = 1(¢* —29)
[2%,4'] —3 (¢ +2)(g — 1)¢?
[4'] [2%,4'] —1 (¢* + 9)(¢® — 29)
[47] i (@®+q)(¢* —4)

We get

5 T - s (+a- D26 20 - (- Dt
~6(q+1)(q-2)(¢*~2q-4)+6(g+1)g* (4—2)+8(¢+1) (4—1) (¢’ ~29) ~8¢* (¢+1) (g~ 1)

+3(Q+2)q(q—1)(q—2)—3(q+2)q2(q—1)—6(q+1)q2(q—2)+6(q+2)(q+1)Q(q—2)> =

- %(q+1)

where the sum is over the rows in the table.

9.2.9 [3,1,1], eight singularities.

We get eight singularities when the lines each intersect the cubic in three
points and intersect each other outside the conic.
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Lemma 9.9. If we have two different lines L, L' and three point on either
line that do not include the intersection of L and L'. Then for a point P
outside the lines there is exactly one cubic that goes through the six points
on the lines and has a singularity at P. This cubic is reducible if and only
if there is a line through P and two of the six points on the line.

Proof. There is a PY of cubics and we have six conditions for the conics plus
three for the singularity at P. It is easy to see that these conditions are all
independent.

If there is a line J through P and two of the six points on the line then
the intersection of the cubic and J is four. So by Bézout the line is part of
the cubic.

Now for the other way around: If L (or L') is part of the cubic then we
are left with a conic that intersects L’ (or L) in three points so both L and
L’ are part of the cubic and then P can no longer be singular. So L and L’
are not part of the cubic. If the cubic is reducible then it consists of a line
J and a (possibly reducible) conic. This conic intersects L and L’ in four of
the six points. So J intersects L and L’ in the other two points. O

For a [12]-tuple of lines and a [18]-tuple of points we choose two k-lines and
a k-point () outside those lines. This gives

<q2 +2q+ 1>(q2 —q) = %(QQ +aq+ 1+ 1g’ (g - 1).

We then choose three k-points on each line such that there are no two points
on a line through Q: (%) (qgg). By Lemma this gives us an irreducible
conic through the six points on the lines and with a singularity at Q.

The values in the table should be multiplied with 3(¢*+¢+1)(¢+1)¢*(¢—1).

lines | A points | 7(\) |C|
2 Y | 4 (5)("5°)
[1%,2" | -1 2(9) (¢ —3)3(¢* — q)
14,22 | +1 | ad(@®—a)g- D3 —q—2)
(15,31 | +1 2(9)3(* - )
[12,37] | +1 3@ —a)5(® —q¢-3)
[1%,21,3Y | —1 25(4° — 4)3(4* — 9)q
27| (1229 | -1 | §( - (@ —q—2)(¢® —q—4)
[1%,2',4'] | +1 (> —q)3(¢" — %)
[1%,6' | -1 3(d° = ¢*) = 5(¢* —q)
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We get

> bt = 7+ 2a=3)a=la=5) ~6ala-1)(a-2)(a-3)
+9(g+1)g(g—1)(g—2) +4(g+ glg—1)(¢—2) +4(¢* —q—3)(g+ 1)
—12(q+1)q2(q—l)—ﬁ(q2—q—4)(Q+1)(q—2)+18(Q+1)q2(q—1)—12(q3+q—1)(q+1)> =

—2¢+1
where the sum is over the rows in the table.

9.3 Results.

We add everything from the explicit counting together to get

1 1
S5,exphcitZO—Q+3+1+4q—5—§(q—1)_§(Q+1)—2(J+1ZO-

Now we just add s5 explicit and s5 sieve together which gives us the end result.

Theorem 9.10. The number of smooth plane quintics over Cs(F,) is given

by
|C5(Fy)| = ¢'.

10 Counting plane quintics with an ordinary sin-
gularity.

We continue where we left of at the end of section 4l We want to count
%, where we remember that T is the set of plane conics with exactly
one singularity which is either an ordinary node or an ordinary cusp. We

can divide T'(k) into three subsets:

1. Typit(k), the set of plane quintics over k that have precisely one sin-
gularity that is a split node (i.e. the tangents are defined over k).

2. Thon-spiit(k), the set of plane quintics over k that have precisely one
singularity that is a non-split node (i.e. the tangents are a conjugate
2-tuple).

3. Teusp(k), the set of plane quintics over k that have precisely one sin-
gularity that is a cusp.

We have
|T(k)| = |Tsplit(k)’ + |Tnon-Split(k’)| + |Tcu5p(k)"

Let C' be a curve in T' and let P be its singular point. The Frobenius
map sends a singularity to a singularity, so P is a k-point as it is the only
singularity of C. We can apply a k-linear coordinate change such that P
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gets mapped to (0 : 0 : 1) and the tangent lines at P become certain fixed
lines L, L’. What these fixed lines are depends on whether we are dealing
with a split node, a non-split node, or a cusp.

Definition 10.1. Let P = (0:0: 1) and let L, L' be two lines through P.
We define Tp.1.1/ to be the set of plane quintics that have P as their only
singularity, such that P has multiplicity 2 and the tangents at P are given
by the lines L, L'. We define Gp.1.1+ to be the subgroup of PGL3(k) that
fixes P and fixes {L, L'}.

Note that Gp.r.1/ is the group that fixes Tp.1,.1/.

Any curve in Ty (k) has a singularity at a k-point with two distinct k-
tangents. This means we can apply a k-linear coordinate change such that
the singularity is the point P = (0 : 0 : 1) and the tangents at P are given
by the lines z,y. And any curve in T'p,1.7/ is part of Ty (k) so we get

|Tsplit(k) ’ _ |TP;:v;y’
‘PGL3(]<3)| ‘GP;:v;y|

The matrices that fix P, x and y have the form

a 0 O
0 b 0
c d 1

where ab # 0. There are ¢?-(¢g—1)? = ¢*—2¢3+¢? such matrices. We can also
permute z and y which adds a factor two so Gp.;,, contains 2(¢* — 2¢3 + ¢?)
matrices.

We do the equivalent thing for non-split nodes. Just like with a split node
we fix the point P = (0:0: 1) and two tangents at the point. Let a be an
element in k2 that is not in k. We take as tangents = + ay, x + F(«a)y and
we get,

‘Tnon—split(k)’ . |TP;a:+ozy;w+J"(Oé)y|
[PGL3 (k)| [EFm—— .

If char(k) # 2 then the field k£ has a quadratic nonresidue r and we can take
a such that o? = r. The matrices that fix P, x + ay and = + F(a)y have
the form

a rb 0
b a 0
c d 1
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where a # 0 or b # 0.
If char(k) = 2 then we get matrices

a-F(a)-(a+b)

a a+F(a) 0

a+b
a+to(a) b 0
c d 1

where a # 0 or b # 0.
In either case we get ¢% - (¢*> — 1) = ¢* — ¢* matrices. We can also permute
the two tangents so G p.; 4 ay:01F(a)y CONtains 2(¢* — ¢%) matrices.

Now for cusps we can fix the point P and the double tangent y at P.
However this is not enough since a curve in Tpy, can have a cusp that is
not ordinary. In fact the cusp is ordinary if and only if the coefficient of
2322 is nonzero.

2

Definition 10.2. We use C,3,2( to denote the set of plane quintics that
have a nonzero coefficient for 2322 in their defining polynomial, and C,s,2_g
to denote the set of plane quintics that have a zero coefficient for z322 in

their defining polynomial.

It is easy to see that Gpy,, fixes not only Tpy, but also Try, N Cys.24.

This gives us
‘TCUSp(k)’ . ‘TRy,y N Ca:SzQ;éo‘

[PGL3(k)| |GP,y,y’
The matrices that fix P and y have the form

a b 0
0 ¢ O
d e 1

where ac # 0. There are ¢% - (¢ — 1)? = ¢° — 2¢* + ¢® such matrices. Here
permuting the tangents has no effect so Gp, , contains ¢° —2¢*+¢> matrices.

Now we will introduce some notation so we can count |Tp.r.;/| using a
modification of the partial sieve method.

Definition 10.3. Let P, ..., P, be points in P? — {P} and let 71,...7,
be natural numbers. Also let P = (0 : 0 : 1) and let L,L" be two lines
through P. We define Cp.r.1 to be the set of plane quintics that have a
singularity at P of multiplicity two, such that the tangents at P are given by
the lines L, L'. We define Vi (d,2P; L; L',r1 Py, ...,r,P,) to be the union of
Vie(d,3P, 71 Py,...,r,P,) and of the subset of Vi(d,2P,r1 Py, ...,r,Py,) that
consists of curves that have multiplicity 2 at P and tangents L, L' at P.
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The set Vi(d,2P; L; L', r Py, ...,m,P,) is the result of applying two linear
conditions to Vi(d,2P,r P1,...,r,P,). And taking the intersection with
Cp3,2_¢ is equivalent to applying yet another linear condition. Similar to
lemma [5.3| we get the following lemma.

Lemma 10.4. If we have points {Pi, ..., P,} such that for every1 <i<mn
there is a j such that F(P;) = P; and r; = r;, and the Frobenius map also
fixes {L, L'}, then
dimyg, Vi (d,2P; L; L' v Py, ... ,rpn Py) = dimg V(d, 2P; L; L' riP,...,rnPy),
dimk(Vk(5, .. ) N Cx322:0) = dimE(VE(E), .. ) N Cx3z2:0)~

We will now describe the sieving for split nodes. We first count all curves
in Cp;x;y.

Z [Vi(5,25)N CP;x;y| = |CP;:E;y

Se®>—{P})([)

Then we subtract all curves in Cp,;., that have a singularity outside P.

Z Vi (5,25)N CP;x;y‘
Se(®*—{P}H)([11])
We can go on like this as before to get our sieving sum. We get

S 1 S

=D 3 CONND SR Tl
|GP;:v;y’ 2
IAI<N Se(®>—{P}H(N)

ns 1 ns

Ssieve - Z <U(>‘) ’ Z |Y (S)’>’
(a)y‘ [AI<N

|G p.stayatF Se(P2—{P})(\)

DI CCIDY A)|Yc<s>|>.

’pryay’ IAI<N Se(P2—{P})(

where
Y™(S) = Vi(5,2P; 2 + ay; x + Fa)y, 25) — Vi(5,3P,25),
YC(S) = (Vk(57 2P7 Yy, 25) - Vk(57 3P7 25)) N Cz3z27£0'
The intersection with Cys.24¢ poses no problem because we have
Vie(5,.. ) N Cysrzzg = Vi(5,...) = Vi(5,...) N Chsay.
As before we can compute these sums using sieve partitions.

Definition 10.5. A sieving partition for split nodes is a partition of U|/\|§N(IP’2—
{P})(\) into subsets Uy, ..., U, together with numbers w;,u; € Z>¢ for
0 <14 <n such that if S € U; then we have ]§| = w; and |Y®| = u;. We also
write U; ) :={S € Ui|S = A}

We get a similar definition for non-split nodes and cusps.
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For split nodes we get the explicit count

1
Sprlicit = 7'()‘)|C5,P;m;y,>\|
|G Pyl
Piwyl N en<M

where Cp,y.y x C Cpyayy is the set of curves that have exactly a A-tuple of
singularities besides P. Since G p,s.y is the group that fixes Cp.z., » We can
instead pick a curve that does not have a fixed point at P and then choose
a split node on it. This means we get

1
Sexcplicit = PGLs (k)| Z 7(A) Z #s(C)

N<AlsM CeCs

where #s(C) is the number of ordinary split nodes on C. We get equivalent
definitions for sgi i and sg ;. using #ns(C) and #c(C).

Note that M = @ — 1 =9 is one lower than before since we already
have the singularity at P.

Let s3_, 558,55, be the corrections for curves with an infinite number of

singularities. Similar to lemma [6.8 we get

Lemma 10.6. For N > 4 the numbers sS_, sk, sS, are all zero.

For our sieving we choose N = 5, which means we can ignore the curves
with an infinite number of singularities.

10.1 The sieve count for nodes.

We first make a sieving partition that works for both split nodes and non-
split nodes. We write L, L’ for the tangent lines at P. For split nodes these
are x,y and for non-split nodes they are z + ay, z + o(a)y.

Both Y*(S) and Y™(S) are given by Vi (5,2P; L; L',2S) — Vj(5,3P, 285).
The two linear conditions for L, L’ will always be conditions on the coeffi-
cients of 2223, xy23, y?23. So if we can do our dimension proofs for P and the
points in S as before but without using the columns corresponding to the
coefficients of x223, xy23, y?2> then the tangent conditions are independent
of the other conditions. It is sufficient to prove the cases where we have P
and five other points because when we have less points it can be realized as
a subset of these cases.

10.1.1 P and five other points in general position.

We say the six points are in general position if there are no four points
on a line, no six on an irreducible conic, and no three on a line through
P. Because of we can apply a k-linear transformation to map the five
points to (1 : 0:0),(0: 1:0),(L :1:1),(1:a:p),(1:v:J) while
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leaving P fixed, for some «, 3,7,6 where o,y # 0,1 and o # 7. We also
have afy — afd — ayd + Bvd — By + ad # 0 for otherwise there would be
six on a conic. The lines L, L’ will also get transformed but this is fine
since it does not change the fact that their conditions on the coefficients of
Y223, xy23, %23

We take derivatives to x and z and we remove the columns corresponding
to y223, zyz>, 2223 to get determinant

(aBy — aBs — ayd + By — By + ad)*(a — ) (a — 1)a?(y — 1)2.

So the conditions are independent.

10.1.2 P and at least four more points on a line.

The line is a double component which contradicts the fact that P is an
ordinary node. So Vi (5,2P; L; L', 2S) — Vj(5,3P,2S5) = .

10.1.3 Five points on a line and P outside the line.

We map the four points on the line to (0 : 1 : 0),(1 : 0 : 0),(1 : a :
0),(1:8:0),(1:~:0) with «a, 8, all different and nonzero. The points
determine the line so we get a space of quartics. Here the fact that we
don’t use z223,y?23, xyz>® corresponds to not using 222, y?22, xyz>. Taking
derivatives to # and z and taking the columns for zy3, z%y?, 23y, 2* we get
determinant

—(a = B)(a=7)a(8 —7)8y.

10.1.4 Four points on a line and P and another point on another
line.

We map the four points on the line to (1:0:0),(0:1:0),(1:1:0),(a:
1:0) with @ # 0,1. The two other point we map to (1 : 1 : 1). The
points determine the two lines so we get a space of cubics. We take columns

2z, xyz, :):2y to get determinant

—(a—1)au.

10.1.5 Four points on a line and P and another point outside the
line.

We map the four points on the line to (1:0:0),(0:1:0),(a:1:0),(8:1:
0) with o, 8 # 0,1 and « # (. The other point we map to (1:1:1). The
points determine the line so we get a space of quartics. Taking derivatives
to = and z and taking the columns for zy?z, 22yz, xy?, 2%y?, 23y we get
determinant

(a@=pB)(a=1a(B - 1)B.
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10.1.6 P and three points on one line and P and two points on
another line.

We map the three other points on the line to (1:0:0),(a:0:1),(8:0:1)
with «, 5 # 0 and a # . The two other points we map to (0:1:0),(0:1:
1). The points determine the two lines so we get a space of cubics. We take
columns zz2,y?z, 2% to get determinant

(a = Blap.

10.1.7 P and three more points on a line.

We map the three other points on the line to (1:0:0),(a:0:1),(8:0:1)
with a, 8 # 0 and o # . The two other points we map to (0 : 1 :0),(1 :
1:1). The points determine the line so we get a space of quartics. Taking
derivatives to = and z and taking the columns for 2222, 2%yz, 232, 22>, 23y
we get determinant

(a — B)a”p2.

10.1.8 P and two more points on a line and the three other points
on a line.

We map the three other points on the line to (1 : 0 : 0), (v : 0 : 1) with
a # 0. Two other points we map to (0:1:0),(1:1:0),(1: 5 :0) where
B # 0,1. The points determine the two lines so we get a space of cubics.
We take columns z2z, 292, 2%y to get determinant

a*(B—1)8.

10.1.9 P and two points on one line and P and two points on
another line.

We map the three other points on the line to (1 : 0 : 0),(a : 0 : 1) with
a,f # 0 and a # . Two other points we map to (0 :1:0),(0:1:1).
Then we got one more point (1 : 3 : ) where 8 # 0. The points determine
the two lines so we get a space of cubics. Taking derivatives to x and z and
taking the columns for y%z, xyz, 2%z, xy?, z%y we get determinant

—a?p4.

10.1.10 P and two more points on a line.

We map the three other points on the line to (1 : 0 : 0),( : 0 : 1) with
a # 0. Two other points we map to (0 : 1 :0),(1 :1:1),(1:08: %)
where 8 # 0,1 and v # 1. The points determine the line so we get a
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space of quartics. Taking derivatives to z and z and taking the columns for

Y222 xy2?, 2222 xyz, 2?yz, 2%y?, 23y we get determinant

28— 1By — D

10.1.11 Six points on a conic.

We first map four points to (1:0:0),(0:1:0),(1:1:1),(1:«a: ) with
a, B different and nonzero while leaving P fixed. Through these five points
we then have the conic (8 — af)zy + (af — a)xz + (o — B)yz. This means
that the sixth point is of the form (af+ay—pfy—a:v(af+ay—PLy—a):
afy—py) where v # «, 3,0, 1 and aff+ay— [y —a #= 0. We take columns

2%z, xy?, 2%y to get determinant

(aB+ay — By — a)*(a— B)* (=) (v — 1)v.

10.1.12 The result of the sieving.

Because 7, (P') = 0 for w > 4 and 7, (P* — {P}) = 0 for w > 2 all the
counts become zero besides the count of the cases where all points are in
general position. As we did before we can pretend all points are in general
position since subtracting the other cases is just subtracting zero. For P
and a set S of 3w points that are in general position with P we have

Vi(5,2P; L; L', 25) — Vi, (5, 3P, 28) = P13 — pto—dw=l — p1o=3w,

So for split nodes we have

5
1
Shieve = 17— 2 AT mu(P? — {P})
|G Pyl wZ::O
1
= Gr |(\A“SI 1—[AP] (¢ +q) + A %)
T3y

_ g5 — g1t — 13 4 12
2(¢* — 2¢% + ¢?)
1

= 5((111 +4')

And in the same way we get

5
1
Sgi?eve = Z |A15_3w‘ ’ Fw(PQ - {P}>
‘GP;a:+ay;z+]-'(a)y| w=0
q15 _ q14 _ q13 + q12

2(¢* — ¢?)
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10.2 The sieve count for cusps.

We have
YC(S) = (Vk(57 2P7 Yy, QS) - Vk(5a 3P7 23)) N 01322750‘

So if we can do our dimension proofs for P and the points in S without
using the columns corresponding to the coefficients of 223, xy23, y?23, 2322
then all the conditions are independent. Since we want to use the condition
that 2322 is nonzero we will keep the double tangent y fixed during linear
transformations. This means we can no longer send a point to (1:0:0).
We cannot have P and two other points on a line or P and four other points
on a conic that has tangent y at P. Since then the points would determine

that line or conic which makes it impossible for P to be an ordinary cusp.

10.2.1 P and five other points in general position.

We say the six points are in general position if there are no four points on
a line, no six on an irreducible conic, no three on a line through P, and
no five on a conic through P that has tangent y at P. However if there
are six singular points on an irreducible plane quintic then they all have to
be of delta-invariant 1. So if P is a non-ordinary cusp then that means a
curve through the six points has to be of type [1,1,1,1,1], [2,1,1,1], [2,2, 1],
[3,1,1], [3,2], or [4,1]. And these types cannot have six singularities of which
one is a non-ordinary cusp such that the six points are in general position.
So for P and a set S of five other points such that they are in general position
with P we have

(Vi (5,2P;y5y,28) — Vi(5,3P,25)) N Cys 20 = Vi(5,2P;y;9,25) — Vi (5, 3P, 25).

This means that we do not need the condition on x322 and we can use its

corresponding column. So we can use the same proof as the one we used for
nodes in section 10.1.1}

Note that the above argument does not work when we have P and less
than five points in general position.

10.2.2 P and four other points in general position.

We map the four points to (0 : 1 : 0),(1 : 1 :1),(1:a: B),(1 :~v:
9) where a,v # 1 and a # . We also have afy — ayd — aff + ~v0 +
a — v # 0 for otherwise there would be five points on a conic that has
tangent y at P. Taking derivatives to y and z and taking the columns for
y322,xy3z,x2y2z, xSyz, :1:42, x2y3,x3y2, x4y,$5 we get determinant

—(afy —ayd —af+70 +a—7)*(a—7)*(a—1)(y = 1),
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10.2.3 Five points on a line and P outside the line.

We map the four points on the line to (0:1:0),(1:a:0),(1:5:0),(1
v:0),(1:0:0) with o, 3,7, all different. The points determine the line
so we get a space of quartics Taking derivatives to x and z and taking the
columns for :Cy3, T y 23 y,:v we get determinant

—(a=B)la=7)(a=08)(B—-7)(8—-0)(y—9).

10.2.4 Four points on a line and P and another point outside the
line.

We map the four points on the line to (0:1:0),(1::0),(1:8:0),(1:~:
0) with a # 8 # v # aand a, 8,7 # 1. The other point we map to (1:1: 1).

The points determine the line so we get a space of quartics. Taking deriva-

tives to 2 and z and taking the columns for zy?z, 22yz, 2y, 2%y?, 23y, 2* we

get determinant
(a=B)la=y)(a=1)(F-7)B -1 -1).

10.2.5 The result of the sieving.

Because 7, (P1) = 0 for w > 4 and 7, (P* — {P}) = 0 for w > 2 all the
counts become zero besides the count of the cases where all points are in
general position. Again we pretend all points are in general position. For P
and a set S of 3w points that are in general position with P we have

Vi(5,2P; 539, 25) N Ca 20 — Vi(5,3P,28) N Cla g = APT30 — A1

So we get

Sgieve = ‘Gp | Z ‘A15 3w| |A1473w|) . ﬂ_w(PQ . {P})
Y,y

1

- GPyyl

B ¢! — 2g™M 4 2412 — g1
¢ —2¢' + ¢*

g0 B

((JAT] = [AM]) -1 = (IA™] = |AY) - (¢ +q) + (JA%] = |A%)) - ¢°)

10.3 The explicit count.

We note that when we have P and a A-tuple of points we get for |\| =7

0 =aa - (7))
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For |[A\| = 8 we get

() = oV (1 — (All) _ (?) + <A21>).

For |\| =9 we get

== (3)-(5)- () (2)- )+ ()3

Remember that for the explicit count we no longer fix a point P but instead

have
1

Sexplicit = PGLs (k)| Z () Z #s(C).

N<]AlsM CeCs 1y,

1 3 ns C
And similar for s7; . ., Sexplicit-

exp
By Theorem curves of type [5] have at most six singularities so we do
not need to consider them. For curves C of type [1,1,1,1,1],[2,1,1,1],[2,2, 1]
we will have #c¢(C') = 0 so we can ignore the counts for cusps in those cases.

10.3.1 [1,1,1,1,1], three lines through one point Q.

We can reuse our findings from section with different 7(A). And in-
stead of an 8-tuple of points we instead write it as a k-point P and a 7-tuple
of points. However keep in mind that we do not fix P here, the difference
between the tables is one of notation. Besides the fact that we leave out the

cases where 7(\) = 0 and the cases where #s(C) = #ns(C) = #c¢(C) = 0.

The values in the table should be multiplied with (q2+2q+1)2.

lines P, X points | 7()) |C|
1] [1%] 6 (3) ()
[13,21], both ks-lines through Q [14,22] 2 (g)q%(q2 —q)

For [1°] we find that #s(C) = 8 and for [12,2!] we have #s(C) = 3. We get
for split nodes
ZT(A)‘#S(C) lep_ 7

3
—_ — — 2 — fry —
[PGL3 (k)] =2+ 5a=51-T

where the sum is over the rows in the table. There are no non-split nodes
to be counted here.
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10.3.2

We reuse our findings from section

[1,1,1,1,1], no three lines through one point.

lines | P, points | 7(\) |C|

[17] 19 |56 | (Y9 a2 -3)
13,2 42 | 6 (2““)2( )i(a® — q<q— 1)
(12,31 | [1%,39] 2 | (@ +qg+ 1) (5N g+ 1) (g —1)?

For split nodes we get

> TREHE = (g - 2)(a - 8) + 3alg — 1) + Ja(g + 1) = 3(13¢% — 49¢ + 56)
where the sum is over the rows in the table. And for non-split nodes we get
A) - C)-|C 1
ST (OO L
|PGL3(k)| 2

where the sum is over the rows in the table.

10.3.3 [2,1,1,1], two of the lines are tangent to the conic.

Precisely two of the lines are tangent to the conic, no lines intersect on the
conic, and the three lines do not intersect in one point.

For a [1%]-tuple of lines and a [17]-tuple of points we pick an irreducible
k-conmic: (¢>4q+1)¢*(¢—1). We pick two k-points on the conic and take the
tangent lines at those points, they meet in a point Q: (q;“l). We take two
more k-points on the conic and take the line through them. We then have
to subtract the case where the resulting line goes through Q. If char(k) # 2
then by. this gives (qgl) - q;21' If char(k) = 2 then @ is the strange point
so we get (5 1)

For char(k) # 2.

The values in the table should be multiplied with (¢ + ¢ + 1)¢?(q — 1).
lines | P, \ points | 7()\) |C|
7] 1] 1 (1)) -5
[1°.2'] | -1 (G -9 -5
2] 17,27 1 3@ — (1) - %)
14,25 | -1 | 5(¢® - a)(3(a* — g — 2) — TFF)
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For split nodes we get

S e

where the sum is over the rows in the table. And for non-split nodes we get

ZT()‘)'#HS(C)'|C‘ _ 1( _1)_%((]_3):1

IPGL3(k)] 4"

where the sum is over the rows in the table.

For char(k) = 2.
The values in the table should be multiplied with (¢ + ¢ + 1)¢?(q — 1).

lines | P, A points | 7(\) |C|
[1°] [17] 1 (39 (%))
(15,2 | —1 (313 —a)
12| 13,27 1 5@ —a) ("5
15,28 | -1 | 5(¢® - q)5(* —q—2)
For split nodes we get
T(A)-#s(C)-|C| 5 3 1
where the sum is over the rows in the table. And for non-split nodes we get
T(A) - #ns(C) - |C 1 1 1
ST As(O) 0] 1 Lo L
|PGL3(k)| 4 4 2

10.3.4 [2,1,1,1], one of the lines is tangent to the conic.

Precisely one of the lines is tangent to the conic, the intersections of the
lines are not on the conic, and the three lines do not intersect in one point.
We reuse our findings from section

For char(k) # 2.
The values in the table should be multiplied with (¢2+q-+1)¢?(¢—1)(g+1).

lines | P, A points | 7(A) |C|

oy | e (93 -a('3)
192 | 4 | @3 -9 -a (%)
[14,92] 9 (%(qz—q)) _ q(L%l)
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For split nodes we get

where the sum is over the rows in the table. There are no non-split nodes
to be counted here.

For char(k) = 2.
The values in the table should be multiplied with (¢2+¢-+1)g?(¢g—1)(g+1).

lines | P, A points | 7(\) |C|

IR 6 (93— (¢—1)(3)
16,21 | —4 | (4@ —q) —(g—1) (%)’
1422 |2 | (F90) — (g 1))

For split nodes we get

where the sum is over the rows in the table.

10.3.5 [2,1,1,1], the lines intersect on the conic.

None of the lines is tangent to the conic, the intersection of two of the lines
is on the conic, and the other intersections of the lines are not on the conic.

For a [1%]-tuple of lines and a [17]-tuple of points we pick an irreducible
k-conic and choose a k-point @ on the conic: (¢> 4+ q + 1)¢?(q — 1)(¢ + 1).
Then we pick two k-lines through ) that are not tangent to the conic: (g)
And then we choose two k-points on the conic that are not on the two lines.
We take the line through these points: (‘52).

If we have a [11, 2']-tuple of lines such that the ko-tuple of lines intersects
on a point outside the conic. Then the intersection of the k-line with one of
the ko-lines is a ko-point () on the conic. The conjugate of this point is on
the k-line, on the other ko-line, and on the conic. So two of the intersection
points of the lines are on the conic which is a contradiction. This means

that we do not get any non-split nodes.

The values in the table should be multiplied with (¢?+¢-+1)¢?(¢—1)(qg+1).

lines | P, \ points | 7()\) |C|
1% 17] 1| (%)
[1°,21] -1 | #)3(®—a
b2l | [13,2% 1| 32—
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For split nodes we get

> T(A)};ﬁifljﬂ I _ g(q —2)(q—3)—qlg—1)+ %q(q —1)=¢*—Tq+9

where the sum is over the rows in the table.

10.3.6 [2,1,1,1], three lines through one point.

None of the lines is tangent to the conic and the three lines intersect in one
point outside the conic. We reuse our findings from section

For char(k) # 2.
The values in the table should be multiplied with (¢ + ¢ + 1)¢?(q — 1).

lines | P, A points | 7(\) |C|
g=1 g+1
[1%] 7] 1 () (3)+ G (3)
g=1, g+1
1°2 | 1| (BH(3)ST+@(3)%
1322 | 1| (S 09D
1,29 | -1 () + @)
12| 2 | 1| ()t 4 (gt e
— —1)2 —
[117 23] 1 (qurl)qu (g 41) + (g)%l (q+1{4(q 3)
IR N NG V5 Rt v w
L2t |1 (e 4 (g
For split nodes we get
\)-#s(O)-|C] 1 1 1 1 1
S T = 83 D ) 20D (a1 g ) =

—(g—1)
where the sum is over the rows in the table. There are no non-split nodes
to be counted here.

For char(k) = 2.
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The values in the table should be multiplied with (¢?+q+1)¢?(g—1)(¢*>—1).

lines | P, A points | 7(\) |C|
19] [17] )
2 | -1 ] ()
1,27 | 1| 4(3)
2 | -1
1%, 21] 13, 22] 1 %q(qZZZ)
11, 23] 1 %q(q4—2)
4] | -1 4%
nt2taly | 1| 4z

For split nodes we get
SR = L -2)(a-4) — fala—2) + Lala - 2) + fala - 2) — 3P = —(a - 1)
where the sum is over the rows in the table.

10.3.7 [2,1,1,1], nine singularities.

None of the lines is tangent to the conic, no lines intersect on the conic, and

the three lines do not intersect in one point. We reuse our findings from
section [9.2.9)

The values in the table should be multiplied with (¢ + ¢ + 1)¢?(q — 1).

lines | P, A points | 7(\) |C|
1%] 1%] 28 (7§)15
1727 | -9 | ("1)s(®-a)3
[15,22) 1 (751 (%(q;—q))
1%, 2% 3 (%(qz—q))
2w s | ()2
[, 24] _3 (g(q;—tI))g .9
[1%,25,4Y | -1 | (336" - )
14224 | 1 | 5(¢* —a)5(d" — ¢?)

62



For char(k) # 2.
We subtract the case where we have three lines through one point to get for
split nodes

) T(/\fﬁéii((%i 9 _ %(q—2)(q—3)(q—4)—%qm—l)(q—2)+%(q+1)q(q—2)

+1*36(q*2)(q2qu4)+g(q+1)q(qf2)*i(qﬂ)q?* (241013)2(152@1)2

5 , 3 - B 1
212+ Z(g— 2P —20—1) = ~(qg+1D(g-1)) =
+16(q ) +16(q 3) +4(q q—1) 4(q+ )(q ))
1 3 2 2
520" — 514 + 1849 — 186) — (¢° — 19¢ +33) =

1
5(2q3 — 53¢% +222q — 252)
For non-split nodes:

5 T I S et~ a2 - 0) - gL+ 1)e

D) (32D 220D et D)) =
%(q2 ~6)—0=5(¢"~6)
For char(k) = 2.

Subtracting three lines through one point results in —(q? — 19¢ + 33) and
—0 just as for char(k) # 2. So the end result is the same.

10.3.8 [2,2,1], the line is tangent to one of the conics.

The line is tangent to precisely one of the conics and intersects the other
conic in 2 points. The conics intersect in 4 other points.

If we have a conjugate 2-tuple of conics then the k-line has to intersect
both conics in the same number of points so this will not happen.

For char(k) # 2.
For a [1%]-tuple of conics and a [17]-tuple of points we pick four k-points
Py, P,, P53, Py such that there are no three on a line.

51 (@ g+ Dla+1)ag 17

Then we use the tables in section to pick a k-line L that is tangent to
precisely one irreducible conic through Py, Ps, P, Py: 3(q—3). We take this
conic and choose another conic through two k-points on L: Cf = %. We
can also pick a k-line L that is tangent to precisely two irreducible k-conics
through Pi, Py, Ps, Ps: 3(q — 3)(¢ — 5). We pick one of the two irreducible
conics and a conic through two k-points on L: 2C, = ¢ — 7.

63



The values in the table should be multiplied with (¢?+q+1)(g+1)g*(g—1)2.

4 points | P, A points | 7(A\)v () |C|
[14] [17] 2 3(¢-3)%5> +3(q—3)(g—5)(q—7)
[15,21] —51 3(¢—3)%5  + (g —3)(g—5)(g—1)
(12,2 | 17,2 -1 (= 1% +3(g—1)*(g—3)
[13,2) i (=15 +3(q—1*(g—1)
31 | 14,37 3 3@+ a)g—1)
12,21, 3"] -3 3@+ 9)g-1)
2] [1,27) 3 (@-3)5 +2(¢-1)%52 +3(g—1)(g—3)(¢—3)
[4'] [17,4'] —3 (q+1)%5 +3(¢> =g —1)
For split nodes we get
5 T I 909~ 50 Da-2) -3~ 5417 a-2)

+-

~ |

q(q—1)2+é(q+1)Q(q—1)—'é(q+1)q(q—1)+-%Q(q—l)(q—?))—-1(q+1)fJ(q—1) =

4
3(g—2)

where the sum is over the rows in the table. There are no non-split nodes

to be counted here.

For char(k) = 2.

The values in the table should be multiplied with (¢>+q+1)(q¢+1)¢3(¢—1)2.

4 points | P, \ points | r(\)r(\) |
[14] [17] o (¢—2)(g—4)%°
[17,21] o7 (¢—2)(qg—4)%
(12,21 | [1°,2] -1 q(qg—2)%52
1%, 2] i q(q — 2)%
[1',3'] [14,3'] 3 (¢+1)(¢g—1)F
[12,21,3'] —3 (¢+1)(g—1)%
[27] [1%,2] +3 q(q—2)%52
[41] 1%, 41] —% 3

For split nodes we get
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T(A) - #s(C) - |C|
[PGL3 (k)| 8

>

12
Z —92) 4.
+4 (q )+2

= L (a-2)(a—4)(a-0)—5ala-2)(g—4) 3 (4-2)?

12

1(q+ Lg(g—1)— -1(q+ Lg(g—1)+ 'EQ(Q* 2)% — %6613 =

6 8
3(g—2)

where the sum is over the rows in the table.

10.3.9
k.

[2,2,1], eight singularities and the conics are definined over

The line is intersects each conic in 2 points. The conics intersect in 4 other
points. We reuse our findings from section

For char(k) # 2.

The values in the table should be multiplied with (¢?+¢+1)(g+1)q

3g—1)%

‘ 4 points ‘ P, )\ points ‘ T(A)v(X) ‘

] |

| % SN 43907
+1a-3)(a-5 (%S + i@ -D@-3)('%?)
32(¢—3)3(¢—1)+3(¢—3)5(q—5)3(qg— 1)
[15,21] — 31 +3(q—3)(q—5)5(a—T)3(@—1)
qfl)(q 3)3(a—5)5(g+1)
[14722] % 3( q2 11)) +13 ) 2 q2 1)) .
+2g-3)a -5 + Lg - 1) -3) (%)
[12721} [16721] _% (2(:12 1)3 (5 q2 1)) .
%( 1)2(2@2 )) *((H-l)( _3)(5(427 ))
$a—Diq+ D)+ (¢-1)3(@—1)3(g—1)
[1%,22] 2 +3a-1)%3(g-3)i (g - 1)
+3(g+1)(g—3)35(g—1D3(g+1)
14,34 | [1%,3Y 2 Lalq+ D)2V 4 Lg(q — 1)(34)
13,21, 31] -3 30(g+ 13— D3(g— 1)+ 39(¢— 1)3(g+1)5(g+ 1)
[1!,22,31] 7% 1 a(g+1) (é q2 ) é alg - 1)( (42+1))
e | we | 2 | 0% **>>+2< ) 420090 + -0 ()
Ha-D@-3)C%Y") + 3+ D@ -D(EGY)
W | oy | 2 (5D aents?)
+a+ D - DY) + Ha+ D@ - (YY)

For split nodes we get
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T(Aféﬁi(ck))i - 2 (6(‘129“”)@3)@5)6<q25q+3><q1><q3>
+(¢®—q+1)(g—1)(g—3)—18(¢*—3¢+1)(¢—1)(q—3) +12(¢*—2¢* 1) (¢ — 1)

+15(q+ 1)g(q — 1)(g — 2) — 6¢*(q + 1)(q — 1) — (g + 1)g(g — 1)(¢ — 2)

1 3(¢*— 2% — 2~ 1)(q—3) — 6(¢® — ¢ — 1)(g + 1) — 1>) -

1

5(19q2 — 101q + 120)
where the sum is over the rows in the table. There are no non-split nodes
to be counted here.

For char(k) = 2.
The values in the table should be multiplied with (¢>4¢+1)(¢+1)¢3(¢—1)2.

4 points | P, \ points | 7(A\)v()\) le]
1] [19] £ 3¢ -2 (%) + (¢ - 2)(g - 9 (24Y)
[16,21] — 13(g—2)3 gD+ (¢—2)(g—4)3(qg—6)iq
14,22 % 30— 2)(3) + (4= (g - (3)
(12,21 | [18,2] 4 (¢ —2)(31) +alg—2) (24 ?)
14,27 2 (¢—2)3a3q+ala—2)i(q—2)iq
11,31 | 15,3 g (g+1)(g - 1)(2)
[13,21,31] -3 (¢+1)(a—1)iqdq
11223 | -1 (q+1)<q—1)<%q>
22 | (423 2 (0 - 2)(3) +20(3%?) + g(q - 2) (3% ?)
W] | oph4y | -2 a(3) +4 (2)

For split nodes we get

T(A) - #s(C) - [C] 1
5 T L (sta-2) a0 (a-0)-6ata-2a-3) (a1
+a(q—1)(q—2)*—184¢(q—2)*(q—3)+12¢*(q—1)(q—2)+15¢(g+1)(¢—1)(¢—2)

—6’q2(q+1)(q—l)—Q(qH)(q—l)(q—2)+Q(q2—3q—2)(q—2)—6q2(q+1)(q—2)> =

1
5(19q2 —101¢ + 120)

where the sum is over the rows in the table.
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10.3.10 [2,2,1], eight singularities with a conjugate 2-tuple of con-

1CS.

We reuse our findings from section

For char(k) # 2.
The values in the table should be multiplied with (¢?+¢+1)(g+1)g3(¢—1)2.

4 points | P, A points | 7(A)v(A) |C|

3(@® =29 +3)(¢* —2¢ +1)
+5(¢ = 1(g—3)(¢* —2¢ - 3)
[1%,41] —5 (> =3¢ +3)(¢* - 1)
5@ +a)(¢* —2q+1)

[17] [1,27] 5

(11,31 | [11,2% 3] -3
+3(¢* — 9)(¢* — 29 — 3)
[11,3!, 4% 3 (4> — 1)
For non-split nodes we get
T(A) - #ns(C) - |C 1

(@304t - 1) - <q+1>q<q1><qz>+<q+1>q2<q1)) -

1

5(] (¢—1)
where the sum is over the rows in the table. There are no split nodes to be
counted here.

For char(k) = 2.
The values in the table should be multiplied with %(q—i— D3 (q—1)%(g*+q+1).

4 points | P, A points | 7(A\)v(A) |C|
[17] [14,27] 7 | (a=1D(g—2)(¢* —29)
[1%,4'] —5 (¢ —1)(g—2)¢*
[11,31] [11722731] _% (Q+1>(q_ 1)((]2 _2Q)
[11731741] +1% (q+1)(q— 1)(]2
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For non-split nodes we get

}:Tth§Zi%K”=£;Oq—n@—2ﬂf—2®

—@—1M%q—%-%q+ﬂm—iﬂf—2®+8f@+iﬂq—0>—

1
5(1 (q - 1)
where the sum is over the rows in the table.

10.3.11 Tools for two conics that intersect in three points.

Let there be a line T', a point () on 7" and a A-tuple of points P;, P» not on
T such that (), P, P, are not on a line.

We write P for the pencil of conics trough @, Py, P> that have tangent T'
at ). Let L be a k-line not through any of Q, Py, P,. We can define Ay, By,
C, etc. similar to how we did before in section

There are two reducible conics in P and they are both k-conics so we have
X = Xp, = 2.

For char(k) # 2.
We get By, =2 and Ay, = Yy, so Di, = %(qQ —1).
For A\ = [12] we have Ay = Ay,.

number A | By | Vi | 2C% | 2Ck, 4Dy,

g—1 1|21 |qg=3|qg-—1|¢—-2¢+1
sa—1(@=3) | 2 | 2|2 |¢g-5|qg-1|¢—2+1

$(g—1)? 210 |0 |¢g—3|qg+1|¢*—2¢-3

For A = [1?] we get

number Ap | Ak, | Be | Y | 2C, | 2Cy, 4Dy,
g—1 0| 1 2 |1 |g=—1|q-3|¢g—-2¢+1
(g —1)? 1] 2|2 |2|¢-3|¢g-3|¢-2¢+1
s@+D(@-1 | 1| 2 | 0[]0 |qg-1|qg=—1|¢"—2¢-3

For char(k) = 2.
We get By, = By, =1, Yy, =Y}, and Ay, = Y, + 1 50 4Dy, = %(q2 —2q)

and Dy, = %qQ.
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For A = [12] we have Ay = Ay,.

number A | Y | 2Ck | 2Ck,
q—1 1 0|qg—2 q
(g—1(@—-2)| 2 |1 |qg—4| ¢

10.3.12 [2,2,1], two k-conics intersect in 3 points.

The line intersects each conic in 2 points. The conics intersect in 3 other

points.

For char(k) # 2.

For a [1%]-tuple of conics and a [17]-tuple of points we pick a line 7', a point
Q on T and two k-points P;, P, not on T such that ), P;, P> are not on a
line.

(¢ +q+ 1)(q+1)<q22> - <q2 +2q+ 1>2<g> = %(q2+q+1)(q4r1)q3(q—1)

If instead we choose Py, P» to be a ka-tuple of points then we get

@+ g+ 1)@+ D" =) = (TFN28( — q) = HP +a+ g+ Dedg - 1)

The values in the table should be multiplied with $(¢*+¢+1)(g+1)¢3(¢—1).
2 points | P, A\ points | 7()\) 1C|
12] 17) | DEGY) + 50 A 3)(247)
+3a- 2"
(a—1)3(q—3)5(g —1)
%21 | =1 | 4= D@ -3)3a 53— 1)
+3(g— )21((1 3) (q+1)
[13,22] 1 (¢—1 (§ q2 ) ) y - 3)(2(q2_1))
300 > (¢ ‘I*”)
[21] [15’ 21] 1 (q B 1)(%@2—1)) + %(q _11) (%(q2_3))
+ha+ e -G
(= 1)5(a—1)5(a—3)
%27 ] 1 +5(a—1)?(a-3)3(a - 3)
+3(a+1)(¢ = D3¢ - D3(a—1)




For split nodes we get

7(\) - #s(C) - |C 1
2 (#21&$H |=8<%q—$%q—m

A1) (-1 2q—12(q—3) + 2(q - 1)3) -

3
- Sla=2(-5)
where the sum is over the rows in the table. There are no non-split nodes
to be counted here.

For char(k) = 2.
The values in the table should be multiplied with %(qQ—i—q—i— 1)(g+1)g3(qg—1).

2 points | P, A points | 7(\) |C
1(a-2)
2| | a=nt% )
+qg—1)(g - 2)(24Y)
B | 1 (a—1)5(¢—2)3q
+g—1)(g—2)5(q—4)3q
13, 2?] 1 @_1M¥)1
+(¢—1)(g-2)(%)
[21] [157 21] 1 (¢—1) (qu) )
+Q(q - 1)(§(q2— ))
1 22 . (¢—1)3q3(¢—2)
+q(q—1)5(q —2)3(¢ —2)

For split nodes we get

e R

—4(q—3)g+q(q—1) —2q(q — 3) +2q(q — 1)) =

where the sum is over the rows in the table.

70



10.3.13 [2,2,1], a conjugate 2-tuple of conics intersects in 3 points.

For char(k) # 2.
The values in the table should be multiplied with %(qQ—i—q—i— 1)(g+1)g*(g—1).

P, X points | 7()) |C|
[13,27] 1| $g—1)%3(¢* =2+ 1)+ 3(¢— 1)%5(¢* —2¢ - 3)
[13,41] -1 (g—1)*5(* - 1)

For non-split nodes we get

> T(A)\fﬁi&%{ . i<q‘”<(q2‘2q‘”‘(q2‘”> -t

where the sum is over the rows in the table. There are no split nodes to be
counted here.

For char(k) = 2.
The values in the table should be multiplied with 3(¢+1)¢*(¢—1)(¢*+¢+1).

P, X points | 7()) |C|
15,22 | 1 | (a—1)%3(¢* —29)
[1%,41] —1 (¢ —1)°34°

For non-split nodes we get

where the sum is over the rows in the table.

10.3.14 [3,1,1], eight singularities.

We get eight singularities when the lines each intersect the cubic in three

points and intersect each other outside the conic. We reuse our findings
from section 0.2.91
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The values in the table should be multiplied with $(¢*+¢+1)(g+1)¢*(¢—1).

lines | P, points | 7(\) |
ISR 6 (5)("5”)
(127 | —4 2(9) (g —3)3(¢> — q)
[1%,27) 2 | 3@ —g— D3P —q-2)
[17,3'] 3 2(3)3(* —a)
[1%,24,31 | -1 25(¢* - 9)3(¢* — 9)g

We do not know whether the singular point of te cubic is a split node, a
non-split node, or a cusp. This means we can no longer compute the number
of split nodes, non-split nodes, and cusps separately. However we can still
compute their sum. We get

3 T (@#s(C) Eﬁiﬁ;f #AC) 1€ _ é(4(q—2)(q—3)(q—4)(q—5)

—12q(q—1)(q—2)(q—3)+6(q+1)Q(q—1)(q—2)+5(q+1)Q(q—1)(q—2)—3(q+1)q2(q—l)) =

— (¢ — 24¢* 4 87q — 80)
where the sum is over the rows in the table.

10.3.15 [3,1,1], a smooth cubic.

The lines each intersect the smooth cubic in three points and intersect each
other outside the conic.

For a [12]-tuple of lines and a [17]-tuple of points we choose two k-lines
L,L’ and three k-points on each line that are not the intersection of the
lines: (7°7+1) ()%,

There is a P3 of cubics through the 6 points. From this we subtract the
reducible cubics through the 6 points. We get a reducible conic when we
take the lines L, L and any other line more line, this gives a P?. Another
way to get a reducible conic is by taking a k-line that is not L, L', through
two of the points. And then there are ¢ k-conics, that are not LL’, through
the four other points. So we get [P3(k)| — [P?(k)| — 9q for the number of
irreducible cubics. However the case where we have three k-lines, that are
not L, L, through the six points has been subtracted once for every line. So
to compensate we have to add it twice. There are 6 ways to choose three
lines through the six points so we add 12.

After this we also have to subtract the cases where we get an irreducible
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singular cubic. We have already computed these cases above.

lines | P, A points | 7(X) |C|
1] [17] 1 (q2+q+1) (q)2 ¢ — 9+ 12)
15,21 | -1 | (TFT2(Dek (@ - )@ — 39)
[1%, 2] I G e e e ))2(q3 q)
143 | 1 (TH2(9) 56— 0)d®
1537 | 1| (TGP - 9)2(® - 3)
12,2531 | —1 | (2036 - (@ - 9
2| ph2] | -1 | et - 9)(5)(@ - 3q+2)
h2h4 |1 | 5t - 9’5t - ¢*) (@ —g)
[he'l | -1 | 3= - P -1)

We get

) T(A) - (#s(C) + #ns(C) + #c(C)) -|C] _ 1
[PGLs (k)| 72

+27(q+1)(q—1)¢*+16(g+1)(¢—2)¢* +4(¢>—3) (q+1)*—~24(q+1)q* —6(¢°*—2)(¢+2)(¢—1)*
+18(g+1)(g—1)¢*—12(¢*+q+1)(¢°+1)(¢—1)— (7~(q—2)(q—3)(q—4)(q—5)

—30q(¢—1)(q—2)(q—3)+27(q+1)a(q—1)(q—2)+16(q+1)q(q—1)(¢—2)+4(¢* —q—3) (q+1)

(7(tf’9q+12)(612)230((123)(q2)q2

24(q+1)q2(q1)6((12q4)(q+1)(q2)+18(q+1)q2(q1)12(q3+q1)(q+1))> =

(2¢> —=9¢+5) — (2> —12¢+11) =3(g — 2)
where the sum is over the rows in the tables.

10.3.16 [3,1,1], one of the lines is tangent to the cubic.

One of the lines intersects the cubic in three points and the other line in-
tersects the cubic in two points. The lines intersect each other outside the
conic. And the cubic has a singular point.

The lines have to be a [1%]-tuple. For a [17]-tuple of points we choose two
k-lines and a k-point (Q outside those lines: %(q2 +q+1D(g+1)¢*(q—1).
We then choose one of the two lines and three k-points on the line: 2(%).
Then we pick two points on the other line L such that there are no three
points on a line through (). And we finally choose one of these two points
R: (q;3)2.

Similar to lemma[9.9] there is exactly one irreducible cubic through @ and
the five points on the lines with tangent L at R and with a singularity at Q.
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The values in the table should be multiplied with 2(¢?+q+1)(g+1)¢*(g—1).

P, )\ points | 7()\) |C|
1] +1 (5) (")
152" | -1 | ¢5(¢® —a)(%))
1430 | 41| 3@ -9

We get

> ) #(0) TP#éib;((i;I+ #AOD 1 _ (-2)(g-3)(a-4)~24(a—1)(a—2)+(a+Dala—1) =

—3(> - 7¢+9)
where the sum is over the rows in the tables.

10.3.17 [3,2].

The cubic and the conic intersect in six points and the cubic has one singular
point.

For char(k) # 2.

For a [17]-tuple of points we pick an irreducible k-conic C: (¢>+q+1)¢*(g—1).
We use pick a k-point ) that is the intersection of two k-tangents of C"
(qgl). We then pick six points on C' such that the tangent at none of them
goes through ) and there are no two on a line through ). There are two
k-points on C such that their tangents go through Q. If we pick both these
points and four others then we get

11350~ 7).

If we pick one of these points and five others we get

22 (¢~ e~ H(a—5)la— T)(a—9)

If we pick six other points we get

é(q — (g =3)(a = 5)(¢~7)(g~9)(g—11).
So in total we have
(g—1)(g—3)(g—5)(q— 7)(% + 2%((; —9)+ é(q —9)(g - 11)).

Similar to lemma there is exactly one irreducible cubic through @ and
the six points on C with a singularity at Q.
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We can also pick the k-point ) to be the intersection of a ko-tuple of

tangents of C. ((2)) In this case we get

6!

g+ 1)a-1)(a-3)a—5)a—T7)a—9).

For a [1!, 6']-tuple of points there are %(q3 — q) ks-tuples of lines through
Q. For two ks-tuples of points on C' there is one k3-tuple of lines through

Q. So there are

%(q3 —q) - %(q —q) = é(q?’ —q)

ks-tuples of lines through @ that intersect C in a kg-tuple of points.

The values in the table should be multiplied with (¢ + ¢ + 1)¢?(q — 1).
P, X points ‘ 7(A) ‘ |C]
(") (@=1)(g—3)(g—5)(q—T7)
[17] ! (% +24(@— 9+ &g 9)(g—11)
+(@ & @+ D(a—D(@—3)(g—5)(g—7)(g—9)
(G —a) - F)a—1)(g—3)
%27 | 1 3 +23(a—5) + Ha—5)a-7)
+(@ G -9 — S ale+D(g—1)(g—3)(g—5)
(I 5G@@ -9 -5 -9 - G5 -2)
1527 | 1 (1+2(q— 1)+ 3(a—D(@—3) + ((3(¢* —a—2) - Z)
(14 5(5(¢° —q—2) = T —2))5 (g + 1)(g - 1)
(3G -9 -SG9 -5 —2)(5(* —q) — G —4)
127 | -1 +(G@ —a-2) - )G —g—-2) - -2)
(1 +31(5(¢° —q—2)— T —4)
1431 . ("33 — )@= 1D +25(¢—3) + 5 (a —3)(¢ = 5))
+(@) 3@ — D)% a+ (g —1)(g—3)
[1',3%] 1 55 —9)35(d® —q—6)
12203 | 1 (3@ -G -9 - 5@+ 1)
+(A) 2 -G —a) - ) (g+1)
g | ((a* =) = S A +20 = 1+ Fi(a = (g - 3))
+(@) (g + (g — 1)
ph254Y | 1 | Gt - - SE(ENGE@E -9 - S+ (DG —9) - %)
[12,5] 1 7 — (g +1)
[1%,6"] —1 CGEE - -+ -5 —9)




We get

> mA)- (#l0) TP?}EZ(&;F Ao 777()(q2—9q+15)(q—3)(q—5)(q—7)

- (@ =6+ 100~ (= (g —3) + 16 —a— D+ (g~ (g —3)

(0320 (a-3)+ 2 (P~303) g+ alg— 1) (42043)0(a-2)

~ 5 (=D Va1~ S (=g D+ gD+ (@ —g—1) g+ 1) (a1

2 1
+ g(q2 +1)g* (g +1) — g(q2 +q+2)(qg—1) =

—(2¢° — 15q + 14)
where the sum is over the rows in the tables.

For char(k) = 2.

For a [17]-tuple of points we pick an irreducible k-conic C' and a k-point
Q outside the conic that is not the strange point of C: (¢? + ¢ + 1)¢%(q —
1)(¢*> — 1). We then pick six points on C such that the tangent at none of
them goes through @ and there are no two on a line through Q.

ala~2)(a—4)(a — 6)(q ~ )3 + 5 (— 10)).

The values in the table should be multiplied with (¢>+q+1)(qg+1)¢*(¢—1).

P, A points | 7(A) |
[17] 1 (g —2)(q — 4)(q — 6)(q — 8)(5; + (¢ — 10))
[1°,2 | -1 (3(® =) — Dalg —2)(¢—4)(3 + 41(¢ — 6))
12,27 1 3 (3P =) =GP — ) —§—2)q(1+ 3(q—2))
152°) | 1 | 53(* —9) = D@ —a) = § - 2)(3(¢* —q) — § -
[14,31] 1 3@ = 9)alg = 2) (5 + 5(g — 4))
[1',37%] 1 213(@® —a)5(¢* — g —6)
[1%,24,3' | -1 1P -G@ - —-H+1)
1%4Y | -1 (e = ¢®) = D)a1 + H(g - 2)
125,41 | 1 (' - -G -0 - )
[12,5] 1 @ —9)g+1)
[1h6' | -1 - -+ -t —q)
We get
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q—2)(q—4)*(¢—6)(q—8)

) T(A) - (#s(C) + #ns(C) + #(C)) - |C| _ T
[PGL; (k)| 720

*%(Q*Z)gq(q*4)+1%(q272q*4)q2(q*2)*%(q272q*4)(q+2)(q*2)(q*4)

+§(2q—5)(q+1)q(q—1)(q—2)+11§(q+1)Q(q—1)2(q—2)—%(q+1)2qw—1)(q—2)

2P -DP g (-2 a2+ () (a1 (a1~ 5 (a4 (e 1) (g-1)? =

8 8
— (2¢* — 15q + 14)
where the sum is over the rows in the tables.

10.3.18 [4,1].

The line and the quartic intersect in four points and the quartic has three
singular points.

For a [17]-tuple of points we pick three k-points Q1, @2, Q3 that are not
on the same line.

2
¢ +qg+1 q+1 1
(") @ rar (7)) = g a0+ 0

We then pick a k-line L not through any of the three points: (¢ —1)2. Then
we pick four k-points on L such that none of them is on a line through two
of Q1,Q2, Qs: (qf). Now we want to pick a quartic through @1, Q2, @3 and
the four points on L with singular points at Q1,Q2, Q3. There is a P! of
such quartics. The quartic is reducible if it consists of L and the three lines
through @1, Q2, @3, or if it consists of two conics through Q1, @2, Q3 where
each conic goes through two different points on L. There are 3 such pairs
of conics. All the other quartics are irreducible so we get ¢ — 3 irreducible
quartics.

For picking a [1!,2!]-tuple of points and a line not through any of them
we get,

(P+a+Did* —a)— (@ +a+ D)@+ D3P —a)(?-1) =3P +q+1)(g+ 1) (g — 1)~
For a [3!]-tuple we get

G+ - - — (P +a+ )3 —)) P +q+1) =3 +q+1)(g+ D (g— 1)~
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The values in the table should be multiplied with (¢?+q+1)(g+1)g*(g—1)2.

3 points | P, \ points | 7()\) C]
[1°] [17] 1 £ (@ —3)
[1°2] | -1 | §(57)5(@ —a)a— 1)
12,27 | 1 120y (g - 3)
[14,34] 1 §a—2)3(¢* — q)q
(13,41 | -1 gt —g®)(g-1)
1h2] | ey | -1 1) 3)
1,22 | 1| 393 —qg—2)a—1)
1423 | -1 | L(ECY)(g-3)
(12,2531 | —1 593(¢® — Q)q
[1t,24 4 | 1 gt —)g-1)
[31] n43y | o1 3(11)@-3)
(12,243 | -1 | 3("3)3(’ —9)(a—1)
11,37 1 | 3q+1)3(¢* —a—3)q

We get

Z 7(A) - (#s(C) ‘;‘P?éiZ((i;r #c(C)) - |C] _ TLL(Q72)(Q73)2(Q74)(C]75)
2

f%q(qflf(q*?)(q*3)+%(q+1)q(q*1)(q*2)(qf3)+*(q+1)q2(q*1)(q*2)

- %(qu 1)¢*(q—1)* — %Q(q ~1)(g—2)(q—3)°+ g(qu 1)g(q—1)%*(q—2)

@D+ D@D -3) - g+ VP - 1) + 2 g+ DgPlg — 1)?

Ne]

16 3 8
+%(q+1)Q(q—1)(q—2)(q—3)—é(q+ 1)q2(q—1)2+%(q3—q—3)(q+ 1)g =

—2(5¢* — 12¢ + 8)
where the sum is over the rows in the tables.

10.4 Results.

We have added the results together and put them in the tables below. In a
column for a certain weight w we have entered the sum of the contributions
for the cases where we consider curves with P and a w-tuple of points. We
have also added rows for some computer computations that we did for Fo
and F3. The program we created to do the computations is written in ¢ code
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and can be found at https://github.com/Wennink/countingtrigonalcurves.
Before that we also computed Typit (F2), Thon-split(F2), and Teusp(F2) using
a simple sage program. This sage program produced the same results as
the program in ¢ code but it was a lot slower which made it more difficult
to scale to F3. It was also impractical to use the sage program for more
detailed computations of the in-between results.

In the ¢ computer program we go through all plane quintics over k that
have an ordinary split node/non-split node/cusp with fixed tangents at P.
For each curve we test for all points besides P whether they are singular or
not. This way we find out how many curves there are for every distribution
of singular points. We then use this information to compute all the in-
between results for different weights. We can also directly grasp the end
results Tupiit(k), Thon-split (k), and Teusp(k) by looking at how many curves
the program counted that have no singularities besides P.

For the explicit cases where we have a singularity on an irreducible cubic

or quartic we do not know the contribution to szxphdt, sgf;phcit or sgxphdt SO
there will be some question marks in the tables.
For split nodes we have
weight q 2 3
0 T 4096 | 1594328
1 ~ 4l —3072 | — 177147
2 A 512 | 52049
3 0 0 0
4 0 0 0
5 0 0 0
6 ? 1 0
7 ? -5 -9
8 $(2¢3 —53¢% +222¢ — 252) | —2 —3
9 2(13¢ — 49¢ + 56) 5 13
sum ? 1535 | 236195
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For non-split nodes we have

For cusps we have

For the sum of the split nodes, non-split nodes, and cusps we get

weight q 2 3
0 q'3 4096 1594323
2(¢2—1) 3 16
it 177147
1 —xly | —1024 | 177
2 g 512 59049
2(¢2—1) 3 16
3 0 0 0
4 0 0 0
5 0 0 0
6 ? 3 —4
7 ? 1 5
8 2 —6)| -1 3
9 5q(¢—1) 1 3
sum ? 516 1182&
weight q 2 3
1 177147
0 L7 | 2048 | MTHAT
1| 40 | 1536 | —30366
8 6561
2 q"_—l 256 =
3 0 0 0
4 0 0 0
5 0 0 0
6 ? -1 —4
7 ? -1 0
8 0 0
9 0 0 0
sum ? 766 52484
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weight q when char(k) = 2 2 q when char(k) # 2 3
0 (P +¢%-1) 22528 g (g3 +¢>-1) 6200145
(¢=1D?(g+1) 3 (g=1)*(g+1) 16
_ 2P+ _ A C et ) 688905
1 (g—1)? 5632 (g—1)* 4
9 @ (*+¢>—1) 2816 (P +*-1) 229635
(g=1)%(q+1) 3 (g=1)*(q+1) 16
3 0 0 0 0
4 0 0 0 0
5 0 0 0 0
6 —16¢> 4+ 70q — 73 3 —16¢> 4+ 70q — 74 -8
7 —3+35¢2 — 156+ 175 | —5 | —¢® +35¢>— 156q+ 176 | —4
8 ¢® —26¢%> + 111¢ — 129 -3 ¢ —26q> + 111q — 129 -3
9 7¢% — 25q + 28 6 7q% — 25q + 28 16
sum '+t - +1 2817 dt+ g% - +1 229636

So we have computed #75(k) and the computer results over Fo and Fs
are consistent with our findings.

Theorem 10.7. The number of smooth trigonal curves of genus five over a
finite field Fy is given by

#T5(Fy) = ¢ + ¢ — ¢+ 1.
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