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SPIN CANONICAL RINGS OF LOG STACKY CURVES

by Aaron LANDESMAN, Peter RUHM & Robin ZHANG

ABSTRACT. —  Consider modular forms arising from a finite-area quotient of
the upper-half plane by a Fuchsian group. By the classical results of Kodaira—
Spencer, this ring of modular forms may be viewed as the log spin canonical ring
of a stacky curve. In this paper, we tightly bound the degrees of minimal generators
and relations of log spin canonical rings. As a consequence, we obtain a tight bound
on the degrees of minimal generators and relations for rings of modular forms of
arbitrary integral weight.

RESUME. —  Considérons les formes modulaires d’un quotient d’aire finie du
demi-plan de Poincaré par un groupe fuchsien. D’aprés un résultat classique de
Kodaira—Spencer, cet anneau de formes modulaires peut étre considéré comme ’an-
neau log-canonique a spin d’une courbe champétre. Dans cet article, nous obtenons
une borne optimale pour les degrés des générateurs minimaux et des relations mi-
nimales d’un tel anneau, et donc des anneaux de formes modulaires de poids entier
arbitraire.

1. Introduction

Let T be a Fuchsian group, i.e. a discrete subgroup of PSLs(R) acting
on the upper half plane H by fractional linear transformations, such that
I'\H has finite area. We consider the graded ring of modular forms M (T") =
@,- o My (T). One of the best ways to describe the ring M(T) is to write
down a presentation. To do so, it is useful to have a bound on the degrees
in which the generators and relations can occur. In the special case that
I" has no odd weight modular forms, Voight and Zureick-Brown give tight
bounds [15, Chapters 7-9]. The main theorem of this work extends their
result to all Fuchsian groups I'.

We can now consider the orbifold I'\H over C. For example, in the case
I acts freely on H, I'\H is a Riemann surface over C. Although I'\H may

Keywords: Modular forms, canonical rings, theta characteristic, Petri’s theorem, stacks,
Groebner basis.
Math. classification: 14Q05, 11F11.



2340 Aaron LANDESMAN, Peter RUHM & Robin ZHANG

be non-compact, we can form a compact Riemann surface T'\H* by adding
in cusps (with associated divisor of cusps A).

In order to find generators and relations for M (T"), we translate the
seemingly analytic question of understanding the ring of modular forms
into the algebraic category, using a generalization of the GAGA principle.
As shown by Voight and Zureick-Brown [15, Proposition 6.1.5], there is an
equivalence of categories between orbifold curves and log stacky curves over
C. For the remainder of the paper, we will work in the algebraic category.

Let X be a smooth proper geometrically-connected algebraic curve of
genus g over a field k. It is well known that the canonical sheaf Qx, with
associated canonical divisor Kx, determines the canonical map w: X —
}P’ﬂfl. Then, the canonical ring is defined to be

R(X,Kx) = @ H(X,dKx),
d=0

with multiplication structure corresponding to tensor product of sections.
In the case that g > 2, Qx is ample and therefore X = Proj R. When

> 2, Petri’s theorem shows that, in most cases, R(X, Kx) is generated
in degree 1 with relations in degree 2 (see Saint-Donat [14, p. 157] and
Arbarello-Cornalba—Griffiths—Harris [3, Section 3.3]). This has the pleasant
geometric consequence that canonically embedded curves of genus > 4
which are not hyperelliptic curves, trigonal curves, or plane quintics are
scheme-theoretically cut out by degree 2 equations.

Following Voight and Zureick-Brown [15], we generalize Petri’s theorem
in the direction of stacky curves equipped with log spin canonical divisors.
For a stacky curve 2~ with coarse space X and stacky points (also called
“fractional points”) Pi,..., P, with stabilizer orders e1,...,e, € Z>q, we
define

Div 2 = P ] }<P> ® <@<€1P>> CQ@DivX,

P¢{P,...,P, i=1 K

Then, a log spin curve is a triple (£, A, L) where A € DivX is a log
divisor and L € Div 2 is a log spin canonical divisor, meaning 2L ~
Kx+A+Y0_, 6"6:1 P;. The central object of study in this paper is the log
spin canonical ring of (2, A, L), defined as

R(Z,A, L) := @ H(X, [kL)).

k>0

A brief overview of stacky curves, log divisors, and log spin canonical rings
is given in Subsection 2.1.
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Our main theorem is to bound the degrees of generators and relations
of a log spin canonical ring. Let 2~ be a stacky curve with signature o :=
(g;€1,...,€r;0). The application of O’Dorney’s work [11, Chapter 5] to log
spin canonical rings gives a weak bound in the case g = 0 in terms of the
least common multiples of the e;’s. In their treatment of log spin canonical
rings, Voight and Zureick-Brown [15, Corollary 10.4.6] bounded generator
degrees by 6 - max(eq,...,e,) and relation degrees by 12 - max(eq,...,e;)
when L is effective. Note that the bounds we deduce differ from those stated
in Voight and Zureick-Brown [15, Corollary 10.4.6] by a factor of 2 because
their grading convention differs from ours by a factor of 2.

These bounds are far from tight and do not collectively cover all cases
in all genera. The main theorem of this paper gives significantly tighter
bounds for the log spin canonical ring of any log spin curve.

THEOREM 1.1. — Let (27, A, L) be a log spin curve over a perfect field
k, so that 2 has signature o = (g;e1,...,e,;0).

Then the log spin canonical ring is generated as a k-algebra by elements
of degree at most e := max(5, ey, ..., e,) with relations generated in degrees
at most 2e, so long as o does not lie in a finite list of exceptional cases, as
given in Table 6.2 for signatures with g = 1 and Table 7.5 for signatures
with g = 0.

Remark 1.2. — In fact, the proof of Theorem 1.1 holds with A replaced
by an arbitrary effective divisor of the coarse space. Furthermore, one may
relax the assumption that k is perfect. Instead, one only need assume that
the stacky curve is separably rooted, as described further in Remark 2.2.

Theorem 1.1 is proven separately in the cases that the genus g = 0,9 =1,
and g > 2 in Theorems 7.4, 6.1, and 5.6, respectively. In each of these proofs,
we follow a similar inductive process utilizing the lemmas of Section 4;
however, in the first two cases we explicitly construct specific base cases
and present a finite list of exceptional cases, whereas in the genus g > 2
case we deduce base cases from more general arguments.

Remark 1.3. — In addition to providing bounds on the degrees of gen-
erators and relations of log spin canonical rings, the proof of the genus one
and genus zero cases of our main theorem also yield explicit systems of gen-
erators and initial ideals of relations, as described in Remarks 6.2 and 7.5.
Furthermore, our proof of the genus g > 2 case provides an inductive proce-
dure for explicitly determining the generators and initial ideal of relations
of a log spin canonical ring given a presentation of the corresponding ring
on the coarse space, but actually computing such a presentation of log spin
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2342 Aaron LANDESMAN, Peter RUHM & Robin ZHANG

canonical on the coarse space can be difficult. Many explicit systems of
generators and relations for curves of genus 2 < ¢g < 15 are detailed in
interesting examples by Neves [10, Section III.4].

Remark 1.4. — The explicit construction described in Remark 1.3
also reveals that the bounds given in Theorem 1.1 are tight. In almost
all cases, the log spin canonical ring requires a generator in degree e =
max(5,e1,...,e.) and a relation in degree at least 2e — 4. Furthermore,
there are many infinite families of cases which require a generator in de-
gree e = max(b,eq,...,e,.) and a relation in degree exactly 2e. For further
detail, see Remarks 7.5, 6.2, and 5.7 in the cases that the genus is 0, 1, or
> 2 respectively.

Combining the main theorem of this paper, Theorem 1.1 with the main
theorem from Voight and Zureick-Brown [15, Theorem 1.4] and a minor
Lemma [15, Lemma 10.2.1] we have the following application to rings of
modular forms.

COROLLARY 1.5. — Let I" be a Fuchsian group and 2" the stacky curve
associated to I'\H with signature o = (g;e1,...,e.;0).

If M (I') = 0 for all odd k, then the ring of modular forms M (T") is
generated as a C-algebra by elements of degree at most 6-max(3, e, ..., e.)
with relations generated in degrees at most 12 - max(3,e1,...,¢e.).

If there is some odd k for which My(T) # 0, then the ring of
modular forms M(T') is generated as a C-algebra by elements of degree
at most max(5,ey,...,e,) with relations generated in degree at most 2 -
max(5,e1,...,e,) so long as o does not lie in a finite list of exceptional
cases which are listed and described in Table 6.2 for signatures with g = 1
and in Table 7.5 for signatures with g = 0.

Remark 1.6. — If M(T") has some odd weight modular form, then it
has an odd weight modular form in weight 3. When g > 2, we see that
this is true because dimy H°(2",3L) > 0 by Riemann-Roch and the fact
that deg|3L] > 2g — 1. When the genus is zero or one, we see that there
is a generator in weight 1 or weight 3 in the base cases given in Table 6.1
and Table 7.2. Hence, there is an odd weight modular form in weight 3 in
general. A consequence of this observation is that the bound on the degree
of generators and relations when M (T") has some odd weight modular form,
as given in Corollary 1.5, is closely related to the degree of the minimal
odd weight modular form.

ANNALES DE L’INSTITUT FOURIER
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Example 1.7. — In this example, we deduce bounds on the weight of
generators and relations of the ring of modular forms associated to any
congruence subgroup I' C SL2(Z). Since the action of SLy(Z) on H only
has points with stabilizer order 1, 2 and 3, and has at least one cusp, the
action of I' on H can only have points with stabilizer order 1, 2 and 3, and
has at least one cusp.

If I' has no nonzero odd weight modular forms, then I' is generated in
weight at most 6 with relations in weight at most 12. This follows from
work by Voight and Zureick-Brown [15, Theorem 1.4 and Theorem 9.3.1].
Note that the exceptional cases of their result [15, Theorem 9.3.1], which
happen when the genus is zero, do not occur because ¢ > 0.

If T" has some nonzero odd weight modular form, then it must have no
points with stabilizer order 2 by Remark 2.10. Therefore, by Corollary 1.5,
M (T) is generated in weight at most 5 with relations in weight at most 10.
Furthermore, it is not difficult to show that M (I") is generated in weight
at most 4 with relations in weight at most 8 when the genus of the stacky
curve associated to T\H* is 0 or 1, as noted in Remark 7.6. Note that the
exceptional cases in Tables 6.2 and 7.5 do not occur because I' has a cusp,
so 6 > 0.

Remark 1.8. — 1In the case that My(T") = 0 for all odd k, the generation
bound of 6 - max(3,e1,...,e,) and relation bound of 12 - max(3,eq,...,e;,)
can be reduced to 2 - max(3,e1,...,e,) and 4 - max(3,eq,...,e,), apart
from several small families of cases. See [15, Theorem 9.3.1] and [15, The-
orem 8.7.1] for a more precise statement of these bounds in the cases that
g = 0 and g > 0 respectively. Note that we multiply all bounds given in
Voight and Zureick-Brown [15] by a factor of two. Our grading convention
for log spin canonical rings uses weight k for the degree whereas Voight
and Zureick-Brown d = 2k for degree.

The remainder of the paper will be primarily devoted to proving The-
orem 1.1. The idea of the proof will be to induct first on the number of
stacky points and then on the stabilizer order of those points. To this end,
we first review important background in Section 2; provide essential exam-
ples in Section 3; develop various inductive tools in Section 4; and prove
Theorem 1.1 in genus g > 2, genus g = 1, and genus g = 0 in Sections 5, 6,
and 7 respectively. Finally, in Section 8, we pose several questions for future
research.
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2. Background

Here we collect various definitions and notation that will be used
throughout the paper. For basic references on the statements and def-
initions used below, see Hartshorne [8, Chapter IV], Saint-Donat [14],
Arbarello-Cornalba—Griffiths—Harris [3, Section II1.2], and Voight—Zureick-
Brown [15, Chapter 2, Chapter 5].

For the remainder of this paper, fix an algebraically closed field k. This is
no restriction on generality, as generator and relation degrees are preserved
under base change to the algebraic closure.

2.1. Stacky Curves and Log Spin Canonical Rings. We begin by
setting up the notation for stacky curves and canonical rings. Wherever
possible, we opt for a more elementary scheme-theoretic approach, instead
of a stack-theoretic one. See Remark 2.2 for more details.

DEFINITION 2.1. — A stacky curve 2 over an algebraically closed field
k is the datum of a smooth proper integral scheme X of dimension 1,
together with a finite number of closed points of X, Py, . .., P,, called stacky
points, with stabilizer orders eq,...,e, € Z>9. The scheme X associated
to a stacky curve 2 is called the coarse space of Z .

Remark 2.2. — Stacky curves may be formally defined in the language
of stacks, as is done in the works of Voight and Zureick-Brown [15],
Abramovich and Vistoli [1], and Behrend and Noohi [4].

The results of this paper can be easily phrased in terms of the language
of stacks. If one works over an arbitrary field k (which need not be alge-
braically closed) one can extend Theorem 1.1 to hold in the case that the
stacky curve 2 is tame and separably rooted, i.e. the residue field of each
of the stacky points is separable.

With this stack-theoretic description in mind, the remainder of this paper
is primarily phrased using the language of schemes.

DEFINITION 2.3. — Let 2" be a stacky curve over k with coarse space
X of genus g and stacky points Py, ..., P, with stabilizer orders ey, ..., e, €
Zxo. Then, we notate

Div 2 := @ (P) | ® <@<61P>> CQ®DivX.
P} i=1

We can equip stacky curves with a log divisor A that is a sum of distinct
points each with trivial stabilizer. A divisor A of this form is called a
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SPIN CANONICAL RINGS OF LOG STACKY CURVES 2345

log divisor. We use § := deg A to refer to the degree of the log divisor.
If 2 has coarse space X of genus g, then we say 2~ has signature o =
(g;€1,...,€r30).

DEFINITION 2.4. — If divisor D € DivZ and D = "' |, o;P; with
a; € Q, the floor of a divisor | D| is defined to be |D| := Y"1 ||| P;.

A pair of a stacky curve and a log divisor (£, A) is called a log stacky
curve and the study of their canonical rings is the main focus of the work by
Voight and Zureick-Brown [15]. For this paper, we consider log spin curves
which are triples (27, A, L) where 2 is a stacky curve, A is a log divisor,
and L € Div 2 satisfies 2L ~ Kx + A + 22:1 eglPi. Such a divisor L

is called a log spin canonical divisor on (2", A). Throughout the paper,

we use the notation Lx := |L]|. to refer to the log spin canonical divisor
(also known as the half-canonical divisor, semi-canonical divisor, or theta
characteristic) associated to the coarse space X of 2. (i.e. Lx is a divisor
such that 2Lx ~ Kx + A). We define H O of a stacky divisor as follows.

DEFINITION 2.5. — Recall the standard notation for the line bundle
O (D) on an integral normal scheme X associated to a divisor D € Div X :

(U, 0(D)) :={f € k(X)* : Div|yf + D|y > 0} U {0}.

Let & be a stacky curve with coarse space X. If D € Div 2 is a Weil
divisor, then we define

H°(%,D):= H(X,|D])
H°(%Z,0(D)):= H"(%,D)
r(2°,0(D)) := dimy H*(Z", 0(D))

If R is a graded ring, then we let (R)j refer to the k' graded component
of R.

Remark 2.6. — The log canonical ring, defined to be the direct sum of
the even graded pieces of the log spin canonical ring, is Gorenstein. It is
Cohen-Macaulay from [16, Example 2.5(a)] and then Gorenstein by [16,
Corollary 2.9]. In particular, this tells us that a log spin canonical curve,
the projectivization of a log spin canonical ring, is projectively Gorenstein.

Remark 2.7. — Although Definition 2.5 may seem fairly ad hoc, it
is naturally motivated in the context of stacks. See Voight and Zureick-
Brown [15, Lemma 5.4.7] for a proof that Definition 2.5 is equivalent to the
stack-theoretic description.

TOME 66 (2016), FASCICULE 6
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DEFINITION 2.8. — Let D € Div 2. If z # 0 is a rational section of
O(D) denote the order of zero of z at P by ord5(z).

DEFINITION 2.9. — The log spin canonical ring of (2, A, L) is
R(Z,A,L) = P H(2,kL).

k>0
When the log spin curve is fixed, we usually use R or Ry, to represent
R(Z,AL).

Remark 2.10. — Suppose (2, A, L) is a log spin curve. Note that L is
1

of the form . .
€; —
L= Zl %, P+ 2“1‘@2’

where a; € Z and e; are odd. This is due to the fact that L € Div .2": if some

55';1 would be in reduced form implying L ¢ Div 2.

e; were even, then

Remark 2.11. — FExcept in degenerate cases, such as when the signature
is (0;3,3,3;0) as covered in the first line of Table 7.5, we have the following
important restriction on the generators of Ry . For each e; in the signature
of 2, there will be at least one generator with degree 0 mod e; and at
least one generator with degree —2 mod e;. Although this is an important
restriction on the generators, we will not use this in the remainder of the
paper.

Remark 2.12. — Suppose (£, A, L) is a log spin curve. Note that deg A
is even. because 2-deg L = deg A+deg| K | = deg A+2(g—1). In particular,
we shall often use deg A # 1.

2.2. Saturation. We define the notion of the saturation of a divisor, as
can be found in Voight and Zureick-Brown [15, Section 7.2]. The classifica-
tion of the saturations of log spin canonical divisors are used in the proof
of the main theorem and the various lemmas in Section 4.

DEFINITION 2.13. — Let D be a divisor on 2 . The effective monoid of
D is the monoid

Eff(D) := {k € Z>¢ : deg|kD| > 0}.
DEFINITION 2.14. — The saturation of a monoid M C Z3, denoted

sat(M), is the smallest integer s such that M D Zss, if such an integer
exists.

Remark 2.15. — For D € DivZ’, we will often call sat(Eff(D)) the
saturation of a divisor D. For examples, see Subsection 7.1.

ANNALES DE L’INSTITUT FOURIER
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3. Monomial Ordering. Here we give a brief overview of the three
monomial orderings that we use. For further reference on monomial order-
ings, initial ideals, and Grobner bases, see Eisenbud [7, Section 15.9] and
Cox-Little-O’Shea [6, Chapter 2].

DEFINITION 2.16. — Letk[x1, ..., z,] be a graded polynomial ring with
degx; = k; and let o := H?zl xf € k[z1, ..., x,] be a monomial. Then we
define the degree of o to be

dega := i ki fi.

i=1

DEFINITION 2.17. — The graded reverse lexicographic order, or grevlex
<greviex 18 defined as follows. If v := [];_; asf‘ and 3 :=[[—, ZCf’ are mono-
mials in k[x1, ..., ], then & =greviex B if either
(2.1) dega:Zkifi>Zkif{:degﬁ

i=1 i=1

or
(2.2) dega = deg 8 and f; < f! for thelargest i such that f; # f/.

Remark 2.18. — Note that the ordering of the variables matters in

Equation (2.2).

Our inductive arguments in Section 4 will usually have an inclusion R D
R’ of log spin canonical rings such that R is generated by elements x;
and R is generated over R- by elements y;. In these cases, it is natural to
consider term orders which treat these sets of variables separately.

DEFINITION 2.19. — The block term order is defined as follows. Let
k[y1, ..., ym] and K[z1, ..., x,] be weighted polynomial rings with degy; =
¢;, degx; = k;. Further assume we are given existing term orders <, and

<o Let a =[]}, y;“ " oxltand = [T~ y; HZ" Lz " be monomials
in klyi,...,ym)® klz1,...,2,]. Let o := H;n:l yj“ be the part of a in
kly1,...,ym| and likewise with o, By, and Bs.
In the (graded) block (or elimination) term ordering on klyp 1,...,
Ykt m| @K[xp, 1,0, Tk, n], We define a = 3 if
(i) dega > deg B or
(ii) dega = deg B and oy >y By or
(iii) dega = deg B and oy = By and oy =4 By.

Now we give brief definitions of initial terms and Grébner bases. These
will be used in the proofs of the inductive lemmas in Section 4 as well as
in the proof of Theorem 1.1.

TOME 66 (2016), FASCICULE 6
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DEFINITION 2.20. — Let < be an ordering on klxi, ..., x,], with
degx; = k;, and let f € k[z1,...,z,] be a homogeneous polynomial. The
initial term inL(f) of f is the largest monomial in the support of f with
respect to the ordering <. Furthermore, we set in-(0) := 0.

DEFINITION 2.21. — Let I be a homogeneous ideal of k[z1, ..., x,].
Then the initial ideal in<(I) of I is the ideal generated by the initial terms
of homogeneous polynomials in I:

in(I) := (in<(f)) rer

DEFINITION 2.22. — Let I be a homogeneous ideal of k[x1, ..., x,].
A Grobner basis for I, also known as a standard basis for I, is a set of
elements in I such that their initial terms generate the initial ideal of I.

3. Examples

In this section, we work out several examples of computing presentations
for spin canonical rings. In addition to providing intuition for the lemmas
of Section 4, these examples also serve as useful base cases for our inductive
proof of Theorem 1.1.

Example 3.1. — Let (Z7,0,L’) be a log spin curve of genus g = 1, with
L' = 0. Counting dimensions, we see h®(2",kL’) = 1 for all k € Zx so it
is immediately clear that Ry, = k[z] with = a generator in degree 1.

Remark 3.2. — In the following examples, in order to find the Hilbert
series of a stacky curve, we will cite [17, Theorem 4.2.1]. Note that [5,
Theorem 3.1] restates [17, Theorem 4.2.1] with the restriction that the
dimension of the orbifold (which is the same as a stacky curve in dimen-
sion 1, by [15, Proposition 6.1.5],) is strictly more than 1. The statement
holds equally well when the dimension is 1, but this restriction is included
in [5, Theorem 3.1] because in birational geometry “orbifolds” usually re-
fer to a normal variety ramified only in codimension at least 2, while the
stacky points we are dealing with appear in codimension 1.

Example 3.3. — Let (27,300, L) be a stacky curve with coarse space
X and signature (0;3;3). Let P; denote the lone stacky point which has
stabilizer order 3 and suppose oo is a fixed closed point of X that is not
equal to P;.

Recall the notation Lx = |L| € DivX (i.e. the divisor without any
stacky points). We will deduce the structure of the log spin canonical ring
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Ry, from the structure of the spin canonical ring Ry, := R(X,3- 00, Lx).
This technique will later be generalized in Lemma 4.4.

Note that Ry, = k[xi,z2] where degz; = degzes = 1. To see this,
observe that we will need two generators in degree 1 because h®(X, Lx) =
2 by Riemann-Roch. Because Lx is very ample, we have that Ry, is
generated in degree 1. To conclude, note that Ry, does not have any
relations. If there exists some relation, then dim Proj Ry, < 1. This would
contradict the fact that Lx is very ample. Thus, Proj Ry, = X which has
dimension 1.

Next, we construct generators and relations for Ry, using those of Ry, .
Note that we have a natural inclusion ¢ : Ry, < Rp induced by the
inclusions H°(2",kLx) < H°(2 ,kL) for each k > 0. By Riemann—Roch,
we see there is some element y; 3 € (Rp)s with ordp, (y1,3) = —1, not in
the image of the inclusion ¢. We claim that there exist a;,a2 € k and a
degree 4 polynomial f(z1,x2) € k[z1,x2] such that

Ry = kl[z1, 22,913/ (a121y1,3 + asxay1 3 + f(x1, 22))

First, note that =1, z2, y1 3 generate all of Ry, from the Generalized Max
Noether Theorem for genus zero curves from Voight and Zureick-Brown [15,
Lemma 3.1.1]. That is, the maps

HY(2,3L) @ H*(Z,(k — 3)L) — H°(% ,kL)

are surjective for k > 4. A relation of the form ayz1y1,3 + axz2y1,3 +
f(z1,22) = 0 must exist because h®(2,4L) — h®(2,4Lx) =1, but z1y1.3
and x2y;, 3 define two linearly independent elements with nontrivial image
in the 1-dimensional vector space H°(2 ,4L)/H°(2 ,4Lx). So, we obtain
a surjection

(31) k[iL’l, T, yl’g]/(allﬂlng + a222Y1,3 + f(ﬂ?l, 332)) — RL.

To complete the example, it suffices to show there are no additional
relations. One method would be to use [17, Theorem 4.2.1] to write down
the Hilbert series and then check this agrees with the Hilbert series of the
ring we constructed above. Here is an alternative method: First, note that
a121Y1,3 + as2y1,3 + f(x1, 22) is irreducible because there are no relations
among x1,z2 and y; 3 in lower degrees. Hence, k[z1, x2,y1,3]/(a12191,3 +
axx2y1,3 + f(z1,2)) is integral and is 2-dimensional. Thus, the map (3.1)
defines a surjection from an integral 2-dimensional ring to a 2-dimensional
ring. Therefore, it is an isomorphism.

Example 3.4. — Let (Z7,0,L’) be a log spin curve with signature o =
0;3,7,7:0) and L' ~ —co + 2P, + 2P, + 2P;, where P;, P;, and Ps are
3 7 7
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distinct points. In this example, we will exhibit a minimal presentation for
R' = R(Z"7,0,L") and show that R’ is generated as a k-algebra in degrees
up to e := max(5,3,7,7) = 7 with relations generated in degrees up to
2e = 14. Notice that deg|kK o | = —k + 5] +2|2£].
First, by [17, Theorem 4.2.1], the Hilbert series of this log spin curve is
1—2k+k? — 2k + k* k3 k3 4+ k5 + k7

Pigro,0n(k) = 1_k)? + (1_k)(1_k3)+2(1—k)(1—k7)'

For k=0,1,2,... we have

Pl oo (k) =1,0,0,1,0,1,1,2,1,1,2,1,3,2,3,...

so R’ must have some generators 3 1, 5.1, 7,1, 7,2 With T € HO(&“,”7 iLl').
By the Generalized Max Noether Theorem for genus 0 curves (see Voight
and Zureick-Brown [15, Lemma 3.1.1]),

(3.2) HY(2',21- LYo HY(Z', (k- 21)L') — H*(2", kL)

is surjective whenever deg(|(k —21)L’|) > 0. It is fairly easy to see, by use
of Riemann-Roch, that the saturation of L’ is 5 (see Definition 2.14). Then
the map in (3.2) is surjective when k > 21+ s = 26 (i.e. R’ is generated up
to degree 25).

To show that these generate all of R’, we need to show that all
HO(Z' kL') are generated by lower degrees for k = 6 and 7 < k < 25.
This can be seen by checking these remaining cases via pole degree con-
siderations or using the generalized Max Noether’s theorem. Thus, R’ is
generated in degrees {3,5,7,7}.

By relabelling the variables if necessary, we can assume that x7,; corre-
sponds to the generator with maximal pole order at P, and 27 correspond
to the generator with maximal pole order at P35. We then have two relations

alx%l + asr70w31 + azry 1231 =0 in degree 10
blx%Q + bax7 2771 + ng%l + b4x571x§’1 =0 in degree 14.
Note that a; and by are both nonzero. For example, if a; = 0, we would
have
A2%72231 = —A3%7,1T3,1

implying that as = az = 0, which would mean there is no relation at all. A
similar pole order consideration in forcing b; to be nonzero.

Let I be the ideal generated by these relations in k[z72, 7.1, 251, %3,1]-
Under grevlex with 231 < 51 < 7,1 < T7,2, the initial ideal of I is

ing(I) = <$$,2= m§1>
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since a; and b; are nonzero. Since this ring has Hilbert series equal to
Pia,0,0y(k), we have found all the relations.

Therefore, the canonical ring R’ has presentation R’ = k([z7 2,271, 5.1,
x3,1]/I with initial ideal in- (1) generated by quadratics under grevlex with
Z31 < 51 < T71 < T72. Thus, R’ is generated up to degree e = 7 with
relations up to degree 2e = 14, as desired.

Example 3.5. — Let (Z7,0,L') be a log spin curve of genus 1 with
L'=P-Q+ %Pl + %Pg. In this example, we show that

Rpy = klu, 23, Y3, ya) /(23y3 — quys, y3 — Briu — yysu).

Let u € H°(2",2L') be any nonzero element, let z3 € H°(2",3L’) be an
element with a pole at P; but not at P, and y3 € H°(2",3L’) be an element
with a pole at P but not at P;. Let y, € H°(2",4L’) be an element with
a pole of order 1 at both P; and P». Note that x3 and y3 exist because the
linear systems 3P —3Q ~ P — @, 3P —3Q + P, and 3P —3Q + P, + P;
are 0, 1, and 2 dimensional respectively.

Then, there exist constants a, 8, € k so that Ry, = klu, z, ys3, y4]/(zys—
auyy, y2 — Br*u—~y?u). The proof of this is fairly algorithmic: We may first
write down the Hilbert series of (Ry/), over k using [17, Theorem 4.2.1],
then verify that these generators and relations produce the correct number
of independent functions via an analysis of zero and pole order. The details
are omitted as it is analogous to Example 3.4.

Example 3.6. — Let (27,0,L') be a log spin curve of genus 1 with
L'=P-Q+ %Pl. Let x5 € (Rr)2 be any nonzero element. We obtain
Div z3|p, = 0, since 2P — 2Q ~ 0 and by Riemann-Roch, dimg(Pr)s = 1.
Let y3 € (Rr)s be any nonzero element. We obtain Divys|p, = —P1, by
Riemann—Roch, since if y3 did not have a pole at R, we would obtain
ys € HO(2',3P —3Q) = HY(Z,P - Q) = 0 as P # Q. Finally, let
ys € (Rr)s be an element with y5|p, = —P;. Then, we claim there is some
a € k so that

Ry 2 K[xa,y3,y5]/ (5 — axay?).

In order to show this is an isomorphism, one can write down the Hilbert
series using [17, Theorem 4.2.1] and then use pole order considerations
at P; to check the above relation exists. One can then check that the
generators and relation determine a ring with the desired Hilbert series.
The verification is analogous to Example 3.4 and is omitted.
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Remark 3.7. — Examples 3.4, 3.5, and 3.6 are used as inductive base
cases in the genus 0 and genus 1 sections (see Tables 7.2 and 6.1).

We will come back to Examples 3.4 and 3.5 in Examples 4.10 and 4.11,
respectively, when checking an admissibility condition that will be defined
when introducing the lemmas used in Subsection 4.2 (see Definition 4.9).

4. Inductive Lemmas

First we present several lemmas which provide the inductive steps for the
proof of the main theorem (Theorem 1.1). In Subsection 4.1 we prove three
lemmas which determine the generators and relations of Ry = RL/+% P
from those of R/, where L' € Q ® DivX and % € Q. In Subsection 4.2,
we prove an inductive lemma allowing us to transfer information about the
log spin canonical ring of a stacky curve to those of stacky curves with
stabilizer orders incremented by 2 and fixed log divisor and stacky points.

4.1. Adding Points. First, we give a criterion to determine if a set of
monomials generates the initial ideal of relations of k[z1,...,2m] — Rp.
This criterion will be used repeatedly to show that a given homogeneous
ideal is in fact the ideal of relations.

LEMMA 4.1. — Suppose L, L' € Q ® Div X with L = L’+%P, such that
Ry generated by x4, ...,y and Ry is minimally generated by y1,...,Yn
over Ry,. Let I' and I be the ideals of relations of ¢’ : k[z1,...,x,] = Rps
and ¢ : k[z1,...,Tm, Y1, ..Yn] — R respectively. Suppose there are sets
of monomials S C Ry, — Ry and T C Ry, — (SU R}), and a monomial
ordering < such

(1) S forms a k-basis for Ry, over R

(2) T = S > k[z1,...,2z,] (meaning all monomials in T are bigger
than all monomials in S which are bigger than all monomials in
k[IM s axn])

(3) All monomials in k[xz1,...,Zm,Y1,...,Ys] lie in

S UAT) U ing(INK[@1, oy Ty Yty - -5 Yn) U K@, ..o, @]

Then,
ing(I) = ing(INK[Z1, -« Ty Y15+ -+ Yn) + (T).
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Idea of Proof. — To show D, we show that 7" C in.(I), which fol-
lows immediately from (1) and (2). We deduce C by noting that we can
reduce any monomial in k[z1,...,Zm,y1,-..,Ys] to a monomial in the ba-
sis S via a set of relations whose initial terms include each monomial in
iH<(I/)k[I1, ey Ty Y1y e ayn] + <T>

Proof. — First, notice that I’ C I so

ins(I) D ing(INK[x1, -y Tiny Yty - - > Y-

Now, let f € T. Since S forms a k-basis of Ry, over Ry by (1), we can
write a relation f— (des' Cyg) —r = 0 for some finite subset S C Sqeg(y),
C, € kforall g €8, and r € Ry,. This demonstrates that in,(I) O T,
and hence

ins(I) Ding(INK[@1, -y Tiny Yty - - > Y-

To complete the proof, it suffices to show the reverse inclusion holds.
By (2), any polynomial G € K[z1, ..., Zm,Y1,---,Yn] With inL(¢(G)) € S
cannot have a term in 7. Furthermore, since S forms a k-basis for R, over
Ry by (1), and in<(¢(G)) € S, we obtain ¢(G) ¢ Ry C Rr. Thus, G =0
is not a relation, so f & in4(I). Therefore,

in<([) g RL - S.
In particular, there are no monomials in I with initial terms in S. Finally,
note that
ing(I) Nk[z1,..., 2] =ing(I').

By (3), every monomial of k[z1, ..., Zm, Y1, ..., Yn] is an element of either
S, (T, or ing(I'k[z1, ..., Zm, Y1, ., Yn]. Therefore,

in<(1)Qin<(I/)k[:z:1,...,g:m,y1,...,yn}+<T>. U

To apply Lemma 4.1, we will need an appropriate monomial ordering.
The following definition provides the necessary ordering for the Lemma 4.4.

DEFINITION 4.2. — Suppose L is a divisor of X such that Ry, is gen-
erated by 1, ...2m,. Then we have a map ¢ : K[z1,...2m] = Rr,zi — x;.
If P is a point in X, then ¢ defines a graded-P-lexicographic order (short-
ened to graded P-lex) on K[z1,...,2y,) as follows. If f = [[\", z;% and
g =TI~ z" with f # g, then f < g if one of the following holds:

(1) deg(f) < deg(g)

(2) deg(f) = deg(g) and —ordp(f) < —ordp(g)

(3) deg(f) =deg(g), —ordp(f) = —ordp(g), and g; > r; for the largest
i such that q; # r;
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Remark 4.3. — Observe that Definition 4.2 remains the same if we
replace —ordp with —ord% for any divisor L’ of X.

One can easily verify graded P-lex is a monomial ordering in the sense
defined in Cox—Little-O’Shea [6, Chapter 2, §2, Definition 1].

We are almost ready to state Lemma 4.4, which will yield an induc-
tive procedure for determining the generators and relations of Rp, where
D € DivP! is an effective Q-divisor. Whereas O’Dorney considers arbi-
trary Q-divisors in Div(PP!) [11, Theorem 8], we restrict attention to effec-
tive divisors and in Lemma 4.4 we obtain much tighter bounds. Moreover,
Lemma 4.4 also extends to curves of genus g > 0. We next prove the first
of three lemmas used to inductively add points.

LEMMA 4.4. — Let X be a genus g curve and let L' € Q® Div X satisfy
hO(X,|L']) = 1. Suppose P is not a base-point of kL' for all k € N, meaning
we can choose generators u, x1,...,%y of Rr, in degree at most T for some
7 € N, with degu = 1, ordngl (x;) =0 forall 1 <i< m, and ordngl (u) = 0.
Suppose L = L' + %P for some «, 8 € N such that % is reduced and
(4.1) RO(X, |kL|) = h°(X, |kL'|) + Lng for all k € N.

Then,

(a) Ry is generated over Ry, by elements yi,...,y, where deg(y;) =
k; < B, — ordlL;/ (yi) = ¢; for some k;’s and ¢;’s such that ¢; < ¢;41 <
o and k; < ki1 < B for all 4.

(b) Choose an ordering < on Kk[u, x1, ..., x| such that

ord, (f) <ord,(h) = f <h.

Equip k[y1, ..., yn] with graded P-lex, as defined in Definition 4.2,
and equip k[y1, ..., yn] @ kK[u, 21, ..., 2y] with block order. If I’ is
the ideal of relations of k[u, x1,...,xy] — Ry and I is the ideal of
relations of k[u, x1, ..., Tm,Y1,--.,Yn] = Rr, then

ing(I) =ing(INk[w, T1, ..oy Ty Y1y -5 Yn] (Ui 1 1< i <n— 1) + (V)
where V.= {z;y; : 1 < i < m,1 < j < n} and U; is the set of
monomials of the form [];_, y;’ with a; € N3 such that

(U-1) 22:1 ajcj 2 Cit1,

(U-2) there does not exist (bi,...b;) # (a1,...a;) with all b; < a;
and Z;’:l bjCj } Cit1,

(U-3) there does not exist r < i such that 37_, ajc; > ¢q1.
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(¢) Let 7 = max(1, maxi<i;<m(deg(x;))). Then, Ry, is generated over
" in degrees up to [§ with I generated over I' in degrees up to

max (283, 8+ 7).

Idea of proof. — The proof will be fairly involved. To show part (a), we
use Riemann—Roch to reduce the problem to one of finding primitives of
cones; we then apply previous work on continued fractions to deduce these
primitives. To conclude this part of the problem, we show by dimension
count that these primitives induce all the generators of Ry, over Ry’

First define a set of generators of Ry over Ry,. We then use Riemann—
Roch to count the dimension of R; over Ry and show that the set of
elements we produce forms a basis.

Next, part (b) immediately follows from the conclusion of Lemma 4.1,
reducing the proof to verifying the hypotheses of that lemma. The first two
hypotheses follow immediately from the definition of block order. Checking
the third condition is quite technical, but follows from the construction of
V and the U;’s.

Proof.

Part (a). — By Equation (4.1), for any k € N such that k%] > 0,

™

hO(X, kL) = hO(X, kL') + {ng .
Thus, there exist rational sections #; of @(|kL|) with ord% (t;) = i for
any i € {0,...,|kG]}. This reduces the problem at hand to finding the
primitives of the cone in Z x Z with = and y coordinates, bounded by the
lines y =0 and y = %J}

Cohn’s geometric interpretation of Hirzebruch—Jung fractions, as de-
scribed in [12] yields an explicit formula for these primitives, as given in [12,
Proposition 4.3]. All primitives lie in degrees at most 3 (since points in de-
gree v = f§ + w can be written as a sum of points in degree 5 with those
in degree w). Note that if two primitives had the same y coordinate, then
they would differ by a multiple of (1,0) and thus could not both be gen-
erators. So, all the ¢;’s (the y-coordinates of the primitives) are distinct,
and we may assume ¢; < ¢;41 for all 4. Furthermore, note that in any de-
gree k greater than 1, there can be at most one primitive, since we can
construct points with y coordinates between 0 and Lk%] as a sum of el-
ements in degree 1 and degree k — 1, and these new primitives have pole
order greater than all primitives of smaller x-coordinate. Therefore, the
ordering of primitives with ¢; < ¢;41 for all 7 also ensures that the xz-values
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k; are in weakly increasing order. Finally, let y1,...,y, be elements of Ry,
with pole orders given by ¢, ..., ¢, and degrees given by the x coordinates
of the corresponding primitives.

We now recursively define a k-basis for Ry, over Ry.. Define

So = {ul:l€N>0}

and for each i € N, suppose c; is the maximal element of cy,...,c, such
that c¢; < i. Note that such a ¢; exists because 1 = ¢; < 4. Define
Si=y; - Si—j.

Since each y; has pole order c;, this recursive construction ensures that
z2€8, = —ord,Lgl(z) =1.
Then define

(4.2) S=Js:

Note that Sy is not part of this union and in fact SN Sy = @ by pole order
considerations.
By Equation (4.1) for k € N,

WO(X, kL)) = hO(X, |kL|) + {ng ,

so S contains elements in degree k € N with each pole orderin {1..., [k5]}.
Thus, by dimension counting, S forms a k-basis for Ry, over Ry, and we
have proven part (a).

Part (b). — Let S be as defined in Equation (4.2), define U; and V as
in the lemma’s statement, and set

n—1
T(UUJUV
=1

We check that S, T', and < meet the hypothesis of Lemma 4.1. In part (a),
we showed that S forms a k-basis for Ry over Rys giving condition (1)
of Lemma 4.1. Our choice of monomial order in klyi,...,y,] and block
order for K[y1,...,yn] @ K[u,21,...,Zm,y1,.-.,ys] implies that T > S >
k[u,z1, ..., 2], giving condition (2) of Lemma 4.1.

It only remains to check condition (3) of Lemma 4.1. To do this,
suppose f € Kk[u,z1,...,%Zm,Y1,-..,Yn) is a monomial not contained in
klu,z1,...,2n], meaning there is some j such that y;|f. Further suppose
f & (V), meaning that for each i € {1,...m}, a;y; 1 f. Since y; | f but
x;y; 1 f, we obtain z; { f. Therefore, f € klu,y1,...,yn]. We note that
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S generates y; - (k[u,y1,...,yn]) as a k-algebra. That is, all monomials of
k[w, x1,. .., Tm,y1,--.,Yn] are contained in

n
klu,z1,...,2,] UV U <in-k[u,y1,...,yn]>.

i=1

Notice that S generates the ideal (y1,...,yn) considered as an ideal of the
subring k[u, y1, ..., yn]. If f € S, then f = u® H?Zl y;%. Let | be maximal
such that a; #0. Fixi € {1,...,n}. If y; - f ¢ S, define

, _ Ja if j £
! a;+1 ifj=i.

Then, there is some h € N such that ¢ < h < max(s, ) satisfying H;l:1 y;?j o4
S U Sy, and for all » < h we have H;Zl y;% € S U Sp. Choose some tuple
(715 .-+, Yn) which is minimal, in the sense that we cannot decrease any ~;
and have the following still satisfied: each v; < b; and H?Zl y; 7 & SUSo.
Our recursive definition of S and the fact that H;:1 yjbf € SU Sy implies
that for each 1 <r < h, we have []_, y;% € S'U Sp.

We now check that H?:l y;-” € Uy, by checking conditions (U-1), (U-2),
and (U-3). Notice that if r < n, wy,...w, € Zxp, and H;Zl y;” e s,
then our definition of S implies y, H;=1 y;}j € S if and only if ¢, is max-
imal among ci,...c, not greater than than c, + Z;:1 cjwj. Therefore,
since H?;ll y% € S but H?Zl y?j ¢ S, cp, must not be maximal (among
C1,...,Cn) such that ¢, < Z?:l bjcj, which means cp41 < Z?:l bjc;.
Therefore Z;L:l y;7 satisfies (U-1).

Next, suppose we choose wy, . .. ,wp, such that w; < ; forall j and w; < 7y
for some [. Then, for all » < h we have H;Zl y;77 € S, implying that for
all r < h we also have H;:1 y;* € S. Furthermore, since (v1,...,v,) was

chosen to be minimal to satisfy the previous condition and that H?Zl Yy &

h . . ..
S U .Sy, we have szl y;*7 € S. Therefore, cj, is minimal among ¢y,...¢,

that is not greater than Z?:l

cjwj, so in particular Z?:l cjwi < Cp1;
therefore, H;.L:l y; 77 satisfies condition (U-2). Since for each r < h, we
have []}_, y;” € S meaning that Y °_, v;¢; < ¢r41, condition (U-3) holds
for H?Zl y;”. Thus H?Zl y;” € Up.

Since the ideal in k[u, y1, . . ., yn] generated by is S is (y1, - -, yn) ‘Kk[u, y1,

.+, Yn) and U?;ll U; contains every monomial in | J!; y; k[u, y1, ..., yn]—S,
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we have shown that all monomials of k[u,z1,...,Zm,y1,-..,Ys] are con-
tained in
n—1
K[u, 1, .. ., &) U (V) USU<U Ui>
i=1

CSU(T) Uing(INK[u, @1,y Ty Y1y - - - Yn) U Klu, 21,00 2]

This shows condition (3) of Lemma 4.1 holds. Thus, the conditions of
Lemma 4.1 are met. Finally, Lemma 4.1 implies part (b).

Part (¢). — Finally, (¢) of this lemma follows immediately by looking
at the constructions of parts (a) and (b). O

Remark 4.5. — If O‘ = el L for some odd e; € N3, then T, as defined
in the beginning of the proof of (b) in Lemma 4.4 consists only of terms of
the form z;y; and ¥;y;, which are quadratic in the generators.

Remark 4.6. — The generators in Lemma 4.4 are generic if % < 1 (since
there is at most one positive = with k; = 1). When % > 1, the choice of
generators in degrees great than 1 is generic; furthermore, we can make the
choice in degree 1 generic by choosing L%J linearly independent elements
in degree 1 with pole at P of order L%j rather than elements with poles of
order 1,..., L%J, this requires minor complications in the construction of

generators of the ideal of relations.

We now restrict our attention to log canonical rings of stacky curves.
Lemma 4.4 accounts for many of the induction cases when the spin canon-
ical ring is saturated in degree 1, as defined in Definition 2.14. We comple-
ment Lemma 4.4 with the following two lemmas that allow us to inductively
add points, under certain conditions when the spin canonical ring is satu-
rated in degree two or three.

LEMMA 4.7. — Let (2,A,L) and (Z",A, L") be log spin curves with
the same coarse space X = X' having signatures (g;ei,...,er;0) and
(9,e1,...,€r—1,9), where e, = 3. Suppose g > 0, and, if g = 1, then
deg3L’ > 2. Then, by Riemann—Roch sat(Ef f(L’)) < 2. Furthermore, let
Rp =K[za,x3,25,...,2,]/1] and let L = L'+ 1P where P € X is a base
point of L' (which 1ncludes the case when HO(X [L']) =0). Suppose for
i € {2,3}, we generically choose x; satistying deg x; = i and ordP (z;) =0.
Choose an ordering on k[za, ..., x,] that satisfies

ord,, (f) < ord,,(h) = f < h.
Then, the following statements hold:
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(a) General elementsy; € H*(2",iL) fori € {3, 4} satisfy — ordILDI (y;) =
1 and any such choice of elements ys, y4, minimally generate Ry, over
Ry .

(b) Equip k[ys,ys] with grevlex so that ys < ys and equip the ring
klys,ya] @ k[xa, ..., x| with block order. Then,

ins (1) = ing (I)k[z, ys, ya] + (yaz; | 2 < j < m) + (y3).

Proof. — First, note that when genus is at least we shall show the as-
sumptions on g imply H°(2",3L), H°(2 ,4L) are both basepoint-free: If
g > 2 then deg3L > 2g — 1 and deg4L > 2g — 1, so H°(2",3L) and
HO(Z ,4L) are base point free. If g = 1, we assume deg3L > 2 > 2g — 1,
so we also have deg4L > 2 > 2g — 1, so again H°(2,3L) and H°(2",4L)
are base point free.

Therefore, general elements y3 and y, satisfy — ordg(yi) = 1 by
Riemann—Roch, proving part (a).

A quick computation checks that the set

S = {ysa3a§ | a>0,b>0,c€{0,1}} U{yfus | a >0}
is a k basis for Ry, over Ry, thus completing part (a).
Letting
T = {yaw; | 2 <j <m}U{y3}
a similar (but much easier) computation to that of lemma 4.4 determines

that S, T, and <, using the ordering defined in (b), meet the conditions of
Lemma 4.1. Hence, by Lemma 4.1, part (b) holds. a

LEMMA 4.8. — Suppose L’ is a log spin canonical divisor of "' with
coarse space X of genus 0 such that sat(Eff (L)) = 3 and Ry = k[zs, x4, T5,
..oy Zm]/I'. Choose x3,...,x,, such that — ordg (x;) = 0 for all i, which
is possible as X has genus 0. Let L = L' + %P. Suppose degx; = i for
i € {3,4,5} and that the ordering on Kk[zs, ..., x,,] satisfies

ordg, (f) <ordg,(h) = f <h.
Then, the following statements hold.
(a) General elementsy; € H°(2',iL) fori € {3,4,5} satisfy — ordILD,(yi) =
1 and any such choice of elements ys, y4, and ys minimally generate
RL over RL/.

(b) Equip klys, ya, ys] with grevlex so that ys < ys < y5 and equip the
ring k[ys, ya,ys] @ K[xs, ..., x| with the block order. Then,
ing(I) = ing(Dklys, Ya, Ys, T3, .. ., Trm) + (yix; |4 <0< 5,3 <5 <m)

+ (yiyr |4 <i<j<5).
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Proof. — Since X has genus 0, general elements ys, y4, and y5 in weights
3, 4, and 5 respectively satisfy —ordé (yi) = 1. We see by pole order
considerations that

(4.3) S ={ysabasas |a>0,b>0,(c€) €{(0,0),(0,1),(1,0)}}
U {ysya, 9595 | @ > 0,b > 0}

forms a k basis for Ry, over Ry, which concludes part (a) of the proof.
Setting

T={yx; |4<i<5,3<j<mU{yyr |4<i<j<b}

we can argue similarly to Lemma 4.4 that S and T along with < satisfy
the hypothesis of Lemma 4.1, concluding part (b). O

One can prove similar results in cases with different conditions on sat-
uration, base-point freeness, and the coefficients of added points, but only
the cases of Lemmas 4.4, 4.7, and 4.8 are needed for the remainder of this
paper. We next turn to an inductive method to increment the e;’s.

4.2. Raising Stabilizer Orders. In this subsection, we present Lem-
ma 4.15, whose proof is almost identical to one of Voight and Zureick-
Brown [15, Theorem 8.5.7]. Lemma 4.15 implies that if the main result,
Theorem 1.1, holds for a curve with signature (g;ey,...,ep,ep ..., €550)
! satisfying an admissibility condition (cf. Defini-
tion 4.9), then Theorem 1.1 also holds for a curve with signature
(gi€1,- - ep €y +2,... 6.+ 2;0).

First, we define a notion of admissibility that is quite similar to the
admissibility defined by Voight and Zureick-Brown [15, Definition 8.5.1].
Our notion is an adaptation the case of log spin canonical divisors.

One key difference between the notion of admissibility in Definition 4.9
and that of Voight and Zureick-Brown [15, Definition 8.5.1] is that we can-
not assume that {P;} N Supp(Ly) = 0, as L’y may have no nonzero global

with 62+1 = ... =c¢€

sections. We circumvent this issue by working with the orders of zeros and
poles relative to L'y, rather than relative to the Ox, using Definition 2.8.

DEFINITION 4.9. — Let (Z/,A,L’) be a log spin curve, with coarse
space X and stacky points Q1,...,Q,. Let J C {1,...,r}. Let ¢; :== €} +

2x () where
, 1 ifield
xs(i) = {

0 otherwise.
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Let R’ be the canonical ring associated to Z"'. Define (2, L', J) to be
admissible if R’ admits a presentation

R/ =~ (k[l‘l, . ,$m] ® k[yi,eg]iEJ) /I/

with each y; .. viewed in R’ through the image of this isomorphism and
such that for each i € J such that the following three conditions hold:
(Ad-i) First,
e, —1
2
(Ad-ii) Second, every generator z € {1,..., 2} U{y;er 1 J € J — {i}}
satisfies

degye, =e€; and — Ordlc}gf (Yier) =

L/
—ord¥(2) el —1

deg 2 < 2¢]
(Ad-iii) Third, we have
deg|e; L' | > max(2g — 1,0) + max #S5.7(i, k)
where
So.s(i,k):={j€J:j#iandée}+2k|e; — e}

Before using this admissibility condition in the lemmas of this section,
we give a few explicit examples for which admissibility holds.

Example 4.10. — Here, we explicitly check admissibility in the context
of Example 3.4. Recall that the setup is that (27,0, L) is a log spin curve
with signature o := (0;3,7,7;0) and L' ~ —o00 + £ Py + 2P, + £ P;, where
Py, P, and P5 are distinct points. We demonstrate that (27, L', {2,3}) is
admissible.

As shown in Example 3.4, the log spin canonical ring corresponding
to (Z7,0,L) has a presentation klz7o,x71,251,23.1]/] with z,; €
HO(2",iL’). Furthermore, we were able to chose generators such that a7 1
has maximal pole order at P» and z72 has maximal pole order at Ps.

Use the presentation given above with ys ¢ := @71 and ys ¢, = 7.
We see that (27, L', {2,3}) immediately satisfies (Ad-i) of Definition 4.9.
Next we check (Ad-ii). We may also choose pole orders of the generators
such that y; ., is the only generator lying on the line —ordp, (2) = deg(%z)
in the (deg z, —ordp,(z)) lattice and with the other generators lying below
the line as seen in Figure 4.1 (e.g. the pole orders (—ordp, (z), —ordp,(z),
—ordp,(z)) may be chosen to be (1,1,1), (1,2,2), (2,3,2), and (2,2, 3) for
z =131, 51, ¥7,1, and x7 o respectively).
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Figure 4.1. Generators in the (deg z, —ordp,(z)) lattice

Also note that e} +2k =7+ 2k {2 =¢; — ¢} foralli,j € J = {2,3}
such that j # ¢ and for all k > 0. Thus, s, (i, k) = 0 for each i € J.
Furthermore, deg|e;L] = deg|9L| = 2[%2] + [2] — 9 = 2, so (Ad-iii) is
satisfied and (o, 27,{2,3}) is admissible.

Example4.11. — Let (2,0, L’) be a log spin curve of genus 1 with L’ =
P-Q+ %Pl + %P% as in Example 3.5. Here, we check that (27, L', {1,2})
is admissible.

Recall that

Ry 2 Ku, 3,y3, yal/ (£3y3 — quys, y3 — Briu — yysu).

We have two generators x3 and y3 in degree 3 with a pole of order 1 = 3;21
by construction. Hence, (Ad-i) holds. We next check (Ad-ii) for the point

Py, as the case of P, is symmetric. Here, by construction

—ordp, (2) {0 if z € {u,ys}

ord(z) 1oifr =y,

< %, (Ad-ii) holds. Finally, to check (Ad-iii), note that
maxy>0 Se,7 (4, k) = 0. Therefore, deg|5L| =2 >1=(2g —1)+0.

The following lemma will slightly strengthen condition (Ad-ii) from
Definition 4.9. This improvement is crucial in the proof of part (¢) of
Lemma 4.15.

LEMMA 4.12. — For any z as in condition (Ad-ii) of Definition 4.9 the
inequality (Ad-ii) implies the tighter inequality that

L’ 62 -1 1
—ordg¥ (2) < deg(2) 5 o
Proof. — We know by (Ad-ii) that
L' 62 -1
—ordg* (2) < deg(z) 5e7
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/
e;—1
2e’
k2

If we write § = deg(z) as a fraction in lowest terms, then we see 3 | ¢}

. . . L . .
since e} — 1 is even. Therefore, since — ordg¥ (2) is an integer, we must have
;

/ !
e; — 1 1 e —1 1
— 5 <deg(z)—57— -~
2e] B 2e] el

LEMMA 4.13. — If (Z7,A, L) is a log spin curve, (Z", L', J) is admis-
sible and W C J is any subset, then (£, L', W) is also admissible.

LI
—ord;¥ (2) < deg(2) O

Proof. — Each of the conditions (Ad-i), (Ad-ii), and (Ad-iii) hold for W
if they hold for J. ]

Remark 4.14. — For our inductive arguments in Theorems 5.6, 6.1,
and 7.4, we will often add in a single stacky point with stabilizer order 3.
Say (Z,A,L) is a log spin curve with signature o := (g;e1,...,e.;0) =
(9;3,...,3;0), and our base cases include signatures o characterized by one
of the following: cases, which we will soon refer to in Lemma 4.15:

(1) g=0,e1=---=¢,=3,d=0,and r > 5
(2)g=1le1=---=¢.=3,d=0,and r > 2
(3) g =2,e1 =---=¢, = 3,0 arbitrary, and r > 1.

LEMMA 4.15. — Suppose (Z7,A,L") is a log spin curve with coarse
space X' and signature o := (g;e},...,el;0). Define R’ := Ry,. Further,

Y
assume either

(1) (Z7,L',J) is admissible with generators x1, ..., Zm € R andy; ., €
R/ for all i € J, as in Definition 4.9 or '
(2) o is one of the signatures described in Cases (1), (2) and (3) of
Remark 4.14 and y1,3 = y2,3 = ... = Yr,3 Is a rational section of
O(Lx) with ordlLD;X (y13)=1for1 <i<r.
Let (£°,A,L) be another log spin curve with coarse space X, so that
X = X' and with signature (g;es,...,ey;d) such that e; = e, + 2 for all
1€ J ande; = e} for j ¢ J. Define R := Ry,. Then the following are true:
(a) For alli € J, there exists y; .., € H*(Z ,e;(K4)) so that
e; — 1
2

- ordgf (Yie;) =
and )
7ordg_}; (Yie:) < 6;‘ -1 _ 1
deg(Yie,) h 26;' deg(yi,ei)eg‘
for all j € J with j # i.
(b) A choice of elements y1,e, ;- - -, Yre, asin part (a) minimally gener-
ate R over R'.
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(c) Endow Kk[yi ¢, )ics and k[z1, ..., Tm, yi,eg]ieJ with graded monomial
orders and give k[yi ¢,lics @ k[z1,...,Zm, yz‘,e;]ieJ block order. Let
I be the kernel of k[x1, ..., %m, Vi, Vielics — R. Then,
in_ (1) = in< (I')k[z, 4]
+ <yj,ejxi 1< <m,j € J>
+ <yj,ej'yi,e£ : 7’7] S J77' 7£ ]>
+ <yj7€jyi,€i : Z?J e J?’L # ]>
(d) The triple (2°,L’,J) is admissible.

Idea of Proof. — The construction of the y; ., in Part (a) uses Riemann—
Roch and condition (Ad-iii). The inequality in Part (a) follows from the fact
that L is similar to L', but with some of the e; incremented by 2. Part (b)
follows because the sub-lattice spanned by y; ¢, and y; .- has determinant
1 for i € J, so the generators in Part (a) generate all of Ry over Ry/. To
check part (c), we construct relations between the generators of Ry over
Ry/: we note that an element lies in Ry, if and only if its pole order at
P; for i € J is not too large, and use Lemma 4.12 to bound pole orders.
Part (d) follows fairly easily from the definition of admissibility.

Proof. — We prove this in case (1). Case (2) follows a similar procedure.

Part (a): By Definition 4.9, for all i € J

S(i,0)={jeJ:j#iande]|e;—€j} ={jeJ:j#iande]]|e}.

Define
Ei= > Q.
JES(4,0)
The assumption (Ad-iii) implies

deg (e; L' — E;) > max(2g — 1,0),

and so HY(2”,e; L' — E; +Q;) is base point free by Riemann—Roch. Hence,
a general element

y’i,ei S HO(%/, e’iL, - El + Qz)

satisfies

, I R
— ordgi{ (yi,ez:) = \‘Bi 62262 1J +1= g B 1.
Noting that
le:L'] + Qi < eiL],
we obtain an inclusion

HY(Z2' e;l' — E; +Q;) = H(Z ,e;L — E;) C H*(Z ,e;L)

ANNALES DE L’INSTITUT FOURIER



SPIN CANONICAL RINGS OF LOG STACKY CURVES 2365

meaning that y; ., € H*(2", e;L) satisfies the first part of claim (a).

We next show y; ., also satisfies the second part of the claim of (a), by
considering separately the cases in which j € S(4,0), and j ¢ S(3,0).

If j € S(i,0), then E; > Q; gives y; ., € H*(Z"',e;L' — E;+Q;) an extra
vanishing condition at @;, so
e —1 _e;- -1

/ ! /2
er er €;

1

S

L/
- OrdQ;( (yi,ei) < g

If instead j # i and j ¢ S(4,0), then since €’ { e;, we know eieg—;l ¢ 7,

SO
A /
I e. —1 e, —1 1
—ordZ* (y;0.) < | ;-2 <e-L - —
Q) Wie) < \‘Z 2¢/ J\ " 2¢) e}’

completing the proof of (a).
Part (b): Define Ry = R’ and for i € {1,...,r}, inductively define

Ri . ifidJ
R = L
Ri—l[yi,ei] if i € J.

To prove (b), it suffices to show that elements of the form Yier yﬁ”ei with
a > 0,b > 0 form a k-basis for R; over R;_1. These elements ‘do not lie
in R;_1 because the pole order of y;{e,_ygei at @Q; is larger than that of
any element in the k' component of }31‘71- Additionally, these elements
are linearly independent amongst themselves because of injectivity of the
linear map

" e; — 2 e;i—3
(a,b) — (deg (yfe/lyfez) ,—orin‘ (yfe;yfe,)) = (a,b) < Ze. ef_l) .
i 2

Furthermore, {y¢, 40, :a >0,b> 0} span R; over R;_1, because the set
of integer lattice points in the cone generated by the vectors (ei -2, e";?’)
and (ei, cis 1) is saturated, because the corresponding determinant is
€e; — 1 €; — 3
— e —
2 2

1.

(e; —2)

This completes part (b).

Part (c): To show (c), we wish to show that y; .,z € R’ for all generators
z of R' with 2 # y; ¢, and z # y; .- By definition of H°(2, L"), note that
f € R further satisfies f € R’ if and only if for all j € J we have

(4.4) —ord¥ () < deg(f) < — 1) :

!
2ej
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Now fix ¢ € J. We check that Inequality (4.4) holds with f = y; ¢, z, imply-
ing y; ¢,z € R’ in the three following cases:

Case 1: j ¢ {i} U S(,0). — Here, L|g, = L'|q,, so

Ly L e —1 e —1 e; —1
—ordg* (yie,) — ordg¥ (2) < eiTe} + deg(z) 20 = deg(yi’eiz)Te;

Case 2: j = i. — By part (a), condition (Ad-ii), and Lemma 4.12 we
have

L L
—ordg* (Yie,) — ordg¥ (2)

/N
®
<
_|_
o,
D
PN
N
VR
o
oo
|
—_
~
|
| —

! !/
2¢; €;
e; — 1 e; —1
= — — +deg(2) (
! /
2 €; 26j
ej(ej —3) e; —1
= GG T3)  eg(s)
2(€j — 2) 2@;.
e —1
= deg(Yie, 2) 27
Case 3: j € S(i,0). — In this case, we may first assume z # y;.,, as
this is covered by case 2, with ¢ and j reversed. Hence,
!
L e. —1
—ordg¥ (z) < degz J2e’. :
J
implying
/ !/ /
I I el —1 e.—1 e, —1
fordQ;‘ (Yiye) — Orde (2) < e ]26,. + deg 22 = deg(¥i.c,2) ]26,‘ ,
J J J

completing part (c).

Part (d): To check (d), we show (Ad-i), (Ad-ii), and (Ad-iii) are satisfied.
We know (Ad-i) holds by part (b), taking the y; ., as the generators in
degree e;. Next, (Ad-ii) is strictly monotonic in the e; and hence also holds
for (2, J). Finally, if (Ad-iii) holds for e then it holds for e+2 by definition.
This is where we use that (Ad-iii) holds for k£ > 0 and not just for k = 0. O

COROLLARY 4.16. — Suppose (£, L', J') is admissible with signature
o' = (e},...,el) or o satisfies one of the conditions of Remark 4.14. Let
J ={t,t+1,....r} and e} < eyh < --- < € =e€, = =e,, so that
(2", A, L) satisfies the conditions of Lemma 4.15 and Theorem 1.1. Then,

for any spin curve (Z°,A,L) so that & and 2" have the same coarse
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space X = X' with the same set of stacky points, and Z has signature

(g;€1,...,€.;0) with e; < ex < -+ e, so that
e = e, ifigJ
e > e ifieJ

then Theorem 1.1 holds for (2", A, L).

Proof. — For t < i < r,let (£, A, L;) be the log spin curve with coarse
space X; so that X; = X', with the same stacky points as (2", A, L), and
having signature (g;ei,....€;_1,€;,€;,...,¢€;;0). Let J; = {i,...,r}. Note
that (20, Lo, Jo) = (27, L', J") and (2, Ly, J.) = (2, L, {r}).

Let (;) denote the condition that (27, A, L;) satisfies the conditions of
Lemma 4.15 and Theorem 1.1, and (%3, L;, J;) is admissible. Since (*o)
holds by assumption, it suffices to show that if (x;) holds then so does
(#i41). Indeed, (%3, L;, J;1+1) is admissible by an application of Lemma 4.13
and the fact that J;1 C J;. Then, applying Lemma 4.15 with the fixed set

€it+1 €4

Jiq1 repeatedly (=5—" many times) yields (*;41). O

5. Genus At Least Two

We now consider the case when the genus is at least 2. In this case, we are
able to bound the degrees of generators of Ry, and its ideal of relations. In
this section, we do not obtain explicit presentations of Ry. This contrasts
with Sections 6 and 7 where we not only obtain bounds, but also obtain
inductive presentations. The tradeoff is that in the genus zero and genus
one cases, we have to deal with explicit base cases. In this section we apply
general results.

5.1. Bounds on Generators and Relations in Genus At Least
Two. The main result of this subsection is that for a log spin curve with
no stacky points (X, A, L), the spin canonical ring Ry, is generated in de-
gree at most 5, with relations in degree at most 10. The case that A = 0
was completed by Reid [13, Theorem 3.4]. For A > 0, the generation bound
is shown in Lemma 5.1 and the relations bound is shown in Lemma 5.4.
Throughout this subsection, we will implicitly use Remark 2.12, which im-
plies deg2L > 2g so H°(X,2L) is basepoint-free by Riemann—Roch. We
summarize the results of this subsection in Corollary 5.5.

The proofs of this subsection results are similar to those in Neves [10,
Proposition I11.4 and Proposition I11.12]. However, the statements differ,

TOME 66 (2016), FASCICULE 6



2368 Aaron LANDESMAN, Peter RUHM & Robin ZHANG

as we assume A > 0 instead of A = 0 and do not assume there is a
basepoint-free pencil contained in HY(X, L).

LEMMA 5.1. — Let (X, A, L) be a log spin curve of signature (g; —;9),
(where — means X is a bona fide scheme and has no stacky points,) with
g > 2and A > 0. Let s1, s5 € H°(X,2L) be two independent sections
such that the vector subspace V = span(sy, so) C H°(K) is basepoint-free.
Then, the map

V@ H(nL) — H((n+2)L)
is surjective if n > 4. In particular, Ry, is generated in degree at most 5.

Proof. — To show there are no new generators in degree at least 6, it
suffices to show that if n > 4, the map

H(nL)® H°(2L) — H°((n +2)L)

is surjective. Indeed, since V = span(sy, s2) C HO(K) is basepoint-free, by
the basepoint-free pencil trick (see [14, Lemma 2.6] for a proof), we obtain
an exact sequence

0 — H((n —2)L) — V @ H°(nL) 5 H((n + 2)L)

We wish to show f is surjective. Note that dimy ker f = dimy H°((n —
2)L) = (n—3)(g — 1+ %) using Riemann-Roch and the assumption n > 4.
Additionally, dimy V@H(nL) = 2-(n—1)(g—1+3%), again using Riemann—
Roch. Therefore,

4]

dimkimf:2~(n—1)(gfl+g)—(n73)(gfl+§)

1)
=(n+1D(g-1+ 5) = dimy H°((n + 2)L).
Ergo, f is surjective. |
The next step is to bound the degrees of the relations of Ry, when A > 0.
This is done in Proposition 5.4 by using the basepoint-free pencil trick to
show that if a relation lies in a sufficiently high degree, it lies in the ideal

generated by the relations in lower degrees. In Definition 5.2, we fix notation
for the ideal generated by lower degrees relations:

DEFINITION 5.2. — Let (X,A,L) be a log spin curve of signature
(g;—;90) with g > 2 and A > 0. Choose generators x1,...,x, of Ry so
that we obtain a surjection ¢ : k[z1,...,x,] — Ry with kernel I,. Let Iy,
be the k" graded piece of I, and define

k—1
JL,k = Zk[.’ljl, ce ,xn]j . IL,k—j~
j=1
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LEMMA 5.3. — Let (X,A,L) be a log spin curve of genus g > 2, so
that A > 0. Choose generators 1, ...,x, of Ry so that we obtain a sur-
jection ¢ : K[z1,...,x,] - Ry with kernel Iy,. Let s1,s2 € K[z1,...,2,]2
be two elements so that span(¢(s1),¢(s2)) =V C H(X,2L) is basepoint-
free. For any f € K[z1,...,x,] such that deg f > 11, there exist g,h €
klz1,...,zp]k—2 so that s1g + soh = f mod Jp .

Proof. — By Lemma 5.1, degz; < 5 for 1 < ¢ < n. Therefore, we may

write f = Z?zl a;x; with a; € klz1,...,Zn]k—dega;- We next show that
for all 1 < ¢ < n there exist g;,h; € k[z1,...,2n]k—dega;—2 sO that a; =
519; + s2h; mod I, dega,-

By Lemma 5.1,

V ® H°((deg f — degz; — 2)L) — H°((deg f — degx;)L)
is surjective because deg f > 11 implies that
dega; =deg f —degx; —2 > 4.
In particular, there exist «;, 5; € Ry, so that
d(a;) = ¢(s1) - a; + ¢(s2) - Bi.

Choosing g, h; € k[z1,...,Znldeg(a,)—2 for 1 < i < n so that ¢(g;) =
ai, ¢(hi) = Bi, we have

a; = 51g; + s2h; mod I, dega,

as claimed.
Finally, we may then take g =), g;z;, h =), h;x;, so that

f = Zazxz = Z 513G + 52h (Z gzxz> + S2 (Z i xz)
Eslg+82h mod JL,k~ O
PROPOSITION 5.4. — Let (X,A,L) be a log spin curve of signature

(9;—;0) with g > 2 and A > 0. Then I, is generated in degree at most 10.

Proof. — Suppose f € Iy with deg f > 11. To complete the proof, it
suffices to show f € Jp . By Lemma 5.3, this is the same as checking
$1g + s2h € Jp x where ¢(s1),d(s2) € H°(X,2L) are two sections so that
span(¢p(s1), ¢(s2)) = V C H°(K) is basepoint-free. Consider the map

V® H((deg f - 2)L) <> H°((deg f)L),

we know that ¢(s1)d(g) + @(s2)é(h) — 0. So by the explicit isomor-
phism given in the proof of the basepoint-free pencil trick, as shown in
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the proof of [14, Lemma 2.6], there exists some p € k[z1,...,z,] so that

¢(p) € HO((deg f —4)L) satisfies ¢(g) = ¢(s2)¢(p) and d(h) = —¢(51)9(p).

Therefore, g = spp mod Iy, j,—2 and h = —s;p mod I, 2. Hence,
$19 + s2h = s1(s2p) + s2(—s1p) = 0 mod Ji . O

We now summarize what we have shown.

COROLLARY 5.5. — Let (X,A,L) be a log spin curve of signature
(9;—;0) with g > 2. Then X has minimal generators in degree at most
5 and minimal relations in degree at most 10.

Proof. — If § = 0, the result is immediate from Reid [13, Theorem 3.4].
Otherwise, if § > 0, the bound on the degrees of minimal generators follows
from Lemma 5.1, while the bound on the degrees of minimal relations
follows from Proposition 5.4. g

5.2. Main Theorem for Genus At Least Two. We are ready to
prove our main theorem, Theorem 1.1 in the case g > 2. The idea of the
proof is to use Corollary 5.5 to complete the base case when L = Lx
and then apply Lemma 4.4, Lemma 4.7, and Lemma 4.15 to complete the
induction step.

THEOREM 5.6. — Let g > 2 and let (£, A, L) be a log spin curve with
signature (g;e1,...,e.;d). Then the log spin canonical ring R(Z , A, L) is
generated as ak-algebra by elements in degree at most e=max(5, e1,...,¢€,)
with minimal relations in degree at most 2e.

Proof. — As the base case, let L = Lx € Div X satisfy 2L ~ 2K x + A.
By Corollary 5.5, the theorem holds for (2, A, Lx).

Next, suppose the theorem holds for L' = Lx + Z:;ll 1P;. Let L be a
log spin canonical divisor of the form L = Lx + >__, %Pi, which means
that L = L' + %PT. If P, is a basepoint of L', then the theorem holds for
L by Lemma 4.7. Otherwise, P, is not a basepoint of L', meaning that in
particular Ry is saturated in 1. Therefore, since P, is a not basepoint of
L’, Equation (4.1) holds by Riemann-Roch. In this case, the theorem holds
for L by Lemma 4.4.

We have thus shown the theorem for all (27, A,L) with ¢ > 2 and
signature (g;3,...,3;d). Therefore, by Corollary 4.16, this theorem holds

for all log spin curves (2", A, L). a
Remark 5.7. — For this remark, we retain the terminology from the
proof of Theorem 5.6. Suppose e := max(ey,...,e.). Then, Ry, has a gen-

erator in degree e when e > 5 and a relation in degree at least 2e — 4 when
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e > 7. Since the proof of Theorem 6.1 is given by inductively applying Lem-
mas 4.4 and 4.7, we obtain that Ry is minimally generated over Ry by
an element in degree e, assuming e > 5. Furthermore, if e > 7 and e; = e,
then there must be a relation with leading term ¥; ¢, - ¥s,¢,—4. Hence, there
is a relation in degree at least 2e — 4. Further, by examining the state-
ments of Lemma 4.4 and 4.7 in the case that there are 1 < i < j < r
with e; = e; = e, then, there is necessarily a relation with leading term
Yie: " Yje; in degree 2e. This analysis also applies to the cases that g = 0
and g = 1.

6. Genus One

In this section, we prove Theorem 1.1 in the case that g = 1. We follow
a similar inductive strategy as in the genus g > 2 case, except unlike in the
g > 2 case we obtain explicit generators and relations here.

In the case of a genus 1 curve, X with no stacky points, we know Kx ~
0, and therefore the only possibilities for log spin canonical divisors are
L' ~0or L' ~ P— @ where P,Q are distinct points, fixed under the
hyperelliptic involution. We inductively construct presentations by adding
points through Lemmas 4.4 and 4.7 and incrementing the values of the e;’s
using Lemma 4.15.

6.1. Genus One Base Cases. In this subsection we set up the base
cases needed for our inductive approach, of proving Theorem 1.1 in the
case g = 1.

r H Generator Degrees ‘ Degrees of Minimal Relations‘ e ‘
0 {1} 0 1
3P {1,5,7} {15} 7
sP+3P, {1,3,3} {6} 5
P-Q+2P, {2,3,5} {12} 5
P-Q+iPi+3P; {2,3,3,4} {6,8} 5

Table 6.1. Genus 1 Base Cases

Generators and relations for Ry, with L' = 0, L'’ = P — Q + %Pl +
%PQ, and L' = P—-Q + %Pl were checked in Examples 3.1, 3.5, and 3.6
respectively. Note that admissibility for (27,0,P — Q + %Pl + %Pg) is
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verified in Example 4.11. The verification of admissibility for the other
cases is similar.

The base cases of L' = %Pl and L' = %Pl + %Pg can be similarly com-
puted. Although L' = P — Q + %Pl, and L' = %Pl are used as base cases
for the induction, they are also exceptional cases; see Table 6.2.

6.2. Genus One Exceptional Cases. Let 2 be a stacky curve, with
P, @ distinct hyperelliptic fixed points on X. The following table provides
a list of all cases which are not generated in degrees e := max(5, e, ..., e,)
with relations in degrees 2e, as described in Theorem 6.1.

’ r H Generator Degrees ‘ Degrees of Minimal Relations ‘ ‘

€

P-Q {2} 0 1
P-Q+iP {2,3,7} {14} 5
P-Q+:P {2,3,5} {12} 5
P {1,6,9} {18} 5

2P {1,5,8} {16} 5

3p {1,5,7} {15} 7

Table 6.2. Genus 1 Exceptional Cases

We have already checked the case of L' = P — Q + %Pl above in Exam-
ple 3.6. The other cases are similar.

6.3. Main Theorem for Genus One. We now have all the tools nec-
essary to prove our main theorem, 1.1 in the case g = 1.

THEOREM 6.1. — Let (2°,A,L) log spin curve with signature o :=
(L;e1,...,er;0). If g = 1, then the log spin canonical ring R(Z,A, L) is
generated as a k-algebra by elements of degree at most max(5,eq,...,e.)
and has relations in degree at most 2e, so long as o does not lie in a finite
list of exceptional cases, as listed in Table 6.2.

Idea of Proof. — We check the theorem in two cases, depending on if
0 > 0.1If § > 0, we first check that the theorem holds for Lx by inductively
adding in log points to the base case of Ly = 0. Then we check that the
theorem holds for L by adding stacky points and then inductively raising
the stabilizer orders of stacky points in the following sequence of steps.
When raising the stacky orders, it is important that we increment the sta-
bilizer orders of as many stacky points as possible to maintain admissibility
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for the maximal possible sets of stacky points. Then, we may also use the
fact that raising the stabilizer orders of any subset of these maximal sets
of stacky points will still preserve admissibility.

The check for § = 0 is similar, although in this case we do not need to
add in log points, only stacky points, and we will need to utilize the base
cases from Subsection 6.1.

Proof.

Case 1: 6 > 0. — If 6 > 0, we must have § > 2, by Remark 2.12. In
this case, let Lx € Div X satisfy 2Lx ~ Kx + A. We have deg Lx > 1, so,
by Riemann-Roch, h°(.2", L) > 1. Therefore, L is linearly equivalent to an
effective divisor. Thus, without loss of generality, we may assume L is an
effective divisor.

We first now show the theorem holds for Lx by induction. Since Lx is
effective, we may induct on the degree of the log spin canonical divisor. The
base case is easy: the theorem holds for L'y, = 0 by Example 3.1. Assume it
holds for L'y € Div X, with L’ effective. We will show it holds for Ly + P,
verifying the inductive step. There are two cases, depending on whether P
is a basepoint of L.

First, if P is not a basepoint of L', then the hypotheses of Lemma 4.4
are satisfied. Therefore, by Lemma 4.4, the theorem holds for L = L' + P.

Otherwise, P is a basepoint of Ly, so the hypotheses of Lemma 4.7 are
satisfied since deg3(L’y) > 2 as deg L’y > 1. Therefore, by Lemma 4.7, the
theorem holds for Lx = L'y + P. By induction, the theorem holds for Lx.

To complete the case that § > 0, we now need show the theorem holds
for a stacky log spin canonical divisor L. It suffices to show that if the
theorem holds for a log spin canonical divisor L’ with deg|L’| > 0, then
it holds for L’ + 55;1 P; with e; odd. As above, if P is not a basepoint of
L' then the theorem holds for L' + eé;lPl- by Lemma 4.4. On the other
hand, if P is a basepoint of L’ then the theorem holds for L’ + %Pl by
Lemma 4.7.

Case 2: 6 = 0. — Since § = 0, we may write L = Lx + Y ._; e;;_lPi.
There are now two further subcases, depending on whether Ly = 0 or

Lx =P — @ for P and @ two distinct hyperelliptic fixed points.

Case 2a: Lx = P —Q,P # Q. — Note that we are assuming L is not
one of the exceptional cases listed in Table 6.2, so we may either assume
Z has 1 stacky point with e; > 5 or at least 2 stacky points.

First, we deal with the case 2" has at least 1 stacky point. By Exam-
ple 3.6,if L' = P —Q + %Pl, then Ry is generated in degrees 2,3, and
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5 with a single relation in degree 12. Furthermore, (£, L', {1}) is admis-
sible, and satisfies the hypotheses of Lemma 4.15. Observe that L’ itself
is an exceptional case, as it has a generator in degree 12 > 2 - 5. How-
ever, after applying Lemma 4.15, we see that P — Q + %Pg does satisfy the
constraints of this theorem, because only relations in degree < 14 =2-7
are added, and the relation in degree 12 coming from Ry, lies in a degree
less than 2 - 7 = 14. Therefore, the Theorem holds for L' = P — Q + %Pg.
Then, applying Lemma 4.15 6;7
L:P—Q—ke;elPl.

Second, we deal with the case that 2" has at least two stacky points. If
(Z',A, L") is a spin canonical curve so that L' = P—Q + %Pl + %Pg, then
as found in Example 3.5, the triple (27,0, P —Q+ %Pl + %Pg) satisfies the
hypotheses of Lemma 4.15. Therefore, applying Lemma 4.7 r — 2 times, we
see that the theorem holds for (27, A/, L') with L' =P - Q+ Y|, +P,.
Finally, by Corollary 4.16, this theorem holds for L' = P—Q+>_, “=1P;

=1 2e;

times shows that the Theorem holds for

as desired.

Case 2b: Lx = 0. — This case is analogous to 2a: If there is only one
stacky point, we start at L = %Pl, and inductively increment the stabilizer
order. Note that by Table 6.1, L = %Pl, will have a relation in degree 15.
However, once e; > 9, we have 2 -e; > 15, so the theorem holds for such
stacky curves. Once the log spin canonical divisor has at least two stacky
points, the argument proceeds as in Case 2a. g

Remark 6.2. — In addition to the bound on the degree of the generators
and relations, as detailed in Theorem 6.1, the proof of Theorem 6.1 yields an
explicit procedure for computing those minimal generators and relations.
One can start with the generators and relations found in the base cases
and inductively add generators and relations as one adds stacky points
and increments stabilizer orders. As described in Remark 5.7, when e :=
max(e,...,e,) > 7, there is necessarily a generator in degree e and a
relation in degree 2e.

7. Genus Zero

We will prove that if (2", A, L) is a log spin curve and £ has signature
o:=(0;e1,...,6.;0), then R(Z,A, L) is generated in degree at most e :=
max(5,eq,...,e.) with relations generated in degree at most 2e, so long as
o does not lie in the finite list given in Table 7.5.

As noted in Remark 2.12, ¢ is even. Thus, we can reduce the problem
into two cases: § > 2 and 0 = 0. In the former case, L is linearly equivalent
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to an effective divisor, so the result of Theorem 1.1 follows immediately
by repeatedly applying Lemma 4.4 to add the necessary stacky points. On
the other hand, the proof when é = 0 is more involved. We dedicate the
remainder of this section to that case in the following steps: characterizing
saturations (Subsection 7.1), describing base cases (Subsection 7.2), and
presenting exceptional cases (Subsection 7.3)(1) Finally, we apply inductive
processes using Lemma 4.8 and Lemma 4.15 to prove the main theorem in
the full genus zero case (Subsection 7.4).

Remark 7.1. — Since all points are linearly equivalent on P}, Ly ~ noo
for some n € N and Kx ~ —200. We will use this convention throughout
this section.

’ Signature o ‘ Condition H Saturation
(0;3,3,3;0) 00
(0;3,3,5;0) 18
(0;3,3,7;0) 12
(0;3,3,9;0) 12
(0;3,5,5;0) 8
(0;5,5,5;0) 8

(0;3,3,3,3;0) 6
(0;3,3,£;0) (>9 9
(0;a,b,¢;0) not listed above 5

(0;e1,...,€.;0) | not listed above 3

Table 7.1. Genus 0 Saturation

7.1. Saturation. First, we present the saturations of the log spin canon-
ical divisor (recall Definition 2.14) for all cases where g = 0 and § = 0 in
Table 7.1. The saturations can be computed using Riemann—Roch. By clas-
sifying the saturations of all signatures, we can determine the base cases on
which we can apply inductive lemmas from Section 4. Note that the satu-
rations of log spin canonical divisors only depend on the signature here. In
Table 7.1, exceptional cases are listed first and generic cases follow.

(1) Several computations used to generate the tables in Subsection 7.2 and Subsec-
tion 7.3 were done using a modified version of the MAGMA code given in the work
of O’Dorney [11].
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7.2. Base Cases. In order to apply Lemma 4.8 and Lemma 4.15 when
0 = 0, we need to determine appropriate base cases that will cover all but
finitely many signatures by induction. Here we provide such base cases and
demonstrate that they satisfy all of the necessary conditions of Lemma 4.8
and Lemma 4.15 (e.g. admissibility as defined in Definition 4.9). We also
show that that the associated log spin canonical rings are generated in
degree at most e := max(5,e1,...,e,) with relations generated in degree
at most 2e.

LEMMA 7.2. — Let (2", A, L) be a log spin curve with signature o :=
(0;e1,...,€.;0). Then, R' := Ry, is generated by elements of degree at
most e = max(5,ey,...,e,.) with relations in degree at most 2e. Further-
more, each of the cases in Table 7.2 satisfy the conditions of Lemma 4.15
(ie. either (', L', J) = (2", -0+ >\, €2;1 P;,J) is admissible or the
stabilizer orders are all 3 as per Case (1) of Remark 4.14):

’ Case H Signature o ‘ J ‘ e ‘
(a) (0;3,3,11;0) {3} 11
(b) (0;3,5,9;0) {3} 9
(c) (0;3,7,7;0) {2,3} 7
(d) (0;5,5,7;0) {3} 7
(e) (0;5,7,7;0) {2,3} 7
(f) (0;7,7,7;0) {1,2,3} 7
(2) | (0:3,3,3,5;0) {4} 5
(h) (0;3,3,5,5;0) {3,4} 5
(i) (0;3,5,5,5;0) {2,3,4} 5
G) | (0:5,5,5,5,0) | {1,2,3,4} | 5
(k) | (0;3,3,3,3,3;0) | {1,2,3,4,5} | 5

Table 7.2. Genus 0 Base Cases

Proof. — Recall that the generator and relation degree bounds for
case (b) are proven in Example 3.4 and the admissibility condition is
checked in Example 4.10. For the remaining cases, we follow a similar
method to find a presentation satisfying the desired conditions. The log
spin canonical ring R(Z"”,0,L’) is generated as a k-algebra by elements
of degree at most e with relations in degree at most 2e for each case as
described in the Table 7.3.
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’ Case H Generator Degrees ‘ Degrees of Relations ‘ e ‘
(a) {3,7,9,11} {14, 18} 11
(b) {3,5,7,9} {12,14} 9
(c) {3,5,7,7} {10, 14} 7
(d) {3,5,5,7} {10, 12} 7
(e) {3,5,5,7,7} {10,10,12, 12,14} 7
() {3,5,5,7,7,7} {10,10,10,12,12,12, 14,14, 14} 7
() {3,3,4,5} {8,9} 5
(h) {3,3,4,5,5} {8,8,9,9,10} 5
(i) {3,3,4,5,5,5} {8,8,8,9,9,9,10,10, 10} 5
() {3,3,4,5,5,5,5} |{8,8,8,8,9,9,9,9,10,10,10,10,10,10} | 5
(k) {3,3,3,4,4,5} {6,7,7,8,8,8,9,9,10} 5

Table 7.3. Generators and Relations for Genus 0 Base Cases

We can also always find a presentation for these cases such that they
satisfy (Ad-i) and (Ad-ii) and that ins(I’) is generated by products of
two monomials. Again, the procedure to verify these is similar to that in
Example 3.4 and Example 4.10.

Furthermore, each case always satisfies (Ad-iii) as demonstrated in Ta-
ble 7.4. Notice that the e; and {€ : j # i} are equivalent for any choice of
i € J for these cases, so deg|e; L] and maxy>o #5(s, ) (i) are independent
of the choice of 7.

Thus, all of the cases are admissible and satisfy the additional desired
conditions. g

7.3. Exceptional Cases. In this subsection, we describe the cases that
are not covered by induction, which are also the only exceptions to Theo-
rem 1.1 in the case g = 0. In Table 7.5 We present the explicit generators
and relations for the remaining cases given by signatures in the finite set

S :={(0;3,3,£;0) : 3< £ <9 odd}
U {(0;3,5,5;0), (0;3,5,7;0), (0;5,5,5;0), (0; 3,3,3,3;0)}

Remark 7.3. — These cases give all of the exceptions to the e and 2e
bounds on the generator and relation degree. Notice that each of these
exceptional cases, apart from (0;3,5,7;0), also has exceptional saturation
as seen in Table 7.1. Intuitively, these exceptional saturations can be viewed
as “forcing” generators and relations in higher degrees than expected.
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’ Case ‘ Signature o ‘ J H degl|e; L] ‘ maxy>o #5(c,.1)(7) ‘
(a) (0;3,3,11;0) {3} 1 0
(b) | (0:3,5,9;0) (3} 1 0
(c) (0;3,7,7;0) {2,3} 2 0
(d) (0;5,5,7;0) {3} 1 0
(e) (0;5,7,7;0) {2,3} 2 0
(f) (0;7,7,7,0) {1,2,3} 3 0
(g) (0;3,3,3,5;0) {4} 2 0
(h) | (0:3,3,5,5;0) (3,4} 3 0
(i) (0;3,5,5,5;0) {2,3,4} 4 0
G) | (0:5,5,550) | {1,234} 5 0
(k) 1(0:3,3,3,3,3;0) | {1,2,3,4,5} 5 0

Table 7.4. Checking (Ad-iii) for Genus 0 Base Cases

’ Signature o H Generator Degrees ‘ Degrees of Relations ‘ e ‘
(0;3,3,3;0) {3} ) 5
(0;3,3,5;0) {3,10,15} {30} 5
(0;3,3,7;0) {3,7,12} {24} 7
(0;3,3,9;0) {3,7,9} {21} 9
(0;3,5,5;0) {3,5,10} {20} 5
(0;3,5,7;0) {3,5,7} {17} 7
(0;5,5,5;0) {3,5,5} {15} 5

(0;3,3,3,3;0) {3,3,4} {12} 5

Table 7.5. Genus 0 Exceptional Cases

4. Main Theorem for Genus Zero. Now we can combine the base
cases from Subsection 7.2 with the inductive lemmas of Section 4.

THEOREM 7.4. — Let (Z',A,L) log spin curve with signature o :=
(0;e1,...,er;0). Then, the log spin canonical ring R(Z", A, L) is generated
as a k-algebra by elements of degree at most e = max(5, ey, ..., e,) and has
relations in degree at most 2e, so long as o does not lie in the finite list of
exceptional cases in Table 7.5.

Idea of Proof. — The method of this proof is almost identical to that of
Theorem 6.1. When § > 0, we first add in log points, and then increment
the stabilizer orders of stacky points, checking that the theorem holds at
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each step. The more technical case occurs when § = 0. In this case, we
increment the stabilizer orders of stacky points starting from one of the
base cases, and check that every stacky curve can be reached by a sequence
of admissible incrementations from a base case.

Proof. — If 2 has no stacky points, then we can assume that L ~ n - oo
with n € Zy_;. This is a classical case done by Voight and Zureick-
Brown [15, Section 4.2]. When n = —1, then Ry, = k. When n = 0, then
Rr = k[z]. When n > 0, inductively applying Lemma 4.4 tells us that Ry,
is generated in degree 1 with relations generated in degree 2.

First, let us consider the case when 6 > 2. In any such case, |L] is an
effective divisor and the conditions of Lemma 4.4 are satisfied. Thus, we
can apply the Lemma 4.4 inductively from the classical case with no stacky
points to get that R(Z", A, L) is generated up to degree e.

By Remark 2.12, it only remains to deal with the case 6 = 0, so L is not
necessarily effective. Let the signature o be such that it is not one of the
exceptional cases contained in Table 7.5. We get the following three cases,
depending on the value of r:

Case 1: r < 3. — If r < 3, then deg|kL| < 0 for all k > 0 so we have
the trivial case where R(Z", A, L) = k.

Case 2: 3 <r <5 — If 3 <r <5 and o is not one of the exceptional
cases, then we may apply Lemma 7.2 and Corollary 4.16 to an appropriate
base case from Table 7.2 and deduce that R(Z,0, L) is generated up to
degree e := max(5,eq,...,e.) with relations generated up to degree 2e.

Case 3: r > 5. — If r > 5, then we can use Lemma 4.8 to add stacky
points with stabilizer order 3 to case (k) of Table 7.2, which corresponds to
(0 =1(0;3,3,3,3,3;0),J = {1,2,3,4,5}). This case satisfies the conditions
of Lemma 4.8 (recall from Table 7.1 that sat(Eff(c)) = 3), and the immedi-
ate consequence of parts (a) and (c) of Lemma 4.8 is that any R(2”, A, L)
corresponding to signatures ¢’ with ramification orders all equal to 3 for

any r > 5 is generated up to degree ¢/ := max(5,¢€},...,e.) with relations

rr
generated up to degree 2¢’. Furthermore, these cases satisfy all of the con-
ditions of Lemma 4.15. Now we can apply Corollary 4.16 to deduce that
R(Z,6, L) is generated up to degree e := max(5, ey, ...,e,) with relations

generated up to degree 2e. |

Remark 7.5. — The proof of Theorem 7.4 in genus zero gives an explicit
construction of the generators and relations for the log spin canonical ring
Ry. This is similar to the case of genus 1 in Remark 6.2. Furthermore,
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there is a generator in degree e and a relation in degree at least 2e — 4
when e := max(ey, ..., e,) is at least 7 (see Remark 5.7). This can be seen
from the inductive application of Lemmas 4.4, 4.7, and 4.8.

Remark 7.6. — Here, we describe how to obtain a slightly better bound
for our application to modular forms from Example 1.7 in the cases g = 0
and g = 1. When g = 0, a careful scrutiny of Theorem 7.4 reveals that, if
A > 0 and 2 has signature (0;3,...,3;9), then Ry, is generated in weight
at most 4. Since § > 0, Lx is effective. Additionally, Ry, is generated
in weight 1, and inductive applications of Lemma 4.4 only add generators
in weights 3 and 4 and relations in weight at most 8. Therefore, Ry is
generated in weight at most 4 with relations in weight at most 8. Note
that a similar analysis of the proof of Theorem 6.1 yields that when g = 1,
congruence subgroups are generated in weight at most 4 with relations in
weight at most 8.

8. Further Research

In this section, we present several directions for further research.

(1) As noted in Remark 1.3, the proof of Theorem 1.1 gives an explicit
procedure for computing the generators and relations of Ry when
the genus of 2" is 0 or 1. When 2" has genus at least 2, Lemmas 4.4
and 4.7 allow us to explicitly construct a presentation of R, from a
presentation of Ry, where X is the coarse space X. However, ob-
taining a presentation for X requires nontrivial computation. This
suggests the following Petri-like question:

QUESTION 8.1. — Is there a general structure theorem describ-
ing a set of minimal generators and relations of Ry, where (X, A, L)
is a log spin curve with no stacky points?

(2) One direction for further research is to extend the results of this
paper to divisors D € Div.Z on a stacky curve 2, where nD ~
K for some integer n greater than 2. The canonical ringsof such
divisors often arise as rings of fractional weight % modular forms.
For more details on fractional weight modular forms, see Adler and
Ramanan [2, p. 96] and Milnor [9, §6].

QUESTION 8.2. — If 2 is a stacky curve and D € Div 2" with
nD ~ K, where K is the canonical divisor of %", can one bound
the degrees of generators and relations of Rp?
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When g = 0 and D is effective, inductively applying Lemma 4.4
gives an affirmative answer to this question: If 2 has signature
(g;€1,...,€.;0) then Rp is generated in degree at most e =
max(eq,...,e,) with relations in degree at most 2e. It may be pos-
sible to modify the proof of Lemma 4.15 to extend to the setting
of fractional weight modular forms. Suitable generalizations of the
lemmas of Section 4 might allow one to follow similar questions to
this paper and provide a general answer to Question 8.2.

(3) The generic initial ideal encapsulates the idea of whether the rela-
tions for Ry are generically chosen. See Voight and Zureick-Brown
[15, Definition 2.2.7] for a precise definition of the generic initial
ideal. The proof of Theorem 1.1 is decidedly non-generic. In par-
ticular, Lemma 4.15 constructs generators with non-maximal pole
orders at certain points, making the relations non-generic.

QUESTION 8.3. — If (%", A, L) is a log spin curve, can one write
down the generic initial ideal explicitly?

(4) In Subsection 5.1, we reference the work of Reid [13, Theorem 3.4].
We use his proof that the spin canonical ring is generated in degree
at most 5 with relations in degree at most 10 in the non-log, non-
stacky case when genus is at least 2. We extend this bound of 5
and 10 to the log case, and then apply our inductive lemmas to add
stacky points and obtain bounds of e = max(5,ey,...,e,) and 2e.
However, Reid in fact proves something slightly stronger [13, Theo-
rem 3.4]: that in most cases his bound is actually 3 and 6 with well-
characterized exceptions. Generalizing this slightly stronger bound
to the (non-stacky) log case case would allow us to inductively apply
the lemmas from Section 4 and improve Theorem 1.1 as follows:

QUESTION 8.4. — When g > 2, can the bounds in Theorem 1.1
on the degrees of generation and relations be reduced from
e :=max(5,ey,...,e.) and max(10,2ey,...,2e,) toe’ := max(4, e,
...,e.) and 2¢€', apart from well a characterized list of families?

Remark 8.5. — Note that when L is not effective and 2" has a
stacky point, R; must have a generator in degree 4 with maximal
pole order at one of the stacky points. Therefore, these bounds

cannot in general be reduced further to e¢” := max(3,e1,...,e,)
and 2e”.

(5) While Theorem 1.1 gives a set of generators and relations for the
log spin canonical ring Ry, these sets are not necessarily minimal.
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In many of the ¢ = 0 and g = 1 cases, it is not too difficult to
see that our inductive procedure yields a minimal set of relations
for Ry. One might investigate whether the generators and relations
given by the inductive proof of Theorem 1.1 are always minimal.
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