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RANKS OF ELLIPTIC CURVES OVER FUNCTION FIELDS
ALAN G.B. LAUDER

Abstract

We present experimental evidence to support the widely
held belief that one half of all elliptic curves have infinitely
many rational points. The method used to gather this evidence
is a refinement of an algorithm due to the author which is based
upon rigid and crystalline cohomology.

1. Introduction

There is a widely held belief that one half of all elliptic curves have infinitely
many rational points, but all experimental data which has been collected so far
suggests that the fraction is actually two thirds [2, Introduction, Items (1) and
(2)]. The final purpose of this paper is to present experimental evidence supporting
the widely held belief. Let us first digress, to explain the origin of the method which
has been used to collect this evidence.

In an earlier paper, the present author introduced a new method for computing
zeta functions of varieties over finite fields [19]. The principal novelty of the method
was that it proceeded by induction on the dimension of the variety. The author
named it the fibration method. It was observed that the method appeared to be
especially useful for the case of surfaces over finite fields which can be fibred into
low genus curves. Given such a surface, the interesting part of its zeta function is
exactly the L-function associated to the generic fibre — the generic fibre is a curve
over a function field. According to a conjecture of Tate [26], the L-function reveals
arithmetic properties of the curve, such as the rank of the group of rational points
on its Jacobian. In the present paper, we carefully refine the fibration method,
focussing ultimately on the case of elliptic curves over the rational function field,
and use it to compute the L-functions of a randomly chosen sample of elliptic curves
of extremely large conductor from a certain family. The computations reveal that
around one half of those have rank, or at least analytic rank, greater than zero; see
Section 9.

Leaving aside this final motivating application, the central achievement of this
paper is the further development of the fibration method, with an emphasis upon
the computation of L-functions of hyperelliptic curves over the rational function
field. We shall now sketch the improvements to the method which are obtained. We
need to introduce some notation: For ¢ a power of a prime p, let [F; denote the finite
field with g elements of characteristic p, K denote the unique unramified extension
of the field of p-adic numbers of degree log,(¢), and W denote the ring of integers
of K.
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Ranks of elliptic curves over function fields

The challenge which we address is that of efficiently computing the zeta function
of a smooth variety over a finite field ;. Our methods are based upon rigid and
crystalline cohomology. Using standard techniques, one sees that the problem of
central interest is that of calculating the pth power Frobenius action on the middle-
dimensional rigid cohomology of the variety. This is a finite-dimensional vector
space over K. In the case in which the original variety V' of dimension n can be
fibred into smooth varieties V' — S over a curve S C P!, the paper [19] presents
a method of reducing the problem of computing Frobenius on HJ; (V) to that of
computing Frobenius on Hzgl(Vs) for one smooth fibre Vs < V in the family. So
the method proceeds by induction on the dimension. We now describe how the work
in this paper refines the fibration method.

First, the method requires that a basis be found for the relative cohomology space
H;Zl(V/ S) such that the “matrix for the Gauss-Manin connection is Fuchsian”
[19, Section 4]. This is an entirely reasonable assumption as such bases are known
to exist for families, for example, with an irreducible monodromy group, at least
after extending the base field; however, the problem of actually finding such bases
is an interesting open one, related to Hilbert’s 21st problem. An exposition of this
problem is given, and modest contributions made, in Sections 7 and 8.3; however,

this still remains an obstacle to the wider application of the fibration method.

Second, in [19, Section 9.3] some new ideas on how to significantly improve the
practical performance of the fibration method are sketched, although no details are
offered. We work out these ideas in great detail and use them in our calculations for
elliptic curves. Specifically, let X be some smooth compactification of the variety V.
There is a finitely generated W-module H”.. (X) attached to X called the middle-
dimensional crystalline cohomology, and a natural map Hp,,; (X) — Hy; (V). The
idea is that one computes a basis for the Frobenius-invariant W-lattice H (X)ppim =
Im(H,;5(X) — HJ; (V) and calculates Frobenius on this basis. Working with
this basis, one can exploit the Hodge filtration to significantly reduce the p-adic
precision to which the matrix for Frobenius needs to be computed. Rather than
find H(X)prim itself, in Section 3 and 4 for certain surfaces X we describe how to
compute a lattice H(X, kD) (where D is a smooth divisor and k a suitably large
integer) which is very close, in a precise sense, to H (X )prim, although possibly of
larger rank. This lattice is sufficient for our application and easier to find.

Third, in [19, Conjecture 7.4] a conjecture is made on the vanishing of cer-
tain coefficients in the “relative Frobenius matrix” attached to families V' — S of
hyperelliptic curves and a choice of basis for H}ig(V/ S). The truth of this conjec-
ture immediately yields improvements to the running time of the original fibration
method, see [19, Examples 9.2, 9.3], and also the refined method of this paper.
We prove the conjecture, under modest hypotheses (Theorem 8.4). This also gives
a practical improvement when one uses the deformation method to compute zeta
functions of hyperelliptic curves over finite fields.

We now explain in greater detail the main theoretical contribution of this pa-
per. Namely, our construction and application of W-lattices sitting in the middle-
dimensional rigid cohomology of surfaces. This is the second refinement to the
fibration method as introduced above.

For U a smooth surface of degree d in A%q7 under certain assumptions for each
k > max{2d — 4,0} we explicitly construct a full rank W-lattice H (X, kD) sit-
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Ranks of elliptic curves over function fields

ting in the K-vector space H7;, (U) (see the opening paragraph of Section 4).
The motivation for constructing this lattice is Theorem 5.1. This theorem as-
serts that when ¢ = p is prime, if we compute an approximation A to the ma-
trix A for the pth power Frobenius map F with respect to a basis for this lat-
tice, the loss of precision in the calculation of det(1 — pilflT) is bounded by

h*9 + [log,(k 4+ 1)]. Here h*° is the geometric genus of a smooth compactifica-
tion of a lifting to W of U. Using an arbitrary basis of H2, (U), even when A

has entries in W the author does not know how to improve tﬁe naive loss of pre-
cision bound of dim(Hp;,(U)) — 1 (or [dim(H?,(U))/2] — 1 using the functional
equation). For the surfaces we implicitly consider in Section 9, we have p = 7
and (h?° dlm(Hflg(U))7d) € {(0,8,6),(1,20,12), (2,32,18), (3,44, 24), (4,56, 30) }.
So the use of a basis for H(X, kD) makes a very significant impact on precisions re-
quired. Lying behind Theorem 5.1 is the existence of an embedding H (X, log D) —

H(X, kD) with cokernel killed by multiplication by pll°&»*+1]: here H(X,log D) C
H?,, (U) is a full rank W-lattice endowed with what we call a Frobenius-Hodge
structure (Definition 3.12). In the case in which U compactifies to a smooth surface
X in IF’]‘}Q with smooth divisor at infinity, then our lattice H(X,log D) is exactly
the log-crystalline cohomology of the pair (X, D), where D := X\U (Section 3).
Unfortunately, for the surfaces we are mainly interested in (Sections 8 and 9), this
compactification is not smooth. The surfaces U we are mainly interested in do
compactify to quasi-smooth surfaces X in weighted projective spaces. We make
the additional assumptlon that these weighted projective surfaces are quotients of
smooth surfaces X in IP’]F with smooth divisor at infinity D under a natural finite
group action. The lattices H (X,log D) and H (X, kD) are then defined by taking the
invariant part under this group action of the lattices H (X,log D) and H (X kD)
associated to the affine part U := X \D of the smooth projective surface X (Sec-
tion 4.1). The lattices H(X,log D) and H (X, kD) sit naturally in H?, (U), and we
prove that H(X,log D) has a Frobenius-Hodge structure (Section 4.2). However,
we stress that we do not prove that H(X,log D) is the log-crystalline cohomology

of anything (although it undoubtedly is), see Note 4.8.

The second and third refinements to the fibration method do not impact in any
dramatic manner on the asymptotic analysis of the running time of the method;
see Section 8.4 for a discussion. Their significance is perhaps best appreciated with
reference to explicit examples. Regarding the third refinement, in [19, Example
9.1] a nine-fold speed-up is obtained by assuming the truth of [19, Conjecture 7.4].
Regarding the second refinement, in Section 9 the author computes, amongst other
things, the L-functions of 1000 elliptic curves over Fr(¢) which have discriminant a
squarefree polynomial of degree 60. For each curve, the computation took around 1
hour using the second and third refinements in this paper (the first is not relevant
for the curves chosen). With only the second refinement, each computation would
have taken around 4 hours. We note that in our computations in Section 9, and
the timing presented in this paragraph, we use an algorithm due to K. Kedlaya for
recovering Weil polynomials from their p-adic approximations [18, Section 4]. The
output of our implementation of Kedlaya’s algorithm is provably correct, although
there are no explicit bounds on its running time. All of our calculations are done
using the computer algebra system MAGMA.

We conclude the introduction with a brief mention of the contents of the other
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sections in this paper. Section 2 gives an overview of our refined fibration method
and its relevance to the computation of L-functions. Section 6 proves some theorems
of modest interest relating to one of the steps in the method, and includes a short
discussion of the computation of the residue map.

The author has been assisted in many different ways by many different people,
among them are: Noam Elkies, Victor Flynn, Ralf Gerkmann, Keith Gillow, Roger
Heath-Brown, Hendrik Hubrechts, Nicholas Katz, Bernard Le Stum, Atsushi Shiho,
William Stein, Balazs Szendroi, George Walker and Mark Watkins. He would like
to thank them all. Especial thanks are due to Jan Denef, Kiran Kedlaya and Nobuo
Tsuzuki, who answered with great patience many questions from the author. Fi-
nally, a great debt of gratitude is owed to A.J. de Jong, Bjorn Poonen and the
anonymous referee.

2. The refined fibration method

The purpose of this section is to give an outline of the fibration method. The
outline is based upon the original method presented in [19], incorporating refine-
ments to the improvements crudely sketched in [19, Section 9.3]. To deal with the
method in full would require the introduction of a great burden of notation, so we
shall focus on aspects of it that are developed in this paper, and refer to [19] for
details on parts which are fully investigated in that paper. We warn the reader that
the notation for the different varieties required in this paper is not consistent with
that in [19]. The reason for this is that the focus of the two papers is quite different,
and the notation from [19] would become burdensome in the present paper.

2.1. p-adic rings and finite fields

Let us first fix some notation which will be used throughout the paper. Let I, be
the finite field with ¢ elements of characteristic p, W := W (FF,) be the ring of Witt
vectors of F;, and K be the fraction field of W. Thus K is the unramified extension
of the field of p-adic numbers of degree log,(q), and W is the ring of integers of K.
Let 0 : W — W and og : K — K be the Frobenius automorphisms on W and K
respectively, that is, the maps induced by functoriality by the pth power map on
F,. Let Fy denote an algebraic closure of Fy, and for each integer k > 1, let F
denote the unique extension of degree k of Iy in IFy.

2.2.  The zeta function and reduction to the middle dimension
Let X be a smooth projective variety of dimension n over the finite field F, of
characteristic p. The zeta function Z(X,T) is the formal power series

Z(X,T) := exp (Z | X (F ) 7)

k=1

which encodes the number of I x-rational points [X (Fyx)| on X over the different
finite extensions F . of the base field F,. By a famous theorem of Dwork, Z(X,T')
is a rational function. There is a formula from rigid cohomology [21, Pages 7-9]

2n
Z(X, T) = Hdet(l _ anFq—l|Hzig(X))(_1)z+1;
i=0
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Ranks of elliptic curves over function fields
here each H;; (X) is a finite dimensional K-vector space, and F, a linear map
induced by the gth power map on the structure sheaf Ox of X. There is a factori-
sation F, = F'°%:(9) where F is the ox-linear map on H};,(X) induced by the pth
power map on Ox.

The problem we consider is to compute Z(X,T) given equations defining the
variety X. We shall now try to convince the reader that the central problem is
computing the factor with i = n.

First, we observe that if X is a hypersurface in a space whose zeta function is
known, then by Poincaré duality and the Lefschetz hyperplane theorem, one can
reduce immediately to the case i = n. So let us suppose we are not in such a
fortunate situation. We shall proceed by induction on the dimension, and assume
one can compute zeta functions of smooth zero dimensional varieties — we offer
no suggestions on how this base case should be tackled. By Poincaré duality, one
need only calculate the factors in the formula for 0 < i < n. Let us assume that
X C P™, and there exists a smooth hyperplane section ¥ — X defined over
the finite field F, — this is certainly the case after extending the base field. The
Lefschetz hyperplane theorem then reveals that the factors for 0 < i < n —1 in
the zeta function of Z(Y,T) determine the corresponding factors in Z(X,T). So by
induction we reduce to the cases i = n — 1, n. We suggest two different approaches
to dealing with the case i = n — 1. First, Deligne’s pged theorem [7, Théoréme
4.5.1] tells us that if one could compute the zeta functions of all smooth hyperplane
sections in some Lefschetz pencil on X, then the (n — 1)st factor could be recovered
by computing a greatest common divisor. Unfortunately, the author is not aware of
any effective bounds on how many hyperplane sections need to be considered until
one recovers the correct polynomial; in practice, though, this would seem a useful
approach. Second, a more sophisticated, but rigorous, method for obtaining the
(n — 1)st factor would be to use the spectral sequence in the fibration method, cf.
the proof of Proposition 6.1. This should not be too difficult, although the author
does not offer any details. In any case, we hope the reader is convinced that the
case i = n is the one of main interest.

The problem on which we now focus is that of calculating a p-adic approximation
to a matrix for I on the space H, (X).

2.3.  How the fibration method calculates in the middle dimension

Let X — Spec(W) be a smooth and proper morphism of relative dimension n,
D a divisor on X such that the restriction D — Spec(W) is smooth and proper and
the complement U := X\D is affine.

2.3.1. A fibration

Since U is affine, we may embed it in some affine space Afy;, m > n + 1. Choose
a fibration AJj — Aj,. Let U — Aj, be the restriction to . Choose V C U
so that the restriction V¥ — S C A%/V exactly cuts out the smooth fibres in the
morphism U — A%,V, and define Z := U\V. By varying the embedding we may
assume U — A‘l,v is generically smooth, and so Z is of codimension one. Let Vs for
s € S(W) be some smooth fibre in the family V — & — one may need to extend
the base field I, to find a smooth fibre. Let the special fibres and generic fibres of
X,D,U,V, Z be denoted X, D,U,V, Z and X, Dk ,Ux, Vi, ZK, respectively. Note
that n is the dimension of the special fibre X.
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2.3.2. F-crystals and isocrystals

DEFINITION 2.1. An F-crystal is a finitely generated W-module M with a linear
map F : c*M — M which becomes an isomorphism after tensoring with K. An F -
isocrystal is a finite dimensional K -vector space V with a linear map F : o3,V — V
which is an isomorphism.

That is, an F-crystal is a finitely generated W-module M with a o-linear map
F : M — M which becomes an injection after tensoring by K, and an F-isocrystal
is a finite dimensional K-vector space with an injective ox-linear map F : V — V.
Define the F-crystal W(m) (m € Z, m < 0) to be the rank one module over W
where F' acts on the basis elements by multiplication by p~™, and likewise for
K(m) (m € Z). We define Tate twists M (m) := M @w W(m) of an F-crystal M,
and likewise for F-isocrystals.

Let i be an integer. Associated to X and D are F-crystals
(X),H! (D), and H' , ((X,D))

Hz?”’LS cris cris
called the crystalline cohomology of X and D and log-crystalline cohomology of the
pair (X, D), respectively. The groups above fit together in an F-equivariant long
exact sequence (see [1, Definition 2.3.3, Proposition 2.4.1, Proposition 2.2.8] and
the references therein)

S H

cris

(X)— H'

cris

(X, D)) = Hei(D)(=1) = -+ (1)

Ccris

Associated to X, D, U, V, Z and V; are F-isocrystals
H', (X), H. (D), H., (U), H., (V)7 and H'

19 rig rig 19 rig

(Vs)

called the rigid cohomology, and F-isocrystals Hy, 4(U) called the rigid cohomol-
ogy of U with support in Z. There is an F-equivariant long exact sequence [17,
Section 4.4]

s Hi p(U) — Hiy(U) — HE (V) = @)

There are natural maps

H . (X) — H, (X)

cris rig

H.;((X,D)) — H;,(U)

cris rig

which are injections modulo torsion with images full rank W-lattices [1, Definition
2.3.3, Proposition 2.4.1]. We shall use the same symbol F' to denote the Frobenius
action on each of the F-crystals and F-isocrystals listed above.

DEFINITION 2.2. The following images are Frobenius-invariant W -lattices sitting
naturally in K-vector spaces; that is, F'-crystals embedded naturally in F'-isocrystals.

H(X)prim = Im(HZ,; (X) — Ho (U))
H(X,logD) := Im(Hz,; ((X,D)) — Hy;,(U))
H(X) = Im(HZ,(X) — HJo (X))

For the smooth surfaces in IF’F we consider in Section 3, the lattice H (X )prim is
exactly “primitive” middle- dimensional crystalline cohomology.
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2.3.3. A summary of the method
We wish to calculate a p-adic approximation to a matrix for the action of F' on
the full rank Frobenius-invariant W-lattice H(X). The reason why it is important
to work with a basis for this lattice rather than an arbitrary basis is given in
[19, Section 9.3.2]. Essentially, one can exploit the Hodge filtration to significantly
reduce the power of p to which the matrix needs to be calculated. We first note
that it is both easier and more efficient to compute a matrix for F' on the W-
lattice H(X)prim- It is easier because U is affine and so the elements in H}; (U)
can be described via n-forms defined on Uk . It is more efficient, at least for the
case n = 2 of surfaces, since H (X )prim is the quotient of H(X) by the rank one
lattice generated by the class of the curve D, and the Frobenius action on the class
of this curve is just multiplication by gq.

The steps in our algorithm for calculating F' on the lattice H(X)ppim and our
work upon the different steps can be tersely summarised as follows.

e STEP 1: Find a set of n-forms in I'(Uk, €}, ) whose image in H};, (U) is a
basis for the full rank W-lattice H(X,log D). [This is the problem of finding
explicit bases in log-crystalline cohomology. It is solved for certain surfaces in

weighted projective spaces in Sections 3 and 4.]

e STEP 2: Use the long exact sequence for crystalline and log-crystalline coho-
mology (1) to compute a basis for the sublattice H(X)prim C H(X,log D)
from one for H(X,log D) itself. [This is the problem of explicitly computing
the residue map. It is briefly discussed in Section 6.3.]

e STEP 3: Use the long exact sequence in rigid cohomology (2) to map the basis
elements for H(X)prim into the space H;'; (V). Thus one reduces the problem
to that of calculating the action of F' on the space H,’ (V). [We discuss this
in Section 6 for certain surfaces in weighted projective spaces.]

e STEP 4: Use the smooth fibration V' — S to reduce the problem to that
of calculating the action of F' on the space Hfl;l(VS) for one smooth fibre
Vs — V defined over F,. [This is the heart of the fibration method, and is
dealt with in detail in [19, Sections 3, 4, 5]. One outstanding problem which
is not fully resolved in [19] is that of finding a Fuchsian basis. This problem
is explained in Section 7, and in Section 8.3 a solution for elliptic curves is
given using an algorithm due to W. Dekkers. Unfortunately, our solution may
require one to extend the base field.]

In practice, it is not always necessary or desirable to carry out Steps 1 and 2 exactly
as stated. First, it is easier though perhaps slightly less efficient to compute a matrix
for F' on the full W-lattice H(X,log D) rather than its sublattice H(X)ppim; that
is, to omit Step 2. Second, it is not necessary to find H(X,log D) exactly, as a
lattice which is very close to it will be sufficient. For example, in our application
to surfaces X we actually work with a lattice H(X, kD) (k> 0, see Theorem 3.11
and Definition 4.9) such that

H(X)prim — H(X,log D) & H(X, kD) C H,(U)
where the cokernel of the embedding p is killed by pll°&*+DI For certain elliptic

surfaces the map 4 is an isomorphism and when p is large enough relative to the
degree of the surface so is p, so we find H(X)prim exactly. For the examples we
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present in Section 9, the corank of the image of ¢ is 2, and the map p has cokernel
killed by at worst p?. So H(X,kD) contains a sublattice of corank 2 which is
very close to H(X)prim. This is good enough for our application. Theorem 5.1
exactly quantifies the benefits one obtains from working with a basis of the lattice
H(X,kD).

2.4.  L-functions
We now explain the relevance of our algorithm to the computation of L-functions
of certain curves. For X a smooth surface in IP’%Q construct a Lefschetz pencil X —

IP’ﬁ;q on X with axis lying on the divisor at infinity (possibly after extending the

base field), see [23, Pages 197-199]. Choose a section « : IF’%F — X;s0 a(]P’IlF ) is the
blow-up of one of the points on the intersection of X with the axis of the pencil.
Let X denote the generic curve of the family X — ]P]F , and U be the affine piece
of X. Then

H(X)prim = Image(H2

cris

(X) — H75y (),

rig

where H(X)prim is the lattice considered in Section 2.3.3. We shall define the L-
function of the generic curve X,, in the family X — Plqu to be

L(X,,,T) := det(1 — TF,H(X)prim @w K).

This agrees with the usual definition, since it is exactly the “interesting part” of the

zeta function of X, obtained from PQ(X T) :=det(l — TF,| Mg( X )) by removing
factors coming from the classes of a(IP’ﬁ:q) and a smooth fibre in H2, (X).

In our application to elliptic curves in Weierstrass form, we proceed in a more
circuitous manner since the associated affine surface U does not compactify to a
smooth surface in IF’%(I. However, under certain assumptions we are still able to

define a lattice H(X)prim C H2,(U) such that det(1 — TFy|H(X)prim ©w K) is

the “interesting part” of the zeta function of U and the L-function of the elliptic
curve (Section 4.2).

3. Crystalline cohomology of smooth surfaces in IP3

In this section we address the problem of finding the lattice H(X,logD) =
Im(H.,.((X,D)) — H (U)), in the case in which X is a smooth surface of degree

cris rtg

d sitting in projective space P%q. We shall proceed in some generality in Section 3.1,
before specialising to smooth surfaces in IP’%Q in Sections 3.2 and 3.3. Ultimately, we
will be satisfied with finding a lattice H (X, kD), for any k > max{2d —4, 0}, which
contains H(X,log D) as a sublattice, with the quotient an abelian group killed by
multiplication by pl°&(*+DJ We use these lattices to define analogous lattices in
Section 4 associated to certain weighted projective surfaces, and explain why all of
these lattices are useful in Section 5.

3.1.  Some general results for surfaces

Let X — Spec(W) be a smooth and proper morphism of relative dimension 2, D
a divisor on X such that the restriction D — Spec(W) is smooth and proper and
the complement U := X\D is affine. Let X, D, U (respectively X, Dx,Uk) denote
the special (respectively generic) fibres of X', D and U.
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3.1.1. Crystalline and de Rham cohomology
For i > 0, denote by Q% := A‘Q} the sheaf of differential i-forms on X, and by

Q% :0—0x — Qx — Q% — 0

the algebraic de Rham complex of X'. The algebraic de Rham cohomology Hyr(X)
of X is by definition the hypercohomology H(2% ) of this complex. This is a finitely
generated W-module. The complex €27, and finitely generated W-module Hqr(D) :=
H(23,) are defined in an analogous manner. For i > 0, denote by Q¢(logD) :=
A% (log D) the sheaf of differential i-forms on X with logarithmic poles along D,
and by

Q%(logD) : 0 — Ox — Qx(logD) — Q% (log D) — 0
the logarithmic de Rham complex [1, Definition 2.2.2]. The log-de Rham coho-
mology Hyr((X,D)) is by definition the hypercohomology H(2% (log D)) of this
complex. This is a finitely generated W-module. There is an exact sequence
0— Q% — Q% (logD) % j.Q%[+1] — 0
where the map Res is the residue map and j : D — X [1, Proposition 2.2.8]. This
induces a long exact sequence on the hypercohomology groups:
- = Hgp(X) — Hyp((X, D)) — Hig' (D) — -

Let X and D be the special fibres of X and D respectively. Associated to the
smooth pair of Fy-varieties (X, D) are finitely generated W-modules with canonical
isomorphisms [1, Definition 2.3.3, Proposition 2.4.1]

Hcris(X) = HdR(X)7 Hcris(D> = HdR(D)7 Hcris((X7D>> = HdR((X7D>>

These are the crystalline and log-crystalline cohomology groups. The aim of this
section is to give an explicit presentation of the log-crystalline cohomology groups
H (X, D).

cris

3.1.2.  The hypercohomology of the logarithmic de Rham complex
For i,k > 0, let Q1(kD) := Q% ®0, Ox (kD) denote the sheaf of differential i-forms
on X with poles of order bounded by k along D. Consider the complex

Q% ((k + 0)D) : 0 — Ox (kD) — Qx((k +1)D) — Q% ((k +2)D) — 0.

THEOREM 3.1. The cokernels of the maps of homology sheaves induced by the nat-
ural map of complexes of sheaves

0% (logD) — Q% ((k + o)D)

are killed by multiplication by lem{1,2,... k+ 1}. Moreover, the induced maps on
homology sheaves are injective.

Proof. We will show using étale local coordinates that for each 0 < ¢ < 2 the map
of homology sheaves

H' (2% (log D)) — H' (2% ((k + #)D))

is an injection and has cokernel killed by lem{1,2,...,k+¢— 1}.
For points not lying on D there is nothing to prove, since locally at these points
the sheaves are isomorphic. Etale locally around a point on D the pair (X, D) looks
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like the hyperplane section = 0 of an open subset Spec(R) of Spec(W |z, y]).
By a further Zariski localisation we may assume R contains a subring isomor-
phic to R/(x), and derivation w.r.t. x is trivial on this subring. (That is, with
S = {yo|(0,y0) & Spec(R)}, replace R by R’ := R[1/(y — yo);y0 € S| and then
Wyl[1/(y — vo);yo € S] is the required subring of R’ isomorphic to R'/(z); then
replace the notation R’ by R.)

We shall use subscripts  and y to denote partial differentiation w.r.t. z and v,
respectively. Let £ be a positive integer, and define ny := lem{1,2,...,/—1}. Fora =
Z;l_e a;(y)zt € R[z~1] where a;(y) € R/(x) C R, define a := Z;ﬁ_e(ai(y)/(i +
1))z € Rlz7'] ®@w K. Then (a), = a + (a_1(y)/z) and nea € R[z~1].

For i = 0 there is nothing to prove since the closed 0-forms are just the locally
constant functions for both sheaves. For i = 2, let a(x,y)dz A dy € Q%[m,l] be a
closed 2-form with a pole of order k + 2. Let o = a(x,y) + b(x,y) where b has no
pole along D, and write a as in the preceding paragraaph, taking £ = k 4 2. Define
B :=ady € Q}%[m,l] ®@w K. Then adz Ady — dff = “== A dy + ~ where the 2-form
7 has no pole along D. Moreover, nyy28 € Qp[,-17. Thus after multiplication by
ng+2 locally any 2-form can be written modulo exact 2-forms as a 2-form with a
log-pole along D. This proves the claim on the cokernel for ¢ = 2.

We now consider the cokernel for i = 1. Let o = B(x, y)dx + v(z,y)dy € Q}%[I,l]
be a closed 1-form with a pole of order k + 1 along D. Since « is closed, 8y = —7s.
As before, write 8 = a(z,y) + b(x, y) where b has no pole along D, and write a as
above, taking £ = k + 1. Then o — d(a) = a’mﬂ + (v — (&)y)dy. Using the equation
By = —7z we see that v — (@), has no pole along D. Thus after multiplication by
ng+1 locally any closed 1-form can be written modulo exact 1-forms as a 1-form
with a log-pole along D.

We now prove the maps on sheaves are injective by examining kernels. For ¢ = 0
there is nothing to prove. For ¢ = 1, a closed 1-form a € Q}%[I_l] with a log-pole has

the form ((x,y) dx—”j +v(x, y)dy where the functions 3, € R have no poles along D,
with (8/x), = —vs. Suppose that o = df for some function f(z,y) € R[z~!] with
a pole of order £ > 1 along D. Since f, = v, we see f, has no pole along D, so f
must be independent of y with v = f,, = 0. Thus (8/x), = 0, so 5 does not depend
on gy, and we have f(z), = S(z)/x. This can only be true if 5(z)/x has no pole
along D, and so neither does f, a contradiction. Thus no such f can exist, and the
map on homology sheaves is injective for ¢ = 1.

Now let i = 2. A (closed) 2-form o € Qé[z_l] with a log-pole locally has the form

Bz, y) dx—”j A dy for some function 8 € R with no pole along D. Suppose that a = dy
where the 1-form v € Q}%[I,l] has a pole of order ¢ > 1 along D. We shall show that

the exists a 1-form v/ € Q}%[I,l] with a log-pole along D such that o = dv’. This
proves our map of homology sheaves is injective on 2-forms.

Write v = a(z,y)dx + b(x,y)dy. Let a = a” + o’ and b = V" + b’ where o’ has a
simple pole along D with a” :=a—d' = 2;24 a;(y)x*, and b has no pole along D
with b” == b—b' =S, bi(y)a’ . Then since 5(z,y)/z = b, — a, has a log-pole,

1=

we see b_y =0, and for i = —¢, -+ 1,...,—2 we have (a;), = (i + 1)b;41. Hence
~" = adx + V'dy is a closed 1-form. Defining +' := a’dx + b'dy one sees that ~/
has a log-pole along D. Moreover, « = dy = d(y' + ") = dv/, as required. O
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Note 3.2. An analogue of the claim on the cokernel is proved in [1, Theorem 2.2.5]
with the complex Q% ((k+ o)D) replaced by the twisted logarithmic complex whose
ith term is Q% (log D) ®, Ox (kD), for the more general situation in which D is a
smooth normal crossings divisor in a smooth W-scheme X of arbitrary dimension
n.

Define the complex of sheaves Q°® on X so that the sequence
0— Q% (logD) — Q% ((k+)D) - Q°* — 0 (3)
is exact.

COROLLARY 3.3. The homology sheaves H'(Q®) of the complex Q° are killed by
multiplication by lem{1,2,... k+1}.

Proof. The long exact sequence for homology sheaves from the short exact sequence
(3) has the form

- H(Q% (log D)) & HI Q% ((k + 0)D)) — H(Q*)

— HH Q% (log D)) "5 HH Q% ((k + ¢)D)) — - -

Since ;41 is an injection by Theorem 3.1, H!(Q®) is isomorphic to the cokernel of
0; and thus by that theorem is killed as claimed. O

In the nicest situation one has the following corollary to Theorem 3.1.

COROLLARY 3.4. If the characteristic p of the residue field of W is strictly greater
than k + 1, then we have the following isomorphism of hypercohomology groups:

Har((X,D)) = H(Q% (log D)) = H(Q((k + »)D)).

Proof. Since in this case lem{1,2, ..., k+ 1} is invertible in W, for each ¢ by Theo-
rem 3.1 we have an isomorphism of homology sheaves H!(Q% (log D)) = H(Q% ((k+
¢)D)). These homology sheaves are the first terms in a spectral sequence EY? :=
HP(X, HP? (%)) computing the hypercohomology of each complex of sheaves x [10,
Remark 2.1.6 (i)]. Hence the hypercohomology groups are isomorphic. O

In general, one must be satisfied with the next corollary.

COROLLARY 3.5. Let H' denote the ith hypercohomology group. The kernel and

cokernel of the map H'(Q% (log D)) — H (Q% ((k+)D)) are killed by multiplication
by leogp(k+l)j ]

Proof. In this case by the proof of Corollary 3.4 for each i the homology sheaves
H!(Q®) are killed by multiplication by pllegs 3+ D] and hence so is the hypercoho-
mology H(Q*®). The result follows from the long exact sequence in hypercohomology
for the short exact sequence (3). O

3.1.3. The hypercohomology of Q% ((k + e)D).
The hypercohomology of Q% ((k+e)D) is accessible because of the following propo-
sition.
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PROPOSITION 3.6. Assume k > 0 is chosen so that the sheaves Q% ((k + i)D) are
acyclic for i = 0,1,2. Then the hypercohomology of Q% ((k + e)D) is canonically
isomorphic to the homology of the complex T'(X,Q% ((k + ©)D)) of rings of global
sections:

0 — D(X, 0x (kD)) — T(X,Qx((k +1)D)) % T(X, 9% ((k +2)D)) — 0.
Proof. The hypercohomology of Q% ((k + ¢)D) may be calculated via a spectral
sequence, the first terms of which are the W-modules EY"? := H1(X, Q% ((k+p)D))
[10, Remark 2.1.6 (ii)]. Since the sheaves are acyclic, E{"? = 0 for ¢ > 0, and so
this spectral sequence degenerates after the first term. Hence the hypercohomology
is just the homology of the complex of rings of global sections. O

COROLLARY 3.7. Assume that k > 0 is chosen to satisfy the conditions of Propo-
sition 3.6. Then the natural map

DX, Q% ((k+2)D))
d(T(x, Q% ((k+1)D))

2
Hcris

(X,D)) — (4)
has kernel and cokernel killed by multiplication by pllogs D) In particular, for
p > k+ 1 this map is an isomorphism.

Proof. This follows from Corollary 3.5 and Proposition 3.6 and the natural isomor-
phism H,((X,D)) = H2,,,((X, D)). O

Assuming that D is very ample (which would imply that & = X\D is affine), by
Serre’s vanishing theorem [12, Theorem I11.5.2.(b)] the hypothesis of Proposition
3.6 will be satisfied for k& > 0. We shall calculate an explicit value of k which suffices
for the case in which X is a smooth surface in P* and D a smooth hyperplane section.

Note 3.8. Under the assumption that D is very ample, the twisted logarithmic de
Rham complex whose ith term is Q% (log D)®0, Ox (kD), appearing in [1, Theorem
2.2.5], will also be acyclic for k > 0. However, the complex Q% ((k + o)D) seems
easier to compute with.

3.2. More specific theorems for smooth surfaces in P>

Let X be a surface of degree d in P := P}, such that the morphism X — Spec(W)
is smooth, and let D be a hyperplane section such that the morphism D — Spec(W)
is smooth. Define U := X\D. Let X, D, U (respectively Xk, Dk ,Ux) denote the
special (respectively generic) fibres of X', D and U.

3.2.1. Vanishing theorems for smooth surfaces in P
In this section we calculate explicit values of k which make the sheaves Q% ((k+i)D)
acyclic.

Since the morphism X — Spec(W) is smooth and hence flat, the ideal sheaf I
of X is such that I = Op(—d). For k € Z let Ox(k) denote the twisting sheaf,
and as usual define Q% (k) := Q% ®0, Ox(k). For any k € Z we have Q% (kD) :=
Q% ®0, Ox (kD) =2 Q% (k).

The proof of the following theorem was explained to the author by Bjorn Poonen.
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THEOREM 3.9 (Poonen). The sheaves Ox(k),Qx (k) and Q% (k) are acyclic for
k>d—4, k>max{2d — 4,0}, and k > 0, respectively.

Proof. Let F be the defining polynomial for the surface X, and 7 : X — P. The
proof is based upon the following three exact sequences of sheaves cf. [12, 11.8.17,
I1.8.13]

0 — Op(—d) x5 Op — m.0x — 0 on P, (5)
0—I/T* = Qp|ly — Qx —0on X, (6)
0— Qp — Op(—1)%* — Op — 0 on P, (7)

and the calculation of the homology of projective 3-space P cf. [12, TIL.5]
H°(P,Op(e)) =0 for e < 0,
HY(P,Op(e)) = H*(P,Op(e)) = 0 for all e,
H3(P,0p(e)) =0 for e > —4.
Since Op(e) is locally free and hence flat we may twist (5) by Op(e) and take
homology to obtain the exact sequences
H'(P,0p(e)) — H'(P,7.0x(e)) — HT (P, Op(e — d)) for i > 0. (8)

Since  is affine, we have H'(X,Ox(e)) = H'(P,7.Ox(e)) and from (8) and the
homology of P we see that the latter vanishes for ¢ > 0 and e —d > —4.

Next, restricting (7) to X, twisting by Ox (e) and taking homology we get exact
sequences

H7HX,0x(e)) — H(X,Qp(e)|x) — H(X,0x(e —1))%* fori > 1.
Using our result on the vanishing of H' (X, Ox(e)) we immediately deduce
H'(X,Qp(e)|x) =0fori>1ande>d—3.
For ¢« = 1, we need also determine when the the map
H(X,0x(e — 1))% — H(X,0x(e)) 9)

is a surjection. We need to determine explicitly what the spaces are and map is.
First, twisting (5) by Op(e) and using the fact H'(P,Op(e)) = 0 we get that
H°(X,0x(e)) equals the quotient of the space of homogeneous polynomials of
degree e modulo those of the form F'G where G is homogeneous of degree e — d.
Second, observe that the map in (9) comes from that in (7), and the ith component
is just multiplication by the ith variable X;. So the map is surjective as soon as
e > 0; for one can obtain any monomial of degree e > 0 by multiplying some
monomial of degree e — 1 by one of the X;. Thus the map is surjective when e > 0,
and so HY(X,Qp(e)|x) = 0 for e > max{0,d — 3}.
Now observe since I = Op(—d) we have

I/I2 2/® Op/] = Op(—d) ROy = O,)((—d).
So twisting (6) by Ox(e) and taking homology we get exact sequences
HY(X,Qp(e)|x) — H(X,Qx(e)) — HTHX,0x(e — d)) for i > 0.
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Thus H'(X,Qx(e)) =0 for i > 0 and e > max{0, 2d — 4}.
Finally, taking top exterior powers in (6) one deduces Q3 = Ox(d — 4), which
completes the proof. O

3.2.2. Crystalline lattices for smooth surfaces in P?
The next two theorems are the main results of Section 3.

THEOREM 3.10. Let X be a surface of degree d in IF’%V such that the morphism
X — Spec(W) is smooth, and D a hyperplane section such that the morphism
D — Spec(W) is smooth. Let k +1 > max{2d — 4,0}. Then the natural map

DX, Q% ((k+2)D))

HZ..((X,D 10
el D)= G ok (kD)) 1o

has kernel and cokernel killed by multiplication by p!°8»(k+1],
Proof. Immediate from Corollary 3.7 and Theorem 3.9. O

THEOREM 3.11. With notation as in Theorem 3.10, let H(X, kD) denote the im-
age of the righthand side of (10) in HZ; (U), where U = X\D. Let H(X,log D)
denote the image of HZ,; (X, D)) in H,(U). Then there is a natural embedding
H(X,log D) — H(X, kD) with cokernel killed by multiplication by pl°%»(F+1],
Proof. The maps H?

2.((X, D)) — H(X,log D) and
D(x, 9% ((k + 2)D))
d(T(X, Q4 ((k+1)D)))
are isomorphisms modulo torsion. The map H(X,log D) — H(X,kD) is defined
via these isomorphisms, and its cokernel is killed as claimed by Theorem 3.10. It is
am embedding since the kernel of the map (10) is torsion. O

— H(X, kD)

3.3.  Frobenius-Hodge structures for smooth surfaces in P>

In this section we gather some results which will be applied in Sections 4.2
and 5. We begin with an entirely utilitarian definition whose relevance will shortly
become apparent. Note that it is exactly adequate for our purposes but inadequate
for general use.

DEFINITION 3.12. A torsion-free F-crystal H has a (pure) Frobenius—Hodge struc-
ture if there exists j,m € Z with j,m > 0 and a filtration by submodules 0 =
Hpi1 € Hy € -+ € Hy = H such that F(H;) C p Y (H) for 0 < i < m. A
torsion-free F-crystal H has a (mized) Frobenius—Hodge structure if there exists a
short ezact sequence of F-crystals 0 — H' — H — H"” — 0 such that H and H"
have pure Frobenius—Hodge structures.

Let X be a hypersurface in Py, such that the morphism X — Spec(W) is smooth.
Denote the special fibre X and generic fibre X. Then the W-modules H’ (X, Q%)
are torsion free [22, Page 660, Lines 15-16], and thus so are H, .(X) (this is implied
by the remarks [22, Page 662, Lines 7-9] and the statement of [22, Theorem 2]).
We define the Hodge numbers h*J := rank (H/(X,Q%)) = dim(H’(Xk, Q% ).

Note that h*J = k7. Let p be the residue characteristic of W, and assume that
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p >n—1 = dim(X). The following result is from [22, Section 5]. There exist a
filtration (Hodge filtration)

O— m,+1mCHmm,gHm 1mg"'gH0m,—HZ«Z15(X)

such that the pth power Frobenius F acts with F(H,,,) C p'H™ (X). More-
over, rank (H; »,/Hit1,m) = h*™ " for 0 < i < m. Thus Hg‘lzs(X) has a pure
Frobenius—Hodge structure, see Definition 3.12, with the ranks of the submodules
in the filtration determined by the Hodge numbers of X' .

Now let X be a surface in P, such that the morphism X — Spec(W) is smooth.
Let D C IP"?,V be a hyperplane section such that D — Spec(W) is smooth. Then
the results in the above paragraph apply to give pure Frobenius—Hodge structures
on H2, (X) and H], (D). Since H} . (X) = H3,.(X) are torsion-free, and we
know H); (X) = H} (X) = 0 by the Lefschetz hyperplane theorem, one deduces
H! . (X)=H3, (X) = 0. Moreover, from (1) one deduces, using a similar argu-
ment to that in the first paragraph of the proof of Proposition 6.1, that the following
sequence is exact.

0—W(-1)— H2,(X)— H?

cris cris

((X,D)) — H}

cris

(D)(-1) — 0. (11)

Note that F' acts by multiplication by p on the rank 1 F-crystal W(—1), so
H? ., (X)/W(—1) has a pure Frobenius-Hodge structure. The sequence (11) shows
((X, D)) is torsion-free, and defines a mixed Frobenius-Hodge structure

that H2 .,
on H?, ((X,D)), see Definition 3.12.

cris

4. Weighted projective surfaces

In this section we consider the case in which X is a surface of degree d in the
weighted projective space P(1, a, b, ¢)y . Following a suggestion of A.J. de Jong, we
view X in a standard way as the quotient of a surface X in ]P’%V by the action
of a finite group G = Z/(a) x Z/(b) x Z/(c). We shall assume that the residue
characteristic p does not divide abe, and that the morphism X — Spec(W) is
smooth. The divisor at infinity D of X is G-invariant, and we shall assume that the
morphism D — Spec(W) is smooth. Thus the pair (2?715) satisfies the hypothe-
ses of Theorems 3.10 and 3.11. Define & := X\D. There is a divisor at infinity
D of X such that D = D/G and U := X\D is affine with U = Z/{/G We as-
sume the morphism U — Spec(W) is smooth. Let X, D,U,X,D,U denote the
special fibres, and Xy, Dx, Uk, Xic, Dic, Uk the generic ﬁbres The rigid cohomol-
ogy groups H!, (U) are defined. Under all these assumptions, we define a lattice

rig

H(X,log D) C H2 (U) (see Proposition 4.7) and for each k > max{2d — 4,0} ex-

rig

plicitly construct a lattice H(X, kD) C HZ (U) (Definition 4.9) such that there is
a embedding H(X,log D) — H(X, kD) with cokernel killed by multiplication by
plega(F+D] (Theorem 4.10). We explain the importance of the lattices H (X, log D)

and H(X, kD) in Section 5.

4.1.  The lattices H(X,log D) C H(X,kD) in H? (U)

rig
We first define our ambient weighted projective space.

DEFINITION 4.1. Let a,b,c be positive integers, and P(1,a,b,c)w be a weighted
projective space over W ; that is, Proj(S) where the ring S := W|T, X,Y, Z] is graded
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by assigning weights wt(T') := 1, wt(X) := a, wt(Y) := b, wt(Z) := ¢. Assume that
the residue characteristic p of W does not divide abc.

Note that if desired one can assume that ged(a,b,¢) = 1 (although this plays
no part in our proofs) since in any case P(1,a,b,c)w = P(1,a/e,b/e,c/e)w where
e := ged(a, b, ¢) [8, Page 186].

The open subscheme defined by 7' # 0 is isomorphic to affine 3-space A?,V
with coordinates given by z = X/T%y = Y/T® and z := Z/T° Let R :=
WX, X1, X2, X3] be the graded polynomial ring with wt(X;) := 1 for 0 <7 < 3
and define projective 3-space ]P’%V := Proj(R). Consider the injective map of graded
rings

7:8 = R T+ Xo, X > X0V = X5 Z — X§.

Assume now that W is large enough to contain primitive ath, bth and cth roots of
unity (,, (p and (., respectively. See Note 4.11 for a discussion of the general case.
Let the group G :=7Z/(a) x Z/(b) x Z/(c) act on R by

G % R — R7 (27.77k) X f(X07X17X27X3) = f(X07C¢izX17 gX27C§X3>

LEMMA 4.2. The invariant subring R of R under the action of G is exactly ©(S) =
R[X07 Xf: Xg: X??]

Proof. Certainly m(S) C R®. Suppose now that f = Y, a; X" € RY where i :=
(i0,41,12,13) € Zéo and X' := X[°--- X2. Since G acts on each term a; X" in f
by scalar multiplication, each term in f must be fixed by G. So it is enough to
consider the case of a single monomial f = X{°--- X3*. By considering the action
of (1,0,0),(0,1,0),(0,0,1) € G in turn, one deduces that ali1,bliz and cliz, so
f en(S), as required. O

COROLLARY 4.3. The weighted projective space P(1,a,b,c)w is isomorphic to the
quotient scheme Py, /G.

Proof. By Lemma 4.2, § = RS, and so Proj(S) = Proj(R®) =: P3,/G. O

Let X be a hypersurface in P(1,a,b,c)y defined by a weighted homogeneous
polynomial P(T, XY, Z) of degree d. Assume that the hypersurface X in IF’%V de-
fined by the polynomial m(P) = P(Xo, X{, X3, X§) is such that the morphism
X — Spec(W) is smooth. Define D and D to be the divisors on X and X, respec-
tively, defined by the ideals (T') and (Xo), respectively. Assume that the HlOI‘phlSHl
D — Spec(W) is smooth. Let U := X\D and U := X\D. Assume that the mor-
phism U — Spec(W ) is smooth. Let X, D, U, X, D,U denote the special fibres, and
XK7DK,UK7XK7DK,L{K the generic fibres.

LEMMA 4.4. The group G acts on X with X = X /G, on U withU = U/G, and on
D with D = D/G.

Proof. The group G acts on X since the ideal (7(P)) is G-invariant. Now X /G :=
Proj((R/(n(P)))¢) and we note (R/(w(P)))¢ = R%/(m(P)). The isomorphism

S % RS reduces modulo the homogeneous ideal (P) to an isomorphism S/(P) =

RS/ (x(P)) = (R/(x(P))). So X = Proj(S/(P)) = X/G.
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Since G acts trivially on T', it acts on U with (i, j, k) x g(z, y, z) — g(Cix, ng, ¢k2),
for g € Wlx,y,z] = W[X/T*,Y/T® Z/T¢]. The proof that U = U /G is similar to
that in the preceding paragraph. The group G acts on D since it fixes the homoge-

neous ideal (T'), and one sees as before that D = D/G. O
LEMMA 4.5. For each i > 0, the group G acts on the rigid cohomology space Hiig(ff)
and H, (U) = H}, (U)¢.

Proof. Let A and B denote the coordinate rings of Ui and Uk, respectively; so
A = BY. Taking weak completions we have AT = (B%)T = (BT)%  the latter iso-
morphism follows since taking invariants of the action of a finite group commutes
with taking weak completions. (One can see this explicitly here by first observing
(K[z,y,2]9)" = (K[z,y,2]")¢, and then fixing a monomial ordering and identi-
fying the quotient B of KJz,y, 2] as a K-vector space with the space spanned in
K[z,y,2] by a basis of monomials [5, Proposition 5.3.4].) Let d : B — Qp+ be the
universal derivation which is continuous w.r.t. the p-adic metric on Bf. One checks
that (Q%;)“ is the direct factor in Q%; corresponding to the trivial character in
a character-based decomposition, that (€2%,)¢ = Qfp1)0 as complexes of (BT)¢-

modules, and since (BT)% 22 AT we have Qfp1ye 22 Q. The rigid cohomology of U
is by definition the homology H(Q%;). Since (Q%;)¢ is the trivial-character direct
factor in Q%,; one has H(Q%,;,)% = H((Q%;)¢), and we know H ((Q%:)%) = H(Q%;).
But the latter is by definition the rigid cohomology of U. O

For each 0 < i < 4, the log-crystalline cohomology group H! . ((X,D)) is de-

cris
fined, and there is a natural map
H’i

cris

((X,D)) — H!

rig(U)
which is an injection modulo torsion with image a full-rank W -lattice. These mor-
phisms commute with the action of G, so we may take G-invariants to get natural

maps

H,io (X, D) — Hyyo(0)¢
and by Lemma 4.5 the codomain is isomorphic to H},, (U).

DEFINITION 4.6. For each i > 0, define the W-module H., ((X,D)) to be the
G-invariant part H' , (X, D))Y. We shall call these groups the log-crystalline co-

homology of the pair (X, D).

PROPOSITION 4.7. There is a natural map which is an injection modulo torsion
H.,((X,D)) = H},,(U), with image a full-rank F-invariant W -lattice. Fori = 2,
let us denote this lattice H(X,log D).

Proof. We constructed the natural map immediately before Definition 4.6, and it
is an injection modulo torsion. It is F-invariant since F' permutes the eigenspaces
of the G-action and preserves the trivial eigenspace. Since the order of G is coprime
to p, there is a G-invariant decomposition

Hzris((X7 D)) = Héris((X7 D))G D CCTiS - Hﬁlg(U)G D Crig = Hﬁlg(U)
and a natural map which is an injection modulo torsion Cerjs — Chrig. If the map

in the proposition did not have a full-rank image, then the rank of the image of
Ceris in Cyjy would have to exceed the dimension of C'.;4, which is impossible. [
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Note 4.8. The Fg-variety X in general will only be quasi-smooth, that is have
quotient singularities, which in our case lie along the divisor D [9, Appendix B].
So the log-crystalline cohomology H{ . ((X, D)) is not a priori defined. The divisor
D itself is a quasi-smooth curve in weighted projective space P(a,b, C)]Fq' Quasi-
smooth varieties are normal, and hence the curve D itself is smooth. The author
believes that H2, ((X, D)) defined above is isomorphic to HZ, ((X1, D1)) where

X1 is some smooth compactification of U with Dy := X;\U; a smooth normal
crossing divisor; however, he offers no proof of this.

Using Theorem 3.10, the group H?..((X, D)) can be explicitly related to the co-
homology classes in H?; (U) spanned by a specific set of elements in T'(4, Qé) Since
H?..((X,D)):= H2,.((X, D))" we can construct a group “close to” H? ., ((X, D))

by taking the G-invariants of this set. Explicitly, for k + 1 > max{2d — 4,0} we see
that the map

) D(X,0%((k+2)D)% T(X,0%((k +2)D))
Heri (X D) = @ ot 0py)e ~ dn@. on@r ooy 2

has kernel and cokernel killed by multiplication by pl°8»(*+1J The last equality of
W-modules in (12) follows from the isomorphism I'(U/, ) = T'(U, (p*Q;])G) where
p: U — U is the quotient map, cf. [25, Page 215, Lines 8-12], and the fact that
pole orders are just calculated by taking suitable weighted degrees.

DEFINITION 4.9. For each k + 1 > max{2d — 4,0}, the lattice H(X,kD) is defined
to be the image of the righthand side of (12) in HY (U).

THEOREM 4.10. There is a natural embedding H(X,log D) — H(X, kD) with cok-
ernel killed by multiplication by plog»(F+D],

Proof. The two groups are subgroups of Hfig(U ), and the map which defines
H(X,kD) factors through that which defines H(X,log D), so there is an obvi-
ous inclusion. The statement on the cokernel comes from the remark immediately

following (12). O

The K-vector space H(X,kD) ®@w K is F-invariant and so has the structure of
an F-isocrystal; however, H(X, kD) itself is not in general F-invariant.

Note 4.11. In the general case one extends the base field to contain appropriate
primitive roots and takes the Galois invariant part to define the lattice H(X,log D)
in HZ (U). The lattice H(X, kD) can be defined explicitly over W and Theorem
4.10 remains true.

Note 4.12. Direct calculations for surfaces in weighted projective space (ignoring
the technical problems raised by singularities) and experiments suggest that in fact
k41 > max{2d — (1 + a + b + ¢),0} is sufficient for the map in (12) to have
kernel and cokernel killed as claimed. If this calculation could be made rigorous one
would avoid consideration of the surface X altogether, and in particular remove the
additional, and in practice irrelevant, assumption that the morphism X — Spec (W)
is smooth.
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4.2.  Frobenius—Hodge structures for weight projective surfaces

We continue with the notation and assumptions in Section 4.1 — these are stated
concisely in the paragraph immediately preceding it. We shall also use the notation
in the final paragraph of Section 3.3, only we now denote our projective surface
and curve as X and D, respectively, rather than X' and D. Taking G-invariants in
the exact sequence (11) for the pair (X, D) and noting the first non-zero term is
HY . (D) we get the sequence

0— W(-1)— H?, (X)¢ — H?

cris cris

((X,D)) — H}

2 G
crzs(D)(_1> — 0.
Since Frobenius F preserves the trivial eigenspace of the G-action, the above
exact sequence defines a mixed Frobenius-Hodge structure (Definition 3.12) on
H2?..((X,D)). We now examine this in more detail.

Let us first recall how one defines Hodge numbers of quasi-smooth varieties, cf.

[4, Appendix A.3].

DEFINITION 4.13. Let j : Xj — Xgk be the embedding of the smooth locus and
1 > 0, and define the sheaf QiXK = j*QiXIs( on Xg. The Hodge numbers h' are the

dimensions of the K -vector spaces H’ (X, Q}K)

Note that Dy is smooth so its Hodge numbers are defined in the usual manner, as
the dimensions of the spaces H’(Dg, Q?DK). By the result on [25, Page 215, Lines
8-12], for each i > 0 we have an isomorphism of sheaves (p*Q%K)G =~ Qf, and

(p« Q}K)G = SAYXK where p : Xx — X is the quotient map and also its restriction

p: Dx — Dg. It follows by decomposing sheaves via characters of G and using
the finiteness of p that HJ(XK,Q;EK)G = HI(Xp,QY, ) and HJ(DK,Qi~ )G

H’(Dg, Q% ). Thus the dimensions of the quotients in the filtrations on H? (X )¢

and H', (D)% are just the Hodge numbers of the quasi-smooth surface X and
smooth curve Dg. o
Since H2 ,.((X, D)) is a submodule of H2 . ((X, D)) and the latter is torsion free,

so is the former. Thus the lattice H(X,log D) := Im(H?> ((X7D)) — HZ,(U)) is

cris

isomorphic to H2,,,((X, D)). Defining H (X )prim = H2.,,(X)% /W (~1) we see that

cris cris
there is a filtration

0gH2ng gHOZH(X>pTim (13)

with F(H;) € p"H(X)prim. Recall k¥ := dim(H7 (X, Q%)) are the Hodge num-
bers of the quasi-smooth variety Xx. We have h?? = rank Hy and h'! — 1 =
rank (Hy/Hs,) (we have removed the hyperplane class), and h%? = rank (Ho/H1).
Defining hy := h%9 + hb + RO2) the middle Betti number of Xk, we see that
H(X)prim has rank hg — 1.

Likewise, the lattice

H(D) :=Im(H]}

cris ('D) - Hl ('D>G>

rig
D)% and has a filtration
0C H C H)=H(D) (14)

with F(H!) C p'(H(D)) and rank H; = g = rank (H,/H]) where the genus g :=
dim(H°(Dg,Qp,. ).

is isomorphic to HY,,(
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So the mixed Frobenius-Hodge structure on H(X,log D) = H? . ((X, D)) comes
from the exact sequence

0 — H(X)prim — H(X,logD) — H(D)(—1) — 0 (15)

and the dimensions of the quotients in the filtrations on H(X)ppim and H(D)(—1)
are the Hodge numbers of the quasi-smooth surface Xx and smooth curve Dy.

4.3.  Surfaces of the form 2% = Q(z,y)
We now describe an explicit method for constructing the lattice H (X, kD) (Defi-
nition 4.9) in the case in which U is a surface defined by a polynomial 22 = Q(z,y).

4.3.1. Differential forms on the surface

Assume that the characteristic p of the residue field of W is odd. Let a,b,c be
positive integers with ged(a,b) = 1 and abe not divisible by p. Let Q(z,y) =
20 'y’ be a polynomial in Wz, y] such that ai + bj < 2c for all pairs (i, j),
with this bound met for some choice of pair (7,j); that is, Q(z,y) has weighted
degree 2¢ when one assigns weights wt(z) := a and wt(y) := b in the polynomial
ring Wz, y]. Let X be the hypersurface of degree d := 2¢ in P(1, a,b, ¢)y defined
by the polynomial

P:=T*(Z/T°)? - Q(X/T*,Y/T")).

Let D denote the scheme defined by the ideal (P, T) and U := X\D. The affine W-
scheme U is defined by the polynomial 22 = Q(z,y), where z = X/T% y = Y/T®
and z := Z/T°. We assume that the morphism i/ — Spec( ) is smooth. We further
assume that the schemes X and D, respectively, in IPW defined by the polynomial
7(P) == P(Xo, X{, X5, X5) and ideal (7(P), Xy), respectively, are such that the
morphisms X — Spec(W) and D — Spec(W) are smooth, although this will play
no role in the construction of the lattice H(X, kD).

LEMMA 4.14. The functions x,y, and z have poles of orders a,b and c, respectively,
along the divisor D. The 1-forms dx,dy and dz have poles of orders a+1,b+1 and
c+ 1 along D, and the 2-form dx A dy a pole of order a + b+ 2 along D.

Proof. Follows since the divisor D is defined by the homogeneous ideal (T'), differ-
entiation increases pole orders by one, and dz A dy = d(ydz). O

By definition, the module I'(U,},) is generated over Wz, y, z]/(2% — Q(z,y))
by the 1-forms dz, dy and dz subject to the one relation

2zdz = Qzdx + Qydy.
It follows immediately that the module I'(U, Q) is generated over Wz, y, 2]/(2* —
Q(z,y)) by the 2-forms dx A dy, dy A dz and dz A dx subject to the relations
dy Ndz = —%alac/\dy7 dz Ndx = dex/\dy
z

Since U is smooth we have (Q, @z, Q,) = (1). A simple computation now reveals
that
A+ Bz

P(U,Q?,):{ dr Ndy| A, B € Wiz, y]}
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By Lemma 4.14, the pole order of such a 2-form along D is bounded above by
max{wt(4) —c,wt(B)} +a+b+2
where wt here means weighted degree.

LEMMA 4.15. Let B € Wz, y] have ordinary degree deg(B). Then for any k+2 >
wt(B) +a+b+2, the class of the 2-form Bdx Ady in the quotient on the righthand
side of (12) is killed by multiplication by plioen(ee(B)] - thus it is the zero class in
HZ (U).

rig

Proof. Integrating w.r.t. x, say, one constructs a polynomial C' € Wx,y] with
dC/dx = pllogs(des(BDI B Then d(CNdy) = pllogs(dee(B)I Bz Ady, as required. [

Since we wish to construct the image in Hfig(U) of the righthand side of (12),
by Lemma 4.15 we can restrict attention to 2-forms (A/z)dx A dy.

By an explicit computation one finds that the exact forms (A/z)dx A dy are
precisely those for which

2A = aQy + BQy +2(ay + 5,)Q, a, € Wz, yl.

Precisely, such a form is d of
Czdx+ Dzdy+ Edz, o := D — Ey, .= -C+ E,, C,D,E € W|z,y].

Note that the pole order of such a 1-form is bounded by max{wt(a) + ¢ + b +
1,wt(8) +c+a+1}. So to ensure this has pole order at most k+ 1 we need to have
wi(a) < (k+1)—(c+b+1) =k — (b+c) and wt(8) < k — (a + ¢). Moreover, the
2-forms (A/z)dz Ady have pole order bounded by wt(A) —c+a+b+2, so to ensure
the pole order is at most k42 it is enough to have wt(A) < (k+2)+c—(a+b+2) =
k+c—(a+0).

4.3.2.  An algorithm for constructing the lattice H (X, kD)

For any k > 0, one constructs a set which generates the quotient in (12) as follows.
For any integer m > 0, let Mong,, denote the union of the set of monomials 2y
of weighted degree at most m with {0}. Let Z,, denote the free W-submodule of
Wlz,y] spanned by the monomials in Mong,, c—(atbt2)- Let By C Zp be the
W-module generated by polynomials of the form aQ, + 5Q, + 2(a, + 5,)Q where
[N Mong(mfl)i(b+c+1) and 3 € Mong(m,l),(aﬂﬂ). Define H,, := m/Bm.
Then Hjyo is isomorphic to the quotient in (12) via the map

0: Zyro — DX, Q% ((k +2)D)), 2y’ s z'y/dx A dy/22.

One can find a set S(k) € Mongy . (a4s) of monomials whose classes in Hy, o are
a W-generating set for this quotient using the following method.

Let Zp,p = Zm @w Fq and B,, ), = By, @w F, be F -vector spaces. Using
linear algebra over F,, compute a generating set S(k) of monomials for the quotient
Z+9.p/Bita,p. Let (S(k))w denote the W-span of this generating set. Let w €
Zi+2. Then w = uy + vy mod p for some u; € (S(k))w and vy € Bgyo. Write
w = uy + v + pwe where wy € Zi12. Repeating the process we find us € (S(k))w
and vz € Byo such that w = (u3 + pus) + (v1 + pva) + p*ws for some wy € Zgya.
By induction, and taking a p-adic limit, we find v € (S(k))w and v € Bj4o such
that w = u + v, as required.
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If p>k+1and k > max{2d — 4,0}, and the classes of the forms
0(s) = (s/2z)dx A dy for s € S(k) (16)

are independent in H2, (U), then the forms (16) are a basis for the lattice

H(X,log D) = Im(H2,;,((X, D)) — HZy(U)).

Note that they will be independent in HZ (U) if and only if |S(k)| = dim H?

: o (U);
rig g
the latter is just (dim H7 (X) — 1) +dim H,}; (D) (cf. first paragraph of the proof
of Proposition 6.1), and so is easily calculated.
If k > max{2d — 4,0} and the classes of (16) are independent in H>

rig(U), then
the classes of (16) span a lattice H(X, kD) C H7,;,(U) such that there is a natural

embedding p : H(X,log D) — H(X, kD) with cokernel killed by pl°&»(*+1J Tf the
classes are not independent in Hfl-g(U ) then one must do some further work to
extract a basis for the free part of (S(k))w . We have not come across this situation
in practice and so do not address it here.

5. Frobenius—Hodge structures and precision estimates

In this section we explain how the use of a basis for the full-rank W-lattice
H(X,kD) in H?; (U) when calculating the Frobenius action allows one to compute
with lower p-adic precisions. Notation and assumptions are as summarised in the
first paragraph of Section 4.

To state the next theorem in a simple manner, we shall say informally that a
rational approximation a € Q to a p-adic number a € Q, is correct modulo pN if
ordy(a —a) > N, with this notion extended in the obvious way to matrices and
polynomials.

THEOREM 5.1. Assume that the residue field of W is the prime field F, where
p > 2, and denote by h*°? := dim HO(X;@Q%(K) the geometric genus of Xk (Defi-
nition 4.13). Let A be an approzimation to the matriz for the Frobenius map F on
H(X,kD) @w K w.r.t. a basis of H(X,kD) which is correct modulo p"*1, where
N > 2+ [log,(k+1)]. Then the polynomial det(1 — p~'AT) as an approzimation
to det(1 — Tp~'F|H},,(U)) is correct modulo pN+1=h*°—llog, (k+1)]

This theorem is surprising since the matrix p’lfl will not in general have entries
in W, and so one naively expects a much greater loss of precision when the charac-
teristic polynomial is computed. For example, when p > k + 1 one expects naively
that the characteristic polynomial of p~'A is only correct modulo pN*=(m=1)
where m is the dimension of Hfig(U). In our application to L-functions of elliptic
curves, m is much larger than h?°, and so Theorem 5.1 is of great practical use.

Theorem 5.1 is an immediate corollary of the next proposition.

PROPOSITION 5.2. Assume that the residue field of W is the prime field F), where
p > 2, and denote by h*>° the geometric genus of Xk and by g the genus of Dx.
Let B be a basis for the W-lattice H(X, kD), and hence also the K-vector space
H(X,kD)®@w K. Let A € GL(m, K) be the matriz for the Frobenius map F acting
on H(X,kD) @w K w.r.t. this basis. Let N > 2+ |log,(k + 1)] be a positive
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integer and A € GL(m,Q) be a matriz such that ord,(A — A) > N + 1. Write
det(1 — AT) = 3%, aiT* and det(1 — AT) = 3,2, a;T*. Then

ordy(a¢ —ag) = N + £+ m(f) — [log,(k +1)]

—(+1 1<0<h?0
m(l) == —h*° 41 h20 <0 < h>0 4 hbt — 14y
—h20 414 (6 —(h?0 +hb —1+4g)) R2O4+hMt—14g<l<m.

We shall prove this proposition in several simple steps. Using the notation and
results in Section 4.2, we have an exact sequence (15)

0 — H(X)prim - H(X,log D) % H(D)(—1) — 0

which defines a mixed Frobenius—Hodge structure (Definition 3.12) on H (X, log D)
from the pure Frobenius—Hodge structures on the outer terms. Say that a basis for
H(X)prim is adapted to the Hodge filtration if the first h*Y elements form a basis
for Hy, and the first h%Y 4 A% — 1 form a basis for H; (see (13) for the Hodge
filtration on H(X)prim). Likewise, say that a basis for H(D) is adapted to the
Hodge filtration if the first g elements form a basis for H{ (see (14) for the Hodge
filtration on H(D)). Say that a basis for H(X,log D) is adapted to the Hodge
filtrations if the first ho — 1 elements are 6 applied to a basis of H(X)prin which is
adapted to the Hodge filtration, and p~'¢ applied to the last 2g elements gives a
basis of H (D) which is adapted to the Hodge filtration. Note that m = (ha—1)+2g
is the rank of H(X,log D).

The matrix A for Frobenius F on a basis of H(X,log D) which is adapted to the
Hodge filtrations has the shape

A= p*4s pA1 Ay Bi B
0 0 0 p201 pClo

where Ao, Ay € M(hg -1, h2’0, W), A € M(h2 -1, bt — 1, W), C; € M(2g,g, W),
B; € M(he — 1,9,W) and the 0s are zero matrices of the appropriate size. Here
M (%, %, W) are matrix spaces of the relevant sizes over W.

LEMMA 5.3. Assume that the residue field of W is the prime field F,, where p > 2.
Let B be a basis for H(X,log D) which is adapted to the Hodge filtrations and A the
matriz for Frobenius F on H(X,log D) w.r.t. the basis B. Let N > 2 be a positive
integer and A € GL(m,Q) be a matriz such that ord,(A — A) > N + 1. Write
det(1 — AT) = )", a/T* and det(1 — AT) = 327", aT*. Then

ordy(ae — ag) = N + £+ m(0)
where m({) is defined in the statement of Proposition 5.2.
Before proving Lemma 5.3, we need a definition and lemma.

DEFINITION 5.4. Let M = (m; ;) be an m X m matriz over a commutative ring. A
(partial) transversal of M is a choice of subset {uq,...,ue} C {1,2,...,m} and per-
mutation T € Sy. A transversal product of M is a product sign(r)mul,um)- My g )
for some choice of (partial) transversal. We say that the product contains the entries
My, My, of M.

Ur(1)r " Uz (e)
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LEMMA 5.5. Let M be an m x m matriz over a commutative ring and M =
(M; j)1<i,j<2 a block decomposition where the block M 1 is square of size m', and
the block Ma o is square of size m' :=m —m/. Then any transversal product of M
must contain an equal number of entries from My o and M ;.

Proof. We may restrict immediately to the case in which the transversal is deter-
mined by choosing an element from every row and column of M, by extracting a
suitable sub-matrix. For such a transversal, if s elements are chosen from M; 5 then
by considering columns one sees m” — s are chosen from Ms o, and by considering
rows that m’ — s are chosen from M ;. Hence m — (s + (m/ — s) + (m” — s)) = s
are chosen from My ;. O

We now prove Lemma 5.3.

Proof. Write p~'A = (p~'a; ;) and p~'A = (p~'a; ), so ord,(p~a; j — p~tai ) =
N > 2. From the explicit block-form of the matrix A immediately before the
statement of the lemma, one sees that the matrix V' = (v; ;) below is such that
ord,(p~ta; ), ord,(p~'a; ;) = v; ;. Define V to be the matrix

1 -+ 1 0 -+ 0 =1 -+ —1 =1 -+ =1 =1 --v -1
1 -+ 1 0 -+ 0 =1 -+ —=1 =1 -+ =1 =1 -+ -1
N ... NN ... NN -« N 1 - 1 0 -0
N ... NN ... NN -« N 1 - 1 0 -0

Explicitly, the top left-hand (ha—1) x h?? sub-matrix of 1s in V corresponds to lower
bounds on the valuation of entries in the matrix pAs, and so on. Let 1 < £ < m. The
/th coefficient of det(1 — Tp~'A) can be written explicitly as a sum of transversal
products of the entries p~'a; ; in p~'A, cf. [19, Equation (36)]. Each transversal
product is determined by a choice of indices 1 < u3 < -+ < uy < m and permu-
tation 7 € Sy; namely, this defines the term sign(7)(p™" Guy u, 1)) - (P Gugous o )-
According to [19, Lemma 9.5], the “output” precision

ordp((p_laul,uT(l)) o (p_law,uT(z)) - (p_ldul,um)) T (p_l&uz,uﬂz)))
when computing such a product is bounded below by N + v(uq, ..., us; 7) where
¢
’U(ulv sy Uty T) = Zl Vuiury — féliige{vuuur(i)}
=

measures the change in precision. So for each ¢, we must find the minimum value
taken by the function v(uy, ..., us; 7) over different choices of indices and permuta-
tion. By inspection of the matrix V', one sees that the minimum value is given by
the function m(¢) defined in the statement of Proposition 5.2.

The key point is that since N > 2, one can restrict to transversal products of
p~ 1A which factor as a transversal product of the (hy — 1) x (hg — 1) sub-matrix
(pAs, Ay, p~1Ap) times one of the 2g x 2g sub-matrix (pCy, Cs), and it is easy
to compute the minimum value of v(-) over such transversals. To see why we can
restrict in this way, suppose that 1 < u; < -+ < ug < m is a choice of indices
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and 7 € Sy of permutation such that the corresponding transversal product of
p~ LA contains exactly s > 1 elements from the top-right ho — 1 x 2g sub-matrix
of p~!A. Then by Lemma 5.5, the transversal must also contain exactly s elements
from the bottom-left 2g x hy — 1 sub-matrix of p~'A. Hence v(u1,...,us;7) equals
(N —1)s > s plus a choice of ¢ — s elements lying in distinct columns (and rows) of
the top-left ha —1 x ho — 1 sub-matrix of V and the bottom-right 2¢ x 2¢g sub-matrix
of V', plus one. Such a sum cannot be less than m(¢), and moreover the value m(?)
is attained for some choice of transversal. O

LEMMA 5.6. The statement of Lemma 5.3 remains true for B chosen to be any
basis of H(X,log D).

Proof. Let B be any basis for H(X,log D) and A the matrix for Frobenius F' w.r.t.
B. Let B’ be a basis adapted to the Hodge filtrations and A’ the matrix for Frobenius
F w.r.t. B'. Of course, the characteristic polynomials of A and A’ are the same.
Let A € GL(Q,m) be such that ord,(A — A) > N + 1. Let C € GL(m, W) be the
change of basis matrix from B to B, so A’ = C~1AC. Define D := C~*AC, so the
characteristic polynomials of D and A are identical. We have D— A’ = C~1(A—A)C
so ord,(D — A’) > N + 1. Hence the characteristic polynomials of D and A’ agree
as claimed in Lemma 5.3. Thus so do those of A and A. O

LEMMA 5.7. Proposition 5.2 is true for bases B of H(X,kD) which satisfy the
following property: There exists a basis B’ of H(X,log D) with the change of basis
matriz from B to B' a diagonal matriz E = diag(p™,...,p"") with n; < [log, (k +

1)].

Note that such bases exist since we know that H (X, kD)/H(X,log D) is a finite
abelian p-group killed by multiplication by pll°8»(*+1] (Theorem 4.10).

Proof. Define G := E~'AFE and H := E-'AE. Then H is the matrix for Frobenius
F w.r.t. a basis of the lattice H(X,log D). Moreover, G — H = E~'(A — A)E and
so ordy(G—H) > (N +1) — [log,(k+1)]. The characteristic polynomials of G and
H are the same as those of A and A, respectively, that is S @;7% and 31" a;T".
By Lemma 5.6 (with notation “A and A7 replaced by “H and G”, and N replaced
by N — [log,(k +1)]) they agree as claimed. O

One now deduces Proposition 5.2 from Lemma 5.7 using a similar argument as
that in the proof of Lemma 5.6.

6. The inclusions U C X and V C U

In Section 6.2 we analyse the kernel and cokernel of the map H; (U) — H; (V)
which arises in the fibration method. We restrict to the case in which the compacti-
fication X of U is a smooth surface in ]P’%q (Proposition 6.1) or a weighted projective
surface subject to certain conditions (Proposition 6.2). The actual practical com-
putation of this map does not cause any problems. Since both U and V are affine,
cohomology classes can be represented by n-forms defined globally, and the map is

just restriction.
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In Section 6.3 we briefly consider the problem of computing the residue map Res
in the exact sequence

(X, D)) *& HI M (D) (~1) — -

Given a basis for the full rank W-lattice H(X,logD) = Im(H?,.((X,D)) —
H (U)), the sublattice H(X)prim € H(X,logD) can in principle be recovered
through an understanding of the residue map (Step 2 in Section 2.3.3).

.o H?

cris

(X)— H?

cris

6.1. FEzcision exact sequences

In this section we gather some exact sequences in rigid cohomology. Sequence
(17) will be used in Section 6.2.

For Y a smooth variety over I, of pure dimension d and Z C Y a closed sub-
scheme we have the localisation sequence [17, Section 4.4]

o Hy (V) = Hyo (V) = Hyy(YAZ) — -

g rig
Here H 2”. ,(Y) is rigid cohomology of Y with support along Z. When Z is smooth

and pure of codimension e, one has the Gysin isomorphism [28]

rig.z(Y) = H72¢(Z)(~e)
which leads to the more useful sequence
= Hi2(Z) (=€) — Hyyy(Y) — Hypg(Y\Z) — -+ (17)

Sequences (1) and (17) are related in so much as if one tensors the first by K over W
one obtains a special case of the second. We only need (17) for our application in the
next section. Finally, we recall that when Y is affine H’, (Y) =0 for ¢ > dim(Y").

rig

6.2.  Injectivity of the map HZ; (U) — HZ (V)
The propositions in this section makes rigorous the ideas in [19, Section 9.3.1].

First, we consider the case of X a smooth surface in ]P’%q.

PROPOSITION 6.1. Notation and assumptions as in the first paragraph of Section
3.2. Furthermore, let U — A‘l,v have irreducible fibres, and let V C U be such that
Z :=U\V is pure of dimension 1 and the restriction V — S C Ay is a smooth
morphism. Denote by V.U and S the special fibres of V.U and S. Then the map

H?,(U) — HZ,, (V) is an injection.
Proof. First, H}; (X) = H}, (X) = 0 since X is a smooth surface in IF’]%Q, Writing
out the sequence (17) in full for the pair (X, D) one obtains
0 — }Jjbg(ix) - ]yé?g((]) - 0 0

7? 0 - ]y}ig((]) - li;ig(l)>(__1)

- 0 - 0 — H(D)(-1)

— Hfl-g(X) — 0 — 0.
Note that HY;, (X) = HY, (D) = K. The image of the map c is the class of the
hyperplane section D, and thus the map is injective. Hence Hrlig(U )=0.

We have V' C U with Z := U\V pure of codimension 1. We do not assume that
Z is smooth, so cannot apply the sequence (17) directly to the pair (U, Z). To get
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around this problem, let P denote the reduced subscheme of Z associated to the
singular locus on Z (a union of points), and Z := Z\P, U := U\P. First, (U, P) is
a smooth pair, with P of codimension 2 in U. So (17) for this pair is

— 0 — 0 — Hfl-g(U)
— Hfig(P)(—2) — 0 — 0.

Note that U is not affine when P # (). Second, (U, Z) is a smooth pair with Z of
codimension 1 in U and V = U\Z. So (17) for this pair is

0 — 0 = Hp (U) — Hy(V)
- 0 = H\y(U) — Hy,(V)
— HYZ)CY) — HALO) — HEV)

Thus the following sequence is exact

0— H}, (V) — HY, (Z)(—1) — HZ, (U) — HZ (V)

T

= Hyyy(Z)(=1) — H},

rig

(P)(=2) — 0. (18)

To calculate H};, (V), we use the assumption that there is a smooth morphism

YV — S8 C Ajy. Let HY, ;(V/S) denote relative rigid cohomology for the special fibres

of this map, where ¢ = 0,1, 2. Then
1 ~ 10,1 1,0
H,,(V)=E e F

2,rig 2,119’
where
E}S, = Coker (4 : HY,(V/S) — HY,(V/S)® QY ),
ESY, = Ker(d: HYy(V/S) — HYy(V/S) 20 ),

with g a coordinate function on the generic fibre Sk of the base S, and the ring Af

the weak completion of I'(Sk, Os, ), cf. Section 8.2.1. Now Hy; (V/S) = AT and
SO E;”Sig = H}ig(S), and since the fibres of U — Aﬁ?q are irreducible, the fibres of
7 — Aﬂ;q\S are connected, and thus HY, (S) = HY, (Z)(—1), cf. [19, Proposition

g
8.1]. Thus (18) begins

2,719

and we deduce that Eg:,}ig =0and HY, (U) — HZ (V).
Our conclusion is that the following sequence is exact

0 — H2(U) — H2o(V) — Hyyo(Z)(=1) — Hpyy(P)(=2) — 0
and in particular the map H7, (U) — HZ, (V) is an injection. O

Next, we consider the case which arises in our application; that of a quasi-smooth
hypersurface in a weighted projective space.
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PROPOSITION 6.2. Notation and assumptions as in the first paragraph of Section
4. Furthermore, let U — A%/V have irreducible fibres, and let YV C U be such that
Z :=U\V is pure of dimension 1 and the restriction V — S C Ajy is a smooth
morphism. Let V denote the special fibre of V. Then the map HZ, (U) — HZ%, (V)

rig rig
18 an injection.

Proof. The proof is as before, once one has established that H}; (U) = 0. Now
Hl

rig

(X) = 0 since X is a smooth hypersurface in P%q. The sequence (17) for the
pair (X, D) reveals that HY, (U) = 0. Hence H}, (U) = H}; (U)¢ = 0 (Lemma

19 rig rig

4.5), as required. O

6.3. Computing the residue map

In principle the residue map can be computed by using explicit Cech-de Rham
complexes, following the approach of Gerkmann [11]. In unpublished notes, the
author refined Gerkmann’s work to obtain an explicit formula for the residue map
in the case in which X := P}, and D is a curve on X. Extending this to the
case X = IP’%V and D is a surface proved too challenging for the present au-
thor, although plausible explicit expressions were obtained after much work. Note
that the author carried out these latter calculations in an attempt to recover
the lattice Im(H?,,(D) — HZ_ (D)) from the construction in [1] of the lattice

cris rig
Im(H2 ., (X,D)) — H3_(X\D)) via the residue map.

19

The author’s experience with these calculations suggest that the explicit con-
struction of the residue map in the case X is a surface and D is a smooth divisor is
in principle possible, but perhaps not desirable in practice unless H2 (U) has much

rig
larger dimension than Im(Hfig(X) — HZ2,_(U)). In our calculations in Section 9 the

19
former had dimension only two greater than the latter.

7. The Fuchsian basis problem

This section is entirely expository. We introduce the Fuchsian basis problem, and
explain its relevance to our algorithm.

7.1.  Hilbert’s 21st problem and Fuchsian bases
Let F be a field of characteristic zero and consider a linear differential system

dC(y)
S 4 By)C) =0, (19)
Y
where B(y) is an m X m matrix with entries in the rational function field F(y), and
the solution matrix C'(y) is an invertible matrix over some differential extension field
of F(y). If H(y) is any invertible matrix of rational functions, we may transform

(19) into an equivalent differential system in which B is replaced by
i

dy *
For an irreducible polynomial p(y) € F[y] let F(y), := F[y][1/p] and F(y)(,) denote
the local ring at p, i.e., the extension of F[y| in which all irreducible polynomials

excluding p(y) have been inverted. We shall say that (19) is regular at p(y) € F[y] if
there exists a matrix H € GL(m, F(y),) such that Bjy) has entries in F(y) ). We

By :=H 'BH+H~ (20)
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shall say that (19) is reqular singular at p(y) € Fly] if it is not regular at p(y) but
there exists a matrix H € GL(m, F'(y),) such that p(y)Bjg) has entries in F'(y) ).
We say that the system is regular/regular singular at infinity, if is regular/regular
singular at y, after replacing the matrix B(y) by —1/y?>B(1/y). We call (19) reqular
singular if it is either regular or regular singular at all irreducible polynomials p(y)
and infinity.

For simplicity of exposition, let us henceforth assume that the system (19) is
regular singular at infinity, and let P(y) be the product of all irreducible polynomials
p(y) at which it is regular singular. Let us say P(y) defines the finite singular locus.
We shall say that (19) is Fuchsian if there exists a matrix H € GL(m, F[y,1/P(y)])
such that P(y)Bjy) has entries in F[y] of degree less than deg(P(y)). We call By
of this form a Fuchsian matriz for the differential system (19). Fuchsian systems
are of course regular singular. Establishing whether the converse holds when F' is
the field of complex numbers is closely related to Hilbert’s 21st problem, though
not the statement of it. We require a solution to the problem:

FucusiaN Basis PROBLEM. Give an algorithm which takes as input a regular
singular differential system (19) which is regular singular at infinity and has finite
singular locus defined by the polynomial P(y), and either

e gives as output a change of basis matrix H(y) € GL(m, F[y,1/P(y)]) such
that Bjp) defined in (20) is a Fuchsian matrix for (19), or

e terminates and declares correctly that the system is not Fuchsian.

Hilbert’s 21st problem has a chequered but fascinating history. When F' is the
field of complex numbers, Fuchsian bases are known to exist for regular singular dif-
ferential systems under various conditions, such as irreducibility. For m = 3 there
are examples of reducible systems which are regular singular but not Fuchsian;
Bolibruch has made a very explicit study of this case [3]. For m = 2, all regu-
lar singular systems over algebraically closed fields are Fuchsian, and an effective
algorithm exists for finding Fuchsian bases (Dekkers’s algorithm [6]).

7.2.  Picard—Fuchs systems

Let Vk — Sk C ]P’}( be a smooth family of K-varieties of relative dimension n—1
over an affine base Sk. Associated to this family is a free module H}p 1(VK /Sk)
of finite rank m, say, over the coordinate ring A := I'(Sk, Os, ), and an additive
and Leibniz linear map (Gauss—Manin connection)

V:Hip (Vi /Sk) = Hig (Vi /SK) ©a Q.

Choose a coordinate function y on Sk, and basis eq, ..., e, for Hggl(VK/SK).
Then with respect to the choice of bases {e;} and {e; ® dy} for the domain and
codomain of V, the map acts as

%+B(y):Am—>Am
for some matrix B(y) with entries in A. The differential system associated to the
Gauss—Manin connection and choice of initial basis {e;} and coordinate y is defined
to be (19). This system is regular singular, and has rational local exponents, by
the regularity and local monodromy theorems [13]. The method developed in [19,
Section 4] for computing in the cokernel of V, and controlling the loss of p-adic
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precision which accrues, assumes that a basis has been chosen such that the matrix
B(y) for the Gauss—Manin connection is Fuchsian.

8. Huyperelliptic curves over the rational function field

In this section we begin by tying up various ends which were left loose in [19].
First, in that paper the author made a conjecture, the truth of which would im-
prove the practical performance of the fibration method for hyperelliptic curves.
This conjecture is proved in Section 8.2, at least under an assumption which holds
true generically. Second, the algorithm assumed that certain local monodromy as-
sumptions held true [19, Section 7.4]. In practice, it is easy to check computa-
tionally whether these assumptions hold, and they always do. We prove that these
assumptions are true for the elliptic curves we consider in Section 9 by an explicit
calculation (Section 8.3).

In Section 8.4 we make some informal comments on the complexity of the fibra-
tion method, incorporating the various refinements in this paper. Finally, in Section
8.5 we summarise the various conditions required by our refined fibration method
to ensure the successful computation of L-functions of elliptic curves.

8.1. Notation

Let us first introduce the notation which we shall use in this section. Let ¢
be a power of an odd prime p, and Q(x,y) € Fy[z,y] have degree 2g + 1 in the
variable x for some integer g > 1. Denote by A(y) the Sylvester resultant of the
polynomials @ and 9Q/dx with respect to the variable x. We assume A(y) is non-
constant. Let Q(x,y) € W|xz,y] be some lift of the polynomial Q(z,y), and A the
Sylvester resultant of @ and 9Q/0x w.r.t. x. We need to choose Q(x,y) so that
deg(A) = deg(A) > 0. This can certainly be done under some hypotheses, which
are stated in Theorems 8.1, 8.2 and 8.4 with appropriate lifts taken in their proofs.
Let ¥V — S be the family obtained by taking “Spec” of the homomorphism

Wiy, 1/A(y)] = Wlz,y,1/A(y), 2]/(z* = Q(=,y)).

Denote by V. — S and Vx — Sk the (smooth) morphisms obtained by taking
special and generic fibres of V — S.

8.2. A conjecture on the relative Frobenius matriz

In this section we prove [19, Conjecture 7.4], under an assumption which holds
true generically. This gives a useful practical improvement to the performance of
the fibration method for hyperelliptic curves over function fields F,(y).

8.2.1. Statement of Conjecture 7.4

We recall some notions from [19, Section 7], alerting the reader again to the fact that
our notation has changed. Define A' to be the weak completion of the coordinate
ring of Si. That is

Al = { Zl((i))l | deg(a;) < deg(A), ordy(a;) — eli] — oo for some e > 0} .

There is a monomorphism o 41 of AT which lifts the pth power map on F,[y, 1/A(y)]
such that o4t : y — yP. There is a rank 2g free module H}; (V/S) over A" with
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basis given by the classes of the forms z'dx/z for i = 0,1,...,29— 1. There is a map
F: H, (V/S) — H},(V/S) which is ¢ 4i-linear, called the pth power (relative)

Frobenius map. We represent this map F' by a matrix F(y) w.r.t. our choice of
basis.

[19, Conjecture 7.4] The matriz F(y) has a pole of finite order at y = oo

8.2.2. Elliptic curves - - -
Assume that Q(z,y) := 2* + a(y)x + b(y) for some a(y),b(y) € Fyly]. Then A =
4a3 + 27b%. We first consider a special case.

THEOREM 8.1. Assume that deg(a) < 4e and deg(b) < 6e for some e > 1, and
deg(A) = 12e. Then the entries in matriz F(y) when expanded locally as Laurent
series in K((1/y)) have degree in y at most (p+ 1)e; that is, the pole order of F(y)
at y = oo is bounded by (p+ 1)e.

Proof. First, lift the elliptic curve equation to get 22 = 2® + a(y)x + b(y) where
a,b € Wly] C K(y) with deg(a) < 4e, deg(b) < 6e and A := 4a® + 27b% such that
deg(A) = 12e. Note that any lifting satisfying the degree restrictions on a and b
will be suitable. We make the change of variables v := 1/y,u := =%z and w := v3°z
to get an equation w? = u® + a(v)u + b(v). Here a(v) := v*¢a(1/v) € W[v] and
b(v) == v5¢b(1/v) € Wv]. The condition on the degree of the discriminant ensures
us that A(v) := 4a3 + 276 = v'2¢A(1/v) does not vanish at v = 0, even modulo p.
So the lifted curve over Wv] has good reduction at v = 0, even modulo p. Recall
that d is the universal derivation of the function field of the generic fibre of the
lifted curve over the base field K(y) = K(v). We see that

d_x:yed—u,@:v_—and—zy—,—zy_ - - (21)

z w’ooz w w z w z
The matrix F'(y) expresses the action of the pth power Frobenius map on the basis
dr/z and zdx/z. Let F; ;(y) be the (i,7)th entry in F(y), for 1 < i,j < 2. These
are p-adic functions which converge on some open annulus of outer radius 1 around
y = 0o. We wish to show that they only have a finite polynomial part in y; thus
they converge on the punctured open unit disk around y = oo. Letting o denote
the Frobenius action on functions and differentials we have

(#) e (E) ),

The expression o ( may be computed using Kedlaya’s method [19, Section 7.3.3],
and written modulo exact differentials as a linear combination

a<‘Z‘) A (0) S 4 A ()",

The key point is that Ay 1(v), A1 2(v) € K]|[v]]; thus these functions do not have
poles at v = 0. The reason for this is that since the lifted curve modulo p is smooth at
v = 0, Kedlaya’s reduction formulae do not introduce poles at this point. (Kedlaya’s
explicit method only introduces poles at singular fibres.) Similarly, we see that

o (@) :U*GPO- (@) E/Uiep <A2,1( )d—u +A2 2( >Udu>
z w w
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where Az 1(v), A22(v) € K][v]]. Hence using (21) to get back to our original basis
we find
Fia =y PAL(1/y)ye, Fiz =y PA(1/y)y,
Fou=yPA2(1/y)ye,  Fap=yTA22(1/y)y°

where A;; € KJ[1/y]]. Thus the matrix F(y) has no positive powers of y in the
(1,1) and (1,2) positions, degree in y bounded by (p + 1)e in the (2,1) position,
and degree bounded by (p — 1)e in the (2,2) position. O

The bounds in the theorem above on the pole order for the elliptic curves
considered in Section 9 are (p + 1)e where p = 7 and e € {1,2,3,4,5}, that is
8,16,24,32,40, and the actual pole orders observed were 6,12,18,24, 30, respec-
tively.

We now consider a more general case, in which we impose only a generically held
condition.

THEOREM 8.2. Assume deg(a) < d/3 and deg(b) < d/2 where the discriminant
A := 4a® + 270 has degree d > 1. Then the entries in matriz F(y) when expanded
locally as Laurent series in K((1/y)) have degree in y at most |(p + 1)d/12]; that
is, the pole order of F(y) at y = oo is bounded by |(p + 1)d/12].

Proof. Lift the curve as before, preserving the degree of the discriminant. Let m
be the smallest integer such that 12|md where d = deg(A(y))). Define § := y*/™
and consider the generic fibre of the original lifted curve as being defined by the
equation 22 = 23 + a(§™)x + b(§™) over the totally ramified extension K ()/K (y).
Then deg;(A(7™)) = 12e for some integer e > 1. Now proceed as in the proof of
Theorem 8.1, via the change of variables v := 1/¢,u = v**z and w = v3°z, to
deduce that the Frobenius matrix F(7) has degree in ¢ bounded by (p + 1)e. But
this matrix converges on an open annulus around infinity, and so must have entries
in K((1/y)). Thus we deduce that the pole order at y = oo of F(y) is bounded by

L(p+1)e/m| = [(p+1)d/12]. -

Applying the above theorem to [19, Examples 9.1, 9.2], one obtains bounds on
the pole order of [(17+1)26/12| = 39 and [ (5+1)62/12| = 31, respectively, which
are exactly the pole orders observed experimentally.

8.2.3. Hyperelliptic curves

The same technique can be used to prove [19, Conjecture 7.4] in greater generality;
that is, first consider the case when the fibre y = oo is smooth, using an explicit
change of basis, and then make a totally ramified extension of K (y) to reduce to
this case under a generically true assumption. We need the following lemma.

LEMMA 8.3. Let g > 0 and Zlaz, aa, . . . , Gz(2441)] be a graded polynomial ring, where
wt(a;) := i. Then the discriminant of the polynomial x?97% + agz?9 + as2?9~1 +
oo @ag® + ag(ag41) 18 homogeneous of degree 2(2g + 1)2g.

Proof. For A € Q" the zero locus of the discriminant is invariant under the map
ag; — MNag; (1 < i < 2g+ 1), since on the original polynomial this transforma-
tion composed with  — Az is just multiplication by A29*!. So the discriminant
is weighted homogeneous w.r.t. the given weights. To compute the degree, spe-
cialise all but the constant coefficient to zero and use the explicit expression of the
discriminant as the determinant of a Sylvester matrix. O
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The next theorem subsumes Theorem 8.2.

THEOREM 8.4. Let Q(z,y) € Fy[z,y] be monic of degree 2g + 1 in the variable
x for some integer g > 1. Let A( ) be the discriminant of the hyperelliptic curve
2?2 = Q(z,y) over Fy(y ) and d := deg(A) > 0. Assume that when one writes
Q. ) = o1 + aa(y)a? + s (1)1 + -+ axag41)(y) we have

7
2(2g+1)2g
Then the entries in the matriz F(y) when expanded locally as Laurent series in
K((1/y)) have degree iny at most |d(2g—1)(p+1)/(4(29+1)g)]; that is, the pole
order of F(y) at y = oo is bounded by [d(29 —1)(p+1)/(4(29+1)g)].

deg, (a;(y)) < d

Proof. Lift the polynomial Q(z,y) to a polynomial Q(x,y) € W|xr,y] preserving
the discriminant degree. Lemma 8.3 and the assumptions on the degrees of the
coefficients a;(y) assures us that any lifting which preserves the degree bounds on
the coefficients will be suitable. Let us first assume that d = 2(2g + 1)2ge for some
integer e. Define v := 1/y, u := v**z and w := v29t1ez. Let Q(u, v) € K[u,v] be
defined as Q(u,v) := v¥/29Q(v=2¢u,1/v). Then the equation w? = Q(u,v) defines
the generic fibre of the original lifted curve over K (v) w.r.t. the new choice of
variables. The discriminant A(v) of the polynomial Q(u,v) equals v®A(1/v). Since
we preserved the degree of the discriminant when lifting, A(0) # 0, even modulo
p, and the fibre at v = 0 is smooth, even modulo p. We can compute the action
of F on the new basis u‘du/w for 0 < i < 2g using Kedlaya’s algorithm. Let the
(¢, 7)th coefficients of the matrix thus obtained be A; j(v). Since the fibre at v =10
is smooth, we have that the local expansions of the functions A4, ;(v) at v = 0 lie
in K[[v]].

Let F; ;(y) be the (7,7)th coefficient of the matrix for the action of F' on the
original basis x'dz/z, 0 < i < 2g. Using the formulae

TT _ ogrne-ze(ern) W WAL g 4nye e P
z w | ow z
we see that
Fiji(y) = y—p[(2g+1)e—2e(i+l)]y(2g+1)e—26(j+1)Aij(l/y)
- y2e(p(i+1)*(J’+1))*(p71)6(2g+1)Am(1/y)'
Thus the maximum degree in y which occurs is bounded by
2e(2gp—1) —(p—De(2g+1) = e(2g —1)(p+ 1).

The general case is treated by first making the change of variable § := y*/™ where
m is the smallest integer such that 2(2g + 1)2ge = md for some integer e. One
deduces that the degree in § of the matrix F(g) is bounded by e(2g — 1)(p + 1).
Hence the degree of F'(y) in y is bounded by |e(2g —1)(p+1)/m] = |d(2g —1)(p+
1)/(4(29 + 1)g)]. O

Note that underlying the above proof is the fact that the generically held con-
dition we insist upon relating the degrees of coefficients to that of the discriminant
forces good or potentially good reduction at infinity.
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Applying the above theorem to [19, Example 9.3] one obtains a bound of |28(4 —
1)(11+1)/(4(4 4 1)2)| = 25 and the experimentally observed pole order is 21.

8.3.  The Gauss—Manin connection for elliptic curves

Write Q(xz,y) = 23 + a(y)z + b(y) and Q(x,y) = 2 + a(y)x + b(y), with other
notation as in Section 8.1. Denote by B(y) the matrix for the Gauss-Manin con-
nection on H}p, (Vi /Sk) with respect to the coordinate function y and initial basis
the cohomology classes of dx/z and zdz/z, see Section 7.2 or [19, Section 7.3.1].

PROPOSITION 8.5. The matrix for the Gauss—Manin connection with respect to our
choice of basis, acting on the left on column vectors, is

2da db q2db | 3 ,pda
B(?J)ZL g %_;Zda 2dady 9bdbb .
A( ) a 27 dy a dy 27 dy

Proof. An explicit calculation direct from the definition which uses the Sylvester
matrix of Q(z,y) = 2* + a(y)z + b(y) and %—g with respect to x, and Kedlaya’s
formula for pole reduction of differential forms [16]. O

Let K be an algebraic closure of K, and R := {y € K | A(y) = 0}. Let M(Ky], 2)
be the ring of 2 X 2 matrices over K|[y]. Define 3(y) € M(K|y],2) by B(y) :=

A(y)B(y).
LEMMA 8.6. The matriz 3() is nilpotent for all v € R.

Proof. First, from Proposition 8.5 observe Tr(5(y)) = 0. An explicit calculation

reveals that
det(3(y) = A () ( (j—y) 3 (j—Z)) .

So at a root v of A(y) = 0 we have det(3(7)) = 0, and hence det(T — B(v)) = T2,
as required. O

PROPOSITION 8.7. Assume that A(y) is squarefree, and let v € R. Let t., ==y —1,
a uniformizing parameter at vy, K(v)((ty)) be the field of Laurent series, and embed

K[y, 1/A(y)] = K()((t;))- Then
B(ty) =ryt; 5 Lt 54(ty), s4(ty) € M(K()[[t,]],2)
where the residue matriz v € M(K (7),2) is nilpotent.

Proof. We have

Bly) = Bly) _ B(y)) T 1

p —.
Aly)  Aly) v =

Let v € R. Then B(t,) can be written as claimed where r., := 8(y)/A’(y). Since

B(7) is nilpotent, it follows that 7, is nilpotent. O

Thus under the hypothesis that A(y) is squarefree, the Gauss—-Manin has regular
singular points at the roots of A(y) = 0, with nilpotent residue matrix. So we have
proved in an entirely explicit manner the following well-known result.
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COROLLARY 8.8. When the discriminant A(y) is non-constant and squarefree, the
family of elliptic curves defined by the equation z? = z3 + a(y)x + b(y) has regular
singularities and unipotent local monodromy at the roots of A(y) = 0.

We now consider the local monodromy at infinity. First, let us consider the case
which arises in our calculations in Section 9.

LEMMA 8.9. Assume that deg(a) < deg(b)/2 and deg(A) = 2deg(b). Then we have
deg, (B(y)) < —1, and the coefficient of y~' in the local expansion at zero of B(y)

has the form
1/ —3deg(b) *
27 0 2 deg(b)

where x = 0 when deg(a) < deg(b)/2. When deg(a) = deg(b)/2 we have

a? a?

* = 7 (— deg(b) + gdeg(a)> T deg(b),

where o« and (8 are the leading coefficients of a and b, respectively.
Proof. This can be read off from the connection matrix in Proposition 8.5. O

When deg(b) = 0 mod 6, as in Section 9, the residue matrix has integer eigenval-
ues =+ deg(b)/6. Note that since the residue matrix is not prepared in this case, one
cannot apply directly the precision loss bounds deduced in [19, Section 4] when re-
ducing the “polynomial part” of differential forms. However, by virtue of our proof
of [19, Conjecture 7.4], very little reduction needs to be done on the “polynomial
part”, and naive estimates are sufficient.

When deg(a) > deg(b) and deg(A) = 3deg(a), the matrix B(y) is such that
deg, (B(y)) < —1, and one can explicitly read off the residue matrix. However, in
the case deg(b)/2 < deg(a) < deg(b) the entry B 2(y) does not have a simple pole
at infinity and one needs to make a change of basis. We explain how to do this in
the proof of Proposition 8.10, although we do not examine the local monodromy
at infinity. Note that we have not implemented this change of basis routine in our
algorithm as it requires an extension of the base field. The author does not know
whether a Fuchsian basis exists for the general case without first extending the base
field.

Assume deg(b)/2 < deg(a) < deg(b) and

d := deg(A) = max{2deg(b), 3 deg(a)} > 0.

When deg(a) < 2deg(b)/3 define m := 2deg(a) — deg(b), and when deg(a) >
2deg(b)/3 define m := deg(b) — deg(a). Note that m+ 1 is the pole order at infinity
of By 2(y). Assume that A(y) is squarefree, and also that either By 1(y) or B2 1(y)
is non-zero.

PROPOSITION 8.10. Let L O K be such that A(y) has a root v € L and a factor
of degree m defined over L. Then there exists a basis for Hjp (Vi /Sk) ®k L such
that the matriz for the Gauss—Manin connection V is Fuchsian (see Section 7.1 for
the definition of this term,).

Proof. After a change of variable y — y — v we may assume v = 0. We make a
further change of variable t := 1/y. The matrix for the connection V with respect to
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the same basis but different choice of coordinate function ¢ is B(t) :== —1/t>B(1/t).
Define A := t¢A(1/t). Then from Proposition 8.5 one sees

c(t) d(t)
B(t) = | 1A ’?e(t t"‘*czg“) , where c(t),d(t),e(t) € L[t] , e(t) or ¢(t) non-zero.
A(t) tA(t)

Moreover, since B(y) had a simple pole at y = 0, one sees that deg(c) < deg(A),
deg(d) < deg(A) +m and deg(e) < deg(A) —m. Now make a change of basis using

the matrix
H(t) = ( A )

where g(t) is a factor of A(t) of degree m, and «(t) € L[t] will shortly be chosen.
One computes that Bz (see (20)) equals

c—ae g 200¢—§o¢2+d o’ ma
( tA + tAg + g tg .

6(] ex—cC m
tA tA + t

Choose « € K|[t] with deg(a) < deg(g) = m such that
—ea? 4+ 2ca+d=gf

for some f € Wt]; that is, solve the quadratic equation —eX?+2cX +d = 0 mod g.
This is always possible without extending the field further: the discriminant of
the equation is 4c¢? + 4ed, which is zero modulo A( t) since the residue matrices
of B(t) are nilpotent at the roots of A(t) (by Proposition 8.7). With this choice
of o one sees that the entries in the matrix By} are of the form */tA(t) where

deg(%) < deg(A). O

8.4.  Complezity estimates

All of the complexity estimates in this section are for deterministic algorithms.
Let Q(z,y) € Fylz,y] with deg, (Q) = 29+1 and h := deg, (Q). From [20, Theorem
1] we see that one may compute the L-function of a hyperelliptic curve 22 = Q(z, y)
over F,(y) in (pghlog(q))¢ bit operations for some absolute constant C' > 1. For g
fixed and h/p bounded, [19, Theorem 8.6] tells us we may compute the L-function
in O(p'*log(q)>T¢h**+) bit operations, for any ¢ > 0 (under various hypotheses
stated therein). Let us now assume Q(x,y) satisfies the hypothesis in the statement
of Theorem 8.4. For h fixed, using ideas similar to those in the last paragraph of [19,
Section 8.3] and Theorem 8.4 one can show that the L-function may be computed in
O(p*+elog(q)3+eg7*¢) bit operations, for any ¢ > 0 (under the same hypotheses).
The main point is that the bound in Theorem 8.4 does not grow with g. This last
bound does not use any of the refinements in this paper other than the proof of
[19, Conjecture 7.4].

Assume now that ¢ is fixed. The difficulty lies in proving bounds when h/p is
allowed to grow. The problem is that using the method in [19], even combined with
our proof of [19, Conjecture 7.4], one can only show that the matrix of the pth power
Frobenius on HpZ;, (V) has valuation bounded below by some absolute constant
times —h/p. This lower bounds impacts on the complexity when one computes the
characteristic polynomial, because of the possibility of precision loss.
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Let us now assume that we are in the situation in the first paragraph of Section
4.3.1, and moreover the various hypotheses required in [19, Theorem 7.6] also hold
true. By computing Frobenius on the basis elements of the lattice H(X,kD) in
Section 4.3 one gets a matrix whose valuation is bounded below by some absolute
constant times —log,(h), and so there is no problem with precision loss when one
computes the characteristic polynomial. Unfortunately, as yet the author has not
been able to prove useful bounds during another step of the refined algorithm;
namely after reduction in the cokernel of V, when an element of H (X, kD) @w K
written w.r.t. a given generating set for Hfig(V) is written as a linear combination
of the chosen basis for H(X, kD). In practice, this does not cause any problems:
this step can be accomplished by multiplication by an explicit matrix with entries
in an algebraic number field, and one can measure the loss of precision simply by
computing the valuation of the matrix at the prime p. In the examples computed
in Section 9, this loss of precision was zero; note that this precision loss can be
computed right at the start of the algorithm, before various precisions are chosen.
Assuming the loss of precision at this step is bounded by some polynomial function
of log,(h), then one gets a complexity of O(p'*<log(q)*T*h**¢) bit operations, for
any € > 0.

8.5.  Comments for elliptic curves

We conclude by making a summary of the conditions required for the application
of our refined fibration algorithm (Section 2.3.3) to compute the L-function of an
elliptic curve 22 = 2° + a(y)x + b(y) over a field F,(y) where a,b € F,[y] and ¢ is
odd. Note that we omit Step 2, and only carry out Step 1 “approximately” — see
the comments following the algorithm.

Taking the last step first, for Step 4 one needs that A := 4a> 4+ 27b? is squarefree
and deg(a) < deg(b)/2 with p > 3, so that the matrix for the Gauss—Manin connec-
tion is Fuchsian. (By Proposition 8.10 the degree restriction can be circumvented
if one is willing to extend the base field.) Moreover, we need that the discriminant
does not vanish at some point in [Fy, so there is a smooth fibre defined over the base
field. For Steps 1 and 3 we need to assume that the conditions stated in the first
paragraph of Section 4 hold true, and moreover that F, is a prime field, since our
analysis for Theorem 5.1 was only carried out for such fields. The essential assump-
tion here is that the affine surface & defined by the equation 2% = z3 + a(y)x + b(y)
over W is smooth, so that the rigid cohomology space Hf,ig(U ) is well-behaved; here
a and b are liftings of @ and b preserving the degree of the discriminant A. By [24,
Lemma IV.9.5.(a)], smoothness follows from the assumption that A is squarefree.
The construction of lattices in Section 4 requires a further smoothness hypothesis
and coprimality condition. For the case in which the discriminant degree is d = 12e,
one requires that p does not divide e and that the projective surface defined by the
affine equation 2'2¢ = 212¢+a(y)x?¢+b(y) is smooth. These assumptions are needed
so that Theorem 5.1 may be applied; however, the author believes that this theorem
should hold true under only the condition that p does not divide e, cf. Note 4.12.
Finally, we note that our implementation will fail if torsion is encountered during
the construction of the lattice H(X, kD) in Section 4.3.2 (this has never happened).
Under all these conditions, our output is provably correct.
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d=6 d=12 d=18 d=24 d=30
analytic rank 0 336 378 449 473 505
analytic rank 1 481 489 489 496 482
analytic rank 2 162 120 55 31 13
analytic rank 3 19 11 7 0 0
analytic rank 4 2 2 0 0 0
analytic rank >4 0 0 0 0 0

Table 1: Analytic ranks of elliptic curves of conductor degree 2d

9. Ranks of elliptic curves

For each d € {6,12,18,24, 30}, the author selected in a verifiably pseudorandom
manner 1000 elliptic curves of the form

22 =23 +aly)z + b(y)

where a,b € F7[y] with deg(b) = d and deg(a) < d/2, subject to the condition
that the discriminant is squarefree and does not vanish at y = 0. We imposed
the further condition that the projective surface defined by the affine equation
224 = 224 4 a(y)2*?3 + b(y) is smooth, cf. Note 9.1. The L-functions of the curves
were computed using the refined fibration method. These are polynomials of degree
2d — 4 with all reciprocal roots of complex absolute value 7. Table 1 details the
number of curves of each analytic rank. (The analytic rank of an elliptic curve over
F,(y) is the multiplicity of the integer ¢ as a reciprocal root of the L-function of
that curve. This is an upper bound on the rank of the group of rational points
on the curve over F,(y) [14, Page 12], and the Tate conjecture asserts this upper
bound is an equality [26, 27].)

Assuming the Tate conjecture, one observes that the percentage with infinitely
many rational points is 66.4%, 62.2%, 55.1%, 52.7% and 49.5%, respectively —
neatly flattening from the previous experimentally observed fraction of around two
thirds to around the predicted value of one half. (The Tate conjecture is known in
the cases d = 6 and d = 12, since these are rational surfaces and elliptic K3 surfaces
[27, Theorems 5.2(b), 5.6(b)].)

Note 9.1. The additional generic condition that the projective surface defined
by the affine equation 22¢ = z2¢ + a(y)z>¥/3 + b(y) is smooth is an artifact of
the method of proof in Section 4, and undoubtedly irrelevant to the algorithm
and the correctness of its output (though not proven to be so within this paper).
Table 2 details analytic ranks for the first 1000 curves chosen without imposing this
condition.

Assuming the Tate conjecture, one observes that the percentage with infinitely
many rational points here is 65.4%, 62.1%, 54.7%, 52.1% and 50.3%, respectively.

Note 9.2. The restriction that deg(a) < d/2, rather than the more natural
deg(a) < 2d/3, forces the j-invariants of the curves chosen to vanish to a high
order at infinity. So we have not chosen curves randomly in a dense open subset of
all elliptic curves with discriminant of degree 2d. However, the curves are chosen
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d=6 d=12 d=18 d=24 d=30
analytic rank 0 346 379 453 479 497
analytic rank 1 471 494 493 493 493
analytic rank 2 162 114 47 28 10
analytic rank 3 20 11 7 0 0
analytic rank 4 1 2 0 0 0
analytic rank >4 0 0 0 0 0

Table 2: Analytic ranks of elliptic curves chosen in Note 9.1

uniformly at random from a dense open subset of a “Weiestrass family” which for
d > 12 has geometric monodromy group the full orthogonal group O(2d — 4) [15,
Theorem 10.2.13]. What we are really testing experimentally are the predictions
of Katz for such families as one allows the degree of the conductor to grow [14,
Introduction]. These predictions include that asymptotically exactly one half will
have infinitely many rational points.

The curves used in this section and their unitarised L-functions, along with the
details of how the curves were generated, are presented as an electronic appendix to
this paper. Precisely, each of the MAGMA files “UnitarisedLfunctions-p7d*.m” for
* € {6,12,18,24,30} contains 1250 elliptic curves and their unitarised L-functions.
The MAGMA file “Random-Input.m” contains code which allows the reader to re-
cover the pseudorandom input and text explaining how Tables 1 and 2 were derived
from the data in “Unitarised Lfunctions-p7d*.m”.
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