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ABSTRACT. This paper is about computational and theoretical ques-
tions regarding p-adic height pairings on elliptic curves over a global
field K. The main stumbling block to computing them efficiently is
in calculating, for each of the completions K, at the places v of K
dividing p, a single quantity: the value of the p-adic modular form Eo
associated to the elliptic curve. Thanks to the work of Dwork, Katz,
Kedlaya, Lauder and Monsky-Washnitzer we offer an efficient algo-
rithm for computing these quantities, i.e., for computing the value of
E5 of an elliptic curve. We also discuss the p-adic convergence rate
of canonical expansions of the p-adic modular form Es on the Hasse
domain. In particular, we introduce a new notion of log convergence
and prove that E5 is log convergent.
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1 INTRODUCTION

Let p be an odd prime number, and E an elliptic curve over a global field K
that has good ordinary reduction at p. Let L be any (infinite degree) Galois
extension with a continuous injective homomorphism p of its Galois group to

IThis material is based upon work supported by the National Science Foundation under
Grant No. 0555776.
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Q,. To the data (E, K, p), one associates® a canonical (bilinear, symmetric)
(p-adic) height pairing

() B(K) x E(K) — Q.

Such pairings are of great interest for the arithmetic of £ over K, and they arise
specifically in p-adic analogues of the Birch and Swinnerton-Dyer conjecture.?

The goal of this paper is to discuss some computational questions regarding
p-adic height pairings. The main stumbling block to computing them efficiently
is in calculating, for each of the completions K, at the places v of K dividing p,
the value of the p-adic modular form E, associated to the elliptic curve with a
chosen Weierstrass form of good reduction over K,,.

We shall offer an algorithm for computing these quantities, i.e., for com-
puting the value of Eg of an elliptic curve (that builds on the works of Katz
and Kedlaya listed in our bibliography) and we also discuss the p-adic conver-
gence rate of canonical expansions of the p-adic modular form E; on the Hasse
domain, where for p > 5 we view Es as an infinite sum of classical modular
forms divided by powers of the (classical) modular form E,_;, while for p <5
we view it as a sum of classical modular forms divided by powers of Ey4.

We were led to our fast method of computing Eo by our realization that the
more naive methods, of computing it by integrality or by approximations to it
as function on the Hasse domain, were not practical, because the convergence
is “logarithmic” in the sense that the nth convergent gives only an accuracy
of logp(n). We make this notion of log convergence precise in Part II, where
we also prove that E, is log convergent.

The reason why this constant E; enters the calculation is because it is
needed for the computation of the p-adic sigma function [MT91], which in turn
is the critical element in the formulas for height pairings.

For example, let us consider the cyclotomic p-adic height pairing in the
special case where K = Q and p > 5.

If Gq is the Galois group of an algebraic closure of Q over Q, we have the
natural surjective continuous homomorphism x : Gq — Z; pinned down by the
standard formula g(¢) = ¢X(9) where g € Gq and  is any p-power root of unity.
The p-adic logarithm log, : Q; — (Qp, +) is the unique group homomorphism
with log,(p) = 0 that extends the homomorphism log,, : 1+ pZ, — Q, defined
by the usual power series of log(z) about 1. Explicitly, if « € Qy, then

1 -1
logp(ff) = Zﬁ 'logp(“p )

— ord,(z)

where u = p - x is the unit part of z, and the usual series for log

converges at uP~!.

2See [MT83], [Sch82] [Sch85], [Zar90], [Col91], [Nek93], [P1la94], [[WO03], and [Bes04].
3See [Sch82], [Sch85] [MTS83], [MT87], [PR03a]. See also the important recent work of
Jan Nekovér [Nek03].
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p-ApIic HEIGHTS AND LoG CONVERGENCE 579

The composition (% -log,) o x is a cyclotomic linear functional Gq — Q,
which, in the body of our text, will be dealt with (thanks to class field theory)
as the idele class functional that we denote pJ°'.

Let & denote the Néron model of E over Z. Let P € F(Q) be a non-torsion
point that reduces to 0 € E(F),) and to the connected component of &g, at all
primes /¢ of bad reduction for E. Because Z is a unique factorization domain,
any nonzero point P = (z(P),y(P)) € E(Q) can be written uniquely in the
form (a/d?,b/d®), where a,b,d € Z, ged(a,d) = ged(b,d) = 1, and d > 0. The
function d(P) assigns to P this square root d of the denominator of z(P).

Here is the formula for the cyclotomic p-adic height of P, i.e., the value of

h(P) =~ (P.P), € Q,

where (, ), is the height pairing attached to Gq — Q,, the cyclotomic linear
functional described above:

1 o(P)
hy(P)=—"1 € Q,. 1.1
WP =1 ctos, (501 ) €@ (1)
Here 0 = 0, is the p-adic sigma function of [MT91] associated to the
pair (E,w). The o-function depends only on (F,w) and not on a choice

of Weierstrass equation, and behaves like a modular form of weight —1, that is
OB,cw = C* OEw. It is “quadratic” the sense that for any m € Z and point Q
in the formal group E/(Z,), we have

a(mQ) = a(Q)™ - fin(Q), (1.2)

where f,, is the mth division polynomial of E relative to w (as in [MT91,
App. 1]). The o-function is “bilinear” in that for any P,Q € E/(Z,), we have

o(P-Q)-a(P+Q)
o*(P)-o*(Q)
See [MT91, Thm. 3.1] for proofs of the above properties of o.
The height function h, of (1.1) extends uniquely to a function on the full

Mordell-Weil group E(Q) that satisfies h,(nQ) = n2h,(Q) for all integers n
and @ € E(Q). For P,Q € E(Q), setting

(P,Q)p = hp(P) + hp(Q) - hp(P +Q),

= z(Q) — x(P). (1.3)

we obtain a pairing on E(Q). The p-adic regulator of E is the discriminant
of the induced pairing on E(Q),¢or (well defined up to sign), and we have the
following standard conjecture about this height pairing.

CONJECTURE 1.1. The cyclotomic height pairing (, ), is nondegenerate; equiv-
alently, the p-adic regulator is nonzero.
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REMARK 1.2. Height pairings attached to other p-adic linear functionals can be
degenerate; in fact, given an elliptic curve defined over Q with good ordinary
reduction at p, and K a quadratic imaginary field over which the Mordell-Weil
group F(K) is of odd rank, the p-adic anticyclotomic height pairing for F over
K is always degenerate.

The p-adic o function is the most mysterious quantity in (1.1). There are
many ways to define o, e.g., [MT91] contains 11 different characterizations
of ! We now describe a characterization that leads directly to an algorithm
(see Algorithm 3.3) to compute o(t). Let

o(t) = 5 + - € By(() (1.4)

be the formal power series that expresses x in terms of the local parameter
t = —x/y at infinity. The following theorem, which is proved in [MT91],
uniquely determines o and c.

THEOREM 1.3. There is exactly one odd function o(t) =t +--- € tZy[[t]] and
constant ¢ € Zy, that together satisfy the differential equation

z(t) +c= 4 (16[0) , (1.5)

w \o w

where w is the invariant differential dz/(2y + a1z + a3) associated with our
chosen Weierstrass equation for E.

REMARK 1.4. The condition that o is odd and that the coefficient of ¢ is 1 are
essential.

In (1.1), by o(P) we mean o(—z/y), where P = (z,y). We have thus given
a complete definition of h,(Q) for any point @ € E(Q) and a prime p > 5 of
good ordinary reduction for F.

1.1 THE p-ADIC 0-FUNCTION

The differential equation (1.5) leads to a slow algorithm to compute o(t) to
any desired precision. This is Algorithm 3.3 below, which we now summarize.
If we expand (1.5), we can view ¢ as a formal variable and solve for o(¢) as
a power series with coefficients that are polynomials in ¢. Each coefficient of
o(t) must be in Z,, so we obtain conditions on ¢ modulo powers of p. Taking
these together for many coefficients must eventually yield enough information
to compute ¢ (mod p™), for a given n, hence o(t) (mod p™). This integrality
algorithm is hopelessly slow in general.

Another approach to computing o is to observe that, up to a constant, c is
closely related to the value of a certain p-adic modular form. More precisely,
suppose that E' is given by a (not necessarily minimal) Weierstrass equation

y? 4+ arzy + azy = 2 + agx® + asx + ag, (1.6)
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p-ApIic HEIGHTS AND LoG CONVERGENCE 581

and let w = dz/(2y + a1z + a3). Let x(¢t) be as in (1.4). Then the series

a3 + 4as

o(t) = 2(1) + 1% ¢ q((1) (1)
satisfies (p')? = 49> — gap — g3. In [MT91] we find* that
#(t) + o = p(t) — 75 - Ba(F,w), (1.8)

where Eo(E,w) is the value of the Katz p-adic weight 2 Eisenstein series at
(E,w), and the equality is of elements of Q,((¢)). Using the definition of p(t)
and solving for ¢, we find that

2
ai +4as 1
=—=— —Ey(F,w). 1.
¢ 12 12 BB ) (1.9)
Thus computing ¢ is equivalent to computing the p-adic number Es(E,w).
Having computed ¢ to some precision, we then solve for ¢ in (1.5) using Algo-
rithm 3.1 below.

1.2  p-ADIC ANALOGUES OF THE BIRCH AND SWINNERTON-DYER CONJEC-
TURE

One motivation for this paper is to provide tools for doing computations in
support of p-adic analogues of the BSD conjectures (see [MTT86]), especially
when E/Q has rank at least 2. For example, in [PR03b], Perrin-Riou uses her
results about the p-adic BSD conjecture in the supersingular case to prove that
II(E/Q)[p] = 0 for certain p and elliptic curves E of rank > 1, for which the
work of Kolyvagin and Kato does not apply.

Another motivation for this work comes from the study of the fine structure
of Selmer modules. Let K be a number field and A the p-adic integral group
ring of the Galois group of the maximal Z,-power extension of K. Making
use of fundamental results of Nekovéar [Nek03] and of Greenberg [Gre03] one
can construct (see [RMO05]) for certain elliptic curves defined over K, a skew-
Hermitian matrix with coefficients in A from which one can read off a free
A-resolution of the canonical Selmer A-module of the elliptic curve in question
over K. To compute the entries of this matrix modulo the square of the aug-
mentation ideal in A one must know all the p-adic height pairings of the elliptic
curve over K. Fast algorithms for doing this provide us with an important first
stage in the computation of free A-resolutions of Selmer A-modules.

The paper [GJP105] is about computational verification of the full Birch
and Swinnerton-Dyer conjecture for specific elliptic curves E. There are many
cases in which the rank of F is 1 and the upper bound on #1I(E/Q) coming
from Kolyvagin’s Euler system is divisible by a prime p > 5 that also divides a
Tamagawa number. In such cases, theorems of Kolyvagin and Kato combined

4There is a sign error in [MT91].
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582 MAZUR, STEIN, TATE

with explicit computation do not give a sufficiently sharp upper bound on
#III(E/Q). However, it should be possible in these cases to compute p-adic
heights and p-adic L-functions, and use results of Kato, Schneider, and others to
obtain better bounds on #II(E/Q). Wuthrich and the second author (Stein)
are writing a paper on this.

1.3 SAMPLE COMPUTATIONS

In Section 4 we illustrate our algorithms with curves of ranks 1,2,3,4 and 5,
and two twists of Xo(11) of rank 2.

ACKNOWLEDGEMENT: It is a pleasure to thank Nick Katz for feedback that
led to Section 3. We would also like to thank Mike Harrison for discussions
about his implementation of Kedlaya’s algorithm in Magma, Kiran Kedlaya
for conversations about his algorithm, Christian Wuthrich for feedback about
computing p-adic heights, Alan Lauder for discussions about computing Es in
families, and Fernando Gouvea for remarks about non-overconvergence of E.
We would also like to thank all of the above people for comments on early drafts
of the paper. Finally, we thank Jean-Pierre Serre for the proof of Lemma 6.6.

PArT 1
HEIGHTS, 0-FUNCTIONS, AND E,

2 THE FORMULAS

In this section we give formulas for the p-adic height pairing in terms of the o
function. We have already done this over Q in Section 1. Let p be an (odd)
prime number, K a number field, and E an elliptic curve over K with good
ordinary reduction at all places of K above p. For any non-archimedean place w
of K, let k,, denote the residue class field at w.

2.1 GENERAL GLOBAL HEIGHT PAIRINGS

By the idele class Qp-vector space of K let us mean

I(K)=Q,ozS A/ | K*- [ 0;-C| ¢,
vitp

where AJ is the group of ideles of K, and C denotes its connected com-
ponent containing the identity. Class field theory gives us an identification
I(K) = I'(K) ®z, Qp, where I'(K) is the Galois group of the maximal Z,-
power extension of K. For every (nonarchimedean) place v of K, there is a
natural homomorphism ¢, : K} — I(K).
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p-ApIic HEIGHTS AND LoG CONVERGENCE 583

For K-rational points a, 8 € E(K) we want to give explicit formulas for an
element that we might call the “universal” p-adic height pairing of o and g;
denote it (o, 8) € I(K). If p: I(K) — Q, is any linear functional, then the
p-height pairing is a symmetric bilinear pairing

(,)p: E(K)x E(K) = Qp,

defined as the composition of the universal pairing with the linear functional p:

(avﬁ)P = p(a7ﬁ) € Qp'
We define the p-height of a point « € E(K) by:

hole) = —5(0,0), € Q.

Of course, any such (nontrivial) linear functional p uniquely determines
a Zy-extension, and we sometimes refer to the p-height pairing in terms of
this Z,-extension. E.g., if p cuts out the cyclotomic Z,-extension, then the
p-height pairing is a normalization of the cyclotomic height pairing that has,
for the rational field, already been discussed in the introduction.

If K is quadratic imaginary, and p is the anti-cyclotomic linear functional,
meaning that it is the unique linear functional (up to normalization) that has
the property that p(Z) = —p(x) where Z is the complex conjugate of x, then
we will be presently obtaining explicit formulas for this anti-cyclotomic height
pairing.

We will obtain a formula for («,8) € I(K) by defining, for every nonar-
chimedean place, v, of K a “local height pairing,” («, 8), € K. These local
pairings will be very sensitive to some auxiliary choices we make along the way,
but for a fixed o and 3 the local height pairings («, 3), will vanish for all but
finitely many places v; the global height is the sum of the local ones and will
be independent of all the choices we have made.

2.2  GOOD REPRESENTATIONS

Let o, € E(K). By a good representation of the pair «, f we mean that we
are given a four-tuple of points (P, @, R,S) in E(K) (or, perhaps, in E(K’)
where K'/K is a number field extension of K) such that

e « is the divisor class of the divisor [P] — [Q] of E, and § is the divisor
class of the divisor [R] — [9],

e P Q,R,S are four distinct points,

e for each v | p all four points P, @, R, S specialize to the same point on
the fiber at v of the Néron model of E.

e at all places v of K the points P, (), R, S specialize to the same component
of the fiber at v of the Néron model of F.
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584 MAZUR, STEIN, TATE

We will show how to erase these special assumptions later, but for now, let
us assume all this, fix a choice of a good representation, P,Q, R, S, of («, 8) as
above, and give the formulas in this case.

2.3 LOCAL HEIGHT PAIRINGS WHEN v | p

Let o, be the canonical p-adic o-function attached to the elliptic curve F
over K, given in Weierstrass form. We may view o, as a mapping from F; (K,)
to K}, where E1(K,) is the kernel of the reduction map F(K,) — E(k,), and
E(k,) denotes the group of points on the reduction of £ modulo v. Define
(o, B)y € K by the formula,

0y(P — R)o,(Q —5)
oy(P — 8)o,(Q — R)
The dependence of o on the Weierstrass equation is through the differential

w = dz/(2y + a1z + a3), and o, = coy, so this depends upon the choice of
P,Q, R, S, but does not depend on the choice of Weierstrass equation for F.

(O‘7ﬁ)v = S K:

2.4  LOCAL HEIGHT PAIRINGS WHEN v { p

First let x denote the “x-coordinate” in some minimal Weierstrass model for A
at v. Define for a point T in E(K,) the rational number A,(7T') to be zero if
z(T) € O,, and to be —3v(z(T)) if z(T) & O,.

Next, choose a uniformizer 7, of K, and define:

Go(T) = my D),

the square of which is in K. We think of 5, as a rough replacement for o, in
the following sense. The v-adic valuation of &, is the same as v-adic valuation
of the v-adic sigma function (if such a function is definable at v) and therefore,
even if o, cannot be defined, &, is a perfectly serviceable substitute at places v
at which our p-adic idele class functionals p are necessarily unramified, and
therefore sensitive only to the v-adic valuation.

For v t p, put:

_ P = R6(Q=5)
5P~ 8)5,(Q— R)

The square of this is in K. However, note that m)} »(T) really means \/ﬂz)‘”(T)7
for a fixed choice of \/m, and that the definition of («, ), is independent of
the choice of square root and therefore that («, 3),, not only its square, is in
K.

Our local height («, 3),, depends upon the choice of P,Q, R, S and of the
uniformizer .
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2.5 HOW THE LOCAL HEIGHTS CHANGE, WHEN WE CHANGE OUR CHOICE
OF DIVISORS

Let § € E(K) be represented by both [R] — [S] and [R'] — [S']. Let a € E(K)
be represented by [P] — [Q]. Moreover let both four-tuples P,Q, R, S and
P,Q, R, S’ satisfy the good representation hypothesis described at the begin-
ning of Section 2.2. Since, by hypothesis, [R] — [S] — [R'] + [S] is linearly
equivalent to zero, there is a rational function f whose divisor of zeroes and
poles is

(f) = [R] - [S] - [RT+[9'].

If v is a nonarchimedean place of K define («, ), to be as defined in the
previous sections using the choice of four-tuple of points P,Q, R, S, (and of
uniformizer 7, when v { p). Similarly, define («, )] to be as defined in the
previous sections using the choice of four-tuple of points P,Q, R',S’, (and of
uniformizer m, when v { p).

PROPOSITION 2.1. 1. Ifv | p then

f(P)

f@Q)

2. If v { p then there is a unit u in the ring of integers of K, such that

(@82 = u- (}”Egiwa,ﬂ);f e K.

(@, )y = (o, B), € K.

2.6 THE GLOBAL HEIGHT PAIRING MORE GENERALLY

We can then form the sum of local terms to define the global height

@8)= 33 ul(@B)?) € 1K)

v

This definition is independent of any of the (good representation) choices
P,Q, R, S and the 7,’s made. It is independent of the choice of m,’s because the
units in the ring of integers of K, is in the kernel of ¢, if v t p. It is independent
of the choice of P,Q, R, S because by the previous proposition, a change (an
allowable one, given our hypotheses) of P,@Q, R, S changes the value of («, )
by a factor that is a principal idele, which is sent to zero in I(K).

What if, though, our choice of P, @, R, S does not have the property that a
and 8 reduce to the same point in the Néron fiber at v for all v | p, or land
in the same connected component on each fiber of the Néron model? In this
case the pair «, 8 do not have a good representation. But replacing «, 5 by
m - a,n - [ for sufficiently large positive integers m,n we can guarantee that
the pair m-«,n - 8 does possess a good representation, and obtain formulas for

(o, B) by: .
(a,8) = —(m-a,n-B).
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Note in passing that to compute the global height pairing («, ) for a non-
torsion point @ € E(K) that specializes to 0 in the Néron fiber at v for all
v | p, and that lives in the connected component containing the identity in all
Néron fibers, we have quite a few natural choices of good representations. For
example, for positive integers m # n, take

P=(m+1)-as Q=m-a; R=(n+1)-a; S=n-a.

Then for any p-adic idele class functional p the global p-height pairing (o, @),
is given by

2 b {m«m e ._a%j “n- 1>a>}

vl]p
Fo((m —n)a)?
" Zp”{5v((m—n+1)a)'5v((m—n—1)04)}’

vip

which simplifies to

2(m-n)?=(m-n+1?—=(m-n—-12) Y pou(@)+ Y pudu(e)

vlp vip
Since (2(m —n)? — (m —n+1)2 — (m —n—1)?) = —2 we have the formula
hP(a) = *7(@, a)ﬁ

quoted earlier.

2.7 FORMULAS FOR THE p-HEIGHT

For each v, let o, be the canonical p-adic o-function of E over K, given in
Weierstrass form. Suppose P € E(K) is a (non-torsion) point that reduces
to 0 in E(k,) for each v | p, and to the connected component of all special
fibers of the Néron model of E. Locally at each place w of K, we have a
denominator d,, (P), well defined up to units.

We have

ho(P) =Y puo(0(P)) = D puldu(P)).

vlp wip

Note that h, is quadratic because of the quadratic property of o from (1.2),
and the h,-pairing is then visibly bilinear. See also property (1.3).
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2.8 CYCLOTOMIC p-ADIC HEIGHTS

The idele class Q,-vector space I(Q) attached to Q is canonically isomorphic
to Qp ® Zy. Composition of this canonical isomorphism with the mapping
1 x Z%logp induces an isomorphism

pg,-c] : I(Q) = Qp®Z; — Qp-

For K any number field, consider the homomorphism on idele class Q-
vector spaces induced by the norm Ng,q : I(K) — I(Q), and define

p(Izgcl : I(K) - QP
as the composition
K _ Q N
pcycl - pcycl °VK/Q-
By the cyclotomic height pairing for an elliptic curve E over K (of good

ordinary reduction at all places v of K above p) we mean the pgcl—height pairing
E(K)x E(K) = Q,. We put

hy(P) = h i (P)

pcycl

for short. Here is an explicit formula for it.

hy(P) = % | D log, (N, jq, (00(P))) = > ord (du(P)) - log,, (#ku)

vlp wip

If we assume that P lies in a sufficiently small (finite index) subgroup of E(K)
(see [Wut04, Prop. 2]), then there will be a global choice of denominator d(P),
and the formula simplifies to

_1 o(P)
hy(P) = - log, 11 V%, /q, < g )

vlp

2.9  ANTI-CYCLOTOMIC p-ADIC HEIGHTS

Let K be a quadratic imaginary field in which p splits as (p) = 7 - 7. Suppose
p: A5 /K* — Z, is a nontrivial anti-cyclotomic idele class character, meaning
that if ¢ : A% /K* — A% /K* denotes the involution of the idele class group
induced by complex conjugation x — Z in K, then p-c = —p. Then the term

Z pv(0u(P))
vl|p

in the formula for the p-height at the end of Section 2.7 is just

Z pv(O'v(P)) = pﬂ(UW(P)) - pﬂ(O'ﬁ(P)),

vl|p
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so we have the following formula for the p-height of P:

ho(P) = pr(o=(P)) — pr(ox(P)) — Z Pu(du(P)).

wip

REMARK 2.2. The Galois equivariant property of the p-adic height pairing
implies that if P is a Q-rational point, its anti-cyclotomic height is 0. Specif-
ically, let K/k be any Galois extension of number fields, with Galois group
G = Gal(K/k). Let V = V(K) be the Qp-vector space (say) defined as
(Gg)™ ® Q,, so that V' is naturally a G-representation space. Let E be an
elliptic curve over k and view the Mordell-Weil group E(K) as equipped with
its natural G-action. Then (if p is a good ordinary prime for F) we have the
p-adic height pairing
(P,Q) eV,

for P,Q € F(K) and we have Galois equivariance,

for any ¢ in the Galois group.

Put £ = Q, K/k a quadratic imaginary field. Then V is of dimension
two, with V' = VT @ V'~ each of the V* being of dimension one, with the
action of complex conjugation, g € G' on V* being given by the sign; so that
V* corresponds to the cyclotomic Z,-extension and V~ corresponds to the
anticyclotomic Z,- extension. In the notation above, the anticyclotomic height
of P and @ is just (g- P,g- Q)™ where the superscript — means projection to
V~. Suppose that P € E(Q), so that g - P = P. Then we have by Galois
equivariance

<P>P>_:<g'P7g'P>_:_<P’P>_v
so (P,P)~ = 0. More generally, the anticyclotomic height is zero as a pairing
on either E(K)T x E(K)* or E(K)~ x E(K)™ and can only be nonzero on
E(K)*xE(K)™. If E(K) is of odd rank, then the ranks of E(K)* and F(K)~
must be different, which obliges the pairing on E(K)" x E(K)~ to be either
left-degenerate or right-degenerate (or, of course, degenerate on both sides).
Rubin and the first author conjecture that it is nondegenerate on one side (the
side, of course having smaller rank); for more details see, e.g., [MR04, Conj. 11].

3 THE ALGORITHMS

Fix an elliptic curve E over Q and a good ordinary prime p > 5. In this section
we discuss algorithms for computing the cyclotomic p-adic height of elements

of E(Q).

3.1 COMPUTING THE p-ADIC 0-FUNCTION

First we explicitly solve the differential equation (1.5). Let z(t) be the formal
logarithm on E, which is given by z(t) = [ % =t 4 --- (here the symbol [
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means formal integration with 0 constant term). There is a unique function
F(z) € Q((z)) such that t = F(2(t)). Set x(z) = 2(F(z)). Rewrite (1.5) as

d (dlog(o)
N e SIA 3.1
o) +o= -5 (TE (31)
A crucial observation is that
1 a?+4a
x(2)+¢ IR +ec4-e

in particular, the coefficient of 1/z in the expansion of g(z) = z(z) + ¢ is 0.
Since z = [(w/dt) we have dz = (w/dt)dt = w, hence dz/w = 1, so

Write o(z) = zop(2) where o¢(z) has nonzero constant term. Then

Thus combining (3.1)—(3.3) and changing sign gives

|- em L (o)),

This is particularly nice, since g(z) = % — 2(z) — c € Q[[2]]. We can thus solve

for og(z) by formally integrating twice and exponentiating:

o0(2) = exp ( / / g(z)dzdz> ,

where we choose the constants in the double integral to be 0, so ffg =0+
0z + ---. Using (1.8) we can rewrite ¢g(z) in terms of ez = Eo(E,w) and p(z)

9) = 5~ (@) + ) = 5 —pla) + 2.

Combining everything and using that o(z) = zoy(z) yields

o(2) = = - exp (// (;2 () + E) dzdz) ,

Finally, to compute o(t) we compute o(z) and obtain o(t) as o(z(t)).
We formalize the resulting algorithm below.

ArcorITHM 3.1 (The Canonical p-adic Sigma Function). Given an elliptic
curve E over Q, a good ordinary prime p for F, and an approximation ey for
E,(E,w), this algorithm computes an approximation to o(t) € Z,[[t]].
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1. [Compute Formal Log] Compute the formal logarithm z(t) = t+--- € Q((t))
using that

B dx/dt
z(t) = / 5 T ane(®) T a3’ (0 constant term) (3.4)

where z(t) = t/w(t) and y(t) = —1/w(t) are the local expansions of x and y
in terms of t = —x/y, and w(t) = Y, -, snt" is given by the following
explicit inductive formula (see, e.g., [Blu, pg. 18]):

Sog =51 =89 =0, s3 =1, and for n > 4,

Sp = A18n—-1+0a928,_2+a3 E SiS;j+aq E 8iS;+ag E SiSjSk-
i+j=n i+j=n—1 i+j+k=n

2. [Reversion] Using a power series “reversion” (functional inverse) algorithm,
find the unique power series F'(z) € Q[[z]] such that ¢t = F'(z). Here I is
the reversion of z, which exists because z(t) = ¢+ - -

3. [Compute ] Compute a(t) = x(t) + (a? + 4az)/12 € Q[[t]] where the a;
are as in (1.6). Then compute the series p( ) =a(F(2)) € Q((2)).
)

4. [Compute o(z)] Set g(z) = % —p(z) + 13 € Q,((2)), and compute

o) = ([ [ al dzdz)eru .

5. [Compute o(t)] Set o(t) = o(2(t)) € t - Z,[[t]], where z(t) is the formal
logarithm computed in Step 1. Output o(t) and terminate.

3.2 COMPUTING Ey(F,w) USING COHOMOLOGY

This section is about a fast method of computation of Eq(F,w) for individual
ordinary elliptic curves, “one at a time”. The key input is [Kat73, App. 2] (see
also [Kat76]), which gives an interpretation of Eq(FE,w) as the “direction” of
the unit root eigenspace (cf. formula A.2.4.1 of [Kat73, App. 2]) of Frobenius
acting on the one-dimensional de Rham cohomology of F.

Concretely, consider an elliptic curve E over Z, with good ordinary re-
duction. Assume that p > 5. Fix a Weierstrass equation for E of the form
y? = 423 — gox — g3, The differentials w = dx/y and n = zdz/y form a Z,-basis
for the first p-adic de Rham cohomology group H' of E, and we wish to com-
pute the matrix F' of absolute Frobenius with respect to this basis. Frobenius
is Z,-linear, since we are working over Z,; if we were working over the Witt
vectors of F, then Frobenius would only be semi-linear.

We explicitly calculate F' (to a specified precision) using Kedlaya’s algo-
rithm, which makes use of Monsky-Washnitzer cohomology of the affine curve
E — O. Kedlaya designed his algorithm for computation of zeta functions of
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hyperelliptic curves over finite fields. An intermediate step in Kedlaya’s algo-
rithm is computation of the matrix of absolute Frobenius on p-adic de Rham
cohomology, via Monsky-Washnitzer cohomology. For more details see [Ked01]
and [Ked03]. For recent formulations and applications of fast algorithms to
compute Frobenius eigenvalues, see [LW02].

Now that we have computed F', we deduce Ey(F,w) as follows. The unit
root subspace is a direct factor, call it U, of H!, and we know that a comple-
mentary direct factor is the Z,, span of w. We also know that F'(w) lies in pH!,
and this tells us that, mod p™, the subspace U is the span of F"(n). Thus if
for each n, we write F(n) = anw + by, then by, is a unit (congruent (mod p)
to the nth power of the Hasse invariant) and Eq(E,w) = —12a, /b, (mod p™).
Note that a,, and b,, are the entries of the second column of the matrix F™.

ALCORITHM 3.2 (Evaluation of E9(E,w)). Given an elliptic curve over Q and a
good ordinary prime p > 5, this algorithm approximates Es(E,w) € Z, modulo

n

p.
1. [Invariants] Let ¢4 and cg be the c-invariants of a minimal model of E. Set

Cq
24.3

Ce
25.33°

ay = — and ag = —

2. [Kedlaya] Apply Kedlaya's algorithm to the hyperelliptic curve y? = 3 +
a4z + ag (which is isomorphic to E) to obtain the matrix F' (modulo p™) of
the action of absolute Frobenius on the basis

_dzx xdx

w ) n=—-—-
Y

We view F' as acting from the left.

a) of F™, so Frob™(n) =

3. [Iterate Frobenius] Compute the second column (b

aw + bn.
4. [Finished] Output —12a/b (which is a number modulo p™, since b is a unit).

3.3 COMPUTING Ey(F,w) USING INTEGRALITY

The algorithm in this section is more elementary than the one in Section 3.2,
and is directly motivated by Theorem 1.3. In practice it is very slow, except
if p is small (e.g., p = 5) and we only require E5(F,w) to very low precision.
Our guess is that it should be exponentially hard to compute a quantity using
a log convergent series for it, and that this “integrality” method is essentially
the same as using log convergent expansions.

Let ¢ be an indeterminate and in view of (1.9), write ea = —12c+a? +4as €
Qlc]. If we run Algorithm 3.1 with this (formal) value of ey, we obtain a
series o(t,c) € Q[c][[t]]. For each prime p > 5, Theorem 1.3 implies that
there is a unique choice of ¢, € Z, such that o(t,c,) = ¢t + -+ € tZ,[[t]]

DOCUMENTA MATHEMATICA - EXTRA VOLUME COATES (2006) 577-614



592 MAZUR, STEIN, TATE

is odd. Upon fixing a prime p, we compute the coefficients of o(t,c), which
are polynomials in Q[c]; integrality of o(t,c,) then imposes conditions that
together must determine ¢, up to some precision, which depends on the number
of coefficients that we consider. Having computed c, to some precision, we
recover Eo(E,w) as —12¢, + a3 +4ay. We formalize the above as an algorithm.

ArLcORITHM 3.3 (Integrality). Given an elliptic curve over Q and a good ordinary
prime p > 5, this algorithm approximates the associated p-adic o-function.

1. [Formal Series] Use Algorithm 3.1 with ea = —12¢ + a? + 4as to compute
o(t) € Q[c][[t]] to some precision.

2. [Approximate ¢,] Obtain constraints on c using that the coefficients of o
must be in Z,. These determine c to some precision. (For more details see
the example in Section 4.1).

3.4 COMPUTING CYCLOTOMIC p-ADIC HEIGHTS

Finally we give an algorithm for computing the cyclotomic p-adic height h,(P)
that combines Algorithm 3.2 with the discussion elsewhere in this paper. We
have computed o and h, in numerous cases using the algorithm described
below, and implementations of the “integrality” algorithm described above,
and the results match.

ALGORITHM 3.4 (The p-adic Height). Given an elliptic curve E over Q, a good
ordinary prime p, and a non-torsion element P € E(Q), this algorithm approxi-
mates the p-adic height h,(P) € Q,.

1. [Prepare Point] Compute a positive integer m such that mP reduces to
O € E(F)) and to the connected component of g, at all bad primes ¢. For
example, m could be the least common multiple of the Tamagawa numbers
of E and #E(F,). Set Q = mP and write Q = (x,y).

2. [Denominator] Let d be the positive integer square root of the denominator
of x.

3. [Compute o] Approximate o(t) using Algorithm 3.1 together with either
Algorithm 3.2 or Algorithm 3.3, and set s = o(—z/y) € Q,.

1

. 1 s
4. [Height] Compute h,(Q) = ];logp (ﬁ) then h,(P) = e

hyp(P) and terminate.

- hp(Q). Output

4 SAMPLE COMPUTATIONS

We did the calculations in this section using SAGE [SJ05] and Magma [BCP97].
In particular, SAGE includes an optimized implementation due to J. Balakr-
ishnan, R. Bradshaw, D. Harvey, Y. Qiang, and W. Stein of our algorithm
for computing p-adic heights for elliptic curves over Q. This implementation
includes further tricks, e.g., for series manipulation, which are not described in
this paper.
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4.1 THE RANK ONE CURVE OF CONDUCTOR 37

Let E be the rank 1 curve 32 +y = 3 — x of conductor 37. The point
P =(0,0) is a generator for E(Q). We illustrate the above algorithms in detail
by computing the p-adic height of P for the good ordinary prime p = 5. The

steps of Algorithm 3.4 are as follows:

1. [Prepare Point] The component group of g, is trivial. The group E(F'5)

has order 8 and the reduction of P to E(F5) also has order 8, so let

21 69
@=8P= (25 ‘125)'

2. [Denominator] We have d = 5.

3. [Compute o] We illustrate computation of o(t) using both Algorithm 3.2

and Algorithm 3.3.

(a) [Compute o(t,c)] We use Algorithm 3.1 with ex = 12¢ — a? — 4as
to compute o as a series in ¢ with coefficients polynomials in ¢, as

follows:

i.

ii.

ii.

[Compute Formal Log] Using the recurrence, we find that

w(t) =t>+10 — 7+ 2t — 4" + 2" + 517 — 51 4 51 4.

Thus

w(t) =t72 —t 4+t =t 4265 — % — 27 4 615 — 61° — 310 + - ..
y(t) = —t 2+ 1—t+t3 = 26" + 45+ 265 — 6" + 6% +3t7 + - -

so integrating (3.4) we see that the formal logarithm is

1 2 6 3 2 60
D=t+—t'— P4 T S8 S0 42O M 52
2(t) =t+ 5 AU TR

[Reversion] Using reversion, we find F' with F(z(t)) = t:

1, 2. 1. 3 2 1 54
Fla)m s—oty 25, 27 2 8, % o 1 10, 9% 11,
(2) =zmgaidgitos — g7 Y g% Tg® Tagst T

[Compute p] We have a1 = as =0, so

a(t) = x(t) + (af + 4a2)/12 = x(t),

3
— o(F — 24 2.2 - — 6 _ 8 ...
pl2) = 2(F(2) = 277+ 227 = 5g2t o2’ = e F

Note that the coefficient of z~! is 0 and all exponents are even.
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iv. [Compute o(¢,c)] Noting again that a; = as = 0, we have

1 12¢ — a? — 4ay
g(Z,C) - ZQ p(Z) + 12
B La L, 3 5 193 4
=e— g2+ g5 — 2+ e — geanag”

Formally integrating twice and exponentiating, we obtain

o(zc) = 2 - exp<// zcdzdz)

1 1
2_7 4y L6 _ 8 10
- eXp(z © 7607 840 1200° T 162007
1943 12 )
504504000

oy tos (L 1N s (L 1 1 7
g +(§3 &Jz +(@C 20 tRw0)7 T

IR U SR U SrON
384°  480° 1680~ 10080
Finally,

1 1 1 5 3
dwza@u»=t+2d3+2#+(83 ]2>ﬁ+4d%-

Lo B 18,
48 120 120

(b) [Approximate] The first coefficient of o(t) that gives integrality in-
formation is the coefficient of ¢7. Since

L5 7 . 103

8 120t 10 €%
multiplying by 5 we see that
73 103
JE— 3 —_ — f—
8¢ ¢t =0 (wodd)
Thus 103 24
=— —=1 .
C=or s (mod 5)

The next useful coefficient is the coefficient of ¢!, which is
1 o5 169 3 5701 2 12733QC 40111
3810 ~ 2880° " 6720 100800 7200

Multiplying by 25, reducing coefficients, and using integrality yields
the congruence

10c® 4 5¢* +20c® +2¢+3=0 (mod 25).
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Writing ¢ = 1+ 5d and substituting gives the equation 10d + 15 =0
(mod 25), so 2d + 3 = 0 (mod 5). Thus d = 1 (mod 5), hence
¢ =1+5+0(5%). Repeating the procedure above with more terms,
we next get new information from the coefficient of ¢3!, where we
deduce that ¢ =1 +5+4-5% + O(5°).

USING ALGORITHM 3.2: Using Kedlaya’s algorithm (as implemented in
[BCPI7]) we find almost instantly that

Eo(FB,w)=2+4-5+2-554+5Y+3.554+2.50 4+ 58 +3.594+4.510 ...
Thus

1
c= 5B (B,w) = 14+5+4-524+5% 454450 4-4.57+3.5%+2.574-4.510 4. .. |
which is consistent with what we found above using integrality.

4. [Height] For @ = (z,y) = 8(0,0) as above, we have

sa<x) 0(35) =4-5+52 453 454 4.

Y 23
SO
hg,(Q):%-logS (3) :%-10g5(4+5+52+53+2-55+---)
=3+5+2-5°+3.5+....
Finally,

1
hs(P):8—2~hs(Q):2+4-5+52+2.53+2.54+--~.

REMARK 4.1. A wvery good check to see whether or not any implementation of
the algorithms in this paper is really correct, is just to make control experiments
every once in a while, by computing h(P) and then comparing it with h(2P)/4,
h(3P)/9, etc. In particular, compute h(P) — h(nP)/n? for several n and check
that the result is p-adically small. We have done this in many cases for the
implementation used to compute the tables in this section.

4.2 CURVES OF RANKS 1, 2, 3, 4, AND 5
4.2.1 RANK 1

The first (ordered by conductor) curve of rank 1 is the curve with Cremona
label 37A, which we considered in Section 4.1 above.
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p | p-adic regulator of 37A

5 [ 1+5+52+3-5°+4-55+0(5")

T 1+74+3- 7P+ +6-T4+2-7+4-7+0(7)

11 7+9-11+7-1124+8-113+9-117+2-11°+7- 115+ O(117)
13[12-13+5-132+9-133+10-13* +4-13°+2-13° + O(137)

23 [ 20+10-23+18-237 +16-23% + 13-237 +4-23° + 15 23° + O(237)
29 [ 19+4-29+26-29% +2-29% + 26 - 29 + 26 - 29° 4+ 17 - 29° + O(29")
31 [ 15+10-31+13-317+2-313+24- 317+ 9-31° + 8- 315 + O(317)
41 | 30+2-41 423417 +15-41° +27-417 + 8- 41° + 17 - 41° + O(417)
43 [ 30 +30-43 +22-43% + 38 -43% + 11 - 43 + 29 - 43° + O(43%)

AT [ 11 +37-47+27- 477 +23 - 473 +22 - 471 4+ 34 - 47° + 3 - 475 + O(477)
53 | 26-5372+30-5371 +20 +47-53 + 10 - 53% + 32 - 533 + O(53%)

Note that when p = 53 we have #E(F,) = p, i.e., p is anomalous.

4.3 RANK 2

The first curve of rank 2 is the curve 389A of conductor 389. The p-adic
regulators of this curve are as follows:

p | p-adic regulator of 389A

5 [ 1+2-54+2-52+4-55+3.-574+4.5°+3-55+0(5")
T16+37+2-7+6-TP+7+2-T4+0(7)

[ 44+7-11+6-112+1134+9-1174+10-11° +3- 115 + O(117)
13[9+12-13+10-132+5-133+5-13* +13° +9-13° + O(13")

17 [4+8-17+15- 172+ 11-17° +13- 177 + 16 - 17° + 6 - 17° + O(17")
19 [3+5-19+8-192+16-193 +13-19% +14-19° + 11 - 195 + O(197)
23 [ 17+23 +22-23%2 +16-23% +3-237 - 15-23° + O(23")

29 | 9+14-29+ 22292 +29% + 22 - 29 + 295 + 20 - 29° + O(297)

31 [ 14+17-31+4-312+16-31°3 +18-31* +21-31° + 8- 315+ O(317)
37 | 28+37+11-372+7-373+3-371+24-37° +17-37° + O(377)
41 | 20 +26- 41 + 412 + 29 - 413 4+ 38 - 417 + 31 - 415 + 23 - 41° + O(417)
43 [ 40 +25-43 +15-43% + 18- 433 + 36 - 437 + 35 - 43° + 0(439)

47 | 25+ 24 AT+ T7- AT + 11473 + 35 - 471+ 3 - 47° + 9 - 475 + O(477)

4.4 RANK 3

The first curve of rank 3 is the curve 5077A of conductor 5077. The p-adic
regulators of this curve are as follows:
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p | p-adic regulator of 5077A

5[5 2+51+44+2-5+2-52+2-55+4-514+2.55+50+O(5")

7 11+3- 7437 +4-T+4-7+0(7")

11 [ 6+11+5-112+ 113+ 111 +8-11° + 3 - 11° + O(117)
13[2+6-13+13%+6-137+13°+4-13°+ 0O(137)

17 [11+15-17+8- 172416 -17°+9- 177 +5-17° + 11 - 17° + O(17")
19 [ 17+9-19+10-1924+15-19%+6- 197+ 13- 19° +17- 195 + O(197)
23 | 7+17-23+19-23% 421237 +19-235 +22-235 + O(237)

29 [ 8+16-294 11297 +20-29% + 9297 + 8- 295 + 24 - 295 + O(297)
31 [ 17+11-31+28-312+3-313 +17-31° + 29 - 315 + O(317)

43 | 9+13-43+15-43% +32-43% +28- 43" + 18- 43° 4+ 3-43° + O(437)
47 [ 29+ 347 +46 - 47 + 4 - 473 + 23 -47* + 25 - 47° + 37 - 475 + O(47")

For p =5 and E the curve 5077A, we have #FE(F5) = 10, so a, =1 (mod 5),
hence p is anamolous.

4.5 RANK 4

Next we consider the curve of rank 4 with smallest known conductor (234446 =
2-117223):

v+ ay = 2 — 2% — 792 + 289.

Note that computation of the p-adic heights is just as fast for this curve as
the above curves, i.e., our algorithm for computing heights is insensitive to
the conductor, only the prime p (of course, computing the Mordell-Weil group
could take much longer if the conductor is large).

p | p-adic regulator of rank 4 curve

51252425 14+3.5+52+4-55+4-574+3.5°+3-55+0(5")
716 7T+4-7P+5-T+5-7+3-7+0(7")
11[5+10-11+5-112+113+3-115 + 115 + O(117)
13[12+2-13+4-132+10-13%°+3-13"+5-13° 4+ 7-13° + O(137)
17 [ 15+8-17+13-172+5- 173 + 13- 17" + 7-17° + 14 - 17° + O(17")
19 14+16-194+15-192 +6-19° + 10197 +7-19° + 13- 19° + O(197)
23 | 3+15-23 +15-23%2 +12-23% +20-23° + 7-23% + O(237)

29 [ 25+4-29+18-297 +5-29% + 2729 4+ 23 - 29° 4+ 27 - 29° + O(29")
31 [ 21 +26-31+22-3124+25-31% +31* +3-31°5 + 14 - 31° + O(317)
37 | 344+ 14-37+32-377 +25-37° +28- 371 4+ 36 - 37° + O(37°)

41 [ 33+38-41+9-417+35-41% + 25417 +15-41° + 30 - 415 + O(41")
43 | 14 +34-43 + 12437 +26 - 43% + 32 - 43" + 26 - 43° + O(43%)

AT [ 43 +47 +17 472 + 28 - 473 + 40 - 474 + 6 - 47° + 7- 470 + O(477)

DOCUMENTA MATHEMATICA - EXTRA VOLUME COATES (2006) 577-614



598 MAZUR, STEIN, TATE

4.6 RANK 5

Next we consider the curve of rank 5 with smallest known conductor, which is
the prime 19047851. The curve is

y: +y=a® — 79z 4 342

p | p-adic regulator of rank 5 curve

5 2-5+52+5°+2-51+5°+55+0()

71246 7+4-72+3-T+6-T+2-77+4-7°4+0(7)

11 [10+11+6-117+2-113+6- 117 +7-11° + 5-11°+ O(117)

13 [ 114+8-13+3-132+4-13°4+10-13* +5-13° +6 - 13° + O(13")
17 | 4+11-174+4-177+5- 177+ 13- 17 +5-17° + 2. 17° + O(17")
19 [ 11+7-19+11-1924+7-1954+9-19"+6-19° + 10- 195 + O(197)
23 [ 14+14-23+20-23% +6-23° +19-23" +9-23° + 15-23° + O(237)
29 | 3+5-29+20-29% +21-297 +18-29° + 11-29% + O(297)

31 [4+26-31+11-312+12-313+3-31% +15-31° +22- 315 + O(317)
37 | 3+20-37+11-37% +17-373+33-37 +5-37° + O(37")

41 [ 3+41+35-412+29-413 +22- 417 + 27 - 415 + 25 - 41° + O(417)
43 | 35 +41-43 +43% +11-43% +32- 437 + 11 - 43% + 18- 43° + O(437)
47 | 25+ 3947 + 45 - 477 + 25 - 473 + 42 - 47* + 13- 47° + O(47°)

Note that the regulator for p = 5 is not a unit, and #E(F5) = 9. This is the
only example of a regulator in our tables with positive valuation.

PART 11
COMPUTING EXPANSIONS FOR E3 IN TERMS OF CLASSICAL MODULAR FORMS

We next study convergence of Ey in the general context of p-adic and overcon-
vergent modular forms. Coleman, Gouvea, and Jochnowitz prove in [CGJ95]
that Es is transcendental over the ring of overconvergent modular forms, so Eo
is certainly non-overconvergent. However, Eq is log convergent in a sense that
we make precise in this part of the paper.

5 (QUESTIONS ABOUT RATES OF CONVERGENCE

Fix p a prime number, which, in this section, we will assume is > 5. We only
consider modular forms of positive even integral weight, on I'g(M) for some M,
and with Fourier coefficients in C,. By a classical modular form we will mean
one with these properties, and by a Katz modular form we mean a p-adic
modular form in the sense of Katz ([Kat73]), again with these properties, i.e.,
of integral weight k£ > 0, of tame level N for a positive integer N prime to p,
and with Fourier coefficients in C,,. A p-integral modular form is a modular
form with Fourier coefficients in Z,. Note that throughout Sections 5 and 6,
all our modular forms can be taken to be with coefficients in Q,,.
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If f is a classical, or Katz, modular form, we will often simply identify the
form f with its Fourier expansion, f =" -, cf(n)q¢". By ord,(f) we mean the
greatest lower bound of the non-negative integers ord,(c¢(n)) for n > 0. The
valuation ord, on C, here is given its natural normalization, i.e., ord,(p) = 1.

We say two p-integral modular forms are congruent modulo p™, denoted

f=g (modp"),

if their corresponding Fourier coefficients are congruent modulo p™. Equiva-
lently, f =g (mod p") if ord,(f — g) > n.
Recall the traditional notation,

ox—1(n) = Z a1

0<dl|n

and put o(n) = o1(n).

Let By = —bg/2k+Y .~ o ok—1(n)g" be the Eisenstein series of even weight
k > 2, and denote by & the “other natural normalization” of the Eisenstein
series,

2%k —
Er=1- b Zakfl(n)qyﬂ
n=0

for £ > 2. We have
Ep—1 =1 (mod p).

(Note that & is the g-expansion of the Katz modular form that we denote by
E, elsewhere in this paper.)

For k& > 2 these are classical modular forms of level 1, while the Fourier series
Ey = —1/24+ 3. ,o(n)q™, and the corresponding &, are not; nevertheless,
they may all be viewed as Katz modular forms of tame level 1.

Put
o (n) = Z d,
0<d]|n; (pd=1

so that we have:
o) = o () + po P (n/p) + P20 P (/) + -+ (1)

where the convention is that ¢(®)(r) = 0 if r is not an integer.
Let V =V, be the operator on power series given by the rule:

V chq" = chqp".

n>0 n>0

If F=73% -qcnq™ is a classical modular form of weight k on I'g(M), then V/(F)
is (the Fourier expansion of) a classical modular form of weight k on I'o(Mp)
(cf. [Lan95, Ch. VIII]).
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The Fourier series
® _ _p-1 ®)
BY = (1-pV)B = L=+ 3 ol (n)g

is, in contrast to Fs, a classical modular form (of weight 2 on I'g(p)) and we
can invert the formula of its definition to give the following equality of Fourier
series:
By = p'V'EY, (5.2)
v>0
this equality being, for the corresponding Fourier coefficients other than the
constant terms, another way of phrasing (5.1).

DEFINITION 5.1 (Convergence Rate). We call a function «(v) taking values that
are either positive integers or +00 on integers v = 0, +1, £2,... a convergence
rate if a(v) is a non-decreasing function such that a(v) = 0 for v <0, a(v+p) <
a(v) + a(u), and a(v) tends to 400 as v does.

A simple nontrivial example of a convergence rate is

0 forv <0,
a(v) =
v forv>0.

If a(v) is a convergence rate, put Ta(v) = a(v — 1); note that Ta(v) is also a
convergence rate (1" translates the graph of a one to the right). Given a collec-
tion {a;};ecs of convergence rates, the “max” function a(v) = max;ecs o;(v)
is again a convergence rate.

DEFINITION 5.2 (a-Convergent). Let o be a convergence rate. A Katz modular
form f is a-convergent if there is a function a : Z>g — Z>( such that

=3 e (5.3)
v=0

with f, a classical p-integral modular form (of weight k& + v(p — 1) and level
N) and a(v) > a(v) for all v > 0.

If o < «a are convergence rates and a modular form f is a-convergent
then it is also a'-convergent. As formulated, an expansion of the shape of
(5.3) for a given f is not unique but [Kat73] and [Gou88] make a certain
sequence of choices that enable them to get canonical expansions of the type
(5.3), dependent on those initial choices. Specifically, let Massicat (N, k, Zp)
denote the Z,-module of classical modular forms on I'g(N) of weight k& and
with Fourier coefficients in Z,. Multiplication by £,_; allows one to identify
Melassical (N, k, Z,,) with a saturated Z,-lattice in Mjassical(N, k +p — 1, Zy).
(The lattice is saturated because multiplication by E,_1(mod p) is injective,
since it is the identity map on g-expansions.) Fiz, for each k, a Z,-module,

O(N, k +p - 17 Zp) - Mclassical(Na k +p - 17 Zp)
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that is complementary to £,—1 - Meassical (N, k, Zyp) C Meassical(N, k+p—1,Z,,).
Requiring the classical modular forms f,, of the expansion (5.3) to lie in these
complementary submodules, i.e., f, € C(N,k + v(p — 1),Z,) for all v, pins
down the expansion uniquely. Let us call an expansion of the form

o0
F=Y _p""1EM
v=0
pinned down by a choice of complementary submodules as described above a
Katz expansion of f.

A classical p-integral modular form is, of course, a-convergent for every a.
For any given convergence rate «, the a-convergent Katz modular forms of
tame level N are closed under multiplication, and the collection of them forms
an algebra over the ring of classical modular forms of level N (with Fourier
coefficients in Z,). Any Katz p-integral modular form is a-convergent, for
some convergence rate « (see [Gou88)).

PROPOSITION 5.3. A Katz p-integral modular form f of weight k and tame
level N as above is a-convergent if and only if the Fourier series of fE,_; is
congruent to the Fourier series of a classical p-integral modular form (of weight
kE+v(p —1) and level N) modulo p**+1V) for every integer v > 0.

Proof. We use the g-expansion principle. Specifically, if G, is a classical modu-
lar form such that f€7_; = G, (mod p*“*V) then g, = p=*W+V(f€r | —-G,)
is again a Katz modular form, and we can produce the requisite a-convergent
Katz expansion by inductive consideration of these g,’s. (Note that the other
implication is trivial. Also note our running hypothesis that p > 5.) O

In view of this, we may define, for any f as in Proposition 5.3, the function
as(v) (for v > 0) as follows: a;(0) = 0, and for v > 1, ay(v) is the largest
integer a such that fé'g:ll is congruent to a classical p-integral modular form
(of weight k + (v — 1)(p — 1) and level N) modulo p®.

COROLLARY 5.4. The Katz p-integral modular form [ is a-convergent for any
convergence rate o that is magorized by the function ay. (Ie., for which a(v) <
as(v) for allv >0.)

DEFINITION 5.5 (Overconvergent of Radius ). Let r» € Q be a positive rational
number. A Katz p-integral modular form f of tame level N is overconvergent
of radius r if and only if it is a-convergent for some function « such that
a(v) > r-v for all v, and a(v) — r - v tends to infinity with v.

REMARKS 5.6. It is convenient to say, for two function a(r) and o’ (v), that
o) > ')

if a(v) > o/(v) and a(v) — o/ (v) tends to infinity with v. So, we may rephrase
the above definition as saying that f is overconvergent with radius r if it is
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a-convergent with a(v) > r - v. The above definition is equivalent to the
definition of [Kat73, Gou88] except for the fact that the word radius in these
references does not denote the rational number r above, but rather a choice of
p-adic number whose ord,, is 7. We may think of our manner of phrasing the
definition as being a definition by Katz expansion convergence rate as opposed to
what one might call the definition by rigid analytic geometric behavior, meaning
the equivalent, and standard, formulation (cf. [Kat73]) given by considering f
as a rigid analytic function on an appropriate extension of the Hasse domain
in the (rigid analytic space associated to) Xo(NV).

DEFINITION 5.7 ((Precisely) Log Convergent). A Katz p-integral modular form
f is log-convergent if ¢ -log(v) < ay(v) for some positive constant ¢ and all but
finitely many v (equivalently: if it is a-convergent for a(v) = ¢-log(v) for some
positive constant ¢). We will say that f is precisely log-convergent if there are
positive constants ¢, C' such that ¢ - log(v) < af(v) < C -log(v) for all but
finitely many v.

REMARK 5.8. As in Definition 5.1 above, we may think of this manner of
phrasing the definition as being a definition by Katz expansion convergence
rate. This seems to us to be of some specific interest in connection with the
algorithms that we present in this article for the computation of E,. For
more theoretical concerns, however, we think it would be interesting to give, if
possible, an equivalent definition by rigid analytic geometric behavior: is there
some explicit behavior at the “rim” of the Hasse domain that characterizes
log-convergence?

PROPOSITION 5.9. Let p > 5. Let f be a Katz p-integral modular form of
weight k and tame level N that admits an expansion of the type

[ = Zpyfvgp_,ul
v=0
where, for all v > 0, F, is a classical p-integral modular form (of weight k +
v(p—1)) on To(p**1). Then f is log-convergent and
(m _ 1

T
lim inf —/——~
n—oc log(n) — log(p)

Proof. The classical modular form F, on I'o(p**1) is an overconvergent Katz
modular form of radius r for any r such that r < p% (cf. [Kat73], [Gou8s,

v=I(p+1)
Cor. 11.2.8]). Let
Fo=2 f8M
pn=0
be its Katz expansion. So,

3y 1
ordp(fls )) > <pu1(p+1) - Gu,u) Y
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for any choice of positive €,,,,. We have
IS DN
v=0 =0

or (substituting v = p + v)
N )
f=3 {Zp” fw} £,
v=0 \v=0

Putting G, =>_7_,p” fv(li)l, we may write the above expansion as

F=>G.E7,
v=0

and we must show that
ordy(Gy) = ¢ log(7)

for some positive constant c.
For any v < v we have

v 1
ord, (p” féjy) > v+ (pu_l) — eA,,,,,,> (y —v).

(p+1

We need to find a lower bound for the minimum value achieved by the right-

hand side of this equation. To prepare for this, first note that at the extreme

value v = 0 we compute ord,( 7(0)) > (ﬁ - 6%0> -7, and to study the

remaining cases, v = 1,...,7, we look at the function

in the range 1 <t < ~. This, by calculus, has a unique minimum at ¢ = ¢, €
(1,7) given by the equation

71 p' =log(p) - (v —t,) + 1. (5-4)

Define e, = ¢, — logp('y) and substituting, we get:

e, _ Plog(p) — plog(p) ey A, (55)
p+1 p+1 v
where A, goes to zero, as v goes to oo.
If e, is positive we get that

e, < Plog(p)
- op+l

+A’y
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and so ey is bounded from above, independent of v, while if e, = —d, with d,
positive, we have

1 1 1 d
L _»p og(p) | plog(p) dy A,
p p+1 p+1 ~
Recall that since ¢, > 0 we also have d, < log,(7), so that the right hand

side of the displayed equation tends to ’ﬂ;if_(lp) as y goes to oo, so the equation

forces d- to be bounded from above, as v tends to co.
This discussion gives:

LEMMA 5.10. The quantity [t — log,(v)| is bounded independent of ~.

Substituting ¢, = log, (y) + e, in the defining equation for R(t) and noting
the boundedness of |e,|, we get that |R(t,) — log,(v)| is bounded as 7 goes
to oo, thereby establishing our proposition.

O

COROLLARY 5.11. For all p > 5, the Katz modular form f = Es is log-
convergent and
as(n) 1

lim inf > .
og(p)

n—oo log(n

~—
—

Proof. The modular forms V”E;p ) are classical modular forms on Ty (p**1) and
therefore formula (5.1) exhibits Es as having a Katz expansion of the shape of
(5.3). Proposition 5.9 then implies the corollary. O

REMARK 5.12. Is Es precisely log-convergent? The minimal ¢ (cf. Def-
inition 5.7) that can be taken in the log-convergence rate for f = FEj is
limsup,,_,(af(n)/log(n)). Is this minimal ¢ equal to 1/log(p)? It is for
p =5, as we will show in Section 6. The previous discussion tells us that, as a
kind of generalization of the well-known congruence

Exty_1=Epiq1  (mod p),

we have that for any € > 0, and all but finitely many v, there are classical
modular forms G, of level 1 and weight 2 + v(p — 1) such that

Egr‘fg,l =G, (mod pL(l—e)logp(V)J)_

Let @ = qd/dq denote the standard shift operator; so that if f =" . cnq"”,
then (f) = >, ~oncng™. We have ord,(6(f)) > ord,(f). The operator ¢
preserves Katz modular forms, and almost preserves classical modular forms
in the sense that if f is a classical modular form of weight k& > 2 then so is

F =06(f) — kfEy/12 (cf. [Kat73]). Note, also, that ord,(F) > ord,(f).

COROLLARY 5.13. The operator 6 preserves log-convergent Katz modular
forms.
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Proof. Let f be a log-convergent Katz p-integral modular form of weight &, of
tame conductor N with a Katz expansion,

F=Y_p""5EM (5.6)
v=0

where a(v) > ¢-log(v) for some positive ¢, and the f,’s are classical p-integral
modular forms on I'g(N). Let F, = 0(f,) — (k+v(p — 1)) f,E2/12 (which is a
classical modular form of weight k 4+ 2+ v(p — 1) on T'g(V)). Put

p—1

G =0Ep-1) = 5~

&y 1Es.

Apply the derivation 6 to (5.6) to get
0F) = 30" (B + (k+v(p = 1) £, B2/12)6,7 -
v=0
e p—1
Vngp—l ! <G + 12(€p_1E2> }

or:
0(f)= A+ BE, — C — DEy,

where
A= Zpa(V)FU ;:’1,
v=0

B=2Y p"™(k+v(p—1)f/12)E7,
v=0

C=> p"Mvf,GEMTT
v=0

D= o) Z_ vEp—1-
Now A, B,C, D are all log-convergent, as is E5 by Corollary 5.11. Therefore so
is 0(f). O

6 PRECISE LOG CONVERGENCE OF F5 FOR p = 2,3,5

In this section we assume p = 2, 3 or 5 and let P, @), R denote the Eisenstein
series of level 1 of weights 2,4, 6, respectively, normalized so that the constant
term in its Fourier expansion is 1. Let f be a Katz form of tame level 1 and
weight k. Write k = 4d 4 6e, with d an integer > —1 and e = 0 or 1. Then
fQ ?R~¢ is a Katz form of weight 0, that is, a Katz function. Since 0 is the
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only supersingular value of j for p = 2, 3,5, a Katz function has an expansion

in powers of j~! convergent everywhere on the disc [j7!| < 1. Hence, putting
1

z = j~ ", we can write
(o] o]
f — QdRe Z Cf(?’L)Zn — ZReAanihLer'
n=0 n=0

with cf(n) € Qp and cg(n) — 0 as n — co. Let

Crp(N) = gi]r\lf(ordp(c]c (n)))-

THEOREM 6.1. For p =5, we have C¢5(N) = af(3N +1—d), for all large N.
Proof. Notice that for p =5, £,1 = Q. Let v = 3N + 1 —d for large N. Then

N
QUlf = Z c(n)ReAnQ?’(N*n) + R°Q* Z c(n)z" = F + G,
n=0

n>N

say. We have ord;(G) = min,,> n(ords(c(n)) = Cy5(N). °

Since F' is a classical modular form of weight 12N + 6e it follows from
the definition of ay that a;(v) > Crs5(N). On the other hand, since
{ReA™Q3N=m) . 0 < n < N} is a basis for the space of classical modular
forms of weight 12N + 6e, it is clear that for any such classical form F’, the
difference Q*~'f — F' is a 5-adic Katz form which can be written as R°Q3N g
with g a Katz function whose z-expansion coefficients are ¢(n) for n > N. Thus

ords(QV"1f — F') < Ct5(N). O

We have defined f to be log convergent if

lim inf af(n)
W5 Tog(n)

and to be precisely log convergent if in addition

lim sup a;(n) < 00
n—oo log(n)

LEMMA 6.2. Suppose h(n) and H(n) are nondecreasing funcions defined for all
sufficiently large positive integers n. If for some integers r > 0 and s we have
H(N) = h(rN + s) for all sufficiently large integers N, then

lim inf h(n) = lim inf H(N)
n—oo log(n) N-oo log(N)

)

5To justify this claim we extend our definition of ord, from the ring of Katz forms
with Fourier coefficients in Z to the ring Zp[[q]] of all formal power series with coeflicients
in Z. Moreover, since z € q + ¢?Zp|[[q]], we have Zp[[q]] = Zp[[2]], and for a formal series
g =Y anq™ = > b"z", we have ordy(g) = min(ordy(an)) = min(ordy(bn)). Also (Gauss
Lemma) the rule ord(gig2) = ord(gi) + ord(gz) holds. Since ords(R) = ords(Q) = 0, it
follows that ords(G) = Cy 5(IN) as claimed.
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and

timsao 2 i sup LY
imsu = u .
nﬁoop log(n) N~>oop log(NV)

Proof. We use the fact that % — 1 as x — oo. For n and N related by

rN+s<n<r(N+1)+s

we have

h(n) < h(r(N+1)4+s  H(N+1) log(N+1)
log(n) = log(rN +s)  log(N +1) log(rN +s)

Similarly,

h(n) - h(rN +s _ H(N) log(N)
log(n) ~ log(r(N +1)+s) log(N) log(r(N+1)+s)

This proves the lemma, because the second factor of the right hand term in
each line approaches 1 as N goes to infinity. O

Theorem 6.1 and Lemma 6.2 show that for p = 5 we can replace ay by Cf
in the definition of log convergent and precisely log convergent. Therefore we
define log convergent and precisely log convergent for p = 2 and p = 3 by using
Ct,p as a replacement for ay.

THEOREM 6.3. For p = 2,3 or 5, the weight 2 Eisenstein series P = Eq is
precisely log convergent. In fact,

lim Cryp(n) = L .
n—oo log(n)  log(p)

During the proof of this theorem we write ¢(n) = cp(n) and Cp(n) = Cp,.

The cases p = 2, 3 follow immediately from results of Koblitz (cf. [Kob77]).
Koblitz writes P = anj_"%. Since dj/j = —dz/z, and as we will see later
in this proof, qdz/zdq = R/Q, Koblitz’s a,, is the negative of our ¢(n), hence
ord,(c(n)) = ord,(ay). Koblitz shows that if we let I,(n) = 14 |log(n)/log(p)],
the number of digits in the expression of n in base p, and let s,(n) denote
the sum of those digits, then ordaz(c(n)) = la(n) + 3s2(n) and ords(c(n)) =
l3(n) + s3(n). From this it is an easy exercise to show

Ca(n) = [log(n+1)/log(2)] +4 and Cs(n) = [(log(n+1)/log(3)] + 2,

formulas from which cases p = 2 and p = 3 of the theorem are evident.
Investigating the case p = 5 we found experimentally with a PARI program
that the following conjecture holds for n < 1029.

CONJECTURE 6.4. We have ords(c(n)) > l5(2n), with equality if n written in
base 5 contains only the digits 0,1 or 2, but no 3 or 4.
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It is easy to see that Conjecture 6.4 implies that

We already know from Corollary 5.11 that

.. ap(n) 1
1 f > .
foates log(n) ~ log(b)

By Lemma 6.2, this is equivalent to

lim inf Crs(n) > 1 .
B2 Tog(n) = Tog(®)

Hence to finish the proof of Theorem 6.3, we need only prove

. Cps (n) 1
lim su 2 < .
nosse. log(n) — log(5)

(6.1)

To prove (6.1) it is enough to prove that Conjecture 6.4 holds for n = 5™, that
is, ords(c(n)) = m + 1. Indeed that equality implies that C5(n) < m + 1 for
n < 5™ and, choosing m such that 5™~ < n < 5™, shows that for every n we
have C5(n) < m+ 1 <log(n)/log(5) + 2.

To prove ords(c(n)) = m + 1 we use two lemmas.

LEMMA 6.5. We have % —1= 3;‘1sz.

Proof. Let 6 denote the classical operator ¢d/dg. From the formula A =
qI1,51(1 —¢")** we get by logarithmic differentiation the classical formula
A

— =P
A

From z = 1/j = A/Q? we get by logarithmic differentiation that
0z OA 0Q 0Q

By a formula of Ramanujan (cf. [Ser73, Thm. 4]) we have

0Q R
w_op-
o) Q

Substituting gives
0z R

: Q
and dividing the next to last equation by the last proves the lemma. O
LEMMA 6.6. Let F' = 3 - 03(n)q", so that Q = 1+ 240F. Then F

Sz 4 2%7") (mod 5).
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Proof. Guessing this result by computer experiment, we asked Serre for a proof.
He immediately supplied two, one of which is the following. During the rest
of this proof all congruences are understood to be modulo 5. Since F = z +
322 +-- -, the statement to be proved is equivalent to F — F® = z + 322. Using
the trivial congruence @@ = 1 and the congruence P = R (the case p =5 of a
congruence of Swinnerton-Dyer, (cf. [Ser73, Thm. 5]), we note that

2=A/Q*=A=(Q® - R?)/1728 =2 — 2R?.

The case p = 5,k = 4 of formula (**) in section 2.2 of [Ser73] reads F' — F° =
62R. By Ramanujan’s formula

R = (PR — Q*)/2 = 3R? — 3,
one finds that indeed
>R=2R*—R?>—1=2+322,
which proves Lemma 6.6. O
Let F =3, -, b(n)z". By Lemma 6.6, b(5™) and b(2-5™) are not divisible

by 5. Therefore the 5™th and 2 - 5™th coefficients of zdF/dz =", <, nb(n)z"
are divisible exactly by 5™. By Lemma 6.5 we have B

Z o(n)2" = PQ 1= 3de B 240zdF
— R T Qdz T (1+240F)dz’
This shows that ords(c(5™)) = ords(¢(2-5™)) = m+ 1 thereby completing the
proof of Theorem 6.3.

REMARK 6.7. For p = 2 or 3 a simple analogue of Lemma 6.6 holds, namely
F=3,_,2"" (mod p). This can be used to obtain Koblitz’s result for the
very special case n = p™.

7 DiscussioN

7.1 LOG CONVERGENCE

The running hypothesis in Section 5 is that p > 5, but in Section 6 we con-
sidered only p = 2,3,5. In dealing with the different primes, our discussion
changes strikingly, depending on the three slightly different cases:

(1) p=2,3
(2) p=5
B)p>5
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For (7.1), in Section 6 we used expansions in powers of z = 1/j to give a
careful analysis of convergence rates, and in contrast, the general discussion
of Section 5 must keep away from those cases p = 2,3, in order to maintain
the formulation that it currently has. The prime p = 5 is in a very fortunate
position because it can be covered by the general discussion a la (7.1); but we
have also given a precise “power series in 1/5” treatment of p = 5. These issues
suggest four questions:

1. Is there any relationship between the convergence rate analysis we give,
and computation-time estimates for the actual algorithms?

2. We have produced an algebra of log-convergent modular forms, and it
has at least one new element that the overconvergent forms do not have,
namely Es. Moreover, it is closed under the action of 6, i.e., “Tate
twist”. Are there other interesting Hecke eigenforms in this algebra that
we should know about? Going the other way, are there any Hecke eigen-
forms that are not log-convergent? Is there something corresponding to
the “eigencurve” (it would have to be, at the very least, a surface) that
p-adically interpolates log-convergent eigenforms? Is a limit (in the sense
of ord,’s of Fourier coefficients) of log-convergent eigenforms again log-
convergent? For this last question to make sense, we probably need to
know the following:

3. Is there a rigid-analytic growth type of definition (growth at the rim of
the Hasse domain) that characterizes log-convergence, just as there is
such a definition characterizing overconvergence?

4. Almost certainly one could treat the case p = 7 by expansions in powers
of 1/(j —1728) = A/R? in the same way that we did p = 5 with powers
of 1/j = A/Q3. The case p = 13 might be more interesting.

7.2 UNIFORMITY IN THE ALGORITHMS

We are most thankful to Kiran Kedlaya and Alan Lauder for some e-mail
communications regarding an early draft of our article. The topic they address
is the extent to which the algorithms for the computation of Es of an elliptic
curve are “uniform” in the elliptic curve, and, in particular, whether one can
get fast algorithms for computing E5 of specific families of elliptic curves. In
this section we give a brief synopsis of their comments.

A “reason” why Es should turn out not to be overconvergent is that Katz’s
formula relates it to the direction of the unit-root subspace in one-dimensional
de Rham cohomology, and that seems only to make (at least naive) sense in the
ordinary case (and not for points in a supersingular disc, not even ones close
to the boundary).

Nevertheless, part of the algorithm has good uniformity properties.
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Calculating the matriz of Frobenius: One can calculate the matrix of
Frobenius for, say, all elliptic curves in the Legendre family (or any one-
parameter family) and the result is overconvergent everywhere, so this
should be relatively efficient. This can be done either by the algorithm
developed by Kedlaya, or also using the Gauss-Manin connection, as in
Lauder’s work, which is probably faster. An approach to computing the
“full” Frobenius matrix “all at once” for elliptic curves in the Legendre
family has been written up and implemented in Magma by Ralf Gerk-
mann: See [Ger05] for the paper and program. Lauder’s paper [Lau03]
also discusses Kedlaya’s algorithm “all at once” for a one-parameter fam-
ily of hyperelliptic curves using the Gauss-Manin connection.

. Ezxtracting the unit root subspace in de Rham cohomology: To compute Eq

for an individual elliptic curve, one can specialize the Frobenius matrix
and extract the unit root. But extracting only the unit root part over
the entire family at once would involve non-overconvergent series, and
consequently might be slow. The unit root zeta function, which encodes
the unit root of Frobenius over a family of ordinary elliptic curves, has
been very well studied by Dwork and Wan (cf. [Wan99]).

7.3 OTHER FUTURE PROJECTS
1. Explicitly compute anticyclotomic p-adic heights, and apply this to the
study of universal norm questions that arise in [RMO5].
2. Further investigate Kedlaya’s algorithm with a parameter in connection
with log convergence and computation of heights.
3. Determine if the equality lim,_, . ap(n)/log(n) = 1/log(p) holds for all
primes p, as it does for p = 5 by Theorem 6.3.
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