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Explicit points on the Legendre curve IlI

Douglas Ulmer

We continue our study of the Legendre elliptic curve y> = x(x + 1)(x + 1) over
function fields Ky =F ,(iq, t'/?). When d = p/ +1, we have previously exhibited
explicit points generating a subgroup V; C E(K,) of rank d — 2 and of finite,
p-power index. We also proved the finiteness of III(E/K,) and a class number
formula: [E(Ky) : V,1* = |III(E/Ky)|. In this paper, we compute E(K;)/Vy
and III(E /K ;) explicitly as modules over Z,[Gal(K4/F, ())].

An errata was posted on 31 May 2017 in an online supplement.

1. Introduction

Let p be an odd prime number, [, the field of p elements, and K = [, () the
rational function field over [,. Let E be the elliptic curve over K defined by
y2 =x(x 4+ 1)(x +¢). In [Ulmer 2014b], we studied the arithmetic of E over the
extension fields K; =[F,(uq, t1/4) for integers d not divisible by p. In particular,
when d = p/ 41, we exhibited explicit points generating a subgroup V; C E(Ky) of
rank d —2 and finite p-power index. Moreover, we showed that the Tate—Shafarevich
group III(E /K ) is finite and its order satisfies |III(E/Ky)| =[E(Ky) : V,41%. Some
of these results were generalized to other values of d in [Conceic¢do et al. 2014].
Our goal in this paper is to study the quotient group E(K,)/V, and the Tate—
Shafarevich group II(E/Ky) as modules over the group ring Z,[Gal(K,;/K)].
In fact, we will completely determine both modules in terms of combinatorial
data coming from the action of the cyclic group (p) C (Z/dZ)* on the set Z/dZ.
Stating the most precise results requires some preliminaries that are given in the
next section, so in this introduction, we state only the main qualitative results.

Theorem 1.1. Let p be an odd prime number, and letd = p/ + 1. Let K = F,(1),
K4 =TF,(a, u) where u? =t,and G = Gal(K,/K). Let E be the elliptic curve
over K defined by y*> = x(x+1)(x+1). Let Vy be the subgroup of E(Ky) generated
by the point P = (u, u(u + 1)%/?) and its conjugates by G. Let 11(E /Ky) be the
Tate—Shafarevich group of E over K;. Then E(Ky)/Vy and II(E /K ;) are finite
abelian p-groups with the following properties:

MSC2010: primary 11GO05, 14G05; secondary 11G40, 14K15.
Keywords: elliptic curves, function fields, Tate—Shafarevich group.

2471


http://msp.org
http://msp.org/ant/
http://dx.doi.org/10.2140/ant.2014.8-10
http://dx.doi.org/10.2140/ant.2014.8.2471
http://msp.berkeley.edu/ant/2014/8-10/ant-v8-n10-x04-Errata-PointsOnLegendreIII.pdf

2472 Douglas Ulmer

(1) E(Kg)/Vqand II(E/Ky) are trivial if and only if f <2.

(2) The exponent of the group E(Ky)/ Vy is ptU=V/21 The exponent of the group
I(E/Ky) is pt/73). Here | x| is the greatest integer < x.

(3) (E(Ky)/Vy)? and III(E /K 4) are isomorphic as 2, Gl-modules if and only if
f <4.If f > 4, they are not isomorphic as abelian groups.

(4) The Jordan—Holder factors of LL(E /K ) as Z,| G]-modules are the same as
those of E(K )/ Vy with multiplicities doubled.

(5) There is a polynomial Fy(T) € Z[1/2][T] depending on f but independent
of p such that
ILL(E/Ky)| = p™1”

forall p > 2.

Part (4) of the theorem may be viewed as an analogue of the Gras conjecture;
see [Gras 1977; Mazur and Wiles 1984].

To my knowledge, the phenomenon of “interpolation in p” in part (5) has not
been observed before. In fact, even more is true, namely that all of the invariants
of II(E/Ky;) and E(Ky)/ V4 as abelian p-groups (i.e., the order of their p“-torsion
subgroups for all a) are described by polynomials independent of p.

Results on the exact structure of E(K,)/Vy and II(E/Ky) as Z,[G]-modules
will be stated in Section 3 after some preliminaries in Section 2.

In fact, we will prove results on the discriminant of the “new part” of E (K;) with
its height pairing and on the Z,[ G]-module structure of the “new part” of ITI(E /K 4)
for any d such that p is balanced modulo d in the sense of [Conceigao et al. 2014,
Definition 2.1]. (This is the situation in which there are points on E(K;) not coming
from E(K,.) for e a proper divisor of d.) In cases where we have explicit points
(namely for d = p! +1 as in [Ulmer 2014b] or d = 2(p/ — 1) as in [Conceigdo
et al. 2014]), we obtain good control on E(K;)/V; as well. Some of our results
apply to other curves and their Jacobians and for p = 2. See Theorems 3.1.1, 3.2.1,
and 3.3.1 for the main refined results.

The two key ideas that afford such strong control on Mordell-Weil and Tate—
Shafarevich groups are (i) that the Néron model of E over IP}[FP( ) is dominated
by a product of curves, and (ii) ideas of Shioda and Dummigan that allow us to
use crystalline cohomology to compute Tate cycles and Brauer groups for products
of curves. Similar ideas were used by Dummigan [1995; 1999] to compute the
discriminant of the Mordell-Weil lattice and the structure of the Tate—Shafarevich
group for a constant supersingular elliptic curve over the function field of a Hermitian
curve. In our case, the group of symmetries (essentially G above) is much smaller,
the representation theory is much simpler, and as a result, we are able to boil the
combinatorics down to very explicit statements.
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Here is an outline of the rest of the paper. In Section 2, we consider the orbits
of (p) C(Z/dZ)* acting on Z/dZ. These orbits index certain Z,[G]-modules that
we use to decompose and describe E(K ;) and III(E /K 4). In Section 3, we state the
more precise results on E(K;) and III(E/K;) alluded to above. In Section 4, we
work out the geometry relating the Néron model of E to a product of curves (which
in fact are Fermat quotient curves) and the relations between the Mordell-Weil
and Tate—Shafarevich groups of E and the Néron—Severi and Brauer groups of
the product of curves. In Section 5, we work out the Néron—Severi group and the
p-part of the Brauer group of a general product of curves in terms of crystalline
cohomology. That this is possible (in the context of supersingular surfaces) was
noted by Shioda [1991] and developed more fully by Dummigan [1995]. We use
a somewhat different method than Dummigan did, yielding more general results,
although his results would suffice for our application to the Legendre curve. In
Section 6, we collect results on the cohomology of the curves appearing in the
product mentioned above. These results give the raw material for Section 7, where
we carry out the p-adic exercises needed to compute E(K,;) and II(E/Ky). In
Section 8, we put all the pieces together and prove the main results. Finally,
Section 9 contains various generalizations and complements.

2. Orbits, invariants, and representations

Throughout this section, p is an arbitrary prime number and d is a positive integer
not divisible by p. We write (Z/dZ)* for the multiplicative group modulo d and
(p) for the cyclic subgroup generated by p.

2.1. Orbits. Consider the action of (Z/dZ)* on the set Z/dZ by multiplication.
By restriction, the subgroup (p) acts on Z/dZ. We write 0= 561’ p for the set of
orbits. Thus, if o € O and i € 0 C Z/dZ, then o = {i, pi, p%i, ...}.

Clearly the orbit through 0 € Z/dZ is a singleton {0}. If d is even (and therefore
p is odd), then the orbit through d/2 is also a singleton because p(d/2) = (d/2)
in Z/dZ. For reasons that will become apparent later, we will usually exclude these
two orbits, and we define

O\ {{o}} if d is odd,

0=0q4,= {5\{{0}, {d/2}} ifd is even.

Note thatif o € 5, then ged(i, d) is the same for all i € 0, and we write gcd(o, d)
for this common value. It will sometimes be convenient to consider only orbits
with ged(o, d) = 1 (which one might call “new” orbits), so we define

0' = 00/,,[, ={oe O |ged(o,d)=1}.
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Note that Oé’p is just the set of cosets of (p) in (Z/dZ)*. Note also that the set of
orbits 0 € O with ged(o, d) = e for a fixed e < d/2 is in bijection with 0‘/1/6’[,.

2.2. Balanced orbits. From here through the end of Section 2.7, we assume that
d > 2 so that Oy, ), is not empty.

As in [Conceigdo et al. 2014], we divide (Z/dZ)* into two subsets A and B where
A and B consist of those classes with least positive residue in the intervals (0, d/2)
and (d/2, d), respectively.

We say that an orbit o is balanced if we have |oN A| = |oN B|, and we say d is
balanced modulo p if every orbito € O :1 » is balanced. For example, by [Concei¢do
et al. 2014, §5.4, §5.5], d is balanced modulo p if d divides pf + 1 or if d divides
2(p! —1) and the ratio 2(p/ — 1)/d is odd.

2.3. Invariants of orbits. Associated to each orbit 0o, we form a word on the two-
letter alphabet {u, [} (u for upper and / for lower) as follows. Choose a base point i
so that the orbit o = {i, pi, pi, ..., p'°/~'i}. The associated word w = w; - - - W)o|
is defined by
!1 if —p/=lie A,
w; = . 1.
u if —p/7'i e B.
(The reason for the minus signs is explained in Remark 6.4.1.) Thus, for example,
if p =3 and d =28, the word associated to the orbit {6, 18, 26, 22, 10, 2} with base
point 6 is ullluu.
Note that w depends on the choice of i € 0. Changing the choice of i changes w
by a cyclic permutation of the letters.
Given a word w = wj - - - w),|, we define a sequence of integers a; by ap =0 and
I ifw;=u,
4 =djm {—1 if w; =1.
(So the word w is viewed as a sequence of instructions to go up or down.)
If o is balanced, then the word w associated to o has as many u’s as [’s and
aj = 0.

Definition 2.3.1. We say the base point i is good if a; > 0 for 0 < j < |o]. It is
easy to see that every o has a good base point. The standard base point for an
orbit o is the good base point with smallest least positive residue.

So for example, if p =3, d = 364, and o is the orbit {7, 21, 63, 189, 203, 245},
then there is a unique good base point, namely 7, with associated word uuulll. On
the other hand, if o is the orbit {37, 111, 333, 271, 85, 255}, then the good base
points are 37 (with word uullul) and 85 (with word uluull), and the standard base
point is 37. From now on, given an orbit, we choose the standard base point and
form the word associated to that base point. This yields a well-defined function from
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orbits to words. (It will be essential below to choose a good base point, but which
good base point is chosen is of no import. We introduce the notion of standard base
point simply for convenience.)

Now suppose that w is the word associated to a balanced orbit 0. Then the first
letter of w must be u and the last must be /, so we can write w in exponential form

w=u[?. .. [%%
where each e¢; > 0.

2.4. The complementary case. Suppose that d > 2 and d divides p/ +1 for some f
so that —1 € (p). If i € A, then p/i € B and conversely. It follows that if 0 € Oy, »
and w is the associated word, then the second half of w is the “complement” of the
first half, i.e., each u is replaced with an / and each [ is replaced with a u. More
formally, if w = wiwy - - wy,|, then {w;, w24} ={u, !} forall 1 < j <lo|/2.

A similar discussion applies when d divides 2(p/ — 1) with an odd quotient
and o is an orbit with gcd(o, d) odd. Indeed, in this case, pl =14+d/2 (modd)
and p/ is an element of order 2 in (Z/dZ)* that exchanges A and B. Thus, if o is
an orbit with gcd(o, d) odd, then the associated word has second half equal to the
complement of the first half.

These examples motivate the following definition:

Definition 2.4.1. We say an orbit o is complementary if it is balanced and the
associated word w = wy - - - wy,| satisfies {w;, wyy 24} ={u, [} for 1 < j <lo|/2.

If o is complementary and we write the associated word in exponential form
w =ul-..1°, then e,y ; = e;. Since the last letter must be /, the last letter of
the first half must be « and so k must be odd.

2.5. Comparison with Dummigan’s string diagrams. Dummigan [1995] intro-
duces certain words on the alphabet {X, O} that he calls string diagrams. He
works entirely in the context where d = p/ + 1 (so all orbits are complementary),
and his diagrams are invariants of orbits closely related to our words w (o). Indeed,
given an orbit o with base point i and word w (o), the associated string diagram is
s =s1---5r where
_ O if W; =W;41,
! {x ifw; #wjq1.

He also defines circle diagrams by taking into account the rotations induced by a
change of base point. It is easy to see that the map from words to string diagrams
is 2-to-1 and that we could phrase our arguments in terms of Dummigan’s string
and circle diagrams. However, for most of our purposes, words as we have defined
them are more convenient.
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2.6. More invariants. We continue to assume that d > 2. Let o be a balanced
orbit with associated word w written in exponential form as w = u®' - - - [°%*. The
exponents ey, ..., ey give one invariant of the orbit o.

A second invariant of the orbit o is its height, defined as

ht(o) = max{e;,e; —ex+e3,...,e1 —ex+e3—---+ey_1}.

We may also describe the height as the maximum value of the function i — a; defined
above. Note that in the complementary case, we have ht(o) =e; —ex + - - - + ¢.

We will define a third invariant in terms of invariant factors of certain bidiagonal
matrices. To that end, consider the integer, k x k, bidiagonal matrix

A
0 pe —p ...

es ...
B =B(ey,...,ex_1) = 0 0 p
pe2k—l

and define d; < d» < --- <d as the exponents of the invariant factors of B so that
B can be transformed into

ph 0 0
0 p©2 0

by a series of integer row and column operations. We will discuss how to compute
these invariants in the next subsection.

2.7. Computing invariant factors. We continue with the assumptions of the preced-
ing subsection (so o is a balanced orbit), and we give two algorithms for computing
the invariants d, ..., d; attached to o. This subsection is not needed for the
statements of the main results in Section 3, so it may be skipped on a first reading.

Roughly speaking, the first algorithm picks out d; and continues inductively
while the second picks out d; and continues inductively. The second is more
complicated than the first, but it gives valuable information in the complementary
case; see Lemma 2.7.3 and Remark 2.7.4 below. Both algorithms are based on the
well-known fact that the i-th invariant factor of a matrix B is

gcd(i x i minors of B)/ ged((i — 1) x (i — 1) minors of B).
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To describe the results, we introduce the following notation: for 1 <i < j <2k—1,
lete;; =e; —ej11 +ei42 —---Le;. Also, we say that two matrices are equivalent
(denoted by ~) if one can be transformed to the other by a series of integer row
and column operations.

Lemma 2.7.1. Assume that k > 1, let ey, ..., ex—1 be positive integers, and let
di, ..., dy be the integers attached as above to B(ey, ..., ex—1). We have d| =
min{eq, ..., exx—1}. Choose i such that d| = e;, and define
B(es, ..., ex—1) ifi =1,
B/ = B(el, e €2, €1 i+415€i425 -, ezk_l) ifl <i<2k-— 1,
B(ey, ..., exn_3) ifi =2k —1.

Then B(ey, ..., ex—1) is equivalent to (pd‘) ® B

Note that we make no assumptions on the e; other than positivity. The result
can thus be applied inductively to B’ and thus gives an algorithm for computing all
of the d;. For example, if (e, ..., ex)=(4,1,3,5,4,3,5,4,2,1,2,6), then the
algorithm proceeds as follows:

B@Jﬁliéiié2Jﬂ%;®@5@B®jﬁkii¢2IJL
B%jﬁh&iélIJ&;%@5®B®jﬁL&i4JL
B@nglSJLSG;ﬁﬁ5®B®jJi4$,
B@jii%@agﬁp%®3651ﬂ

B(6,5,6) ~ (p°)® B(7),
(i=2)

so the invariants d; are 1, 1, 3, 3, 5, and 7.

Proof of Lemma 2.7.1. That di =min{ey, ..., ex—1} is evident from the description
of dy as ged{p°, ..., p®*-1}.

Write B for B(ey,...,ex—1). If i =1, then p® divides —p®, and a single
column operation transforms B into (p°') @ B(es, ..., e2r—1). This is the desired
result.

Similarly, if i =2k — 1, then p®*-! divides — p°*-2, and a single row operation
transforms B into B(ey, ..., ex—3) ® (p®*-1). This is the desired result.

Now consider the case where 1 <i < 2k — 1, and assume that { is odd. Then a
row operation followed by a column operation transforms the submatrix

_pei—l 0
pei _pei+l
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0 _pei—l,i+l
pe 0

and leaves the rest of B unchanged. Permuting rows and columns yields

of B into

(PYDB(er, ..., €—2,€—_1it1,€it2s -, €2%—1).

The case where 1 <i <2k —1 and i is even is similar. We first transform the

submatrix
pei—l _ pei
( 0 p€i+1 )

0 —p©
pel'*l.l.‘f’l 0

and then permute rows and columns and multiply row 1 (containing — p®) by —1
to arrive at

of B into

(P)DBer,....€i2,€i1,it1,€i12,---,€%1)- U
Lemma 2.7.2. Assume that k > 1, let ey, ..., ear—1 be positive integers, and let
dy, ..., dy be the integers attached as above to B(ey, ..., ex—_1). We have

dy =max{e; | 1<i<j<2—1,iand j odd.

Choose i < j odd such that di = e;;. Define a subset T C {1, 2, 3} and matrices B,
for o € S as follows:

e leT ifandonlyifi > 1. Ifi > 1, let By = B(ey, ..., ei_2).
e 2e€T ifandonlyifi < j. Ifi < j,let By=B(ejt1,...,ej_1)" (t = transpose).
e3€eTifandonlyif j <2k—1.1If j <2k —1,let B3 = B(eji2, ..., ex—1).

Let B =@, . By. Then B(ey, ..., ex_1) is equivalent to (p*) ® B’

aeT

Since we always choose a good base point for an orbit, if B(ey, ..., ex—1) is
the matrix attached to a balanced orbit o, then the invariant dy, is equal to the height
of 0. We have not emphasized this in the statement of the lemma because the top
invariant factor of a general bidiagonal matrix (e.g., the matrices B, witha € T)
need not be of the form e ;.

This lemma applies equally well to lower-triangular bidiagonal matrices, so it
gives another inductive algorithm for computing all of the d;. For example, if

(e1,...,exn-1)=(4,1,3,5,4,3,5,4,2,1,2),
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then (ignoring transposes) the algorithm proceeds as follows:

B(4,1,3,5,4,3,5,4,2,1,2) N (p)®B(1,3,5.4,3)® B(2, 1,2),
l

B(1,3,5,4,3) ~ (p>)@B(1)® B(3),
,/)=(3,3)

B2,1,2)  ~ (p)@B(),
@,j)=(1,3)
so the invariants d; are 1, 1, 3, 3, 5, and 7.

Proof of Lemma 2.7.2. We write B for B(ey, ..., ex—1). The value of dj can be
seen from the description of the invariant factors of B in terms of minors. Indeed,
note that

detB = pe1+e3+~--+62k—| .

On the other hand, the nonzero (k — 1) x (k — 1) minors of B are of two types.
Those obtained by deleting row and column i are of the form + det B/ p®*-', and
those obtained by deleting row i and column j with j < i are of the form

:l:pel+93+“'+32j—3 per+92j+2+“'+€2i—2p(32i+1+"'+€2k—1 .

It follows that dj is the maximum of e;;, where i < j and i and j are odd. This is
the first claim in the statement of the lemma.

To obtain the asserted equivalence, choose i < j odd such that dy =e;;. If i > 1,
then the definition of ¢;; implies the inequalities

ej_2j=<ej = e_2;1=<0,

ei_4j<ej = e€_4;1=<0,

el,j<ej = e,;—1=<0.

It follows that we may eliminate the entry —p®-! from B by a series of column
operations. More precisely, B is equivalent to B(ey, ..., e;—2) @ B(e;, ..., ex—1).
Similarly, if j < 2k — 1, we have a series of inequalities e;; > e;;12, ...,
e;jj > e;2—1 and these imply that by a series of row operations we may eliminate
—p¢+l,ie., Bisequivalent to B(ey,...,e;) ® B(ejya, ..., €x%—1).
Ifi > 1and j <2k — 1, then we may perform both of the procedures above, so

B~ B(ey,...,ei2)®Be;,...,e;) ®B(ejya,...,ex_1).

If i = j, then B(e;) = (p%) and we are done.
It remains to prove that if i < j, then B(e;, ..., e;) is equivalent to ( pdk )b
Bejy1, ..., e.,-_l)t . To see this, we note that the definition of e;; implies that e; > 0



2480 Douglas Ulmer
and ey; <0 for all even £ with i < £ < j. Using these inequalities, we transform
B(e;, ..., ej) by column operations into

0 _p€1+| 0
() p€i+2 _p€i+3 .

ph 0 0 - p%
then by transposing rows into

ph 0 0 . péi
0 _p€i+1 0
0 p€i+2 _p€i+3

0 0 cee plt2 —pein

and finally by row operations and sign changes into (p%) ® B(ej11, ..., e -t O

Lemma 2.7.3. If o is complementary (so that k is odd and ey+; = e; for 1 <i <k),
then we have dy, = ey, the other d; come in pairs (i.e.,d| = dy, d3 = ds, ...), and

di—1 =dro=max{e;; |2<i<j<k—1, iand jeven}.

Proof. It is easy to see that i = 1 and j = k achieves the maximum e;;, so we have
dy = e = ht(0). One application of Lemma 2.7.2 shows that B(ey, ..., ex_1) is
equivalent to

P D Bles,....ex1) ®Blea, ..., ex 1).

Thus, the invariant factors dy, ..., dy—; come in pairs. Applying the recipe of
Lemma 2.7.2 for the top invariant factor to B(ey, ..., ex—1) gives the assertion
on dk—l and dk_z. O
Remark 2.7.4. Suppose that ey, ..., ey are the exponents of a word coming from

a good base point (so ej ; > 0 for all j), and suppose that e 7; is maximum
among e ¢. Then the following four matrices and their transposes all have the same
invariant factors: B(ey, ..., ex—_1), B(ea, ..., ex), B(ezji2, ..., e€x,e1,...,€2;),
and B(eyj43,...,ex,e€1,...,e2j+1). Indeed (ignoring transposes), the first step
of the second algorithm above shows that each of these matrices is equivalent to

(P ) D B(ea, ..., e27) D Blezji3, ..., exn—1).

2.8. Representations of G. Fix an algebraic closure Fp of F,, and view py as
a subgroup of ﬁ;. Let W(F ») be the Witt vectors with coefficients in F p» and

let x : g — W(F ») be the Teichmiiller character so that x () = ¢ (mod p) for
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all ¢ € pug. Identifying W (F p) with a subring of Q > the Q p-valued character group
fq of j1g can be identified with Z/dZ by associating x' with i.

The group (p) C (Z/dZ)* acts on g4 via exponentiation. This yields an action
on [ty = 7Z/dZ under which p acts by multiplication by p. It is thus natural to
consider the set O of orbits of (p)yonZ/dZ. Ifi € Z/dZ and o is the orbit of
(p) through i, then the values of ' lie in the Witt vectors W (F plot) and the values
of ) ;. x' lieinZ, = W(F)).

Now fix a finite extension [, of F,(ug) in Fp, and let G| = Gal(F, /F,). The
action of G on g factors through the homomorphism G| — (p) that sends Fr,
the p-power Frobenius, to p.

Let G be the semidirect product uy X G1. There is a canonical identification

G = Gal(F,K4/K) = Gal(F, (u) /F, (1)).

To avoid confusion between number rings and group rings, we write H for (.
Let Z,[H] and Z,[G] be the group rings of H and G with coefficients in Z,. We
also write I' = Z,[H], which we view as a Z,[H]-module in the obvious way.
Letting G act on I' through its action on H makes I" into a Z,[G]-module.

Proposition 2.8.1. (1) There is a canonical isomorphism of Z ,| H-modules
= @ F(u
00
where T, is a free Z,-module of rank |o| on which H acts with character
Zi co X g
(2) For every orbit o, T, C T is stable under Z,[G] and T', ® Q,, is an absolutely
irreducible Q ,[G]-module.

3 r, ®z, [, is an absolutely irreducible [ ,| G| module.

@) Ifo# 0, thenT,®z,Q, Ty ®z, Qp and T, ®7, F, % Ty ®z, F, as
G-modules.

(5) Suppose that t, is a finite extension of 0. Fixi € Z/dZ, and let o be the
orbit of (p) through i. Make the Witt vectors W (F,) into a Z ,[ Gl-module by
letting ¢ € wg = H act by multiplication by ¢' and letting Fr, € G| C G act by
the Witt-vector Frobenius. Then we have an isomorphism of Z ,|G]-modules

W(F,) =T, ®2z, Z,[Gal(F, /F o).

Proof. For (1), since ), x" takes values in Z p» setting

7o = (1/d) Z(Z x‘i(h))h,

heH “ieo
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we have m, € Z,[H]. Orthogonality of characters implies that the elements 7,
form a system of orthogonal idempotents: we have 1 =) _5 7, and momy = 0 if
0 # 0. We define I', = 7, I". This gives a direct-sum decomposition I' = ), o To-
It follows from the definition that I', is a free Z,-module. We may compute its
rank by noting that I' ®z, Q » decomposes under H into lines where H acts by the
characters x' with i € Z/dZ, and the subspace I', ®z, Q,, is the direct sum of the
lines where H acts by x' withi € 0, so I', has Z,-rank |o|.

For (2), since gn, = m,g for all g € (p), it follows that I',, is stable under G. As
an H-module, I', @7 » Q p» decomposes into lines where H acts via x! withi € 0, and
(p) permutes these lines transitively, so I', is absolutely irreducible as G-module.

Part (3) follows from a similar argument, using that d is relatively prime to p,
so the x' are distinct modulo p.

Part (4) follows immediately from a consideration of characters.

For (5), first consider the case where F; =F 0. Now W (F ,.l) is a cyclic Z,[G]-
module generated by 1 and with annihilator the left ideal generated by [p!°l]—1 and
[Tic,(Th]— x'(h)), where h is a generator of H. Using this, it is easy to check that
1 > 7, defines an isomorphism of Z,[G]-modules W (F,.) — I',. The general
case follows from this and the normal basis theorem for F, over [ 0 (which yields
an integral normal basis statement for the corresponding extension of Witt rings). [

Remark 2.8.2. If M is a Z,[G]-module, we write M for r,M. By definition, H
acts on M by characters x' with i € o. Note, however, that it is not clear a priori
what the action of G is on M°. Indeed, the action of G; does not enter into the
definition of 7, and so we will have to determine the full action of G on M by
other means. The reason for not using G in the definition of 7, is that p may
divide the order of G, and we prefer to avoid the resulting complications in the
representation theory of G.

Remark 2.8.3. We showed in [Ulmer 2014b, Corollary 4.3] that the group V,
appearing in Theorem 1.1 is a cyclic module over Z[G] with relations 2, P, =
2 Zi (=1 P; = 0. Tt follows easily that V; ® Z,, is isomorphic to

P r..

0€0qy,p

Since E(Ky) is a G-invariant superlattice of V,, the absolute irreducibility of T,
noted above implies that we also have an isomorphism of Z,[G]-modules

EK)®Z,= @ r,.

oe Od,p
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3. Refined results

In this section, we state results on Mordell-Weil and Tate—Shafarevich groups
decomposed for the action of Galois. These imply the results stated in Theorem 1.1,
and they also give information in many other contexts. The proofs will be given in
Section 8.

Throughout, we fix a positive integer d prime to p and a finite extension [,
of F,(q), and we set G = Gal(F, (u) /T, (1)). For the results on discriminants and
indices, the choice of [, is not material, so we work over Ky = [, (144, u). On the
other hand, our results on the Tate—Shafarevich group depend significantly on the
choice of [,.

3.1. Discriminants. We have seen in [Conceicdo et al. 2014] that the “new” part
of E(Ky) (i.e., the part not coming from E(K,) with e a proper divisor of d) is
trivial if p is not balanced modulo d and has rank ¢ (d) if p is balanced modulo d.
In this subsection, we refine this result by breaking up E(K,) for the action of G
and by computing the p-part of the discriminant of the height pairing.

Recall that E(K ) carries a canonical real-valued height pairing that is nondegen-
erate modulo torsion. (See, e.g., [Ulmer 2014a, §4.3].) There is a rational-valued
pairing (-, -) such that the canonical height pairing is (-, -)log(|F,(uq)|). For
convenience, we work with the rational-valued pairing. The group E(K;) ® Z,
inherits a Q,-valued pairing, and the direct-sum decomposition

E(K)®Z,=P(EKs)®Z,)°

0€0

is an orthogonal decomposition for this pairing. We write Disc(E(Ky) ® Z,,)° for
the discriminant restricted to one of the factors. This is well-defined up to the
square of a unit in Z,, but we will compute it only up to units.

Recall the sequence ay, . . ., aj,| associated to o in Section 2.3 and the represen-
tation I, defined in Section 2.8.

Theorem 3.1.1. (1) We have an isomorphism of Z ,| G]-modules

I, ifged(o,d) <d/2 and p is balanced modulo d/ gcd(o, d),

E(K)®Z,)° =
(E(K)®L, {0 otherwise.

(2) If ged(o,d) < d/2 and p is balanced modulo d/ gcd(o, d), then up to a unit
inZ, we have

Disc(E(Kq) ® Z,,)° = p*°

where a =2 Z‘joll aj.
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3.2. Indices. Now we suppose that
(a) d = pf +1and o € Oy, is any orbit, or
(b) d =2(p/ —1) and 0 € Oy, is such that ged(o, d) is odd.

In these cases, the orbit o is complementary, and the word w associated to each o
may be written in exponential form

w=ul? - u* %

where each e¢; > 0 and & is odd. In this case, ht(o) =e; —ex +-- - +¢.
Let V; C E(K,) be the subgroup generated by the explicit points as in [Ulmer
2014b, Remark 8.3] (d = p/ + 1) or [Conceigdo et al. 2014, Theorem 6.1] (d =

2(p! = 1)).
Theorem 3.2.1. Under the hypotheses (a) or (b) above, we have an isomorphism
of Z,[Gl-modules

(E(Ka)/Va)* =T/ p",

where e = (f —ht(0))/2. When ged(o,d) =1, e = 25.];1)/2 ).

Under the assumptions of the theorem, it follows that (E(K;)/ V4)° = 0 if and
only if the word corresponding to o has height f, and that occurs only for words
equivalent up to rotation to u/17.

3.3. Tate-Shafarevich groups. Recall the integers dy, . . ., d attached to an orbit o
in Section 2.6.

Theorem 3.3.1. For any d > 2 prime to p and any o € Oy ,, if gcd(o,d) < d/2
and p is balanced modulo d/ gcd(o, d), then:

(1) There is an isomorphism of Z ,| G]-modules

Hf’zl Wa,; (Fg)

HI(E/Fq(u)” = W (F o)
Kk \" pl°

(2) In particular, if Ty =T, (uq) so that F,(u) = K4 and ged(o, d) = 1, then

k—1 k—1
MI(E/Ka)’ = [ | Wa, (Fpo) = [ [ o/ pY.
j=1 j=l1

Under the assumptions of the theorem, it follows that IIT(E/F, (1)) is trivial
only when I, = F,(uq) and kK = 1, and k = 1 occurs if and only if the word
associated to o is uf17.
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4. Domination by a product of curves

In this section, we relate the arithmetic of E/F, () to that of a suitable product of
curves over [F,.

4.1. Basic data. Fix an integer d relatively prime to p, let [, be a finite extension
of F,(iq), and let G| = Gal(F, /F ).

Let € be the smooth, projective curve over [, with affine model 2 =x*-1.
We write Py for the rational points x = %1 and z = 0 on €. Extending scalars, the
group ua X g acts on € xg, F, by multiplying the x and z coordinates by roots of
unity. There is also an action of G| on € X[, [, via the factor [,. Altogether we
get an action of (2 X g) X G on @ XF, [,. To simplify notation, for the rest of
this section, we let 6 denote the curve over [,.

Let @ be the curve associated to w? = y> — 1 so that & is isomorphic to €. It
has rational points Q+ and an action of (u2 X pug) X G defined analogously to
those of 6.

Let & =€ x5, @ be the product surface. We let the group A := us x ug act
on ¥ “antidiagonally”, i.e., with

(&2, Ca)(x, . 2, w) = (&ax, &5 'y, Laz, &7 w).

Write NS(&) for the Néron—Severi group of & and NS'(¥) for the orthogonal com-
plement in NS(¥) of the subgroup generated by the classes of the divisors 6 x {Q}
and {P,} x @. (We could also describe NS'(¥) as DivCorr((6, Py), (@, Q4)), the
group of divisorial correspondences between the two pointed curves; see [Ulmer
2011, §0.5.1, §2.8.4].) The intersection form on NS() restricts to a nondegenerate
form on NS'(¥). The action of A on & induces an action on NS'(¥).

Let G=pusxG1. Welet G act on ¥ via its action on 6; this yields an action of G
on NS'(¥). We let G act on E(F,(u)) via the identification G = Gal(F, (u)/F,(1)).

The main result of this section relates the arithmetic of the Legendre curve
E/F,(u) to that of .

Theorem 4.2. With notation as above:

(1) There is a canonical isomorphism
E(Fy(u) ® Z[1/2d] = (NS'($) ® Z[1/2d])",

where the superscript A denotes the subgroup of invariants. This isomorphism
is compatible with the G-actions, and under it, the height pairing on E(K)
corresponds to the intersection pairing on NS'(%).

(2) There is a canonical isomorphism

II(E /F, (u)[p™®] = Br($)[p™]1~.
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Here Br(9) is the (cohomological) Brauer group of & and [ p®] means the
p-torsion subgroup. This isomorphism is compatible with the G-actions.

The rest of this section is devoted to a proof of the theorem and the discussion
of a mild generalization. Note that the theorem for odd values of d follows from
the case of even d (by taking invariants by a suitable subgroup of G), so for the
rest of this section, we assume that d is even.

4.3. The basic geometric result. The main step in the proof of Theorem 4.2 is to
relate the Néron model of E /I, (u) to a suitable quotient of &. To that end, recall
the Weierstrass fibration W — P! (whose fibers are the plane cubic reductions of E
at places of [, («)) and the Néron model € — [P’th, which is obtained from W by
blowing up singular points in the fibers over u =0, u € g, and u = co. All this is
discussed in detail in [Ulmer 2014b, §7].

Note that since we are assuming that d is even, € has two points at infinity that
we denote P}, where the sign corresponds to the limiting value of x/z%/2. Similarly,
9 has two pgi{lt/s at infinity, denoted Q’, .

Let =€ x 9 be the blow-up of & at the eight points (P, Q',) and (Py, Q).
These points have stabilizers of order d/2 under the action of A, and they fall into
two orbits, namely {(Px, Q'.)} and {(PL, Q1)}, under the A action. The action of
the stabilizer on the projectivized tangent space at each of these points is trivial, so
the action of A lifts canonically to J and the exceptional fibers are fixed pointwise
by the stabilizer of the corresponding point. The action of A on  has other isolated
fixed points, but we do not need to make them explicit.

We let ¥ /A denote the quotient of g by the action of A. This is a normal,
projective surface with isolated cyclic quotient singularities. (They are in fact
rational double points, but we will not need this fact.)

Now we define a rational map & --+ W by requiring that

x,y,z,w) = ([X, Y, Z],u) = ([z%, xyz?, 11, zw),

where ([X, Y, Z], u) are the coordinates on a dense open subset of W as in [Ulmer
2014b, §7]. This induces a rational map ¢ : P -—> W that is obviously equivariant
for the A action, where A acts trivially on W. Thus, ¢ descends to a map on the
quotient that we denote ¥ : g /A -=> W,

The following diagram shows the surfaces under consideration and various
morphisms between them:

CxP=F L F

N
N9

g N
N

- N
g)/A_Ip__>OW<U—%
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The quotient map  is finite, and we will see just below that the horizontal maps
are birational morphisms.

Proposition 4.3.1. (1) The rational map ¢ is in fact a morphism. Therefore, \r is
also a morphism and a birational isomorphism.

(2) ¢ contracts the strict transforms of P+ x % and € x Q. and is finite elsewhere.

(3) For generic P € 6, ¢ sends P x 9 to a bisection of W — P!, where the two
points in each fiber are inverse to one another. Similarly, for generic Q € 9,
¢ sends € x Q to a bisection of W — P!, where the two points in each fiber
are inverse to one another.

(4) The exceptional divisors over Py x Q' map via ¢ to the torsion section [0, 0, 1]
of W, and the exceptional divisors over P} x Q1 map via ¢ to the zero section
[0, 1, 0] of W.

In part (3), “P generic” means P with trivial stabilizer or, more explicitly,
P # Py, P} and x(P) # 0. “Q generic” is similarly defined.

Proof. It is easy to see that ¢ has generic degree 2d and it factors through quotient
F—> & /A, which is finite of degree 2d. This proves that v is birational.

That ¢ is everywhere defined and has the stated geometric properties is a straight-
forward but tedious exercise in coordinates that we omit. Since ¢ is a morphism, it
follows that v is also a morphism. U

4.4. Proof of Theorem 4.2(1). We prove part (1) of the theorem by using the
geometry of the displayed diagram with the key input being Proposition 4.3.1. For
typographical convenience, if A is a finitely generated abelian group, we write
A[l/2d] for A® Z[1/2d].

By the Shioda-Tate isomorphism (e.g., [Ulmer 2014a, Chapter 4]), we have a
direct-sum decomposition

NS(€)[1/2d] = E(Fq(u)[1/2d) @ T[1/2d],

where T is the subgroup of NS(€) generated by the zero section and the irreducible
components of the fibers. Since W' is obtained from € by contracting all components
of fibers not meeting the zero section, we have

NS(W)[1/2d] = E(F, (u))[1/2d1& (0, F)[1/2d],

where O and F are the classes of the zero section and a fiber of W — P!, respectively.
These decompositions are orthogonal for the intersection pairings. The fibration
W — P! is the base change of a fibration W — P!, so G acts on W' and NS(W).
This action is trivial on (O, F), and the last displayed isomorphism is compatible
with the G actions.
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Since & is obtained from & by blowing up eight points, we have an orthogonal
decomposition
NS(¥) = Z® @ NS(¥) = 7" @ NS'(¥).

The Néron—Severi group of the quotient g /A is obtained by taking invariants, at
least after inverting 2d = |A|. Noting that A permutes the exceptional divisors
of ¥ — & in two orbits and that it fixes the classes of P x 9% and € x O, we have

NS(F/A)[1/2d] = (NS(P)[1/2d])> = Z[1/2d]* & (NS'(F)[1/2d])".

The action of G on % induces an action on & that descends to ¥ /A.

Now we consider the morphism 1 : g /A — W, and use the information provided
by Proposition 4.3.1. It is clear from the coordinate expression for & --» W that ¥ is
equivariant for the G actions. Part (2) tells us that the kernel of NS(E?’ /A) — NS(W)
has rank 2. Parts (3) and (4) allow us to determine it explicitly.

To that end, let f; and f; be the classes in NS (§>) of the curves P x % and € x Q,
respectively. Also, let e; and e, denote the classes in NS(g’) of the exceptional
divisors over Py x Q. and P| x Q, respectively. Set F; =, f; and E; = m.e;
fori =1, 2. Then E|, E3, Fy, and F, form a basis for the “trivial part” Z[I/Zd]4
of NS(¥/A)[1/2d].

By part (3), ¥ F| = ¥ F>» = ¢, f1 = ¢+ f> = the class of a bisection of W — P!
with inverse points in each fiber. This class is easily seen to be 20 +d F. Similarly,
part (4) tells us that V. E; = ¢.e; = O + (d/2)F (here we use that we have
inverted 2), and Y, E» = ¢.ep = O. The kernel of

NS(F/A)[1/2d] — NS(W)[1/2d]

is thus spanned by F; — F> and F; — 2E. Moreover, we have that i, induces an
isomorphism
NS(g)/A)[l/Zd] - NS(W)[1/2d]

NS ($)[1/2d)> = ~
NSO 2D = T B B — (0. F)

It follows that
(NS'(D)[1/2d)* = E(F,(u))[1/2d]

and that this isomorphism is compatible with the height and intersection pairings
and the G actions.
This completes the proof of part (1) of the theorem.

4.5. Proof of Theorem 4.2(2). Two fundamental results of Grothendieck [1968b]
(see also [Ulmer 2014a, §5.3]) say that the Tate—Shafarevich group of E/[F,(u)
and the Brauer group of € are canonically isomorphic and that the Brauer group
of a surface is a birational invariant. Applying this to the diagram just before
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Proposition 4.3.1 shows that III(E/F,(u)) = Br(g’/A). Since the order of A is
prime to p, we have

Br(F/A)[p™] = Br(F)[p®]* = Br($)[p™]*.

This yields the isomorphism stated in part (2) of the theorem, and this isomorphism
is compatible with the G actions because the maps in the diagram above are G-
equivariant.

4.6. A higher-genus generalization. The results in this section generalize readily
to a higher-genus example. Specifically, fix an integer r > 1 prime to p, and let X
be the smooth, proper curve over [ ,(¢) defined by

Yo =x""tx+Dx+1).

The genus of X is r — 1. We consider X and its Jacobian J = Jx over extensions
[, (u) where ul =1t,d is prime to p, and [, is a finite extension of [F,(uqg, tr).
When d = p/ + 1 and r divides d, there are explicit divisors on X yielding a
subgroup of J(F,(u)) of rank (r — 1)(d — 2) and finite index. This situation is
studied in detail in [Berger et al. > 2015].

Let ¥ — P! be the minimal regular model of X over the projective line whose
function field is T, (u). Let € =% be the smooth, proper curve over [, with equation

4 =x"—1.

Then € and & carry actions of u, X pq, and we let A =, X jug acton ¥ =€ xp, &
“antidiagonally”. Arguments parallel to those in the proof of Proposition 4.3.1
show that & is birationally isomorphic to ¥/A. Using this, the arguments proving
Theorem 4.2 generalize readily to give isomorphisms

J(F )[1/rd] =NS'(P)[1/rd]*
and
II(J /Fy ) [p™] = Br()[p™]1*.

5. Arithmetic of a product of curves

In this section, k is a finite field of characteristic p, and ¢ and 9% are smooth,
projective curves over k. Our goal is to give a crystalline description of NS'(€¢ x %)
and Br(€ x %). The former is due to Tate, and the latter was done under somewhat
restrictive hypotheses by Dummigan [1999, p. 114] (by a method he says was
inspired by a letter of the author). We use a variant of the method to give the result
in general.

5.1. Flat and crystalline cohomology. For the rest of this section, we write W for
the Witt-vectors W (k) and o for the Witt-vector Frobenius (lifting the p-power
Frobenius of k).
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Given a smooth projective variety & over k, we consider the crystalline coho-
mology groups of ¥ and use the simplified notation

H' (%) := Hypy (%) W)

for typographical convenience. These groups are W-modules with a o-semilinear
action of the absolute Frobenius, denoted . When % is a curve, we also define
a o ~!-semilinear action of Verschiebung, denoted V, on H'!(%) by requiring that
FV =VF = p. We write A for the noncommutative ring W{F, V} generated
over W by F and V with relations Fa=o0(a)F,aV =Vo(a),and FV =V F = p.

We will also consider cohomology of sheaves in the flat topology, say the fppf
(faithfully flat, finitely presented) topology to fix ideas. Recall that H (%, G,,,) =
Pic(%) and that we define the Brauer group of & by

Br(¥X) := H*(X, G,,).

If % is smooth and dim & < 2, it is known [Grothendieck 1968a] that this definition
agrees with that via Azumaya algebras.

A well-known theorem of Weil asserts that € and 9% have k-rational divisors
of degree 1. If P and Q are such, then the classes in NS(%€ x; @) of P x 9% and
% x Q are independent of the choices of P and Q. We define NS'(€ x; @) as the
orthogonal complement in NS(€ x; &) of these classes.

The goal of this section is to establish the following crystalline calculations of
the Néron—Severi and Brauer groups of a product of curves.

Theorem 5.2. (1) There is a functorial isomorphism
NS (€ x, D) ®Z, = (H' () ®w H'(2))F=".
(2) There is a functorial exact sequence

0— (H' (@) ®w H'(@)=F)/p" — (H'(6)/p" ®@w H'(@)/p")="=F
— Br(€ x; %) ,» — 0.

Here the exponents mean the subgroups where F and V act as indicated, and
“functorial” means that the displayed maps are equivariant for the action of Aut(€) x

Aut(D).

Proof. We write & for € x; 9. Part (1) is essentially the crystalline Tate conjecture.
More precisely, by a theorem of Tate [Waterhouse and Milne 1971], we have an
isomorphism

NS@®)®7Z, = H*(#®)=".

Decomposing NS(¥) as 7> NS’ (%) and H*(%X) via the Kiinneth formula leads to
the statement in part (1).
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For part (2), we may assume that € and & have rational points. Indeed, the
theorem of Weil alluded to above shows that there is an extension k’/k of degree
prime to p such that € and & have k’-rational points. Using the Hochschild—Serre
spectral sequences in crystalline and flat cohomologies and the fact that taking
invariants under Gal(k’/ k) is an exact functor on groups of p-power order shows
that the theorem over k" implies the theorem over k. We thus assume that 6 and %
have k-rational points.

Now consider the Kummer sequence

O%Mpiz_)Gm—)Gm—)O
for the flat topology on ¥. Taking flat cohomology yields
0 — Pic(X)/p" — H*(%, ptpn) — Br(%) ,m — 0.

Let T =Pic(€)/p" ®Pic(D)/p". The natural map 7' — Pic(¥)/p" is an injection
with cokernel NS'(¥)/p". Thus, we have a commutative diagram with exact rows
and columns:

0 —— Pic(¥)/p" ——— H*(X, upy) — Br(®) ,p —— 0

0 —— NS'(X)/p" —— H*(X, up)/T — Br(®X) ;n —— 0

0 0
Using part (1), we have
NS'(@)/p" = (H'(€) @ww H' (@) "=")/p",
so to complete the proof, we must show that
H? @ pup)/T = (H' (6)/p" @ H' (@) /p") =V

Let 7 : € x 9 — 9 be the projection on the second factor. We will compute
H*%X, p) via the Leray spectral sequence for 7. By a theorem of Artin proven
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in [Grothendieck 1968b],

Gm if i =0,
R'n.G,, = Picy gy = Picq , xx@ ifi=1,
0 ifi > 1.
It follows that
o ifi =0,

lic%/@[p”] = Jg[p"] ifi=1,
Picyq /p" =2/p"Z ifi=2,
0 ifi > 2.

RIJT*/,Lpn =

(Here we abuse notation slightly —the k-group schemes on the right represent
sheaves on k and so by restriction sheaves on %.) Because € has a rational point,
7 has a section, so the Leray spectral sequence degenerates at £, and we have that
H?(%, i) is an extension of

HY@,2/p"7), H' @, Jelp"D), and H*@, pp).
The Kummer sequence on % shows that
H*(@, pn) = Pic(@)/p",

which is an extension of Z/p"Z by Jg (k) /p". Obviously, H*(%, Z/p"Z) =7/ p"Z.
To finish the proof, we must compute H' (%, J¢[p"]) in crystalline terms. First
we make our notation a bit more precise. Let N be the sheaf on the flat site
of Spec k represented by the finite flat group scheme J¢[p"] = Picg i [p"]. Let o
be the structure map % — Spec k (which has a section because &% has a rational
point). Then H' (@, J¢[p™]) means H' (%, 6*N). Clearly, 0,0*N = N. By [Milne
1980, Proposition IT1.4.16] applied to o, if N’ is the Cartier dual of N, we have

R'0,0*N = Hom, (N', Pic,, ;) = Hom, (N, Picg ;).

Here Hom, means the sheaf of homomorphisms of sheaves on the flat site of k, and
we have used that Picg/i[p"] is self-dual.

Now we consider the Leray spectral sequence for o, which degenerates because
o has a section. The sequence of low-degree terms is

0— H'(k, N) > H'(@,0*N) — H°(k, Hom, (N, Pic; ;1)) — 0.
Using

O—>N—>J<<;p—>J<@—>O,

the equality of flat and étale cohomology for smooth group schemes, and Lang’s
theorem (namely that H'(k, J¢) = 0), we find that H' (k, N) = J¢(k)/p".
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Noting that the argument above applies with the roles of € and 9 reversed, we
see that Pic(%)/p" and Pic(®)/p" are direct factors of H2(X, pn) and find that

H>(%, )/ T = HO(k, Hom, (N, Picy, ) = Homy (Je[p"1, Ja[p"D.

We now turn to a crystalline description of the right-hand group. Letting D(%)
and D(Y) be the (contravariant) Dieudonné modules of the p-divisible groups
of J¢ and Jg, respectively, the main theorem of Dieudonné theory (equivalence of
categories) gives

Hom(J¢[p"], Jo[p"]) = Homs (D(@)/p", D(€)/p").

Here Hom, means homomorphisms commuting with the action of A = W{F, V},
1.e., with the actions of F' and V.

To finish, we use the result of Mazur and Messing [1974] that D(€) = H'(%6)
and D(@) = H' (), and the duality D(2)* = D(D)(—1) (Tate twist), so that

Hom (D(@)/p", D(€)/p") = (H'(6)/p" @ H'(@)/p")"="=". [

Remark 5.2.1. By [Illusie 1979, Theorem 5.14], for a smooth projective surface &
over an algebraically closed field k, we have

H*(X,7,(1)) = H* X/ W (k)" =".

The proof of Theorem 5.2(2) can be adapted to show that (when & is a product
of curves), this continues to hold at finite level: H>(%, u ) =H 2(%) Wy (k) F=r.
Conversely, a proof of this statement would yield a simple proof of part (2) of the
theorem (over an algebraically closed field).

On the other hand, the proof above shows that H>(%, i pn) may be strictly bigger
than H?(%/ W, (k))F=P over a finite ground field. The point is that when & is
algebraically closed, Pic(6)/p" is Z/p"Z (because Pic® () is divisible), but it may
be bigger when £ is finite.

6. Cohomology of 6

In this section, we collect results on the crystalline cohomology of the curve €
needed in the sequel. Some of them may already be available in the literature on
Fermat curves, but for the convenience of the reader, we sketch arguments from
first principles.

6.1. Lifting. From here until Section 6.5, € will denote the smooth projective
model of the affine curve over [, defined by 4 =x?>—1. (E.g., if d is even, € is
the result of gluing Spec [, [x, z]/(z% — x> +1) and Spec F,lx’, 21/ —x?+1)
via (x', 7') = (x/z%?,1/7). The case d odd is similar.) The projective curve has a
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natural lifting to W([F,) = Z, defined by the same equations. We write €/Z,, for
this lift. It is smooth and projective over Z, with special fiber 6.

6.2. Actions. There is a canonical isomorphism cryg(‘@ /Z,)=H IR (6/Z,), where
the left-hand side is the crystalline cohomology of € and the right-hand side is the
algebraic de Rham cohomology of ¢/Z,. We will use this isomorphism to make
the crystalline cohomology explicit, endow it with a Hodge filtration, and describe
the actions of Frobenius, Verschiebung, 4, and u, on it.

Let g be a power of p congruent to 1 modulo d so that [, contains [, (114). Then
€/ W, =%/2, Xz, W (F,) admits an action of the d-th roots of unity (acting
on the coordinate z) and pu, = %1 (acting on the coordinate x).

Recall that the absolute Frobenius of ‘€ defines a Z ,-linear homomorphism

F:Hy (6/Z,) — H.\(8/Z)),

crys

which induces a semilinear homomorphism

F o Hyy (6 W(E) = HYy(€/2,) ®2, W(Fy) — Hlby (6/ W(E,))

crys
(semilinear with respect to the Witt-vector Frobenius o). We also have a o~ l-
semilinear endomorphism

V HC]I"yS((@/W) - Hclrys((@/W)’
which is characterized by the formulas FV =V F = p.

Letting Fr, € Gal(F,/F,) act on €/F, = 6 xg, [, via the second factor, we
get a semilinear endomorphism of H'(€¢/W) that fixes H'!(€/Z »). Combining
the actions of us and Fr, gives a Z,-linear action of G = uy x Gal(F,/F,)
on Hj (6/W).

6.3. A basis. By [Grothendieck 1961, Oy, Corollaire 12.4.7], we may define el-
ements of Hle (6/Z,) by giving hypercocycles for an affine cover. We do so as
follows. Fori =1, ..., |[(d—1)/2], let e; be the class defined by the regular 1-form

77 ldz
2x

Let U; be the affine curve defined by z¢ = x? — 1 considered as a Zariski open
subset of €/Z,. Let U, be the complement of the closed set where z =01n €/Z,,.



Explicit points on the Legendre curve Il 2495
Thus, Uy and U, define an open coverof €/Z,. Fori =1, ..., [(d—1)/2], the data

X
fla= 4 O¢/z, (U1 NUy),

i_ (1 2i\ dx ol
cr=\'"7)7 — €8¢z, (L),
ixdz 2i dx
S
satisfies d fl"2 = a)’l — a)’2 and so defines a class in Hd]R (6/Z,) that we denote ey ;.

Proposition 6.4. The classes e; (0<i <d,i #d/2) forma Z,-basis ofHle((@/Zp)
and have the following properties:
(1) The cup product H R(€/Z,) x H R(€/2,) — 2, satisfies (and is determined
by) thefactthatforO <i< dandO < j<d,
1 ifi<d/2and j=d—i,
eiUej=1—1 ifi>d/2and j=d—1,
0 otherwise.

(2) The classes e; with 1 <i < |(d —1)/2] form a Z,-basis of the submodule
HO (€/Z,, Q}(;/Z ) ofH R(€/Z)), and the classes e; with [(d +1)/2] <i <
d — 1 project to a basis of the quotient module H' (€7 p» 0¢/z,)-

(3) The action of g on cryg((@/W(I]: ) = Hle(CG/Zp) ®z, W(ky) is given by

i
a)z—

<(;/z (UZ)

[Clei =i
Crys (6/W(ty)) as multiplication by —1.
(4) For0 <i <d,we have F(e;) = c;ep;, where c; € Z,, satisfies
0 ifi>dJ/2,
1 ifi<d/2.
(In ep;, we read the subscript modulo d.)

(5) If o € Ogy,p, d] ged(d, 0) > 2, and p is balanced modulo d/ gcd(d, o) (in
the sense of Section 2.2), then [ [; = 4pl°l2, Equivalently, for all i € o,
Flolg, = + plol/2;.

Also, —1 € uy acts on H

ord(¢;) = {

lE)

Proof. Once we know that the e; form a basis, the formula in (1) determines the cup
product. To check the formula, one computes in the standard way: the cup product
e; Ue,_; is given by the sum over points in U; of the residue of the meromorphic
differential z~/ dz/(2z), and this sum is 1 or 0 depending on whether j = i.

The formula in (1) implies that the classes ¢; with 0 <i < d and i # d/2 are
linearly independent in Hle(% /Fp) and so they form an [ ,-basis since the genus
of € is (d — ged(d, 2))/2. It follows that the e¢; form a Z), basm of H R((G/Zp)
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It is clear from the definition that the ¢; with 0 < i < d/2 are in the submodule
HO(¢/7 P> Q}G /z, ), and so they form a basis by a dimension count. Part (1) and Serre
duality imply that the e; with d/2 < i < d project to a basis of H' (€/Z,,0¢z,)-
This proves part (2).

Part (3) follows immediately from the definition of the e;.

It follows from part (3) that F(e;) = c;e; for some ¢; € Z,,. Indeed, Frobenius
must send the subspace of H 1€/ W (k)) where [¢] acts by ¢’ to the subspace where
it acts by ¢!, By (3), these subspaces are spanned by e; and e pi» respectively, so
F(e;) =cjep;, and ¢; must lie in Z, since F acts on Hcrys(% /Zp). The assertion on
the valuation of ¢; follows from [Mazur 1972, Lemma, p. 665; 1973, top of p. 65].
This proves part (4).

For part (5), a standard calculation [Ireland and Rosen 1990, Chapter 11] gives
the eigenvalues of F!°! in terms of Jacobi sums. Using the notation of [Concei¢io
etal. 2014], Fl°le; = A(—1)J (A, x)e;, where A is a character of k = [ lo1 of order 2
and yx is a character of order d. By [Conceigdo et al. 2014, Proposition 4.1], the
Jacobi sum is £ plol/2. [l

Remark 6.4.1. Part (4) of the proposition is the reason for the minus signs in the
definition of the word attached to an orbit in Section 2.3. Indeed, if i < d/2, so
that ¢; is in H%(¢/Z P> Q}G /Zp), then F'(e;) is divisible by p (i.e., its “valuation” has
gone up) whereas, if i > d/2, then F(e;) is not divisible by p (i.e., its “valuation”
is still low).

6.5. Generalization to r > 2. Most of the above extends to the curve 6, defined
by z¢ = x" — 1 for any r that is > 1 and relatively prime to p. We give the main
statements; their proofs are entirely parallel to those in the case r = 2.

The curve %, has an obvious lift to Z, that we denote 6,/Z,. This yields an
identification HCrys (6,/2,) = Hle(%r /Zp).

Fori e Z/dZ, we write (i /d) for the fractional part of i /d (for any representative
of the class of i). We similarly define (j/r) for j € Z/rZ. Let A be the subset
of Z/dZ x Z/rZ consisting of (i, j) wherei #0, j #0, and (i/d) + (j/r) > 1.
Let B be the subset where i 20, j 0, and (i/d)+ (j/r) < 1. Let S= AUB.

There is a Z,-basis of Hd]R (6,/Z,) consisting of classes e; ; with (i, j) € § with
the following properties:

(1) e jUep jy==%68ijj,

where the sign is + if (i, j) € A and — if (i, j) € B.

(2) The e; ; with (i, j) € A form a basis of HO(e, /Zp, Q<@ 2, ), and the ¢; ; with
(i, j) € B project to a basis of H' (6, /2y, O0¢,/z,)-
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(3) If g is such that [, contains (g, i,), then the action of wg x w, on
H'(6,/W(F,)) is given by

[Sa, §rleij = Eq8 e -
(4) F(ei,j) =ci jepi pj, where ¢; j € Z, satisfies

0 if G, ) e B,

Ordp(c"’j):{l i, )eA

There is also a notion of balanced that we now explain. Let H =(Z/lem(d, r)Z)*,
and let H act on S by multiplication in both coordinates. Let (p) be the cyclic
subgroup of H generated by p. If (i, j) € S, we say the ray through (i, j) is balanced
if, for all ¢ € H, the orbit (p)¢(i, j) is evenly divided between A and B, i.e.,

Kp)eG, )N Al =[{p)t(, j)N B|.
The final property of 6, we mention is:

(5) For (i, j) € S, let o = (p)(i, j) and set

=TT er

(i",j")eo

Then J, is a root of unity times p!°l/? if and only if the ray through (i, j) is
balanced.

To prove this, we note that the displayed product is an eigenvalue of F!°!
on Hclrys(%r /Zp). This eigenvalue may be identified with a Jacobi sum, and
arguments parallel to those in [Concei¢do et al. 2014, Proposition 4.1] using
Stickelberger’s theorem show that the Jacobi sum is a root of unity times p!°!
if and only if the ray through (i, j) is balanced. In [Conceicao et al. 2014], these
roots of unity were always +1. If r divides d and d divides p/ + 1, then again
these root of unity are £1. In the more general context, all we can say is that they
are roots of unity of order at most gcd(lem(r, d), p — 1).

To close this section, we note that the apparatus of orbits, words, and the associ-
ated invariants (as in Section 2) applies as well to the cohomology of €, as soon as

we replace “i > d/2” and “i <d/2” with “(i, j) € A” and “(i, j) € B”, respectively.

7. p-adic exercises

Fix as usual an odd prime number p, a positive integer d relatively prime to p, and
an extension [, of [, (uy), and consider E over [, (u) where ul =1.

Using Theorems 4.2 and 5.2 reduces the problem of computing E ([, (u))
and II(E/F,(u)) to exercises in semilinear algebra with raw data supplied by
Proposition 6.4.
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In this section, we carry out these p-adic exercises.

7.1. Setup. We write W for the Witt vectors W (F,), W, for W, (F,), H (@) for

Hclrys(% /W), and H Y(@®) for Hclrys(gb /W), where € = 9 is the curve over [,

studied in Section 6. The product € x, & carries an action of A = uy X ug acting

“antidiagonally” as well as an action of G =y x Gal(F, /[ ) acting on the factor 6.
Our goal is to compute

H:= (H' (@) @y H' (@)~ F=V=r
and
H, = (H'(¢/W,) @w H' (@/W,)>F=V=r.

For an orbit 0 € Oy, ,, we write H? and H,] for the o parts of the corresponding
groups, i.e., for the images of the projector 7, on H or H,,.
Since H'(%¢) and H'(%) free W-modules and the order of A is prime to p,

(H'(6/W,) @w H' (@ W,)* = (H'(®) @w H' (D))/p™)~,
= ((H' (@) ®@w H'(@))*)/p",

so the first step in both cases is to compute M = (H L) @w H' (@))2.

7.2. A basis for M. By Proposition 6.4(3), 11, acts as —1 on H'(%) and 4 acts
on ¢; by x'. Thus, us acts trivially on H'(€) @w H'(%) and ug acts on ¢; ® e;
by x'~/. Therefore, we have

M= @ Wie Qe;).

ieZ/dZ\{0,d/2}

We decompose M =P, , M°, where

M° = @ Wi ®e;).
L€0
For the rest of this section, we fix an orbit 0 and we assume that gcd(o, d) <d /2
and p is balanced modulo d/ gcd(o, d). By Theorem 3.1.1, this is the situation in
which E(F,(u) ® Z,)° # 0, and it turns out to be the situation in which we can say
something nontrivial about III(E /F, (u))°.
As a first step, we make a change of basis that is perhaps unnatural but has the
virtue of simplifying the notation considerably. Namely, let i € o be the standard
base point (see Definition 2.3.1), and let

_ _{Cipj ifw; =1,
ipl = .
Cipi/p ifw;=u,
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where the p-adic integers c;,; are defined in Proposition 6.4(4). That proposition
implies that the d,-p,- are units. Set f; =e¢; ®e;, and for j =1, ..., o] —1, set

J
-fl']?j = (l_ldiif)el'pj ®€ipj‘

(=1

Then {f; | j € o} forms a W-basis of M?, and it follows from Proposition 6.4
parts (4) and (5) that for all j € o we have

p2fy ifj<d/2,

F(fj)z{f,,i if j>d)J2.

(Here as usual, we read the subscripts modulo d.)
Similarly, we have

Sp1j if p~1j <d/2,

U= {pzfpl L itpli=dp,

where “p~!j < d/2” means that the least positive residue of p~!j is < d /2.

We have a remaining action of G = g x Gal(F,/F,) on M via its action on
the first factor in H'(4) ®w H'(%). Under this action, ¢ € jg acts W-linearly
as [¢1f; = ¢/ f; and Fr), € Gal(F, /F ) acts semilinearly as Fr,(af;) = o (@) f;.

7.3. Modulo p case with d = pf +1and F; =Fp(pa). As avery easy first case,
we assume d = p/ + 1 and F, = Fp(ra), and we compute Hy, which is just the
subspace of M/p killed by F and by V. We saw just above that F (f;) is zero if
and only if i < d/2, i.e., if and only if the first letter in the word associated to i
is u. Similarly, V(f;) = 0 if and only if the last letter of the word of i is /. This
yields the first part of the following statement:

Proposition 7.3.1. Ifd = p/ + 1 and Fy =Fp(ua), then
Hy:= (H'(¢/F,)) @w H' (@/F,)*F=V=0

is spanned over [, by the classes f; where the word of i has the form u ---1. If
the first half of the word of o has the form u®'1®? - - - u with each e; > 0, then the
F,-dimension of H{ is k. We have

-1 =141
= (75 (51)

The dimension counts in the proposition will be proven at the end of Section 8.1
after we have proven Lemma 8.1.1.
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7.4. The basic equations. We now make first reductions toward computing H*
and HY in general. Focus on one orbit o0 € O with its standard base point i and
associated word w = wy - - - wyy).

Consider a typical element c € M (or in M,)):

lo|—1

€= Z @ fipi-
Jj=0

where a; € W (or in W,) and where we read the index j modulo |o|.
Then the class c satisfies (F — p)(c) = 0 if and only if
o)) ifw; =1,

o] =
P+ {p20'(06j) ifw;=u

for j = , lo] — 1. Similarly, the class c satisfies (V — p)(c) = 0 if and only if
{pza_l(ajH) ifw; =1,
po; = ] .
o (ajt1) ifw;=u

for j =0,...,|o| —1.

Note that when w; = [, the equation coming from V — p = 0 follows from
that coming from F — p =0, and when w; = u, then the equation coming from
F — p =0 follows from that coming from V — p =0. Thus, ¢ satisfies (F — p)(c) =
(V — p)(c) =0 if and only if

{oejzalpaj+1 ifw; =1, 74.1)

opaj=0uji] ifwjzu

for j = , o] — 1.

Note that ;11 determines o ; when w; =/, and «; determines ;1 when w; =u.
Thus, we may eliminate many of the variables o ;. More precisely, write the word
w in exponential form: w = u®[®? - .- [°*_ Setting By = ¢ and

Bj = tejtertter;

for 1 < j <k (so that B = By), the class c is entirely determined by the ’s. Indeed,
for Zl (e <t= ZZHI ei, we have

2
=32
a = (op)Zimi4 g,
2j+1 2j+2
andforzi:{ eifﬁfzig e;, we have

1 242, _,
ap = (o~ p)Xi= ¢ Bj+1-
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The conditions on the «’s translated to the 8’s become
(0p) fo= (o' P)*B1,

(ap)=p1 = (0~ p)*Ba,
(7.4.2)

(0p)* Bro1 = (0~ p)* By

We refer to these as the basic equations.

The upshot is that the coordinates 8 define an embedding H® < W* (respectively,
H} — W,’l‘) with ¢ +— (B;);=1,...k whose image is characterized by the basic
equations.

In the rest of this section, we will make this image more explicit in the “adic
case” H° — W* and the “modulo p" case” H? — Wk.

7.5. adic case. In this case, the B; lie in W, which is torsion free, so the basic
equations allow us to eliminate all 8; with O < j < k in favor of By. Indeed, the
basic equations imply that

B = 061+€2p€1,2130’

52 — O_e3+e4pe3—e4ﬂl — 0_61-i-"'-ﬁ-&tpelAﬂO7
(7.5.1)

B = o1 Tex Pk By = O-\Olpel,zkﬂo — UlolﬁOa

where, as usual, e;; denotes the alternating sum
ejj=¢e —ej+1+- "Il:ej-

Note that 8 = Bo, so the last equation is satisfied if and only if By € W (F ).
Note also that since i is a good base point, the e;; are > 0 for 1 < j < 2k, so the
exponents of p on the far right-hand sides of the equations above are nonnegative.
Therefore, for any choice of By € W (F 1), the equations give well-defined elements
Bj € W(F,01) C W solving the basic equations.

The upshot is that the map sending ¢ — By = og gives an isomorphism H’ =
W(F 1) =T'y. The inverse of this map is

lo]—1
agr> Y ol pUiag fip,
j=0
where a; is the function defined in Section 2.3. It is easy to see that this map is
equivariant for the action of G = 4 x Gal(F, /[ ), where G acts on W (F 1) =T,
as in Proposition 2.8.1.
In summary:
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Proposition 7.5.1. Suppose that o € Oy, is an orbit with gcd(d, 0) <d /2 and p is
balanced modulo p. Then the map above induces an isomorphism of Z ,| G]-modules

HO=T,.

7.6. Modulo p" case. To compute H,), we should solve the basic equations (7.4.2)
with the B; € W,. We will do this for all sufficiently large n (to be made precise just
below). We write ,8( ") for the Witt-vector components of B;, and by convention,
Wesetﬁ()—Olfv<0

Recall that the height of an orbit with word u®'1¢2 - - - [®%* is

ht(o) = max{ey, e3, ..., €1,2%—1}-

In other words, ht(o) is the maximum value of the sequence a; associated to o in
Section 2.6. For the rest of this section, we assume that n > ht(o).

Taking the v-th Witt component in the basic equations (7.4.2) yields the following
system of equations in [,:

o261 gD = pr=er

’

263[3(‘1 63) év—&a)

El

(7.6.1)

2exi—1 g(V—ex—1) (v—ex)
o 2% lﬂkfl — ,Bk )

Now suppose that v < n —ht(o) so that v+ e; <n, v+ ej3 <n, etc. Considering
the v + e; component of the first equation in (7.6.1), the v + e;3 component of the
second equation, etc., leads to the chain of equalities

(gv) _ O_—Zelﬂl(v—en) — U—2(e1+e3)lB§v—e14)

O_—Z(e]+e3+-..+ezk_1)ﬁ(§v—€1.2k) _ J_lo‘ﬂ(()])).

It follows that for v < n — ht(0), g, O) lies in F piol.

Conversely, given Witt components ,30 W) plot for v <n —ht(o), there exists
a solution (Bg, ..., Br—1) € W,f of the basic equations with the given components.
Indeed, we may complete By to an element of W, use the equations (7.5.1) to define
the other 8;, and then reduce modulo p".

Thus, the map (Bo, ..., Br—1) — Bo (mod p" ")) defines a surjective homo-
morphism

H;l] —> anht(o)(”:p\ol) (762)

whose kernel is easily seen to be p”" P HY?. Note that if np > n1 > ht(o), we have

an isomorphism
pnl ht(o)Ho ~ nz ht(o)Ho

= ny?
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which sends (B;) to p">~"!(8;). In this sense, the kernel of the surjection (7.6.2) is
independent of n (as long as n > ht(0)). Thus, to compute it, we may assume that

n = ht(o) and compute Ht?t(o)'

Next we note that if (8;) € Hh”t(o) and if £ is such that ht(o) = e} 2041 = €2042.2k>
then

0= pht(O)/gk = per2k g

e —
— p 20+42,2k Z,Bk—l

e
= p=*Betr.

Thus, after reordering, we may write the basic equations as a triangular system:

(Op)2 By = (07 p)2+ By,

(Op)? Bro1 = (0~ p)* By,
(@p)' B = (' p)2pi,

(op)*1 Byt = (0 p) By,
(op)+1 By =0.

Now introduce new variables y; indexed by j € Z/kZ and related to the 8; by

G—el—ez—“'—@jﬁj if 1 = J = f,
yj*ﬁ - O_ezj+l+62j+2+"'+92kﬂj if £ + 1 =< .] = k.

In these variables, the basic equations become

€20+3 — pC2e+4
p * Vl _p + )/25

P Wk—i—1 = P Vi—e,

P Vk—e = P Vkti1—ts

P k1 = pPi,
p€25+1 Vi = 0
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or, in matrix form,

14!
V2
B(earts, ... e, ers .. er) | .| =0.
Vi
The upshot is that we have identified H}ft(o) with the kernel of B(ezpy3, ..., €20+1)
on Wt]ft(a)- By Remark 2.7.4, this is the same as the kernel of B(ey, ..., exy1), and

this kernel is described by the invariant factors d; analyzed in Section 2.7.

To finish the discussion, we will unwind the action of G = g x Gal(F, /F,)
under the isomorphisms above. The action of Fr, on a class ¢ € H; goes over to
the action of o on the coordinates «; and also on the coordinates 8; and y;. The
action of ¢ € j4 on ¢ goes over to multiplication by ¢”’ on « ;j 80 to multiplication
by ¢7"TT Y on g ; and finally to multiplication by ¢’ on the y;.

The following statement summarizes the results of this subsection:

Proposition 7.6.1. Suppose that o € Oy, is an orbit with ged(d, 0) < d/2 and
p is balanced modulo p. Suppose that the word of o is u®' - - - 1°*, and recall the
invariants d, . . ., dy attached to o in Section 2.6.

(1) For all n > ht(o), we have an exact sequence of Z,[G]-modules

k
0— @ Wa, (Fy) — H; — Wi_ni(o) (Fpit) — 0.
j=1
Here G acts on the Witt vectors as described in Proposition 2.8.1(5).

(2) The cokernel of H° /p" — HY is isomorphic to

By W, (Fy)
de (ﬂ:p\o\)

The first part was proven earlier in this subsection. The second follows from
the fact that the composed map H?/p" — H;} — Wy_no)(F p01) (see (7.6.2)) is
obviously surjective with kernel p"~"©) H°/p" H® and d; = ht(0).

Remark 7.6.2. The “dévissage” implicit in this subsection is captured by the middle
column of the following diagram with exact rows and columns:
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0 0
n—ht(o) H°
0 )4 o pn—ht(o) H,f BrO[pn] 0
p
H° o Or 71
0 T HY Br’[p"] —— 0
H° =~ HY
pnfht(o) He pnfht(o) HO
0 0

Here Br?[ p"] is the p"-torsion in Br(6 x F, )2+ and the middle row is the o part of
the exact sequence in Theorem 5.2(2). The middle column is the o part of the exact
sequence of [Artin 1974] on page 553 just after (3.2) and [Milne 1975, p. 521, line 6];
ie., U2(po<>) — UZ(pht(o)) — pn—ht(o) Hr(L) and DZ(pn—ht(o)) — Hr(l)/pn—ht(o) Hr(z)' Note
also that the top row above shows that S — Br(¥ x; §) is not represented by an
algebraic group, even as a functor on finite fields.

8. Proofs of the main results

In this section, we prove an easy lemma on counting words and then assemble the
results from Sections 4, 5, and 7 to prove the theorems stated in Sections 1 and 3.

8.1. Counting patterns. Let f be a positive integer, let d = pf + 1, and let S =
Z/dZ\{0,d/2}. Let (p) C (Z/dZ)* be the cyclic subgroup generated by p. Given
i € S, we define a string w of length f in the alphabet {u, [}, called the pattern
associated to i, as w = wy - - - w s, where
[ if—piTlieA,

I {u if —p/~li e B.
If the orbit o of (p) through i has full size (i.e., size 2 f), then the pattern of i is the
same thing as the first half of the word associated to i. If the orbit is smaller, then
the pattern is a repetition of the | f/|o|]| copies of the word followed by the first
half of the word. (Note that f/|o| always has denominator 2 because the second
half of the word is the complement of the first.) For example, if p = f = 3 and
i =7, then o = {7, 21}, the associated word is ul, and the pattern is u/u. Patterns
turn out to be more convenient than words for counting.
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Let T be the set of tuples

T ={G1,...,ip) |ij€{0,..., p—1}, notall i; = (p — 1)/2}.

There is a bijection 7 — S that sends

f
(il,...,if)l—> <1+Zijpjl).

j=1

If i corresponds to (i1, ...,ir), then pi correspondsto (p —1—ip, iy, ..., ip_1).

The first letter of the pattern of i is u if and only if the first element of the
sequence iy, if 1, ... thatis notequal to (p —1)/2 is in fact < (p —1)/2. More
generally, if we have a word w = u®'[*? - - - u® where k is odd, each e; > 0, and
Y ej = f, theni € S has pattern w if and only the following inequalities are
satisfied:

ir<(p—-1/2, ij-1=<(p—1)/2,
cor dfeq2=(p—1/2, ifer1<(p—1/2,

ifeey 2 (p—=1)/2, if—ei-1=(p—1)/2,
B if—€1—€2+2 >(p-1)/2, if—€1—€2+l >(p—1)/2,

if—el—---—ek,l = (p - 1)/29 if—el—--4—6k71—1 = (P - 1)/27
. if'—el—-~—ek+2 <(p—1)/2, if—el—'“—ek-i-l <(p—1)/2.

This leads to the following counts:

Lemma 8.1.1. (1) Suppose k > 0is odd and ey, . . ., e, are positive integers with
Y _ej = f. Then the number of elements i € S with pattern w = u®'1* - - - u® is

ey

(2) The number of i € S whose pattern starts lu - - - is

("))

and the number of i € S whose pattern starts Il - - - is

("))
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Proof. Part (1) follows immediately from the inequalities just before the lemma.
Part (2) is similar: the pattern of i starts /u - - - if and only if i y > (p —1)/2 and

ir-1<(p—1/2,
or if1=(p—1/2 and i;o < (p—1)/2,
or if,lzif,2:(p—1)/2 and l'f,3<(p—1)/2,

The number of such i is

p=1\(pP—1 ;, -1 p—1\/(p/"+1
( 2 )( y Pt 2 2

Since the number of i whose pattern starts with [ is clearly (p/ — 1)/2, the result
for [l follows by subtracting. ([l

End of the proof of Proposition 7.3.1. We saw above that the [,-dimension of H}
is the number i € 0 whose word has the form « - - - [, i.e., begins with u and ends
with /. If the word associated to the standard base point in o is u®'/¢* - - - [°** with
ei+k = e;, then there are exactly k elements i € o whose word has the form u - - - [;
if i is the standard base point, they are

€1+62i €1+"'+62k,2i
5. .

i, p . P
To compute the [,-dimension of Hj, we need only note that the number of i € §
whose word has the form u - - -/ is the same as the number of i whose pattern

starts [u - - - . Thus, part (2) of Lemma 8.1.1 finishes the proof. (]

8.2. Proof of Theorems 3.1.1 and 3.2.1. We now give the proofs of our results on
the o-part of the Mordell-Weil group E(K ;). We proved in [Conceigdo et al. 2014]
that (E(Ky4) ® Z,)° =0 unless o is an orbit with ged(o, d) < d /2 and p is balanced
modulo d/ ged(d, 0), so we make those hypotheses for the rest of the subsection.
The first step is to note that Theorem 4.2(1) and Theorem 5.2(1) imply that

(E(Kgq) ®Zp)o = (Hl(%) Qw Hl(@))A,o,F=p‘

This last group is denoted H? in Section 7, where we proved an isomorphism
H°=T,.
In order to prove the theorems, we need to consider H° as a submodule of

M° = (H' (@) ®w H' (@))*.

This is a free W-module on which the cup product induces a perfect pairing. The
restriction of that pairing to H? corresponds to the height pairing on E(K,), so
to compute the discriminant of the latter, it suffices to know the index of the
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W-submodule of M? generated by H®. More precisely, the discriminant is p?,
where
a=Leny(M°/WH?°).

We saw above that f;, fpi, ..., fpei-1; is @ W-basis of M°. Let n1, 02, ..., 1|
be a Z,-basis of W. Then the classes

lo|]—1

Ce= Z pYal o) fipi, £=1,....]0l,

Jj=0

form a Z,-basis of H’. Here j > a; is the function associated to o in Section 2.3.
In matrix form, we have

. o’) oty - o)\ (P 0 - 0 fi
| et - e ) 0 p® - 0 fpi

. : : . : S :

VN o) o o) - ) N O 0 e )\

Since W is unramified over Z,, the determinant of the first matrix on the right is a
unit. The determinant of the second matrix on the right is clearly p®*+9el and
this is the length of the quotient of M by the W-span of H?. This proves that

Disc(E(Kq) ® Z,,)° = p*@itFae,

and this is the assertion of Theorem 3.1.1.
To prove Theorem 3.2.1, note that we have containments

V] CE(Kg)’ =H°CM°
and we can compute the lengths of M°/W H? and M°/W V] via discriminants.

We just saw that

o

Leny =a;+---+aqq.

WH()

Let us simplify the sum using that we are in the complementary case so that k is
odd and ey ; = e;. We have

lol

2%
/e +1
>aj= 30T ) Hejer
j=1 j=1
‘ e;j+1 L ej+1
:Z(—l)]+l< 12 )—I—ejel,j_l-l-Z(—l)kﬂH( ]2 )+ej61,k+j—l
j=1 j=1

k
= Z ej(erj—1+eriyrj—1),
j=1
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where the second equality uses that e;4 ; = e; and the last equality uses that & is
odd. Noting that ey ;1 + €1 x4 -1 = ek = ht(0), we find that

ol

ol
> aj= — ht(o).

j=1

On the other hand, it follows from [Ulmer 2014b, Theorem 8.2] (when d = p/ +1)
and [Conceigdo et al. 2014, Proposition 7.1] (when d = 2( pf — 1)) that

M°  ol|f
Leny = —.
wv? 2
Thus, we have
WH? o]
logp[E(Kd)" : V71=Leny Wve = 7(]‘ — ht(0)).

Since V7 =T, and I', has a unique G-invariant superlattice of index pl°le, namely
p—°I',, we must have
E(Ka)® o _- ~ -
- (f=hton/2p sp o, s pU—hon2p
d

Note also that when gcd(o, d) = 1, we have f = le‘-:l e;j and ht(o) = e; — ey +
<-4+ ex, so (f —ht(0))/2 = Zy‘:—ll)/z e2j. These are exactly the assertions of

Theorem 3.2.1, so this completes the proof.

8.3. Proof of Theorem 3.3.1. Let [, be an extension of [, (4), and consider E
over [, (u) with ud =1.

The first step in the proof is to note that Theorem 4.2(2) and Theorem 5.2(2) give
an isomorphism of Z,[G]-modules between III(E/F,(u))[p"]° and the cokernel
of the map

(H'(6) @y H' @) "=0)/p" — (H'(€)/p" @w H'(@)/p")> "=V,
In the notation of Section 7, this is the cokernel of
H’/p" — H,
and in Proposition 7.6.1(2), we showed that for all n > ht(o) this cokernel is
D'y Wy, (Fy)
Wa, (F pior)

where the d; are the invariants associated to o in Section 2.6. This is precisely part (1)
of the theorem. Part (2) follows immediately once we note that if gcd(o, d) =1,
then [Fp\o\ = [szf = [Fp(/,Ld).
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8.4. Exponents. We prove parts (1) and (2) of Theorem 1.1. Clearly part (2)
implies part (1).

By Theorem 3.2.1, the exponent of (E(K4)/ V) is pl/~hU0)/2 This is maxi-
mized when ht(o) is minimized. If f is odd, there is an i € Z/dZ with pattern (ul)”
and the corresponding word has height 1. If f is even, the minimum value of ht(o)
is 2, which is achieved by an orbit with pattern (and word) ()’ uu(lu)/~'1l. By
Lemma 8.1.1, any such word actually does arise as the word of some i € S. Thus,
the exponent of E(Ky)/V,; is plt/=D/2],

By Theorem 3.3.1, the exponent of III(E/K,;)° is p%-'. By Lemma 2.7.3,

dr—1 =max{e;; |2<i<j<k—1, iand j even}.

Clearly the alternating sum e; —e;+1 + - - - is maximized when it is a single term,
and dj_, is maximized by a word whose first half has the form ©°!'/°2u°. In order
for this to be the word associated to a good base point, we must have e; > e, and
ey < e3. Again, by Lemma 8.1.1, any such word actually does arise as the word of
some i € S. Thus, for a given f, the maximum value of dy_; = e; is | f/3] and the
exponent of III(E/Ky) is pl//3]

8.5. Comparison of E/V and 111. Now we prove parts (3) and (4) of Theorem 1.1.

For part (3), note that when f = 1 or 2, up to rotation all words have the
form u/1/ and by Theorems 3.2.1 and 3.3.1 the groups under discussion are trivial
in these cases. If f = 3, up to rotation, every word is «>[> or (ul)?. In the latter
case, both ((E(Kd)/Vd)")2 and III(E/K;)° are isomorphic to (F,,/p)z. When
f =4, up to rotation, the possible words are u*I* and u?lul?ul. In the former case,
both ((E(Kz)/Vy)?)? and III(E/K;)° are trivial, and in the latter, they are both
isomorphic to (T',/p)>.

For part (4), we note that by Proposition 2.8.1 I',/p is an absolutely irre-
ducible Z,[G]-module. Thus, all Jordan—-Holder factors of (E(K;)/V4)? and
HI(E/K;)° are I'y/p, and to prove part (4), it suffices to count the multiplici-
ties. By Theorem 3.2.1, the multiplicity for (E(Ky)/Vy)° is (f —ht(0))/2. By
Theorem 3.3.1, that for III(E/K;)° is dy + - - - + di—1. But from the definition,

(Here we use that we are in the complementary case, so k isodd and e; 1 =e¢;.)
As noted just after Lemma 2.7.2, d; = ht(0), so the total multiplicity of I',/p
in III(E/K;)° is f —ht(0). This completes the proof of part (4).

8.6. Polynomial interpolation of orders. Now we prove Theorem 1.1(5). Write
inv(o0) for |o|(f — ht(0)) so that |[[II(E/K4)°| = p™©. Then |ILI(E/K,)| = p’,
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where

I = Z inv(o).

OEOa’,p

Recall that a word is “good” if it associated to a good base point of an orbit.
Let |Aut(w)| be the number of automorphisms of w, i.e., the number of rotations
leaving w invariant. Then since inv(o) only depends on the word associated to o,

[— Z |{i | the orbit through i is w}] inv(w).

good w |Aut(w)|
Now inv(w)/|Aut(w)| is the same for a word w as for the concatenation of several
copies of w, so we may take the sum only over full-length words and consider i’s
whose pattern is w, where pattern is defined as in Section 8.1. Then
inv
I = Z A—(w)|{i | the pattern of i is w}|.
full length, good w | ut(w)|
To finish, we note that by Lemma 8.1.1, |{i | the pattern of i is w}]| is a polynomial
in p. This shows that there is a polynomial F'; depending only on f* with coefficients
in Z[1/2] such that I = F¢(p). It also shows that when I is not zero, (i.e., when
there are words with nonzero invariant, i.e., when f > 3), the degree of Fy is f.
Here is an example. If f = 3, the good words are w33, ululul, and ul. We have
inv(u?) =0, inv(ululul) = 12, and inv(ul) = 4. Using Lemma 8.1.1, we find that

21y -1
3\ 2 ) 2 7

It looks like an interesting and perhaps difficult problem to give a closed expression
for F; in general.

9. Complements

In the last section of the paper, we give four complementary results. Two of them
recover much of the main theorem (specifically, the p-torsion in III(E/K;) and
(E(K4)/ Vy)) using flat rather than crystalline cohomology. This gives a reassuring
check on the combinatorial aspects of the main results. The third gives an extension
of many of the results of the paper to characteristic p = 2. In the fourth, we briefly
touch upon a generalization to higher-genus curves.

9.1. p-torsion in U1(E [ K;) via flat cohomology. 1t is possible to compute the
p-Selmer group of E/K,; (and therefore the p-torsion in the Tate—Shafarevich
group) using flat cohomology and the methods of [Ulmer 1991]. This yields a
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second proof that ITT(E/Ky) is trivial if and only if f <2, and it provides a check
on the crystalline calculation described in the main part of the paper.

We refer to [Ulmer 1991, §1] for the definition of the Selmer group denoted
Sel(K4, pg). It sits in an exact sequence

0— E(Kq)/PE(Kq) — Sel(Kq, pp) — HI(E/Kg)[p] — 0.

Proposition 9.1.1. With p, f,d = p/ + 1, and E as in the rest of the paper,
(1) Sel(Ky, pE) is an [ ,-vector space of dimension (p — D(p!~ "+ 1) f/2, and
2) II(E/Kg) =0 ifand only if f <?2.

The proof of the proposition will occupy the rest of this section. Note that part (2)
follows easily from part (1) since we know that E(K;)/pE(K,) is an [ ,-vector
space of dimension p/ — 1.

Let A= A(E, dx/2y) be the Hasse invariant of E£. By a simple calculation (see,
e.g., [Husemoller 2004, §13, Proposition 3.5]), this is

(p=1)/2

A= Z ((p_il)/2>2ti'

i=

Let o be a (p — 1)-th root of A in K, and let Fy,, be the field K4 (o). Then Fy ), is
a Galois extension of Ky with group F . We let Iy, — P! be the corresponding
cover of smooth projective curves over [, = F,(ug). (Here I is for “Igusa”.) Then
the argument leading to [Ulmer 1991, Theorem 7.12b] yields an isomorphism

~ _l =
Sel(Ky, pe) = H (g p, 2, )V,

where € = 0 indicates the kernel of the Cartier operator (i.e., the subspace of exact
differentials) and v ~! denotes the subspace where Gal(F,, p/Ka) =T} acts via the
character ¥ ~! where 1 : [F; — k> is the natural inclusion.

(Some of the results of [Ulmer 1991] used just above are stated for p > 3, but this
is assumed only to guarantee that at places of potentially multiplicative reduction,
E obtains multiplicative reduction over an extension of degree prime to p. This is
true for the Legendre curve even when p = 3.)

Using the covering I , — P! (which is ramified exactly where o has zeroes),
we find that
J(u)du

aP—2

—1
H(Igp, @, )V = {

deg(f)SN},

where f is a polynomial of degree at most N = (p—2)(p/ +1)/2—2 whend = pf +1.
(For d = 1, there is also ramification at infinity and we have N = (p —5)/2.) The
crux of the proof is to compute the subspace killed by the Cartier operator.
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To that end, we first make some calculations at level d =1, i.e., on the curve I ,.
Write

g =g e

where the f; € Fy , =F,(t, a). Since (1/a) = (A/a?), the f; are all polynomials

in ¢ times 1/aP~2. Note that 6(t' dt /a?~2) = f,_1_;dt fori =0,...,p— 1.
The key step in the proof of the proposition is the following calculation of

dimensions of certain spaces spanned by the f;. In it, we use angle brackets to

denote the [ -span of the terms within.

Lemma 9.1.2. (1) dim[pq (fp_l, fp_z, ey f(p+3)/2> = (p — 3)/2.

(2) We have equalities and containments

(fp=ts oo os fp3y2) = fp—2s - fp+12) = = (f(p-1)j25 - -5 [2)
C (fop=ny2s -5 f1) =(f(p=3)/25 - - > Jo)
and
(Fp=3)/25 s Jo) = (fp=572s - - s Jos tfp—1) = - = {Jo, tfp—1. - -, tf(p+3)/2)-

Proof. Recall that K = Ky = [,(¢). First, we note that E(K)/pE(K) = 0 by
[Ulmer 2014b, Propositions 5.2 and 6.1], and using the BSD formula as in [UImer
2014b, §10] shows that ITT(E/K) = 0. Thus, Sel(K, pg) =0.

On the other hand, as we noted above, Sel(K, pg) is isomorphic to the kernel of
the Cartier operator on

{f(t)dt

apP—2

deg(f) =< (p—5)/2}-

Since this kernel is trivial, we find that f,_1, ..., f(,+3),2 are linearly independent,
and this is the first claim of the lemma.

Now set gg = —A’ = —dA/dt and g; = iA — tA’, and compute that A'dr =
—aP~? da so that da = godt /aP~2 and d(t'a) =t~ g; dt /aP~2 for i > 0. These
exact differentials provide relations among the f;. More precisely, note that go has
degree (p — 3)/2 and nonzero constant term, so € (godt/a?~2) = 0 implies that a
linear combination of f,_1, ..., f(p+1)/2 1s zero, and f,_1 and f(,11)/2 appear in
this relation with nonzero coefficients. This implies that

(fp=tsoos fpr32) = (fp—2s - - fpr1)/2)s

which is the first equality displayed in part (2) of the lemma.
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To obtain the rest of the equalities in that display, we set hg = go and

—1)/2\2 .
hlz((P l)/ ) tl*lg,-—i-h,-_]

_ 2:((}’?—;)/2)2[@—1gZ + 20
=1

fori=1, ..., (p—3)/2. One checks inductively that /#; has degree (p—3)/2+i and
its nonzero term of lowest degree is — (i + 1)((”:1)/2)21". Thus, € (h;dt/aP2) =0
gives arelation among f,_1—;, ..., f(p+1),2—i, Where the coefficients of f),_;_; and
f(p+1)/2—i are nonzero. These relations give the desired equalities between spans.

The proper containment in the second line of the first display in part (2) of the
lemma is equivalent to saying that fi and ( f(,—1)/2, ..., f2) are linearly independent.
One way to see this is to note that the a”~2 f; are polynomials in ¢ and since the
degree of AP~? is congruent to 1 modulo p, a”~2 f; has degree strictly greater than
aP~2f; fori=2,..., p—1. Thus, f; and (fp=1, ..., f2) are linearly independent.

To obtain the remaining equalities of part (2), we consider the exact differentials
t'~lgidt/aP™? fori = (p+1)/2,..., p — 1. In this range, ' ~'g; has degree
(p—3)/2+1i and lowest term of degree i — 1. For i = (p 4 1)/2, we get a relation
among f(,—1)/2, .., fo with f(,_1)/2 and fj appearing, yielding the last equality
in the first display of part (2). Fori = (p+3)/2, ..., p—1, we get relations among
Sp—ir-o s tfGpr1y2—i with f,_; and tf3,41)/2—;i appearing, and these relations
give the equalities in the second display of part (2). U

We may now compute the rank of the Cartier operator on H°(I,, P Q}d p)‘/’_I ; in
other words,

R:= dimﬁ%({f(”)d”

apP—2

deg(f) < (p—2)(p’ + 1)/2—2}).

Noting that u = t/upf and du = u~P' dt, we find that
Cu' P dujaP™?) =P gy
forO<i<p-—1and
s =-3p T 3 = ifi<p-3,
0<j=<i} - .
s(p=3)p/ 43/ =3) ifi=p-2,p—1.

This implies that the image of € will be spanned by spaces of the form u®( f,, ..., f»).
To compute the dimension, we observe that if e, ..., e; are integers pairwise
noncongruent modulo 4 and if Vi, ...V, are [F,-vector spaces spanned by subsets
of {tjﬁ |0<i<p-—1, jeZ}, then the subspaces u“V; of Fy , are linearly inde-
pendent over [,. This plus the information in Lemma 9.1.2 suffices to compute R.
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An elaborate and somewhat unpleasant exercise in bookkeeping that we omit
leads to
P=3@-D ;4 @=3)@P'+3) p-1
R= ~p/
> 2 P T > T2
which in turn implies that

(P!~ =1,

(p=D @'+
2 2 ’
Since [, : F,] =2 f, this completes the proof of Proposition 9.1.1.
The analysis above yields quite a bit more information about Sel(K, pg):

Corollary 9.1.3. The differentials

dimg, ker(€) =N+1—-R =

a)l,] — upf_lpjhl(t) du/ap—z — ul+p/t—1hl ([) du/ap—Z

for0<i<(p—3)/2and0 < j < (p/~' —1)/2 are regular and exact, and they
give an T y-basis for

~ -1 =
Sel(K, pg) = H (Ipa, 2 )V .

Proof. The proof of Proposition 9.1.1 shows that the displayed differentials are
exact and lie in the ¥ ~! eigenspace. They are obviously linearly independent, and
since the number of them is the dimension of Sel(K, pg) over [, they form an
[,-basis. O

We can also deduce results on the structure of Sel(K, pg) as amodule over [ ,[G]:

Corollary 9.1.4. If o € O is an orbit whose pattern is u®'1° - - - u®, then the multi-
plicity of Ty / p in Sel(K, pg) is k, and its multiplicity in III(E/Kg) is k — 1.

Proof. The previous corollary shows that as an [ ,[G]-module, Sel(Ky, pg) is the

direct sum
@ Fu' +pi
0<i=<(p-3)/2
0=j=(p/~'=1/2
If £ € o, then by Proposition 2.8.1(5), F,u® = (I',/p)>//l°l.

Now an orbit o appears in the discussion above as many times as there are £ € o
that can be written £ = 1 +i 4+ pj with0<i < (p—3)/2and0< j < (p/ ' —1)/2.
Writing £ = Z'[:] ix p*~ ! as in Section 8.1, we see that £ can be written £ =1+i+pj
with i and j “small” in the sense above if and only if the word associated to ¢
begins and ends with the letter u. Thus, if the word of o is u®' - - -y €1 - .. [,
then the number of times o arises is k.

To finish, we note that the pattern of the standard base point of o is the first half of
w(0)2//1°l and written in exponential form, this has k =k’(2 f/|o|) runs of u’s. Thus,
',/ p appears k times in Sel(Ky4, pg). This proves our claim about Sel(Ky, pg)-
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The claim about III(E/K,) follows from the fact that as an [,[G]-module,
E(K4)/p is the direct sum of all ',/ p with 0 € O each taken with multiplicity 1.
(This follows immediately from Remark 2.8.3.) ([l

We need one more result from [Ulmer 1991]. To state it, recall that the Selmer
group for the isogeny Fr: E — EP) over F, 4 is naturally a subgroup of

F ) F = Qg (Fpa),

where the latter is the space of meromorphic, logarithmic differentials on [, 4. In
[Ulmer 1991, §5], we defined a logarithmic differential dg/q attached to E/F), 4
that depends only on the choice of a (p — 1)-th root o of A (or, what amounts to
the same thing, a nontrivial point of order p in EP)(F, 4)).

Lemma 9.1.5. We have an equality
dg o du . o®du
g u@t—1  u@i-1)
of meromorphic differentials on 1, 4 and a calculation of Selmer groups:

dq
Sel(Fp.q4, Frg) = F,—.
q

Proof. The same argument as in [Ulmer 1991, Theorem 7.6] shows that the
Selmer group Sel(F), 4, Frg) is isomorphic to the group of logarithmic differentials
with simple poles at places where E has multiplicative reduction and zeros of
order p at places where E has supersingular reduction. An easy exercise using
the covering 1, 4 — P! shows that the only such differentials are the F p-multiples
of a®du/u(t — 1). Since dgq /q lies in this Selmer group (as the image of the chosen
point of order p on E(p)(Fp,d)), it is a nonzero multiple of azdu/u (t — 1). Which
multiple it is will not be material for what follows, so we omit the check that dg /g
is a®du /u(t — 1) on the nose. U

9.2. p-torsion in E(K;)/ V4 via flat cohomology. The results of [Ulmer 1991;
Broumas 1997] also afford good control on the p-torsionin E(K;)/ V,;. We continue
with the notation of the previous subsection. In particular, we assume that d = p/ +1.

We state our result in terms of the decomposition of E(K,;)/V,; as a module
over Z,[G] (in fact over [,[G] since we are concerned only with the p-torsion).
Proposition 9.2.1. We have

I',/p ifthe word of o is not u’l’,
0 if the word of 0 is u'17 .

Proof. First, we note that an easy application of the snake lemma shows that

ker(p: E(Kq)/Va— E(Ka)/ V)’ = :

ker(p : E(Ka)/Va — E(Ka)/Va) =ker(Va/p — E(Ka)/p).
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Moreover, we have an injection
E(Ka)/p — Sel(Ka, pE). 9.2.1)

so it will suffice to compute the kernel of the composed map V;/p — Sel(Ky4, pE).
We will do this by using Broumas’ wonderful formula for (9.2.1) and the explicit
calculation of Sel(K,4, pg) in the preceding subsection.

Recall that V,;/ p is isomorphic as an [,[G]-module to @06 o T'o/ p and that this
[F,[G]-module is cyclic, generated by the point P(u) = (u, u(u + 1)4/2) defined in
[Ulmer 2014b, §3].

As noted in the previous section, we have

~ — -1
Sel(Kyg, pe) = H(Ipa, @} )"V

Using [Ulmer 1991, Proposition 5.3], the space of exact differentials above can be
identified with a subgroup of the additive group of K; viathe map w+— 0w /(dq/q),
where dq /q is the differential computed in Lemma 9.1.5 and « is a root of a?~! = A.
The main theorem of [Broumas 1997] gives an explicit formula for the composition

w: E(Kq) — Sel(Ky4, pg) — K.
To state the result, write
x(x+D(x+1)P D2 =xPM(x)+ Ax?~! + lower-order terms

and let p4(z) = z” — Az. Then (after a considerable amount of boiling down),
Broumas’ formula says

(P () = u(u+ 1" PM@) — pa(u(+ 1P =V72),

(We note that there is a typo in [Broumas 1997] in the case p = 3; Namely, in (36) on
page 140, “2%ay /ar + %Dag/as” should be replaced with “(2%as /a; + Dag/ae)x”.)
The last displayed quantity is an element of the polynomial ring F,[u], and we
are going to compute it modulo the ideal generated by ¢ = u?.
To see that this will suffice for our purposes, recall from Corollary 9.1.3 the exact
differentials w; ; giving an [,-basis for the Selmer group. Using Lemma 9.1.5, we
find that

fij=alwij/(dg/q) =u' TP R — 1)

for0<i<(p—3)/2and 0 < j < (p/~!' —1)/2. Thus, in order to write (P (1))
in terms of the f; ;, it suffices to know p(P (u)) modulo 7.
Straightforward computation from the definition shows that
(u+1HP=b/2

M(u) = ” and A =1 (modtF,[u]).
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Thus,
w(P(u)) = (LH_1)(P'/+P)/2_(u+1)(Pf+1)/2_up(up+1)(P'/—1)/2+u(u+1)(!"/—1)/2

— (u+1)(Pf*l’)/2((u+1)P_(u+1)(P+l)/2
_MP(MP+1)(Pf—Pf_1)/2+u(u+1)(P—1)/2)

= (1) PP A=+ ")

R (p—D/2\ ; (p—1)/2 f1 (p=1)/2

e oo s
j=0

(To pass from the second line to the third, note that the sum of the first and third

terms inside the large parentheses is congruent to 1 modulo ¢.)

The last expression makes it clear that u(P(u)) (mod tF,[u]) is the sum of
terms cu’ where u’ appears with nonzero coefficient if and only if £ =1+ i; p*~!
withi; < (p—3)/2and iy < (p—1)/2 for 2 <k < f. It follows that (P (u)) is a
linear combination (with nonvanishing coefficients) of the f; ; where £ =1+i+ pj
satisfies the same condition.

Now by Proposition 2.8.1(5), the [,[G]-modules [Fqu‘z with ¢ satisfying the
conditions just above are pairwise nonisomorphic. Thus, the [,[G]-submodule of
the Selmer group generated by (P («)) is the direct sum of the corresponding I',/ p.
The orbits in question are precisely those with word «/1/, and this shows that the
image of V;/p — E(K;)/p is isomorphic to

P r.p

0e0
w(o)=ull!
The kernel is thus the sum of the I', / p, where o runs through orbits with words not
equal to u/17. ([

The proposition allows us to recover large parts of Theorem 1.1: it shows that
(E(K4)/Vy is nontrivial if and only if f > 2, and together with Corollary 9.1.4,
it shows that III(E/K4) is not isomorphic to (E(Ka;)/Vd)2 as an abelian group
if f>4.

9.3. An extension to p = 2. In this subsection, we explain how the main results
of the paper can be extended to the case where p = 2.

To that end, let p be an arbitrary prime number and let E’ be the elliptic curve
over K’ =[F,(¢') defined by

y:24xy+t'y=x3+1'x%

As explained in [Ulmer 2014b, §11; Conceigdo et al. 2014, §11], if p > 2 and we
identify K’ and K by sending ¢’ to /16, then E and E’ are 2-isogenous. Moreover,
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ford = p/+1, the fields K, =F ,(uq, t'"/?) and K4 =F ,(ia, t'/?) can be identified
as extensions of K. Having done so, one finds that the subgroup V; C E'(K,) defined
in [Ulmer 2013, Remark 8.10(3)] is carried over to V; C E(Ky). It follows that
Theorem 1.1 and its refinements in Section 3 hold for E'(K)/V; and IHI(E'/K)).

Now the equation above also defines an elliptic curve when p = 2. Moreover,
the Néron model of E’/K], is dominated by a product of curves (two copies of the
curve €’ over [, (u4) defined by 74 =x(1—x)); see [Conceicdo et al. 2014, Theorem
11.2(5)]. Thus, the methods of this paper may be used to compute E'(K})/V,
and III(E'/K)) as modules over Z,[Gal(K/K)]. Most of the results have the
same form, and the proofs are mostly parallel, so we will briefly discuss some of
the differences and then state the results.

The analogue of the geometric analysis leading to Theorem 4.2 gives an isomor-
phism

(E'(K}))/tor) ® Z[1/d] => (NS'(€ x €) @ Z[1/d])**,

where the 14 in the exponent is acting antidiagonally. (In fact, the most natural way
to state this would be with the arrow going the other way and with the target being
the subgroup of E’(K/) generated by the point in [Ulmer 2013, Theorem 8.1(2)]
and its Galois conjugates. This subgroup is free of rank d — 1 and is a complement
to the torsion subgroup.) The analogue of the isomorphism of Tate—Shafarevich
and Brauer groups in Theorem 4.2(2) goes through for E’ without change.

The analysis of the arithmetic of a product in Section 5 was done there also
for p =2, and the description of the cohomology of € in Section 6 works for €’
as well with very minor changes. The p-adic exercises in Section 7 also work
essentially unchanged.

Altogether, one finds that the obvious analogues of Theorem 1.1 parts (1)
through (4) hold for E’/K],. Similar analogues hold for the refined Theorems 3.2.1
and 3.3.1.

There are a few differences to report as well. For example, part (5) of Theorem 1.1
does not extend to p = 2. Indeed, the polynomial appearing there does not even
take integral values at p = 2. The correct statement can be deduced from the proof
in Section 8.6 by noting that the number of elements in Z/dZ \ {0} with a given
pattern is 1 (rather than (p — 1)*(p + 1)?/27 as in Lemma 8.1.1).

The results of Sections 9.1 and 9.2 also extend to E’. One finds that the order
of Sel(K);, pgr) is 2/ =1 f + 1. The refined results of Corollary 9.1.4 and Proposition
9.2.1 hold as stated. However, the details of the 2-descent have a different flavor
because E’ has a 2-torsion point over K’ so the kernel of p is the direct sum of the
kernels of Frobenius and Verschiebung and the differential dg/q is zero. We leave
the details as an exercise for the interested reader.
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9.4. Higher genus. Let p be a prime number and r and d integers relatively prime
to p, and consider the curve X defined by

Y =X x+ Dx+1)

over [, () and its extensions [, (u) with u? =t. The genus of X is r — 1, and its
Jacobian J has interesting arithmetic over [, (1) for many values of d.

For simplicity, we will only discuss the case where r divides d, d = p/ + 1,
and Fy =F,(ug). We write K4 for [ (u). In [Berger et al. > 2015], explicit divisors
are given on X whose classes in J (Ky) generate subgroup V,; of rank (r —1)(d —2)
and finite, p-power index. Moreover, it is shown there that we have a class-number
formula

IIIL(J/Ka)| = [J (Ka) : Val*.

Most of the results of this paper extend to this situation and give an explicit
calculation of III(J/K,) and J(Ky)/ V4 as modules over the group ring Z,[G],
where G = g x Gal(F, /F)).

Indeed, we saw in Section 4.6 that the minimal regular model ¥ — P of
X /K, is birational to the quotient of a product of curves by a finite group. The
product is ¥ = € x 6, where € is the smooth proper curve over [, defined by
74 = x" — 1. We deduce from this a connection between the Mordell-Weil and
Tate—Shafarevich groups of J and the Néron—Severi and Brauer groups of ¥ as at
the end of Section 4.6. These groups are described in crystalline terms in Section 5.

As we saw in Section 6.5, the crystalline cohomology of € breaks up into lines

indexed by the set

S=1{G.J) € (Z/dD) x(Z]rZ) i #0, j#0, (i/d)+(j/r) #1}.

The subspace H%(€/Z p> Q}(% /Z,,) is generated by the lines indexed by (i, j) with
(i/d) + (j/r) < 1. Calling this subset A and letting B = S\ A, we may use A
and B to define words associated to orbits of (p) acting diagonally on S and to
define a notion of balanced as discussed at the end of Section 6.5.

The p-adic exercises of Section 7 go through essentially unchanged, and inter-
preting “balanced” as above, we find that Theorem 1.1 parts (1) through (4) and the
refined results in Theorems 3.1.1, 3.2.1, and 3.3.1 hold as stated. An interpolation
result, as in part (5) of Theorem 1.1, also holds with a polynomial F that depends
on r and f but not on p.

Exploring the arithmetic of J for other values of r and d looks like an interesting
project. In particular, one may ask about other systematic sources of nontorsion
points on J as in [Conceigdo et al. 2014] and about the relative abundance or
scarcity of balanced rays for fixed p and varying r and d as in [Pomerance and
Ulmer 2013].
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