ORGANIZING THE ARITHMETIC OF ELLIPTIC CURVES

BARRY MAZUR AND KARL RUBIN

1. INTRODUCTION

Fix the data (p, K, E) where p is a prime number, K a number field, and FE an
elliptic curve over Q. Let K /K denote the maximal Z,-power extension of K.
Recent workﬂ provides, in some instances, detailed information about p-adic com-
pletions of Mordell-Weil groups and their associated p-adic height pairings, and the
p-primary Shafarevich-Tate groups and their associated Cassels pairings, over in-
termediate fields in K, /K. Added to this information we also have a constellation
of conjectures telling us even more precisely how all this arithmetic should behave.

In previous articles [MRI, [MR2] we have considered the possibility that, under
some not too stringent assumptions, much of this arithmetic data can be packaged
efficiently in terms of a single skew-Hermitian matrix with entries drawn from the
Iwasawa algebra of the Z,-power extension K.,/K. We say that such a matrix H
organizes the arithmetic of (p, K, E) if it plays this role vis-a-vis the arithmetic of
(p, K, E). For a detailed discussion of this, see §7| below. In the special case where
there is no nontrivial p-torsion in the Shafarevich-Tate group of E over K, our skew-
Hermitian matrix may be thought of as a (skew-Hermitian) lifting to the Iwasawa
algebra of the matrix describing the p-adic height pairing on the Mordell-Weil group

The main result. Theorems [7.5] and [7.7] provide a construction of such skew-
Hermitian “organizing matrices” in a fairly general context. Our construction de-
pends heavily on work of Nekovar [N] (which in turn makes use of work of Green-
berg). An example of what we can prove is the following.

Let (p, K, E) be such that
K/Q is abelian,
the integers p, disc(K), cond(FE) are pairwise relative prime,
F has ordinary reduction at p,
p does not divide #FE(k,) for any of the residue fields &, at places v of K
lying above p,
e the Tamagawa numbers of E/K are all prime to p.

Then an organizing matrix H for the arithmetic of (p, K, F) exists, and is unique
up to (noncanonical) equivalence.

We work out an assortment of numerical instances in which we can describe
the organizing matrix explicitly. In §9 we consider the case where the base field
K is Q. For example, if F is either of the curves denoted 1058C1 or 1058D1 in
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[Cr] (and assuming the Birch and Swinnerton-Dyer conjecture for £/Q) then using
calculations by William Stein we can give the organizing matrix H exactly for all
337 primes less than 2400 that satisfy the conditions listed above. We also show
that a congruence modulo 5 between the modular forms corresponding to these two
curves is matched by a congruence modulo 5 between their organizing matrices.

In §10] we consider the case where E is defined over Q and K is an imaginary
quadratic field satisfying the “Heegner condition”. We find, among other things,
examples of Iwasawa modules X2 attached to elliptic curves over anti-cyclotomic
Z,-extensions such that X' contains nontrivial finite submodules, and we also
give a counterexample to a prior conjecture of ours.

To describe the structure we deal with in more detail, put A := Z,[[Gal(K/K)]],
and denote by ¢ : A — A the standard involution (that sends every group element ~
in A to its inverse and is the identity on Z,). If M is a A-module, its conjugate M" is
the A-module with the same underlying group as M but with A-module structure
obtained from that of M by composition with . By a basic skew-Hermitian A-
module ® we mean a free A-module of finite rank equipped with a skew-Hermitian
pairing,

PRpA P —-mCA

where m is the maximal ideal in A, and such that this pairing is nondegenerate
after extending scalars to the field of fractions of A. If the arithmetic of (p, K, F)
is organized by ®, we can derive Mordell-Weil and Shafarevich-Tate information at
all layers of K, /K together with their self-pairings from the structure of the basic
skew-Hermitian A-module @, as described in §7] below.

Given an organizing module ® for (p, K, E) as above, consider the free A-module
of rank one A := dety, @71, i.e., the inverse of the determinant module of ® over A.
Define Lgrith (K, E), the arithmetic p-adic L function attached to (p, K, E) (relative
to the organizing module ®) to be the discriminant of the skew-Hermitian module
®. (The definition of a p-adic L-function as a determinant of a complex in a derived
category has already appeared in the work of Nekovar; see the footnote at the end
of the introduction to [N].) Given our hypotheses above, the arithmetic p-adic
L-function is a nonzero element

LMK E) € A®p A"

How canonical is this construction? First, the A-module A ®4 A‘ is canonically
isomorphic to the determinant A-module of Nekovai’s “Selmer complex,” which is
represented in the derived category by a finite complex of projective modules of
finite rank (under the hypotheses listed above). Therefore the free A-module of
rank one A ®4 A’ is canonically determined by our initial data (p, K, E), as is the
clement L™ (K, E) in it.

There is also a canonical orientation on A ® A*. By an orientation of a free
A-module of rank one let us a mean a choice of generator up to multiplication by
an element of the form u - u* where u € A* is a unit. Since the organizing module
® is determined up to (noncanonical) equivalence, we have that A ®, A’ inherits
a canonical orientation.

There is, of course, the p-adic analytic side of this story. For simplicity fix
K = Q. We have the standard (modular symbols) construction of the p-adic an-
alytic L-function of the elliptic curve, Lgnal(K ,E), which can be viewed, again
canonically, as an element of H;(E(C),Z)* ®z A, where the superscript + refers
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to the +-eigenspace of the homology group in question under the action of com-
plex conjugation. Given the modular parametrization Xo(cond(E)) — E we may
even make a canonical choice of a “positive” generator of the infinite cyclic group
Hi(E(C),Z)*. Identifying Hi(F(C),Z)" with Z via the canonical generator, we
may view L2"!(K, E) as an element of A, this being one of the accidental bonuses
(as we shall see below) of working with elliptic curves rather than abelian varieties
of higher dimension, or modular eigenforms of higher weight. The expectation here
(the main conjecture, in this context) for which there is now much evidence, is that
(giving L2 (K, E) a natural normalization) there is a unique generator g of the
free A-module of rank one A ® A’ such that

anal _ arith
LK, E)-g = LYK, E).

It is natural to wonder whether this unique generator g might bear some clear
relationship to the orientation structure of A ® A‘; it might make sense to make
use of the theory of Shimura’s lift to half-integral weight modular forms to study
this question.

Questions about variation. We feel that our result might be but the first hint
of some kind of generic purity phenomenon regarding Nekovai’s Selmer complexes.
The remainder of this introduction section is completely speculative, and is offered
to give a sense of what we might mean by this.

Let p > 5 be a prime number. Put W = Z,[[Z,/]], which we take as p-adic weight
space, where for k € Z, we have s, : W — Z,, the natural projection to weight
k and nebentypus character w®. Here w is the standard Teichmiiller character,
and sy is the Zj-algebra homomorphism that sends a group element z € Z; to
b e ZY CZ,.

Let T denote Hida’s Hecke algebra for ordinary p-adic modular eigenforms on
To(p). Hida’s Hecke algebra T is a finite flat W-algebra with the following property.
For k = 2,3,4,... if we make the base change from W to Z, via s; we have
that T @w Z, is naturally isomorphic to the (classical) Hecke algebra that acts
faithfully on p-adic cuspidal ordinary modular eigenforms on I' (p) of weight k and
nebentypus character w*. Let m C T denote a maximal ideal associated to an
absolutely irreducible residual representation of the Galois group p : Gal(Q/Q) —

GL2(T/m) and let T, denote the completion of T at m. Put
R = Tm®sz,
and let ¢ : R — R denote the involution 1®:. There is a canonical representation

p: Gal(Q/Q) — GLa(R),
unramified outside p, uniquely characterized by the requirement that if
f=q+Y an(f)q"
n>2

is an ordinary eigenform on I'; (p) whose associated residual representation is equiv-
alent to p and if x : Gal(Qw/Q) — C) is a wild p-adic character, then the Galois
representation

Gal(Q/Q) — GL2(Cy)
attached to f ® x is the one induced from p by the homomorphism R — C, which,
for positive integers n prime to p, takes T,@v to a,(f)x(y) and takes U,@y to

ap(f)x(y)-
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Attached to p there is a (finitely generated) Selmer R-module S, which we wish
to view as coherent sheaf S over X := Spec(R). Moreover, there is a “two-variable”
p-adic L function L;”al that is naturally a section of a certain line bundleﬂ over X
that we will denote P.

In view of the main result of this article, we might wonder whether there are
fairly general conditions under which one may find a Zariski open subscheme Y C
X = Spec(R) stable under ¢, and a skew-Hermitian vector bundle ® of finite rank
over Y with these two properties:

e The skew-Hermitian vector bundle ® over Y bears an “organizing” rela-
tionship to the coherent sheaf S ® o, Oy (analogous to the relationship
that the organizing skew-Hermitian module ® in the context of elliptic
curves above bears to the classical Selmer module)

e Forming A := det ®~!, which is a line bundle over Y, and

L;rith := discriminant(®),

viewed as a section of the line bundle A ® A* over Y, there is a (unique)
isomorphism of line bundles

g: PRo, Oy 2 AR A"

that brings the section L& (restricted to V) to LA™ (this being analo-
gous to the “main conjecture” relationship between arithmetic and analytic
p-adic L-functions of elliptic curves described above).

2. THE SETUP

Fix a number field K, an elliptic curve F defined over K, and a rational prime
p such that £ has good ordinary reduction at all primes of K above p.
For every finite extension L of K we have the p-power Selmer group

Sel,(E, L) == ker(H" (L, E[p™]) — [ [ H" (L., E)),

where E[p*] is the Galois module of p-power torsion on E, and the product is over
all places v of L. This Selmer group sits in an exact sequence

0 — E(L)®Q,/Z, — Sel,(E, L) — WI(E,L)[p>] — 0 (2.1)

where III(E, L)[p] is the p-primary part of the Shafarevich-Tate group of E over
L.

Let K denote the maximal Z,-power extension of K, i.e., Gal(Ko/K) = Zg
for some d € Z* and K, contains all Z,-extensions of K. By class field theory we
have ry + 1 < d < [K : Q], where ry is the number of complex places of K, and
d =ro + 1 if Leopoldt’s Conjecture holds for K. In particular d =1 if K = Q and
d =2 if K is quadratic imaginary. Let I' := Gal(K/K), and define the Iwasawa
algebra

A= 2,[[T].

If K C L C Ky welet 'y, :=Gal(L/K) and Ay := Z,[[T']] for the corresponding
quotients of I" and A.

2 Usually one defines LGal to be a bona fide function (cf. [GS,[Ki]) but the natural construction
of this two-variable L-function—independent of any choice— is as a section of a specific line bundle
that we refer to above as P, which one must trivialize to express L;nal as a function.
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As in the introduction, we let ¢+ : A, — A denote the involution that sends
v+ "t for v € T'p, and if M is a Ar-module we let M* be the conjugate module,
the Ar-module with the same underlying abelian group as M, but with A;-module
structure obtained from that of M by composition with ¢.

If K ¢ L C K we define

Sel,(E, L) := lim Sel,(E, F),

direct limit (with respect to restriction maps on Galois cohomology) over finite
extensions F' of K in L, and the Pontrjagin dual

Sp(E, L) := Hom(Sel,(E, L), Qp/Zy).
We will frequently make the following assumption.

Perfect Control assumption. If K C L C K. then the canonical restriction
map

Sel,,(E, L) — Sel, (E, K, )¢ H=/L)
is an isomorphism.
Remark 2.1. The Perfect Control assumption does not always hold. However,
the kernel and cokernel of the map Sel,,(E, L) — Sel,(E, K, )% (X=/L) are usually
small and bounded independently of L. (This is the “Control Theorem”, see for
example [MI] or [G1].) In a case where the Perfect Control assumption does not
hold, we can either localize A to avoid the support of these kernels and cokernels,
or else work with the collection of Sel,(F, K, )% (K=/L) instead of the classical
Selmer groups Sel,(E, L).

See Appendix[A]for a discussion of sufficient conditions that will guarantee that
the Perfect Control assumption holds.

Lemma 2.2. If the Perfect Control assumption holds and K C L C K, then
Sp(E,Koo) @7 A =2 Sp(E, L)
Sp(E, L) ®a,, (Ar/mp) = Sp(E, K) ® Z/pZ

where my, is the mazimal ideal of Ar,. In particular S,(E, L) is a finitely generated
A, -module.

Proof. The two isomorphisms are clear, and then since S,(E, K) ® Z/pZ is finite,
Nakayama’s Lemma shows that S,(E, L) is finitely generated over Aj. O

Lemma 2.3. Suppose L is a finite extension of K in K.

(i) There is a canonical isomorphism

Sp(E, L)tors = TI(E, L)[p™]/UL(E, L)[p™]aiv

where II(E, L)[p®]aiv is the mazimal divisible subgroup of I (E, L)[p*°].
If I(E, L)[p™>] is finite then this isomorphism becomes

SP(E7 L)tors = (Ev L) [poo]
(ii) There is a canonical inclusion
(E(L)/E(L)tors) @ Zy — Hom(S,(E, L), Zy)
which is an isomorphism if IL(E, L)[p™] is finite.
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Proof. Clear. (In the isomorphism of (i) we have used the Cassels pairing to identify
I(E, L)[p*>]/UI(E, L)[p™]aivy with its Pontrjagin dual.) O

Definition 2.4. If K C L € K, we define the Ar-module of universal norms
MP(E7 L) = lin Hom(Sp(E7 F)7 Zp)7

the inverse limit (with respect to the maps induced by corestriction) being taken
over finite extensions F' of K in L. We have

My (B, L)  lim (B(F)/E(Fers) & Z,

(inverse limit with respect to the trace maps) by Lemma (ii), with equality if
II(E, F)[p>] is finite for the intermediate fields F.

If L/K is finite then M, (E, L) = Hom(S,(E, L), Z,) D (E(L)/E(L)tors) ® Zp,
and if further III(E, L)[p®] is finite then M, (E, L) = (E(L)/E(L)ors) ® Zy.

Remark 2.5. When L/K is infinite, one often expects that M, (E,L) = 0 (for
example, when L contains the cyclotomic Z,-extension of K). However, M, (E, L)
can be nonzero for certain infinite extensions L/K, for example ([Col [V]) when K
is imaginary quadratic and L is the anticyclotomic Z,-extension of K. See [MR3]
for a further discussion of this.

Proposition 2.6. If the Perfect Control assumption holds and K C L C K, then
HomA(SP(Ea KOO)a AL)L = HOIHAL (SP(Ea L)v AL)L = MP(Ea L)

Proof. The first equality is Lemma [2.2]
If L/K is finite, then Lemma of Appendix |B| shows that

Homy, (Sp(E, L), Ap)" = Homg, (Sp(E,L),Z,),

which proves the proposition in this case. The general case follows by passing to
the inverse limit. (]

3. HERMITIAN AND SKEW-HERMITIAN MODULES

Definition 3.1. A semi-linear A-module is a A-module M endowed with an invo-
lution ¢ : M — M such that i(Am) = ¢(X) - i(m) for all A € A and m € M. Equiv-
alently, we may think of the involution 7 as a A-module isomorphism ¢ : M — M*
such that i* o : M — (M*)* = M is the identity. We refer to such a pair (M, 1)
as a semi-linear module, for short. The involution ¢ of the free A-module A endows
that module with a natural semi-linear structure. If M is a A-module and N is a
semi-linear A-module, the A-module Homy (M, N) inherits a semi-linear structure
as follows. For f € Hom(M, N) let i(f) € Homp (M, N) be given by i(f) :=io f.
For a free A-module @ of finite rank, by the semi-linear conjugate A-dual ®* of ®
we mean the A-module ®* := Homu (®*, A) with the semi-linear structure as given
above.

If I C A is an ideal that is stable under the action ¢ then the quotient A/I
inherits an involution compatible with ¢; we denote it again ¢.

Example 3.2. If K C L C K, let I, C A be the closed ideal generated by all
elements of the form h—1 € A for h € Gal(K/L). That is, I}, is the kernel of the
natural projection A — Aj. We have a canonical isomorphism of Ap-modules

Gal(Koo/L) ®z, Ap 2 I/17
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characterized by the property that the element h ® 1 is sent to h — 1 modulo I? for
all h € Gal(Kw/L).

Definition 3.3. If & is a A-module, and M a semi-linear A-module, a pairing
h:®dQp 0 — M
is called Hermitian if
h(a ®b) = +i(h(b® a)),
and skew-Hermitian if
hia ®b) = —i(h(b® a)).
A skew-Hermitian A-module is a free A-module of finite rank with a skew-Hermitian
A-valued pairing, where we view A as semi-linear A-module via its involution ¢.

4. DERIVED PAIRINGS

Suppose from now on that ® is a skew-Hermitian A-module as in Definition |3.3]
with a nondegenerate A-valued skew-Hermitian pairing h : & ® ®* — A. Such a
pairing corresponds to an injective A-homomorphism (which we will also denote by
h)

h:®— &*
and the skew-Hermitian property of the pairing is then equivalent to the fact that
the induced map

&' = Hom(®*, A) " Hom(®,A) = (¢%)
is identified with —h under the canonical isomorphism
Homp (@, %) = Hompy (P, (P*)").

Let S denote the cokernel of h, so that

0—& % o —5-—0 (4.1)

is a free resolution of the A-module S, giving, in particular that the A-modules
Tor'y (S, A) and Ext} (S, A) vanish for every A-algebra A and every i > 1. If K C
L C K, put

M (L) := Torj(S,Ar) = ker(h ® Ar),

S(L) :== S ®p A = coker(h® AL)
(the letter M is chosen to remind us of Mordell-Weil, while the letter S is chosen

to remind us of Selmer; see QZD These definitions give us an exact sequence of
Ar-modules

0— M(L) — @5 A 222 0 @5 A — S(L) — 0. (4.2)

We have that h* = —h on ®*, and using this along with (4.2)) (for the upper exact
sequence) and (4.1]) (for the lower exact sequence) gives a commutative diagram of
A-modules,

OHM(L)L—>(I)L®AL;h>(@*)L®AL*>S(L)L*>O

F

0 — Hom, (S, AL) - Hom(®*, A1) ——> Hom(®, A) — Ext} (S, A) = 0.

IR
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Thus we obtain canonical isomorphisms
M(L)" =2 Homy (S, Ap), (4.3)
S(L)" = Ext} (S, Ap). (4.4)
Recall (Example that I, is the kernel of the map A — Ap. Tensoring the

exact sequence
0— I, —A—A, —0

with S gives a canonical injection
0 — Tory (S,Ar) — I, @4 S

and composing this with the natural pairing

(I, @A S) @a Homp (S, AL) — I, @A Ap = I1/17
we get the pairing

Tor} (S, Ar) @a, Homp(S,Ar) — I /I3

Now, using the definition of M (L) and (4.3)), we obtain the pairing:

M(L)®p, M(L)" — I,)I? =2 Gal(Ky /L) ® Ap. (4.5)

The pairing is skew-Hermitian with respect to the involution on Iy /I7

induced by ¢. The identification I, /I? = Gal(Ks /L) ® Ay sends this involution

to —1®¢ on Gal(K /L) ® Ar. By Proposition of Appendix B} if L/K is finite
then the pairing (4.5) induces a symmetric pairing

M(L) ®z, M(L) — Gal(Ku/L). E)

Remark 4.1. Here is a more direct description of the pairing . Let (, )
denote the skew-Hermitian pairing corresponding to h, and if m € M(L) C /I, ®
let m € ® denote any choice of lifting of m. Then, from the definition of M (L),
we have (m,z) € I, C A for every z € ®. If mi,my € M(L) we see that the
value (1, m2) € I, when taken modulo %, is dependent only upon the elements
my,mg € M(L) and independent of the choices of liftings mq,ms € ®. Then the
Ap-bilinear pairing is defined by the rule
mi; @ meo — <ﬁl1,’ﬁ12> (mod I%) € IL/IIQJ

Let K denote the total ring of fractions of Ay. If M is a Ap-module, My
will denote the kernel of the natural map M — M ® K, (the set of elements of M
annihilated by a non-zero-divisor of Ar).

Applying the functor Homy (S, - ) to the exact sequence of A-modules

O—>AL—>ICL—>ICL/AL—>O,
we obtain an exact sequence
Homy, (S(L),K1) — Homy, (S(L),Kr/AL) — Ext)(S,Ar) — Ext}(S,Kp).

The kernel of the right-hand map contains Ext} (S, Af)ors, and the cokernel of the
left-hand map is contained in Homy, (S(L)tors, Kr/AL). Thus using (4.4]) we get
an injection

S(L)L = Ethl\(S, AL)tors — HOHlAL (S(L)torsa,CL/AL)

tors

and hence a A-bilinear pairing
S(L)tors ®AL S(L)éors - ,CL/AL' (46)
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The pairing is skew-Hermitian with respect to the involution on Kr/Ap
induced by ¢. If L/K is finite, the identification Kr /A1 = Q,/Z, ® AL sends this
involution to 1 ®¢ on Q,/Z, ® Ar. By Proposition of Appendix [B| the pairing
induces a skew-symmetric pairing

S(L)tors ®Zp S(L)tors - Qp/zp~ ‘ )

Remark 4.2. Here is a more direct description of the pairing (4.6). Suppose
s € S(L)tors, say as = 0 with a non-zero-divisor a € Ay,. From the definition
of S(L), we can choose § € ® ® A and §* € ®* ® Ay such that §* lifts s (under
(#.2)) and 3 lifts a3*. Similarly, if t € S(L),,, and bt = 0 we can lift to t € ®* @ A,
whose image in (®*)* ® Ar is b times a lift of ¢.

Let (, )1 denote the skew-Hermitian pairing (P®AL)®(P*@AL) — A induced
by h. Then the pairing is given by

s@ts (ab) " (5,f), (mod Ap) € Kr/Az.
This is independent of all the choices that were made.

In summary, given a skew-Hermitian module ® over A, with the hypotheses
above, for every extension L of K in K., we get a Ap-bilinear pairing (4.5) on
M (L) with values in Iy, /I? and a Ap-bilinear pairing (4.6) on S(L)tors with values
in /C/AL

5. COMPLEXES

Fix a noetherian local ring R with maximal ideal m and residue field k = R/m.
We will be interested in the case where R = A, but the results of this section are
more general.

Definition 5.1. By a complex of R-modules we mean an infinite co-complez, i.e.,
a sequence of R-modules and R-homomorphisms

c*: ..C"oQoltth .0 ot

with (co-)boundary operators raising degrees by 1 and such that the composition
of any two successive coboundaries vanishes. For an integer k, the complex C*[k]
will denote the complex C* shifted by k

B (C/)fn N (Cl)lfn NN (Cl)n N (Cl)nJrl .

where (C')™ := C™+k,

If C* is a complex, its R-dual Hom(C*®, R) is again a complex, where, as usual
the gradation on Hom(C*®, R) is given by Hom(C*®, R)" := Hom(C~", R).

If all of the modules C™ are free of finite rank over R, then the natural identifi-
cation of a free R-module of finite rank with its double R-dual,

M = Hom(Hom(M, R),R) by m— {¢— ¢(m)}

extends to a natural identification of C'* with its double R-dual.

Let C = C(R) denote the category of complexes of R-modules, where morphisms
are morphisms (of degree zero) of complexes of R-modules. A quasi-isomorphism
f : C* — D*® of complexes is a morphism that induces an isomorphism on coho-
mology H*(f) : H*(C*) = H*(D®).
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Definition 5.2. A two-term complex of free R-modules of finite rank, F'®, concen-
trated in degrees 1 and 2

0= FY L L.

will be called a basic complex if the coboundary homomorphism 9 is injective and
if, when we form the short exact sequence of R-modules,

0—-F'—-F* > H-—O0,

the induced homomorphism F? ®p k — H ®pg k is an isomorphism. (The latter
condition is equivalent to requiring that the image of F! is contained in mF2.)

Such a basic complex has cohomology concentrated in degree 2 with H?(F*®) =
H.

Lemma 5.3. Suppose that C*® is a complex of free R-modules concentrated in

degrees 1 and 2, with injective coboundary map C* 9, C?. Then C* is quasi-
isomorphic to a basic complex.

Proof. Let H = H?(C*®) and consider the exact sequence

Clok 225 29k — Hok — 0.

Let X5 be a k-basis for image(d ® k) = ker(C? ® k — H ® k). Pull each element
of 35 back to C* @ k via @ @ k and then lift each of these elements to C*. Denote
the resulting sets by ¥1 € C!' @ k and ¥; € C', and let ¥y := 9(X;) C C?, a set
lifting Eo.

For i = 1,2 let D C C* be the A-module generated by ¥;, and let B := C?/D?.
Complete 3; to a k-basis ¥; UY! of C* ®k, and lift ¥ to X} C C?. By Nakayama’s
Lemma %; U Y/ generates C?, and since C* is free (of rank dimy(C* ® k)) ; U X,
must be a A-basis of C*. Hence ¥} projects to a A-basis of B?, and in particular
B is free over A.

The map 9 : C' — C? induces an injection B! — B? with cokernel equal to H.
Since by definition D? @ k and C!' ® k have the same image in C? ®@ k, the induced
map B! ® k — B? @k is the zero map. Thus if we set B? := 0 for i # 1,2 then B*®
is a basic complex, and the projection map C*® — B® is a quasi-isomorphism. [

Lemma 5.4. Suppose that F* and G* are basic complezes, and f : H*(F*®) —
H?(G*) is an R-homomorphism.
(i) There is a morphism of compleves ¢ : F* — G* such that H*(¢) = f, and
any two such morphisms of complexes are homotopic.
(ii) If f is an isomorphism then the morphism ¢ of (i) is an isomorphism of
complezes.

Proof. We are given a diagram

0 Fl F2 HQ(Fo) 0
if
0 G! G? H?(G*) —=0.

Since F? is free we can pull f back to a map ¢ : F?2 — G?, which in turn restricts
to a map ¢1 : F'' — G'. This gives a morphism of complexes ¢ : F'* — G* with
H?(¢) = f, and it is clear that any two such morphisms are homotopic.
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Using the definition of basic complex we see that ker(¢o ® k) = ker(f ® k) and
coker(¢o ® k) = coker(f ® k). Thus if f is an isomorphism then so is ¢ ® k, and
by Nakayama’s Lemma so is ¢2 (and therefore ¢1 as well). This proves (ii). O

Definition 5.5. Let D = D(R) denote the derived category of complexes of R-
modules. That is, D(R) is the category usually denoted D(A) where A is the
abelian category of R-modules (see for example [Hart]).

Recall that D is constructed as follows ([Hart] Chapter I). Let K = K(A) be
the category whose objects are complexes of R-modules, and whose morphisms are
homotopy classes of morphisms of complexes. The category D is obtained from C
by “localizing quasi-isomorphisms.” That is, every morphism in K that induces an
isomorphism on cohomology groups becomes an isomorphism in the category D.
The categories K and D are triangulated categories.

Corollary 5.6. Suppose that F* and G® are basic complexes, and i : F* — G*®
is an isomorphism in the derived category D. Then there is an isomorphism of

complezes (i.e., in the category C) ¢ : F* — G* that gives rise to . The
isomorphism ¢ is unique up to homotopy.

Proof. The D-isomorphism 1) induces an isomorphism f : H?(F*®) — H?(G*). The
desired isomorphism of complexes is then provided by Lemma ([l

6. SKEW-HERMITIAN STRUCTURES ON COMPLEXES

Keep the noetherian local ring R of and suppose further that R possesses an
involution ¢ : R — R. Denote by M +— M* the induced involution on the categories
of R-modules, complexes of R-modules, etc.

Definition 6.1. Suppose C*® is an R-complex of free R-modules of finite rank.
A skew-Hermitian, degree n, perfect pairing in the category C on C*® is an iso-
morphism

¢: C* — Hompg(C*®, R)‘[—n]

of R-complexes such that after the natural identification of the complex C'* with
its R-double dual, the morphism Hompg(¢*), which may be viewed as a morphism

Homp(¢") : C* — Hompg(C*®, R)‘[—n],

is equal to —¢.
A skew-Hermitian, degree n, perfect pairing in the category D on C® is an iso-
morphism

¢: C* — Hompg(C*®, R)‘[—n]

in D such that after the natural identification of the complex C'® with its R-double
dual, the morphism Hompg(¢*) is equal in D to —¢.

We have the evident notion of equivalence of skew-Hermitian, degree n, perfect
pairings, for each of the two categories C and D.

An isomorphism C®* — E* in either of the two categories transports—in the evi-
dent manner—skew-Hermitian, degree n, perfect pairings on C'* to skew-Hermitian,
degree n, perfect pairings on E°.
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Corollary 6.2. If a basic complex F'® possesses a skew-Hermitian degree 3 perfect
pairing

¢ : F* — Hompg(F*, R)‘[-3]
in the category D then there is a degree 3 perfect pairing

¢: F* — Hompg(F*, R)‘[-3]

in the category C of R-complexes, inducing 1, such that the morphisms Hompg/(¢*)
and —¢ in C are homotopic. The degree 3 perfect pairing ¢ with these properties is
unique up to homotopy.

Proof. If F* is a basic complex, then so is Hompg(F*, R)*[—3]. Thus the corollary
is immediate from Corollary O

Let @ be a skew-Hermitian R-module as defined in Definition (for the case
R = A). Thus ® is a free R-module of finite rank, endowed with a skew-Hermitian
pairing, i.e., an R-homomorphism

h:® — Homp(®*, R)
such that the induced homomorphism Hom(h*) is identified with
—h:® — Homp(®", R)

when we identify Hompg(Hompg(®, R), R) = ®. Recall that ®* := Hompg(®*, R) =
Homp(®, R)", and let h* := Hom(h"). We have natural identifications of “double-
duals” ®** = ® and h** = h.

Definition 6.3. Given a skew-Hermitian R-module ®, we form a complex ®°,
concentrated in degrees 1 and 2, by putting ®' := ®, ®2 := ®*, and setting the
coboundary 0 : &' — ®2 to be h: & — ®*.

We will say that @ is a basic skew-Hermitian module if h is injective, and h®k = 0
(or equivalently, if i is injective and h(®) C m®*). Thus ® is basic if and only if
®* is a basic complex.

For example, if R is an integral domain, then ® is basic if and only if

e the skew-Hermitian pairing over the field of fractions of R obtained from
® is nondegenerate,

e there are no unimodular pieces that can be split off from ® (i.e., ® is
minimal for our purposes).

Suppose @ is a basic skew-Hermitian module, and let N*® := Hompg(®*, R)‘[-3].
We have canonical identifications

N' = Homp(Hompg(®, R),R) = ®, N? = Hompg(®, R)" = &*
where the coboundary is given by h* = —h. The isomorphism of basic complexes
j: ®* — N*® given by putting j' = —1 and j2 = +1 (after the identifications we
have just made) is a skew-Hermitian degree 3 perfect pairing of the basic R-complex
d°.
Definition 6.4. A skew-Hermitian, degree 3, perfect pairing on a complex C*® in

the category D comes from the basic skew-Hermitian R-module ® if ® is a basic
skew-Hermitian R-module and there is an isomorphism in the derived category D

o = C*
such that the skew-Hermitian, degree 3, perfect pairing on C* is the one obtained
by transport of structure from the pairing on ®°.
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Proposition 6.5. Suppose that the residual characteristic of R is not 2, that C*®
is a complex of free R-modules concentrated in degrees 1 and 2, and the coboundary
map C' — C? is injective. Then every skew-Hermitian, degree 3, perfect pairing
on C*® in the category D comes from a basic skew-Hermitian R-module .

Proof. By Lemma C*® is isomorphic in D to a basic complex F*®, so we may
as well assume that C'® is a basic complex in the statement of the proposition.
By Corollary [6.2] we can lift the skew-Hermitian degree 3 pairing on C*® in D to a
skew-Hermitian degree 3 pairing on C*® in C, so in particular we get isomorphisms
« and ( in a commutative diagram

0

ct C?

|
(02)* L*) (01)*
Passing to the dual, we get the diagram

ClLCQ

"

(C2)* L*> (Cl)*

The definition of skew-Hermitian pairing in C shows that these two maps of com-
plexes are homotopic (after replacing («, 8) by (—a, —03) in the first diagram), so
there exists an R-homomorphism w : C? — (C?)* such that

of =—-0F+0"w and [ =-—a+wo.

This implies (among other things) that w is Hermitian, i.e., w* = w.
If the residual characteristic of R is different from 2, we can modify the morphism
of complexes («, 3) by a homotopy, replacing (a, 8) by (o/, 3") where

o =a—wd/2 and [ :=p-0"w/2.
Since a* + = 0*w, we get that
(@) + 5 = 0w — (wd)* /2 — d*w/2 = 0.

It follows that the perfect degree 3 skew-Hermitian pairing in the derived category
D comes from the pairing on C'* in the category C described by the diagram

1%}

ct C?

e

(0% = (")

Now put ® := C', and consider the homomorphism
h:=(a)"00:®— &

We have that h* = —h, giving ® the structure of a basic skew-Hermitian R-module.
The basic complex ®* is isomorphic to the basic complex C'* by the mapping

(1,(a)*): C* — ®°

and this isomorphism respects skew-Hermitian structures. (I
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Proposition 6.6. Suppose that the residual characteristic of R is not 2. Suppose
further that ® and VU are basic skew-Hermitian modules, and there is an isomor-
phism ®* =5 W* in the derived category D that induces an equivalence of degree 3
perfect skew-Hermitian pairings. Then ® and ¥ are isomorphic as skew-Hermitian
modules.

In other words, if a skew-Hermitian, degree 3, perfect pairing on a complex C*® in
D comes from a basic skew-Hermitian module ®, then ® (with its skew-Hermitian
structure) is unique up to (noncanonical) isomorphism.

Proof. By Corollary there is an actual isomorphism of complexes ®* ~ U*
giving rise to the isomorphism in D. In other words there is a commutative diagram

& —s o

v — P
with isomorphisms «, 3. Further, since the isomorphism in D induces an equiva-

lence of skew-Hermitian pairings, there is a homotopy between this diagram and
the “dual diagram” (after replacing h* = —h and g* = —g by h and g)

6*T Ta*
g
U —— P
Thus there is a map w : ®* — ¥ such that
(B) '=a+wh and (a*)' =8+ guw. (6.1)

In particular, since ® and ¥ are basic skew-hermitian modules, we have h(®) C m®*
and g(¥) C mP* and so

af* =1 (mod m Hom(®, P)).
Suppose now that
af* =1 (mod mF Hom(®, ®)) (6.2)
for some k > 1. We will show that we can replace the isomorphism of complexes
(o, 3) by a homotopic one, congruent to (c,3) modulo m*, and satisfying (6.2)
with k replaced by 2k.
Let o/ = a+wh/2, ' = 3+ gw/2. Then
o' (8)" = (e +wh/2)(B" + (gw)*/2)
= af* +whf* /2 + a(gw)* /2 + wh(gw)* /4.
By (6.1) we have
af* +whf* =1g = (le-)" = (Ba” + gwa™)* = af* + a(gw)”
so whB* = a(gw)* and
() =1 + wh(gw)* /4.

By (6.1)) and (6.2) we see that wh € m* Hom(®, ¥) and gw € m* Hom(®*, ¥*), so
()" =1s (mod m?* Hom(®, ®)).
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Proceeding by induction and passing to the limit, we may assume that §*
a~!. In other words, the isomorphism of complexes (with skew-Hermitian pairings
(a,3) : ®* = W¥* is induced by the isomorphism a: & — V.

oz

Although we will not need it, we have the following corollary.

Corollary 6.7. Suppose that ® and ¥ are basic skew-Hermitian modules, with
pairings he and hy, and let L C A be the ideal generated by the determinant of he
with respect to any A-bases of ® and ®*. If ® and ¥ are equivalent modulo L2,
then they are equivalent.

In other words, if there is an isomorphism p: ¥ ® (A/L?) = ®® (A/L?) such
that hy = p*hap (where he = he ® (A/L?) and hy = hy © (A/L?)), then there is
an isomorphism p: ¥ = ® such that hy = p*hap.

Proof. Since ® and VU are free over A, we can lift p to amap o : ¥ — ®. Nakayama’s
Lemma shows that « is an isomorphism, and we have

hy =a*hea (mod £2 Hom(¥, T*)).
Let A € A be a generator of £. Since L is the determinant of hg and «,a™ are
isomorphisms, there is a homomorphism ¢ : ¥* — W such that (a*hea)g = A -idy-
and g(a*hea) = X -idy. Thus
hy g = (a*hea)g = X -idg- (mod £* Hom(¥*, T*)),

so we see that A" hyg € Hom(¥*, U*) and A~ hyg = idg« (mod £ Hom(¥*, U*)).
Let 3= (A"'hyg)a* € Hom(®*, ¥*). Then

f=a* (mod £ Hom(®*, %)) (6.3)

and
Bhea=A"thyg)(a*hea) = hy. (6.4)

Using the fact that hg and hy are skew-Hermitian, we obtain from (6.4) two
isomorphisms of complexes ®* — ¥*

o g d 1T o (6.5)
ALk Lk
h h
U —> P U —2> P

It follows from (6.3]) that these two morphisms induce the same isomorphism
coker(hg) — coker(hy),

so by Lemma [5.4(i) they are homotopic. It follows that ®* and ¥* are isomorphic
in D as complexes with skew-Hermitian, degree 3, perfect pairings, and so the
corollary follows from Proposition O
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7. ORGANIZATION

We now return to the elliptic curve E/K and Zg—extension Ko /K, and we take
R to be the Iwasawa algebra A. We will make the following hypotheses:

p > 2 and E has good ordinary reduction at all primes above p, (7.1)
Sp(F, Ks) is a torsion A-module, (7.2)
E(K)[p] =0, (7.3)
for every prime v of bad reduction, p t [E(K,) : Eo(K,)], (7.4)
the Perfect Control assumption holds (7.5)

(recall that [E(K,) : Eo(K,)] is the Tamagawa number in the Birch and Swinnerton-
Dyer conjecture for E/K).

Definition 7.1. Let CR,, be Nekovai’s Selmer complex in the derived category D,
the complex denoted RI'f 1w (Koo / K, T,,(E)) in [N] §9.7.1, where T),(E) := lim E[p"]
is the p-adic Tate module of E.

Remark 7.2. Let S be a finite set of places of K and let Gk s denote the Galois
group of K unramified outside S. For the general definition of “Nekovar-Selmer
complexes” (of complexes of Gk s-modules X* with local conditions A(X*®) =
{A(X*)y}ves imposed) see §6 of [N]. These Nekovaf-Selmer complexes are canoni-
cal complexes in the appropriate derived category that compute the cohomology of
X* subject to specified local conditions A(X*®). The classical Selmer module of an
abelian variety over a number field, with ordinary reduction above p, falls into this
rubric (see the preparation for this, in particular “control theorems,” discussed in
§7 of [N, and the study of such modules in the context of Iwasawa theory in [N] §8.
Section 9 of [N] defines the complexes we call CR,, (Definition above) with a
close study of the self-dualities such complexes enjoy; the relationship between this
self-duality and the various derived self-pairings obtained from the the self-duality
on the level of complexes is studied in [N] §10 (where the classical Cassels-Tate
pairing is treated) and §11 (for the classical p-adic height pairing).

Nekovai’s complex CR.y is a canonical complex in D, with a skew-Hermitian
pairing in D, and with second cohomology

H?(CRao) = Sp(B, Ku)

(see |NJ] §9.6.7 and §9.7). Under our hypotheses above CR.. has the following
additional useful properties.

Theorem 7.3 (Nekovar). Suppose that hypotheses (7.1}4) hold. Then Cg, can
be represented by a complex concentrated in degrees 1 and 2, with free A-modules
C',C? of finite rank and an injective coboundary map C* — C?. Further, C¥.,.
has a canonical skew-Hermitian, degree 3, perfect pairing in the derived category.

Proof. By Proposition 9.7.7(iii) of [N], our hypotheses , , and imply
that CR., can be represented by a complex concentrated in degrees 1 and 2, with
free A-modules C', C? of finite rank. The additional hypothesis ensures ([N]
Proposition 9.7.7(iv)) that the coboundary map C* — C? is injective.

By [N] Proposition 9.7.3(ii), CR.. has a degree three pairing in the derived
category, and by [N] Propositions 9.7.3(iv) and 9.7.7(ii), respectively, the pairing is
perfect and skew-Hermitian. O
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Definition 7.4. Suppose that ® is a basic skew-Hermitian A-module as in Defi-
nition [6.3] Thus & is free over A of finite rank, with an injective A-valued skew-
Hermitian pairing
h:®— o*

that is the zero map after tensoring with the residue field A/m. We will say that ®
organizes the arithmetic of E over K if the complex CR.,., with its skew-Hermitian
pairing, comes from @ in the sense of Definition [6.4} i.e., if there is an isomorphism
Cle. — ®° in D preserving the skew-Hermitian structures. In this case we will
call ® an organizing module.

Theorem 7.5. Suppose that hypotheses (7.1}+4) hold. Then there is a basic skew-
Hermitian module ® that organizes the arithmetic of E over K.
If U is another organizing module for E over K, then there is a (noncanonical)

isomorphism ® =5 U which takes the skew-Hermitian pairing on ® to the one on
v,

Proof. The existence of an organizing module is immediate from Theorem and
Proposition [6.5] The uniqueness is Proposition O

Remark 7.6. Although the organizing module is not unique up to canonical equiv-
alence, there is a canonical rank-one A-module, containing a canonical discriminant,
defined as follows. If ® is an organizing module let Ag be the free, rank-one A-
module

Ag = detp @1 = A™™*® Hom(®, A)
and disc(®) the discriminant
disc(®) := detphe € Hom(detpy®, dety®*) = dety® ' @5 dety®* = Agp @5 Ak.

Note that disc(®) is the determinant of the complex ®* as defined in §4 of [D]. In
particular disc(®) = det(CR,,) is independent of the organizing module ®. (Con-
cretely, if U is another organizing module, then the noncanonical isomorphism of

Theorem induces a canonical isomorphism Ag ®A A% = Ag Qa AY which
sends disc(®) to disc(¥).)

Theorem 7.7. Suppose that that hypotheses 5) hold and that the basic skew-
Hermitian module ® organizes the arithmetic of E over K,. Let

S = coker(® L &%) = H2(®*).
(i) There are natural isomorphisms
S=S,(E,Ky),
and for every intermediate field K C L C K
S®AL=2S,(E,L),  Tory(S,AL) 2 My(E, L),

where My, (E, L) is the universal norm module of Definition .
(ii) If L is a finite extension of K in K then the isomorphisms of (i) induce
a surjection and injection, respectively

IH(EaL)[pOO] - (S & AL)torS7
(E(L) ® Zp) — Torj(S,Ar),
which are isomorphisms if UI(E, L)[p®°] is finite.
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(iii) If L is a finite extension of K in K., then the pairings
HI(E, L)[p>] @ HI(E, L)[p™] — Qp/Zy,
(E(L) ®Zy) @ (E(L) ® Zp) — Gal(Ks /L),

obtained by combining the derived pairings ) and ) with the maps
of (i), coincide (up to sign) with the classical Cassels and p-adic height
pairing, respectively.

Proof. We have S = H?(®°*) = H?*(CRy) = Sp(E,K). This gives the first
isomorphism of (i), the second follows by Lemma and the third by Proposition
and (4.3).

The first map of (ii) comes from (i) and Lemma [2.3(i), and the second comes
from (i) and the inclusion (E(L)/E(L)tors) @ Zp, C Mp(E, L).

For assertion (iii), we need to check two things. The first is that our derived
pairings and , defined directly from the basic skew-Hermitian module
®, coincide (up to sign) with the corresponding pairings made by Nekovdr via
the skew-Hermitian degree three perfect duality enjoyed by the basic complex ®*®
obtained from ®. The second is to relate these derived pairings to the corresponding
(various) classical pairings.

For every intermediate field extension L/K in K., /K the Iwasawa algebra A,
is a quotient of a (complete) regular noetherian local ring by an ideal generated
by a regular sequence, and so is a Gorenstein ring. For each of the intermediate
fields L we identify the dualizing complex w3, of the ring Ay with the complex
concentrated in degree zero, and given in degree zero by the free Ap-module of
rank one, Ay, itself.

Suppose X*® and Y* are complexes of A-modules with cohomology of finite type
equipped with a morphism of complexes

n:X*@\Y* — wi[-3].

Consider the following two pairings of cohomology of X*® and Y*®. First, for all
intermediate fields L we have ([N] 2.10.14) the morphism defined via cup-product

HQ(X.®AAL)t0rs®AL HQ(Y.(X)AAL)tors - HO(W/.\L)(X)AL ICL)/AL = ’CL/AL (76)

where K, is the field of fractions of Ap,.
Second, we have the “derived (1,1) cup-product”

HY (X* @ AL) ®@p, H'(Y* @5 AL) — HO(w},) ®a, I1/17. (7.7)

This pairing can be defined in the following elementary way. For cohomology classes
(a,b) € HY(X*®7AL)x HY(Y*®A 1), choose 1-cochains (z,y) € X! x Y such that
the projection (%, ) € (X'®@x Ar) x (Y@ Ar) is a pair of 1-cocycles representing
the pair of cohomology classes (a,b). Note that 0z € I;X? and 9y € I Y2
So n(xz,0y) = —n(0x,y) € A projects to zero in Ap, and hence lies in Iy. Let
7z, : I, — I2 be the natural projection, and put

(a,b) = mp(n(z,0y)) = —mp(n(0z,y)) € I/1}. (7.8)

To show that this is well-defined, first note that if e € I, X! then n(e, dy) € I7 (and,
if e € ILY" then n(dz,e) € I?) which tells us that 77 (n(z,dy)) = —mL(n(0z,y))
depends only on (,7). Next, if # = 90 for o € X° ®, Ay lifting 9 to v € X°
and taking = dv to be our lifting of Z gives us that 7z, (n(x, dy)) = 71 (n(Ov, dy))
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vanishes; this, and the symmetrical argument when y = OJw, gives us that the

pairing ([7.8) is well-defined.
The basic complex ®°* associated to ® has a skew-Hermitian pairing

D* @ (P°)" — wi[-3], (7.9)
so for each intermediate field L we have the induced pairing
(* @A AL) @A (P°* @4 AL)" — wi, [-3].

In the notation of We have S(L) = H?(®* @5 Ar) and M(L) = H'(®* @, Ar),
so the cup-product pairing (7.6)) obtained from ([7.9) may be written

S(L)tors ®Ar S(L)éors - ,CL/ALv (710)
and the derived (1, 1) pairing may be written
M(L)®p, M(L)" — I /I%. (7.11)

It is straightforward to compute that the pairing is, up to sign, equal to the
pairing and the pairing is, up to sign, equal to the pairing .

Now, using the equivalence in the derived category D between the perfect degree
three skew-Hermitian self-dualities on C}., and ®°, one can check that the pairing
(7.10]) is, up to sign, equal to the (“Cassels-Tate”) pairing

Ur0.2.2 1 H*(CRere ®a AL)tors @a, H*(Clere ©a AL )tors — H (W} ,) ®2, Kr/AL
of [N] §10.3.3.3), and that ([7.11)) is, up to sign, equal to the (“height”) pairing
hep/in s H (CRae @a Ar) @2, H' (CRac @a Ar)' — HO(w},) @a, /17

of [N] (11.1.7.5) (see also [N] §§11.1.4,11.1.7,11.1.8).

Finally, assertion (iii) follows from the discussion in §10 and §11 of [N] that
makes the connection between the Cassels-Tate and height pairings defined there
and the classical pairings of the same name. (I

Remark 7.8. There are indeed many different approaches to defining what may
be called the classical p-adic height pairing and the somewhat ample discussion in
[N] is a welcome addition to the literature comparing some of these approaches.
The next step that remains to be done is a systematic expository account of all
this.

Remark 7.9. Note that because ® is a basic skew-Hermitian module, we have
ranky (®) = dimg, (Sel, (E, K)[p]) = rankz(E(K)) + dimg, HI(E, K)[p].

If we choose a basis of the organizing module ® then the pairing & is equivalent to
a skew-Hermitian matrix H with entries in A. We then have that the characteristic
ideal char(S,(E, K )) = det(H)A, and the matrix H contains complete informa-
tion about the Selmer modules S,(E, L) and the Cassels and p-adic height pairings
on HI(E, L)[p*™] and E(L) ® Z,, for every finite extension L of K in K.

Remark 7.10. Thanks to the Perfect Control assumption (see Lemma , if
Sp(E, L) is a torsion Ay-module for some Z;‘f—extension L of K with d > 0, then
Sp(E, Ko) is a torsion A-module. In particular
o if Sel,(E, K) is finite (i.e., if E(K) is finite, since we are assuming that
HI(E, K)[p>] is finite) then S,(F, Ko ) is a torsion A-module,



20 BARRY MAZUR AND KARL RUBIN

e if F is defined over Q and K/Q is abelian, then by work of Kato [Ka]
Sp(E, KQo) is a torsion Agq. -module, where K Q. denotes the cyclo-
tomic Z,-extension of K, so Sp(E, K«) is a torsion A-module.

Remark 7.11. Corollary [A73] shows that the Perfect Control assumption follows
from hypotheses (7.3)), (7.4) along with the additional assumption that E(k,)[p] = 0
for every prime v of K above p, where k, is the residue field at v.

The following proposition, which combines some of the observations above, allows
us to verify hypotheses (7.1}5) in many interesting cases.

Proposition 7.12. Suppose that E is defined over Q and K is a finite abelian
extension of Q. Suppose p is a rational prime such that

(i) for every prime v of K above p, E has good reduction at v and #E(k,) 0
or 1 (mod p) where k, is the residue field at v,
(ii) for every prime v of K where E has bad reduction, p does not divide the
Tamagawa number [E(K,) : Eo(K,)], and
(i) p is unramified in K/Q.
Then hypotheses (7.1}-5) hold.

Proof. If (i) holds then p cannot be 2, and further E has good ordinary reduction
at each v dividing p. This is (7.1), and (ii) is (7.4).

Fix a prime v of K above p. It follows from (iii) that K™ has no p-th roots of
unity, so follows from Lemma Now the Perfect Control assumption
follows from (i) and Corollary as in Remark and then follows as in
Remark [Z.10l O

For example, we have the following Corollary mentioned in the introduction.

Corollary 7.13. Suppose that E is defined over Q, with conductor Ng and minimal
discriminant Ag. Suppose further that K is a finite abelian extension of Q with
discriminant D prime to Ng, and p is a rational prime such that

(i) p13NEDk [y, orde(AR),

(ii) ap #0 and a,[,K:Q] # 1 (mod p), where as usual ap, =1+ p — #E(Z/pZ).
Then there is a basic skew-Hermitian module @, unique up to (noncanonical) iso-
morphism, that organizes the arithmetic of E over Ko. We can recover from ®

as in Theorem[7.] the Selmer modules, p-adic height pairings, and Cassels pairings
over every finite extension of K in K.

Proof. We will verify that the hypotheses of Proposition [7.12] hold. Proposition
[7.12(iii) holds since pt D.

Suppose first that v is a prime of K above p. Since p{ Ng, E has good reduction
at v. Further, if oy, and 3, are the roots of the Frobenius polynomial 2% — a,z + p,
and f = [k, : Fp], then

#E(ky) =1+p' —af =/ =1—(a+0) =1—-af (modp)

Since f | [K : Q] and aLK:Q] # 0,1 (mod p), Proposition i) holds.

Next suppose v is a prime of K where E has bad reduction, and let ¢ be the
rational prime below v. If F has either additive or nonsplit multiplicative reduction
at v then [E(K,) : Ey(K,)] divides 12 (see [T]), but condition (i) rules out p = 3
and condition (ii) rules out p = 2, so p{ [E(K,) : Eo(K,)]. On the other hand, if
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E has multiplicative reduction at v then [E(K,) : Eo(K,)] is the order at v of the
discriminant of E/K ([T] step 2). Since by assumption ¢ is unramified in K/Q, we
have [E(K,) : Eo(K,)] = ord¢(Ag) which is prime to p. Thus Proposition [7.12{(ii)
holds.

Now by Proposition hypotheses 5) hold. Thus the existence and
uniqueness of ® follow from Theorem and that fact that we can recover the
arithmetic of E over finite extensions of K in K, follows from Theorem iii). ]

8. A GENERIC EXAMPLE

In the next three sections we consider several families of examples where we can
give some information about the organizing module. We first consider the “generic”
situation where III(E/K)[p] = 0, so that Sel,(E/K) = E(K) ® Qp/Z,.

Suppose that E is an elliptic curve defined over K, and let r = rank(E(K)).
Let p be a rational prime for which hypotheses 5) are satisfied (see for ex-
ample Proposition [7.12), and suppose in addition that III(E/K)[p] = 0. (Conjec-
turally this last condition is satisfied for all but finitely many p.) Then we have
Sel,(E,K) = (Qp/Z,)", and by Theorem there is a basic skew-Hermitian A-
module D, free of rank r, that organizes the arithmetic of F/K .

If » = 0 then ® is trivial, the Selmer modules over all intermediate fields are
trivial, and there is nothing more to study. Suppose, then, that r > 0. We want to
describe the r x r skew-Hermitian matrix H for the pairing h corresponding to a
suitable basis of ®.

Let I denote the augmentation ideal Ix C A, and identify Ax = A/I = Z,,. The
skew-Hermitian pairing h induces an exact sequence

Doy Zy 22 &% @ Z, — Hom(E(K),Z,) — 0 (8.1)
in which the first three Z,-modules are all free of rank r. It follows that the map
®* @ Z, — Hom(E(K),Z,) is an isomorphism, and using the identification

" @a Z, = Hom(®/ID,Z,,)
we obtain an isomorphism
O/I® = (E(K)/E(K)tors) ® Zp.
Thus we can take the organizing module ® to be (E(K)/E(K)tors) ®z A.

It also follows from that the matrix H has entries in I. In addition,
the image of H in M, (I/I?) is the p-adic height pairing matrix for a basis of
(E(K)/E(K)tors) ® Zy, corresponding to the chosen basis of ®. Hence we can view
H as a lift of the (I/I2-valued) p-adic height pairing on (E(K)/E(K )tors) @ Zyp to
an I-valued skew-Hermitian pairing on ® @4 ®*, with ® = (E(K)/E(K )tors) ® A.

9. EXAMPLES OVER Q

For this section we take K = Q. Fix a generator v of I' = Gal(Q../Q) and let
0 := v —~~1. Then we have A = Z,[[y — 1]] = Z,[[0]], and the augmentation ideal
I = 0A. If we write AT for the 1 eigenspaces of ¢ on A, then A = Z,[[0?]] and
A_ = 9A,.

Fix an elliptic curve E defined over Q.

Definition 9.1. We say that a prime p is admissible if it satisfies the following two
conditions:
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e F has good reduction at p, p does not divide the order of the torsion
subgroup of F(Q), and p does not divide any of the Tamagawa numbers
of E over Q,

e FE has ordinary and non-anomalous reduction at p (i.e., #E(F,) # 1
(mod p) and #E(F,) # 0 (mod p)),

Note that the first condition rules out only a finite set of primes, and the second
only rules out a set of Dirichlet density 1/2 or 0 depending upon whether E has

CM (over Q) or not.

9.1. The case II(E, Q)[p] = 0. Suppose now that p is admissible, and suppose
further that III(E, Q)[p] = 0. (If the Shafarevich-Tate group of E is finite, then this
is true for all but finitely many admissible primes.) Then we are in the situation of
and there is a skew-Hermitian pairing on ® := (E(Q)/E(Q)tors) ® A so that ®
organizes the arithmetic of E/Qq.

Let r = rank(E(Q)). We want to describe the r x r skew-Hermitian matrix H
for the pairing h corresponding to a suitable basis of ®. As discussed in §8] H has
entries in I = OA and H is a lift to M,.(I) of the height pairing matrix in M,.(I/I?)
for E(Q) ® Zy,. Let

H' :=0"'H e M,(A),

so H' is a Hermitian matrix in M,.(A) and its reduction in M, (A/I) = M,(Z,) is a
symmetric matrix describing the height pairing (divided by )

1 N
n:(B(Q)®Z,)® (BQ®Z,) — I/I “— AI = 2,
Definition 9.1.1. Choose a Z,-basis b := {e1,e,...,e,} of (E(Q)/E(Q)tors) ®Zp

and compute the discriminant of 7, i.e.,

disc(n, b) = det(n(e;, €5)) € Zy.

This discriminant is well-defined, independent of the chosen basis b up to multi-
plication by the square of an element in Z. In particular, if disc(n,b) does not
vanish (i.e., if the p-adic height pairing is nondegenerate), then we can define two
numerical invariants

e a nonnegative integer p := ord,(disc(n, b)), the irreqularity of n,
e the Legendre symbol (M) € {£1}, the sign of .
If the irregularity of h is zero, we will say that p is reqular for E. If it ever happens

that disc(n, b) = 0, we will just say then that the irregularity is co (and not try to
ascribe a “sign” to 7).

Note that the irregularity of 7 depends only on ® and its skew-Hermitian pairing.
The same is true of sign(n) if r is even, but if  is odd then sign(n) also depends on
the choice of ~.

Proposition 9.1.2. If p is reqular for E, then ® has a basis for which the matrix
H' is diagonal with all but the last entry equal to 1, and the last entry can be taken
to be any u € Z; with (3) = sign(n). In particular if sign(n) = +1 then H' can be
take to be the identity matriz.

Proof. Let h' denote the Hermitian pairing §~'h on ®. Since p is regular, A’ is a
perfect pairing.
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If rankpa® > 1, then i’ represents a square in A, i.e., we can choose z € ® such
that h'(z,2) = 3% with 8 € AX. Since b’ is Hermitian, we have (8%)* = (32, so
B = +6. But 8 ¢ A~ since 3 is a unit, so 3 € AT. Replacing x by z; = 7 'a we
have h'(z1,21) = 1.

Let My = Ax; and let Ny C ® be the orthogonal complement of M;. Then
M; ® N1 = ®. Continuing by induction we get a basis {z1,...,2,_1,2,} of ® such
that h'(z;,xz;) = 0if ¢ # j, and A/ (z;,2;) = 1 if i < r. We have h/(z,,z,) € AT,
and we may change it by any square in A™. In this way we obtain the desired basis
of ®. O

It would be interesting to gather numerical data for particular elliptic curves FE
to learn something about the distribution, among admissible primes, of sign and
irregularity.

Ezample 9.1.3. Let E be the elliptic curve y?+zy+y = 23+2, 1058C1 in Cremona’s
tables [Cr]. For this curve we have F(Q) = Z?, the Tamagawa numbers at the bad
primes 2 and 23 are 2 and 1, respectively, and the Birch and Swinnerton-Dyer
conjecture predicts that II(E, Q) = 0.

Using the basis b = {(—1,1),(0,1)} for E(Q), William Stein (using methods
described in a forthcoming paper by Stein, Tate, and the first author [MST]) com-
puted disc(n, b) for the 337 admissible primes p < 2400. The computation shows
that all of these primes are regular, and 175 have sign = +1 and 162 have sign = —1.

For example, if p =5 and we take -y to be the generator of I satisfying e(y) = 6,
where € : I' = 1+ 5Zs is the cyclotomic character, then the height pairing matrix
for the basis b above is

= (13035 18035> mod (5% + I).

Thus the sign is +1, so by Proposition we can choose a new basis with

H= <g 2) (9.1)

9.2. The case rank(E(Q)) = 0. At the opposite extreme from §9.1] we consider
here a case where F(Q) has rank zero so that the Selmer group is the Shafarevich-
Tate group. We will make some additional assumptions so that we can analyze this
example in detail.

Suppose that rank(E(Q)) = 0, p is admissible, and III(E, Q)[p™] = (Z/pZ)?.
Suppose further that S, (E, Qoo) has Z,-rank 2. In this case we have an organizing
module ® with ranky (®) = 2.

Proposition 9.2.1. There is a basis of ® such that the corresponding skew-Hermi-

, ) 6 - )
tian matriz has the form <p ag) with o € Zy[[0%]].

Sketch of proof. Fix a basis of ® and let f € Ay = Z,[[6?]] be the determinant of
the corresponding skew-Hermitian matrix. Write f = ag + a26* + - - - with a; € Z,,.
We have fA = char(S,(E, Qo)). Thus

ap € p2Z;, ag € 2, (9.2)

because S,(E, Q) has order p? and rankz, (S,(E, Q)) = 2, respectively.
If x,y € ® let (z,y) denote h(x @ y).
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We first claim that there is an € ® such that (z,z) ¢ Om, where m is the
maximal ideal of A. Suppose on the contrary that (z,z) € Om for every z. Then if
{u, v} is the chosen basis of ®, we have modulo fm

f = (u,u)(v,v) + (u,v)(v,u) = (u,v){v,u)

1 9 1 2
= L) + (0 = 2() = fv.0)

1 2 1 2
= (utvutv) = (u,u) = (v,0))" = 2 (0, 0) = (v,u))

1
= Ll 0) + )

Since ((u,v) + (u,v)")/2 € Ay = Z,[[6%]], this is incompatible with (9.2). This
proves the claim.

Fix a basis {z,y} of ® with (z,z) ¢ 6m. Since (r,z) € A_ = A, we have
(z,x) € A% . By adding a multiple of  to y we may assume that (z,y) € Z,, and
by we must have (z,y) € pZ; and (y,y) € OA%. Now scaling y by a unit we
may assume further that (z,y) = p.

Finally, by considering ax + by with a,b € Z,, we can see now that there is a
z € ® such that (z,z) = 68 with 3 a square in AY. Scaling z by /3 we find that
(z,z) = 1. Repeating the argument of the previous paragraph starting with z = z
proves the proposition. O

Example 9.2.2. Let E be the elliptic curve 3% +zy = 2% — 22 — 3323112 — 73733731,
1058D1 in Cremona’s tables [Cr]. For this curve we have E(Q) = 0, III(F, Q) =
(Z/5Z)?, and all Tamagawa numbers are 1. If p is an admissible prime different
from 5, then ® = 0 is an organizing module.

Now take p = 5. Since #E(Z/5Z) = 4, Proposition shows that hypotheses
(7:1}5) are satisfied. Let £5(E) € A denote the 5-adic L-function attached to E.
The calculations below show that the A-invariant of L£5(E) is 2 (i.e., A/L5(E)A =
Z2). Tt follows from Kato’s theorem [Ka] that the Main Conjecture is true for E,
ie.,

Ls(E)A = char(S5(E, Qx))- (9.3)

Thus rankz_ S5(F, Qo) = 2 and the assumptions at the beginning of are
satisfied.

Let H be the skew-symmetric matrix of Proposition We will show that «
is a square in Ay.

By there is a 8 € A* such that

L5(E) = det(H)B = B(ab? + 52). (9.4)

Let 1 denote the trivial character of I', ¢ € ps a primitive 5-th root of unity, and
X the character of " that sends + to ¢. From ({9.4) we conclude that

1(L5(E)) = 1(8)5” € 5°Z5
and in the ring Z5[¢] (with maximal ideal generated by ¢ — 1)

X(L5(E)) = x(B) (x(a)x(0)* +5%) = 1(B)x(a)(¢ = ¢71)*  (mod (¢ —~1)°).
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On the other hand, the definition of £5(E) and a computation of L(E,1) and
L(E, x, 1) shows that

) _ (C=¢h?
= (=3¢% - 25¢* = 30—

Thus
—3¢3—25¢* =3¢ =—-1 (mod (( —1))

x(@)

so « is a square in A, = Zs5[[6?]].
Fix 8 € A, with 32 = a. Replacing the basis {z,y} of Proposition by

{z,y/B} gives a new matrix
_rg-1
H = (5591 55 ) . (9.5)

With more work one can modify the basis to obtain H” = (501) 79517) with b € Z7.
9.3. A congruence. The curves of Examples and have a congruence
modulo 5. More precisely, their corresponding modular forms are congruent mod-
ulo 5 (and have the same conductor). In particular, the Shafarevich-Tate group
(Z/5Z)?* in Example is “visible” in the sense of [CM] thanks to this congru-
ence and the Mordell-Weil group Z? of Example m

Examples and and in particular and , show that this con-

gruence is matched by a congruence modulo 5 between the two organizing modules.

10. EXAMPLES OVER AN IMAGINARY QUADRATIC FIELD

Suppose now that FE is defined over Q, and that K is an imaginary quadratic field
in which all primes dividing the conductor of E split. Suppose p is a prime where
F has good ordinary reduction, not dividing any of the Tamagawa numbers ¢, for
primes ¢ of bad reduction. Suppose further that p is unramified in K/Q, a, # 1
(mod p) where a,, is the p-th Fourier coefficient of the modular form corresponding
to E, and if p is inert in K then a, # —1 (mod p) as well. Then by Proposition
hypotheses ([7.1}5) all hold, so we have an organizing module ® by Theorem

Let K2 denote the anticyclotomic Z,-extension of K, and Aapti := Aganii. Fix
a topological generator v of Gal(K . /K*") = Gal(Qu/Q) and let 0 := v — 71,
a generator of the augmentation ideal [gans C A.

Let Xoo = Sp(E,Koo) and X2 = X ®p Agnti = Sp(E, K1), Writing
U := M(K*H) as defined in §4] the exact sequence becomes

h®Aanti
—

0—U— DDA Aants O @p Agnti — X — 0 (10.1)

By Proposition (4.3), and the Perfect Control assumption, U is canonically
isomorphic to the module of anticyclotomic universal norms

MP(Ea Kanti) = lin(E(L) ® Zp)a
L

inverse limit over finite extensions L of K in K Let r := rank, ®.
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It follows from the work of Cornut [Co] and Vatsal [V] that, under the hypotheses
above on K, we have rank,, , X*" = 1. Hence we conclude from (10.1)) that

U is free of rank one over Ay,
(® ® Aanti) /U is torsion-free of rank r — 1 over Aapti,
(® @ Aanti)/U is free <= X*% has no nonzero finite submodules. (10.2)

Suppose first that (® ® Aant;) /U is free. Choose a A-basis {uy,...,u,} of ® such
that u; projects to a Anti-generator of U.
With this basis, the skew-Hermitian matrix H has the form

fa | O(w")"

H=| o B (10.3)

where a € A, B € M,_1(I), and w € A"~! is a column vector. (To see this, note
that the left-hand column is divisible by 6 because the image of u; in ® ® Ay
lies in U = ker(h @ Aanti), and everything else follows from the fact that H is
skew-Hermitian.)

Let htonti : U QU — Tgcansi /1 f(ami denote the derived pairing . By definition
of “organizing module”, this is the same as the inverse limit of the p-adic height
pairings over finite extensions of K in K", We easily deduce the following:

char(Xo) = det(H)A and det(H) = fa det(B) (mod 6?), (10.4)
char( X2 = det(B) A, (10.5)
htanti (U @ UY) = a(Igans /T iani ), (10.6)

where the third assertion is immediate from the definition of the derived pairing
(see Remark |4.1).

Note that the matrix H makes it easy to compute the Fitting ideals of X.,. We
see that

Fitto(Xoe) = det (H)A = char(Xs0)
Fittl(Xoo)Aanti = det(B)Aanti — Char(Xanti)_

tors

Remark 10.1. We will call the image in A, of the element a of the anti-
cyclotomic regulator of E/K*%, and we will say that p is regular for E/K?*" if the
anticyclotomic regulator is a unit (or equivalently if htanei (U @U") = Tgeansi / If(m,ﬁ).
In Conjecture 6.1 of [MR2] (see also Conjecture 6 of [MR1]), we conjectured that
every prime p (satisfying our hypotheses above) is regular for £/K?*, This turns
out to be false in general; see Example for a counterexample.

One can still hope to predict some properties of the anticyclotomic regulator. For
example, the nondegeneracy of the p-adic height pairing in the cyclotomic direction
over all finite extensions of K in K*'! would imply that y(a) # 0 for all characters
x of finite order of Gal(Kont;i/K).

Theorem 10.2. The characteristic ideal char(Xo,) is contained in Igans and
char(X o) = htani (U @ U )char(X22)  (mod T2 an)-

Proof. Tt (P®Aanti)/U is free, then char(X o) C Igans by (10.4) and the congruence
of the theorem is a consequence of (10.4)), (10.5)), and (10.6]).
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If (P ® Aanti) /U is not free, then it injects into a free module with finite cokernel.
With more care, that is sufficient to follow the argument above and deduce the
theorem. (]

The literature contains the following conjectures, and theorems concerning them.

Conjecture 10.3 (Main Conjecture). char(Xo) = L,(E), where L,(E) € A is the
2-variable p-adic L-function of Haran [Haral, Hidae [Hi], and Perrin-Riou [PR2].

Conjecture 10.4. char X2 = char(htang (U @ U) /htans(H @ H*)) where H C U

tors
is the submodule of universal norms of Heegner points.

Theorem 10.5 (Howard [Ho2]). £,(E)Aanti = htanti(H @ H*) in (Iganti /15 )-

Theorem 10.6 (Howard [Holl). If the p-adic representation on E[p™]
Gal(R/K) — Autz, (E[p™]) — GLa(Z,)

is surjective, then

Char(Xanti) divides char(htanei(U @ U") /Mt anei(H @ H')).

tors

Corollary 10.7. If the p-adic representation Gal(K /K) — GLa(Z,) is surjective,
then
(9_1char(Xoo))Aanti divides (Q_IEP(E))Aanti,
with equality if and only if Conjecture holds.
Proof. Combine Howard’s Theorems and with Theorem O

Proposition 10.8. If X2 = 0, then X is a cyclic A-module, and S,(E,K) =
Z,.

Proof. Tf X2 = ( then by the A-module (® @ Aanti)/U is free. Hence the
organizing matrix H has the form given by , and the submatrix B of
is invertible by . But all the entries of H are in the maximal ideal m of A, so
this is possible only if r =1, i.e., H is a 1 x 1 matrix. Thus

dimg, S,(E, K)/pSy(E, K) = dimp, Xoo/mX o = 1.

Since X" has positive Aangi-rank, S,(F, K) must be infinite and the proposition
follows. O

Ezample 10.9. An example of a nonzero submodule in X*™'. Let E be the elliptic
curve
y? + zy = 23 + 22 — 34z — 135,

1913B1 in Cremona’s tables [Cr]. We take p = 3, and K = Q(v/—2). Note that
E has good ordinary reduction at 3, both 3 and 1913 split in K, the Tamagawa
number c1913 = 2, and the Fourier coefficient a3 = 2. Thus all of our hypotheses
(7.1}5) hold. We have E(K) = Z @ Z/2Z and III(E, K) = (Z/3Z)?. Thus the
organizing matrix H is 3 x 3 in this case.

For every n > 0 let K,, denote the extension of K of degree 3™ inside K,. Let
H, C E(K,)® Zs be the Z3[Gal(K,,/K)]-submodule generated by Heegner points
in E(K,). A computation shows that the Heegner point in E(K) is

71 29 299 145
(-8~ BV—257 +1sV—2)
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and from this it follows easily that Ho = 3E(K) ® Z3. By computing the Heegner
points in K;, and dividing by 3 where possible, one can compute generators of
E(K,)/3E(K;) and verify that

Thus the image of the projection Y — E(K)®Zs is Ho. Since the Fourier coefficient
ag = 2, every Heegner point is a universal norm of Heegner points (see for example
[M1]), so the projection H — Hy is surjective. Since U is free of rank one over
Aanti, it follows that U = H.

We also compute, using the techniques of [Se| (especially §1V.3.2), that the 3-adic
representation Gal(K/K) — GLg(Z3) is surjective, so we deduce from Howard’s
Theorem that X2t s finite. But S,(F, K) & Z x (Z/3Z)?, so by Proposition

tors

we cannot have X2 = (0. Thus X®*! has a nonzero finite submodule, namely

tors
anti
X tors *

For related work on the possibility of nonzero finite submodules of X" see [B].

Ezample 10.10. Counterezamples to one of our conjectures from [MR2]. Let E be
the elliptic curve

v +y=a’ -,
37A1 in Cremona’s tables [Ci]. We have E(Q) = Z, generated by P := (0,0), and
I(E,Q) = 0.

Let K := Q(v/=3). Then 37 splits in K, and E(K) = E(Q) ® Z, II(E, K) = 0.
If p > 3, p # 37, and the Fourier coefficient a, # 0,1 then all of our hypotheses
(7:1}5) are satisfied.

Since Sel,(E/K) = Q,/Z,, the skew-Hermitian organizing matrix is 1 x 1, i.e.,
H = (fa) in for some a € A. Arguing as in §9.1) if I = Ix denotes the
augmentation ideal of A then the image of fa in I/I? is (up to a unit) the p-adic
height of P.

Let h,(P) denote the p-adic height of P. William Stein (using methods of [MST])
has computed h,(P) for all primes less than 100 of good ordinary reduction and
with a, # 1, and in all cases except p = 13 and 67, h,(P) generates (the free,
rank-one Z,-module) OA/I?> C I/I%. In the two exceptional cases h,(P) generates
p(0A/I?). Thus 13 and 67 are irregular in the sense of Definition

Recall that by , htansi (U @ UY) = a(Iszti/I%(anti). Thus if p is one of the
17 primes less than 100 and different from 13 and 67 where E has good ordinary
reduction and a, # 1, then a € A* and htan (U ® U') = Tgani /I3 0. But if
p =13 or 67 then a ¢ A* and htan (U @ U") # Igcani [I3an (s p is irregular for
E/K®%4 in the sense of Remark . These last two cases give counterexamples
to Conjecture 6.1 of [MR2] (see also Conjecture 6 of [MRI]).

APPENDIX A. PERFECT CONTROL ASSUMPTION

We keep the notation of the body of the paper. In particular E is an elliptic
curve over a number field K, with good ordinary reduction at all primes above p,
and K is the maximal Z,-power extension of K.

We will use the following theorem of Greenberg ([G1] §5.1).

Theorem A.1 (Greenberg). Suppose that F is a finite extension of K and L/F
is a Zy-extension. Suppose further that

(i) E(F) has no point of order p,
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(ii) for every prime w of F above p, E(f.) has no point of order p, where f,
1s the residue field of F' at w,

(iii) for every prime w of F where E has bad reduction, either E(F,) has no
point of order p or E(FX")[p*] is divisible.

Then the natural map Sel,(E, F) — Sel,(E, L) (E/F) s an isomorphism.

Lemma A.2. Suppose A is an elliptic curve defined over a field k, p is a prime,
and ¢ is an abelian (pro-)p-extension of k. If A(k) has no point of order p then
A(¢) has no point of order p.

Proof. By Nakayama’s Lemma, if A(¢) N A[p] # 0, then
A(k) N Alp] = (A(0) N Ap) @ 0, O

Corollary A.3. Suppose

(i) E(K) has no point of order p,
(i) for every prime v of K above p, E(k,) has no point of order p, where k,
1s the residue field of K at v,
(iii) for every prime v of K where E has bad reduction, either E(K,) has no
point of order p or E(K™")[p™>] is divisible.

If K C F C F' C Ky then the natural map Sel,(E, F) — Sel,(E, F")G(F'/F) s
an isomorphism.
In particular, the Perfect Control assumption holds.

Proof. Suppose v is a prime of K, K C F C K, and w is a prime of F' above v.
If v { p then Fi" = K™, so assumption (iii) and Lemma[A.2]imply assumption

(iii) of Theorem for F. If v | p then the residue field f,, is a p-extension of k,,
so assumption (ii) and Lemma imply assumption (ii) of Theorem for F.
Finally, assumption (i) and Lemma imply assumption (i) of Theor for
F.

It is enough to prove the corollary when F'is a finite extension of K, and then
pass to the limit for general F'. Further, it is enough to consider the case where
F'/F is cyclic, because every extension of F in K, can be given as a finite chain
of cyclic extensions.

So suppose that F'/F is cyclic. Then there is a Zjy-extension L of F' in K
containing L. The hypotheses of Theoremm are satisfied for F', so if F/ = L then
the statement of the corollary is just the conclusion of Theorem It F' # L
then the hypotheses of Theorem m are satisfied for F’ as well, and we conclude
from Theorem [A1] that

Sel, (B, F) = Sel, (B, L)%/F) = (Sel, (B, L)G21E/F))Gal(F"/F)
= Sel,(E, F')GaF /1) 0

Remark A.4. There are a few comments to make about the hypotheses in Corol-
lary

For a fixed elliptic curve E, hypotheses (i) and (iii) hold for all but finitely
many primes p. Condition (ii) can fail to hold; this is the anomalous case of [MI].
Condition (ii) should hold for “most” p, but it could fail for infinitely many p.
However, we have the following lemma.
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Lemma A.5. Suppose that E(K) has a point of finite order £ > 1. Then for every
rational prime p > 5, p # £ and every prime v of K of degree one dividing p where
E has good reduction, E(k,) has no point of order p.

Proof. Fix such a v and suppose that E(k,) has a point of order p. Our assumptions
guarantee that E(k,) has a point of order ¢ as well, so #F(k,) > pf. Since v has
degree one we have #FE(k,) — (p+1) < 2,/p, and this is impossible if p > 5. O

We also have the following lemma relating hypotheses (i) and (ii) of Corollary
A3l

Lemma A.6. Suppose that for some prime v of K above p with residue field k,
(where as usual we suppose that E has good, ordinary reduction), E(k,) has no point
of order p. If K™ does not contain a primitive p-th root of unity then E(K,) has
no point of order p.

In particular if the ramification of K,/Q, is not divisible by p — 1 then E(K,)
has no point of order p, and so E(K) has no point of order p.

Proof. If E(K,) has a point of order p, it must be in the kernel of reduction. But
since F has good ordinary reduction at v, the inertia group at v acts on the kernel
of reduction via the cyclotomic character. This proves the lemma. O

APPENDIX B. SOME COMMUTATIVE ALGEBRA WITH GROUP RINGS

For this appendix suppose that G is a finite group, R is a commutative ring, and
let ¢ : R[G] — R[G] be the R-linear involution that sends g — g~! for g € G. As in
if M is an R[G]-module we let M* denote the R[G]-module whose underlying
abelian group is M, but with the action of G obtained from that if M by composition
with ¢.

Suppose that A is an R[G]-module and B is an R-module with trivial G-action.

Lemma B.1. There is a natural isomorphism
Homp(q(A, B® R[G]) — Homg(A, B)".

Proof. Let m: R[G] — R denote the projection map 7(3_, agg) := a1. Composition
with 7 defines an R-module homomorphism

Hompgg (4, B ®r R[G]) — Hompg(A, B)". (B.1)

and it is straightforward to check that this is a morphism of R[G]-modules. The
inverse of (B.1)) is given by sending f € Hompg(A4, B)* to the map

a—Y fla)®g™,
g

and it follows that (B.1) is an isomorphism. O
Now consider the composition
Homg (A ®R[G] A", B®g R[G]) = Homg (AY, Homg(A7 B®g R[G]))
= HOmg(A, Homg(A, B ®gr R[G])L) = HOIHG(A, HomR(A, B))
— Homp(A®r A,B) (B.2)

where the third isomorphism comes from Lemma This composition sends a
B ® R[G]-valued, R|G]-bilinear pairing on A x A* to a B-valued, R-bilinear pairing
on A x A.
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Proposition B.2. Suppose that i : B — B is an R-linear involution, and that
m: A®pgig) A" — B ®r R[G] is a skew-Hermitian pairing, i.e.,

m(a ®a)=—(i®)(r(a®ad)).
Then the pairing 7o : AQr A — B induced from w via (B.2)) is i-skew symmetric,
i.e.,

mo(@’ ® a) = —i(mp(a @ a')).

In particular if © is the identity then my is skew-symmetric, and if i is multiplication
by —1 then my is symmetric.

Proof. Straightforward. O

APPENDIX C. THE STRUCTURE OF SELMER MODULES

One weak consequence of the existence of a skew-Hermitian module ® that or-
ganizes the arithmetic of E over K is that the A-module S,(E, K ) has a free
resolution of length two. In this appendix we give a direct proof of this fact, under
some mild hypotheses, without appealing to the work of Nekovar [N] which was the
basis for our proof of Theorem

We continue to suppose that F has good ordinary reduction at all primes above p,
the Perfect Control assumption holds, and we will make the following two additional
assumptions for this section.

Torsion assumption. S,(F, K) is a torsion A-module.

Local Nontriviality assumption. For some prime p of K above p, the decom-
position group of p in Gk acts nontrivially on the kernel of reduction modulo p in

Elp].

Remark C.1. If K(E[p])/K is ramified at some prime above p then the Local
Nontriviality assumption holds, so in particular (since u, C K(E[p])) it holds if p
is odd and unramified in K/Q.

Theorem C.2 (Greenberg). If L is a ZZ-extension of K, then S,(E, L) has no
nonzero pseudo-null A -submodules.

Proof. This is proved by Greenberg [G2], using the Torsion and Local Nontriviality
assumptions. ([l

Proposition C.3. Suppose L is a Zg-emtension of K, S,(E,L) is a torsion Ap-
module, M is a free A, module of finite rank, and f : M — S,(E, L) is a surjective
map of Ar-modules. Then ker(f) is free over Ayp,.

Proof. The proof will be by induction on d, where Gal(L/K) = Z%. If d = 0 then
L =K, A =7Z,, and there is nothing to prove.

Let N := ker(f). Then N is a finitely generated torsion-free Aj-module, so the
structure theorem for such modules says that there is an exact sequence

0—N-—S—27—0

where S is a reflexive A-module and Z is pseudo-null.

Let K denote the field of fractions of Ay. The inclusion N < M extends uniquely
to an inclusion S — M ® K. Since S/N is pseudo-null and /A has no nonzero
pseudo-null Ay -submodules, we must have S — M C M ® K. But then

Z =8/N < M/N = 8,(E, L)
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so by Greenberg’s Theorem [C.2] we must have Z = 0, and so N = S is reflexive.

It remains to show that IV is free. If d = 1 then every reflexive module is free,
so we may assume that d > 2. Since Sp(F, L) is a torsion Az-module, for all but
finitely many Zg’l extensions F' of K contained in L we have (using the Perfect
Control assumption) that S,(E, F) = S,(E, L)®x, Ar is a torsion A p-module. For
such an F, writing H := Gal(L/F) = Z,,, we have an exact sequence

0— Sy(E,L)! - N®Apr — M&Ap — S,(E,F) — 0.

Since S,(E, L) ®x, Ar is a torsion Ap-module, S,(E,L)? is a pseudo-null Aj-
module (see for example Lemma 4 of §1.1.3 of [PR1]). Again using Greenberg’s
Theorem we conclude that S,(F, L) =0, and so

Sy(E,F)=2 (M Ar)/(N®Ap).

We conclude from our induction hypothesis that N ® Ap is a free Ap-module
of rank ¢t := ranks,.(M ® Ap) = ranky, M. By Nakayama’s Lemma N can
be generated over Ay by t generators, and since (by the Torsion assumption)
ranky, V = ranks, M =t, N must be free as claimed. (]

Theorem C.4. There are free A-modules N C M such that Sp(E, K,) = M/N.
If t := dimp, Sel,(E, K)[p] then we can take M and N to have A-rank t.

Proof. By Lemma [2.2] we have
SP(Ev KOO)/mSP(Ev KOO) = Hom(selp(Ea K)[p]v FP) = F]to

where m is the maximal ideal of A. By Nakayama’s Lemma there is a surjection
A" - S,(E,K), and by Proposition the kernel of this surjection is also
free. U
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