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ON THE KOLYVAGIN CUP PRODUCT

AMNON BESSER

ABSTRACT. We define a new cohomological operation, which we call the Koly-
vagin cup product, that is a generalization of the derivative operator intro-
duced by Kolyvagin in his work on Euler systems. We show some of the basic
properties of this operation. We also define a higher dimensional derivative in
certain cases and a dual operation which we call the Kolyvagin cap product
and which generalizes a computation of Rubin.

1. INTRODUCTION

In his work on Euler systems [Kol90], Kolyvagin is using a basic, derivative-like,
operator to construct cohomology classes from his systems. The operation can be
described as follows: let A = () be a cyclic group with n elements and let M be
a A-module. If m € M is such that the norm of m with respect to A is 0, i.e.,

n—1
Nm = Z *m =0,
k=0
then the element
n—1
Dm = Zkam (mod nM) € M/nM
k=0

is A-invariant.

A few cohomological generalizations of this construction have been investigated
and used since (Faltings, [Nek92], [Rub93]). Rubin’s construction, which is the
most general that we know of, goes as follows: Let H be a normal subgroup of
a group G, and let A = G/H. Let M be a G-module. Define the G-module
M’ = Hompy (Z|G], M) and let M" be the kernel of the map

n(f) = Z o (f(o)) from M’ to M.
ocEA
Now, associated to a homomorphism ¢ : A — Z/n is a G-module map
8y : M" — M/n defined by 6,(f) = Y (0)o ™ (f(0)).
ocEA
The induced maps on cohomology, &, : H' (G, M") — H'(G, M/n), are the higher

dimensional analogues of the Kolyvagin derivatives. The term H {(G, M") projects
onto the kernel of the corestriction map cor$ : HY(H, M) — H*(G, M) with kernel
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which is contained in H*~!(G, M), and one hopes that this group is small or that
it may be annihilated by a small integer in order to make the operation depend
only on the kernel of the corestriction map. When ¢ = 0 this operation precisely
corresponds to sending m € Ker N : M* — M to 3 A (c)o~tm. Thus, the
Kolyvagin derivative is the special case when ¢ = 0, A is a cyclic group of order n
and 1 is the isomorphism of A onto Z/n sending the generator 7 to 1.

Our purpose in this work is to give a different, even more general, cohomological
extension of the Kolyvagin construction, which coincides with the Rubin construc-
tion in the above situation, and also to prove for this construction some of the
properties of the Kolyvagin derivative that are used in work on Euler systems. The
starting point is to notice that, for i = 0, the operation described by Rubin can
be carried out in greater generality when ¢ is a 1-cocycle of A with values in any
A-module A. We will call the map

(1.1) (ym) = Y (o) ®a(m) € (A® M)°

cEA

the “Kolyvagin operation”. Here, G acts on A through its quotient A and A ® M
is given the diagonal action of G. The observation that the above element is G-
invariant will be referred to as the “Kolyvagin trick”.

One is tempted to try and interpret (1.1) as a cup product of ¢ and m. A simple
computation shows that as a function of 1 (1.1) does not factor through H(A, A).
However, a cup product interpretation is possible in the following way: Let I be the
augmentation ideal in the group ring Z[A]. The 1-cocycle 1) may be interpreted as a
G-homomorphism ¢ : I — A (throughout this paper we do not distinguish between
the two ways of viewing ). The kernel of the norm map on M may be interpreted
as Homg (I, M), where T is the quotient of Z[A] by the Z-module generated by
the norm element, ), o, and the Kolyvagin operation above amounts then to
pulling back ¢ ® m € Homg(I ® I)A ® M by the map v : Z — I ® I defined by
¥(1) = Y ,calc —1) ® 0. This operation now carries over almost without any
change to the case when m is in Exts (I, M) and gives our generalization to the
Kolyvagin derivative, which we call the Kolyvagin cup product (see Definition 4.1).

It’s not too hard to see that our Kolyvagin cup product coincides with the
operation defined by Rubin in the case that A = Z/n. The extra generality gives
some interesting applications, which we hope to discuss in a future paper.

We prove a few fundamental results about our cup product. Two of these,
Propositions 5.1 and 5.5, are analogues of the well known rules of composition
between the corestriction and restriction. Other results, such as 5.4 and 8.1, allow
computations with the Kolyvagin cup product in the case that M is described
as the quotient of another G-module C. We should mention that 5.1 and 5.4
are generalizations of results proved by Rubin. The method of proof is different
and relies as much as possible on general considerations in homological algebra
instead of explicit computations with cocycles. Our hope is that this would allow
further generalizations in the future (étale cohomology, K-theory). In fact, the
starting point for this work was to try to find more homological-algebra-like proofs
of Rubin’s results.

The main result, Theorem 8.1, is about the localization of the Kolyvagin cup
product. In the applications to Euler systems that we have in mind, it shows
that one can carry out the crucial step in the Kolyvagin method of computing the
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localization of the cohomology classes obtained via the derivative operator by using
the Euler system.

We also describe two related operations: One is, in some precise sense (see Propo-
sitions 7.3 and 7.6), a dual of the Kolyvagin cup product and is also a generalization
of an operation described by Rubin in [Rub93]. The other is a higher order deriv-
ative which one can define in certain cases. This type of higher derivatives has
appeared in dimension 0 in the work of Darmon [Dar92].

There is an important application of these higher derivative to the work of
Nekovai on Euler systems on Kuga-Sato varieties [Nek92]. The result described
there is not as sharp as one could hope for, i.e., the p-torsion in the Tate-Safarevic
group is only finite and not 0 for almost all p. The reason for that is that the
“Kolyvagin test classes” one derives from the Fuler system have to be multiplied
by some p-power at a number of places. At one point, this is due to the problem
of lifting the naive Kolyvagin derivative in a cohomological setting (see [Nek92],
page 111 and remark on page 124). Our treatment of higher derivatives, and in
particular Theorem 6.7 allows us to overcome this problem and thus improve the
bounds given in [Nek92] (we intend to treat the problem of the finiteness of the
Tate-Safarevi¢ group in a future paper).

Some of this work was done while the author was visiting at MSRI. I would
like to thank Jon Rogawski for a number of helpful conversations. I would also like
to thank the referee for his careful reading of the manuscript and his helpful and
enlightening remarks.

2. SOME HOMOLOGICAL ALGEBRA

In this and the next section, we collect together a few results in homological
algebra, to be used in later sections. We use X°®, Y*, ... to denote chain complexes
of objects in abelian categories, usually the category of Z[G]-modules. For a map
1* 1 X* — Y* we let il denote the induced map on homology groups. For a map
i: X =Y we will let

Ext® (Y, M) - Ext®(X, M)

be the pullback map on extension groups.
We recall a few well known facts about cup products:

Definition 2.1. Let X, Y, A and M be Z|G]-modules, for some group G. Let X*
and Y'* be Z[G]-free resolutions of X and Y respectively. If we assume that either
X or Y is Z-free, then X*® ® Y* is a resolution of X ® Y. Given [f] € Exti (X, A)
and [g] € Ext’,(Y, M), we may define fUg € Ext7 (X @Y, A® M) as follows: Take
representatives f € Homg (X%, A) and g € Homg (Y%, M) for [f] and [g] respectively.
We may extend f and g to maps from X*® to A and Y* to M by making them 0
in all the other degrees. Now we may define [f] U [g] to be represented by the
homomorphism f®g: X*QY°®* —- A® M.

The next lemma is then obvious:
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Lemma 2.2. If¢: X — X' and vy :Y — Y’ are two maps of G-modules, then the
following diagram commutes:

Extiy (X', A) x Bxt,(V/, M) 220 Extl (X, A) x Extd, (Y, M)

° °
ExtiHi (X’ / (e®9)” i+j
xtg /(X' @Y Ao M) —— Ext;/(X®Y, A M)

We now describe a map that appears in the group cohomology of torsion modules.
We might as well do things in a general homological algebra setting, so let A be
an abelian category with enough projectives (in practice this will be the category
of Z|G)-modules for some group G). An object M of A is said to be n-torsion,
for some integer n, if nidy; = 0. Given an object X of A, we will denote by X/n
the object Coker n, where n means nidy. We denote by Tor'(X,Z/n) the i-th left
derived functor of X — X/n. If Tor’(X,Z/n) = 0 for all i > 0, then any projective
resolution X® of X has the property that X*/n is a resolution of X/n. This is the
case, for instance, for a G-module which is free as a Z-module.

Definition 2.3. Let X and M be objects of A and assume M is n-torsion and
Tor"(X,Z/n) = 0 for all i > 0. We then define

sx o Ext®(X, M) — Ext*(X/n, M)

as follows: Let Q° be a projective resolutions of X/n. It follows from the assump-
tions that there is a map of complexes h® : Q* — X°*/n. sx,, is then the map
induced on the homology from the map

Hom(X*, M) = Hom(X*/n, M) 25 Hom(Q*, M).

It is immediately verified that sx , is a section of the canonical map

Ext®(X/n, M) —= Ext®(X, M)

coming from the projection rx , : X — X/n. As an interesting example, let M be
an n-torsion G-module. From the short exact sequence:

0257 —Z/n—0
one gets the short exact sequences
0 — H=YG, M) — Ext5(Z/n, M) — H(G,M) — 0
by noticing that the map H (G, M) HY(G, M) is 0. The map sz, : H'(G, M) —
Exte(Z/n, M) gives a splitting of these sequences.

Lemma 2.4. Let X and Y be G-modules which are Z-free, and let A and M be
G-modules killed by an integer n. Let sy, : Exth (Y, M) — Exti(Y/n, M) be the
canonical map constructed in Definition 2.3. Let re , :7 —7/n be the reduction map
for 7= XY. Then, the following diagram commutes:

. i T n X SY,n . .
Extl, (X/n, A) x Exth, (Y, M) —2 """ Fxt, (X, A) x Ext’,(Y/n, M)

‘| ‘|

Ext7(X/n@Y,A® M) =, ExtS7 (X @ Y/n,A® M)
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where the isomorphism in the bottom row is induced by the canonical isomorphism
XY/n=2X/neY.

Proof. This is an immediate consequence of the fact that sy, is a section of r§, |
and of Lemma 2.2 with the maps ¢ and v being the reduction maps rx, and
TYn- O

We now describe another map, closely linked with sx ,, which will come up
again in the next section.

Definition 2.5. A balanced sequence £ is a short exact sequence of chain com-
plexes,
0— E*(E) 5 F*(&) & G*(€) — 0,
together with a map of complexes ¢ : G*(£) — F'*(€) with pe = 0.
Definition 2.6. Given a balanced sequence
5:@HEMLr£wremQ,

we let ug : H(G®*) — H(E*®) be the map on homology induced from the unique
map of complexes 4 : G®* — E* satisfying iu = €.

One clearly has i, o ug = .

As mentioned before, there is a connection between the maps s and u defined
in 2.3 and 2.6 which we now explain. Let A be an abelian category with enough
projectives, n an integer and M € A an n-torsion object. Suppose we have an exact
sequence

0-X5y 2z o

and that we have a map ¢ : ¥ — X such that & is multiplication by n on X
(remark: this is all we’ll need for this work, but the same considerations will apply
in the more general case where & is divisible by n in End(X)). We then get a map

(2.1) @:Z — X/n defined by u(z) = £(y) (mod nX), ply) = =.

Lemma 2.7. In the situation described above:

1. There are projective resolutions X*®, Y* and Z* of X, Y and Z respectively,
and liftings i®, p* and €* : Y®* — X°* to the maps i, p and € respectively, such
that:

(a) there is an exact sequence of complexes
0—x* Sy 2 ze
(b) the map &%® is multiplication by n on X*

2. If, in addition, X*/n is a resolution of X/n, then the map ug associated with

the balanced sequence & composed of

(2.2) 0 — Hom(Z*, M) =", Hom(y*, M) 2=°" Hom(X*, M) — 0
together with the map € = o€®, is the composition

(2.3) Ext®(X, M) X Ext®(X/n, M) % Ext*(Z, M).
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Proof. Most of part 1, except for the existence of £€°, is of course standard homolog-
ical algebra. As usual, it is enough to construct the 0 terms and the maps between
them: we choose surjections X° =5 X and Z° <% Z and let Y? = X° @ Z° with
1% and §° the obvious maps. We take ey : Y° — Y such that the diagrams

X0 Z0
J\YXO GY7J/
ex €z
X —Y, y Yz

commute (the map ey |0 exists since Z is projective). Finally, one takes £°|xo to
be multiplication by n and &°|z0 to make

~0
X0 €l z0 70

EXJ/ 6ylzol

X vy

commute. For part 2, one notices that the map in (2.3) corresponds to the pullback
under a map of resolutions Z®* — X*/n and that there is an obvious choice of such
a map (analogous to (2.1)) for which the resulting pullback is exactly ue. |

3. A TECHNICAL LEMMA

The purpose of this section is to prove Lemma 3.1. The proof is done using a
rather nasty diagram chase. It would be nice to find a simpler and more conceptual
proof for this lemma ( I am told by the referee that the first part may be proved
by an argument using spectral sequences).

To make it easier to follow the computation, we will use a different notational
convention then the one used in section 2:

e Chain complexes are denoted by bold capital letters;

e The differential of all complexes is denoted d and is raising degrees. It is
assumed to commute with all the other maps whenever that makes sense;

e If C denotes a complex, C[h] denotes the same complex with degrees shifted
by h;

e Elements in a chain complex are denoted by bold letters matching the complex
from which they are taken, e.g., b*, b¥ € BX;

e The kernel of d on the complex C is denoted by Z(C) and the homology of
the complex by H(C);

e The homology class of ¢ € C is denoted by [c];

e Maps between complexes are always denoted by either ¢ for injection or p for
projection, with an upper indexing.

Lemma 3.1. Suppose we are given the following commuting diagram of chain com-
plexes, with exact rows and columns:
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0 0 0

0 BZ =, ¢z ", MmZ 0
B .

0 BY ", ¢cY 2 . MY 0
p® p° p™

0 BX ", ¢cx P, MX 0

s}
s}
s}

which gives rise to a doubly long exact sequence of homology groups

CH (MY [=2) S H (BY[-1) 2 H (CY[-1) BH (MY[-1))2 B (BY)
Pl Pl okl P Pl

H (MX=2) Sl (BX[-1) 5 H (CX[-1) B H (MX[-1)E B (BX)
6"l & | 6| ol 8" |

CH(MZ)S H(BE) S H(CP) BOH(MZ) SH (BY+))-
i il i | i i

CH(MY[-)S H(BY) S oH(CY) BOH(MY) SH(BY[1)-
Pl Pl pel ool Pl

H(MXE)E H(BX) S oH(0X) B (MX) S (BX[H))-
6" | & | 6| 6" | 8" |

z

[+1)) 5 5 (CZ1+1)) 5 H (MZ[+1]) 5 H (BZ[+2) -

z

H(M?%) %H(B

N

. Assume that we have [m*] € H (M%) and [¢¥] € H (CY) such that
i [m*] = pY[c¥] € H (MY).

Then there exist [bX] € H (B®) which satisfies the two equalities:
(a) i [b*] = pS [e¥] € H (CX); and

(b) 8" [b*] = 6% [m?].

. Assume, in addition, that there are maps of complexes

e :BX - BY, . CX¥ - CY, e MX - MY,

commuting with the horizontal maps between the complexes in the obvious
way, that there is an endomorphism m of all the complexes, commuting with
all the other maps, and such that

p’oel =7lpx, poc’ =m|ox, p" o™ = 7lux,
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and
7T|MX =0.
Finally, assume that there exist some [c] € H (CX) with [¢¥] = &¢[c¥].
Let upy - H (MX) — H (MZ) be the map ug corresponding to the balanced
sequence £ formed of the rightmost column of the diagram (3.1) and the map
e™. Then, there exist [by] € H (BY) and [m¥] € H (M*[-1]) such that
(a) i¥ [bY] = m, [e¥];
(b) 6Yey (mf] = e [bF] — [by]; and
(c) 6™ [m§] + unpy [cf] = [m*].
Proof. 1. We begin by choosing representatives m* € Z (M%) and ¢¥ € Z (CY)
for [m?] and [c¢¥] respectively. The condition i”* [m*] = p¥ [¢¥] implies
i™m?* = pYcY + dm? for some m¥ € MY [-1].

We can choose & € CY[~1] s.t. pYc¥ = mY. Replacing ¢¥ by ¢¥ + dc¥, which still
represents [¢Y], we may assume

i"m?* = pYc?.
The class p§ [c¥] is represented by p°c¥ € Z (C*), and
pp°cY = pmpYcY = p™i"m”* = 0 = p°c? = i*b* for some b* € Z (BX).
We choose [b*] to be the cohomology class represented by b*. To find 6° [b*] we
choose bY € BY s.t. p’bY = b*. Then
p’db¥ = db* = 0 = dbY¥ = i"b” with b* € Z (B%[1]),
and we have ¢° [b*X] = [b?]. We find that
pivbY = i"p’bY = i"b* = p°cY = p°(c¥ —iVbY) = 0.
Therefore,
¥ — YbY = i°c* with ¢? € CZ%,
and
i"mp*c® = pYi°c® = pY(c¥ — iYbY) = pYc¥ =i"m* = p°c® = m*.
We may therefore use ¢ to compute 6% [m?]: we have
de* = i*b* with b* € Z (B*[1]),

and the class of b? is

[b*] = 6% [m?].
We are done if we show that [b* = — [b#]. In fact,
i©7b? = i°de® = di°c? = d(c¥ — i'bY) = —di’bY = —i¥dbY = —i¥{’b? = —i%*b?

and therefore b% = —bZ2.

2. We have
pUmeY = mp¥cY =0 = mc¥ = i¥by with by € Z (BY).

We let [by] be the homology class of by. The first property is obviously satisfied.
The assumption [¢¥] = €5 [cff] implies that

c¥ = ec¥ + de¥ with &Y € CY[-1].
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Therefore
i"b* = p°cY = p°(e°ch + deY) = wcf + dp°eY,
and
iYbY = mcY = mecf + dmeY.
It follows that
iV (e"b* — bY) = £%"b* — i¥bY = (¢°nck + dep°eY) — (meck + dne?)
= d(ep® — m)cY
and that therefore a preimage of €% [b*] — [by] is given by the class of
pY(ep° — m)eY = pYepeY = MpmpYel.

It is easy to check that dp™p¥Yc¥ = 0. Therefore, we may take m§ = p™p¥c? to
represent the cohomology class [mg], and the second property holds. Finally, we
compute §™ [mf]. It is represented by m% € Z (M%), which satisfies

i"mf = dp¥cY = pYdeY = pY(c¥ — ) =i"m?* — eMp cy.
Thus " (m? — mj) = e™p”c¥, and so by the definition of up; we have

[m?*] — [mg] = unpi [c5]-

4. DEFINITION OF THE CUP PRODUCT

Let G be a group and H a normal subgroup with a finite index, so that we have
the short exact sequence

(4.1) 1-H—-G—-A—1,

with A a finite group. Let Z[A] be the group ring of A, with the obvious (left) G
action. The standard augmentation map, € : Z[A] — Z, sits inside a short exact
sequence,

(4.2) 0—157A]57—0,

in which [ is the augmentation ideal. The dual exact sequence is

(4.3) 0—-7z5z[A BT —o0.

Here, N is the norm (or trace) map that sends 1 € Z to } A g, and I =
ZIA|JZ Y en 9- The duality is given by the Z[A] map ¥ : Z[A] ® Z[A] — Z
defined by the pairing

(4.4) (Z Ngo, Z Meo) = Z MM,

[ASPAN gEA gEA

under which Z Y gea g and I are exact annihilators. We define v:Z — I'® I to be

the dual map to the map induced from 4 on I ® I. A simple computation shows
that v is the unique map satisfying

(4.5) y(1) =Y (o - 1)@ p(o).

cEA
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For future use we record the following two commutative diagrams with exact
rows. The first is

0 Il 24 ziAle] =24, | 0
(4.6) ﬁ ‘ﬁ
0 7z —N . z[A] LN 0.

The first row is the sequence (4.2) tensored with I, the second is just (4.3), and the
map [ is defined by

B(o) = o @ p(0).

In the second diagram the first row is (4.3) tensored with I while the second row
is (4.2):

id®N id ®p 7

0 I I®Z[A] Il 0
w |
0 g Z[A] 2 Z 0.

Here

Bo)=0 (Zv—nm) .

TEA
Let M and A be G-modules.
Definition 4.1. The Kolyvagin cup product is the map
W : Ext, (I, A) x Extl (I, M) — H" (G, M @ A)
which is the composition
Ext’, (I, A) x Exth (I, M) = Ext9 (1o I, M @ A)
2L BxtiH (2, M ® A) = HiT (G, M @ A).

We now give a more concrete interpretation for the domain of the Kolyvagin cup
product.

Lemma 4.2. In the situation described above we have the following long exact
sequences:

(4.8)
(4-3) cor

. . - * . G .
L NG, M) M Bt (1, M) 2 HU(H, M) S H(GL M) — -

Here we use the notation 61(\2'3) to denote the boundary map on the long exact
sequence of Ext(e, M) associated to the short exact sequence (4.3), and we use
similar notation for other long exact sequences.

Proof. Since Exti(Z[A], M) = H'(H, M), (4.8) is just the long exact sequence
associated with the short exact sequence (4.3). O
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Remark 4.3. If H=Y(G, M) = 0 (in particular if i = 0), the sequence (4.8) implies

T~ ; cor$ ;
Exti, (I, M) = Ker H'(H, M) 2 HY(G, M).

We will often assume that this is the situation. In case it is not, we may define a
“Kolyvagin cup product” for

; ; cor$ ;
Y xm e Ext} (I, A) x <KerHZ(H,M) —% HY(G, M))

by using the following procedure: We choose a surjection pr : M — M’ in such a
way that pr. kills H~'(G, M) (for instance we can choose M’ = M/MC% if i = 1).
It is readily seen that for any z € Extl (I, M) mapping to m,

(pr@id), (Y Wz) e H (G, A® M)

will only depend on ¢ and m. All of the results which are stated here under the
assumption H*=1(G, M) = 0 can also be applied in this more general case after the
above modification.

Remark 4.4. With the exception of 7.3, we will always assume that H acts trivially
on A. This allows us to identify Homg (I, A) with the group of cocycles of A with
values in A.

5. BASIC PROPERTIES OF THE KOLYVAGIN CUP PRODUCT

In the situation (4.1), the well known action of A on H*(H, M) may be described
as follows: If 0 € A and m € H'(H, M) = ExtS(Z[A], M), then o(m) is the pull-
back of m under the automorphism of Z[A] given by 7 — 7o. With the assumption
that A = H°(H, A), we also have a cup product A x H(H, M) — H'(H,A® M)
which may be described by sending a x m € Ext%(Z[A], A) x Exti(Z[A], M) to the
pullback of a Um € Exth(Z][A] ® Z[A], A ® M) by the map Z[A] — Z[A] @ Z[A]
which sends 7 to 7 @ 7.

Proposition 5.1. Let ¢ : A — A be a one-cocycle, viewed as an element of
Ext% (I, A). Then the following diagram commutes:

ke
Extl, (I, M) 2= H(G,A® M)

p*l rcsgl

Hi(H, M) & Hi(H,A® M),
where the map D) is
xe H'(H M) D > w(o)Uo(a).

ocEA
Proof. We start with ¢ € Homg (I, A) and m € Exti (I, M), and form
YpUmeBxto(I®l, Ao M).
Going along the upper and right sides of the diagram,
res (Y Wm) € H(H,A® M) = Ext,(Z[A], A® M)
is the pullback of ¢ U m by the map
(5.1) ZIAN S 7L Il
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Going the other way, for each 0 € A, (o) € H°(H, A) is the pullback of ¥ by
fo + Z[A] — I defined by fo(7) = (0 — 1). Therefore, D(p*(m)) is the pullback of
1 Um along the map Z[A] — Z[A] @ Z[A] — I @ Z[A] — I ® I given by

(5.2) 7'—>7'®7'—>ZT(U—I)®TU—>27(0—1)®p(70)-

oeA gEA
To see that (5.1) and (5.2) are the same it is enough to check for 7 = 1. But this
equality is clear. O

Remark 5.2. If i = 0, the restriction map above is just the injection (A ® M)¢
— (A® M)H. Tt follows that in this case the Kolyvagin cup product is the same
as the operation (1.1).

Proposition 5.3. The following diagram commutes:

; 1 id x 6§35
Ext,(I,A) x H~Y(G, M)
65:‘2)><idl Ll_‘Jl

]

HIY(G, A) x H-YG, M) —2— HiH (G, A® M)

Extl, (I, A) x Extly (I, M)

Proof. The commutativity will follow if we show the commutativity of the following
two diagrams:

Extl, (I, A) x H=Y(G,M) —— Ext"™~(I,A@ M)

sG2 xidl v l

@]

HTY(G,A) x H=Y G, M) —— HY (G, Ao M)
and

id x (3%

Ext{ (I, A) x H'=Y(G, M) Extd, (I, A) x Exti, (I, M)

‘| ‘|

itj—1 547 i+j/§
Exto? ([, A® M) —  Ext;/(I®I,A® M)

H 7

(4.2)

S I L
Ext7 (I, A M) —AeM, Ht(G,A® M)

since the composition of the two maps on the right hand side is ®. The map 6(*7)
is the boundary map derived from the first row of (4.7). The commutativity of the
first diagram and the top square of the second diagram follows from a standard
argument in homological algebra. The commutativity of the bottom square follows

from the commutativity of (4.7). O
Let
(5.3) 0—-BLocX M=o

be a short exact sequence of G-modules. Let B’ be the kernel of A C — A® M,
so that there are a surjection pr: A ® B — B’ and a short exact sequence

(5.4) 0—B —-A®C — A M — 0,
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and therefore a long exact sequence with a boundary map

(5.5) HV(@, Aw M) 250 grivya, B,

COrG . . v
Let m € Ker H'(H, M) — H'(G, M) and let z € Extg (I, M) satisfy p*(z) = m.
Assume there is ¢ € H'(H, C) s.t. p.(c) = m. It follows that there is b € H(G, B)
s.t. i’ (b) = cor%(c).

Theorem 5.4. In the situation described above, we may choose the class b €
H'(G, B) such that the following holds: For any 1 € Ext}(I, A),

§6D (g 2) = — pr*(éff-Q)(w) Ub).

Proof. Choose projective resolutions X®, Y'* and Z* of Z, Z[A] and I respectively
in such a way that we may lift the short exact sequence (4.3) to a short exact
sequence of complexes

0—Xx*Ly*L ze .
If we apply part 1 of Lemma 3.1 to the doubly short exact sequence of complexes
0 0 0

0 — Homg(Z*,B) —°— Home(2*,0) —2°— Home (2%, M) —— 0
op op OPJ,
0 —— Homg(Y*,B) —°— Home(Y*,C) —°— Home(Y*, M) — 0

o1 o1 OiJ,

0 —— Homg(X*, B) —°— Homg(X*,C) —2°— Homg(X*, M) — 0

I

0 0 0
we find that we may choose b € H (G, B) = H(Homg(X*®, B)) in such a way that

6534'3)1? = 6635 in Extgl(L B).
Therefore,
k563 = ik 5%"'3)b = 65;1'2) ()b,

where the second equality follows from proposition 5.3. A general argument about
cup products gives

§CV (K z) =pr, (Y& §E3)2),

and the result follows. O

The next result is an analogue of the known formula for the composition of
corestriction and restriction: cor$ o res%(z) = |G/H|z. Let n = |A| and assume
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that n annihilates both M and A. Let ¢ : A — A be a 1-cocycle. Since nA = 0,
the Kolyvagin trick shows that the element

a(y) = > _ (o)

[ASPAN

is G-invariant. Recall that we have a map p* : Ext (I, M) — H'(H, M) induced
from the map p : Z[A] — I of (4.3).

Proposition 5.5. In the above situation, there is a map
un e H(G, M) — Exti (I, M)
satisfying
1. p* ouprg = res as maps from H' (G, M) to H'(H,M);
2. The following diagram commutes:

id Xum,G
_

Homg (I, A) x HY(G, M) Homg (I, A) x Exts (I, M)

axidl ngl
HY(G,A) x H/(G, M) —2— H (G, A® M).
Proof. Let upr,¢ be the map ug with the balanced sequence £ associated to the
short exact sequence (4.3) and the usual augmentation map as described in the
second part of Lemma 2.7. For this short exact sequence we denote the map @
of (2.1) by & The first assertion is then clear from the remark at the end of
Definition 2.6. Since A is killed by n, the reduction map ry, : I — I/n induces
an isomorphism 77, : Homg(I/n, A) — Homg(, A). If ¢ is in Homg({/n, A), it
is easy to see that a(r; ,(¢)) € HY(G, A) is the pullback of ¢ under the map

w: Z — I/n defined by w(l) = Z(cr— 1)
oEA

(notice that this element is invariant in I/n). According to Lemma 2.7, up,g =
€* 057.,. We may therefore reformulate the proposition as saying that the diagram

X T W XSZn X
Home(I/n, A) x Extiy(Z, M) “— Home (I, A) x Extiy(Z/n, M)

w* xid id Xs*l

Homg(Z, A) x Exts(Z, M) Homg (I, A) x Exty (I, M)
U Ul
Ext5(Z®Z,A® M) Ext;(I® 1, A® M)

- /

Exti(Z, A® M)

commutes. In view of Lemma 2.4, both ways of getting to Ext(Z, A® M) involve
pulling back the same element via the two maps

722572072 IneZandZ L T0l 225 T97/n.

One checks directly that these maps are identical; hence the result. O
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6. HIGHER DERIVATIVES

In this section we define, under certain restrictions, a notion of a derivative of

order k,
ok ) . )

o™ € HY(G,M), m €Kercor$;: H(H,M) — H'(G, M),
for the cohomology class m with respect to “a function f of order £ on A” in such
a way that the Kolyvagin cup product defined in section 4 may be identified with
the derivative %m w.r.t. the cocycle ©. Things become more complicated as more
and more choices are involved. It is for this reason that we restrict to the following
situation:

G and H are the same as in section 4;

R is a ring with a trivial G action;

M is an R[G]-module;

We fix i > 0 and assume that for any finite R-module L with a trivial G

action, Extzg[é] (L, M) = 0 (in the most interesting case, in which ¢ = 1, this

condition amounts to M“ = 0).

We may replace Z by R in the setup of section 4. In particular, we redefine I (resp.

I) to be the kernel (resp. the cokernel) of the obvious map ¢ : R[A] — R (resp.
N: R — R[A]). Since

H. (G, M) = EXt;%[G] (R, M)
and
the long exact sequence (4.8) is isomorphic to the sequence

G
corH

(6.1) ...— H' (G, M) — Extyq(I,M) — H(H,M) —% H(G,M) — ...

We will need two different multiplications of R[A]. If we think of R[A] as the set
of functions f : A — R, the first is the convolution product, which is the one used
to define the group ring structure on R[A], and will be denoted by *. The second
is pointwise multiplication of functions. As before, we have a pairing

R[A] x RIA] = R, (f,g) = [(0)g(0).
cEA
Definition 6.1. We define an increasing filtration
0=F®=..oF ' CF C...c F®:==|JF"
reN

on R[A] by setting, for r > 1, F''R[A] to be the annihilator with respect to
the above pairing of the ideal I*" (I*" is the r-th power, with respect to the usual
product in the group ring, of the augmentation ideal).

Lemma 6.2. With respect to the filtration above:
1. The function f € R[A] is in F*YLR[A] if and only if its image in R[A]/F" is
A-invariant.
2. With respect to the pointwise product, F"F$ C F"T5,
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Proof. (1) Suppose f € F'*! and let g € I*". Then

(o(f) = f.9) = (o(f),9) = (f,9) = {f,07(9)) = (f,9) = (f, (607" = 1) % g) =0,

the last equality because (07! — 1) x g € I*"T1. Hence o(f) — f € F". Conversely,
if o(f) — f € F", then the same equation shows that f annihilates every element
of the form (071! — 1) % g with g € I*". Since I*"*! is generated by these elements,
the result follows.

(2) The case r = s = 0 is easy, as FY is just the set of constant functions. Given
fe Frand g € F?, we find that

o(fg) — fg=0(f)olg) — fg=(o(f) — flolg) + (o(g) — 9)f.

The result therefore follows by induction on r + s and part 1. O

To f € F¥ we associate the left ideal R[A] * f filtered by
F'(R[A] * f) = F' N R[A] = f

with » < k. For such an r we denote the inclusion F"(R[A] * f) C R[A] by Ny,
We then have a pullback map

*

j ' NG, i r
H'(H, M) 2 Extiyg (R[A], M) =25 Extiye (F7(R[A] * £), M).
We now define the higher derivatives. We first remark that by our assumptions

it follows from part 1 of Lemma 6.2 that Ext;[é] (F*(R[A] % f), M) = 0 for all k.

Definition 6.3. Let m € H'(H, M) and let f € F*. Assume that N}, (m) = 0.
By the last remark, N}, (m) pulls back uniquely to an element
z € Extiygy (FM(R[A]  f)/F*H(R[A]  f), M) .

We define
k

9 i ~ yi
Wm S EXtR[G](R, M) ~H (G, M)
to be the pullback of z by the canonical G-map R — FF¥(R[A] x f)/F*~Y(R[A] x f)
sending 1 to f (mod F*~1(R[A] * f))

We leave it to the reader to verify the following two propositions:
Proposition 6.4. There is an inclusion H'(A,R) = Hom(A,R) — F' which
induces an isomorphism F'/F° =~ HY(A R). If z € Extg(I, M) is the unique
pullback of m € HY(G, M) and v € Hom(A, R), then %m is the push forward of
YWz e H(G,R® M) by the canonical map R® M — M.

Proposition 6.5. We have

[A<PAN

where A acts on H'(H, M) in the usual way.

It is possible to check the conditions for defining the k-th derivative by verifying
the vanishing of all lower order derivatives. To be precise, we have
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Proposition 6.6. If N}, _,(m) =0, then for anyr < k and any g € F"(R[A]* f)
we have
aT

—m = 0.

dg
Conversely, let, forr=0,... , k—1,
frs € FT(R[A] % f), s=1,...,n(r),

be functions whose images generate F"(R[A] x f)/F*~Y(R[A] * f). If %m =0
for all r and s, then N ;_;(m) = 0.

We now discuss a few special cases:

1. Let f1,..., fr € Hom(A, R). The R-module generated by all the monomials
in f1,..., fr of degree < k contains R[A] * f1 - fa- - fi, and the r-th step in its
filtration is generated by all the monomials of degree < r. Thus, we may define
inductively the derivative %m if all the lower order derivatives afilaﬁm
vanish for r < k.

2. We have the following theorem:

Theorem 6.7. Assume as usual that A = G/H. Assume in addition that
e A = Ay x ---Ag with projections m : A — A, and 1L, : A — A, =

Ay X XApLX- X Ag. Welet G, be the preimage of A, under the projection

G — A.
e m € H'(H, M) is killed by all the partial corestriction, i.e., corgy‘ m=0.
o The A, = (o), forr =1, ...k, are all cyclic with order divisible by some

power p" and with a preferred generator o,.
e The module M s killed by p™.
In this situation, let D = Dy --- Dy € Z[A], where D, = Ela_i is the Kolyvagin
operator that was described in the introduction. Th(;n, Dm € H'(H, M)* is in the
image of the restriction map res$ : H'(G, M) — H*(H, M),

Proof. More generally, let M be any R module, and let g, € Hom(A,, R) and
fr=grom for r =1, ... k. The conditions of the theorem assure us that all
the derivatives with respect to a proper subset of {fi, ..., fx} vanish. Indeed, the
partial corestrictions cord m may be described as pulling m € Ext%[c] (R[A], M)
by the map IT* : R[A,] — R[A], and the inclusion of the R-module generated
by fi--- s fss.., frx in R[A] may be factored through II,. Thus, the derivative
ﬁm exists by Proposition 6.6. We now restrict to the case R = Z/p", define

gr by gr(o,) =1, and conclude easily by Proposition 6.5 |

7. THE KOLYVAGIN CAP PRODUCT

In this section we construct a new operation which is dual to the Kolyvagin cup
product we have constructed in section 4. The setup is the same as that of section 4.

Definition 7.1. The Kolyvagin cap product is the cup product
Ext), (I, A) x H'(G, M) — Extif? (I, A@ M).
We denote this product by ¢ x x — ¢ Rz.
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As usual, we’ll be mostly interested in the case j = 0, where 9 is just a one-
cocycle with values in A.
The short exact sequence (4.2) gives rise to

. res@ . i* .
(7.1) 0 — Coker [Hl(G, Ao M) =5 Hi(H Ao M)| 5 Bxtl, (I, A@ M)

522 ) res@ .
2%, Ker [HZ“(G, Ao M) —% HHYY(H Ao M)| — 0.

We now show that the operation just defined coincides with the one defined by
Rubin in [Rub93, §3] when i = 0 as follows: Let € M¢ = H°(G, M) and let
P € Ext% (I, A) be a one-cocycle 1) : A — A. Assume there is y € M satisfying
Ng/uy = x. One can now form

YRz =Y () ®aly) (mod (Ae M)%) e (Ae M) /(A0 M)C.
ogEA

If Ng/my = 0, then the basic Kolyvagin trick shows that Y _, ¥(0) ® a(y) is
G-invariant; hence the operation is well defined.

The next proposition shows that the above operation, when defined, is given by
the Kolyvagin cap product.
Proposition 7.2. The following diagram commutes:

G
Corpy

HY(H, M) HY{(G, M)
@l wrkhl
Hi(H,A® M) —— Ext,,(I,A® M)
where @) is the map

12— 3 (o) o).

cEA

Proof. As in the proof of Proposition 5.1, we start with m € Exts( Z[A], M) and
form ¢ @ m € Ext(I ® Z[A], A® M). Going along the upper and right sides of
the diagram (resp. the left and lower sides) corresponds to pulling back ¥ U m by

id@N
—_—

I —=— I®Z I Z|A]

T—1 —— (71-1)®1 —— (1-1)®@ (> ,en0)
(resp.
I —— 7[A] —— I ®Z[A]
T —— =Y seaTlo—1)®710).

It thus remains to observe that

(T_]-)®(ZO'):—ZT(O'—1)®TU.

cEA cEA
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We now show that the Kolyvagin cap product is dual, in a sense we shall define
soon, to the Kolyvagin cup product defined in section 4. To motivate what follows,
recall from [Mil86, ch. 1] that Tate duality is defined by the pairing

(7.2) (,):H*G, M) x H (G, M(1)) = H2(G, pp~ ) 22 Q,/Z,.

Here, G is the Galois group of K /K, where K is a nonarchimedean local field (we’ll
refer to this type of groups as local Galois groups), k and ¢ are nonnegative integers
summing to 2, ppe is the G-module of p-power roots of unity in K, J/W\(l) =
Hom(M, pipos) is the Kummer dual of M and invg is the invariant map of local
class field theory. When H is a normal group of finite index in G, it is also a
local Galois group, so the same duality holds for H. It is known that the invariant
commutes with corestriction, i.e., if € H?(H, pp ), then

invg(corbx) = invy(z).

Our next result shows that the Kolyvagin cup product may be considered as giving
a new pairing which is closely connected to the pairing in the Tate duality.

Proposition 7.3. Let A and M be G-modules (we are not assuming now that A
has a trivial H action!). Let p* : Exto (I, M) — H*(H,M) and i* : H*(H, A) —
Ext]é(l, A) be the maps induced on cohomology from the natural maps p and i in
(4.2) and (4.3). Then, p* and i* are “adjoint” with respect to the usual cup product
and the Kolyvagin cup product, i.e., for x € Exti (I, M) and y € H*(H, A) one has

i*(y) W = corfi(y Up* ().

Proof. The result follows from the commutativity of the diagram

7 —= Z[A] ) Z[A] ® Z]A]
’YJ lid ®p
I®l e ZIA T
where the map @) sends o € Z[A] to 0 ® 0. |

Definition 7.4. Suppose that G is a local Galois group and that M is a G-module.
Define the Kolyvagin pairing,

() Extl (1, M(1)) x Ext(I, M) — Q,/Z,,

with ¢ + k = 2, to be the composition of the Kolyvagin cup product with the
invariant map.

Corollary 7.5. If,/i\n the situation of Proposition 7.3, G is a local Galois group,
i+k=2and A= M(1), then one has

(*(y), )k = (y,p" ().

We can now state the adjointness of the Kolyvagin cup and cap products:
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Proposition 7.6. Let M, N and A be G-modules and let 1) € Exté([, A). Then
the following diagram commutes:

- ke N
H*(G,N) x Extio(F, M) W20 gk(@ NY x HV(G, Ao M)

(w@-)xidl ul

, o K »
ExtiH (I, A® N) x Exti,(I, M) ———  H*H(G A0 N M).

Proof. Follows from the commutativity of

Zoiol &% 797

T H

el X 7
O

Theorem 7.7. Let G be a local Galois group and let A and M be G-modules with
a trivial action of H on A. Let i and k be two nonnegative integers with i+ k = 2.
Let ¢ be a one-cocycle of A with values in A. Let x € H¥(G,A® M(1)) and
y € Exti (I, M). Then,
1. We have
<$71/1L|9?J> = <w®xay>Ka
where we used the identification A ® (@)(1) = ]/\4\(1) to view Y Rz as an

element of Exti (1, M\(l))
2. If ke =i*(z) with 2 € H(H, M(1)), then

(w9 by) = {z,p" ().
3. In particular, if x = corg(x’), with ©' € Hk(H,A ® M(1)), then
Ky) =

(z, —(> d(o) @ a(a!),p"(v))-
cEA
Proof. All the results are immediate consequences of Propositions 7.6, 7.3 and 7.2.
|

8. LOCALIZATION OF THE KOLYVAGIN CUP PRODUCT

In this section, we describe a method which, under certain conditions, allows
one to compute the localization of the Kolyvagin cup product of given cohomology
classes. The result is inspired by the computations of Nekovai in [Nek92].
The setup is as follows:
e We have the short exact sequence of groups (4.1): 1 = H - G — A — 1
with A of order n;

e G; (I for local) is a subgroup of G. We let H; = H N G; and demand that
Gi/H, =

e Aand M are G-modules killed by n, and A has a tr1v1a1 H actlon

e M sits in a short exact sequence of G-modules 0 — B — C' 25 M — 0;
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e We are given i > 0, and cohomology classes m € H'(H,M), ¢ € H'(H,C)
and ¢; € H(Gy, C) s.t.

m = pl.c and resglc = resgi c;

e We have a 1-cocycle ¢ : A — A.

As in the setup of Theorem 5.4, we can choose z € Exts (I, M) s.t. p*(z) = m, and
we can form the Kolyvagin cup product )&z € HY(G,A® M). Our aim in this
section is to compute resgl (& 2)

As in Theorem 5.4, we find a class b € H(G, B) with i’(b) = cor%(c). In
addition, since p,(nc) = nm = 0, we can also find ¥’ € H*(H, B) such that i (b') =
ne. It follows from the assumption G/H = G;/G that resgl ocory = corgi oresy
and therefore

resgl core = resgi resglcorflc = res% cor% resglc

_ Gy Gy Gy, _ Gy _ H
= reSHl COI'HL reSHl Cc = reSHl ncy = nreSch.

Let by = res$b — b’ € H'(H, B). The above computation shows that
i, (resfy b1) = resfy (resfcorfyec —ne) = 0,
and so
resglbl = 603 m, for some my € H™(H;, M).

Theorem 8.1. There exists a choice of b and b’ above such that the following holds:
There exists my € H=Y(Gy, M) with

mp = resgimg and resgl (YW 2z) = a(y) Upl(c) +me U,
where a(y) =Y A ¥(0) and [¢] denotes as usual the cohomology class of .

Proof. The condition G/H = G;/G; shows that when viewing (4.3) as a sequence
of Gi-modules it will give the long exact sequence (4.8) with G and H replaced by
G, and H;. We take the projective resolutions X°®, Y* and Z* that were used in
the proof of Theorem 5.4, and form the same doubly exact sequence of complexes
as in that proof but replacing Homg by Homg,. According to part 1 of Lemma 2.7,
we can lift the augmentation map ¢ : Z[A] — Z to a map of complexes

€:Y*® — X°® such that € o = multiplication by n.

It is now easy to check that we may apply part 2 of Lemma 3.1 with the map 7
being multiplication by n. The lemma gives the existence of ms such that

G 4.3 /
my = resgms and z = 65\4 )mz + Um,GPxCl,

with ups,, being the map defined in Proposition 5.5. Propositions 5.3 and 5.5 now
give the required result. O

To make a more explicit computation we now add further assumptions:

1. a(¢) = 0 (this is for instance true if A or A has no 2-torsion and A has a
trivial G action);

2. resgi is an isomorphism on H*(Gy,C) and H* (G}, B);

3. There is an operator T', acting in a compatible way on B, C'and M, TM = 0,
and we have z € H'(G, C) with corfc = T;

4. There is an operator Fr(l), acting compatibly on the H; cohomology with
coefficients in C, B and M, and resf] ¢ = Fr(l)res x;
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5. The cohomology groups H'=*(G, M) and H'~!(G,, C) vanish.

Remark 8.2. The reader should have in mind the following situation: K/F is some
finite extension of number fields G = Gal(Q/F), H = Gal(Q/K). [ is some prime
of F' which is totally ramified in K and G, is the decomposition group of [ (notice
that G/H = G,/H;). C is a Zy-free G-module which has pure weight different from
0 and with good reduction at I. p is assumed not to lie below . B = p*C. i = 1.
Condition (2) is then satisfied because the weight assumptions imply, according
to [Nek92, Lemma 4.1], that H*(G;,C) = H'(G;/I;,C), with I; the inertia at [
(one should probably be a little more careful and replace C' with its quotient by a
sufficiently large power of p), and the same is true with G; replaced by H; and C
replaced by B, and because K;/Fj is totally ramified. The conditions (3) and (4)
are typical conditions for Euler systems of elliptic type (see for instance [Nek92,
Proposition 6.1]).

Because of condition (2) we can define Fr(I) on H(G;, C) and H* (G, B). Denote
by £ : C — B the composition (i) "' oT", which is well defined since by assumptions
T has values in the image of #/. Define % similarly. Since H*~*(G;,C) = 0, the
boundary map 63 : H=1(G;, M) — H*(G, B) is injective and we denote by §*
its inverse when defined. Define x, from a subspace of H (G}, C) to H (G, A® M)
by

7

T
Xol(r) = Ué? <(_/) - (ﬁ/) Fr(l)> x; whenever it is defined,
i), x
. T n .. . (5.3)
i.e., whenever ) - (z_’) Fr(l)z; is in the image of '/, As usual, we can
choose z € Extiy (I, M) such that p*(z) = m. Since H*~Y(G, M) = 0, z is in fact
unique.

Corollary 8.3. In the situation described above, Xy is defined on resglx and we

have
resgl (v K Z) = Xy (resglx).

Proof. The assumption H*~1(G, M) = 0 implies that the choice of b and b in
Theorem 8.1 is unique. Therefore,

b= (%)*x and b’ = (;)*c
From (4) we deduce that
resp, b’ = resjy (;)* c=Fr(l) (;)* resy z,
and therefore

T n
(5.3) 10eGl G 1 noH G .. _ G
6" respimy = resy b —resy b’ = ; resgy, © — Fr(1) ) resm .
*

L

. G
Since res i

is an isomorphism, we have

T
5§63, = ((z_’) - (;) Fr(l)> resgl:z:,

and the result is clear. O
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