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Abstract.

Our first goal in this article is to explain that a weak form
of Perrin-Riou’s conjecture on the non-triviality of Beilinson-Kato
classes follows as an easy consequence of the Iwasawa main conjec-
tures. We also explain that the refined form of this conjecture in
the p-supersingular case also follows from the classical Gross—Zagier
formula and Kobayashi’s p-adic Gross—Zagier formula combined with
this simple observation.

Our second goal is to set up a conceptual framework in the con-
text of A-adic Kolyvagin systems to treat analogues of Perrin-Riou’s
conjectures for higher motives of higher rank. We apply this general
discussion in order to establish a link between Heegner points on a
general class of CM abelian varieties and the (conjectural) Coleman—
Rubin—Stark elements we introduce here. This can ben thought of as
a higher dimensional version of Rubin’s results on rational points on
CM elliptic curves.
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81. Summary of Contents and Background

We have three goals in this article. Part I is largely expository
and we hope it will serve as a motivation for Parts IT and III: In this
portion, we record a rather straightforward (but somehow overlooked)
proof of Perrin-Riou’s conjecture (under very mild hypotheses) on the
non-vanishing of the p-adic Beilinson—Kato class associated to an el-
liptic curve E/g, when E has semistable reduction at p. In a recent
preprint [I4], this simple observation is used as an input in the proof
of Perrin-Riou’s refined conjecture in the case of good ordinary reduc-
tion. We remark that the most general form of Perrin-Riou’s refined
conjectures has been announced by BertolinifDarmoaneneruccﬂ at all
primes p of semistable reduction and proved by Venerucci [59] in the
case of split-multiplicative reduction. To the best of our knowledge,
Bertolini-Darmon—Venerucci utilise a different toolbox.

Also in Part I we explain, in the situation when p is a prime of
supersingular reduction, how to deduce an explicit formula for a point
of infinite order on E(Q) in terms of the special values of the two (un-
bounded) p-adic L-functions attached to two p-stabilizations of the asso-
ciated eigenform. This formula was proved by Perrin-Riou in [47, §3.3.4,
Formule (non démontrée)] albeit in a slightly different form, assuming
the validity of p-adic Birch and Swinnerton-Dyer formulaeﬂ We remark
that essentially the same formula in terms of signed p-adic L-functions of
Pollack was also proved by Kurihara and Pollack. Even though the ar-
gument presented here is well-known to expertsﬂ, we decided to record
it in this article for the sake of completeness, particularly because it
works equally well in the case of good ordinary reduction (under the
assumption that at least one of the two associated p-adic height pairings

'Even earlier by Bertolini-Darmon in the case of good ordinary reduction,
several years before [14].

2As Kobayashi explains in [35], p-adic Birch and Swinnerton-Dyer formu-
lae follow from the truth of Iwasawa main conjectures and his p-adic Gross—
Zagier formula.

3Also, it is not the most efficient in terms of assumptions: We are grateful
to anonymous referee for explaining us an argument to deduce this formula
in the case of supersingular reduction, utilising the results of [32] 47, [35],
without relying on the truth of Iwasawa main conjectures. In particular, the
assumption that the elliptic curve E be semistable can be relaxed.
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is non-trivial, which is deduced in [I4] as a consequence of the p-adic
Gross—Zagier formulaeﬂ in this set up).

In Part II of this article (Section , we first recast this approach
relying on the theory of A-adic Kolyvagin systems. We explain how this
yields a proof of an extension of Perrin-Riou conjecture concerning the
non-vanishing of the p-distinguished twists of Beilinson-Flach elements
(Corollary [3.1)).

In the third and final portion of this paper, we establish a precise
link between Heegner points on a general class of CM abelian varieties
and the (conjectural) Coleman-Rubin—Stark elements we introduce here
associated to these CM abelian varieties (c.f. Theorem in the main
text). This is a higher dimensional version of Rubin’s results on rational
points on CM elliptic curves (where he compares elliptic units to Heegner
points on CM elliptic curves).

Part 1. Perrin-Riou’s conjecture for Beilinson—Kato ele-
ments. Let E be an elliptic curve defined over Q and let N denote
its conductor. Fix a prime p > 3 and let S denote the set consist-
ing of all rational primes dividing Np and the archimedean place. In
this set up, Kato [32] has constructed an Euler system c¢B¥ = {cBK}
where F runs through abelian extensions of Q, ¢BX € HY(F,T,(E))
is unramified away from the primes dividing Np and T,(E) is the p-
adic Tate module of FE. Kato’s explicit reciprocity laws show that the
class CBK € H'(Q,T,(E)) is non-crystalline at p (and in particular, non-
zero) precisely when L(E/Q,1) # 0, where L(E/Q, s) is the Hasse-Weil
L-function of E. Perrin-Riou in [47, §3.3.2] predicts the following asser-
tion to hold true. Let res, : H(Gg s, T,(F)) — HY(Q,, T,(E)) denote
the restriction map.

Conjecture 1.1. The class res, (C(SK) € HY (Q,,T,(E)) is non-
torsion if and only if L(E/Q, s) has at most a simple zero at s = 1.

This is the conjecture (and its extensions in other settings) we ad-
dress in the current article.

Theorem below concerns the “if” direction in Conjecture
In Section 2:2] we will deduce it as an easy consequence of the works
of Kato [32] Theorem 12.5 and 17.4], Skinner-Urban [57, Theorem 1],
Skinner [55, Theorem A] and Wan [63, Theorem 4], [62, Theorem 1.4]
on the main conjectures of Iwasawa theory of elliptic curves.

“We note that this preprint relies crucially on Kobayashi’s forthcom-
ing work on p-adic Gross—Zagier formula for cuspidal eigenforms of arbitrary
weight at non-ordinary primes.
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Theorem 1.1. Suppose that E is an elliptic curve such that the
residual representation

7p Gas — Aut(E[p])

is surjective. Then the “if” part of Perrin-Riou’s Conjecture [1.1] holds
true in the following cases:

(a) E has good ordinary reduction at p and one of the following
two conditions hold.
— There exists a prime L||N such that p 1 ordy(As) for a
minimal discriminant Ay of E at £.
— There exists a real quadratic field F verifying the condi-
tions of [63, Theorem 4].
(b) E has good supersingular reduction at p and N is square-free.
(¢) E has multiplicative reduction at p and there exists a prime
C|| N such that ptorde(Ay) for a minimal discriminant A; of
E att.

As per the “only if” direction, one may prove the following result
as a rather straightforward corollary (see Section [2.1] for details) of [54]
Theorem A’], [68, Theorem 1.1] and [60, Theorem A] in the case of p-
ordinary reduction; and [I9, Theorem 6.4] together with [62] Theorem
1.4] in the case of p-supersingular reduction. We state it here for the
sake of completeness.

Theorem 1.2. In the situation of Theorem[I.], the “only if” part
of Perrin-Riou’s conjecture holds true for all cases (a), (b) and (c) if we
further assume:

e in the case of (a), that N is square free and either E has non-
split multiplicative reduction at one odd prime or split multi-
plicative reduction at two odd primes;

e in the case of (b), that N is square free, that there exists q | N
such that py is ramified at q and pg is surjective;

e in the case of (c) that

— p does not divide ord,(Ag) and when E split multiplicative
reduction at p, the Galois representation E[p] is not finite
at p,

— for all primes ¢ || N such that £ = £1 mod p, the prime
p does not divide ordy(Ag),

— there exists at least two prime factors £ || N such that p
does not divide ordy(Ag).

We remark that in the situation of (a), the hypotheses in Theo-
rem may be slightly altered if we relied on the work of Zhang [67]
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Theorem 1.3] on the converse of the Gross—Zagier-Kolyvagin theorem,
in place of the work of Skinner. This on one hand would allow us to
relax the condition on the conductor N, on the other hand would force
us to introduce additional hypothesis (see Theorem 1.1 of loc.cit).

In a variety of cases, one may prove a refined version of Theorem [I.]]
and deduce that the square of the logarithm of a suitable Heegner point
agrees with the logarithm of the Beilinson—-Kato class BK; up to an
explicit non-zero algebraic factor. We record here the following result in
the case when F has good supersingular reduction at p (see Remark
below for the developments concerning the good ordinary case). For a
detailed discussion and proofs (on which we claim no originality), we
refer the reader to Section 2.3

Theorem 1.3. Suppose that E has good supersingular reduction at p
and verifies the hypotheses of Theorem 1.1}, as well as that its conductor
N is square-free. Then,

log ; (ves, (BK1)) = —(1 - 1/a)(1 - 1/8) - C(E) - logp (res, (P))?

for a suitably chosen Heegner point P € E(Q), where logy stands for the
coordinate of the Bloch-Kato logarithm associated to E with respect to a
suitably normalized Néron differential on E and C(E) € Q* is given in

.

A more detailed version of this statement is recorded as Theorem 2.2]
below. Even though Theorem (in fact, a stronger version stripped
off the semistability hypothesis herein) is a direct consequence of the
results of Kato [32], Perrin-Riou [47, §3.3.4. Formule (non démontrée)]
and Kobayashi [35], Theorem 1.1]E|, we decided to include a proof of this
corollary in Section that relies on [6 8, [I] (which, of course, still
requires Kato’s explicit reciprocity laws for Beilinson—Kato elements and
Kobayashi’s p-adic Gross-Zagier formulae as an input), since our later
discussion that concerns higher dimensional motives parallels this line
of argument.

Remark 1.1. The treatment of the good ordinary case with the
strategy outlined here requires a p-adic Gross—Zagier formula at critical
slope. This formula is indeed within reach and it is the subject of [14].

Theorem [I.3] combined with the Gross—Zagier formula, Kobayashi’s
p-adic Gross—Zagier formula in this set up and Perrin-Riou’s analysis
in [47, §2.2.2] yields the following result, which allows us to determine

5We are grateful to anonymous referee for explaining this point to us.
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a global point in terms of the special values of the associated p-adic
L-functions and validates Formula 3.3.4 of [47]. Let wq,wg € Deis(V)
denote the canonical elements given as in Section We set 0 =
[wg,wa]/C(E), where [, ] : Deis(V) X Deis(V) — Q, is the canonical
pairing.

Theorem 1.4. Let expy denote the Bloch-Kato exponential map.
Then under the hypotheses of Theorem

expy (/B (1= 1/0) 2 Lo (B/QD) — (1= 1/B) 2 L, (E/Q.D) )

18 a Q-rational point on E of infinite order.
A proof of this corollary is recorded at the end of Section [2.3.1

Remark 1.2. This result is essentially [47, §3.3.4, Formule (non
démontrée)], which is verified assuming the truth of the p-adic Birch
and Swinnerton-Dyer conjecture. See [37, Section 2.7] for essentially the
same formula with the one given in Theorem (which is also verified
assuming the truth of the p-adic Birch and Swinnerton-Dyer conjecture)
in terms of signed p-adic L-functions. Note that Kobayashi’s work in [35]
Corollary 1.3] implies the p-adic Birch and Swinnerton-Dyer conjecture
up to non-zero rational constants.

One may also easily deduce the following version of Theorem [I.3|
(relying on Disegni’s p-adic Gross-Zagier formula [23], Theorem B] in
place of Kobayashi’s work and the Rubin-style formula proved in [43]
Proposition 11.3.15]) in the case when E has non-split multiplicative
reduction at p.

Theorem 1.5 (Theorem . Suppose that E is an elliptic curve
with non-split multiplicative reduction at p and verifies the hypotheses
of Theorem also that there exists a prime £ || N such that pg s
ramified at £. Assume that r,n, = 1 and further that Nekovdr’s p-adic
height pairing associated to the canonical splitting of the Hodge-filtration
on the semi-stable Dieudonné module Dg (V') is non-vanishing. Then,

log ; (res,(BK,)) - logp; (res, (P)) > €@,
where P is any generator of E(Q)/E(Q)tor -

Remark 1.3. Bertolini, Darmon and Venerucci have announced
that in their forthcoming work [5], they prove a result similar to Corol-
lam’es and in the situation of (a). Also, using techniques different
from [B], Venerucci [59] gave a proof of the result above when E has split
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multiplicative reduction at p. They may then deduce the conclusions
of Theorems and directly from these results (in the respective
setting). In contrast, our exposition here is based on the observation
that the weak Perrin-Riou Conjecture on the non-vanishing of the
Beilinson—Kato class is an immediate consequence of Twasawa main con-
jectures. Following Perrin-Riou’s original strategy, we then exploit a va-
riety of Gross—Zagier formulae to deduce the full Perrin-Riou conjecture
(that relates the Beilinson—Kato class to Heegner points). In particular,
the proof of full Perrin-Riou conjecture in the situation of (a) also fol-
lows from Theorem[I_]] thanks to a p-adic Gross-Zagier formula for the
critical slope p-adic L-function (along with Perrin-Riou’s p-adic Gross—
Zagier formula for the slope-zero p-adic L-function), whose proof is the
subject of [14].

Concerning Corollaries and [1.5, we would like to underlind| a
common key feature of the three approaches (in [0, [B9] and the original
approach of Perrin-Riou that we take as a base here) towards it, despite
their apparent differences: All three works make crucial use of a suitable
p-adic Gross—Zagier formula, allowing the comparison of Heegner points
with Beilinson—Kato elements. For the approach in [5], this formula is
provided by [4] (where the relevant p-adic Gross—Zagier formula is proved
by exploiting Waldspurger’s formula and it resembles Katz’s proof of the
p-adic Kronecker limit formula) and for Venerucci’s approach in [59],
it is provided by [2] (where the authors use Hida deformations and the
Cerednik-Drinfeld uniformization of Shimura curves). In the present
article, we rely instead on the p-adic Gross—Zagier formula of Perrin-
Riou [46] and the critical slope p-adic Gross—Zagier formula in [14] in
the case of good ordinary reduction; the p-adic Gross—Zagier formulae of
Kobayashi [35] in the case of good supersingular reduction and the work
of Disegni 23] when E has non-split-multiplicative reduction at p.

Remark 1.4. Our arguments here easily adapt to treat also higher
weight p-ordinary eigenforms; however, our conclusion in that situation
is not as satisfactory as in the case of elliptic curves. For this reason,
here we shall only provide a brief overview of our results towards Perrin-
Riou’s conjecture in that level of generality. Suppose f € Sap(To(N))
is an eigenform and we let Vy denote the self-dual twist of Deligne’s
representation attached to f. Let K denote a completion of the Hecke
field of f at a prime above p and ok its ring of integers. Fix a Galois-
stable o -lattice Ty contained in V; and let k denote the residue field of

SWe would like to thank Henri Darmon for an enlightening exchange
regarding this point.
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or. Wewill set py: Gg.s — GL(Ty) (where S is the set consisting of all
rational primes dividing Np and the archimedean place) and pyi=prok.
If the conditions that

® Dy is absolutely irreducible,
o f is p-distinguished (namely, the semi-simplification of pf|G@
is non-scalar), ’
simultaneously hold true, then

ords—y L(f,s) =1 = either logy, BK; #0,
or else res,: Hf (Q,Vy)— H} (Qp, Vi) is the zero map.

Here H} (Q,,Vy) C HY(Q,,Vy) is the image of the Bloch-Kato expo-
nential map expy;, and H} (Q,Vy) is the Bloch-Kato Selmer group.

Note in particular that the main result of [I] towards Perrin-Riou’s
conjecture for non-p-crystalline semistable modular forms escapes the
methods of the current article.

Part II. A-adic Kolyvagin systems, Beilinson—Flach ele-
ments and Coleman—Rubin—Stark elements The general theory
of A-adic Kolyvagin systems yields a relatively simple criterion to ver-
ify the Perrin-Riou conjecture in a great level of generality. This is the
content of our Theorem [3.3| below. Combined with the work of Wan [61]
and Howard [28] [66], it yields an easy proof of the following statement
(which is Corollary in the main body of this note):

Theorem 1.6. Let E/Q be a non-CM elliptic curve that has good
ordinary reduction at p and assume that the residual representation pg is
absolutely irreducible. Let K/Q be an imaginary quadratic extension that
satisfies the weak Heegner hypothesis for E and where p splits completely.
Suppose further that p does not divide ordy(j(E)) whenever € is a prime
of split multiplicative reduction. If the twisted L-function L(E/K, «, s)
associated to the base change of E/K and a p-distinguished character o
vanishes at s = 1 to exact order 1, then the corresponding Beilinson—
Flach element BF; € H} (K, T,(E) ® a™!) is non-trivial.

We remark that Bertolini and Darmon have announced the proof of
an analogue of full Perrin-Riou conjecture in this set up, that enables
them to compare the logarithms of Beilinson—Flach elements and Heeg-
ner points. Theorem is a considerably weaker version of their result.
On the other hand, Theorem [I.6] may be extended to cover the case of
elliptic curves with good supersingular reduction as well, if one relied on
another preprint of Wan on Iwasawa main conjectures at supersingular
primes.
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The view point offered by the theory of A-adic Kolyvagin systems
enables us to address similar problems concerning a CM abelian variety
A of dimension g. In this situation, a slightly stronger version of Rubin—
Stark conjectures equips us with a rank-g Euler system. Making use
of Perrin-Riou’s extended logarithm maps and the methods of [16], [10],
we may obtain Kolyvagin systems (Theorem out of these classes
(that we call the Coleman—Rubin-Stark Kolyvagin systems), with which
we may apply Theorem [3.3] Our Ezxplicit Reciprocity Conjecture [3.2
for these classes is a natural generalization of the Coates—Wiles explicit
reciprocity law for elliptic units, and predicts in a rather precise manner
how the conjectural Rubin—Stark elements should be related to the Hecke
L-values attached to the CM abelian variety A.

All this combined with the results of [I6] allows us to prove Theo-
rem below, which establishes an explicit link between the Coleman—
Rubin—Stark elements and Heegner points. Let A be an abelian variety
which has complex multiplication by an order of a CM field K whose
index in the maximal order is prime to p and defined over the maximal
totally real subfield K, of K. We assume that A has good ordinary
reduction at every prime above p, that the prime p is unramified in
K /Q and that A verifies the non-anomaly hypothesis at p. One
may than associate A a Hilbert modular CM form ¢ on Resg, ;o GL2 of
weight 2. See Section [3.4] for a detailed discussion of these objects.

We will assume that there exists a degree one prime of K, above p
(we believe that it should be possible to get around of this assumption
with more work). Let (, ) denote the p-adic height pairing introduced
in Definition [3.16] and assume that it is mon-zero. Denote by € the
Coleman—Rubin-Stark element associated to the CM form ¢ (that is

given as in Definition [3.12]).

Theorem 1.7. If the Hecke L-series of the associated to CM form
¢ vanishes to exact order 1 at s = 1, then the Coleman—Rubin—Stark
class € is non-trivial and we have

log,, (€) = log,, (P¢>)2 mod @,

where Py is a Heegner point on A and log,, is a certain coordinate of the
Bloch-Kato logarithm (with respect to a suitably chosen Néron differen-

tial form) given as in (3.10) below.

See Theorem [3.9] below for a more precise version of this statement.
We remark that Burungale and Disegni [3] recently proved the generic
non-triviality of p-adic heights. Relying on this result, one may generi-
cally by-pass this hypothesis for the twisted variants of Theorem
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Remark 1.5. We were informed by D. Disegni that in a future
version of [3], the authors will be proving a complementary version of
the formula in Theorem which will express the right hand side in
terms of the special values of a suitable p-adic L-function.

1.1. Notation

For a number field K, we define Kg to be the maximal extension
of K unramified outside a finite set of places S of K that contains all
archimedean places as well as all those lying above p. Set Gk s :=
Gal(Kg/K).

Let ,~ denote the p-power roots of unity. For a complete local
noetherian Z,-algebra R and an R[[Gg, s]]-module X which is free of
finite rank over R, we define X* := Hom(X, ) and refer to it as the
Cartier dual of X. For any ideal I of R, we denote by X[I] the R-
submodule of X killed by all elements of I.

Let A/K be an abelian variety of dimension g which has good re-
duction outside S. We let T,,(A) denote the p-adic Tate-module of A;
this is a free Z,-module of rank 2g which is endowed with a continuous
Gk s-action. We define the cyclotomic deformation Tp(A) of T,(A) by
setting T,(A) := T,(A) @ A (where we let Gk, s act diagonally), where
A = Z,[[I] (with T' = Gal(Ky./K) is the Galois group of the cyclo-
tomic Z,-extension Kcy./K) is the cyclotomic Iwasawa algebra. We let
K, /K denote the unique subextension of Kqy./K of degree p” (and Ga-
lois group T, := T'/T?" = Z/p"7Z). When K = Q, we write Qo in place
of Quye.

In the first part of this article the number field K will be Q whereas
in the second part, it will be either a more general totally real field or a
CM field. In Part II, we will also work with a general continuous G k-
representation T which unramified outside S and which is free of finite
rank over a finite flat extension o of Z,. We will denote by L the field
of fractions of 0 and by T the G g-representation T'® A. We will also
set Ay 1= A ®z, 0 = of[I]].

Fix a topological generator v of I'. We will denote by pr, the aug-
mentation map A — Z, (which induced from v — 1) and by slight
abuse, also any map induced by it.

1.1.1. Selmer structures Given a general Galois representation T,
we let Fa denote the canonical Selmer structure on T defined by setting
H} (K\,T) = H*(K,T) for every prime X of K.

In the notation of [42, Definition 2.1.1] we have X(F) = S for each
of the Selmer structures above.
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Definition 1.1. For every prime A of K, there is a perfect local
Tate pairing

(,Yaate : HY (K, X) x HY(Kx, X*) = H*(Kx, p=) — Q,/7Z, .

For a Selmer structure F on X, define the dual Selmer structure F* on
X* by setting Hx. (Q¢, X*) := Hx(Qg, X)*, the orthogonal complement
of H-(Qg, X) with respect to the local Tate pairing.

Given a Selmer structure F on X, we may propagate it to the sub-
quotients of X (via [42], Example 1.1.2]). We denote the propagation of
F to a subquotient still by F.

§2. Part I. Perrin-Riou’s conjecture for elliptic curves over Q

Let E/Q be an elliptic curve as above and recall the Beilinson—Kato
Euler system ¢BK = {cBK}. We write

BKl = {C(%TIL(} € @Hl(GQn,SaTP(E)) = Hl(Q7TP(E))7

where the last equality follows from [42, Lemma 5.3.1(iii)]. We also
set BK; := ¢g® so that pry (BK;) = BKj. It follows from the non-
vanishing results of Rohrlich [5I] and Kato’s explicit reciprocity laws for
the Beilinson—Kato elements that BK; never vanishes.

Let us denote the order of vanishing of the Hasse-Weil L-function
L(E/Q, s) by ran and call it the analytic rank of E.

2.1. Preliminaries

We first explain how the “only if” part of Perrin-Riou’s conjecture
(Theorem [1.2)) may be deduced as an easy corollary of the work of Skin-
ner, Skinner-Zhang and Venerucci. The argument we present here in-
volves some of the reduction steps which we rely on for the proof of the
“if” part of the conjecture and we pin these down in this portion of our
article.

Proof of Theorem[1.3.  Suppose first that res(BK;) # 0, where
res, is the singular projection given as the compositum of the arrows
HYQ,Tp(E)) — HY(Qp, Tp(E))
- Hl((@pv Tp(E))/Hfl(va T,(E))=: Hsl (Qp, Tp(E)).

Kato’s explicit reciprocity law shows that r,, = 0. We may therefore
assume without loss of generality that BK is crystalline at p, namely
that BK; € H} (Q,T,(E)).
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Since BK; # 0, it follows from [42] Corollary 5.2.13(i)] that
H}-C*an (Q,T,(E)*) is finite. Recall that Fg, denotes the Selmer structure
on T,,(E) given by

o Hy, (QnT,(E)) = H}(Qu.Ty(E))
i=ker (H'(Qq¢, Tp(E)) = HY(Q}", T,(E) ® Qp)) ,if £ # p,
o Hr, (Qp, T,(E)) =0.
We contend to verify that Hz (Q,T,(E)) = 0. Assume on the con-
trary that Hy (Q,T,(E)) is non-trivial. Since module H'(Gq,s, T,(E))
is torsion free under our running hypothesis on the image of Pg, this
amounts to saying that Hx (Q,T,(F)) has positive rank.

Recall further that the propagation of the Selmer structure Fg, to
the quotients T,,(E)/p"T,(E) (in the sense of [42]) is still denoted by
Fstr- Recall that T,(E)* = E[p>] and note for any positive integer n
that we may identify the quotient T,,(E)/p"T,(E) with E[p"]. By [42,
Lemma 3.7.1], we have an injection

Hr,, (Q T,(E))/p" HF,. (Q T, (E))
= Hr,.(QT,(E)/p"T,(E)) = Hr,,.(Q, E[p"])

induced from the projection T'— T'/p"T. This shows that

(2.1) lengthy, (Hz., (Q E[p"])) > n.

As above, we let Fcan denote the canonical Selmer structure on T, (E),
given by

» Hr,,,(QuT,(E)) = H{ (Qu, T,(E)), if £ # p,
e Hr. (Q,,T,(E)) = H'(Q,, T,(E)).

‘We then have an inclusion

(2'2) H]:str(Qe7E[pn]) C Hr; (QZ&E[pn})v ve.

can

Here, E[p™] is identified with T,(E)/p™T,(E) on the left and with
T,(E)*[p"] on the right. In particular, Hz, (Q, E[p"]) is the image of
H}(Qq,T,(E)) under the map induced from T,(E) — T,(E)/p"T,(E)
whereas Hr: (Qg, E[p"]) is the inverse image of Hr- (Qg, E[p*]) under
the map induced from E[p"] — E[p].

We explain the containment . When ¢ # p, it follows from [53]
Lemma 1.3.8(i)] that

Hr,,. Qe Elp"]) = Hr,, (Qe, E[p"]) .

can

When ¢ = p, we have Hr, (Q¢, E[p"]) = 0 so the claimed containment
trivially holds in this case as well.
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It follows from (2.1]) and the inclusion (2.2]) that
(Q E[p"])) = n.

However, Hr+ (Q, E[p™]) is finite and therefore the length of

can

Hr- (Q,E[p"]) = Hr: (Q, E[p™])[p"]

can can

(2.3) lengthy, (Hr-

can

(where the isomorphism is thanks to [42] Lemma 3.5.3], which holds true
here owing to our assumption on the image of py) is bounded indepen-
dently of n. This contradicts and shows that Hx (Q,T,(E)) = 0.
Thence, the map

resy : H}(Q,TP(E)) — Hfl(vaTp(E))

is injective. The module H}(Q,,T,(E)) is free of rank one and we con-
clude that the module H} (Q,T,(F)) has also rank one. When we are in
the situation of (a) or (¢), the proof now follows from the converse of the
Kolyvagin-Gross—Zagier theorem proved in [54], [68]. In the situation of
(b), let us choose an imaginary quadratic field F' where the prime p splits,
where even number of primes dividing IV, including ¢ in the statement of
the theorem, remain inert in F and such that L(E®), 1) # 0 (here, E(*)
denotes the qudratic twist of E). An imaginary quadratic field F' with
these properties exist by Dirichlet’s theorem on arithmetic progressions
and generic non-vanishing results of [9]. We deduce by Kato’s theorem
[32, Theorem 14.2] that H}(Q, T,(E¥))) = 0 and hence,

H{ (F,T,(E)) = H} (Q, T,(E")) ® H{ (Q,T)

has rank one. The result follows using [19, Theorem 6.4].
Q.E.D.

Lemma 2.1. Let Fy, and Fean be the Selmer structures given as
in the proof of Theorem[1.4 Then the index of Hr,,, (Q¢, E[p"]) within
Hz: (Qq, E[p"]) is bounded independently of n and the choice of the

can

prime £.

Proof. The argument above that explains the containment

Hr,, Qe Ep"]) C Hr:, (Qe, E[p"])

can

shows that the said index is bounded by the order of Hz: (Q,, E[p"]).
By definition, Hz: (Q,, E[p>]) = 0 and hence,

Hp, (QZN E[pn]) = ker(Hl(va E[pn]) — HI(QIM E[poo]))ﬂ

can
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which in turn equals the image of E(Q,)[p>°] under the connecting ho-
momorphism of cohomology. Our proof is complete since E(Q,)[p>°] has
finite cardinality. Q.E.D.

Proposition 2.1. If 7., <1, then Hy. (Q,T,(E)*) is finite.

Proof. 1f rap = 0, it follows that res;(BK) and in particular that
BK; # 0. The conclusion of the proposition follows from [42, Corollary
5.2.13(i)]. Suppose now that r,, = 1. In this case,

HE (QT,(E)) = ker(H; (Q, Tp(E)) — H (Qp, Tp(E)))
=ker (B(Q)®Z, — E(Q,)®Z,) =0

where the second equality follows from the finiteness of the Tate—
Shafarevich group [36] and the final equality by the Gross—Zagier theo-
rem. We conclude using Lemmathat the order of Hr: (Q,T)[p"] =
Hz. (Q,E[p"]) is bounded independently of n. The proof follows.
Q.E.D.

2.2. Main conjectures and Perrin-Riou’s conjecture

We recall in this section Kato’s formulation of the Iwasawa main
conjecture for the elliptic curve E and record results towards this con-
jecture. It follows from Kato’s reciprocity laws and Rohrlich’s [51]
non-vanishing theorems that the class BK; is non-vanishing and the
A-module H'(Q, T,(E)) is of rank one (as it was predicted by the weak
Leopoldt conjecture for E).

For two ideals I,.J C A, we write I = J to mean that I = p°¢J for
some integer e.

Conjecture 2.1.

char (H}TX @, Tp(E)*)V> = char (H(Q, T,(E))/A - BK,)

This assertion is (up to powers of p) what Kato calls in [32] §12] Twa-
sawa main conjectures without p-adic L-functions. Tt is equivalent (via
Poitou-Tate global duality and Kato’s reciprocity laws) to the classical
formulation of Iwasawa main conjecture for F up to powers of p.

Theorem 2.1 (Kato, Kobayashi, Skinner-Urban, Wan). In the set-
ting of Theorem[1.1], Conjecture [2.1] holds true in the following cases:

(a) E has good ordinary reduction at p and one of the following
two conditions hold.
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— There exists a prime L||N such that p 1 ordy(As) for a
minimal discriminant Ay of E at £.
— There exists a real quadratic field F verifying the condi-
tions of [63, Theorem 4].
(b) E has good supersingular reduction at p and N is square-free.
(¢) E has multiplicative reduction at p and there exists a prime
C|| N such that p torde(Ay) for a minimal discriminant A; of
E att.

Proof. 1In the setting of (a), see the works of Kato and Skinner-
Urban [32,[57] (as well as the enhancement of the latter due to Wan [63],
that allows to alter a certain local hypothesis of Skinner and Urban) and
in the situation of (b), the works of Kobayashi and Wan [34, [62]. In the
setting of (c), the works of Skinner and Kato [55] [32] yields the desired
conclusion. Note that Kato has stated his divisibility result towards
Conjecture 2.1 only when E has good ordinary reduction at p. We refer
the reader to [52] for the slightly more general version of his theorem
required to treat the non-crystalline semistable case as well. Q.E.D.

We are now ready to present a proof of Theorem [I.1] which is a direct
consequence of Theorem [2.1}

Proof of Theorem[I.1. The natural map
Hy (Q, Ty(E)*)Y /(v = 1) - Hr; (Q, Ty(E)*)Y — Hz. (Q,T,(E)*)"

has finite kernel and cokernel by the proof of Proposition 5.3.14 of [42]
(applied with the height one prime B = (y — 1)). We note that the
requirement on the A-module H?(Qgs/Q, T,(E))[y — 1] is not necessary
for the portion of this proposition concerning us. We further remark that
since H°(Q,, T*) is finite, it follows that H*(Q,, T,(E))[y—1] is pseudo-
null and the proposition indeed applies. It follows from Proposition
that (y—1) is prime to the characteristic ideal of le (Q, T,(E)*)Y, and
by Theorem that it is also prime to char (H*(Q, T,(E))/A - BK;).
This tells us that

{cBr} =BKi ¢ (v—1)H'(Q, T,(E)) = ker (H'(Q, T,(E)) — H'(Q,T,(E))) ,

which amounts to saying that CBK # 0. Furthermore, our running
hypothesis that r,, = 1 together with Kato’s explicit reciprocity laws
implies that ¢§% € H{(Q,T,(E)). The proof of Proposition now
shows that resp(c(gK) # 0 (as otherwise, the module H} (Q,T,(E))
would have been non-zero). Q.E.D.
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2.3. Logarithms of Heegner points and Beilinson—Kato
classes

As before, we suppose that E is an elliptic curve such that the
residual representation pp is surjective. Assume further that p does
not divide ordy(j(FE)) whenever £ | N is a prime of split multiplicative
reduction. Assume also that one of the following conditions hold true.

(a) E has good ordinary reduction at p.

(b) E has good supersingular reduction at p and N is square-free.

(¢) E has multiplicative reduction at p and there exists a prime

¢ || N such that there pg is ramified at .

With this set up, we will be able refine the conclusion of Theorem 1.1
in a variety of cases and deduce that the square of the logarithm of a
suitable Heegner point agrees with the logarithm of the Beilinson-Kato
class BK; up to an explicit non-zero algebraic factor. In these cases, we
will therefore justify some of the hypothetical conclusions in [47, §3.3.3]
(where we claim almost no originality; see the paragraph following the
statement of Theorem |1.3]).

We fix a Weierstrass minimal model £,7 of E. Let we be a Néron
differential that is normalized as in [49, §3.4] and is such that we have
QE = fE o)+ We > 0 for the real period QE Suppose till the end of
Section that L(E,s) has a simple zero at s = 1. In this situation,
E(Q) has rank one and the Néron-Tate height (P, P)., of any generator
P of the free part of E(Q) is related via the Gross—Zagier theorem to
the first derivative of L(E, s) at s = 1:

L'(E,1)

(2.4 ~ g = CB) - (P.P)a
E

with C(E) € Q*.
Let Deis(V') be the crystalline Dieudonné module of V :=T,(E) ®
Qp, and we define the element weris € Deis(V) as that correspond

to wg under the comparison isomorphism. We let H C Q,[[I']] denote
Perrin-Riou’s ring of tempered distributions and let

QOQV : Hl (vaTP(E)) ®A H — H & Dcris(V)

“When E has multiplicative reduction at p, the vector wg € Fil® Dag (V) =
Fil° D¢ (V) that corresponds to we does not belong to the crystalline
Dieudonné module. In this case, we define we,is is defined as the projection of
wg to Dy (V)$=%! (where the sign is determined according to whether the re-
duction type of E is split or non-split), parallel to the orthogonal complement

Deris(V)* of Deyig(V) under the canonical pairing Dar (V) ® Dgr (V) Q Q.
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be Perrin-Riou’s extended dual exponential map and write Lk as a
shorthand for the element Logy (res,(BK;)) € H ® Deris(V). We also
let

logy : H}(Qp, V) == Dar(V)/Fil’ Dgr(V)

denote Bloch-Kato logarithm.

2.3.1. E has good reduction at p In this case, D.s(V) is a two
dimensional vector space. Let a™*, 37! € Q, be the eigenvalues of the
crystalline Frobenius ¢ acting on D.is(V). Extending the base field if
necessary, let D, and Dg denote corresponding eigenspaces. Set wepis =
Wq + wp with w, € Dy and wg € Dg. On projecting Lk onto either
of these vector spaces we obtain Lk » € H (so that Lk 7 - w? is the
projection of Lgk onto H ® D-) for ? = «, 8.

Theorem 2.2. Suppose that E has good supersingular reduction at
p and N is square-free. For? = «,f3,

(i) the Amice transform of the distribution Lk » is the Manin-
Vishik, Amice-Velu p-adic L-function L, -(E/Q,s) associated
to the pair (E, De);

(ii) when ray = 1, one of the two p-adic L-functions vanishes at
s =1 to degree 1;

(iii) still when oy = 1, at least one of the associated p-adic height
pairings {, )p,2 is non-degenerate,

(iv) logg (res,(BKy)) = —(1-1/a)(1-1/8)-C(E)-logp (res, (P))*

Note that the quantity (1 —1/a)(1 —1/8) = (1 + 1/p) belongs to
Q.

Remark 2.1. There are a number of constructions of p-adic heights.
In the proof of Theorem two of these make a direct appearance,
so it is important to settle the comparison between all these construc-
tions. The first is Benois’ p-adic height pairing, which he introduced in
[6]. Benois denotes this height pairing by h%,ejD?J (where 7 € {a, B} as
above) and shows in [6], Theorem III] that it agrees with Nekovdr’s height
pairing (which we will denote by hﬁ%, following Benois) introduced in
INek93] in terms of the associated Hbdge splitting. The second is the
height pairing

(E(Q ®Q,) @ (E(Q) ®Qp) — Qp(v~-p)

that appears in Kobayashi’s Gross—Zagier formulae. Kobayashi uses
three different definitions of this pairing when proving his formulae, and
shows that all three different formulations are equivalent. One of them
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is h?}aﬁ)? = by, - Note that we have E(Q) ® Q, = H}(Q,V) when
Tan = 1.

Thanks to this discussion, we will not have to distinguish among
these height pairings (whenever the choice of the submodule Dy is fized)
and (, )p,» will stand for any one of these.

Remark 2.2. Kobayashi has in fact proved in [35], Corollaries 1.3(ii)
and 4.9] that when r,y, = 1, both p-adic L-functions vanish at s = 1 to
degree 1 and both of the associated p-adic height pairings , )p» are non-
degenerate. The reason why we recall his results in this weaker form is
that we apply the strategy here to prove Theorem (w) also in the case
when E has good ordinary reduction at p in [14]. In that case, if we had
a p-adic Gross—Zagier formula for the critical slope p-adic L-function,
we could have had proceeded precisely in this manner, even though we do
not know that both p-adic height pairings in this set up are non-trivial.
See Remark 2.3 below for a further discussion concerning this point.

Proof of Theorem[2.4 ~The first assertion is due to Katcﬂ, see [32].
It follows from [47, Proposition 2.2.2] and Theorem[L.1]that L (1) # 0.
Thence, for at least one of o or § (say it is «) we have

ords=1Lp o (E/Q,s) =1.

This completes the proof of the second assertion. The third follows from
the p-adic Gross—Zagier formula of Kobayashi in [35]. We will deduceﬂ
the last portion from the discussion in [47, §3.3.3], recast in view of [8] [6]
and combined with Kobayashi’s p-adic Gross—Zagier formula.

Let weris and wq,wp be as above. Let us write 209‘,@
€ Homp (HY(Q,T),H) for the w,-coordinate of the projection of the
image of Logy, parallel to Dg. We likewise define Logy, ; note that

Logy = Logy o - wa + Logy 5 - wps -

Let w* € Deis(V) /FilODmS(V) denote the unique element such that
[w,w*] =1, where

[7 ] : Dcris(v) ® Dcris(V) — Qp

8This is accomplished after suitably normalizing BK; and throughout this
work, we implicitly assume that we have done so.

9Although it is possible to prove (iv) combining the fundamental works
[47, 32, B5] (without relying on [8 [6]), we decided that we will stick to the
current exposition as our later discussion that concerns higher dimensional
motives is in line with the approach we present here.
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the canonical pairing. Define log .(BK;) so that
logy, (res,(BK1)) = log,,- (res,(BK7)) - w™.

Note that with our choice of w, we have log,,. = logy. The dual basis
of {wa,ws} with respect to the pairing [, | is {wj,wy}, where wj (re-
spectively, w?) is the image of w* under the inverse of the isomorphism
sp, : Dg 5 Deis(V) /FilODcris(V) (respectively, under the inverse of
$p,)- Suppose that « is such that (, ), . is non-degenerate. Then,

(2.5)
(1= 1/0)? - C(B) (P, P),, o = el B/A))

(2.6) = £ogy, o (0aBK1)(1)
= [exp*(8aBK1), (1 —p o ) (1 — )7 - wj]
= % X [exp* (0,BK1),w"]
_1- 1/ " [exp* (0. BKj), logy, (res, (BK1))]

1-1/8 log,,« (res, (BK))
(27) _ 1-— 1/0{ <BI{17 BK1>p7a

1-1/8 X log,,« (res, (BK1))

where is Kobayashi’s formula and the second will follow from the

definition of Logy , and the fact that it maps to Beilinson-Kato class
to the Amice-Velu, Manin-Vishik distribution as soon as we define the
derivative OBK; of the Beilinson—Kato class; we take care of this at
the very end. The third equality will also from the explicit reciprocity
laws of Perrin-Riou (as proved by Colmez) (c.f., the discussion in [11]
Section 2.1]) once we define projection 0BK; € H!(Q,, V) of the de-
rived Beilinson—Kato class OBK;. Fourth and fifth equalities follow from
definitions (and using the fact that a8 = p). We now explain
together with the definitions of the objects OBK; and 0BKj.

Let D;rig(V) denote the (¢,T')-module attached to V and D, C
D;fig(V) the saturated (¢, I")-submodule of Diig(V) attached to D, by
Berger. Set D, = D;rig(V)/Da, which is also a (¢,T")-module of rank
one.

Given a (¢,I')-module D, one may define the cohomology H'(D)
(respectively, Iwasawa cohomology Hi (D)) group of D making use of
the Fontaine-Herr complex associated to D (c.f., [8, Section 1.2]). A

10This identity can also be deduced from [47, Proposition 2.3.4 (bis)].
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well-known result of Herr yields canonical isomorphisms

Hi, (D}

rig

(V) = HY(Q,, Ty(E)) @ H , H'(Dl,(V)) = H'(Q,, V).
Furthermore, we have an exact sequence

0 — Hi, (D) — Hi, (DL,(V)) T4 HL(D.)

rig

and we set Reséf(IB%Kl) = myp oresy(BK;) € Hllw(ﬁ)a) It turns also
that we have the following commutative diagram:

HL, (DL, (V) L~ L (D.)
Prol J{Pro
HY(Q,,V) H},(Q,V)

so that pry o Res{)f(IB%Kl) = res,/)f(BKl) = 0. Here, H/lf((@p,V) =
H'(Qp, V)/H}(Qp, V) is the singular quotient. The vanishing of pr, o
Res{,f (BK;) shows that

Res)! (BK1) € ker(prg : Hiy (Do) = H)¢(Qp, V) = (v = 1) - Hy,,(Da),

so that there is an element OBK; € Hllw(]D)a) with the property that
10g,, Xeye(7) - Res)/ (BKy) = (y — 1) - 9BK, ,

and as a matter of fact, this element is uniquely determined in our set
up. Berger’s reinterpretation of the Perrin-Riou map Logy, , shows that
it factors through 7,; and therefore also that

Sogy0 (OuBEL) (1) = <+ L 0(B/Q,5)
S s=1
as we have claimed in . The element BK; € H'(Q,, V) is simply
pry(0BK;).

Also attached to D, one may construct an extended Selmer group
R!T'(V,D,), which is the cohomology of a Selmer complex RI'(V,D,,)
(c.f., [8} Section 2.3]). It follows from [8, Proposition 11] that this Selmer
group agrees in our set up with the classical Bloch-Kato Selmer group.
It comes equipped with a p-adic height pairing (, ), o (see Section 4.2
of loc. cit.; note that Benois denotes this pairing by h%}’jmml) and the
identity now follows from the Rubin-style formula proved in [I}



Perrin-Riou’s conjecture 21

Theorem 4.13] for this height pairing. We recall that the comparison of
height pairings that appear in Kobayashi’s formula and the Rubin-
style formula is explained in Remark

Using now the fact that (-,-), o and log,.(res, (-))? are both non-
trivial quadratic forms on the one dimensional Q,-vector space E(Q) ®
Qp and combining with , we conclude that

(P,P),o  (BK;,BKi),. (P,P)pa
g (P2 log,. (BKy? — (U H/e)U=1/8)CE) £ g
Q.E.D.

Proof of Theorem[I]} It follows from [47, §3.3.2] that

(2.8)  [logy (res,(BK1)),w] = [(1— @) ' (1—p ¢~ ") Lk (1), 0] -
On unwinding definitions and using Theorem i), we infer that

[1-9)7 0 p%rwqmuwdzﬁféyﬂﬁfé)vawmwmm

(147%> ( a) L, 5(E,1) [wg, o]
(2.9) (1 B 7) 1 <1 ) )
)

(-7 (1) s e

Noting log,,« (res, (BK1)) = [logy, (res, (BKj1)), w] and using Theorem
it follows on combining . ) and (| . ) that

log,. (res,(P))? =65 (1= 1/a) > L, o (B,1) = (1 = 1/8)* L} 5(B, 1))

where we recall that dp = [wg,ws]/C(F) and P € E(Q) is a point of
infinite order. We may rewrite the final equality as
(2.10)

logy (res,(P)) = w*\/éE ((1 — 1/04)72 L, (B, 1) —(1- 1/5)72 L;”B(E, 1)) .

The result follows on exponentiating (2.10|) and using the fact that the
compositum of the arrows

E(Q)/E(Q)tor ﬂ Hfl (va T) loﬁ/} Dcris(V)/FﬂoDcris(V)

is injective. Q.E.D.
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Remark 2.3. Much of what we have recorded above for a supersin-
gular prime p applies verbatim for a good ordinary prime as well. Sup-
pose that « is the root of the Hecke polynomial which is a p-adic unit,
so that vy,(B8) = 1. In this case, we again have two p-adic L-functions:
The projection of Lk to D, yields the Mazur-Tate- Teitelbaum p-adic
L-function Ly, o(E/Q,s), whereas its projection to Dg should agrec{ﬂ
with the critical slope p-adic L-function L, g(E/Q,s) of Bellaiche and
Pollack-Stevens. The analogous statements to those in Theorem
therefore reduces to check that one of the following holds true:

a) There exists a p-adic Gross—Zagier formula for the critical slope
p-adic L-function L, g(E/Q,s), or that
b) ords—1 L, g(f,s) > ords—1 Ly o(f,5).
We suspect that the latter statement may be studied through a critical
slope main conjecture and its relation with the ordinary main conjecture.
We will pursue this direction in a future joint work with R. Pollack.

2.3.2. E has non-split multiplicative reduction at p Let us write
Dy (V) for the semi-stable Dieudonné module of V and gr € Q, for
the Tate parameter of E/q, . The 2-dimensional Q,-vector space Dg; (V')
is a filtered (¢, N)-module with a Q,-basis {vp,v1} with the following
properties:

_ _ -1
® YU = —V1, YYo= —pP “Vo.

e Nuvy; = ord,(gr)ve, Nuvg=0.

o Fil ' Dy(V) = Dy (V), Fil’ Dy (V) = span{v1 —log,(qr)vo},
Fil' Dy (V) = 0.
Notice also that the natural containment Dy (V) C Dgr(V) is in fact
an equality and

Deris(V) = Dt (V)N=" = span{vg} = Dst(v)@:7p_l )
Moreover, the natural map

Dcris(V) — Dst(V)/FﬂO Dbt(V)

is an isomorphism. Let 7 € D¢is(V) denote the unique element such
that (n,wg) = 1. We finally let weis € Dg(V)¥=1 for the unique

'We remark that this conclusion does not formally follow directly from
Kato’s explicit reciprocity laws. See [39]; also [26] where a proof of this was
announced.
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vector for which we have

WE — Weris € Dcris(V)Lv

(where D.is(V)* is the orthogonal complement of De.is(V) under the

canonical pairing Dgr (V) ® Dgr(V) L Qy) so that we have (1, weris) =
1.

In this set up, we have Lk = LMTT * Weris (see [32, Theorem
16.5] and [7, §4.3.1]), where Lyt € A is the Mazur-Tate-Teitelbaum
measure.

Theorem 2.3. Suppose that Nekovdr’s p-adic height pairing asso-
ctated to the canonical splitting of the Hodge-filtration on the semi-stable
Dieudonné module Dgt(V') is non-vanishing. Then,

logy (res,(BK})) - logy (res,(P)) 2 € Q.

Proof. Relying on the discussion in Section [2.3.2] one proceeds as
in the proof of Theorem [2.2] to deduce this assertion as a consequence
of the p-adic Gross—Zagier formula (c.f., [23] Theorem B]), the Rubin-
style formula proved in [43] Proposition 11.3.15] and our Theorem

Q.E.D.

Remark 2.4. Our argument so far easily adapt to prove that anal-
ogous conclusions hold true for a essentially self-dual elliptic modular
form f which verifies the hypotheses of Remark and for which the
natural map

ves, : H} (Q,Vy) = H} Q. Vy)

is non-zero. Here, Vy is the self-dual twist of Deligne’s representation,

as in Remark[17)

§3. Part II. A-adic Kolyvagin systems, Beilinson—Flach ele-
ments, Coleman—Rubin—Stark elements and Heegner points

In this section, we recast the proof of Theorem [1.1]in terms of the
theory of A-adic Kolyvagin systems (and in great generality), with the
hope that it will provide us with further insights to analyse the analogs
of Perrin-Riou’s predictions in other situations.

3.1. The set up

Let .# denote a self-dual motive over either a totally real or CM
number field K with coefficients in a number field F'. We fix and isomor-
phism j : C — C, as well as embeddings ¢, : F < C and ¢, : F < C,
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such that joie, = tp. Let L(A, s) := L(too(#), s) denote its L-function
and write ran () for its order of vanishing at the central critical point
(which is a quantity conditional on the expected functional equation
and analytic continuation). Let V' denote its p-adic realization (which
is a finite dimensional vector space over F, the completion of F' at the
prime above p induced by ¢,,, endowed with a continuous G g-action) and
T C V a op-lattice. We write T for T/mgT, where mpg is the maximal
ideal of 0 and T := Hom(T, p ) for the Cartier dual of T. We will set
2r := [K : Q]dimg V (note by the self-duality of .# that the quantity
on the right is indeed even) and let S denote the finite set of places of
K which consists of all primes above p, all archimedean places and all
places at which V is ramified. We will assume throughout Section [3]that
V' is critical Panchishkin ordinary in the sense that for each prime p of
K above p, the following three conditions hold true:

(CPO) There is a direct summand F,"T' C T (as an og-submodule) of
rank rp, which is stable under the Gk,-action and such that
2plp Ko Qplrp =7

(CP1) The Hodge-Tate weights of the subspace F, V := F,T®E are
strictly negative.

(CP2) The Hodge-Tate weights of the quotient V/F, 'V are
non-negative.

Here, our convention is that the Hodge-Tate weight of the cyclotomic
character is —1.

Remark 3.1. When r = 1, we may in fact drop the critical Pan-
chishkin condition on T without any further work.

Example 3.1. Suppose that A/K is an abelian variety of dimension
g, which has good ordinary reduction at all primes above p. Then r =
g[K : Q]. The p-adic realization of the motive h*(A)(1) (which is a self-
dual motive over K, with coefficients in Q) is V,(A) = T,(A) ® Q, is
the p-adic Tate-module and V,(A) is critical Panchishkin ordinary.

Recall from Section [I]] that K stands for a totally real or CM
number field and o is the ring of integers of a finite extension L of Q.
Recall also that T is a free o-module of finite rank, which is endowed with
a continuous action of G i and that is unramified outside a finite set of
primes. Furthermore, A, := o[[I']] is the Iwasawa algebra, T := T ®z, A
and pr, the augmentation map A, — o. For positive integers o and k,
we set Ry o = A/(p*, (v — 1)®) and Tio =T ®z, Ria-
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3.2. Module of A-adic Kolyvagin systems

Throughout this section, we shall assume that the hypotheses (H.0)-
(H.3) of [42] Section 3.5] are in effect as well as the following two hy-
potheses:
(H.nA) H°(K,,T) = 0 for every prime p of K above p.
(H.Tam) We have H® (G, /I, H°(I,,V/T)/H°(Ix,V/T)aiv) = 0 for
every prime A € S (where I, C Gk, stands for the inertia subgroup).

Definition 3.1. We define the Greenberg Selmer structure Fgr by
the local conditions

Hy, (Kp. T) = im (H' (Kyp, B/ T ® A) — H'(K,, T))

for every prime p above p, and by setting Hy_ (Kx,T) := H'(Kx,T) for
At p.

Under the hypothesis (H.nA) (and the self-duality assumption on
T), it follows that H'(K,,T) is a free A,-module of rank 2r and

HE,, (K, T) = &y, H, (K, T) € H' (K, T)

is a direct summand of rank r. We fix a direct summand Hj (K,,T) D
Hf. (K, T) of rank r + 1.

We will write H{ (K,,T) for the image of Hj_ (K, T) under pr,
and also denote the Selmer group determined by the propagation of the
Selmer structure Fa, to T' by H{ (K,T). Let HL(K,,T) denote the
image of H1(K,,T) under pry. The op-module H}(K,,T) is a direct
summand of H'(K,,T) of rank r + 1 (thanks to our hypothesis H.nA).
Using the fact that Fg, is self-dual, this determines (via local Tate
duality) a direct summand H' (K, T) C Hx,_ (Kp,T) of rank r —1 and
allows us to define a Selmer structure F_ on T (which is given by the
local conditions determined by H!(K,,T) C H'(K,,T) at p, and by
propagating of Fg, at any other place).

Definition 3.2. We define the Selmer structures F4 and Fy by the
local conditions
Hr, (K,,T) = H'(K,,T) , Hy (K, T)=Hi(KpT)
and by setting Hy, (Kx,T) = Hx, (Kx,T) := H'(K),T) for X {p.

Given a Selmer structure F on T, we let x(F, T) := x(F,T) denote
the core Selmer rank (in the sense of [42, Definition 4.1.11]) of the prop-
agation of the Selmer structure F to 7. It follows from the discussion
in [42, §4.1 and §5.2] that x(Fa,T) = r.
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Proposition 3.1. We have x(Far, T) = 0; whereas x(F4+,T) = 1.

Proof. These follow using global Euler characteristic formulae, to-
gether with the fact that x(Fa,T) =r. Q.E.D.

Definition 3.3. For an integer j > 2, we let P; denote the set of
Kolyvagin primes, given as in [15, Section 2.4]. Also as in op. cit., we
set P := Ps.

Given an integer j > k+a, one may define the module KS(F, Ty o, P;)
of Kolyvagin systems for the Selmer structure F on the artinian module
Ty o as in the paragraph following Definition 3.3 in [I5] (after replacing
the Selmer structure F., by our more general Selmer structure F ).

Definition 3.4. The A,-module

KS(F.,T.P) = 1@( liny KS(A’TW’P”)

k,a \j>k+a
is called the module of A-adic Kolyvagin systems.

Theorem 3.1. Under the hypotheses (H.0) - (H.3) of [42, Section
3.5] and assuming (H.Tam) and (H.nA), the natural maps

KS(F;,T,P) — KS(F,,T,P) — KS(F,,T,P)

are both surjective, the A,-module KS(F4,T,P) is free of rank one
and its generated by any A-adic Kolyvagin system whose projection to
KS(F4,T,P) is non-zero.

Proof. This is the main theorem of [15]; one only needs to replace
Fean in loc. cit. with Fy (but that entails no complications). Q.E.D.

Remark 3.2. When T = T,(E) is the p-adic Tate module of an
elliptic curve E/Q, the hypothesis (H.Tam) is equivalent to the re-
quirement that p does not divide orde(j(E)) whenever € is a prime of
split multiplicative reduction.

Still when T = T,(E), the hypothesis that H*(Q,,T) = 0 is equiva-
lent to the requirement that E(Qy)[p] = 0. This is precisely the condition
that the prime p be non-anomalous for E in the sense of [A1]. It is easy
to see that all primes p > 5 at which

e FE has supersingular reduction, or

E has good ordinary reduction with a,(E) # 1, or

FE has non-split-multiplicative reduction, or

E has split-multiplicative reduction with p{ord,(jg) =
—ord,(ge) (where qi is the Tate-parameter), or
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e E has good ordinary reduction with p > 7 and E(Q)tor s non-
trivial
are non-anomalous. Indeed, the asserted property in the first two cases
follow from the Hasse bound, in the third and fourth using the Kodaira-
Néron theorem and in the final case by [24], Proposition 2.1].
In our supplementary note [I7, Appendix A], we are able to lift the
non-anomaly hypothesis on T,(E) and prove the following in this setting:

Theorem 3.2. Suppose that E is an elliptic curve such that the
residual representation

Pi : Go,s — Aut(E[p])

is surjective. Assume further that p does not divide ord,(j(E)) whenever
£ | N is a prime of split multiplicative reduction. Then,

i) the A-module KS(T,(E)) of A-adic Kolyvagin systems contains a free
A-module of rank one with finite index;

ii) there exists a A-adic Kolyvagin system k € KS(T,(E)) with the prop-
erty that pry(k) € KS(T,(E)) is non-zero.

Let res; /; denote the compositum of the arrows
Hy (K, T) — H{(K,,T) — H{(K,,T)/Hz, (K,T).

Definition 3.5. Given a A-adic Kolyvagin system € KS(F4,T,P)
for which 1 # 0, we define its defect by setting

0() := char (H;—Jr (K, T)/A - 1) /char (H}i (K, T*)v> .

Whenever resy ;¢ (1) # 0, we also define the Kolyvagin constructed p-
adic L-function

£,() := char (Hi/f(Kp,qr)/res+/f(1)) .

Observe that §() C A, thanks to the general Kolyvagin system ma-
chinery (c.f. [42, Theorem 5.3.10], which is enhanced in [10, Appendix
A] and [I3] Theorem 3.6.3] to apply with the Selmer structure F.).
Note, using Poitou-Tate global duality, that the defect of is given as the
quotient §() = £p()/char(H}ér(K, T*)V) when res; /5 (1) # 0.

Remark 3.3. It follows from Theorem[3.]] that any generator of the
module KS(F, T, P) of A-adic Kolyvagin systems is A-primitive (in the
sense of [42] Definition 5.3.9]). It then follows from [42], 5.3.10(iii)] that
for any generator of KS(F4, T, P) we have 6() = A.



28 Kéazim Biyiikkboduk

Example 3.2. Suppose E/Q is an elliptic curve and T = T,(E).
Let BX ¢ KS(Fa,T) denote the A-adic Kolyvagin system associated
to E, that descend from the Beilinson—Kato elements via |42, Theorem
5.3.3]. It follows from Theorem (in all cases that it applies), §(BX)
is generated by a power of p and in particular, it is prime to (y —1).

Recall the direct summand H! (K,,T) C Hx,_ (K, T) of rank r — 1
and define the map resy,_ as the compositum of the arrows

H{ (K, T) — H{ (Kp,T) — H{ (K,,T)/HL(K,,T).

Theorem 3.3. Assume that (H.Tam), (H.nA) and the hypotheses
(H.0) - (H.3) of Mazur and Rubin in [42] hold true.
i) Suppose that the map resy,_ : H} (K, T) — H}/f(Kp,T) is injective.

(a) For any non-trivial € KS(F.,T,P), we have 1 # 0.
(b) For any whose defect () is prime to (v —1), we have k1 # 0.

ii) Conversely, if k1 # 0 for some k € KS(F4,T,P), then the map
resy,_ is injective.

See the discussion in Remark and Conjecture pertaining to
the injectivity of the map res;,_.

Proof.  The requirement that the map resy,_ be injective is equiv-
alent to asking that H} (K,T) = 0. The proof of Theorem adapts
without difficulty (on replacing Fy, with F_ and F%,, with F7}) to
show that H}-1 (K, T*) is finite. It follows from [42], Corollary 5.2.13(i)]
that for every non-trivial Kolyvagin system « € KS(F,T,P), we have
k1 # 0 for its initial term. Theorem shows that k lifts to a A-adic
Kolyvagin system € KS(F,,T,P), and we have ; # 0 (as we have
pry(1) = k1 # 0). Since the Ay,-module KS(F,, T, P) is cyclic and
H'(K,T) is torsin-free under our running assumptions, (a) follows.

Let now be a A-primitive Kolyvagin system (such exists and gen-
erates the module KS(F,,T,P) by Theorem . Let g € A, be such
that = g-. It follows from [42, Theorem 5.3.10(iii)] and the choice
of that g is prime to (y — 1). Furthermore, since pry(1) # 0 by the
discussion above, it follows that x1 = pry(g) -prg(1) # 0. This completes
the proof of (b).

To prove (ii), note that H}-i (K, T*) is finite by our assumption and
[A2, Theorem 5.2.2]. The proof of Theorem shows (after suitable
alterations, as we have pointed out in the first paragraph of this proof)
that this implies the vanishing of Hx (K, T). This is precisely what we
desired to prove. Q.E.D.
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Remark 3.4. For T = T,(E) for an elliptic curve as in Exam-
ple @ above, the resy,_ in the statement of Theorem @ is simply the
localization map at p. It is easy to see using the work of Gross—Zagier,
Kolyvagin and Skinner (under additional mild hypothesis) that this map
is injective if and only if ran(E) = 1. In particular, Perrin-Riou’s con-
jecture in this set up follows from Theorem [3.3 and the discussion in
Ezample[3.3
The discussion in Remark leads us to the following prediction:

Conjecture 3.1. There exists a choice of the direct summand
HY (Kp,T) such that the map resy,_ is injective iff ran(A4) < 1.

3.3. Example:Perrin-Riou’s conjecture for Beilinson—Flach
elements

Let E/Q be a non-CM elliptic curve with square-free conductor
N and let fg € S3(T'o(N)) denote the associated newform. Assume
that the residual representation 7y : Gx — Aut(E[p]) is absolutely
irreducible and suppose that E has good ordinary reduction at the prime
p. Fix an embedding ¢, : Q- C,. Suppose K is an imaginary quadratic
extension of Q that satisfies the weak Heegner hypothesis for E, so that
the order of vanishing r.,(E/K) := ords=1L(E/K,s) is odd. Suppose
further that p does not divide ordy(j(E)) whenever ¢|N is a prime of
split multiplicative reduction.

We will assume throughout this subsection that the prime p splits
in K and write p = pp° as a product of primes of K, where the prime
p is induced from ¢,. Fix forever an auxiliary modulus § of K which is
prime to p and the ray class group of K modulo f is prime to p. Fix also
a ring class character a modulo fp>° of finite order, for which we have
a(p) # a(p®). We let o denote the finite flat extension of Z,, in which «
takes its values and write 7' = T,(F) ® a~* for the free o-module of rank
2 on which G acts diagonally. Set 2(T") := Hom(T',0)(1) = T,(E) ®a.
Let F*T C T denote the Greenberg subspaces of T'; this is a free o-
module of rank one such that the Gg,-action on the quotient 7'/F T is
unramified.

In this set up, one may define the Greenberg Selmer structure Fg,
on T as above, as well as modify this Selmer structure appropriately to

apply Theorem

Definition 3.6. We define the Selmer structure F4 on T by relaxing
the local conditions at the prime p.

It follows from the discussion in [I2), Section 3.2] (with the choice

f1=fgr inloc.cit.), Beilinson—Flach element Euler system of Lei-Loeffler-
Zerbes [38] gives rise to a Kolyvagin system BF = {xJ¥}, € KS(F,,T)
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(where the indices run through square free ideals n of oy that are
products of appropriately chosen Kolyvagin primes) which we call the
Beilinson-Flach Kolyvagin system. Then BF; := ¥ € H}+ (K, T) and
we write BF; € H}’+ (K, T) for its image. It follows from Theorems 6.1.3
and 6.4.1 of [38] that res,(BF1) # 0 iff ran(F, a) := ords=1 L(E/K, a)
equals 0. Here,

res’, : H'(K,T) — H' (K, T)/Hy, (K, T)

is the singular projection. We also remark that BF; here corresponds
to Z{E’a in the notation of [38]. In this particular situation, the map

resy,_ is simply the map
res;,_ =resy, : H{ (K, T) — H}.—Gr(Kp,T).

When 7,,(E, ) = 0, then res{,(BF;) # 0 and the Kolyvagin system
machinery shows that H{ (K,T) = 0 and the res,, is injective for this
trivial reason.

Proposition 3.2. Ifr.,(E,«) = 1, then the map res,: H} (K, T) —
Hy, (K,,T) is injective.

Proof. Let V,(E) :=T,(E)®Qp and V := T @ Q,. We let M
denote the finite abelian extension of K that is cut by «. Note that we
have
HYK,V) =5 HH (M, V)% =

(H} (M. V(B)) © a~") ¥ = HE (M, V, ()"

where the first arrow follows from the inflation-restriction sequence and
the rest are self-evident. It follows from [66] together with a mild exten-
SiOTH of the main results of [28] (where one utilizes the twisted Heeg-
ner point Euler system for V, in place of the usual Heegner points in
op. cit.) that H} (M, V,(E))* is 1-dimensional as a Frac(o) = L-vector
space. Furthermore,

E(M)* = Hg (M, V,(E))®

20ne may also appeal to |18 Theorem C] together with the Gross—Zagier
formula proved in [66] for the type of Rankin-Selberg products we consider
here. Even though the result in [I8] covers far more ground (in a certain
sense of the word), it is stated under the following additional hypotheses: (1)
K verifies the strong Heegner hypothesis (i.e., every prime dividing N splits
completely in K/Q), (2) p t ¢(N), where (only here) ¢ stands for Euler’s
totient function. In the particular set up here, these additional assumptions
are not necessary.
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where for an abelian group X, we write X* := (X ®L(a‘1))GK with
L(a~1) being the 1-dimensional L-vector space on which G acts by
a~1. We therefore have the following commutative diagram

E(M)* ———— H{ (M, V,(E))* ———— H{ (K, V)

\L res, l res, l res,

(B BOMy)) " — H (M, Vy(B)* — > H} (K, V)

The left-most arrow is evidently injective (as its source is spanned by
an M-rational point) and hence, the right-most arrow is injective as
well. Q.E.D.

The following statement is the Perrin-Riou conjecture for Beilinson—
Flach elements.

Corollary 3.1. Assume that the residual representation pg (af-
forded by E[p)) is absolutely irreducible. Suppose also that there exists a
rational prime q € S which does not split in K/Q and pg is ramified at
q. If ran(E, ) = 1, then res,(BF1) is non-zero.

Proof. The main theorem in [61] (which applies in our set up)
shows that the two-variable Iwasawa main conjecture holds true for V =
T®Q, (over the Zf)—extension of K). We refer the readers the paragraph
preceding [12, Theorem 3.24] and Theorem 3.19 in op. cit., where we
explain how to translate Wan’s work to the standard form of Iwasawa
main conjectures. This, together with a descent argument (as in the
proof of [57, Corollary 3.28]) shows that the cyclotomic Iwasawa main
conjecture (for V=T ®Q,) holds true. We in turn infer that the defect
5(BF) of the Beilinson-Flach Kolyvagin system is prime to (7 — 1) and
the proof follows from Theorem [3.3|(i) and Proposition Q.E.D.

3.4. CM Abelian Varieties and Perrin-Riou-Stark elements

Let K be a CM field and K its maximal totally real subfield that
has degree g over Q. Fix a complex conjugation ¢ € Gal(Q/K ) lifting
the generator of Gal(K/K ). Fix forever an odd prime p unramified in
K/Q and an embedding ¢, : Q < @p.

3.4.1. CM types and p-ordinary abelian varities Fix a p-ordinary
CM-type ¥; this means that the embeddings ¥, := {¢, 0 0},ex induce
exactly half of the places of K over p. Identify 3, with the associated
subset of primes {py, -+ ,ps} of K above p and X7 = {p{,---p}. Note
that the disjoint union X, LI 37 is the set of all primes of K above p.
It follows that there then exists an abelian variety that has CM by K
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and has good ordinary reduction at p, and its CM-type is 3. Fix such
an abelian variety A and assume that the index of the order Endg (A)
inside the maximal order Ok is prime to p. We will also assume{EI that
A is principally polarized and that it arises as the base-change of an
abelian variety defined over K, (which we still denote by A, by slight
abuse) that has real multiplication by K. Let A = A/, denote the
Néron model of A.

3.4.2. Grossencharacters of CM abelian varieties The p-adic Tate-
module T),(A) of A is a free Z,-module of rank 2g on which Gg acts
continuously. As explained in the Remark on page 502 of [56], T,(A)
is free of rank one over O ® Z, = [] q %0 where the product is over
the primes of K that lie above p and o4 stands for the valuation ring
of Kq. We thus have a decomposition T,,(A) = @, T4(A), where each
Tq(A) = @A[q”] is a free 04-module of rank one. The G g-action on
T,(A) gives rise to characters ¢4 : Gx — O It follows from [50, §2]
that each 14 is surjective for p large enough; we fix until the end a prime
p satisfying this condition. We thence obtain a decomposition

Tp(A) @z, @p = @ @ Ve

q\p o’:Kq <—>@p

where V7 is the one-dimensional @p—vector space on which G acts via
the character 7, which is the compositum

GK ﬂ 0;< L> @: .
Fix embeddings jo : Q < C and Jp Q — C, extending ¢,. We write

& = XU X for the set of all embeddings of K into Q. Theory of CM
associates a Grossencharacter character

A /KX — KX,
to A, which in turn induces Hecke characters
by A /KX Y %= ¢
as well as gives rise to its p-adic avatars

V@) A K Y ke

13These assumptions are rather stringent: Note, for example, that K is
forced to contain the reflex field of the CM pair (K, ).
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Furthermore, the two sets {rec o w&p)}Tey and {97 }4.0 of p-adic Hecke
characters may be identified, where rec : Ax/K* — Gk is the reci-
procity map. Since we assumed that the field K contains the reflex field
of (K,X), the Hasse-Weil L-function L(A/K,s) of A then factors into a
product of Hecke L-seried™]

L(A/K,s+1/2) = [] L(s,¢¥) e KeC=C”
TES

where 1" is the unitarization of 1. Fix ¢ € ¥ and identify K with K¢.
This choice (together with the chosen embeddings j. and jp) in turn
fixes a prime p € ¥, and 0 : K, — @p in a way that recoq/;ﬁp) =1yp. We
set L = 0(K,) and o := 0(0,) and define the p-adic Hecke character
Y=g Gg — 0. Weset " = Xeye? "t and T := o(1)*); note that we
have T* = A[w™] (where w € my, is a uniformizer). In this situation,
our non-anomaly hypothesis (H.nA) translates into the requirement
that

(3.1) A(K)[w] = 0 for every prime q of K above p

which we assume throughout this subsection.

This condition implies that is self-dual, in the sense that for each
T € . there is a functional equation with sign e(/K) = £1 (that does
not depend on the choice of 7) relating the value L(s,1,) to the value

L(1—s,9.).
We let B = pp¢ denote the prime of K below the prime p we
have fixed above and let w, := ww® € Ky be a uniformizer. We

write Tip(A) = @A[wi] for the 9PB-adic Tate module of A and set
Ty(A) == Tp(A) ® A. By the theory of complex multiplication and
our assumption on A, we have Tig(A) = Indg/x, T. For every prime
9 of K, above p, we have a p-ordinary filtration F3Ty(A) C Tip(A)
(that also gives rise to the filtration Fig Tys(A) C Tqn(A)) when Tis(A)
is restricted to Gk,

We finally let ¢ denote the Hilbert modular CM form of weight two
associated to ¢, L(¢, s) the associated Hecke L-function and r,,(¢) the
order of vanishing at the central critical point s = 1. In what follows,
we write A, in place of A ® o.

14Until the end of this article we shall write L(,s) for the motivic L-
functions and L(s,*) for the automorphic L-functions (so that the latter is
centered at s = 1/2).
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3.4.3. Perrin-Riou-Coleman maps and Selmer structures We intro-
duce the Selmer structures we shall apply our theory in Section [3.2] with.

Definition 3.7. We define the Greenberg-submodule

HE, (K, T) = @ H'(Ky, T) € HY(K,,T).
qexe

The semi-local Shapiro’s lemma induces an isomorphism
(3:2) sy s (K Top(A)) = HY (K, T)
under which

HE (K, Tos(A)) =D im (H' (K4, i Top(A)) = H (K, Top (A))
plp

maps isomorphically onto HY (K,,T).

For each prime p of K. above p, we let D,(Tyz(A)) denote the
Dieudonné module of Tip(A) considered as a G, -representation. As
explained in [I0], we may (and we will) think of this as an o-module of
rank 2f,, (where f, = [K, , : Q,]). We also let

exp®: Hj (K y o, Tp(A) — Fil’ D, (Typ(A))
denote the Bloch-Kato dual exponential map,
loga g+ Hp (K4, Typ(A)) — Dy(Ty(A))/Fil® Dy(Ty (A))
the inverse of the Bloch-Kato exponential map and
(3.3) [ ] Do(Tp(A)) x Dy (Tp(A)) — 0
the canonical alternating perfect pairing induced from the Weil-pairing
(thanks to which we have an identification D, (Tip(A))* :=
D, (Tx(A)P(1)) = D, (T (A))), where for a Z,-module M, we write
MP for its Zp-linear dual. We let Dy (Tip(A))—1) = Dy(FTTy(A))

denote the subspace of D, (T (A)) on which the crystalline Frobenius
@ acts with slope —1 and let

Wp = {wi,p}{§1 c FHODW(T%(A)) ®z, Qp
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denote a fixed basis corresponding (under the comparison isomorphism)
to the Néron differential™ on A. Since we have

Fil" Dy (T (A)) N Dy(Typ(A)) -y = 0,

we may choose a basis w’ ={w} ,fil of Dy (Tip(A)) 1) =Dy (F+Tip(A))

such that [wj g, wi | = d;;, where &; ; is the Kronecker-delta. Let w

denote the collection {w}} |, of these distinguished bases.

Definition 3.8. Let us write mg, for the projection
76r  Top(A) — Top(A)/F*Top(4)
as well as all maps induced from it in the level of Galois cohomology.
Notice that
T+ H (K g, Tog(A)) — H'(Ky o, Top(A)/F* Top(A))
is surjective since we assume (3.1)).

Definition 3.9. Let K, ., denote the nth layer in the cyclotomic
tower of K , and set T'y, := Gal(K1 , /K ).

Theorem 3.4 (Perrin-Riou). There exists a unique A,-linear mor-
phism

)+ HY (Kt gy T(A)/F*Top(A)) — A @ Dy (T (A)/F* Ty (4))
with the following property: For any
Zoo = {zn}n € lim H'(K o, Tp(A)/FTy(4))
= H' (K40, Typ(A)/FFTy(A)),
allj=1,--, fo and faithful characters 6 of I'y,, we have

[Cxp*(zo)7(1_pilwil)(l_go)ilw}ﬂ,p] ’ an:()a
0 ([£0) (), wj0]) =
7—(01*1) [Zcefn 9_1(0) exp* (ZZ)a So_nw;,g)] ’ an > 17

where T(071) is the Gauss sum.

15T his is a top degree invariant form on a Néron model of A and as such,
does only determine the top-degree exterior product Aw* :=wj A /\o.zjip’p

uniquely.
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Furthermore, the kernel of the map

[£(p)omar(—), wg]

e HY(K o, Tos(A)) Al
is precisely the Greenberg submodule HY, (K4 o, Ty (A)) and it is pseudo-
surjective.

Proof. Set T :=Ty(A)/F*TTy(A) and V := T®Q,. Note that V
is crystalline and that all slopes in its Newton and Hodge polygons are
zero. The map £, is obtained from Perrin-Riou’s construction in [48]
(which, in our set up, she directly deduces from Coleman’s work [20];
see Section 4.3 in op. cit.), on setting

L(p)(200) = (200, Qv+ (1 @ wy))

for each zoo € H (K4 o, Tn(A)/FT T (A)). Here, V' = T* ® Q, and
V* = Hom(T,Z,(1)) is the Tate-dual of T (and it is canonically iso-
morphic via the Weil pairing to F+Ti(A)) and

Qve =0 1 A® D (T*) — H' (K1, T" @A)

is Perrin-Riou’s big exponential map constructed in [48] (see in particular
paragraphs 4.1.2 and 4.1.3 in op. cit. for a discussion relevant to our
setting) for the Gk +.,-Tepresentation V* with h = 1 and a fixed choice
of a generator ¢ of Z,(1).

The assertion concerning the kernel of S((f) is clear. The fact that

2&9) is pseudo-surjective follows from the validity of Perrin-Riou’s
dz,(V™)-conjecture. In our set up, this conjecture is proved in [48]
Proposition 4.2.5]. Q.E.D.

Definition 3.10. i) Let us write E&W) for the map
oD . HY (K, Ty(A) — ATUe™D
obtained from Sl(f) by omitting the summand in the target which corre-

sponds to w;
i) We set

o

£, = @@\P ££;p) = Hl(K+,PaT‘I3(A)) — Ag’

where g = [K4 : Q] (it is also the dimension of the abelian variety A).
We note that ker (£,,) = HS (K4 p, Ty (4)).
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Definition 3.11. We fiz a prime Q of K4 above p, as well as an
integer 1 <1 < fq. We define the map

Lan= P ¥ oLl H'(K,,, Tu(d) — A
DF#p|p

We set HY (K4 ,, Tp(A)) = ker(£q.)) and define HY(Kp, T) as the
isomorphic image of Hi (K, ,, Ty(A)) under Shapiro’s morphism sh
(given as in ) We define the Selmer structure F4 on T by the
requiring that

Hy (Kp,T) = H} (K, T) and Hr, (K, T) = H' (K, T) for M p.

In this situation, Theorem applies since we assumed . Fur-
thermore, if we assume the truth of Perrin-Riou-Stark Conjecture pro-
posed in [T0] (which is a slightly strong form of Rubin—Stark conjectures)
as well as Leopoldt’s conjecture for all subextensions of K(Alw])/K, we
may obtain a natural generator of this module using the main results of
[16], [10]; this is what we explain in the next paragraph.

3.4.4. The Coleman—Rubin-Stark element Let K.y = KQ denote
the cyclotomic Z,-extension of K. Since we assumed that p is unramified
in K/Q, we may canonically identify I" with Gal(Kcyc/K). Let Ko
denote the maximal Z,-power extension of Kand I'x = Gal(K/K) its
Galois group over K.

Let wy, denote the character of Gx giving its action on Afw]. It is
the unique character of G which has the properties that the charac-
ter (¢) := waI factors through 'y and that it is trivial on I'g. Let
T, = o(1) ®wy" and define HY (K, T,,,) == lim H'(F, T,,,), where the
projective limit is over all finite sub-extensions of K, /K. Assume the
truth of the Perrin-Riou-Stark Conjecture 4.14 in [I0] (with the Dirich-
let character wy) and leﬂ 6 € NMHL (K, T, ») denote the element
whose existence is predicted by the said conjecture. As in Definition
4.16 of loc. cit., we may twist this element to obtain the twisted Perrin-
Riou-Stark elements &, € AYHL (K, T) as well as their projections

Geye =GH A AGY) € NHYK,T) = ANYHY (K, T (A))

cyc cyc

(where we denote the image of Gy under the isomorphism above still
by the same symbol). We finally set

RS, := resf (Seye) € NVH ) ¢(Kp, T) = N H (K, Tp(A)) -

16We invite the interested reader to consult [I0, Remark 4.13] and the
discussion that precedes this remark for the desired integrality properties of
the Rubin—Stark elements.
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Theorem 3.5. There exists a generator °®5 (the Coleman-adapted
Rubin—Stark Kolyvagin system) of the free A-module KS(F, T, P) whose
initial term k$RS € H}+ (Kp, T) has the following property:

L. (resys (75)) = 227 (RSY,)

Proof. This is precisely the content of Theorem A.11 and Proposi-
tion A.8 of [10] (except that for our purposes, it is sufficient to restrict
our attention to the case when A in loc. cit. has also Krull dimension
2). In order to apply these results, we simply choose £, in place of ¥
and the summand in the target of S&Q) that corresponds to w; o in place
of L(1) in loc. cit. Note in this case that the Selmer structure F; above

corresponds to the Selmer structure denoted by Fp, in loc. cit. Q.E.D.

Definition 3.12. We let €, € Hy (K, Tp(A)) denote the ele-

ment that corresponds to kS under the isomorphism s and let € €
Hz (K, Tp(A)) (that we call the Coleman-Rubin-Stark class) its 0b-
vious projection.

The following follows as an direct consequence of Theorem ii) and
Theorem 3.5

Corollary 3.2. The mapress— : Hf (K1, Tp(A)) — Hj, (Kp, Tip(A))
1s injective if and only if the Coleman—Rubin—Stark class € is non-trivial.

Proof. We only need to verify that the hypotheses of Theorem ii)
hold true under our running assumptions and that is what we shall carry
out in what follows.

(H.Tam) We need to check that #° (G, /Ix, H(Ix, V/T)/H® (Ix, V/T)aiv)
= o for every prime A € S which is coprime to p (where I, C Gk, stands
for the inertia subgroup), where T := 0(¢*) and ¢* = chcw_l as before.
This is clear.

(H.nA) The truth of this hypotheses is already assumed.

(H.0) T is a free o-module of finite rank, as required.

(H.1) We need to check that the G g-representation T'/myT is ab-
solutely irreducible. This is evident.

(H.2) This condition holds true with 7 = id.

(H.3) We need to verify that

(34)  H'K(T, p=)/K,T/myT) = 0 = H'(K(T, =)/ K, T"[m)),

where K (T, p) C K is the fixed field of ker (G — GL(T) & GL(p)).
Set G := Gal(K(T,p~)/K) and observe that G is an abelian group.
Let G?) < G denote its maximal pro-p subgroup; note that G is a
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finitely generated Z,-module and we can write GP) =T, x---xTyasa
product of pro-cyclic pro-p groups. By the inflation-restriction sequence,
it suffices to prove that

HYGW) T/m;T)=0=H(GP T*[my]).

Let us put W to denote any one of T/m;T and T*[my]. Since W is
a non-trivial Galois module which is one-dimensional as a o/m-vector
space, there exists i € {1,---, s} such that W'+ = 0. Let us fix such i.
Again using the inflation-restriction sequence, we may reduce to checking
that HY(T;, W) = 0. Let 7; € I'; denote any topological generator, so
that we have H(T';, W) = W/(; — 1)W. The exactness of the sequence

0—wh —w T w W/ —1)W — 0

shows that #W/(v; — )W = #W' =0 and (3.4)) follows.
Q.E.D.

3.4.5. Katz’ p-adic L-function an explicit reciprocity conjecture for
Rubin—Stark elements We recall here the definition the p-adic L-function
of Katz and Hida-Tilouine and propose an extension of the Coates—
Wiles reciprocity law for elliptic units to a reciprocity law concerning
the Perrin-Riou-Stark elements.

Definition 3.13. A pair (mo,d) (wheremg € Z andd =) .y, ds0
IS Zz) 1s called Y-critical if either mg > 0 and dy, > 0 or else mg < 1
and dy > 1 —myq for every o € 3.

Likewise, a Gréossencharacter is called Y-critical if its infinity type
equals the expression ) x.(mo+dy)o —d,0¢ € 77 for some X-critical
pair (mg,d).

Let & denote the p-adic completion of the maximal unramified ex-
tension of Q,. Let I'x denote the Galois group of the maximal Z,-power
extension of K. By class field theory, note that we have ' = Z}ﬁg*‘s,
where 0 is Leopoldt’s defect (which equals zero whenever we assume
Leopoldt’s conjecture).

The following statement was proved by Hida and Tilouine in [30],
extending a previous construction due to Katz. In our discussion below,
we will mostly stick to the exposition in [29] and we shall rely on Hsieh’s
notation (except perhaps minor alterations). Let f C ox denote the
conductor of . Write f = §Tf~ where f* (resp., {7) is a product of
primes that split (resp., that remain inert or ramify) over K. The
following is Proposition 4.9 in [29].
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Theorem 3.6 (Katz, Hida-Tilouine). There exists an element £, €
O|[Tk]] (Katz’ p-adic L-function) that is uniquely determined by the fol-
lowing interpolation property on the p-adic avatars V) = ()\(Tp)) of the
Y-critical characters = (\;) of infinity type meX + (1 — ¢)d € Z7 and
of conductor dividing fp>°:

Z3 (W) T Ts(meX + d L(mo/2,"
et ey 0% 0TI~ @) e

qlfp

where the equality takes place in 1,(Q)” and where

e Q, = (2,(0), € OF and Qoo = (V(0)), € C* are the
periods which are attached to a Néron differential w on the
abelian scheme A, as in [31], Chapter II];
t is a certain fived power 2 (which can be made explicit);
d € K is the element chosen as in [30, 0.9a-b] and [29, Section
3.1];
6p() and &+ () are products of modified Euler factors defined
in [29, (4.16)] and denoted by Eul,, Euly+ in loc. cit.,
%= /||a is the unitarization of (where this terminology is
borrowed from Hida and Tilouine [30, pp. 231-232]).

In particular, when the Gréssencharacter has infinity type ¥ (so
that mp = 1 and d = 0) and conductor f, the interpolation formula
simplifies to

Zr@)
o =t 6040 TI0- ) g

We call the pullback Zp%@ of pr along the character (where is the

Grossencharacter associated to A) the -branch of fpz. In more concrete
terms we have

gp%[b (X) = ng(X(p))

for every character x of finite order.

Recall the p-adic Hecke character 1 we have fixed above, which is
associated to our choice of € € ¥ (and fixed embeddings jo and j,). We
will fix the modulus § to be chosen as the conductor of .

Corollary 3.3. For every character x of ' of finite order we have,

LE() L(1/2,x9%)
i = S I -xalon - =55

olp
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where &(x) =t - E(x¥) - &+ (x¥) is a product of Euler factors up to
an explicit power of 2.

Remark 3.5. Note that the Euler like factors 1 — x b (p) are equal
to 1 so long as x is not the trivial character.

Definition 3.14. We let £, € O[[I]] denote the measure obtained
by restricting the -branch X% of the Katz p-adic L-function to the cy-
clotomic characters of finite order. On replacing the CM-type ¥ with
¢, we also obtain a p-adic L-function .,Z%,C, which is the restriction of
the the ¢-branch of Katz p-adic L functzon fpz@c to the cyclotomic char-
acters. The p-adic L-function £~ @L is characterized by an interpolation
formula analogous to one given in Corollary-, note however that one

needs to replace the embedding € with €©

Definition 3.15. Let n be a positive integer and z = {z,} €
HY (K, Ty (A)) be an arbitrary element and let x be a primitive char-
acter of Ty, Fiz a prime o of Ky lying above p. Set K, := K;Q,, and
denote by o, the unique prime of K above p. For every 1 < j < f,
we define the Perrin-Riou symbol [z, g, 7, x] by setting

Iz 0,5, = ﬁ Z X(7) expl (resg, (20)7), ¢ (w50)

where T(x) is the Gauss sum and
exp;, : H'(Knp,, Tip(A)) — Qpn @z, Fil’ Dy, (T (4))
is the dual exponential map. On fixing an ordering of primes of Ky

above p, we let R, (z,w,x) denote the 1 x g matriz given by

Ry (z,w,x) = ([2, 0,4, X]) o1p
1<5<fe

For an elementz = zy N+~ Nzg € NNHY (K1, Top(A)), we further define
the g x g matric M(z,w, x) by setting
M(Za ) X) = (RX (Zia w, X))f:1

We remark that this definition actually depends only on the element Aw*
(that corresponds to a Néron differential on A) and not the choice of a
basis that represents this differential.

We propose the following explicit reciprocity conjecture for the twist-
ed Perrin-Riou-Stark element

Geye = BUL A ANBY) € NH (K, Tyn(A))

cyc
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as a natural extension of Coates—Wiles explicit reciprocity law for elliptic
units.

Conjecture 3.2. There exists a choice of a Néron differential on
A so that we have

det M(Geye, w, X) = E(x®) - W

for every primitive character x of Ty, .

Whenever we assume the truth of Conjecture [3.2] we shall implicitly
assume also that we are working with a basis w as comes attached to
the appropriate choice of a Néron differential.

Corollary 3.4. If the Explicit Reciprocity Conjecture[3.9 holds true,

we have
L=

229 (RS, ) = 59=.
¢ /¥ Qp(e)
Proof. This follows at once making use of the displayed equation
(5) in [TT]. Q.E.D.

3.4.6. Perrin-Riou’s conjecture for CM abelian varieties We may
finally turn our attention to Conjecture [3.1] in this set up. We will
assume until the end of Section [3.5 that there exists a degree one prime
of Ky above p (mostly for brevity; we expect that one should be able
to get around of this assumption with more work) and we choose the
prime £ above that we work with as this prime of degree one. Note in
this case that i = fo = 1 and also that

ker (£20) = H'(Ky 0, Tp(4) © @D Hi, (K p, Tip(A).
Q#p|p

Also in this situation, note that the set wg is a singleton, and by slight
abuse, we denote its only element also by wg.

Definition 3.16. We let
(,): H{ (Ky, Tip(A) @ Hf (K, Tp(A)) — L

denote the p-adic height pairing of Perrin-Riou [45, Section 2.3] associ-
ated to the canonical unit root Hodge splitting, the cyclotomic character
and Iwasawa’s branch of the p-adic logarithm.

The following is the version of Perrin-Riou conjecture in this set up:
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Theorem 3.7. If the Ezplicit Reciprocity Conjecture[3.9 holds true
and if either ran (@) = 0 or else ran(¢) = 1 and the p-adic height pairing
(, ) is non-zero, then the Coleman—Rubin=Stark class € is non-trivial.

Remark 3.6. If one could extend the main theorem of Kolyvagin
and Logachev [33] to cover CM abelian varieties, one may prove Theo-
rem without assuming either the explicit reciprocity conjecture or the
non-triviality of the p-adic height pairing.

Proof of Theorem[3.7, When ru,(¢) = 0, it follows from the inter-
polation formula for the p-adic L-function that 1(.£>.) # 0. The asser-
tion in this case follows on combining Theorem [3.5] and Corollary [3-4]

Suppose now that r,,(¢) = 1 and the p-adic height pairing (, ) is
non-zero. Let J C O[[I']] denote the augmentation ideal. On choosing an
auxiliary totally imaginary extension F// K in suitable manner (in a way
that the non-vanishing results of Friedberg and Hoffstein [25] apply) and
relying on the Gross—Zagier formula of Yuan-Zhang-Zhang in [65] and its
p-adic variant due to Disegni [23], we conclude that .£2,, # 0 mod J2.
Combined with the standard application of the Coleman—Rubin—Stark
A-adic Kolyvagin system “RS (and a control argument for Greenberg
Selmer groups), it follows that the o-module H} (K, Ty(A)) is of rank
one and that IIT(A/K)[B] is finite. Thence the map res;,_ may be
given explicitly via the commutative diagram

I‘CSf/,

Hy, (Ky,Typ(A)) —> Hx, (K1 q,Tp(A))

T: T:

resyg/

A(K B o — o~ AR, )P0

and it is evidently injective. The proof follows by Corollary[3:2} Q.E.D.

In what follows, we let Dy (A) be a shorthand for the Dieudonné
module of the Gk, ,-representation Vig(A). Observe that K g = Q,
thanks to our choice of 9.

Definition 3.17. Fix a quadratic and purely imaginary extension
E of Ky such that the relative discriminant Ag i, is totally odd and
relatively prime to Dk, Np (where D is the discriminant of K1 /Q).
We let n = ng/k., the quadratic character associated to E/K . Let N
denote the level of the normalised new Hilbert eigenform ¢ of parallel
weight 2 and suppose that n(N) = (=1)9~1. Let ¢,, denote the twisted
weight 2 form, and suppose that ran(¢,) = 0. We note that there are
infinitely many choices for the field E simultaneously verifying all these
conditions (thanks to [25]); we pick and fix one forever.
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Definition 3.18. Let L,(¢,) € A, be the p-adic L-function that
Manin [40, Sections 5 and 6] and Dabrowski [21] associate to the p-
ordinary stabilisation of ¢. It is characterized by the following inter-
polation property (c.f., Theorem 4.4.1 of [22]): For every non-trivial
character of T' of finite ordeﬂ and conductor §,

12 —1 L$,x.1)

(3-5) LP(¢>X) = X(DK+) 7(X) N(fx) Qg - T
¢

where
o 7(%) is a Gauss sum that is normalized by Disegni in loc. cit. ;
o aj, =TI, aq(#)?1 ) and aq(¢) the p-unit root of the Hecke
polynomial at q ;
. Q; is the real period defined by Shimura and Yoshida [64].
Let E be as in Definition and let L,(¢g, ) € A, denote the p-

adic L-function attached (by Panchishkin [44), Hida [27] and Disegni [22),
Theorem 4.3.4]) to the base change ¢g of ¢.

There is likewise a p-adic L-function L,(¢,,-) associated to a p-
ordinary stabilisation of the twisted form ¢, (and a corresponding real
period Q(‘;,) The Artin formalism yields a factorization

Qrat
o)
(36) LP(¢E7 X o NE/K+) = X(AE/K+)2D,1/QQ LP(QSv X)LP(¢’I77 X)
E ¢

for every character x as above, where Q, = (87)%(¢, ) v is the Shimura
period. We remark that the ratio Q;Qdfn /S is always an algebraic
number (in fact, it belongs to the Hecke field). Moreover, comparing
the respective interpolation formulae and the periods that intervene (as
in [3l Lemma 2.4]), it follows that

75, 2%
&7 BO=0 6 e

Here, = signifies equality up to a factor from @X and the p-adic L-
functions .Z>_ and .Z>. are given as in Definition

cyc cyc
Theorem 3.8. The Explicit Reciprocity Conjecture |3.4 implies the
“only if " portion of Conjecture[3.1) whenever the p-adic height pairing of
Deﬁm’tz’on is mon-zero, p is prime to wa(K,) == HY(K,Q/Z(2))
and Dy (A)¥=1 = 0.

17Since we assumed that K, /Q is unramified, it follows that any non-
trivial character is ramified at all all primes of K above p.
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Proof. By Corollary[3.2] we may assume that the Coleman—Rubin—
Stark element & is non-trivial and given that, we contend to prove that
Tan(®) < 1 in our set up.

As above, let w4 denote a Néron differential on A and let

wh € Fil’ Dy (A)* = Fil® Dy (A)

denote the element that corresponds to w4 under the comparison iso-
morphism. Let Dj_1; C Dy (A) denote the subspace of Dygs(A) on which
¢ acts with slope —1. Then the space D|_;} is one-dimensional and
Di_y NFil’Dy(A) = {0}. Since Fil’Dg(A) is the exact orthogonal
compliment of Fil’ Dy (A)* under the pairing [, ] above, there exists a
unique element wg € D) with [wa,w§] = 1 (which in fact spans Dj_y;
as an L-vector space). We will denote the image of wq under the isomor-
phism Dy_; = Dy (A)/Fil’ Dy (A) by @a. As explained in [IT} Section
2.1], we have

1(£%(200)) = [exp*(20), (1 —p "™ (1 — ¢) 'wyq]
(3.8) =(1-1/a)(1 — a/p)~" [exp*(20), wa]

for every zoo = {zZn}n>0 € H/lf(K+7Q,T<;3(A)), where « is the p-unit
eigenvalue for ¢ acting on Dgz(A). Note that a # 1 by assumption.
Case 1. res;;(€) # 0. Under our running hypotheses, it follows from
Corollary and that 1(,,?0%,0) # 0. The interpolation property
for this p-adic L-function now shows that r,n(¢) = 0.

Case 2. res;;(€) = 0. This means that & € H} (K, Ty(A)) and in
turn, also that

Soo € ker (H}; (K0, Typ(A)) > H} (K0, Ty(A)))
= (v~ DH} (K4 .0, Ty (A4))

It follows by T heoremthat 1($C§C) = 0 and the interpolation formula
shows (as non of the Euler-like factors in its statement vanish) that
L(1/2,%) = 0. In this case, the discussion in [43] §11.3.14] applies and
allows us to construct the derivative 96 € H) (K4 a,Tp(A)) of the
class G, (our element 06, corresponds to the image of the element
(Dx1yw)g in loc. cit. under the cyclotomic character).

It then follows from Nekovai’s Rubin-style formula [43] Proposition
11.3.15] (also, his p-adic height compares via §11.3 to those introduced
by Perrin-Riou) and shows that

(3.9) (6,6) = — [exp® (06) . 10ga,0(&)] (4
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For ¢ € H} (K4 o, Ty(A)), let us define log,,(c) € L so that
(3.10) log 4 q(c) =log,(c) - Wg .

Combining (3.8]), (3.9), Corollary and the defining property of the
Coleman-Rubin-Stark elements in Theorem [3.5] we conclude that

(£50) (1) _ -
(3.11) —log,(6)—(—5— =10 -1/a)(1-a/p)(§,6).
Qp(e)
Here, (,Z%}C)/ (1) :== 11_% Xf;;cl (.,?C?,C)/(s — 1) is the derivative of the cy-

clotomic restriction of the Katz’ p-adic L-function, along the cyclotomic
character. By our assumption that the p-adic height pairing is non-
vanishing, it follows that ... ¢ J?, where we recall that J C &[[I']] is
the augmentation ideal.

The Kolyvagin system method applied with °®S ¢ KS(F,, T, P) im-
plies (using [42], Theorem 5.2.2) in our situation that H}Jr (K4, Typ(A))
has rank one, whereas the dual Selmer group H 11(K+, Tip(A)*) has fi-
nite cardinality. These facts combined with Poitou-Tate global duality
(and our assumption that res,¢(€) = 0) show that

Hi (K, Typ(A)) = Hy,, (K4, Ty(A))

has rank one. By Nekovai’s result in [43, Theorem 12.2.8 (3)] on the
parity conjecture, it follows that the sign of the functional equation for
L(s,¢) equals —1. Let us choose a totally imaginary extension E/K
as in Definition E Using , the fact that fgc ¢ J?, the choice
of the CM field F and Disegni’s p-adic Gross—Zagier formula in [23], we
conclude that there exists a non-trivial Heegner point P € A(FE). The
main results of [65] implies that 74, (¢g) = 1, which in turn shows that

Tan(®) = 1 as well. Q.E.D.

3.5. Logarithms of Heegner points and Perrin-Riou-Stark
elements

We continue with our discussion on CM abelian varieties and our
aim in this subsection is to compare the Bloch-Kato logarithm of the
Coleman—Rubin—Stark element € to the square of the logarithm of a
global point on our abelian variety up to a non-zero algebraic factor.
This is a generalized form of Perrin-Riou’s predictions for elliptic curves
(and Beilinson-Kato elements) that we revisited in Section [2.3| below in
the context of elliptic curves defined over Q.

Throughout this section we assume that r,,(¢) = 1, where ¢ is the
Hilbert modular form of parallel weight 2 associated to 1.. We also keep
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working with our assumptions and conventions we have set at the start
of Sections [3.4.1] 3:4:4] [3:4.6] and throughout Section [3.:4.2] We recall
the periods QL an’g% attached to ¢, as well as the CM period Q. (€)
we have introduced in Sections and above.

Let E/K, be asin Deﬁnition The work of Yuan-Zhang-Zhang
[65] applies in this situation and equips us with a Heegner point P, €
A(K,) C A(E).

C(6.E.€) == &1 (V) [[ (1~ 1/aq(9)? D' D} QQ“?G) L{(gy, )7
‘ oo
qlp o

- _ 2 p-ipt/2_2 o ot 1 _.gx
*gf+(7n/1e)q1_|£(1 1/aq(¢))” Dp Dy ngﬂgn Qo() Q¢nL(¢n71) €Q”.

where &+ (1) is as above and is a product of certain modified root
numbers at the primes above p (and they are given as in [3, Section
2.3]).

Theorem 3.9. log,,(¢) = (1-1/a) "} (1—a/p)-C(¢, E, €)-log,,(Py)?.

Proof. We start observing that

Por) €0 (@)W L
log, (P~ Tog, (@7 ~ @0 -logy(@ M (1=a/p)

Qf !
= ) (1= 1) (1= afp) ot

where the first equality on the first line is because H{ (K4, Ty(A)) has
rank one by the proof of Theorem [3.7|and (-,-)/log,(-)? is a non-trivial
quadratic form on this space (thanks to our assumption that the p-adic
height pairing is non-zero); the second equality on the first line is
and finally, the equality on the second line follows from the Claim below.
Indeed, the factor &+ (xc¥e) X(Dx, ) that appear in the statement of
Claim varies analytically in x and tend to &+ (1) as x tends to the
trivial character 1.
We therefore conclude that,

L) o e gt o€ 108(€)
(312 £ 757 = 6 W0 (-1 —a/p) ™ SRS R
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On the other hand,

Ly,(¢,1) _ L,(¢p,1) ' D};/QQ(p
(Py, Py)  (Py, Ps)  QF

_ Ly(¢s,1) Dl/2§2¢ 1 2
RN H(ln(q)aq(@) L(g,1)

qlp

(313) =10~ 1/aq(¢))* DF' DY? 02 Ly, 1)
¢>

qalp

’ (QL ’ Lp(¢m 1))_1

—1

where the first equality follows from the factorization of the base-
change p-adic L-function, the second from the interpolation formula for
the twisted p-adic L-function and the last from the p-adic Gross—Zagier
formula of Disegni [23, Theorem B]. Using together with ,
we conclude that

log,(€) _ -
W—(l—l/@) Y1 = a/p) &+ (o) x o
[0 = 1/aq(0))” Di' DY G~ - Lo, )
qalp
and the proof follows. Q.E.D.

Claim. For all sufficiently ramified characters x of T' the following
identity holds:

Z5e(X)
Qp(€)

Proof. This w1ll follow once we match the interpolation factors in
Corollary (3.3 . 3| for £, Cyc (x) and for L,(¢,x'). More precisely, we
would like to verify that &,(x.%.) equals 7(x) N(f,)'/? af_xl for all suf-
ficiently ramified characters x. The proof of this claim is essentially
contained in [3 Section 2.3] (although we also rely on Hsieh’s exposition
in [29] Section 4.7]), we provide an outline here for the sake of complete-
ness. For all such yx, the local L-factors are trivial and by Tate’s local
functional equation, it follows that

= gﬁ (X€¢e) X(DK+) Q(—; Lp(¢a Xﬁl) .

é()er (Xews) = H T(w&@XEv@ ’ \I/@) ’

peX]
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where 7(te o Xe,0: V) are the Gauss sums which are (un)normalized as
in [23] and ¥, are a suitably determined local additive characters. Let
asp be the local character of Kim such that the local constituent of ¢
at P = pp° is the irreducible principal series 7(cup, Byp) for some other
local character Sy. Then 7(¥e o Xe,o, ¥o) = T(apXep, Yo), where we
write Xe g for the local character x. , of KI,‘B = K/ and we similarly
define the additive character Wg3. We therefore infer that

éaf‘*’ (XedJe) = H T(a‘ﬁXe,‘}L \IJ‘)B‘) .
Blp

The 7(x) of [22] is precisely the normalization of [y, 7(xg, ), so
that

TOONG)Y? =[] 7 (e ) -
Blp

Finally, as explained in the proof of Lemma A.1.1 of [23] we have

T(Xeaps ) = aq(9)" ) 7(agpxep, Ugp)

and hence,
o ' TN = o T 7 (e Up)
Blp
= H T(a‘ﬁXe,% \11‘313) = gﬁ (Xed)e) .

PBlp
Q.E.D.

Remark 3.7. Assuming that the sign of the functional equation
for the Hecke character ¢} := ¢ o ¢ equals +1, Burungale and Disegni
proved in [3] that the p-adic height pairing

(, o Hi (K, Tp(A) @ x) ® Hi (K, Tpe(A) @ x71) — M

for almost all anticyclotomic Hecke characters x of K of finite order
(where M is a finite extension of Q, in which x takes its values).

Acknowledgements

I would to express my gratitude to Masataka Chida for carefully
reading an earlier version of this manuscript and for his comments which
helped me improve parts of the text, and to Daniel Disegni, Antonio Lei
and Karl Rubin for very helpful correspondence. Special thanks are due
to Henri Darmon for generously sharing his insights with me, for his



50

Kazim Biyiikboduk

suggestions and his constant encouragement. I also would like to thank
Denis Benois, whose question on the Tate—Shafarevich groups of higher
weight modular forms started the train of thoughts which lead me to
the main results of this article. Finally, I thank the anonymous referee
for pointing out numerous inaccuracies and valuable suggestions.

[9]

[10]

[11]

[12]

[13]

References

Denis Benois and Kazim Biiylikboduk. On the exceptional zeros of p-non-
ordinary p-adic L-functions and a conjecture of Perrin-Riou, > 2020.
To appear.

Massimo Bertolini and Henri Darmon. Hida families and rational points
on elliptic curves. Invent. Math., 168(2):371-431, 2007.

Ashay Burungale and Daniel Disegni. On the non-vanishing of p-adic
heights for certain CM abelian varieties, and the arithmetic of Katz
p-adic L-functions, >2020. Annales de I’Institut Fourier, to appear.

Massimo Bertolini, Henri Darmon, and Kartik Prasanna. General-
ized Heegner cycles and p-adic Rankin L-series. Duke Math. J.,
162(6):1033-1148, 2013. With an appendix by Brian Conrad.

Massimo Bertolini, Henri Darmon, and Rodolfo Venerucci. A conjecture
of Perrin-Riou, > 2020.

Denis Benois. p-adic heights and p-adic Hodge theory, 2014. Preprint,
arXiv:1412.7305.

Denis Benois. Trivial zeros of p-adic L-functions at near-central points.
J. Inst. Math. Jussieu, 13(3):561-598, 2014.

Denis Benois. Selmer complexes and p-adic Hodge theory. In Arithmetic
and geometry. Proceedings of the research conference of the trimester,
Bonn, Germany, April 15-19, 2013., pages 36-88. Cambridge: Cam-
bridge University Press, 2015.

Daniel Bump, Solomon Friedberg, and Jeffrey Hoffstein. Nonvanishing
theorems for L-functions of modular forms and their derivatives. Invent.
Math., 102(3):543-618, 1990.

Kazim Biiyiikkboduk and Antonio Lei. Coleman-adapted Rubin—Stark
Kolyvagin systems and supersingular Iwasawa theory of CM abelian
varieties. Proc. Lond. Math. Soc. (3), 111(6):1338-1378, 2015.

Kazim Biiyiikkboduk and Antonio Lei. Integral Iwasawa theory of Galois
representations for non-ordinary primes. Math. Z., 286(1-2):361-398,
2017.

Kéazim Biiyiikboduk and Antonio Lei. Anticyclotomic p-ordinary Iwa-
sawa Theory of Elliptic Modular Forms. Forum Mathematicum,
30(4):887-913, 2018.

Kazim Biiyiikboduk and Tadashi Ochiai. Main conjectures for higher rank
nearly ordinary families — I, 2017. Preprint, arXiv:1708.04494.



[14]

[15]

[16]

[17]
18]
[19]
[20]
21]
22]
23]

24]

[25]

[26]

27]
28]
29]

[30]

[31]

32]

Perrin-Riou’s conjecture 51

Kazim Biytikboduk, Robert Pollack, and Shu Sasaki. p-adic Gross-Zagier
formula at critical slope and a conjecture of Perrin-Riou - I, 2018.
arXiv:1811.08216.

Kazim Biiytkboduk. A-adic Kolyvagin systems. IMRN,
2011(14):3141-3206, 2011.

Kazim Biiyiikboduk. Main conjectures for CM fields and a Yager-
type theorem for Rubin-Stark elements. Int. Math. Res. Not. IMRN,
(21):5832-5873, 2014.

Kazim Biiyiikboduk. On a conjecture of Perrin-Riou, 2015. Preprint, 22
pages, http://arxiv.org/abs/1511.06131.

Francesc Castella and Ming-Lun Hsieh. Heegner cycles and p-adic L-
functions. Math. Ann., 370(1-2):567-628, 2018.

Francesc Castella and Xin Wan. Perrin-Riou’s main conjecture for elliptic
curves at supersingular primes, > 2018. Preprint, arXiv:1607.02019v2.

Robert F. Coleman. Division values in local fields. Invent. Math.,
53(2):91-116, 1979.

Andrzej Dabrowski. p-adic L-functions of Hilbert modular forms. Ann.
Inst. Fourier (Grenoble), 44(4):1025-1041, 1994.

Daniel Disegni. p-adic heights of Heegner points on Shimura curves. Al-
gebra Number Theory, 9(7):1571-1646, 2015.

Daniel Disegni. The p-adic Gross-Zagier formula on Shimura curves. Com-
pos. Math., 153(10):1987-2074, 2017.

Chantal David and Tom Weston. Local torsion on elliptic curves and the
deformation theory of Galois representations. Math. Res. Lett., 15(2-
3):599-611, 2008.

Solomon Friedberg and Jeffrey Hoffstein. Nonvanishing theorems for au-
tomorphic L-functions on GL(2). Ann. of Math. (2), 142(2):385-423,
1995.

David Hansen. Iwasawa theory of overconvergent modular
forms, I: Critical p-adic L-functions, 2015. Preprint, 30 pages,
http://arxiv.org/abs/1508.03982.

Haruzo Hida. On p-adic L-functions of GL(2) x GL(2) over totally real
fields. Ann. Inst. Fourier (Grenoble), 41(2):311-391, 1991.

Benjamin Howard. Iwasawa theory of Heegner points on abelian varieties
of GL, type. Duke Math. J., 124(1):1-45, 2004.

Ming-Lun Hsieh. On the p-invariant of anticyclotomic p-adic L-functions
for CM fields. J. Reine Angew. Math., 688:67-100, 2014.

H. Hida and J. Tilouine. Anti-cyclotomic Katz p-adic L-functions and
congruence modules. Ann. Sci. Ecole Norm. Sup. (4), 26(2):189-259,
1993.

Nicholas M. Katz. p-adic L-functions for CM fields. Invent. Math.,
49(3):199-297, 1978.

Kazuya Kato. p-adic Hodge theory and values of zeta functions of modular
forms. Astérisque, (295):ix, 117-290, 2004. Cohomologies p-adiques et
applications arithmétiques. III.



52

33]
34]
[35]
[36]

[37]

[38]

39]
[40]
[41]

[42]

Kazim Biyiikboduk

V. A. Kolyvagin and D. Yu. Logachév. Finiteness of SH over totally real
fields. Izv. Akad. Nauk SSSR Ser. Mat., 55(4):851-876, 1991.

Shinichi Kobayashi. Iwasawa theory for elliptic curves at supersingular
primes. Invent. Math., 152(1):1-36, 2003.

Shinichi Kobayashi. The p-adic Gross-Zagier formula for elliptic curves at
supersingular primes. Invent. Math., 191(3):527-629, 2013.
V.A. Kolyvagin. Euler systems. In Jacobiennes généralisées globale rela-
tives. (Relative global generalized Jacobians), pages 435—483. 1990.
Masato Kurihara and Robert Pollack. Two p-adic L-functions and rational
points on elliptic curves with supersingular reduction. In L-functions
and Galois representations, volume 320 of London Math. Soc. Lecture
Note Ser., pages 300-332. Cambridge Univ. Press, Cambridge, 2007.

Antonio Lei, David Loeffler, and Sarah Livia Zerbes. Euler systems
for modular forms over imaginary quadratic fields. Compos. Maith.,
151(9):1585-1625, 2015.

David Loefller and Sarah Livia Zerbes. Wach modules and critical slope
p-adic L-functions. J. Reine Angew. Math., 679:181-206, 2013.

Ju. I. Manin. Non-Archimedean integration and p-adic Jacquet-Langlands
L-functions. Uspehi Mat. Nauk, 31(1(187)):5-54, 1976.

Barry Mazur. Rational points of abelian varieties with values in towers
of number fields. Invent. Math., 18:183-266, 1972.

Barry Mazur and Karl Rubin. Kolyvagin systems. Mem. Amer. Math.
Soc., 168(799):viii+96, 2004.

[Nek93] Jan Nekovéar. On p-adic height pairings. In Séminaire de Théorie des

[43]
[44]
[45]
[46]
[47]

[48]

[49]
[50]

[51]

Nombres, Paris, 1990-91, volume 108 of Progr. Math., pages 127-202.
Birkh&user Boston, Boston, MA, 1993.

Jan Nekovdr. Selmer complexes. Astérisque, (310):viii+559, 2006.

A. A. Panchishkin. Convolutions of Hilbert modular forms and their non-
Archimedean analogues. Mat. Sb. (N.S.), 136(178)(4):574-587, 592,
1988.

Bernadette Perrin-Riou. Fonctions L p-adiques, théorie d’Iwasawa et
points de Heegner. Bull. Soc. Math. France, 115(4):399-456, 1987.
Bernadette Perrin-Riou. Points de Heegner et dérivées de fonctions L

p-adiques. Invent. Math., 89(3):455-510, 1987.

Bernadette Perrin-Riou. Fonctions L p-adiques d’une courbe elliptique et
points rationnels. Ann. Inst. Fourier (Grenoble), 43(4):945-995, 1993.

Bernadette Perrin-Riou. Théorie d’Iwasawa des représentations p-adiques
sur un corps local. Invent. Math., 115(1):81-161, 1994. With an appen-
dix by Jean-Marc Fontaine.

Bernadette Perrin-Riou. Fonctions L p-adiques des représentations p-
adiques. Astérisque, (229):198, 1995.

Kenneth A. Ribet. Dividing rational points on Abelian varieties of CM-
type. Compos. Math., 33:69-74, 1976.

David E. Rohrlich. On L-functions of elliptic curves and cyclotomic tow-
ers. Invent. Math., 75(3):409-423, 1984.



[52]

[53]

[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
(62]
(63]
[64]

[65]

[66]

[67]

Perrin-Riou’s conjecture 53

Karl Rubin. Euler systems and modular elliptic curves. In Galois rep-
resentations in arithmetic algebraic geometry. Proceedings of the sym-
posium, Durham, UK, July 9-18, 1996, pages 351-367. Cambridge:
Cambridge University Press, 1998.

Karl Rubin. Euler systems, volume 147 of Annals of Mathematics Stud-
ies. Princeton University Press, Princeton, NJ, 2000. Hermann Weyl
Lectures. The Institute for Advanced Study.

Christopher Skinner. A converse to a theorem of Gross, Zagier, and Koly-
vagin, 2014. http://arxiv.org/abs/1405.7294.

Christopher Skinner. Multiplicative reduction and the cyclotomic main
conjecture for GLy. Pacific J. Math., 283(1):171-200, 2016.

Jean-Pierre Serre and John Tate. Good reduction of abelian varieties.
Ann. of Math. (2), 88:492-517, 1968.

Christopher Skinner and Eric Urban. The Iwasawa Main Conjectures for
GLs. Invent. Math., 195(1):1-277, 2014.

Christopher Skinner and Wei Zhang. Indivisibility of Heegner points in
the multiplicative case, 2014. http://arxiv.org/abs/1407.1099.

Rodolfo Venerucci. Exceptional zero formulae and a conjecture of Perrin-
Riou. Invent. Math., 203(3):923-972, 2016.

Rodolfo Venerucci. On the p-converse of the Kolyvagin-Gross-Zagier the-
orem. Comment. Math. Helv., 91(3):397-444, 2016.

Xin Wan. Iwasawa main conjecture for Rankin-Selberg p-adic L-functions,
2014. Preprint, arXiv:1408.4044.

Xin Wan. Iwasawa Main Conjecture for Supersingular Elliptic Curves,
2014. http://arxiv.org/abs/1411.6352.

Xin Wan. Iwasawa Main Conjecture for Hilbert Modular Forms. Forum
Math., Sigma, 3(el8), 2015.

Hiroyuki Yoshida. On a conjecture of Shimura concerning periods of
Hilbert modular forms. Amer. J. Math., 117(4):1019-1038, 1995.

Xinyi Yuan, Shou-Wu Zhang, and Wei Zhang. The Gross-Zagier for-
mula on Shimura curves, volume 184 of Annals of Mathematics Studies.
Princeton University Press, Princeton, NJ, 2013.

Shou-Wu Zhang. Gross-Zagier formula for GL(2). II. In Heegner points
and Rankin L-series, volume 49 of Math. Sci. Res. Inst. Publ., pages
191-214. Cambridge Univ. Press, Cambridge, 2004.

Wei Zhang. Selmer groups and the indivisibility of Heegner points. Camb.
J. Math., 2(2):191-253, 2014.

Kaézvm Biytikboduk

UCD School of Mathematics and Statistics
University College Dublin

Ireland

E-mail address: kazim.buyukboduk@ucd.ie



	1. Summary of Contents and Background
	2. Part I. Perrin-Riou's conjecture for elliptic curves over Q
	3. Part II. -adic Kolyvagin systems, Beilinson–Flach elements, Coleman–Rubin–Stark elements and Heegner points

