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INTRODUCTION

During the last years, a great progress in the study of BSD and Block-Kato conjec-
tures has been made. Here, we are interested in two different aspects: on the one
hand, the conjecture suggested by Darmon, Lauder and Rotger in [DLR2] relating the
value of a p-adic iterated integral (whose value may be encoded in one of Hida’s p-adic
L-functions) with Stark’s units and the value of regulators defined in terms of p-adic
logarithms of units in number fields (this can also be formulated for points over elliptic
curves and gives interesting results for BSD in analytic rank 2, as it is explained in
[DLR1]). On the other hand, several works of Bertolini, Darmon, Rotger and others
(see for instance [DR2], [BDR2], [BCDDPR] or [KLZ]) allow us to construct families of
cohomology classes satisfying good properties and related with special values of the p-
adic L-functions. These classes are obtained via the image through étale and syntomic
regulators of distinguished cycles in certain algebraic varieties.

In our work, we use the construction of families of cohomology classes interpolating two
cuspidal forms to formulate a conjecture about the good behavior of these Kato classes
and their relation with Ohta periods, that would imply the main result suggested in the
paper of Darmon, Lauder and Rotger. These results are availabe in the forthcoming
paper [RiRo].

However, the introduction of all these concepts is a complex matter that requires a
solid background. For that reason, this thesis is structured in two parts: the first
one, formed by the four first chapters, covers general facts about p-adic L-functions,
overconvergent modular forms, Hida families and units in number fields and Stark con-
jectures, but always from the perspective of our future objectives. The second one
includes first a motivation for the theory of Euler systems, including a review of Ga-
lois cohomology and p-adic Hodge theory. Then, in chapter 6 (that is maybe the core
of this thesis), we explain the different constructions of cohomology classes that have
been performed around these Euler systems of Rankin-Selberg type: Beilinson-Kato
elements, Beilinson-Flach elements and Gross-Kudla-Schoen cycles; we focus on the
connection with p-adic L-functions, in the possibility of interpolating these classes p-
adically and we emphasize its importance in the study of BSD conjecture. Chapter
7 is a presentation of the material covered in [DLR1] and [DLR2], where the Elliptic
Stark conjectures for points in elliptic curves and for units in number fields are properly
formulated. Then, chapter 8 summarizes the main achievements of the preprint [RiRo],
where some theoretical arguments relying on the good properties of the Beilinson-Flach
elements are given to support the main conjecuture of [DLR2].

We will give a short overview of what our project represents, emphasizing our main
contributions, that are collected basically at the end of chapter 6 and in chapter 8.

Along the last years, there have been great advances in the study of the so-called Euler
systems of Garrett-Rankin-Selberg type. The most common situation is concerned with
a triple (f, g, h) of eigenforms of weights k, [ and m respectively with k =1 + m + 2r,
and r > 0, that involves the Petersson scalar product I(f,g,h) := (f,g x 6], h) and
relates the square of this quantity to the central critical value L( f®gxh, %) of
the convolution L-function. In almost all the situations that have been studied, f is a
weight two modular form coming from an elliptic curve, and this provides satisfactory
results for the study of the BSD conjecture (see [BDR2] and [DR2]), thanks to the



introduction of global cohomology classes varying in families that are related with
families of p-adic L-series (Hida families). Let us recall some examples in the spirit of
[BCDDPR]:

e When f,g and h are all cusp forms, the L-functoin is related to AJ,(A)(ns A
wg Awy), where AJ, : CH2(X1(N)%)o — Fil*(H3z(X1(N)?))* is the p-adic Abel-
Jacobi map, A is the Gross-Kudla-Schoen cycle and 7y, wy, wy, are suitable classes
in the de Rham cohomology of the modular curves (the two latter belonging to
the middle step of the Hodge filtration). In this case, the corresponding p-adic
L-function is Hida-Harris-Tilouine triple product p-adic L-function and the p-
adic Gross-Kudla formula as stated in [DR1] allows to prove the equivariant BSD
conjecture for p; ® pso, being p; and ps odd, irreducible, two-dimensional Artin
representations of (Q such that the tensor product has trivial determinant.

e When h is an Eisenstein series (and the other two are cuspidal), the geomet-
ric ingredient that comes into play now is reg,(Ay,)(ns A wy), where A, is
a Beilinson-Flach element in CH?(X;(N)2,1) attached to the modular unit u
viewed as a function on a diagonally embedded copy of X1(N) C X;(N)?2. Here,
the link is made through Hida’s p-adic Rankin L-function and it allows to prove
equivariant BSD conjecture in analytic rank zero when p is an odd, irreducible,
two-dimensional Artin representation. As before, the key is the construction of
families of cohomology classes obtained via the Beilinson-Flach elements, varying
p-adically.

e When g and h are Eisenstein series, the Mazur-Swinertonn-Dyer p-adic L-function
is related with the regulator reg,{ug, up}(ny), where u, and uy, are the modular
units whose logarithmic derivatives are equal to g and h. This p-adic regulator has
a counterpart in p-adic étale cohomology, leading to a system of global cohomology
classes.

The study of these different Euler systems lead to the formulation of the Elliptic Stark
conjecture in [DLR1], relating the value of p-adic iterated integrals (that may be also
seen in terms of p-adic L-functions) with a regulator defined in terms of global points
in an elliptic curve. The authors provide numerical evidence and then, in [DR3], some
theoretical evidence based on the good behavior of families of cohomology classes is
given.

However, what has not been explored with so much deep is the case in which f is not
a cuspidal form attached to an elliptic curve, say the case in which f is an Eisenstein
series. This will allow us to change the setting of elliptic curves by that of units in
number fields, as it is done for instance in [DLR2], where an analogue of the Elliptic
Stark conjecture is formulated precisely for units in number fields. Therefore, I believe
that the main novelty of this thesis is the exploration of this less well-known setting
not related with elliptic curves, but with other arithmetic objects. Here, we plan to
give some theoretical support to the main conjecture of [DLR2|, via the study of the
corresponding generalized cohomology classes, that will rest mainly on the results of
[BDR2| and [KLZ] relating the image of these classes under Perrin-Riou big logarithm
with special values of Hida’s three variable p-adic L-function. In the setting of [BDR2],
the situation consisted on the convolution product f® g, where f is the cuspidal eigen-
form attached to an elliptic curves and g is a Hida family interpolating a weight one
modular form. Then, the works of [LLZ] and [KLZ] allow us to go a step beyond and



consider a product of the form g®h, where both g and h are Hida families interpolating
weight one modular forms.

Since the topics covered in chapter 8 are still in progress, I plan to improve this part
along the following months, towards having a clearer understanding of all the deep
concepts involved there.

I would like to thank all the people from the Number Theory group in Barcelona for
the good environment they have created and all the seminars and conferences we have
organized. Thanks to Daniel Barrera, Adel Betina, Francesc Fité, Francesca Gatti,
Xevi Guitart, Marc Masdeu, Santi Molina, Edu Soto, Xavier Xarles and many others
for all the meetings discussing Hida families, overconvergent modular symbols or p-adic
methods; thanks also to all the “senior” professors (that is not the same than old) that
have made possible the wonderful Number Theory group at UPC: to Jordi Quer, Jordi
Guardia, Joan Carles Lario, Luis Dieulefait, Pilar Bayer and a long etcetera. And last,
but not least, thanks to Victor Rotger, for convincing me each day that number theory
is the most amazing branch of mathematics and for all the days we will work together
in my forthcoming PhD thesis and the papers we will produce.
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1 p-adic L-functions

There is not a unique approach to p-adic L-functions. Spivak, when writing about the
multiple definitions of riemannian connections available in the literature, defended that
the next one proposing an alternative one should be summarily executed. I believe
that the same happens for the construction of p-adic L-functions. There are so many
approaches that it is difficult to do a clear overview of the most relevant features in the
topic. In this chapter, we will introduce the classical notion, based on the interpolation
of the classical zeta function, and then we will construct the L-series of an elliptic curve
(a la MTT). However, we will try to emphasize the different variants and possibilities
one may have.

At the end, the main idea should be that, as classical L-functions are analytic objects
encoding information about certain representations of the Galois group of Q (or a
general number field), p-adic L-functions interpolate these representations in families.
We will return to this topic in chapter 3 when discussing Hida families.

1.1 A first classical approach

We assume that the reader is familiarized with the basis of p-adic distributions and
p-adic measures. For more references, see my expository notes Distribuciones, medidas
y dlgebras de Tate [R1] (in Spanish). There, and also in Koblitz [Ko], it is explained
how to continuously interpolate f(s) = n® where s € Z, (this turns out to be also a
very good motivation for the construction of the p-adic L-function and in general to
illustrate the different patologies one finds when working p-adically); this can be done
provided that n is a p-adic unit, showing first that [n® — n5/|p converges to zero when
s and s" are congruent modulo p — 1, but this suffices since

Agg ={s€Z,s>0|s=sp (modp—1)}

is dense in Z,.

With this in mind, our first aim is to give a construction of the so-called Kubota-
Leopoldt p-adic zeta function (,. In a first trial, one can think in imposing the interpo-
lation property (,(1— k) = ((1 — k), for all k € Z>Y. However, this does not work: one
must remove the p-th Euler factor and focus only on those integer that are 0 modulo
k — 1. This is quite similar to the classical construction of the p-adic Gamma function,
in which one interpolates the factorial deleting the multiples of p and doing a correction
of sign. In other words, we want

(1 —k)=(1—p")¢(1 k), forallk=0 mod (p—1).

For this process, it is convenient to recall that ((s) is the Mellin transform of the
measure dz/(e* — 1), or what is the same

1 © ., dx
C(S)ZI’(S)/O v lex—l'

Further, the special values at the negative integers can be expressed in terms of
Bernoulli numbers: for k € Z>°,

By,

-k =-=



In fact, we will be interested in a more general case, in which x : (Z/p™Z)* — @X is a
Dirichlet character (that can be extended to the whole Z). For the sake of convenience,
we will fix from now on an embedding of Q in C,. The L-function of x, when R(s) > 1

is given by
L(s,x) = H (1 - Xl(sl)).
l

When k£ > 0 is a positive integer, L(1 — k,x) = —B’;’X, being By, the generalized
Bernoulli numbers.

At the end, the result that interests us the most is the following one, that holds for
general L-series:

Theorem 1 (Kubota-Leopold,Iwasawa). There exists a unique p-adic meromorphic
(and analytic when x is non-trivial) function Ly(s,x), s € Zy such that for k € Z”°,

Ly(1 =k, x) = L(1 — k, xw™ ),
being w the Teichmuller character.

For proving this, one must introduce different p-adic measures. In [Gui], it is possible
to find a detailed discussion of this, but for our interests, we will just say that the
properties satisfied by Bernoulli polynomials allow to define first a certain family of
distributions and then, by a process called regularization, we can pass to measures
(bounded distributions). We will refer to these measures as ji;, o, Where a is a certain
p-adic number used in the regularization process and k is a positive integer. Namely,
p is defined in any ball as

n n — a
pp(a+ (p")) = p* I)B’“(ﬁ)’

for some a € {0,1,...,p" — 1}. i extends to a distribution on Z,. When « is any
integer not equal to one and such that p does not divide it, we define the k-th regularized
Bernoulli distribution as

pra(U) = m(U) — o *up(al).

Mk, turns out to be a measure for £ > 1. With this machinery, we can move into the
construction of the p-adic L-function, that we sketch here first in the case of (y(s).

Definition 1. Let « be a rational integer that is not equal to one and not divisible by
p. For any positive integer k, we define

1 k—1
Cp(]. — k) = O[k—l/Z;; xr /J/].,og.

The proof that it is well-defined is not difficult using the following result whose proof
is also in [Ko]. Basically, it states that the measures iy o satisfy some compatibility
relations; in particular, when k is a positive integer and X is a compact-open in Z,,

then,
/ ko = k/ xk_lﬂl,a-
X X

As we have mentioned, this is closely related with Bernoulli numbers, satisfying certain
congruences properties of the type of those that frequently arise in the theory of modular
forms. In particular, we will recover these congruences when studying Hida families.



Proposition 1. (,(1—k) = (1-p*~1) < — %) , where By, is the k-th Bernoulli number.

Further, if (p — 1) t k, Bi/k is a p-adic integer and when we impose that k = k'
(mod (p — 1)p) then

_ Bk ! Bk'
1-p" == =0 -p""H=F (mod p™*").
k k
Finally, we will fix so € {0,1,...,p —2}. For a p-adic integer s there exists a sequence

of positive integers {t;}72; converging to s, say t; = > % ajp) if s = >0 ap’.
Therefore, unless s and sg are both zero, the following limit makes sense:

-B .
T _ sot(p—1)t;—1 so+(p—1)t;
Gpaos) = lim (1= p (o)

Hence, we can do the following definition:

Definition 2. For a € Z, with a # 1 and pt «, and for fixed sg € {0,1,...,p—2}, we

define
1

L so+(p—1)s—1
Cp,so(s) T a—Got(p-1)s) _ | /Z;f T M1,

for a p-adic integer s, except at s = 0 when sg = 0.

It can be shown that (s, (k) is continuous (provided that sy and s are not both zero).
Furthermore, it is true that (,(1 — k) = (ps,(ko) where k = so + (p — 1)ko, and
ko € Z with kg > 0. We also note that (,(t) has a pole at ¢ = 1 by taking k¥ = 0 in
Gp(1 = k) = Gp,so (ko).

With this in mind, we would like to finally introduce general p-adic L-functions (this
zeta function can be seen as the L-function for the trivial character). Towards, this
purpose, we will use some of the lemmas stated in the expository paper [R1] and also
in [Ko]. We content here with a brief remark to introduce some language that will be
useful in next sections: let ¢ be an integer that is equal to p if p is odd and equals 4

when p = 2. Let a be an element in Z; and put a = Y 7, a;p'. Assume first that
p # 2. Since ag_l = 1 (mod p), we can identify «p with a primitive p — 1-th root
of unity and call w(a) this representative. If p =2, a =1+ a1 -2+ > 10, ;2" with
a; € {0,1}, so we can identify 1 + a; - 2 with {£1}. Let (a) := a/w(a), so any p-adic
unit can be written as w(a)(a). It is customary to put xx = x - w™*.
Let K = Qp(x) and define

b= (L= xwp ) B, and = 3 () -0

- (3
=1

Let Ay (z) :== Y77 cn(%). We are using the standard definition of

By = f*! ixm)Bk(;),
a=1

where By(z) is the k-th Bernoulli polynomial.

Definition 3. The p-adic Dirichlet L-function is

1
s—1

Ly(s,x) = A (1—s).



The fact this is well defined and converges in {s € @, | |s — 1], < (p/®=D)~Yg|,} is
also proved in the expository paper [R1]. Further, the following interpolation property
is satisfied:

Proposition 2. For a Dirichlet character x and a positive integer k,

Ly(1—Fk,x)=(1- xk(p)p’“’l)( - %)

This construction does not reveal the role played by these p-adic distributions, since
everything is encoded in these ubiquous numbers, the so-called by and c;. We refer the
reader to any of the references of a deeper treatment, seeing for instance the relation
with the p-adic Mellin transform.

In [Was] there is a construction of the p-adic L-function using the so called Stickel-
berger elements. It is a more conceptual approach, in which one must carefully use the
properties of the cyclotomic extensions K,, = Q((,, ), where g, = dp™*! for d coprime
with p. In this setting, one can define in a natural way an element in the group ring,
0, € Qu[Gy). This element, together with some standard class field theory, allows us
to define Ly(s, x).

1.2 The p-adic L-function of an elliptic curve

In 1986, Mazur, Tate and Teitelbaum published in Inventione a paper called “On p-adic
analogues of the conjectures of Birch and Swinertonn-Dyer” [MTT]. They comment
in the introduction that since the p-adic analogue of the Hasse-Weil L-functon had
been defined and also p-adic theories analogous to the theory of canonical height had
been introduced, “it seemed to us to be an appropriate time to embark on the project
of formulating a p-adic analogue of the conjecture of Birch and Swinertonn-Dyer, and
gathering numerical data in its support [...] The project has proved to be anything but

routine”.

For A = ( CCL Z > € GL2(R)™, write p(A, z) = p(A4) = %. Further, observe that

if we denote by Sy the space of cuspidal modular forms of weight k and by Si(IV,e€)
those of level N and nebentypus €, Sy = @Sk(IV,€), and in these spaces we have an
action of GLa(R)T given by (f|A)(1) = p(A)*f(AT). Denote by Py(C) the space of
polynomials of degree at most k —2; again, we can consider an action of GLa(R)™ given
by (P|A)(z) = p(A)>"*P(A(2)). Let A = Div’(P}(Q)) with the canonical action of
GLy(R). Finally, observe that d(A7) = drp(A)? and therefore

(flA)(P|A)dT = f(A(7))P(A(T))d(AT).
This gives us an application
D Sk — HomZ(A,Pk((C)*),

sending f to the homomorphism such that, given ((a) — (b)) maps it to an element
acting on P as

/a " Fr)P(r)dr

We can also see this as a map

qb : Sk X Pk((C) X P1(@) — (C,

10



given by the formula
,

21 [ f(r+it)P(r +dt)dt, ifreQ,
0, if r = oo.

o(f, P,r) = 27ri/

o0

f(2)P(z)dz = {

If € is a complex Dirichlet character, let Z[e] C C be the subring of C generated by the
values of €. Let Aj € SLy(Z) be a coset of representatives of I'g(/V) in such a way that
SLa(Z) = UjerTo(N) - A,

where R is a finite set. Fix f € Sj and let Ly C V be the Z-module generated by the
image of ¢;.

Proposition 3. The Z-module Ly is the Z[e|-submodule of V' generated by the elements
©(f)(Ai((00) = (0)) (=),
where 0 < j<k—2,1€R.
In general, we say that a modular integral ® is a mapping
O : Sp x P(C) x P1(Q) =V,
where V is a complex vector space, and such that ® is C-bilinear in f and P and
O(fIA, P|A,r) = ®(f, P, A(r)) — ©(f, P, A(c0)).

The modular integral ® can be used to define a modular symbol A\. For a,m € Q,
m >0, f € S, and P € P,(C), let

A f, P;a,m) := ®(f, P(mz + a),—a/m)
= mkﬂ_lfb(f,P‘ < 73 Cll ) ,—a/m)

— mk/2_1<1><f‘ ( (1) o > ,P,o).

Proposition 4. The modular symbol \(f, P;a,m) is C-bilinear in (f, P). For fized
f, the modular symbol A¢(P;a,m) takes values in L. For fixed f and P, A¢p(a,m)
depends only on a modulo m.

Recall that if f € Sk(N,e€), for a prime I,

/1T, :=l’f/2‘1(§f\ <(1) 7)““)‘}0‘ (é (1)))'

Proposition 5. For f € Si(N,¢€) and for any prime |, we have

-1
Af|Ty, Pya,m) =Y " A(f, Pya — um,im) + e()I*2X(f, P;a,m/1).

u=0

11



Recall that when f € Si(e) has Fourier expansion given by > -, anq", its L-function
is
(

L(f,5) = Y ann = 132; /0 ity (i),

n>1

Then,

(2m)"

A(fa 2", 0, 1) - ¢(f7 zn70) ="

We also define

L(f,n+1), for0<n<k-2.

Ix(2) = Z x(n)anq".

In particular, when x is primitive, we have Birch’s lemma:

o) =5 3 x@f(s+ %),

() 4 mod m
Then,
P =5 3 xo(r] (5 4" ).pr)
= T(lx)a%mx(a)gﬁ(f,]?’ < (1) —al/m ) ,7’+a/m)

when Yy is primitive. For the modular symbol,

A(fx<z>,P<mz>;b,n>=TéO S x(@A(f, Pymb — na,mn),

amodm

for x primitive modulo m.
When we put b = 0 and n = 1 we have for 0 < n < k — 2 an expression of the special
values of the L-function of all twists of f in terms of the modular symbols for f, that
is

s\

Lifent ) = 1205 3 M@ 2" am).
amodm

We will now mimic the process of constructing the p-adic L-function of a Dirichlet
character for the case of modular forms.
Let p be a prime number. Let f € Si(N,€) be an eigenform for 7}, with eigenvalue a.
Suppose that X2 — a,X + ¢(p)p*~! has a non-zero root. Let v(m) = ord,(m). Then,

define ) -
1 e(p)p™~
ffo(P;a,m) = W)\f,ﬂavm) - W/\f,P(aa m/p),

for a,m € Z and m > 0.

Proposition 6. For a,m € Z and m > 0 we have that

Z pfa(P;b,pm) = pyo(P;a,m).

b=amodm
bmod pm

Further, if ¢ is a Dirichlet character with conductor M relatively prime to p, for n
prime to M,

S (@)ga(P, Mb—na, Mn).

:ufd_J,onZ(p) (P(MZ), ba n) = T(¢)
amod M



Fix now M > 0 prime to p. Set Zp p = Zyp % (Z/MZ). We can view Z;M as a p-adic
analytic Lie group with a fundamental system of open disks

D(a,v) :=a+ p"MZy u,

where n > 1.

Let O, C C, be the ring of integers. Fix a modular form f € Si(IV,€) and consider
the finite dimensional Cp-vector space Vy := Cp Qg Lf@ and the Op-lattice Q2 C
Vi generated by Ly. We can extend the definitions of ¢(f, P,r), A(f, P;a,m) and
pf.a(P;a,m) to the case where P has coefficients in C,, yielding values in V7.

We would like to define now a Vy-valued integral fU F where U is a compact open set
of Z;’ y and F'is a locally analytic function on U. We expect, denoting by = — x,, the
projection of Zj, y; onto Zj,,

/ P(.’Ep):,u,f?a(P,a,pVM),
D(a,v)

forv,a € Z, v >1, (a,pM) =1 and P € P,(C,).

Theorem 2 (Vishik, Amice-Vélu). Fiz an integer h such that 1 < h <k —1. Suppose
that the polynomial X2 — a,X + e(p)p"~! has a root a € C, such that ordy(a) < h.
Then, there exists a unique Vy-valued integral satisfying the following axioms (with
v>1anda€Z):

1. It is Cy-linear in F' and finitely additive in U.

2. (Evaluation on polynomials of small degree):
/ xg):uﬂa(zj;a,p”M), for 0 <j <h.
D(a,v)

3. (Divisibility): For n >0,

Y2

/D(ZZ,V) (:B B a)g < (%)Va_lgf‘

4. If F(x) = )_,50 cnlx — a)y converges on D(a,v), then

F= n/ -
/I;(au ZC D(a,v) x a

n>0
Consider now a p-adic character (continuous homomorphism)
X : ZX s C,
for some p and M relatively prime. For example we can think of
X(x) = 2y (@),

where 0 < j < k — 2 and ® is a finite order character.
For s € Z,,, we can consider

[e.9]

Xs(z) = (x)® = exp(slogx) = Z

r=0

S— (log(x
r
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Definition 4. If a is an allowable p-root of f, for a p-adic character x we put

Ly(f, a0 x) :/x XAdhif,a

p,M
were M is the p'-conductor of x. Write L,(f, o, X, $) := Ly(f, @, xXs)-

Now, we just define the p-adic L-function of an elliptic curve as the p-adic L-function
of the associated modular form.

The article of Mazur, Tate and Teitelbum then formulates a p-adic version of the BSD
conjecture for Ly(F, s), where in the multiplicative case the phenomenon of extra zeros
arose. This means that whenever p is a prime of split multiplicative reduction for F,
L,(FE, s) vanishes to order 1+ rank(£(Q)), and that its leading term is a quantity that
combines the p-adic regulator with the L-invariant of £/Q,, defined by

_ log(q)
ord,(q)’

being ¢ Tate’s p-adic period attached to E/Q,. A special case was proved by Greenberg
and Stevens using Hida’s theory.

The appearance of Tate’s period in the derivative of L,(E, s) led Schneider to seek a
purely p-adic analytic construction of L,(E, s) relying on a p-adic uniformization of E,
H,/T' — E(C,).

Motivated by this, Bertolini and Darmon did a parallel study in the anticyclotomic
setting, in which the role of modular symbols is played by Heegner points attached
to an imaginary quadratic field K. Then, Iovita and Spiess proposed a construction
of the p-adic L-function following Schneider’s approach. This clarified the role of p-
adic integration and gave some insight into the obstruction that prevented Schneider’s
attemp from obtaining a satisfactory p-adic L-function in the cyclotomic setting.

1.3 The Rankin-Selberg method

We introduce in this section the Rankin-Selberg method, which provides results that
will be very useful to explore Beillinson formulas that will be, in later chapters, ex-
pressed in a p-adic setting and will be very useful for our purposes.
We will begin by introducing the non-holomorphic Eisenstein series of weight 1, charac-
ters ¢ and y and parameter s, since it gives some hints around the ideas one must keep
in mind. This Eiseinsten series can be analytically extended to a meromorphic function
which is holomorphic when R(s) > —1/2, and thus we can obtain a modular form at
s = 0. Let v, x be two Dirichlet characters modulo M and modulo N, respectively.
For any integer k > 1, z € H, we put
/
Ek(z; ¢7 X) = Z

(m,n)EZXZ

P(m)x(n)

(mz +n)k’

The apostrophe means that the sum is over all pairs different from (0,0). This series
absolutely converges for £ > 3, and we are interested in the case k = 1.

Definition 5. Let z=x 4+ € H, s € C and k € Z. We define

s

Eylz, 83, %) = Z P(m)x(n) Yy

(mz +n)F |mz + n|?s’

(m,n)ELXZ

14



This function is called non-holomorphic Fisenstein series of weight k and characters 1)
and x.

When the characters are trivial, we frequently omit them in the notation. The series
converges uniformly and absolutely for k + 2R(s) > 2 + ¢, so it is holomorphic when
R(s) > 1 — k/2. But it is not holomorphic as a function of z. Let I'o(M, N) be the

d
Then, I'g(M, N) is a modular group, and for v € I'g(M, N),

set of matrices ( CCL b ) in SLg(Z) such that ¢ = 0 modulo N and b = 0 modulo M.

Ey(vz, 530, x) = ¥(d)x(d)(cz + d)*|ez + d|** Er(z, 53, x)

We assume that 1(—1)x(—1) = (—1)* since elsewhere the value is 0. We want to study

the case K = 1, but E; is not convergent at s = 0; however, it can be analytically
continued.

Theorem 3. The Fisenstein series E’l(z, s;1,X) s analytically continued to a mero-
morphic function on the whole s-plane. If x is non-trivial, El(z,s;d),x) is an entire
function, and elsewhere, it is holomorphic for ®(s) > —1/2. At s = 0 we get a modular
form of weight 1 for the modular group T'o(M, N). Its Fourier expansion is given by

El(zas;w7X) :C+D+Azanqxf

n=0

The value at 0 will be O when v is the principal character and 2L(x, 1) elsewhere.
D is =2miL(,0) [ ], (1 —p~ 1) when x is trivial and O elsewhere. The other constants
can be explicitely found in terms of the characters.

Definition 6. Let x be a character modulo N with x(—1) = —1. Let M be an integer
such that N|M. Then, the non-holomorphic Eisenstein series of weight one, character
x and level M 1is

S

/
- x(n) y
Ei(z, 8 M) = .
(2586 M) 2. Fmzim |Mmz+ n|®
(m,n)EZXZ

We will write El(z; x;N) := El(z, 0,x; N), that is an Einenstein series of weight one
and character x.

An almost immediate computation shows that
- 1 -
El(za S X5 N) = ﬁEI(N‘% S 17 X)

where 1 here is for the trivial character.

Consider Ey(z,x, N ) = El(z; 0,x; N), which is an Eisenstein series of weight one and
character y. It belongs to M;(I'g(IV),x). We can explicitely compute its Fourier ex-
pansion as well as studying the functional equation it satisfies.

We introduce now the normalized Eisenstein series F (2; x; N) that is related to Ey (2; x; N)

by the equation
- —4i
Ei(z,8x:N) = 7?\;—(X)E1(Z»3§X§ N).
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Define also .

= x(n) y

E! v, IN) = .

1(Z357X” ) ( Z)GZQ Nmz+n|Nm/Z+n/‘2S
m,n

(Nm,n)=1

Now, we we properly introduce the Rankin-Selberg method, that will make use of these
different L-series we have presented. To motivate it, consider 7 a continuous and ir-
reducible finite-dimensional complex representation of Gal(Q/Q). We can associate
to 7 an L-series L(T,s); on the other hand, for an elliptic curve E we can consider
the representation pg associated to the p-adic Tate module of E in such a way that
L(pg,s) = L(E,s). We can consider L(pg ® T, s), corresponding to the tensor product
of the two representations. Rankin method will allow us to show that if 7 arises from
a modular form, then L(pg ® 7, s) admits analytic continuation to C.

The 2-dimensional representations of Gal(Q/Q) which are geometric are all expected
to arise from modular forms, that is, if p is an odd 2-dimensional compatible sys-
tem of l-adic representations, there is a modular form f and an integer j such that
L(p,s) = L(f,s+7). It is immediate that L(V} & Va,s) = L(V1, s)L(Va, s), but a much
more interesting question is trying to construct the L-series corresponding to Vi ® V5.

To begin with, let f = > anq” € Sp(I'o(N),x¢) and g = > bng™ € Si(T'o(N), xg) be
normalized eigenforms of level N. Assume that they are simultaneous eigenvectors for
the Hecke operators T, with (r, N) = 1, as well as the operators U, attached to primes
dividing N. Then, we can write

L(fa 5) = H(l - app_s)_l H(l - app_s + Xf(p)pk—l—QS)—l
p|N ptN

and consider Ly(f,s) prN(l —app~ + x5 (p)p h=1-2s)-1,
For each prime p, o), and ap will be the roots of the Hecke polynomials z? — apx +
X7 (p)p*=1, and choose (ay, @) = (ap,0) if p|N. Then,

Ly(f,s) =] = app™) "1 —app™®)~ .
pIN

If p|N, Ly (f,s) = (1 —ap~®)~'. We can shorten notations and put L(f,s) =
Hp Ly (f,8). We do an analogous treatment for g calling 3, and 3, the corresponding
roots.

Definition 7. The Rankin L-series attached to (f,q) is L(f®g,s) = Hp Ly (f®g,s),
where

Ly (f ®9,8) = (1= apfpp™*) (L= apByp™") (1 = g Bpp™") (1 — g Bp~°) "
Definition 8. The modified Rankin function attached to f and g is defined by

D(fvgas) :Zanbn

nS

n=1

Considering D) (f,g,5) = > peg apnbpnp~ " and taking into account that D(f, g, s) is
absolutely convergent if R(s) > (k +1)/2, we can rearrange it and put

D(f,g,s) HD (f,9,5)
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Our aim is to relate now D, (f,g,s) and L, (f ®g,s).

We will now state some of the most remarkable theorems around these convolution
products. Proofs are not rather conceptual and they are mostly computational. A
good reference is [Sad].

Theorem 4. Let f € Si(T'o(V), xf) and g € Si(I'o(N), xg). Then,
L(f®g’8) :L(X,QS—k—l+2)D(f,g,8),

where X = XfXxg- In particular, if N = 1 and the characters are trivial, the L-factors
corresponds to x(2s — k — 1+ 2).

Proposition 7. Let f € Sy(SL2(Z)) and g € Si(SLa(Z)). For R(s) > 2 — %=t we have

that
@;xm@mafwan—ziﬁ;;;”nug¢+s_n

The formula even makes sense when k = [, in whose case we can consider the following

Eisenstein series
S

E(z,5) = Eo(z,s) = Z Y

(m,n)ELXZ mz + n|28’

which converges when R(s) > 1. If we now define

E'(z,8) = E)(z,5) = Z Y

(m,n)EZXZ [mz + nPS?

ged(m,n)=1

S

it turns out that E'(z,s) = ¢(2s)E'(z, s) and so E(z, s) is a non-holomorphic Eisenstein
series of weight 0.

Lemma 1. Let f,g € Sp(SL2(Z)) be two modular forms of the same weight. Then,

<vamw»ﬂamz2%;;Q1DLU®%s+kn.

With this in mind, and making use of Melling transforms, we can derive the following
result:

Theorem 5. Let z € H be fived. Then, E(z,s) has a meromorphic continuation to
the whole C and 1is entire but for a simple pole with residue m at s = 1. Moreover,
G(z,s) = F#f)E(z, s) is holomorphic except for simple poles at s =1 and s = 0 with

residue 1 and —1, respectively. It satisfies that G(z,s) = G(z,1 — s).

All in all, we have the integral representation for L(f ® g,s + k — 1) given by

A @g.8):=(Gles —k+ 1, = O L ra g )

These function has several nice properties that we now summarize.

Proposition 8. Let f,g € Si(SLa(Z)) be two modular forms of the same weight. Then,
A(f®g,s) extends to a meromorphic function of s. It is holomorphic except at s = k—1
and s = k where it has simple poles with residues —(g, f) and (g, f), respectively.

Corollary 1. Let f,g € Sp(SL2(Z) be two modular forms of the same weight. Then,
L(f ® g,s) extends to a meromorphic function of s € C with a simple pole at s = k if

and only if (f,g) # 0.

This Rankin-Selberg method will be applied very often in subsequent chapters, since
our usual setting will be concerned with either a pair or a triple of modular forms.
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2  Overconvergent modular forms

There are several approaches to the theory of p-adic modular forms, initiated around
the seventies by mathematicians such as Serre, Dwork or Katz. The first key obser-
vation was that one could think in the weights of classical modular forms as elements
of Z) or, more generally, characters of Z;. On the other hand, Katz noticed that
one could define modular forms of integer weight with p-adic coefficients to be section
of a line bundle (say w) over a moduli space over Z, of elliptic curves, and not as g¢-
expansions with p-adic coefficients. From this viewpoint, Serre’s p-adic modular forms
of weight k € Z were thought of as sections of w®* over the elliptic curves with ordinary
reduction. Katz’s analysis of elliptic curves with “not too supersingular reduction” led
to finer understanding of the Up-operator and then, to the definition of p-adic mod-
ular forms with r-growth, what in the terminology introduced by Coleman would be
r-overconvergent modular forms (in comparison with Serre’s convergent p-adic modular
forms of g-expansions).

There is still another important approach, that of Hida, that puts the emphasis on
algebras of Hecke operators (or Hecke algebras). He observed that one could define an
idempotent e on algebras T(N) of Hecke operators acting on spaces Sa(I'1(Np>)) of
cusp forms whose g-expansions have p-adic coefficients, and noted that it singled out
subalgebras in which U, is a unit. This will be explored when discussing Hida families.
However, the most remarkable achievements in this theory arrived after Coleman had
picked up the incomplete theory of Katz and had formulated a general framework of
p-adic modular forms in which he coined the term overconvergent modular forms. In
particular, he used Serre’s theory of p-adic Banach spaces and defined an analogue of
Hida’s idempotent. This allowed him to construct families of finite slope overconver-
gent modular forms.

2.1 The classical view

We begin by recalling the different definitions of classical modular forms that we must
bear in mind. They correspond to the case in which no level structure is present, that
would only require some slight modifications.

Definition 9 (Version 1). A modular form f of weight k over C is a function on lattices
A = Zwy + Zws C C such that:

1. f(Zt + Z) is holomorphic as a function of T.
2. f(uh) = pE (M),
3. f(ZT + 7Z) is bounded as T — iocc.

The classical relation between lattices and elliptic curves lead us to the following alter-
native definition.

Definition 10 (Version 2). A modular form f of weight k over C is a function on
pairs (E,w) consisting of an elliptic curve E and a non-zero element w € H°(E, QL)
such that

(B, pw) = :u_kf(an)a
and such that f(C/(Zt 4+ Z),dz) is bounded as T — icc.
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This definition can be formulated for general rings:

Definition 11 (Version 2a). A meromorphic modular form f of weight k over R is a
function on pairs (E/A,w) where w is a nowhere vanishing section of Q}E/A and A is
an R-algebra such that:

1. f(E/A,w) depends only on the A-isomorphism class of (E/A,w).
2. f(E,pw) = p " f(E,w) for any p € A*.
3. If ¢ : A — B is any map of rings, then f(E/B,wp) = ¢(f(E/A,w)).

The deficit of this definition is that it does not address the issue at the cusps, and
for that it will be necessary to say something about Tate curves. Let ¢ = e?™7. The
exponential map induces an isomorphism

C/Z @17 — C*/q% = Gn(CT) /%

Writing the Weierstrass parametrization in terms of the parameter ¢ instead of 7 (and
changing the scaling by an appropriate factor of 27i), we find that a model for C* /¢*
is given by

y? + 2y = 23 + as(q)z + ag(q),

where

n3q" (5n3 + Tnd)qg"
a4:_zl_qn’ aﬁ:_z 12(1 — ¢7)

are both in Z[[¢]].
This equation defines an elliptic curve over the Laurent series ring Z((q)), that is called
the Tate curve and is denoted by T'(¢). It provides a description of the universal elliptic

curve £/X over a punctured disc at the cusp co. We may associate to T'(q) a canonical
differential

dt
Wecan = ? € HO(T(Q)791)7

where T(¢q) = G,,/q¢* and G,, = Spec(Z[t,t']). In particular, given a meromorphic
modular form f of weight k, we define the g-expansion of f to be

f(T(Q)vwcan) € Z((Q))

Definition 12 (Version 2b). A modular form f of weight k over R is a function on
pairs (E/A,w) where w is a nowhere vanishing section of Q}E/A and A is an R-algebra
such that:

1. f(E/A,w) depends only on the A-isomorphism class of (E/A,w).

2. f(E,pw) = p Ff(E,w) for any p € A*.

3. If ¢: A— B is any map of rings, then f(E/B,wg) = ¢(f(E/A,w)).
4. We have f(T(q),wean) € Al[q]]-

Another possibility is to understand modular forms as sections of a line bundle: how
does HY(E,Qg) vary as one winds around the curve Y(I') = H/I'? If we start with
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E. = C/(Z+ TZ), together with its canonical differential dz, we can imagine moving
in the upper half plane from 7 to

7__7_,_(17'—|—b _(a b cT
== 7= e g

which brings us back to the same elliptic curve E,» ~ E.. The invariant differential
varies continuously as we vary E, yet when we return to F we observe that wg and
w~g have changed:

dz € H(C/((at + b)Z + (cr + d)Z)), Q1) goes to (er + d)dz € H'(C(Z + 7'Z),QY).

What occurs here is that the behavior of (dz)®* as one winds around Y (T) via v exactly
corrects the corresponding behavior of a modular form of weight k. This leads to the
identification of modular forms as section of some line bundle £ whose fibers at a point
E hare naturally isomorphic to HO(E, QL)®*.

To construct such a bundle, we want to interpolate the trivial sheaf Q! as E varies over
Y (I"). To do this, we can consider the sheaf of relative differential Qé/y(r) on Y(I'). If

m: & = Y(I') denotes the natural projection, then we set
wy = W*Qé/y.

We expect that the fiber of wy at a point E € Y corresponding to an elliptic curve
should be exactly QL = HO(E, Q};) This is true and it only requires that the map
is proper:

Definition 13 (Version 3a). A meromorphic modular form f of weight k over R and
level T is a section of HO(Y (I') g, w®F).

We would like to understand what happens at the cusps, and the answer is that there is
also a generalized elliptic curve £/X(I') and a corresponding local system wx on X (I').

Definition 14 (Version 3b). A modular form f of weight k over R and level T is a
section of HO(X (T) g, w®").

It is usually natural to assume for this that R is a Z[1/N]-algebra, where N is the
level of I'. The R-modulo H°(X (I')p,w®*) is denoted as M (T, R). Moreover, recall
that in order to define wy and wx one needs the existence of a universal generalized

elliptic curve &, which requires the moduli problem to be fine. This requires working
with X1 (V) rather than Xo(N).

A classical view of modular forms of weight 2 over C arises from the fact that f(7)dr
is invariant under I", which leads us to suspect that Q% ~ w%?z. However, this is only
correct along Y (I'), since d7 is not smooth at the cusps. In particular, a section of
HO(X(T), Q%) will be locally a multiple of dg, and so f(7)dq = 2miqf(7)dr will vanish
at the cusp. In particular, the correct isomorphism is Q}((oo) = w_%(, where D(00)
are the differential allowed to have poles of orders at most one at the cusps. These
isomorphisms are referred as Kodaira-Spencer isomorphisms.

Before moving to our main issue of study, we remind the following useful result:
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Proposition 9. Let S be an R-algebra and suppose that N is invertible in R. Then,
there is an isomorphism

Mp(T'(N),S) ~ Mi(I'(N),R) ®g S,
when N > 3 and k > 2.

The interesting case comes when R = Z, and S = F, for a prime p not dividing N.

In the following sections we will discuss Serre construction of p-adic modular forms and
then we will move to introduce the notion of overconvergence. To understand better all
these concepts, it may be good to keep in mind that a connected modular curve X (T")
is determined by its g-expansion. Having a g-expansion is useful, for instance, when
defining Hecke operators, that on modular forms of weight k£ can be defined as

TP ( Z anqn) = Z(anp + pk_lan/p)qn'

Alternatively, one can define it in terms of correspondences or isogenies. For more
details, see [Cal].

2.2 Serre’s construction

In this part, we review the basic steps of Serre’s modular forms. It is a very elegant
theory and in some sense, the origin of all further developments. We will restrict
ourselves to classical modular forms defined over QQ of level N = 1, but all the concepts
naturally extend to forms of higher levels over number fields. A good reference to

understand the different views of p-adic modular forms, including this, is the book
[Gou].

Definition 15. Let v, be the usual p-adic valuation on Qp. Let f =" anq™ € Q[[q]]
be a formal power series in q over Q. Define v,(f) = inf, v,(ay).

Let now My, be the space of modular forms of level one and weight k. A q-expansion
f = > ang™ € Qllq]] is a Serre p-adic modular form if there exists a sequence of
classical modular forms f; € My, such that v,(f — fi) = 00 as i — oo.

In our definition we do not require f; to have fixed weight but the following result will
have as a corollary that the weights k; of the f; converge p-adically to k.

Theorem 6. Let f1, fo (both non-zero) be two classical modular forms with coefficients
in Q of weight ki and ko respectively. Assume that vy(f1) = 0. If there exists a positive
integer m such that vy(fi — fa) > m, then ki = ko (mod p™~L(p — 1)) if p > 3 and
k1 = ko (mod 2m72) pr = 2.

We define now X,, = Z/p™ ' (p — 1)Z when p > 3 and Z/2™ 27 x 7./27 when p = 2.
Let X be the projective limit of the X,,,, which is equal to Z, x Z/(p—1)Z (for instance
by the Chinese remainder theorem). A direct corollary of the previous theorem is this
first non-trivial property of Serre p-adic modular forms:

Corollary 2. Let f be a Serre p-adic modular form and f; a sequence of classical
modular forms with coefficients in Q and weights k;, converging p-adically to f. Then,
there exists a unique k € X such that k; converges to k. Moreover, it is independent of
the choice of f;. We call k the weight of f.
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Proof. Since v,(f — fi) — oo, the above theorem holds and we may set k as the
projective limit of the k;. Then, k € X and it is unique and independent of the specific
choice of f;. O

A useful result is that in order to construct a Serre p-adic modular form, it suffices to
obtain a family f; of classical modular forms of compatible weights whose a,, converge
uniformly for n > 1.

Theorem 7 (Serre). Let f; = Y.~y aing" be a sequence of p-adic modular forms of
weights k; such that for n > 1, the a;n converge uniformly to some a, € Q, and k;
converge to some k € X. Then, ag, converge to some ag € Q, and f =", <,anq" is
a Serre p-adic modular form of weight k. -

This interpretation will be especially interesting for the posterior introduction of Hida
families, a collection of modular forms varying continuously in the p-adic topology.
In particular, in [Laf, Ch.4], we can see how towards the interpolation of a general
Eisenstein series we can focus just in the non-constant terms and then use this last
result of Serre.

2.3 p-adic modular forms

There are many references that are useful for this section, but we mainly follow the
approaches of [Cal] and [Gou]. As we have seen, classical modular forms can be in-
terpreted as function of triples (E/A,w,t), composed of an elliptic curve E over A,
a non-vanishing invariant differential w and a level structure ¢. Equivalently, they are
global sections of certain invertible sheaves over the moduli space of elliptic curves with
the given kind of level structure. Since we wish to obtain a p-adic theory of modular
forms (that we pretend it reflects the p-adic topology), we cannot simply mimic the
classical definition. One possibility, that we have already seen, is to do it in terms of
Fourier expansions of modular forms. This produces an elementary theory with strong
ties to the theory of congruences between classical modular forms, which turns out to
be a special case of the modular theory developed by Katz in [Ka]. The main idea is
to consider the rigid analytic space obtained by deleting p-adic disks around the super-
singular points in the moduli space of elliptic curves with a I'y (IV)-structure over Z,.
We will begin the motivation of this introducing a very well-known object, the Hasse
invariant, that will be very useful along our discussion.

Before moving to this, let S be a ring with pS = 0 and suppose that X/S is a
scheme. On the one hand, we have the absolute Frobenius, that induces a map
F,bs : Spec(S) — Spec(S) and X — X. This map is given, locally on rings, as
x +— xP. On the other hand, the relative Frobenius is a way of obtaining a morphism
of schemes over S. Let X = X xg S, where S is thought of over S via Fjps. Then,
the relative Frobenius is given by a map F : X — X ®) satisfying that the compostion
with the natural map X® — X is F ..

Consider now S, a ring with pS = 0 and E/S an elliptic curve together with a differen-
tial wg generating Q}E /s By Serre duality, we may associate to wg a dual basis element

n € H'(E,Og). The Frobenius map induces an application

L HY(E,0p) — HY(E,Op),

abs
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and we can write
z;kbs(n) = A(an) N
for some A(E,w) € S.

Lemma 2. A is a meromorphic modular form of level one and weight p — 1 over S.

When S is a field, A(E,w) is either zero or a unit (and it is zero when E is super-
singular). We call A the Hasse invariant of E. It is a result of Deligne that when
R =TFy((2)),

A(T(q),wecan) = 1.

Further, when p > 5, A lifts to a modular form in characteristic zero. From the
computation above, the g-expansion of any such lift is congruent to 1 modulo p. Hence,
from Kummer congruences, we deduce the following;:

Theorem 8. Let p > 5. Then, A lifts to a modular form in characteristic zero. The
modular form E,_1 is a lift of A such that E,_1 = A mod p. Ifp =2 orp = 3, the
modular forms E; and Eg are lifts of A* mod 8 and A® mod 9 respectivelsy.

Let A be any lift of the Hasse invariant. Since A = 1 mod p, the powers of A are
becoming more and more congruent to 1 modulo p. Hence, they converge to 1. Then,
the powers AP"~! converge to A~! (any lift of the Hasse invariant is invertible). We
can then do the main definition. Observe first that we need to fix a congruence sub-
group I' of level prime to p. The definition of p-adic modular form and overconvergent
p-adic modular form at level one are almost the same as the corresponding definition
at level I'; for that reason, we do not focus a lot in this latter case and work at level one.

Definition 16. The p-adic modular functions on X(I') are the functions which are
well defined at all points of ordinary reduction.

For instance, observe that the function A defined on pairs (E/F,,w) to be 1 if E is
ordinary and 0 if £ is supersingular, defines a modular form over IF,, with g-expansion
identically 1. Recall that E[p] over a field of characteristic p must be equal to Z/pZ or
0, saying in the first case that F is ordinary and in the latter supersingular. A turns
out to be the Hasse invariant of F.

From a fact on Bernoulli numbers, E,_; =1 (mod p) por p > 5, and so the reduction
of E,_1 has the same g-expansion. By the g-expansion principle, E,_1 = A. The im-
portant fact here is the existence of such a lift of A.

p-adic modular forms can also be interpreted using the previous general definitions.

Definition 17 (Version 2 revisited). A p-adic modular form f of weight k and level
one over a p-adically complete algebra A is a function on pairs (E/R,w) for a p-
adically complete A-algebra R satisfying: w is a mowhere vanishing section of Q}E/A;
and A(E/B,wpg) is invertible, where B = A/p. We require the following properties:

1. f(E/A,w) depends only on the A-isomorphism class of (E/A,w).
2. f(B,pw) = p=* f(B,w).
3. If ¢ : A — B is a map of rings, then f(E/B,wp) = ¢(f(E/A,w)).
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4 f(T(Q)7Wcan) € A[[Q”

In the case of higher levels, observe for instance that Yy(/N) parametrizes elliptic curves
with a subgroup of order N. Hence, modular forms should be defined to be functions
on triples (E/R, o, w), with a a subgroup of order N.

This result gives a link with Serre’s theory:

Lemma 3. The closure of the set of classical modular forms over a p-adically complete
ring R of all weights coincides with the set of p-adic modular forms over R of all
weights.

Beyond these definitions, one of the most interesting points lie in the theory of over-
convergent modular forms. It turns out that modular forms are not good enough and
we will be often interested in functions converging beyond the ordinary locus. Next
sections are devoted to this.

2.4 Ordinary modular forms

The operator U, plays a prominent role in all this theory. In terms of the g-expansion,

it is defined as
Uy aua”) = 3

which is the classical Tj-operator but removing the summand corresponding to a,,/,
when n divides p. In terms of isogenies, given an elliptic curve E with a distinguished
p-isogeny 1 : ' — B, we define U, by considering the maps ¢ : D — E not equal to
7 : B — E, namely

PF£N
Upf(E,n: E — B,w,q) :pk_1 Z f(D,¢*(w), " ).
¢:D—E

Definition 18. Let f € Si(T'o(pN)) be a Hecke eigenform with U, eigenvalue a,. The
slope of f is vp(ap). f is said to be ordinary if it has slope 0. M,Srd(Fo(pN)) is the
space of ordinary modular forms of weight k.

Proposition 10. The slope at p of an eigenform f of weight k and level To(pN) is at
most k — 1.

The basis of Hida’s p-adic families that will be explored in subsequent chapters is the
following result:

Theorem 9. The dimension of M,Srd(Fo(pN)) is independent of the weight k modulo
p— 1.

Since the dimension of spaces of classical modular forms grow linearly in k£, we can
expect something similar for non-ordinary forms. For this, Coleman’s idea was to pass
up to a space of infinite dimension. We will try later a first definition of modular forms
in a more general setting.

Let X be a modular curve smooth over Z[1/p]. It makes sense to talk about the

ordinary locus of X/IF,, since there are only finitely many supersingular points. It also
makes sense to talk about the ordinary locus over Z,, since we would like to exclude
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all lifts of supersingular elliptic curves. Specifically, we would like to remove a unit
ball around any supersingular point. Rigid analytic spaces provide the right context
in which these constructions make sense, and such that the topology is fine enough to
allow these constructions that does not work in the Zariski topology.

Definition 19. The p-adic modular forms of weight k are the global section
H°(X"#[0],w"),
where X*8[0] is the ordinary locus of the rigid anlaytic space X8,

Let R be a p-adically complete ring, and let My(Io(p), R) be the space of classical
modular forms, on which U, acts. For being the space finite as an R-module, we can
define e, := lim_, U;}!.

Lemma 4. e, is an idempotent on My(Io(p), R), and projects onto the space generated
by Hecke eigenforms on which U, acts by a unit.

Up (and ep,) commutes with 7; for [ prime to the level. Thus, e, is a Hecke equivariant
projection; when f is a Hecke eigenform with unit eigenvalue for U, we say that f is
ordinary. From the results of Hida that will be worked later, we have the following:

Theorem 10 (Hida). The operator e, extends to an idempotent on My(T', R,0). Let
epMi(I', R,0) be its image. Then,

1. epMy(I', R,0) is finite dimensional, and the dimension only depends on k modulo
p—1.

2. If k > 1, then e, M (I', R,0) C My(T'o(p), R,0) is spanned by classical modular
forms.

3. The minimal polynomial of U, on e,My(I', R/p™,0) only depends on k modulo
n—1
P (p—1).

The problem here arises in the fact that U, contains a continuous spectrum on My (I', R, 0)
and this rules out the possibility of expressing a p-adic modular function into an infinite
sum of eigenforms. The key point is that we must consider sections of X8 converging
beyond the ordinary locus X'8[0]. This is basically because we can pass between level
1 and level T'y(p) (with p-adic modular forms) using the fact that an ordinary elliptic
curve F/R comes with a canonical subgroup scheme P C E[p] that comes from the
kernel of the reduction map.

We consider (R, m), the ring of integers of a finite extension of @, and its maximal
ideal. Let k = R/m be the residue field and K the fraction field. Take a normalized
valuation (v(p) = 1). If E/R is ordinary, E(k) = Z/pZ. Consider the reduction map
E(K) — E(k); the kernel C of E(K)[p] — E(k)[p] is a cyclic subgroup of order p,
canonically associated to E//R. The problem arises when F/k is supersingular, and so
E(k)[p] is trivial and E(K)[p] = (Z/pZ)? contains p + 1 subgroups C. In some cases
there will be a canonical choice to make.

Theorem 11 (Lubin-Katz). Let R be a complete Z,-algebra. An elliptic curve E/R
has a canonical subgroup of order p if and only if

_P_

p+1

where A(Eg,wg) is the Hasse invariant of E/S, with S = R/p. The elliptic curves that
satisfy the hypothesis are called not too supersingular.

v(A) <
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Fix a modular curve X of level prime to p and assume that X is a fine moduli space
smooth over Z,. Let k be a finite extension of IF,,. The rigid analytic space X rig admits
a map
X18(C,) — X (k).

The preimage of a point is an open disc and the complement of the open discs cor-
responding to the supersingular points is the ordinary locus. Let E/k be the elliptic
curve corresponding to a supersingular point; since X is smooth at z, the completion
of X at x is isomorphic to W/[[t]]. We define X*8[r] by removing from X' the open
balls B of radius p~" in the parameter t. When r = 0, we recover X"8[0)].

Lemma 5. The definition does not depend of any choice provided that r < 1.

Proof. Any different uniformizing parameter would be of the form s = ap + ut, where
a € W,u € WI[t]]*. We still have v(s) = v(t), since either v(s) or v(t) is less than

v(p). O
Suppose that r < 1% and consider X"[r]. The key point is that for a subgroup scheme
H of E of order p which is not the canonical subgroup, the valuation of A(E/H, qg*w)
decreases as long as 0 < v(A) <p/(p+1).

Theorem 12 (Katz-Lubin). Let (E/R,w) be an elliptic curve and suppose that

p

v(A(F,w)) < ——.

(AE.w) < 2

Let H C E be a subgroup scheme of order p fliﬁerent from the canonical subgroup. Let
¢: E — E/H be the natural projection and ¢ : E/H — E the dual isogeny. Then,

W(A(B/H, §w)) = "AER),

p
The proof of this fact uses some properties of forrmal groups. The identification of
X"ig[r] with the component of X ®(p)[r] containing co allows us to define an operator
U, on sections of X"&[r]; one simply takes the sum over all pairs (E, H) where H is
not the canonical subgroup.

Theorem 13. Let 0 < r < 1/(p+1). Suppose that f is a section of HO(X"8[r],wk).
Then, Uy, f extends to a function on H°(X"®[pr],wk). In particular, U, defines a map

Uy - HO(X"[r], ) — HO(X8[pr], wt).

Proof. Let (E,w) be an elliptic curve with v(A(E,w)) < pr. It suffices to show that we
can extend U, f to (E,w). By definition, to evaluate f on (F,w) involves evaluating f
on elliptic curves E/P as P runs over the p-subgroup schemes of E[p] which are not
the canonical subgroup. In particular, all those elliptic curves have Hasse invariant at
most r and thus f is well defined.

The intuitive idea must be that U, increases the convergence of an overconvergent
modular form. O

Definition 20. Let 0 < r < p/(p+1) be a rational number. The space of overconvergent
modular forms of weight k, level I' and radius r is defined to be

M}(T,r) = HO(X"8[], ")
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There are inclusions

M{(T,r) = My(T, Cp,0) = C[lg])
and hence overconvergent modular forms satisfy the g-expansion principle.
Lemma 6. Mg(F, r) is a Banach space with respect to the supremum norm on X'&[r].
Theorem 14. Suppose that r < p/(p+ 1). Then, the map
U : HO(X"8[r], ) — HO(X"8[r], k)
18 compact.
We finish this section with the so-called classicality theorem:

Theorem 15 (Coleman). An overconvergent modular form of weight k and level T'1(N),
which is an eigenform for U,, is a classical modular form if the slope is strictly less
than k — 1. If its slope is k — 1, unless it is in the image of the theta operator 671, it
s also a classical modular form

Coleman proved this using Hodge theory of modular curves; then, Payman Kassaei
reproved the theorem by a different approach

2.5 Nearly holomorphic modular forms

This section is based on [Ur]|, although similar definitions are introduced in [DR1].
Along the thesis, some of these facts will appear again and we will be clarifying some
of the concepts that may seem quite artificial at first glance.

Let f be a complex valued function on H. For any integer & > 0 and v € GL2(R)™*, we
set

Fliy(7) == det(1)**(er + d) * £ (7).

Let 7 > 0 be another integer. We say that f is a nearly holomorphic modular form of
weight k£ and order < r for an arithmetic group I' C SLa(R) if f satisfies the following
properties:

o fcC>®onH.
o flgy=fforallyel.

e There are holomorphic functions fy,..., fr on H such that
1 1
f(r) = fo(r) + §f1(7) +...+ ?fr(T)-

e f has a finite limit at the cusps.

If f € C>*°(H), we denote
of
= 8miy? == (7).
(ef)(7) i= 8t =2 (7)
Then, the third condition is equivalent to "1 f = 0.
Further, if f is nearly holomorphic of weight k and of order < r, then ef is nearly
holomorphic of weight k£ — 2 and order < r — 1. Write N} (I', C) for the space of nearly

holomorphic forms of weight k, order < r and level I'. For r = 0, it is just the space of
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holmorphic modular forms of weight & and level I';, M (T", C).

On the space of nearly holomorphic modular forms, we have the Maass-Shimura differ-
ential operator §, given by

1
W= 5 oY

2

2= (%)

Orf is of weight k 4+ 2 and its degree of near holomorphy is increased by one. Define
also for a positive integer s
(5}2 = (5k+2s—2 ©...0 (Sk

Lemma 7. Let f € N (I',C). Assume that k > 2r. Then, there exist go, ..., g, with
gi € My_9;(T',C) such that

f =90+ 0201 +...+ 0 _2.9r

We do now a few comments about the sheaf theoretic definition.

Let Y =T\H and X = T'\(HUP;(Q)) be the open modular curve and the compactified
modular curve of level T, respectively. Let £ = € X x,. Y1 be the universal elliptic
curve over Yr and let p : £ — Xr be the Kuga-Sato compactification of the universal
elliptic curve over Xp. We consider the sheaf of invariant relative differential forms
with logarithmic poles along € = £\, which is a normal crossing divisor of £. Let

W= p*Qé—/X(log(ﬁg)).
This is a locally free sheaf of rank one in the holomorphic topos of X. Let

HéR = RIP*QE’/X (log(0€))

be the sheaf of relative degree one de Rham cohomology of £ over X with logarithmic
poles along d€. The Hodge filtration induces an exact sequence

0= w— Hig — w* =0,
that in the C'°°-topos splits and gives the decomposition H, éR =wdw.
Proposition 11. The Hodge decomposition induces a canonical isomorphism
H®(Xr,H}) = N (T, C).

In fact, let # : H — Yr and let 7#*E be the pull-back of £ by w. We have that
7% = (C x H)/Z?, where the action of Z? is given by

(z,7) - (a,b) = (z+a+br,71).

The fiber &; at 7 € H can be identified with C/L,, where L, = Z + 7Z C C. Further,
m*w = Ondz, where Op is the sheaf of holomorphic functions on the upper-half place.
Observe also that an explicit description of £ can be given as

£=T\C x H/Z?,
where the action of I' on C x H/Z? is given by

v (z,7) = ((et +d) Lz, y - 7).
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Then,
vz = (cr 4+ d) " 'dz.

From here, together with the condition at the cusps, it turns out that
HO(Xp,w®*) = M, (T, C).
The Hodge decomposition of W*HéR readas as
T HiR @ CF = Cdz @ CFFdz,
and the Riemann-Hilbert correspondence implies that
W*HéR = Opa @ Onp,

where «, 8 is the basis of horizontal sections inducing on Hi(E;,Z) = L, the linear
form a(a + br) = a and f(a + br) = b.

2.6 Overconvergent modular symbols

There are several approaches to the theory of modular symbols. The most classical
one consists on fixing a congruence subgroup and consider 7 : H* — X (I") the natural
projection map. When r, s € H*, we can define the classical modular symbol {r, s} for
I as the element of H;(X ('), R) corresponding to w + [”7*(w) € Homg(Q' (X (T), C).
Alternatively, they can be understood as elements in Hom(A, C), where Ag refers to
the degree zero divisors and C can be replaced for a general abelian group. For more
references, see [Da, Ch.2], although we will still provide more details in this section.

We recall that we had an identity relating spacial values of the L-function of a cusp
form to an integral,

0 .
: - 1)!
omi [ 1 f(2yds = =D per )
i [ (e = L)
We begin by focusing on the weight two case. There, what we observe is that evaluating
the L-value is the same as sending the pair of cusps {ico,0} to the integral of f(z). In
general, we can consider

¢f:{r,s} — 2mi /S f(2)dz.

More precisely, we have a map from ordered pair of cusps (ordered pairs in P1(Q)) to
degree zero divisors on P1(Q). We can then see ¢; as a map from Div’(P;(Q)) to C.
Thus, each cusp form f gives rise to ¢; € Hom(Div?(P1(Q)),C).

v {sh —{rh) = {rst - {or},

and then extended by linearity. This corresponds to a right action on the Hom space,
given by (¢ -7v)(D) = ¢(yD). A simple computation shows that for an element v € T,
since f has weight two, Jrs f(y2)d(vz) = fTS f(2)dz, and so ¢ is I'-invariant. Therefore,
a good definition is the following one:
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Definition 21. Let I' be a congruence subgroup and A an abelian group. The space of
A-valued modular symbols of level I is defined to be

Symbp(A) = Homp(DiVO(Pl (Q)),C),

the space of I'-invariant maps from the degree zero divisor group into A. We will be
mainly interested (in this first approach) in the case A = C.

We have seen that S3(I') < Symbp(C), but we can state a stronger result:

Theorem 16 (Eichler-Shimura). Suppose that v = < -1 0 ) normalizes I (this

0 1
occurs for instance for T'o(N)). Then, there is an isomorphism

S9(T) & M»(T') = Symbyp(C).

One of the applications of the theory of modular symbols is the study of L-functions.
We have for instance the following propostion:

Proposition 12. Let f be a cusp form of weight two and level I'. Then,

L(f,1) = ¢5({0} — {oo}).

We can generalize the theory to higher weights. To motivate this, let P be a polynomial

0fdegreee§k—2and’y:<z Z

(P|y)(z) = (cx + d)*2P(yx). The idea now is to choose our maps to arrive to some
polynomial space, and define an action of I' on the right of this.

) € I". T acts on such polynomials by the rule

Definition 22. Let Vi_o(R) be the space of homogenous polynomials of degree k — 2
in two variables X,Y over a ring R. Vi_2(C) has a right action of T' given by

(P7)(X,Y)=P(dX —cY,—bX 4+ aY).
The space of weight k modular symbols of level I is the space
Symby (Vi—2(C)) = Homp (Div®(P1(Q)), Vi—2(C))

of T-invariant maps, where the fact that ¢ is T'-invariants means that ¢(D) = ¢(vD)|y,
forally eT.

In the same way as before, to a cusp form we associate the map
S
¢r :{s}—{r}— 27m'/ (X + V)2 f(2)dz.
T

Let us check that the action of I' on this space is such that ¢¢(D)|y~! = ¢¢(vD). To
begin with, note that

(Y()X + )72 = ((az + )X + (cz + A)Y)* 2 (ez + )~

Then, it follows that

6101} — ) = 2mi [ X 4 YR

yr

= 27 [ ((az 4 )X + ez + V)21 = or({s} — (),
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Theorem 17 (Eichler-Shimura). Suppose that < 0

(1) ) normalizes I'. Then,

Sk(I') & M(I') = Symbp(Vi—2(C)).

Proposition 13. Let f be a cusp form of weight k and level I, If we define c; to be
such that

k—2
¢r({0} = {o0}) =D ¢ XIVF 2,
=0
then we have that

k— 2> “lej(—2mi)

ura+n=(*] p

The Eichler-Shimura isomorphism is also Hecke-invariant, whose meaning for modular
symbols we recall now.

Definition 23. For p prime, consider

So(p) = { ( Z 2 > € M»(Z) such that plc,p 1 a,ad — bc # O}.

Let V' be a right Z[To(pN)]-module (a space with a right action of To(pN)). Suppose
that V' admits a right action of So(p) and let ¢ € Symbp 5y (V). Then, if I N,

-1
om=ol (o 1)+3dl(o 1)
a=0
If q|N, we consider
q—1
wEl(3 1)
a=0

We need to introduce now some more notation. Let A be the ring of rigid analytic
functions on the closed unit disk in C, defined over Q,. Consider the group

Yo(p) = { < CCL Z > € M(Z,) such that p 1 a,p|c,ad — be # 0}.

Define a left weight action of ¥y(p) on A by

dx—l—b)
cx+a/’

v f@) = (er+ )t f

and let Ay be the space A with this action. It is an exercice to check that this gives
an action. Dualising, we get a space with a weight k right action, that we denote Dj.
Since polynomials are dense in A, any distribution p € Dy is determined by the values
on the monomials X7 (the values (X7) are usually referred as moments).

Definition 24. For a congruence subgroup I', with I' C T'g(p), the space of overconver-
gent modular symbols of weight k is the space Symbp(Dg_o).
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We have already seen that overconvergent Hecke eigenforms of small slope correspond
to classical eigenforms. Here, instead of saying that every small slope eigensymbol is
classical, we show a specialization map

pr—2 : Symbp(Dg_2) — Symbp(Vi—2(Qp)),

and then we show that this is an isomorphism of symbols for small slope. Once we find
amap A\p_2 : Dy_o — Vi4_2(Qp), composing with ¢ € Symbrp(IDy_2) we get the desired
morphism. A map like this is given by

M) = [ (¥ = 2X) 2du(z),
This map is equivariant under the action of ¥o(p) and thus is Hecke invariant.

We have previously proven that every classical eigenform of level T'g(pN) has slope <
k—1. Via Eichler-Shimura, we can say that the maximal slope of a classical eigensymbol
of level I'g(pN) is also k — 1 so any element of Symby, (,n) with slope > k —1 will lie in
the kernel of specialization. Stevens’ control theorem tells us that outside the critical
slope case this is what the kernel should look lie.

Theorem 18 (Stevens’ Control theorem). The specialization map

pr—2 : Symbr ;) (Dr—2) ¥~ = Symbr () (Veea) <!

18 an isomorphism.
Now, as a corollary, we have the following remarkable result:

Theorem 19. Let f be an eigenform of weight k and level To(pN) and non-critical
slope at p (slope < k—1). Let @5 be the unique overconvergent lift of the corresponding
classical modular symbol ¢y. Then, the restriction of the distribution

Lp(f) = @5({0} — {o0})

to Z, s the p-adic L-function of f.
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3 Hida families

The basic idea we will explore in this chapter is that p-adic modular forms may vary
in families. We try to present the material in a such a way that is self-contained, but
maybe a more exhaustive treatment, where the proofs are developed in more detail,
can be found in [Laf] and also in my expository notes [R2].

We can consider A = Zp[[X]] the usual Iwasawa algebra, and take u = 1 + ¢ (where
g = p in the odd case and ¢ = 4 elsewhere). A Dirichlet character always admit a
decomposition as x = xrxs (see [Laf] and also [Was] for the precise definitions) which
gives rise to a specialization map v, : A — @p given by X — Xg(u)uk — 1.

Definition 25. Let N be a positive integer relatively prime with p and K a finite
extension of the fraction field of A; let I be the integer closure of A in K. For any
Dirichlet character x of conductor Nqgp”, a A-adic modular form F of character x and
level Ngp” is a formal q-expansion

F(X) = an(F)(X)q" € I[q]],
n=0

such that for any integer k > 1 (but for a finite number),

e}

V(F) =Y v(an(F))q" € Mp(Ngp", xw ", @),

n=0
for all v € Ag(x, 1), the set of O-algebras homomorphisms from I to Q.

From now on, let N be a positive integer and let p be an odd prime such that p divides
N exactly once. Consider X := Hom(Z,Z,). Since p is odd, we have the identification
of topological groups

X=Z/(p—1)Z x Ly,

and this can be used to define analytic functions on the weight space. If U C X is
an open subset, we let A(U) denote the collection of analytic functions on U, that is,
the collection of functions that are power series on each intersection U N ({a} x Zj).
We will usually assume that U is contained in the residue disk of 2, and then A(U) is
simply the ring of power series that converge on an open subset of Z,. A Hida family

is a formal g-expansion
o0
n
Joo = E anq
n=1

such that there exists a neighborhood U of 2 in X such that a, € A(U) for all n and
such that if k € U N Z=Z2, the weight k specialization

fr = Z an(k‘)qn
n=1

is a normalized ordinary eigenform of weight k& on I'o(NV). Weights in ZZ? C X are
called classical.

A modular form f of weight & on I'g(NN) lives in a Hida family if it is the weight k
specialization of some f,,. For instance, the p-th Fourier coefficient of the Eisenstein
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series G(2) of level one is 1 + p*~! and this is not a p-adically continuous function of

k. However, we can consider the p-stabilized series

(] — p1
Gi(2) = Gi(2) — "' Gr(pz) = W +y ( S dkfl)qn'

This is an eigenform on I'g(p); the Hecke operator U, defined for N multiple of p acts

as
Up ( Z anq") = Z apnq",

n>0 n>0

so Up(G7(2)) = Gi(z). It is natural so to consider forms satisfying this condition that
we have already explored when dealing with oveconvergent modular forms. Recall that
an eigenform f € My(To(N)) is ordinary at p if U, f = A, f, for A, € ZX. My, (To(N))°r
denotes the subspace spanned by the p-ordinary forms.

One of the settings in which we will be interested is that of an elliptic curve over Q
of condutor N = Mp, with (p, M) = 1 and such that p is a prime of multiplicative
reduction. Since E is modular, we can consider the attached normalized eigenform (of
weight two) on I'g(N) and repeat this same construction. If f = > a,¢", Hida’s theory
will associate to f a neighborhood U of 2 € X and a formal g-expansion

foo - Zan(k)qny ap = 17 an € A(U)
n=1

with two properties of its specializations fi := > an(k)g"™ (for fixed k):

e For all integers £ > 2 in U, the series f; is the g-expansion of a normalized
ordinary eigenform of weight k on I'o(V).

e The weight 2 specialization fs is equal to f.
One of the main theorems in this theory is the following one:

Theorem 20. Let k > 2 be an integer. Let f € Sp(T'o(N)) be an eigenform and let
p be a prime divisor of N. Assume that f is p-ordinary. Then, there exists a unique
Hida family foo which specializes to f at weight k.

Sketch of the proof. Let Ty (N) be the full Hecke algebra of S (IV), generated by T, for
(I, N) =1, and by U, for p dividing N. Then, we have a natural perfect pairing

given by (T, f) + a1(T'f). This establishes a C-linear isomorphism Si(N) = T (N)*.
Further, a modular form f € Si(N) corresponds to a C-algebra homomorphism via
the above identification if and only if it is a normalized eigenform for all of the Hecke
operators. Let A = Z,[[1+pZ,]] and let AT be the ring of power series over Z,, converging
on a neighbourhood of 2 € X. For proving the existence of the Hecke algebra we will
go through four steps that will be carried out in the next section.

1. Define the ordinary Hecke algebra T4,

2. Show that an ordinary weight %k eigenform f determines a map 7y : T —» B
where E is the ring of integers of a finite extension of Q.

34



3. Justify that this maps lifts to a A-algebra homomorphism

N+ TS — AT

4. Show that it is possible to define a power series a,, (k) = 0y, (1,), converging in a
neighbourhood of 2 € X such that foo = >, -, an(k)g" has the desired properties.

O

3.1 Hida theory

The main reference for this section will be the article [BD1], where they study a special
case of the exceptional zero conjecture, in parallel with the setting developed by [GS].
Let A = Zp|[Zy]] be the projective limit of Z,[(Z/p"7Z)*], and A = Zp[[(1 + pZp)*]].
These are usually referred as Iwasawa algebras. A can be viewed as functions on the
space of continuous Z,-algebra homomorphism, that we have denoted before as X.
With the standard notation of identifying an integer k > 2 with the character z — z¥=2,
the element 2 corresponds to the augmentation map on A and A (a word of caution
must be said: this is just a convention that is not always followed; in many places, k is
just identified with = +— 2%).

For n > 0, we consider Y (N, p"), the open modular curve whose complex points are
identified with H/(To(N) NT'1(p™)). Let

Hy = HI(Y(N,p"),Zp) - (FO(N) n Fl@n))ab & Zp-

The H,, are finitely generated Z,-modules equipped with an action of 7; (for [ # p) and
U,. H, is the direct sum of two spaces, H, = ngd <) H}lnl, where U, acts invertibly
and topologically nilpotently, respectively.

Let H3Y be the inverse limit of the ordinary parts. The main result is that this is a
free A-module of finite rank with the property that

HE @0 Z,[0/T) = Hi (Vi (57), 7)™

for all r > 0.
Let T9! be the A-algebra generated by the images of the Hecke operators acting on
Hy.

Theorem 21 (Hida). The algebra T2 is a free A-module of finite rank, unramified
over the augmentation ideal of A.

A normalised eigenform as that considered in the introduction of this chapter gives rise
to an algebra homomorphism 7y : T&Y — Z, that sends T;, to a,(f) and U, to ap(f).
The restriction to A is the augmentation, corresponding to 2 € X.

We consider AT O A, the ring of power series which converge in some neighbourhood of
2 € X. Let DI := D, ®a AT, For being AT henselian (and also since the augmentation
ideal is unramified), n; lifts uniquely to a A-algebra homomorphism 7y : Tod 5 AT
Considering ay (k) = 1y, (T7), consider

foo =Y an(k)q".
n=1
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Fix a neighbourhood of 2 € X on which the a, converge (assume that is contained
in the residue class of 2 modulo p — 1). If & € U N Z=?, the weight k specialization
is a normalized eigenform of weight k& on I'g(/N), which is new at the primes dividing
M = N/p ([GS]). In particular, if k € U NZ>2, f; arises from a normalized eigenform
on I'y(M) that we denote f,ﬁ. Considering

1—ap(fip~> + 57172 = (1 — ap(k)p~*) (1 — By(k)p™)

we may order the roots a, (k) and 5,(k) in such a way that a, (k) = ap(fi) and By(k) =
p*La,(fr)~!. With this convention,

fu(2) = FE(2) = Bolk) fi(p2).

The field Ky, generated by the Fourier coefficients of f;, is an extension of Q of finite
degree, which we view as being embedded into both C and C,. For each k, we choose
the Shimura periods QZ = Qj{k and Q; = Q]?k, requiring that

OFQ = (), QUL (k>2).

Since the Fourier coefficients of fj vary p-adically analytically with k, it is natural to
ask whether the functions Iy, , which encode the Shimura periods of fj, can be viewed
as part of an analytically varying family. This aspect will be worked out in the following
section.

3.2 Measure-valued modular symbols

The aim of this section is to develop the techniques needed to introduce the Mazur-
Kitagawa p-adic L-function, one of the easiest and most well-known example of L-
function in which there are two parameters, the usual variable s and the weight k at
which a Hida family f., especializes.

Let L, := ZIQD be the standard Z,-lattice in Qg, and let L/ be its set of primitive vectors
(not divisible by p). The space of continuous C,-valued functions on L is equipped
with the right action of GL2(Z,) defined by

(F’g)(ﬂ’j7y) = F(CLLI? + by,CQZ + dy)) for g = ( (Z Z >

Its continuous dual is the space of measures on L/, and it is denoted by D,. The action
of Zy on L, given by A(z,y) = (A\z, \y) gives a natural A-module structure on Dy, by
writing

F('xvy)d(a : :U)(x>y) = F(a$7 ay)du(xvy)a
L. L.

for all a € Z;. If X is a compact open subset of L! we understand that

/Fd,u:/ 1xFdu.
X L

The group GL3(Z,) also acts on D, on the left by translation

| Fatw) - / | (PR,
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Another important fact in D, is that it is equipped, for all integers & > 2 with a
To(pZp)-equivariant homomorphism

pr - Dy — Vi
defined by
p(P)i= [ Playdnlzy)
ZpxZy
This homomorphism p; gives rise to a homomorphism
Pk = MSr(ar) (Ds) = MSpo(n) (V).

If o = Aiper + ... + A, with \; € AT and p; € Dy is an element of ]DDI, there exists
a neighbourhood U, of 2 € X on which all the coefficients \; converge. Such a region
will be called a neighbourhoof of regularity for pu.

For k € Uy, we way that a continuous function F on L/ is homogeneous of degree k if
F(z,\y) = \F=2F(z,y) for all A € Z, . For k € Uy, and F(z,y) homogenous of degree
k — 2, the function F' can be integrated againts p according to

t
/X n z; (k) | Fdp

for X C L/ compact.
In MSp(ar)(D«) we can consider a natural action of the Hecke operators, including an
operator U, compatible with the specialization maps:

p—1
/ Fd(Up){r — s} =Y / (Flprs ) dp{rar = vas}.
X a=0 !

P va X

If MS%“} M) (D) denotes the ordinary subspace, [GS] asserts that this module is free

0
and of finite rank over A.

Let r,s € P1(Q) and p € MSlCigd( M) choose a common neighbourhood of regularity U,
for the measures pu{r — s} and this makes possible to define py(u) for k € U, N Z=2.

Theorem 22. There exists a neighbourhood U of 2 € X and a measure-valued symbol
Ly € MS?O‘%M) (D) regular on U and satisfying:

1. pa(ps) = If.
2. For k € UNZ=2, there is a scalar A(k) € Cp, such that pg(p) = (k)1 .
Theorem 23. There is a neighborhood U of 2 € X with A\(k) # 0 for k € U NZ>2.

Strongly related with these concepts, we have the Mazur-Kitagawa p-adic L-functions.
The ]D)i—valued modular symbol p, can be used to define a two-variable p-adic L-function
attached to f and a Dirichlet character x (the so-called Mazur-Katagawa).

Definition 26. Let x be a primitive quadratic character of conductor m such that
X(—1) = weo. The Mazur-Kitagawa two-variable p-adic L-function attached to x is the
function of (k,s) € U x X defined by the rule

% pa s—1 k—s—1
Ly(foor X Krs) =D S dys. :
p(foor X, 8) aZIX(ap) /zxxzx (x my> y px{o0 = pa/m}

P
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It satisfies the following interpolation property with respect to special values of the
classical L-functions L(f, x, S):

Theorem 24. Let k > 2 be an integer in U. Take 1 < j < k — 1 such that x(—1) =
(=1)"twy. Then,

Ly(foor X: ky 5) = Ak)(1 = x(p)ap(k) "0~ L* (fi, X, §),
where

Ly (foos X+ k) ZX / o y*2dp.{oo — a/m}
P

1s the so-called improved p-adic L—functzon, that extends to a p-adic analytic function

of ke U.

3.3 The structure of the ordinary subspaces

In this section, we recover some of the ideas we have explored in the previous chapter
about modular forms. The idea is that working in families allows us to prove very
remarkable results about the structure of the ordinary subspace of modular forms. The
general philosophy is that those forms that lie in the ordinary subspace (U, operator
acting with unit eigenvalue) have better behavior concerning the uniqueness of the
interpolating family.

Theorem 25. For any k > 2 and any character x modulo p™ we have that
rankz,, SP" (Lo (p"), xw™; Zp) = rankg, 55" (To(p"), xw™>; Zy).
(The rank is constant as the weight varies).

Then, we can hope to p-adically interpolate the spaces S,‘grd(Fo(p),Xw_k ; Zp) as the
weight varies, and we already have a candidate space for this: S°"4(x, A), the A-module
of ordinary A-adic cusp forms (which is endowed with a unique idempotent e{,‘).

Theorem 26. Let x be a character of conductor p. Then,

1. The space S°™(x, A) is free of finite rank over A, and in fact we have that

rank, S4(x, A) = rankz,, ST (To(p), xw ™2 Zyp).

2. After an extension of coefficients to a certain finite extension K of the fraction
field of A, the space S°™4(x,A) @ K has a basis consisting of Hecke eigenforms,
and the specialization of this basis at weight k (k > 2) gives a basis of eigenforms
for the space SP4(To(p), xw™"; O), where O is the ring of integers in some finite
extension of Q.

As it happened with overconvergent modular forms and overconvergent modular sym-
bols, we have here a control theorem for fixed level:

Theorem 27 (Control theorem). For each k > 2, let px be the prime ideal of A
generated by X — (u¥ —1). Then, evaluation at u¥ — 1 induces an isomorphism

S (x, A) /px = SR(To(p), xw ™ Zp).

Hence, S°™(x, A) is the interpolating space in the case of ordinary forms.
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An important remark is that we can also consider variations in the level (until now,
we only vary the weight). Such families also interpolate modular forms of varying p-
power levels. Let € be a finite order character of 1+ pZ, factoring through the quotient
(1+pZy,)/ (14 pZ,)P", with o minimal. Then, if F is an ordinary A-adic modular form
of character ¥,

Fle(u)uf — 1) € ST (p™*1), xew ™ ; Zy[€]).

Hence, the control theorem can be reformulated as follows:

Theorem 28 (Control theorem, varying levels). Let k > 2 and € as above. Let py
be the prime ideal of A generated by X — (e(u)u* —1). Then, evaluation at e(u)u® —1
mduces an isomorphism

S, A) /pre =2 SPUTo(p ™), xew™; Z,[e]).

Thus, A-adic cusp forms interpolate modular forms on varying weights and levels.

3.4 Hida families and applications

At this point of the discussion it is convenient to reformulate the definition of Hida
family in a more general framework, that will be the one we will be using to formulate
and prove our main results, as it is done for instance in [DR1].

Our picture consists of the following ingredients:

e The Iwasawa algebra A = Zy[[1 + pZ,|| ~ Z,[[T1]].

e The weight space @ = Hom(A,Cp) C Hom((1 + pZp)*,C)’). Here, the integers
form a dense subset via k  (x > z¥).

e Classical weights: Q¢ = Z=22 C Q.

e If A is a finite flat extension of A, let ¥ :~H0m(/~\, C,) and let % : X — Q be the
natural projection to weight space. Then, X is the set of x such that x(x) € Q.

Definition 27. A Hida family of tame level N is a quadruple (Ay, s, Qpa,f), where:
1. Ay is a finite flat extension of A.
2. Qp C Xy = Hom(Ay,C,) is a non-empty open subset for the p-adic topology.

3. £ =3 ang™ € Ay[lq]] is a formal g-series such that f(x) = > x(a,)q™ is the

q-series of the ordinary p-stabilisation f;,gp) of a normalised eigenform (we write
fz) of weight k(x) on T'1(N) for all x € Qfq :=Qr N Xy .

Hida’s theorem, that has already been stated in a different way, says the following:

Theorem 29. Let f be a normalized eigenform of weight k > 1 on I'1(N) and pt N
an ordinary prime for f. Then, there exists a Hida family (Ay,Qy,f) and a classical
point g € Qs such that k(xo) =k and fz, = f.

By shrinking ¢ if necessary, we can assume that x(z) = k modulo p—1 for all x € Qy.
In particular, x(x) and k have the same parity for all classical x € Q. It is also
convenient to dispose of a more flexible notion of p-adic families of modular forms,
interpolating classical modular forms not necessarily new, of even Hecke eigenvectors
(and to allow Fourier coefficients to belong to more general rings). This leads us to the
following definition:
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Definition 28. A A-adic modular form of tame level N is a quadruple (R, Qg, Qg o1, ¢),
where:

1. R is a complete, finitely generated (not necessarily finite), flat extension of A.
2. Qg is an open subset of Hom(R,C,) and Qg 1 is a dense subset of Q.

3. ¢ => anq™ € R|[q]] is a formal q-series with coefficients in R such that for all
x € Qg 1, the power series

Zan 2)q" € Cpllq]]

is the q-expansion of a classical ordinary cusp form in S,y (L1(N)NCo(N); Cp) :=
S,{(w)(Fl( )NTo(p); Q) ® C,.

When x varies over 1, the corresponding specializations f, give rise to a p-adically
coherent collection of classical newforms on I'1 (V). One of the aims that we will explore
in later chapters is how to construct p-adic L-functions interpolating classical special
values attached to these eigenforms. For instance, we want them to interpolate critical

values like

L(fx ®gyaj) cQ

Q(f x5y Jy» J ) ’
where (z,y,7) € Qfa X Qg1 X Z.
This kind of formulas, together with the relation between the L-values at special points
and the images under étale and syntomic regulators of certain elements in the higher
Chow groups will be developed along this thesis. Now, let us fix just some notation. Let
(Ag, 9y, g) and (Ap, Qp, h) be A-adic modular forms of tame level N. Let Ay, = Ay ®0
Ay, be the finitely generated A-algebra equipped with the natural diagonal embedding
A — Ay® Ay sending [a] € A to [a]®[a]. Set Qgp, 1= Qg x Qp, and Qgp 1 = Qg a1 X Qpy a1
Then, (Agh, Qgn, Qgh cl, €ord (8 X h)), where g x h is viewed as an element of Agp[[¢]] is
an example of a A-adic modular form with Fourier coefficients in Agp,.
Assume now that p { N, and let a,(g) € Ay, ap(h) € Ay, denote the Hecek eigenvalues
associated to T},. Consider now

g[p} (1-VU)g Zan

Its specialization g[p] at y € Q4 can either be viewed as a p-adic modular form of
tame level N or as a classical modular form of level Np2. The fact that glP! has Fourier
coefficients supported on the integers prime to p allows the forml g-series

d*gl =" "[nan(g)q"
pin
to be seen as an element of A ®p Agy[[g]]. The specialization at (t,y) € Qa1 X Qgq is
just dtgggp].
Let Ry, := A®p Ay ®o Ay, so that the map from Hom(Rgp,Cp) = Q2 x Qg x 2y, to the

weight space sends (t,y,z) € Z=Y x Qg q X Qpa to k(y) + k(2) + 2t. The specialization
of eqrq(d®glP! x h) at (t,y,2) is equal to

eord(d.g[p} X h)t,y,z = eord(dtgg[/p] X h(zp)) = eord(dtg[yp] X hz)
The following proposition will play a key role in the construction of the triple Garrett-

Rankin p-adic L-function.
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Proposition 14. Let

Qgn,a = {(t,y,2) EZX Qg1 X U1, ¢ > —min(k(y), £(2)).}
The quadruple

Cora(d°gP) x h) 1= (Rgn, @ x Qg X ., Qi c1, ora(d°g x b))

is an ordinary A-adic modular form of tame level N. For (t,y,z) € Qgpa, the spe-

cialization at (t,y,z) is the classical modular form eord(dtgép} X h), that belongs to
Sk(F1(N) NLo(p); Cp).

Typically, we denote by S°™4(N; R) the space of A-adic modular forms with coefficients
in the A-algebra R. A Hida family (Ay,Qy,f) of eigenforms gives rise to a subspace

SN A f)[rg] = {f € SI(N; Ay) such that T,f = anf, for all (n, N) = 1}.

Let ¢ = (R, Q,2.c1) € ST4(N; R) be a A-adic modular form, and let (z,y) € Q. x
Qg1 be a pair of points with x(z) = k(y). The projection ey, gzﬁ?(f) is the p-stabilization
of a classical modular form, that we will denote by ¢, ,.

Lemma 8. For allf € Serd(N; Ag)[ms] and all ¢ = (R, g, Qg a1, ) € SrY(N; R), there

exists a unique J(f,¢) € A’f ®a R such that, for (z,y) € Q¢ X Qg o,

J(E.6)(z.y) = W = (1, b

An alternative point of view in which we will be frequently interested is the Galois
theoretic approach. For this introductory approach, we will use the less standard no-
tations (taken from [Em]) S; = (1)1*=2 and we will write Ty (N) for the Hecke algebra
generated by the operators [S; and T; for all [ N. When f is a Hecke eigenform, there
is a ring homomorphism A : Ty — C such that T'f = A\(T)f, for all T' € Ty. We refer
to such a homomorphism A as a system of Hecke eigenvalues.

Let us recall some basic facts about Galois representations: fix k¥ > 1 and N > 1 and
choose a prime number p. If \ is a system of Hecke eigenvalues appearing in My (N),
since we know that \ takes values in the ring Z of algebraic itegers, we may compose
it with a fixed embedding ¢, : Q — Q, and so regard \ as taking values in Z,. For
the remainder, we will regard the systems of Hecke eigenvalues as being Zp—valued,
and if we write A : Ty — Zp for the system of Hecke eigenvalues we can consider the
composition with the reduction map A : T, — IFT,.

Let X denote the set of primes dividing Np, let Qx be the maximal algebraic extension
of Q unramified outside ¥ and let Gg . be its Galois group.

Theorem 30. There is a continuous, semi-simple representation py : Gg,x. — GLo (@p)
uniquely determined (up to equivalence) by the condition that for each prime | { Np,
the matriz py(Frob;) has characteristic polynomial equal to X2 — N(T}) X + A(LS)).
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Given A : Tx(N) — C, for [ { N, the I-th Hecke polynomial of \ is X2 —\(T}) X + A(LS)).
Moreover, a remarkable fact is that when A arises from a cuspform, the representation
p) is irreducible.

A common notation is to write Tgf ) for the subalgebra of Ty generated by [S; and T;

for [ not dividing Np. As a ring, Tl(f) has finite index in Tg. On the other hand,

’]I'(<p,1(N ) will refer to the Z-algebra of endomorphism of &!_;M;(N) generated by LS,
and Ty, for [ t Np. Finally, we define the p-adic Hecke algebra T(N) (or just T when
the level is understood) as the projective limit T := lim, Z, ®z, ']I‘(f,z:. This ring T has
very nice properties, namely, it is a p-adically complete, noetherian Z,-algebra and it
is the product of finitely many complete noetherian local Z,-algebras.

Definition 29. A p-adic system of Hecke eigenvalues is a homomorphism of Z,-
algebras & : T — Zy.

Theorem 31. If & : T — Zp is a p-adic system of Hecke eigenvalues, there is a
continuous, semi-simple representation

pe : Goz — GL2(Qy)

uniquely determined (up to equivalence) by the condition that for each prime | { Np,
the matriz pe(Froby) has characteristic polynomial equal to X* — &(T) X + £(1S)).

There is a canonical map Spec T — Spec Z[[T]]. Set I' = 1+¢Q, and let £ := {I prime |
[ =1 mod Nq}, which is dense in I'; the map £ — T given by [ — S; extends uniquely
to a continuous group homomorphism I" — T*.

This theory allows us to understand some basic examples of one-dimensional families of
system of Hecke eigenvalues prametrized by weight, as the Eisenstein family. But until
now, we have omitted the Hecke operators S, and T),. For example, for the Eisenstein
case, it turns out that \x(S,) = p*~2 and A\ (T},) = 1+ pF~1, which do not interpolate
well as p-adic functions of k. Its Hecke polynomial is (X — 1)(X — p*~1) and while
the first root interpolates well, the second one does not. The idea must be to consider
points not in Spec T, but in Spec T x Gy,.

Definition 30. Let X denote the set of Qp-valued points of SpecT x Gy, consisting of
pairs (&, «), where £ : SpecT — ZT) is classical, attached to some system A\ of Hecke
eigenvalues, and « is a Toot of the p-th Hecke polynomial. We write X°™ for the subset
of X consisting of pairs (§,«) for which o € pr.

The following result of Hida will allow us to describe the interpolation of the points in
Xord:

Theorem 32. The Zariski closure CO™ of X°™ in Spec T x G,, is one-dimensional; the
composite C°'Y — Spec T x G, — Spec Z,|[[T']] is finite and étale in the neighborhood of

those points of X' attached to system of Hecke eigenvalues appearing in weight k > 2.
We refer to C°™ as the Hida family of tame level N.

Theorem 33 (Coleman-Mazur). The rigid analytic Zariski closure C of X in (Spec T x
Gm)™ is one-dimension and the composite C — (SpecT x G,,)** — (Spec Z,[[I']])*" is
flat and has discrete fibers. Further, for any positive constant C, there are finitely many
points (§av) in any given fiber with ord,(a) < C. The curve C is called the eigencurve
of tame level N.
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The following result, due to Mazur and Wiles, gives a Galois theoretic interpretation
of the points of C°4.

Theorem 34. If (£, a) is a Zy-valued point in CO*4, then p§|GQp admits a one-dimensional
unramified quotient on which Frob, acts with eigenvalue o

The eigencurve turns out to be a very important objects that has plenty of applications
in all these works. We refer the reader to [Bel2] for a better understanding, and also
to [BeDi] for the latest achievements on that field.

3.5 Hida-Rankin’s p-adic L-functions

We explore in this section the p-adic L-function introduced in the article of Bertolini
and Darmon [BD2] devoted to the study of Kato’s Euler systems arising from p-adic
families of Beilinson elements in the K-theory of modular curves. We also discuss the
modifications we need to present the Hida-Rankin p-adic L-function of [BDR1], that
will be related with p-adic families of Beilinson-Flach elements (see Chapter 6 for de-
tails).

This section, together with the following one, introduces different types of p-adic L-
function with at least one parameter varying in a family of weights, that will turn out to
be closely related with global cohomology classes and that will be the main inspiration
for the main results we will develop along this thesis. In a simple setting, Kato’s con-
struction yields a global class k € H'(Q, V,,(E)), that is crystalline (and hence belongs
to the p-adic Selmer group of E) precisely when L(FE, s) vanishes at s = 1. The goal of
[BD2] is a proof of a p-adic Beilinson formula relating the syntomic regulators of cer-
tain distinguished elements in the K-theory of modular curves to the special values at
integer points > 2 of the MSD p-adic L-function attached to a cusp form f of weight 2.
This formula, which will be presented in the following chapters, is based on the direct
evaluation of the p-adic Rankin L-function attached to a Hida family interpolating f.
In general, the common strategy for the study of this type of special formulas arising
from Euler systems of Garrett-Rankin-Selberg type consists on three steps: first of all,
introducing the appropriate p-adic L-function, typically in terms of some interpolating
property; then, defining the “geometric” and “cohomological” ingredients that come
into play, establishing how they vary in p-adic families. Finally, the aim is to prove
some kind of relation between these two different objects.

This section tries to be self contained and for that reason we will recover some of the
results we have already seen in previous chapters concerning nearly holomorphic mod-
ular forms and the Rankin-Selberg method.

We will work with f, g, two normalized newforms of weights k., levels Ny, N, and
nebentypus X, xg; we put x = Xfxg_l. If N is the least common multiple of N, N,
we can replace xy and x4 by their counterparts of modulus N and we also replace
f and g by normalized eigenforms of level N with the same eigenvalues for the good
Hecke operators T, (with ged(r, N) = 1) and such that they are eigenvectors for the U,
attached to the primes r|N.

As we have already seen, the non-holomorphic Eisenstein series of weight k£ and level

N attached to a primitive character x of conductor N is

/

D)= Y x"'(n) y

(mayenzxz (M2 fme 4

s
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where the apostrophe means the sum over the non-zero lattice vectors. It converges
when R(s) > 1 —k/2. If k > 2, Ej ,(2) := Ej(2,0) belongs to My (N, x).
The normalized Eisenstein series Ej, ,(2) is

1 (k—1)! -

Bixl) = SRy (Cam i)

The Shimura-Maass derivative operator was defined as

Ok :21m<ddz—i-;];)

It sends (real analytic) modular forms of weight k to forms of weight k + 2. There are
different relations between Eisenstein series linked via this operator; for instance

(s+ k) ~
E —1).
An k:-i-ZX(za S )

0k By (2,8) = —

At this point of the discussion, we need to recover the more general Eisenstein series
Er(x1,x2) € Mip(N, x1x2), namely

Br(x1,x2)(2) = 65, LOxy 'x2: 1 = k) + > o1 (x1, x2) (n)g",

n=1

being d,, = 1/2 when N; = 1 and 0 otherwise.

The following property will be very useful, since it is concerned with a factorization of
the L-function that will appear again when proving the relation of the L-function with
Beilinson-Kato elements:

L(Ek(XLXQ)? S) = L(le S)L(X27 s—k+ 1)

The prototypical formula one must bear in mind, and in which many of the following
results will be based on, is that of the Rankin-Selberg method, that is proved for
instance in [Hi] basically via a direct computation:

1 (4m)°

L(f®gvs):§F(S>

<f*(z),Ek,lyx(z, s—k+1)- g(z)>

EN

There are also different results concerning factorization for critical values of the L-
series of the convolution product. Assume that [ < k; j is critical if and only if it lies in
[l, k—1] (here, there are several results of Deligne involved). Fix j € [(I+k—1)/2,k—1],
let £ > 0 and m > 1 defined as

ti=k—1-7, m:=k—1—2t.
If m < 2, assume also that x is non trivial. Let
E(f,g,j) = (%nEm,x X9,

a nearly holmorphic modular form of nebentypus inl. Its image under the holomorphic
projection TIH¢! is in Sy (N, inl; K¢g4). We have that

L(f ©9.9) = C(f,9,4) - (*(2), 8 B () % 9(2))

EN
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In particular,

alg = N1 LU ®9,5)
L¥5(f ©g,7) == C(f,9.4) T Foyen © Ky,

We will work with ¢g the Eisenstein series Ej(x1,x2). Hence, by the factorization we
have seen,

L(f ®EZ(X17X2)7C) = L(f?Xlac) : L(f7x2ac_ [+ 1)

One must do some technical assumptions towards deriving the main results. In partic-
ular, we will assume that I = m, x is trivial, x is primitive and (N1, N2) = 1. Then,
f is an eigenform of weight k = 20 + 2t; if ¢ > 0, then ¢ = k/2+ 1 — 1 is a critical point
for L(f ® Ei(x1, x2),s) and

L(f ® Eif(x1,x2),k/2+1—1) = L(f,x1,k/2+1—1) - L(f, x2,k/2).

We can normalize the L-function and consider

G- |

L*(f? waj) = (_27_”)]_19;

(f,9,7) € Qsy,

where Q}jf are complex periods defined in [BD1]. Then, combining the previous expres-
sions,

(f, (5;6/271El,x) - By (X1, X2)>k,N
<f7 f>k,N .

When £k =1 =2 (¢ =2 and s = —1), it is possible to deduce a complex Beilinson
formula for the non critical value of L(f,s) at s = 2. By the Rankin method,

L*(fa lek/2 +1- 1) : L*(fv X27k/2) = nyXLXQ ’

L(f ® Bali,x2),2) = 5 (4P F(2), Box1) - Balua, x2)(2)),

Choose units u, and u(x1, x2) with logarithmic derivatives equal to Es , and Ea(x1, X2)-
Then, the equation can be written as

L(f ® Ea(x1,x2),2) = 167° N 27 (x 1) (f(2), log [uy (2)| - dlog(u(x1, x2)(2)))2,n-

With the aim of giving a more algebraic description of the previous formulas, we can
introduce the non-holomorphic differential attached to f as

nah - f(z)di
T Pan

Moreover, another ingredient that will be of great importance is the modular form
- k/2—1
Zra(xis x2) = (6,2 Eiy) - Ei(xa, x2)-

It belongs to the space of nearly holomorphic modular forms MM(N,Q,,y,), and
we can also consider its image under the holomorphic projection ka\?l, that we write

2(f,9,5)""

Let p > 3 be a prime, and fix an embedding of K into C,. Assume that f is an
eigenform ordinary at p, such that p{ N. The f-isotypic part of the exact sequence

0 H(Xg,w ® Q) = Hig (Y, Ly, V) > H (Xg,w " ®1) =0
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(being I the ideal sheaf of the cusps) admits a canonical unit root splitting arising from
the action of the Frobenius, provided that K = C,. Let n¢" be the lift of 1y to the unit

root subspace HéR’C(YCP, L, V)f’“r. It can be checked that

<fa Ek,l(X1aX2)>k7N <f, ‘_'k X17X2)> ol
{(fs kN N F, P = (17 Er1 (X1, X2) .y

= (0", 27 (X1, X2)) .,y

Viewing J,;"ll()a, X2) as an overconvergent p-adic modular form, we can identify its or-

dinary projection eordEzf}l(Xl, x2) with a cohomology class in Hg (Yk, Ly, V)°rd, Then,

<77f 7'—'115%1 X1>X2 >kY <77f aeordh‘kl(X17X2 >kY

But eordE};;?ll(Xl,XZ) = eord((dk/z—lEl,X) - Ej(x1,x2)), and Ej(x1,x2) is the ordinary
p—stabilization of a Hida family of Eisenstein series, E(x1, x2).

Define = ukl Px1,x2) = eord((dk/Q_lEl[pi) - Ey(x1, x2)), whose Fourier coefficients extend
analytically to U x (Z/(p — 1)Z x Zp), as functions in k and .

Proposition 15. Let ey, be the projector to the fi-isotypic subspace Hig (Yic, Ly, V) fx
Forallk>2and2<1<k/2,

rd, g(fk7X17X27l) ord
efk“Zl p(Xl:X?) = W flc_‘kl <X17X2)

where E(f,g,7) and E(f) are explicit factors.

Setting now £*(fx) := 1 — By(fx)?p' %, we can define the L-function

1 ur —.ord,p

Lyp(f, E(x1, x2))(k, 1) :== m@fk’ (x1, X2)>

It is defined for k € Us NZZ% and 2 < | < k/2 and it can be extended to an analytic
function, that we denote by Ly,(f, E(x1,x2)) on Us x (Z/(p — 1)Z X Zy).

Fix ko € UgNZ=2. Recall the Mazur-Kitagawa two-variable p-adic L-function L,(f, %) (k, s).
It satisfies
Lp(fa w)(kv S) = )‘i(k)LP(flﬁ wv 8)7

for k € Ug N Z22. Here, AT (k) € C, is a p-adic period.

Theorem 35. There exists an analytic function n(k) on a neighborhood Ug 1, of ko
such that for all (k,1) € Ugy % (Z/(p — 1)Z x Zy),

Ly (£, E(x1, x2)) (, 1) = n(k) x Ly(£, x1)(k, k/2 +1 = 1) x Ly(f, x2) (k, k/2).

We will now consider f € So(I'1(IV), x7) and g € So(I'1(IV), x4). We will apply the same
formalism with the p-adic family E, replaced by the Hida family g interpolating the
cusp form g. We take the characters xy, x4 to have modulus N, and f, g are normalized
eigenforms of level N (including for the operators U, with p|N).

Let f and g be Hida families of ordinary p-adic modular forms of tame level N indexed
by weight variables k,l in suitable neighbourhood Ug and Ug of Z/(p — 1)Z X Z,,
contained in a single residue class modulo p —1. Assume also that j = k—1—1 belongs
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to a single residue class modulo p — 1, so that the same holds for m = k — [ — 2t.

Let fr € Sp(N, xy) and g; € S;(N, x4) be the classical cusp forms whose p-stabilizations
are the weight k£ and [ specializations of f and g respectively. We also introduce,
following the same notations as before, the cusp form

E(£,9,4) 1= 6ty By x g € SN, X} 1),

where t := k—1—7j and m := [ — [ —2t. We can define in the same way its holomorphic
and ordinary projection. Finally, let

2(f, 9,5 = eqa(d'EEL, - g).

ord

The collection of p-adic modular forms Z( fx, g, 7)°"“? indexed by

I+ k-1
(k15), keUnZ22, 1eU,nZ2?, %gjgkq}

has Fourier coefficients which extend analytically to Ug x Ug X Zj, as functions in £,
and j. Hence, it can be seen as a three-variable A-adic family of modular forms of level
N. Write

£ (fi) == 1= Bp(fu)*x5 (L)p' ™"
We have that

Lp(f7g)(kalaj) = <n?,:7£(fkaglaj)ord7p> 5

1
E(fr) kX
defined on (k,l, ) in the previous set.

Alternatively, for all (k, [, j) in the range of classical interpolation, it satisfies the inter-

polation property

E(fr 91,7)
EX(fe)E(fr)

If we generalize our setting, we could have not assumed that g € Sa(N, x,4) is ordinary,
S0 g may not necessarily be viewed as the weight 2 specialization of a Hida family. In
this case, the above construction allows us to define a two-variable p-adic L-function
L,(f,g)(k,j) on Us x Z, by the equation

Lp(fag)(kJ?j) - Lalg(fk@)gl?j)'

Ly(f,9)(k, j) == (s B(Fs 9:9)™ ) x

1
E*(fr)
for k € U NZ>% and (k+1)/2 < j < k — 1. Here, as usual, L*# is the normalized
L-function (“deleting the transcendental part”) and £*(fy) is an explicit factor. Again,
see [BD2] for more references.

3.6 Garrett-Rankin triple product L-functions

We present now the third kind of L-function that will be related with the theory of
Fuler systems of Rankin-Selberg type. The idea developed first by Hida and then ex-
tended by Harris and Tilouine was to construct three distinct p-adic L-function of three
variables, pr(f,g, h), £,9(f,g,h) and fph(f,g, h) interpolating the square roots of
the central critical values of the classical L-function L(fy, gy, hz,s), as (z,y, z) ranges
over a particular region of interpolation. The special values of this function will be
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related with the image under the Abel-Jacobi map of diagonal cycles, that will be de-
scribed later.

We begin by considering f € S,(N¢, xf),9 € Si(Ng, Xg), h € Sm(Nh, xn) to be a triplet
of normalized primitive cuspidal eigenforms such that xsxgxn = 1. Let Q41 be the
field generated by the Fourier coefficients of f,g and h and let N = lem(Ny, Ny, Np,).
The Garrett-Rankin triple product L-function L(f, g, h;p~*°) is defined by

L(f,g,h;5) =[] P (f,9,h5p7%) 7",
p

where for p{ N
L(p)(f,g, hT) = (1= appogpanyT) x (1= oppagpbppT)
X(1 = agpBgponpT) x (1 — appagpfhpT)
X(1 = BrpagpanpT) x (1= BrpagpPhpT)

X (1 = Bt pBgpanpT) X (1 = BrpBgpBnpl)-

A precise expression for the primes dividing N can be given, and once we add the
archimedian primes, we have a completed L-function satisfying the equation

A(f,g,h;8) =E(f, 9, MA(f, g, Bk +1+m—2—5),

where E(f,g,h) is the sign of the functional equation that determines the order of
vanishing at the center c. The sign coincides with the sign of infinity when the triples
is unbalanced and differs when it is balanced. We now recall the main properties of
this p-adic L-function in the spirit of [DR1].

Definition 31. Let k =14+ m + 2t with t > 0. The trilinear period attached to
(f,3:h) € Sk[N][ms] x Si(N)[mg] X S (N)[m]

s the expression

I(fagvﬁ) = <f~*76;gx B>N

Theorem 36. Let (f,g,h) be a triple of modular forms of unbalanced weights (k,l, m)
with k =14+ m+ 2t and t > 0. Then, there exist

e holomorphic modular forms f € Sy(N)[rf],§ € Si[N][my], h € Sim(N)[m4],

e for each pm‘me~q\N~oo a constant Cy € Qg 4 depending only on the local compo-
nents at g of f,g,h in the admissible representations of GL2(Q)) associated to
Ty, Mg, T (the automorphic representations attached to the modular forms f, g, h)
such that I o
Noo Y4 5.
% : L(f,g,h,C) = ’I(f)gvh)|2

Further, there is a choice of the vectors for which all Cy are all non-zero.
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Let ¢ : Q— @p and assume that f, g, h are ordinary with respect to ¢p,.

Fix a triple (f,g,h) of newforms such that xrxgxn = 1, €(f,g,h) = +1 for all

finite primes ¢|N and such that the triple of weights (k,l,m) is unbalanced. Let

f e Sk(N;Kp)[rsl, § € Si(N; K,)[r,] and h € S, (N; Kp)[mh] be test vectors for

which the local constants Cy of the previous theorem are non-zero and the central crit-

ical value of L(ms,my, mp,s) is (up to elementary non-zero fudge factors) equal to the

square of I(f,g,h).

Assume further that f, g, h are ordinary with respect to ¢, and let f= (Ap, Qp, Qp f'),
= (Ag, g, Qg.c1,8) and h = (Ap, Qp, Qp el h) be the Hida families of forms on I’y (N)

mterpolatmg the test vectors in weights k, I, m. Let

={(z,y,2) € Qpa X Qga X Qpa},
and set
Yr={(z,y,2) € ¥, such that 2t := k(x) — k(y) — k(z) > 0},
Ypal = {(z,y, 2) € ¥, such that (k(z), k(y), k(2)) is balanced. }
For (x,y,z) € ¥¢, consider the algebraic number

T S I(fxygyahZ) A
a9y he) =gy €9
The natural approach to interpolate the p-adic L-function attached to my ® my ® mp,
would be to interpolate the ratios J(fz, gy, h-) as (z,y, z) ranges over Xs. For that, let
¢ = eq d(d'g[p] X h) be the ordinary family of modular forms attached to g and h.
Further, let f* = f ® Xf . Observe that (f*), = (f.)* for all x € Qs q. A classical
point is nothing but a character of the form v+ ~v* for some k € Z=2.

Definition 32. The Garrett-Rankin triple product p-adic L-function attached to the
triple (f g, ) of A-adic modular forms is the element

2,7 (£,8,h) := J(f*, eora(d"gP x h)) € A} @p (Ag ® A @ A)
attached to the families £ and ¢ = eord(d'g[p] X ﬁ)

Any element .Z € A’f ®(Ag®@Ap®A) has poles at (x,y, ) for only finitely many = € Qy,
and hence is completely determined by its values at the points of Q1 x (£2g.¢1 X €, 1 X €2)
where it is defined. Furthermore, it is always defined at (z,y,2) if + € Q. For
(x,y,2) € Xy, setting k(x) = k(y) + k(z) + 2t,

<f +(z) eord(dt G X iL )>N7p

P Py,

In particular, this value is algebraic and belongs to the field K generated by ay, and
the Fourier coefficients of f,, g, and h,.
The following proposition gives a formula for the p-adic special values of the function:

gpf(fa ga fl)(l’, Y, Z) -

Proposition 16. For (z,y,z) € Ypa, let (f,g,h) == (fz,9y, hz) and define (k,1,m,t)

N (k,l,m) = (k(x), k(y), k(2)), kE=1l4+m—2—2t.
Then,

2! (£,80)(2,y,2) = &) (F s cora(d™ G x ha)),
where:
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o E(f) = (=B (L"),

° 77}1; € Héar(X(cp, L) is the unique lift to the unit root subspace of the cohomology
class in Hl(XKfz,w*”) attached to f;‘ These concepts will be developed in the
next chapters.

The following theorem explores the result of evaluating .fpf (f', g, fl) at points (x,y, z) €
Yt and relates these values to certain complex periods.

Theorem 37. Let (x,y,2) be a point of Xy and set

(fagvh) = (fl‘vgy’hz)’ (fvg’ B) = (fmgy’ilz)’ (k’l’m) = (H(SU),F&(y),Ii(Z)).
Then,

- - . g(fagah) I(']E’
4! &)y, 2) = ZrmeTs X

where
E(f,9.h) = (1 = Braganp™©)(1 — BragBup™)(1 = BrBganp™ ) (1 — BrBeBrp™°),
&(f) = (1= 8 ('),
&(f) == (1= 8" ™.
We could have adopted a somewhat more flexible point of view (as in [DR2]) and define
2 (F, & h)(,y,2) = £ (cora(d'g)) x h2)), t:=(k—1-m)/2,

as (z,y,z) ranges over the dense set of points in Q; x Q4 x Qj, of integral weights
(k,1,m), with k = [ +m (mod 2). We do identical definitions for .%,% (f, g*,h) and
fph“ (f', g, fl*) with the difference that their regions of classical interpolation are given
by | > k+ m and m > k + [ respectively.

The point (zo,%0,20) € f x Q4 x Qp of weight (2,1,1) for which (faz, gyy, hzy) =
(fas 9o, ha) lies within the region of interpolation defining pr a(f'*, g, ﬁ) and its value
at the point is given by

gpfa(fN*7§Oc7 iLOc) = gpfa (fl*a ga fl)(x()’y(b 20) = f;o(eord(f][o?] X FLa))
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4 Units in number fields and Stark’s conjectures

There are plenty of analogies between elliptic curves and units in number fields; in fact,
they are present all over this thesis: in which concerns L-functions, when comparing
circular and elliptic units with Heegner points, in the finiteness results... For instance,
one of the motivations for the BSD conjecture is the fact that the rank of the group of
units of a number field is finite (as it occurs with the Mordell-Weil group of an elliptic
curve), and the residue of the L-function at s = 1 encodes the value of this rank, namely
r1 + 79 — 1, where 71 is the number of real embeddings of the number field and 2r; is
the number of complex embeddings. We will make use of this fact together with its
counterpart for S-units: the group of S-units is finitely generated, with rank equal to
r1+72—1+s, where s = |S| (an element 2 € K in an S-unit if the principal fractional
ideal (z) is a product of primes in S, to positive or negative powers). BSD aspires
to give a similar result for elliptic curves, namely, we want to “read” the rank of the
elliptic curve in the L-function. However, we focus now in an alternative subset of con-
jectures, those due to Stark and whose main ingredients are these units of number fields.

The most basic example of interaction between the analytic and the algebraic point of
view is via the Dedekind zeta-function (x(s) of a number field, namely

1
CK(S):Hl_in_S’
p

that converges for R(s) > 1. As we where saying, Dirichlet proved the class number
formula: vy

lim (5 — 1)¢xe(s) = 2D hicRic

s—1 \/me[(
where hx is the class number, Rx the regulator, D the discriminant and ex the
number of roots of unity of K. Alternatively, this means (via the functional equation)
that the first non-zero term in the Taylor series of (x(s) at s = 0 is —%s””fl.
When L/K is a finite Galois extension with Galois group G and x is the character of
an odd, irreducible, finite-dimensional Artin representation of G, we ask ourselves if
there is an analogous formula for the first non-zero coefficient in the Taylor expansion of
Ly k(s,x) at s = 0. This is one of the starting points for dealing with Stark conjectures.

4.1 An introduction to the Stark conjecture

Let K/F be an abelian extension of number fields with associated rings of integers
Ok and Op. Let S be a finite set of places of F' containing the archimedean places
and those ramifying in K. Assume that S contains at least one place v that splits
completely in K and that |S| > 2. For each ideal n C Op not divisible by a prime
ramifying in K, we denote by o, the associated Frobenius element in G := Gal(K/F).
For 0 € GG, we can define the partial zeta function

1
Cr/rs(0,8) = E N S € C,R(s) > 1.
nCOp
(n,S)=1,0n=0

Each function (x/r s(0,0) = 0 has a meromorphic continuation to C with a simple pole
at s = 1. The fact that S contains a place v that splits completely in K ensures that
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Ck/F,s(0,0) = 0 for all o € G. Denote by e the number of roots of unity in K. Further,
let U,,s = U, s(K) be the set of elements u € K* such that:

e If |S| > 3, then |u|, =1 for all w'{v.
o If S = {u,v'}, then |ul, is constant over all w’ above v and |ul,, = 1 for all
w ¢ 8S.

Conjecture 1 (Rank one abelian Stark conjecture). Fiz a place w of K lying above
v. Then, there exists a u € U, s such that

1
Cre/rs(0,0) = —glog [u|y  for allo € G

and such that K (u/¢)/F is an abelian extension.

Observe that the conditions u € U, s together with the formula given by the conjecture
specify the absolute value of uw at every place of K. Hence, if the unit u exists it is
unique up to multiplication by a root of unity in K *. Tate has given some alternative
formulation of the statement that need the introduction of a finite set T" of primes of
F; we write SNT = ¢. The smoothed zeta functions (x/r,g7(0,s) are defined by the
group ring equation

Z Ck/psr(0, s)lo™'] = H(l — o7 INe! ) Z Cre/rs(o,8)[o]
ceG ceT oceG

in C[G]. For instance, when 7" = {c}, then

Cr/rsr(o,8) = Cryrs(o,s) = N (g pg(oos !, s).

We will denote by U, s 7 the finite index group of U, g consisting of the u € U,
congruent with 1 modulo ¢cO for every ¢ € T. Assume that there are no non-trivial
roots of unity in U, g 7. The condition is authomatically satisfied if either T" contains
two distinct primes with different residue characteristics or one prime with residue
characteristic at least 2 plus its absolute ramification index.

Conjecture 2 (Tate). Fiz a place w of K above v. There exists ur € U, g1 such that

C}(/F757T(O', 0) = —log|uF|w for all o € G.
If wp exists, it is unique.

Observe that as we have pointed out, Stark conjecture can be seen as a generalization
of the Dirichlet class number formula. For a finite set of places S of F' containing the
infinite places, the S-imprimitive Dedekind zeta function of F' is the special case of the
function (g /F s, that is,

1
Crs(s) = D o =110-M7)7 R(s)>1.
I‘LCOF ngS
(n,9)=1

Theorem 38. The Taylor series of (rs(s) at s =0 begins

hsR
Cris(s) = == =8I+ OH),

where hg and Rg are the S-class number and S-regulator of F', and e is the number
of roots of unity in F.
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Recall that the order of vanishing of (rg(s) at s = 0 is the rank rg = [S| — 1 of the
group of S-units C’);’S, as given by the Dirichlet unit theorem. The S-class number
of F' is defined as hg = |Cl(OF,)|, the class number of the ring of S-integers of F'.
This group, Cl(OF,s) may be identified with the quotient of Cl(OF) by the subgroup
generated by the images of the finite primes in S.

To define the S-regulator of F', we proceed as follows: let uy,...,u,s be a basis for the
quotient of 0;7 g by its torsion subgroup. Call the elements of S wo,v1,...v.s. Then,
the S-regulator of F' is the absolute value of the determinant of a certain rg x rg matrix:

Rg = [det(log(|uilv,))1<ij<rsl-

It can be checked that the definition of Rg is independent of the various choices we
have made.

In the case of a finite extension of number fields K/F, for each character y : G — C*
we define an associated L-function by the formula

Ls(v.s) = Y x(@mstes) = 3 X7,
oelG nCOp
(n,9)=1
where the second formula is true for $(s) > 1. In this case, we have also an Euler
product
Ls(x,s) = [J(1 = x(p)Np~—*)~".
pEs
Further, there is a functional equation relating Lg(, s) and Lg(x, 1—s), and an explicit
formula for the order of vanishing of Lg(x,s) at s = 0, given by rg(x) = [{v € 5|
X(Gy) = 1} when x # 1 and by |S| — 1 when x = 1. We denote by Sk the set of
places of K above the places in S and by G, the decomposition group of v. rg(x) is
also equal to the dimension over C of

(05, ® CX ' i={ze 05, ®C|o(x) = x o)z for all o € G}.

The zeta function (g 5, (s) can be factored in terms of the L-function associated to the
abelian extension K/F"
Crsie(5) = [ Ls(x )
xeG
The factor on the right corresponding to x = 1 is (rs(s). The formula is consistent
with the orders of vanishing at s = 0, i.e.,

Skl =1 =15 =14+ > {v | x(Gv) = 1}].
x#1

Stark’s motivations for the conjecture was the idea that the leading term —hg, Rg, /ex
of (ks (s) at s = 0 should factor in a nice way over the various characters x. In par-
ticular, the leading term of Lg(x, s) at s = 0 should be expressed as a rational number
times the determinant of an rg(x) X rs(x)-matrix whose entries depend linearly of log-
arithms of (Og_ ® C)x .

There are different versions of Stark’s conjecture. The most relevant one is that con-
cerning the rank one setting, related only with the first derivative of Lg(x,s) at s =0
in the case rg(x) > 1 for all x. Using the properties of the L-functions we have seen,
we arrive to the following alternative formulation of the conjecture:
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Conjecture 3 (Stark). Suppose that v € S splits completely in K and fiz a place
w € Sk above v. Then, there exists a u € U, s such that

1 . .
Lis(x,0) = — Z x(o)log|u?ly for all x € G
oeG

and such that K (u/¢)/F is an abelian extension.

Observe that the element

T Z u’ ®@x(0) € O s®C
oeG

lies in (O ¢ ® (C)Xfl and that the sum in the conjecture is simply the value of the

linear extension of log| - |, to O ¢ ® C evaluated at w

Stark’s conjecture is known to be true in the cases where one has an explicit class
theory. When F' = Q and v is the infinite prime, the proof involves the cyclotomic
units; when F' = Q and v is a finite prime p, the conjecture follows from Stickelberger’s
theorem. When F' is quadratic imaginary, Stark proved it using the theory of elliptic
units and Kronecker’s second limit formula.

Since the rank one abelian Stark conjecture holds when S contains two primes that
split completely in K, we need only to consider the setting where S contains exactly
one prime v that splits completely in K. Since complex places split completely in every
extension, we are left with the following three possibilities:

e Case TR: F' is a totally real field and the place v is real. The places of K above
v are real and all other archimedean places are complex.

e Case ATR: F is almost totally real, that is, it has one complex place v and all
other places are real. The field K is totally complex.

e Case TR,: F is totally real and the place v is finite. The field K is totally
complex.

Let us say something about the class field theory for TRs. The general idea is to
start in the base field F' and find some nice extension of the Hilbert class field H to
which Stark’s conjecture apply (and then hope we can figure out H from this). Let
L; = H(y/a) for some « € F.

e We need L;/F to be abelian.

e We need to arrange the problem of having one real place split and the rest become
complex. For this, it is enough to choose « to be positive at one real place and
negative at all the others.

e Then, apply Stark’s conjecture to see that there exists e € L whose logarithms of
conjugates give the L-series

1
Ls(0,x) === 3 x(0) -log|e”|u.
oeG
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e It is enough to compute the L-series for all the characters y and then Fourier-
invert and exponentiate to get ¢ and its conjugates.

e Once we have an approximate value for €, we can use numerical methods to find
what €’s minimal polynomial should be, and hence get an exact value for a.

e Finally take the trace, which will lie in H. In many cases only one Stark unit is
needed to generate H, but in general we may need to compute several ¢; in order
to generate H.

Note the similitudes between this and the theory of Heegner points, where you also
build points in a larger extension and then you take traces.

In each of the three cases, TR, TR, and ATR, there is a setting where classical explicit
class field theory provides a concrete construction of Stark units and gives a very elegant
solution to our motivating question. That is,

e TR, when F' = Q. Here, Stark units are given by cyclotomic units.
e TR, when F' = Q. Here, Stark units are given by Gauss sums.

e ATR when F' is quadratic imaginary. Stark units are given by elliptic units via
the theory of complex multiplication.

The Stark unit in these cases is given by an explicit formula that can be seen as the
value of a certain analytic function at a particular point. For example, in the first case
units are given by the values of the function f(x) = 2—2 cos(27z) at rational arguments
x. These cases are easier to handle since Oy, is finite. In general, the fact that class
field theory is very well understood for both Q and quadratic imaginary fields is not
a coincidence, since these groups are distinguished by the fact that their unit groups
are finite. In general, the special values of partial zeta functions of a number field F
can be expressed as periods parameterized by the unit group of F' (bear in mind that
a period is like the integral of a differential r-form along an r-cycle, being r the rank
of the unit group of F.

To overcome these problems, there are two remarkable methods that we will not deal
with but that mention for the sake of completeness.

e Shintani domain: one chooses a fundamental domain for the units acting on F,
cut out by a union of simplicial cones. After a conjectural construction of Stark
units, we must go back and check that the construction does not depend on the
choice of fundamental domain taken.

e Arithmetic cohomology: in this setting we do not look at values of functions,
but at specializations of group cohomology classes. The classes will be in H"(G)
for an arithmetic group G, with r the rank of O} and such that G is equipped
with a homomorphism ¢ : Oj — G. The specialization will be the value of the
class on the image of a basis of units under ¢. For instance, consider TR,,, when
F' is real quadratic and p is an inert prime in F. Let X = Zz% — pi7 be the
space of primitive vectors in ZIQ,. Let M(X) be the space of Z-valued measures
on X with total cohomology zero. We can construct a certain Eisenstein group
cohomology class [k] € H'(GL2(Z), M(X)). This class will not depend on the
real quadratic field. Choose an embedding ¢ : Op — M>s(Z) restricting to a
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group homomorphism Oy < GLy(Z). Let 7 € F — Q and consider the group of
¢ € Oy such that ¢(¢) has (D as an eigenvector. This is a finite index subgroup
of Of. If ¢; is a generator, we conjecture that up to an explicit power of p, the
p-adic number

/ (2 — yr)dr(d(er)) (. y) €
X

is in the narrow Hilbert class field K/F and is a Stark unit for the extension.

In 1988, Gross stated a conjectural refinement of Stark’s conjecture. For that purpose,
consider the abelian extension K/F and finite sets of primes S and T" of F' as before,
with the place v € S splitting completely in K. Assume that Stark conjectures holds.
Let L be a finite abelian extension of F' containing K and unramified outside S. Since v
splits completely in K and w is a place of K above v, there is a canonical isomorphism
of completions F, =2 K,,. Let

recy : Ky — Ax — Gal(L/K)

denote the Artin reciprocity map of local class field theory. Since K* C K5 we may
evaluate rec,, on K* and we have the following conjecture:

Conjecture 4 (Gross, strong form). Let ur € U, g7 C K* be Stark’s unit satisfying
Stark’s conjecture. Then,

recy (ug) = H +—C/p,5,7(7,0)
T€Gal(L/F)

T|k=0
in Gal(L/K) for each o € G.

Gross also conjectured a formula for the expected leading term at s = 0 of the Deligne-
Ribet p-adic L-function associated to a totally even character 1 of a totally real field
F. Basically, it said that after scaling by L(vw™!,0), this value is equal to a p-adic
regulator of units in the abelian extension of F' cut out by @w™'. This conjecture was
proved in 2016 by Dasgupta, Kakde and Ventullo.

4.2 Two words about Birch and Swinertonn-Dyer

One of the aims of this thesis is the presentation of the Elliptic Stark conjecture,
which has a deep connection with BSD in rank 2. Not only this, the leitmotiv of all
the works around Euler systems that we will present is the conjecture of Birch and
Swinertonn-Dyer. The aim of chapter 7 will be to formulate an analogue of the Stark
conjecture in the setting of global points on elliptic curves. This conjecture is offered
as a more constructive alternative to the BSD conjecture, offering an efficient analytic
computation of p-adic logarithms of global points. The following two sections of this
chapter are mainly descriptive, since we would like to offer a nice presentation of this
conjecture. Let me recall that BSD in its basic formulation states the following:

Conjecture 5 (BSD). The L-function L(E,s) extends to an entire function on C and
the rank r of E(Q) is equal to the order of vanishing at s = 1.

L(E,s)
=)

In fact, an explicit expression for lim_,; can be given, in terms of the Shafarevich

group and the regulator of E.
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We can however state a more general version, what is called the equivariant BSD
conjecture. For this, let F/Q be an elliptic curve and let

pr : Gg = Aut(V,)

be an Artin representation, that therefore factors through a finite extension H/Q and
takes values in a number field L, i.e.,

p: Gal(H/Q) — GL, (L) ~ Aut(V),).

We can consider E(H) ® L, that is a finite-dimensional L-vector space by the Mordell-
Weil theorem. Let r(E,p) be the multiplicity of V, in E(H) ® L, that when the
dimension is irreducible is nothing but

dimy, Homg, (V,, E(H) ® L).

On the other hand, we can consider the L-series L(FE,p,s) = L(f ® g,s), where f €
Sa(N) is the eigenform attached to f by the modularity theorem and g is a weight one
modular form attached to the representation p by the results of Deligne. This L-series
converges for R(s) > 3/2 and it is expected that it can be analytically continued to the
whole complex plane.

Conjecture 6 (Equivariant BSD). We have that
ords=1 L(E, p, s) = dimy, Homg(V,, E(H) ® L).

The right hand side is precisely the multiplicity of V, in E(H) ® L when the represen-
tation is irreducible.

Some known results for this conjecture are the following ones:

1. When K/Q is imaginary quadratic and
x : Gal(H/Q) — C*~

is a ring class character, if p = Indg% x the conjecture is true provided that the
analytic rank is < 1 (Gross-Zagier, Kolyvagin).

2. If the analytic rank is 0 and p is a Dirichlet character, the work of Kato implies
the conjecture.

3. If the analytic rank is 0 and p is an odd, irreducible, two-dimensional representa-
tion satisfying some mild conditions, it is proved in the work of Bertolini, Darmon
and Rotger.

4. If the analytic rank is 0 and p is an irreducible, self-dual constituent of p; ® p2,
where p1, p2 are odd, two-dimensional representations, it is proved in the work of
Darmon and Rotger.

When the analytic rank is > 0, we also want some tool to construct points on

(E(H)@ L) = ¢(Vp),

where the sum is over a basis of Homg, (V,, E(H) ® L).
Recall that in analytic rank one, Heegner points are the main ingredient for that. Let
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E/Q be an elliptic curve and let K be an imaginary quadratic field such that (E, K)
satisfies the Heegner hypothesis. Let {P,,} = {®xn(7,)} be the usual Heegner system,
as constructed for instance in [Dal. Let

PK = TrH1/K(P1) S E(K)

be the trace of a Heegner point of conductor 1 defined over the Hilbert class field of K.
In general, if x : Gal(H,/K) — C* is any primitive ring class character, let

PY= > x(o)P] € E(H,) ®C.
o€Gal(H, /K)

Theorem 39 (Gross-Zagier,Zhang). Let (,), be the canonical Néron-Tate height on
E(H,) extended by linearity to a hermitian pairing on E(H,) ® C. Then,

1. (Px,Pg) =«L'(E/K,1).

2. (PX,PX) =«L'(E/K,x,1).
Here, x means a non-zero fudge factor (that can be made explicit).
This is the main tool for proving the following remarkable result:

Theorem 40. If E is an elliptic curve over Q and ords—1 L(E,s) <1, then
r(E(Q)) = ords=1 L(E, s)
and the Shafarevich group is finite.

This can be extended to the equivariant case.

The elliptic Stark conjecture suggested in [DLR] will relate points in (E(H) ® L)? and
p-adic iterated integrals of a triple of modular forms (f, g, h) of weights (2,1,1) when
the analytic rank is two, and this is one of the reasons for its importance: it is one of
the first results for analytic rank greater than one.

4.3 Stark’s conjectures and its generalizations

As we know, Stark’s conjectures give complex analytic formulae for units in number
fields (their logarithms) in term of the leading terms of Artin L-functions at s = 0.
We ask ourselves if there are similar formulae for algebraic points on elliptic curves,
bearing in mind that Heegner points are analogous to circular or elliptic units.

Let g = > an(g)g™ be a cusp form of weight one, level N and odd character x. Recall
the following (already classical) modularity results:

Theorem 41 (Deligne-Serre). There is an odd two-dimensional Artin representation
Py - GQ — G’LQ(C)
attached to g and satisfying that L(pg,s) = L(g, s).

Theorem 42 (Buzzard-Taylor, Khare,Wintenberger). Conversely, if p is an odd, ir-
reducible, two-dimensional Artin representation, there is a weight one newform g such
that L(p,s) = L(g, s).
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Now, let us consider Hy, the field cut out by an Artin representation py and L C Q((p),
the field generated by the Fourier coefficients of g. V,, will be the vector space underlying
pg- Let us recall from the first section of this chapter Stark conjecture in a more
convenient formulation:

Conjecture 7 (Stark). Let g be a cuspidal newform of weight one with Fourier coef-
ficient in L. Then, there is a modular unit uy € (OIX{g ® L)7>==1 (04 for the complex

conjugation) such that
L'(g,0) = log(ug).

There are some cases (the reducible one, the imaginary dihedral case), where it has
been proved. The general result is still unknown to be true.

We are going to motivate now the generalization done in [DLR1] of the Stark conjecture
to the p-adic setting. We present now some results without giving a solid background
on them, and later they will be covered with more detail.

Consider an elliptic curve E attached to f € S9(I'g(N)). Towards extending Stark’s
conjecture to elliptic curves, we replace Artin L-series by Hasse-Weil-Artin L-series

L(E,pg,S) = L(f ®g,$).

p-adic logarithms of global points usually arise as leading terms of p-adic L-series at-
tached to elliptic curves, as we have seen in previous sections: in the Katz p-adic
L-function, in the MSD p-adic L-funcion, in various types of p-adic Rankin L-functions
and in many others.

Recall Atkin-Serre d-operator (which raises the weight by two), d = qd%. When
f € M3S°(N), we can consider

F:=d'fe MN).

If h € Mi(Np,x), then F x h € M°(N,x), €ord(F x h) € Mi(Np, x) ® Cp, where egq
is Hida’s ordinary projector.

Definition 33. Let f € So(N),h € Mi(N,x),y € Mi(Np,x)*. The p-adic iterated
integral of f and h along 7 is

[ =t xm) e,

In the most usual setup, f € S3(IN) will correspond to an elliptic curve E and g €
Mi(N,x 1), h € Mi(N,y) are classical weight one eigenforms. Let Vg, := V, ® Vj,
which is a four-dimensional self-dual Artin representation. Let Hgy, be the field cut out
by it. Take go € M1(Np,x '), an ordinary p-stabilisation of g attached to a root ag of
its Hecke polynomial. Take v, € My(Np, x)*[ga]. We would like to give an arithmetic
interpretation to
[ reme s € M0 gl
Y9a

We will need for this purpose certain assumptions that we will be clarifying along the
chapter.

1. We will require certain local sign in the functional equation for L(E, Vg, s) to be
1, and in particular, that this L-function vanishes to even order at s = 1.
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2. Vg = Vi & Vo @ W, where ords—1 L(E,Vi,s) = ords—1 L(E,Va,s) = 1 and
L(E,W,1) 0.

3. The Frobenius Frob, acting on Vi (V2) has the eigenvalue agoy, (ogfp)-

4. These eigenvalues do not arise in (V3, V2) at the same time.

Under the previous assumptions and in favorable circumstances, we will express the
elliptic Stark conjecture in the following way:

Foh= logp ,(P1)logg ,(1%)
Yga log,, (ug.,)
where P; is in the Vj-isotypic component of E(H,,) ® L and
Frob, P, = ayap - P, Frob, P» = ayf, - Ps.
Further, by u,, we mean the Stark unit in Ad%(V,)-isotypic part of (Of,) ® L

9

Frob, ug, = Ug

o

Qg
By
Let us briefly recall what do we mean when we talk about isotypic component in this
context. Let X be a modular curve (we generally have in our mind the cases Xo(N) or
X1(N)). For that purpose, let f € S2(X) be an eigenform for the Hecke algebra, whose
g-expansion is give by f = > . ang" (then, T)(f) = a;f). We consider H%(X,Z,),
which is a Z,-module, that is free and of rank 2¢; further, it comes equipped with a
linear action of Gg. The f-isotypic component of H} (X, Z,) (or directly, the f-isotypic
component of f by an abuse of notation), is

Vi = Hét(X7Zp)[f] ={ve H;t(X,Zp) | Tjv = a; - v for all 1}.

This will be a two-dimensional Z,-module.

We will see in Chapter 7 that there is no great theoretical evidence for the Elliptic
Stark conjecture, and one of the few cases where it is proved is when g and h are theta
series attached to the same imaginary quadratic field K and the prime p splits in K.
In this case, the points P; and P, can be expressed in terms of Heegner points and
the unit ug, in terms of elliptic units. Let us do a survey through the pieces the proof
decomposes:

1. The relation established in [DR] between fﬁ/g f - h and the Garrett-Rankin L-
function L,(f ® g ®@ h).

2. When g = 0y, and h = 6, are theta series, we have a factorization

Ly(f ® g @ h) = Lyp(f @ 0y, ) Lp(f @ ,) x 07",
being 1 = Ygthp, 12 = 1g1p;, and 1 a certain ratio of periods.

3. The p-adic Gross-Zagier formula of [BDP] relating L,(f ® 6,,) to Heegner points
over certain ring class fields of K.

4. The interpretation of 7 as a value of the Katz p-adic L-function for K (the Stark
unit of the denominator comes from Katz’s p-adic variant of the Kronecker limit
formula.

The condition of p being split in K is used both in the p-adic Gross-Zagier formula of
[BDP] and in Katz’s p-adic Kronecker limit formula. Therefore, the conjecture makes
sense when p is inert in K. Further, Lauder’s algorithms give support to the conjecture
in different instances, what invites to believe that it must be true.
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4.4 Classification of weight one modular forms

This section, that follows [DLR2] is included here for the sake of convenience so as to
recall some preliminaries about group theory with the aim of having a best understand-
ing of the main theorems we have already presented and the ones that we will expose
later. Let V and Vj, two dimensional L-vector spaces realising p, and pj, respectively.
Let Vg, =V, ® V, be the L-vector spaces realising pgp.

The image of p, is a finite subgroup G C GL2(C). This has been studied in several
places, and the natural image I" of G in PGLy(C) is isomorphic to one of the following:

e A cyclic group if g is an Eisenstein series.

e A dihedral group if g is the theta series attached to a finite order character of a
real or imaginary quadratic field.

e The group Ay, Sy or As. In this last case, g is said to be exotic.

The group G is then isomorphic to
G = (2 x D)/ (£1),

where Z = G N C* is the center of G and T' = G N SLy(C) is the universal central
extension of I'. The irreducible representations of G are obtained in a simple way from
those of I': if p1,---,pt is a complete list of the irreducible representations of T, those
of G are of the form xz ® p;, where xz is character of Z such that xz(—1) = p;(—1).

When p, has cyclic projective image, it decomposes as a direct sum of two one-
dimensional representations attached to Dirichlet characters x; and x2, and conse-
quently g = E1(x1,x2) is the weight one Eisenstein series attached to this pair of
characters.

When p, has dihedral projective image, it is induced from a one-dimensional charac-
ter ¥, : Gxg — C* of a quadratic field K, and g is the theta series attached to this
character. The representation

Vy, = Ind% (1) : Gg — GLa(C)

is irreducible when restricted to K, where it is isomorphic to L(¢4) ® L(¢}) (¢, being
the character obtained by composing 1, with the automorphism of K/Q). Further,
Vi, if and only if either:

1. K is an imaginary quadratic field.

2. K is a real quadratic field and 1), is of mixed signature (even at one archimedian
place of K and odd at the other).

Observe that V,, is irreducible (and hence g is a cusp form) when ¢, # ;. The
most basic invariant of Vg, is its decomposition into irreducible representations, Vy, =
Vid...®V;. Letd = (di,...,d;) be the dimensions of the V; arranged in non-increasing
order. We have five possibilities.

If g and h are both irreducible (Eisenstein series), then d = (1,1,1,1). Now, assume
that at least one of g or h is a cusp form. The following lemmas will summarize the
main results concerning the classification of weight one modular forms.
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Lemma 9. The representation Vy, contains a subrepresentation of dimension 1 if and
only if h is a twist of g, that is, Vi, = V*(1), for some Dirichlet character v. In that
case,

e d=(3,1) if and only if g is exotic.

e d = (2,1,1) if and only if g is dihedral and ¢, = wg/w; is not a quadratic
(genus) character.

e d=(1,1,1,1) if and only if g is dihedral and ¢, is a genus character.

Lemma 10. The representation Vg, decomposes as a sum of two irreducible represen-
tations of dimension two if and only if:

1. Ezactly one of g or h is a weigh one Eisenstein series, say h = E1(x1,x2), in
which case

Vo = Vy(x1) @ Vy(xa)-

2. Both g and h are theta series attached to characters 1, and 1y, of the same
quadratic field K for which neither of the characters 1 = gy, Yo = PYg1) is
equal to its conjugate over K. In this case,

Vgh = Vi, @ Vig,.

The representations Vi, and Vi, are non-isomorphic, and if K is real quadratic,
they are of opposite (pure) signatures.

The generic case where d = (4) contains all scenarios where p, and pp, cut out linearly
disjoint extensions of Q. When it is irreducible, the Artin representation Vg, occurs
with multiplicity two in L ® Oj;.

The reader interested in a more detailed presentation of the Elliptic Stark conjecture
can move directly to chapter 7, since chapters 5 and 6 are devoted to introduce the most
technical aspects from the theory of Euler systems, and this is not strictly necessary in
a first reading of this thesis.

4.5 The Gross-Stark unit attached to a weight one form

We now explain, following [DLR1] how to associate to a p-stabilized eigenform g,
satisfying certain hypothesis a global element ug, € H* ® L (well defined up to scaling
by L*), whose p-adic logarithm will have important properties. The hypothesis we
require, and that will be explored later on, is the so-called classicality property for g4,
that forces g to satisfy one of the following explicit conditions:

e It is a cusp form which is regular at the prime p (i.e., pq is irreducible and the
Frobenius element at p acts on it with two distinct eigenvalues) and it is not the
theta series of a character of a real quadratic field in which p splits.

e It is an Eisenstein series which is irregular at p (alternatively, pg is the direct sum
of two characters x; and y2 such that x1(p) = x2(p).
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This element will belong to the Adg-isotypic subspace of H* ® L, where Ad, :=
Endy(V,) is the adjoint representation attached to Vi, that is, End(V}) is a 4-dimensional
space and we restrict here to those of trace zero, on which Gg acts by conjugation via
Pg-

If o acts on V, then it also acts on End(V), via

o(f(v)) = af(o™ v)

and it is not difficult to check that if the eigenvalues of o acting on V are «, 3, then
those of o acting on Ad, are 1,a/8, /.

In defining u,, it is convenient to replace the field H by the smaller field H, cut out by
Adg, that is the same through which factors the representation into the projectivization
of the vector space. We also replace L by any field over which the representation Ad,

can be defined. Roughly speaking, L - ug4, is expected to be contained in (Oﬁg)?dg

when g is cuspidal and in (O, [1/p] X)édg when ¢ is Eisenstein. Further, the arithmetic
Frobenius element Frob, must act on wu,, with eigenvalue oy /f,.

Write 0o € G := Gal(H,;/Q) for the involution given by complex conjugation induced
by the fixed choice of complex embedding of H, C Q. Then, Ad, decomposes as a
direct sume of + and — eigenspaces for the action of o, denoted as Ad;’,Adg_ that
are of dimension 1 and 2 respectively.

We begin dealing with the case in which p, is irreducible, i.e., g is a cuspidal eigenform
of weight one.

Proposition 17. The vector space Homg, (Ady, (’)Eg ® L) is 1-dimensional. Further,
the Artin L-function L(Ady, s) has a simple zero at s = 0.

Proof. G = Gal(H,/Q) acts faithfully on Ad, and is identified with the image of the
projective representation attached to Vj. Go = (0s) is of order two (Ad, is not
totally even) and Dirichlet’s unit theorem determines the structure of O;Ig ® L as an
L[G]-module, namely
G
Of, ®L=(Ind§_L)- L,

where the two occurrences of L refer to trivial representations. The irreducibility of Vj
implies that Ad, contains no G-invariant vectors (by Schur’s lemma), and hence

Homg (Ady, O © L) = Homg(Ady, Indg_ L).
By Frobenius reciprocity,
Homgy(Ady, Ind&_ L) = Homg,, (Ady, L) = Hom(Ad, L).

Now, the first part follows from the dimension of Ad;Ir being 2; the second, from the
spape of the I'-factors in the functional equation of L(Ady, s). O

Choose now a basis ¢ for the one-dimensional vector space Homg (Adg, (’)ﬁg ® L), and

let
Ad,

(05)

The L[G]-module (O]X{g)?dg is of dimension < 3 over L and abstractly isomorphic to

= ¢(Ady) C Oﬁg ® L.

the unique irreducible subrepresentation of Ad, containing Ad;’.
The Frobenius Frob, acts on Adg with eigenvalues 1, og/8y, B4/cg. Then, define

Ug, :={ue (Oﬁg)/zdg such that op(u) = (ag/Bg)u}.
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Lemma 11. Assume that Vy is regular. If pgy is induced from a character of a real
quadratic field in which p splits, then Uy, = 0. Otherwise, dimp,(U,,) > 1 with equality
if either:

1. oy # =Py (Ady is regular).
2. pg 15 induced from a character of a quadratic field in which p is inert.

The proof of the lemma is a case by case analysis, according to the fact that V, may
have imaginary dihedral projective image, real dihedral projective image or in the case
that ¢ is an exotic weight one form, then it has projective image A4, Sy or As.

Definition 34. A non-zero element ug, of Uy, is called a Stark unit attached to gq.

We now move to the case where p, is reducible. That is, g corresponds to the Eisenstein
series E1(x1,x2) € M1(N,x), where x1 and y2 are odd and even Dirichlet characters
satisfying x1(p) = x2(p). In that case,

Vo=L(x1) ®L(x2), Adg=L&L(n)®Ln),

where 1 := x1/x2. The condition xi(p) = x2(p) implies 7,(1) and hence p splits
completely in the abelian extension H, cut out by 7.

To define the Stark unit, consider a prime ideal 3 of Oy, over p inducing the embedding
H, — C,, and let ugp € Op,[1/p]* be a generator of the principal ideal ", where h is
the class number of H,:

f,ph = (u:p)7 Usp € (OHn[l/‘B])X (mod Oén)'
Definition 35. Consider
1 _1 1
ep = — n (o)o, €p—1 i = — n(o)o.
n |G| % ( ) n |G| % ( )

Set

Ug, = eplp + €,—1Usp.

The unit ug, is a linear combination of Gross-Stark units attached to the characters n
and ™, in such a way that

logp(ug) = = S (0(0) + 71 (0)) logy (o (up)).
] ocGal(Hy/Q)

Here, we have denoted by logy the Iwasawa’s logarithm, composed with the p-adic em-
bedding of H, attached to *B.

More details can be found in [DLR].

64



5 Euler systems

Let E/Q be an elliptic curve. BSD conjecture relates two apparently different worlds:
on the one hand, that of group of cycles (arithmetic) and on the other, that of L-
functions (analytic). Kato’s idea was to consider some kind of arithmetic shape of the
L-functions: these are the Euler systems. Its definition is a general machine in which
many people have contributed: Kolyvagin, Perrin-Riou, Kato, Rubin,. .. For establish-
ing its connection with L-functions we need p-adic Hodge theory, that is the key tool
towards formulating explicit reciprocity laws.

The rough idea is the following: let 7" be a continuous geometric representation of Gg
on a finite free Z,-module. An Euler system for 7" will be a collection of cohomol-
ogy classes ¢, € H'(F,,,T), (the F,, are number fields, the easiest case will be just
HY(Q(¢m), T) in the case of cyclotomic units) satisfying certain compatibility relations.
The Euler system for 7" will control the Selmer group associated with 7%(1), which is a
subgroup of H'(Q, T*(1) ®z, Qp/Zy). Along this chapter we will go deeper into these
ideas, but keeping in mind Colmez’s view that “the construction of Euler systems is a
totally craft activity”.

We will begin by introducing the basic ideas of Galois cohomology to understand the
concepts of Selmer groups and Euler systems. We will cover part of the material of
[Bel], that constitutes the theoretical background that we need to carry out our study.
Further, we also revisit the first part of [ BCDDPR], where the most classical examples
of this theory are presented with a connection with L-functions, namely, Leopoldt’s
formula (relating the value at s = 1 of the Kubota-Leopoldt p-adic L-function with
the p-adic logarithm of circular units), Katz’s p-adic Kronecker limit formula (relating
the values of the two variable p-adic L-function of a quadratic imaginary field at finite
order characters with p-adic logarithms of associated elliptic units) and also a more
recent formula in which Heegner points arise, by replacing Einsenstein series by cusp
forms. With all this machinery, in the next chapter we will move to the study of the
Euler system of Beilinson-Flach elements, that is one of the main topics of this thesis.

5.1 Galois cohomology

Along this part, we will assume certain familiarity with the basic theory of group rep-
resentations and group cohomology. We will need the language of étale cohomology.
The construction and definitions are done in any standard book in the topic. For our
interests, we will quote (without proof) those properties that will be more relevant. In
this section, some ubiquous ring of periods will appear. Its meaning will be clarified in
subsequent sections. This material is mostly taken from [Bel]

Let K be a number field, and let X be a proper and smooth variety over K of dimension
n, ¢ an integer and p a prime number. Then,
HY(X,Q,) = lim HY(X x K, Z/p"Z).
—
This space is endowed with a @, linear action of G. Some of its important features

are the following ones:

1. HY(X,Q,) is finite dimensional and the dimension is independent of p. The action
of Gk is continuous.
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2. X — HY(X,Q,) is a contravariant functor from the category of proper and smooth
varieties over K to the cateogry of p-adic representations of G .

3. H(X,Qp) = 0if i < 0 or i > 2n. When X is (geometrically) connected,
HY(X,Q,) = Q, (with trivial action) and H*"(X,Q) = Q,(—n).

4. There is a functorial cup product map of Gi-representations.

5. Let v be a finite place of K prime to p. If X has good reduction at v, then
H'(X,Q,) does not ramify at v. Frob, acting on H*(X,Q,) has its coefficients in
Z and is independent of p.

6. Let v be a place of K dividing p. Then, as a representation of Gy, H'(X,Q,) is
de Rham. If X has good reduction at v, H'(X,Q,) is crystalline.

7. If Z is a subvariety of codimension ¢, there is associated to Z a cohomology class
n(Z) € H*(X,Q)(q) invariant by Gk. This extends by linearity to cycles and
rationally equivalent cycles have the same cohomology class. Intersection of cycles
becomes cup-product of cohomology cycles.

Let V' be an irreducible p-adic representation of Gx. V is said to come from geome-
try if there is an integer 4, an integer n and a proper and smooth variety X over K such
that V is isomorphic to a quotient of H(X,Q,)(n). When V is a p-adic semi-simple
representation of G, we say that it is geometric if it is unramified at almost all places
and de Rham at all those that divide p. The famous Fontaine-Mazur conjecture asserts
that when V is geometric, then it comes from geometry.

We continue with more terminology: let V' be a representation of G unramified out-
side a finite set of places 3. Then, it is algebraic if there is a finite set of places >’
containing Y such that the characteristic polynomial of Frob, on V has coefficients in
Q when v ¢ Y. Finally, for w € Z we say that V is pure of weight w if there is a
finite set of places ¥’ containing ¥ such that V is ¥'-rational and all the roots of the

/

characteristic polynomial of Frob,, have complex absolute values ¢, * > For V pure of

weight w, we call w the motivic weight of V.

From now on, G will be a profinite group and p a prime. We say that condition Fin(p, i)
is verified if for every open subgroup U of G, the set H'(U,Z/pZ) is finite. Further,
condition Fin(p) is satisfied when we have Fin(p, ) for all ¢ > 0.

Our interest is in the continuous group cohomology H'(G,V) of profinite groups G
satisfying Fin(p) with values in finite dimensional Q,-vector spaces V' with a continuous
action of G. Tools such as Shapiro’s lemma, inflation-restriction or long exact sequences
work in the same way. Many of the basic results in Galois cohomology are proved with
discrete coefficients, and to pass to p-adic coefficients, we need the following result of
Tate.

Proposition 18 (Tate). Let G be a profinite group satisfying Fin(p) and let V' be a
continuous representation of G. Let A be a Z,, lattice in V stable by G.

1. The continuous cohomology group H' (G, A) is a finite Zy-module and we have a
canonical isomorphism

H'(G,V)~H'(G,A) ®z, Q.

66



2. We have a canonical isomorphism H'(G,\) = lim, H (G, A/p"\), where A/p" A
s a finite group endowed with the discrete topology.

An important tool to build elements of H! is the Kummer construction. We are going
to provide three different ways to proceed:

1. Let K be a field and A be a commutative group scheme over K such that mul-
tiplicaton by p, [p] : A — A is surjective and finite. Then, multiplication by
p induces surjective homomorphisms A[p"*1] — A[p"] and hence surjective ho-
momorphisms A[p"T!(K) — A[p"](K) compatible with the action of Gx. Let
T,(A) be the usual Tate module and V,,(A) = T,(A) ®z, Q,. The space V,,(A) is a
p-adic representation of Gi. It is clear that we have an injective homomorphism

Kin : AK) /p"A(K) — H' (G, Ap"](K)).

2. Let z € A(K). Since multiplication by p" is surjective, there exists y € A(K)
such that p"y = x. Choose such a y and define ¢,(g) = g(y) — y for all g € Gk.
Then,

p'ey(9) = p"(9(y) —y) = 9(0"y) —p"y = g(z) -2 =0,
and hence c¢,(g) € A[p"](K). It is straightforward that g — ¢,(g) is a 1-cocycle
from Gk to A[p"](K) and then, it has a class ¢, in H(Gk, A[p"](K)). It can be
checked that this class does not depend on the choice of y, but only on .
We have constructed a map = +— ¢, A(K) — H'(Gg,Ap"|(K)). This is a
morphism of groups sending p" A(K) to zero, and hence we have a map

A(K) /p"A(K) = H' (Gr, Alp")(K)),
that is the same x,, constructed before.

3. The third way is the most technical one. We assume for the sake of simplicity
that K is perfect. Take x € A(K) and consider T, ,, the fiber at = of the map
[p"], that is a finite subscheme of A over which there is an algebraic action of
the commutative group scheme A[p"]. This is a morphism of K-schemes A[p"] x
Tnz — Ty which on R-points is a group action of the group A[p"|(R) on the
set Ty, 2(R) for all K-algebras R. The map sends (z,y) to z +y. Observe that
T,z is isomorphic to A[p"] itself with its right translation action. This implies
that T, , is what is called a K-torsor under A[p"], locally trivial for the étale
topology. This torsors are classified by HY (Spec K, A[p"]) = H (G, A[p"](K)).
In particular, T, , defines an element of H'(G ., A[p"|(K)), that is rn(z).

Since these maps for various n are compatible, we have a map

lim A(K) ®z Z/p"Z — lim HY G, A[p"(K)).

The LHS is the p-adic completion of A(K), m The RHS is Hi(G,T,p(A)).
Let K be a finite extension of QQ; and V a p-adic representation of Gg. From the
standard results of Tate for Galois cohomology, we have the following:

Proposition 19. The cohomological dimension H*(G,V) =0 ifi > 2.

In addition, there is a notion of duality: we have a canonical isomorphism H*(Gk,Q,(1)) =
Qp and the pairing H(Gk,V) x H* (G, V*(1)) — H*(Gk,Q,(1)) = Q, given by

the cup product is a perfect pairing for i = 0,1, 2.

Finally, the Euler-Poincaré relation states that dim H*(Gg,V) — dim HY (G, V) +

dim H*(Gk,V) =0 when I # p and [K : Q| dim V' when | = p.
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An important concept that will arise frequently is the following one:
Definition 36. The unramified H' is HL (Gk,V) = ker(H (Gk, V) — H'(Ig,V)).
Proposition 20. The following properties hold:

1. dim HL (Gg,V) = dim H*(Gg, V).

2. An element of H (G, V) that corresponds to the estension 0 — V. — W —
Qp — 0 isin HL.(Gk, V) if and only if the sequence 0 — VI — Wik — Q, — 0
1s ezact.

3. Ifl # p, the orthogonal to H.(Gk,V) is HL. (G, V*(1)).

When p # [, the isomorphism k identifies the subspace @ ®z, Qp of K* ®z Qp with
the subspace H} (Gk,Q,(1)) of H'(Gk,Qp(1)). This trivial result is the shadow in

characteristic 0 of a remarkable result with torsion coefficients, namely, that , maps
O3 @z Z/p"Z into HY(Gk, upn (K)), which is defined as

ker(H' (G, ppr (K)) = H' (Ic, ppr (K)))-

Now, we are going to take a number field K and a prime number p. ¥ will denote a
finite set of primes of K containing all the primes above p. For v a place of K, we
denote by G, the absolute Galois group of the completion K, of K at v. Let V be a
p-adic representation of Gk x, that is a representation of G unramified at all primes
not in ¥. For global Galois cohomology, we still have a simple Euler-Poincaré formula:

dim H*(Ggx,V) — dim H (Ggx, V) + dim H*(Gg 5, V)

=Y H%G,,V) - [K:QdimV.

v|oo

The notion of Selmer group plays a prominent role in the whole theory.

Definition 37. Let V' be a p-adic representation of G unramified almost everywhere.
A Selmer structure L = (L) for V is a collection of subspace L, of H'(G,,V) for all
finite places v of K such that for almost all v, L, = HL.(G,,V).

The Selmer group attached to L is the subspace H:(Gr,V) of elements x € HY (G, V)
such that for all finite places v, the restriction x, of x ot H(G,, V) is in L,.

However, these concepts we have been studied turn much more complicated at places
dividing p. We would like to have a subspace L of H' (G, V) analogue to H. (Gg+, V)
where K’ is a finite extension of Q; and V a p-adic representation, p # [. The answer
H! (G, V) is not satisfying, since the p-adic analog of being unramified is being crys-
talline. Hence, we have to do another definition in terms of some rings of periods that
will be introduced in the next section.

Definition 38. We set H}(GK, V) =ker(H (Gk,V) = H(Gk,V ®q, Berys)-
In the same way, we define Hgl(G'K,V) = ker(H'(Gk,V) = HYGk,V ® Bqr)) and
HYGg,V) =ker(H (Gg,V) = H (Gk,V @ B43e)). Since Boye C Berys C Bqr, we
have that

H}(Gg,V) C Hi(Gk,V) C Hy(Gk, V).
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These structures satisfy different properties that will interest us in some moments. The
idea we can keep in mind is that H}(GK, V) is the analog of H} (G, V). For instance,

if V is de Rham, the orthogonal of H}(GK,V) is H}(GK,V*(l)), and the Kummer
map  : K* ®z, Q, — H'(Gx,Qy(1)) identifies O} ®z, Q, with H}(Gx,Qy(1)).

We will state now some properties that it is useful to keep in mind, all of them referring
to the case in which K is a finite extension of QQ,. Far from being a list of isolated
theorems, these facts will appear again in chapter eight and they have an importance
that not even the most accurate of the adjectives would be able to describe:

1. An element of H(Gk, V) corresponding to the extension 0 — V — W — Q, — 0
is in H}(G K, V) if and only if when applying the functor Deyys is still exact.

2. If V is de Rham, considering D = (V ® Biz)“%, then
dimg, H}(Gk,V) = dimg, (Dar(V)/Djx (V) + dimg, H*(Gk, V).
3. If V is de Rham, for the duality between H'(Gf,V) and H'(Gx,V*(1)), the
orthogonal of H}(GK, V) is H}(GK, V*(1)).

4. When FE is an elliptic curve over K, the Kummer isomorphism is an isomorphism
E(K) ®z, Qy — Hj(Gk, Vp(E)).

5. When V is de Rham,
dim H} (G, V) = dim Dar (V) /D (V) + dim H* (G, V) — dim Derys(V) 9=,
dim H}(Gk, V) = dim Dar(V)/Djp (V) +dim H* (G, V) +dim Deyys(V*(1))=.

6. If V is de Rham, the orthogonal of H} (G, V) is H} (G, V*(1)) and the orthog-
onal of Hy(Gg,V) is H (G, V*(1)).

We finish by introducing the global Bloch-Kato Selmer group when K is a number
field and V is a geometric p-adic representation of G. H}(G K,V) is the subspace
of elements z of H'(Gf,V) such that for all finite places v of K, the restriction z,
belongs to H}(GK, V). H}7S(GK, V') is the subspace of those elements such that z, is
in H}(GU,V) when v ¢ S and is in Hgl(GK, V) ifveS. We call Hy(Gg,V) the union
of all H} 5(GK,V) when S runs over all finite set of primes of K.

Proposition 21. The Kummer map x realizes an isomorphism
O ®z Qp = Hj(Gx, Qp(1)).

The proof would show us that H},p(G K, Qp(1)) ~ O;{,p ® Qp, where (’)ngp is the group
of elements z in H'(Gg,v) such that x, € H}(Gg,,V) and z, € H}(GQU, V) for v # p.
We will use this fact later on.
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5.2 p-adic Hodge theory

p-adic Hodge theory is a topic that has an interest by itself. Beyond the rings of
periods that appeared in the previous section, there are many results (most of them
from the vast Langland’s programme) in which they are a key tool; not only this: p-adic
Hodge theory is the first step to understand the ubiquous perfectoid spaces, a topic of
maximum interest nowadays. We give here some ideas of the main results.

Our first aim will be to develop p-adic comparison theorems analog to the ones we have
in the complex setting:

Hgr(X/C) = H'(X(C),Q) & C,

whenever X is a smooth, projective variety over C.
Let us recall some of these classical results:

Theorem 43 (de Rham). Let X be a smooth, projective variety over C. Then,
H'(X(C),C) := H'(X(C),Z) ®z C = H)r(X(C)/C).

The next step is the Hodge theorem. Recall that de Rham cohomology H/jz (X (C)/C)
is formed by classes of forms, and that forms can be of type (p, q), with p + ¢ = i. Let
HP4(X) be the subspace of (p, q)-forms.

Theorem 44 (Hodge). We have a canonical decomposition
Hig(X(0)/C) = P H(X),
ptq=i
and further HP4(X) = H%P(X), where H means complex conjugation.
In this setting, it is useful to recall Dolbeaut’s theorem:

Theorem 45. We have a canonical and functorial isomorphism
HP(X) =2 HP(X(C),Q9).
All in all, what we have is that

H'(X,C) = Hin(X/C) = @5 HP(X,Q9).
ptq=i

Then, the natural question is how can we extend these results to other fields. In
particular, we will consider from now on a finite extension of Q,, say K. Consider a
variety X over K. We expect to obtain analogues to the classical Hodge theory, and
this is precisely what étale cohomology does. In next sections we will introduce its
most relevant aspects.

One of the cornerstones of this theory is the following;:

Theorem 46 (Faltings). Let X be a smooth, projective variety over K. Then, there is
a G -invariant canonical isomorphism

HY(X,Q,) ®g, C, = P (HP(X, V% x) Ok Cp(fp))

ptg=i
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Alternatively, o '
He (X, Qp) ®q, But = Hijoq(X/K) ®k Bur,
- HP(X,Q%) and Byr is the ring of periods given by

pt+q=t
BHT = Z (Cp(j)
JEZ

where Hy 4 = D

All in all, we can say that the aim of p-adic Hodge theory is to understand p-adic
representations V' of Gi. If | # p, the l-adic representations of G are well understood
but when [ = p we get many more representations as the topologies of the QQ,-vector
spaces and Gk are compatible, so we need more theory to study these representations.
The main strategy is to construct rings of periods B, like By, equipped with a Galois
action, such that Dp(V) = (B ®g, V)X is an invariant of the representation V. We
require, at least, that B must be a domain, that Frac(B)“¥ = B®X (and in particular
BEx is a field), and that for y € B with yQ, C B stable under Gk, then y € B*.

Definition 39. IfV is a p-adic representation of Gx, we define
Dy(V) = (B @g, V)°X.
Since B is a domain, we have a natural injective map
B ®gcr Dp(V) - B® Q,V.

From here, we see that dimge, (Dp(V)) < dimg, (V). When we have equality of di-
mensions, we say that V' is B-admissible.

One of the main examples of a field of periods was constructed by Fontaine; it is Bgg.
It is the field of fractions of a complete valuation ring Bd+R which has residue field C,,.
Some of the most remarkable properties are:

1. The maximal ideal of B;R is generated by an element ¢, which depends on a
choice € of compatible p-power roots of unity.

2. The action of Gg, on t is via the cyclotmic character x: g(t) = x(g)t for g € G, .

3. We have a descending filtration Fil’ = tiB('fR, which is stable by the action of
Gq,-

P

4. Since BSFR is a complete discrete valuation ring, we ca use Hensel to see that
Qp C B&FR, and this is compatible with the action of Gg,.

5. (Bar)®x = (B:R)GK = K. Thus, if V is a p-adic representation of G, Dgr(V) =
Dp,, (V) is a filtered K-vector space.

We will say that a representation V' of G is de Rham if it is Bqr-admissible. That is,
we have an isomorphism

Bar ®k Dar(V) = Bar ®q, V-

Theorem 47. Let X/K be a smooth proper variety, and let V = Hgt(X@, Qp). Then,
V is de Rham, and there is a natural isomorphism of filtered K-vector spaces

Dar(V) & Hip(X/K).
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The property of being crystalline, for a p-adic representation V is analogous to the
property of being unramified for an l-adic representation (I # p). For instance, if V' is
the p-adic Tate module of an abelian variety A/K, then V is crystalline if and only if
V has good reduction.

Theorem 48. Let k be a perfect field of characteristic p, let Op = W (k) and F =
Frac(OFp). Let X/Op be a smooth, proper scheme, geometrically irreducible. Then, for
every © > 0 there is a functorial isomorphism

H(Xp, Qp) ©q, Borys = Hepyo(Xi/OF) ©0, Berys-

We are going to make some comments about the construction of the de Rham ring of
periods.
First of all, consider

R = lim Oc,/pOc, = {(z0,21,...) | alf =}
P

By this process, we get a perfect ring, that can also be understood as
xlg;lp Oc, = {(zo,21,...) | 2}, | = x}.

It is customary to denote R as E*. It is a valuation ring with valuation vg(z) = vp(x)
and maximal ideal mz, = {z € E* | vg(z) > 0}.

In the first ring we have considered, R, addition and multiplication are defined component-
wise, while in this latter we have the structure inherited by the first ring through the
obvious isomorphism, and then sum is not componentwise. We may choose once for all

e=(l,e,...)€R, ¢ #1

Let # = ¢ — 1 € R, whose valuation is > 0. As we have said, x, the cyclotomic

character, acts as

p
p—1

o) =0 = 3 (M) ze

k=0
Let
0:R— Oc,/pOc,

be the projection onto the first component. Define also W, the ring of Witt vectors of
R, as the elements of the form {3, <,[relp* | 7 € R}, where [ry] is the so-called Te-
ichmiiller lift (in the case where R = F,, W = Z, and we recover the usual Teichmiiller
character). Observe also that W/pW = R.

It satisfies a universal property: any morphism ¢ : R — S of perfect rings lifts to
® : Wi — Ws. Hence, we may define another morphism (we will call it # by an abuse
of notation)

0: W — Oc,

> el = Y pFrdo.

In this same way, we can also extend the morphism and say

1
0:w|-| > C,
p
It is not difficult to check that 6 is surjective and the kernel is principal, ker § = tW[1/p]
for some t € W{[1/p].
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Definition 40. We define Bde the ring of Fontaine’s de Rham periods as

th[l/p]/t"W[l/p ={> but™ | by € W[1/p]}.

n>0

Bd+R is a complete discrete valuation ring equipped with an action of Gg,. There is in

some way a canonical generator of the kernel of 6, attached to a collection {(; },>0 € R

of roots of unity satisfying ¢(¥ = ¢,_;. This canonical uniformizer t € B  satisfies that
o(t) = Xeyc(o) - t, and this ¢ can be seen as some kind of logarithm in W[l/p].

Definition 41. Bgp := Bd+R[1/t] s a field with a decreasing filtration given by
Fil"(Bqr) = t" Bar,
where n € Z. Recall that
Bz /tBir = Bir/ ker(0) = C,,.
Furthermore, for any n € Z,
Fil*(Bgr)/ Fil"™(Bar) = t" Bar /t" " Bar = C,,

where the latter is an isomorphism of C,-vector spaces. Observe that in t”BJR / t”HB:{R
there is a Cp,(n)-action (that is, given by the n-power of the cyclotomic character).
An important remark is that G, preserves the filtration on Bgr and

G@p GQp
BdR =G 7" =Qp.

The same occurs when K/Q), is a finite extension.

Inside B;R there is an important ring: BCryS C B(;FR. On R, there is a Frobenius
map ¢(z) = xP. By the universal property of Witt vectors, there is a lifting of these
Frobenius ® : W[l/p] — W/[1/p|, but the kernel is not preserved by it and is not
compatible with the Galois action. Hence, we must construct a smaller ring where
the Frobenius element acts. ¢ € B;st, and in general this ring is formed by elements
satisfying a certain growth condition. If r =€ —1, m; = ¢/? — 1 and w = 7/m, then

- Rt 1; —
crys. {Z;Jan o an, € B ,T}LI{:OanfO}.
n
For instance, Z L tn € BI;\B&

ring, not even a valuatlon ring. Hence, Berys := Bgys[1/t] is just a ring, not a field.
Consequently, is not endowed with a canonical filtration. On the counterpart, there is
a natural lift of the Frobenius. In fact,

crys-  This new ring is no more a discrete valuation

BSE = Ko,

crys

where Ky is the maximal unramified extension of Q, inside K. The Frobenius is
compatible with the Galois action of G, .

Proposition 22. There is a short exact sequence given by

0—-Q,— BCrys — BdR/BdR — 0.

73



Let now V be a QQp-vector space of dimension d < 400 with a linear action of Q.

Definition 42. The de Rham module attached to V is

Dar(V) = (V ®q, Bar)“

= {Zv@b | Za(v) ®@o(b) = Zv@b forall o € Gg,}.
In an analogous way, we define Derys(V) = (V ®q, Berys) € Dar(V).
Lemma 12. dime (Dcrys(V)) < dime(DdR(V)) < d= dime (V)

Definition 43. We say that V is a de Rham p-adic representation if dimg, (Dqr(V) =
d

If dimg, (Derys(V)) = d, the representation is called crystalline. Observe that in par-
ticular a crystalline representation is de Rham.

From now on, we will assume that V' is de Rham. Then, Dgr (V') inherits a filtration
from Bggr, say

Dyr(V) = Fil’ Dgr(V) O ... D Fil" Dgr (V) D Fil"" Dgr(V) > ... D 0.

Let hi, ..., hy, the (possibly repeated) indexes such that Fil =" Dgg (V') 7 Fil="*+ Dag (V).
These numbers are called the Hodge-Tate weights of V.

Lemma 13. We have the following isomorphism of Galois modules
d
Voo, €= 3 Cylh)
=1

Proof. We have that

F'D(V) _ (#'BoV)% ( Fil'(B)

G,
' T ; QV) = (Cyli) @ V).
Fil't! D(V) (t+1B ® V)GQP Filerl(B) ) ( p(l) )%

In particular, this is different from zero if and only if there is an element v € V' such
that

() = Xeye(0) - v,
or what is the same if there exists a copy of C,(—i¢) in V' (in general, we have so many

independent elements v € V' in the quotient of filtered modules as copies of C,(—i) in
V). O

Theorem 49 (Faltings, Tsuji). Let X/Q, be a smooth projective variety (with either
good or bad reduction at p). Then, we have the following isomorphism between G, -
filtered modules

Bqr ®Q, Hgt(XQp7 Qp) = Bar ® H(iiR(X/QP)'

Moreover, if X has good reduction at p, the same holds for Beys (and further, the
isomorphism can also be seen as an isomorphism of Frobenius modules).

Corollary 3. If we take Gq,-invariants in the previous theorem, it yields that

DdR(Hét(X@, Qp)) = Hir(X/Qp),

seen as an isomorphism of filtered spaces
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Corollary 4. Considering now the quotient FilO/Fill, we have that

d

Cp ®q, Hét(X@, Q) =Cp ®g, HéR(X/Qp) = Z Cp(ha),
i=1

as GQp -representations.

In general, we also have the following spaces that have already appeared in the previous
section:

H(Qp, V) C H{(Q,, V) C H)(Qp, V) C H'(Gg,,V) = Ext'(V,Q,),

where
H,(Qp, V) :=ker(H'(Gg,,V) = H'(Qp, Bar ® V)),
Hy(Qy, V) :=ker(H' (Gg,, V) = H'(Qp, Barys ® V),
H}(Qp, V) :=ker(H'(Gg,,V) = H'(Qp, Bé5s ® V).

Tensoring now with V' the exact sequence

0 — Qp — BSSE — Bar/Bjr — 0,

crys
we obtain B ®V
0=V =BiLleov " o
Bir®V
We now take the long exact sequence in cohomology and we obtain
(Béys @ V)5 Dar(V) | | 1
- , — HY(Q,,V) = HY(Q,,B®lo V) — ...
Dés Fil’(Dar(V)) ' e

From here, the following isomorphism, denoted as expgy, follows immediate from the

definition:
Dgr (V)

" Fil® Dar(V) + Dé5a(V)

The inverse of this map is denoted as loggy.

eXPBK — Hel (Qp, V).

We have an étale regulator map
reg, : CHY(X,n) = H'(Gq,V),  V =HX""(Xg,Qu(0)),

that in the next chapter will be explicitly described for some particular case.

When I have a variety X/Q, it is a conjecture (proved in some cases, like for modular
curves by Saito), that the image of the étale regulator is in H}(Qp, V) c HY(Gq,,V),
and in favorable circumstances (say for modular curves), H}(Q,, V) = H}(QP,V).
In general, these two modules are not equal when we have non-trivial invariants and
H°(Gq,,V) or H(Gg,,V (1)) are non-zero.

Then, we can apply the Bloch-Kato logarithm that maps H}(Q,, V) to Dar(V)

Fil® D4rV
Hﬁﬁ”‘*l(X/@p)
Fil¢ HdR(X/Qp) :

(when

H } = H! the other term of the quotient vanishes) and then via Faltings to
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Summing a map, we will have a map, called syntomic regulator

H2cfn71 X
CH(X,n) — fﬂj ( /Qp).

Fil® Har (X/Qp)
We will explain now the concept of dual exponential map. We will describe first in
more detail the filtered ¢-module Deyys(Qp(7)). The choice of € = (€,,) determines the
element ¢ € Bgr and a basis e; of Q,(j) for each j, such that e; ® ej = e;4 ;. Further,
the element ¢ 7e; € Beys ® Qp(4) is Galois invariant and determines a canonical basis
for Derys(Q(7))-
The dual exponential map of V is the map directly obtained by duality and given by

exply « HE (K, V*(1)) = Fil’ Dar (V*(1)).

Observe that by the orthogonality properties we have worked before, H!(K,V*(1)) ~
HY(K,V)/H gl(K ,V), and we can understand the dual exponential map as an applica-
tion from H'(K,V) to Fil° Dyg(V*(1)) such that a class lies in the kernel if and only
if it is de Rham.

Let us finish this section saying a few words about Iwasawa cohomology and the con-
struction of Perrin-Riou big logarithm that interpolates both the Bloch-Kato loga-
rithm and the dual exponential map; more material in this direction can be found in
[Col]. As a motivation for that, consider a one-dimensional representation given by
V = Q,(¢xlyc), where 9 is a non-trivial, unramified character and j is any integer. If
1 were trivial, this would require the use of some of the more mysterious H, and Hy,.

In this favorable case, we can see Hsling((@p, V) as the quotient H'(Q,, V)/H}(Qp, V)
(and in general, we will have to take care of H. and H,). Recall that the orthogonal
of HY(Gk,V) is H,(Gf,V*(1)) and the orthogonal of H, (G, V) is H} Gk, V*(1)).

It turns out that, when j < 0, Hy(Q,, V) = 0 and H'(Q,, V) = Hly(Qy) 225 Q.

However, if j > 0, HY(Q,,V) = H}(Qp, V) Lo, Qp. In any case, H(Q,, V) is isomor-
phic to @, but this isomorphism is given up to a certain value by the dual exponential
and then by the logarithm. It is natural to think that it would be desirable to have
some interpolation map. This is Perrin-Riou big logarithm, that will be recovered in
the last section of Chapter 6.

Let V' be a p-adic representation of Gx of dimension d and T' C V' a Z,-lattice sta-
ble by G. Recall the classical notations K, = Gal(Qp(ipn)/Qp), Kso = UK, and

Iy, = Gal(Kw/Ky) = fy%p, where ~, is a topological generator of I';; and ~,, = 711”"71
Shapiro’s lemma gives, for any Z,[Gk]-module M, an isomorphism

H'(Gk,, M) = H (Gg, Z,[Gal(K,/K)] @ M).
The Iwasawa cohomology of V is

Hi (K, V) = @, @, lim H' (K, T),

where the inverse limit is taken with respect to the corestriction map.
The ring Q, ® Ag can be identified with the space of p-adic measures on I'g,

Qp & AK = Hom(C(FK7 Qp)a Qp)a

where C(I'k, Qp) is the space of continuous Q,-valued functions.
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Theorem 50 (Perrin-Riou). We have that Hi (K,V) =0 fori# 1,2. Moreover,

1. The torsion submodule of Hllw(K, V) is aQ, ®z, A -module isomorphic to VHE
and H{ (K,V)/VHE is a free Q, @z, Ax-module of rank [K : Qp]d.

2. H2 (K,V) = (V*(1)Hx)*

We can finally introduce the Perrin-Riou regulator map. Let p be an odd prime, and
F/Q, a finite unramified extension. Let V' be a crystalline representation of G with
non-negative Hodge-Tate weights and no quotient isomorphic to the trivial represen-
tation. Further, let Hg,(I'r) be the algebra of Q,-valued distributions on I'r. The
logarithm of Perrin-Riou is a map

£V,F : Hllw(F, V) — H(FF) ®Qp Dcrys(V)'

This map interpolates the Bloch-Kato dual exponential and logarithm maps for twists
of V' in the cyclotomic power. The main idea we must bear in mind is that it allows us
to construct p-adic L-functions from Euler systems. It is customary to write fr nv for
v(n), when v € H(I'k) ®q, Derys(V) and 1 : I'k — Q' is a character. Then, we have
this result:

Theorem 51. Let V' be a crystalline representation of Gg, with non-negative Hodge-

Tate weights and no quotient isomorphic to Q. Let n = xlyce, where € is a finite order
character of conductor n. Then, for x € HIIW(QP, V), we have that:

o If j > 0, then fr nLy(x) equals a explicit constant (that may be zero) times
€XPQ,,V(n=1)x(1) (xn,O) ® tiJEj.

o If j < 0, then fr nLy(x) equals a explicit constant (that may be zero) times
logq, v(n-1)(1)(#no @t ej).

These concepts will be reformulated when introducing global cohomology classes coming
from Beilinson-Flach elements.

5.3 What is an Euler system?

In this section, we will present a possible “official” definition of what an Euler system
is. However, we will not restrict too much to it and we will work these systems through
the (few) examples available in the literature.

Let K be a number field and O its ring of integers. Fix also a rational prime p and a
p-adic representation T' of G with coeflicients in the ring of integers O of some finite
extension ® of Q,. Further, assume that 7" does not ramify outside a finite set of primes
of K.

Let g be a prime of K not dividing p, and such that 7' is unramified at q. K(q) will
denote the maximal p-extension of K inside the ray class field of K modulo q and Frob,
is the Frobenius of q in Gx. Define

P(Frob; ' |T*; 2) = det(1 — Frobq |T™*) € Ola].
Recall that the determinant is well-defined because T™* is unramified at q.

Definition 44. Let K be an (infinite) abelian extension of K and N an ideal of K
divisible by p and by all primes where T ramifies such that:
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1. K contains K(q) for every prime q of K not dividing N.

2. KC contains an extension Ko of K such that Gal(K/K) = Zg for some d > 1
and such that no (finite) prime of K splits completely in K /K.

A collection of cohomology classes
¢c={cp e H(F,T)| K C; F C K}

is an Buler system for (T,KC,N) if whenever K Cy F Cy F' C K, then

Corpr/p(cpr) = ( H P(Frobq_1 T, FI"Obq_l)>CF,
qEX(F"/F)

where X(F'/F) is the set of finite primes of K not dividing N which ramify in F' but
not in F.

We say that a collection ¢ = {cp € HY(F,T)} is an Euler system for T if ¢ is an Euler
system for (T,IKC,N') for some choice of N and K as above.

If Ky is a Zg—extension of K in which no finite prime of K splits completely, we say
that ¢ = {cp € HY(F,T)} is an Euler system for (T, Ks,) if c is an Euler system for
(T, K,N) for some choice of N and K containing K as above.

For a first example, take K = Q. For every extension F' of Q,
HY(F,7,(1)) = lim HY(F, pin) = lim F* /(F*)P" = FX.
— —

Fix a collection {(m | m € Z} of compatible primitive roots of unity (¢}, = Gn for
every m and n). For all m > 1 and every prime [ we have that

(Cm —1) if l|m,
NQ(MmZ)/Q(Nm)(qml — 1) = (Cm — 1)17Frob;1 if [ J( m and m > 1
(=14 m =1

where Frob; is the Frobenius of | in Gal(Q(um)/Q).
Now, for every m > 1, we consider

Cmoo = NQ(ump)/Q(um)(Cmp - 1) € Q(:u’m)x - H' (@(Mm)7zp(1))7

and ¢m = No(u,.)/Q(um)+ (Emoo ), Where Q(pum )™ is the maximal real subfield of Q(fim).
The previous relations show that

{Cmoos €m | m € ZT}

is an Euler system for (Z,(1), Q*",p).
Another well known instance of this theory is the Euler system of Heegner points, that
we will later revisit.

5.4 Circular units

Recall that one of the motivations Bryan Birch and Peter Swinertonn-Dyer had before
formulating its celebrated BSD conjecture was to look for some analogy to the class
number formula, that asserts that the zeta function of a number field, (x(s), converges
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absolutely for R(s) > 1 and extends to a meromorphic function defined for all complex
s with only one simple pole at s = 1, with residue

2" . (2m)"2 - hg - Regg
wg - /| Dk '

The conjecutre of Birch and Swinertonn-Dyer, that we have explained in detail in
chapter 4, gives a similar result for the L-function of an elliptic curve. I would like to
establish an analogy between analogy (class number formula versus BSD conjecture)
and the less known analogy between the classical Euler systems of circular and elliptic
units and the more modern ones more related with BSD. Let us begin with a short
review of some facts concerning these circular units.

T (s — 1)Cre(s) =

We begin by taking x : (Z/NZ)* — C*, a primitive, non-trivial, even Dirichlet char-
acter of conductor N. At the negative odd integers, the values of L(s, x) belong to Q,,
what can be seen by writing L(1 — k, x) for even k > 2 as the constant term of the
holomorphic Eisenstein series

Ery(q) == L(1—k,x) +2 Z or—1,x(n)q"

n=1

of weight k, level N and character x (and invoking then the g-expansion principle
to argue that the constant term inherits the rationality properties of the coefficients

Ok-1,x(n))-

If p is any prime, the ordinary p-stabilisation

Ez?i((l) = Er(q) — X(0)p" " Brx (¢F)

has a similar Fourier expansion, where now it appears the term
Ly(1 =k, x) = (1 = x(p)p" ") L(1 = k, x)

and other terms of the form U,(Cp_)lyx(n) = pidin x(d)dF1:

EP (@) = Ly(1 — k) +23 ol (n)g".

n=1

For each n > 1, the function on Z sending k to the n-th Fourier coefficient O'](cp_) 1(n)
extends to a p-adic analytic function of k € (Z/(p — 1)Z) x Zj, and the constant term
inherits the same property. The resulting extension of L, (s, x), that had been defined
as a function on the negative odd integers, is the Kubota-Leopoldt p-adic L-function
attached to y.

The collection of eigenforms E,gp 3( is an example of p-adic family of modular forms (the
specialisations at negative even integers admit a geometric interpretation as p-adic
modular forms of weight k and level Ny). If k = 0, they are rigid analytic functions on
the ordinary locus A C X7(Np)(C,) obtained by deleting the residue discs attached to
supersingular elliptic curves in characteristic p.

We can proceed in a different way using the Siegel units g, € (9;1 (V) attached to a
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fixed choice of primitive N-th root of unity ¢ and parameter 1 < a < N — 1, such that
the g-expansion is

gala) = a1 = ¢ [T - a"¢") 1 = ¢"¢™).

n>0

Let ® be the canonical lift of Frobenius on A, sending (E,t) € A to (E/C,t+C), where
C C E(C,) is the canonical subgroup of order p in E. The rigid analytic function

9t = ©%(92)92" = Gpa(@®)ga(q) P

®

maps the ordinary locus A to the residue disc of 1 in C, and therefore log, g, is a

rigid analytic function on A with g-expansion

() _ logp(( —C” )+pz<zcad+c “d>

n=1 " pldln

log [0

Theorem 52 (Leopoldt). Let x be a non-trivial even primitive Dirichlet character of
conductor N. Then,

Ly(1,x) = —1 Z X~ (a)log,(1 —¢%).

The expressions of the form (1 — (%) when N is composite and 1=¢% Wwhen N is prime,
are called circular units. Let F\ be the field cut out by ¥, and let Z, be the ring
generated by its values. Then,

N-1

uy = [ —¢x” € (05, ®Zy)X

a=1

is a distinguished unit in F lying in the x-eigenspace for the natural action of the
absolute Galois group of Q.

The unit u,, acts as a universal norm over the tower of cyclotomic fields F) , = F\ (ppn).
That is, we have that

N-1
1
Uxn = H (1= XRrpn ) @) ¢ (OF, .. ®Zy)
a=1

and also that
Uy,n ifn>1

F,
Norm " (uy py1) =
Fon (Uxnt1) {UX © (x(p) —1) ifn=0.

After viewing x as a C,-valued character, let Z,, be the ring generated over Z, by
the values of x, with the trivial Galois action. Let Zj, , be the free module of rank one
over Zjy, on which the Galois group acts via x. We define in the same way Q,, and
Qpx(x)- The images

Fon = Oy € HY (Fyn, Zpy(1))X = H' (Fo, Zpa (1) (X))
under the connecting homomorphism of Kummer theory,

d: (F;n ® L)X — Hl(Fx,n7Zp7x(1))X7
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can be patched together in an element Ky o := (Ky,n)n>0 that belongs to
lim H' (Fn, Zpx (1) (x ™) = H'(Q, Acye @z, Zpx (1)(X 7)),

where Acyc is the completed group ring of Z; endowed with the tautological action
of Gg. Later on, we will construct similar cohomology classes like that associated to
modular forms, say (g, h), that will be useful for instance in the study of the Elliptic
Stark conjecture.

Given k € Z and a Dirichlet character x of p-power conductor, let vg¢ : A — Zj . be
the ring homomorphism sending a € Z; to a*=1¢71(a). Tt induces a specialization map
Vix t Meye = Qpe(k — 1)(€71) giving rise to a collection of global cohomology classes

Fkxe = Vie(Fyo0) € H(Q,Qpye (k) ((x€) ™).

For a Dirichlet character n with n(p) # 1, let F},,, be the finite extension of @, cut out
by the corresponding Galois character and G, = Gal(F),/Q,) its Galois group. We
have that

H' (@pa Qp,n(l)(n)) = (O;pm ®Qp Qp,n(n))Gn'
The p-adic logarithm log,, : OF,

b,

— Fy ;) gives a map
log,, + H'(Qp, Qpin(1)(m)) = (Cp ®a,, Qi (1)) %

The last identification comes from the Tate-Sen isomorphism F),, = C]? al(@/Fon)
Leopoldt’s theorem can be re-phrased as the following relation between the classes k1 ¢
and the values of the Kubota-Leopoldt L-function at s = 1:

(1 =x€ph) | logyelhiye)
1-(x$(p) ax§)

In particular, these classes k1 ,¢ determine the Kubota-Leopoldt L-function completely,
since an element of the Iwasawa algebra has finitely many zeros (Weierstrass prepara-
tion). This is the first main example of a bunch of formulas we will be studying along
this thesis: the special value of a p-adic L-function equals the logarithm of a certain
cohomology class.

Lp(lv Xg) =

5.5 Elliptic units

Apart from the cusps, modular curves also have another distinguished class of alge-
braic points, the CM points attached to the moduli of elliptic curves with complex
multiplication by an order in a quadratic imaginary field K. At such points, the values
of modular units give rise to units in abelian extensions of K, called elliptic units,
which play the same role for abelian extensions of K as circular units in the study of
cyclotomic fields. Writing ¢ = ™7, the Eisenstein series is given by

Fiy(r) = Mgt 21 53

k k-
(27’(2) (m,n)ENZXZ (mT T 7’L)

Assume that K has class number one, trivial unit group and odd discriminant D < 0,
and also that there is n € Ok such that Ok /n = Z/NZ. In this case we will say that
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E}, satisfy the Heegner hypothesis relative to K. With these assumptions, the even
character y gives rise to a finite order character y, of conductor n on the ideals of K
given by

Xn((@)) := x(a mod n).

This theorem of Katz is the analogous of Leopoldt’s formula replacing cusps by CM
points and circular units by elliptic units.

Considering 7, = bEN\F, where n = ZN + Zb‘*'g/ﬁ , we have that

(k—1)!

Ek,x(Tn) = ng(X)il (27ri)k

L(K7 Xn» k70>7

where for k1, ko € Z with k1 + ko > 2,

/

L(KathklakQ) = Z Xn(a)a_kléé_k2.

[ 110)7%

We observe that L(K, X, s) := %L(K, Xn, S, S), viewed as a function of a complex vari-
able s, is the so-called Hecke L-function attached to the finite order character x.

The following result of Katz is the direct counterpart of Leopoldt’s formula in which
cusps are replaced by CM points and circular units by elliptic units, that are nothing
but expressions of the form

Ugn = ga(Aa tn) = ga(Tn)7 Ug,% = gap)(A’ tn) = gép) (Tpn) = Ug?n_pa
where o, € Gal(K,/K) is the Frobenius at p.

Theorem 53 (Katz). Let x be a non-trivial even primitive Dirichlet character of con-
ductor N and let K be a quadratic imaginary field equipped with an ideal n satisfying
Ok /n=1Z/NZ. Let xy be the ideal character of K attached to the pair (x,n). Then,

N—
1 —
LP(Kv Xnao) - ( Xn X Z X logp Ug,n-

A key tool for proving this result is the introduction of the Shimura-Maass derivative
operator that already arose in the study of nearly holomorphic modular forms,

5k:271ri<%+rf?)’

that sends real analytic modular forms of weight k to real analytic modular forms of
weight k + 2. More precisely, if

0 = Ogt2r—20...0 0k 42 0 Of,

then 0y Ey = Epir—r. Recall that a nearly holomorphic modular form of weight k&
on I'1(N) is nothing but a linear combination

t
F=Y 60, fi  fi € Mg, (T1(N)),
i=1
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where the f; are classical modular forms of weight k& — 2j; on I'1(N). )
By a result of Shimura, nearly holomorphic modular forms of weight k£ defined over Q
take algebraic values at CM triples like (A, t,,w4). More precisely,

f(7w)
(nQx )k

This comes from the relationship between nearly holomorphic modular forms of weight
k and global sections of an algebraic vector bundle (arising from the relative de Rham
cohomology on the universal elliptic curve over Y;(N)), and on the interpretation of
the Shimura-Maass derivative in terms of the Gauss-Manin connection on this vector
bundle. Further, we have that

5]:f(A,tn,WA) = drf(Aa tmwA)'

In this setting it is convenient to introduce Katz two-variable p-adic L-function. First
of all, let

f(A th,wa) = € LK,.

EP (1) = By (1) — (1 4+ x(0)P" ) Brox (p7) + x(0)P" ™ o (077

It turns out that dTEE]X = > pm M 0k—1,x(n)g", and the coefficients of the expansion
extend to p-adic analytic functions of k£ and r on the weight space. This suggests
the definition of a function L,(K, xn, k1, k2), such that for k& > 2,7 > 0 satisfies the
interpolation property

LP(K7 Xns k+ T, _T)
Qk+27‘
P

= d’”E,EfL(A, oy WA),

and then extends to an analytic function of (k,r) € W2. In particular, L, (K, xu, k,0) =
(1 — xu(p)p~%)Ly(K, xn, k). We finish this section with a theorem of Katz:

Theorem 54 (Katz). With the previous notations,

N-—1
Lp(K, xa ' 1,1) = (1= xa ' ()L = xa(p)/p) x D> x~'(a)log, u),.

a=1

5.6 Heegner points

We will say just a few words about Heegner points, one of the most prototypical exam-
ples of Euler systems that have been widely studied. In general, when K is an imaginary
quadratic extension of Q and write H,, for the ring class field of K of conductor n, a
Heegner system attached to (E, K) is a collection of points P, € E(H,) indexed by
integers n prime to N satisfying certain (explicit) norm compatibility properties. When
(E, K) satisfies the Heegner hypothesis (all primes dividing the conductor of E split
in K/Q), then there is a non-trivial Heegner system attached to (E, K). Let {P,}, be
such Heegner system and let Pk = Tracey, /(1) € E(K). More generally, consider
x : Gal(H,/K) — C* a primitive character of a ring class field extension of K of
conductor n and let

Pr= Y x(0)P] € E(H,)®C.
o€Gal(H, /K)

The following formula provides the relation between the Heegner system {P,} and the
special values of the complex L-series L(E/K,s) and its twists.
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Theorem 55 (Gross-Zagier). Let (,), be the canonical Néron-Tate height on E(Hy)
extended by linearity to a Hermitian pairing on E(H,) ® C. Then,

1. (Pg,Px)=xL'(E/K,1).
2. (PX,PY) =«L'(E/K,x,1).
Here, * means equality up to a non-zero factor that can be explicitly described.

This allows to prove the theorem of Gross-Zagier and Kolyvagin, a proof of BSD for
analytic rank < 1.

In this analogy with circular and elliptic units, what we are doing is to replace the Eisen-
stein series EJ, , by a cusp form of weight k. We consider f € S,(NN), a normalized cus-
pidal eigenform of even weight k& on I'; (V) with rational Fourier coefficients and trivial
nebentypus character. Let K be a quadratic imaginary field satisfying the hypothesis
of the previous section, and assume that p = pp is a rational prime splitting in K
and which does not divide N. Consider the quantities 0} f(A,t,,wa) = d" (A, tn,wa),
which are in K, for r > 0. In this setting, there is a formula of Waldspurger relating
the L-function of f twisted by certain Hecke characters with the values of 6;. f. If ¢ is
such a character, then the L-series L(f, K, ¢, s) of f/K twisted by ¢ is defined by

L(f, K, ¢,5) = [ [1(1 = an(f) - o(ONI*)(1 = Bue(f) - p(ONI#)] 7,

[

where the product is over the primes in Ox and oy(f), 5;(f) are the roots of the Hecke
polynomial 22 — a;(f) 4+ ¥~ for f at | and we write apy := oy(f) if N[ = [*. Rankin’s
method can be used to analytically continue L(f, K, ¢, s) to the whole complex plane.

If k1, ko are integers with the same parity, let ¢y, 1, be the unramified Hecke character
of K of infinity type (k1, k2) defined on fractional ideals by the rule

¢k1,k2 ((a)) = ofrah ’

and define now
L(f: K7 kla kQ) = L(f> Ka gb];l{ky O)

We will finish the chapter stating the main result of [BDP] in the case that k = 2 and
f is attached to an elliptic curve E of conductor N. Let Px € Jo(N)(K) be the class
of the degree 0 divison (A, t,) — (c0) in the Jacobian variety Jo(NN) of Xo(IN) and let
Py i denote its image in F(K) under the modular parametrization ¢g : Jo(IN) — E
arising from the modular form f, and let wg be the regular differential on F, such that

Op(we) = wyp == 2mif(T)dr.

Theorem 56. Let f € So(N) be a normalized cuspidal eigenform of level To(N) with
N prime to p and let K be a quadratic imaginary field equipped with an integral ideal
n satisfying O /n = Z/NZ. Then,

1—ay(f)+p\2
Lp(f, K1, 1) = (p}())) Ing(PKJ)Q'
Although BSD conjecture is not our main concern in this thesis, it is a matter of justice
to recognize that many of this work comes with the motivation of finding evidence

towards the proof of BSD conjecture. In my expository paper [R3] I explain how the p-
adic L-funcion is involved in a different conjecture where the so-called exceptional zero
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phenomenon (related with the fact that the elliptic curve may have split multiplicative
reduction) arises. In [MTT], a p-adic L-function Ly(g,s) is associated to any ordinary
eigenform ¢ of even weight £ > 2, and to a choice of a complex period Q,. In [GS],
under the condition that the sign of E (as an elliptic curve over Q) has sign 1), it is
seen how the fact that L,(fs;k, s) vanishes on the critical line s = k/2 means that

0 0
%Lp(fooa 2a 1) - _Q%Lp(fooa 2a 1)7

and a further study of the factorization of L,(foo, k, 5), leads to

L(f1).

T ) = ~2(2) 7

This will imply that L, (f,1) = Olfdgi%%f), that was a conjecture in [MTT].

Heegner points are useful in the parallel study in which the sign of E is —1, and in this
case L(FE,1) = 0. The main result of the paper [BD] is the following:

Theorem 57. Suppose that E has at least two primes of semistable reduction. Then:
1. There is a global point P € E(Q) ® Q and a scalar | € Q* such that

d2

Tz Lo(fooi ks b/ 2)k=2 = 1 - logp(P)*.

2. The point P is of infinite order if and only if L'(E, 1) # 0.

The proof of this theorem exhibits P as a Heegner point arising from an appropriate
Shimura curve parametrization.
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6 Euler systems of Rankin-Selberg type

In this chapter we will introduce some of the main ideas of this thesis. Previously, we
have discussed some formulas describing the p-adic logarithm of circular units, elliptic
units or Heegner points in terms of values of the associated p-adic L-functions at points
outside the range of classical interpolation. Now we have several pretensions: on the
one hand, develop a new type of Euler systems in which we will be concerned about
triples of modular forms, say (f, g, k). This will be our first aim, that we will motivate
by recalling the celebrated Beilinson conjecture. After a short presentation of the de
Rham cohomology of curves over p-adic rings, we will move to a more detailed descrip-
tion of each of the possibilities arising here: Beilinson-Kato elements, Beilinson-Flach
elements and Gross-Kudla-Schoen elements, dealing first with the geometric construc-
tions and then with the L-functions. We will comment their applications to the BSD
conjectures and also, emphasize the role played by the different actors (cohomology
groups, regulators and L-functions) involved in this comedy.

6.1 Beilinson conjecture

Let f be a Hida family of tame level N and tame nebentypus x : (Z/NZ)* — L* C C*.
With this, we mean that there is a finite flat extension Ay of the Iwasawa algebra
A = Z,[[Zp]] and a formal g-expansion f(q) = > <,an(f)g™ € Af[[¢]] such that when
i is a classical weight lying above ., -

p(f) = plan(f)q"

is a classical modular form of level Np”™ and nebentypus ye,w % . In this section, we
use the convention that p, .. corresponds to the map z zker(z).
Geometrically, we can understand this as a finite covering

We = Spf(Ag) — W = Spf(A).

We have the following result concerning the Mazur-Kitagawa p-adic L-function, that
we will analyze later in more detail:

Theorem 58. There exists a function L,(f) € Af ®z, A which can be seen as a rigid
analytic function,
Lp(f) W x W — Cp

(b, v) = Lp(£) (s, v) := (1, V) (Lp(£)) € Cp,

such that for all (p,v) with p lying above py., (k> 2,r>1)andv =vj., (0 <j<
k—2,s>2),

€ (M?V)L(fk,eral/',gsvl) € (,u'ul/)L(fk,Ervg 71+.])
L)) = DU ke vien V) _ eplit N kers € 14J)

Srer Srrer

Observe that in the special case that ye,w¥€, is trivial or quadratic, then L(fre,,€s:5)
has sign +1 and L( fy.,,€s, k/2) = 0 when the sign is —1.

Recall that the integers satisfying either 14+ j > k or 1 + j < k — 1 are dense on the
whole plan W¢ x W, so in particular points of the form (uy,v;) are dense, and also
those of the form (pg.e,,vV_1,)-
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Let X be a smooth proper variety of dimension n > 0 over a number field F. For
0 <i < 2n, the étale cohomology gives rise to

{HY(X5,Q)}h,

a compatible system of Galois representations of Gp.

Let L(X,i,s) = L(HT;(X),S) = [l,co, (det(Froby —z)™1)|,=np-s, Where Frob, is an
endomorphism of (H*(Xp, Q). This function converges for R(s) > i/2 + 1 and
satisfies a functional equation relating the values at s and at 1 + 1 — s.

Conjecture 8 (Beilinson). Let F' be a number field and X/F be a variety of dimension
d. Take 0 <1i<2d, and c <i/2+ 1. Then, the order of vanishing

ordy—. L(H (X), 5)
coincides with the rank of the higher Chow group CH™ T (X, —2¢ 44 + 1),

Consider the simple case in which X = Spec(F'), with F' a number field and i = 0.
Then,

L(H"(Spec(F)), s) = Cr(s)-

This function has a pole at s = 1 and for ¢ < 1 we have that the order of (p(s) at s = ¢
is:

e r{ +1ro—1 when ¢ = 0.
e 1 + ro when c is negative and even.
e 75 when c is negative and odd.

This quantity always coincides with the rank of Kj_9.(OF) by a theorem of Borel.

6.2 Higher Chow groups: a quick overview

We will now explain the definition of the higher Chow groups and their relation with
the previous material. For this, let

An:{(xO,x17"'axn)€An+1‘$0+$1+...+5En:1}

be the usual n-dimensional symplex.
We will have a chain of groups of the form

CH(X,n+1) — CHY(X,n) — ... — CHY(X, 1) — CH%(X,0) = Hag_.(X) = H*(X),

where the maps are denoted by 0; : CH(X,i) — CH(X,i — 1), and in the last step,
H?¢(X) denotes any of the standard cohomologies attached to X (étale, de Rham, ...).

Definition 45. Eﬁc(x n) ={>_n;Z; | n; € Z}, where Z; C X x A, is an irreducible
subvariety of dimension d+mn — c (codimension ¢ in X x A, ) intersecting property with
all the subfaces of A, (that is, all the subsets X x F', where F' is a subface of A;).
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Definition 46. We define the boundary maps

8, : CH (X,n) > CH (X,n—1)
ZHZ F(Zn (X x AkY),

where Al = {(z0,...,2n) € A | z; =0}
The map 9y : CH (X, 0) — Hag—2.(X) is defined by sending Z — |[Z], since Z =
> n;Z;, where the Z; have complex dimension d—c, and hence real dimension 2(d—c).

It is not complicated to check that this defines a complex of abelian groups and hence
we can consider the associated cohomology groups, namely

ker 9,

CH(X,n) := ———.
( n) Im 911

There are other notations for this, more in the realm of K-theory, such as Kff) (X),
and also in the motivic setting, Hzc "(X,Z(c)).

mot

Let us consider some examples.

1. CH®(X,0) is nothing but the set of elements of the form Z = ) n;Z;, where the
Z; have codimension c in X and are homologically trivial, considered modulo the
equivalence relation induced by the image of 0. Roughly speaking, two elements
of CH%(X,0) are the same when we can continuously deform one into the other.
When X is a curve, we recover the jacobian: CH!(X,0) = Jac(X), that is, the
formal sum of Y n; P; (with n; # 0 only for a finite number of points), under the
relation that D ~ D" if D — D’ = Div(u) where u € K(X)*.

2. Consider now a variety X and its first Chow group CH!(X,1). It consists on
elements Z C X x Al of codimension 1. The relevant fact here is that there is a
natural inclusion

O(X)* — CHY(X,1)

that in general will be an isomorphism. It is given by sending u to Z,,, the graph of
u. u is a function from X to P! and hence it can be mapped to {(z,u(x) | = € X}.
We observe that 01(Zu) = Zulxx{0} = Zulxx{sc} = 0, since u has neither zeros
nor poles.

3. Another remarkable example occurs when X is an algebraic surface and we con-
sider CH?(X,1). In this case, we can understood it as elements of the form
> ni(Ci,u;), where C; is a curve in X and u; € K(C;) with > n; Div(u;) = 0
(modulo an equivalence relation). The set of these elements can be embedded in
CH?(X,1) by sending (C,u) to the graph Zicwy = {(c,u(c) € X x A'} (c being
a point in the curve).

These groups are endowed with a rich structure given by the intersection (cup) product:

CH®(X,n) x CH® (X,n') — CH*" (X, n 4 n).
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In particular, we can consider CH!(X,1) x CH}(X, 1) — CH?(X,2), that sends a pair
of modular units (u, v) to {u,v}.

Another important fact is the existence of an excision exact sequence: if Y C X is a
subvariety, there is an exact sequence

... = CHYX\Y,n) —» CH(X,n) - CH(Y,n) - CH(X\Y,n— 1) — ...
In particular, we have that a part of this exact sequence is
CH'(X,1) — CHY(Y,1) — CH'(X\Y,0)

Inside CH'(X, 1), I have the elements of O(X)*, that are only the constant functions.
Inside CH(Y, 1), we have O(Y)*; when some of these elements maps to zero, it must
come from a non-trivial element in CH'(X, 1), and this is a remarkable way of detecting
non-trivial classes in these Chow groups.

We cannot forget that our ultimate goal will be to give formulas for the values

Lp(£) (b0 Vies )

for k> 2 with j <0 or j > k — 1. Since

Lp(f) (,Uk,erv Vj,es) = *Lp(f) (,Uk,em Vk*jfZ,es)y

(where * is a non-zero simple algebraic factor), the values at j < 0 are directly related
to those of the form j > k£ — 1 and we will focus only on 5 < 0.
Morally, we expect a relation between L, (f)(tk.e, , Vje,) and

I'(k—1-j) (k—j—2)!

L 14+9)=
(oo 1 +7) = I(1+37) simple pole

L(fl;:kvk_l_j): L(fl;k7k:_1vj):0‘
We therefore have that the order of L(f,s) at s = ¢ = 1+ is always > 1 and typically
one.
Let k > 2 and j < 0. The Beillinson conjecture predicts (taking c =1+ 75,1 =k —1)
that

ords—14j L(fre,, €, s) = rank CHF =Y (Wi, k — 25 — 2).

In this setting, since the order of vanishing of the L-function is > 1, it is natural to ask
ourselves if there is a canonical choice of an element in the Chow group of the variety
Wy,. Not only this, we expect to relate L'(fe,, €5, s) with some complex invariant of
A and Ly(f)((k,€r), (J,€s)) with some p-adic invariant of A.

It is for that reason that we recover the Abel-Jacobi maps, also known in this context as
étale regulators. Let X/F be a d-dimensional variety. Then, there is a homomorphism

reg., : CHY(X,n) — HI(GF,V)

where V. = H2 " Y(Xz,Zy(c)). Recall that if V is a Gp-module, then V(c) is the
G p-module where o acts in v € V by 0 % v = x¢yc(0)o(v) (this is what we call a twist
by the cyclotomic character).
In general, we have that H'(Gp,V) = Ext'(V,Z,). Observe that for instance, given
an extension

05V —E52Z,-0

89



we can associate to it the cocycle that sends o to o(0) — ¥, where 0 is a preimage of 1
by the application 7 : £ — Z,,.

We now explain how to build this étale regulator map when n = 0. Let Z =)/, n; Z;.
Recall the excision exact sequence

Hi*(Z,V) = Hy(X,V) = Hy(X = Z,V) = Hif 1742, V),
and in the particular case that ¢ = 2¢ — 1, it yields that
0— HX NX,V) = HX (X = Z,V) = HY(Z,V) ~ 7 = HX(X,V) = ...

We can see Z, inside Z;, by considering the map given by 1 — (n1,...,n,) and then
extended by linearity. This element is 0 in H2°(X, V) by hypothesis, since in the Chow
group there are only homologically trivial elements. Further, if 7 : H**"Y(X - Z,V) —
Zy, let B, = m'({(n1,...,n,))). Then, I obtain the exact sequence

0=V —=E, —7Z,—0,

which is an element in H*(G, V), as desired (this will be the image of Z).
Let us consider a concrete example. Let X/F be a curve; the étale regulator, or étale
Abel-Jacobi, is given by

regy, : CH'(X.0) ~ Jac(X)(F) — HY(GF, Ty(Jac(X))) = H(Gr, H (X, Z,(1))).

Take z = D = [> n;x;] with > n; = 0. Then, we can apply the same ideas as before
and associate to an element in the Chow group the exact sequence

0—=T,(JacX) = Ep — Z, — 0,

where we can visualize the idea that points on elliptic curves can be seen as extensions
of the Tate module by Z,,.

We can repeat this in the setting of de Rham cohomology. When we take X = X (M)
and Y = Y7 (M) we have that the excision exact sequence reads as

0 — Hip(X1(M),C) = Hig(Yi(M),C) = @]_ Hi (c;) = Hag(X1(M),C) = 0,

where ¢; refers to the cusps.

The group H} (X1(M),C) plays a role comparable with that of the Tate module, since
it is isomorphic to Sa(M) @ So(M)*. If instead of using coefficients in C we had used
Vi—o we would have recovered Sy (M) & Si(M)*.

On the other hand, Hjp (Y1(M),C) ~ H}(I'1(M),C) =: MSr,a)(C), and there is a
surjection of this cohomology group onto Div? (cusps) ~ C" 1,

We are going to see that

Eisy (M) 22 Div?(cusps) ® C,

that is, that I can recover Eisenstein series from the cusps. This would be the key tool
for proving Eichler-Shimura isomorphism (the space of modular symbols consists on
twice the cuspidal forms together with the Eisenstein series).

Given D € Div?(cusps), we get that [D] € Jac(X) is torsion by the Manin-Drinfeld
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theorem. Then, for some m > 1, mD = Div(u), where u € K(X)*. In fact,u € O(Y)*.
In this setting, it is natural to define what will be the Eisenstein series

!/

1
E, = dlog(u) = % = (a)u' c YY),

obtaining that way a differential on Y (and a meromorphic differential on X). It is not
difficult to check that u has a simple pole at all the cusps in the support of D.
We are going to do now a sketch of the construction of the Beilinson-Kato element
A(ke,),es) for the case k = 2,5 = —1. Assume for the sake of simplicity that r < s
(this is already dense in W x W).
Let W = X;(Np®). Recall that
A=NDpe)(-1e) € CH(X1(ND®),2) ®z Q.
Observe also that we have an excision exact sequence and an intersection product
CHY(Y,1) x CHY(Y,1) — CH*(Y,2).
Note that for the case of two Dirichlet characters x1, x2, we can consider
By(x1,x2) = Y ang",
n>0

where for n > 1,

an =Y _x1(n/d)xa(d)d.

din
Then, Fa2(x1, x2) = dlog(u), for some u = u(x1, x2) € O(Y)*.

In general, when we consider an arbitrary Dirichlet character x of conductor N, since
O(Y)* is embedded in the first Chow group, we can take

uy = U(Xu 67“68)7 Uz = U(l, Xg’rgs)

and consider its cup product, that lies in CH(Y,2). We would like to define now
A, € CH?(X,?2) as something of the form

Ay = {u1,uz} + auxiliary terms,

where {uy,us} is the element of CH?(Y,2) corresponding to the cup product. This
comes from the existence of the following exact sequence

0 = K2(Q(Cnps)) ® Q = CH (cusps, 2) — CH?*(X,2) — CH*(Y,2) — CH'(cusps, 1),

so we can take A, to be {u,us} minus the value of its image in CH'(cusps, 1).

From p-adic Hodge theory, we have another different map, called syntomic regulator

Hip " H(X/Qp)
Fil° Han(X/Q,)

In particular, we can apply it to the Kato element A, € CH?*(X;(Np®),2).

CH®(X,n) —

Theorem 59 (Kato). We have the following equality, where x is a factor depending
on x:
Lp(f)((Q’ ET)v (_17 68)) = *<regsyn(AX)a "7f2,€r>'

We will turn to analyze some of these aspects later on and explore the role played by
L-functions more deeply.
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6.3 The de Rham cohomology of curves over p-adic rings

In the next sections, we will construct cohomology classes with several arithmetic ap-
plications. To understand the construction, it is crucial to have a general view of some
results concerning both the cohomology of curves over p-adic rings and some facts about
nearly holomorphic forms that already appeared in chapter 2.

Let X be a smooth proper curve over Spec( p), and let X and X be its special and
generic fiber. Let {P,..., P} C X (Fy) be a non-empty collection of closed points
stable under the action of GF Since X is smooth, these points admit lifts Pl, .. P S

X(Oc,), and we will fix one of these lifts stable under the natural action of Gaq,,
which determines the affine scheme X’ = X — {Py,..., P;} over Spec(Z,). We call X’
and X’ to its special and generic fiber, respectively. We have a natural identification
X(Cp) = X(Oc,) and a reduction map red : X(Cp) — X(F,). Let A :=red *(X'(F,))
be the standard affinoid attached to X’. It is a connected affinoid region obtained by
deleting a collection of s disjoint residue disks. For j = 1,..., s choose a local coordinate
Aj at ]5j; this gives rise to a family of wide open neighbourhood of A, indexed by a real
parameter € > 0,

—.AUU{JUEred (P;) such that ord, \;(z) < €}.
7=1

We clearly have A C W, C X'(Cp) and W, CW,, if €1 < 2.

If K is a complete subfield of C,, let Q(W,/K) be the rigid differentials on W, defined

over K. Let Hrllg(WE/K) = %ﬁif). Because X' is affine, Hlz (X'/K) = Qlég;{//K),

The natural restriction map Q'(X'/K) — QY(W,/K) sends exact forms to exact forms
and it induces a map

comp, : Hig(X'/K) — HY,(W/K).

For each annulus in W,, say Vi, ...,V there is a residue map
resy; : Q' W/K) — K(—1).

This map vanishes on dOyy, and hence it is well-defined on cohomology. Further, it
results that for any € > 0, comp, is an isomorphism of K-vector spaces.

This will help us to understand the action of the Frobenius on de Rham cohomology. Let
o € Gal(K/Q,) be a Frobenius automorphism and let ® : A — A be a characteristic
zero lift on the special fiber X’. It extends to a morphism ® : W, — Wy for 0 <
€ < € and it induces linear maps ® : OW./K) = OW,/K) and ® : Q'(W./K) —
Q'(W,/K). This Frobenius gives rise to an endomorphism on H_ (X’/K), also denoted
by ®; it is defined as the unique endomorphism obtained from

®: Hi\(We/K) = H,(We/K)

composing with comp at each side.
Hl: (Xk) is defined as the K-vector subspace on which ® acts via multiplication by a

p-adic unit (unit root subspace, Hg (Xx)™). In general, Hlz (Xx)®?! is the subspace
spanned by vectors on which ® acts with slope t. The de Rham cohomology Hl (Xk)

92



is equipped with the usual alternating Poincaré duality, that is compatible with the
Frobenius:

(@1, PE2) = P(€1,82) = p(&1,&2)-

For the case of elliptic curves, let X7 (/N) be the modular curve over Spec(Z[1/N]) clas-
sifying generalized elliptic curves endowed with an embedding of puy. If p t+ N, let
X = X1(N) Xgpeezi/N] Zp and X = X x Spec(Q,) and consider the supersingular
points Py,..., P, e X (Fj2) of the special fiber. These points are the zeros of the Hasse
invariant, introduced in chapter 2. We can reproduce the previous procedure, and we
will have X' = X — {Py,..., P}, A = red”}(X'(F,)). A is called the ordinary lo-
cus. Recall further that whenever ord Ej,—1(2) < F5, the elliptic curve A, admits a
canonical subgroup Z, which makes possible to choose a canonical lift of the Frobenius.

Before going on, it is convenient to recall the sheaf interpretation of modular forms,
that we will freely use along the next pages (these concepts had already appeared in
Chapter 2): a modular form ¢ on I't1(N) of weight & = r 4+ 2 with Fourier coefficients
in K is a global section of w2 = w" @ Q4 (log cusps) over the base change Xk of X
to K. w" is a subsheaf of £, := R!7.(£ — Y), where we have the exact sequence

0—>sw—L—-w =0

L, is a coherent sheaf over X of rank r + 1 endowed with the Gauss-Manin connection.
We have a notion of Poincaré duality, that induces a perfect pairing

<7>k,X : Hl(XK,wfr) X HO(XK,WT ®Q}() — K.

We will set, as usual, wy = f(2)dz and @y = f*(z)dz. The antiholomorphic differential
is -
ah . __ wf
(@pwprx’

and this gives rise to a class in H}(Xc, £y, V), whose image ny in H'(X¢,w™") be-
longs to H'(Xg,w™").

When K = C, Hodge theory gives a canonical splitting Sply,q, : £ — w on the previous
exact sequence. We will denote by the same symbol the associated map £F — wF, as

well as the resulting map
Splpgg : HO(XCa (Lr® Qﬁ()par) - HO(Y((C)ana w'® Q%()

The image of Splyg, is called the space of nearly holomorphic cusp forms of weight
E=r+2onTi(N).

Let us see some applications of this theory to the construction of Beilinson-Kato ele-
ments.

Given modular units u; and ug in O(Y)*, we consider an element {uy,us} € CH (Y1)
(as we have seen, this gives rise to an element in CH!(X, 1)) that is called the associ-
ated Steinberg element. In this setting it is important the description done by Besser
of the p-adic regulator regp{ul,ug} € H éR(Yl). It is a rigid morphism on a system
{W,} of wide open neighborhoods of the ordinary locus A C Y7 obtained by deleting
from Y7 both the supersingular and the cuspidal residue discs. Let ®15 = (Py,, Py;)
be the corresponding lift of Frobenius on Y; x Y; and let P € Q[z] be any polynomial
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satisfying that P(®) annihilates the class of duill ® % in Hfig()/\/6 xW,) and that P(®y,)

acts invertibly on Hrlig(We). This choice of P gives a rigid 1-form on W, x W,, say
pp(ui,uz), such that

du1 dUQ

dpp(ui,uz) = P(P12) (u—l ® U—Q)

It is well defined up to closed rigid one-forms. Choose now a base point € W, and let
d, i, and j, denote the diagonal, horizontal and vertical inclusions, respectively. Set

Epa(ur, ug) := (6% —i% — ji)(pp(u1, u)) € iy (We).
Its natural image in H

rig(VVE), that we will denote as p(u1,u2) does not depend on
the choice of one-form pp. The conditions we have imponed on P allow us to define
the class

Eo(ur, ug) i= P(Py;) pa(ur, ug) € Hiy(We).

This class does not depend neither on P nor on the choice of the base point . We can
then define reg, {u1,u2} := §(u1,uz). We therefore have

reg,{ty, u(x1, x2)}(nf') = (nf", regp{uy, ulxi, x2) 2y

This kind of results, that may seem mysterious at first sight, will have a great impor-
tance later on.

6.4 Beilinson-Flach elements

In this section, we explore the construction of the Beilinson-Flach elements, following
[BDR1] and [BDR2]. This is the first step towards our results of chapter eight, where
we will see several arithmetic applications of this cohomology construction. We are
going to consider f and g, two normalized newforms of weights k, [, levels Ny, N, and
nebentypus X, x4, respectively.

The classical Beilinson formula relates, on the one hand, the Rankin L-series L(f®g, s)
evaluated at s = 2, and on the other, the image under the complex regulator of certain
explicit elements in CH?(X;(N)?, 1) ® Q. In the p-adic setting, the complex L-series
will be replaced by Hida’s p-adic Rankin L-series and the role of the complex regulator
wil be played by the p-adic syntomic regulator we have already presented. Along this
section, we keep the notations introduced in chapter 3 when discussing the L-series
associated to Hida families.

Let S be a quasi-projective variety over a field K and let K;(.S) be Quillen’s algebraic
K-groups of S. The motivic cohomology groups H (S, Q(n)) = Kéz)_l (S) of S are just
the n-th graded piece of the Adams filtration on Ky, ;(S) ® Q. In a parallel setting,
Bloch introduced the higher Chow groups, CHi(S,n) of S or in general, as we have
seen, of a more general variety. We will follow this approach.

First of all, we will consider the smooth projective surface S := X x X, where X
is the modular curve over the field K generated by the Fourier coefficients of the two
modular forms f and g. Then, we will move to S5 := Xo(Np) x X1(Np®) and eventually
to Sy := X1(Np") x X1(Np*). The higher Chow group CH?(S, 1) can be described as
the first homology of the Gersten complex

0 Div
Ky (K(S)) = ®zcsK(Z)™ —% ®pes’,
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where K5(K(S)) is the second Milnor K-group of the rational function field K(S); 0
is the map whose component at Z is the tame symbol attached to the valuation ordy;
O 1= DzcsK(Z)* is the set of finite formal linear combinations ), (Z;, u;), with Z; an
irreducible curve in S and u; a rational function on Z;.

Let F the the field generated over K by the values of the Dirichlet characters of modulus
N, where N is the least common multiple of Ny and Ny. Recall that we have begun
by considering the case S = X x X. An element of © of the form ({P} x X, u) is
called vertical, and one of the form (X x {P},u) is said to be horizontal. A linear
combination of vertical and horizontal terms is said to be negligible. Let A C S the
diagonal embedding of the curve X in S. Let F be the field of definition of our surface.
We claim the following;:

Lemma 14. There exists a negligible element 6, € © @ F such that
Div(0,) = Div(A, u).

Proof. We will make use of Manin-Drinfeld theorem, considering for that the element
D, = Div(A,u) € UpegF, the image of (A,u) € © under the divisor map. Since
D, is an F-linear combination of elements of the form (c1,c1) — (c2,¢c2), where ¢; and
co are cusps of the modular curve Xg, it is enough to construct § € © ® Q such that
Div(0) = (c1, 1) —(c2, ¢2), and by Manin-Drinfeld, there is a € O(Yx)*Q whose divisor
is ¢ — co and the negligible element given by

0={a} xX,a)+ (X x{c},a)
satisfies the desired requirements. O
Then, to an element (A, u) € © ® F we can associate it the class of
Ay = [(A,u) —6,] € CH?(S, 1).

We want to explore the meaning of the p-adic regulator in this setting. Let us give a
feeling of what is happening with it. Let X denote the smooth model of X over O,
the ring of integers of K, (a finite extension of Q,). Let X be the special fiber and
consider S = X x X. The p-adic syntomic regulator is, as we have seen, a map

reg, : CH?*(Sk,, 1) — (Fil' Hig (S/Kp))*.

After possibly enlarging Kp, let {Py,..., P} C X(Op) be a set of points consisting of

the cusps and of a choice of a lift of every supersingular point in X'(F),).

We will use the same notations as before for the rigid cohomology of a modular curve.
In particular, we will recover the polynomial P(x) € Cp[z] defined in the previous sec-
tion, as well as the rigid analytic one-form pp € Q'(W?). From now on, we will fix
both P and pp.

Let P,(t) € Cp[t] be such that Py(®) annihilates the class of w, in Hrlig(We), say
Py(t) == t* — ap(9)t + x4(p)p and let F, € Oyig(W,) be a Coleman primitive of w,.
In the same way, let Pg, (f) be a polynomial such that Pg, (®) annihilates the class
of Ey, say Pg,(t) := t" — p", where h is the order of the root of unity x(p). Then,
Fp, = p~"Pg (¢)log(uy) € Org(We) is a Coleman integral of E,.
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Let A C W? denote the diagonal and define & := [pp|a] € Hng(W) ~ Hl (X'). Tt

can be checked that this class is well-defined. Moreover, we can set &' := P(®)~!- ¢}, €
Hl: (X'). Finally, let Sply : Hiz(X') — H}z(X) be the Frobenius equivariant splitting
of

0 — Hig(X) = Hig(X') = Ky(-1)""' =0

and put £ := Sply (&) € Hig(X).
Proposition 23. We have that reg,(Ay, )(wg @ n}") = (07", &).

In next sections we will explore the connection between the regulator map and L-
functions.

We will now move to the case of S5 := Xo(Np) x Xg (with Xy = X;(Np*)) and
Srs = X, x X;. For the first case (that is worked out in [BDR2]), let

s+ Xs = Xo(Np)

be the natural forgetful projection of modular curves compatible with the U, corre-
spondence acting on both curves. Let

Ly = (7g,1d) : Xy = S,

be the closed embedding given by ts(z) = (7s(z), z). Finally, let Ay := 15(Xs) C Ss be
the resulting embedded curve in Ss.

For S, s, with r < s we could consider
Trs X — Xy
the natural forgetful projection of modular curves, and then define
trs = (Frs, 1d) : Xy < Sy,
Ay s =t s(Xs) C Sy s would be the diagonal in S .
Lemma 15. For any u € O;S there is a negligible element 6, € CH?(S,,1)r such that
Div(0s) = Div(Ag, u).
Hence, we can define
BF (u) := [(As,u) — 05] € CHioy (S5, 1)(Q),

that is called the Beilinson-Flach element attached to u € Oy . In general, we can
consider BF(a; Np®) := BF(gy y,s) and BF, := BF(1; Np®), where we have used the
notation gq;as for the Siegel unit

Ya;M = Ca 1/12 H 1 - C )

If we introduce now the cohomology modules

Vo(Np) :== Helt(XO(Np)va)(l)a Vs = Hgt(XSva)(l) for s > 1,
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and natural maps B
pryy: Hgt(SmZp)(Q) — Vo(Np) ® Vs

reg,; : CH*(Ss,1)(Q) — H'(Q, Vo(Np) ® V4),

we will be able to define the so-called Beilinson-Flach cohomology classes of level Np?,
that are

k(a; Np*) := rege,(BF (a; Np*)) € H'(Q, Vo(Np) ® Vi),

ks = k(1; Np®).

A study of the restriction to Gg, of the classes ks would be the key for proving the re-
lation with the values of the Hida-Rankin p-adic L-function associated to Hida families
passing through f and g.
Although we will not discuss this in detail, we will say a few words about the key
ingredients involved in the discussion. In this description, one must use p-adic Hodge
theory and introduce the Dieudonné module of the Kummer dual V(1) = Vjg-(—1)
of Vyg, denoted as Dyg«(—1) and canonically identified with Dyg«. Since in this case
HYQp(pps), Vig) = H}(Qp(,ups), Vtg), the Bloch-Kato logarithm gives an isomorphism
between H}(Qp(ups), Vi,) and Fil°(Dyg.(—1))*. Now, one can define suitable vectors
in Fil’(Do(Np)[f] ® Ds(—1)[g*]) constructing explicit elements 1y € Do(Np)[f] and
wgw € Ds[g*]. More details are given in [BDR2].

The most remarkable aspect of all this theory is that the classes we have constructed
form a norm-compatible system of elements. This is relevant since our main contribu-
tion will be based on the idea of taking advantage of these p-adic variations and proving
nice properties about these A-adic classes.

We will begin with the simpler case of X,. For s > 0, the U,, compatible projections

Ts4+1,s - Xs+1 — Xs
of modular curves give rise to maps
Ts+1,s - Ss+1 — S

on the associated surfaces. Write also me41,s : O)X(s+1 — (’))X(S for the norm maps on
units.

Proposition 24. For all s > 1,
7Ts+1,8(92;Nps+1) = gzu;NpS'

Write 7oy 1,5 : CH?(Ss41,1) — CH?(S,,1) for the norm maps on higher Chow groups
induced by push-forward under the maps m115. It preserves the subspaces of negligible
classes and then induces a well-defined map

Tor1s : CH2.,(Ss11,1) — CHZ, (S, 1).

neg neg

These norm compatibilities of the units g, nps are inherited by the associated Beilinson-
Flach elements.

Proposition 25. For all s > 1,
7Ts+1,s(BF(a; NPSH)) = BF(CL; Nps)v 7Ts+1,s(BFs+1) = BFS)
the equalities in CHZ,,(Ss, 1)(Q).

neg
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Now, we can formulate as a corollary one the main results of [BDR2]:

Corollary 5. The Beilinson-Flach cohomology classes ks are compatible under the
norm map

7T8+1,8(K/S+1) = KRs-

In particular, the classes ks can be packaged together into the inverse limit class
Roo = (55)521 S Hl(@a %(Np) & VOO))

where

Vo := lim V.

—,8

Recall that we did something similar in the presentation of circular units: analogies
with those simple settings are continuously present.

We would like to repeat this same construction for the case of X, ;. When r is fixed,
we can consider the projection

7T§+1,5 : Xr,s+1 — Xr,m
and then with s fixed we could take
1

T X s = X

Both maps should be well-behaved with the different structures involved (following the
same reasonings than before) and we coud finally consider a global class

Roo = (ﬁT,S)T,SZI S Hl(Qavoo 0y Voo)

Coming back to the Xs-case, it will be convenient to replace the module V., for its
image under the ordinary projection. Let

ord ,__ ord ,__
va = eorst: Voo = eordVoo

The action of the group D, of diamond operators on X endows the Gg-module yord
with a natural structure of module over the Iwasawa algebra A = Z,[[Dso]]. A result
of Hida assures that this module is finitely generated and locally free over this algebra.
Its Hecke eigenspaces realise the A-adic representations attached to ordinary families
of eigenforms.

The A-adic Beilinson-Flach cohomology class is defined as

kI = eqqrs € HY(Q, Vo(Np) @ Vord),

KA = eorahio € HY(Q, Vo(Np) @ VI,

Let f =g+ ,50an(f)q" € S2(Np) be the cusp form on which U, acts with eigenvalue
ay. Let 95 : Gg, — O be the unramified character of Gg, such that ¢ ¢(Frob,) = ay.
Then, there is an exact sequence

0=V = Vi =V =0,

with Vf+ o~ O(@D;lecyc) and Vi~ =~ O(¢y). Let €yc be the A-adic cyclotomic character
satisfying
1 11

— )
Vie © €cyc = €€cyc W
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for any [ > 1 and any Dirichlet character € of p-power conductor.

We can define a projection ¢ : Vo(Np)®O — Vy. For that, let 74 : X1 (Np) — X1 (Ny)
be the degeneracy map induced by multiplication by d on the upper half plane (d is any
positive divisor of Np/Ny). Let mq. : Vo(Np)[fo] = V¢ be the map in étale cohomology
induced by mq and define 7¢ := ) Agmgs.

In the same way, let g = > -, an(g)¢" be a A-adic cuspidal eigenform of tame level
N and tame character y. By the results of Hida and Wiles there is an associated two-
dimensional Galois representation Vg over Ag, characterized by the property that the
characteristic polynomial of Frob; for I { Np is T? — aj(g)T + €cyc(l). As before, we
have the exact sequence

0=2Vi VgV, =0,

with Vi ~ Ay (1 xecye) and VE =~ Ag(thg). Again, 9g : Gg, — AJ is the unramified
character sending Frob, to ap(g). )
The A-adic form g gives rise to an epimorphism 7g : V&4 — Vg of A[Ggl-modules. Set

Vig:=Vr® Vg, Tfg=7f®mg: Vo(Np) ® Vgédvf,g-

In the setting of X, s we would have to consider modules V¢, and a projection 7¢ g :
d d
Vel @ VI — Ve g

Definition 47. The A-adic cohomology class attached to (f,g) is

k(f,g) = Wf,g(’iggd) € Hl(Q7Vf,g)'

In the same way we would have defined k(f,g).

Let I > 1 be an integer and € a Dirichlet character of conductor p® for some s > 1. Let
y be a point in Qg = Spf(Ag) such that wt(y) = v, and assume that the specializa-
tion g, of g at y is a classical eigenform (which is true if [ > 2). Then, g, belongs to
M;(Np®, xyew'™") and is a cuspform if [ > 2. Define x(f,g,) € H*(Q, Vi g,) to be the
specialization at y.

One of the main results in the theory of Beilinson-Flach elements, that will appear
again, is the following connection with L-functions. Basically, it states that the loga-
rithm of the local class kp(f, gy) equals the p-adic L-function evaluated at y (multiplying
by some explicit factors).

Theorem 60. Let y € Qg be an arithmetic point of weight-character va . for some
character € of conductor p®. Then,

as—l

log, kp(f,9,) 1y @ wgy) = Glxew™) - —— X(p)g,laflafl - Ly(f.8) (),
f Gy

where G(x) = Zfl‘il x(a)Cq;, being M the conductor of x.

The last aim of the section is to provide a sketch of how to derive an explicit reciprocity
law, that will have a parallelism in the setting of Gross-Kudla-Schoen elements and that
is useful for establishing the connection with L-functions. The objective is to emphasize
the general philosophy of how to reach results like the last theorem of this section, in
which we establish a connection between the vanishing of the L-function in the central
point and the fact that a cohomology class is de Rham. In all these results we see the
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shadow of the ubiquous Perrin-Riou’s big logarithm. These results will reach a great
importance at the end of the chapter, where we will summarize the recent results of
[KLZ] that are used in [RiRo].

The Ag-module Vg admits a Gg,-stable filtration, given by
— 0 ._
Vi =VieVl Vi =Vi@Vi + V@V, CVy,.

Observe that V;{g and ijg have rank 1 and 3 over Ag respectively. More details can
be found in [BDR2] and some of these ideas will be recovered at the end of Chapter 7
when exploring the canonical structures associated to a Hida family.

Lemma 16. There is an isomorphism of Ag|Gq,]-modules between Vg and Ay(1pyi)g).
Further, the quotient Vfg/V;{ng decomposes as a Ag[Gg,]-module as

+ vyttt ~ vyt g
Vfg/Vfg - Vfg © Vfg’

where Vi, = Ag(10y 1 - Eeye) and Vg = Ag(¥7 " Ygeeye).

The natural inclusion between Vg < Ve induces a homomorphism H' (QP,V}“g) —
H'Y(Q,, Vg) which is injective since HO(QP,Vfg/V;[g) =0.

Lemma 17. The local class k,(f,g) belongs to H? (QP,V};) C HY(Qp, Vyg).

Consider now W := ¢f¢g_1x.
The previous results allow us to define /{};( [.8) € HY(Qp, Ag(¥ - €cyc)) as the projection

of kp(f, ) to the first factor Vﬁg. Further, for a classical point y, let ¥, : Gg, — K
be the specialization at y of the unramified A-adic character W.

Lemma 18. For all arithmetic points y of weight v; with | > 2, the local coho-
mology group HY(Qp, K, (Y eel lwl=h) is one-dimensional over K, and is equal to

cyc
Hel (@pa Ky(\l’y“l_lwl_l))-

cyc

These tools, combined with some (hard) p-adic Hodge theory, lead us to the following
remarkable results about the dual exponential map of Bloch and Kato, that will finish
this section:

Theorem 61. Let y € Qg be the point over vi1 corresponding to the classical p-
stabilized weight one form gy = go € S1(Np, x). Then,

expy(k)(f,9a)) # 0 if and only if  L(f ®g,1) # 0.

6.5 Gross-Kudla-Schoen cycles

Until now, we have explored two different settings in which we have done some geo-
metric constructions attached to modular forms: that of Beilinson-Kato elements and
that of Beilinson-Flach elements. Now, we want to explore a different one, in which
we will consider the image under the p-adic Abel-Jacobi map (regulator) of certain
generalized Gross-Kudla-Schoen cycles in the product of three Kuga-Sato varieties. In
subsequent sections, we will derive the relations of all these geometric constructions
with L-functions. In this case, we will obtain a relation with the special value of the
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p-adic L-function attached to the Garrett-Rankin triple convolution of three Hida fam-
ilies of modular forms, at a point lying outside its region of interpolation.

To begin with, consider f € Sp(Ny, xf), 9 € Si(Ng, xg) and b € Sy (Np, xn). The triple
is said to be balanced if the largest weight is strictly smaller than the sum of the other
two. It is customary to assume that the local root number ¢, at all the finite primes
v|N are equal to +1. This assumption holds in many cases of arithmetic interest. It
implies that

___J—1 if (k,I,m) is balanced;
€7 oo —1 if (k,I,m) is unbalanced.

In particular, when the triple is balanced, the L-function must vanish at the central
point.

Let £ be the universal generalized elliptic curve fibered over X = X;(N); for n > 0,
let €™ be the n-th Kuga-Sato variety over X;(/N), that is an n + 1-dimensional vari-
ety. The p-adic Galois representation V,(f, g, h) occurs in the cohomology of the triple
product W := £F=2 x £172 x £m=2_ In the balanced case, it is conjectured (Bloch-Kato)
that there should exist a non-trivial cycle in the Chow group Q ® CH®(W)q of rational
equivalence classes of null-homologous cycles of codimension ¢ on the variety W. The
construction follows the same spirit as those of previous sections.

The case (k,l,m) = (2,2,2) has been done by Gross and Kudla. In general, we always
have the projection 7 : &€ — X. Also, a generic point in £" is (z; P,..., P.), where
x € X and P; are points in the fiber &£,. Consider

1
€sym = 3 E sgn(o)o € Corr(E") ® Q,
" o€eS,

€iny 1= (1 —2u1) ®R...® (177%) € Corr(&") ® Q,

being u; the involution on the i-th factor in the fibration. Let €, = €syméinv be the
composition of both maps. Further, put (k,i,m) = (r1 + 2,72 + 2,73 + 2), with
r3 > 1o > 11 > 0, and set r = [AET2ET3

Now, we will carry on our main objective: define a generalized Gross-Kudla-Schoen
cycle Ay, of codimension 7+2 in the (27 +3)-dimensional variety W = £ x £ x £73.
It shall be regarded as an element in CH™2(W).

Definition 48. Let (k,l,m) = (2,2,2). For any non-empty subset I C {1,2,3}, let
Xr={(P1,P,P3) € X*| P, =Pj for all {i,j} CI,Pj =0 forj ¢ I}.
Then, the Gross-Kudla-Schoen diagonal cycle is
Ao = X123 — X12 — Xo3 — X31 + X1 + X2 + X3 € CH*(X; x Xa x X3).

For the remaining cases, let A = {a1,...,ar, }, B={b1,...,b,} and C = {c1,...,¢ry}
be subsets of {1,...,7} such that AN BN C is empty. We can consider the closed
embeddings

(Z)ABC' (€T = EM X E™ X Sr37 (.CC;Pl,. . '7P7") = ((x;Pai)? (‘T;Pbi)7 (x;PCz‘))
b & 5 ER X EB, (13 Py,...,P) s (23 Py), (a3 Do)
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Definition 49. If (k,l,m) = (2,1,1) for l = r + 2 > 2, the generalized Gross-Kudla-
Schoen is

Aoy = (Id, €ry, €ry) (Danc(ET) — {0} x dpc(ET)) € CH(X x £ x EN).
Definition 50. If k,l,m > 2 the generalized Gross-Kudla-Schoen cycle is
Ak,l,m - (67"1a €rgy 6T3)¢ABC(ST) € CHT+2(W)'

By examining the image of the cycle class map in each of the Kiinneth components
of the complex of the de Rham cohomology group H§§+4(W/ C) of the variety W, it
follows that Ay, is null-homologous, that is,

Apym € CH™P2(W)g == ker(cl : CH™ (W) — HiH(W)).
We will be interested in the p-adic regulator
AJ, : CH 2 (W)o — Fil"*2 HILP3 (W)™

In particular, we want to provide two formulas for AJ, (A ), one in terms of Coleman
integration and the other in terms of p-adic modular forms. For the first one, just
recalling the previous definitons, we can derive some technical lemmas. Recall that
Ly = sym" L, being L := ]RIW*Q:€ /v Keep also the same notations concerning the
polynomial P introduced in previous sections.

Lemma 19. There exists a real e > 0 and an L, &L, -valued rigid one-form p( P, wa, w3)
on We X W, such that
Vp(P,wa,w3) = P(®) (w2 A ws).

Here, V is the Gauss-Manin connection of the variety.
Write ¢33 = 155 — 15 — 3 for the pullbacks of the inclusions.

We x W,) — HL

Lemma 20. The map H. rig

rig (We) induced by @54 is the zero map.

The map ¢pc combined with Poincaré duality on the fibers of £ — £™ gives rise to
a pullback on sheaves L, ® L., — La(—t), being t := |A’| = r — r1. Then, we have a
map
QSZ,BC : Q%ig(wé X Wev [’7“2 ® ‘crs) - Q%ig(wev ‘CA(_t))'
Finally, let
o {<z> if (k. 0m) = (2,2,2),

qﬁ*A’ pc otherwise.
Lemma 21. If 0 € Q*(We x W, Ly, @ L) is V-closed, then ¢*(o) is V-exact on W.

Proposition 26. The element £(P,wa,ws3), defined as the class of ¢*p(P,ws,ws) in
Hrlig(WE,EA(—t)) does not depend on the choice of the rigid differential p(P,ws,ws)
and has vanishing annular residues. In particular, it belongs to Hip (X, La(—t)).

The Frobenius ® acts on Hlp (X, £4(—t)) with eigenvalues of absolute value \/p' 2173,
Since the roots of P have absolute value either p"+! or \/]32”2”3, the endomorphism
P(®) acts invertibly on H}p (X, La(—t)). In particular, for any n € Hlg (X, La(—t)),
the class P(®)~'n is well-defined and

E(wa, w3) := P(®)LE(P,wa,ws) € Hrlig(We,[,A(—t))
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does not depend on P.

Consider 14 : E4 — £, that gives rise to an isomorphism of sheaves between Ly, and
L 4. With this in mind, we want to describe the restriction of AJ,(Ag;m) to

Hig(X, L) ® HY(X,w"™ ® Q%) ® H(X,w" @ Q%) ¢ Hip(W).
Theorem 62. Let n ® wy @ w3 be any class in the previous space. Then,

AJp(Ak1m)(n @ w2 ®@ws) = (L4n, {(w2,ws)),
where (,) is the pairing arising from Poincaré duality.

We will now use the common notations of g, and gg for the p-stabilizations, on which U,
acts with eigenvalues oy, 8,4 respectively. Denote by n;r the unique lift to the unit root

subspace of the cohomology class in Hl(XKf ,w™ ") attached to f. Set e+ ord = €f+€ord-

Theorem 63. Suppose that k =1 =m =2 (in this case, {(wg,wp) is just an overcon-
vergent modular form of weight 2). Then,

eford (§(wg, wp)) = _(gmef*,ord(d_lg[p} x h).

For the general case, we write k = [+m —2—2t, with t > 0, and c for the central point
c=(k+14+m—2)/2, so that &(wg,wp) is a class in Hig (X, Ly (—1)).

Theorem 64. The projection e« ora(§(wy,wp)) is represented by the classical modular
form

— t . .
e l§iogon)) = =g e (b,

These results allows us to provide a formula for the image of Ay, under the p-adic
Abel-Jacobi map

tl-&(f) .
ur — (_1)\tt1 ur 1—t [p]
AJP(Akyl,m)O?f 7w97wh) ( 1) 5(f,g, h) <nf ) g X h>

Once we have given the basis about these generalized Gross-Kudla-Schoen cycles, we
would like to recover the results we have derived for Beilinson-Flach elements varying

in families, that can be rephrased for these diagonal cycles, working now with a triple
of forms (f, g, h).

The p-adic Abel-Jacobi map will have the feature of factoring through the restriction to
Gq,- This will allow us to consider, as before, distinguished global Galois cohomology
classes £(fz, gy, h.) € HY(Q, Vigyh.(N)), where fi, g, and h, are classical specializa-
tions of weights k, [ and m which are balanced and Vy, 4 5. (N) is the Kummer self-dual
twist of the direct sum of several copies of the tensor product of the p-adic represen-
tations Vi, , Vy,, Vi, of Gg attached by Eichler-Shimura and Deligne to these forms,
occuring in the middle cohomology of a Kuga-Sato variety. We will come back to a
more precise definition later on.

Further, we will formulate a relationship between the Bloch-Kato p-adic logarithms of
cohomology classes and the special values of Garrett-Hida p-adic L-functions at points
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outside the range of classical interpolation. Moreover, we want a relation between
k(f,g,h)(N) € H'(Q, Vign(N) and Hida’s p-adic L-functions.

Let us sketch how the definition of these A-adic classes goes. Let f € So(Ny) be the
newform attached to an elliptic curve E, and let g and h be two A-adic newforms of
tame level IV, and Nj, and tame character x and X! respectively. We assume that p
does not divide the least common multiple of Ny, Ny and Np,.

The following paragraphs, that follow [DR2], are very dense in which concerns notation,
so they can be skipped in a first reading. The objective is to establish the existence of
a A-adic class koo € H1(Q, VE).

Let as usual X, = X;(/Np®), that can be seen as classifiying triples (A, iy, 1), where
iy and 4, are embeddings of finite group schemes. A key ingredient will be the curve
X ;r /Q, which arises as the moduli space associated to the problem of classifying triples
(A,in, P), where (A,iy) is as above and P is a point of exact order p®. The curves X
form projective systems in two different ways, relative to the collections of degeneracy
maps

Wl(AviNaip) = (A,@N,p : ip)7
mo(A,in,ip) = (A,in,ip)/C,  C:=ip(p).

We will play also with X?, the modular curve attached to I'y (Np®) N To(p*t!).
For an integer s > 1, define

W, = Xo(Np) x X1(Np®) x X1(Np*) = Xo(Np) x Xs x X,

7T1,7T2!X3+1—)X8, {

and following an analogous construction, W;S and WST,S.

Denote by § the natural diagonal embeddings of X, and XZ in the triple product of
identical curves. Choosing a system {(;} of compatible p*-th roots of unity, set

Ai,s = (j1o 7";_1 o wg, Id, wg). 04 (X5) € CQ(W&S)(Q(CS)),
where wy(A,iy,ip) = (A/Cp,in,ip), with Cp = (ip((s)). Further, j; is the natural
map from X; to Xo(Np). It can be easily checked that
7722,*(AZ+1,5+1) =Dp- (Id7 Upv Id)*(Az,s)

Let AJe : CH2(WJ)o(Q) — Hl(Q,Hgt(WJ,Zp)(Q)) be the étale regulator map (where
Wi is a quotient of W;S by the action of a certain group Dy of diamond operators),

(1)

and consider kg’ := AJet(As). Consider also the Kiinneth decomposition
HE (Wi, Z,)= € HL(Xo(Np),Z,) @ HY(X,, Zp) @ HE(X],Z,),
i+j+k=d

and also the projection pr, : WST,S — I/VSJf , that induces functorial maps between the

corresponding étale cohomology groups
prs : Hy (W, 2,) — HG, (W], 2,)", Py Hgt(WJ,stp)Ds — HG (W], Z,).

8,87

We have a map Hg’t(W;s, Zy) onto the (1,1, 1)-component, and also a Gg-equivariant
map to Vg, call it pry;;. Consider £ = prlu(/ff)) € H'(Q,V;), where k2 is defined
in terms of some correspondence between the modular curves. Since for s > 1,

1. (Y) = 10U, @ 1)(xP),

104



it makes sense to define
Koo := lim ks € HY(Q, VEY).
pas

Here, we have used the usual notations
VENP) = m VN, VR (N) = lim Ve ()T
yod .= lim verd,
Finally, take the A-adic representation VI := Vo(Np) @ (VP4(Np™) @5 VI (Np>)T)
and also
Vigh = Vy @ (Vg @A Vi), Vign(N) = Vi(Np) @ (Vg(N) @4 Vi (N)).

These are modules over Aggp := Of ® (Ag ®A Ap). We can consider now the corre-
sponding specialization morphisms. Vy, 5. is a Galois representation of rank 8 over O,
and there are natural identifications

Vigih. =V @ Vg, @ Vi'o Vign (N) := Vi (Np) @ Vg, (Np®) @ Vj,_ (Np°).

The canonical projections 7y, mg and 7y, associated to f, g and h give rise to a surjective
A-module homomorphism
Trgh: Voo = Vign(N).

Definition 51. The one-variable A-adic cohomology class attached to (f,g,h) is the
class

K(f.8h) = mpgn(Koc) € H'(QV gn(N)).

Our next aim will be to analyze a little the restrictions to G, of the Galois representa-
tions Vfgp and of the A-adic cohomology class x(f, gh), with the aim of deriving some
kind of reciprocity law and several properties about the local classes.

Lemma 22. The Galois representation V pgn is endowed with a four-step filtration

0cC V}gﬁl C V}gh C Vign € Vign

by Go,-stable Ajggn-submodules of rank 0,1,4,7 and 8. Gg, acts on the quotients as a
direct sum of A ygn-adic characters.

In particular, let Vﬁgh(N) D Vign(V) @ Vhn(N) = V?gh(N)/Vfgh(N)Jrf Let

Hf(f) gh) = resp(/@(f, gh)) € Hl (@pa Vfgh)

be the image of the global class in the local cohomology at p, and consider

Ergn = (1 — apay(g)ap(h) " x(p))(1 — afap(g) ' ay(h)x(p)).
Proposition 27. The class {sgh-kp(f, gh) belongs to the natural image ole(Qp, V;{gh(]\f))
in H'(Qp, Vsgn(N)).

In this setting, it is convenient to replace the ring A gy, and all modules over it with
their localizations by the multiplicative set generated by fgn. Since this element is
non-zero at all classical points of weight [ > 1, we can still specialize the A-adic class
k(f,gh) at these points.
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Corollary 6. The class k,(f,gh) belongs to the image of H* (Qp,V?gh(N)) in the mod-
ule HY(Qp, V tgn(N)) under the map induced from the inclusion V;fgh(N) — Vigh(N).

Basically, we are interested in analyzing the specializations

H(fv Gy hZ) = H(fa gh)(y,z) S Hl(@; Vfgyhz (N))7

where (y, z) € Qg x Qy, is a classical point of weight [ and character e.

We can consider an analogous four step filtration and observe that when [ = 2, the
classes k(f, gy, h-) are directly related to the étale Abel-Jacobi images of twisted diag-
onal cycles.

Proposition 28. Assume that the classical point (y, z) have weight | = 2 and character
€ of conductor p*. Then,

’V”'(fa gyv h’z) = O[g_yswfgyhz (AJet(AS)) € HI(Q7 Vfgyhz (N))

Corollary 7. For all classical points (y, z) € Qg x Qy, of weight two and character € of
conductor p*, the class ky(f, gy, hz) belongs to the image of H'(Qy(¢s), Vf;yhz(N)) n

HY (Qp(Cs), Vigyh. (N)) under the map induced from the inclusion.

We finish the section with the case that interests us the most, the weight one setting. A
priori, we have four global classes k(f, ga, ha), £(f, 9o, hg), £(f, 95, ha) and &(f, gg, hg).
For primes [ # p, it is a known result that H'(Qj, V4, (N)) = 0 and hence the restric-
tion to G, of the above classes are all trivial. This is not the case for [ = p.

The space Vg, (N ), that is four-dimensional, can be decomposed into four one-dimensional
subspace according to the eigenvalues of the Frobenius. From previous results, it turns
out that the local class kp(f, ga, ha) belongs to the kernel of

H(Qp, Vi (Np) ® Vgn(N)) = H'(Qp, Vi (Np) @ Vi3 (N)).

More details about this will be sketched when discussing the applications to BSD
conjecture and are available in [DR2]. In particular, the article mimics the study
of [BDR2], analyzing the restriction of the classes to @, and its image under Perrin
Riou’s A-adic logarithm. There, the algebraic goemetry involved is more subtle, and
in particular one must take care of X;(Np®), the proper, flat, regular model of X over
Zp[Cs]. Tts special fiber turns out to be the union of a finite number of reduced Igusa
curves over [F},, meeting at their supersingular points. In the following sections all these
classes will appear in new formulas involving also the triple product L-functions.

6.6 p-adic L-functions and Euler systems

As we have anticipated, the main example of Euler system of Rankin-Selberg type will
be concerned with a triple (f,g,h) of eigenforms of weights k, [, m respectively with
k—1—m=2r, r>0. We define first

I(f,g,h) == (f,g x ;,h)

and we will relate the square of this quantity with the central critical value L(f ® g ®
h, %) of the convolution L-function attached to f, g and h. We will see along the
following sections how the quantity I(f,g,h) can be p-adically interpolated as f,g,h
vary over a set of classical specializations of Hida families. In fact, when f, g, h are
of weight two (forcing r to tend to —1 in weight space), the p-adic limit of I(f, g, h),
denoted Ip,(f,g,h), can be interpreted as the Bloch-Kato p-adic logarithm of a global
cohomology class arising from a geometric construction:
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e If g, h are Eisenstein series, I,(f, g, h) is related with the p-adic regulator

regp{ugv uh}(nf)v

where ug,u;, are modular units with logartihmic derivatives equal to g and h
respectively and 7y is the suitable class already defined in HJ (X1(N)) attached

to f.
e When only h is Eisenstein, I,,(f, g, h) is related to the p-adic regulator of the form

regy(Auw, ) (1f A wg),
where A,, is a Beilinson-Flach element in CH?(X1(N)2, 1) attached to uy,.

e When both g and h are cusps forms, I,,(f, g, h) is related to
AJp(A)(ng Awghn),
where A is the Gross-Kudla-Schoen cycle.

We begin by exploring first the Kato case that already arised in the introduction when
discussing Beilinson conjecture. Let f € Sa(IV) be a cuspidal eigenform on I'g(N) and
let p be an odd prime not dividing N. Assume also that p is ordinary for f relative to a
fixed embedding of Q into @p. Consider Ly(f,s), the MSD p-adic L-function attached
to f. We plan to explain the connection between the value of L,(f,s) at s =2 and the
image of the Beilinson-Kato elements by the p-adic syntomic regular on the Ko of the
modular curve of level N. We write Y for the open modular curve Y;(N) over Q and
X for the canonical compactification. ¥ and X denote the extensions to Q. When F
is a field of characteristic 0, Eisy(I'; (N), F') will denote the F-vector space of weight 2
Eisenstein series on I'1 (N) with Fourier coefficients in F'.
Let

dlog : Op @ F — Eisy(T'1(N), F)
be the (surjective) homomorphism sending a modular unit u to the Eisenstein series
%Z’((ZZ)). Recall that we write, given uy, us € O;, {u1,u2} € K2(Y) ® Q for the Stein-
berg symbol in the second K-group of Y.

Let a,(f) and B, (f) the unit and non unit root respectively of the Frobenius polynomial
associated to f, and let H éR(X )f "' be the unit root subspace of the f isotypic part of
H jR(X ), on which Frobenius acts as multiplication by «,(f). Attach to f a canonical
element 73" of Hlp (X): first, let as usual n?h = (f, f>£}vf(z)d2. This gives rise to a
class in HJp (Xc) whose natural image in H'(X¢, Ox) is in fact defined over Q. Using
now the embedding of Q into C,, we obtain a class 5y € H'(X, Ox) and a lift ny" of ny
to Hlp (X)Fwr.

Theorem 65. The following equality holds:

1y(8,2)- XL i =2 (00) (1= B (10210~ () - res s, ) )
f

where Q}L is the real period attached to f.

The proof follows these three steps:
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e The p-adic approximation of L,(f,2) by means of values in the range of classical
interpolation of the Mazur-Kitagawa p-adic L-function.

e The decomposition of the Mazur-Kitagawa p-adic L-function as a factor of a p-adic
Rankin L-series L,(f, E, ) associated to the convolution of f and E, interpolating
in weight two f and Es, respectively.

e The explicit evaluation of L,(f, E, ) at the weights (2, 2), which yields an expres-
sion related to the p-adic regulator reg,{u, -1, uy }(n}").

I would like to point out several interesting aspects of the proof.

Let Ur be the weight space attached to f, and let fi € Si(N) be its ordinary p-
stabilisation in weigh k, for k in the space of classical weights (in particular fo = f). Let
Ly(fx,p,s) be the Mazur-Swinertonn-Dyer p-adic L-function of [MMT] associated to
fr and to a Dirichlet character p, that here is 1 or x. Thus, L,(fx, p, s) interpolates the
values L, (fr®&p,j) for 1 < j < k—1 and £ in the set of Dirichlet characters of p-power
conductor. As k varies, the p-adic L-functions L,(fg,p,s) can be patched together
to yield the Mazur-Kitagawa two variable p-adic L-function Ly (f, p)(k,s) defined on
Us x Zy. For k € Ug, we have

Lp(fwo)(k;"s) = A(k) : Lp(fk;,Pa S)a

where A(k) is a p-adic period equal to 1 at £k = 2 and non-vanishing in a neighbor-
hood of k = 2. Then, L,(f,2) is the p-adic limit as (k,l) tends to (2,2) of the values
L,(f,1)(k,k/2+ 11— 1) occurring in the range of classical interpolation for L,(f,1).

Now, we should do a part of tedious computations using Shimura’s formulae to derive
the relation

Lp(f, EX) = <77}1r7 eord(d_lEgifl ) EQ,X»Y’

1
1 _Bp(f)Qp_l
which together with

ields
' Ly(£, Ey)(k, 1) = n(k) - Lp(£,1)(k, k/2 +1 = 1) - Lp(f, x)(k, k/2),

where n(k) is a p-adic analytic function whose exact value at 2 can be explicitly found.

Take now F' a p-adic field containing the values of x, and let J,+ be the image of u,+
in HY (Y, F(1)) arising from Kummer theory. The p-adic regulator can be seen as

reget{uxq,ux} =01 Udy € Hezt(Y, F(2)).

Considering now the isomorphism given by the inverse of the Bloch-Kato exponential
composed with the comparison theorem between étale and de Rham cohomology

logys : H'(Qp, Hey (Y, F(2))) = Dar(Het(Y, F(2))) = Hig (Y/F),

we have that logy o(rege , {1, uy}) = reg,{u,~1,uy} and the previous theorem can
also be seen as a relation between Ly(f,2) and the Bloch-Kato logarithm of the étale
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regulator.

We want to establish now a link between Beilinson-Flach elements and Hida’s three
variable L-function, following the notations we have introduced at the end of Chapter
3. As before, we can provide a formula establishing a link between the p-adic regulator
of the Beilinson-Flach element and the special values of this Hida L-function. More
references about the proof and possible extensions of the result can be found in either
[BDR2] or [BCDDPR].

Theorem 66. We have the following formula:

E(f,9,2)

LI (f®g2) = HE)

reg, (Ay, ) (wg @ 15",

where

E(f,9,2) = (1= Bp(f)ap(g)p™ 2)(1 - 5p(f)5p(9)]772)
X (1= Bp(Nap(@)x()p~ ") (1 = Bp(f)Bp(9)x(P)p ),
E(f) =1=Bp())*x; (P2,

E(f) = 1= Bp(/)*x ()~

The proof of the theorem is more or less the same than the one of the previous section,
with the Hida family E, replaced by g. We should use Shimura’s generalization of the
previous formula for the critical values of L(fx ® g;,s) and interpret the right side of
this formula in terms of the Poincaré pairing on algebraic de Rham cohomology.

We finally move to the setting of diagonal cycles. For that, we analyze what happens
in the setting in which f, g, h € So(IV) is a triple of normalized cuspidal eigenforms of
weight 2, level N and nebentypus X, x4, Xx in such a way that xsxgxs is the trivial
character and then Vy ;4 := Vy x V; x V}, is self-dual and the Garret-Rankin L-function
L(f,g,h,s) of Vi, satisfies a functional equation relating the values s and 4 — s. We
omit many details and refer the reader to [DR1] and [BCDDPR].

Let p f N and fix an embedding Q¢ 45, < C,, for which the three newforms are ordinary,
and let f : Q; — Cp[[g]] be the Hida family of overconvergent p-adic modular forms
through f. Single out one of the eigneforms, say f. Consider the Garrett-Rankin triple
product L-function introduced in chapter three

LI (F,g,h) : Qp x Q, x Q) — C,.

This p-adic L-function interpolates the square-root of the central critical value of the
complex L-function L(fz, gy, h:,s) as (x,y,z) ranges over Qo X Qg1 X 1, where

K@) = K(y) + K(2).

In this setting, we want to describe .fpf(f,g, h)(2,2,2) as the image of a certain cycle
on the cube of the modular curve X = X;(V)/Q under the p-adic syntomic Abel-Jacobi
map. The cycle in question is essetialy the diagonal Xjo3 in X3, but modified to make
it null-homologous, that is,

X123 — X129 — Xog — X31 + X1 + Xo + X3.

The map
AJgynp(A) : Fil2 H3R (X?) — Q,

can be described purely in terms of Coleman integration.
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Theorem 67. For each ¢ € {f,g,h} letwy € QY (X) be the reqular 1-form associated to
¢, and 77}” € HéR(X)f’ur be the unique clas in the unit root subspace of the f-isotypical
component of Hig(X) such that (wr,my") = 1. Let also ayy(9), Bp(¢) be the two roots
of the Hecke polynomial % — a,(¢)z + p labelled in such a way that ay(¢) is a p-adic
unit. Then, the following inequality holds:

& ) 7h ur
%7 (f,g,h) = MAJ,,(A)(W X Wy X wh).

Eo(fé(f)

6.7 Applications to BSD conjecture

The aim of this section is to say a few words about how all these results can be used
to derive several cases of the BSD conjecture. In particular, we will focus on the
approach followed both in [BDR2] and [DR2], that are the settings we have studied
deeper. The approach in the Beilinson-Kato case was the construction of an element
Kfoo € HYQ, Acye ® V5(2)) such that

Kre(k) = vpe(koo) € HY(Q,Que @ Vi(1+k)(E)).

Kato’s explicit reciprocity law describes Ly (f, &, 1) in terms of expag(m £.¢(0)) and allows
us to prove that this is non-zero if and only if L,(f,£,1) # 0 and again if and only if
L(f,&,1) # 0. When combined with Kolivagin’s theory, implies that the non-vanishing
of L(f,&,1) implies that Hom(C(¢), BE(Q ® C) = 0.

Our plan is to sketch the particular characteristics of the Beilinson-Flach elements
arising in [BDR2], and how the regulator maps gives the A-adic classes that are used
for the proof of a particular case of BSD conjecture. Recall that

E(H)? = Homgy (V,, B(H) ® L) = (E(H) ® p*)®H/Q),
The main results concerning BSD in that article are the following:

Theorem 68. Let E be an elliptic curve over Q and let p be an odd, irreducible, two-
dimensional Artin representation. Assume that the conductors of E and p are prime
to each other. Then, if L(E, p,1) # 0, E(H)} is trivial.

In addition to Artin representations with projective image isomorphic to A4, Sy and As,
the previous theorem also applies to a large class of two-dimensional representations
induced from general ray class characters of quadratic fields:

Theorem 69. Let E be an elliptic curve over Q of conductor N, let K be a quadratic
field of discriminant D and let ¢ : Gal(H/K) — C* be a ray class character of con-
ductor §. Assume that gcd(N, D - N(f)) = 1 and that ¢ is of mized signature if K is
real quadratic. Then, if L(E/K,,1) #0, E(H)Y = 0.

The strategy of the proof is the following:

1. Embed E(H)? in an appropriate Selmer group attached to the choice of a ra-
tional prime p (that we assume prime to NN, and ordinary for f). Then, let
Vi :=V,(F) and let V; be the Artin representation attached to the modular form
g. Then, the connecting homomorphism of Kummer theory composed with the
inverse of the restriction map from Q to H gives a linear injection of L,-vector
spaces

B(H);, = B(H); @1 L, — H'(Q.V; @ V;).
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2. In particular, for each place v of Q, the corresponding map on local points yields
an injection 0, : E(Hv)’ip — HY(Q,, Vi® Vg*) The image of ¢, is which we have
called H} (Qy, Vi ® Vy). We can define in the same way H} (Q,,V;® V). In
this case, the condition p { NN, means that the Dieudonné module of V' has no
¢-invariant vectors and thus 6p(E(Hp)§p) agrees with the exponential, the finite
and the geometric representations.

3. Writing res, : H'(Q,Vy @ Vy) — Hg,.(Qp, Vs ® V) for the natural projection
attached to Vy ® V, ,, we have that if this map is surjective (as a map of L,-
vector spaces) for all o : L — L, then E(H)} = 0.

4. Then, the key is constructing two independent classes in H*(Q, Vy @ V) whose
images generate the singular quotient Hsling (Qp, Vi ®Vy). This follows the lines of
[BDR2] of constructing global cohomology classes. These ideas will appear again
in the last chapter.

We will now make some brief comments about the new results that are proved in [DR2].
The first main theorem is the following;:

Theorem 70. If L(E, p,1) # 0, then E(H)? = 0.

For any ring class character ¢ of a quadratic field K (of conductor relatively prime to
Ny), if H/K is the ring class field cut out by it, consider

E(H)Y = {P € E(H) ® L such that P? = ¢(c)P for all ¢ € Gal(H/K)}.

When K is a real quadratic field, we must impose some extra-hypothesis. In this set-
ting, the theorem implies that if L(E/K,1,1) # 0, then E(H)¥ = 0.

The second important result of the article is concerned with the case where L(E, p, s)
vanishes at s = 1 (and hence to order at least 2). Fix p odd not dividing N :=
lem(Ng, Ng, Ni) at which f is not Eisenstein and fix an embedding Q — Q,. Let Frob,
be the Frobenius element at p induced by the embedding, and let L, be the completion
of L in Q,. We assume that oy # 8, and ay, # B, where as usual (o, 3y) and (ap, B1,)
are the pairs of eigenvalues of py(Frob,) and pj(Frob,). We also assume that E is
ordinary at p.

Let Sel,(E, p) := H (Q,Vy(E) ® V, @, L,) denote the p-isotypic component of the
Bloch-Kato Selmer group of E/H.

Theorem 71. If L(E,p,1) =0 and Jpga(f, G*,h) # 0 for some choice of test vectors,
then
dimg, Sel,(E, p) > 2.

In fact, two of the Kato classes we have constructed will be shown to be linearly inde-
pendent.

The proofs of these theorems rest precisely on the system of global cohomology classes
for the Rankin convolution of three modular forms of weights (2, 1, 1) we have previously
constructed. These classes arise from generalized Gross-Kudla-Schoen cycles in the
product of three Kuga-Sato varieties fibered over a classical modular curve and their
variation in Hida families. As we know, the extensions of p-adic Galois representations
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associated to these classes arise from geometry, since they are realised in the p-adic
étale cohomology of an open subvariety of the product of Kuga-Sato varieties with
good reduction at p, and in particular their restrictions to a decomposition group at
p are crystalline. Hence, what we have is a direct relationship between the Bloch-
Kato p-adic logarithms of the class &(fz, gy, h-) and the special values of Garrett-Hida
p-adic L-functions at points outside their range of classical interpolation. The aim
is to p-adically interpolate k(fz,gy,h-) as the triple (f,gy,h.) is made to vary over
the classical, balanced specializations of ordinary Hida families f, g and h. A p-adic
interpolation like that is described by the global cohomology class already studied

k(f, g, h) € H'(Q, Vggn(N)).

The first idea then is to attach a one-variable cohomology class to a triple (f, g, h)
formed by an eigenform f of weight two and trivial nebentype and two Hida families
of tame characters x and x~'. The class x(f,gh) € H'(Q,V;gn(N)) gives rise to
a collection of global classes H'(Q, Vig,h.(N)) varying p-adic analytically as (gp, h.)
varies over pairs of specializations of g and h with common weight an nebentype
character at p.

That way, we obtain four relevant cohomology classes

’i(fagouha)v K(f?.gomhﬁ)? ’i(fagﬂvhoc)a 5(f7967h6)-

One of the main ingredients toward the proof of the main theorems of the article is:

Theorem 72. The generalized Kato class k(f, ga, ha) s crystalline at p if and only if
L(E,p,1)=0.

When L(E,p,1) = 0 and hence the analytic rank is > 2, the four classes are in
Sel,(E, p). The submodule generated by these four classes is expected to be non-trivial
when this analytic rank is 2, i.e., when L"(E, p,1) # 0.

Theorem 73. If L(E,p,1) =0 and gpga(f, g%, iL) £ 0 for some choice of test vectors,
there exist Gg-equivariant projections jo,js @ Vigh(N) — Vu(E) ® V), such that the
classes koo = ja(k(f, 9o, ha)) and kag = ja(K(f, ga, hg)) are linearly independent in
Sel,(E, p).

There are many other applications to BSD that passes through the theory of Euler
systems. Recently, Venerucci gives new insight into the exceptional zero conjecture
using similar tecniques. Given an elliptic curve E, let f be the Hida family whose weight
two specialization is the modular form f attached to E via modularity. Then, by results
of Kato and Ochiai, there is a two-variable Euler system (f) € H'(Q,V; ® A) such
that L(k(f)) = xL,(f, k, s). In particular, for £ > 2 and 1 < j < k — 1, it interpolates
the dual exponential map and for 1 < j < k — 1, the logarithm. In the case that k = 2
and j = 1, we write A = £(f)(2,1) € HY(Q,V,(E)). It lies in H} (Q,V,(E)) and
hence in the kernel of exp*. Further, inside the H} we have (via de Kummer map),
a copy of F(Q) ® Qp, that in the rank-one setting is an isomorphism (finiteness of the
Shafarevich group). Then, A = Q, - P, where P is a Heegner point; Venerucci uses
[BD1] to prove that @, = log(P) and from here he shows that L,(E,s) has order of
vanishing at less 2 at s = 1.

112



6.8 Rankin-Eisenstein classes and explicit reciprocity laws

One of the aims of this thesis is to recall the construction of canonical cohomology
classes in HY(Q, Vy,(1)), since these classes will provide theoretical evidence for the
main conjecture of [DLR2]. Roughly speaking, the idea consists on applying a étale
regulator map to distinguished elements in the higher Chow group of a surface and let
these elements vary in families, to obtain a compatible collection of cohomology classes
that can be encoded as a global class x in H*(Q,V(1)).

We begin by clarifying the meaning of Vg, =V, ® V.

If g = {gx} is a cuspidal Hida family, the Galois representation for p,, when k € Z=!
is given by:

o If k=2, V, =lim, Jac(X)(Q)[p"] = HL(X1(N),Z,)(1), and then
Vgo = Miker(T; —a; : V, = V).

o If k > 2, we must consider £, the universal elliptic curve over X and in particular
EF2 ={(A,z1,...,25_2)}. Then, we take the endomorphism

Ty € End HEZY(EF2 7,k — 1)),
where T; is the usual Hecke operator, and define

Vg = Miker (T} — ay).

e For k£ = 1, we recall that by a result of Hida and Wiles, there exists a finite
extension Ag of the Iwasawa algebra and a map Vg : Gg — Aut(Vg) = GLa(Ag)
such that vy (pg) = Vj, whenever this expression makes sense (k > 2). Hence, for
k =1, we define

Vg =11(Vg),

that can be understood as the limit when Vg, tends to 1 in the weight space.

In the case that we have two Hida families of cuspidal modular forms, we perform
exactly the same game considering now the tensor product of the two Hida families,
say g ® h. Hence, it makes sense to talk about a map g ® vy, .

The aim now would be to construct classes in H'(Q, Vy(1)), where g and h are of
weight one and Vyy, is defined as we have just explained; the 1 makes reference to the
twist by the cyclotomic character.

The main source for this is the work of Kings, Loeffler and Zerbes [KLZ]. There, they
study what they call the étale Rankin-Eisenstein class, Eis[e]Z’]f }f,}, defined as the image

of the motivic Rankin-Eisenstein class Eisgi;kt ’1j]N in étale cohomology. For eigenforms

g, h of weights k + 2 and k' + 2 and levels dividing IV, they project this étale Rankin-
Eisenstein class into the (g, h)-isotypical component, obtaining a class with values in
the first cohomology group (they call it Hy (Z[1/Np], ML, (g ® h)*(—7))), that is just

what interests us. Their aim is to interpolate Eisg’h’j Vin all three variables, changing

g and h by Hida families (and the twist j by the universal character of the cyclotomic
Iwasawa algebra). That way, we obtain a family of classes £ (g;, him) € HY (G, Vyh,, )
where Vi, =V, ® V},,, corresponds to the construction we have explained before.
The following result, that directly follows from [KLZ, Theorem 8.1.3] (what they call
Theorem A), summarizes what will be our starting point.
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Theorem 74. Let A = Z,[[T]] be the Iwasawa algebra and Agn the extension of A that
corresponds to consider Hida families interpolating g and h. Then:

1. There exists a Agh X Agh-module V such that py @ vy (V) = Vgp,. for alll,m > 1,
where u; and v, are the specialization maps for the Hida families attached to g
and h.

2. There erists k(g,h) € HY(Q,V(1)), satisfying the following interpolation prop-
erty: k(gi, hm) = 1 @ vm(k(g,h)) € H&n((@, Vim(1)) for all l,m > 2.

Definition 52. k(ga,ha) is defined as £(ga, ha) == 1 @ v1(k(g, h)) € H(Q, Vyn(1)),
where r(g,h) € H'(Q, V(1)) is the global class of the previous theorem.

However, the main interest of this construction lies in the connection of these classes
with p-adic L-functions. To properly state the results we will use later, we need to
recall Perrin-Riou’s big logarithm. First of all, with the standard notations in p-adic
Hodge theory (see for instance [BDR2]), recall that the Bloch-Kato logarithm is an
isomorphism between

Dar (V)
Fil’ Dar (V) + Déys (V)
where V' is any representation of Gg,. The inverse of this map is called the Bloch-

Kato exponential map. Dualizing this last application, we obtain the so-called dual
exponential map

logpy : Hel(va V) —

exppk : HE(Qp, V*) — Fil° Dar (V*),
and since by [Bel] we know that H(Qp, V*) ~ H'(Qp,V)/H;(Qp,V) we can directly

see the dual exponential as an application from H'(Q,, V) to Fil® Dggr(V*) with kernel
H;(Qp, V).

N~ G
From now on, we will use the standard notation D(M) = (M ®Q;r> ¥ To state

the results of [KLZ], where we work with modules over A = Z,[[Z]], we must under-
stand both the integers and the Dirichlet characters of p-power conductor as subsets
of the characters of Z;, that will be written additively. We will work over the ring
A®ZPA®ZPA, and we will write k, k/ and j for the canonical characters of each factor
(k and Kk’ for weights and j for cyclotomic twists). The two first factors will be re-
ferred as Ap (D for diamond operators) and the last one by Ar, where I' represents
the cyclotomic Galois group Gal(Q(up.,)/Q). Finally, we put V¢ for the unramified
G,-module quotient of V¢. On the other hand, V; is the flat, locally free, rank one
A¢[Gg,]-module sitting in the short exact sequence

0= Vi —=Vg Vo —0.
Further, Vg_}'f =Vg ® VK.

Theorem 75. Let D(V;}T) be the module D(V%}T(—l — X)), equipped with the non-
trivial action of I' given by the character 1 + k'. Consider also g and h, two Hida
families interpolating weight one cuspidal modular forms. Then, there exists a A-linear
map
L: HYQp, Vg ®@Ar(—j)) = D(V ) ®Ar

with the following property: for all classical especializations f,qg of £,g and all char-
acters of I' of the form T = j + n with n of finite order and j € Z, and for Z €
HY(Qp, Vgt ®Ar(—j)):
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1. when j < K, #,(L(Z)) = +log(v,(Z)),
2. when j > K, 0:(L(2)) = xexp*(v-(Z)),
where we have used the following notations:

o U Hl(Qp,V;}T(ﬁéAr(—j)) — HY(Qp, ngf(—j —m)) for the classical specializa-
tion.

o U : D(V;QL)@AF — Derys(Vgn)(—€g,p), where €4 is the p-part of the nebentypus
of g.

e x refers to explicit fudge factors.

Via the results of [KLZ|, we can map (g, h) into Hl(Qp,V;J@)Ap(—j)) and hence
consider L(k(g, h)).

This map we have just defined will be closely related with p-adic L-functions, but
before stating our main result we need to establish the possibility of interpolating the
differentials wy and 7, in families:

Proposition 29. Let f be a Hida family of tame level N. Then, there is a canonical
isomorphism of Af-modules

we: D(Ve(l — k —ep)) — AF™P,

where A{™" is the quotient of Ag acting faithfully on cuspidal A-adic modular forms,
such that for every cuspidal specialization fo of weight k+2 > 2 and level Np" (r > 1)
the map obtained by specializing wg coincides with that given by pairing with wy,, .
In the same way, there is a morphism of Ag-modules and a fractional Ag-ideal I such
that .

N D(V;) @A Ar — If

interpolates the pairing with the class 1y, provided that f. is new at p.

The content of the following result can be roughly synthesized under the following
sentence: “the image of k(g,h) under Perrin-Riou’s big logarithm is Hida’s p-adic
Rankin-Selberg L-function”.

Theorem 76. Let g and h be two Hida families corresponding to the interpolation of
two cuspidal weight-one modular forms. Then,

(L(k(g,h)),ng ® wn) = *Ly(g, h,1+]).

Observe the similitudes of this work with that of [DR2] or [BDR2]: in the former, the
interpolation was over the classes x(f, gk, hi) (just moving one parameter), since the
key was the construction of diagonal cycles in the product of the Kuga-Sato variety
Xo(Np) x X1(Np*) x X1(Np®); in the latter, the interpolation was done over k(g, h),
moving again one parameter. It would be desirable to mimic these constructions in our
case and adapt the proof for deriving the results established [KLZ] by different methods.

The construction we have explained will be used later to define four cohomology classes
attached to the p-stabilizations of g and h.
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7 Stark points and units

In chapter 4 we have done a rough presentation of the different Stark conjectures, and
motivated the study of the so-called Elliptic Stark conjecture. The aim of this chapter
is to state that conjecture both in the setting of points in elliptic curves and of units
in number fields; this will lead us to the introduction of the p-adic iterated integrals,
that are connected with p-adic L-functions, as we will see.

7.1 Stark points and p-adic iterated integrals

Recall that when E is an elliptic curve over Q with Galois representation V,(E) :=
H}(Eg,Qp(1)) and p : Gg — Aut(V,) ~ GL,(L), with dimg(V,) = n > 1 is an Artin
representation with coefficients in some finite extension L, the L-series L(E,p,s) is
the L function of the compatible system V,(E) ® V, of p-adic representations of Gg.
Defining

ran(F, p) := ords—1 L(E, p, s),

r(E, p) = dimy Homg (V,, E(H) ® L),

the equivariant version of BSD states that ran(E, p) = 7(E, p). This must be our main
source of inspiration throughout the following part.

From now on, we will assume that p is an irreducible component of p, ® ps, where both
are odd, two-dimensional Artin representations that are self-dual,

X = det(p,) ! = det(py)

and that ran(E, p) = 1 or 2. The objective is then to relate global points in E(H)?
to p-adic iterated integrals. By modularity results, we can attach a normalized weight
two newform f € Sy(Nf)g to E and weight one newforms g € My (Ng,x ), h €
Mi(Nn, X)L to p, and p;, where N, and Nj, are their respective conductors. Let
Pgh = Pg @ pr : Gal(H/Q) — SL4(L).

When either g or h is Eisenstein, the Rankin-Selberg method yields an analytic con-
tinuation and functional equation for the L-function L(E, pgp,s) = L(f ® g® h, s) that
relates the values at s and 2 — s. The result was extended by Garrett to the cuspidal
case.

By the self duality condition, the root number €(E,p,,) that appears in the func-
tional equation is +1 and it can be written as e(E, pgn) = HMNOO €v(E, pgn), where
N =lem(Nyg, Ny, Np) and exo(E, pgn) = 1. We do the following hypothesis:

Hypothesis A (local sign hypothesis): for all finite places v|N, €,(E, pgn) = +1.
This forces that L(FE, pgn,s) vanishes to even order at s = 1. Under these hypothesis,
we can relate L(f ® g ® h, 1) with the values of the trilinear form

I:S5(N)e x My(N,x )¢ x Mi(N,x)c — C

defined by I(f,§,h) := (f,gh). This form already appeared in the previous chapter
in a wider setting, being this a degeneracy instance in which the sum of two weights
equals the third.

Let Ty be the Hecke algebra generated by the T,, with n { N. If M is a Ty-module
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and ¢ € M is a simultaneous eigenform, let I be the ideal associated to that system
of eigenvalues and let

M|[¢] = ker(Iy) = {m € M | (T} — a;(¢))m = 0 for all [ { N}.
In [HaKu] it is proved that the restriction
Itgn = S2(N)[f] x My(N,x""[g] x Mi(N,x)[h] = C

of I is identically zero if and only if the central critical value of the L-function vanishes.

Hypothesis B (global vanishing hypothesis): the L-function L(E, pgp, s) vanishes
at s = 1 and hence the trilinear form Iy, is identically zero.

Consider Serre’s differential operator d = qd% from M,E,p)(N, X) — Méﬁ)z(N, x). For

fe S9¢(N), the overconvergent primitive of fis
F:=d'f:= lim d'f € SS°(N).
t——1

The limit here is taken over positive integers tending to —1 in weight space.
The p-adic iterated integral attached to

(f,7,h) € So(Np), x M (Np,x); x Mi(Np, X)L
is defined to be
[f o= A(eoa(F - 7)) € C,.
.

The setting k = 2 is more or less understood and these iterated integrals can be used to
construct the so called Chow-Heegner points on E. The case k = 1 is more mysterious
and the p-adic integrals do not have a meaning in terms of the cohomology of Kuga-
Sato varieties.

Consider, apart from M [¢] = ker(T; — a;(¢)),

M{[@]] := Un>1 ker((T; — ai(¢))").

Hypothesis C (classicality property for g,): the overconvergent cuspidal general-
ized eigenspace SY“°TY(N, x)c,[[g5]] is non-trivial and consists only of classical forms.
It is however for us more convenient to assume also another hypothesis that can be
considered to be more or less equivalent to the previous one:

Hypothesis C’: The modular form g satisfies one of the following properties:

e [t is a cusp form regular at p and it is not the theta series of a character of a real
quadratic field in which p splits.

e It is an Eisenstein series irregular at p, i.e., pg is the direct sum of x; and x2 with
x1(p) = x2(p)-

In [DLR1], the authors explain, following results of Cho-Vastal and Bellaiche-Dimitrov,
why Hypothesis C is frequently satisfied in practice:

Proposition 30. Let g € S1(N,x~!) be a cusp form of weight one which is reqular at
p, and let g, denote one of its p-stabilizations. Then, the natural inclusion

S1(Np, X)c, 98] = ST (N, x)[[g2]]

is an isomorphism of Cy-vector spaces if and only if py is not induced from a character
of a real quadratic field in which p splits.
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Hypothesis C and C’ are expected to be equivalent when ¢ is a cusp form. When
g = Ei(x1,x2) is a weight one Eisenstein series with oy := x1(p) and By = x2(p),
consider g.(q) and gg(q), its (not necessarily distinct) p-stabilizations. In this setting,
we have the following result:

Proposition 31. The cuspidal generalized eigenspace Sfc’ord(N,X)[[g;]] is non-trivial
(the eigenform go is a p-adic cusp form if and only if x1(p) = x2(p))
)

Now, consider the logarithms log, : O — F and logp, : E(F) — F. Via the

embedding of H into C,, we can have isomorphisms
log, : (On); — Hy® L, logp, : E(H), — Hy® L.

When r(E, pgn) = 2, let (@1, ®2) be an L-vector basis for Home, (Vgn, E(H)L).
With hypothesis C’ in mind, we can make a choice of a one dimensional Gg,-stable
subspace of V,, that we will denote V{*, according to the following constraint:

1. When it is a cusp form, the arithmetic Frobenius Frob, acts on V; with distinct
eigenvalues and then V, = VJ/* @ Vgg ? is a decomposition into one-dimensional
eigenspaces for Frob,, with eigenvalues ayx(p) and Byx(p).

2. When g is Eisenstein, let V/* be any one-dimensional subspace of the reducible
representation Vg not stable under Gg.

We are going to explain now what is the regulator matrix.

Let Vgg,? = VJ*®V), C Vyp,, where the arithmetic Frobenius acts on VJ* with eigenvalue
Bg- Then, we have a basis vgq,vgg in which the Frobenius acts with eigenvalues Byoy,
and 3,8,

Let now ®1,®3 be a basis of Homg, (Vyn, E(H) ® L).

Definition 53. The regulator matrix is

_ [ logg ®1(vga) logg P2(vga)
Ry, (Ewogh) - ( logp (I)l(vgﬁ) logp (I)2(U/35) '

The determinant of this matriz is

Regga (E7 pgh)

and the Frobenius acts with eigenvalue Sy, BBy = 3—‘;

We would like to relate the value of the regulator with the p-adic iterated integral, but
for this we need to divide by some quantity with eigenvalue (,/ay, and it is for that
reason that we must divide by a Stark unit.

For defining this Stark unit, let Ad, := Hom"(V,,V,) be the three-dimensional ad-
joint representation attached to p,. Attached to g, there is a Stark unit ug, €
(Omn,[1/p] X)édg , where Hy is the number field cut out by Ad,. The main conjecture of
[DLR] is:

Conjecture 9 (Elliptic Stark conjecture). Assume hypothesis A, B,C — C' hold. If
r(E, pgn) > 2, then I, is identically zero. If r(E, pgn) = 2, then there exist test vectors

(f,7,h) € S2(Np)L[f] x My(Np,x)1[9a] X Mi(Np, x)z[h],
for which



One of the motivations for studying the conjecture is the connection between p-adic
Rankin L-values and generalized Kato classes, elements of the form k(f,ga,ha) €
HY(Q,V,(E)® V), that were constructed as p-adic limits of étale Abel-Jacobi images
of Gross-Kudla-Schoen diagonal cycles. When the L-function vanishes, these Kato
classes can be seen as substitutes of Heegner points in settings of analytic rank two.

7.2 Gross-Stark units and p-adic iterated integrals

In this section we explore an analogue to the Elliptic Stark for points in elliptic curves,
as it is done in [DLR2], where the main objects are units in number fields. In [DLR1],
a conjectural expression for the p-adic iterated integrals attached to a triple (f,g,h)
of classical eigenforms of weights (2,1,1) is proposed. Since f was a cusp form, the
expression involved the p-adic logarithms of Stark points (defined over the modular
abelian variety attached to f and over the number field cut out by the Artin repre-
sentations attached to g and h). Here, we replace f by a weight two Eisenstein series
rather than a cusp form. In this setting, the formula will involve the p-adic logarithms
of units and p-units in suitable number fields.

Let g € Mi(Ng,xg),h € Mi(Np,xn) be classical eigenforms of weight one. In [DLR]
there was a crucial self-duality assumption: it must happen that x,, = xgxn were
trivial, and thus pgp, := py ® pp, was a contragradient representation. In the Eisenstein
setting, this self-duality assumption is not required any more and the character x4, can
now be an arbitrary Dirichlet character dividing Ngp, := lem(Ng, Np). Let p { Ngp and
let ag, an; By, Bn be the roots of the corresponding Hecke polynomials. As usual, let
L C C be the field over which the representations p, and pj are defined, and enlarging
it if necessary, we can assume that ay, 34, ap, 8 are in L. Denote by g, and gg the
p-stabilizations of g which are eigenvectors for U, (with eigenvalues oy and f,). Let

fi=BEa(1,xg) € Ma(Ngn, X))
be the weight two Eisenstein series with Fourier expansion
o0
1@ i=co+ > (3 xghdad)a
n=1 dln

Consider also
Fi=d'f = EP (),

the overconvergent Eisenstein series of weight zero attached to the pair (Xghl, 1) of
Dirichlet characters, with Fourier expansion

F(g) =3 (Y xgi(n/d)a)q".
pin dn

We introduce the following object, that will play a crucial role (observe the parallelism
between these definitions and the ones of the previous section):

E(gav h) = eg(’;eord(Fh):

where eyq is Hida’s ordinary projection on the space of overconvergent modular forms
of weight one and ey is the Hecke equivariant projection to the generalized eigenspace
attached to the system of Hecke eigenvalues for the dual form g, of g,.
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While E(gq, h) is always overconvergent and ordinary, it is not necessary classical,
and for that reason we will assume hypothesis C' of the previous section (classicality
property) for g,. This implies that the inclusion

My (Np,xy Ve, lgal = MY (N, xg Hllga]]

of the eigenspace attached to g, that consists only of classical forms, into the general-
ized eigenspace of p-adic modular forms, maps M1 (Np, x; *)c, [94] into Soeerd( N, Xy gkl
of p-adic cusp forms and gives rise to the isomorphism

— * ,ord - *
Mi(Np,xy e, lga) = ST (N, x; gkl

As before, given ~ in the L-linear dual space Ml(Ngh,Xg_l) rlgt]*, the p-adic iterad
integral attached to (v, h) is

/ f b= 7(Z(gar b))
:

To study this integral, consider the four-dimensional tensor product

Pgh = Pg D Ph-

Let H be the smallest number field through which p,, factors. Let

U =L®0%,  UD =L (Oul/p)*/v"),

understood as finite dimensional L-linear representations of Gg.
The following result, stated in [DLR2], and whose proof is given for instance in [Das],
will play a crucial role:

Lemma 23. Let s be the multiplicity of the trivial representation in pgp. Let
dgn := dimy Homgg, (pgn, Ugn), dﬁ) := dimy, Homg, (pgn, Ug(z)).
Then,
1. dgh =2—s.

2. déZ;L) =2+ dimL(pgh)GQP —2s..

The Galois element Frob,, acts on p, (resp. on p,) with eigenvalues a4 and 4 (resp.
ap, and fy). Write the corresponding decompositions as

pe =0 BPL,  pri=pf @,

For g cuspidal, we can attach to g, a two-dimensional subspace of the representation
Pgh setting
Jo . B ®
pgh T pg ph‘
When dﬁ) = 2, we can associate to the pair (gq, ) a p-adic regulator choosing by one
side an L-basis (®1, ®2) for Homg, (pgh, U;Z)) and for the other, an L-basis (v, v2) for
pg‘;l. Then,

_ [ logy(®1(v1)) log,(P1(v2))
Byologn) = < log,(®2(v1)) log,(P2(v2)) > '
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The matrix is well-defined up to left and right multiplication by invertible matrices with
entries in L, and hence its determinant is well-defined modulo L*. This determinant
belongs to Q)" ® L and Frob,, acts on it with eigenvalue Sy 8,8, = % - Xgh(P)-

If x is a Dirichlet character of conductor m, let

m

g() = > x (a)e*me/m

a=1

be the usual Gauss sum, on which Gg acts through x and thus Frob, acts with eigen-
value x(p).

Conjecture 10 (Elliptic Stark conjecture for units). Under the previous assumptions,
when dg;} = 2, the following holds: there exists a choice of test vectors

(f,Garh) € Ma(Np, x ) LLf] % S1(ND, Xg)Llgal ¥ S1(Np, xa)L[h]

for which
. Reg,, (pgn)

e 2 ) = |
/a f (g ) Q(Xgh) logp(u!]a)

where Yo, is the dual element corresponding to the Hecke equivariant projection egx .

An important aspect shared by both settings is the presence in the conjecture of an
iterated integral. We will try to understand now the relation between iterated integrals
and L-functions and for that purpose, we will do the following assumption: there exists
a point x € Ug of weight kg = 1 such that the specialization g, := z(g) € Mi(Nyp, xq)
satisfies Hypothesis C' of the previous section.

Proposition 32. There exists a linear form

Yo 0 S1(Np, x5 )elgal = L

with L = Q(g1, f2, h1) such that

fp(g,f,h)(l,Q,l):/ f2'h1-

[e3

Proof. Fix a finite flat extension AT of A, such that it contains the coefficients of all
the A-adic modular forms we have considered. Let S°™(N; AT) be the space of A-adic
modular forms with coefficients in AT. The Hida family g gives rise to the subspace

SO(N; AT [g] = {ge S (N; AT) such that T,g = a,(g)g, for all (n, N) = 1}.

Let AT be the fraction ideal of AT; then, S°"4(NV; AT)[g] is finite-dimensional over Lf
and has for basis the set {g(qd)}d‘( ~/N,) of A-adic forms. Moreover, it can be checked
that there exists a linear operator

J(g*) : SN, AT) = AT aa AT, 6 J(g", ),

characterized by the property that for every point in Ug N Ug of weight k > 2, the
specialization J(g*) is regular and described by

(95> ) ‘

(95 95)

ve(J(g8) + STUN X Doy = Qolgr), ¢
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We now analyze the specialization in weight 1. For d|(N/N,), let ¢z : S™4(N, LT) — LT
be the function which associated to ¢ its coefficients in g(qd) with respect to the
previously described basis. It turns out that

JE) = Y, Aa-ca,

d|(N/Nyg)

where Ay € LT are elements which, as functions on ZZ? (by the rule k — v ()\g)) can be
expressed as polynomials in ¢*, a,(gr), 1/q and 1/(g+ 1), as q ranges over the divisors
of N. Then, the specialization in weight 1 is also regular and gives a linear operator

Yo = 1(J(g")) + SN, x; )1, = Ly

It factors through S‘fc’ord(N , X;1) L,llg4]], which by assumption is isomorphic to the
space of classical forms S1(Np, x; )L, [9:]-

Hypothesis C' equips S“"4(N, Xy )i, [lgs]] with an L-rational structure, that we will
put Sfc’ord(N, Xy H)cllgill. Then, it follows that v1(Xg) € L and hence v is L-rational
(it belongs to S1(Np, x5 ") rlgal” = Sy (N, xg ) llga]])-

Let egq(d® 2[p ) x h1) be the A-adic modular form whose specialization in weight k is
eord(d%fép] xhy) for all k > 2. By our previous results, .£,7(g, f2, h1) = J(8, eora(d® 2[p} X
h1)) and by construction

Z(8 f2 1) (1) = Ya(Cora(d™ FP x hy)) = / fa .

@

O
Further, we also have the following result with a high resemblance to the previous one:

Lemma 24. Let g} = go ® xg_l denote the twist of g, under the inverse of its neben-
typus. Then, there exists a linear function

Yo 1 My(Ngnp, X, ") lgi] = L

such that
a(xon) "L % Zy (g, h)(1) = / (f 1),

Yo

7.3 Known results about the Elliptic Stark conjecture

The Elliptic Stark conjecture for points in elliptic curves is basically just proved when
both g and h are theta series attached to the same imaginary quadratic field K in which
p splits. We would like to give some ideas around the proof, as it is done in [DLR].
Let —Dpg be the discriminant of the field, and let £ be an elliptic curve over Q with
associated newform f € S(Ny). Given ¢ : Gg — C* a finite order character, let
0y € M1(Dy - Ngg(cy), x) be the theta series attached to 1, and let Vy, := Ind(% ¥ be
the two-dimensional induced representation of ¢ from Gk to Gg. 6y is Eisenstein if
and only if Vj, is reducible, that is, ¢» = 9/, being 1’ the character of G defined by
Y'(0) = p(ogooy '), where op € Gg\G.

We will fix 14 and vy, two finite order characters of conductor ¢, and ¢; in such a way
that the central character x of 1, is inverse to that of 1. Set g := 0y, € M1(Ny, x) and
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h =60y, € Mi(Ny,Xx). Put ¢1 =¥y, and ¥ = 941} ; both are ring class characters of
K associated to orders O, and O, in Ok of conductors c¢; and cy respectively. There
is a decomposition and in parallel to that a factorization of L-series in the following
way:

Vgh - V’L/)l S5 V@Z)27 L(E>Pgh73) = L(E/K7 ¢1,3) : L(E/K77/]275)‘

If we assume that Ny is relatively prime with c,4cj, for all places of K above any place
v|Noo of Q, the local signs of L(E/K,v1,s) and L(E/K,9,s) are equal, and hence
€v(E, pgn) = (£1)? = 1. This implies the first hypothesis. Let H be the ring class field
of K of conductor ¢, the least common multiple of ¢; and c¢y. The field L of coefficients
of the previous L-series can be taken to be any finite extension of the field generated
by the traces of Vi, and V.

Now, it turns out that in this setting, when r(E,Vy,) = r(E,Vy,) = 1, the global
points and units that arise in the Elliptic Stark conjecture are expressible in terms of
Heegner points and elliptic units. In [DLR] there is a detailed explanation of how to
obtain the explicit relations needed for the proof. Let us focus now on the L-functions
involved in the proof, introducing first the Katz two-variable p-adic L-function of an
imaginary quadratic field. Let ¢ C Og be an integral ideal of the imaginary quadratic
field K and let ¥ denote the set of Hecke characters of K of conductor dividing c¢. Write
Y= E%) U Eg) C X for the disjoint union of the sets

Zg) = {¢ € ¥ of infinity type (K1, k2) with k1 < 0,k2 > 1},

Zg) = {¢ € ¥ of infinity type (K1, k2) with k1 > 1, k2 < 0}.

For all 1 € X, s = 0 is a critical point for the Hecke L-function L(3~1, s), and Katz’s

p-adic L-function is constructed interpolating the value L(x~!,0) as 1) ranges over Eg).

In fact, let Sk be the completion of Eg) with respect to the compact open topology
on the space of Op, -valued functions on a certain subset of Aj. Then, by the results
of Katz, there is a p-adic analytic function

Ly(K): Yk — C,

)

uniquely characterized by the property that, for all ¢ € Zg of infinity type (K1, k2),

K1—kK2
QP

Qlﬂlflig

Ly(K)(¢) = a(ih) x e(y) x f(¥) x x Le(¥™1,0),

where we have used the following notations:
—K — —1/= K2/2 —K
o a(e) = (k= i, e(6) = (1= Y(p)p~ (1 — ¢~} (F)) and (1) = D/ - 2752,
o (), € (C; is a p-adic period attached to K.

e 2 € C* is the complex period associated to K.

o L.(yp7',s) is the Hecke L-function attached to t)~! with the Euler factors at
primes dividing ¢ removed.
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We now recall the role played by the p-adic L-function attached to a cusp form and an
imaginary quadratic field. For any Hecke character ¢ of K of infinity type (k1,k2), let

I€1+I€2+1)

L(f,¢,s) ::L<7rf><7r¢,s— 5

denote the L-series associated with the product of the global automorphic representa-
tions attached to the weight two cuspforms f and the Hecke character v. Fix a positive
integer ¢ > 1 relatively prime to pNy. Let X . be the set of Hecke characters ¢ € X
of conductor ¢ and trivial central character for which L(f,¢ 1, s) is self-dual and has
s = 0 as the central point. This set is the disjoint union of three disjoint subsets

ZS&Z = {9 € Xy of infinity type (1,1)},

2?) = { € Sy, of infinity type (k +2,—#), 5 > 0},
2)

E;’C ={y e Yy, of infinity type (—k,k+2),k >0}

These sets are all dense in the completion )y t,c with respect to the p-adic compact open
topology. There exists a unique p-adic analytic function

Ly(f,K): 3. — C,

interpolating the values L (f, Y»p~=1,0) for ¢ € E?g. It is referred as the p-adic Rankin
L-function attached to (f, K). By results of Bertolini, Darmon and Prasanna, for any

(NS 2;22 of infinity type (k + 2, —k),
Ly(f, K)(%) = *L(f,47",0),
where * is a constant that can be made explicit.
Now, the main idea passes for establishing a comparision between the Garrett-Hida
p-adic L-function and these two Katz-style p-adic L-functions we have just presented.

7.4 Hida families and periods for weight one forms

Many of the most relevants theorems not only around BSD, but in the theory of modular
forms, require the introduction of Hida families. A good starting point is, for instance,
the notes of Lafferty [Laf]. We recall here the most interesting structures toward our
purposes.

Let g € S1(N, x) be a newform of weight one, level N and Fourier coefficients in L. Let

p:Gg — Aut(V) ~ GLy(L)

be the Artin representation associated to it. We can view p as acting on a two dimen-
sional L-vector space V', where L can be chosen to be contained in a cyclotomic field.
Let H be the number field cut out by p, so p factors through Gal(H/Q). Fix a rational
prime p and let p a prime of H above p, what defines a canonical inclusion

HCH,CQ,

of H in its completion H, at p. We must assume that the pair (p,p) satisfies the
following conditions.
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1. The prime p splits completely in L/Q so that L is equipped with an embedding
into Q, which will be fixed from now on. This allows p to be viexed as a @, linear
representation via the natural action of Gg on the Qp)-vector space V @, Q,.

2. V is unramified at p, and then there is a well defined arithmetic Frobenius element
Frob, € Gal(H/Q) acting canonically on V' and the characteristic polynomial of
p(Frob,) is equal to the Hecke polynomial attached to g.

3. The modular form g is regular at p, that is, oy # 34. After possibly enlarging L,
we can assume that this coefficient field contains the roots of unity oy and g,.

4. pg is not induced from a character of a real quadratic field K in which the prime
p splits. The reason of why this is needed is explained in [DLR].

Recall that the Artin representation V' decomposes naturally as a direct sum V = V@
V?, where V® and V? are the one-dimensional eigenspaces for Frob,,, with eigenvalues
ag and By, respectively.

By the theorems of Hida, we know that there exists a finite flat extension A, of the
Iwasawa algebra A and a Hida family g € Ay[[¢]] of tame level N and tame character
x passing through the p-stabilized weight one eigenform g,. When g is cuspidal, the
family is unique and comes equipped with the following canonical structures:

1. There is a locally free Ag-module V, of rank two, affording Hida’s ordinary A-
adic Galois representation pg : Gg — Autp, (V,), realized in the inverse limit
of ordinary étale cohomology groups associated to the tower X7 (Np") of modu-
lar curves. Therefore, this representation interpolates the Galois representations
associated to the classical specializations of g.

2. The restriction of V; to Gg, admits a stable filtration
0—-U; =V, =W, =0,

where both U, and W, are flat Ay4[Gg,]-modules locally free of rank one over Ag,
and W, is unramified with Frob,, acting on it as multiplication by a,(g). It is
also customary to write V;“ = Uy and Wy := V.

3. Let @ be the p-adic completion of the maximal unramified extension of Q,.
Then, there is a Ag-adic period wg € D(W,) := (@ &W,)%%, corresponding to
the normalized A-adic eigenform g.

4. There is a natural perfect Galois-equivariant duality
Uy x Wy — Ay(det(pg)),
where G acts on Ay by the right-hand side via multiplication by pg.

Let y4 : Ay — Q, be the specialization map attached to g,. Specializing the structures
above attached to g via y, we obtain:

1. A non-canonical isomoprhism of Q,[Ggl-modules, given by

Dy, Vg =Vy0y, Qp = VoL Q.
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2. A non-trivial G,-stable filtration
0=>Us—=Vy—=W;—0

of V; by one-dimensional subspaces, where Uy := U, ®,, Q, and W, := W;®, Q,.
Frob, acts on W, and U, as multiplication by o, and 34 respectively. Since the
eigenvalues are assumed to be distinct, the exact sequence splits canonically, and
then Uy = V', Wy = V2, V, = Uy @ W,

3. Specialising Ohta’s period leads to a canonical element
Wy, = Yg(wg) € D(VY) := (@ @ V)% = (H, @ V).
4. The duality specialises via y, to a canonical pairing of Q,-vector spaces
()2 Vg x Vgt = Qp(x),
which induces a pairing by functoriality
(,) : D(V)) x D(Vy") = D(Qy(x))-

If the pairing is perfect, we can define a period 7y, € D(Vgﬁ ) as the unique element
satisfying (14, ,wg.) = 7(x) ® 1, where 7(x) is the usual Gauss sum attached to
X, seen as an element of H,,.

We now introduce certain p-adic periods associated to g and the choice of a L-structure
on V,. We assume, for the sake of simplicity, that g is a cusp form.
Take a Gg-equivariant isomoprhism jg : V@rQ, — Vg and let V- := jy (V) (well defined
up to scaling in Q,f by Schur’s lemma). j, induces isomorphisms V* ~ V* @ Q, and
Vf ~VP®r Qp, and then we may choose L-bases vy, vg for VgL N Vg and VgL N Vgﬁ in
such a way that

VgL NV = (vg)r and VgL N Vgﬁ = <v§)L.
Define p-adic periods

1 —3-1
an = an (‘/QL) € HZE‘rObpiag ’ Ega = Ega (‘/gL) € H;‘I‘Obpiﬁg

setting
an ® U; = Wyas Ega ® /U_g = Nga-

These periods depend on the choice of the basis for VgL but only up to multiplication
by L*. Further,

an (M%L) = lu_l : an (VgL)7 Ega (lu"/gL) = ’u_l : Ega (‘/gL)7

and hence Ly, = Qq,/Z,, € (Hp)F‘”Obpzﬁg"‘g1 is in H,* and well defined up to multi-
plication by L*. This expression is a canonical p-period attached to g, that can be
viewed as a p-adic avatar of the Petersson norm of g.

It seems that these periods are in close relation with the previously defined unit u,,,
as it suggests the following conjecture of [DR2.5]:

Conjecture 11. The period L, satisfies

Ly, = log,(uga) (mod L*).
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8 Generalized cohomology classes and Stark conjecture

The aim of this last chapter is to present the results obtained trying to use Beilinson-
Flach elements to give theoretical support to the Elliptic Stark conjecture. This follows
the preprint [RiRo].

8.1 Generalized cohomology classes

In [DR3], the Kato classes defined in [DR2] are used to formulate a conjecture relating
the periods wy,,wp,,, the Kato classes and a new kind of regulators (enhanced regu-
lators), and that would imply the main result of [DLR1]. We now do an analogous
treatment, but working in the setting of Gross-Stark units instead of points (f Eisen-
stein), and we will formulate a conjecture that implies the main result of [DLR2].
Here, since f will be Kisenstein, we cannot use the same classes, so we will have to
work with a different kind of Euler system, that is closely related to the one in [BDR2],
but with the difference that we want to interpolate (g, hy,), allowing both weights to
move at the same time.

Let p1, p2 be an odd, irreducible, two-dimensional Artin representations of Gg

P1, P2 - Gal(H/Q) — GLZ(L)v

where L and H are finite extensions of Q (L is chosen to be contained in a cyclotomic
field). Let Vi,V be L[Gal(H/Q)]-modules, two dimensional over L and realizing p;
and py respectively. Fix also a rational prime p such that (p1,p) and (p2,p) satisfy the
hypothesis of the previous section.

By modularity results, we can attach weight one cusp forms to p; and po, in such a way
that the L-functions of the representation and the series coincide (and further, they
admit functional equations and analytic continuations to the entire complex plane).

Then, consider as in previous sections, g € S1(Ng,xg), b € S1(Nh, xn) be such that
Vi®pQp =V, Va® Qp = V), (defined up to multiplication by a scalar in Q). Let
Vgh := Vg @ Vi, and consider also jgn : Via @1 Qp — Vg We will write V. := jon(Via).
Further, let f := Eg(l,xg_hl) € Mg(Ngh,Xg_hl).

Finally, let N = lem(Ng, Ny), and assume that p does not divide N.

Recall that go = g(2) — By9(pz) and define in the same way gg, ho and hg. We can
choose L large enough to contain the eigenvalues of the Frobenius ay, B4, ap,, B, which
therefore belong to Q,. Let

Ve vicv,  vevlaw,
be the eigenspaces in V,; and V), respectively associated to these eigenvalues, and set

se=veeve, vil=veevy vie=vieve vii=viev’

Although V; and V}, are both assumed to be regular at p, this is not necessarily true
for Vyp,, and we have the decomposition

Von = Vit @ Vgl & Vit @ V.
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To begin with, we will study the singular quotient of the local cohomology at p. Recall
that for any representation V' of Qp,

Hflin(va V) := ker (Hl (Qpa V) - Hl (Qpa Ve Bcrys)) = EXt(l:rys(Qp’ V),

H (Qp, V) :=ker (H'(Qp,V) = H'(Qp,V ® Bar)) = Extgg(Qp, V).

The dimension of Hf (Q,,V) is always smaller or equal than that of H, 91 (Qp,V). In
particular, combining [Bel, 2.8 and 2.21],

dimg, H, (Qp, V) — dimg, H,,(Qp, V) = dim Derys(V*(1))*="
In what follows, we will denote by

Hing(Qp, Vgn(1)) = H' (Qp, Vgn (1)) / Hy (Qp, Vg (1)),

the singular quotient of the local cohomology at p. Observe that typically Hsling
is defined as the quotient of the H! by Hflin; in part, this is due to the fact that
Hén((@p, V)=H ; (Qp, V) for most representations, and the discrepancy in these two
quantities is related with the presence of p-adic invariants.

Recall that we are restricting H'(Q, Vy,(1)) to H'(Qp, Vyu(1)) and we will denote by

res,, the projection to that quotient.

Observe that we always have four canonical generalized Kato classes (a priori distinct)
attached to the p-stabilizations of g and h, namely

R(gonhoz)a "i(gouhﬁ)v H(gﬁvha)7 K(Qﬁ?hﬁ) € Hl(Qv Vgh(l))7

In the setting we will present later on, it will occur that L(g ® h,1) = 0 and this will
imply that the classes lie in Hg1 (Qp, Vgn(1)).

These classes are obtained as p-adic limits k(ga, ha) = limg_1 5(gk, ) as (gr, hi)
ranges over the classical specializations of weight k > 2 of Hida families specializing to
Jgo and h, at weight one.

Let V4(N) be the g-isotypic component of H!'(Xy(N)) which is non-canonically iso-
morphic to a finite number of copies of V, indexed by the positive divisors of N/N,.
Define in the same way V. A pertinent observation is that the classes we have initially
constructed took values in the Galois representation Vy,(N) = Vy(N) ® V,(N) and
then the ones we are interested in (k(ga, o) and so on) are obtained via a natural
Gg-equivariant projection

™ Vgn(N) = Vgn

such that 7*(V; ) is an eigen-subspace of Vg, (N)* for all (good and bad) Hecke oper-
ators. Further, the projection can be chosen to be compatible with the L-structure,
filtration, Ohta periods and dualities.

The generalized classes belong to the global cohomology group

HY(Q, Vgn(1)) = Extg, (Qp, Von(1)),

where Q) refers to the one-dimensional p-adic representation of Gg with trivial action
and the Ext group is taken in the category of finite dimensional Q,-vector spaces
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equipped with a continuous Gg-action (the restriction to Gg, is not necessarily de
Rham).
The p-adic Selmer group

Hflin(@’ Vgh(l)) = EXtirys(va Vgh(l))

attached to Vg, (1) is the group of extensions of Q, by V(1) in the category of Q-
linear representations of Gig such that the restriction to Q; lies in Hl%n(@l, V) for all
primes [ (in particular, it needs to be crystalline at p). We give now a definition that
will be very useful for our purposes.

Definition 54. H}

inp(Q, Vg (1)) is the group of extensions that are de Rham at p (the

restriction to Q, lies in Hg(@p,Vgh(l))) and crystalline at all primes | # p (their
restrictions to | # p lie in H} ).

Since we will work in the setting in which L(Vyp,1) = 0, this will allow us to assume
that the Kato classes are de Rham at p and thus belong to Hénp(@, Vgn(1)).

The Selmer group has a natural L-rational structure, and we have (from [Bel, Propo-
sition 2.12]) the following two relations:

Home, (Viz, UY) ® Qp = Hi, ,(Q, Vyn(1));

HomGQ(‘/l27 Ugh) ® QP = Hén(©? th(l))

Hence, we will consider Homg,, (V12, Ug(i)) since the assumption we will do later will

allow us to assume that k(gq, ha) € H&n,p(@7 Vgn(1)). Moreover, we are interested in
working in the situation that the dimension of this space is two (and consequently,
that of H (Q,Vyn(1)) is at most two, but it can be smaller). The following results
summarize our situation:

Proposition 33. The following are equivalent:

1. The generalized Kato classes belong to

H;(Qp?vgh(l))a
that is, their images in Hsling((@p, Vyn(1)) are trivial.
2. The central critical value L(Vgp, 1) vanishes.

Proof. This follows from the results of the last section of Chapter 6, in the particular
case that we consider weight one specializations for g and h, j = 0 and ¥/ = —1
(=142 = 1). This means that L,(g,h,1) = *exp*(k(ga,ha)). Then, we have that
Ly(g,h,1) = 0 if and only if K(gqa, ha) lies in the kernel of the dual exponential map,
that we have seen that happens if and only if the class belongs to H; (Qp, Vgu(1)). O

Consequently, when L(Vy,,1) = 0, the generalised Kato classes will belong to the
homomorphism group previously considered. We are interested in the rank 2 situation,
where we can formulate the following conjectural fact.

Conjecture 12. The generalized Kato classes previously described generate a non-
trivial subgroup of the Selmer group of Vg if and only if the following equivalent con-
ditions are satisfied:
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1. The L-series L(Vyp, s) has a double zero at s = 1.

2. The homomorphism group HomGQ(Vlg, Ug(],';)) 18 two-dimensional over L.

The equivalence of these two properties follows from [Das]. From now on, we will as-
sume that these conditions hold throughout the exposition.

Consider again kp(ga, ha) = resp(k(ga, ha), the image of the global class in the local
cohomology group. Our point is that the image of the global class k(gq, ha) is controlled
by suitable p-adic avatars of the second derivative of the classical L-series L(Vyp,s) at
the central critical point s = 0. These p-adic values, that already appeared for instance
in [BDR2] and [DLR2] are precisely the L-series previously presented,

L9°(G5h), L9955 h), LG hY), L (g,h).

They depend on the choice of certain test vectors

(g,h) € S1(N,xg; L) x S1(N, xn; L)

with the same system of Hecke eigenvalues as g and h respectively and with Fourier
coefficients in L, and also on the choice of dual test vectors

(§*, h*) € Hom(S) (N, x;'; L), L) x Hom(S1 (N, x;, "5 L), L)

with the same system of Hecke eigenvalues as g and h.

We remark that these p-adic L-values are defined essentially as the p-adic limit of
central critical values of the L-function associated to V,, ® V}, as g; ranges over the
specializations of odd weight I > 3 of the Hida family g specializing to g, in weight one
(or those associated to V, ® Vp, ).

Choose a basis of V, over Q, compatible with the previous decomposition:

egp € Vgofba, €Ba € Vgo;lﬁ, €apB € Vgéla, €aa € Vgﬁhﬁ.

Recall that the Frobenius acts in Vg‘}‘la with eigenvalue 343 and similarly for the others.
We can consider the dual basis to this: in particular, the element ¢ € Vg*;l correspond-

ing to egs will have Frobenius eigenvalue X;hl (p)agay. Then, call the elements of
the dual basis {Paa; Pas: Pas s}, Where the Frobenius acts on ¢ with eigenvalue
Xg_hl (p)agou,.
Write

Hp(goca hoc) = Rﬁ5¢aa + R,Baflsa,é’ + Raﬁ¢,8a + Raa¢ﬁﬁa

where Rgg € U, g(i) is the image by k, of eqn and the Frobenius acts on the coor-
dinate R,, with eigenvalue gy (and similarly for the others). Observe that this

makes sense for the identification we have made between HomGQ(Vlg, U g(fz)) ® Qp and
Hﬁ1n7p(Q7 %h(l))

Let
log,, : O(Hp)ap — H,

be the formal group logarithm. We formulate here the following remarkable result
whose proof will be our next objective.
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Theorem 77. When L(Vy,,0) = 0, there exist test vectors for g and h such that the
previously chosen coordinates satisfy

10gp(Ra6) ~ ZLp% (g, il)y Ing(Rﬁa) ~ gpha (9, iL*)v Ing(R/J’ﬁ) =0,
where ~ means equality up to a non-zero p-adic period in HPX.

After proving the theorem, this corollary will be a direct consequence.

Corollary 8. If L(Vy,0) = 0 and £, (3", h) # 0 for a suitable choice of test vectors,
then the two global classes

"Cp(ga,ha)7 /‘Jp(gonhﬂ)
are linearly independent in the Selmer group Hg1 (Q, Vyn(1)) attached to Vgp,.

We will explain how to proceed now to prove the previous theorem and the corollary.
Recall that we are working under the hypothesis that L(Vy, 1) vanishes at order 2,
and in particular £(ga, ha) and £(ga, hg) belong to Hf}mp(G@, Vgn(1)) (or to the corre-
sponding homomorphism group).

Hence, we can consider the p-adic class £,(ga, ho) that lies in the direct sum of these
four spaces:

HY(Qp, Vi (1) = HHQp, V3 (1) SHN @y, Ve (1) SH @, VS (1)@ HY @y, VI (1)).

Lemma 25. kp(ga,ha)(egs) = 0, where we see kp(ga, ha) as an element in the space
of Hom(Vgp, O(H)[).

Proof. We have that
tp(Gas ha) = }E}I} tip(gr, hi) € H; (Qp, Vg, (1))

Via the Block-Kato logarithm, we have a projection of this last space in the dual of
Fil D(Vy,Vy,), the three dimensional subspace generated by wg, ® wp,, wg, ® 1Ny, and

Mgy & Wh -
On the other hand, we have that
=i .
€s5 = M Tg O Thy
Further,
ip(0as o) = T o5y, 1) Ol 1) = 0,

since ng, ®np, does not lie in Fil D(Vy,,). Observe that the fact of being able to consider
the limit comes from [KLZ], where they have proved the existence of global differentials
w and 7, that at weight [ specializes to w; and 7; respectively. O

Assume now for the sake of simplicity that Ny = Np = N. Then, Vj,(N) = V.

Theorem 78. Assume that %9 = Z£,9°(§*,h) # 0. Then, kaa = kp(ga, ha) and
KaB ‘= Kp(9a, hg) are linearly independent.
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Proof. Recall that koo and ke can be understood as elements in Hom(Vyy, Uéz)). In
particular, if we prove that the action over two different vectors gives rise to a matrix
with non-zero determinant we will be done. In particular, setting .Z,9*(g*, h)(1,1) =

2£,9, it yields that
< Kaa(€ss) FKaal€sa) > _ < 0 2z >
rap(epp) Kap(epa) L7 0
where we have used the previous lemma together with the fact that
Kaa(€pa) = limlog k(gr, hy)(ng, @ wp,) = lim Ay (A(gr, b)) (1g, @ why) =
—1 —1
= lim .£,% (g, h)(1,1) = 4,7,
=1

which follows from the formulas of [BDR1]. Since when the rank of vanishing is two
2£,9 # 0, we are done. O

We know (by our assumption) that Homg, (V12, Uéz)) is a two-dimensional L-vector
space, so we can choose a basis (u,v), that can be written as

U= uﬁﬁ¢aa + uﬁa¢a6 + uaﬁ¢,3a + uaa¢,8,3:

U= Uﬁﬁ(ﬁaa + Uﬁa¢aﬁ + Uaﬁ¢ﬁa + Uaa¢ﬁ57

where as before the Frobenius acts on u,, as multiplication by ag4ay and analogously
for the other coordinates.

Recall that
log, u log, v
Rga(‘/:m) = < 1ngu65 10 pvﬁﬁ ) )
p YBa gp Ba

and that the main conjecture of [DLR2] was that, under the hypothesis that L(Vp, s)
vanishes to order 2 at s = 1, then there exists a choice of test vectors (g*, h) such that

_. = Reg, (Vi2)
gp(g ’h) = 109
Ep Uga

where Reg, (Vi2) = det(Ry, (Vi2)).

8.2 Enhanced regulators

We are going to define a certain kind of objects, the so-called enhanced regulators, that
will play a crucial role from now on. They will belong to the following spaces:

Reg(Vis) € Homg, (Viz, Ug(z)) ® Homg, (Viz, Ug(z)).

Reg o (Vi2) € (Hy) =55 @ Homg, (Via, UL)).

Reg(Vyn) € (U @ Vi) & Homeg (Vi UR).

Reg o (Vyn) € (Hy) T =P9%  Home, (Von, US).

Then, -
Reg(Vi2) =u®@v—-—v®@u=uAv
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where (u,v) is a basis of the two-dimensional vector-space Homg, (V12, Uéz)). It is well-
defined up to multiplication by L*.

Frob,=44

To define the second one, consider log,,, : Homg (Vi2, U g(z)) — (Hp) Pr given by

10gqq (u) = logp(uﬁﬁ)'

This induces a linear map
log,, ®1 : Homgy, (Vi2, Ug(ﬁ))®H0mG@(V12, Ug(Z)) 5 (H,)Frob»=095n @ Home, (Via, ng)).

We are going to sketch now how to construct another another type of enhanced regu-
lator, namely, Reg(Vyy,), that has properties that will interest us more. In particular,
we will consider a map

Jan ® Jgn - Homgy (Viz, UR) @ Home, (Viz, USR) = (U @ Vyn) ® Home (Vn, Uéfb))-

For this, observe that we have an embedding jg, : V7% — V;}ZL C V,j, (this comes from
the embedding V1o — Vi, tensoring with the character). Of course this embedding is
completely non-canonical and only defined up to scaling by Q.

Now, the canonical dualities on V, allow us to define Gg-equivariant embeddings
j;h : Vi — Vgn. Replacing jgp by p - jgn for any p € Qp replaces j;h by p1
Hence, the map

j;h ® Jgh Vis @ Vi5 — Voh ® g*h7

is well-defined up to scaling by L* and we can now define our desired };h ® jgh as
the composition of the previous map with the corresponding isomorphisms between

Homg, Va2, Ug(i)) and U g(i) ® Vi (and the analogous ones for the other homomorphism

spaces involved).

Definition 55. The enhanced regulator %(%h) associated to Vyy, is

Reg (Vo) = (i © Jon) (Reg(Vi2)) € (U @ Vy) @ @ Homey (Vo US)).

To finish with the definitions, let

Log, : (U © Vi) = (H, ® Vy) % = D(Vy)

be the canonical p-adic logarithm induced from the p-adic logarithm previously defined
via the embedding H C H, and let Log,, be its composition with the functorial
projection D(Vgp) — D(V;*):
Loga ¢ (Uyf) ® Vo) % — D(V3e)
Log,, := log,, ®egag.

Recall that egg is a basis for Vg‘}‘f and that Frobenius acts there as multiplication by
BgBh. Write

%aa(‘/gh) = (Logaa ®1)(}§Eé(‘/gh)) = Logaa(u) v — Logaa(v) X u.

This regulator ITetcgaa(Vgh) is a canonical invariant well defined up to multiplication by
L, while Reg,(V12) depends on the choice of a basis for V. They satisfy

%aa(%h) = %aa(mZ) ® €pB-
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8.3 Some conjectures towards the main result of [DLR2]

We will recall now the construction of the periods wg, and wy,, of [DR2.5] that will play
a prominent role in this last part of the article. By the results of Hida, we know that
there exists a finite flat extension A, of the Iwasawa algebra anda Hida family g € A[[¢]]
passing through g,. In the cuspidal case, it comes with a locally free Ag-module V,
of rank two, affording Hida’s ordinary A-adic Galois representation. The restriction to
Gy, gives the filtration

0=V, =V, =V, =0,

being Vi and V, flat Aj[Gg,]-modules locally free of rank one over Ag. Frob, acts on
V, as multiplication by a,(g).

Let @g\r be the p-adic completion of the maximal unramified extension of Q,. Then,
there is a Ag-adic period wg € D(V}) = (@ ®V;)GQP, corresponding to the normal-
ized A-adic eigenform g.

If y, : Ay — Q, is the specialization map, we can define

Wgo = Yglwg) € D(V)Y) := (QF © V;) "% = (H, ® V).

In general, there exists a natural Galois-equivariant duality, that specializes to a canon-
ical pairing of Q,-vector spaces

<7> : ‘/:gﬁ X v:ga — @p(X)a
which induces a pairing by functoriality

(,): D(Vy)) x D(Vg") = D(Qp(x)).

If the pairing is perfect, we can define a period 7y, € D(Vgﬁ ) as the unique element
satisfying (ng,,wg.) = 8(x) ® 1, where gx(x) is the usual Gauss sum attached to x,
seen as an element of H,.

Define p-adic periods

_ -1 _np—1
an = an (‘/QL) € H;‘rObpiag ’ Ega = Ega (‘/gL) € HETObpi/Bg

setting
an ® ,U(; = Wyas Ega ® ’Ug = Nga-

These periods depend on the choice of the basis for VgL but only up to multiplication
by L*. Further,

an (M%L) = lu_l : an (VgL)7 Ega (lu"/gL) = ’u_l : Ega (‘/gL)7

and hence L, = Qg /=, € (lﬁTp)FmbP:ﬂg"‘9_1 is in H* and well defined up to multi-
plication by L*. This expression is a canonical p-period attached to g, that can be
viewed as a p-adic avatar of the Petersson norm of g.

It seems that these periods are in close relation with the previously defined unit u,,,
as it suggests the following conjecture of [DR2.5]:

Conjecture 13. The period Ly, satisfies

‘Cga = Ing(uga) (mOd LX)
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Conjecture 14. Assume that the L-series L(Vyn, s) has a double zero at s = 1. Then,

the generalized Kato class k(ga, ha) belongs to Homg, (Vyp, Uéz)) and satisfies the rela-
tion -
wgawha ® ﬁ(goca h‘a’) ~L Regaa(‘/gh)

in D(V;*) ® Homeg (Vgn, Ug(z)), where ~1, means equality up to scaling by a non-zero
factor in L.

We will now prove how under the conjecture relating the canonical period attached to
g to the Stark unit ug,, this conjecture implies the main conjecture of [DLR2].

Proposition 34. Assume that conjectures 5.2 and 7.1 are true. Then, conjecture 7.2
implies the main conjecture of [DLR2].

Proof. Consider the product of periods
_ (= B8y . [¢) ay = .0 Ba D Vﬂa
NgaWha = (Ego ® €g) - (Qn, ® €)= Eg, - Qn, @ €y, € D(V").
The pairing we have introduced gives rise to a pairing
() s DVgy) x D(Vyy") = D(Qy) = Qp.

On the other hand, by the definition of the enhanced regulator, applying now the Log
map in the second component we obtain

Log,s Reg, (Vyn) = (logp ugg log, vga — log, vgs log, UBa) ® €3 @ Ppq

= Reg, (Vi2) ® egs ® ¢ppa  (mod L*).

Hence, we have the following inequality in D(Vg‘;‘f‘):

<Logocﬁ ]E/{e/gaa(‘/;}h)v ngawha> = Ega : Qha : R‘egga (%h) ® eﬁﬁ (mOd LX)
We also have the following result from the sections 8.2.10 and 9.7.2 of [KLZ]:

<L0gaﬁ K(go” hOé)) ngawha> = gpga (g, h) (I'IlOd LX )

By pairing the value of Log,s at both sides of the displayed identity of the previous
conjectures with the class 7y, wp,, we obtain

WoaWh, ® L% (g, ) = g, - Qn,, - Reg,, (Vi2) @ egg € D) (mod L™).
Since we know that
Wy Why = Qg U, - €p3  (mod L),
it follows that
Qg0 %" (g,h) = Ega Regga (Viz) (mod L),
and therefore that

Regga (V12) . Regga (V12)

£,95(g, h) = -
p (97 ) ﬁga logp uga

(mod LX).
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