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Iwasawa theory for Rankin-Selberg products of
p-nonordinary eigenforms

Kazim Biiyiikboduk, Antonio Lei, David Loeffler and Guhan Venkat

Let f and g be two modular forms which are nonordinary at p. The theory of Beilinson—Flach elements
gives rise to four rank-one nonintegral Euler systems for the Rankin—Selberg convolution f ® g, one for
each choice of p-stabilisations of f and g. We prove (modulo a hypothesis on nonvanishing of p-adic L-
functions) that the p-parts of these four objects arise as the images under appropriate projection maps of a
single class in the wedge square of Iwasawa cohomology, confirming a conjecture of Lei—Loeffler—Zerbes.

Furthermore, we define an explicit logarithmic matrix using the theory of Wach modules, and show
that this describes the growth of the Euler systems and p-adic L-functions associated to f ® g in the
cyclotomic tower. This allows us to formulate “signed” Iwasawa main conjectures for f ® g in the spirit
of Kobayashi’s +-Iwasawa theory for supersingular elliptic curves; and we prove one inclusion in these
conjectures under our running hypotheses.
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1. Introduction

1.1. The setting. Throughout this article, we fix an odd prime p and embeddings is, : @ — C and
lp: Q—C p- Let f and g be two normalised, new cuspidal modular eigenforms, of weights k¢ + 2,
ks +2,levels Ny, N,, and characters € r, €, respectively. We assume that ks, k, > 0, that p{ Ny N,, and
that f and g are both nonordinary at p (with respect to the embeddings we fixed).
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Let E/Q), be a finite extension containing the coefficients of f and g, as well as the roots of the Hecke
polynomials of f and g at p. We shall write af, B, o and B, for these roots; we assume throughout

that oy # B and ag # B,.
Let O denote the ring of integers of E. For each h € {f, g}, we fix a Galois-stable O-lattice R, inside

Deligne’s E-linear representation of Gg. The goal of this article is to study the Iwasawa theory of
T .= R;’} ® R; =Hom(Ry ® Ry, O) over Q(u ).

1.2. Main results.

Beilinson—Flach elements. For each of the four choices of pairs (A, ), where A € {a s, B¢} and u €
{ag, Bg}, and each integer m > 1 coprime to p, there exists a Beilinson—Flach class

BF) um € H® H (Qymp), T),

as constructed in [Loeffler and Zerbes 2016b]. For the definition of H and H
classes BF; ,, » satisfy Euler-system norm relations as m varies. However, they are not integral; that

lw, see Section 2 below. The
is, they do not lie Hllvv(@(umpoo), T). This is the chief difficulty in using these elements to study the
Iwasawa theory of 7.

In Section 3.4 below, we recall the relevant properties of these classes, focussing on their dependence
on the choice of the p-stabilisation data (A, n). We also recall the explicit reciprocity law relating the
Beilinson—Flach classes for m = 1 to p-adic Rankin—Selberg L-functions: applying the Perrin-Riou
regulator map to the four classes BF, , | and projecting to suitable eigenspaces, we obtain the four
unbounded p-adic L-functions associated to f and g studied in [Loeffler and Zerbes 2016b].

As a by-product of this analysis we also obtain four new p-adic L-functions, which are defined and
studied in Section 3.7. We conjecture that these fall into two pairs, with each pair differing only by a sign.
This gives a total of 6 p-adic L-functions for f and g, which is consistent with a conjecture of Perrin-Riou,
predicting one p-adic L-function for every g-eigenspace in the 6-dimensional space /\% Deris (V).

A “rank 27 Beilinson—Flach element. In [Lei et al. 2014], it was conjectured that the four Beilinson—Flach
elements associated to f and g can be seen as the images, under suitable linear functionals, of a single
element in the wedge square of Iwasawa cohomology. We recall this conjecture (in a slightly strengthened
form) as Conjecture 3.5.1 below. Our first main result gives a partial confirmation of this conjecture,
assuming m = 1 and some technical hypotheses:

Theorem A. Suppose that all four p-adic Rankin—Selberg L-functions given as in (3.6.1) are non-zero-
divisors in H, and that the following “big image” hypotheses hold:
o The representation V is absolutely irreducible.

o There exists an element T € Gal(@/@(upoo)) such that the E-vector space V/(t — 1)V is 1-

dimensional.
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Then there exists a class BF; € Frac’H ® /\2 HIIW(@(M p=), T) whose image under the appropri-
ate choice of Perrin-Riou functional (corresponding to the choice A € {ayr, Br} and u € {ag, Bg})
equals BF; ;. 1.

See Theorem 3.9.1 below for a more precise formulation of Theorem A.

Decompositions using matrices of logarithms. By analogy with earlier work on Iwasawa theory of p-
supersingular motives (such as [Kobayashi 2003; Lei 2011; Lei et al. 2010; 2011; Biiyiikboduk and
Lei 2016]), one naturally expects the growth of the denominators of the Beilinson—Flach elements and
p-adic L-functions for f ® g to be governed by a suitable “matrix of logarithms”, depending only on the
restriction of 7' to the decomposition group at p.

In this paper, we construct such a logarithmic matrix for the representation 7. More precisely, we show
that there exists a 4 x 4 matrix M defined over ‘H allowing us to decompose Perrin-Riou’s regulator map
L: HI1 (Qp, T) = H ®Deis(T). That is, there exist four bounded Coleman maps

w
Cola o : H\(Qp, T) — O[Gal(Q, (1p=)/Q,)], e, 0 € {#,b}
such that
COI#,#
COl#vb
COlb’#
COlb,b

L=(vi v2 v3 v4)-M-

for some basis {v1, va, v3, v4} of Deyis(T).

We conjecture that this logarithmic matrix can be used to decompose the unbounded Beilinson—Flach
elements BF, , ,, into bounded classes. The precise formulation (Conjecture 5.3.1 below) is that there
should exist elements BF, , ,, € HIIW((I;D(Mmpoc), T) for e, o € {#, b} such that

BFa,a,m BF#,#,m
BFa B.m BF# b,m
M — M . Yy
BFﬂ,a,m BFb,b,m (T)
BFﬂaﬂ,m BFb,b,m

We refer to these conjectural BF,  ,, as doubly signed Beilinson—Flach elements, since they depend
on the two choices of symbols (e, 0).

While we are currently unable to prove such a decomposition, we show a partial result in this direction
in Section 5.4, where we consider the images of the unbounded Beilinson—Flach elements at locally
algebraic characters in a certain range. We also show that if our Conjecture 3.5.1 on the existence of
integral rank-two classes {BF,,} holds for some m, then Conjecture 5.3.1 follows as a consequence.

Bounded p-adic L-functions and Iwasawa main conjectures. On assuming that integral classes BF, , |
exist satisfying () for m = 1, we may define bounded p-adic L-functions by applying the integral
Coleman maps Cola g to these elements. Here (A, [J) € {#, b}2 is a second pair of symbols; we refer
to these p-adic L-functions as quadruply signed. This gives a factorisation of the unbounded p-adic
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L-functions into bounded ones. We formulate an Iwasawa main conjecture (Conjecture 6.2.1 below)
relating these p-adic L-functions to the characteristic ideals of the Selmer groups defined using the
intersection of the kernels of Col, , and Cola 0. Using the classical Euler system machine, we are able
to show that one inclusion of this main conjecture holds under various technical hypotheses:

Theorem B. Suppose that |k —ky| >3 and p > k¢ +kg +2. Assume the validity of Conjecture 5.3.1, and
of the hypotheses (A-Sym), (H.nA), (BI0) and at least one of (BI1)—(BI2) stated in Section 6.2 below.
For any integer j with 1 + (ky +k,)/2 < j <max(ky, kg), there exists at least one choice of symbols
S ={(A,0), (e, 0)} with (A, ), (e, o) € {#, b} such that the w’ -isotypic component of the quadruply
signed Selmer group Sels (T (1)/Q(up>)) is O[T ]-cotorsion and

e, L6 € charogr, g (e, Sele (T (1)/Q(1px))")
as ideals of O[T ® Q.

See Definition 6.1.2 below where we define the quadruply signed Selmer group Selg (T (1) /Q(u <))
and the quadruply signed p-adic L-function £g. See also Theorem 6.2.4 for a more precise formulation
of Theorem B as well as Proposition 5.3.4 where we give a sufficient condition for the validity of the
condition (A-Sym).

Triangulordinary Selmer groups. An alternative approach to Iwasawa theory for supersingular motives
is given by Pottharst’s theory of triangulordinary Selmer groups. This allows us to associate a Selmer
group to each of the six g-eigenspaces in Ds(V); these Selmer groups are finitely generated over the
distribution algebra #, rather than the Iwasawa algebra, and one expects their characteristic ideals to
be generated by the associated unbounded p-adic L-functions. As a consequence of our results on the
Iwasawa main conjectures for the bounded, quadruply signed p-adic L-functions, we obtain one inclusion
in the Pottharst-style main conjectures, under our running hypotheses:

Theorem C (Corollary 7.4.9 below). Suppose that all hypotheses in Theorem B hold true and choose
G ={(A, 1), (e, 0)} that ensures the validity of the conclusions of Theorem B. Then for each . € {ar, B}
we have the divisibility

char(H2(®, \ViB D)) | char(coker Cols o)L, (f3, &)

taking place in the ring H. Here, H*(Q, V'; ;) is the Pottharst-style Selmer group defined in Section 7.2
below and L ,( ., g) is the Rankin—Selberg p-adic L-function associated to the p-stabilisation f of f.

Forthcoming work. We shall study the special case when f = g with a, = 0 in the subsequent article
[Biiyiikboduk et al. 2018]. In that case, the rank-four module 7 decomposes into the direct sum of the
symmetric square of R} and a rank-one representation, and we use the results in the present paper to study
the Iwasawa theory of the symmetric square of f (which is complementary to the work of Loeffler and
Zerbes [2016a] in the ordinary case). In this special case, we are able to verify the nonvanishing condition
that is the key hypothesis in Theorem A, allowing us to prove unconditional versions of Theorems B and
C for the symmetric square.
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2. Review on p-adic power series

We recall the definitions and basic properties of the rings appearing in nonordinary Iwasawa theory,
following [Lei et al. 2017, §2]. We fix a finite extension E/Q),, with ring of integers O, which will be the
coefficient field for all the representations we shall consider.

2.1. Iwasawa algebras and distribution algebras. Let I' = Gal(Q(u p~)/Q). This group is isomorphic
to a direct product A x I'y, where A is a finite group of order p — 1 and I'; = Gal(Q(up=)/Q(1p)). We
choose a topological generator y of I'y, which determines an isomorphism I'y = Z,,.

We write A = O[[I']], the Iwasawa algebra of I". The subalgebra O[[T"] can be identified with the
formal power series ring O[[ X ]|, via the isomorphism sending y to 1+ X; this extends to an isomorphism

A = O[A][X]. 2.1.1)

We may consider A as a subring of the ring # of locally analytic E-valued distributions on I". The
isomorphism (2.1.1) extends to an identification between H and the subring of power series F' € E[A][X]]
which converge on the open unit disc | X| < 1.

For n > 0, we write w,(X) for the polynomial (1 + X)p" — 1. We set &¢p(X) = X, and &,(X) =
wn(X)/wp—1(X) for n > 1. We write Tw for the ring automorphism of H defined by o +— x(o)o for
o €I'. Let u = x(y) be the image of our topological generator y under the cyclotomic character, so that
Tw maps X to u(1+ X) — 1. If m > 1 is an integer, we define

m—1 m—1
onm(X) = [ TW (@i (X)); @y (X) =[] TW (@n(X))
i=0 i=0

Let log,, be the p-adic logarithm in H. We define similarly

m—1
logp’m = 1_[ Tw™* (logp).
i=0
Finally, we define
m—1
(log, (14+X
o= T (P505)

i=0

2.2. Power series rings. Let Aap = O[], where 7 is a formal variable. We equip this ring with a
O-linear Frobenius endomorphism ¢, defined by m — (1 4+ m)” — 1, and with an O-linear action of I"
defined by 7 > (1 4+m)*® —1 for o € I, where x denotes the p-adic cyclotomic character.

The Frobenius ¢ has a left inverse ¥, satisfying

o) (F) M) == 3 Fed+m—1).
p;:cpzl

The map ¥ is not a morphism of rings, but it is O-linear, and commutes with the action of I'.
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We regard Aap as a subring of the larger ring

[B%:g’@;, = {F(n) € E[[r] : F converges on the open unit disc}.

The actions of ¢, ¥, and I" extend to B:{g Q,’ via the same formulae as before. We shall write ¢ =

p(m)/m €Al and 1 =log,(1+m) € By, ¢ .

2.3. The Mellin transform. The actionof " on 1 + 7w € (Aap)‘”zo extends to an isomorphism of A-
modules
M: A—>(AG )=, T 1+,

called the Mellin transform. This can be further extended to an isomorphism of #-modules

= (Bt =0
H—> (Bﬂg,@pw

which we denote by the same symbol.

Theorem 2.3.1. For all integers m,n > 1, the Mellin transform induces an isomorphism of A-modules
@, (X)A = 9" (") (AG )V,
Proof. See [Lei et al. 2017, Theorem 2.1 and Equation (2.2)]. O

2.4. Classical and analytic Iwasawa cohomology. Let T be a finite-rank free O-module with a continu-
ous action of Gr, where F is a finite unramified extension of Q,,. Then the Iwasawa cohomology groups

of T are classically defined by
HE(F (o), T) = lim H (F (i), T).
n

Alternatively, these can be defined using a version of Shapiro’s lemma: set T =7 ® A‘, where A' denotes
the free rank 1 A-module on which G acts via the inverse of the canonical character Ggp — ' <— A*.
Then one has

Hi (F(up=), T) = H'(F, T).

If F is a number field, and ¥ a finite set of places of F' containing all v | poo and all primes where 7 is
ramified, then we can define similarly

Hi, s (F(upe), T) :=1im H (Fs. /F (), T) = H'(F5 /F, T),

where Fy is the maximal extension unramified outside . In both local and global settings, the Iwasawa
cohomology groups are finitely generated as A-modules, and zero unless i € {1, 2}. We define Iwasawa
cohomology of V = T[1/p] by tensoring the above groups with Q,,.

Remark 2.4.1. The group HﬂN’E(F (1p), T) is actually independent of the choice of X, and we will
frequently drop X from the notation. This is not the case for HIZW’Z.
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The “analytic” variants of these modules, which play a key role in Pottharst’s approach [2013], to
cyclotomic Iwasawa theory of nonordinary motives are obtained by systematically replacing A with the
larger ring . We define VI =V ® #H!; then for F a p-adic field we have

Hi (F(up~), V) = H (F, V) Z H@ap1/p) Hiy (F (1), V),

and similarly for the global setting. The importance of the analytic Iwasawa cohomology groups is that
for F' a p-adic field, the analytic Iwasawa cohomology of V is encoded in its Robba-ring (¢, I')-module;
see Section 7.1 below.

2.5. The Perrin-Riou regulator map. Let F be an unramified extension of Q,, and 7 an O-representation
of Gr as before; and assume that V = T[1/p] is crystalline, with all Hodge-Tate Weights1 > 0, and
with no quotient isomorphic to the trivial representation. We also fix a choice of p-power roots of unity
Epn € @p, forn > 1.

Then there is a canonical homomorphism of #-modules, the Perrin-Riou regulator,

Lry: HL(F(upe), V) = H®Deis(F, V)

which interpolates the values of the Bloch—Kato logarithm and dual-exponential maps for twists of VV by
locally algebraic characters of I".

It will be important to us later to consider how these maps interact with change of the field F. If K/F
is an unramified extension with Galois group U, then Ds(K, V) = K Q@ Deis(F, V); so the source and
target of the regulator map L y are naturally modules over the larger group K (i p~)/F =T x U, and it
follows easily from the construction that Lk yy commutes with the action of this group.

Moreover, we have an interaction with restriction and corestriction maps which can be summarised by
the following diagram:

Lk,
HL (K (p=), V) ——=— H® Deyis (K, V)

cores res trace C 2.5.1)

L
HL (F(up<), V) ——— H® Deyis(F, V).

3. Euler systems of rank 2 for Rankin—-Selberg products (Conjectures)

We expect that the Beilinson—Flach Euler system may be obtained by applying a suitable “rank-lowering
operator” to a rank-2 Euler system. Our goal in this section is to present a precise account of this
expectation and formulate a conjecture. Even though we are currently unable to verify this conjecture in
general, it serves as a signpost for the signed-splitting procedure for the p-stabilised Beilinson—Flach
elements that we will develop in the later sections.

10ur convention is that the Hodge-Tate weight of the cyclotomic character is +1.
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3.1. Review of Perrin-Riou’s theory. Let T be a free O-module of finite rank with a continuous action of
the absolute Galois group Gg, which is unramified outside a finite set of primes ¥ > p. Let V=T Qo E.

Let P denote a set of primes disjoint from X, and let N(P) denote the set of square-free integers
whose prime divisors are in P. For an integer m € N(P), we set A, = Gal(Q(u,,)/Q) and A, :=
OIGal (@ (ptyp) /DT = A ®7, Z[A].

Definition 3.1.1. An Euler system of rank r > 0 is a collection of classes

Cm € /\ HIIW(@(MmpOO), D)

A m

for each m € N(P), such that if £ is a prime with £, m¢ € N(P), then

Poo; Dew  if 4m,

3.1.1
Cm if €| m. -1.D

COTQ1000)/Qptypoe) (Eme) = {

Here P;(X) :=detg (1 — Frob[l X | V*(1)) € O[X], and o, denotes the image in Gal(Q(fp=)/Q)
of Froby, the arithmetic Frobenius at £.

Remark 3.1.2. Perrin-Riou in fact requires r > 1, but we feel that the case » = 0 should not be neglected.
For r = 0 we have /\Zm HIIW(@(;meoo), T) = Ay, and a rank O Euler system is therefore a collection
of elements ¢,, € A,, for m € N(P), satisfying the compatibilities (3.1.1) under the projection maps
Ame — Apy. Such collections of elements arise naturally in the theory of p-adic L-functions: for instance,
both the Stickelberger elements for an odd Dirichlet character, and the Mazur-Tate elements for a
p-ordinary modular form, can be viewed as rank 0 Euler systems in this sense.

Given an Euler system of rank r > 1, one can construct a multitude of Euler systems of rank 1 with
the aid of auxiliary choices of functionals on the Iwasawa cohomology, following a recipe originally set
out by Rubin [1996] and later formalised by Perrin-Riou [1998].

Definition 3.1.3. A Perrin-Riou functional of rank s > 1 is a collection of linear functionals
{®,, :m e N(P)},
where

N
@, € /\ Homp,, (H (@(mp~). T). Am),
Am

such that if £ is a prime with £, m€ € N(P), we have

q)mg 0 res@(ﬂm(poo)/@(ﬂmpoo) = Lm@/m ° (Dm, (3 1 2)

where (,,/,, denotes the isomorphism A, = (Ame) 2 sending 1 to dem[a].
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As in [Rubin 1996, Corollary 1.3], one may interpret a rank » — 1 Perrin-Riou functional ® = {®,,} as
a collection of maps

p
q)m . /\ Hllw(@(/fl/mpw)’ T) - HIIW(@(,u«mpOO)» T)
Aln
Proposition 3.1.4 (Perrin-Riou). If {cn}men(p) is an Euler system of rank r and {®,,} is a Perrin-Riou
functional of rank r — 1, then
@y (cm) € Hyy (Qptmp=), T)

is a rank one Euler system.
Proof. See [Perrin-Riou 1998, Lemma 1.2.3; Rubin 1996, §6]. U

Remark 3.1.5. More generally, one may interpret a rank s Perrin-Riou functional as a “rank-lowering
operator” sending rank » Euler systems to rank » — s Euler systems. This includes the case r = s, where
we understand rank O Euler systems as in Remark 3.1.2 above.

3.2. Analytic Euler systems. For the applications below, we will need to consider compatible families of
classes not lying in Iwasawa cohomology, but in the larger “analytic” cohomology modules of Pottharst.
For simplicity, we shall only describe this construction in rank 1.

We recall that # can be written as an inverse limit lim H[n], where H|[n] are reduced affinoid algebras,
and for each n we have

Hn] @ HL (Q(mp=), V) = H' (Q(im), Hy @£ V)

by [Pottharst 2013, Theorem 1.7]. Each #[n] has a canonical supremum norm; if H[r]° denotes the
unit ball for this norm, then there is a seminorm | - ||, on H'(Q(u.,), H[n] ®¢ V) for which the unit
ball is the image of H'(Q(u,,), H[n]° ®o T). (In fact this is a norm, by [Loeffler and Zerbes 2016b,
Proposition 2.1.2(1)], but we do not need this.)

Definition 3.2.1. An analytic Euler system (of rank 1) for Vis a collection of classes c¢,, € Haln(@ (Hmp=), V),
for each m € N(P), satisfying the following two conditions:

(1) if £ is prime and m, m€ € N(P), then the norm-compatibility condition (3.1.1) holds;

(2) for each n, there is a constant C,, (independent of m) such that ||c,, ||, < C, for all m € N(P).

Remark 3.2.2. Condition (1), asserting that there is no “growth in the tame direction”, is technical to state
but absolutely vital in order to obtain an interesting theorys; it is trivial that any class in H;n(@(u ), V)
can be extended to a compatible family of classes satisfying (2) alone.

3.3. Unbounded Perrin-Riou functionals. In this section, building on [Otsuki 2009; Lei et al. 2014],
we will construct canonical Perrin-Riou functionals using another construction of Perrin-Riou, namely the
p-adic regulator map. The price we pay for this canonicity is that our functionals are no longer bounded
in general.
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We now assume V is crystalline, with all Hodge-Tate weights > 0, and that V|g,, has no quotient
isomorphic to the trivial representation. We have already chosen a compatible family of p-power roots of
unity ¢,r. For P as above, let us also choose a primitive n-th root of unity ¢, for each £ € P. One checks
easily that if m € N(P), then &, =[] [lm(—g) is a basis vector of the ring of integers Z[u,,] as a free
rank 1 module over the group ring Z[A,,]; and we have the trace-compatibility

tI'acemé/m (Sm() = %—m .

Definition 3.3.1. For m € N(P), let v, : Z[¢,,] — Z[A,;] denote the unique Z[A,,]-linear map sending
Entol.

Let us now set H,, = Z,[A,,] ® H, which we regard as an “analytification” of A,,. For V as above,
the sum of the Perrin-Riou regulators at the primes of Q(u,,) above p gives a map

Hyyy (Q(ttnp=) ® Qp, V) = Qi) ®a H O Deris (@, V),
and composing this with v,, we obtain a morphism of #,,-modules
Ly Hiy(Q(mp=) @ Qp, V) = Hyy @ Deri (@, V). (3.3.1)
(We shall abbreviate £; y by Ly.)
Definition 3.3.2. If 7 € Dis(Q,, V*(1)), and m € N(P), then we define a map

DY H\, (Qmp~). V) = M, PP () := (Lmv(loc, 2), 1).

One sees easily that, for any fixed ¢, the collection O ={ QD%) :m € N(P)} satisfies the compatibility
condition (3.1.2), and thus may be regarded as a (rank 1) unbounded Perrin-Riou functional. Pairing with
®® therefore defines a homomorphism from Euler systems of rank 2 to (possibly unbounded) analytic

Euler systems of rank 1.

Remark 3.3.3. Via exactly the same construction, for any s > 1 we may use elements of the wedge
power /\}5 Deris (Qp, V*(1)) to define unbounded Perrin-Riou functionals of rank s.

3.4. The Beilinson-Flach Euler systems. We now focus on the particular case which interests us: the
Rankin-Selberg convolution of two modular forms. As in the introduction, f and g denote two normalised,
new cuspidal modular eigenforms, of weights kr + 2, k, + 2, levels Ny, Ng, and characters €, €,
respectively. We assume that p{N;N,. We let T denote the rank 4 representation R}Z ® R over O and
write V =T ®z, Q.

We take X to be the set of primes dividing pN ¢ N,, and for £ ¢ X, we write

Py(X) =det(1 —Frob,' X | T*(1)) =1 —

%%&&+«an

We now review the construction of Beilinson—Flach elements from [Loeffler and Zerbes 2016b].
For A € {a, B} and h € {f, g}, we write h* for the p-stabilisation of & at A;,. We shall identify Ry
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with Ry, following [op. cit., §3.5]. More specifically, let pr; and pr, be the two degeneracy maps on
the modular curves Y (pNjy) — Y1(N}) as defined in [Kings et al. 2017, Definition 2.4.1] and write
Pr* = pr; — (\'/p***1)pr,, where A’ denotes the unique element of {«, B} \ {1}. Realising R, and R}
as quotients of the étale cohomology of ¥ (pNy,) and Y;(Ny) respectively, Pr’ gives an isomorphism
between these two Galois representations.

Definition 3.4.1. For A, u € {a, B}, ¢ > 1 coprime to 6pNsN,, m > 1 coprime to pc, and a €
(Z/mp>7)*, let
BFh € Dord, (1 1) (I') @a Hi (Q(mp), T)

be the Beilinson—Flach element as constructed in [Loeffler and Zerbes 2016b, Theorem 5.4.2].

Here Dord,, 3 ;) (I, E) denotes the A-submodule of H consisting of tempered distributions of order
ord, (A sug). We shall take a = 1 throughout, and restrict to integers m € N(P), where P is the set of
primes not dividing pcN ¢ N,.

Remark 3.4.2. If € ¢, is nontrivial, then we may remove the dependence on the auxiliary integer ¢, but
this will not greatly concern us here: we shall simply fix a value of ¢ and drop it from the notation.

These elements satisfy a norm-compatibility relation which is close, but not identical, to Equation (3.1.1).
As explained in [Lei et al. 2014, Lemma 7.3.2], we can modify these elements to “correct” the norm
relation: there exists a collection of elements BF; ,, ,, for m € N(P) such that

o the BF; ,, », for m varying satisfy Equation (3.1.1) exactly,

e BFy 1 = BF)L

« each BF, , ,, is an O[A,,]-linear combination of the elements .BF ;," | for m' | m.

As in [Loeffler and Zerbes 2016b, Theorem 8.1.4(ii)], if H*(Q(u p=), V) =0, the collection of elements
BF, .., for varying m € N(P) form an analytic Euler system in the sense of Definition 3.2.1. We thus
obtain four rank 1 analytic Euler systems for T, one for each of the possible choices of p-stabilisations A, ft.

One of the key themes in the present paper will be to understand the relations among these Euler systems,
for a fixed f and g and different choices of p-stabilisations. Our first result in this direction is the following

straightforward compatibility. For x any continuous character of I', and z € H ® HllW (Qmp=), V), let
us write z(x) for the image of z in H'(Q(un), V(x~H).

Lemma 3.4.3. Let m € N(P), and let x be a character of T" of the form z — z/0(z), where j € Z and 6
is a finite-order character of conductor p’.
() If 0 < j <min(ky, k,), then
A rg) - BF; um(0)
is independent of the choice of A and .

(i) If kg < j <k then this class is independent of A (but may depend on v); and similarly ifky < j < kg
it is independent of .
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If x is the character 7 — 7/, the same conclusions hold for the class

AL pjap -
1-— _ 1-— BF .
( p1+fap)( o ) ()

Proof. Part (i) follows from the same proof as [Biiylikboduk and Lei 2016, Proposition 3.3 and Corol-

lary 3.4] since the infinite part of x (the character z — z/) has the effect of sending the Beilinson—Flach
element for the representation T to that for the Tate twist 7'(—j). For part (ii), we assume k; < j <k
without loss of generality, and deform g, in a Coleman family G (while keeping f and 6 fixed). By
Theorem A of [Loeffler and Zerbes 2016b], we obtain two families of cohomology classes BF, g ., (x)
and BFg g (x), and by part (i) the specialisations of these at integer points r’ > j are equal. Hence the
two families of classes are equal identically, and we obtain (ii) by specialising back to g,,. g

3.5. A conjectural rank 2 Euler system. Recall that T is a free O-module of rank 4 and observe that
both —1 and +1-eigenspaces for the action of complex conjugation on 7 have rank 2. In this situation,
we expect to have an Euler system of rank r = 2.

We are now ready to state our conjecture on the relation of p-stabilised Beilinson—Flach classes and
rank-2 Euler systems. Let £, v : HIIW(@(;meoc), V) = H;m Q@ Duis(V) be the equivariant Perrin-Riou
regulator as in Equation (3.3.1), and let {v;,}1 ue(a,p) be an eigenvector basis of Des(V) in which the
matrix of ¢ is given by

afog
1
D= arBe

Brag
BrBg
Further, let {v} M} be the dual basis to {vy,}.

These vectors are a priori only determined up to scaling; we may normalise them canonically as follows.
The 1-dimensional space Dis(Vr) /Fill has a canonical basis vector n/f, as defined in [Kings et al. 2015,
§6.1]. Since we are assuming f to be nonordinary, the two eigenspaces are both complementary to Fil',
and we can thus define vy and vy g to be the unique vectors in the g-eigenspaces satisfying

Vfw=Vsp =1y mod Fil' .

Defining v, , analogously, we can choose our eigenvector basis of Deris(V*) = Deris (V) ® Deris (V) by

. £
setting vy, = V7,1 ® Vg u-

Conjecture 3.5.1. There exists a collection of classes BF,, € /\2 HllW (Q(um), T), for all m € N(P),
which form a rank 2 Euler system, and are such that for all A, n € {«, B}, we have

(Lm,V(BFm)v U;Lk,u> = BF, um-
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Equivalently, the four rank 1 analytic Euler systems (BF; . m)men(p), for different choices of A and p,
are all obtained from the single rank 2 Euler system (BF,,) via the Perrin-Riou functionals associated to

1 *
the four eigenvectors v .

Remark 3.5.2. This conjecture is an extension to higher-weight modular forms of the conjectures
formulated in [Lei et al. 2014, §8] for pairs of weight 2 modular forms. At the time, this conjecture was
somewhat tentative since the methods of [op. cit.] only suffice to construct the classes BF;_ ,, ,, when
v, (Au) < 1, which is satisfied for at most two of the four possible choices, and sometimes for none at all.
However, this restriction has since been removed in [Loeffler and Zerbes 2016b] via the use of Coleman

families.

3.6. p-adic L-functions and explicit reciprocity laws. For A € {ay, By} and u € {ag, B}, there exist
Coleman families F and G passing through the p-stabilisations fj and g, ; these are families of overcon-
vergent eigenforms over some affinoid discs V; and V; in the weight space WW. We suppose (temporarily)
that our coefficient field E contains a primitive N-th root of unity, where N = LCM (N, Ng).

Theorem 3.6.1 [Loeffler and Zerbes 2016b]. There exists a 3-variable p-adic L-function Ly (F, G) €
O(V1 x Vo x W) with the following interpolation property. Let (r, r', j) be an integer point in Vi x Vo x W
such thatr > 0,r' > —1 and (r +r' 4+ 1)/2 < j < r. Suppose that the specialisations F, and G, are

p-stabilisations of classical newforms f, and g, of prime-to-p level. Then,

Efrr g 14 ) J1G =7 = DU =P er(0)eg(@)™Y) L(fp, g 14 )
EfIEX(fr) T2 (=)= Q22— (fro [)N,

E(fr=|\1 & E(f) =1 b
rJ — p}\'r ’ rJ — )“r ’
4y = p’ p’ My A,
EUr & 1) = (1 - )»er)<1 - krm)(l - p”f)(l S pH)

Here, Ay, 1, are the respective specialisations of the U ,-eigenvalues on F and G at r and r', whereas A,

9’

LE(F, Q). j) =

where

and ., are defined by the requirement that {A,, .} = {ay,, Br} and {u, u'} = {og,,, B, }-

Remark 3.6.2. The construction of this function in [Loeffler and Zerbes 2016b] relies on deforming
Beilinson—Flach elements in families. An alternative, more direct construction (not using Euler systems)
has subsequently been given by Urban [2017].

Proposition 3.6.3. Let L ,(F, g,,) denote the function on V| x W obtained by specialising L%,eom (F,9)
at the point of V corresponding to g,,. Then the functions L ,(F, g4) and L ,(F, gg) coincide.

Proof. From the preceding theorem, one sees that these two functions agree at all points (r, j) with r, j
integers satisfying the inequalities » > 0 and (r +k, +1)/2 < j <r. These points are clearly Zariski-dense
in Vi xW. g
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Definition 3.6.4. For A € {ay, Br}, define L,(f5., g) € O(W) to be the specialisation of

[w(f)G ;NG (e HENE ()] Lyp(F, 8)

at the point f; of Vi, where L ,(F, g) is the common value L ,(F, go) = L ,(F, gg), G(-) are the Gauss
sums, and w(f) is the Atkin—Lehner pseudo-eigenvalue of f.

One can check that L,( f3, g) is defined over any p-adic field containing the coefficients of f, and g
(not necessarily containing an N-th root of unity); this is the reason for renormalising by the Gauss sums.
Since there is a canonical isomorphism O(W) = H, we shall regard L ,(f3, g) as an element of H. We
therefore have four p-adic L-functions attached to the pair { f, g}, namely

{L[J(fas g)! Lp(fav g)v Lp(gav f}? Lp(gﬁs f)} (361)
Theorem 3.6.5 (explicit reciprocity law). For each pair (A, (1) we have

(Ly BF ). v} ,) =0,

Aglognl+@

(Lv(BF, 1), vf o) = iy L),
Aylog, ¢
(Lv(BF, ), v) )= ﬁ -Lp(gs )

where Ay and Ag are nonzero constants independent of A and . In particular we have the antisymmetry

relations

(Lv BFy 1), 05 ) = —(LvBF, 1), vy ), (LvBFs 1), v3 ) = —(Lv BFw 1), v3 ).

Proof. The vanishing of (LV(BF,\, w)s Vi u> is a consequence of Theorem 7.1.2 of [Loeffler and Zerbes
2016b]. The other two formulae follow directly from the definition of the geometric p-adic L-function
[op. cit., Definition 9.1.1] after a somewhat tedious comparison of conventions. The factor log, th
arises from the normalisation of the Perrin-Riou regulator for a certain subquotient of the (¢, I')-module
of V [op. cit., Theorem 7.1.4]. The quantity A, /(1" — ) and its cousin arise from comparing the families
of eigenvectors constructed there with our present conventions; some handle-turning shows that the
specialisation of the family 7~ in their notation corresponds to

1
—1 Vfa
w(f)G (e, HESIE (i)

while the family wg specialises to
(=D {p(@)), )
(' = WNe,Gleg )

Ug.B>

where wg, is the basis vector of Fil' Deris(Rg) defined in [Kings et al. 2015, §6.1], and a)’g* its analogue
for the conjugate form g*. O
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3.7. Some “extra” p-adic L-functions.

Definition 3.7.1. For A € {ay, B¢} and u € {ag, Be}, we set

L (frr gu) =

Ly (BF, 1), V5 ),
1ng,v+l< : A’M>

where v =min(k s, k).

These elements lie in H, because BF; , 1(x) is in Hf1 for every locally algebraic x of weight in the
range [0, ..., v], so Ly (BF, , 1) vanishes at these characters and thus is divisible by logp’UH.

Proposition 3.7.2. Suppose k; > kg, and let x be a character of I' of the form z 2/6(z), where

ke +1<j <kyand0 is a Dirichlet character of conductor p". Then we have

) A
Ly,(fxs 8u)(x) :R'u’—gu -Ly(fir, (0

where A, is as in the statement of Theorem 3.6.5; R = (\'/A)" if n > 1, and if n = 0 then

2 j -1 2 j —1
w0 5) ()05 )
pHiop M p'tiop A

Proof. Applying (Ly (), v;“,’u,)(x) to both BF, , 1 and BF,/ , 1, we deduce that

(Lv(BF, 0, v )(x0)
logp,v-i-l
(LvBFu 1), vf/’ﬂ,)(X)

1ng,v+l

Ag
=R-——L,(fi, 8)(X),
W= pu

L, (fo 8)(0) =

where the second equality follows from Lemma 3.4.3, the final equality from Theorem 3.6.5 and the first
from definitions. U

Note that for n = 0O the right-hand side is an explicit multiple of a complex L-value, by the explicit
reciprocity law (and we expect this also to hold for n > 1). This construction gives rise to four extra
elements associated to f and g, in addition to the more familiar four given by (3.6.1). It seems natural to
conjecture that

L} (frr gu) = =L, (frs &), (3.7.1)

so that these four extra elements fall into two pairs differing by signs; this would, for instance, follow easily
from Conjecture 3.5.1. However, we do not know how to prove this symmetry property unconditionally,
since these elements do not seem to deform in Coleman families, and their growth (which is always
0(0g), | tmax(k /" kg))) is just too rapid for the interpolating property to imply (3.7.1).
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Remark 3.7.3. In the analogous case when f is supersingular but g is an ordinary CM form, these extra
L-functions correspond to the extra two p-adic L-functions constructed in [Loeffler 2014] using modular
symbols for Bianchi groups.

3.8. Nontriviality of Beilinson—Flach elements.
Corollary 3.8.1. If |ks — kg| > 3 then for each choice of A and i, the class res,(BF;_ ;. 1) is nontrivial.

Proof. By symmetry, we may suppose that ks — k, > 3. Notice that the Euler product for the Rankin—
Selberg L-series L( f, g, s) converges absolutely at s =k s +1 (since k +1 > (kp+kg)/2+2). In particular,
L(f, g, ks +1) is nonzero. For either value A € {ay, B}, the factors (c*—---) and E(f, g, 1+ky)
appearing in Theorem 3.6.1 are easily seen to be nonzero as well, using the fact that o, B are Weil
numbers of weight (ky +1)/2 > (kg +1)/2+ 1, whereas oy, B, are Weil numbers of weight (kg +1)/2.
Hence L, (f., g)(ky) is nonzero for both values of A. By the explicit reciprocity law, this forces all four
elements res, (BF, , 1) to be nonzero. O

Definition 3.8.2. For a character n of A =TI'o;, we let e, € A denote the corresponding idempotent.

Remark 3.8.3. One may show that the projection res,(e,;BF; , 1) is nontrivial for 1 4+ (k; +k4)/2 <
J <max(ky, kg), by arguing as in the proof of Corollary 3.8.1.

Remark 3.8.4. Note that the interpolation formula for L%eom (F, G) we have recorded in Theorem 3.6.1
does not say anything about its value at (r, 7', j + x) where x is a nontrivial finite order character of
p-power conductor. This is the reason why we assume |k ; — kg| > 3 in Corollary 3.8.1; with a stronger
interpolation formula we could reduce this to |k — k| > 2, and even |k — k,| > 1 conditionally on
standard nonvanishing conjectures for complex L-functions.

In the sequel [Biiyiikboduk et al. 2018], we need a similar nonvanishing result in the case f = g. In
this particular situation, note that we have ky = k, and the Rankin—Selberg L-series does not possess a
single critical value. In order to prove the nonvanishing of the geometric p-adic L-function associated
to the symmetric square, one needs to factor the p-adic Rankin—Selberg L-function as a product of the
symmetric square p-adic L-function and a Kubota—Leopoldt p-adic L-function (extending the work of
Dasgupta in the p-ordinary case). This is the subject of a forthcoming work of Alessandro Arlandini.

3.9. A partial result towards Conjecture 3.5.1.

Theorem 3.9.1. Suppose that all four p-adic Rankin—Selberg L-functions (3.6.1) are non-zero-divisors
in ‘H, and that the following “big image” hypotheses hold:

o The representation V is absolutely irreducible.

o There exists an element T € Gal(@/@(,upoo)) such that the E-vector space V/(t — 1)V is 1-

dimensional.

Then there exists a class BF; € Frac H ®x /\2 HI{N (Q(up), T) satisfying

(Ly BF1), v} ,) =BF 1
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for all choices of p-stabilisations A, jt. In particular the “extra” antisymmetry property (3.7.1) holds.
The proof of this theorem will proceed in several steps.

Proposition 3.9.2. If any one of the four p-adic L-functions is a non-zero-divisor and the “big image”
conditions hold, then Ha1 (Q(up=), V) has rank 2 over H, and the map

HY (Q(pp), V) — H

*

given by pairing Ly o loc, with the four basis vectors {vy,,,

vgﬂ, vzﬁ, vza} of Deris(V*) (in that order) is
an injection.

Proof. Since the Perrin-Riou regulator Ly is injective, it suffices to show that Haln(@(u p<), V) has rank
2 and injects into Haln(@p (1p=), V) vialoc,. Note that H;n(@(upoo), V) is free thanks to our big image
conditions, and its rank is at least 2 by Tate’s Euler characteristic formula.

By symmetry we may suppose that L( fy, g) is a non-zero-divisor. Choose a character y of I' in each
A-isotypic component at which this p-adic L-function does not vanish, and away from the support of the

torsion module HIZW

(Qp, V). By the explicit reciprocity law, this implies that BF, ¢ 1(x) and BF, g 1(x)
are both nonzero, and moreover that their images in H!(Q V(X ~1)) are linearly independent. By the
Euler system machinery and an application of Poitou—Tate duality, precisely as in Theorem 8.2.1 and
Corollary 8.3.2 of [Loeffler and Zerbes 2016b], one sees that the relaxed Selmer group Hrlelaxed @, V(x~)

is 2-dimensional and injects into the local cohomology at p. Since there is an injection

Hy (Q(pp<), V(7 = X (1)) > Hpggarea(@. V(X 7H),
the result follows. O

We now assume, for the remainder of this section, that the hypotheses in the statement of Theorem 3.9.1
are satisfied. Let M denote the image of Haln (Q(up=), V) in HO* as given by Proposition 3.9.2. Then
M has rank 2, as we have just established. Given an element x € H® and i € {1, 2, 3,4}, we write x; for
its i-th coordinate (understood modulo 4, so that x5 = x;). For each i, let M® = {x € M : x; = 0} be the
kernel of the i-th coordinate projection.

We write m(, ..., m™ for the images in M of the four analytic Iwasawa cohomology classes
BFe, BFY” BFY | BFF® (in that order).

Proposition 3.9.3. Foreachi € {1, ..., 4}, we have the following:

e m® e MO:

o )iy = —mY);, and this value is a non-zero-divisor;

o M has rank 1;

o MWD /(m Dy is H-torsion.

Proof. The first two statements follow directly from the explicit reciprocity law (Theorem 3.6.5); the

theorem in particular shows that the common value (m?); ., = —(m"*D); is one of the four p-adic
L-functions (3.6.1), which are non-zero-divisors by assumption.
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In particular, this shows that the images of M under all four coordinate projections have rank > 1.
Since M has rank 2, it follows that the submodules M@ all have rank 1, and that each m® spans a rank
1 submodule of M@, so the quotient M© /(m®) is torsion. O

Proof of Theorem 3.9.1. Let {u, v} denote the image in M of a basis of HIIW (Q(up=), T). Then {u, v} is
a basis of M, and for each i, the vector

U -v—0v-u

lies in M®. It is also nonzero, since u, v are linearly independent over #. Since M has rank 1, it
follows that there is a non-zero-divisor ¢; in the total ring of fractions of # such that

mD =c; - (u;-v—v; -u).
Substituting the definition of the ¢; into the formula (m®); | = —(m*D),, we deduce that
Ci - (UiVip1 —Viltiq1) = Ciy1 - (UiVip1 — Villiy1),

and moreover that the common value is a non-zero-divisor. Hence ¢; = ¢; ;1. Repeating this argument for
each i, we see that the quantities ¢; are all equal to some common value ¢ € Frac(#). Let u and v be the
preimages of u and v in H{, (Q(ip~), T). On unravelling the notation, we see that m® is equal to the
image of ¢-ut AU € Frac(H) ®4 /\2 HII\,v (Q(up=), T) under the map sending x A y to the i-th coordinate
of (Ev(x)y — L(y)x, v(i)>, where v(® is the i-th element of our basis (v;‘;a, v;ﬁ, UEﬂ’ vga) of De¢is(V)*.
So we may take BFy =c¢ - A D. O

Remark 3.9.4. We can carry out the same argument after applying the idempotent e, if we assume that
the e, isotypic parts of the L-functions (3.6.1) are nonzero. It suffices to have nonvanishing of any three
of the four, as is clear from the proof.

More subtly, if one assumes that the symmetry property (3.7.1) for the “extra” L-functions is true,
then one can prove the same theorem assuming that two of the four functions (3.6.1) and one of the
“extra” L-functions is nonzero. This nonvanishing can be deduced from the explicit reciprocity law when
|k f — kg| > 3 and appropriate 7, as above.

4. Logarithmic matrix and factorisations

In the following sections of the paper, we explore some of the consequences of Conjecture 3.5.1, and
show that it implies factorisations of the Beilinson—Flach elements via a matrix of logarithms.

4.1. Integral p-adic Hodge theory for V. In this section, we assume (as in the introduction) that both
f and g are nonordinary at p. We also impose the following Fontaine—Laffaille hypothesis:

p>kp+ky+2.

We describe our constructions assuming k s < k, for simplicity; the case k¢ > kg is similar.
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For h € { f, g}, we have the basis wj,, ¢(wy,) of Deris(R;) with w), generating Fil® Deris(R};). As worked
out in [Lei et al. 2017, §3.1], the matrix of ¢ with respect to this basis is

A — (O —en(p)/ P!
"I\ aphyphtt )

Let T be the representation R} ® R;. Then we consider the basis vi = 0y @ wg, V2 =wf ® p(wy),

V3 =9(wr) @y, V4 =p(wr)®@(wg) for Deis(T). We note in particular that it respects the filtration of
Deris(T') in the following sense:

(vi,v2,v3,v4), @ <—ky—kg—2,
(v1, v2, v3), —kf—kg—1<i<—kg—1,
Fil' Deis(T) = 3§ (v1, v2), —ky <i < —ks—1, 4.1.1)
(1), —ky <i <0,
0, i>1.

The matrix of ¢ with respect to this basis is

1
1/pk/+l
1/pkg+l ’
1/pkf+kg+2

A=Ay

where Ay is the matrix defined by

0 O 0 €r(pleg(p)
0 0 —er(p) —€r(plap(g)
0 —€s(p) 0 —€g(play(f)
1 ap(g) ap(f) ap(f)ap(g)

We introduce the following convention.

Convention 4.1.1. Let n > 1 be an integer and U an E-vector space. If M = (m;;) is an n X n matrix

defined over E and uy, ..., u, are elements in U, we write
(u1 .. Mn) M
for the row vector of elements in U given by Z?:l uimij, j=1,...,n.

Under this convention, we have the equation

(p(v1) 9(v2) 9(v3) 9(s)) = (v1 v2 v3 v4)-A. 4.1.2)

Recall that the Wach module N(7') is a free module of rank 4 over AJFP, equipped with a canonical
isomorphism

N(T)/aN(T) = Deyis(T). 4.1.3)
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By [Berger 2004, proof of Proposition V.2.3] (see also [Lei 2017, Proposition 4.1]), our Fontaine-Laffaille
hypothesis allows us to lift the basis {v;} of D¢is(7) as an O-module to a basis {n;} of N(T) as an
Aap—module, and the matrix of ¢ with respect to the basis {n;} is given by
/~'ka+kg+2
ket gk
ksl gkt ’
l/qkf+kg+2

PZZA()'

where u = p/(g — P~ e 1 + nAap. Note that P~! is integral. Furthermore, similar to the
Equation (4.1.2), we have

(¢(n) @n2) ¢(n3) ¢(na)) = (1 n2 n3 ny)- P. (4.1.4)
4.2. The logarithmic matrix. There is an isomorphism

B+

rig,@p[%] ®A5P N(T) = B, [#] ®Z,, Deris(T) “4.2.1)

rig, Q)

compatible with (4.1.3) via reduction mod 7. Let M € GL4 ([H%+

e Q, [%]) be the matrix of this isomorphism

with respect to our bases {v;} and {n;}, so that
(n1 ny ns n4) = (v1 vy U3 v4) -M 4.2.2)
under Convention 4.1.1. By [Lei 2017, Proposition 4.2], we can (and do) choose the n; such that
M=1; mod rhrke+2, (4.2.3)
If we apply ¢, we deduce from (4.1.2) and (4.1.4) that

M=ApM)P~".
If we repeatedly apply ¢, we get

M=A"g"(M)e" (P pP~P!
So, in particular,
M=A""1P ) P HP' mod ¢" (ks Thet?) (4.2.4)

thanks to (4.2.3). We define the logarithmic matrix to be the 4 x 4 matrix over H given by
Miog := M ((1 + 1) Ap(M)),

where 901 is the Mellin transform (applied individually to each entry of the matrix (1 +m)A@(M)). Recall
from [Lei et al. 2011, §3] that, up to a unit, the determinant of M, is given by

Whpt1 - W1 " Wk ptky+2-
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Furthermore, by Theorem 2.3.1 and (4.2.4), we have the congruence

Miog = A" - H, mod wyk;+k,+2. (4.2.5)
where H, = M~ (" (P~ ---p(P71)).
Lemma 4.2.1. The adjugate matrix adj(M,z) = det(MlOg)Mlgé is divisible by 0y, 10 +1.
Proof. By (4.2.5), we have

Miog = A" - H,  mod @y 1s,+2.
So, it is enough to show that adj(H,) is divisible by @, k1P k,+1 for all n. Recall that,

M(H,) =" (P~ -+ p(P™H).

From the construction of P, the last three rows of P~! are divisible by ¢*/ !, g*«+! and ¢ T*s*2 respec-
tively. Therefore, the last three rows of 9t(H,,) are divisible by ¢” (g% 1), ¢ (gk*!) and ¢" (g*rHhst2)
respectively. Theorem 2.3.1 then tells us that the last three rows of H,, are divisible by &, i s+l Puke+1
and @, i, 1k, +2. Hence, when we take adjugate, every entry will be divisible by @, x,+1Pn k,+1 as
required. U

Let {vy .} uefa, ) be the eigenvector basis of Deris(V) as given in Section 3.5. The matrix of ¢ with

respect to this basis is
1

dfly

1
D= %Py

1
Brog

1
,Bf,Bg

where v, o and vy, g are eigenvectors in Deyis (Vy,) with vy, o =vp g

Recall that we defined vy, = v}’ N ®v; w

mod Fil' for i € {f, g}. Since (v} ,+v}r 4, Vn.o — i) =0 by duality, we have v} , +vj ;=0 mod Fil’.
After multiplying wy, by a scalar if necessary, we may choose

Upo = on(@n — Bre(wp)), and vy 5= —PBp(wp — app(wp)).

We let O be the change-of-basis matrix from the basis {v;} to this eigenvector basis, so that D = 0 '40.
Explicitly, we have

afog —a P —Brog BrPBe
_ | aragBy  ayaghy —0gBrBy  agBrhy
—aragBy  apBrBy  —ayagBy  apBrh

apagBrBe —aragBrBy —apogBrBy aratgByrpg

Using this matrix, we may rewrite (4.2.5) as

Q 'Miog=D""' Q7 H, mod wyk;+k,+2- (4.2.6)
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ACT)

Lemma 4.2.2. The entries in the first column of Q_lMlOg are all O(log, ), and similarly for the

other three columns.

Proof. Recall that H, is a matrix defined over A. The congruence relation (4.2.6) tells us that the entries
of the first column of Q_lM]og modulo @y k,+k,+2 have denominator O (p'r@r%)). Hence, our result
follows from [Biiyiikboduk and Lei 2016, Lemma 2.2], which is a slight generalisation of [Perrin-Riou
1994, §1.2.1]. O

4.3. Characterising the image. Here we prove an important linear-algebra result describing the A-
submodule of H®* generated by the logarithmic matrix; we shall see that it consists exactly of those
elements which “look like” they are in the image of the Perrin-Riou regulator map.

Proposition 4.3.1. Let F, , € H, A, n € {a, B}, be four functions. Suppose that, for some integer
J€10,..., ks +ko+ 1} and some Dirichlet character 6 of conductor p" withn > 1, we have

> O Py (X 0)vs € Qp oy @ Fil ™ Deri(T).

A
Then,
Fa,a
20 Miog) | Fup | iy
N1 My 41 Fpo | X777
Fp.p

Proof. When we evaluate an element in A at x/6, the result only depends on the given element modulo
Tw—/ ®,_1(X). By (4.2.5),

det(D")
det(Q)

We recall from the proof of Lemma 4.2.1 that the last three rows of H,,— are divisible by @, 41,

adj(Q ™' Miog) = adj(D" Q' H,—1) = adj(H,—1)QD™" mod Tw ' ®,_;.

Dy kyt1 and D1k ythg+2 respectively. So, after dividing by e 10415 the first column of adj(H,—1)
is divisible by ®,_1 k;+k,+2, the second column is divisible by @, x,+k,+2/ Pn—1.k,+1, Whereas the
third one is divisible by ®,_; & ptket2/ Pu—1kg+1- In particular, when evaluated at a character of the form
X760, we have

000 %

dj(H,_ ‘
M(XJQ): 000
W p 1M +1 000 =
000 %

ifke+1<j=<ks+k,+1. When j is in this range, our assumption on F}, , tells us that
Fa,a
F .
oD | “P | (x/0) =
Fgo
Fpp

S % ¥ *
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thanks to the description of the filtration in (4.1.1). The result then follows from multiplying the two
equations above.
For the other cases, we have

00 % *\ Fou *
adj(H,_1) j 00 % % | Fap ; *
——(x’0) = , D™ ’ 19) =
W 41Ty 41 0 00 % x ¢ Fpa ) 0
00 % % Fﬁ,,g 0
itk —1<j<kyand
0 % % % Foo *
adj(H,—1) j 0 * * * n | Fap ; 0
——(x’0) = , D™ ' 19) =
nkf-i-lnkg-i-l(x ) 0 * % x ¢ Fpa o 0
0 % % % Fﬁ,ﬁ) 0
if 0 < j <k, so we are done. |

Theorem 4.3.2. Let F) , € H, A, u € {a, B} be four functions such that for all integers 0 < j <ky+ko+1
and all Dirichlet characters 0 of conductor p" withn > 1,

D 0" Fu(x70)v5 4 € Qp p @ Fil ™ Dei(T).

ALl
Then,
Fa,a F#,#
Fop —1 Fyp
=0 Mg |
Fg.o R o
Fgp Fyp

for some F, , € H.
Furthermore, if F , = 0(10g;”()‘f“g))f0r all four choices of A and ., then F, ., = O (1) for all e and o.

Proof. Proposition 4.3.1 tells us that

. ch,a
adj(Q™ "Mye) | F,
2O W) | Pt | ey am®
Wk 1Mk, +1 B.a
Fg.p

. . -1 . .
But since the determinant of Q™" Miog 1S up to @ unit ng, 1M, +1 MWk, +k,+25

adj(Q_l Mlog)

Wk 1 W +-1 W0k kg +2
is (again up to a unit) (Q_lMlog)_l, hence the decomposition as claimed.
If furthermore F) , = 0(log;” (ritg )), then Lemma 4.2.2 tells us that all entries in the product
Fa,a
adj(QilMlog) . Fa,ﬂ
N 1M 41 Fp o

Fg.p
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are 0(10g1;,f e +2). This says that the quotient
Fa,a
adj(Q_lMlog) ) Fa,}g
N1 W 1 k2 | FBa
Fpp
isin O(1) and we are done. O

Remark 4.3.3. Note that the condition on F,g is automatically satisfied if the F,g are the components in
our eigenvector basis of an element of the Perrin-Riou regulator map, since the regulator interpolates
the Bloch—Kato dual exponential for j > 0, and the dual exponential map for 7'(—j) factors through
Fil =™/ Dess. The above result should be viewed as a sort of converse to this statement, showing that
these vanishing conditions force a factorisation via the matrix of logarithms, of the same form as the
factorisation established for the Perrin-Riou regulator in [Lei et al. 2010].

5. Equivariant Perrin-Riou maps and (#, b)-splitting

5.1. Perrin-Riou maps and signed Coleman map. Let f and g be two modular forms as in the previous
section. We shall write T = Rj} ® R; as before. Let F//Q),, be a finite unramified extension. We write
Ng(T) and Deis(F, T) for the Wach module and Dieudonné module of T over F. We have already fixed
bases {n;} and {v;} of Ng, (7T') and Deris(Q, T) respectively. Given that

NF(T) =OF ®Zp NQP(T)’ |DcriS(Fv T)=O0rF ®Zp Dcris((@[n T),

we may extend the bases we have chosen to Nz (7') and Dis(F, T') naturally.

We recall from (4.2.2) that the change of basis matrix M between the two bases above results in
a logarithmic matrix M),s. Furthermore, given that M = I, mod 2 by (4.2.4), [Lei et al. 2017,
Theorem 2.5] says that {(1 4+ 7m)@(n;)} is a A-basis of ¢*(N(T)). We recall from [Lei et al. 2010,
Remark 3.4] that (1 — @)Ng(T)?V=! C (¢*Ng(T))¥=V. This allows us to define four Coleman maps
Colreo: Npg(T)Y=! - Op ® A via the relation

Colr ##(2)
Colp,#,5(2)
Colp,p#(2)
Colppp(2)

(I—@)z=(v1 v2 v3 v4) Miog-

for z € Np(T)V=! (see [Lei et al. 2011, §3] for details).
A result of Berger [2003, Theorem A.3] tells us that there is an isomorphism

hpp :Np(T)!=" — Hy (F, T).

We shall abuse notation and denote Col F,.,oo(h},j)_1 by simply Colr , . for e, o € {#, b}. The Perrin-Riou
regulator map
Lr.F: Hy(F, T) - H & Deris(F, T)
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is given by
M@ Do(l—g)ohy )"

Hence, we have the decomposition

Colp ##(2)
Colr,#5(2)
Colp,#(2)
Colrpp(2)

Lr.r() = (v1 v2 v3 v4) Miog - (5.1.1)

Exactly as in (3.3.1), for m > 1 we can combine the maps Colg(y,,),,e,o for primes v | p of Q(uw,,), and
the map v,,, to obtain maps

Coleo: Hiy(Q(ptmp=) @ Q,, T) — Ay

5.2. Signed Selmer groups. Let A' be the free rank 1 A-module on which Gg acts via the inverse of
the canonical character Gg — I' — A*. We write T := T ® A‘, and we define the (compact) signed
Selmer group H} (Q(um), T) by setting

H}.’o(@(,um), T):= ker(Hl(@(Mm), T) —> 1‘[

vlp

H' (Qm)y, T)
ker(Cols 0. @(u),) .

We next define discrete signed Selmer groups for the dual Galois representation 7V (1). Let F/Q,, be
a finite unramified extension. By Tate duality, there is a perfect pairing

HY (F, T) x H'(F(upe), TV (1)) = Q,/Z,.

For e, o € {#, b}, we define
Hy o (F(up), TV (1)) C H' (F(pp), T (1))
to be the orthogonal complement of ker(Col, . r).

Definition 5.2.1. The discrete signed Selmer group Selq o (7" (1) /Q(ftmp)) is the kernel of the restriction
map

H' (Q(pmp=)o, TV (1)) <T1 H' (@pmp)v, TV (1))

['I1 @ mp>®), T\/ 1 ’
(Q(wmp>) 1) = 1_[ H}’O(@(Mmpw)v’ TV (1)) H}(@(Mmpoo)v, TV (1))

vlp

vip

where v runs through all primes of Q(pt,p).

5.3. (#, b)-splitting and rank-2 Euler systems. Our goal in this section is to formulate a weaker alterna-
tive to Conjecture 3.5.1, which we are able to verify in many cases of interest (in [Biiyiikboduk and Lei
2016; Biiyiikboduk et al. 2018]), allowing us to make full use of the Euler system machinery in these
scenarios.
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Conjecture 5.3.1. There exists a nonzero ry € Z, and a collection of elements BF, . ,, € H } i (Q@(wm), T
for each m € N(P) and each choice of e, o € {#, b}, such that

BFa,a,m BF#,#,m
BFa B,m -1 BF# b,m
. o = Moo - ” 5.3.1
ro BF,B,a,m 0 log BFb,#,m ( )
BFﬂ,ﬂﬂn BFb,b,m

Note that the BF, , ;, are uniquely determined if they exist, since the determinant of Q*IMIQg is a
non-zero-divisor in H.

Proposition 5.3.2. If Conjecture 3.5.1 holds, then Conjecture 5.3.1 holds (and we may take ro = 1).

Proof. Suppose that Conjecture 3.5.1 is true. For each m € N(P) and each e, o € {#, b}, we can regard
Colyy,e,0 0loc, as a map

2
/\ Hiw(@(pmp~). T) = Hil, (Q(ptmpe). T).

Let us set BF, ;. := Cole o.m (BF,) € HIIW(@(,um), T), where BF,, is the element of Conjecture 3.5.1.
Then it is clear that BF, , ,, € H }_ (Q(m), T); and the formula (5.1.1) relating the Perrin-Riou regulator
Ly m to the Coleman maps implies that we have

m,V (BFm)» U*

v ) BFy 4 m

*
(Lm.v (BEm), v p) = Q—1M10g- BF4 . m ;
<£m,V(BFm)’ U;;,a> BFb,#,m
(L, v (BFu), vg ) BF; b m

k
where v}, ..

(Lv.m(BF), v;" M) = BF, . m for each A, i, which gives the required factorisation. O

o vzﬂ is the eigenvector basis of Dis(V*). By the defining property of BF,,, we have

Consider the following antisymmetry condition:

(A-Sym) For all possible choices of the symbols A, [, e, o € {#, b} and every m € N (P) we have
Colyy,a,mores, (BF, o ) = —Col,y 60 0168, (BFA O0,0)-

Remark 5.3.3. Assume that Conjecture 5.3.1 and the hypothesis (A—Sym) hold true. Then for each
choice of e, o € {#, b}, the collection {BF, o}, 18 a (rank 1) locally restricted Euler system in the sense
of [Bilylikboduk and Lei 2015, Appendix A], since each collection of p-stabilised Beilinson—Flach classes
{BF u,m}m (for A, u € {a, B}) verifies the Euler system distribution relations as m varies.

See Section 5.4, where we partially verify Conjecture 5.3.1 and Proposition 5.3.4, where we give a
sufficient condition for the validity of (A-Sym). In the sequel [Biiyiikboduk et al. 2018], we prove an
appropriate variant of this conjecture for the twist Sym? f ® x of the symmetric square motive with a
Dirichlet character.
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Finally, we note that a factorisation similar to (5.3.1) is proved in [Biiyilkboduk and Lei 2016]
unconditionally when the newform g is taken to be a p-ordinary CM form.

Proposition 5.3.4. Suppose one of the following conditions:
(1) Conjecture 3.5.1 holds;

(i) Conjecture 5.3.1 holds and the hypotheses of Theorem 3.9.1 are satisfied for Rankin—Selberg convo-
lutions f ® g ® n, where 1 runs through characters of Gal(Q(m)/Q) with m € N'(P).

Then (A-Sym) holds true.

Proof. If (i) holds, then the elements BF, , ,, must arise as the images of BF; under the Coleman maps, as
in the preceding proposition (by the uniqueness of the factorisation (5.3.1)); the above symmetry property
is then obvious. If we assume (ii) holds, then we may carry out exactly the same argument on passing to
n-isotypic components (where 1 runs through characters of Gal(Q(m)/Q)) and after extending scalars to
Frac H. O

5.4. Partial (#, b)-splitting of Beilinson—Flach classes. Here we give evidence towards Conjecture 5.3.1
by proving a partial (#, b)-factorisation of Beilinson—Flach classes.
Let m > 1 be an integer coprime to p. We write

By m € H'(Q(m), R} ® Ry @ H')
for the Beilinson—Flach element at tame level m associated to the p-stabilisations f* and g/.

Theorem 5.4.1. Let h = max(k, ko). Then there exist BF, , , € H}\,(Q(m), R% ® R} ® H"), for each
e, 0 € {#, b}2, such that

BFoz,a,m ]iF#,#,m

Weyp+ke+2 | BFy gm — 0 "My, - BFy 5.m
npy1 | BFgam | BE.#m
BFg p.m BE; b, m

Proof. We fix a basis {z;} of Hl(@(m), R;i ® R; ® A‘) and write BF, , ,» = ) F; iz for some
F; i € H. For a fixed i, the coefficients F; , ; satisfy the conditions given in Proposition 4.3.1 for
0 < j < h and all # of conductor p* > 1, thanks to Lemma 3.4.3 (using case (i) of the lemma for
0 < j <min(ky, kg), and case (i) for min(k s, k;) < j < h). Therefore,

| Fa,a,m
adj(Q~'M, F,
_](Q lOg) . a’ﬂ’m c nh+1,H@4
N1 Mg +1 Fg am
Fﬂ,ﬁ,m

Hence the result on multiplying ny fkg+2 /np11 on both sides and the fact that

adj(Q_lMlog)
Wi p 1 W g+ 1Mk kg 42
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is up to a unit (Q_lMlog)_l. Il

Remark 5.4.2. Clearly, if one could show that the coefficients F; , ; also satisfied the conditions of
Proposition 4.3.1 in the “antigeometric” range max(k s, kg) +1 < j < ks +k, + 1, then the same argument
as above would prove the full strength of Conjecture 5.3.1. However, we have not been able to prove this.

6. Signed main conjectures

We shall start this section with the definition of quadruply signed Selmer groups associated to the Rankin—
Selberg product f ® g. We expect that the quadruply signed Selmer groups approximate (in an appropriate
sense) the Bloch—Kato Selmer groups over finite layers of the cyclotomic tower. Unfortunately, we are
unable to present a justification of this expectation.

We shall formulate our quadruply signed Iwasawa main conjecture that relates the quadruply signed
Selmer groups to quadruply signed p-adic L-functions (which we also define in this section). Assuming
the validity of Conjecture 5.3.1 (signed-splitting for Beilinson—Flach elements), we shall prove (under
mild hypotheses) a divisibility towards the quadruply signed Iwasawa main conjecture.

6.1. Quadruply signed Selmer groups and p-adic L-functions.

Definition 6.1.1. Let S denote the set of unordered pairs {(A, [J), (e, o)} of ordered pairs, where each of
A, L, e, 0 is one of the symbols {#, b}, and (A, LJ) # (e, o).

Note that S has 6 elements. We shall define a Selmer group, and formulate a main conjecture, for each
Ges.

Definition 6.1.2. Let G = {(A, [J), (e, 0)} € S. We define the following objects:

» A compact Selmer group H ]1;6 (@, T), given by

1
H}G @Q,T):= ker(Hl(@, T — H (Q,,T )>‘

ker(Cola 0,@,) Nker(Cols 5.,
« A discrete Selmer group Selg (7T (1)/Q(i p=)), given by the kernel of the restriction map

H' (Q(upx)y, TV (1)) y l—[ H' (Q(upx)y, TV (1))
HE(Q(pp)y, TV(1)) H{(Q(pp=)y, TV(1))

H'(@(up). TV (D) = [ ]

v|p vip

where v runs through all primes of Q(u ), and for v | p the local condition Hé (Q(pp=)w, TV (1))
is the orthogonal complement of ker(Cola 1,@,) Nker(Cols o @,) under the local Tate pairing.

» Assuming the hypotheses of Proposition 5.3.4, we define a quadruply signed p-adic L-function by
2(5 = CO]A,D,@,, oresp(BF.p,]) € A.

Remark 6.1.3. The element £ is only well-defined up to sign, since interchanging the role of (A, [J) and
(e, o) has the effect of multiplying the p-adic L-function by —1 (this is the content of Proposition 5.3.4).
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However, we shall only be interested in the ideal generated by £g, so the ambiguity of signs is no problem
for us.

Remark 6.1.4. We conjecture below an explicit relation between the quadruply signed Selmer group
and the quadruply signed p-adic L-function, and offer some partial results towards its validity. For
motivational purposes, we shall provide here one philosophical reason why quadruply signed Selmer
groups are the correct choice (over doubly signed Selmer groups).

Since rank T~ =rank T = 2, one may deduce using Poitou-Tate global duality (as utilised in the
proof of Theorem 5.2.15 and Lemma 5.3.16 of [Mazur and Rubin 2004]) that

1 if 2= (e,0) € {#,b}?,

rank H}.}(@, T) —rank Sel7(TV(1)/@(Mpoo)) = {0 fr—Ges,

and one expects, in the spirit of weak Leopoldt conjecture, that rank, H }7(@, T) should be as small as
possible subject to these conditions. Moreover, in line with Bloch—Kato conjectures, one would also
expect that ranky H ]1,-? (@, T) is given as the generic order of vanishing of (appropriate linear combinations
of) L-values associatéd to the motives M (f) @ M(g) ® x, where x ranges among Dirichlet characters of
p-power conductor. In the critical range, note that the generic order of vanishing of these L-values is
zero and this should also be the case for at least one of the said linear combinations. This tells us that the
corresponding Selmer group ought to have rank zero as well. That is the reason why quadruply signed
Selmer groups are the correct candidates which should relate to the quadruply signed p-adic L-functions
(that interpolate linear combinations of critical L-values) we have defined above.

6.2. Quadruply signed main conjectures. We are now ready to state the quadruply signed main con-
jectures for the Rankin—Selberg convolutions of two p-nonordinary forms. We suppose throughout
this section that the hypotheses of Proposition 5.3.4 are satisfied; in particular, we are assuming that
Conjecture 5.3.1 holds.

Conjecture 6.2.1. For G = {(A, ), (e, 0)} € S and every character n of I'yy, the n-isotypic component
ey Selg (T (1)/Q(w p)) of the quadruply signed Selmer group is O[[T'{]|-cotorsion and

charoqr,j (e, Sels (T (1) /Q(1p=))Y) | (e,Le)
as ideals of O[[I'1]l, with equality away from the support of coker(Cola o) and coker(Col, ).

Remark 6.2.2. It is easy to prove that e, £g is divisible by char(coker(ColA,D)) in @, ® O[I'1]. This
is the reason why the equality in the asserted divisibility in Conjecture 6.2.1 excludes the support of
coker(Cola o). As illustrated by our main result (Corollary 7.4.9 below) towards the Pottharst-style
analytic main conjectures, the error that is accounted by coker(Cola ) is inessential and it can be
recovered.

On the other hand, the reason why we have to avoid the support of coker(Col, ) is more subtle. In view
of Proposition 5.3.2, we expect that the Euler system {BF,  ,,} be imprimitive when coker(e,Col, ,) is not
the unit ideal, in the sense that the bound it yields on the Selmer group will be off by char(coker(enCol.,o)).
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In this case, it is not clear to us whether or not it is possible to improve {BF, , ,} to a primitive Euler
system. These observations are also visible in Corollary 7.4.9 below.

In the remaining portions of this article we shall present evidence in favour of this conjecture. Until the
end, we assume that |k s —k,| > 3 and n = ’ for a fixed j such that 1 + (ks +kg)/2 < j < max(ky, kg).

Proposition 6.2.3. There exists a choice of & € S such that e, £s # 0.

Proof. Let T = {#, b}2, and let Msign denote the 4 x 4 matrix, with rows and columns indexed by 7,
whose (x, y) entry is Col, g,(BF, 1). Similarly, let Tan = {af, Br} X {0, B¢}, and let .#,, denote the
4 x 4 matrix whose x, y entry is £, (BF, ;). By Proposition 5.3.4, both matrices are antisymmetric (see
Remark 6.1.3).

Among the six pairs of nondiagonal entries of .#,,, four of them are given by p-adic Rankin—Selberg
L-functions. By Corollary 3.8.1 and Remark 3.8.3, our hypotheses therefore imply that e,.#,, is not the
Zero matrix.

However, our two matrices are related by the factorisation formula

Man = (Q_lMlog) ' %@ign : (Q_lMlog) T,

so it follows that e;. g, is also nonzero. Since the six pairs of nondiagonal entries of .#;g, are exactly
the quadruply signed p-adic L-functions £g, it follows that at least one of the e,£g is nonzero as
required. U

In order to apply the locally restricted Euler system argument devised in [Biiylikboduk and Lei 2015,
Appendix A], we will require the validity of the following hypothesis:

(H.nA) Neither p f|G@p nor p ¢ |G@,, Quw lis isomorphic to ﬁ;lg@p, where p 7 and p, stand for Deligne’s
(cohomological) representations.

This assumption ensures that H°(Q P T)=H*Q Do T) = 0. We will also need to assume that

(BIO) €€, is nontrivial, ged(N s, Ny) = 1.

as well as at least one of the following conditions:

(BI1) Neither f nor g is of CM type, and g has odd weight.

(BI2) f is not of CM-type, g is of CM-type and €, is neither the trivial character, nor the quadratic
character attached to the CM field.

Thanks to [Loeffler 2017], when (BI0) and either (BI1) or (BI2) holds, one may choose a completion of
the compositum of the Hecke fields of f and g (and set our coefficient ring O to be a finite flat extension
of its ring of integers) in a way that the residue characteristic p of O is > ky + kg + 2 and the resulting
Galois representation T verifies the following “Big Image” condition that is required to run the Euler
system machinery:

o The residual representation 7 is absolutely irreducible.
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o There exists an element t € Gal(Q /Q(up=)) such that T/(z — 1)T is a free O-module of rank one.

« There exists an element o € Gal(Q/Q(x p)) which acts on T' by multiplication by —1.

Theorem 6.2.4. Suppose that |ky —ky| > 3 and p > ks + kg +2. Assume the validity of Conjecture 5.3.1,
(A-Sym), (H.nA), (BI0) and at least one of (BI1)~(BI2). Suppose j is an integer with 1 + (ks +kg)/2 <
J <max(ky, kg) and choose G that verifies the conclusion of Proposition 6.2.3 with n = w’. Then the o -
isotypic component of the quadruply signed Selmer group e,,; Selg (T (1)/Q( p)) is O[T ]-cotorsion
and

ewi L6 € charopr(ews Sela (T (1)/Q(1p=))")
as ideals of O[] @ Q.

Remark 6.2.5. See Proposition 5.3.4 above where we provide a sufficient condition for the validity of
(A-Sym).

Proof of Theorem 6.2.4. This is a direct consequence of [Biiyiikboduk and Lei 2015, Theorem A.14],
once we translate the language therein to our set up. Suppose G = {(A, UJ), (e, 0)}. Then the morphism
W in [loc. cit.] corresponds to the map

e,/ Colp 0@ e,iColy o i e H (D, T) — O[T ]2

The so-called W-strict Selmer group that is denoted by H }Tw(_’ —) in [op. cit.] corresponds to our
quadruply signed compact Selmer group e, H }G (@, T) and its dual H. : (—, —) to our quadruply signed
discrete Selmer group e,,; Selg (T (1)/Q(u p~)). Moreover, the integer g in [loc. cit.] equals to 2 in our
case and the expression det([\IJ(ci)f?’zl]) in the statement of [Biiylikboduk and Lei 2015, Theorem A.14(i)]
is precisely ry lewj £s in our notation here (where ro € Z is as in the formulation of Conjecture 5.3.1;
note that since we have inverted p, this quantity does not make an appearance in the statement of our
theorem).

Our running hypotheses guarantee the validity of all required assumptions for this result; only checking
the validity of the condition (H.V) of [Biiyiikboduk and Lei 2015, Appendix A] (which translates in
our setting to the condition that the quadruply signed compact Selmer group e, H }G (Q, T) be trivial)
requires some work. The remainder of this proof is dedicated to show that the hypothesis (H.V) holds
true in our set up.

We start with the reformulation of this condition. The Selmer group denoted by H }L(—, —) in
[Biiyiikboduk and Lei 2015, Appendix A] corresponds to our Selmer group e, H }.O(Q, T) and the
condition (H.V) requires that the map '

(ew/- Colao®e,; Col, ,)ores,,

e HE (@.T) Olr 1%

be injective. By the defining property of H }._o(@, T), this is equivalent to checking that the map

e, jCola mores,

ewiHr, (@,7T) Ol ]
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is injective. Since we already have BF, . 1 € H }.‘O(Q, T) (as given by Conjecture 5.3.1, which we assume
to hold) and we know (thanks to our choice of &) that

e,iColp mores,(e,iBF, 1) =e,iLs #0,

the condition (H.V) is equivalent to the requirement that e ,; H )T (@, T) has rank one. By Poitou-Tate
global duality, this is in turn equivalent to checking that e,; Sel.,;(TV(l) /Q(u p)) is O[[I']l-cotorsion.
We shall explain how to verify this fact.

Letusset T):=TQO[I'1]' (with diagonal Galois action). Choose a degree one polynomial [ € O[[T";]]
that does not divide e,,; £ -char(coker(Col.,o)) and define X :=T; ® w7/ /1. Observe that we have (for
F = Q, or any finite abelian extension of Q) unramified at p)

H'(F. Ti®w ™) = e, Hy(F(ip). T) (6.2.1)
by the inflation-restriction sequence. We define
Hy, (@, Ti®w ) CH'(Q,, Ti®w ™)

as the submodule that gets mapped isomorphically onto e, ; H } (@, T) under the map (6.2.1). The
isomorphism together with e,,;Col, . also induces a map

H'Y(Q,, Ti®w™/) - O[]

(which we shall denote by the same symbol), whose kernel is precisely the submodule H }T (Q,, Ty Rw /).

For primes £ # p, we shall also set H}. . Q. Ti®w ) :=H (Q,, TI®w /) so thaf Fe.o 15 a Selmer
structure on T; @ w ™! in the sense of [Maiur and Rubin 2004]. It is easy to see that the dual Selmer group
H}jo(@, TY(1) ® w/)¥ is O[T ]-torsion if and only if e, Sele o(T(1)/Q(ip=))" is O[T ]-torsion.
Thanks to [Mazur and Rubin 2004, Lemma 3.5.3], our claim that e,,; Sels (7" (1) /Q(u p)) is cotorsion
follows once we verify that

Hp (@, T{()®)I] = Hy, (@, X" (1)

has finite cardinality. Note that we have written F, , (resp. F; ) for the propagation of the Selmer
structure F, , to X (resp. for the Selmer structure on XV (1) dual to F, , on X).
Consider the following diagram with exact rows and Cartesian squares:

. . Cols
0 — Hr, (@), Ti®ow™)) — H'(@Q,,Ti®w /) — O[I]

I l
|
v ¢
0 —— HLQ,, X) ——— H'(@,,X) —— O

where the vertical arrows are induced by reduction modulo / (which we henceforth denote by 7y); the
map ¢ is defined by the Cartesian square on the right; the submodule H }(@ »» X) by the exactness of the
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second row and the dotted arrow by chasing the diagram. Note that the map ¢ is not the zero map thanks
to our choice of /.
For ¢ # p, let us also define

Hrp(Qq, X) :=ker(H' (Q,, X) > H'(Q}, X ®Q,)).

It follows from [Mazur and Rubin 2004, Lemma 5.3.1(i)] (together with the dotted arrow in the diagram
above) that the reduction map modulo / induces a map

H: @ Ti®w ™) > HE@y, X) (6.2.2)

for every prime ¢ (including p), which factors through the injection H } (@, X)CH }(@g, X). In
particular, we have F, , < F in the sense of [Mazur and Rubin 2004, Definition 2.1.1] and we have an
injective map

KS(X, F,,) — KS(X, F) (6.2.3)

between the corresponding modules of Kolyvagin systems.

Using Lemma 3.7.1 of [op. cit.], it follows that the Selmer structure F is cartesian (in the sense of
[Mazur and Rubin 2004, Definition 1.1.4]). Moreover, it is easy to see (recalling that the map ¢ is not the
zero map) that the core Selmer rank of F equals one. In particular, by [Mazur and Rubin 2004, Corollary
5.2.13], the finiteness of H ]1_—((@(, X) is equivalent to exhibiting a single Kolyvagin system in KS(X, F),
whose initial term is nonzero. We shall prove that the Euler system {e,;BF, . ,} of doubly signed
Beilinson—Flach classes descend to a Kolyvagin system with this property and this completes the proof.

Let us write BF?’jO € H'(Q(u,), Ti ®w~7) for the class that maps to e,,;BF, ., under the isomorphism
(6.2.1) and let us set BF?, := {BFY, ,}. As we have explained in Remark 5.3.3, {BFZ%} is a locally
restricted Euler system. Moreover, [Biiyiikkboduk and Lei 2015, Theorem A.11] applies (with our choices
here, recall that the Selmer structure 7, in [loc. cit.] corresponds to our F, ,) and produces a Kolyvagin
system

K*° ={k*°} eKS(Ti®@w ™, Fu,).

w’
e, 0,1

]

We remark that the Kolyvagin system «*° is obtained from the Euler system BF via [Mazur
and Rubin 2004, Theorem 5.3.3]. However, the results of Mazur and Rubin show a priori only that
k*° e KS(T; ® o™/, Fp) (namely, «*° is a Kolyvagin system for the canonical Selmer structure F
of [Mazur and Rubin 2004, Definition 5.3.2]). The fact that the classes «;°° verify the required local
conditions at p follows from the fact that BF‘.‘)’jO is in fact locally restricted, as explained in detail in the
proof of [Biiylikboduk and Lei 2015, Theorem A.11].

On projecting «*° via mx and composing with the injection (6.2.3), we obtain a Kolyvagin system

wx(k*°) € KS(X, F). We have

Tx(k*°) =7x (k) °) = ”X(BFL.U,'/OJ)
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for the initial term of this Kolyvagin system. We are reduced to prove that wx (BF‘."j

,O

.1) # 0 for the choices
above.
We now recall that [fe,;£s = Cola g o res,(BF?’

'».1) by the choice we made on the degree one
polynomial /. This in turn implies that (BFf’yjo’]) # 0, as required. |

Remark 6.2.6. In the proof of Theorem 6.2.4, we only needed the antisymmetry property in (A-Sym) to
hold for {(A, ), (e, 0)} with m =1 and {(e, 0), (e, 0)} for all m € N (P).

7. Analytic main conjectures

”

Our goal in this section is to translate our results on signed Iwasawa main conjectures into the “analytic
language of Pottharst and Benois (see [Pottharst 2013; Benois 2015]). This gives main conjectures
which directly involve the p-adic Rankin—Selberg L-functions (3.6.1), which is advantageous since the
interpolating properties of these L-functions are much more explicit than those of the signed p-adic
L-functions £g of the previous section. However, it has the disadvantage of throwing away all p-torsion

information.

7.1. Cohomeology of (¢, I')-modules. Foreach 0 <r < 1, let
ann(r, 1):={xeC, :r <|x|, <1}.

For E the finite extension of Q, in Section 1, we define the Robba ring

o
RE = {f(n) = Z a,m" € E[[x] | f () converges on ann(r, 1) for some r}.
n=—o0
The Robba ring comes equipped with actions of I' and the Frobenius ¢, via the same formulae as in
Section 2 above.

Definition 7.1.1. A (¢, I')-module over R is a free module of finite rank d endowed with a semilinear
Frobenius ¢ such that Mat(¢) € GL;(Rg) and with a continuous commuting semilinear action of I".

There exists a functor V — I]])Iig(V) between the category of p-adic representations of G, :=
Gal(Q,/Q,) with coefficients in E and the category of (¢, I')-modules over Rg (see [Cherbonnier
and Colmez 1999; Fontaine 1990; Berger 2002]).

For any (¢, I')-module D, we define its analytic Iwvasawa cohomology H;, (D) to be the cohomology
of the complex

y—1

[D — D],

where y is the left inverse of ¢ and the terms are placed in degrees 1 and 2 respectively. If V is a p-adic
representation of G,, then the results of [Pottharst 2013] show that

Hip (@) (pp), V) = Hi (D (V)),
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where Hén Qp(up=), V) =H O P V") denotes the analytic Iwasawa cohomology of V as defined in
Section 2.4.

7.2. Selmer complexes. Now let V be a continuous E-linear representation of Gg which is unramified
at almost all primes. Following Benois and Pottharst, we now recall the complexes defined in Section 2.3
of [Benois 2015], which are an “analytic” version of the Selmer complexes of Nekovéar [2006]. Letting
D be any (¢, I')-submodule of Dj;g(V|G@p)’ we obtain a Selmer complex S(Q, V'; D) in the derived
category of #-modules. This is defined by a mapping fibre

sp—iy
cone[C‘(G@,g, vH e @ Ut N @ C*(Gq,, \/T)] [—1],

vEX vEX

where ¥ is any sufficiently large finite set of places, and the U, are appropriate “local condition”
complexes; we choose these to be the unramified local conditions for v # p, and the local condition at p is

given by the analytic Iwasawa cohomology of the submodule D C D" (V|G@p). We write H*(Q, V'; D)

rig
for the cohomology groups of the Selmer complex.
We shall apply this with V = R;’; ® R and with local conditions D given by ¢-stable subspaces of

Deris (V). We set

Dcris(v)x = IDcris(v))\ﬂ\g @ Dcris(v))tfug

= [Dcris(R?)Af ® [Dcris(R;)
and
Deris (V) := Deris (R} @ Deris(R) + Deris (RY) © Deris (R

Let D, ,, and D, be the (¢, I')-submodules of IDjig(T) corresponding to Deis(7)* and Dy (T)*H respec-
tively (see [Berger 2008] for an explicit description). We note that D, , and D, play the role of regular
submodules defined by Benois [2015].

7.3. Analytic main conjectures. We are now ready to state the analytic Iwasawa main conjecture for-
mulated by Benois and Pottharst, specialised to our setting.

Conjecture 7.3.1. The module H*(Q, \/'; D;) is torsion, and its characteristic ideal is given by
chary H*(@, Vs D) = Ly(fr. 8) - H,
where L, (fi., g) denotes the geometric p-adic L-function attached to f and g.

(One can similarly define a Selmer group and formulate a main conjecture for the “extra” p-adic
L-functions LI?7 introduced above, but we shall not give the details here.) We now proceed to show how
our results in the previous sections on signed Selmer groups aid us to deduce some partial results towards
Conjecture 7.3.1.
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7.4. Bounds for analytic Selmer groups. Throughout the remainder of this section, the hypotheses of
Theorem 6.2.4 are in effect. We begin by reformulating the result of Theorem 6.2.4 as a bound for
H?(Q, T); we shall then translate this into a bound for the analytic Selmer group.

Proposition 7.4.1. There exists a choice (e, o) and (A, L) such that neither e, Cols g ores,(BF, . 1) nor
e,Col, , ores,(BFa 0,1) is zero.

Proof. This follows from Propositions 6.2.3 and 5.3.4. 0

From now on, we fix (e, 0) and (A, [J) such that e,Cola qores,(BF, . 1) #0.
As in Proposition 3.9.2, this implies that e, H 1(@Q, T) is free of rank two. Choose an ey A-basis {c1, 2}
of this module.

Definition 7.4.2. Let r;, ro, D € A be nonzero elements such that
E -BF..1=r (Col.’O ores,(c1)cy — Col, o oresp(cz)cl)
E -BFao1= rg(ColA,D ores,(c1)cy —Colpgo resp(cz)cl).
Here, the first equality takes place in H } (Q, T), whereas the second in H }A,D (@, T).

Note that E, ry, r, with the required properties exist since both modules H }T . (@, T)and H }A 5 @, T
have rank one.

Lemma 7.4.3. r=—r.
Proof. This is an immediate consequence of Proposition 5.3.4. 0
Proposition 7.4.4. E - char(H*(Q, T)) divides ry - char(coker(Col, ,)).

Proof. Let us set H/l.’o(@p, T):=H! (Qp, T)/H}.,o(@p, T) and write res; , for the compositum of the

arrows
res

H'(Q,T) — H'(@,, T) » H), ,(@,, T).
Poitou-Tate global duality gives rise to the following five-term exact sequence:
H), (Q,,T)
resy ,(BFa 0,1)

— Hp, (@ TY(1)Y - H*(@Q.T) > 0. (74.1)

0— Hr, (@, T)/A-BF, o1 — H'(Q,T)/(BF. 1, BFa01) —

The locally restricted Euler system machinery shows that
char(Hp. (@,TV(1))") | char(Hy, (@, T)/A - BF.,.1). (7.4.2)
Combining (7.4.1) with the divisibility (7.4.2), we infer that

char(Hz(@, TT))char(coker(Col.,O))7lCol.,o ores,(BFa 0,1)

H'(Q,T
divides Char< @D

(BF0,0,17 BFA,D,])

). (7.4.3)
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Moreover, we have
Cols o(BFs 0.1) = E~'rydeto Col(A, [, e, 0) (7.4.4)
where we have set

deto Col(A, 0, e, 0) := det (COIA’D oresy(c1) Col.., °“°’SP(”)).

Colp,mores,(cz) Col,,ores,(c2)

Let fa 0 := Colp pores, (and we similarly define f, ,). Note that since we have

Char<E(01, 2)/(ri(feo(c1)ea = foo(ca)er), ra(fa,olcr)er — fA,D(CZ)Cl))>

= E 2rirpdeto Col(A, [, 8, 0) . (7.4.5)

it follows from definitions that

HY(Q,T
char( ( ) ) = E_2r1r2 deto Col(A, [, e, 0). (7.4.6)
(BF.0,1, BFA,0,1)
Combining (7.4.3), (7.4.4) and (7.4.6), the asserted divisibility follows. O

Let us choose F, s1, 52 € H \ {0} so that
F -BF, , =i (Ex,u ores,(c1)er — L 0 resp(cz)cl)

F -BF, v = s5(Ls otes,(c1)cr — Ly, otesp(c2)cy).

We also set
devo 20 2oty = ([ ) o o)
Lemma 7.4.5. $1 = —57.
Proof. This follows from Theorem 3.9.1. 0

Proposition 7.4.6. We have the following divisibility of H-ideals:

F H'(Q,V';D
char(Hz(@, v IDMJ)) | rl_E -Char(cokerCol,,o) -Char< ( A,M))
$1

H-BF, 41
Proof. The proof of this assertion is essentially the proof of Proposition 7.4.4 in reverse, starting off with
the 5-term exact sequence of H-modules
H'(@, VD, ) H'@, V) Hjs 5@y, VD)
— —
H-BF; ;1 H-BF, 1 +H-BF, v 1 res}, (BF;. )
— H*(Q, VD) — HAQ, V) -0,

0—

where H/lk,u(@l” Vi = Hl(@p, \/T)/Ha]n(@p, Dy,.) and res), is the natural map

gyl 1 ¥
resj7 tH(Q,V) - Hj (@), V).

Notice that we also rely on the fact that £, , : H /1,\’ u(@ P VT — H is surjective, and the fact that

H?*(Q,V" =H®x H*(Q, T) when we use here the statement of Proposition 7.4.4. O
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Corollary 7.4.7. The ideal char(H 2(@, \ViE IDA)) divides the ideal
char(coker Col.,o)E_lrl Fs; 'Ly (BF; 1)

Proposition 7.4.8. rnkF =ros1 E.

Proof. Recall the element BF; € Frac H Q4 /\2 Hllw(Q(,u p=), T') given as in Theorem 3.9.1. Let us
choose i € Frac(#)* so that we have ¢,BF| =& - (c; A c2). It follows from (5.3.1) together with the
defining property of E and r that roh = ri/E. Comparing the definition of /4 and s{/F, we also see that
h = s1/F. Our assertion follows. (|

Corollary 7.4.9. The ideal char(H*(Q,V'; D)) divides
char(coker Col.,o) L,(f, 8-

Proof. This follows on combining Corollary 7.4.7 and Proposition 7.4.8, together with the observation
that ro € Z is invertible in the ring H. (|

Appendix: Images of Coleman maps

We describe the images of various Coleman maps up to pseudo-isomorphisms, which is relevant to our
discussion in Remark 6.2.2. Throughout, 7" denotes the representation R;‘? ® R and

Lr: Hy(Qp, T) > H @ Deris(T)
as before. We recall the following result from [Lei et al. 2011].

Proposition A.1. Lerz € HIIW (Qp, T), 8 a Dirichlet character of conductor p" >1and 0< j <k;+kg+1,

then , _ . _
(1—=plo)y ' = p 7 o ™ Yy (L1 (2)) € Fil 7 Deyis(T),

(P! )" (X7 8(Lr(2))) € Qp(ptpn-1) @ Fil ™/ Deris (T).
Proof. This is [Lei et al. 2011, Proposition 4.8]. O
Given a character n € A and an integer 0 < j <k +k, + 1, we define
v =Pl —p TH TR Deo(T) i = o/,
T Fil ™ Dy (T) otherwise.
Via our chosen basis {vy, v, v3, v4} of Deys(T), we identify Deyis(7) ® Q, with L. Let us write Col :
HI{N(@[,, T) — O ® A®* for the morphism given by (Coly #, Colg, Col, 4, Col, »). For each n € A, we

may then identify e, Col as a map landing inside O[ X]®* as before via 1 + X = y, where y is our chosen
topological generator of I'1. Recall that u = x (y).

Corollary A.2. Let 7 € HIIW(@[,, T),0<j<kf+ks+1landne A. Then,

enCol(2)|x=ui—1 € Vp,j-
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Proof. Note that e, L7(2)|x—,i_1 = ¥’ (nw~7)(L7(z)). Therefore, Proposition A.1 says that

enLr(2) x—ui_1 € Py j(Fil ™7 Derig(T)),

where P, ; is given by
(1=plo)1 —p~T=le™hH™ if n=w/,

{vp otherwise.
Recall from (5.1.1) that
Coly #(z)
Coly»(2)
Col #(z)
COlb,b(Z)

L7(z)=(v1 v2 v3 v4) Mg -

Note that e, Myog|x—,i_1 = A, which is a consequence of (4.2.3). Recall that A is the matrix of ¢ with
respect to the basis {vy, v, v3, v4}, which implies our result. O

Following [Lei et al. 2011, Proposition 4.11], this allows us to deduce the following description of the
image of Col.

Corollary A.3. Letn € A, then
ey Im(Co)®E={F e O[XI®E:F(u/ —1) eV, ;, 0= j <ks+k,+1}.

If & ={(A,0), (e, 0)} €S, this corresponds to a two-dimensional subspace in Dis(7) ® E, generated
by two elements of the basis {vy, v, v3, v4}, which we denote by V. If we write Colg for the wedge

product
2

ColaAColyo: /\ HY(Qp, T) — A,
then we may describe its image by

kp+ke+1
eim(Cole)®E= [ (X—u/+1)'"svO[X]QE,
j=0
where ng , j = dimg Vg NV, ;. If we do not tensor our image by E, we have that ¢,Im(Colg) is
pseudo-isomorphic to p#S-n ]_[];f:{)kﬁl(X —ul +1)"$2i O[[ X] for some integer Ue,y-
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