1212.4056v2 [math.NT] 22 Aug 2013

arxXiv

EULER SYSTEMS FOR RANKIN-SELBERG CONVOLUTIONS OF MODULAR
FORMS

ANTONIO LEI, DAVID LOEFFLER, AND SARAH LIVIA ZERBES

ABSTRACT. We construct an Euler system in the cohomology of the tensor product of the Galois
representations attached to two modular forms, using elements in the higher Chow groups of products
of modular curves. We use these elements to prove a finiteness theorem for the strict Selmer group
of the Galois representation when the associated p-adic Rankin—Selberg L-function is non-vanishing at

s=1.
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1. OUTLINE

In [BDR12], Bertolini, Darmon and Rotger have studied certain canonical global cohomology classes
(the “Beilinson—Flach elements”, obtained from the constructions of [Bei84] and [F1a92]) in the coho-
mology of the tensor products of the p-adic Galois representations of pairs of weight 2 modular forms,
and related their image under the Bloch—-Kato logarithm maps to the values of p-adic Rankin—Selberg
L-functions. These Beilinson—Flach elements are constructed as the image of elements of the higher
Chow group of a product of modular curves.

In this paper, we construct a form of Euler system — a compatible system of cohomology classes over
cyclotomic fields — of which the Beilinson—Flach elements are the bottom layer. We first define elements
of higher Chow groups of the product of two (affine) modular curves over a cyclotomic field,

Em.N,; € CH*(Y1(N)® ® Q(um), 1)

for integers m > 1, N > 5, and j € Z/mZ (cf. Definition 2.7.3). These are obtained by considering the
images of various maps from higher level modular curves to the surface Y1 (IV)?, together with modular
units (Siegel units) on these curves. For m = 1 our elements reduce to those considered in [BDR12],
and as in op.cit., we show that after tensoring with Q we can construct preimages of our elements in the
higher Chow group of the self-product of the projective modular curve X;(N); however, in this paper
(as in [[Kat04]) we shall take the affine versions as the principal objects of study.
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We show two forms of compatibility relation for our generalized Beilinson—Flach elements: firstly,
relating .E,, v,; to the pushforward of .=, np ;, for p prime (Theorem 3.1.2); secondly, relating .=, v,;
to the pushforward (or Galois norm) of .Z,,, n,j, Where p is prime and either p | N (Theorem 3.3.2) or
p{mN (Theorem 3.4.1).

We next turn to the relation between our elements and L-values. Theorem 4.3.7 shows, following an
argument due to Beilinson, that the images of the elements .=,, y ; under the Beilinson regulator map
into complex de Rham cohomology are related to the derivatives at s = 1 of Rankin—-Selberg L-functions
of weight 2 modular forms. Theorem 5.6.4 is a p-adic analogue of this result, generalizing a theorem of
Bertolini-Darmon—-Rotger [BDR12]; it gives a formula for the image of our element for m = 1 under the
p-adic syntomic regulator, for a prime p t N, in terms of Hida’s p-adic Rankin—Selberg L-functions.

Next we consider the images of our elements in étale cohomology. Applying Huber’s “continuous étale
realization” functor and the Hochschild—Serre exact sequence, and projecting into the isotypical compo-
nent corresponding to a pair of eigenforms (f, g) of level N, allows us to construct Galois cohomology
classes

CZ%’Q’N) c Hl(@(,um); Vf* ® V;)
from the elements .Z,, v ;; see Definition 6.4.4. Using the second norm relation in the p-adic cyclotomic
tower, we can modify these to construct elements of Iwasawa cohomology groups of pairs of modular
forms (under a strong “ordinarity” hypothesis; this is Theorem 6.8.6), or of the tensor product of Iwasawa
cohomology groups with the algebra of distributions (under a weaker “small slope” hypothesis; see
Theorem 6.8.4). These elements satisfy compatibility relations of Euler-system type when additional
primes are added to m.

Using the first norm relation, we also obtain variation in Hida families. More specifically, if one of the
two forms (say g) is ordinary, we may deform our cohomology classes analytically as g varies over a Hida
family; cf. Theorem 6.9.5. (In the special case m = 1, such results have been independently obtained by
Bertolini-Darmon—Rotger.) When f and g are both ordinary, we obtain three-variable families which
also incorporate cyclotomic twists, cf. Theorem 6.9.8.

As an application of these constructions, we prove (under some technical hypotheses) a finiteness
theorem for the strict Selmer group of a product of modular forms (Theorem 7.4.2) when the associated
p-adic Rankin—Selberg L-function is non-vanishing at s = 1, and (under very slightly stronger hypotheses)
we give an explicit bound for the order of the strict Selmer group in terms of the p-adic L-value (Theorem
7.5.1).

Remark. It is a pleasure to acknowledge the very deep debt this article owes to the magisterial work
of Kato [Kat04]. We have adopted many aspects of the strategy and methods of Kato’s work, reused
a number of his results, and even in many cases adopted his notation. It is a pleasure to dedicate this
work to Professor Kato, as a humble gift on the occasion of his 60th birthday.
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hospitality. We would also like to thank Massimo Bertolini, Francois Brunault, Francesc Castella, John
Coates, Henri Darmon, Mathias Flach, Kazuya Kato, Masato Kurihara, Andreas Langer, Jan Nekovar,
Ken Ribet, Victor Rotger, Karl Rubin, Tony Scholl, Xin Wan and Andrew Wiles for helpful comments.
We are also grateful to the anonymous referee for a number of valuable suggestions and corrections.

2. GENERALIZED BEILINSON-FLACH ELEMENTS

In this section we shall construct elements of motivic cohomology groups of products of modular
curves, using the explicit description of the motivic cohomology given by the Gersten complex.

2.1. Modular curves. We begin by fixing notation regarding modular curves. We follow the conven-
tions of [[Kat04] very closely (see in particular §§1, 2, and 5 of op.cit.).

Definition 2.1.1. For N > 3, let Y(N) denote the smooth affine curve over Q which represents the
functor on the category of Q-schemes

isomorphism classes of triples (E, e, e3),
S E an elliptic curve over S,
e1, es sections of E/S generating E[N].
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The variety Y (V) is equipped with a left action of GLy(Z/NZ): the element (Z Z) maps (E,eq, e2)

-6
eh)  \e d) \ex)’
In particular, this action factors through GL2(Z/NZ)/(+£1).

There is an obvious surjective morphism Y (N) — u$;, where uQ is the scheme of primitive N-th
roots of unity, which sends (E,e1,ez) to (e1,e2)gn], where (—, —)g(n) denotes the Weil pairing on
E[N]. Because the Weil pairing is non-degenerate and alternating, the induced action of GLy(Z/NZ)
on uS, is given by o - ¢ = ¢%*7; and the fibre of Y (N)(C) over the point e>™/N € ;3 (C) is canonically
and SLg(Z/NZ)-equivariantly identified with I'(V)\#H, where H is the upper half-plane and T'()V) the
principal congruence subgroup of level N in SLy(Z), via the map

7+— (C/(Z+Z7),7/N,1/N).
We shall mainly be working with certain quotients of the curves Y (N), which we now define.

Definition 2.1.2. For M, N > 1, we shall define Y (M, N) to be the quotient of Y (L), for any L > 3
divisible by M and N, by the group

a b a=1,b=0mod M,
{(c d) € GLo(Z/LZ) : c=0,d=1mod N }
This curve Y(M, N) represents the functor of triples (E, e1,e2) where e; has order M, e has order
N, and ey, es generate a subgroup of E of order M N.

to (E, €], eh) where

Definition 2.1.3. We write Y1(N) for the smooth affine curve over Q representing the functor

isomorphism classes of pairs (E, P),
S — E an elliptic curve over S,
P a section of E/S of exact order N.

Remark 2.1.4. Note that the cusp oo, which corresponds to the generalized elliptic curve (Gm /d%, ¢ N),
is not defined over Q[[¢]] but rather over Q(un)[[q]], so the g-expansions of elements of O(Y;(V)) do not
necessarily lie in Q((g)) but rather in Q(un)((¢)). See e.g. [D195, §9.3] for further discussion.

It is clear that Y7(IN) = Y(1, N). More generally, we may use the following proposition to identify
Y1(N) x u,, for m, N > 1, with a quotient of a principal modular curve:

Proposition 2.1.5. If N > 3,m > 1, and L > 3 is diwvisible by both N and m, then the map
V(L) — N(N)®upu;,
(E,e1,e2) {(E, Ley), (Ley, #€2>E[m]}

identifies Y1(N) x pg, with the quotient of Y (L) by the subgroup of GLo(Z/LZ) given by

a b\ c¢=0,d=1modN,

c d)  ad—bc=1modm '

We shall be most interested in the curves Y (m, mN) for m > 1, N > 1. Note that Y (m, mN) maps

naturally to u;,, with geometrically connected fibres. It has a left action of the group

{(¢ ) e=omoanf,

compatible with the determinant action on pf,: if @ = (E, e, e2) is a point of Y (m, mN), so e; has order

m and ey has order mN, and g = <(CL Z) € GLy(Z/mNZ) with Nlc, then

g-x = (F,ae; +bNeg,c/Nej + desy).
We shall introduce some notation for maps between these curves.
Definition 2.1.6. Let m, N > 1.
(1) We write t,, for the morphism Y (m,mN) — Y1(N) x us, given by
(E,e1,e2) — [(E/<€1>, [mea]), (e, N62>E[mﬂ )
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(2) For a > 1, we write 7, for the morphism Y (am,amN) — Y (m,mN) given by
(E,e1,e3) — (E/C,[e1], [aes])

where C' is the cyclic subgroup of order a generated by mey, and [e1], [aea] denote the images of
e1 and aey on E/C.

Proposition 2.1.7. Let m, N,a as above.
(1) We have a commutative diagram

Y (am,amN) Ta, Y (m,mN)
tam tm

Yl(N> X Mgm - Yl(N) X :ufr)na
where the bottom horizontal arrow is the identity map on Y1 (N) and the map pg,, — we, given

by ¢ — ¢*.
(2) Forb e (Z/mNZ)*, the map t,, intertwines the action of (49) with the automorphism oy : ¢ —
¢ of pg,, and (bgl 0) with the diamond operator (b) on Y1(N).
Proof. The first statement is immediate from the definition of the maps and properties of the Weil

pairing, and the second is an easy verification (cf. [[{at04, 5.7.1]). O

Remark 2.1.8. The use of the maps 7, is forced on us by the nature of our construction of zeta elements.
It would be much more satisfying to use the natural degeneracy maps Y (am,amN) — Y (m,mN) given
by 7} : (E,e1,e2) — (E,aeq, aez), but we do not know how to construct elements compatible under these
maps; see §2.9 below.

Notation. For compatibility with [[{at04], we shall use the alternative notation Y3 (N) @ Q(pm) for
Yl (N) X ‘Ltfn
We shall also have to deal with products of two modular curves.

Definition 2.1.9. We shall write Y (N)? (slightly abusively) for the fibre product Y (N) %, Y (N). This
is a subvariety of Y (N) Xgpec(q) Y (IV) preserved by the subgroup

{(0,7) € GL2(Z/NZ)? : det(c) = det(r)} .
Similarly, we shall write Y (m,mN)? for Y (m,mN) Xuo Y (m,mN), which is acted upon by the group

G = {(a, 7) € GLy(Z/mNZ)? : det(o) = det(r) mod m, o,7 = ((’; :) mod N.}

Evidently, the image of Y (m, mN) x,o Y (m,mN) under t,, X t,, lands in
(Yi(N) % p15,) X s, (Y1(N) X pi) = Yi(N)? %
so we may consider t,, X t,, as a morphism Y (m, mN)? — Y1(N)? x u8,, which intertwines the action of
((59):(81)) € G with 0.

We shall also have to consider, occasionally, some more general classes of modular curves. Here we
shall only consider models over Q.

Definition 2.1.10. IfT' C SLa(Z) is a congruence subgroup, then we shall write Y (T') for the variety

(T\Y(L)) ®q(ur) Q
where L is any integer > 3 such that T' O T'(L); this variety is independent of the choice of L.
Remark 2.1.11. If @ € GLJ (Q), then the isomorphism of Riemann surfaces Y (I')(C) = Y (al'a™!)(C)

mapping 7 € H to ar extends to an algebraic isomorphism defined over Q; similarly for degeneracy maps
Y(T)—=Y([) for T CT".

The above constructions with affine modular curves also have projective analogues where the cusps are
taken into account; we shall write X (—) for the compactified version of Y'(—) in line with the standard
notation.
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2.2. Siegel units.

Definition 2.2.1. For (a,3) € (Q/Z)?* — {(0,0)} of order dividing N, and ¢ > 1 coprime to 6N, let
cGa.p € O(Y(N))* denote Kato’s Siegel unit, as defined in [[<at04, §1.4].

We identify .gn,z with a holomorphic function on the upper half-plane, via the identification of the
fibre of Y/(N)(C) over 2™/N ¢ u$(C) with T'(N)\H given in the previous section. (Note that .g, s is
defined over Q as a function on Y (), but in order to interpret it as a holomorphic function on H we
must make a choice of N-th root of unity, and the g-expansion coefficients of .gn 5 are in Q(un).)

Recall that there is an element g, 5 € O(Y (N))* ® Q such that .ga.s = > ga,8 — Jea,cs-

Proposition 2.2.2 (Distribution relations). Let m > 1, and let ¢ be a nonzero integer coprime to 6m
and the orders of o, B. Then the following relations hold:

(13‘) cga,ﬂ(mz) = Hcga,ﬂ’(z)
ﬂ/

where the product is over ' € Q/Z such that mf' = B;

(1b) cJop(z/m) = [ [ e9ar 5(2)

o

where the product is over o/ € Q/Z such that ma' = a; and
(1c) cYa,8(2) = H Yo 67 (2)
a/7/3/
where the product is over pairs (!, ') € (Q/Z)? such that (ma/,mp") = (a, B).
Proof. Formula (1a) is Lemma 2.12 of [[Kat04]. Formula (1b) can be proved similarly, or can be deduced
0

1
immediate by combining (1) and (2). O

directly from (la) using the action of 01>. Formula (1c), which is Lemma 1.7(2) of op.cit., is

Remark 2.2.3. The three formulae above admit the following common generalization: let M be a 2 x 2
integer matrix with positive determinant D. Then we have

cgoz,B(M'Z) = H cda’, B’
a/7ﬂ/

where the product is over all (o/,3) such that (o/, )M’ = (a, 3), where M’ = (det M)M~1! is the

adjugate matrix of M. Cases (1), (2) and (3) correspond to taking M = (73 (1)), ((1) 7?1) and

(73 7%) respectively. The case where M is invertible is (part of) Lemma 1.7(1) of op.cit..
We are most interested in the units .go,1,n, which descend to units on Y3 (N). These have the following
compatibility property:

Theorem 2.2.4 (Kato). If M, N, N’ > 1 are integers with prime(N') = prime(N), and « is the natural
projection Y (M,N') — Y (M, N) (which induces a norm map o, : OY (M,N"))* — O (M,N))*),
then we have
a*(cgo,l/N/) = ¢90,1/N-
If N’ = N4, where £ is prime and £+ M N, then we have

—1
s (c90,1/87) = cgo1/n * (90, 4-17/n)

1»

where =7 signifies the inverse of £ modulo N .

Proof. These statements are proved in [[Kat04, §2.11, 2.13] (in the course of proving the norm-compatibility
relation for Kato’s elements of K5, Propositions 2.3 and 2.4 of op.cit.). We reproduce the proofs briefly
here.
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Firstly, let us suppose prime(mN’) = prime(mN). Let a = N’/N. Since prime(mN’) = prime(mN),
for each (z,y) € (Z/aZ)?* we may choose an element s,, € GL2(Z/mN'Z) of the form

1 0
mNx 1+ mNy)~
These elements s,, are coset representatives for the quotient of the two subgroups of GLo(Z/mN'Z)
corresponding to Y (m, mN) and Y (m,mN’), so we have
o8 (c90,1/N') = H S;y (c90,1/N') .
zy

For any M > 1, any u € GLy(Z/MZ) and any «, 8 € (7;Z/Z), we have

u* (cga,8) = cGa’,p
where
(@, 8") = (o, ) - u;
applying this to the formula above we deduce that
Qs (ch,l/mN’) = H (ch/a,1/mN'+y/a) .
x,y€ZL/all

The latter expression is equal to the product of g, s over all pairs (v, d) such that (ay,ad) = (0,1/mN);
so using the distribution property of Equation (1a), the product is cgo,1/mn as required.

In the second case, where N’ = (N for ¢ { M N, we pass via the intermediate modular curves
Y(M,N(¢)) and Y (M(£), N) described in [[Kat04, §2.8]. Let o : Y (M, N({)) = Y(M(£), N) be the map
defined in op.cit., corresponding to z — £z on H. We factor the projection « as aq o as, where a; and
o are the natural maps

Y (M, NY) 2, Y(M,N(¢)) o Y(M,N).
By [Kat04, Step 2 of §2.13 and (2.13.2)], we have
X -1
(o2)« (c90,1/Ne) =¥y (c90,1/N) . (cgo,“efl”/zv) ;
(al)*w’é (c90,1/N) = cY90,1/N * (cgo,“efl”/N)e;
41
(1)« (cgo,<-17/n) = (c9o, -1 /n)

(the last formula owing to the fact that the degree of oy is ¢ + 1). Hence, on combining these three
equations, we obtain

a*(cgo,l/zve) = (1)« (2)« (cgo,1/Ne)

= (041)* [@Z (cgo,l/N) : (cgo,“efl”/N)il]

1 l+1
= (ch,l/N . (0907“67177/1\,)6) . ((69074‘2—177/1\]) )

= cY90,1/N * (cgo,“efl”/N)_1 .

O

Remark 2.2.5. In the above proposition we excluded from consideration the case when N’ = N/ where
¢| M (but £+ N). This case can also be treated using Kato’s methods, or deduced directly from Step 1

of §2.13 of op.cit. by applying the element <(1) _01), and one finds that in this case we have

o (e90,1/N¢) = c90,1/N TN (c90,0-17 /) -

However we shall solely be working with modular curves of the form Y (m, mN), so we will not need this
formula.
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2.3. Integral models of modular curves. The following theorem is well-known:

Theorem 2.3.1 (Igusa). There exists a smooth scheme Y(N) over Z[(n,1/N], representing the functor
of Definition 2.1.1 on the category of Z[1/N]-schemes.

For a sketch of the proof, see e.g. [DR73].
Proposition 2.3.2. The Siegel units .ga,s, for all (o, B) € (+2Z/Z)*—{(0,0)}, are elements of O(Y(N))*.

Proof. As shown in [[{at04, Prop 1.3], given an arbitrary scheme S, an elliptic curve E/S, and an integer
¢ > 1 coprime to 6, there exists a canonical element .0 € O(E — E[c])* whose divisor is ¢?(0) — E[c].
As noted in [Sch98, §1.3], if the base S is integral and E has a torsion section z : S — FE of order N,
where N > 1 is coprime to ¢ and either IV is invertible on S or N has at least two prime factors, then
x* .0 € O(S)*. Applying this with S = Y(N), E the universal elliptic curve over S, and x the section
ae1 + beg where (o, 5) = (a/N,b/N), we deduce that .g, g extends from Y () to a unit on the integral
model Y(N). O

Remark 2.3.3. By passage to the quotient we also see that for any b € Z/NZ, b # 0, the Siegel unit
¢90,/N is a unit on the canonical Z[1/N]-model Y (N) of Yi(N).

2.4. Hecke correspondences. We now recall how elements of the Hecke algebra can be interpreted
as correspondences between modular curves, or, equivalently, as 1-cycles on a product of two modular
curves.

Lemma 2.4.1. Let o € GL3 (Q) and T'1,T'y finite-index subgroups of SLo(Z). Then there is a unique
morphism of varieties over Q,

o: Y[ Na 'Tya) = Y(I') x Y(T2),
such that the diagram

1 X«

H HxH

Y(I1 Na~Tha)(C) —Zw (Y(I1) x Y(I'2))(C)

commutes (where the vertical arrows are the natural projection maps). The image of o is an irreducible
closed subvariety of Y (I'1) x Y(T'2), and the map o is a birational equivalence onto its image.

Proof. After Definition 2.1.10 and the remarks following, the only assertion that needs checking is that o
is birational. However, by Proposition A.1.4 in the appendix (applied to the subgroups I'; and o~ 'TI'sa)
we know that o is injective away from a finite set. O

Remark 2.4.2. This proposition is well known in the special case I' = SLy(Z) and o = (8 (1)) for a

prime p, where it shows that Yy(p) is the normalization of the subvariety of A% cut out by the classical
modular equation of level p; see e.g. [DR73, §VL6].

Lemma 2.4.3. Let T',T' be as above, let a1, as € GLI(Q), and for i = 1,2 let C; be the curve in
Y (T') x Y/(I') which is the image of points of the form (z,a;z). If the double cosets IVon ' and TV asT are
distinct as subsets of PGL;(Q), then Cy N Cy is a finite set.

Proof. Suppose P € C; N Cy. Then P admits liftings to H x H of the form (z1,121) and (22, a222);
and since both of these points are preimages of P, we can find v € I" and 7' € I such that z; = 29 and
a1z1 = 7' asz9. Consequently, zs is fixed by the element

'y*lal_lfy/ozg el 041_1042 . (a;lF’ag).
By Lemma A.1.2, either v~'a; '+ as is the identity in PGL3 (Q), in which case IVa;T' and I”asT have
the same projective image; or 2y lies in one of a finite set of orbits under the action of T' N ay 'T s,
which implies that P lies in one of a finite set of points of C5, as required. O



8 A. LEI, D. LOEFFLER, AND S.L. ZERBES

Lemma 2.4.4. Let T'1, Ty C SLo(Z), and let Ty C Ty and Ty C Ty, with all four subgroups having finite
index in SLo(Z). Let o € GL (Q), and suppose By, ..., Bn € GLI (Q) are such that we have

h
Tpaly = | |THATY.
=1

Let C be the curve in Y(I'1) x Y(I'y) which is the image of Y (I'1 N a™'Tya) under the map o of
Lemma 2.4.1. Then the preimage of C in Y (I'}) x Y(T'y) is the union of h distinct curves D1, ..., D,
where D; is the image of the map

0i 1 Y(Dy NG T8)  ——  Y(Ih) x Y(I%)
z > (z,Bi2).
Moreover, if for each i we choose some ; € I'1 such that B; € I'sary;, then we have a commutative

diagram

V(0,087 Th8) 2+ V() x Y(T)
(2) Z iz

Y(D1 Na; ' Thay) —» Y(Iy) x V(D)
where the right-hand vertical arrow is the natural projection map.
Proof. The definition of -; implies that diagram (2) commutes, from which it is clear that D; is a lifting
of C. By lemma 2.4.3, the D; are distinct.
_ It remains only to check that the union of the D; exhausts the preimage of C. Let P € C, and let
P be any lifting of P to H x H. Then we have P = (y12,720z) for some 91 € T'y and v, € I's; so
P = (w,y2av; 'w), where w = 412 € H. We have ypay; ' € b3 for some i € {1,...,h}, so in
particular the image of P in Y(I'}) x Y/(I'}) lies in D; as required. O
Lemma 2.4.5. Let T' be a finite-index subgroup of SLa(Z) and let T'y, Ty be finite-index subgroups of T’
such that T'1T's = T'. Then, in the diagram of modular curves

Y1 NTs) 2s Y(I)

B o

Y(Is) Y(I')

where a, B,7,0 are the natural projection maps, the two maps O(Y (I'1))* — O(Y (I'2))* given by i oa™
and §* o v, coincide, and similarly the maps O(Y (I'2))* — O(Y(I'1))* given by a. o f* and v* o d,
coincide.

Proof. Note that the hypotheses are symmetric in I'; and I's, so it suffices to show that 5, 0 a* = §* 0.
Moreover, since all of the morphisms in the diagram are surjective, the corresponding pullback morphisms
are injective, so it suffices to show that

B*0B.oa” =B 05" 0.
Since the diagram commutes, this is equivalent to
(8" B) 00" =a*o (1" o).
However, the map (8*00,) is given by the product over translates by coset representatives for (I'y\'y)\I'y,
and the map (7" o 7) is given by the product over coset representatives for I'y\I'. However, since
I'1T'y =T, the natural map
(Fl n FQ)\FQ — Fl\F

is surjective. Thus these two quotients admit a common set of coset representatives, so the two maps
coincide. 0
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Remark 2.4.6. One can interpret this more “categorically” as follows: our hypotheses imply that the
diagram in the statement of the lemma is Cartesian (in the category of curves and dominant rational
maps), so Y(I'; NT'y) is birational to the fibre product of Y (I';) and Y (') over Y (I'). The symmetry
of pushforward and pullback is then a general property of fibre products.

2.5. Motivic cohomology, higher Chow groups and the Gersten complex. We now recall the
definition of the higher Chow group CH?(X, 1) of a variety X, and how it may be explicitly calculated
using the Gersten complex. In this section k& may be any field of characteristic 0. Let Var(k) be the
category of varieties over k, by which we mean separated schemes of finite type over k. Let Sm(k) be
the full subcategory of smooth varieties. Let A = Q or Z be the coefficient ring.

Definition 2.5.1 (Voevodsky, cf. [MV W06, Definition 3.4]). Let X € Sm(k), and p,q € Z with ¢ > 0.
Define the motivic cohomology of X to be

Hj, (X, Alg)) = Hy,, (X, Z(q) @ A),

p

where Z(q) denotes Voevodsky’s motivic complex of sheaves on X, and HY,

(with respect to the Zariski topology).

denotes hypercohomology

Remark 2.5.2.
(1) We use a slightly different notation than Voevodsky; the notation used in op.cit. is H*I (X, A).
Our choice of notation follows [Hub00] and [Lev04].

(2) Note that HY, (X, A(q)) is zero for p > inf(2¢, ¢ + dim X). It is not known to be zero for p <0,
since the motivic complex is not bounded below.

We shall not use the definition of motivic cohomology directly; we shall rather use the fact that these
groups are isomorphic to Bloch’s higher Chow groups:

Theorem 2.5.3. For any X € Sm(k) and any p,q > 0, there is a natural isomorphsim
HP(X,Z(q)) = CHY(X, 2q — p).
Here, the higher Chow groups are those defined by Bloch.
Proof. See [Voe02, Corollary 2] or [Lev04, Theorem 1.2]. O

We also have an alternative description of these groups in terms of Quillen K-theory. We will actually
be interested in the special case when p = 3 and ¢ = 2. Here, we use a result of Landsburg [Lan91]. For
X smooth over a field, m > 0 and 0 < p < m, he constructs a map

U,p: CH"(X,m — p) — HP(X, %),
where 7, is the sheafification of U — K,,,(U) on X. Here, K,, denotes the m-th Quillen K-group.
Theorem 2.5.4. The map ¥, is an isomorphism for p =m — 1.

Proof. See [lLan91, Theorem 2.5]. O

Remark 2.5.5. For p < m — 1 the map V¥,, , may not be an isomorphism in general. As pointed out
to us by Landsburg in a discussion on http://mathoverflow.net/, if X = Spec(k), then CH™ (X, m)
is the Milnor K-group KX (k) (by a theorem of Nesterenko—Suslin) and the map ¥, : KM (k) —
H(X, #,) = Kn(k) is the natural map from Milnor to Quillen K-theory, which is not generally an
isomorphism for m > 2.

Finally, we address the question of how to explicitly describe elements of these groups.

Proposition 2.5.6. Suppose that X is a smooth variety of finite type over a field k. Then there is a
resolution of the sheaf Jty,

0 — H — [ Ga)uKm(k(x)) — [ (ie)eKm-1(k(z)) — ...

zeX0 zeX?!

Proof. See [QuiT3]. O
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Corollary 2.5.7. The group H' (X, #3) is the first homology group of the “Gersten complex”
d° 4t
(3) Gersta(X) : H Ko (k(z)) — H k(z)* —2v H A
zeX0 zeX? rzeX?

where d° is the tame symbol map, and d* maps a function to its divisor (c.f. [FF1a92, Section 2]).
Combining the above results, we get the following statement.

Proposition 2.5.8. Assume that X is a smooth variety of finite type over a field k. Then we have
isomorphisms
H'(Gersto(X)) = H (X, #3) = CH*(X, 1) = H3,(X,Z(2)).
We shall use these to identify CH?(X, 1) with H'(Gersty(X)); it is the latter group in which we shall

actually construct elements.

Notation. We shall write Z2(X, 1) to denote the kernel of the boundary map d* in the Gersten complex
Gersta(X), so

Z*(X,1) = {Z(Qﬂﬁz‘) 1C e X' ¢ € k(C’i)X,Zdiv(qji) = 0} .

3

This is a slight abuse of notation, since in Bloch’s theory of higher Chow groups Z2(X, 1) is used to
denote something slightly different (a certain subgroup of the codimension 2 cycles on X x Al); but we
shall not use Bloch’s construction directly in this paper, so this abuse should cause no confusion.

Remark 2.5.9. We shall, in fact, construct an “Euler system” in the groups Z?(X, 1) as X varies over a
family of modular surfaces; that is, our compatibility properties will hold at the level of cycles, rather
than just after quotienting out by the image of tame symbols. The groups Z2?(X,1) are much easier
to work with, as they have good descent properties: for a finite surjective map X — Y, the pullback
Z%(Y,1) — Z*(X,1) is injective.

This is, in a sense, analogous to the fact that in the construction of [[{at04] the compatibility properties
of the Euler system in K5 of modular curves are proved at the level of K ® K7, before quotienting by
elements of the form z ® (1 — z).

2.6. Zeta elements on Y (m,mN). We begin by defining elements of Z%(Y (m,mN)?, 1), which we
shall call zeta elements.

Definition 2.6.1. For m, N > 1, the curve C,y n; C Y (m,mN)? is defined as the subvariety

R
<u,v.v<0 1>u)
For ¢ > 1 coprime to 6mN, we define

ch,N,j = (Cm,N,jv (b) € Z2(Y(m7 mN)Za 1)7
where ¢ € O(C)* is the pullback of .go,1/mn along either of the projections Cpy n.j — Y (m, mN).
The first properties of these elements are the following.

Proposition 2.6.2. The elements .Z,, n,; have the following properties:
(1) We have p*cZm Nj = cZm.N.—j, where p is the involution of Y (m,mN)? which interchanges the
factors.
(2) For ¢,d > 1 coprime to 6mN, the element

2 *
[ = ((89). (89)7] - eZmovs
is symmetric in ¢ and d. In particular, there exists a unique element
Zn,ng € Z2(Y (m,mN)*, 1) © Q

such that cZm N = [ = ((§2),(§2)"] Zm,n,; for any c.
(8) We have

b 0\ (b 0\\
<<0 1)a<0 1>) ch,N,j:ch,N,bflj

for any b € (Z/mNZ)*.
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Proof. Part (1) is obvious, and part (2) follows immediately from the fact that the Siegel units (g3
satisfy

(d2cga,ﬁ - cgda,dﬁ) = (Cnga,ﬁ - dgca,cﬁ)
for any «, 8 € +Z/Z —{(0,0)} and any c,d > 1 coprime to 6mN (cf. [Kat04, Proposition 1.3(2)]). We
may then define Z,, y; = (¢ — 1)7'.Z,, n,; for any ¢ > 1 congruent to 1 modulo mN.

—1 , iy -1
Property (3) follows from the identity (8 (1)) ((1) ‘i) = ((1) b 1‘7) (8 (1)) : O

2.7. Generalized Beilinson—Flach elements. The Beilinson—Flach elements of [BDR12] are elements
of CH?(Y;(N)?,1) defined as (A, ¢), where A is the diagonal and ¢ is a suitable modular unit on A. Our
generalization of this is motivated by the observation that one can recover the twists of a modular form
by Dirichlet characters modulo m from the “shifted” forms f(z + a/m) for a € (Z/mZ)*; this is also
the idea underlying the construction of the p-adic L-function of a single modular form using modular
symbols.

Lemma 2.7.1. Let m, N > 1 with m>N > 5, and j € Z. Then there is a unique morphism of algebraic
varieties over C,

ki Yi(m*N)®@C — Y1(N)®C,
such that the diagram of morphisms of complez-analytic manifolds

zz+j/m

H -H

Kj

Y1(m?*N)(C) Y1(N)(C)
commutes. The morphism k; is defined over Q(uy,), and depends only on the residue class of j mod m.

Proof. The existence of such a map at the level of quotients of H follows immediately from the inclusion

of matrix groups ‘ ‘
L I'y(m2N) L - CI'i(N)
0o 1)°! 0 1 )="1

However, in order to descend to an algebraic morphism over Q(u,,) we use the canonical models above.
We first consider the map Y (m?N) — Y (m,mN) which maps (E, e, ez2) to (E/{mes), [mNei], [ea]).

This factors through the quotient by the subgroup g :u = 1 mod mZ, which we have identified

ES
1
with Y1 (m?N) ® Q(jtr,). This map is compatible with z + mz on H. We now consider the composition
1
Y1 (m2N) X iy —— Y (m, mN) (o) Y (m, mN) —Ze V1 (N) X ftm,

where t,, is as in Definition 2.1.6. All three morphisms are maps of Q(p.,)-varieties (i.e. they commute
with the projection maps to p,); and on the fibre over (,, € u;,(C) they correspond to z +— mz,
z+ z+j, and z — z/m, so the composition corresponds to z — z + j/m. (I

Definition 2.7.2. For m, N, j as above, let i, N ; be the map
(1,k7) : Yi(m2N) X g — Y1(N)? X pim,
and Cy v ; the irreducible curve in Y1(N)? that is the image of tm, N ;-

We shall now use these curves C,, n,; to define a class in CH? (Y1(N)? X fim, 1), using the presentation
of the latter group given by the Gersten complex.

Definition 2.7.3. Let N > 5, m > 1, j € Z/mZ as above. Let ¢ > 1 be coprime to 6mN and let
a € Z/m*NZ. We define the generalized Beilinson—Flach element

Em,N.ja € CH(Y1(N)? @ Q(um), 1)
as the class of the pair

(Cm,N,ja (Lm,N,j)*(cgo,a/m2N)) € Z3(Y1(N)? X pim, 1).
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When a = 1 we drop it from the notation and write simply .Zp, N ;-

The following proposition shows that these zeta elements are simply the “Y;j-versions” of those defined
in the previous section.

Proposition 2.7.4. The generalized Beilinson—Flach element .2, N,j,« 15 the pushforward of the element

<(‘§j 2)@ 2))*62”1*”EZ%Y(m,mN)Q,l)

along the map ty, X ty, : Y (m,mN)? — Y1(N)? X p, introduced in §2.1.

Proof. It is clear from the construction of the map &, n,; that C,, v ; is the image of Cp, n ; under
tm X tm. So it suffices to show that the pushforward of cgo 1 /m2n from Yi(m?N) ® Q(pm) to Y (m, mN)
along the map constructed above is ¢go,1/mn-

Let U be the subgroup of GLy(Z/m?NZ) consisting of elements <CCL Z) which satisfy ¢ = 0,d =

1 mod m?N and a = 1 mod m (and b arbitrary). This is clearly contained in the subgroup U’ of elements
satisfying @ = 1 mod m, ¢ = 0 mod m?N and d = 1 mod mN, and a set of coset representatives for U/U’

is given by the matrices
1 0
0 <
{(0 1+mNt) '0—t<m}'

Hence the pushforward of cgo 1/m2n from U\Y (m?N) to U'\Y (m?N) is given by

1 0 : B
H 0 1+mNt) c9o1/m*N = H c90,1/m2N+t/m-

0<t<m 0<t<m

0) sends U’ to

By Proposition 2.2.2(2), this is equal to ¢, (cgo,l/mN)- However, conjugation by (73 1

a b)_ a=1,b=0mod m,

the subgroup U” = {(c d c—0.d=1mod mN }, and we have U”\Y (m?N) =Y (m,mN). O

We now record some properties of the generalized Beilinson—Flach elements.

Proposition 2.7.5. The elements above have the following properties:

(1) The element Zp N j.o only depends on the congruence class of o modulo mN (not m*N ).

(2) The involution of Y1(N)? @ Q(um) given by switching the two factors interchanges .Zm n.j and
cEm,N,—j-

(8) For q € (Z/mZ)*, we have 0} (:Em N ja) = cEm,N,qg-1j,ar» Where o4 € Gal(Q(pm)/Q) is the
arithmetic Frobenius at q.

For any r € (Z/mNZ)*, we have
(4) yre( ,

—_

* —
c=m,N,jra = <d X d> c=m,N,k,«

where k = r=2j € Z/mZ, d is the image of v in (Z/NZ)*, and (d x d) denotes the action on
Y1(N)? @ Q) of the element

d=t 0 d=' 0 2
(50 D) (570 estaamar
(5) For c,d coprime to 6mN, the expression

d2.= S )
c—=m,N,j,« c—m,N,j,do
is symmetric in ¢ and d. In particular, there exist well-defined elements Zp, N j.o € CH*(Y1(N)?®
Q(um), 1) ® Q such that we have
= 2= = 2 2y =
c=m,N,j,a = C Zm ,N,j,a = Zm,N,jca — (C - <C X C>*Uc> =m,N,j,a-

Proof. After Proposition 2.7.4, parts (1) and (2) are immediate. The remaining statements follow from
Proposition 2.6.2, together with the fact that ¢,, intertwines the action of (¢9) on Y (m, mN) with the
arithmetic Frobenius o4 on Y1 (N) X p,, (Proposition 2.1.7(2)). O
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2.8. Cuspidal components. In the preceding sections we have constructed elements of the higher
Chow groups of affine surfaces. In order to be able to apply results on regulator maps, it is convenient
to have elements of Chow groups of projective surfaces instead. We shall show that this can be achieved,
but not in a canonical way, and only at the cost of tensoring with Q.

Theorem 2.8.1. Let N,m,j be as in Definition 2.7.3. Then the element =, n,; of CH*(Y1(N)? ®
Q(um), 1) ® Q is in the image of the pullback map
CH*(X1(N)? ® Q(um), 1) ® Q = CH*(Y1(N)? © Q(um), 1) © Q

induced by the open embedding Y1(N) — X1 (N).

We will actually prove a slightly more precise statement, see Proposition 2.8.5 below.

Recall that we constructed .=, v as the class in CH*(Y3(N)? @ Q(pm), 1) of an explicit element
of Z2(Y1(N)? @ Q(m), 1), which we shall temporarily denote by ), ~,;. It is clear that we may also
regard .2),,.n.; as an element of Gersts(X;(N)? ® Q(u)), whose divisor is not necessarily trivial, but

is supported on the cuspidal locus.
We will need a preparatory lemma. Let K be any number field.

Definition 2.8.2. We shall call an element of Gersty(X;(N)? ® K) negligible if it is supported on a
finite union of curves of the form {c} x X1(N) or X1(N) x {d} for points ¢,d € X1(N)\Y1(N).

Remark 2.8.3. Here by “point” we mean a 0-dimensional point of X1 (N)\Y1(N) considered as a K-
scheme, i.e. a Gal(K/K)-orbit of points in the naive sense. Note that this is slightly more restrictive
than the definition of “negligible” in [BDR12].

Before proving the theorem, we will need the following preparatory lemma:
Lemma 2.8.4. Let K be any number field and let u,v,x,y be cuspidal points of X1(N)® K. Then there
exists a negligible element in Gersts(X,(N)? ® K) ® Q with divisor (u,v) — (z,y).
Proof. By the Manin—Drinfeld theorem [Dri73], there exist elements f,g € O(Y1(N) ® K)* ® Q whose
divisors are v — y and u — x, respectively. The the element
({u} x X2 (N), f) + (X2 (N) x {y},9)
has the required property. O

We can now prove the following proposition:
Proposition 2.8.5. Let N,m,j,c be as in Definition 2.7.3. Then there exists an integer r > 1 and a
negligible element © such that
R-Dmn;+ CAS Zl(GerSt2(X1(N)2 ® @(:um)))
Proof. Recall that iy, n,; is the map
tmN; = (1,k;) : Yi(m*N) — Y1(N)?,

where k; is induced from the map H — H given by z — 2z + # It follows that, if we regard Q). n,;
as an element of Z2(X1(N)? ® Q(m), 1), then Div (:m, ;) is a linear combination of divisors of

the form (c1,c1 + #) — (ca,co + #) But Lemma 2.8.4 implies that there exists a negligible element
© € Gersty(X1(N) ® Q(itm)) such that Div(0) = Div (:Ym,n,;). Then the element

Xm,Nj = DNy — O € Z2X1(N)? © Qum), 1) ® Q
has the required properties. O

This clearly implies Theorem 2.8.1.

Remark 2.8.6.

(1) Note that the negligible element © is not uniquely determined. However, as we will see below,
this will not matter for the evaluation of the element via the Beilinson or the syntomic regulator.

(2) Since X;(N)? and Y;(N)? have the same rational function field, any element of CH?(X;(N)? ®
Q(pm), 1) ®Q lifting =, n,; is necessarily the class of an element of Z?(X1(N)?@Q(um),1)®Q
differing from 2),,,n,; by a negligible element.

(3) Since there are only finitely many cusps on X;(N), the constant R may be chosen to be inde-
pendent of ¢, m and j, although it may of course depend on N.
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2.9. Zeta elements versus generalized Beilinson—Flach elements. At the referee’s request, we
shall briefly clarify the relations between the two classes of elements we have introduced (the zeta elements
cZm,n,; and the generalized Beilinson-Flach elements .Z,, v,;) and how they would relate to a hypo-
thetical “optimal” construction. Recall that the element .Z,, v ; lies in the group CH%(Y (m,mN)?,1),
and the element .=, x; € CH?*(Y1(N)? ® Q(im), 1) is the pushforward of .Z,, y; via the morphism
Ly X by, of §2.1. It is the elements .Z,, n ; which will be used in §§4-7 of this paper in order to bound
Selmer groups.

One reason for introducing the elements .Z,, n ; is that they are somewhat easier to work with than
the .=, n,;. In the next section we shall prove norm-compatibility relations for the .2, v ;, and deduce
norm relations for the .=, v ; as a consequence; given the somewhat opaque map ¢, ,; entering into the
definition of the elements .=, v,;, it seems unlikely that these norm relations could be proved without
the introduction of some auxilliary higher-level modular curve.

A second reason to consider the elements .Z,, n ; is the following optimistic idea. Let us fix a prime
p, and a level N coprime to p, and consider the curves Y (p", Np") for r > 0, and their self-products
Y (p", Np")?. These form a tower of surfaces with Galois group GL2(Z,) Xdet GL2(Z,). Let us imagine
that we could construct a norm-compatible family of elements in the higher Chow groups of this tower,
analogous to the compatible family of elements in K5 of the GL2(Z,,)-tower of modular curves constructed
by Kato in [Kat04]. Then one could potentially perform a “nonabelian twisting” operation analogous
to equation (8.4.3) of op.cit. in order to obtain classes in the cohomology groups attached to pairs of
modular forms of arbitrary weights k, ¢ > 2.

The elements .Z,- n,; represent our best attempt to realize this dream. They do indeed live on
the surfaces Y (p”, Np")?; but the norm-compatibility relation they satisfy (Theorem 3.3.1) involves the
“twisted” degeneracy map 7, : Y (p" !, Np"1) — Y (p", Np") of Definition 2.1.6, given by z +— z/p
on the upper half-plane H, rather than the natural one corresponding to the identity map on . The
norm-compatibility relation also involves a Hecke operator at p, which does not appear in the setting
of [Kat04]. Consequently, our methods will only allow us to construct cohomology classes for Rankin—
Selberg convolutions of higher weight forms under additional ordinarity assumptions, when we can use
Hida’s theory of p-adic families in order to pass from weight 2 to general weights.

3. NORM RELATIONS FOR GENERALIZED BEILINSON—FLACH ELEMENTS

3.1. The first norm relation: varying N. We now consider the relation between the zeta elements
at different levels N (for fixed m and j).

Theorem 3.1.1 (First norm relation). Let « be the natural projection Y (m, mN') = Y (m, mN), where
N and N' are positive integers such that N | N'.

(1) If prime(N’) C prime(mN), the pushforward map
(a x a), : CH*(Y (m,mN")?,1) — CH*(Y (m,mN)?,1)

maps «Zm N'j 10 cZm,N,j-
(2) If N' = N{, where £4mN is prime, then

(x ) Zmves) = [1= (5 ) - (1 2)) ] eZmas
where (Z;)l 291) is considered as an element of GLa(Z/mNZ).

Proof. 1t is clear that the map o commutes with the action of (1), so we have (axa)(Cpn,n7,j) = Cm,nN.j;
more precisely, we have a commutative diagram

Y(mamN/) Cm,N/,j

« a X o

NG
Y (m,mN) :.61)) Con -
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From Theorem 2.2.4, we know that if prime(mN') = prime(mN), then c. (cgo,l/mN’) = ¢90,1/mN, SO
part (1) of the theorem follows. For part (2), we deduce from the second part of Theorem 2.2.4 that

(@ X )i (cZm,Nj) = cZm,N,j — cZm,N,j, 17,
where we write . Zm N jo for the element formed with cgg 4/mn in place of ¢go 1/mn. However, we have

—1

*
_ (¢ 0
ch,“E*l”/mN*( 0 671) c90,1/mN

as elements of O(Y (m,mN))*, and the action of (881 2 ) evidently commutes with that of (§7). O

We now deduce a compatibility relation for zeta elements on Y1(N)? @ Q(pm)-

Theorem 3.1.2 (First norm relation on Y7 (IV)). Let « be the natural projection Y1(N') — Y1(N), where
N, N’ are positive integers such that N | N'.
If prime(mN’) = prime(mN) then we have
(Oé X 05)* (cEm,N/,j) = cEm,N,j-

If N' =N where £+ mN, then we have

(@ X ) (Bm,nr ) = [1= ({1, (€))7 %] Emvgs
where oy denotes the arithmetic Frobenius at (.

Proof. This follows immediately from Theorem 3.1.1, since the map m, n : Y (m,mN) — Y1(N) X fim,

intertwines (¢,' 9) with the diamond operator (¢), and (§{) with the Frobenius oy. O

3.2. Hecke operators. We define Hecke operators, following [[Kat04, §§2.9, 4.9]. Let ¢ be prime, and
M,N > 1 (we allow ¢ | M or £ | N). We define a correspondence on Y (M, N) as follows. We have a
diagram of modular curves

Y(M(¢),N)

%\
T NS

Y (M,N) Y(M,N),

where m; is the natural degeneracy map, corresponding to the identity on H, and 79 is the “twisted”
degeneracy map, corresponding to z — z/¢ on H. (In the notation introduced in the proof of Theorem
2.2.4 above, m; was denoted pry, and s is the composite of ¢, ' : Y(M(£),N) — Y (M, N(£)) with the
natural projection Y (M, N(¢)) — Y (M, N)).

We denote the correspondence (m2).(m1)* by T, if £ MN, and by Uy if £ | MN. We denote the
operator (m1).(m2)* by Ty (resp. Uy); these latter operators Ty, U, are the familiar Hecke operators of
the transcendental theory, but it is the T}, U; that will concern us most here.

3.3. The second norm relation for ¢ | N. Our goal in this section is to prove the following theorem:

Theorem 3.3.1 (Second norm relation, ¢ | N case). Let m > 1, N > 5, and ¢ a prime dividing N. Let
7¢ denote the degeneracy map

Y (mé,m¢N) — Y (m,mN)
of Definition 2.1.6, compatible with z — z/¢ on H. Then for any j € (Z/¢mZ)*, and ¢ > 1 coprime to
6/mN, we have
(U x Up) (cZm,n.5) if | m,

X * czm i) —
(e X 70)s (e Zem. N ) {(UéXUéAz)(ch,N,j) if tfm.

8

where A, denotes the action of any element of GLa(Z/mNZ)? of the form ((

)6 )

We shall prove Theorem 3.3.1 below. First, we note that it implies the following property of the
generalized Beilinson—Flach elements .=, y ;j on Y7 (N):

o

z = ¢ mod m.
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Theorem 3.3.2 (Second norm relation on Y1 (N), £ | N case). Let m > 1, N > 5, £ a prime dividing N,
J€(Z/tmZ)*, and ¢ € (Z/tmNZ)*. Then we have

(Ué x Ué) (CEWLNJ) if €| m,
(Ué X Ué —oy) (cEm,N,j) if £1m,

where norm™ denotes the Galois norm map, and oy, for £1m, denotes the arithmetic Frobenius at £ in

Gal(@(ﬂm)/@)'

Proof of Theorem 3.5.2 (assuming Theorem 5.5.1). Let t,, X tm @ Y(m,mN)? — Y1(N)? ® Q(um) be
the map of §2.1. This map commutes with the actions of (U, U;) on both sides, and intertwines the
action of Ay with the arithmetic Frobenius o,. Since (Z,, n,; = (tm X tm)s« (¢Zm,N,j) by Proposition
2.7.4, Theorem 3.3.2 follows from Theorem 3.3.1. (]

normfnm (cZem, N j) = {

Proof of Theorem 3.3.1. Since we are assuming ¢ | N, let us write N’ = N/{. We have the following
commutative diagram of modular curves:

Y (¢m,¢mN) —> Y (¢m,mN)

N

Y (m,mN) Y (m,mN).

Here « is the natural projection Y (¢m,¢mN) — Y (¢m,fmN’) = Y (¢m,mN), and pr is the natural
projection map. Consequently, we have a commutative diagram of surfaces

Y (¢m, EmN Y (¢m,mN) 2 PLXDY ~ pr
\ / T X Ty
Y (m, mN Y (m, mN

Applying Theorem 3.1.1, we see that (o X @)weZom.Nj = cZem.nr,j- Since Y (m(f),mN)? is the
quotient of Y (¢m, mN)? by the subgroup

(G 9.6 2)-»coimamsmin)

(pr x pr)*(pr X pr)« (cZem N j) = E cZtm,N' zj-
T EL/bmZ
=1 mod m

Thus we have

Let us now compute (pr x pr)*(m X m1)*cZm,n,;. Since Y (m,mN)? is the quotient of Y (¢m, mN)?

by the group
Ty T oz o ,y,z2 € Z/fmZ,x = 1 mod m,
0 1)°\0 1 " y,z=0mod m ’

we see that the preimage of C,, n i is the union of the curves Cep N, for k € Z/¢mZ congruent to j
modulo m, each of which is isomorphic to Y (¢m,mN). By counting degrees, they must be distinct. The
modular units ¢go,1/mn and cgo,1/emn coincide, and thus we have

(prx pr)*(m X m)* cZm N = Z e Zom,N" k

kEZL/tmZ
k=j mod m

By hypothesis, j is invertible modulo ¢m. Thus if £ | m, the sets {zj : © = 1 mod m} and {k : k =
j mod m} coincide, and since (pr X pr)* is clearly injective, we conclude that

(pr X pr)s (¢ Zem, N 5) = (M1 X 1) cZm N j-
Applying (72 X m2). gives the result in this case.
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If £ 1 m, there is exactly one lifting jo of j to Z/¢mZ which is not a unit. The matrix (é 310>

normalizes the subgroup of GLy(Z/mNZ) corresponding to Y (m(£), mN), and thus defines a curve A
in Y (m(¢),mN)? which is isomorphic to Y (m(¢), mNN), consisting of points (u,v) with v = ((1) ]'10) u;
and we have

(1 X 71)" e Zm,N,j = (P X Pr)s (cZem, N7 5) + (A, 90,1 /mN)-
The image of A under w3 is C,, y ¢-1;,; moreover, we have a diagram

Jo?
A

Y (m(€), mN) —

uw) T X 79

Y(m, mN) —Q Cm,N,Z—ljo .

We claim that (72)+« (cgo,1/mnN) = ¢9o,1/mn. However, (72)xc90,1/mn is the pushforward of ©j (90,1 /mn) €
O(Y (m,mN(¢)))* along the natural projection O(Y (m,mN(¢)))* — O(Y (m,mN))*, and the distri-
bution relation of Equation (1b) shows that the pushforward of ©j(.g0,1/mn) IS ¢90,1/mn, as required.
Hence € Z2(Y (m(£),mN)? 1) is

(7T2 X Wz)*(A, cgo,1/mN) = (Cm,N,éfljovcgo,umN) = ch,N,Zfljo = Az (ch,N,j)a

as required. 0

3.4. The second norm relation for p { mN. In this section, we shall assume that N > 5, m > 1,
j € Z/mZ, and p is a prime such that p{mN. Our aim is to prove the following theorem:

Theorem 3.4.1. We have

Z cEmp,N,k = (7 Op =+ (T;a T;) + [(p + 1)(<p_1>7 <p_1>) - (<p_1>7T;2) - (T;?v <p_1>)} 0-171
kEZ/mpZ
k=j mod m

ptk

+ (T, T)) 0,2 —p (072, (p72)) Ugs)cEm,N,j-

Remark 3.4.2. One can formulate a version of this theorem for the zeta elements .Z,, n ;, from which
Theorem 3.4.1 would follow in the same way as Theorem 3.3.2 follows from Theorem 3.3.1. The argument
given below can easily be extended to prove this slightly stronger result; however, we shall not pursue
this here, as the above statement suffices for our applications.

We begin the proof of Theorem 3.4.1 by rewriting the TZQQ terms using a related Hecke operator S,.

Proposition 3.4.3. As elements of the Hecke algebra of T1(N), we have Tz/72 =S,++ D HR,,
2

where S, is the double coset of (% (1)) and R, is the double coset of (]6 2)

Proof. This is a simple computation from the definition of multiplication in the Hecke algebra. O

Since R, acts trivially on everything in sight, the formula of Theorem 3.4.1 can be written as

@ Y Ewva= (@I == p(7 ) 7o) (L4 (071, 071) 0,%)

ke(Z/mpZ)*
k=j mod m

— (75 + (S 07 D] 05 ) B
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3.4.1. Evaluation of (T}, T})cEm n,;- First we shall make a careful study of the operator (7}, 7).

Proposition 3.4.4. If G = SLa(Z/pZ) and B is the lower-triangular Borel subgroup, then B\G/B has
exactly 2 elements, B and its complement (the “big Bruhat cell”).

Proof. Well-known. O

Corollary 3.4.5. Let I be any congruence subgroup of SLa(Z) of level prime to p, and let o € SLo(Q)
be integral at p. Then the double coset T'al' is the union of exactly two double cosets of T = T'N
I'(p), corresponding to those elements whose reductions modulo p land in the two double cosets of B in

SLo(Z/pZ).

Proof. This is a consequence of strong approximation for SLy(Z). Since I" has level prime to p, it surjects
onto SLy(Z/pZ). Hence we may assume (by left or right multiplying o by an appropriate element of T")
that the reduction of a modulo p is the identity.

We first note that I' N a~'T'a is also a congruence subgroup of level prime to p, so (by the strong
approximation theorem) we see that I'\I” admits a set of coset representatives lying in I' N a~'T'a and
thus T'al’ = Tal”.

Now let © = yay’ € Tal”. We consider the reduction & of 2 modulo p. If this lies in B, then (since &
and 4’ are in B) we must have T € B and hence v € I'; thus z € I"aI".

On the other hand, let u be any element of I' which is not in I'%(p). If ¥ ¢ B, then ¥ € BjB; so
there is some 0 € T Na 'TanNT?(p) such that 4 € Bjig. So ¥6~1ji~! € B and thus v € I"uo. Hence
x € IMpoal”; but a toa € TV (since by hypothesis & = 1 mod p and thus conjugation by « fixes IT'(p))
and thus x € T"pal. O

Corollary 3.4.6. For k € Z/mpZ, let Dy, n i denote the curve in Y (I'1(N) NT%p))? consisting of
points of the form (z,z + %) Then the preimage ;" (Crn.v;) € V(D1 (N)NTO(p))? consists of exactly
2 components: one is the curve Dy, N where k is the unique lifting of j to Z/mpZ which is zero mod
p, and the other is the curve Dy, N where k is any lifting of j to Z/mpZ which is a unit modulo p (the
resulting curve being independent of the choice of lifting).

Proof. The preimage of Cp, n,; in H x H is exactly the set of (u,v) such that v = yu for some + in the
double coset T'y (N) (1 il m) I'1(N). The above proposition describes the decomposition of this set

0 1
into double cosets of 'y (N) NT%(p), hence the result. O

For any k lifting j (unit or non-unit), we may erect the following diagram of modular curves:

Y (T'y(mpN) NT°(mp))

Cr,N,j Crp, Nk

Here Uy, is the preimage in SLy(Z) of the subgroup

—1 —1
1k 1k 1k 1k
ooy n) 20 w) =20 1) 2 6)
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(The equality follows from the fact that conjugation by (1

0 T(’)l) fixes B.) This subgroup is just B if

k € pZ; otherwise it is the subgroup

(ot ) veono).

which is a maximal torus in SLy(Z/pZ). The square at the bottom left of the diagram is Cartesian. The
maps «, pi and 7 are the natural projection maps, and the remaining maps are defined by

g 12— (55D
L;npﬁNﬁk : z — mip, %)
T :(u,v) (%, %)
Ak : z — (%, Z;rlk)

Definition 3.4.7. Let a and b be the unique elements of Z./pmZ congruent to j modulo m and such that
a =0mod p and b =1 mod p.

An application of Lemma 2.4.5 shows that we have:
Corollary 3.4.8. For any o € Z/mNZ, we have
(T;ga T;)(CEW,N,]’,&) = (Cmp,N,aa (7T2 o )‘a)*cgo,a/mN) + (Cmp,N,ba (772 o )‘b)*cgo,a/mN) .

(It is convenient to allow a # 1 here, for reasons that will become clear below.)
We first consider the term for a. Here we have U, = I'°(p), so I'1(mN) NT%m)NU, = T1(mN) N
I'%(mp). Since p | a, we see that m o A, can also be expressed as a composition

Y (T (mN) N T (mp))
zz/p

(5) Y (Fy(mN) NT%(m))

m’ m

N (i ZJFupfle)

CrpNaa = Cop g1

Wo—1»

where “p~!” is the inverse of p in Z/mZ.

Proposition 3.4.9. The pushforward of cgo o/mn to Y (D1(mN) NT%(m)) along the first map in (5) is
c90,a/mN * (0907 “p*l"a/mN)p'

Proof. See [Kat04, 2.13.2]. O

! ., so we deduce that

The second map in (5) is just b N =17

p
(Cmp,N,av (7T2 o Aa)*cgo,a/mN) = (Cm7N,“p*1”av (L,/rn7N7up7177j>* (cgo,a/mzv : (cgoﬁ“pflﬂa/m]v) ))

= CEm,N, ap=1nj o + pCEm,N, =i ap=Tng
= (op +p((p_1>, <p_1>)0';1)05m71\77j,0¢'

Corollary 3.4.10. For any o € (Z/mNZ)*, we have

((T;;;a T;;) - JP 7p(<p71>5 <p71>>0-;1) cEm,N,j,a = (Cmp7N7b, (WQ © >‘b>* (CgO,a/mN) )
In particular,
(T, 1)) = op = (™), (P~ ")), ) (L4 (71 (p71) 0, 2) B

= (Cmp,N,ba (7T2 o )\b)* (ch,l/mN " Yo, ‘p*l”/mN) )
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Proof. The first formula is immediate from (5) and the evaluation of the C),, n,, term above. The second
formula follows by summing the first formula for o = 1 and for a = p~ 1. O

3.4.2. Ewvaluation of the norm term. We want to compare the right-hand side of the formula in Corollary
3.4.10 with the sum of the .=,,, n % for all unit liftings £ of j. To do this, we shall use the fact that all
the terms .Zp,p, vk may be written as the pushforwards of modular units on the same modular curve
Chup,Np- More precisely, if k and ¢ are liftings of j to Z/mpZ which are both units modulo p, we have a
diagram

€77

Y (T (mN)NT(m) N Uy) = Y (T (mN)NT(m) N U,)

)\k )\é

Dy Ny Do Nk

. . 1 .
where ay, is any matrix of the form (v (1)) with v € mNZ congruent to % — % modulo p.

Consequently, we can write :Zpp Nk = (Crp, Nb, (T2 0 Ap)s fi), where

fr = gy (i)« (cgo,l/mpzv) .

We may regard O(Y (I't(mpN) NT°(mp)))* as a SLa(F,)-module in the obvious way, since I'y (mpN) N
I'°(mp) is the kernel of the surjective reduction map I'y(mN)NTY(m) — SLo(F,). With this convention
we have

u™t 0\"
(pk)* (cgo,l/mpN) = H (k_l(uu—1> u) c90,1/mpN

uE]F;

and thus

-1 0 1 0\1"
fk = H |:<k;1(:j_ul) U> (1 —k71 1>:| c90,1/mpN

u€Fy

u! 0)"
= H v—k-lu"l w c90,1/mpN -

uEF;

Let K be the set of possible values of k, i.e. the set of elements of Z/mpZ congruent to j modulo m
and not divisible by p. Then as k varies over K, for each fixed u, the expression v — k= u~! takes every
value in ), exactly once with the exception of u, since k~lu~! takes every value except 0. So

H fk = H cYvo/mpN,ui/mpN -

keK u,vER,
u#0
vFEU

Here by x1 and ¢ for « € F), we mean any element of Z/mpNZ congruent to  mod p and to 1 (resp.
0) modulo mN.
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We find that
(63“) H cYvo/mpN,ui/mpN = c40,1/mN
u,vEF,
1 0\’
(Gb) H cYvo/mpN,01 /mpN = (0 ) c90,8/mN
p
velF,
1 0\" 1 0\ [/p 0\"
(GC) H Cg’u.o/mpN,ul/mpN = (10 1) H ch,ul/mpN = (10 1) (0 1) ch,l/mN
u€l, u€lf,
(Gd) c900/mpN,01 /mpN = c90,8/mN

where (3 is the inverse of p in Z/mNZ.
Combining the above, we have

(7) Z cZmp, N,k = (Cmp,N,b, (m2 0 Ap)x(c90,1/mn - ch,B/mN))

kEZ/mpZ
k=j mod m
ptk

1 0\
- (CmP7N7ba(7T20)‘b)* (0 p) CgOﬁ/mN)
1 0\~ 0\"
- (Cmp,N,ba (7T2O>\b)* (10 1) (I(; 1) ch,l/mN>-

Combining the first term on the right-hand side of (7) with Corollary 3.4.8, we see that Theorem 3.4.1
is equivalent to

Proposition 3.4.11. We have

( [((p™1),5,) + (), (0~ "))] Ugl)cEm,N,j = (Cmp,N,ba (m2 0 Ap)+ ((1) 2)* cgo,ﬁ/mN)

1 0\ 0\"
+<Cmp,1v,b, (m2 0 Ap)« (10 1) (I(; 1) ch,l/mN>-

3.4.3. The first term in Proposition 3.4.11. We now calculate how S} acts on .Z,, v, ;. We may describe
the correspondence S}, in terms of the subgroup I'f§(p) = T'o(p) NT%(p); we have S), = (m5).(7})*, where
7} and b are the two maps from Y7 (T'1(N) NTH(p)) to Y1(IN) given by z — pz and 2z +— z/p.

An application of the strong approximation theorem shows (as usual) that the preimage (w] X
D™'Chn,; € Y1(T1(N)NTH(p)) x Y1(N) is the single curve F, n,; given by the set of points of the
form (%, z+ % .

Applying Lemma 2.4.5 once more, we have a Cartesian square of curves (up to birational equivalence)

Y (D) (m) N °(m) (T3 (9))
S

m,N,j

The functoriality of pushforward maps gives the following:

Proposition 3.4.12. We have

- 0\"
(S;a 1)c~:m,N,j,oz = ((ﬂé X 1)Fm,N,ja¢* ((]6 1) ch,a/mN))
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where ¢ is the map
Y(Li(mN)NT%(m) NIY(p)) — (7 x 1) Epon,; C Yi(N)?
Z (i, Lﬂ') .
mp’ m
We first identify the curve (75 X 1)Fpp, ;.

Proposition 3.4.13. We have (1) x 1)Fy, n; = (1 x (p)) "' Crup, vk, for any integer k congruent to
p~1j modulo m and not divisible by p.

More precisely, if k =1 mod p, and v" is a suitable element of SLa(Z) which we shall construct below,
then there is a commutative diagram

2"z

Y (T (mN)NT%(m)NTH(p)) Y (T1(mN)NT(m) N Uy)

ZH(L L‘f‘j) ZH(L M)

(1% (p))

Yi(N)?
where Uy, is the level p congruence subgroup from the previous section.

Proof. We note the following matrix identity, which is easy to verify (although tedious to find): for any

elements p, z,y of a field F', we have
1 0 P
22 1]7\o
Yy T

(g 0><1 %
_p oz
v v/ \0 1

In particular, taking ' = Q, and z,y € Z;, we see that the double cosets of SLa(Z,) in SL2(Q,)

ASEERSES
N—

8=

generated by ((1) x{p ) and (](; g?g ) are equal to each other and independent of z and y.

h(? u/p ) and its inverse have entries in %Zp, it follows that

0 1/p
<(1) z{p) ~ € SLy(Z,) <€ %Z)

1
for any v € SLa(Z,,) congruent to <—p/$

Since bot

(1)> modulo p2. (In fact, one can check that it suffices for the
. - 1+ pZy Ly
matrix to lie in <—p/$ +pZ, 1+ pZ, )

If 2,y are in Z; NQ, and we choose 7 to be in SL2(Z) and congruent to (;/z

/- 1)

will be in SLo(Q) and will be p-adically integral. If we choose v to be f-adically close to the identity for

-1
- ' . Lox/p\_(p y/p\ _ (1p (pr—y)/p
some prime £ # p, then v’ will be f-adically close to (0 AV /p =10 » .

So if z,y € Q are units at p and satisfy y = pz mod 1, we may choose 7,7 € SLy(Z) such that:
e yeTI'1(m2N),

° V= <_;/$ (1)> (mod p?),

v = (3 Jp) (mod N),

e the identity ((1) x{p) y=4 (8 yl/)p) holds.

?) modulo p?, then

the matrix
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We now take y = j/m, and @ = k/m for any k congruent to p~!j modulo m and invertible modulo p.
Then we obtain a commutative diagram

Z vz

H il H

2 (z,p%2+ L) z»—)(z,z—i—mip)
1 x
Yl(N)2 ( <p>) Yl(N)2
or equivalently

2"z

H 2l - H

Z,_>(L M) Z,_>(L ﬂ)

mp’ m mp’ mp
(1< (p))

Y1 (N)? ~ Y1(N)?

-1
where 7" = <mp 0> ~ (mp 0> . Note that 4" is in T'y (mN) N T°(mp), and is congruent modulo p

0 1 0 1
(e )= (e 1)

In the preceding diagram, the left vertical map factors through Y (I'y(mN) N T%m) N TY(p)), and +/
conjugates this onto I'y (mN)NT°(m)NUy; so we finally obtain the diagram stated in the proposition. [

to

Corollary 3.4.14. In the notation of the preceding subsection, we have

_ I 1 0\ 0\~
(S;;a <P 1>) . Up L. c=m,N,j = (Cmp,N,ba (7T2 o )\b)* (10 1) (1(; 1) ch,l/mN) .

Proof. This follows from the previous proposition (and its proof), since the right-hand vertical map in

. e 1
the diagram of the proposition is the same as A above, and (y”)~! represents the coset (1 (1)) O
0

3.4.4. The second term in Proposition 3.4.11. Now we are left to analyse the operator (1, 5,). To simplify
the analysis we shall also consider the operator S, given by (77 ).(m5)* (rather than S), = (m5).(7])");

this is the operator associated to the double coset ((1) pOQ) and is related to S, by the formula

Sy = (p~*)*S,.
Again, we find that the preimage (75)7'Cy,n; in Y1(N) x Y(T'1(N) NTY(p)) is a single irreducible
curve F,, n ; given by points of the form (z,p(z + j/m)).

Proposition 3.4.15. We have

_ 1 0\"
(1, Sp) (c:m,N,j,a) = ((1 X Fi)(Fm,N,j)aﬂﬁ* (0 p) cgoya/mN) )

where the morphism ¢ is defined by
Y (T1(mN) NI°(m) NTH(p)) = Y1(N)?

RN (i pz+p2j)_

mp’ m
Proof. Closely analogous to the previous case. O

We also have a matrix identity

P - ES
o 1)-e )7y pe) o



24 A. LEI, D. LOEFFLER, AND S.L. ZERBES

from which we may deduce that if x,y are rational numbers which are units at p and such that = =
py mod 1, there exist v,v" € SLy(Z) such that:

e y€TI'1(m3N),
1 0
° ’Y: < P 1) (mOd p2)7

x

e the identity

=38

(s

*) modulo N.
p

_ (P PY
Y= 0 1
P

holds,

e ~' is congruent to (8

Thus the diagram

” Z =z 9y

2= (2,p%(2 +y)) 2 (2,2 +x/p)

(1> {p))

Yi(N)? - Y1(N)?
commutes. We take y = j/m, and & = k/m where k is congruent to pj modulo m and not divisible by

—1
p. Letting 7" = (mp 0> 5 <mp 0) as before, we have the diagram

0 1 0 1
2"z
H i H
mp’ m mp’ mp
1 x
Yl(N)2 ( <p>) Yl(N)Q

Again, this shows that (1 x 71)(F,.n;) = (1 X (p)) " Crnp, vk If we choose k to be 1 modulo p, then
the right vertical map factors through T'y (mN) N T%(m) N Uy, and the isomorphism between the two is

given by ", which is in 'y (mN) NT°(p) and thus acts trivially on <(1) 2) ¢90,a/mn- Thus we have

_ . 1 0\"
(LSP)JP *¢=m,N,j,a = (1 X <p>) (Cmp,N,ba (7T2 o Ab)* (0 p> cgo,a/mN> .

Taking a = /3 (the inverse of p modulo mN), and using the formula =, n j+ = ((t), ()02 Zm N5,
we see that

1 0\ _ -
(G2 o b (5 ) ety ) = (L)L Sy)cEm 5
= (L G )0 Z 5
= (1L BT 080y (), ™)y % Em
= (7). 5)05 " v

as required, completing the proof of Proposition 3.4.11 and hence of Theorem 3.4.1.

3.5. The second norm relation: higher powers of p. We shall also need to know how to calculate
normﬁfm Eprm,n,; for k = 2,3. This is less central to our theory than the k = 1 case, but it will
be needed in order to compare the elements we construct for N coprime to p with their “p-stabilized”
versions.
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Theorem 3.5.1. For ptmN we have

™m, 2 — —
norm, ;> (c:‘mp{NJ-) = (Té,Té)c:mﬂNJ

—1 —1 —1 /\2 1\2 —1

+ (™ 7)) = ()7 (T)D) = ()% ()7
2T )Tyt = (72, (0720 ) Ev

and
™m, 3 —_ —_
mormmz2 (c:mp3,N,j) = (T;,T;)cimpZ,N,j

+ (1 7)) = (B (@) = (T2 ) )) Empv
- <<<p-1>, W (205 - () @) + (@ <p>-1>>o;1)>cam,N,j

Recall the operator S) which appeared above, satisfying S}, = (T,)? — (p+1)(p~'). In terms of these
operators, the formulae we wish to prove are

norng2 (CEmszvJ) = (Té,Té)C:mpyNyj
+ (= 2™, ) — (78 = (S, ()7
(7 07Dy T T) = () (7o) ) B
and

mp” (= N =(T'.T.2 i
nOI‘Inmp2 (Ci—imp37N7_]) - (Tp’Tp>C'_‘mp21N1]

— (2™ ™) + (1)) + (S (7)) Empvs

+ <(<p_1>, ™) (2(T,§aT,§) = [@p+2)((p™"), (™) + (1)1, ) + (Sp, (9 7)) 0’;1)>c5m,zv,j-

A routine but unpleasant computation (in which the use of Sage [Sage] was found to be invaluable)
shows that Theorem 3.5.1, together with Theorem 3.4.1, implies the following formulae for the norms to
level prime to p:

Theorem 3.5.2. If p{ N, we have
(a)
2 _ _ _ _ _ 1 _
vormd, ™ (oZyem v ;) = por((0 = D1 = (07, 0~y ) = (T, Ty + (0= 1) By(p ™0, ))
(b)
3 —_ — — —
norml, ™ (Zpm, v 5) = 220 (0 = (1 = (071, (7))o ?)
— (70, (T, Tpe) + (0 — V20 (T, 1) + (0 — D)E, (07, )
Here P, is the operator-valued Euler factor at p given by
P, (X) =1~ (T, T))X + (p((T;S)Q, ™) + (™). (1)) = 20 (71, <p’1>>)X2
= (T, (T X? + p((p72), (072) X,
3.5.1. Ewaluation of the (T, T}) term. We begin with a double coset computation in SL2(Q,). We shall

P
write K = SLy(Z,) and U for the lower-triangular Iwahori subgroup { <LCL Z) eK:be pr}.

Proposition 3.5.3. Let j > 1. Then the double coset

pd 0
K(O pj)K
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decomposes as a disjoint union of exactly four double cosets of the Iwahori U, represented by the elements

o 2 )60 )

Proof. As shown by Iwahori and Matsumoto [[M65, §2.2], we have a decomposition

SLa(Qy) = | | UwU,

weD

J —p—J
where D is the set of matrices of the form (16 I?J) or (p()] % ) for some j € Z. Comparing

0
above. O

this with the well-known Cartan decomposition SL2(Qp) = [ ;50 K (p p()J) K gives the statement

Proposition 3.5.4. For a € SL2(Q,), the index of UNa U« in U is as follows:
) pj 0 )
(a) pl2] foran<0 p_j) U,jeZ,

b) 2t facu (Y TP \Ul jen.
(b) p f o€ » 0 ,J €

Proof. 1t is clear that the index concerned depends only on the double coset UaU, so we may reduce
immediately to considering the coset representatives in (a) and (b). In each of these cases we find that

Z)GK:pT|b,ps|c} for some r > 1,

in U, which gives the above formulae. (]

the intersection U N a~'U« is a subgroup of the form {(CCL

s > 0; this clearly has index p™*+5~!

Corollary 3.5.5. Let j € 7Z and m > 1, neither divisible by p, and k > 1. Then the preimage in

Y(C1(N)NIp))? of the curve Cppr n.; C Y1(N)? is the union of four distinct curves:
(1) the curve Dy given by points of the form

(s %))

mapping to C,,» N ; with degree p%;
(2) the curve Dy given by points of the form

(=6 7))

or any v € I'1(N) congruent to 0 = modulo p, again mapping to C,, » n i with degree p;
* %k (Y

(3) the curve D3 given by points of the form

J
-6 )

where 7y is as before, mapping to Cp,x v ; with degree p;
(4) the curve Dy given by points of the form

z 1 m;k 1z
N 0 1 Y )

mapping isomorphically to Cypr N ;-
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Proof. All of these curves are evidently in the preimage of C,,,» n ;. One checks that we have
()=o)
(5 “ﬁ) cu(ty L)u
(b ) ()
vy (é #ﬁ)vl ceU (p()k gk> U.

Hence the curves D; exhaust the preimage of C,, n ;, by Proposition 3.5.3. The calculation of the
degrees of the maps down follows from Proposition 3.5.4; and since the total degree is (p + 1)2, they
must be distinct. (]

We set,

_ 1 mz_')k _ _ —1 _ —1
a1 = 0 1 ) Q2 = yaq, a3 = a1y -, Qy =yary -,

so D; is the locus of points of the form (z,«;z). Let us define

A= (Wz(Di% (Tr?)*(ﬂ-l)*(L;npk7N7j)*Cgo,1/mpkN) € Z*(Vi(N)* @ Q(pmpr, 1)

Then we evidently have
(TI TI)CEmpk,N,j =A1+As + Ag + Ay.

p>—p

We shall evaluate each of these in turn, showing that D; is the norm of .=Z,,,x+1 y ; and the remaining
A; can be calculated in terms of Hecke operators acting on (Zy,,r n,; for r < k.

3.5.2. Ewaluation of Ay.

Corollary 3.5.6. Pushforward and pullback commute in each of the following four diagrams:

z z+7
Z = (mpka mpk)

Y (T (mp*N) N TO(mp*™) N U) Dy
(8a) m
k 0( K L;”P" N.j
Y/(L1(mp™N) NI (mp")) —— Cpr Ny
k—+1

where U is the subgroup of T'(p*) consisting of matrices whose reduction modulo p lves in the subgroup

VAN i
((1) T) U ((1) T) , and both vertical arrows have degree p?;

z z+J
zZ = (mpka'Y' mpk)

Do

Y (T1(mp*N) N IO (mp*t1))

(8b)

mp¥,N,j

Y(Fl(mpkN) ﬂFO(mpk)) Crupk N,j
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where both vertical arrows have degree p;

z+7
Z (’ymipk’mpi)

Y (T1(mp"N) N TO(mp*) N U) D3
(8¢)
k 0 k L’/mpk N,j
Y (I'1(mp"N) N I7 (mp")) — > Cmpr N,
where both vertical arrows again have degree p; and
ZH(’szka’y.,zngc)
Y (1 (mp"N) 0T (mp*)) & ! D,
(8d)
k 0 k L;np" N,j
Y(Fl(mp N)ﬂl—‘ (mp )) — Cmpk‘,N,j

where both vertical arrows are isomorphisms.

Proof. Up to conjugation (and identifying C,,,» n ; and the D; with their normalizations) each diagram
takes the form

V(I NTy) — Y(I'y)

Y(I'2) Y(T)
for subgroups I'1, I’y € I'. So it suffices to check in each case that I''/I's = I', or equivalently that
[[': T4] = [I2 : Ty NTy]; that is, that the degrees of the two vertical arrows in each diagram are the
same. In each case this reduces to an elementary local computation at p. O

Proposition 3.5.7 (Evaluation of Ay). We have

A= Y. Empng
' €@ /mp* )
j'=3j mod p*
Proof. This follows by exactly the same argument as in the case k = 0 considered above. From Corollary
3.5.6 we know that the modular unit (Wl)*(L%pk’N’j)*cgoJ/mN on D is equal to the pushforward of
¢90,1/mn along the top horizontal arrow in diagram (8a). The subgroups U for all j in a congruence
class modulo p* are conjugate, and by exactly the same argument as in Proposition 3.4.11 we deduce
the result. 0

3.5.3. Ewaluation of Ay and Az. We now turn our attention to A,. Evidently mo(Ds2) is the image of
Y (L1 (mpEN) N T2 (mpkTh)) in Y1 (N)? under the map

L((r 0 10 1
z 0 mkarl 2, 0 P v 0 mpk z -

Let us write v = (]]zfac Z), where d = 1 mod N. Then we find that

626 ) =@ ) (e ) 6 wi)
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Since scalar matrices act trivially, and < ]\C;c pbd> acts on Y7 (V) as the diamond operator (p), we see

that m2(D3) can be written as the image of
Y([1(mp*N) NTO(mphtl)) ——  Yi(N)?

z f (mpzk+1 s (P) : mzptj,l) .

This map factors through the natural projection
A Y (D (mpEN) NI (mp" 1)) — Y(Dy(mp" N) N TO(mp**th))

(indeed, the first component obviously factors through I'; (V) N T?(mp#*1), and the second component

factors through V'(I'y (mp"~*N) N T%(mp*~1)) as the map ¢/ . 1 . constructed above composed with
the automorphism (p)).
Proposition 3.5.8. We have
c90,1/mpk—1N ka > 2,
* —1
Ax (c90,1/m kN) = 1 0 .
! eoafmn || | cdo,pmtr/mn ifk=1. 0

We thus have:

Proposition 3.5.9. We have Ay = (C, ¢) where
e C is the image of Y (I'y(mp*~1N) N T (mpk*h)) in Y1(N)? under the map

B:zH( ) ztjl),

mpk+1’ mp

1 0

% -1
0 p> Cg07:¢1”/mN) ) along this

e ¢ is the pushforward of cgo 1 /mpr—1 (resp. of ¢9o,1/mn - <<
map if k> 2 (resp. if k=1).
3.5.4. Ewvaluation of A4. The last, and easiest, term is Ay.

Proposition 3.5.10 (Evaluation of Ay). We have

_ -1 —1\y . Empk-1 N ,j ifk>2,
A4 - p(<p >7 <p >) {(1 _p(<p—1>]’ <p—1>)o.p—2) cEm,N,j Zf E=1.

Proof. Contemplating diagram (8d) we know that Ay is equal to the pushforward of ¢gg 1 /mpr—1 from
Y (L1 (mpEN) N T2(mpk)) to Y1(N)? along the map

s 1 0 1 0 1 0 1 7

i Opv()mpkz’()pv()mpkz'
(1 0\ (p O\ .. .
Since (0 p)7—<p> (0 1),thls is simply

o @0 (5 )= (5 ) 2)-

This evidently factors as the projection
A Y(Ty(mp"N) N T0(mp")) — V(01 (mp" ' N) N TO(mph~1)
composed with the map ((p), (p)) © ¢, k-1 ;-
On the other hand, the pushforward of .gg 1 /mprn from Y (I'y (mpEN) N IO (mp*)) to Y(T'1(mp*N) N
IO(mpF=1)) is clearly (Cgoyl/mpkN)p, since the degree of the map is p; and the pushforward from
Y (L1 (mp"N)NTO(mp*~1)) to Y (T1 (mp* ' N)NTO (mp*~1)) maps «go 1 /mps N 10 cgo,1/mprn if k> 2 and

—1 .
to ¢g0,1/mn - (cgo,‘pfl”/mzv) otherwise. 0
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3.5.5. Evaluation of (S}, (p™"))cEmps-1 n,j- We now compute the image of (Z,,,+—1 y ; under the Hecke
operator (S, (p))-

Proposition 3.5.11. We have the following coset decompositions in SLa(Qp):

k(g M) w=r = (g ) o

(where K = SLy(Zy)); and

L j/mp _ pt 0 _ L j/mp\ .0/ 2 p~t 1Y 02
K<O 1>KK<O pKﬁKO 1 U°(p* )UK 0 pU(p)
—1 -1
p 3 0(,2 p 0 0(,.2
I_IK(0 p)U(p)LIK(O )U(p).
where & is any quadratic non-residue in Z, .
Geometrically this is expressed as follows:

Proposition 3.5.12. The preimage in Y (L1 (N) NT9(p?)) x Yi(N) of Cppppi-1 v is:
e if k =1, the single curve E consisting of points of the form (z,z + j/m), with degree p(p + 1)
over Con N j;
e if k =2, the union of four distinct curves E1, Ea, E5, Eq, with degrees (p, 1’72;1, 1’72;1, 1) respectively
over Cpp N,j, where
— Ey is the curve consisting of points of the form (z,z + j/mp),
— the curve Es is the locus of points of the form (d2z,z + j/mp) where 62 is any matriz in

T1(N) of the form <(CL Z) where p | a and % - % s a quadratic residue mod p;

— the curve Es is the locus of points of the form (ds3z,z + j/mp) where 03 is any matriz in

Ty (N) of the form (Z Z) where p | a and o5 — 3 18 a quadratic nonresidue mod p;

— the curve Ey is the locus of points of the form (d4z,z + j/mp) where 64 is any matriz in

T1(N) of the form <(CL Z) where p | a and % — 2 = 0 mod p.

a p—
pb J

Proof. This follows from Lemma 2.4.3 and the previous proposition, noting the identity
g 1 pEm  j
£ 96 90T 5)

Proposition 3.5.13. In the case k = 1, the image of E in Y1(N)? under (u,v) — (u/p?, (p)v) is the
curve C' of Proposition 3.5.15 above.
In the case k = 2, the image of Ey under this map is the curve C; the images of Eo and Es are both

(), (P))Crmp,n.j; and the image of Ey is ((p), (0))Cr N, p—175-

O

Proof. The k =1 case is clear, as is the assertion for F; in case k = 2. The remaining statements are a
fiddly double coset computation. (I

Proposition 3.5.14. In the case k =1, we have
(S;/)a <p71>) ' cEm,N,j = (Cv ﬂ*ch,l/mN)v

in the notation of Proposition 3.5.15.
In the case k = 2, we have

4
(Shy (0™ - Epmny = 3 O,
=1

where ©; is the term corresponding to the curve E; of the previous proposition, and

0, = (C, ﬂ*cgo,l/mpN)-
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Proof. An argument using Lemma 2.4.5 in a familiar manner shows that the pullback of (¢] I j) (90,1 /mpr-1)
to E coincides with the pushforward of .gg 1 /mpr-1 along the map

Y (Ly(mp" 'N)NIO(mp**tt))  — E

P z z+j
T mpkfl b mpkfl

So the pushforward of this along the map E — Y1(N)? given by (u,v) — (u/p?, (p)v) is (C, Bs c90,1/mn )
since the composition of these two maps is 3. O

Combining the preceding proposition with Proposition 3.5.15, we have Ay = (5, (p™1)) - B, v j— AL,

where
1 0 .
A/Q _ (C, ,3* (0 p) cgoﬁuphv/mN) if k= 1,

O2 + O3+ 04 if k= 2.

We may express the k = 1 case equivalently as
A/Q = (Ca ﬂicgo,“pfl”/mN)
where (3’ is the map Y (I'1(mN) NTo(p) NTO(mp)) — C given by z — (mipa (p) - %)
We have seen this map before: we showed above in proposition 3.4.13 that there was a commutative
diagram

1"

Y/(Iy(mN) N To(p) NT°(mp))

Y (T1(mN)NT%(m)NU;)

Z (i p”j) Z (i Zﬂ/)
mp’ m mp’ mp

1 x(p

Yl(N)2 < > _ Yl(N)2

where " is a suitable element of I'y(mN) (in fact of I'y (mN) N T%(mp), although we do not need this),
j' = p~1j mod m is invertible modulo p, and U; is the preimage in a conjugate of the diagonal torus in
SLa(Fy).

Proposition 3.5.15 (Evaluation of A}). For k =1 we have
Ny =), 0 oy (T, 1) = op = (™), (07" )0y ) B
and consequently
Ag = [(Sy, (0™ ) — (™), (0™ Nyt (T, 1) — o — (0™, (P Ny )] - B,

We now consider Az. By applying the automorphism of Y7 (N)? which switches the two factors, and
running through essentially the same argument as above, we see that:

Proposition 3.5.16 (Evaluation of Ag). For k =1 we have
Az = [((p71).8,) = (™), 0™ Ney ' (T3, T7) = op = (™) (0™ ))op )] - By
We now have all the ingredients necessary for the proof in the case k = 1, which will be carried out
in §3.5.8 below. However, for k£ = 2 there are a few more ingredients we will need.
3.5.6. Study of ©4. Let us now consider the term ©4 that arises for £ = 2. Recall that §, was any element
of I'1 (N) satisfying a certain congruence modulo p; we may use strong approximation to make additional
congruence assumptions modulo primes away from p, so we shall assume that d, = ( nf ]C\L]C Z) with

ja = mb mod p.
For brevity, we shall write I'(M, N) for the group

a b a=1,b=0mod M
{<c d)GSLQ(Z)' c=0,d=1mod N }
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Proposition 3.5.17. There is a commutative diagram

2 (0 )0 )

Y (I'(mp, mpN)) >~ By
Z - EZ (u,v) (1%7 <p>z)
¥ (D (mp.mp)) (P)s (P))trnp. N o Yi(N?

where € is a suitably chosen element of T'1(N) and jg is the unique integer congruent to j modulo m and
to 0 modulo p.

Proof. Firstly, we note that I'1 (N) normalizes I'(mp, mpN ), so the left-hand vertical arrow is well-defined.
More subtly, the well-definedness of the top horizontal arrow follows from the inclusion

-1
1 0 1 0 o
(g o) T (50 ) 6 €102

indeed 44 ((1) ngp) = (]5 7?1) 04 where 0} = (]30 n;b) € I'yp(N) normalizes T'(mp, mpN), so

1 0 1 0\ ! m 0 m 0\ "
1 (g ) T (o) o= (1 0) Do) (73 0) € To(m2N) 107,

It remains to show that € may be chosen so that the diagram commutes. We need to choose € so that

we have ) ((1) n3p> e =T1(N) (pol 2) 04 ((1) ngp) =T1(N) ((1) WSP) &4

I'1(N) <(1) 73;’})) e=T1(N) <(1) nzp>

where jg is the unique integer congruent to 5 mod m and 0 mod p.
These conditions are both satisfied if we take € to be congruent to 1 modulo mN, and to satisfy the

]f> mod p for some . O

and so that

, x
same congruence modulo p as J}, so € = By

Corollary 3.5.18. We have
4= ("), (") (Cru,n, 9175 (L{mp,N,jo)*(5_1)*690,1/mpN) .
Now we shall calculate the pushforward of (E_l)*cgo,umpN from Y(I'(mp, mpN)) to Y (I'(m, mN)).

Proposition 3.5.19. Let o, € Z be such that « = 0,8 = 1 mod mN and 8 # O0mod p. Then
the pushforward of cgo/mpn,s/mpn from Y (I'(mp,mpN)) to Y (I'(m,mN)) along the map z — z/p is

c9o,1/mN * (cgo, “pfl”/mN) , and hence
©1=((p71), (P Nop1 = (™), (0™ ))op *)Em.v.j-

Proof. A calculation using Theorem 2.2.4 shows that pushing forward to Y (I'y(mpN) N T°(m)) gives
cYa/mN,3/mpN = c90,8/mpN> and we are now in familiar territory. O

3.5.7. Study of ©2 and ©3. Let § be any element of I'; (N) NTo(mN) whose top left entry is divisible

nf]%c Z) with pa = d = 1 mod N. Let §' = (A‘;c 7;‘;), s0 &' € (PT1(N) and we have

1 0\ (p 0),
g (0 mp) - (0 m) o
Let Es be the locus of points in Y (I'y(N) NT%(p?)) x Y1(N) of the form (5z,z + j/mp); this clearly

maps to Cpnp n,; under the natural projection to Y3 (N)?. We then build the following (rather unwieldy)
diagram of modular curves:

byp,soé(
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)1 (30T ) NTyE) (590 \ (5a) e (b.4)
Y (T(mp,mpN)) — Y R 1 — Es
r(E4) o (t4) :
id| = prl pr
10 \—1L 10 10 14
27T (4,8 (EANEEN
Y (T'(mp, mpN)) P Y (01 ;D) -1 ( (01 p]) ! ? Cop,N,j-
(54 T (1) =
! /
Proposition 3.5.20. Suppose that ¢’ = (Z, ]l))d> with aj — b # 0 mod p. Then the intersection

_ -1 o\ 1 .
@) AT @) NTSE) ()80 (3.7,) D) (éwzp)] NT(m, mN)
consists precisely of those matrices in T'(m,mN) which are congruent to =1 modulo p.
Proof. 1t suffices to show that
S\ -1 . B 1
DN AT NG00 (5.4,) TN (5.0,) @7 (%)

consists of matrices that are 1 modulo p, since such matrices are clearly preserved under conjugation
by (3 9 )0’ (which is integral at p).

Let v € T'1(N) N TY(p). Then v is congruent modulo p to (g z01> for some x € (Z/pZ)*. We

(6 ) (5 0) (b m)o (b ) esma

or, equivalently, that

o oG e d) =) wan

Substituting the entries of ¢’, we find that the top right-hand entry of the product on the left is congruent
modulo p to (aj —b)cj(x —x~1). So if aj — b is not divisible by p, then we must have x — 2~ = 0 mod p,
i.e. x = %1, as required. O

require that

Remark 3.5.21. Conceptually, what is going on here is that we have calculated the intersection of three
Borel subgroups of SLa(F,,) in general position relative to each other, which is simply the centre of the

group.

Corollary 3.5.22. The pullback to Es of (17, n.;)+c90,1/mpN 18 equal to the pushforward along the top
row of the above diagram of the modular unit

H ’y*ch,l/mpN € O(Y(mpa mpN)X)a
yeU; /{+1}

where Uj is (as above) the torus in SLo(F,) whose preimage is

-1 -1
10 10 1 1
<0 p) K<0 p)m<0 p) K<0 p)’
and we choose a lifting of each element of U/{£1} to an element of T'(m, mN).
Note that this depends only rather weakly on 6. We calculated U; explicitly above: it consists of all
e
matrices of the form ( ._; “ 1 0 with u € FX.
Tt u—u"t) w P
-1 p_l 0
0 p
the image of Fj is one of the components of the image of C,,;, v ; under the Hecke operator ((p)S,,1).

We now consider the pushforward of this to Y; (V)? along the map (u,v) — ((p) u,v), SO
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Proposition 3.5.23. The image of Es under this map is Cyp,yp N,; itself. More specifically, we may find
e € T'(m,mN) such that there is a commutative diagram

(70 )0 )

Y (T'(mp, mpN)) ~ Y1(N)?
el id | =

U N
Y (T'(mp, mpN)) e Y1(N)?

Proof. We must show that € can be found in such a way that

(é n?p) 5 € T (V) (p) (3 n?p)s

((1) sz) €Ty (N) ((1) nzp) ‘.

For any € € I'(m, mN), the matrices

07 (b ) (6 5)
(0 )= (0 )

are integral away from p and have bottom right entry congruent to 1 modulo N; so we need only show
that € may be chosen such that both are integral at p. So we must show that we can find € in the
intersection

and

and

€€ <(1) {>_1 U°(p) <(1) {) NU%p)s’.

The non-emptiness of this intersection is equivalent to the equality of the double cosets
1 4 1 4 _
0w (5 1) 000 ad 00 (5 1) @0

However, as we have seen before, there is only one double U°(p) coset in K other than U°(p) itself, so this

equality is equivalent to ((1) i) (")~ ¢ U%(p), which is equivalent to our hypothesis b # ja mod p. O

It remains to be shown that we can choose ¢ and € in some reasonable fashion. Let £ € F. Then

JT (A=) - > / <] (1-9) 5) . P
we can take € = - . 1 ),and &' = _ . A routine verification shows
<1—J -6 j+&! ¢! 0
that 1J L —J) = J 0 is lower-triangular, and that if we take £ to be a
o 1)élo 1) = 1—j21—¢) j is lower-triangular, an if w

quadratic residue or a nonresidue ¢’ satisfies the congruences stated above, so it suffices to take £ = 1
and one non-square &.
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Let us write I'(mp, mpN)* for the subgroup of I'(m, mN) consisting of matrices that are congruent
to £1 modulo p. Then we have a diagram

Y/(I'(mp, mpN))

Y (D (mp, mpN)*) —— ¥ (D(mp, mpN)*)

Y (L(m, mN))? Y (T'(m, mN))?

Here o is the natural pushforward map.
The images of 1 and ps are both given by the curve C of points of the form (z,z + j/p) in
Y (I'(m, mN))?, which maps to Cyp n,; under the map (u,v) — (u/m,v/m) to Y1(N)?. We find that

u—l

0 *
ui (oo H1)*c90,1/mpN = H (j_l(u — ) u> ¢90,1/mpN
u€lRy

and hence

(p2)« 17 (00 1) c90,1/mpN = (HB)*(fffl)* w1 (00 p1)« c90,1/mpN
-1

— (e ] (j_l(;‘_u_l) %) ctosmo

u€Fy
—1

= T {(amwy )7 (e )] o

vEF) /£1 ueFy

1

Conjugating by <j}1 (1)) maps the torus U; onto the diagonal torus and maps €~ onto the matrix

(j j§1>’ and the above expression becomes

M D6 969 (D0 D me

veF,) /+1 ueFy

1 0\ [u "t wlvg 1 0\]"
= H H 7]'71 1 0 ’LL’Ujil j71 1 c90,1/mpN -

veF, /+1 ueFy)

We may change variables by letting @ = uv and b = u~2. Then the product becomes

IR (BTN TR

a€F) beEF)2 ¢
1 0\/j b 1 0\
= (/1,1 OU)* H |:<_j—1 1> <0 j—l) (j—l 1):| c90,1/mpN
beFx2.¢
B j b 1 0\]
= (/1,1 o (7)* H |:<_1 j_l(l _ b)> <j_1 1):| Cgo,l/mpN
beF ) 2.¢

1 0\
= (1 00)s (jl 1) H cY(~1)o/mpN,(i=1(1-b))1 /mpN
beFx2.¢
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Considering O3 and O3 together corresponds to letting b vary over all of IF\. If we were to extend the
product over all b € F, (residue, nonresidue, or zero), then we would get

10\ (p 0\
(9) (M100'>* <j_1 1> (8 1) cYa/p,1/mN>

where « is the image of —1/mN in (Z/pZ)* (thus a/p = (—1)g/mN).
The term for b = 0 is just

j 0
(Ml © U)* -1 +j72 j71 c90,1/mpN = (Ml © U)*Cgo,l/mpNa
since (1 ij,g jol) € U;. This is what we want: it is the definition of .=, n ;.

What can we say about the expression in (9)? Writing the pushforward in terms of coset representa-

tives gives us
e (L (L Tt o[/ 1 0\|
0 1 j_l 1 j_l 1 0 " j—l 1 cYa/p,1/mN

uGFS
B u=t 0\ (p O0\/ 1 0\]
- H 0 U 0 1 j—l 1 cYa/p,1/mN
u€F
1 0\ (p 0\
= (j_l 1> <0 1) H Cgu/p,l/mN
u€l
(1 0\ p 0\ -
- j—l 1 CgO,l/mN 0 1 Cgo,l/mN
B . 1 0 * D 0 * -1
= cY90,1/mN j’l 1 0 1 c90,1/mN
o 10\ : , 1 0
The last line is justified by the fact that P denotes the action of a matrix congruent to JE

modulo p but to the identity modulo mN, and such a matrix will act trivially on cgo 1/mn-

We have seen both of these terms before: the class in CH?*(Y;(N)? ® Q(m), 1) defined by (Cyup v
pushforward of cgo,1/mn) is (1, T}))—0p—p(p ><p>_10g1)c5m,1v,j, by Corollary 3.4.10; and the term corre-
sponding to (Chp,n,;, pushforward of (jll (1)> <g (1)) cGoa/mn) is ((p)71, S)eEm,n.5, by Corollary

3.4.14.

3.5.8. Conclusion of the proof. We can now complete the proof of Theorem 3.5.1 for k = 1.
We know that

(T;a Té)cEmp,N,j - A1 + AQ + A3 + A4a
and we have shown that:

Ay = norm?%” (Zpp2.n,)  (Proposition 3.5.7);

Do =[(S0, (071 — (1) (™o (TL T — o — p((p~ Y (™) )] - B
(Proposition 3.5.15);

A3 = [(<p71>5 S;) - (<p71>5 <p71>>0'51 ((TI/,,T;,) —0Op — p(<p71>a <p71>>0—51)] ' cEm,N,j
(Proposition 3.5.16);
and
Ay = p((pfl), (pfl)) (1 — ((p71>, (pil))a;Q) Em,n,j (Proposition 3.5.10).
Combining these statements gives the & = 1 case of Theorem 3.5.1.
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In the case k = 2 we have again (1,7)).Emp2,N,; = A1 + Az + Az + Ay where

p>=p

Al = norngz (cEmpe.n,j)  (Proposition 3.5.7);

Ay =(Sp, (p7") - Emp,n,j — O2 — O3 — O
Az =((p71),5,) - Emp,n,j — O — O3 — O
and
Ay=p{{p™), ")) Emp.n,; (Proposition 3.5.10).

Moreover, we have
0, = ({p™h), (p_1>)ap(1 —((p7Y, (p_1>)ap_2)cEm,N,j(Proposition 3.5.19),

and
O2+03=((p "), (") EBmpnvg — (T}, 1)) —0p —p0 x )" 0y )eBmn, + ()1, S)) B, j-

The obvious involution of ¥1(N)? ® Q(um) given by swapping the two factors maps cZpr,, n; to
cEpkm,N,—; for each j; and it interchanges ©; with © for i = 1,...,4, so we obtain formulae for these
terms which are identical with the non-primed versions except ({(p~'), S7) is interchanged with (S, (p~1)).
Collecting terms gives Theorem 3.5.1 for k = 2.

4. RELATION TO COMPLEX L-VALUES

4.1. Definition of Rankin—Selberg L-functions. We recall the definition of Rankin—Selberg L-
functions of pairs of modular forms.

Definition 4.1.1. Let f,g be cuspidal new modular eigenforms (of possibly distinct weights k,{ and
levels Ny, Ny ), L a number field containing the coefficients of f and g, and p a prime. We define the
local Fuler factor

Py(f,9,X) = det (1 — X Frob, " |(Vz, (f) ® VL, (9))")

where X is an arbitrary place of L of residue characteristic distinct from p, Vi, (f) is the Lx-linear
representation of Gg attached to f (and similarly for g) — see §6.3 below — and Frob, denotes the
arithmetic Frobenius at p.

This Euler factor may be defined in purely automorphic terms (cf. [Jac72, Theorem 14.8]), but the
above definition is convenient for our purposes. The following is an elementary calculation:

Proposition 4.1.2. If p{ NyNg, then
Pp(f,9,X) = (1 —arX)(1 —adX)(1 - By X)(1 - BX)

where «, B are the roots of X2 — a,(f)X + p*~te,(f) and similarly v, 8 are the roots of X? — a,(9)X +
p'~te,(g). Completely explicitly, this becomes

Py(f,9.X) = 1= ap(£ap(@)X + (¢ ap(£)2,(9) + 2" e (Fap(9)® = 2026, (f)e(9) ) X*
=" e, (Fap(Nep(9)ap(9) X° + p* 2 e, ()2, (9)2 X

Proposition 4.1.3. We may write
4
Py(f,9,X) = [[(1 = xX),
i=1
where each \; is either 0, or a p-Weil number of weight < (k + ¢ — 2). In particular, all poles of the
meromorphic function Py(f,g,p=*)"" have real part at most %;2.

Proof. This is clear from Proposition 4.1.2 if p does not divide the levels of f and g. The remaining
cases follow from an explicit computation of the possible local components of f and g, using the Galois-
theoretic definition adopted above (since the Weil-Deligne representations attached to f and g must fall
into a finite list of possible types). O

We now define global Rankin—Selberg L-functions as a product of local terms in the usual way.



38 A. LEI, D. LOEFFLER, AND S.L. ZERBES

Definition 4.1.4. We let
L(f.g.)= ] Po(fr9.07)7"

p prime

and for N > 1 we let
Lny(f,9,5) H Py(f,9,p7%) 7"
s
Proposition 4.1.5. Suppose k > £, and write Tc(s) = (2m)~T'(s). Then the completed L-function
A(f,9,8) =Tc(s)I'c(s — £+ 1)L(f,g,5)

has analytic continuation to all s € C, except for a simple pole at s = k if { = k and f = g; and it
satisfies a functional equation of the form

where € is a function of the form AeP® for constants A, B.

Remark 4.1.6. The function £(s) is, as the notation suggests, a global e-factor, but we shall not use this
interpretation here.

In particular, if £k = ¢ = 2 and s = 1, the value L(f, g, 1) vanishes (because I'c(s — 1) has a simple
pole) and we have

(10) L'(f,9,1) = 27A(f, g,1).

4.2. Real-analytic Eisenstein series. We now express the Rankin—Selberg L-function in terms of the
Petersson product with a non-holomorphic Eisenstein series, the original example of the Rankin—Selberg
method.

Definition 4.2.1. Let k >0 € Z, and o € Q/Z.
(1) For T € H,s € C with k + 2R(s) > 2, we define
S(7)*

T (mr+n+ ) jmr +n+ o

EW(7,5) = (=2mi) Fr 7D (s + k)

where the prime denotes that the term (m,n) = (0,0) is omitted if « =0 (but not otherwise).
(2) For T,s as above, define

" e27riams(7_)s

E® (7, 8) = (=270) " D(s + k)n~

(momez? (mT + n)k |mT + n|25

where the double prime denotes that the term (m,n) = (0,0) is omitted (always).

Proposition 4.2.2. The above series have the following properties:

(i) (Automorpy) If Naw = 0, then for fized T both E&k) and Fo(tk) are preserved by the weight k action
of T1(N), and moreover the diamond operators act on « by multiplication in the obvious way.
(i) (Action of Atkin—Lehner involutions) If Nao = 0, then we have

Fc(vk) (7_, S) — Nk—s Z e2mio 7kEg(C/;)N (;1 S) )
©€L/NL

(iii) (Differential operators) The Maass—Shimura weight-raising differential operator

J -—i i+ k
P omi\ar T —7

(cf. [Shi76, Equation (2.8)]) acts on the Eisenstein series via
EW (1,5) = B¢+ (1,5 — 1)

and similarly for Fék).
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(iv) (Analytic continuation and functional equation) For fixed k,T,c, both functions EP (1,8) and

Fo(ék)(T, s) have meromorphic continuations to the whole s-plane, which are holomorphic everywhere
if k #0; and we have
EP (1, 5) = F®F (1,1 — k — s).

(63

(v) (Relation to Siegel units) We have
E{)(7,0) = 21og |go.a(7)|
where go,o 15 the Siegel unit of §2.2.

Proof. Parts (i)—(iii) are easy explicit computations. Part (iv) is a standard application of the Poisson
summation formula, and (v) is formula (3.8.4)(iii) of [[{at04]. O

Now let f,g be any two newforms of levels N¢, N, dividing N, and weights k, ¢, with k& > ¢. Let
f € Si(M1(N))[xs] and § € S¢(I'1(N))[r,] be forms in the oldspaces at level N attached to f and g
(which we shall think of as “test vectors”). For any o € +Z/Z, set

D(f,g, x,8) = / f(—?) g(T) E&kfe) (r,s —k+ 1)3(7‘)’“72 dx dy
T (N)\H
_ [ fx o . f(k=0) _
= (/'m.9() B s k)

The next theorem shows that the function D( f.a.1 /N, s) is an “approximation” to the completed L-
function A(f, g, s) of the previous section, differing from it only by possible bad Euler factors at primes
| N.

Theorem 4.2.3 (Rankin—Selberg, Shimura). We have
D(f,9,1/N,5) = 21 HFENZHEIN(f, 9.5)C(f 5, 9),
where

g5 = [[[BGor™] 3 aPan@n
pIN neS(N)
is a polynomial in the variables p~* for p | N; in particular, it is holomorphic for all s € C. Here S(N)
is the set of integers all of whose prime factors divide N.

Proof. See [[Kat04, Proposition 7.1]; our Ey/zv(T, s) corresponds to

(—=2mi) T (s + j)m*S(7)* E(j, 7, 1/N, 2s)

in Kato’s notation, where j = k — ¢. To see that C’(f,é, s) is a polynomial, it suffices to consider the
case when f = f(az) and g = g(bz) for integers a | N/Nys,b | N/Ng, in which case the result is clear. O

In particular, for s = 1 and k = ¢ = 2, using Equation (10) and the above proposition gives
(11) D(f.5.1/N,1) = (4m) " L'(f.9.1)C(]. g, ).

Remark 4.2.4. If f, g have coprime levels Ny, Ny with Ny N, = N, and we take f = fand g = g to be
the normalized newforms, then C(f,g, s) is identically 1, so in this case D(f,g, 1/N,s) is N?*A(f,g,s)
up to constants.

From the functional equation for the real-analytic Eisenstein series, and the action of Atkin—Lehner
involutions, we have

D(f okt =1 5) = (). 4() F s~k 1)

=N'"® Z e?ﬂ'ixny(wa, wa?a Y, S)
YEZL/NZ

(12)

Here wa is the function 7 +— N_lT_kf(—l/(NT)); that is, we have chosen our normalizations so that
wy is an involution in weight 2 (but not in more general weights).
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4.3. The Beilinson regulator. For any smooth variety X over a subfield of C there is a canonical
map, the Beilinson regulator, from HY,(X,Z(2)) into complex-analytic Deligne-Beilinson cohomology.
These maps were introduced in [Beis4]. We shall only need these maps for H} (X, Z(2)) where X is a
projective surface, in which case the target group can be identified with de Rham cohomology:

Theorem 4.3.1 (Beilinson, cf. [Jan88b, p. 45]). Let X be a smooth projective surface over C (or a
subfield of C). There is a homomorphism

rege : CH*(X, 1) — H3x(X/C)/Fil> = (Fil' H3z(X/C))"
which sends the class of 3°,(Zj,g;) € Z%(X,1) to the linear functional

1
(13) w %;/‘Z%ingwlog lg;l.
J

We now show that the images of the generalized Beilinson-Flach elements =, n ; under rege, paired
with differentials corresponding to weight 2 modular forms f, g, are related to the derivatives of Rankin—
Selberg L-functions at the point s = 1. More precisely, we shall apply rege to a lifting of 5, y; to
CH?*(X1(N)? @ Q(pm), 1) ® Q; the result will turn out to be independent of the choice of lifting.

Definition 4.3.2. If f € So(T'1(N)), we let f* € So(T'1(N)) be the form obtained by applying complex
congugation to the Fourier coefficients of f.
We let wy denote the holomorphic differential on X1 (N) whose pullback to H is 2mif(z)dz, and n?h
the anti-holomorphic differential Wi+, whose pullback is —2mif(—%) dz.
% = 2midz.
(2) The map f — n?h is C-linear and Hecke-equivariant (whereas the more obvious map f — @y has
neither of these desirable properties).

Remark 4.3.3. (1) The factor 2mi is convenient since

Theorem 4.3.4 (Beilinson, cf. [BDR12, Proposition 4.1]). Let Ex be any element of CH?(X,(N)?,1)
lifting En = E1,n1 € CH?*(X1(N)?,1), and let py,ps be the projections of X1(N)? onto its two factors.
Then for f,ﬁ as above we have

<reg(C (EN) ,PT(U?]) Ap;(w§)> = QFD(fa.éa 1/Na 1) = %L/(faga 1)C(f;§; 1)'

Proof. We have
D'(f,g,1/N,1) = ( / F(=7)g(r) B\ (7,0) da A dy>
Ty (N)\H

—9 / F(=7)g(7)10g |go.x (7)] dz A dy
Ty (N)\H

_ —2midz) A (2widz
=2/ F(=7)g(r)log[go,1n (7)] ( 8) 2~( )
Iy (N\H T

1 (1
= | — 1 ah A )
o (27ri /mw)«c) o8 loo | ng)

We compare this with Beilinson’s formula for the regulator on CH?(X;(N)?,1) (Theorem 4.3.1). We
know that Zx can be written as the class of (A, go1/n) (where A = Cy y 1 is the diagonal in X1(N)?)
plus a linear combination of elements supported on cuspidal components. It is clear that p} (n?h) Ap5(wg)

restricts to 0 on any horizontal or vertical component, and to n?h A g on A; so we obtain

= : 1
<regc (:N) A ng> = —/ log |go,1/n| 1" Ang = 27D’ (f,9.1)
27TZ Yl(N)

as required. The final equality follows from Equation (11). O

We are interested in a version of Theorem 4.3.4 for m > 1, incorporating twists by Dirichlet characters.
This relation becomes easier to state if we introduce “equivariant” versions of some of our objects, as
follows:
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Definition 4.3.5. For N > 5,m > 1 as above, and cusp forms f,qg of level N which are eigenforms for
the Hecke operators away from N, we define the following elements:

gm= Y, ld'@g(z+5) €Clz/mL)*]@c S(l1(m’N),C)
a€(Z/mZ)*
and the C[(Z/mZ)*]-valued Dirichlet series

L(mN)(fvgv (Z/mZ)X,S) = H Pf(fvgv [g]g—s)—l.
mN

(There is no obvious way to define an equivariant Euler factor at the primes dividing m.)

Proposition 4.3.6. (a) We have
an(gm) = an(g)T(n, m),
where 7(n,m) is the “universal Gauss sum” }_ ¢ (7 /mz)~ [a]~te?mina/m ¢ C[(Z/mZ)*].
(b) If we extend the Hecke operators on S2(T'1(N)) linearly to C[(Z/mZ)*] @c S2(T'1(m2N)), then we
have

(n)(gpm) = [n]eg(m)g,,
for all n such that (n,mN) = 1, where ty(n) and e4(n) are the eigenvalues of g for the T,, and (n)

operators respectively.

(We can interpret (b) above as stating that g,,, transforms under the Hecke operators away from mN
as “g twisted by the universal character of level m”.)

Proof. Part (a) is immediate by a g-expansion computation. For part (b), we note that the statement
regarding the diamond operators can be verified directly — by essentially the same computation as
Proposition 2.7.5(4) — and the statement for the T},’s now follows immediately from the standard formulae
for the action of T), on g-expansions, together with the easily verified fact that 7(nn’,m) = [n|T(n’,m)
if (n,m) = 1. O

We extend the Beilinson regulator to a homomorphism
. v
regeyz/mzy] : CH(X1(N) ® Q(um), 1) = C[(Z/mZ)*] @c (Fil' Hip(X/C))

by mapping 0 t0 >_, ¢ /N7~ [a] ® rege(oq - ). (Note that this is not a homomorphism of modules over

the group ring C[(Z/mZ)*]; the Poincaré duality pairing interchanges the natural action of C[(Z/mZ)*]
with its inverse.)

v

Theorem 4.3.7. Let f,g be as above, and let EWNJ be any lifting of Zm N1 to X1(N)2. Then as
elements of C[(Z/mZ)*] we have
<regc[(z/mz)x](Em,N,l)apT(n?h) /\p;(wg‘;)> = % 2mN)(fvgv (Z/TTLZ)X, 1)A(fa§7m7 1)5

where we define

Af.gomes) = >0 a3 an(faalg)e™ o 0

a€(Z/mL)* neS(mN)

Proof. As we showed in the previous section, §m7 ~,; may be represented as the class of an element in
Z3X1(N)? @ Q(um), 1) ® Q[(Z/mZ)*] which differs by negiligible elements from
(ComoN.js (tbmN )+ (90,1 m2N)) -

As in the case m = 1 considered above, these negligible elements pair to 0 with the differential p*{(n"f‘h) A
p3(wy). Hence we have

(rege G DI AW = S [ / 108 | (om0 )2 (G0 ey | - DY) A P (e0g)
je(@/mz)x Om,n.5
- Y / 108 [go.1jmen| - (91 © oy ) (%) A (P2 © by ) ().
X1(m2N)

JE(Z/mZ)*
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By construction py o iy, v is just the natural projection map Xi(m2N) — X;(N), so the pullback of
n?h along this map is just n?h again (where now we consider f as a modular form of level m?N). On the

other hand, p2 o, n,; corresponds to the map z — z + % on the upper half-plane, so (p2 © tm, N ;)" (wWg)
is the differential whose pullback to H is 27ig (z + #) dz, and hence we have

Dl 2 © tm )" () = 2mig () =
J
as elements of C[(Z/mZ)*] ® O ,(X1(m?N)). Hence, by exactly the same computation as above,

—~

(rege(Em,n), i (F") A p3(wy)) = 47?/ . )f(—?)gm(f) 10g |go,1/m2n | dz A dy.
X1 (m2N

As remarked above, g,, is an eigenform for the Hecke operators away from mNN; so we may now apply
exactly the same formal manipulations as in the proof of [Kat04, Proposition 7.1], but with group ring
coefficients rather than C coefficients, and the result follows in this case also. O

4.4. A non-vanishing result. In this section, we shall use the results of the previous section, together
with a deep theorem of Shahidi on the non-vanishing of Rankin-Selberg L-values, to show that the
elements =, n ; are not all zero (which is in no way obvious from their construction).

Theorem 4.4.1 (Shahidi, [Sha81, Theorem 5.2]). Let f,g be any two newforms of weight 2. Then the
completed L-function A(f, g, s) is holomorphic and nonvanishing on the line R(s) = 2, unless f = g*, in
which case it has a simple pole at s = 2.

Remark 4.4.2. We have stated only a special case of Shahidi’s very general theorem, which applies to
automorphic forms on GL,, x GL,, over an arbitrary number field. Note also that Shahidi’s normaliza-
tions are slightly different from ours (he normalizes the L-function so that the abcissa of symmetry is

s = %, independently of the weights of f and g, while we normalize it to be at s = M;l = %)

Corollary 4.4.3. If ¥ is a finite set of primes, then the function Lx(f, g, s) has a zero at s =1 of order
71 + 79, where
_ {1 iff#g
0 iffr=yg
and ro is the sum of the orders of the poles at s =1 of the Euler factors L,(f,g,s) for primes p € X.

Proof. Applying the functional equation for the completed L-function, which switches s with 3 — s, we
deduce from Shahidi’s result that that A(f,g,s) is holomorphic and nonvanishing (resp. has a simple
pole) at s = 1 if f # g* (resp. if f = g*).

However, the L-factor at 0o, Loo(f,g,8) = Tc(s)I'c(s — 1), has a simple pole at s = 1, so the order of
vanishing of L(f, g, s) is r1 as defined above. Since Lx(f,g,s) is L(f, g, s) divided by the product of the
L-factors at primes in X, the result clearly follows. O

Remark 4.4.4. Note that if f* = g, then the local L-factor vanishes at s = 1 for every prime, so ro will
tend to be rather large in this case.

Corollary 4.4.5. Let f,g be any two newforms, 3 any set of primes, and p any prime in 3. Then for
all but finitely many Dirichlet characters x of p-power conductor, [],cx, Le(f, 9 ® X, s) is holomorphic
and nonzero at s = 1.

Proof. If x has sufficiently large p-power conductor, then the local L-factor of f® g® x at p is identically
1; so it suffices to consider the L-factors at primes ¢ # p. However, since y has conductor prime to ¢,
Lo(f ® g ®x,8) = Pi(x(£)£=%)71, so it suffices to arrange that x(¢)¢~! does not lie in the finite set of
zeroes of the polynomial L¢(f ® g, X). Tt is clear that this may also be achieved by ensuring that the
conductor of x is sufficiently big. O

Corollary 4.4.6. Given any two forms f,g of level N that are eigenvectors for all Hecke operators,
and p any prime, there is k > 0 such that the projection of Z,,,x y1 to the (f,g)-isotypical quotient of
CH*(Y1(N)? ® Q(fympr), 1) is nonzero.

Proof. Immediate from the previous corollary and Theorem 4.3.7. O
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5. RELATION TO p-ADIC L-VALUES

In this section we develop an analogue of the m =1 case of Theorem 4.3.7 in the p-adic setting. This
is essentially a variant of the main theorem of [BDR12].

5.1. Holomorphic Eisenstein series. We begin by constructing some holomorphic Eisenstein series
which may be defined over a number field. We follow chapter 3 of [Kat04] closely, but we work on Y7 (V)
rather than Y (N). Our purpose is to define, for o € Q/Z, the following modular forms:

o B € M(T1(N)), where k > 1, k # 2;

o B € My(Iy(N));

o FF) e My(Ty(N)), for k> 1, with o 0 if k = 2.

We set
EX (1) = B (7,0),

and similarly for F(¥),

Proposition 5.1.1. If k > 1, k # 2, then EP FP e My, (T'1(N)) for any o € +Z/Z.
For k = 2, we have F\? € M5(T'1(N)) for any a # 0, and EY =EgY - E(()2) € My(T1(N)) (for any

a). The function FO(Q) = Eé2) is a C™ function on H invariant under the weight 2 action of T'1(N), with
slow growth at the cusps, but is not holomorphic.

Proof. See [I[Xat04, §3.8]; our EY is Kato’s Eéfco)t O

We have g-expansion formulae for both families. Let o« € Q/Z. For R(s) > 1, define

C(CY, S) = Z n~% and C Z 627rw¢n —s

neQ,n>0
n=a mod Z
as in [[{at04, §3.9]. Then both ((«,s) and (*(«, s) have meromorphic continuation to all s € C, and
satisty
r . .
ot =5) = G (7m0 + €70 ))

a version of the standard functional equation for the Hurwitz zeta function.

Proposition 5.1.2. Let k> 1, a € Q/Z.
(1) Assume k # 2. Then we have

(k) = ag + Z de 1 27riozd + (_1)ke—27rio¢d) qn’

n>1 \ dn
where
ao:{(*(a,lk) ifk>3
5 (¢ (@,0) = (" (~a,0) ifk=1.
(2) We have

E((XQ) =ag+ Z Z d(e27riad + e~ 2miad _ 2) q",

n>1 \ d|n

where ag = * (o, —1) + 3.
(3) Assume o # 0 in the case k = 2. Then

F(k) =ag+ Z Z % ( 2micd + (71)ke—27riozd) qn,

n>1 \ d|n

where
o — (1—k) ifk>2
(¢ (@,0) = ¢* (—,0)) if k=1
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Proof. This is [[Kat04, Proposition 3.10]. Note that there is a typographical error in the statement of
the proposition loc.cit.; there is an extra star in the formula for > a,n™*® in case (1), and the formula
should read

ST aan = C(a,8)C" (Bys — k4 1)+ (~)FC(—a, )¢ (<Bos — k + 1).
neQ,n>0
O

5.2. Nearly holomorphic modular forms. For k£ > 0, we define (following e.g. [Shi86, Shi00]) the
space of nearly holomorphic modular forms M (I'y(N),C). This is the space of C* slowly-increasing
functions on H which are invariant under the weight &k action of I'y(NN) and are annihilated by some
power of the Maass—Shimura weight-lowering differential operator
2 d
d7
Any such function is in fact annhilated by e/*/2+1 and can be expanded as a finite sum
[k/2] ‘
(14) fr) =) () (=S(r) 7,
j=0

-1
EL — %3(7')

where the f; are holomorphic functions. (In particular, any nearly holomorphic form of weight 0 or 1 is
in fact a holomorphic form.) For K a number field containing the N-th roots of unity' we shall say that
f € MM(I'y(N),K) is defined over K if the Fourier coefficients of the holomorphic functions f; are in
K, and write MP(I'1(N), K) for the space of such functions.

We let S2B(T'1(N), K) be the subspace of rapidly decreasing functions in My (N), K). If k > 2,
then SPM(I'y(N), K) coincides with the space defined algebraically in [DR12, §2.4] using the “Hodge
splitting” of the de Rham cohomology.

Corollary 5.2.1. Let k,j be integers with k > 1 and j € [0,k — 1]. Then for any o € %Z/Z, the
function T — Eék)(T, —j) lies in MPM(T1(N), Q(un)).

Proof. We first note that ES”, F\®) € MPM(T1(N), K) for all k > 1. This is clear for k = 1 or k > 3 (since

holomorphic forms are certainly nearly holomorphic), and for k£ = 2 it suffices to check that E(SQ) = FO(Q)
is nearly holomorphic, which is clear from the formula

@ y__ 1 n
B0 = sy~ B2 (2240

n>1 \ d|n

With this in hand, we obtain the near-holomorphy of B (r,—j) for 0 < j < % by applying 87
to B2 = g2 (1,0). Applying the same argument to FF72) shows that Fo(ék)(T, —j) is nearly
holomorphic for j in the same range; but chk)(T, —j) = E® (1,1 =k + j) by the functional equation, as
required, so we obtain the result for all j € [0,k — 1]. O

We define the g-expansion of a nearly-holomorphic modular form f to be the Fourier expansion of the
holomorphic Z-periodic function fy, when we write f in the form (14). Then ¢ corresponds to qdiq on
g-expansions, and the following is clear from Proposition 5.1.2 and the proof of the previous proposition:

Proposition 5.2.2. For any j € [0,k — 1], the g-expansion of the nearly-holomorphic form B (1,—7)
18

ao + Z deflfj (%)J (627riad + (71)k6727riad) qn,

n>1 \ d|n

where ag = 0 unless j € {0,k —1}.

IThis is for compatibility with our notation for classical modular forms, since in our model of Y7 (N), the cusp oo is not
rational.
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5.3. P-adic families of Eisenstein series. We now use the g-expansion formulae above as motivation
for defining a two-parameter family of p-adic Eisenstein series, which can be regarded as an analogue of
the E*) (—, s), with two continuous p-adic parameters ¢1, ¢2 replacing the discrete parameter k and the
continuous real-analytic parameter s.

Definition 5.3.1. Choose some (sufficiently large) finite extension L/Q, and let A = OL[[Z)]], the
Twasawa algebra of 7. Let Q2 = Spf A, the weight space classifying continuous characters ¢ : Z; — Cy;
and consider the formal power series with coefficients in A@ A given by

Ealdr, d2) = D> [ D d1(d)g2 (%) [¢>™ ! + e | ¢" € OL[[ql],

n>1 \ d|n
n

where € = —¢1(—1)¢2(—1).

Note 5.3.2. We consider Z x Z as a subset of 2 x  in the natural way. Then for k£ > 1,k # 2, we have
Eu(k—1,0) = (Eék))[p] and £,(0,k —1) = (Fo(tk))[p], where (=) denotes the “p-depletion” operator.

We now fix a newform g € S¢(I'1(Ny)), for some ¢ and some Ny | N. (Although the weight ¢ will be
fixed in our discussion, it is convenient to keep it in the notation as a parameter, since this will make
our notation more consistent with [BDR12].) We will write g for any element of S¢(IN)[mg].

Definition 5.3.3. For integers k, j, we define
Bk, £, 0, 5)" P = eora [Ea(i — £k =1 =) -]

This is an ordinary A-adic family of modular forms, parametrized by k and j (we are taking ¢ to
be fixed here, in order to avoid the need to make any ordinarity hypotheses on g). For any (k,j),
Z(k, 4, a, )°"P is a p-adic modular form of weight k.

We now compare this with the complex-analytic theory. It is clear that £,(j — ¢,k — 1 — j) is the
p-depletion of the nearly-overconvergent form 7 — E*=9 (7, —k + j + 1).

Definition 5.3.4. For ¢ < j < k —1, let Z(k,{,«, j) denote the nearly-holomorphic modular form of
weight k — £ given by
(kb0 5)(r) = B0 (r —k+ 5 +1) g,
and Z(k, £, a, )P its image under the holomorphic projector.
Notation. Let H'(Y1(N),Lr—2,V) denote the de Rham cohomology of Y;(N) with coefficients in the

(k — 2)-nd symmetric power of the relative de Rham cohomology sheaf of the universal elliptic curve over
Y1(N), endowed with its Gauss—Manin connection.

Proposition 5.3.5. Let k,{ be fized, with k > (. Let f be a newform in Sy(I'1(Ny)), for some Ny | N,
and let e« be the projection to the f*-isotypic component in the Hecke algebra acting on Sk(I'1(N)). As-
sume f is ordinary at p, and let j € [(,k—1]. Then we have the following relation in H (Y1 (N), Lx_2,V):
ord,p _ M
ef)

ef*E(k,g,Oé,j) €fx eordE(kagaaaj>h017

where
E(f)=1=p ' Bp(fey(f)~"
and
E(f,9,5)=(1 —pfjﬁp(f)ap(g))(l _pijﬁp(f)ﬁp(g))
X (1= ap(f) " ap(9) T = P ()T Byle) )
Here o, Bf are the roots of the Hecke polynomial of f at p, and similarly for g.

Proof. This follows from Proposition 4.15 of [DR12] with the f,g,h of the theorem taken to be f,
Eék_é)(f, —k+j+1)and g. (Note that the special case j > % is [BDR 12, Proposition 2.7].) O
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5.4. Interpolation in Hida families. We now interpolate the left-hand side of Proposition 5.3.5 in

Hida families.

Notation. Let f be a newform (of some level Ny | N) and let f be the Hida family through f (with
coefficients in some finite flat A-algebra A ;). Then we define the space S°*4(N; A )[r] for the A ;-module
of families of oldforms at level N corresponding to f, which is simply the space of formal g-expansions
spanned over Af by f(q%) for d | N/N;. We write f for a generic element of S*4(N; A )[r], which we
shall think of as a “test vector” associated to f.

We shall continue to write g for a newform in Sy(NN,) for some N, | N, and g for a generic element of
Se(N; K)[m].

Proposition 5.4.1. For any f € Sor(N; Ay)[ms] and § € Se(N; K)[r,y] as above, and any o € +Z]Z,
there exists an element
Dy (., ) € Frac(Ay) & A
such that for all integers k,j with k > 2, we have
(F2 20k 0,0, )
EX(fr) (s Jr)

where fi and fk are the eigenforms at level N whose ordinary p-stabilizations are the weight k special-
izations of f and f, and

Dp(},é,a)(k,j) =

E(fx) =1~ Bp(fk)ap(fk)_l-
Combining this with the previous proposition, we have

Proposition 5.4.2. For integers k,j with £ < j <k — 1, we have

o L E(fr,9,9)
Dy(f,9,0)(k,j) = E(fe) - E(fr) - (fus fr)

Note 5.4.3. We know that the Atkin—Lehner operator gives an isomorphism

D(fk7g7a7j)'

So(N3 K)[mg] ==+ Se(N; K)[mg-].
Less obviously, there is also an operator
SN Ag)[ms] == SN Ag)[ye]

interpolating the action of the Atkin—Lehner operators on the weight k specializations. To see this, it
suffices to note that the inclusions Si(N) < Si(Np) — Sk(Np?) — ... commute with the action of
wy and this operator is continuous with respect to the p-adic norm (by the g-expansion principle); the
resulting operator on the completion Si(Np>) commutes with Up,, and hence preserves eqra Si(Np™).

Proposition 5.4.4. For any k,j € Q¢ x Q, we have
Dp(j:a.éaa)(kja k +£ -1 _j) = Nl_j ’ Z eQﬂ—iaZ/NDP(wNj:awN.éax/N)(kaj)‘
yEZ/NTZ

Proof. Tt suffices to check this result for all pairs of integers k,j with k& > j, since these points are
Zariski-dense in Q¢ x Q. By the classical functional equation, we find that for such k£, j we have

Dp(}vgva)(k7k+gilij):‘4Nli] Z €2ﬂiaz/NDp(wN}7wN§j7a)(kvj)
YEZL/NZ
where the quantity A is defined by
Efegk+0-1-j) ( E(fi.9%.d) )
Efr)Ex(fr){fr, fr) ESDEISE f) -

We obviously have (fy, fi) = (fx, fx). More subtly, we have a,(f*) = p*~1/B8,(f) and B,(f*) =

PP/, (f); similarly, we have {a,(g%), Bo(g")} = {p*"/a,(9),p*~1/By(g)}. From these relations, it is
clear that £(f}) = E(fx), E(fF) = E(fx), and E(fr, g,k + £ —1—34) = E(fi,9%,7). So the ratio A is
identically 1. O

A:
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Notation. We write Dp(f,g,a) for the restriction of Dp(jc,ﬁ,a) to k x Q C Qy x Q, where f is any
element of S°™(N; A)[ms] whose specialization in weight k is f. (This is independent of the choice of
family f)

Note 5.4.5. If k > {, then the L-function Dp(f,g,a) interpolates the critical values D(f, g, «, s); but
when k = ¢, there are no such critical values.

5.5. The syntomic regulator. Let p be prime and K be a finite extension of QQ, with ring of integers
Ok, and X a smooth proper scheme over O with generic fibre X. Then there exists a map, the syntomic
requlator,

repn : CH2(X,1) = H2g(X/K)/ Fil? = (Fil' H3z(X/K))"
with the property that the diagram

CH?*(Xx,1) CH?*(X,1)

Tsyn Tét

Hin(X/K)/Fii2 22 YK, H2(X,Q,)(2))

commutes (c.f. [Bes00]). Here exp denotes the Bloch-Kato exponential map constructed in [BIK90] for
the crystalline G g-representation V = HZ (X,Q,)(2).

Remark 5.5.1. Note that since X’ has good reduction, all eigenvalues of Frobenius on D,s(V) are Weil
numbers of weight —2; thus De,is(V)?=! = 0, implying that exp is injective. This also implies that
H;(K,V) = H;(K,V). Note that we do not necessarily have H}(K,V) = H,(K,V), since V*(1) has all
weights equal to 0. It is conjectured that the image of rg is precisely H, g1 (K, V) but this is only known
in a few special cases, cf. [SS10, Fact 1.1].

5.6. Generalization of a theorem of Bertolini-Darmon—Rotger. Note that there is a map
dlog : O(Y1(N))* @ Q — Ma(T'1(N)),

l;,((:)) as functions on H; and this commutes with the Atkin—Lehner

which corresponds to F (1)
involutions.

Proposition 5.6.1. For any a # 0 € Q/Z, we have

dlog go,o = —FO(LQ).

Proof. Immediate from comparing the g-expansion of Fo(?) with that of g, which is given in [Kat04,
§1.9]. O

We recall the following result, which is a slight reformulation and extension of the main theorem of
[BDR12].

Theorem 5.6.2. Let u, be the modular unit on Y1(N) & Z(un) such that
dlog u, = E‘g?),

and let A, be any element of CH?(X;(N) @ Z(pun), 1) whose pullback to CH*(V1(N) @ Z(puy ), 1) is the
class of (A, uy) where A is the diagonal subvariety.
Let f,g be any two newforms of weight 2 and levels Ny, Ny dividing N, with f ordinary at p, and let

o

f, g be test vectors attached to f,qg as before. Then we have

E(f,9,2)

(PalF.5.00(2) = Pol£.5.000) = 507575y

(royn(Bu). Primy) Aprs(ws)) -
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Proof. By Fourier inversion on the multiplicative group (Z/NZ)*, which acts on both sides of the claimed
formula, it suffices to show that for each Dirichlet character 1) modulo N we have

E(f,9,2)

1) 25w

<Tsyn(Auw),prT () A pr; (w§)> _

> de(z/NZ)x U(d) " Dy (£, §, dev)(2) if #1,
Sacnzy (DolFo5:d0)(2) = Dy(f.3,0)(2)) i v =1.
where uy = >, 0(d) ™! @ uge € Z(x) ®z O(Y1(N)*). However, it is clear that both sides of Equation
(15) are zero unless 1) = x = X X, ', s0 we may assume ¢ = x.
If x # 1 and « has exact order N, then we can assume without loss of generality that « = 1/N, and

we are in the case studied in [BDR12]. In the remaining cases, the argument goes through essentially
identically. 0

Remark 5.6.3. If in fact y is primitive modulo N, then both sides are zero unless o has exact order N,
so we may reduce to precisely the case covered by [BDR12].

We can now deduce our main theorem of this section.

Theorem 5.6.4. Let f, g, f,é be as above. Then we have

Dy(f, 5, 1/N)(1) = —% <7“syn(51,zv,o), pri(n}") A prj (w§)> :

Proof. Applying the previous theorem to wy f and wy g, we have

(Dp('LUNf; wng,x/N)(2) — Dp(wa, wng, 0)(2)) = % <Tsyn(Aum/N>, prf(n:fo) A pr§(wwN§)> )

We multiply by €>™*/N and sum over z € Z/NZ. The left-hand side becomes
S ND, (wy fun g 1/N)(2) = NDy(f,g,/N) (1)
2€Z/NZ
by the p-adic functional equation.

Meanwhile, the right-hand side is

, £
Z 62“”/1\7% <Tsyn(Aum/N>a pI‘T (n;er> A pr; (wwN§)> '

rex€Z/NZ

By the functoriality of the syntomic regulator, we have

(rosn (Bu ) DO ) AP @) ) = (Teym (B g )+ PEL(037) A PI3(03) )
As elements of Q(un) ®z O(Y1(N))*, we have

Z eQTrim/N ®1U}kv(uz/N) = —N®go,1/Na
©€Z/NZ

and the result follows. O

Remark 5.6.5. One could also prove this statement directly (without the extended detour via Atkin—
Lehner involutions and functional equations) by generalizing some of the calculations of [BDR12] to use

1 -(2)
1EI/N.

(Note that FS) is always a holomorphic Eisenstein series if N > 1, while E)(f) becomes non-holomorphic
if x is the trivial character.)

the weight 2 Eisenstein series F>E2) =D se(@/N)* X(x)’lFS;\, in place of E)(f) = se@/nzyx X(@)

Remark 5.6.6. If we impose slightly more restrictive hypotheses we can avoid the need for any gen-
eralization of the main theorem of [BDR12]. If x is primitive, then it suffices to check that the main
theorem of [BDR12] holds without the assumption that f, g are eigenforms for the U, with £ | N; but this
assumption is not used anywhere in the paper, except in order to explicitly evaluate the Euler factors at
¢|N.If Ny =Ny = N then we can dispense with this assumption as well.
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6. FAMILIES OF COHOMOLOGY CLASSES

In this section, we will construct étale cohomology classes from the generalized Beilinson—Flach ele-
ments in motivic cohomology defined above, and investigate their properties.

6.1. The étale regulator. In [[Tub00], Huber constructs a p-adic regulator map from motivic cohomol-
ogy into Jannsen’s continuous étale cohomology:

Proposition 6.1.1. Assume that X is a smooth variety over a characteristic 0 field k. Then there is a
regqulator map

(16) Tét - CH2(X7 1) - Hcgont(Xv ZP(2))
Proof. See the second example on [[Tub00, p. 772]. O

Proposition 6.1.2. If X is any smooth variety over k, we have a Hochschild—Serre spectral sequence

HP (k, H3(X, Zy(2))) = Hlgt (X, Zp(2)),

cont

where H*(k,—) denotes continuous Galois cohomology.

Proof. See [Jan88a, Remark 3.5]. O

Corollary 6.1.3. Suppose that X is a smooth affine surface over k. Then we have an edge map
(17) Heone(X, Zp(2)) — H' (k, HE(X, Z,(2))).-

cont

Proof. The fact that X is defined over an algebraically closed field implies that HZ(X,Z,(2)) = 0
for ¢ > 2, as a d-dimensional affine variety over an algebraically closed field has étale cohomological
dimension d [Decl77, Arcata 1V.6.4]. Consequently, we have H2  (X,Z,(2)) = 0, and we obtain the

required edge map by Proposition 6.1.2. O

Corollary 6.1.4. If X is a smooth affine surface over k, the étale requlator induces a map (which we
also denote by re by abuse of notation)

(18) re: CH*(X,1) — H'(k, H%,(X,Z,(2))).
Proof. Compose 14 with the edge map (17). O
The regulator maps have the following functoriality property:

Proposition 6.1.5. The regulator maps (18) are compatible with pullback along flat morphisms of
surfaces X —'Y over k, and pushforward along finite morphisms. In particular, they are compatible with
the Galois restriction maps for arbitrary extensions k' /k, and with the corestriction maps for finite ones.

Proof. This is true essentially by construction for Huber’s regulator into continuous cohomology, since it
arises from a realization functor on Voevodsky’s category DM, of geometrical motives, which in turn is
built up from the category (denoted by SmCor in [[Tub00]) whose objects are smooth varieties over k and
whose morphisms are finite correspondences X = Y. It remains only to check that the Hochschild—Serre
exact sequence (17) has the required functoriality property, which is standard. O

6.2. The Kinneth formula. We also recall the Kiinneth formula for étale cohomology (cf. [Mill2,
Theorem 22.4]): if U and V are varieties of finite type over an algebraically closed field of characteristic
0, then we have an exact sequence

0 > Z Hg (U, Zp) ®z, HE(V, Zy) — Hel (U XV, Zyp)
r4+s=m
Z T S
— Y Tor"(HL(U.Zy), H (V. Zy)) — 0.
r+s=m-+1
We are interested in the case when m = 2, and U and V' are smooth curves. If U,V are affine, then

they have étale cohomological dimension 1; so the third term vanishes, as do two of the three summands
in the first term, and we have the following result:
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Lemma 6.2.1. For affine curves U,V , the Kiinneth formula gives an isomorphism
H (U, Zp) ®z, H,(V, ZLyp) — HZ(U x V., L),
functorial in U and V' and compatible with the Galois action.

We shall also need to consider the case when U and V' are projective (and connected). In this case, we
shall assume the ground field k is Q. By the compatibility of étale cohomology with Betti cohomology
after base extension to C, we find that in this case the étale cohomology is Z,, in degree 0 or 2, and Zgg
in degree 1, where g is the genus. Hence all the Tor terms vanish, since the cohomology groups are free
Zp-modules; and we conclude that HZ (U x V, Z,) is the direct sum of H}, (U, Zy,) ®z, H3 (V,Zy) and two
other summands which are both isomorphic (as Galois representations) to Z,(—1).

6.3. Galois representations attached to modular forms. We recall the construction of the Galois
representations attached to cuspidal modular forms of weight 2, using the cohomology of the affine
modular curves Y7 (V).

Notation. Let f be a cuspidal modular form of weight 2 and level N. We assume that f is a normalized
eigenform for all the Hecke operators T, (for v t N) and U, (for v | N). (We do not assume that f is
new of level N.) As usual, we write a,(f) for the v-th Fourier coefficient of f, which is its eigenvalue
for T, if v 1 N and for U, if v | N; we also write e4(f) for the eigenvalue of f for the (d) operator for
de (Z/NZ)*.

By [AS86, Proposition 4], the compactly-supported cohomology H, cl,Betti(Yl (N)(C),C) is isomorphic
to the space of modular symbols of level T'1(IN) with coefficients in C. This contains a unique two-
dimensional C-linear subspace V¢ (f) on which the Hecke operators T, U, act as multiplication by the
Fourier coefficients a,(f); and the period isomorphism relating Betti and de Rham cohomology allows
us to regard f as an element of Vi (f). Moreover, if L is any finite extension of Q containing the Fourier
coefficients of f, Ve (f) is the base-extension of a two-dimensional L-subspace VL,(f) € Hpgy; (Y1(N), L).

Let p be a prime. Invoking the comparison theorem between (compactly-supported) p-adic and Betti
cohomology, we can regard Q, ®g Vi(f) as a subspace of L ®q Hé}t,c(Yl (N),Q,). Both of these are free
modules of rank 2 over L ®q Q, = Hp| » Ly, where the product is over primes of L above p; so we obtain

for each p a two-dimensional Ly-linear subspace Vi, (f) € Hy, .(Yi(N), Ly).
The following proposition is well known:

Proposition 6.3.1. The Galois representation Vi, (f) is “the” irreducible Ly-linear Galois representa-
tion attached to f. That is, for each prime v { Np, the representation Vi, (f) is unramified at v and we
have

tracer, (Flrob;1 ’ Vi, (f)) = a,(f)
where Frob,, s the arithmetic Frobenius.

*

We note that under Poincaré duality, the dual space Vi (f)* is identified with the maximal quotient
of HE .;(Y1(N)(C), L) on which the transposes T, and U}, of T, and U, act as multiplication by a,(f).
Tensoring with @Q,, and noting that Poincaré duality holds in étale cohomology with a twist by the

cyclotomic character, we obtain an identification of Vi, (f)* with a quotient of H} (Y1(N), Ly)(1).

Definition 6.3.2. Let O, be the ring of integers of L,. We define To,(f)* as the Oy-submodule of
Vi, (f)* generated by the image of HY,(Y1(N), Zy)(1), which is a Gg-stable Oy-lattice in Vi, (f)*.

Remark 6.3.3. Note that our conventions are somewhat different from those of [[Kat04, §§6.3, 8.4]: we
define Vi, (f) as a subspace of compactly-supported cohomology of a modular curve, while Kato uses
the same symbol to denote a quotient of the non-compactly-supported cohomology. If f is new of level
N, then our Vo, (f)* coincides with the space Kato would denote by Vr, (£)(1) where f is the complex

conjugate of N, and similarly for the integral lattices (our To,(f)* is Kato’s Vo, (f)(1)).

Remark 6.3.4. One can also define a lattice in V7, (f)* using the cohomology of the projective modular

curve. The inclusion Y;(N) < X;(N) induces a pullback map H'(X,(N),Z,) — H*(Y1(N),Z,), which
is injective with cokernel isomorphic to Zg’l where 7 is the number of cusps. The action of the Hecke

algebra on the boundary term Z;~' is Eisenstein, so the map H'(X1(N),Q,) = H'(Y1(N),Q,) is an
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isomorphism on the f-isotypical component. We define Top (f)* as the image of H'(X1(N),Z,) ® Oy

in V,(f)*. Note that Tvop(f)* C To,(f)*, and equality holds if f is not congruent modulo p to an
Eisenstein series.

6.4. Generalized Beilinson—Flach classes. Let N > 5. Observe that Y;(N)? ® Q(u,) is a smooth
variety over Q(f,,), for any m. By (18), for any prime p we therefore have an étale regulator

et | CZ(ANY? @ Qun), 1) — H' (Quum), HE V(N2 Z5(2)) )

Definition 6.4.1. Let f,g be modular forms of level N which are normalized eigenforms for all the
Hecke operators Ty (for €4 N) and Uy (for £ | N), L a number field containing the Fourier coefficients
of f and g, and p a place of L above the rational prime p.

Remark 6.4.2. In the situation of definition 6.4.1, we can use the Kiinneth formula (Lemma 6.2.1) to
regard

To,(f,9)" =To,(f)" ®0, To,(9)"
as a quotient of Op @z, HZ (Y1(N)?,7Z,)(2).
Definition 6.4.3. Define the map

K f,0.00m) - CH*(Y1(N)? ® Q(pm), 1) — H'(Q(um), To, (. 9)")

to be the composition of v q(p,,) with the map on Galois cohomology induced by the projection

H,(Y1(N)?, Z,)(2) — To,(f,9)".
Definition 6.4.4. We define the generalized Beilinson—Flach class

ng}{’g’N) = K/f,g,@(um)(CEm,N,l) S Hl(@(ﬂm)v TOp (f) g)*)a

and its non-integral version

29 = K 0t (Emon,1) € HY(Q(im), Vo, (f,9)").

The compatibility relations we have shown for the generalized Beilinson—Flach elements for varying
m carry over to the cohomology classes:

Corollary 6.4.5. For any integers m > 1, N > 1, and € a prime such that ¢ | N, we have

g, N .
ém( (fygyN)) _ {(afag) : ngg ) if €] m,

cores Z
M ACTm (apay —oy) - cz,(f:’g’N) if LY m,

where o, 0y are the Ug-eigenvalues of f and g, and in the latter case o; is the arithmetic Frobenius
element at £ in Gal(Q(um)/Q).
If 0 is a prime not dividing mN, then

coresty” (zgh™) = o0 (€ = 1)(1 = £1(0)e, ()0 ) = CP(f 9,07 0 1)) c2fo ),
where Py(f, g, X) is the local Euler factor of f and g at £ (cf. Proposition 4.1.2 above).

Proof. Immediate from Theorems 3.3.2, 3.4.1 and the compatiblity of the regulator map with corestriction
(Proposition 6.1.5). O

The dependence of Cz%’g ) on c is as follows:

Proposition 6.4.6. There exist classes

259N € Q). Vi, (f.9)°)

such that the relation

(19) CZ%,g,N) = (02 — sf(c)flgg(c)fl[C]Q)Z(fvng)

m

holds for any ¢ > 1 coprime to 6mN.

Proof. Immediate from Proposition 2.7.5 (5). O
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Proposition 6.4.7. If there exists d > 1 coprime to 6mN such that d* —e¢(d) ‘e, (d) = [d]? is invertible

in Op[(Z/mZ)*], then there exists 20N ¢ HY(Q(pm). To, (f.9)*) such that Equation (19) holds in
HYQ(pm), To, (f,9)*) (not just modulo torsion,).

In particular, this holds if the conductor of the reduction modulo p of ere, is divisible by some prime
which does not divide mp.

Proof. Clear, since if such a d exists we may define
AN = (6 = () ey d) 7 d2) o).
O

6.5. Local properties of the generalized Beilinson—Flach classes (I). We now study the local
properties of the Beilinson—Flach classes. We shall first recall some standard definitions.

Definition 6.5.1. If K is a local field and M is a topological Gk -module, we define H} (K, M) to be
the image of the inflation map
HY K" /K, M) - H'(K, M),
where I is the inertia subgroup of Gk and K™ the mazimal unramifed extension of K.
If V is a finite-dimensional Q,-vector space, and £ is the residue characteristic of K, we define

H,.(K,V) if LF# p,

HYK,V)=
sEV) {ker(Hl(K,V)ﬁHl(K,V@)BmS) ifl=np.

If T is a Zy-lattice in 'V stable under G, we write H} (K, T) for the preimage of H} (K,V)in H (K,T).
(Cf. [BK90].)

Proposition 6.5.2. If T is a finite-rank free Z,-module with a continuous action of G g which is trivial
on Ik, and € # p, then
H{(K,T)=H,,.(K,T).

Proof. We have an inflation-restriction exact sequence
0— H’rlw(KvT) - Hl(Ka T) - HO(Knr/KaHl(IKaT>> — 0,

and a corresponding sequence for V' in place of T'. Suppose = € H}(K, T). Then the image of x in
H(Ix,V) is zero, so the image of x in H'(Iy,T) is torsion. However, H'(Ix,T) = Hom(Ix,T) is
torsion-free, since 7 is; thus the image of z in H' (I, T) is zero, and hence z € H} (K, T). O

Definition 6.5.3. If K is a number field and M is a topological G g -module, and v is a prime of K,
we say that x € H'(K, M) is unramified at v if its image in H*(K,, M) lies in H: (K, M). If M is a
finite-rank Z,-module or Qp-vector space, and v is a prime above p, we say x is crystalline at v if its
image in H(K,, M) lies in H}(KU,M).

Proposition 6.5.4. The generalized Beilinson—Flach class Cz%’g’N) is unramified outside the primes
dividing mNp. If pt mN, it is crystalline at the primes above p.

Proof. By the preceding proposition, it suffices to check this result after inverting p.

Let us choose a prime £ mNp. The compactified modular curve X (m, mN) associated to Y (m, mN)
admits a smooth proper model X(m, mN) over Z[1/mN]; hence it has such a model over Z,. It is
clear that the class .Z,, y1 lies in the higher Chow group Z2()Y(m,mN),1) of the integral model of
Y (m,mN), and we can choose the “negligible elements” of Theorem 2.8.5 in order to obtain a lifting of
eZm.n.1 to CH*(X(m,mN),1) ® Q.

For proper smooth schemes S over Z,, with ¢ # p, there is a regulator map

CH?*(S,1) ® Q, — H3(S,Q,(2))

(see e.g. [F1a92]) compatible with the regulator map r¢ on the generic fibre S. Moreover, the étale
cohomology HZ (S,Q,(2)) is unramified as a representation of Gg,, by the proper base change theo-
rem; and the Hochschild-Serre spectral sequence maps H3. (S, Q,(2)) to HY(Q}"/Qu, H2(S,Q,(2)) C
HY(Qq, H2(S,Q,(2)), where S = S®Qy (cf. [F1a92, Lemma 2.3]). Hence the class 29N i unramified
at the primes above /¢, as required.
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Similarly, if p { mN, we can lift .Z,, x1 to a class in CH*(X(m,mN),1) ® Q where X(m,mN) is
proper and smooth over Z,. However, the regulator r¢; for proper smooth Zj,-schemes takes values in
H }, as a consequence of the commutative diagram of §5.5 above relating r¢ to the syntomic regulator
Tsyn; SO we are done. O

Remark 6.5.5. 1 believe it is known that the regulator map rg for arbitrary varieties over p-adic fields
takes values in H gl, as remarked in §5.5, which would imply that the localization at p of the Beilinson—
Flach classes always lies in this subspace.

6.6. Local properties of the generalized Beilinson—Flach classes (II). In order to control the

local properties of the generalized Beilinson—Flach classes at the “bad” primes, we shall make use of the
compatibility in the p-adic cyclotomic tower, under mild additional hypotheses.

Assumption 6.6.1. The level N is divisible by p, and the Up-eigenvalues ap, oy of f and g satisfy
vp(afay) < 1.

Proposition 6.6.2. Suppose Assumption 6.6.1 holds. Then for any m > 1 and any prime v t p of
Q(ptm), the cohomology class 29N lies in H}(Q(um)v,Top(f,g)*).
If vp(agay) =0, then it lies in H} . (Q(tm)v, To, (f,9)*).

Proof. To lighten the notation, we write K = Q(tm ), and M = To,(f,g)*. We write K; = Q(ftmpi )v
(after choosing one of the finitely many primes of Q(tiy,pe) above v). Each K; is contained in K™, since
vip.

For each i, there is an inflation-restriction exact sequence

0 — HY(K"/K;,M") — H"(K;, M) — H°(K™/K;, H'(I,,M)) — 0,
and the corestriction maps H'(K;+1, M) — H(K;, M) correspond to the trace maps
HY(K™ /K41, H (I, M)) — H° (K™ /K;, H'(I,,, M)).

Since M is a finitely-generated Z,-module, H'(I,, M) is finitely generated over Z,, by [Rub00, Propo-
sition B.2.7(iii)]; thus the sequence of modules M; = H°(K" /K;, H(I,, M)) stabilizes at some iy >> 0.
So for i > ig, the trace maps M; 1 — M; are simply multiplication by p on M;;1 = M; = My,. Let z;
be the image of Cz%}’ﬁ-’m in M;. It then follows that for i > iy we have
(apag)'zo = p' =" cores) (2;).
If ayay is a p-adic unit, then this immediately implies that zg = 0, since it is divisible by arbitrarily high
(f.9,N) + :
powers of p. Thus .z, is unramified at v.

Otherwise, we can only deduce that

pi—io
20 € ((7) My + (MO)tors

ayog)’
for all ¢ > 0, which implies that zo € (Mo)tors as vp(aray) < 1. Hence the image of zy in My®Q),, is zero,
so the image of .z %™ in HY(Q(ptm)v, M ® Q,) is unramified. Thus .z %" € Hi(Q(pm)o, M). O

6.7. Relation between p-stabilized and non-p-stabilized classes. For the arguments of the pre-
vious section, we assumed throughout that p | N. If we are given forms of levels prime to p, then we can
obtain forms of level divisible by p via “p-stabilization” (choosing old eigenforms of level divisible by p
with the same Hecke eigenvalues at all other primes). In this section, we shall investigate the relations
between the classes obtained for the p-stabilized and non-p-stabilized forms.

Let f be a normalized eigenform of weight 2 and level N, and let p be a prime such that pt N. Then
there are two eigenforms f,, fs at level Np in the oldspace attached to f, whose Up-eigenvalues are
the roots «, 3 of the Hecke polynomial X? — a,(f)X + pe,(f). (We assume, by enlarging the field if
necessary, that these lie in our coefficient field L.)



54 A. LEI, D. LOEFFLER, AND S.L. ZERBES

Then there are projection maps
ét (YV1 Np) _> VLp

pry, + Hey(Ya( fo)®
prf@ :Hélt(yrl(

(
Np), Ly) — Vi, (fp)"
pry Hélt(Yl(N)aLp) = Vi, (f)

and a pushforward map 7 : H (Y1 (Np), Ly) — HE (Y1(N), Ly).
Proposition 6.7.1. In the above situation, there is a nonzero, Gg-equivariant map
7@ Ve, (o) = Vi, ()

and similarly 7P, with the property that

7@ o pry, +7P) o pry, = pryom
as maps H(Y1(Np), Ly) — V.
Proof. Let H} (Y1(Np), Ly)(y denote the maximal quotient of HJ (Y1(Np), L,) where the operators T},
for v Np and U], for v | N act via a,(f). Then, by comparison with modular symbols, we see that
H} (Yi(N p); Lp)(s) is 4-dimensional, and the U} operator on this space is annihilated by the Hecke
polynomial.

By [CE98, Theorem 2.1], the roots a and 3 are distinct, so we may write H}, (Y1 (Np), Ly)iy) as a
direct sum of Gg-stable eigenspaces, which map isomorphically onto the quotients Vz, (fa) and Vi, (f3).

This gives a lifting of V7, (fa) to a subspace of H} (Y1(Np), Ly)(s), and the map pr;om clearly factors
through HJ, (Y1(Np), L) as stated. O

Now let us suppose we have two normalized weight 2 eigenforms f, g, of level N prime to p as before.
Let «, 8 be the roots of the Hecke polynomial of f at p, and similarly ~,d for g. By the Coleman—
Edixhoven theorem cited above, we have a # § and v # 6.

A choice of root of each polynomial gives p-stabilized eigenforms f,, g, of level Np. Then for each m
we have

e aclass 29" in the cohomology of Vi, (f,g)*, which is a quotient of H, 2 (Y1(N)2, Ly)(2);
e an element z(f o9y, NP) living in the cohomology of the representation Vi, (fa,g,)*, which is a
quotient of HZ (Y1(Np)2, Ly)(2).
These two representations are isomorphic as abstract Galois representations, but are realized differ-
ently as quotients of étale cohomology. We can regard both as quotients of the following space:

Definition 6.7.2. Let H2,(Y1(Np)2, L), denote the mazimal Ly-linear quotient of H2,(Y1(Np)2, Ly)
on which the operators (T}, 1) (for v{ Np) and (U/,1) (for v | N) act via the Fourier coefficients of f,
and similarly for g.

Note 6.7.3. Using the Kiinneth formula and a modular symbol calculation, we see that HZ (Y1 (Np)2, Ly) .4
has dimension 16, and can be viewed as a direct sum of four simultaneous eigenspaces for the two opera-
tors (U,, 1) and (1, U,), corresponding to the stabilizations («,7), («,9), (8,7) and (3,9). Each of these

is a 4-dimensional Gal(Q/Q)-stable L,-linear subspace.
For the remainder of this section, we shall assume the following;:
Assumption 6.7.4. We have ary # 6.

Remark 6.7.5. Assumption 6.7.4 is a consequence of Assumption 6.6.1, since vy (8738) = vy (p2e £ (p)ey(p)) =
2, so if vy (ay) < 1, then v, (Bd) > 1.

Proposition 6.7.6. If Assumption 6.7.4 is satisfied, then the operator
P At ) U
7 (ay —ad)(ay = By)(ay — B9)
where U = (U, U,), is an idempotent in Endyg, HZ,(Y1(Np)2,Ly)¢.4; it is equal to the identity on the
(v, ) eigenspace and zero on the other three eigenspaces.
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Proof. We know that ay # «d and ay # (7 by the Coleman—Edixhoven theorem, so if ay # 59, the a~y
eigenspace for the operator U coincides with the (a,~) simultaneous eigenspace for (U, 1) and (1,U,).
We may thus define a projection onto this eigenspace by applying to U a polynomial that is 1 at ary and
zero at the other three eigenvalues. O

Proposition 6.7.7. There is a Gal(Q/Q)-equivariant Ly-linear isomorphism

) . VL,, (fmgv)* = VLp (f,g)*

with the property that
7T(Ot1'Y) o Prig ) =T o Ja,’y

as maps H2,(Y1(Np)?, Ly)f,¢(2) = Vi, (f,9)*, where
T Hgt(yl(Np)QaLp)f,g = Vi, (f.9)"
is the natural map induced by the pushforward map Y1(Np)? — Y1(N)2.

Proof. We define 7(®7) as 7 o (") where (*7) is the section of pr, . identifying Vi, (fagy) with

the (o, ~y)-eigenspace of HZ (Y1(Np)?, Ly)f4. The composition e o pr, . is therefore equal to the
projection operator J, , above, and the proposition follows. O

Corollary 6.7.8. For ptm we have

ay(1l— @0_1) ( — O‘—‘sa_l) (1 - ﬂ—VJ_I)
(@) (czr({“’gv’Np)) Y ( rP L P e
(v =d)(a—=5)
Proof. We shall prove this by a slightly roundabout argument, using the second norm relation “in reverse”
to understand how U acts on the zeta elements. Let us write the polynomial

(X —ad)(X = B)(X — Bd)

€ Ly X
(o —ad) ey — (e = 50) = *X)
as jo + j1X + 72 X2 + j3 X3, and let o259 be the image of rege (cZm,Np,j) in HZ (Y1(Np)2, Ly)¢.g-
Essentially by definition, we have czr(,{“’g“Np ) — Py czr(,{ 9 Np ), and hence we may apply the preceding

proposition to obtain

(o) (nga,gmzvm) — (JM : C,z?(v{,g,zvm)

=7 ((jO + 1l + jolh? —|—j3U3) 02,’7(7{&79%]\[?)) _
By the second norm relation for p | N (Theorem 3.3.2) and induction on r, we see that for » > 1 we have

ur (ngwngp)) = normf?:m (czé{;i’Np)) +0,- normfrzilm (Czé{le,rl\’flp)) +etal ng,g,Np)_

On the other hand, by the first norm relation (Theorem 3.1.2) we know that for » > 1 we have

T N T N ™
T (normﬁlm(czzgf;%’ p))) =norm? "m (w(czf)f;i’ p))) = norm?,™ Cz,{;g’N,

while for r = 0 we have
m(c2P) = (1= ep(Deplg)oy ez ).

Combining these statements we have
7@ (s D) = (o + oy + 207 + 303) (1 = £p(f)ep(9)ay 2)ertf o)
+ (J1 + J20yp —l—jgai) norm?" (czéfﬁg’m)

+ (J2 + opjs) normf;m (cz(f’g’N)) +J3 n0rmﬁim (cZéf’g’N)) .

p2m 3m

The prime-to-p case of the second norm relation (Theorem 3.4.1) gives a formula for the second term, and

Theorem 3.5.2 extends this to the remaining two terms. Substituting these in, the entirety of the right-

hand side simplifies to a linear combination of terms each of which is cz% 9N) acted on by a polynomial

in 0y,0, 1 with coefficients given as rational functions in «,3,7,6. After a computation (which was
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carried out using Sage, [Sage]), one finds the polynomial simplifies to the product of Euler-type factors
stated above. (|

This extremely laborious computation allows us to prove the following theorem, which will be crucial
to the Iwasawa-theoretic applications of our Euler system:

Corollary 6.7.9. Suppose f,g admit p-stabilizations fa, gy such that vy(evy) < 1. Suppose m is coprime
to p and neither of the quantities «d/p, Bvy/p is an r-th root of unity, where r is the order of p in
(Z/mZ)*.

Then for every prime v{p of Q(itm), the localization of .z1,9N at v lies in H}
Proof. We know from Proposition 6.6.2 above that the class cz{,‘f’g o NP ig in H} at all primes away from
p. Since ary # 50 by Remark 6.7.5, the formula of the previous corollary applies.

We note that for X € Ly, the element 1 — Ao, ! is invertible in Ly[(Z/mZ)*] if and only if X" # 1,

where r is the order of o, as above. It is clear that % cannot be a root of unity of any order, as its
p-adic valuation is strictly positive. By assumption neither ad/p nor 8v/p is an r-th root of unity; so

the quantity
5 _— _ _
ay (1 - %Up 1) (1 - 0‘7‘50}, 1) (1 - %’v% 1)

(v = 0)(a—B)
is invertible in Ly[(Z/mZ)*]. Hence .25 9™ is also in H}. O

Remark 6.7.10. Note that the conclusion of Corollary 6.7.9 does not explicitly mention the choice of
p-stabilization («,y); we use only the fact that one exists. We conjecture that the conclusion holds much
more generally.

6.8. Iwasawa cohomology classes.

Notation. We now let S be a finite set of places of Q containing p, oo, and all primes whose inertia
groups act nontrivially on To, (f,9)* (which can only happen for primes dividing N). Let Q° be the
maximal extension of Q unramified outside S.

Definition 6.8.1. For K a finite extension of Q contained in Q%, i >0, and T a topological Z,|Gk]-
module unramified outside S, define

Hi(K,T) = H'(Q/K,T).
If T is also a finitely-generated Z,-module, and K is a p-adic Lie extension of K unramified outside
S, define ' .
HIlw,S(Koov T) = I&HH?S(Lv T)
L

where L varies over the set of finite extensions of K contained in K., and the inverse limit is with respect
to the corestriction maps.

Remark 6.8.2. If K, contains finite extensions of K of degree divisible by arbitrarily large powers of
p — for instance, if K, /K is Galois and its Galois group is a p-adic Lie group of positive dimension —
then HIOWVS(KOO, V) is zero, and Hllwﬁs(Koo, T) is in fact independent of S, as long as S contains the set
Sp consisting of all primes above p or co, all primes ramifying in K,/K and all primes at which 7" is
ramified.

We now let f, g be eigenforms of level N, with coefficients in a field L, as in Definition 6.4.1.

Proposition 6.8.3. Suppose m > 1 and there is no Dirichlet character ¥ of conductor dividing mp™®
such that f ~ g®1, where ~ signifies that these two eigenforms have the same Hecke eigenvalues away
from their levels (i.e. correspond to the same newform). Then

H(Qptmp=), Vi, (f,9)") = 0.

Proof. The space H®(Q(pmp==), VL, (f,9)* is preserved by the residual action of the abelian group
Gal(Q(tmp=)/Q), so if it is nonzero, it contains a subspace on which Gal(Q(mp=)/Q) acts by some
character A (possibly after a finite extension of the field L). This gives a nonzero Gal(Q/Q)-equivariant
homomorphism

Vi, (f) = Vi, (9)"(A) = VL, (9)(xA)
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where y is the cyclotomic character. Since both sides are irreducible representations of Gal(Q/Q), this
map must be an isomorphism; consequently 1) = yA has finite order, and f ~ g ® . O

(f,g.N)

We can now prove the main result of this section, which shows that the elements (« fag)_iczmpi

for i > 0 can be glued together into a (possibly unbounded) Euler system:
Theorem 6.8.4. Let m, N > 1 with (m,p) = 1, and let p be a prime dividing N. Let f,g be modular
forms of level N which are eigenforms for all the Hecke operators, with Uy-eigenvalues oy and oy such

that h = v,(ayay) < 1. Suppose that f o g ® 1 for all Dirichlet characters ¥ of conductor dividing
mp>. Then for any r such that h <r <1, there is a unique element

it € Ho(T) ©ary Hiy,s(Qump=), To, (f9)")
whose projection to HE(Q(ptmpi), Vi, (f,9)*) is equal to

i (f.g.N
(afag) Zczgpgi 4

if i > 1, and to
(1- (afag)ilap)czg{’g’]v)

ifi=0.
Moreover, if £ is a prime not dividing mIN, the corestriction map sends c;,%fr’N) to

o0 (0= 1)1 = e (O)eg(O)oy?) — LRt o)) 30
Proof. The existence of Cg%:? ) satisfying the projection formula for ¢ > 1 is immediate from Corollary
6.4.5 and Proposition A.2.10. The projection formula for i = 0 follows from the i = 0 case of Corollary
6.4.5. O

Note 6.8.5. The elements 055,{;;‘3”) are in fact independent of r € [h, 1), in the sense that if v,(ayay) <

r <7 <1, then 63571:779“;1\[) is the image of 35'¢"") under the natural map

Hr (F) ®A(F) I—Illw,s((@(ﬂmpOO ); TOP (fa g)*) - Hr’ (F) ®A(F) H11W7S(@(,U/mp°°)a TOp (fa g)*)
induced by the inclusion H,(I") < H,(T).

In the case when v,(cafag) = 0, we can prove a stronger result; in this case we can dispense with the
assumption that f is not a twist of g, and we even get integral coefficients.

Theorem 6.8.6. Assume that f and g are eigenforms of level dividing N, and such that v,(ayay) = 0.

Then there is a unique element 65,(7{’9’]\[) € Hi,, 5(Qpmp=), To, (f,9)*) whose projection to H§(Q(pimy ), To, (f,9)*)

is equal to
(aag) ~Fezp ) ifi>1
_ G N)
(1= (aray)~toy) 20N i = 0.
Proof. For i > 1, let
,9, N —i .9, N
cf’%,ig )= (O‘fag) czg,ﬁ )-

As v, (apay) = 0, we have 03571::1.971\/) € HY(Q(pmypi ), To, (f, 9)*). Moreover, it is clear from Corollary 6.4.5

that
9N 9. N
COYGSi/i—l(cé%,f )) = Cégr{,g—l)’

ie. 39N = (caff,’f’m)@ defines an element in Hy, ¢(Q(tmp=),To,(f,g)*). The projection formula
for i = 0 follows as before. O

Remark 6.8.7. The difficulties arising when vy, (afog) > 1 are somewhat reminiscent of the “critical slope”
case in the Iwasawa theory of a single modular form over the cyclotomic tower, cf. [PS11, PS12, LZ12D].
However, in our situation the conditions we must impose are more restrictive; in particular, given forms
f',g" of level prime to p, at most two of the four possible choices of p-stablizations f, g of f’, ¢’ will be
possible, and in many cases (e.g. if a,(f’) = a,(¢’) = 0) there are no valid choices at all.

Our methods using higher Chow groups can perhaps be thought of as an “algebraic avatar” of the
modular symbol computations of [AV75]. It is interesting to speculate whether the overconvergent
modular symbols of [PS11] also admit such an algebraic analogue, which could conceivably be applied
in the critical-slope cases.
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6.8.1. Dispensing with ¢. We now investigate the extent to which the “smoothing factor” ¢ may be
removed.

Notation. If R is a integral domain, we write Q(R) for its field of fractions. For integers ¢ and m such
that (¢, m) = 1, we write [¢] for the image of o, in Z,[Gal(Q(u.m)/Q)].

Under the hypotheses of Theorem 6.8.6, there exists an element

39N € Hiy s(Qump=), To, (f:9)") @awr,) QA1)
such that
(20) iy ? = (& —ep(e) ey ()T st ™.
Remark 6.8.8. Note that we are identifying I'y with Gal(Q(tmpee)/Q(ttmp)). We may define 5(f’g’N)

(% —ep(d) ™ eg(d) " [d)*) " agif )

for any d > 1 coprime to 6N and congruent to 1 mod mp; then [d] lies in I'1, so the expression is
well-defined, and it is evidently independent of the choice of d.
Notation. Write T'™ = Gal(Q(pmp=)/Q) = (Z/mZ)* x T
Lemma 6.8.9. Let p be a prime ideal of A(F(m)) of height 1 which does not contain p. If the conductor

of the Dirichlet character €y, does not divide mp™, then there exists an integer ¢ > 1 coprime to 6mpN
such that ¢ —e¢(c) tey(c)7te)* ¢ p.
Proof. Since p does not contain p, it corresponds to a Galois orbit of continuous characters I'(") — @p.
Let xp be a representative of this orbit. Define h:Tm — @; by il( = kp(z)?/x(2)? where x : rm
Z; is the p-adic cyclotomic character. We need to show that there is an integer ¢ > 1 coprime to 6mpN
such that h([c]) # ef(c)eg(c).

However, if no such integer existed, then ee, would have to factor through the natural map Z* —
'™ i.e. would have to have conductor dividing mp>, contrary to our hypotheses. O

Corollary 6.8.10. If e, does not have conductor dividing mp™, then
3%191]\]) € Hllw,S(Q(MmP‘X’ )5 Top (fa g)*) ® Q

Proof. Let Zy be the A(I'™))-module generated by 05%’9’1\[) for all possible ¢ and let Z; be the A(I'(™))-

module generated by 5%’“]\[). By (20), Zo C Z; and there exists p € A(I‘(m)) such that uz; C Zp and
Zy/pZy is p-torsion free. Hence, it is enough to show that Z, , = Z; , for any prime ideal p of height 1
which does not contain p. Fix such a p. By Lemma 6.8.9, there exists ¢ such that ¢ —cf(c)"te,(c) !c]? ¢
P, so

3N € Zo

by (20), as required. O

Remark 6.8.11. Note that if the mod p reduction of the Dirichlet character ¢¢e, does not have conductor
dividing mp>°, then we can even deduce that

557{7”(]7]\[) € Hllw,s(@(,ump“’)’ To,(f,9)")-

Lemma 6.8.12. If the residual representation of To,(f,g)* restricted to Gq,, is irreducible, then
Hiy 5(Qtmp=), To, (f,9)*) is a free A(F(m))—module.
Proof. This follows from the argument of [[Kat04, §13.8], which we briefly outline here. Let T =
To,(f,9)*, A = A(L™) and HYT) = Hllw,S(Q(ump ), To,(f,g)*) for simplicity. It is enough to
show that if (x, y) is a maximal ideal of A, the two maps

o: H(T) =+ HYT) and g:HYT)/zHYT) -~ HYT)/zH(T)

are injective.

If x = p, the injectivity of « follows from the fact that lgln H(Q(ptmpn), T/p) = 0, which is a
consequence of the finiteness of T'/p. If x is such that A/xA is p-torsion free, it is enough to show
that H(Q(um), T ® A/zA) = 0, where the action of o € Gg,,,) on A is given by multiplication by
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!, where & denotes the image of o in '™ . But T is irreducible, so non-abelian. This implies that
HO(Q(ptm), T @ AJzA) = 0.

To show that f is injective, it is enough to show that H(Z[1/mp], T @ A/(z,y)) = 0. But A/(x,y) =
O, /M, (r) for some 7, so we are done by the irreducibility of T'/9,. O

Corollary 6.8.13. Ifcye, does not have p-power conductor and the residual representation of To, (f,g)*
restricted to Gq,, s irreducible, then

3%7%]\[) S Hllw,S(@(,um;D“)v TOP (f’ g>*)

Proof. This follows from the argument in [Kat04, §13.14]. Let Z; be the A(I'™))-module generated by
3%’9’]\]). By the proof of Corollary 6.8.10, Z; , C Hllwﬁs(Q(/,[/mpoo)p for any prime ideal p of A(T'(™))
height one. But Hy,, ¢(Q(pmpo) is a free A(T™)-module by Lemma 6.8.12, hence the result. O

6.9. Variation in Hida families. We now make use of the first norm relation (Theorem 3.1.2) to build
elements in the cohomology of towers of modular curves, under additional ordinarity hypotheses. Let us
begin by recalling some of Ohta’s results in [Oht99, Oht00] concerning the structure of the module

GES,(N.Zy) = lim B (Vi(Np™), Zy).

n>1

which can be roughly summarized by the statement that one can build a Hida theory for this module
after replacing the usual Hecke operators with their transposes.
More precisely, we note that the full Hecke algebra does not act on GES,(N, Z,), since the operator

1 . . .
U, = (0 2) does not commute with the trace maps. Rather, we obtain an action of the Hecke operator

. p
U,,, corresponding to (0

projector” e/ 4 = limnﬂoo(UI’,)”!, analogous to the usual Hida ordinary projector eqq = 1imnﬁoo(Up)"!.

Ohta proves the following control theorem for the anti-ordinary part of GES,(N)z,, which is naturally
a module over the Iwasawa algebra of I'1 = (1 4 pZ,)* via the diamond operators:

0 . .
1>. Ohta shows that one may use the operator UI’) to define an “anti-ordinary

Proposition 6.9.1 ([Oht99, 1.3, 1.4]). The module €.

ord
and for each r > 1 there is a Gg-equivariant isomorphism

GES,(N)gz, is free of finite rank over A(T'1),

P

eord GESp(N, Ly) [wr = egrq H (Y1(Np"), Zy),
where w, is the kernel of the natural map A(T'v) — Z,[(Z/p"Z)™].

From this isomorphism, we deduce that e/ ; GES,(N,Z,) has an action of the Hecke algebra

ord

<_

T

eora M'(N, Zp) = limel, g H'(T1(Np"), Zy),
1

where H'(I'1(Np"), Zy) is the Z,-subalgebra of Endg, M>(I'1(Np"), Q) generated by the Hecke operators
T'(n) for n > 1 and (q) for ¢ € (Z/NZ)*. Here T'(¢), for £ prime, corresponds to the double coset
(g (1)), so in particular for (m, Np) = 1 we have T'(m) = (m)~'T(m) (the adjoint of T(m) with
respect to the Petersson product).

The algebra e/, H'(N,Z,) algebra is finite and free as a A(I'1)-module. (Note that it is not generally
free as a A(T')-module, although it is evidently projective).

Proposition 6.9.2 ([Oht99, 2.2]). The Hecke algebra e, H'(N,Zy) is isomorphic to the Hecke algebra
Hord(N,Zp) = eora H(N,Zy,) acting on the module eorqa Ma(N,A(T'1)) of ordinary A-adic modular forms
(not necessarily cuspidal), via the map sending T'(n)" to T'(n) and (n) to (n)=1.

Definition 6.9.3. In the above situation, by a Hida family of tame level N, we mean a mazimal ideal
of the ring Hora(N,Zy). For each Hida family g, we define

T(9)" = (cbya GES,(N. Z,)), (1),
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Corollary 6.9.4. Let g be an ordinary weight 2 Hecke eigenform of level Np®, with coefficients in some
finite extension L,/Q, with ring of integers Oy. Then we have an isomorphism of O,-linear Galois
representations

Op O a(v,z,) T(9)" = To,(9)",
where To, (g)* is the representation defined in 6.3 above.

Proof. Clear from the definition of To,(g)* and the control theorem (Theorem 6.9.1). O

Theorem 6.9.5. Let N > 1 be prime to p. If g is a Hida family of tame level N, and f is any eigenform
of level Np* for k > 1 whose Up-etgenvalue oy satisfies vy(op) < 1, then for each integer m > 1 there is
a cohomology class
29 € H§(Q(pm), To, (f)* @z, T(g)"),
(f.g) n

such that for each classical weight 2 specialization g of g with coefficients in L, the image of .z

HY(Q(km), To, ()" ®o, To,(9)*) = H (Qum), To, (f,9)")

is the genmeralized Beilinson—Flach element Cz%’g’N ), where N’ is the greatest common divisor of the

levels of f and g.

Proof. We know that the elements .=, nps;1 for s > 1 are unramified outside S, and are compatible
under pushforward via the natural projection maps. Hence the sequence of elements defined by pushing
forward (=2, npe.1 to CH? (Y1 (Np") x Y1(Np®) X Q(4m), 1), for s > r, are compatible under pushforward
maps in the Y3 (Np®) factor alone. Applying the étale regulator, we obtain elements of the module

lim HY(Q(pm), HE (Yi(Np") x Y1(Np*), Z,)(2)).

s>r

For each s, using the Kiinneth formula we may decompose HZ (Y1 (Np") x Yi(Np*),Z,) as the tensor

product of the H'’s of the two factors. Projecting to the quotient To, (f) of Hg (Y1(Np"),Zy)(1), and

applying the anti-ordinary projector e/ ; to H}, (Y1(Np*®),Z,)(1), we may argue exactly as in Proposition
6.6.2 above to deduce that the elements we obtain are unramified outside Np.
Since the restricted-ramification cohomology groups Hg(@(,um), —) commute with inverse limits, we
obtain an element of
HY(QUin), To, ()" @ elyg GES,(N)z, (1).
Pushing forward along the canonical map e, ; GES,(N)z,(1) — T(g)*, we obtain the required elements.
O

We also obtain a corresponding result for the product of two Hida families, whose proof is essentially
identical to the above:

Theorem 6.9.6. Let N > 1 be prime to p. If f, g are Hida families of tame level N, then for each
integer m > 1 there is a cohomology class

]9 € HY(QUim), T(F) £ T(9)"),

%79) 7

such that for classical weight 2 specializations f, g of f, g with coefficients in L, the image of .z n

HY(Q(pm), To, ()" ®o, To,(9)*) = H (Qum), To, (f,9)")

is the generalized Beilinson—Flach element Cz%’g’N,), where N’ is the greatest common divisor of the

levels of f and g.

Remark 6.9.7. We do not know if one can formulate a result analogous to Theorem 6.8.4 incorporating
Hida-family variation in g, since we do not know whether the results of Appendix A.2 apply for “big”
Galois representations; but if f is ordinary there are no such issues.

Theorem 6.9.8. In the situation of Theorem 6.9.6, for each m prime to p there exists a cohomology
class

cﬁgyg) € H11W,S(@(Nmp°°)a T(.f)* ? T(g)*)

P

whose image in Hy, (Q(pny ), T(f)* ®z, T(g)*) for each i > 1 is equal to (apagy)™" PR

mp*
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6.10. Integrality of the Poincaré pairing. In this section, we prove a technical lemma that will be
needed in our applications to bounding Selmer groups. We assume that p >3, N > 5 and p{ N.

Recall that X (V) admits a canonical smooth proper model over Z[1/N] ([DR73]) and hence over Z,,.
By [FM&7], the integral de Rham cohomology H'(X; (N),Q;(I(N)/Zp) is a filtered Dieudonné module
over Zj, and

T(H'(X1(N), 9%, (v)/z,)) = He(X1(N), Zy),
where T'(—) is the Fontaine-Laffaille functor.

We define versions of these in the f-isotypical component by projection. As in Remark 6.3.4 above,
we define To, (f)* to be the image of H (X1(N),Zy) ® Op in Vi, (f)*, and similarly for g. We define
Deris (To, (£)*) as the image of H'(X1(N), 2%, (xy/z,) @2, Op 1 Deris(Vi, (£)*); then Deyis (To, (£)*) is
a strongly divisible Op-lattice, and its image under 7'(—) is Tov (f)*.

Let us recall here the definition of 7"

Definition 6.10.1. Let X = X;(N) and

. f(z)dz
nih = e € Hiz(Xc).
We denote n¢ its image in H'(X/C, Ox/c), which lies in Hl(X/@p,OX/Qp); then 03" is defined to be
the lift of ny to the unit root subspace of H(}R(X(cp)f"".

Our aim is to investigate the denominator of the class 7}" relative to the sublattice
Or @z, H'(X1(N), %, (ny/z,) € Ly ©g, H (X1(N), 2%, (n)/q,)-
Since the unit root lifting is obviously integral, it suffices to show that ny € Or®z, H (X1(N), Ox, (n)/z,)-
Proposition 6.10.2. An element of
Ly ® H'(X1(N)/Qp, Ox,(v)/0,)
lies in the sublattice
Op @ H'(X1(N), Ox,(ny/2,)
if and only if it pairs to an element of O, with all elements of Oy ® H*(X1(N)/Zy, Qﬁ(l(N)/Zp).
Proof. Since the pairing between H'(X1(N), Ox,(ny/z,) and H*(X1(N)/Zp, X, (nyz,) 18 defined over

Z,, it suffices to assume O, = Z,. But Serre duality shows that this pairing is perfect, i.e. identifies
HO(Xl(N)/Zp,le(N)/ZP) with the Z,-dual of H*(X1(N)/Z,, Ox,(N)/z,)- O

Lemma 6.10.3. Let ¢ € So(N; Ly,). Then the element wy of H°(X/L, Qﬁ(/L) lies in H°(X/Op, Qﬁ(/oL)
if and only if ¢ € So(N;Oy).
Proof. We have by definition wg(q) = ¢(q)dq/q, which is defined over Oy, if ¢ is. O
Definition 6.10.4. If f € So(T'1(N), L), let Iy denote the ideal in O such that

{ (f*,9)

(f* 1)

Remark 6.10.5. Note that I;l contains O, so Iy is an integral ideal (rather than a fractional ideal). The
ideal Iy essentially measures the extent to which f is congruent to other eigenforms in Sy (N, O).

L ¢ € So(N, O)} =1L

Corollary 6.10.6. For any prime p{ N, we have
ny € 1;1 ’ OP ®z, Hl(Xl(N)’OXl(N)/Zp)'
Proof. By the construction of the class ny, for any ¢ € S»(I'1 (V), O) we have

— <f*7¢> -1
<77f,(d¢>— <f*af*> GIf Oa

so the result follows by Lemma 6.10.3 and Proposition 6.10.2. O
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Corollary 6.10.7. The linear functional
Dcris(VLp (fv g)*) - LP

gwen by pairing with n}" ® wy maps the submodule

Deris(To, (f)") @ Deris(To, (9)°)
into If_lOp.
Proposition 6.10.8. Let z € H; (@p, [Tvop (f) @ To, (g)} ) Then

(log(2),n5" @wy) € If_1 (I—ay H 1 —a et 0,

where « is the unit root of the Hecke polynomial of f and 3,6 are the roots of the Hecke polynomial of g.

Proof. By Fontaine-Laffaille theory, for any crystalline Op-linear Gg,-representation V' whose Hodge
filtration has length < p and such that Des(V)9=! = 0, the map

= ]D)cris(v)
lo cH} ,V
€Q,,V f(@p ) Fil° Doy, (V)
induces an isomorphism of Op-modules
H}(QP7T) o (1 —(‘0)_1D
torsion (1 = ¢)"1D NFil® Deyis (V)

for any Gg,-stable lattice T C V' with corresponding strongly divisible lattice D C Deris(V); cf. Theorem
4.1 and Lemma 4.5 of [BIK90].

In our case we may take V = W ® Vi, (9)* where W is the 1-dimensional unramified quotient of
Vi, (f)*, since the linear functional given by pairing with Ny ®wg factors through this quotient. Let us
suppose that g is ordinary; using the explicit description of the strongly divisible lattices in Deis(Vz, (9)*)
given in [LZ12b, §5] one checks that

(1-9)'D —k D
- p : )
(1 =) 'DNFil’ Deyis (V) — D N Fil” Deyis (V)

where k£ = v, [(1 —a vy (1 - a‘lé_l)}. In the non-ordinary case one reasons similarly using the
description of the Wach module of the (unique up to scaling) lattice in Deis(Vz, (9)*) given in [BLZ04].
Combining this with Corollary 6.10.7 gives the result. O

7. BOUNDING STRICT SELMER GROUPS

Let f, g be newforms of weight 2, level IV and characters x s and x4, respectively. Let L be the subfield
of Q generated by the coefficients of f and g. For a prime p of L, denote by Vi, (f) and Vi, (g) the
Ly-representations of Gg attached to f and g, respectively. The aim of this section is to apply Theorem
7.1.5 below to the representation Vz,(f) ® Vi, (g).

7.1. The method of Euler systems. We recall some definitions and results from [Rub00]. Let O be the
ring of integers of a finite extension E/Q,, and let T be a free O-module of finite rank with a continuous
action of Gg which is unramified at almost all primes. Let V=T ®p E and W =V/T =T ®0 E/O.
Let ¥ be a finite set of primes containing p and all prime numbers at which the action of Gg on T’

ramifies. Let A be a set of integers such that

e if m € A, then all divisors of m are in A,

o if r,.s € A then LCM(r,s) € A;

e /€ A for all primes £ ¢ X.

For a prime ¢ ¢ ¥, define
pe(X) = detp (1 —Frob, ' X|V*(1)) € Z,[X],

where Froby is the arithmetic Frobenius at 4.
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Definition 7.1.1 (C.f. [Rub00, Definition 2.1.1]). An Euler system for (T, A, %) is a system of elements
em € HY(Q(um), T) for all m € A,

such that if £ is a prime such that m,ml € A and ¢ # X, then the corestriction map
HY(Qpem), T) = HY(Q(pm), T)

sends copm to
pe(o;Nem ifLfm and £ # X,
Cm if €| morteX.

Here, oy denotes the arithmetic Frobenius of £ in Gal(Q(pm)/Q).

Remark 7.1.2. Our notations differ slightly from those of [Rub00]. Firstly, Rubin writes 7 for the
“Tate dual” Hom(T', Z,(1)), while we write this as T*(1). More significantly, Rubin considers an infinite
abelian extension IC and a class cp for every finite subextension F' of K; in our case K is the extension
Ka=Q(uy:r € A), and it suffices to specify a class for each subextension of the form Q(y,), which is
our ¢,,, and to fill in the remainder via corestriction.

Definition 7.1.3. For each prime £, let H}(@g, W) be the image of H}(@g, V) in HY(Qe, W).
Define
SPHQ, W) = ker (H' — P H Q. W)/H} Qe W)),
L#p
and define the strict Selmer group of W over Q as

Sip}(Q, W) = ker (SPHQ, W) — H'(Q,, W)).

(Thus Sy, is the Selmer group with local conditions given by the Bloch-Kato condition at primes
away from p and the zero local condition at p.)

We define SP}(Q, T) similarly, and also S{P} (K, T') similarly, for any number field K. (We shall only
need this when K = Q(u,,), see Hypothesis Hyp(S®), V) below.)

In order to state the main theorem, we introduce the following sets of hypotheses. Note that Hyp(Q, T")
is strictly stronger than Hyp(Q, V'), but Hyp(p, A) and Hyp(S{P}, V) are independent of each other.

Hypothesis (Hyp(Q,T)). T ® k is an irreducible k[Gg]-module, where k is the residue field of O; and
there exists an element 7 € Gg which satisfies the following conditions:

(i) 7 acts trivially on fipe;

(ii) T/(r — 1)T is free of rank 1 over O.

Hypothesis (Hyp(Q,V)). V is an irreducible E[Ggl-module; and there exists an element 7 € Gg which
satisfies the following conditions:

(i) 7 acts trivially on ppe
(ii) dimg, (V/(r —1)V) =1.

(
Hypothesis (Hyp(p, A)). The set A contains all powers of p.

Hypothesis (Hyp(S{P},V)). The following three conditions hold:
(i) TG =0;
(ii) em € SPHQ(pm), T) for all m € A;
(ili) there exists an element v € Gg such that
e v acts trivially on fipee
e ~v — 1 is injective on 7.

Theorem 7.1.4. Assume that V is not the trivial representation, and that Hypothesis Hyp(Q, V) and
at least one of hypotheses Hyp(p) and Hyp(S®), V) are satisfied. If ¢ = (Cm)mea is an Buler system
Jor (T, A, %), and the image of c1 in H*(Q,T) is not contained in H'(Q,T)tors, then Sg,y(Q, W*(1)) is
finite.

Theorem 7.1.5. Assume that p > 2 and that Hypothesis Hyp(Q,T) and at least one of hypotheses
Hyp(p) and Hyp(S®), V) are satisfied. If ¢ = (¢;m)mea is an Euler system for (T, A, %), then

lengthy (Sgp1 (Q, W*(1))) < indo(c) + nw + njy,
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where indop (c) is the largest power of the mazimal ideal by which c1 can be divided in H(Q,T)/ torsion,
and the quantities nyy and njy, are as defined in Theorem 2.2.2 of [Rub00].

Proofs. 1f Hyp(p, A) holds, then Theorem 7.1.4 and Theorem 7.1.5 are Theorem 2.2.3 and Theorem 2.2.2
of [Rub00] respectively. If instead Hyp(S®), V) holds, then the necessary modifications to the proofs are
outlined in §9.1 of op.cit.. O

7.2. Verifying the hypotheses on T. The main result of this section is Proposition 7.2.18 below,
which implies that under some mild technical assumptions there is a large supply of primes where the
condition Hyp(Q, T') is satisfied.

7.2.1. Big image results for one modular form. We begin by some results from [Mom81] and [Rib85]
regarding the image of the Galois representations attached to a modular form. Let f = 3" ., a,q™ be
a new eigenform of weight k& > 2, level N and character €, not of CM type. Let L = Q(a,, : n > 1) be its
coefficient field, with ring of integers Op,.

Recall that an extra twist of f is an element v € Gal(L/Q) such that v(f) is equal to the twist of f
by some Dirichlet character x,. We let I' C Gal(L/Q) be the group of such v, and F' C L the fixed field
of T'; and we let H C Gal(Q/Q) be the absolute Galois group of the finite abelian extension K cut out
by the Dirichlet characters x- .

For each prime A of L, it is clear that the trace of the Galois representation pr, (f)|m takes values in
F,,, where p is the prime of F' below A.

Theorem 7.2.1 (Momose—Ribet; see [Rib85, Theorem 3.1]). For all but finitely many A, the image of
the Galois representation pr, (f)|m is a conjugate of the group

{9 € GL2(OF,,) : det(g) € Z,}
where p and ¢ are the primes of F' and Q below .

Remark 7.2.2. For a “generic” modular form f, there will be no extra twists if the character f is trivial,
but there will always be at least one if f has nontrivial character, since the complex conjugate f* is a
twist of f.

We will need the following slight strengthening:

Proposition 7.2.3. Let K' be any finite extension of K which is abelian over Q, and let H' C H be
its absolute Galois group. Then for all but finitely many X, the image of pr, (f)|u is a conjugate of the
group {g € GL2(Op,,) : det(g) € Z,'} above.

Proof. If X is a prime satisfying the conclusion of the theorem, then the image of pr, (f)|m contains
SL2(OF,,.), since SLa(OF,,) is equal to its own commutator subgroup. But for all but finitely many
primes ¢, the field K’ is linearly disjoint from Q(g¢~) and thus the cyclotomic character is a surjection
H' — 7Z,. O

7.2.2. Big image results for pairs of modular forms. We recall the following result from group theory:

Proposition 7.2.4 (Goursat’s Lemma, cf. [Lan02, Exercise 1.5]). Let G1, G2 be groups and H a subgroup
of G = G1 x Ga such that the projections m; : H — G; are surjective. Let Ny = H N (Gy X {e2}) and
Ny = HnN({e1} x Ga), which we identify with subgroups of G1, G2 in the obvious manner. Then the N;
are normal in G;, and H is the graph of an isomorphism G1/N1 = G3/Ns.

Corollary 7.2.5. Let F, I’ be finite fields of the same characteristic, both of order > 4. Let H be a
subgroup of SLa(F) x SLo(F) surjecting onto both factors. Then either H is the whole of SLa(F) x SLa (F'),
or F =T and H is conjugate in GLy(F) x GLa(F) to one of the following subgroups:
(i) the diagonal subgroup {(z,¢’(x)) : & € G}, for some 0 < j < k, where F = F,. and ¢ is the
p-power Frobenius of F;
(ii) the subgroup {(z,y) : y = £’ (x)}, for some 0 < j < k.

Proof. This follows immediately from Goursat’s lemma and a case-by-case check, given that the groups
PSLy(F) for fields F of order > 4 are pairwise non-isomorphic simple groups, and the automorphism
groups of SLy(F) and PSLy(FF) are both isomorphic to PGLy(F) x (p). O
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Proposition 7.2.6. Let O, O’ be the rings of integers of any two unramified extensions of Q,, where p
is a prime > 5, with residue fields F,F'. Then any closed subgroup H C SLa(Q) x SLo(O") which surjects
onto SLo(F) x SLa(F") must be the whole of SLa(O) x SLy(O).

Proof. We follow the argument given for SLs(Z,) by Swinnerton-Dyer in [SD73]. It suffices to show that
for each n > 2, the image H,, of H in SLy(O/p"™) x SLy(O’/p™) contains the subgroups K, x 1 and
1 x K], where K, is the kernel of SLa(O/p") — SLa(O/p™~!) and similarly for K/,. Note that for each
n, the group K, is abelian, and is isomorphic (via m +— 1+ p"~'m) to the group of trace zero matrices
in My (FF), which is generated by matrices u such that u? = 0.

We now proceed by induction on n. Let u € My(F) satisfy u? = 0. By assumption, we may then find
h € H congruent to (14w, 1) modulo p; and, as shown in op.cit., we have h? = (1+ pu, 1) mod p*. Thus
(14 pu,1) € Hy, and thus Hy O Ky x 1. Similarly, Hs contains 1 x K}, so in fact Hy is the whole of
SL2(0/p?) x SLa2(O'/p?).

Suppose n > 3 and H,_; is everything. We claim H,, contains K, x 1. Again, K, consists of
matrices of the form (1 + p"~!u, 1), and by the induction assumption we can find h € H congruent to
(14 p"~2u,1) modulo p"~1. Then AP is congruent to (1 + p"~tu, 1) modulo p", so (14 p"~tu,1) € H,.
Thus H, 2 K,, x 1 and similarly H,, O 1 x K/, so we are done. O

As a corollary, we obtain the following result.

Proposition 7.2.7. Let O, O’ be as above, with characteristic > 5, and let H be a subgroup of SLa(O) x
SLo(O') which surjects onto both factors. Then either H = SLa(O) x SLa(O’), or O = O and H is
contained in the subgroup ‘
{(z,y) € SL2(0) : x = ¢’y mod p}
for some j.
We shall now boost this to a statement about GLs. For O, O’ as before, let G denote the group
{(z,y) € GL2(0) x GL2(O") : det(x) = det(y) € Z, }.

We can regard this as a fibre product Gy x;x Ga, where G1 = {z € GL3(O) : det(z) € Z;'} and similarly
for GQ.

Proposition 7.2.8. Let H be a subgroup of G which surjects onto G1 and Gy. Then either H = G, or
we have O = O’ and H is contained in the subgroup of G given by {(x,y) : = £’y mod p} for some
J.

Proof. Let G° = SLa(0O) x SLa(O') and let H° = H N G°. Then H® has full image in each of SLy(O)
and SL2(Q'), so either H° = G°, or O’ = O and the image of H° modulo p is contained in the subgroup
{(z,y) : * = £y mod p} for some j.

Suppose first that H° = G°. Then we must have H = G, since for each g € G, there is some h € H
with det(h) = det(g), and then h~!lg lies in G° so by assumption it must be in H.

In the remaining case, by replacing H with its image under the automorphism ¢’ x 1, we may assume
without loss of generality that j = 0. Then any h € H® is of the form (x,y) with = £y modulo p. Let
(7,3) be any element of H, and consider the class of t = 271y in PSLy(F); then for any (u,v) € H°, we
have

[u™tu] = [u™ 2 yu] = [27 ) [(wuz ™) T yoy ]yl ] = (27 = (1,
since (zuz 1, yvy~1) € H°. Thus the classes [t] and [u] commute in PSLy(FF). However, since H® surjects
onto SLa(0), this forces [t] to be in the centre of PSLy(TF), which is trivial (since it is a simple group).
Thus x = +y mod p for all (z,y) € H, as claimed. O

Assume now that we have two newforms f and ¢, and let L be the subfield of Q generated by the
coefficients of f and g. For each prime p of L, we may consider the image of the Galois representation
Prp X pgp : Gal(Q/Q) — GLa(Ly) x GLa(Ly).

Let H be the subgroup of Gal(Q/Q) cut out by the Dirichlet characters corresponding to the “extra
twists” of f and g, and let K be its fixed field (an abelian extension of Q). Let F, F’ be the subfields
of L fixed by the extra twists. By Proposition 7.2.3, we know that for all but finitely many p, the
image of pyyln is the group {z € GLg(O) : det(z) € Z;}, where O is the completion of I at the
prime below p and p is the residue characteristic of p; similarly, the image of pg,|m will be the group
{z € GL2(O') : det(x) € Z,;} where O' is the completion of I at p. Then the image of the Galois
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representation py, X pg,p is a subgroup of the group Gy = G defined above, which surjects onto either
factor.

Proposition 7.2.9. In the above situation, either the image of H under ps, X pgp is Gy, or O' = O
and there is an element v € Gal(L/Q) and a quadratic character x : H — {£1} such that the equality

(21) psp(0) = +psp(o)” mod p
holds for all 0 € H.

Proof. We know from above that if the image of py, X pgp is not G, then O = O’ and py (o) =
+¢/pg (o) mod p for all ¢ € H, where ¢/ is the mod p Frobenius.

Now we may take v to be any element of the decomposition group of p in Gal(L/Q) reducing to ¢’
modulo p. (Of course, there will almost always be only be one such element, since only finitely many
primes ramify in L/Q.) O

We now lift to characteristic 0. Let w be a prime of the field K; we define a,(f) = trpsa(ogt),
where o, is the arithmetic Frobenius at w in H and X is some prime of L; if w is a degree 1 prime, then
this is just a,(f) where v is the rational prime below w, and for general primes w it may be expressed
as a polynomial in a,(f) and x,(f). In any case it is obviously independent of the choice of auxilliary
prime )\, and (since K is abelian over Q) it depends only on the prime v of Q below w. We define a,,(g)
similarly.?

Definition 7.2.10. Let us say a prime p of residue characteristic > 5 is a good prime for the pair (f,g)
if the image of H under ps, X pgp is the whole of Gy. If the image is a proper subgroup, but has full
projection to either factor, we say p is a bad prime.

Remark 7.2.11. If p divides 2 or 3, or is such that py, or py, has small image, we consider p to be
neutral, neither good nor bad. By the theorem of Momose—Ribet (Theorem 7.2.1), there are only finitely
many neutral primes.

Corollary 7.2.12. If there are infinitely many bad primes for (f,g), then there is v € Gal(L/Q) such
that the equality

aw(f) = +7(aw(g))
for all primes w of K.

Proof. For each bad prime p, there exists a v € Gal(L/Q) such that the congruence (21) holds, and in
particular (by taking o = o;}) we have a,(f)? = v(aw(g)?) mod p for all primes w of K.

Since Gal(L/Q) is finite, there exists some « such that the congruence (21) of the proposition holds
for all p in an infinite set B. In this case, we have

aw(f)* = v(aw(g)?) mod p
for infinitely many p. So we must have an equality a.,(f)? = v(aw(g)?), since a nonzero element of a
number field cannot be divisible by infinitely many primes. O

Corollary 7.2.13. If there are infinitely many bad primes for (f,g), there exists a quadratic Groessen-
character k of K (equivalently, a continuous quadratic character of H) such that

aw(f) = K(w)aw(g)
for all primes w of K.

Proof. This follows from the strong multiplicity one theorem for SLs /K, cf. [Ram00]: the Satake pa-
rameters of the base-change representations BC(7y) and BC(7)) of GLa(Ak) agree up to sign at any
prime w, and Ramakrishnan’s result guarantees that the sign relating the two is given by a quadratic
character. O

Remark 7.2.14. Frustratingly it does not seem to be possible to show the existence of x without such
heavy automorphic machinery, even though we know that for infinitely many primes p the sign relating
ps and py modulo p is given by a character.

20f course, we can define the quantity a. (f) intrinsically in “automorphic” terms, as (up to normalizations) it is the
trace of the d-th power of the conjugacy class in GL2(C) which is the Satake parameter of 7y ,,, where d is the degree of
the unramified extension [Ky, : Q,]; this makes the independence of \ selfevident.
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Theorem 7.2.15. Suppose there are infinitely many bad primes for (f,g). Then f is Galois-conjugate
to some twist of g.

Proof. From Ramakrishan’s theorem, we know that we have
~ 7
Pl = pyalE®T

for a quadratic character 7 of H, and any choice of prime \. Inducing up from H to H' = Gal(Q/Q),
we have

pra @ Indjy (1) = pg,x @ Indjy (7).

But the left-hand side contains p¢ ) as a direct summand, while the right-hand side is a direct sum of
representations of the form pg \» ® 1 where g is an irreducible Artin representation. Hence there must
be at least one p which is one-dimensional and such that py ) = p; \ @ p, in which case we must have
f=9"@pn. O

7.2.3. Ezistence of the special element. As in the previous section, let f and g be two newforms, and let
L be the subfield of Q generated by the coefficients of f and g. We assume that f is not Galois conjugate
to a twist of g, so by Theorem 7.2.15 there are only finitely many bad primes for (f,g). We retain the
notation of the previous section.
Let p be a good prime which does not divide the levels of f and g, and p the rational prime below p.
We make the following crucial assumption:

Assumption 7.2.16. The character x = (xfXg) ™" is nontrivial, and its conductor is not a power of p.
For simplification, we also make the following assumption:

Assumption 7.2.17. We have Ly, = Ly, = Q,, so after a suitable choice of basis, we may assume
that the image of psp X pgp is contained in GLa(Zp) x GLa(Zp).

We can now prove the main result of this section.

Proposition 7.2.18. There exists an element T € Gy, ) such that if V/(1 — 1)V is 1-dimensional,
where V.=V, (f,9)".

If x is not congruent modulo p to any character of p-power conductor, then there exists T such that
T/(t— 1T is free of rank 1, for any Gg-stable lattice T in V.

Proof. Choose some a € Gal(Q/Q) such that x(a) # 1, but « is in the kernel of the p-adic cyclotomic
character. Note that such « do exist, since the conductor of y not a power of p. Consider the coset
a- (H N Ggu,e))- Since p is a good prime, under py, X pg p, the coset a - (H NGy, )) is mapped to

(p1.5(0), pgp(@)) - SLa(Zp)?,

which consists of all pairs (u,v) of matrices such that det(u) = xs(a) and det(v) = x4(c). In particular,

it contains the pair
6 ) (o o)
0 27 'xs() 0 axy(a)

for any = € Z,. The image of this pair under the tensor product homomorphism GL2 x GLa — GLy4 is
the diagonal matrix with entries

[L272x (), 2°xg(a), xp(@)xg(a)] -

By choosing z appropriately, we can arrange that neither 72y () nor 22y, () is equal to 1. Thus 1 is
an eigenvalue of 7 on Vi, (f) ® V¢, (9) with multiplicitly exactly 1.

If we assume the stronger condition on x in the statement, then we can assume that xr(a)x,(a)
is not 1 modulo p. By choosing x appropriately we can assume that 2%y f(a) and z?x4(a) are also
non-congruent to 1, so it follows that T'/(7 — 1)T is free of rank 1 as required (for any 7-stable Op-lattice
in V, and in particular any Gg-stable lattice). O
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7.2.4. The quantities nyy and ny,. We recall the definitions of the quantities ny and nj, in Rubin’s
theory. Let 1" be a finite-rank free O-module with a continuous action of Gg. As usual, write V =T ® FE
and W =V/T.

Definition 7.2.19. Define ) to be the smallest extension of Q whose Galois group acts trivially on W
and on iy, and define

nw = Lo (Hl(Q/Q, W) NS (K, W))
ny = Lo (H'(Q/Q,W*(1)) NS,y (K, W*(1))) .
We now give conditions under which these quantities are zero.

Proposition 7.2.20. Suppose the centre of Q0 acts on each of T @ k and T*(1) ® k via a nontrivial
character. Then nw = nj, = 0.

Proof. We shall show that the hypotheses imply that H*(Q/Q, W) = H(Q/Q, W*(1)) = 0. We give the
argument for W; the proof for W*(1) is similar.

Clearly we have H*(2/Q,V) = 0, and hence H!(Q/Q,W) is finite. So it suffices to show that
HY(Q/Q,W)[w] = 0 where w is a uniformizer. But we have a surjection H*(2/Q, W[w]) = H'(Q/Q, W)[w],
so we are reduced to showing that H(Q/Q, W[w]) = H'(Q/Q, T®Xk) is zero. However, this is immediate
since any representation of nontrivial central character cannot have a nontrivial extension by the trivial
representation. O

7.3. The Euler system. As above, let f and g be newforms of weight 2, level N and characters x ¢ and
Xg, Tespectively. Let p be a prime not dividing N. Let L be a number field containing the coefficients
of fo and gz, and let p be a prime of L above p. Let £ = L, and O its ring of integers. We write
T =To(f,g)* and py(X) = det(1 — Frob;1X|T*(1)) = Pi(f,g,071X) € Op[X]. We assume that the
following conditions are satisfied:

Assumption 7.3.1. (i) the character x = xyXq s not trivial, and moreover is not trivial modulo p;
(i1) there exist p-stabilizations fa, gy of f and g with Uy,-eigenvalues o,y respectively such that
o vy(ay) <1,
e a/v is not a root of unity.

Fix ¢ > 1 coprime to 6N, and let A be the set of square-free integers prime to Npc. By Corollary 6.4.5,
we have, for every integer m € A, a cohomology class .z/:9" € H'(Q,,,T) which satisfy the following

compatibility property: if m € A and { is a prime comprime to mNpc, then the image of zz’g’N
the corestriction map HY(Qupm,T) — H(Qn, T) is

—UgAg(O’[l)Zfr’Lg’N,

where A;(X) is a polynomial in O [X] congruent modulo £ — 1 to p,(X).

under

Lemma 7.3.2. There exists a system of cohomology classes
{czl9N € H'(Qum,T) :m € A}

such that

~f,9,N N
CZ{@ _ cz{,g,

and if m € A and £ is a prime such that mf € A, then the image of Ci{;fi’N under the corestriction map
HY(Qum,T) = HY(Qy, T) is

m

Ag(d[l)cif’g’N.

Proof. By induction on the number of prime factors of m, we can choose (non-canonically) a system of
elements 7., € (Z/mZ)* for every m € A such that 7,0 = £~ 17, mod m. Identify ,,, with an element
of Gal(Q(jm/Q) via the inverse of the cyclotomic character, and define (259" = (=1)5(™)~, . zl:9:N
where s(m) is the number of prime factors of m. It is clear by construction that the elements have the

required property. (I

Note 7.3.3. By Corollary 6.7.9, the classes .z/;9"" are in the Selmer group S} (Q(um), To, (f,9)*). As

SPHQ(pm), To, (f.g)*) is invariant under the action of Gal(Q(u,)/Q), it follows that the same is true
19N

m :

for the modified classes .z
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We now show that we can convert the classes (.z7;9"V),,c4 into an Euler system. Let T, ¥ and A

be as defined at the beginning of Section 7.1. Then we have the following result (c.f. [Rub00, Lemma
9.6.1]):

Lemma 7.3.4. Suppose that for all primes £ € A we have polynomials 1¢(X), s¢(X) € O[X] such that
re(X) = 5¢(X) (mod £ —1),

and suppose that we have a collection of cohomology classes {&m € HY(Q(pm),T) : m € A} such that if
{ € A is coprime to m, then

COTESQ (st ) /Qparm) (Ctm )

em if 0| m-

{m(a—ﬁ)ém if t4m

Then there exists a collection of classes {cm € HY(Q(pm), T) :m € A} with the following properties:
(i) For all m,
cm € O[(Z/mZ)*] - ¢p.
(i1) if £ is a prime such that m,ml € A, then

COTESQ(p17,,) /Q () (Com)

{SZ(cfmcm if ttm

Cm if | m

(i1i) if m € A and x is a character of Gal(Q(um)/Q) of conductor k such that prime(m) C prime(k)UX,

then
Yoo xMilen) = DY x(M(Em).

v€Gal(Q(pm)/Q) v€Gal(Q(pm)/Q)

Definition 7.3.5. Define {259 ¢ HY(Q(pm): To, (f.9)*)) : m € A} to be the classes obtained by
applying Lemma 7.3.4 to our classes 19", where we take r¢(X) = Ap(X) and s¢(X) = p(X) =
Py(f,9,071X), and as above A is the set of square-free integers coprime to Npc.

Note 7.3.6. By construction, the classes {.z/:9" : m € A} are an BEuler system for (T,%, A) in the
sense of Definition 7.1.1, where X is the set of primes dividing Npc. Moreover, because of (i), we have
Zm € SPHQ(um), T) for all m.

7.4. Finiteness of the strict Selmer group. We now combine the above results to prove a finiteness

theorem for the strict Selmer group. For the convenience of the reader, we shall recapitulate all of the
assumptions we have made on f and g.

Assumption 7.4.1. Assume that f and g are weight 2 newforms with coefficients in a number field L,
and p a prime of L above the rational prime p, with the following properties:
(i) Neither f nor g is of CM type.
(i) f is not a twist of g.
(11t) The character ey is non-trivial.
(iv) p>5.
(v) p does not divide the levels of f and g.
(vi) p is totally split in the field L, so L, = Q.
(vii) The p-adic Galois representations of f and g are surjective onto GLa(Z,).

(viii) There exists some prime v such that x(v) = 1 for all inner twists x of f or g, and a,(f) #
+a,(g) mod p.

(iz) f is ordinary at p.
(z) There exists a root ~y of the Hecke polynomial of g at p such that vy(y) < 1 and a/v is not a root
of unity, where « is the unit root of the Hecke polynomial of f.

If we assume hypotheses (i)—(iii) (which do not depend on p), then there will be many p such that the
remaining hypotheses hold.

Theorem 7.4.2. Suppose Assumption 7.4.1 is satisfied, and the p-adic Rankin—Selberg L-function
Dy(f.g,1/N) does not vanish at 1, where N is some integer divisible by the levels of f and g. Then

VLp (fa g)
# (075 5) <=



70 A. LEI, D. LOEFFLER, AND S.L. ZERBES

Proof. Tt suffices to show that the hypotheses of Theorem 7.1.4 are satisfied for T' = To, (f,9)*. By
Proposition 7.2.18, the element 7 required by Hypothesis Hyp(Q, V) exists; and the Euler system of
Definition 7.3.5 satisfies Hypothesis Hyp(S{P}, V)(ii). Since T is nontrivial and irreducible, T¢x = 0;
and the element v in Hypothesis Hyp(SP}, V)(iii) clearly exists.

By Theorem 5.6.4, if Dy (f, g, 1/N)(1) # 0, the image of reg, =1 .1 in the (f, g)-isotypical quotient of
H3(X1(N)/Q,)/ Fil® is nonzero. Hence, by the diagram of §5.5, the localization of the Galois cohomol-

g.N f.9.N

ogy class z1"?"" at p is nonzero, so in particular .z{ is non-torsion as an element of H*(Q, T%, (f,9)*)

=

for any ¢ > 1. Thus we may apply Theorem 7.1.4 to the Euler system (Ciff’N)meA of Definition 7.3.5
to obtain the finiteness of the strict Selmer group. O

7.5. The order of the strict Selmer group. Theorem 7.1.5 gives a bound for the order of the strict
Selmer group, under slightly stronger hypotheses than Theorem 7.4.2.

Theorem 7.5.1. Suppose Assumption 7.4.1 is satisfied, and in addition the mod p reduction of €rey is
not trivial. Then we have

Vi (£9) ) - (1 —p~fa)
1engchP S{p} (Qa TOP (f,g) (1)> S p ((1 —p_lﬁv)(l —p_lﬁ(s) Dp(fvgv I/N)(l)) + A

where X is the p-adic valuation of the ideal Iy of Definition 6.10.4 above.

Proof. Our condition on the mod p reduction of e, implies that Hypothesis Hyp(Q,T') is satisfied
(again by Proposition 7.2.18; note that the mod p reduction cannot be a nontrivial character of p-power
conductor as p does not divide the levels of f and g). The condition also assures that the quantities ny
and nj, appearing in Theorem 7.1.5 are zero (Proposition 7.2.20).

We consider the linear functional o on H'(Q, Vi, (f,g)*) given by z — (logg, (%), n}" @ wy). On the

lattice Top (f,g)* this takes values in If_l-(l—oflv_l)_1 (1—a~1671)710,, by Corollary 6.10.7; but since

the Galois representations of f and g are assumed to have big image, we have fop (f,9)* =To,(f 9)"
Theorem 5.6.4 shows that 7 maps the class z¢ 41 to

EHES)
mpp(f,g, 1/N)(1).

Hence the index of divisibility of z{ 9N is bounded above by

v (5(f)5*(f)(1 —a"'yH-a"téh
! E(f,9.1)

We can ignore the factor £*(f) = 1 — fa!, since oy is a unit and Sy is a non-unit so £*(f) € O;'.
Substituting the definitions of £(f) and £(f,g,1), we have

Ef)1—ay (1 —a"t6 1) (1—p~'Ba)

E(f.g.1) C (L=p1By) (A —p1B)

DMﬁmUNKD)+X

O

7.6. An example. It may seem slightly unclear whether the long list of conditions in Assumption 7.4.1
may be simultaenously satisfied, so we present the following explicit example (computed using Sage
[Sage]).

Let f be the unique weight 2 newform of level 11 (corresponding to the elliptic curve E : y? +y =
2% — x); and let g be the unique newform of weight 2, level 26, and character y = (L) with as(g) = 1,

13
so the g-expansions of f and g are
f=a-2¢" ¢’ +2¢" + ¢+ O(¢°),
g9=a+iq® — ¢’ —q* = 3ig” + O(¢°).
Note that y has conductor 13, so the local component of 7, at 2 is an unramified twist of the Steinberg
representation; on the other hand f is unramified principal series at 2 and Steinberg at 11. So f cannot
be a twist of g, and neither f nor g is of CM type (since CM forms cannot be Steinberg at any prime).

The form f has no inner twists (since it is non-CM and has coefficients in Q); as for g, its Galois orbit
consists of g and g, so its only inner twist is g.



EULER SYSTEMS FOR RANKIN-SELBERG CONVOLUTIONS OF MODULAR FORMS 71

To calculate the image of the Galois representations of f and g, we note that Sage [Sage] has a facility
to compute all the exceptional primes for the Galois representation attached to an elliptic curve (i.e. those
primes for which the image of the Galois representation is not GL2(Z,)). This speedily tells us that py,
is surjective for all p # 5.

The form g does not correspond to an elliptic curve, but there is a Dirichlet character ¢ : (Z/13Z)* —
Q(i)* such that g ® v corresponds to an elliptic curve E’ of conductor 2 x 132 = 338 (the curve with
Cremona label 338d, given by y? + xy = 23 + 22 + 5042 — 13112), and the only exceptional primes for £’
are {3,5}. Letting H = G@(\/ﬁ), the kernel of the character y, we see that for all primes p ¢ {2,3,5,13}
the image of H under pg ,, for any prime p of Q(¢) above p, is GL2(Z,).

Moreover, the only prime such that a,(f) = a,(g) for all v split in Q(v/13) is p = 5. We deduce that
for any p congruent to 1 mod 4 and not in {5,13}, and any prime p of Q(i) above p, the hypotheses (i)
— (viii) are satisfied.

We check that both f and g are ordinary at the primes above 17 (it doesn’t matter which prime we
take, since a17(g) € Z); and for any choice of roots «, v of roots of the Hecke polynomials of f and g,
the minimal polynomial of a/y over Q is 2* + Z2°* — 322? + £ + 1, so in particular a/v is not a root
of unity. Thus hypotheses (ix) and (x) are satisfied if p is either of the primes above 17.

8. CONJECTURES ON HIGHER-RANK EULER SYSTEMS

We now explain how the cohomology classes constructed in the previous section may be reconciled with
the general conjectural setup of cyclotomic Iwasawa theory for motivic Galois representations formulated
by Perrin-Riou, and its extension to the two-variable situation as formulated by the second and third
authors in [LZ12a].

8.1. Euler systems: rank 1 and higher rank. Let us place ourselves again in the general setting of
§7.1 above, so T is a free O-module with a continuous action of Gg unramified outside a finite set ¥ > p,
and A is a set of integers satisfying the conditions loc.cit.. Suppose that all integers in A are coprime to
D.

Perrin-Riou’s conjectures, as formulated in [PRI8] (cf. also [Rub00, §8.5]), discuss the following class
of objects:

Conjecture 8.1.1. An Euler-Iwasawa system of rank r > 1 consists of the data of, for each m € A, a
class

m €\ Hiw(Qmp=), V)
AT)

with the property that if £ is prime and £,mf € A, we have

Q(lmepoe) = {pe(aé_l)cm ifﬁfmz,

cores c
Qrmpoo) Cm if €| mY.

Note that a rank 1 Euler-Iwasawa system is equivalent to the data of an Euler system for (T, 4,,X%)
in the previous sense, where A, = {p"m :m € A,k > 0}.

As noted in [PRI8, §1.2.3], a higher-rank Euler system can be used to construct rank 1 Euler systems,
by pairing with appropriate “rank r — 1”7 elements. We make the following definition:

Definition 8.1.2. We define a Perrin-Riou functional to be the data of, for each squarefree m prime to
S as above, an element
r—1

@, € /\ Homp (HIIW,S(Q(:“mP“’)v T)v A)L ;
with the property that for each £1mS, we have

_ Q(lepoc)
P, =D, 0 resg(,. 7oy -

Lemma 1.2.3 of op.cit. shows that if (¢,(m)) is an Euler system of rank r, and (®,,) is a Perrin-Riou
functional, then the elements

(I)m(cp(m)) € Hllw,s(@(,ump“)vT)
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define an Euler system of rank 1. (Here, as explained loc.cit., we interpret ®,, as a map

/\ HIIW,S(@(:“W;D“ ), T) — I—IIlw,S(Q(/anoo ), T)

which we also denote by @,,,.)

Appendix B of op.cit. shows that (under mild hypotheses on T') there is a plentiful supply of Perrin-
Riou functionals, although there is no obvious canonical choice. More specifically, given any m and any
®,,, there exists a Perrin-Riou functional extending ®,,. Hence, given as a starting point a rank r Euler
system, one may construct a rank 1 Euler system (indeed many such systems) and obtain Iwasawa-
theoretic results from this rank 1 system; but these rank 1 Euler systems are noncanonical, and in
particular there is no reason to expect that they should have any relation to L-values.

Remark 8.1.3. An alternative approach to bounding Selmer groups in the r > 1 case by directly utilizing
a notion of “higher-rank Kolyvagin systems”, rather than by constructing rank 1 Euler systems, has been
initiated by Mazur and Rubin (unpublished).

8.2. Otsuki’s functionals. We now explain a construction due to Otsuki [Ots09], who has shown how
to construct canonical linear functionals on cohomology groups by composing the dual exponential map
with an appropriate “weighted trace”. These maps do not satisfy the compatibility properties of a
Perrin-Riou functional, and thus give rise to systems of elements of group rings satisfying a modified
compatibility property; we shall show that this modification is consistent with the results we have shown
for our generalized Beilinson—Flach classes.

For technical reasons we shall work in the limit over the cyclotomic extension, rather than directly
over Q(um); this avoids problems caused by zeroes of local Euler factors (cf. the discussion at the start
of §9.1 of [Rub00]).

Choose a system of roots of unity ¢, € Q for all m > 1 which satisfy o = G for all integers m, n.
Let G, = Gal(Q(pm)/Q) and Ty, = Gal(Q(pmpe=)/Q); we identify I',,, with G,,, x T' in the obvious way.

Let V be an E-linear p-adic representation of Gg, where E/Q, is a finite extension, which is crystalline
at p with non-negative Hodge-Tate weights and such that no eigenvalue of Frobenius on Deis(V) is a
root of unity. Then for all m > 1 the p-adic regulator map

Loy Hiw (@(mp<), V) —> Qi) @g Hp(T) @ Deris (V)
is well-defined (as the sum of the local regulator maps at the primes of Q(u,,) above p).
Let D = Deis(V*) = Deis(V)*, and let Dype = Ap(I') @5 D ®qg Q(pm). We regard Di,pe as a

I';p-module, via the usual action of G, on Q(uym,) and of T' on Ag(T'). Following [Kur02] and [Ots09],
we make the following definition:

Definition 8.2.1. Define a pairing
b+ Dipee X Hllw(@(:ump“)av) — Hg[ly]

by

tm (2, 2) = Z [o] traceg(u,,)/0 <O’:L', E&(Hm)’v(z)>cris.
o€Gm

Here we extend (, )eris to be I-linear in the second variable and I'-antilinear in the first. One checks
that

tm(ox,72) = [0 7] -t (x, 2)
for all o, 7 € Ty, (not just in I').

Now fix two families Fy, Gy of polynomials in E[X], indexed by primes £ ¢ X, such that Fy, Gy €
1+ X E[X] for all £.

Let A be the set of square-free integers prime to X. For each prime ¢ ¢ ¥ and each m € A, consider
the A(T',,)-linear endomorphism of Az (") ®g Q(ftm) given by 6,(x @ ¢) = 7z ® ¢*, for all roots of unity
( € lm, where 7y is the arithmetic Frobenius at ¢ in I'. Thus 6, is the action of the Frobenius at ¢ in T'),
if £1m, and is a possibly non-invertible endomorphism if £ | m; and the 6 all commute with each other.

Proposition 8.2.2. The endomorphism F;(6,) is invertible in Endg (Q ®g Q(im)), where Q@ = Frac Ap(T).

Proof. Clear, since the roots of the characteristic polynomial of 6, on Q(u,,) are scalars. O
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For each m € A, let us define an element z, € Q ®@g Q(m) by

:Cfm: HFg(ﬁg)ing(ﬁg) (1® Gn)-
£lm
Proposition 8.2.3. If £ m, then we have
tr (@10) = 07 Fe(o0) ™' (€ = 1)Ge(o0) — £Fy(00)) )y,
Proof. This is a straightforward generalization of (one case of) Proposition 2.5 of [Ots09]. We define
Hy(X) = w, so we have

Fy(6¢) "' Ge(6e) = 1+ He(60) Fe(60) " 6
in Endg Q ®g Q(ftme). The operator &, commutes with tr7¢ whenever v # £. Hence

trﬁz (ZTme) = tr%e H Fo(60) 7' Go(00) | Gme

v|me

= HFU(&U)ilGU(&U) tr%e (Fg(a’g)ing(O’g)Cmg)

v|lm

= HFU(&U)*GU(&U) e (L + He(60)Fe(60) " 6¢) Gme)

v|lm

= HFU(&U)ilGU(&v) [tfﬂe(é“me)thr%e (Hf(&é)FZ(&f)ilcm)]

v|lm

= H Fy(60) 7 Go(60) | [(—07 'Gm) + (€= 1) (He(60)Fe(66) ™ )]

v|lm
= (—oy '+ (U= D) He(o0) Fe(o0) ™) a7,

(where we have dropped the hats, since 6, acts on Q ® Q(u,) as the usual Frobenius o;). Since
ooHo(oe) = Ge(ov) — Fe(oy), we have

—o, (= 1)He(o0)Fe(og) ™" =0, ' Fo(or) ™ (—Fe(oe) + (£ — 1)ogHy(oy))
= 0y " Fy(o0) ™t (= Fe(oe) + (€ = 1)(Ge(ov) = Fe(or)))
=0y 'Fy(oe) ™ (£ = 1D)Ge(og) — LFu(0v0)) -

which gives the formula stated above. (]

Corollary 8.2.4. If we are given, for each m € A, an element

Zm € Q QA Hllw (Q(MWP“’ ), V)
satisfying

coresmé(zmg) = Fg(J[l)zm
for each m and each prime £{m, £ ¢ ¥, and we define x,, = x,,v € Dpp for some fized v € D, then

we have the relation
prze tine(Tme, 2me) = 04 ((ﬁ — 1)Gg(o[1) — EF@(UZl)) Lo (T 2m) -
By base extension we may regard t,,(Z,,, —) as a map /\i(Fm) M,, — M,,, where

Mn=Q ®A(F) Hllw(Q(Mmpoo)5 V)a
so it makes sense to evaluate t,,(x.,, —) against a rank 2 Euler-Twasawa system.

We now specialize to the case where V' = Vi (f,g)*, for some weight 2 eigenforms (f,g) of levels
divisible only by primes in ¥ — {p}. We take G¢(X) = 1 — ¢(f)ee(g)X? and Fy(X) = P({71X) as
before. Choose a p-stabilization (o, ) of f and g, and let v = v, ® v, be the obvious ¢-eigenvector in
Deris(V*) of eigenvalue avy.
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Proposition 8.2.5. Let (wy,)m>1 be an EBuler-Twasawa system of rank 2 for (T, A, %), for some lattice
T inV, and let

U, = b (T, Wiy ).
Then we have
Um € Hi(T) @ar) @ @am) H (Qpmp=), V),
where h = vp(ary); and the elements vy, satisfy the compatibility relation
cores vy = g (L — 1)Golo, ) — LFy(a; ) vm.
Note that the growth condition Hp(T') is consistent with what we have seen for the elements 5%"%’]\@

(cf. Theorem 6.8.4) and the compatibility condition between levels m and m/ is consistent with Theorem
3.4.1. This suggests the following conjecture:

Conjecture 8.2.6. Then there exists a rank 2 Fuler-Iwasawa system (wy,) for (To, (f,9)*, A, %) with
the property that for allm € A, and all choices of p-stabilizations («, ) of (f,g), the Iwasawa cohomology

class 3&’%’]\“} of Theorem 6.8.4 1is given by

57{?’97’Np =t (Tm, W)
in the notation above.

This gives a conceptual explanation for the (somewhat surprising) growth and compatibility properties
of the generalized Beilinson-Flach elements in the context of Perrin-Riou’s theory of higher-rank Euler
systems. The authors would like to express their cautious hope that similar rank 1 “shadows” of higher
rank Euler systems might also exist in other contexts.

Remark 8.2.7. Note that it is implicit in this conjecture that the elements t,,(z,, w;,) have no poles
(except possibly at the trivial character), so the singularities of ¢,,, at the characters where one of the
Fy(6¢) for £ | m fails to be invertible, must be “cancelled out” by zeroes of wy,.

APPENDIX A. ANCILLARY RESULTS

A.1. Fixed points of double cosets. Here we shall prove a result that is used in the proof of Theorem
3.4.1 above.

Let T be a discrete subgroup of PSLy(R). Recall that a fundamental domain for T is a closed subset
D of H such that

e D is equal to the closure of its interior D°,

° U7 er YD =H,
e vD° N D° = & for all non-identity elements v € T".

We assume henceforth that I' is a Fuchsian group of the first kind, i.e. that I' admits a fundamental
domain D with finite hyperbolic area. We shall say that a fundamental domain D is polygonal if D is
the region bounded by a finite number of geodesic arcs in H; it is known that every I admits a polygonal
fundamental domain.

Lemma A.1.1. Let D be a Dirichlet domain for I', and let E = aD where « lies in the commensurator
Comm(T"). Then there are only finitely many v € T such that aD N~yD # .

Proof. Tt is clear that aD is a Dirichlet domain for al’a~!. In particular, it is polygonal. Hence it can be
decomposed as the union of a compact set M and a finite number N; of “cusp neighbourhoods”, which
are subsets bounded by two geodesics intersecting at a vertex at infinity, which is a parabolic point x;
of al'a™! on the boundary P!(R), and an arc of a Euclidean circle tangent to the real line at ;.

Since M is compact, it can intersect only finitely many I'-translates of D (cf. [[{at92, Theorem 3.5.1]).
Moreover, since o € Comm(D), the sets of parabolic points of I' and al'a™! are the same; so for each
vertex-at-infinity  of aD, we may choose some v € I' which maps a vertex-at-infinity y; of D to x;,
and it is clear that N; is contained in a finite union of translates of v+'D where 7’ lies in the stabilizer
of y;. Each of these, in turn, intersects finitely many other translates of D (since D has finitely many
sides). O
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Lemma A.1.2. Let " be Fuchsian group of the first kind, and let X C Comm(T") be a finite union of
double cosets T'al'. Then the set

Fix(X) ={u € H :yu=u for somey € X, v#1}
is a finite union of I'-orbits in H.

Proof. Since X — {id} is preserved by conjugation by I, the set Fix(X) is a union of orbits of I". So it
suffices to show that Fix(X) N D is finite, where D is a Dirichlet domain for T

We claim that there are only finitely many x € X such that xtD N D # @. From Lemma A.1.1, we
know that for each a@ € G there are finitely many v € I' such that vD N aD # @&, and hence finitely
many x € ['a such that D N D # @. Since X is the union of finitely many left cosets I'c;, this implies
the claim.

However, each non-identity element in the finite set {x € X : D N D # &} can only have finitely
many fixed points in H, and in particular in D; so Fix(X) N D is finite, as required. O

Lemma A.1.3. Let I'y,I's be commensurable Fuchsian groups of the first kind. Then the set
{u € H:3ceTly,deTy such that cd # 1 and cdu = u}
is a finite union of orbits under I'y N Ty.

Proof. This follows from the previous lemma applied to I' =Ty N T’y and X = I'1Ts. O

(Note that if I’y = T's, or more generally if the group generated by I'y and I'y is Fuchsian, this
generalizes the well-known result that Fuchsian groups of the first kind have finitely many elliptic points
inT.)

In particular, we have the following:

Proposition A.1.4. Let I'1, 'y be commensurable Fuchsian groups of the first kind. Then the natural
map
(Fl n Fg)\H — (Fl\H) X (FQ\H)

1s injective away from a finite subset of its domain.

Proof. Let z,z be two points of H such that z’ € I'yz and 2z’ € I's2. Then we may write 2’ = 1z for
some 1 € I'1 and 2’ = 52 for some 9 € I's.

Hence fyl_lfygz = z. So either z lies in the finite subset Fix(I'1T'2) of (I'y N T'2)\H, or ’yl_lfyg =1, in
which case z and 2’ are clearly in the same orbit under I'y N I'. O

A.2. Unbounded Iwasawa cohomology. In this section, we shall consider inverse systems of cohomol-
ogy classes in Z,-extensions which are not bounded (as in the usual definition of Iwasawa cohomology)
but satisfy a weaker growth condition.

Let K be a finite extension of either Q or Q,. If K is global, suppose that either p # 2, or K has no
real places.

Notation. In order to handle the two cases in a uniform manner, we shall adopt a notation that is slightly
abusive: for T' a Z,-representation of Gal(K/K), the notation H*(K,T) will mean either H*(K,T) as
defined above if G is local, or what we previously called HE(K,T) if K is global, where S is some fixed
finite set of places containing all infinite places and all those dividing p. In the latter case, we will assume
that S contains all primes at which 7" is ramified.

As before, we let K, = K (ppn) and Koo = |J,, Kn, and define Iwasawa cohomology groups H}, (Ko, T')
as the inverse limit of the H*(K,,T) with respect to corestriction, with their natural module structure
over A = Az, (I').

Proposition A.2.1 (Nekovar). For any j € {0,1,2}, we have a short exact sequence
(22) 0 — H] (Ko,T)r, — H)(K,,T) — H/I' (K., T)'" — 0
Proof. This is Corollary 8.4.8.2 of [Nek(6]. We briefly recall the proof. There are natural isomorphisms
Hi (Koo, T) = H(K,A®z, T)
HY(K,,T)= H(K,Z,[T/T,;] @z, T)
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(for a suitable A-linear action of Gk on the tensor products); see Proposition 8.3.5 of op.cit.. Then the
result above follows from the long exact cohomology sequence of K-cohomology attached to the short
exact sequence of A[Gk]-modules

0 — Ay, T 2L N@y T — 2,01, ©7, T — 0.

Proposition A.2.2 (Perrin-Riou). There is an exact sequence
0 — T9%> — H{ (Koo, T) — Homp(H'(Kw,V/T)",A)" — (finite) — 0,
where v signifies that the A-module structure is composed with the automorphism v — ~v~1. In both cases,

this exact sequence identifies TG e with the A-torsion submodule of H} (K, T).

Proof. The local case is [PR92, Proposition 2.1.6]; note that in the local situation Tate duality furnishes
an isomorphism H'(K, V/T)" 2 H} (Ks,T*(1)) and the middle map can be interpreted as Perrin-
Riou’s pairing H}, (Koo, T) x Hi, (Koo, T*(1)) = A. The global case is [PR95, Lemma 1.3.3]. O

The main object of study in this section is the following module. Let V = Q, ®z, T
Definition A.2.3. For K,T,V as above, and 0 < r < 1, let Y, (K, V) be the space of sequences
(Cn)n>0 € ]&nn HY(K,,V) such that there exists § < co independent of n for which pl™™+9¢, is in the
image of HY(K,,,T) in H'(K,,V).
Proposition A.2.4. Forall0 < r <1, the natural map Ar : Hy (I') @4, o Hiy, (Ko, V) — lim HYK,,V)
has image contained in Yy (Koo, V).
Proof. This is clear from the definition of H,.(T).

O
Remark A.2.5. The map A, is not necessarily injective, even for r = 0 (where #,(I') is just A ® Q). A
counterexample is provided by the representation T' = Z,(1). Then the cocycle ¢, given by o — %

is well-defined as an element of H'(K,,,T) (for either local or global K). The sequence (c,) defines an
element of H} (K, T) which is not p-torsion, and thus is non-zero as an element of Hy, (Ko, V). But
p"cy is a coboundary for all n, so the image of ¢, in H(K,,V) is zero for all n. Thus (c,) lies in the
kernel of the above map.

Proposition A.2.6. The kernel of A\, is contained in Hllw(K007 Vtors = VGrKeo

Remark A.2.7. We note first that this statement does make sense, since for any Ag, (I')-torsion module
M, tensoring with 1 € H,.(T') gives an isomorphism #,(T") ® g, () M = M.
Proof. Tensoring (22) with Q,, we find that the map
Hi, (K, V)r, = H' (K, V)
is injective. Thus the kernel of A, consists of those elements lying in
M = 1) (He(T) @, vy B (Koo, V)
n>0

Since H{, (Ko, V) is a finitely-generated module over the subring Ag, (I'1) C Ag, ('), which is a PID,
we may write it as the direct sum of its torsion submodule and a complementary free submodule. Since
r < 1, we find that

ﬂ (’771 - 1)H’I‘(F) =0,

n>1
and hence the kernel of \, is contained in the torsion part of H, (K, V), which is equal to VGreo by
Proposition A.2.2. O

Remark A.2.8. Although we shall not need this, it clearly follows that the kernel of A, is equal to
U,>0(7n — 1)V &%= which is the unique I-invariant complement of | J, H*(K,,V) in H(Kw, V).

Proposition A.2.9. Let K be a p-adic field and suppose that VS5~ = 0. Then the map
H,(T) ®Aq, (1) H} (Koo, V) = YKo, V)

s an wsomorphism.
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Proof. By Proposition A.2.2, our hypotheses imply that H}, (K, V) is a torsion-free Ag, (I')-module;
hence it is free, since Ag, (I') is a finite product of principal ideal domains (and the ranks of the I'¢ops-
isotypical direct summands of H{, (K, V) are all equal). Thus there exists a free basis x1,...,24 of
H{, (K, V), where d = dimg, (V).

For each n, the cokernel of the projection map

Hllw(Kv T) - Hl(K’ﬂa T)
is finite, and its order is bounded independently of n. (In fact, the cokernel of this map is isomorphic to
the I',,-invariants of
Hiy (Koo, T) = H (Koo, (V/T)*(1))Y,
and H°(K, (V/T)*(1)) is finite, since H(K s, V*(1)) = H°(Ks, V)*(1) = 0.) Thus the map
H (K, V) = HY (K,,V)

is surjective for all n, and there is ¥ < oo independent of n such that the Z,-submodule spanned by the
1

images of z1,...,24 in H'(K,,V) contains p” - %

Consequently, given any sequence (cp)n>0 € Y (Ko, V), we have for each n uniquely determined

elements b§”>,...,b§") € Q,[/T,] such that 3¢, p™ 2™ = ¢, where 2\ is the image of z; in
HY(K,,V). Also, for each i the sequence (bgn))nzo is compatible under projection (by uniqueness), and
its valuation is bounded below by —|rn] —d — v; so (as r < 1) there is a unique element b; € H,.(T)
whose image at level n is b\ for all n. Then it is clear that ¢ = Yibi®@wi € Ho(D) @ay, () Hiy (Koo, V)

is a preimage of (¢,,)n>0; by the previous proposition, it is unique. 0

In the global case we cannot prove quite such a strong result, as we do not have such good control
over HZ (Koo, T); the following rather more specific result (which applies to both local and global cases)
will suffice for our purposes:

Proposition A.2.10. Let r < 1, and suppose T has the structure of a module over O, for some finite
extension E/Q,, and that T¢%~ = 0. Let « € Op such that v,(a) < r, and suppose we are given
elements x, € HY(K,,T) for n > 0 satisfying

+1

coresi T (xp41) = Q.

Then there is a unique element x € H, ()@ HL, (Ks,T) whose image in H'(K,, V) is equal to a™"c,,
for all n.

Proof. We claim that the hypotheses of the theorem force each ¢, to be the image of an element of
H} (Ko, V)r,. To prove this, we shall argue much as in the proof of Proposition 6.6.2. We begin
by noting that H (K, T) is a finitely-generated A-module, and the subgroups M,, = HZ (Koo, T )"
are A-submodules (since T' is abelian). As A is a Noetherian ring, the ascending chain of submodules
(My)n>0 must eventually stabilize; that is, there is an ng such that M,, = M, for all n > ny.

The corestriction map H*(K,1,T) — H*(K,,T) corresponds to the trace map M, — M,; when
n > ng this is simply multiplication by p on M,,. Since v,(®) < 1, we deduce as in Proposition 6.6.2
that for all n > 0, the image of x,, is contained in the torsion submodule of M,,. Inverting p, the torsion
is killed, and the image of x, in HZ (Ke, V)™ is 0; so z, lies in the submodule H{, (Koo, V)r, C
HY(K,,V).

Now let us choose a basis of the free Ag, (I')-module H{ (Ko, V). In order to apply the argu-
ment of the previous proposition, we need only check that the order of the torsion subgroup of M,
is bounded independently of n; but this is immediate from the fact that the M,, stabilize for large n
(and are all finitely-generated as Z,-modules). This shows that there exists a p such that a~"¢, lies in

plrl=rHl (K, T), and the argument proceeds as in Proposition A.2.9. O
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