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ABsTrACT. The Bloch-Kato conjecture predicts a far-reaching connection between orders of vanishing of L-
functions and the ranks of Selmer groups of p-adic Galois representations. In this article, we consider the
four-dimensional, symplectic Galois representations arising from automorphic representations 7 of GSp, (Ag)
with trivial central character and with the lowest cohomological archimedean weight. Under mild technical
conditions, we prove that the Selmer group vanishes when the central value L(7, spin, 1/2) is nonzero. In the
spirit of bipartite Euler systems, we bound the Selmer group by using level-raising congruences to construct
ramified Galois cohomology classes. The relation to L-values comes via the GSpin; — GSpin, periods on
a compact inner form of GSp,. We also prove a result towards the rank-one case: if the w-isotypic part of
the Abel-Jacobi image of any of Kudla’s one-cycles on the Siegel threefold is nonzero, it generates the full
Selmer group. These cycles are linear combinations of embedded quaternionic Shimura curves, and under the
conjectural arithmetic Rallis inner product formula, their heights are related to L' (7, spin, 1/2).
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0. INTRODUCTION

0.1. Main results. Let 7 = ®'m, be a cuspidal automorphic representation of GSp,(Ag) of trivial central
character and conductor N (7), such that 7., belongs to the discrete series L-packet of parallel weight (3, 3).
In particular, 7 appears in the étale cohomology of the GSp, Shimura variety with trivial coefficients. Let
FE be a sufficiently large coeflicient field; then we have a compatible family of p-adic Galois representations

pryp + Go — GSpy(Eyp)

indexed by primes p|p of F, and normalized so that the similitude character of pr , is cyclotomic. Let V ,
be the underlying four-dimensional Ej,[Gg]-module of p ,, and consider the Bloch-Kato Selmer group

HH(Q, Virp) =ker | H(Q, Vrp) = H'(Qp, Ve ® Beris) x [ [ H' (g, Vp) | »
t#p

where Ig, is the local inertia subgroup. The Bloch-Kato conjecture applied to V. , predicts
dimpg, H}(Q, Virp) = ordg_y o L(m, spin, 1/2),

where the L-function is normalized so that s = 1/2 is the central value. Our first main result proves many
cases of the Bloch-Kato conjecture for V7 ;, in rank zero.

Theorem A (Theorem 9.1.4). Suppose 7 is not CAP or endoscopic, and for some (| N (7), 7y has a local
Jacquet-Langlands transfer to the compact inner form of GSpy g, Let p|p be a prime of E such that:

(1) mp is unramified.

(2) The residual representation p,. ,, is absolutely irreducible and generic (Definition 2.7.3).

(3) There exists a prime q { N(r) such that ¢* # 1 (mod p), and Prp(Froby) has eigenvalues

{g,1,,q/0}
with o & {:i:l, +q, ¢°, q_l}.
Then
L(m,spin, 1/2) #0 = H}(Q, Vep) =0.
Remarks. (i) The conditions (1) and (2) are always satisfied for cofinitely many p. Condition (3) is

always satisfied for the primes p lying over a set of rational primes of positive Dirichlet density; it is
satisfied for all but finitely many p under conditions listed in Theorem C.4.10.
(ii) When p > 5, which is necessary for (3), 7 is CAP or endoscopic if and only if V. , is reducible.
(iii) For all but finitely many of the primes p satisfying the conditions in Theorem A, we are able to
strengthen the result to the vanishing of the dual Selmer group H } (Q,Vap/Tryp), where Ty, C Vi
is a Galois-stable lattice; see Definition 9.3.7 and Corollary 9.3.9.

For instance, from Theorem A we can deduce the following:
Corollary B (Corollary 9.3.10). Suppose 7 is not CAP or endoscopic, and there exists a prime £|N (1) such
that 7y is of type lla in the notation of [97]. Then
L(ﬂ-7 spin, 1/2) 7& 0 = H}(Q’ Vﬂ'vP/Tﬂ'»P) =0
for all but finitely many .
In §9.4, we give applications of Theorem A to certain 7 arising by automorphic induction; this gives new
results towards Bloch-Kato for Hilbert modular forms over real quadratic fields of non-parallel weight (2, 4)

(including CM forms), and for twists of classical modular forms of weight 3 by certain Hecke characters of
imaginary quadratic fields.
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Our second main result concerns the rank one case of Bloch-Kato for V7 ,. To state it, let V' be a quadratic
space of signature (3, 2), and suppose 7 admits a Jacquet-Langlands transfer IT to the inner form GSpin (V") of
GSpy; for instance, if V' is split, then GSpin(V') = GSp, and we can take IT = 7. Let K C GSpin(V')(Ay)
be a neat compact open subgroup such that Hff # 0, and let Sh (V') be the Shimura variety for GSpin(V)
at level K, which is a classical Siegel threefold when V' is split. Let p|p be a prime of F; then we have

I @ Vep(-2), i=3,

(0.1) H, (Shyc (Vg Bp)[ILy] = {0 i#3.

In particular, if CH?(Shz(V))m,  denotes the Chow group of codimension-two algebraic cycles, localized

at the maximal ideal of an appropriate Hecke algebra corresponding to the eigenvalues of 7, we have an

Abel-Jacobi map
02) Oagry : CHA(Shi (V))m,, — HHQ, Hg (Shx (V)g, Bp(2))[1Ly])
‘ = H}(Q, Vryp) @ TIF.

We consider the codimension-two Kudla cycles
(0.3) Z(T,p) € CH*(Shk (V).

which are indexed by the data of a 2 x 2 symmetric, positive-semidefinite matrix 7" and a K -invariant test
function ¢ € S(V2® Ay, Z). When T is nondegenerate, Z(T, ) is a linear combination of Shimura curves
over Q, embedded into Shx (V') by GSpin(V')(A ¢)-translates of group maps of the form

GSpin(1,2) — GSpin(3,2);

conversely, any such embedded Shimura curve can be written as a Kudla cycle for some 7" and .

Theorem C (Theorem 12.3.1). Suppose 7 is not CAP or endoscopic, and its base change to GL4(Ag) does
not arise by automorphic induction from an imaginary quadratic or quartic CM field. Let p|p be a prime of
E satisfying (1)-(3) from Theorem A. Then for any Kudla cycle Z(T, ) € CH?(Shg (V)),

Oasni, (Z(T, ) #0 = dimp, H}(Q, Vyp) = 1.

We now explain the relation of the Bloch-Kato Conjecture to Theorem C, in which L-values do not directly
appear. According to the resolution by Bruinier and Westerholt-Raum of Kudla’s modularity conjecture [15],
the formal g-series

(0.4) Op= > ZT.9)q"

TeSym,(Q) >0

lies in CH?(Shg (V)) ®z My /3.2, where Mg /5 5 is the space of holomorphic Siegel modular forms of de-
gree 2 and weight 5/2. Let f € M5/, 5 generate the automorphic representation of the metaplectic group
Mp,(Ag) corresponding to IT under the generalized Shimura-Waldspurger correspondence of Gan-Li [34];
then the Petersson inner product ©,(f) := (O, f) lies in CH?(Shy (V))c. The still-conjectural® arithmetic
Rallis inner product formula proposes that, up to some local factors depending on ¢ and f, the derivative
L'(m,spin, 1/2) is related to the height of the cycle ©,(f) (suitably interpreted). Assuming Beilinson’s
conjecture on the injectivity of the p-adic Abel-Jacobi map, Theorem C could then be reformulated as

L'(m,spin, 1/2) # 0 = dimp, HH(Q, Vay) = 1,

which is consistent with the Bloch-Kato conjecture.

IBut see the important progress towards this result by Li-Zhang [64], and the unitary case proved by Li-Liu [62, 63].
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0.2. Overview of the proofs. Before giving more detailed sketches below, we briefly indicate the methods
of proof of Theorems A and C. Pursuing a strategy initiated by Bertolini and Darmon for elliptic curves
[7] — and later extended to many new contexts by other authors [24, 27, 67, 68, 69, 70, 122] — we bound
the Selmer group by constructing ramified Galois cohomology classes through level-raising congruences
and special cycles on Shimura varieties for ramified GSping groups. Proving the classes we construct are
ramified is the most delicate part: by a calculation on the special fiber, the ramification is essentially measured
by linear combinations of compact GSpins — GSping periods for a Jacquet-Langlands transfer of 7.2 To
access the underlying representation theory of these periods and relate them to L-values, we interpret them
as the Fourier coefficients of certain theta lifts in M55 5.

0.3. Sketch of the proof in the rank zero case. Let us explain the main ideas involved in the proof of
Theorem A. Fix a Gg-stable lattice T, C Vi p, and let T , = 7r7)3/13”T,r,p for n > 1. The mechanism for
bounding the Selmer group is a collection of auxiliary Galois cohomology classes

/{n(Q) € Hl(@a T7T,TL)7

indexed by primes ¢ satisfying appropriate level-raising congruence conditions modulo p™, and having the
following two properties:

(1) The restriction Resy £, (q) is unramified for all £ 1 N (7)pgq, and crystalline for £ = p.
(2) Under the assumption L(7,spin, 1/2) # 0, Res, ky(q) is ramified (if n is sufficiently large).

Given such a system of classes, a standard argument using Poitou-Tate duality shows that I } (Q, Vzp) van-
ishes.

As indicated in §0.2, we obtain the classes k,(q) by level-raising congruences from special cycles on
Shimura varieties for ramified GSping groups. More precisely, fix the prime ¢| N () such that 7, has a local
Jacquet-Langlands transfer (we will see later that this is crucial for the argument). Let V¢ be the unique five-
dimensional quadratic space of signature (3, 2) and trivial discriminant that ramifies precisely at ¢ and ¢; one
exists by the local-global classification of quadratic forms. On the corresponding GSpin Shimura variety
Sh(V,¢) we have the codimension-two Kudla cycles Z (T, p) € CH?(Sh(V,,)) as in §0.1. (For simplicity,
we suppress the choice of level structure.) After localizing at the maximal ideal m of the Hecke algebra
corresponding to p,. ., the main result of [43] implies that 4(Sh(Vge), Op)m = 0, where O C E is the
ring of integers — this is the most crucial way that the condition (2) of Theorem A enters the argument. In
particular, one has an Abel-Jacobi map

Ongm : CH?(Sh(Vge))m — H'(Q, He (Sh(Voe)g, Op(2)m).

However, it is no longer true that V; , appears in the étale cohomology H, gt(Sh(ng)@, E,(2)), because, as
g is unramified, = does not have a Jacquet-Langlands transfer to GSpin(Vy).
Instead, we construct level-raising maps (see below)

Qnp : Hgt(Sh(V;ﬂ)@v Op(2))m = Tr -
Then we obtain a family of Galois cohomology classes

K/TL(Q7 T) SO) an) = an o 8AJ,m(Z(T’ 80)) E HI(Q7 Tﬂ',n)v

for varying T and p € S (VqQZ ®@Ay¢, 7). Any k,(q, T, @, o) will satisfy the property (1) above, as long as the
level structure for Sh(V,,) is chosen to be hyperspecial outside N (7)q. The proof of (2) is far more subtle,
as we explain below, and we are only able to show that some x,,(q, T, ¢, a,) is ramified at g; in particular,
the choice of 7' cannot be made explicit. Once we have any ramified class, however, we can use it as the class
called x,,(q) above.

20ra congruent automorphic form to 7, in the case of Theorem C.
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0.3.1. Ramification and the relation to L-values. Let V; be the unique five-dimensional, positive-definite
quadratic space of trivial discriminant that ramifies only at £. By the assumption that 74 has a local Jacquet-
Langlands transfer, one can find a function

(0.5) Br + GSpin(Vy)(Q)\ GSpin(Vy)(Ay)/K — O

with the same spherical Hecke eigenvalues as 7, where K is a sufficiently small compact open subgroup, with
K, hyperspecial. We abbreviate this double coset space as Sh(V;). Because 7 has trivial central character,
L= descends to an automorphic form on SO(V}); in particular, for any ¢ € S (ng ® Ay, Z), one can consider
the classical theta lift

Oy (Br) € Ms)92 ®7 O.

The classical Rallis inner product formula computes the Petersson norm of O (5x):

0.6) <@<p(57r)7 Gw(ﬁw» = <57r7 /87r> - L(m, spin, 1/2)

up to local factors depending on ¢ and 5.

On the other hand, the Fourier coefficients of ©,(3x) can be computed as GSping-periods of . In fact,
for T € Symy(Q)>0 and ¢ € S(V? @ Ay, Z), one can define Z(T, ¢) € Z[Sh(V;)] analogously to Kudla’s
cycles in (0.3), arising from group embeddings GSpin; < GSpin(V;). Then we have:

@w(/ﬁw) = Z BW(Z(T7 (P))qT-

TeSym,(Q)>0

In particular,
(0.7) L(m,spin, 1/2) #0 < 3T, ¢s.t B(Z(T,p)) # 0.

The connection to Galois cohomology classes comes from the following (idealized) identity, for a certain
choice of «,:

(0.8) Resg wn(q, T, 01 @ @™, o) = Bx(Z(T, 07 @ ™))  (mod p™).

Here 97 € S(V;,® A%, Z) ~ S(V? @ A}, Z) is any test function, o)™ € S(V,7,®Q, Z) is designed so that
Z(T, p?@pg™™) € CH?(Sh(V,;)) will have a reasonable integral model over Zg) —infact, Z(T, p? @ ™)
is a linear combination of quaternionic Shimura curves ramified at ¢, with the usual maximal compact level
structure — and ;™" € S (V£2 ® Qg,Z) is an explicit test function whose origin is described in the next
paragraph. Finally, to make sense of the identity (0.8), we use that H! (Ig, TW,n)F\“’bq:1 is free of rank one
over O/p", by the congruence conditions imposed on ¢; so we are viewing both sides as elements of O/p™.

The main tool for proving (0.8) is an analysis of the weight spectral sequence for a semistable integral
model of Sh(Vg¢) over Z,); this is obtained by blowup from the canonical PEL model, which has ordinary
quadratic singularities. The double coset space Sh(V7) enters the picture as the indexing set for the irreducible
components of the (two-dimensional) supersingular locus of the special fiber of Sh(V,,), and indeed g™
arises from considering the intersections of the special fiber of Z (7', o7 ® gogam) with various strata in the
supersingular locus. (Of course, for this discussion to be accurate, the level structures for Sh(V,,) and Sh(V;)
are chosen to be compatible away from q.)

However, even once we have proved (0.8), one major obstacle remains to proving that at least one of the

classes Resg i, (¢, T, ¢4 ® o, o, is ramified. From (0.7), one can deduce that there exists ¢? and 7" such

that B, (Z(T, 7 @ ¢P")) # 0 (mod p™) for sufficiently large n, where " is the indicator function of a

self-dual lattice. Unfortunately, although @™ is invariant by a hyperspecial subgroup K, of GSpin(V)(Q,),

it is not equal to ¢iP". To get around this, we give a criterion on K. q-invariant functions ¢, € S(VZ®Q,, Z)
under which we can prove:

09)  Be(Z(T.¢" © ") #£0 (mod p") — 3T’ st Bo(Z(T',¢" @ p,)) 0 (mod p"),
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The function go}lmr satisfies the criterion, so indeed we can use (0.7), (0.8), and (0.9) to obtain the local

ramification of some class Resq kn(q,T”, ¢, ). The lack of control over 7" (in particular its possible
dependence on ¢) is the reason that we must consider the full family of classes x,,(q, T, @, o).
The proof of (0.9) uses that the theta lift map

O_(Br) : S(VE @Ay, Z) = M99 @7 0

factors as a product of local maps, defined purely in terms of the local Weil representation. Thus (0.9) can be
reduced to a local question about the mod-p Weil representation of Mp,(Q,) x SO(V;)(Qq) on S(VZA, F,).

0.3.2. Level-raising. In the discussion above, we asserted the existence of a level raising map

(0.10) an : H3 (Sh(Ver)gr Op(2))m = Trn

ram

such that the classes 5, (q, T, 97 ® ™™, o) satisfy the identity (0.8). We now explain the construction of
v, in more detail. The weight spectral sequence for Sh(V;,) gives rise to a diagram of the following form:

Frob,=1
My HY (Tg,, B (Sh(Vr)g Op(2)m) —— H' (g, HY(Sh(Va)g Op(2)m)

©10 Op [Sh(V)],, /(T) e

O/pn ~ Hl(l@q, Tﬂ_’n)Froqul’

where Tg is a certain spherical Hecke operator measuring the level-raising congruence at the prime ¢q; M_
refers to the monodromy filtration; and the equality in the bottom row uses the level-raising condition on
q. Any level-raising map as in (0.10) induces a map «, x as in (0.11), not necessarily making the diagram
commute.

Using an idea of Scholze [100] on “typic-ness” of Galois modules, we show that the data of a Hecke-
equivariant o, » is actually equivalent to the data of cv,,. Moreover, the identity (0.8) is more or less equivalent
to the commutativity of the diagram (0.11). So our task is to find the Hecke-equivariant dashed arrow in (0.11)
lifting B, o &.

One approach to finding the lift in (0.11) would be Taylor-Wiles patching, in the spirit of [66]. This would
show that H c;’t(Sh(ng)@, Op )m is free as a Hecke module, and as a byproduct that the top arrow in (0.11) is
an isomorphism. However, the drawback of the patching argument is that it requires some strong “residual
ramification” conditions on py .|, for primes | N (m); in general, one expects that the Hecke-module
structure of Hg, (Sh(Vy¢)g, Op)m may be more complicated.

Instead of taking this route, our method still uses Galois deformation theory, but now only to obtain a
rather coarse quantitative control on the possible congruences between 3, o £ and other Hecke eigensystems
in H'(Ig,, H (Sh(Vye)g, Op(2))m). Indeed, if there were no congruences at all, then (0.11) would just be
a diagram of O/p"-modules, and the lift c,, . would exist for trivial reasons. In general, we are able to lift
B0 only after multiplying by a generator of p©, where C'is essentially the length of a certain adjoint Selmer
group for T’ ,,. We can control C' using a theorem of Newton and Thorne [84, 112] that H } (Q, ad® pw) = 0;
since C'is independent of n and ¢ (and actually O for cofinitely many p) its appearance causes no harm in the
argument.’

3We remark that the theorem of Newton and Thorne still uses Taylor-Wiles patching, but in a more flexible context.
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0.4. Sketch of the proof in the rank one case. Let V' be the quadratic space from §0.1. For an auxiliary
prime ¢ satisfying a level-raising congruence condition, we consider the “nearby” quadratic space V;, , which
has trivial discriminant and signature (5, 0), and is ramified precisely at ¢; and the primes of ramification for
V.

The key point to prove Theorem C is to produce a Hecke-equivariant map of the form

(0.12) B, : Sh(Vy,) = O/p™ s.t. 3T, ¢ with B4, (Z(T, ¢)) # 0,

where @ liesin S (ng1 @Ay, 7), Sh(Vy,) is a finite double coset space like the one in (0.5), the Hecke module
structure on O/p™ is given by 7, and again the choice of level structure is suppressed for simplicity. Once
we have (3, , a similar argument to the proof of Theorem A allows us to produce a Galois cohomology class
kn(q1q2) € HY(Q, Ty ) which is ramified at go, crystalline at p, and unramified at £ for £ { N(7)pq1qo.
This class is then used as the input to the duality argument to bound H} (Q, Vap)-

Let Z(T, p) € CH?(Sh(V)) be the class from Theorem C with Oayn,; (Z(T,p)) # 0. The idea to find
B, is to study the special fiber of Sh(V) at g1, a prime of good reduction. The supersingular locus is purely
one-dimensional, indexed by a Shimura set Sh(V}, ). We have the Abel-Jacobi map on the special fiber:
(0.13)

Oazm : CH*(Sh(V)g,, ) — H' (Fqy, H&(Sh(V)g, , Op(2))m) = Hune(Qqy, H(Sh(V)g, Op(2))im).-

Restricting (0.13) to supersingular cycles gives a map
(0.14) Ongm,ss * Z[Sh(Vey)] = Hine(Qqy s HE (Sh(V ), Op(2))m)-

Composing with a map Hg, (Sh(V)g, Op(2))m — Trp, cf. (0.1), and noting that Hy,, (Qq, , Tr ) is free of
rank one over O/p™ when ¢, satisfies the level-raising congruence condition modulo p™, we obtain our 3y, .

Using the Chebotarev density theorem and the local-global compatibility of the Abel-Jacobi map, one
can ensure Iajm(Z (T, ¢)r,, ) is nonzero for a good choice of ¢1. Now, if the special fiber Z(T', ¢)p, were
purely supersingular, then we could identify this local Abel-Jacobi class with the image of a special cycle
in Z[Sh(V, )] under 3, and obtain the nonvanishing (0.12). (This is the strategy of [7], where the role of
Z(T, ) is played by a Heegner point.) Unfortunately, such is not the case for general Z (T, ¢).*

Instead, we use an auxiliary GSpin, Shimura variety S such that Z(T',¢) C S C Sh(V'). On the special
fiber of S, the supersingular locus is one-dimensional, and — by [113] — any one-cycle is cohomologically
equivalent to a linear combination of supersingular cycles, at least after the application of a certain GSpin,-
Hecke operator Ty, . We leverage this to rewrite Oam(Tq, - Z (T, ¢)r,, ) as the image of some Z(7', ¢') under
OAJ m,ss» With o e S(V;fl ® Ay, 7).

Now it remains to choose g so that 9aj m(Tq, - Z(T', ¢)F,, ) is nontrivial. For this choice to be possible, we
need some non-entanglement between p , and the Galois representations appearing in the cohomology of .,
which are closely related to Hilbert modular forms. In particular, the support of Z(T', ¢) in the cohomology
of S needs to avoid some problematic Hecke eigensystems associated to CM forms. To ensure this, we use a
version of the modifying-the-test-function trick from (0.9), this time at (non-level-raising) auxiliary primes
¢ # q1,qo. Since the trick uses representation theory, it relies on the modularity result recalled after the
statement of Theorem C. (The subtleties that appear in this part of the argument prevent us from bounding
the dual Selmer group H} (Q, Vzp/Tr ) in the context of Theorem C, in contrast to the rank zero case.)

One final difficulty that arises in the proof of Theorem C is the application of the level-raising arguments
in §0.3.2 to 3,,. Since f,, does not lift to a characteristic-zero Hecke eigenfunction in general, we cannot
directly apply the theorem of Newton and Thorne to produce the lift in the diagram (0.11). Instead, we use
the relative deformation theory developed by Fakhruddin, Khare, and Patrikis, along with a certain control of
level-raised adjoint Selmer groups, to show that either 3,, lifts to an eigenfunction, or the Hecke eigensystem
of 7 is congruent modulo p” to that of an automorphic representation 7’ ramified at ¢; and g2 in either case,

4One could imagine modifying ¢, to ensure a purely supersingular special fiber, and applying a version of (0.9) to ensure that
Z (T, ¢) remains nontrivial under this change of test function. Somewhat to our surprise, this strategy fails: any appropriate choice
of ¢4 fails the criterion under which we prove (0.9).
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we leverage the congruence to solve the lifting problem in (0.11). It is at this step that the extra hypothesis in
Theorem C (that 7 does not arise from certain automorphic inductions) enters the argument; if the image of
the Galois representation p, , is too small, then we are unable to control the adjoint Selmer groups needed
to apply Fakhruddin, Khare, and Patrikis’ method.

0.5. Comparison to other work. When 7, is Borel-ordinary with respect to p, and under a slightly different
large-image condition, Theorem A can be deduced from the main result of [72], which also covers more
general weights. However, the existence of ordinary primes is still an open problem for general automorphic
representations of GSpy, so the ordinarity hypothesis is potentially a serious one.

As indicated in §0.2, this article fits into an extensive literature of bounding Selmer groups using level-
raising congruences (the method of “bipartite Euler systems”). Compared to these works, one of the main
underlying difficulties to prove Theorem A is the non-factorizability of GSpins — GSpins period integrals,
which is ultimately responsible for the appearance of the exotic test function 3™ (rather than the indictor
function of a self-dual lattice or a translate of such by the spherical Hecke algebra) in the identity (0.8).
Another way to formulate this obstruction is in terms of spherical functions and Hironaka’s conjecture [46,
26]. To our knowledge, the only prior work on bipartite Euler systems facing this challenge was the recent
PhD thesis of Corato Zanarella [28]. Interestingly, rather than our change-of-test-functions technique, the
issue in op. cit. is resolved using derived algebraic geometry; in our context, the analogous idea would be to
work with Z(T', o7 @ @) for more general ™™, even in the absence of a good integral model.

Another novel aspect in the present work is in finding the 3,4, in (0.12). To our knowledge, the idea of
using intersection theory on the special fiber of an auxiliary Shimura variety S, in which the supersingular
locus and the special cycle are of complementary dimension, is a new one.

Finally, we warn the reader that the “first and second reciprocity laws” (corresponding to finding x,,(q)
and f3,, , respectively, in the discussions above) in the table of contents are named only by analogy to [7]. In
both cases, the full reciprocity law would constitute an equality, whereas we only prove an inequality, and
that only up to a bounded error. The exact statements are Theorems 8.5.1 and 11.2.6.

0.6. Comments on the endoscopic case. An automorphic representation 7 as in the beginning of §0.1
is called endoscopic associated to a pair (7, m2) of cuspidal automorphic representations of GL2(Ag) —
necessarily arising from classical modular forms of weights 2 and 4, respectively, and trivial nebentypus
characters — if the associated Galois representations satisfy
(0.15) Prp = Prop B Prop
for one, or equivalently all, primes p of £. Here we normalize pr, , : Gg — GL2(FE}) to have cyclotomic
determinant; also let V7, , be the underlying Galois module. The set of 7 satisfying (0.15) is by definition
the endoscopic L-packet II(my, m). If V' is a quadratic space of signature (3,2) and II = Iy ® Il is an
automorphic representation of GSpin(V')(Aq) nearly equivalent to the members of II(7, 72), then we have

‘ Hff ® Vi p(—=2), =3, Il generic,
(0.16) H (Shi (Vg Ep)[ITy] = { TIF @ Vi, y(=2), i = 3, Tl holomorphic,

0 i # 3.

Note here that 1, is uniquely determined by II; via the Arthur multiplicity formula, which is known in this
case [21]. In particular, we still have a well-defined map
(0.17) Oasm, : CH*(Shi (V) = I @ (HH(Q, Viyp ® Viryp)) -

The analogue of Theorem C is now:

Proposition D (Theorem 12.3.3). Suppose 1 and o are non-CM, and p|p is a prime of E such that:

(1) m p and 73, are unramified.
(2) The residual representations p, , and pr, , are both absolutely irreducible, and pr, , © pr, , IS
generic (Definition 2.7.3).
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(3) For both i = 1,2, there exists a prime q t+ N(w) such that ¢* # 1 (mod p), p,, ,(Frobg) has
eigenvalues {1, q}, and p,., . ,(Froby) has eigenvalues {c, q/a} with o & {:tl, +q, ¢, q_l} .
Suppose as well that

() H}”(Qa Vi @ Vi p(=1)) = 0.
Then for any Kudla cycle Z(T, ) € CH?(Shg (V)),
Oas, (Z(T, ) #0 = dimpg, H{(Q, Vr, ) + dimp, H{(Q, Vi) = 1.

Remarks. (i) The conditions (1)-(3) hold for cofinitely many p (Lemma 4.1.5 and Proposition C.4.11).
(ii) The condition (x) is always expected to hold, by a classical result of Shahidi on nonvanishing of
Rankin-Selberg L-values [102]. Unfortunately, we remark that (x) does not follow from the main
result of [61], because the necessary large-image condition is never satisfied for V., , ® Vz, p(—1).
The role of () in the proof is to control congruences to non-endoscopic automorphic representations

of GSpiny groups.

(iii) Consider the case when V is split, so that Shx (V) is a classical Siegel threefold, and 7 is associated
to an elliptic curve E over Q. In particular, the Abel-Jacobi map (0.17) gives a way to construct
classes in H} (Q, T, F) from special cycles on Siegel threefolds. Weissauer asked in [126] how such
classes related to the classical theory of Heegner points, a question to which Proposition D provides
a partial answer: like the Selmer classes coming from Heegner points, these Abel-Jacobi classes can
be nonzero only if E has rank one (at least modulo the assumption on Rankin-Selberg convolutions).

@iv) In the text, we prove a stronger version of Proposition D that includes some CM cases.

Similarly, the methods used to Prove Theorem A can also be used for endoscopic representations under
the condition (x). This case is included in Theorem 9.2.4 for completeness, but note that the result gives
nothing new beyond Kato’s work [49].

0.7. Organization of the paper. In §1, we lay out the notational conventions for the article and cover pre-
liminary materials on involutions, Clifford algebras, and Selmer groups. In §2, we collect the necessary
background results related to automorphic representations, Galois representations, and Shimura varieties.
The most important role of this section is to make some of the results of [98] (on global Jacquet-Langlands
transfers for inner forms of GSp,) unconditional on Conjecture 7.5 of op. cit. In §3, we define Kudla’s cycles
Z (T, v) and their analogues on compact GSpin groups, and explain their relation to classical theta lifts. In
§4, we define the Galois cohomology classes and special periods used in the Euler system arguments. In §5,
we use the mod-p theory of the Weil representation to prove the change-of-test-functions criterion explained
above in (0.9); this is one of the most crucial (and technical) parts of the argument.

In §6, we turn to geometry, studying a ramified Rapoport-Zink space for GSpins. This section is based
on [120], although we need more details on intersection theory for our applications to special cycles. In §7,
these results are applied to study the special fiber of the ramified GSpin; Shimura variety, and compute the
local part of the Abel-Jacobi image of special cycles. (Some of the results in this section are generalizations
of those in [121].) In §8, we perform the level-raising and complete the program described in §0.3 above.
In §9, we prove the main results in the rank zero case. In §10, we study special cycles on the special fibers
of GSpin, and GSpin; Shimura varieties with good reduction. In §11 and §12, we prove our main result in
the rank one case.

The paper contains three appendices: in the short Appendix A, we explain the relation of the cohomology
of GSpin, Shimura varieties to Hilbert modular forms, which is well-known but for which we were un-
able to find a suitable reference. In Appendix B, we develop a general framework for deformation-theoretic
characteristic-zero level raising of GG-valued Galois representations, using ideas from [30]. These results
are most important for the proof of the rank one case. In Appendix C, we prove some large-image results
for the p-adic Galois representations that appear in the article, which are necessary for various Chebotarev
arguments.
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1. PRELIMINARIES
1.1. Notation.

1.1.1. Number fields and Galois groups. Let L C Q be a number field.

e We denote by Oy, the ring of integers. If p C Oy, is a prime, then we write O, and L, for the
respective completions, and @, for a uniformizer of O,.

e Let G, == Gal(Q/L) be the absolute Galois group. If S is a finite set of places of L, we denote by
L the maximal unramified-outside-S extension of L, and set G, s == Gal(L°/L) C Gr. If pisa
prime of L, we also write G, for the absolute Galois group of Ly, with inertia subgroup I, C Gp,.

e Forany p, X cyc : G — Z, denotes the p-adic cyclotomic character. We normalize the definition
of Hodge-Tate weights so that Xp,cyc|c,, has weight one for all p[p.

1.1.2. Adéle groups and class field theory.

e For a number field K, let Ag be the adele ring; when K = Q we typically write A = Ag. For a
finite set S of places of Q, we write

As=T]Qn A°=T]Qn Af= J] Q.

veS vegS vgSU{o0}

e If 7 = ®/ m, is an irreducible admissible representation of G(A) for some Q-group G, then for a
squarefree integer D, W? denotes ®Z*D7Tg, and 7p denotes ®, pmy. The similar notations W? , TS
hold for finite sets of primes S.

e For any prime p, let (p) € A; be the image of p under the natural inclusion Q) — AJT.

o We always normalize the reciprocity maps of class field theory to send uniformizers to geometric
Frobenius elements.

e For any number field L and finite-order character x : L*\A} — k*, with k a field, we write
rec(x) : G, — k™ for the pullback by the reciprocity map.

1.1.3. Coefficient rings. For coefficient rings, we will often use a discrete valuation ring O which is a finite
flat extension of Z,,, with uniformizer w. In this context:

e We denote by CNL the category of complete local Noetherian O-algebras with residue field O /co.
e For any torsion O-module M and any m € M, ord,(m) > 0 denotes the least integer such that
wO = (M) = 0. Similarly, for a submodule N C M, ord, N = max {ordem : m € N}.

1.1.4. Symplectic groups.
O?’L I’I’L

° Foranyn,leth:< I o
—in n

) € GLgan(Z), where 0, is the n x n matrix of zeros and I, is the

n X n identity matrix.
e Define the algebraic group GSp,,, over Z by

(1.1 GSpy,(R) = {(9,A) € GLan(R) x R* : gQg" = AQ}

for any ring R.

e We have the natural similitude character v : GSp,,, — G,,,, and the symplectic group Sp,,, C GSps,,
is the kernel of v.

e For any prime p, we write (p) € GSp,,,(A) for the scalar matrix corresponding to (p) € AF.
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1.1.5. GSpin groups. Let V be a quadratic space over a field F', with a basis {e;}.

e We denote the pairing V x V' — F by (v,w) — v - w.

e The Clifford algebra of V' is the associative F-algebra C'(V') generated by the symbols ¢;, subject to
the relations

e? = (e;-e)l.

There is a natural Z /27 grading on C'(V'), with respect to which the plus part is denoted C* (V).

e We denote by * the natural involution on C(V'), determined by v* = v. Then GSpin(V') is the
algebraic group over F' defined by

GSpin(V)(R) = {(g, Ne(CtV)e R)X x R* : gg" = )\}.

The natural similitude character is again denoted v.
o If F = Q, then for any prime p we again denote by (p) € GSpin(V')(Ay) the scalar element
(p) € A7 C GSpin(V)(Ay).

1.1.6. Quaternion algebras and quadratic spaces.

e For a squarefree integer D > 1, let Bp be the quaternion algebra over Q which ramifies at the factors
of D, and possibly at infinity. Let xp be the standard involution on Bp. We also denote by *p the
involution on M,,(Bp) given by the composite of *p and transposition.

e For all squarefree D, let

(1.2) VD — MQ(BD)*Dzl’trZO,

which is a 5-dimensional quadratic space of trivial discriminant, whose Hasse invariant coincides
with that of Bp. The signature of Vp is (5,0) or (3,2) when Bp is ramified or split at infinity,
respectively.

e We note that GSpin(Vp) is an inner form of GSpin(V;) = GSp,.

1.1.7. Algebraic geometry.

e For a closed subscheme X of a scheme Y, we denote by Ny /vy the normal sheaf.
e If X is a scheme, X,.q C X denotes the maximal reduced subscheme.

1.1.8. Miscellaneous.

e For a squarefree integer D > 1, we denote by div(D) its set of prime factors, and let o(D) =
#div(D).

e Suppose V is an F-vector space for a nonarchimedean local field F' with ring of integers Op. For
two Op-lattices A C A’ of V, the notation A C,, A’ means that A’/ A has Op-length n.

e For any group G, we let Zg C G denote the center.

e For a prime p, let Z, be the Witt vectors of F,,.

1.2. Central simple algebras and involutions.

1.2.1. Let M be a central simple algebra over a field F' of characteristic zero. Throughout this paper an
involution on M will be understood to mean an involution of the first kind, i.e. fixing F'. Such involutions
fall into two categories: main type or nebentype (also called symplectic and orthogonal type [52]). For
example, the transpose involution on M = M (F) is of nebentype; the standard involution on a quaternion
algebra is of main type. For later use, we now recall some basic facts.

Proposition 1.2.2. Let (M, 1) and (Ma, x2) be two central simple algebras equipped with involutions.
The induced involution 1 ® *9 on M is of nebentype if and only if x1 and o are of the same type.

Proof. This is [52, Proposition 2.23]. O
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1.2.3. Suppose F' = R or Q, and recall that an element p € M is called totally positive if it has strictly
positive eigenvalues as an endomorphism of M.

Proposition 1.2.4. Let M = M, (R) or M, (H), and suppose M is equipped with a positive involution x,
i.e. such that tr(a*a) > 0 for all 0 # a € M. Then the positive involutions on M are those of the form

a— patpt,

where u* = u and either p or —u is totally positive. In particular, all positive involutions on M have the
same type.

Proof. This is [117, Proposition 8.4.7 and Lemma 8.4.12]. ([l

1.2.5. The tensor product of two quaternion algebras is called a biquaternion algebra (BQA). Involutions of
nebentype on rational BQAs are particularly simple:

Lemma 1.2.6. Let M be a BOA over Q, and let 1, o be two involutions of M of main type. If either M @ R
is split, or x1, *9 are both positive, then there exists an element g € M* such that

Int(g) o %1 = %9 o Int(g).

In particular, conjugation by g defines an isomorphism (M, x1) =~ (M, *2).

Here, Int(g) is the automorphism a + gag~"' of M.

Proof. By the Skolem-Noether theorem, there exists h € M * such that Int(h) o ¥; = 9. The condition on
g in the lemma is equivalent to h = Ag*1 g, for some \ € Q*. By [52, Theorem 16.19], there exists such a g
if and only if the Pfaffian norm of h (with respect to *1) belongs to (Q*)% Nrd(M*). If M ® R is split, then
Nrd(M*) = Q*, so we are done. If M ® R is not split, then Nrd(M*) = QZ,, and it suffices to show that
the equation h = Ag*!g has a solution over R. Assuming without loss of generality that *; is the standard
involution on M ® R ~ My(H), this can be checked directly using Proposition 1.2.4. U

1.2.7. Let F be a finite extension of Q, with ring of integers O, and let B be the unique nonsplit quaternion
algebra over Or. We denote by O g the unique maximal O p-order in B, with uniformizer 7 € Op and natural
valuation ord,;.

Proposition 1.2.8. Suppose g € GL,,(B) satisfies
9M,(Op)g~" = My (Op).
Then, up to rescaling by an element of F*, we have either g € GL,(Op) or g € 1 GL,(Op).

Proof. Suppose g is given by the matrix (g;;) and g~' is given by the matrix (hx;). Let aj), be the matrix

with a 1 in the jk position and Os elsewhere; since gai, g~' € M, (Op), we see that
(1.3) gijhkl S OB, for alli,j,k,l.

Without loss of generality, by rescaling g, we may assume g;; € Op for all 7, j but ord,(g;;) < 1 for some
i,j. If hjj € Op for all i, j, then g € GL,,(Op), so suppose without loss of generality that ord,(hy;) < 0
for some k, [. It follows from (1.3) that ord,(g;;) > 1 for all 4, j, with equality holding for some ¢, j, and
ord,(hg;) > —1 for all k,[; in particular, g € 7 GL,,(Op). O

Motivated by Proposition 1.2.8, we make the following definition.
Definition 1.2.9. An involution * of M, (B) stabilizing M, (Op) is called of unit type if it is of the form

a* = ga'g~! for some g € GL,(Op), and of non-unit type if it is of the form a* = ga'g~! for some
g € mGL,(OpB).
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Similarly, if B is a quaternion algebra over Q and p is a prime such that B ® Q, is not split, let Ogp C B
be the unique maximal Z,)-order. Then an involution x of M,,(B) stabilizing M,,(Op) is called of unit or
non-unit type according to whether the induced involution on M, (B) ® Q, (stabilizing M,,(Op) ® Z,) is
of unit or non-unit type.

Remark 1.2.10. By Proposition 1.2.8, an involution * of M,,(B) stabilizing M,,(Op) induces an involution
on M, (Op /), which acts trivially on the center of M,,(Op /) if and only if * is of non-unit type.

1.2.11. The same proof as Proposition 1.2.8 also shows:

Proposition 1.2.12. Let F' be a nonarchimedean local field with ring of integers Op. If g € GL,,(F) satisfies
9M,(Op)g™" = My (OF),
then we have g € F* GL,,(Op).

1.3. PEL data.

1.3.1. Recall the notion of a PEL datum D = (B, *,V, ) from [78, Chapter 8], and set C' = Endp (V).
Then C is equipped with an involution ¢ — ¢, the adjoint with respect to 1), and the Q-group Gp associated
to D is defined by
Gp(R) ={(9:)) € (C@®R)* x R* : g¢' = \}.
To D, there is associated the reflex field £ = FEp, and, for any compact open subgroup X C Gp(Ay), a
moduli functor My over E. Let us briefly recall the definition of M, for which more details can be found
in [53, p. 390]. For a connected scheme S — Spec E, M (S) is the set of isomorphism classes of tuples
(A, 1, \,n) where:
e A/S is an abelian scheme up to isogeny;
e 1 : B < End’(A/S) is an embedding satisfying the Kottwitz determinant condition derived from
D;
e \: A — AV isa quasi-polarization such that t(b*)¥ o A = Ao () forall b € B;
e 7 is a K-level structure for A, i.e., for any geometric point s of S, a (.5, s)-stable K-orbit of
isomorphisms
n: Hl’ét(As,Af) l> \%4 ®Q Af
respecting the actions of B and the symplectic pairings on both sides up to a scalar.

If K is neat, then M is represented by a smooth quasi-projective scheme over E.

1.3.2. Let p be aprime. A self-dual p-integral refinement & of D is the additional data of a *-stable maximal
Z(p)—order Op C B and a self-dual Op-stable Z(p) -lattice A C V. (This is a special case of the notion in
[95, §6].) For a compact open subgroup K? C Gp (A?), the corresponding moduli problem M g is defined
as follows. For a connected scheme S — Spec O ® Z(p), Mg (S) is the set of isomorphism classes of
tuples (A, ¢, A, nP) where:

A/S is an abelian scheme up to prime-to-p isogeny;

t: Op < End(A/S) ® Z,) is an embedding satisfying the Kottwitz condition;

A: A — AV is a prime-to-p quasi-polarization such that t(b*) o A = X o ¢(b) for all b € Op;

nP is a KP-level structure, i.e., for any geometric point s of S, a 71 (.S, s)-stable KP-orbit of isomor-
phisms

n: Hl,ét(Asa A[}) =V ®Q AI}
respecting the actions of B and the symplectic pairings on both sides up to a scalar.

If K7 is neat, then M is represented by a quasi-projective scheme over O ® Z,. Its generic fiber is
Mkrk,, where K, = Stabg,,q,)(A).
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Lemma 1.3.3. Let S be a scheme and B a simple Q-algebra with involution x of the first kind. Suppose
given an abelian scheme A/ S with an embedding of Q-algebras

t: B < End’(4/8S),
and a quasi-polarization \ : A — AV such that
L(b*) o A= Xou(b), VbE B.
Then for any totally positive g € B> with g* = g, A o g defines a quasi-polarization of A.
Proof. It suffices to prove the lemma when S = Spec k with k an algebraically closed field. In this case, by
the discussion in [79, Chapter 21, Application III], it suffices to show that g has strictly positive eigenvalues

on End’(A). But this follows from the positivity of the eigenvalues on B, because End’(A) is a semisimple
QQ-algebra containing B, and any such is a product of copies of B as a B-module. g

The following corollary is immediate.

Corollary 1.3.4. Let D = (B, *,V, 1) be a PEL datum, where B is a simple Q-algebra and * is an involution
of the first kind. Suppose given a totally positive g € B> such that g* = g, and let Dy = (B, %4, V, 1),
where x4 := g o *x o g and

Vy(z,y) =p(z, g y), Vo,yeV.
Then Gp = Gpg, and, for all K C Gp(Af), there is a canonical isomorphism

Mp g — Mp, i
defined by
(A, e, \,n) = (A, 1, Ao0g,7m).

If 2 = (Op,*, A1) is a self-dual p-integral refinement of D and g lies in O}, then Dy = (Op, *¢, A, g)
is a self-dual p-integral refinement of Dy and the above isomorphism extends to an isomorphism of integral
models

Ma kv = Mg, ko

for all compact open KP C GD(AIJZ).

We also deduce:

Corollary 1.3.5. Let B be an indefinite quaternion algebra over Q, with Op C B a maximal Zy,)-order, and
fix an integer n > 1. Let * be a positive involution on M, (Op), of non-unit type if B ® Q, is ramified. Then
there exists an abelian scheme A over Spec Zp of dimension 2n with supersingular reduction, a prime-to-p
quasi-polarizon \ : A — AY, and an embedding v : M,,(Op) — End(A) ® Z,), such that

L(b*)Y o A= Xowu(b), Vbe M,(Op).

Proof. Using Lemma 1.3.3 along with Propositions 1.2.8 and 1.2.12, we reduce to the case that a* = o/ for
all « € M,,(Op), where t is a positive involution on O g, of non-unit type if B ramifies at p. Thus it suffices
to prove the corollary when n = 1, in which case it is well-known from the classical theory of Shimura
curves; see the discussions in [12, Chapter III]. O

1.4. PEL data for GSping , groups.
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1.4.1. In this article, we will consider PEL data that arise in the following way. Let D > 1 be squarefree
with (D) even, and let ¢ be a prime, possibly with ¢|D. Suppose fixed a maximal Zg)-order Op C Bp,

with a nebentype involution *, and an embedding Zq — C.

Definition 1.4.2. (1) An (Op, *)-triple is a triple (Ay, to, Ag), Where:
(a) Ao is an abelian scheme over Spec Z, of rank 4 with supersingular reduction;
(b) 10 is an embedding Op — End(Ag) @ Zy);
(¢) Ao : Ayg — Ay is a prime-to-q polarization, such that
to(a®)Y o Ng = Ag o 1p(a), Va € Op.
(2) Given an (Op, *)-triple as above, we set H := H1(A(C),Q), with its canonical symplectic form
Y. Let A C H be the lattice H1(Ao(C),Zg)). The PEL datum associated to (Ao, ¢, Ao) is defined
by
D = (BD7 *7 Haw)v

with self-dual g-integral refinement

'@ - (OD7*7A7¢>'

1.43. Let D - g := Dq/ ged(D, q). Given an (Op, *)-triple (Ag, to, Ao):
e H is a Bp-module, and End(H, Bp) is isomorphic to Ms(Bp). The adjoint involution  on
End(H, Bp) is of main type (by Proposition 1.2.2, because the adjoint involution on End(H) =
Bp ® End(H, Bp) is of main type).
e Set Ay = (AO)E’ with its induced Op-action 7o and polarization Ag. Then End®(A4y,7) is iso-
morphic to My(Bp.q), and its Rosati involution t is positive, hence of main type by Proposition
1.2.4.

Definition 1.4.4.
(1) A g-adic uniformization datum (Ao, 1o, Ao, ip,ip.q) for (Op, *) is an (Op, *)-triple (Ao, Lo, Ao) as
above, along with a choice of isomorphisms of algebras with involution:
iD : (EDd(H, BD), T) :> (MQ(BD)v *D)v

iD.q : (EndO(ZO,Zo), J[) = (MQ(BD.q), *D-q)'
(2) A g-adic uniformization datum (x, Ao, Lo, Ao, iD, ip.q) for Vp is a choice of positive nebentype invo-
lution * on Op — of unit type if ¢| D — and a uniformization datum (Ao, 0, Ao, ip,ip.q) for (Op, *).

Recall here that Vp was defined in (1.2).

Remark 1.4.5. (1) Given any (Op, *)-triple (Ao, to, \o), the choices in Definition 1.4.4(1) exist by
Lemma 1.2.6.
(2) Given a g-adic uniformization datum (x, Ao, 9, Ao, ip, ip.q) for Vp, we also obtain isomorphisms

End(H, Bp)!="=0 = Vb, End®(Ay, 7)== = Vp.,.
The former determines an isomorphism
Gp = GSpin(Vp).
Moreover, the action of End(Ag,7) on
HLét(ZO,A;]c) = HI(AO((C),A;’C)

>~

induces an isomorphism Vp.q®gA% = Vp®gA$. Inturn, this induces an isomorphism GSpin(Vp)(A%)
GSpin(Vp.q) (A%).
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1.5. Local conditions and Selmer groups.

1.5.1. In this subsection, O is the ring of integers of a finite extension £/Q,, and w € O is a uniformizer.

Notation 1.5.2.

(1) Suppose M is a finite free O-module with an action of Gg,, where £ may be equal to p. We consider
the Bloch-Kato local conditions

H}(QE,M) = ker (Hl(Qg,M) N Hl(@£>M®Qp)) '

H}(ny M ® Qp)

(2) Globally, if M is a finite free O-module with Gg-action, let

H}Q, M) = ker <H1 (Q, M) — H il gi )

(3) Suppose ¢ # p. For an unramified, finitely generated O-module M (either finite or infinite) with
G,-action, we let

H}(QbM) = unr(Qf7 )

Remark 1.5.3. Notations 1.5.2(1,3) are consistent because, when M is free over O and unramified as a
Gg,-module, the map H*(I,, M) — H'(I;, M ® Q,) is injective.

1.5.4. Fix integers a < 0 < b. Recall that a finite Z,[Gq, ]-module M is said to be torsion crystalline with
Hodge-Tate weights in [a, b] if there exists a crystalline Q,[G,]-module V' with Hodge Tate weights in [a, b],
and two Gg,-stable lattices Ty C Tp C V/, such that M = T5/T. A finitely generated Z, |G, ]-module M
is torsion crystalline with Hodge-Tate weights in [a, b] if M /p™ is so for all n > 1.

If M is torsion crystalline with Hodge-Tate weights in [a, ], let

H},tors((@pv M) - HI(QP’ M)
be the subspace of cohomology classes such that the corresponding extension
0= M —=x—7Z,—0

is torsion crystalline with Hodge-Tate weights in [a, b]. If M is an O[Gg,|-module, then H} . (Qy, M) is
an O-submodule of H1(Q,, M).

Proposition 1.5.5. A finite free O[Gq,|-module M is torsion crystalline with Hodge-Tate weights in |a, b]
if and only if M ® Q, is crystalline with Hodge-Tate weights in [a,b]. In particular, if M is a finite free
O[Gq,]-module, then H}(@p, M) = ftors(Qp’ M).

Proof. This is [65, §7.3].5 O

Notation 1.5.6. We will from now on write H } (Qp, M) in place of H }»t ors(Qp, M) for any finitely generated
O-module M with Gg,-action; by Proposition 1.5.5, this is consistent with Notation 1.5.2(1).

1.6. Duality.

3In fact, for the main results it suffices to assume b— a < p — 1, in which case Proposition 1.5.5 is due to Breuil [14, Proposition
6].
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1.6.1. Let ¢ be a prime, possibly equal to p. If M is a finite free O-module with Gg,-action, let M* =
Homo (M, O(1)). Similarly, if M is alocally compact O-module with Gg,-action, let M = Homo (M, E/O(1))
be the Cartier dual. We have the local Tate pairings

(1.4 (0ot HY(Qg, M) x H' (Qg, MY) — H*(Qqy, E/O(1)) = E/O
and
(1.5) (et HY(Qp, M) x H(Qq, M*) — H*(Qy, O(1)) = O.

The former is perfect, and the latter is perfect modulo torsion. We recall the following standard fact.

Lemma 1.6.2. Suppose M is a finite free O-module with Gg,-action. Then the subspaces H} (Q¢, M) and
H}(Qg, M™) pair to zero under the local Tate pairing (1.5).

Proof. When O = Z,, the result follows from [9, Proposition 3.8].6 To reduce to this case, note that M ™ is
canonically isomorphic to M’ := Homgz, (M, Z,(1)), and we have a commutative diagram:

HNQe, M) x HAQq, M*) 02,

I I

V=0
HY(Qe, M) x HHQp, M) 2053

—

S

Since H}(Q@, M*) C HY(Qg, M*) is O-stable and the trace pairing O x O — Z, is nondegenerate, the
lemma follows. O

Lemma 1.6.3. Fix integers a < 0 < b, and let M be a finite free O-module with [Gq,]-action which is
torsion crystalline with Hodge-Tate weights in [a, b]. Then:

(1) We have @H}(Qp, M/w") = H}(Qp, M).
(2) Foralln > 1, there exists m > n such that

im (H}(Qm M/w™) — H}(va M/w")) = im (H}(Qzﬂ M) — H}(va M/w")).
(3) Foralln > 1, there exists m > n such that the local Tate pairing
() Hl(Qp,M/w") X Hl(@p,M*/w") - O0/w"
vanishes when restricted to

im (H}(Qp, M/@w™) = Hj(Qp, M/w")) x im (H(Qp, M* /™) — H}(Qp, M* /")) .

Remark 1.6.4. When 2(b—a) < p—2and O = Z,, we may take m = n in the final part by [85, Corollary
6.1].
Proof. The first part is clear from Proposition 1.5.5, and it follows that
Nmzn im (H}(Qp, M/@w™) — H}(Qp, M/w™)) = im (H}(Qp, M) — H}(Qp, M/=").
Since H } (Qp, M /w") is a finite O-module, it is clear that (2) holds.

For (3), take m sufficiently large to satisfy (2) for both M and M*. The assertion then follows from Lemma
1.6.2 and the commutativity of the diagram:

6Although loc. cit. assumes M ® Q,, is de Rham when £ = p, this is needed to show that H} (Q¢, M) and H}(Qz, M™) are
exact annihilators; the proof shows that they annihilate each other in general.
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HY(Q,, M) x HY(Qy, M*) —— O

! J

HY(Qp, M/w") x HY(Qp, M* /w") —— O/w™.

2. AUTOMORPHIC REPRESENTATIONS, HEecke ALGEBRAS, AND SHIMURA VARIETIES

2.1. Hecke algebras and Galois representations. Let G be a split, connected, reductive algebraic group
over Z[Sy 1] for a finite set of primes Sp, with Borel subgroup B = TU C G and Weyl group W. For
simplicity, we assume that the derived subgroup of G is simply connected.

Definition 2.1.1.

(1) For a prime ¢ & Sp and a ring R, let T ¢ r denote the spherical Hecke algebra of compactly sup-
ported, R-valued, G(Z,)-biinvariant functions on G(Qy). For a finite set S O Sy and a ring R,

TS r —®TG’£R

(s
(2) Let P = M N C G be a parabolic subgroup. For all ¢ ¢ S, we define a natural map
S$ : Taor — Tauer
by
SG(m) = [ femnyan
N(Qp)
where the Haar measure on N (Qy) gives volume 1 to N (Zy).

When R = Z, we drop it from the notation.

Proposition 2.1.2. We have a commutative diagram of functors

Laizy)

R[M(Q@)] Mod —— TMg R — Mod
.1) l” Ind l(sng} :

G(Zz)

R[G(Qf ] Mod —— TGZR MOd

where t — Ind denotes the unnormalized parabolic induction.
Proof. This follows from combining Lemmas 2.4, 2.7, and 2.9 of [83]. ]

Notation 2.1.3. Let 7 C G be the dual torus to 7. We write X*® and X, for the character and cocharacter
groups of any split algebraic torus.

Definition 2.1.4. Suppose now that R is a Z[¢'/2, /~1/2]-algebra and recall the Satake transform
RIX*(T)We =T
22) [(X*(T)] G.LR

A [C/\].

(I) If m C Tg e g is a maximal ideal with residue field k, the Satake parameter for m is the unique
element

Satc,(m) € T(k)/We
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such that, for any A € R[X*(T)]"e, A(Satg¢(m)) = [cx] (mod m). A maximal ideal m C ’]I‘g’R
defines a maximal ideal of each T¢ g with £ ¢ S; we denote by Satg ¢(m) the corresponding
element of T'(k) /Wy, for each £ & S.

(2) Let pg € Xo (f ) = X*(T) be the half-sum of positive roots. A normalization of the Satake trans-
form for G (cf. [42, §8]) is a choice of element wg € Xo(Zg) such that

we = pe (mod 2X,(T)).

2.1.5. For the rest of this subsection, we assume that R is a Z,2-algebra, with a fixed choice of square root
(12 ¢ L,y for any £ # p.

Definition 2.1.6. Let S D S be a finite set of primes.
(1) Given a maximal ideal m C Té r, With residue field %, a semisimple Galois representation

P - Go — G(F)

is said to be associated to m (with respect to a normalization w¢ of the Satake transform) if for all
but finitely many ¢ & S, ﬁm|G@[ is unramified and

P (Frob-1)* ~ we (071/?) - Sat o(m);

here ~ denotes G/(k)-conjugacy. If this holds for all ¢ & S U {p}, then p,, is said to be strongly
associated with m.

(2) If there exists a Galois representation (strongly) associated to m, then m is said to be (strongly) of
Galois type.

Note that whether m is (strongly) of Galois type is independent of the choice of normalization; the corre-
sponding representations py, differ by the composite of X cyc and an algebraic cocharacter of Z.

Example 2.1.7. Suppose 7 is an automorphic representation of GSp,(A), unramified outside .S, and fix an
isomorphism ¢ : @p = C. This determines a distinguished square root AR @ for all /. Moreover, the

Hecke action on ¢~ !7° defines a maximal ideal m, C TéSp o If 7 is relevant in the sense of Definition
4,p

2.2.5 below, then the representation p,, of Theorem 2.2.10 is strongly associated to m, with respect to the
normalization given by the scalar subgroup G,,, — GSp,.

Definition 2.1.8. Let S D Sp be a finite set of primes. A maximal ideal m C TG r With residue field £ is
said to be Eisenstein if there exists an associated p,, (with respect to any normahzatlon) which factors as

Pt Go — M(k) < G(k)
for some standard parabolic subgroup P = M N C G.
Proposition 2.1.9. Let S O Sy be a finite set of primes. Suppose for some proper parabolic subgroup

P = MN C G, my C T%,R is a maximal ideal of Galois type. Then m = (S§))*my C Tg:,R is
Eisenstein.

Proof. Fix normalizations wj; and wg of the Satake transform for M and G, respectively. Also let dp €
Xe(Z77) be the dual of the character
det(ad(—)|N) : M — Gy,

By the well-known compatibility of the Satake transform with normalized parabolic induction, combined
with Proposition 2.1.2, Satg¢(m) € T(k)/We is represented by any representative of Satpse(mas) -
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dp(01/2) € T(k)/Way. It follows that
B = Py @ Xooye : G — M (k) — G(k)

is associated to m, where
_ wg—wy —dp
Hence m is Eisenstein.
]

2.1.10. The case of G = GSpy. When G = GSp,, the Hecke algebra T ¢ r can be identified with the poly-
nomial algebra R[T} 1,72, (¢)], where the generators correspond to the following double coset operators:

¢
1
Ty =1 | GSpy(Zy) /1 GSpy(Ze) | »
1
/
14
Tro =1 | GSpy(Zy) 1 GSpy(Ze) | »
1
V4
V4
<€> =1 GSP4(Z6) / GSP4(Z6)
V4

The Satake parameter of a maximal ideal m C Tgsp, ¢, With residue field & can be identified with the data
of an element v € k — the similitude factor of Satgsp, ¢(m) — together with the multi-set {«, 8, v/, v/ B} of

elements of k — the eigenvalues of Satgsp ,,¢(m) in the standard four-dimensional representation of GTS-EL =
GSp,. We will abusively write the Satake parameter as {«, 8, v/, v/S}; in general, v is not always deter-
mined by this unordered set.

The relation to Hecke eigenvalues is given explicitly in this case by

Tyy = *(af/v+a/f+ Bla+v/af) + (£ = 1) (mod m)
(2.3) T2 =02 (a+B+v/a+rv/8) (modm)
(¢) =v (mod m).

When it is clear from context that G = GSp,, the subscript G in Hecke algebras and Satake parameters

may be omitted from the notation.

2.2. Automorphic forms and Galois representations. Let F' be a totally real field. If we fix a prime p and
an isomorphism ¢ : Q, = C, then to each archimedean place v|oo of F, we can associate an embedding
v F @p.

Theorem 2.2.1. Suppose  is a unitary, cuspidal automorphic representation of GLa(AF) associated to a
Hilbert modular form of weight (2kv)v|o@ where v runs over archimedean places of F' and k,, > 1 for all v.

Then for every isomorphism v : @p =5 C, with p a prime, there exists a Galois representation

Pro - Gr — GLQ(@p)

with the following properties.
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(1) pr.lc r, IS potentially semistable for all v|p, and for all nonarchimedean primes v of F':

_ 1
LWD(me‘GFU)F %~ rec(my, @ | - [2).

Moreover this Weil-Deligne representation is pure of weight —1. B
(2) For each place v|oc of F, the Hodge-Tate weights of pr,, with respect to the embedding 1*v : F' — Q,
are 1 — k, and k,.

(3) The similitude character of py,, is P

rec(wr) Xp,cye, Where wy is the central character.

Here rec is the usual local Langlands correspondence for GL,,, normalized to coincide with the reciprocity
map of local class field theory when n = 1.

Proof. Note that the purity in (1) follows immediately from the claimed identity of Weil-Deligne represen-
tations and the Ramanujan conjecture for 7 [8].

The existence of p, , with the property (1) for all v { p was proved by Carayol [19] under the assumption
that either [F' : Q] is odd, or 7, is square-integrable for some finite prime v of F'. In general, p, , was
constructed by Taylor [109], and the proof of (1) for v t p follows the argument of [129, Theorem 2.1.3].
Finally, the property (1) for v|p, along with (2), were established in general by Skinner [105] (except that our
normalizations of Hodge-Tate weights and reciprocity maps are inverted from loc. cit.). The property (3) is
an immediate corollary of (1). U

Definition 2.2.2. An automorphic representation 7 of GLa(A ) has (strong) coefficient field Ey C C if Ey
is a number field and, for all primes p and isomorphisms ¢ : @p = C, pr,. is defined over the p-adic closure
of 1 71(E}p). In this case, it depends only on the prime p of Fy induced by C, and we obtain a well-defined

prp : Gp — GLa(Ey,) such that p,, is the extension of scalars of py .

Remark 2.2.3. The argument of [23, Proposition 3.2.5] shows that strong coeffient fields exist in the situation
of Theorem 2.2.1.

Notation 2.2.4. Let 7 be as in Theorem 2.2.1, and let Ej be a strong coeflicient field of 7. Fix a prime p of
Ey with residue field k(p).

(1) Write V. , for the underlying Ey |G p|-module of py .
(2) Let Ty, C Vi be a Gp-stable Op, p-lattice. Then the k(p)[G p]-module T’ , depends only on Vj ,
up to semisimplification. We write

Pryp : GF — GLa(k(p))

for the corresponding semisimple Galois representation.
(3) When p is clear from context, it may be dropped from all subscripts in the above notations.

We now turn to automorphic representations of GSp,,.

Definition 2.2.5. An automorphic representation 7 of GSp,(A) will be called relevant if:

e 7 is cuspidal and not CAP, and has unitary central character.
e T belongs to the discrete series L-packet of weight (3, 3).

2.2.6. If 7 is an automorphic representation of GSp,(A), then for all £ such that 7, is unramified, recall that
we write the Satake parameter of 7, as a multiset of four complex numbers of the form { a, B, va"t,vp! }

If 7 has central character wy, then v = wy((¢)) = rec(wy)(Frob, ).

Definition 2.2.7. A cuspidal, non-CAP automorphic representation 7w of GSp,(A) is endoscopic associated
to an unordered pair (71, 72) of cuspidal automorphic representations of GL2(A) with the same central
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character if the following holds: for all but finitely many primes /, if m; , are both unramified with Satake
parameters {«;, v/«; }, then 7y is unramified with Satake parameter {1, ag, v/aq, v/ag}.

2.2.8. In this case, m; and 79 are necessarily distinct by [128, Lemma 5.2], and the central character of 7 is
the common central character of the ;. In the literature, the property in Definition 2.2.7 is often called being
weakly endoscopic, and being endoscopic requires a stronger compatibility condition of local Langlands
parameters at all finite places; however, the distinction is unimportant, cf. the results of [128, §5].

Lemma 2.2.9. Suppose 7 is an endoscopic automorphic representation of GSp,(A), associated to a pair
(1, m2) of automorphic representations of GLo(A). Then 7 is relevant if and only if w1 and 79 are unitary
with discrete series archimedean components of weights 2 and 4 in some order.

Proof. Recall 7 is cuspidal and not CAP by definition. Also, 7 clearly has unitary central character if and
only if 1 and 7y are unitary, so it suffices to consider the archimedean weights.

Consider the representation 7 oo X 73 oo 0f GSO22(R) = (GL2(R) x GL2(R))/R*; by [128, Lemma
5.6], s belongs to the local L-packet attached to 71 o, X 72 o via the known Langlands parametrization
for real groups and the map of dual groups

L'GS0s,2 = (GL3 xg,, GL2)(C) — GSpy(C) = GSpy -

We conclude that 7, belongs to the desired discrete series L-packet if and only if 71 o, and 72  are discrete
series of weights 2 and 4 in some order.
]

Theorem 2.2.10. Let w be a relevant automorphic representation of GSp4(A), and fix a prime p along with
an isomorphism 1 : Q, =5 C. Then there exists a semisimple Galois representation

pru: Go = GSP4(@p)

with the following properties.
(1) pr, |G@p is potentially semistable, and for all primes ¢,

_ 1
LWD(me‘G@E)F % ~recgr(me @ |- [2).

Moreover this Weil-Deligne representation is pure of weight —1.
(2) The Hodge-Tate weights ofpm\(;@p are {—1,0,1,2}.

(3) The similitude character of py,, is P

rec(wr) Xp,cye, Where wy is the central character.
Here recq is the Gan-Takeda local Langlands correspondence of [37], which associates to an irreducible
admissible representation of GSp,(Q/) a GSp,(C)-valued Weil-Deligne representation.

Proof. Suppose first that 7 is endoscopic associated to a pair (71, m2) of automorphic representations of
GL2(A). By Lemma 2.2.9 and Theorem 2.2.1, we can take

P = Pri D Pra
under the natural embedding GL2 x¢,, GL2 — GSpy; this satisfies (1) by Theorem 2.2.1(1) combined with
[128, Corollary 5.1, Theorem 5.2(3)] and the construction of recg in [37]. Then (2) and (3) are satisfied by
Theorem 2.2.1(2, 3).

Now suppose 7 is not endoscopic. By [98, Proposition 10.1] combined with [127, Theorem 1], we may
assume without loss of generality that 7 is globally generic. Under the extra hypothesis that 7, is Steinberg
for some v # p, and omitting the case £ = p of (1), the theorem then follows from the main result of [107],
except that we have twisted the pr, of loc. cit. by ngcyc. The extra hypothesis in [107] is needed only to
appeal to the results of Taylor-Yoshida [111], and has since been removed by work of Caraiani [17]. Similarly,
the proof in [107] of (1) for ¢ # p extends to the case £ = p with the additional input of [18]. ]
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Notation 2.2.11. In the setting of Theorem 2.2.10, we write V. , for the underlying four-dimensional Galois
module of py ,.

Lemma 2.2.12. In the situation of Theorem 2.2.10, suppose p > 3. Then Vy , is reducible if and only if  is
endoscopic.

Proof. This is [125, Theorem 3.1]. O

Definition 2.2.13. A relevant automorphic representation 7 of GSp,4(A) has (strong) coefficient field Ey C
C if Ey is a number field and, for all primes p and isomorphisms ¢ : Q, — C, pr,, is defined over the
p-adic closure of : 71 (Ej). In this case, it depends only on the prime p of Ey induced by ¢, and we obtain a

well-defined prp : G — GSpy(Eop ) such that pr, is the extension of scalars of p ;.

Lemma 2.2.14. If 7 is a relevant automorphic representation of GSp4(A), then a strong coefficient field F
exists for .

Proof. 1f 7 is endoscopic, this is clear from Remark 2.2.3, so assume otherwise.
Letr : GSp, < GLy4 be the natural embedding, and let .~ ( Ey ) be the p-adic closure forany ¢ : Q, = C.

By the argument of [23, Proposition 3.2.5], there exists a number field Fy such that, for all ¢ : @p = C,

T 0 pr, is defined over t ~1(Ey) and p,(g) has distinct eigenvalues in L—l(Eo)X for some g € Gg.

It suffices to check pr, is defined over :~1(Ej) whenever p > 3. For this, let G be the absolute Galois

group of t=1(Ep). For all o € G, we have
Pg,L = h(U)Pﬂ,Lh(U)_I

for some h(o) € GL4 (@p). Using the absolute irreducibility from Lemma 2.2.12 and Schur’s lemma, we
conclude k(o) € GSpy(Q,), and o — h(o) defines a cocycle h € H'(G,PGSp,(Q,)). The class of h
determines an inner form H of GSp, over :~1(Ej) such that p, , can be conjugated to lie in H (:~1(Ep)).

However, since p,,(g) has distinct eigenvalues in :~!(Ep) for some g € Gg, H must be split, and this
completes the proof. (Il

2.2.15. Analogously to Notation 2.2.4, we make the following notations.

Notation 2.2.16. Let 7 be as in Theorem 2.2.10, and let Ej be a strong coefficient field of 7. Fix a prime p
of Ey with residue field k(p).

(1) Write Vy , for the four-dimensional underlying Ej ,[Gg]-module of py ,.
(2) Let Ty C Vi be any Gg-stable Oy-lattice; we define T'r, := (T} /w0p)*°, which depends only
on V7 ,. We also write

Pyt G — GLa(k(p))

for the corresponding semisimple Galois representation.
(3) When p is clear from context, it may be dropped from all subscripts in the above notations.

Lemma 2.2.17. Suppose T is a relevant automorphic representation of GSp4(A). Then there exists a base
change BC(m) to an automorphic representation of GL4(A), such that for each place v,

rec(BC(m),) = r orecgr(my),

where
r: L GSp, = GSp,(C) — CL4(C) =L GLy

is the natural embedding of dual groups. Moreover BC(r) is cuspidal if and only if 7 is non-endoscopic.
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Proof. If  is endoscopic associated to (71, m2), then there exists a non-cuspidal base change, which is the
isobaric sum m; H m9; the compatibility with local Langlands parameters is by the same reasoning as the
endoscopic case of Theorem 2.2.10.

In the non-endoscopic case, the lemma follows from [98, Proposition 10.1] and its proof; note that the
endoscopic transfer to GL4 X GL1 used in loc. cit. is compatible with the Gan-Takeda local Langlands
paremeters by the main result of [21]. O

Lemma 2.2.18. Suppose 7 is a relevant automorphic representation of GSp4(A). If BC(7) is a symmetric
cube lift of a non-CM automorphic representation mo of GLa(A), then mg has discrete series archimedean
component of weight 2.

Proof. This follows from matching archimedean L-parameters using [50, Theorem B] and Lemma 2.2.17.
O

Lemma 2.2.19. Suppose 7 is a relevant automorphic representation of GSp,(A). If BC(m) is the automor-
phic induction of a non-CM automorphic representation mo of GLa (A ) with K real quadratic, then mg has
discrete series archimedean components of weights 2 and 4, in some order. Moreover the central characters
W Of To and wy of T satisfy

Wy O NmK/@ = Wryg-

Proof. The assertion on archimedean components follows from Lemma 2.2.17 and the compatibility of auto-
morphic induction with local Langlands parameters [3, Chapter 3, Theorems 4.2, 5.1]. To check the relation
of central characters, fix some prime p along with an isomorphism ¢ : @p = C. Let g™ denote the
Gal(K /Q)-twist. Then we have

VW,L|GK = Proe D pﬂéw,r
Using the identities

v -1 v -1
Vi, = Vi, @17 1ec(wn) @ Xp.eyer Prow = Py @1 TC(Wry) @ Xp,eyes

and likewise for 73", it follows that

pro ® 0 (rec(we)laye/ 1eC(wny)) @ prge, © 17 (xec(wn) 6uc/ Tec(wage) ) 2 pru @ prges

Since pr,, and Prpw, are absolutely irreducible (e.g. by Theorem C.3.2), and have different Hodge-Tate
weights by Theorem 2.2.1(2), this implies rec(wy)|c, = rec(wr, ), i.e. wr 0 Nmp /g = Wny. O

In the next lemma, if K is a quadratic field, we write BCy /g for the base change of an automorphic
representation of GL,,(A) to GL,, (A k), which exists by [3, Chapter 3, Theorem 4.2].

Lemma 2.2.20. Suppose  is a relevant, non-endoscopic automorphic representation of GSp,(A). If BC()
is the automorphic induction of an automorphic representation 7o of GLa(A i) with K imaginary quadratic
and m is not itself an automorphic induction, then g is of the form BC g /Q(o) ® X, where o is the unitary
automorphic representation of GLa(A) corresponding to a non-CM classical modular form of weight k = 2
or 3, and x is a Hecke character of K.

Proof. By hypothesis, BC /g o BC() is an isobaric sum 7o B 7", where tw denotes the Gal(K/Q)-twist.
Considering archimedean L-parameters and using Lemma 2.2.17 combined with [3, Chapter 3, Theorem
5.1], we see that the local L-parameter of 7y at the unique archimedean place of K is of the form

o [
(2.4) — ( (z/z)”g>
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for €1,e0 € {£1}. Letw, : A* — C* and wy, be the central characters of 7w and 7, respectively; then
because BC(7) = BC(7)Y ® wy, we have
my B (m5")" 2 7m0 ® wr 0 Nmg g B Y ® wr 0 Nmg g

1R w;ol B ©w ™.
The archimedean L-parameter (2.4) shows that 7['[\)/ 2 1) ® wyr o Nmy Q> and hence
(2.5) 77(\]/ ~ 71'8“’ ® wr o Nmg /g = mo ® w;ol.
On the other hand, computing the central character of BC(7), we have:
2.6) Wy = W ax-

In particular, (wroNm g g )/wnr, is trivial when restricted to A*, hence of the form x /X" for an automorphic

character x of A. Then (my ® x 1) is isomorphic to its Gal( K /Q)-twist by (2.5), hence arises as the base
change of a cuspidal automorphic representation o of GL2(A) by [3, Chapter 3, Theorem 4.2]. Without loss
of generality, we may assume o is unitary; considering the archimedean local L-parameter of ¢ and again
using [3, Chapter 3, Theorem 5.1], the archimedean component of ¢ is discrete series of weight 2 or 3. We
have 1o = BCg/g(0) ® x by construction. O

2.3. Shimura varieties and Shimura sets.
2.3.1. Let V be a quadratic space over Q, and recall the algebraic group GSpin(V') from (1.1.5).

2.3.2. Indefinite case. Suppose V ® R has signature (n,2). If V~ C Vg is a negative definite 2-plane, one
obtains a map

CT(V7)~C — Ct(WR),
which induces a Shimura datum
h: Resc/r G — GSpin(V)g.

For a neat compact open subgroup X C GSpin(V')(A ), the resulting Shimura variety Shy (V') is a smooth
quasi-projective variety over Q. When not otherwise noted, cohomology groups H*(Shg (V'), —) refer to
the Betti cohomology of the corresponding complex manifold.

2.3.3. Definite case. If V is a positive definite quadratic space over Q, then GSpin(V")(RR) is compact mod-
ulo center. For a compact open subgroup K C GSpin(V')(Ay), let Shx (V') denote the finite double coset
space

Shyc(V) := GSpin(V)(Q)\ GSpin(V)(Af)/K.

2.3.4. Hecke algebras. Suppose V' = Vp is one of the quadratic spaces from (1.1.6), and let O be a coeffi-
cientring. If K = [[, Ky C GSpin(V')(Ay) is a neat compact open subgroup and S is a finite set of primes
of Q containing all those such that K is not hyperspecial, then ']I‘g = TéSp4,O acts on H*(Shx(V),0);
the cohomology is interpreted as O[Shy (V)] in the definite case. We denote by T%,VD,O the quotient of T3,
defined by this action, and may drop the subscript O when it is clear from context.

2.4. Automorphic representations of GSpin; groups.
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2.4.1. Recall the five-dimensional quadratic spaces Vp from (1.1.6).

Definition 2.4.2. An automorphic representation 7w of GSpin(Vp)(A) is Eisenstein if there exists a parabolic

subgroup P C GSp,, with Levi factor L, and an automorphic representation o of L(A) such that 7 is nearly
GSpy(4)

equivalent to a constituent of Ind , (A)

The following generalizes Definitions 2.2.5 and 2.2.7.

Definition 2.4.3. For a squarefree integer D > 1, an automorphic representation 7 of GSpin(Vp)(A) will
be called relevant if:
(1) = is not Eisenstein (in particular is cuspidal), and has unitary central character.
(2) 7oo is trivial if o(D) is odd (in which case GSpin(Vp)(R) is a compact group); or belongs to the
discrete series L-packet of weight (3, 3) if (D) is even (in which case GSpin(Vp)(R) = GSp,(R)).
A non-Eisenstein automorphic representation 7 of GSpin(Vp)(A) is called endoscopic associated to a pair

(71, m2) of automorphic representations of GL2(A) if the condition in Definition 2.2.7 is satisfied for all but
finitely many ¢ { D.

Lemma 2.4.4. Fix a squarefree D > 1 such that o (D) is even, and suppose T is an automorphic represen-
tation of GSpin(Vp)(A) that is not Eisenstein. Then for any neat compact open subgroup K = [[ K; of
GSpin(Vp)(Ay):

(1) The natural map induces an isomorphism
Hy(Shg (Vp), C)lmy] = H'(Shi (Vp), C)[my]-
(2) We have

H'(Shg (Vp), C)[s] = @ m(ry @ k) - wf © H(gsps, U(2); ) # 0,

where U(2) C GSpy(R) is the maximal compact subgroup, . runs over cohomological repre-
sentations of GSp4(R), and m(ny @ wl) is the multiplicity in the discrete (equivalently cuspidal)
automorphic spectrum of GSpin(Vp)(A).

(3) If m is relevant and H'(Shyc(Vp), C)[mf] # O, then i = 3.

Proof. The first part is standard, cf. [44, Chapter 9]. Then (2) is immediate from Matsushima’s formula and
the diagram in [110, p. 293]. We now show (3). Without loss of generality, we may assume that W]If # 0;in
particular, because T is relevant, (2) implies that

2.7) H?(Shg (Vp), C)[my] # 0.

Now let S be a finite set of places of Q such that K is hyperspecial for ¢ ¢ S, and fix aprime p ¢ SU{2,3}
along with an isomorphism ¢ : @p = C. It suffices to show

(2.8) H (Shi(Vp)g: Qp)[my] #0 = i=3.

For this, we argue as in [110], with the additional input of the Fontaine-Mazur conjecture for GLjy. Set I/VZ
to be the 7°-isotypic component’ of H. ¢ (Sh K(VD)@, Q,) with respect to the natural action of T2 ; then W*

P

is a Gg-module. We have the following facts:

(1) By Margulis’ superrigidity theorem [74, Chapter IX, Corollary 7.15(iii)], W' = 0, and clearly
W0 = W5 = 0 because 7 is not one-dimensional.

"Defined using ¢. We elide ¢ from the discussion to ease the burden of notation.
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(2) Foreach ¢ ¢ SU{p}, Froby satisfies the Eichler-Shimura relation on H}, (Sh K(VD)@, @p) by [124];
in particular, if 7, has Satake parameters {a, B,va~t vp~t }, then

2.9) (Frob,! —Z?’/Q()z)(F‘JrobZ1 —63/25)(Fr0b[1 —€3/21/oz_1)(F1r0be_1 —032y371) = 0 on each W'.
(3) By Poincaré duality and part (1) of the theorem there are perfect pairings
Wi x WO = rec(wy)(—3)

for all ¢, where w; is the central character of 7, cf. [110, p. 297]. ‘
(4) Again by (1) of the theorem, for all £ ¢ S U {p}, the eigenvalues of Frob, on W* are Weil numbers
of weight 7.

Now suppose W = 0 for some i # 3. By (1), i # 0,1, and then by (3) we conclude that W?2 # 0. If
¢ ¢ S U {p} is a prime such that Frob, has n distinct eigenvalues on W2, it has n distinct eigenvalues on
W4 as well by (3), and at least one eigenvalue on w3 by (2.7). In particular, by (4) and the fact that Frob,
has at most 4 total eigenvalues by (2), we conclude that n = 1 and Froby also has at most two eigenvalues on
W3. Now the same argument as [110, Proposition 3] shows that there is a two-dimensional representation
R : Gg — GL2(Q,) - possibly reducible — with distinct Hodge-Tate weights such that (W?)** = R®¢ for
some e > 1, and a character x : Ggp — @; such that (W?2)%$ = x4 and (W*)% = (rec(ww)xggycx_l)@d
for some d > 1. Note that w, is even because the central character of 7, is trivial, so R is odd by (3)
above. Hence by [87, Theorem 1.0.4], R is automorphic. Comparing with (2), we see that there exists
an automorphic character w of A* and an automorphic representation o of GL2(A) such that 7 is nearly
equivalent to a constituent of the representation

Indgi&l(m o Xw,

where P C GSp, is the Siegel parabolic subgroup with Levi factor GLo X GL;. Hence 7 is Eisenstein,
which contradicts the assumption that 7 is relevant and completes the proof. (|

We will require some information about Jacquet-Langlands transfers of relevant automorphic representa-
tions between the various GSpin(Vp)(A).

Definition 2.4.5. For a tempered irreducible admissible representation 7y of GSp,(Qy), we say y is trans-
ferrable if it does not belong to the types I, Illa, VIa, VIb, VII, VIIIa, VIIIb, or IXa in the notation of [97].

In particular, if 7, is unramified, it is not transferrable.

Theorem 2.4.6. Let D > 1 be squarefree. Then:

(1) For each relevant, non-endoscopic automorphic representation Il = ®'I1,, of GSpin(Vp)(A), Hjl? =
®2* plle can be completed to a relevant automorphic representation of GSp,(A).

(2) Conversely, suppose ™ = &', is a relevant, non-endoscopic automorphic representation of GSp,(A).
Then 71'? = ®ZT ¢ can be completed to a relevant automorphic representation I1 of GSpin(Vp)(A)
if and only if 7y is transferrable for all primes ¢|D.

(3) Let™ = Q' be a relevant, non-endoscopic automorphic representation of GSp,(A), and assume 7,
is transferrable for all | D. Then any relevant automorphic representation I1 of GSpin(Vp)(A) with
H? = 77]]? has automorphic multiplicity one. The set of all such 11 is a Cartesian product of local L-
packets for v| Doo, where the nonarchimedean L-packets are determined only by the corresponding
local factors of . The archimedean L-packet is the discrete series packet of weight (3,3) when o(D)
is even and the trivial representation when o (D) is odd.

Proof. When o(D) is odd, so that GSpin(Vp)(R) is compact, this is [98, Theorem 11.4]. To prove these
assertions when o (D) is even, we follow the sketch indicated in the discussion following loc. cit.
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The following fact will be used repeatedly:

510 If 7o is an irreducible admissible representation of GSp, (R) with H>(gsp,, U(2); moo) # 0,
(10 then 7 lies in the discrete series L-packet of weight (3, 3).
This fact follows from the calculations in [110, p. 293].

To prove (1), suppose first that IT = ®'II,, is a relevant automorphic representation of GSpin(Vp)(A).
By [98, Corollary 7.4] combined with Lemma 2.4.4(3), we conclude that HJI? can be completed to a coho-
mological automorphic representation 7 of GSp,4(A). Moreover 7 necessarily contributes to cohomology
in degree 3 by [98, Proposition 8.2], and in particular 7 is relevant by (2.10) combined with Lemma 2.4.4(2),
so this proves (1).

To prove (2) and (3), we need some preparation. Fix a relevant automorphic representation 7 = ®'r, of
GSp4(A). For each prime ¢| D such that 7 is transferrable, there is a local L-packet of irreducible admissible
representations of GSpin(Vp)(Qy) determined by the character relations of Lemma 11.1 of op. cit. Let
Ap = [ p Qe by an irreducible admissible representation of GSpin(Vp)(Ap) we mean a direct product
of irreducible admissible representations of GSpin(Vp)(Qy) for ¢|D.

If 7y is transferrable for all £| D, let S be the set of irreducible admissible representations of GSpin(Vp)(Ap)
obtained by taking the Cartesian product of the local L-packets. If 7, is not transferrable for some ¢| D, then
let S be the empty set.

The comparison of cohomological trace formulas from the proof of [98, Theorem 11.4] shows the follow-

ing identity: for all irreducible admissible representations I1p of GSpin(Vp)(Ap), we have
1 2, IIp e s,
@2.11) 2}:mﬁ?®np®%dﬂmd:{ D
Too

0, Tp¢s.

Here the notation is as follows:
e The sum over 74, runs over cohomological representations of GSp,(R), and x (7 ) is the negative
Euler characteristic >_(—1)""! dim H*(gsp,, U(2); Too ).
. 7'[‘]? is the representation ®2)[ e of GSpin(Vp)(AP).
° m(wa ® Ip ® 7s) is the multiplicity in the discrete (equivalently cuspidal, since 7 is relevant)
automorphic spectrum of GSpin(Vp)(A).

We can further manipulate the left-hand side of (2.11). Let 7%¥ and 7%l be the generic and holomorphic
members, respectively, of the discrete series L-packet of weight (3, 3). We then claim that

(2.12) % Z m(ﬂ}) @ Ip ® Too) X (o) = m(ﬂ? @Mp@Tr)+ m(w? @lperl).

To prove (2.12), suppose first that the right-hand side is positive. Then any cohomological 7., with II =
77]’? ® IIp ® ms automorphic can have Lie algebra cohomology only in degree 3 by Lemma 2.4.4(2, 3). In
particular, if m(W}j ®TIp ® Too) X (Too) # 0 then o, is either 7V or w1 by (2.10), so — combined with the
fact that x(7%) = x(71) = 2 by [110, p. 293] — we have shown (2.12) when the right-hand side is positive.
On the other hand, suppose the right-hand side of (2.12) vanishes; then each summand on the left-hand side
of (2.12) is non-positive by (2.10) because Lie algebra cohomology vanishes for GSp,(R) outside degrees
0,2, 3,4, and 6. But the left-hand side of (2.12) is also non-negative by (2.11), so we conclude that it is zero,
hence (2.12) again holds.

In particular, by (2.12) and (2.11) together, we have

2, IIp es,

2.13 Dolper?) + Dollpord) =
(2.13) m(ﬁf D RTL) m(wf D R To) 0. Tip s

From (2.13), itis clear that 77]13 can be completed to a relevant automorphic representation of GSpin(Vp)(A)
if and only if S is nonempty, i.e. if and only if 7y is transferrable for all £| D; this shows (2).
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We also see from (2.13) that (3) is equivalent to the assertion that m(ﬂ]l? @lperl) = m(ﬂ? ®Ip®

7y = 1 forall Ip € S. Suppose for contradiction that m(7TfD ®Ilp ® 7¥¥) and m(w}’? ®@Ilp @ nk)
are 0 and 2, in some order. Let K = [[ K, C GSpin(Vp)(Af) be a neat compact open subgroup such that
Hff # 0, and let p > 3 be a prime such that K, is hyperspecial. Fix as well an isomorphism ¢ : @p 5 C.

Then by the discussion in [110, p. 296], H}, (Sh (Vp)g, @,)[II}] is nonzero and has exactly two distinct
Hodge-Tate weights as a representation of G, .

On the other hand, by (2) from the proof of Lemma 2.4.4 combined with the irreducibility of V. , (Lemma
2.2.12), up to semisimplification H3, (Sh x(VD)g: Q,) [Hff ] is a sum of copies of V. ,, which is a contradic-
tion because V., has distinct Hodge-Tate weights by Theorem 2.2.10(2). This completes the proof of (3). [

Remark 2.4.7. One can similarly prove Theorem 2.4.6 in all regular weights, by considering cohomology
of Siegel threefolds with coefficients in more general local systems; we omit the details for concision.

2.5. Relevant endoscopic automorphic representations.

2.5.1. Relevant endoscopic automorphic representations of GSpin(Vp)(A) can be constructed as follows.
Fix unitary cuspidal automorphic representations 71 and o of GLo(A) with the same central character, and
whose archimedean components are discrete series of weights 4 and 2, in some order. Let D; and Dy be
squarefree positive integers, such that 7; admits a Jacquet-Langlands transfer 7riD ‘to B Bi (A) fori = 1,2
(notation as in (1.1.6)).

Define Dy * Dy := D1 D5/ ged(D1, D)2, which is a squarefree positive integer. Then as in [21, §3.3],
there is a global theta lift,

(2.14) O(rP' K nl?) = o(xl2 ® 2P,

which is either zero or a cuspidal automorphic representation of GSpin(Vp,«p,)(A).

Theorem 2.5.2. With notation as above, relabel w1 and 3 if necessary so that m has weight 2 and w2 has
weight 4.

(1) The theta lift (7P K 7752) is nonzero if and only if either o(D2) or o(Dy % D3) is even. When
nonzero, © (' W nl?) is always relevant and endoscopic associated to the pair (1, 72), and these
representations are all distinct.

(2) Conversely, each relevant endoscopic automorphic representation of GSpin(Vp)(A) arises in this
way, and appears with automorphic multiplicity one in the discrete (equivalently cuspidal) spectrum.

Proof. This follows from the results of [21, §3], combined with the discussion of the local archimedean theta
lift in §2.4 of op. cit. 0

Corollary 2.5.3. For any relevant automorphic representation 11 of GSpin(Vp)(A), there exists a relevant
automorphic representation m of GSp,(A) such that:

(1) For each prime ¢ 1 D, 11, = .

(2) For each prime {|D, y is transferrable, and 11y lies in the corresponding local packet of represen-

tations of GSpin(Vp)(Qy) from Theorem 2.4.6(3).

Proof. If 11 is not endoscopic, this follows from Theorem 2.4.6. If II is endoscopic, (1) is immediate from
Theorem 2.5.2. For (2), it follows because the Langlands correspondences of [37, 38] are constructed to
be compatible with theta lifting, and the correspondence of local representations in [98, Table 3] respects
Langlands parameters by Lemma 11.1 of op. cit. O

Remark 2.5.4. By Corollary 2.5.3, we can associate to each relevant automorphic representation II of
GSpin(Vp)(A) a compatible system of Galois representations pyy, as in Theorem 2.2.10.
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2.6. Local representations with paramodular fixed vectors.

Notation 2.6.1. For all primes ¢ (whether or not ¢|D), the paramodular subgroup of GSpin(Vp)(Qy) is a
maximal compact subgroup described in [106, p. 918]. To avoid confusion, we denote this subgroup by K, 5 a
when ¢ { D and by K;*™ when g|D.

Lemma 2.6.2. Let 7 be a relevant automorphic representation of GSpin(Vp)(A), and suppose q 1 D is a
prime such that wq has a K, 5 &-fixed vector. Then:

(1) mq is either spherical or of type Ila in the notation of [97].
(2) 7 is the unique completion of 7T;{ ® oo to an automorphic representation of GSpin(Vp)(A).

(3) If 7, is of type Ila, then for any 1 : Q, = C with q p, the action of Iy, on V., is unipo-
q P Qq )
tent with monodromy of rank one. Moreover, the corresponding local packet of representations of
GSpin(Vpy)(Qq) in Theorem 2.4.6(3) is a single representation with a unique K;*™-fixed vector.

Proof. By Corollary 2.5.3, w? = ®gpme can be completed to a relevant automorphic representation of
GSp,4(A). In particular, 7, is tempered (by Theorem 2.2.10(1)), so (1) follows from [97, Tables A.1, A.13].

If Trgc ® 7r[1 ® T is automorphic for some 7r;, then F?q & Wg can be completed to an automorphic repre-

sentation of GSp,(A) by the same reasoning as for WJI? . Hence by Theorem 2.2.10(1), 7, and 7, belong to
the same Gan-Takeda local L-packet. But the L-packets of type I and Ila are singletons, so this shows (2).
Finally, suppose 7, is the type Ila representation denoted X Stgr,(2) X0 in loc. cit. Because 7, has a
K 5 a-fixed vector, x and ¢ are unramified characters of qu. This implies the assertions on p ,| I, in (3) by
Theorem 2.2.10(1) and the explicit local Langlands paremeters found in [97, Table A.7]. The final claim in
(3) follows from [98, Table 3] combined with [106, Theorem B]. [l

2.7. Generic maximal ideals and cohomology of GSpin; Shimura varieties.

2.7.1. For this subsection, fix a coefficient field £ C @p with F a finite extension of Q,, and let O C E be

the ring of integers with uniformizer w. Also fix an isomorphism ¢ : @p =5 C, a squarefree D > 1, a neat
compact open subgroup K = [[, K, C GSpin(Vp)(Ay), and a set S of places of Q containing all £ such
that K, is not hyperspecial.

Lemma 2.7.2. Supposem C T(S) is non-Eisenstein and o (D) is even. Then for all i, the natural maps induce
isomorphisms:

H!(Shx (VD),0)m = H'(Shg (Vp), O)m,

2.15 ) _ . _

&1 H!(Shg(Vp),Fp)m — H'(Shx(Vp),Fp)m.

Proof. We show the second isomorphism; the first follows formally. Let P = M N C GSpin(Vp) be a
parabolic subgroup. Then we may fix an identification GSpin(Vp)(A%) ~ GSp,(A?) such that P(A®) =
P (AS ) for a parabolic subgroup P; = M;N; C GSpy,.

The Levi factor M is abstractly isomorphic to either B x GL; or GL3 (the latter occurring only if
D = 1). To any compact open subgroup Kj; C M(Ay) we can associate a locally symmetric space
Sk (M) = M(Q)\M(A)/Kpy - Koo, where Koo C M(RR) is the product of the center and a maximal
compact subgroup. In particular, each connected component of Sk ,, (M) is either a Shimura curve or an
isolated point.

Using the Borel-Serre compactification of Shx (Vp) and the argument of [83, §4], it suffices to show
the following: for any parabolic subgroup P = MN C GSpin(Vp) as above and any compact open

subgroup Ky = [[, Kmye C M(Ay) with Ky hyperspecial for £ ¢ S, the support of the TéSp 7o
4= P

module (S]C\}Sp“)*H !(Sk,,(M),F,) is Eisenstein for all 4. But this follows from Proposition 2.1.9 because,
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as M = B}, x GL; or GL3, every maximal ideal of Ti/[,h in the support of H(Sk,,(M),F,) is clearly of
Galois type. O

Definition 2.7.3.

(1) Amaximalidealm C Ty o is called genericif p { 2¢(¢*—1), and the Satake parameter {cv, 3, v/a, v/ B}
of m is multiplicity-free with no two elements having ratio /.

(2) A maximal ideal m C Tg is called generic if there exist infinitely many ¢ ¢ .S such that the induced
maximal ideal of Ty o is generic. For any quotient T of Tg, amaximal ideal m C T is called generic
if its pullback to ’]I‘g is so.

(3) A Galois representation p : Gg — GSp,(F,), unramified outside a finite set S, is called generic if
there exists a prime ¢ ¢ S with p { 2/(¢* — 1), such that 5(Froby) has distinct eigenvalues, no two
having ratio £.

Remark 2.74. If m C Tg has an associated Galois representation p,,, clearly m is generic if and only if p,,
is so.

Theorem 2.7.5. Suppose m C Tg is a generic maximal ideal and o (D) is even. Then:
(1) Foralli < 3, we have

H'(Shg(Vp),Fp)m = HE " (Shg (Vp),Fp)m = 0.
(2) If mis also non-Eisenstein, then
H!(Shk(Vp),O)m = H (Shg(Vp), O)m

is w-torsion-free for all i, and vanishes unless i = 3.

Proof. Part (1) is immediate from [43, Theorem 1.16] and our definition of genericity. Using Lemma 2.7.2,
(2) is a standard consequence of (1). ]

Lemma 2.7.6. Suppose m C ’]I‘f( Vp,0 I8 non-Eisenstein and generic, and suppose m is an automorphic rep-

resentation of GSpin(Vp)(A) such that Trfc{ = 0, and the action of']I'g on L_lwffactors through T?(,VD,O,m‘
Then m is not Eisenstein (in the sense of Definition 2.4.2).

With a bit more care, the genericity assumption can be dropped; we leave the details to the reader.

Proof. Suppose first that D = 1, so 7 is an automorphic representation of GSp4(A), and let m, C Tgsp 3
4,p

be the maximal ideal determined by the Hecke action on :~'7°. Then by hypothesis, m, is in the support
of the Hecke module H 3(ShK(V1),@p)m. By Lemma 2.7.2 combined with the diagram in [110, p. 293],
we conclude that 7° can be completed to an automorphic representation 7’ of GSp,(A) that appears in
the discrete spectrum. Suppose for contradiction that 7 is Eisenstein; then 7/ is either CAP or a residual
representation. In either case, it follows that the Satake parameter of 7, contains a pair of the form {«, af}
for all / ¢ S: when 7’ is CAP, this uses [89, Theorems 2.5, 2.6] and [108, Theorem C], and when 7’ is
residual it uses well-known results on the irreducibility of principal series representations for GSp,. But
these Satake parameters are inconsistent with the genericity of m, so 7w cannot be Eisenstein, as desired.

We now handle the case of general D; the argument is a mild refinement of the trace formula method used
in [98]. We abbreviate Gp := GSpin(Vp) and fix a minimal parabolic subgroup Py C G p (which will be
all of Gp if o(D) is odd). Let fp € C:°(Gp(Ay),C) be a test function with regular support, and define
(2.16)

T(fD) _ Z (_1)rank(M)—rank(GD) Z (_1>é(w) tr <fg . X]Cja hg H*(SKM (M), Vw-pGD ,0M)> ]

PyCP=MNCGp weWP Ky
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Here W is the set of minimal-length coset representatives for the Weyl group of G'p modulo that of M,
tr is the supertrace, ?P and ng are defined as in [128, §2.6], Sk, (M) is the symmetric space from the
proof of Lemma 2.7.2, pi,, and pj; are the half-sums of positive roots, and V. PG, —par 1S the complex local
system on Sk, (M) of weight w - pi,, — par. Although w - pg,, — pp might not be integral, we interpret

Viw-pe,—par @8 the twist of Vip.p, e, by the real character 5]13/2 of M(R),ie

(2.17) H* (St (M), Varpsp —pas) = 052 @ H*(Sxc0 (M), Vavops , —pes, )

as Hecke modules.

For test functions f; € C°(G1(Ay), C) with regular support, we define 7°( f1) analogously to (2.16). If
fpand f; € C°(G1(Ay), C) are matching functions in the sense of [98, §5], then it follows from combining
[128, Lemma 2.10] with [98, Theorem 5.3] that

(2.18) T(fp) =T(f1)ep

for a nonzero constant cp depending only on D.
Shrinking Kg if necessary, we can fix a K g-biinvariant test function fp ¢ € C°(Gp(Ag)) with regular
support such that

(2.19) tr (fp,s, H*(Shx (Vp), C)[7%])) # 0;

when o (D) is even, we use Theorem 2.7.5(2) to ensure that contributions from 7 in different degrees do
not cancel. Let f1 g € C2°(G1(Ag)) be a matching function, and let K g C GI(AS) be a compact open
subgroup such that f; g is K g-biinvariant. We also fix an isomorphism G D(A ) ~ GI(A ), and let

Ky = K°K; g C G1(Ay), which is a compact open subgroup. Let

H<D) = @ @ In dGD Af lﬂH (SKM(M)va~pGD—pM)7

PyCP= MNCGD weWP

and let Pp be the set of irreducible G'p (A ¢ )-constituents occurring in I1( D) with a K -fixed vector. Likewise,
we define I1(1) and P;, where now we consider constituents with /K -fixed vectors, and set P = Pp U P;.

Then P contains finitely many near equivalence classes, cf. [128, p. 45]. We can therefore fix a finite set
T of primes of QQ, disjoint from S, so that two representations o, 7 € P are nearly equivalent if and only if
or = 7. Now fix a K7 = [ [, K-biinvariant test function fr € C°(Gp(Ar),C) = CX(G1 (A7), C),
such that for all 7 € P, tr(fr|rr) = 0 unless 7p = 7y, and tr( fr|nr) = 1.

Also fix an auxiliary prime vg ¢ S U T, and for a large constant C' > 0 to be chosen later, let f,, c €
Tasp,,v,c be a test function satisfying the conclusion of [98, Lemma 3.9] for the representation 7,,; in
particular, tr( fy,.c|my,) = 1.

We consider the global test function

o = fpsfrfucf? T e C2(Gp(Ag),
where fSYTU{vo} ig the indicator function of K SYTY{v0} The matching function is
fi = frsfr oo f ST € C(Gr(Ay)).

Claim. Forall By C P = MN C Gy and all w € W, we have

<f1 XPa 1/21$H*(SK1\/1( )s Vw-pcl—pcl)> =0,

Ky

and likewise for all Py C P = M N C Gp.
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Proof of claim. To ease notation, we prove the claim for G1; the proof for Gp is identical. Let 7 be an
irreducible constituent of lim H*(Sk,, (M )s Va-pa, —pa, )- 1t suffices to show that

o (F1 X r@ep?) —o.

Now by the argument of [98, Proposition 3.10], if C'is chosen sufficiently large, then

_ B . )
" (ff NPT @ 5131/2) =w (fl,szfSUTU{“O} o T® 5p1/2)

.1 . . . <P . ... .
for an auxiliary spherical test function f£ on M(Q,,). In particular, because f; is biinvariant under K1 N
M (Ay), we may assume without loss of generality that 7 contains a fixed vector for K1 N M (A ). Moreover
it suffices to show

tr (7;, T & 5;1/2) =0.
By [98, Proposition 3.5(2)], the latter trace coincides with

(2.20) tr (fr,5 - ) 7).

We will show (2.20) vanishes. Indeed, since each constituent of §j — Ind]\il((gf)) 7 lies in Py, if (2.20) is

1. 1G1(Ay)
ndyrag)

7 is of Galois type because 7 is cohomological and

nonzero then 7 is nearly equivalent to a constituent of T by the choice of fr. Now, the maximal

ideal m, C T _ defined by the Hecke action on ¢~

M3,

M = GL:{’ or GLs x GL;1. Hence by Propositions 2.1.2 and 2.1.9, the maximal ideal m,, C TgSp g defined
45p
1

by (™ is Eisenstein, which one can easily check contradicts the hypothesis that m is non-Eisenstein. [

In particular, the claim combined with (2.19) and the choice of fp shows that T'(fp) # 0,s0 T'(f1) # 0
by (2.18). Using the claim again, we see that

tr (fl; H*(Sh[(l (Vl), (C)) #0.

By Franke’s theorem [33] and our choice of f7, we conclude there exists an automorphic representation 7/
of GSp,4(A) which is nearly equivalent to 7 and unramified outside S, such that the Hecke eigensystem of
7S appears in H*(Shg, (V1), C). Expand S to a larger set S’ such that 75 2 7/%’. Then the maximal ideal
m¥ C TélSp4,O formed by restricting m descends to T}%,Vho- By the case D = 1 of the lemma for m*’ and

7', 7’ is not Eisenstein, hence 7 is not either. O

Corollary 2.7.7. Suppose o(D) is even, and m C T%7VD7O is a generic, non-Eisenstein maximal ideal. Also

fix an isomorphism ( : @p = C. Then

H, (Shie (VD)g: Q) = P 7' @ pry,
Tf
where:
e 704 runs over the finite parts of relevant automorphic representations 7 of GSpin(Vp)(A ¢) such that
the Tg-action on W][c( factors through T?(,VD,O,m'
e If m is not endoscopic, then pr, = pr.(—2), ¢f. Remark 2.5.4.
e [f T is endoscopic associated to a pair 71, T of automorphic representations of GLa(A) with discrete

series archimedean components of weights 2 and 4, respectively, we can write m = @(’R'ID 'K 7r2D 2)
by Theorem 2.5.2. Then

pe = pm o (—2), (D) even,
" p7r2,t(_2)7 U(Dl)Odd'
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Proof. 1t follows from Lemmas 2.7.6 and 2.4.4(2) that

HE(Shg (VD)g, Qp)m = EP v ' 7f @ pr,
T
as Hecke modules, where 7 runs over the finite parts of non-Eisenstein automorphic representations of
GSpin(Vp)(Ay) with Hecke action factoring through T%VD’O’W and pr, is some Galois representation
with
dim pr, = > m(my @ wh,) dim H*(gspy, U(2); 7l ).

In particular, by (2.10), the only 7y with pr, # 0 are the finite parts of relevant automorphic representations
.

We first consider the non-endoscopic case. As in [110, p. 296], we see from Theorem 2.4.6(3) that pr, is
four-dimensional with Hodge-Tate weights {0, —1, —2, —3} if 7 is not endoscopic. Since for all but finitely
many ¢ ¢ S, Froby satisfies the Eichler-Shimura relation (2.9) on py, we conclude that pr, = pr,(—2). It
remains to consider the endoscopic case, when m = @(7‘('1D ' 7T2D ?). Then 7 is the unique completion of 7
to an automorphic representation of GSpin(Vp)(A) by Theorem 2.5.2. Moreover, by the local archimedean
theta lift described in [45, Proposition 4.3.1], 7 is the generic or holomorphic member of the discrete series
L-packet in the case that o(D;) is even or odd, respectively. Hence we conclude as above that p, ; s two-
dimensional, with Hodge-Tate weights {—1, —2} or {0, —3} when o (D) is even or odd, respectively. Since
we still have the Eichler-Shimura relation (2.9), it follows that py, is either pr, (—2) or pr, ,(—2) depending
on the Hodge-Tate weights, and the corollary follows. (]

Corollary 2.7.8. Let m C T}g( vp.0 be a generic and non-Eisenstein maximal ideal, and let T be the set
of relevant automorphic representations © of GSpin(Vp)(A) such that W}If # 0 and the Hecke action on
L_lﬂ']Ic{ factors through T}g(,VD,O,m' Then we have a natural embedding of’]I‘*?(’VD’O’m-algebras

T%,VD,O,m — @@p(ﬂ-)v

TeT

1

where @p(w) is @p with Hecke action through the eigenvalues on v~ ﬂfc{ .

Proof. If o(D) is odd, this is immediate from Lemma 2.7.6. If o(D) is even, it follows from Theorem
2.7.5(2) combined with Corollary 2.7.7. ]

3. SPECIAL CYCLES AND THETA LIFTS
3.1. Special cycles.
3.1.1. In this subsection, we explain the construction of special cycles Z (T, ¢), due to Kudla in the indefinite

case [55].

Construction 3.1.2. Let V' be a quadratic space over Q of signature (1, 2) or (m, 0), and let K’ C GSpin(V')(Ay)
be a neat compact open subgroup.

(1) If Vi C V is a positive definite subspace, then for any g € GSpin(Vp)(A¢)\ GSpin(V)(Ay)/K, we
obtain a canonical finite morphism

(3.1) Shr,, (Vg") < Shg(V),
with Ko 5 == gKg~' N GSpin(V5h)(Ay).
(i) If V has signature (m, 2) and dim V = n, then we write
Z(g,Vo,V)k € CH"(Shg(V))

for the pushforward of the fundamental class on Shy, _ ( VOJ-) under (3.1).
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(ii) If V has signature (m, 0), then we write
Z(9:Vo,V)k € Z[Shg (V)]

for the pushforward of the constant function 1 on Sh, , (V") under (3.1).
(2) Forany T' € Sym,,(Q)>o, let

QT,V:{(wl,...,xn)GVn : IL‘i'ZL‘j:TijV1§Z',j§TL},

viewed as an affine algebraic variety over Q.
(3) Now suppose given a neat compact open subgroup K C GSpin(V')(Ay), along with a test function

peS(VT@ A, R)K

for some n < m and some ring R. (The action of K is the natural one, factoring through the map
to SO(V)(Ay).) For any T' € Sym,,(Q)>o, if Q7,1 (Q) = 0, then the special cycle Z(T', ), in
CH"(Shg(V), R) := CH"(Shi(V)) ®z R or R [Shx(V)], is defined to vanish. Otherwise:

(i) If V is positive definite, then fix a base point (z1,...,zy) € Q7 (Q), and let

Vo = Spang {21, ..., 2} C V.
Then we define
(3.2) Z(T,¢)x = > w9 w1, ..,97 wn) Z(9, Vo, V) K € R[Shg (V).
g€GSpin(Vg-)(Af)\ GSpin(V)(Af)/K
(ii) If V has signature (m,2) and 7 is positive definite, we define
Z(T, )k € CH"(Shg(V), R)

by the same formula (3.2). If T" is not positive definite (and still Q7 (Q) # 0), we define
Z(T,p)k € CH"(Shg (V), R) by the recipe in [55, p. 61]; the details will not be needed.

Remark 3.1.3. By transitivity of the GSpin(V')(Q)-action on Q7 (Q), Z(T, ¢)k is independent of the
choice of base point for Q7 (Q).

Proposition 3.1.4. For neat compact open subgroups K' C K C GSpin(V')(Ay), if pr g : Shgr (V) —
Shy (V) is the natural map, then pry; - Z(T, )k = Z(T, ¢) K.

Proof. This is [55, Proposition 5.10] in the indefinite case; the definite case is proved in the same way. [

Notation 3.1.5. For any compact open subgroup X C GSpin(V')(Ay), and any ring R, we define SC’ (V, R)
to be the R-span of the special cycles Z (T, )k for T € Sym,(Q)>o and ¢ € S(V" ® Ay, R)X. When
R = 7 it may be dropped from the notation.

Remark 3.1.6. Note that SC(V, Z) contains all of the special cycles z = Z(g, Vo, V) ik from (3.1.1) with
dim Vp = n. Indeed, choose a basis {e1,...,e,} for V{, and set T;j = e; - ej. Then one can choose
v € S(V® Ay, Z)X such that @lar. (a,) is the indicator function of K - g Y(e1,...,en), and it follows
that Z(T, )k = Z(g, V0, V)k-

3.1.7. We will later need the following proposition to understand the double coset space appearing in (3.2).

Proposition 3.1.8. Suppose K, C SO(V)(Qy) is the stabilizer of a self-dual lattice L C 'V ® Qy, and
V = Vo @& Vi be an orthogonal decomposition of V. Then the natural map

SO(Vo)(Qe)\ SO(V)(Qe)/ K — {lattices Ly C V1 @ Q¢}
grg-LNW

is injective. If dim(V7) < dim(Vp), then its image consists of all Ly on which the pairing is Zg-valued.
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Proof. This follows from (the proof of) [27, Propositions 3.1.5, 3.1.6]. ]

3.2. Symplectic and metaplectic groups. In this section, we set up basic notions for symplectic and meta-
plectic groups, mostly following the exposition of [35].

Notation 3.2.1. (1) For an integer n > 1, we define the standard symplectic lattice Ws,, with basis

€1,...,€n,€],...,ey and pairing determined by
(3.3) (eiej) =0, (e, e;) =0, (e e;) = dij.

The symplectic group Sp,,, as defined in (1.1.4) is the isometry group of Wa,.

(2) The Siegel parabolic subgroup P = M N C Sp,,, is the stabilizer of Spany {e1,...,e,} C Wa,.
We identify NV with Sym,,, the space of n x n symmetric matrices, and M with GL,, via the embed-
ding

0
g (g gt> € Sp2na g € GLn

(3) If k is a local field of characteristic zero, the metaplectic group Mp,,, (k) is defined as the unique
non-split central extension of Sps,, (k) by pa:

0 — s — Mpy, (k) 222 Sp,,. (k) — 0.

The double cover Mps,, (k) — Spa,, (k) splits uniquely over N (k), with P = M N the Siegel para-
bolic as above. The preimage P(k) of P(k) therefore has a Levi decomposition

P(k) = M(k)N (k)

with M (k) a nonsplit double cover of M (k).

(4) If k is non-archimedean with ring of integers O and the residue characteristic of O is odd, let
Mp,,,(O) C Mpy,, (k) be the unique lifting of Sps,, (O) [36, §6].

(5) Let U(n) < Sps, (R) be the embedding defined by

. A B
A+iB— <_ B A) .
We fix the Cartan decomposition
Sponc = u(n)cEPT P,
such that p* is isomorphic to the symmetric square of the defining representation of U (n).
(6) Let U(n) C Mpy, (R) be the preimage of U (n). If j/2(g, z) is the half-integral weight automorphy
factor of [103, p. 25], then we let det'/? : U(n) — C* be the restriction of j1/2(g, i), which is a
square root of the determinant character. We set det® := (detl/ 2)2k for all k € %Z.

(7) Globally, we obtain the double cover Mps,, (A) of Sp,,, (A) by gluing the local groups Mp,,, (Qy)
along the subgroups p2. The inclusion Sp,,,(Q) < Sp,,, (A) lifts naturally to

Sp2n (Q) — Man (A)v
by which we will view Sps,,(Q) as a subgroup of Mp,,, (A).

Definition 3.2.2. For k € %Zzo, define the space M ,?" of adelic Siegel modular forms of degree 2n and
weight &, consisting of smooth functions

f : Sp2n(@)\Mp2n(A) —C
such that:

(1) f(gz) = det¥(2)f(g) for any z € U(n) C Mps, (R).
(2) X - f(g) =0forany X € p~ C spg, g
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Remark 3.2.3. Note that M?" is naturally an Mp,,, (A f)-module.

Notation 3.2.4.
(1) Let ¢ be the additive character of Q\ A which is unramified at all finite places and satisfies

w(xoo) — 6271'1'100

r =10 (; tr(T—)) ,

a unitary character of N(Q)\N(A) (where N is the unipotent radical of the Siegel parabolic).

forz,, € R C A.
(2) For T' € Sym,,(Q), define

From basic Fourier analysis, one deduces the following proposition.
Proposition 3.2.5. Let f € M?". Then we have an identity of functions on N (A) C Mpy,, (A):

f= > ar(f)di,

TeSym,, (Q)
where q?g = e tr(T) . Y1 and
€tr(T) .
ar(f) = W{N]) ] f(n)¢z" (n)dn

Definition 3.2.6. For any subring R C C, define
My ={f €M : ar(f) € Rforall T € Sym,,(Q)}.

3.3. Weil representation.

3.3.1. Let k be alocal field, and let V' be a quadratic space over k of odd dimension and trivial discriminant.
Also fix an even integer 2n > 2. For any nontrivial additive character 1) of k, the Weil representation w,,
of SO(V')(k) x Mpsy,, (k) is realized on the complex Schwartz space S(V",C), and is determined by the
following formulas.

wy(g, Dp(x) = (g~ ), g € SO(V)(K).

3.4 wy (1L, u)e(x) = P(Fu(x) - z)p(z ), u € N(k) == Sym,, (k).
wy (1, m)p(x) = xy(m )!det( )| 75 p(mtx), me M(k).
wy (L, w)p(x) = Yo [ym (Y)Y (2 - y)dy.

Here, the notation is as follows:

P = MN is the Siegel parabolic. s

X+ is a pug-valued genuine character of M (k) described in [35, p. 1661].

w € Mps,,, (k) is a certain Weyl element such that wPw ! is the opposite parabolic to P.
Yw 18 a certain eighth root of unity.

The pairing on V™ in the second and fourth equations is

@1, @n) - (U1 Un) = > i Ui

dx in the fourth equation is a self-dual Haar measure.

0O O O O ©O

o}
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3.3.2. If k is non-archimedean of residue characteristic  and R C CisaZ [ﬂ -algebra containing all eighth
and /th power roots of unity, then the same formulas give a well-defined action of SO(V')(k) x Mps,, (k) on
the space S(V", R) of R-valued Schwartz functions.

3.3.3. Globally, if V is a quadratic space over QQ, we have Weil representations S(V" ® Q,, C) for all places
v, defined using the localizations of the fixed global additive character ¢) of Q\A. Similarly, we have the
Weil representations S(V" ® A, C), S(V" ® Ay, C), etc., defined as restricted tensor products.

3.4. Classical theta lifting.

Notation 3.4.1. Fora Schwartz function ¢ € S(V"®A, C) and a cuspidal automorphic form a.on SO(V')(A),
we write 6, () for the automorphic form on Mp,,, (A) defined by

(3.5) () (h) = /{SOW a(9) ze;j(@) w9, W) p(x)dg.

The normalization depends on a choice of Haar measure.

3.4.2. Suppose V' is positive definite and let X' C GSpin(V)(A) be a neat compact open subgroup. For
a : Shg (V) — C, define an automorphic form @ on GSpin(V')(A), which descends to SO(V')(A), by

1
a o) = TT——=_ « zdz,V: OOGGSIHV A).
(019 = Gy o, 0r7) Vo = gr0s € GSpinV)(4)

Lemma 3.4.3. Let o, € S(V" @ R, C) be the Gaussian

T-x

YoolT) =€~
Then for o : Shi (V) — C and
preS(Vt @A O,

N 7e s 2
04 ;@00 (@) lies in M3}, and
2

ar (ecpf@sooo (a)) =Ck -« (Z(Tv Qof)K) )

where the constant is
_ Vol (SO(V)(R) - Im (K — SO(V')(Ay)))

(K -7 : K]

K

Proof. In the Fock model of the (5p2n dim(V)» Un dim(V))) -module associated to S(V" @ R, C), ¢ has

degree zero, hence is annihilated by p~ C sp,,,; cf. [47, (2.2)]. By comparing degrees with [1, Proposition
~ dim

2.1(2)], we also conclude that U (n) acts on 6, .., (@) by det 2 , which proves 0, ., (@) € M3, -

2
It remains to compute the Fourier coeflicients. We calculate:

trT
@)= ~Hu [ w U T U
1 Ooyon @) = Gargy o U7 [, 9 2 nlotler @ vela)ind
etrT

eV (Q)

:/[SO(vna(g) > wulg: Des(n)dg.

z€Qr,v(Q)
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Fix a base point x = (21, ...,2mn) € Qr,v(Q) and let Vo = Spang {1, ..., %, }. Then, since Q71 (Q) is
a single SO(V)(Q)-orbit, we may rewrite the final equation as

010000 (@) = | orlg™ta) [ alhg)dndy.
SO(V5)(A)\SO(V)(4) [SO(V5-)]
This coincides with the claimed formula by definition of o(Z (T, ¢ ) ). O

3.4.4. As aspecial case, suppose V' = Q is the one-dimensional space with quadratic form a ~ a?. Then
SO(V') is the trivial group and we take the unit Haar measure on SO(V')(A) = {id}. For each prime ¢, let

preS(V"®Q,Z)
be the indicator function of the lattice

Zy CcQf =V"®Qy,
and let ¢y = ®gy. Let 1 be the unit automorphic form on SO(V')(A). We write
(3.6) 0% = O @0 (1)-

Lemma 3.4.5. Let ¢ be an odd prime, and suppose R C Cisa Z [%] -algebra containing all eighth and (th

power roots of unity. Then for any g € Mp,,,(Qy), g - 01 lies in M%"R, and the constant term ao(g - 01) of
2 2 2

its Fourier expansion lies in R*.

Proof. By the obvious equivariance of the theta lift, we have

9-0%:0 1).

ww(119)‘Pf®<Poo(
Since
SV"®QuR) CS(V",C)
is Mps,, (Qy)-stable, Lemma 3.4.3 shows
2n

Also, 01 is Mp,,, (Z,)-invariant because ¢y is, cf. [93, §1].
2
By the Iwasawa decomposition

SPa, (Qr) = P(Qe) - Spay,(Zy),

it suffices to show ag(g - 01) € R* for g € P(Q;). Now, by Lemma 3.4.3 again,

1
ao(g-01) = wy(1,9) - £(0),
and it follows from the explicit formulas in (3.3.1) that
wy(L,g) - 05(0) € RX
for all g € P(Qy); this proves the lemma. O

Proposition 3.4.6. Let R C CbeaZ [%] -algebra containing all eighth and (th power roots of unity. Then
forall k € %Z,

MP, C M
is stable under the action of Mps,,(Qy).
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Proof. If k € Z is integral, this is a consequence of the g-expansion principle for classical Siegel modular
forms [31, Chapter 5, Proposition 1.8]. In general, for any f € M ,f’}% and f/ € M 2,’7LR, the product ff’ €
MR?,/ p has formal g-expansion:

(3.7) FIvwy = Y. > ar(Has(FgptT

TeSym,, (Q) SeSym,, (Q)

(This expression make sense because a7 (f) and ag(f’) are each supported on positive semi-definite matrices
with bounded denominators in their entries, see [103, Proposition 1.1].)
We apply this to f € M,?%, with k € % + Z,and f' = 0.. Since k + % € Z, we have
’ 2

g(f01) = g(£g(01) € Mg}

1
3 k+3,R

for any g € Mp,,,(Qy).

Now, by Lemma 3.4.5 above, the g-expansion of g(61) has an inverse power series

1

2
Z braj

TeSym, (Q)

with by € R. Hence, by the uniqueness of g-expansions, the Fourier coefficients of g(f) lie in R as well. [
3.5. Formal theta lifts.

3.5.1. Suppose V has signature (m, 0) or (m, 2) for some m > 1, and let
K =[] K¢ c GSpin(V)(Ay)
be a neat compact open subgroup. For any subring R C C, we define Testx (V, R) to be
Homy(Z[Shk (V)], R) = Hompg(R[Shx (V)], R)
in the positive definite case, or
Homyz(CH*(Shg (V)), R) = Hompg(CH*(Shg(V), R), R)

in the indefinite case.

3.5.2. Now fix 1 < n < m. For any K-invariant Schwartz function ¢ € S(V" ® Ay, R) and any o €
Test i (V, R), we define the formal theta lift

O, o)k = Y, alZ(T,¢)k)qf-
TeSym,,(Q)>0

The subscript K will be omitted when there is no risk of confusion.

3.5.3. Let ¢ be a prime such that K, has pro-order invertible in R, and let
Testge(V, R) == lim Test e V),
K
where the transition maps are induced by pushforward. Note that Testy«(V, R) has a natural action of
GSpin(V)(Qy), dual to the one described in [130, p. 41]. For a € Test x¢(V) and a K *-invariant Schwartz
function p € S(V" ® Ay, R), we define the renormalized formal theta lift
G)(Oé, @)K[Kz
[K;: K]
for any K, C K, fixing both o and ¢. Because the cycles Z(T', ¢) g K, are compatible under pullback,

(38) G)Kf(a>90) =

O k¢ (a, ) does not depend on the choice of K.
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Proposition 3.5.4. Suppose R is a Z[1/(]-algebra containing all eighth and (th power roots of unity, and
the pro-order of Ky is invertible in R. Then © g defines a GSpin(V')(Qy) x Mps,, (Q¢)-equivariant map

Testye(V, R) © S(V" @ Ag, B)S — M) .
2 b

Proof. Note that both modularity and equivariance can be checked after extending scalars, so without loss
of generality suppose R = C. In the definite case, the proposition is a formal consequence of Lemma 3.4.3
above. In the indefinite case, the modularity of the formal theta lift is [15, Theorem 6.2] and the equivariance
is [55, Corollary 5.11] combined with [130, Corollary 2.12]. O

4. CoNSTRUCTION OF GALOIS COHOMOLOGY CLASSES AND SPECIAL PERIODS

Before beginning this section, we establish the notation that will be in force for most of the rest of the
paper.

Notation 4.0.1.

(1) Fix a relevant automorphic representation m of GSp, with trivial central character. Fix as well a
strong coefficient field Fy for 7 (Definition 2.2.13). If 7 is endoscopic associated to a pair (7, 72)
of automorphic representations of GLy(A), then we also assume without loss of generality that Ey
is a strong coefficient field for 7m; and 772.8

(2) We fix a finite set .S of finite primes, containing 2 and all £ such that 7 is ramified.

(3) For all primes p of Ep, let O, C Ej, be the ring of integers, and let o, € O, be a uniformizer, with
residue field k, = O, /w,. We drop the subscript p when there is no risk of confusion. For a finite
set of primes S’ D S, we write m;?:p C ']I‘gp for the maximal ideal defined by the Hecke eigenvalues
of 7, and drop the decorations when they are clear from context.

(4) Notation 2.2.16 remains in force.

Remark 4.0.2. We assume 2 € S so that 2 is not admissible under Definition 4.2.1 below, and to prove the
(convenient but not essential) Lemma 4.4.7.

4.1. Assumptions on p. We now define some assumptions on primes p of Ey. Let p denote the residue
characteristic.

Assumption 4.1.1.
(1) pdoes not lie in S.
(2) There exists a rational prime £ ¢ S U {p} such that * # 1 (mod p) and Prp(Froby) has distinct
eigenvalues, no two having ratio /.

The final assumption depends on whether 7 is endoscopic.

(3) e If mis not endoscopic, then . ,, is absolutely irreducible.
e If 7 is endoscopic associated to a pair (71, 72) of automorphic representations of GL2(A), then

Pryp and p, ., are both absolutely irreducible.

Remark 4.1.2. Assumption 4.1.1(2) implies that p > 5.

Notation 4.1.3. Under Assumption 4.1.1(3):

(1) Let Ty, be an Oy [Ggl-module such that T y ® Q,, = Vy ,; Assumption 4.1.1(3) implies that T} ,
is unique up to isomorphism. B
(2) Foralln > 1, we write 15 p, ,, := ﬂ,p/ngmp. Also let T'rp = Tr p 1.

8In fact, it is not difficult to check that this last assumption is automatic. The main point is to use Hodge-Tate theory to verify
that, for all ¢ : Qp = C, pry,. and pr, . cannot differ by a Galois twist.
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(3) When p is clear from context, it may be dropped from the above notations.

Remark 4.1.4. Under Assumption 4.1.1(3), T’ , is isomorphic to its Op-dual; we use this to view pr , as
valued in GSp,(Oy), and p,; , as valued in GSp,(ky).

Lemma 4.1.5. Assumption 4.1.1 holds for all but finitely many primes p of Ey.

Proof. That Assumption 4.1.1(3) holds for all but finitely many primes p follows from [125, Theorem 1.2(i)]
in the non-endoscopic case; in the endoscopic case, it follows from [96, Theorem 2.1]. It is also obvious that
Assumption 4.1.1(1) holds for cofinitely many p. We consider Assumption 4.1.1(2).

First fix an arbitrary p with residue characteristic p. The image of p. , contains an element with distinct
eigenvalues by [101, Theorem 1] and Theorem 2.2.10(2). Hence by the Chebotarev density theorem, there
exists a prime ¢ ¢ S'U {p} such that Froby has distinct eigenvalues on p ,. The Satake parameter of 7 is
therefore multiplicity-free and of the form {oz7 B,a” L, B _1} with || = || = 1. Let B} = Ey(«, 3), which
is a finite extension because the Hecke eigenvalues of 7y lie in Ey. For all but finitely many primes p; 1 £ of
FE1, we will have

a?£1,0,071 (mod p1)
B2#1,0,071 (mod p)
af # 1,071 (mod p)
a/B #1007 (mod py),

o Z1, (mod p;).

For such a py, let p’ = p1|g, and let p’ be the residue characteristic of p’. Then we have ¢4 # 1 (mod p')
and the eigenvalues of Froby on p,. ., are distinct and not of ratio /, i.e. Assumption 4.1.1(2) holds for p'. O

Lemma 4.1.6. Assume p satisfies Assumption 4.1.1(3). Then:
(1) HY(Q,Ty) is w-torsion-free.
(2) Suppose given ¢ € H'(Q,Ty) and a > 1 such that ¢ ¢ w*H'(Q,Ty). Then for all n > 1, the
image c, € H*(Q, T n) satisfies

ordgc, >n —a.
Proof. The assumption implies that H(Q,T;) = 0. The long exact sequence in Galois cohomology asso-
ciated to
0=Tr 5T —Tr—0
therefore gives (1). For (2), assume without loss of generality that n > a. A similar argument to (1) shows
that the map H'(Q, T}, = HY(Q, Ty ) is injective, so the kernel of
@ HY(Q, Trp) = H'Y(Q, Trp)

coincides with the kernel of H'(Q, Trn) — HY(Q, T ). Hence it suffices to show that ¢, # 0, which is
clear from the assumption ¢ ¢ w®H'(Q, T;;) and the exact sequence in Galois cohomology associated to

0—>Tww—a>Tﬂ—>Tm—>0.

Lemma 4.1.7. Suppose p satisfies Assumption 4.1.1. Then m , C ']Tg is non-Eisenstein and generic.

Proof. Recall from Remark 4.1.4 that p,. , is valued in GSpy(ky). Then my, is clearly of Galois type
associated to p. ,. The genericity of mr, (Definition 2.7.3) therefore follows from Assumption 4.1.1(2).
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From Assumption 4.1.1(3), it follows that Tmp & Fp contains no Galois-stable line. So if m, , were Eisen-
stein, p, , would have to factor through a Siegel parabolic subgroup. In particular, then Tmp QF, =

po D po ®@det py g wp, Where pg : Gg — GLg (E)) is some irreducible representation, and w, is the mod-p
cyclotomic character. This is clearly impossible by Assumption 4.1.1(3) and Lemma 4.1.8 below. (Il

Lemma 4.1.8. Let p|p be a prime of Ey such that p > 5 and m, is unramified. If 7 is endoscopic associated
to (m1,m2), then p, and p,., are not isomorphic.

Proof. Recall that p,, and p,, have Hodge-Tate weights {—1,2} and {0, 1} up to reording, by Lemma 2.2.9
and Theorem 2.2.1(2). The lemma then follows from Fontaine-Laffaille theory [32, Théoréme 6.1]. ]

4.2. Admissible primes. In this section, p|p is a prime of E.

Definition 4.2.1.

(1) We say a prime ¢ & S U {p} is admissible for p, = pr if ¢* # 1 (mod p) and the generalized
eigenvalues of o, (Frob,) are of the form {q, o, 1, ¢/}, with a # +¢, +1,¢% ¢ L.

(2) If ¢ is admissible, define n(q) > 1 to be the greatest integer such that det(Frob, —q|V;) = 0
(mod w™@).

(3) We say q is n-admissible if it is admissible and n(q) > n.

(4) If Q > 1 is squarefree, we say @ is admissible (resp. n-admissible) if all primes ¢|Q are so.

(5) Analogously, an element g € Gl is called admissible for pr if v4 = Xpcyc(g) satisfies 1/;l =1
(mod p), and g acts on V. with generalized eigenvalues {v,, 1, o, 5/} for some

a # tvg, £1, 1/3, V;l (mod w).

Lemma 4.2.2. Suppose p satisfies Assumption 4.1.1(3). Then a prime q is n-admissible for pr = pr , if and
only if there exists a G, -stable decomposition
Trn = Mon ® My
such that:
(1) My, and My ,, are each free of rank two over O /w", and Frob, ‘MO,n = <q 1) in some basis.

(2) Frobg -1, Frobg —¢2 Frob, —q¢2 and Frob, —q~ ! all act invertibly on My .
Proof. Immediate from Definition 4.2.1. O

Lemma 4.2.3. Let p be a prime of Ey. The following are equivalent:

(1) There exist admissible primes for p.
(2) For all n, there exist n-admissible primes for p;.
(3) There exists an admissible element g € Gq for pr.

Proof. Clearly (2) implies (1), and (3) implies (2) by the Chebotarev density theorem. The proof that (1)
implies (2) follows the same argument of [70, Lemma 2.7.1], and (2) implies (3) by compactness. ]

4.2.4. Now suppose 7 is endoscopic associated to a pair (71, m2) of automorphic representations of GLa(A).

Definition 4.2.5.

(1) A prime ¢ & SU{p} is called BD-admissible for pr, = pr,p, withi = 1 or 2,if ¢*> # 1 (mod p)
and the generalized eigenvalues of p,. (Frob,) are {1, ¢}.

(2) If g is BD-admissible for p,,, define n(g) > 1 to be the greatest integer such that det(Froby —q|Vy,) =

0 (mod w™).
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(3) We say q is n-BD-admissible if it is BD-admissible and n(q) > n.

(4) If @Q > 1is squarefree, we say () is BD-admissible (resp. n-BD-admissible) for p, if all ¢|@ are so.

(5) Likewise, an element g € G is called BD-admissible for pr, if xpcyc(g)? Z 1 (mod p) and g acts
on Vy, with eigenvalues X cyc(g) and 1.

Remark 4.2.6.

(1) Definition 4.2.5 is adapted from [7, p. 18], but there it is allowed that the eigenvalues of Frob, on
Pr, are —1 and —q.

(2) If q is n-admissible for p, then it is n-BD-admissible for exactly one of p,, and pr,; andif g € G
is admissible for p,, then it is BD-admissible for exactly one of p,, and p,,. In particular, if Q > 1
is admissible for p,, there is a unique factorization Q) = @1 - Q2 with Q1, Q2 > 1, such that all ¢|Q;
are BD-admissible for p,.

4.2.7. For any prime ¢ ¢ S U {p}, recall that H}(Qq, Trn) = HL.(Qq, Tr ), and set H/lf((@q7 Trn) =
HY(Qq, Trin) /H(Qqgs T n)-

Proposition 4.2.8. Suppose q is n-admissible. Then H } (Qq, T n) and H /1 f((@q, Tx n) are each free of rank
one over O /w", and local Poitou-Tate duality induces a perfect pairing

H}(Qq, T ) X H} ¢ (Qq, T ) = O™

Proof. First note that the induced pairing is perfect because H } (Qq, T’x ) is self-annihilating under the Tate

pairing, and one can check lgo H'(Qq, Trn) = 2180 H}(Qq, Tr,n) using the local Euler characteristic
formula and local duality. So it suffices to prove that

H}(Qq, Trn) = Trpn/(Froby —1)Tx p,

is free of rank one over O /w™. Indeed, this is immediate from Lemma 4.2.2. U

Notation 4.2.9. If ¢ is n-admissible and S’ D S is a finite set with ¢ ¢ S’, then by Proposition 4.2.8 we
have the localization and residue maps:

locg : HY(QY /Q, Tr ) = H}HQq, Trn) ~ Ofw"
Oy : HY(Q, T ) — H/lf(Qq,Tmn) ~ O/w".

4.3. Level structures and test vectors. Fix a prime p of Ej of residue characteristic p.

Definition 4.3.1. For any squarefree D > 1, an S-level structure for GSpin(Vp) is a compact open subgroup
K =T] K, c GSpin(Vp)(Ay) such that:
(1) K is neat in the sense of [90, §0.1].
(2) Forall ¢ ¢ SUdiv(D), K is hyperspecial.
An S-tidy level structure is an S-level structure satisfying:
Q) IfK; C A; is the intersection of K with the center of GSpin(Vp)(Ay), then the finite group
Q*\A} /K has order coprime to p.

The reason for the final condition of Definition 4.3.1 is the following convenient lemma:

Lemma 4.3.2. Suppose K is an S-tidy level structure for GSpin(Vp). Then for all finite sets S’ O S and
all ¢ ¢ SUdiv(D), we have

(¢) =1 o0n H*(Shg(Vp)(C),0)_s .

Mr,p
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Proof. By Definition 4.3.1(3), after replacing O by a finite extension we can write

H*(Shg (Vp)(C), 0) = @) H*(Shi (VD)(C), 0)y,
X

where y runs over O-valued characters of the finite group Q* \A}( /K7 and
(€) = x((£)) on H*(Shg (VD)(C), 0)y.

The characters y are distinct modulo o, and the lemma follows because 7 has trivial central character. [

Definition 4.3.3. Let D > 1 be squarefree, let K be an S-level structure for GSpin(Vp), and let R = O or
O/w™, viewed as a T2-module via the Hecke eigenvalues of . We define Testx (Vp, 7, R) as follows.

(1) If o(D) is even and p satisfies Assumption 4.1.1, then
Testx (Vp, 7, R) = Hom, sudiv(p) (Hgt(ShK(VD)*, 0(2)),Tx ®0 R) .
To [Gal Q

(2) If o(D) is odd, then

Testx (Vp, 7, R) = Hom, suaivip) (O [Shix(Vp)], R) .

TO
Remark 4.3.4. The definition of Testy (Vp,w, R) depends only on K, and not on S; one can check this
using Theorem 2.4.6(3), and Corollary 2.7.8 when o (D) is even.

4.4. Constructions. Fix a prime p of Fj of residue characteristic p.

Construction 4.4.1. Let D > 1 be squarefree, and let () > 1 be admissible and coprime to D, such that
o(DQ) is odd. For any S-level structure K for GSpin(Vpg):

(1) We define
A (Q:K) C O
to be the submodule spanned by the elements «/(z), where:
o alies in Testx (Vpg, 7, O/w").
o z lies in SC% (Vpg, O) (Notation 3.1.5).
2) Ifpe S(VE)Q ® Ag, O)% is a test function, then we define

A (Q, 0 K) C AL (Q K)
to be the submodule spanned by elements a(Z (T, ) i), where:
o alies in Testx (Vpg, 7, O/w").
o T lies in Sym,(Q)>o, and Z(T, ¢) k was defined in Construction 3.1.2.
(3) If Q = 1, then we define AP (1; K) C O and AP (1, p; K) € AP(1; K) analogously, where now «
ranges over Testx (Vp, m, O).
(4) We write \2(Q) € O/w™ for the submodule spanned by \?(Q; K) as K varies, and likewise
AP(1).

In all of the above constructions, we include a subscript p only when it is necessary for clarity.

442, Let D > 1 be squarefree with (D) even, and suppose p satisfies Assumption 4.1.1. Let m :=
mi}édw(l)) - TgUdlv(D). It follows from Lemma 4.1.7 and Theorem 2.7.5(2) that the étale realization map

G
CH?(Shg (Vp), O)m = Hi (Shik (Vb)g: O(2))m*
is trivial, where K is any S-level structure for GSpin(Vp). We therefore obtain a well-defined Abel-Jacobi
map
Oa1m : CH?(Shg (Vp), O)m — H'(Q, H3,(Shk (VD)g, O(2))m)-
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For any o € Testi (Vp, m, R) with R = O or O/w™, we obtain an induced map

aAJ,m
S

4.1)  CH*(Shg(Vp),O)m H'(Q, Hy (Shg (Vp)g: O(2))m) = HY(Q, Tr ©0 R).
Construction 4.4.3. Let D > 1 be squarefree, and let () > 1 be admissible and coprime to D, such that
o(DQ) is even. Suppose p satisfies Assumption 4.1.1, and let K be an S-level structure for GSpin(Vpq).
(1) We define
i (Q3 K) € HY(Q, T )
to be the submodule spanned by ., © Jpjm(2), where:
o alies in Test g (Vpg, m, O/w™).
o z lies in SC%((VDQ, O) (Notation 3.1.5).
(2) Forany ¢ € S(V,%Q ® Ar, O)K, we define

i (@, K) C 1y (Q3 K)
to be the submodule spanned by elements o, 0 daym(Z (T, ¢) k), where:
o alies in Testx (Vpg, 7, O/w").
o T lies in Symy(Q) >0, and Z(T, ¢) k was defined in Construction 3.1.2.
(3) If Q = 1, then we define x”(1; K) ¢ H'(Q, Ty) and s (1, p; K) C kP (1; K) analogously, with
now « € Testg (Vp,m, O).
(4) We write k2 (Q) € HY(Q, Ty ,,) for the submodule spanned by 2 (Q; K) as K varies, and likewise
kP (1).

In all of the above constructions, we include a subscript p only when it is necessary for clarity.

Remark 4.4.4. The only reason to distinguish between D and () in Constructions 4.4.1 and 4.4.3 is to define
AP (1) and xP (1) when (D) is odd and even, respectively; moreover, one can check using Corollary 2.5.3
that A (1) or s (1) is trivial unless 7 is transferrable for all £|D.

Now we prove some basic properties of Constructions 4.4.1 and 4.4.3.

Proposition 4.4.5. Suppose L(1/2,m,spin) # 0. If D > 1 is squarefree with o (D) odd and ﬂ]]? can be
completed to an automorphic representation of GSpin(Vp)(A), then for any prime p of Eo, AP (1), # 0.
Moreover, for all but finitely many p, we have

AP(1), 20 (mod wy).

Proof. Let I be any automorphic representation of GSpin(Vp)(A) with H]L? o~ 77? . Because 7 has trivial
central character, IT descends to an automorphic representation of SO(Vp)(A). By [40, Theorem 1.1], the
global theta lift of II to Mp,(A) is nonzero; i.e., the map

S(VE® A,C) ®II — Fun(Sp,(Q)\ Mp4(A), C)
@ ar Oy(a)

is not identically zero (Notation 3.4.1). Also, the image of (4.2) lies in the space of cusp forms by the global
tower property of the theta lift [92]: otherwise, IT would occur in the restriction to SO(Vp ) (A) of the theta lift
of an automorphic representation of Mp, (A ), which is ruled out by the Shimura-Waldspurger correspondence
and the relevance of 7. In particular, by the local-global compatibility of the theta correspondence (see the
proof of [92, Theorem 1.2.2]), if ¢ = ®¢p, € S(VA ® A, C) and o = ®av, € II are factorizable, then

(4.3) Op(a) #0 <= (pu(pv), av) # 0V,
where by definition

4.2)

po : S(VE®Q,,C) — (II,)V K 0,(IL,)
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is the maximal (II, )" -isotypic quotient of the Weil representation of SO(Vp)(Q,) x Mp,(Q,) on S(VZ &
Qy,C).

When v = o0, then oo € Il is unique up to scalar, and we take oo, € S(VA®R, C) to be the Gaussian
from Lemma 3.4.3. Then oy, and (. satisfy the local condition in (4.3) by the theory of joint harmonics
[1, Proposition 2.1(2), §5]. In particular, (4.3) implies that we can fix an S-level structure K and data

o € Homget (Shx (Vp), Or,) NTT € C°(GSpin(Vp)(A),C), ¢r € S(VE® Ay, Op,)™

such that

94pf®9000 (OZ) 75 0.
By Lemma 3.4.3, this means that

0# a(Z(T,¢f)k) € Og,

for some T" € Sym,(Q)>o. Now we note that v has the Hecke eigenvalues of 7 away from S by construction.
In particular, for all primes p of Ey, a lies in Test g (Vp, m, Oy ), and

0 # a(Z(T, ¢f)k) € AP (L, 055 K)y C AP (1),
Since a(Z(T, pf) k) # 0 (mod p) for all but finitely many p, this completes the proof. O

Proposition 4.4.6. Suppose D > 1 is squarefree and p satisfies Assumption 4.1.1.
(1) For all admissible Q coprime to D with o(DQ) even and all £ ¢ S U div(DQ), we have

Resy RE(Q) C H}(Qg,Tmn).
(2) If o(D) is even, then we have
kP (1) © HH(Q, Tx).

Proof. Write Q = 1 in case (2). We claim that, for all S-level structures /& and all z € CH?(Shx (Vpg)).

4.4) Or1m(2) € HH(Q, HZ (Shi(VpQ)g, O(2))m)-

Note here that H3, (Sh Kk (VDQ)g: O(2))m is p-torsion-free by Lemma 4.1.7 and Theorem 2.7.5(2), so the
Bloch-Kato Selmer group is defined as in Notation 1.5.2(1,2). Observe as well that (4.4) implies the proposi-
tion: indeed, it clearly implies (2) by the functoriality of the Bloch-Kato local conditions; and it also implies
(1) by Remark 1.5.3 and Proposition 1.5.5.

Now note that, for all primes /, Hg’t(ShK(VDQ)@, Eop(2))m is pure of weight one as a Gg,-module by
Corollary 2.7.7 combined with Theorem 2.2.10(1); hence

H" (Qe, H}, (St (Vo) Eop(2)m) = 0
for all £ # p and
H; (QpaHgt(ShK(VDQ)@ EO,p(Q))m) = H}f (Qngt(ShK(VDQ)@ EO,p@))m) ‘
Thus (4.4) follows from [82, Theorem 5.9] combined with the proof of [80, Theorem 3.1(ii)]. O

Lemma 4.4.7. Let D > 1 be squarefree, and let Q > 1 be admissible and coprime to D. Then:

(1) If 0(DQ) is even and p satisfies Assumption 4.1.1, then k2 (Q) is generated by k2 (Q; K) as K
ranges over S-tidy level structures for GSpin(Vpg).

(2) If 5(DQ) is odd and p > 5, then \2(Q) is generated by \P (Q; K) as K ranges over S-tidy level
structures for GSpin(Vpg).
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Proof. We prove the first statement, as the two are similar. Let /& be an S-level structure for GSpin(Vpg),
and note that K5 = K/,_5 has pro-order prime to p.” After fixing a sufficiently small compact open subgroup
K} C K, we can ensure that K/ = K}, - H#Q(KKZEX) is neat; it is then clearly S-tidy as well. Let
Prr k/nK - ShK/mK(VDQ) — ShK(VDQ) and Prr/ KinK * ShK/mK(VDQ) — ShK/(VDQ) be the natural
maps. For R = O or O/w" and o € Testg (Vpg, 7, R), we set

K O PIK /K« © PU R kinK

[K : K'N K]

If p € S(VL%Q ® Ay, 0) is fixed by K, it is also fixed by K’, and we have o« 0 Opgm(Z(T, @) k1) =
ak 0 0a m(Z(T, )k ) by Proposition 3.1.4; the lemma follows. O

oy = € Testg/ (Vpg, ™, R).

Finally, we introduce some notation that will be used in the endoscopic case.

Notation 4.4.8. Suppose 7 is endoscopic associated to a pair (1, 72). Then for any squarefree D > 1
with o(D) even, any S-level structure K for GSpin(Vp), any ¢ € S(VA ® Ay, 0)X, and j = 1 or 2, we
define kP (1, p; K)W) H}(Q, Tr,) as the image of ﬁ?(l) under the natural projection H}(Q, T:) —
H}(Q, Ty.). We similarly write £ (1; K)) and xP (1)), It is easy to check that

J
kP(1, 0 K) = kP (1,0, K)V @ kP(1, 9; K)P,

etc. As usual, a subscript p is included when necessary for clarity.

5. NONVANISHING CRITERIA FOR CHANGING TEST FUNCTIONS

5.1. Setup and notation.

5.1.1. Fix a prime ¢, and let k = C or F,, for an odd prime p # q. In the latter case we also assume fixed an
isomorphism ¢ : Q, = C, and assume throughout this section that

(5.1) g—1+0ink.
We denote by | - [1/2 : Q; — k> the unramified character such that lq|"/? = ¢~'/? € kX, using the

isomorphism ¢ when k = [F),.

*

5.1.2. Let V};, be the split quadratic space of dimension 2m+1 over Q, with basis vy, v, ..., vm, 0], ..., vy,

and pairing given by:
Uy - U; = (5@', U: . U; = 0, V; Uj = Z'o(sjo.
Then L := Spany, {vo,v1,...,Um,v],..., v} } is a self-dual lattice L C V,,,. Abbreviate

For any parabolic subgroup P C G, (resp. P’ C G,), we write Rp (resp. Rps) for the normalized Jacquet
module functor with respect to P (resp. P’).

5.1.3. Fix an integer n > 1, and consider the Weil representation on S(V", C) with respect to the localiza-
tion, also written 1), of our fixed global additive character of Q (Notation 3.2.4). If k£ = IF,,, we have fixed
an isomorphism ¢ : @, = C, and it follows from the discussion in (3.3.2) that S(V'", Z,) C S(V", Q)
is stable under G,,, x G’,; reducing modulo p, we obtain the Weil representation on S(V", [F,). Whether
k = C or [F,,, we abbreviate Q,,, , = S(V", k).

9To see this, one first observes that K> stabilizes some lattice L C Vpg ® Q2 suchthat 2L C LY C L,where LY is the Z2-linear
dual. One obtains a natural map f : Ko — SO(LY/2L) x SO(L/L"), where L /2L and L/L" are naturally nondegenerate
symmetric spaces over F of dimension at most 5. Since p > 5 by Remark 4.1.2, the image of f then has order prime to p, and the
kernel of f is clearly pro-2.
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5.1.4. If 7 is an irreducible, admissible k-linear representation of G,,, define ©,, ,(7) to be the k[G],]-

module such that
Qo = TR O, ()

is the maximal m-isotypic quotient of €, ,,. Similarly, if 7’ is an irreducible, admissible, genuine k-linear
representation of G,, define ©,, ,, (7') to be the k[G,,]-module such that

Qi = Opm () R 7!
is the maximal 7’-isotypic quotient of §2,, ,.
5.1.5. Let
(53) GLi(Q,) & Q;
be the double cover described in [35, p. 1661], with canonical genuine character x; : (ﬁq (Qq) — pg C kX,

5.2. The structure of the Weil representation. Consider the Schwartz spaces S(Qy, k) and S(Qg, k),
viewed as representations of Q; x Qg via

(91, 92) - p(x) = (g7 '2g2).

Lemma 5.2.1. Fix a character x : QF — k™.
(1) The maximal quotient of S( ;, k) on which the first factor of Q; acts by x is realized by the map

S@QF k) —» x Wy

e | et)x(t)d e

Q7
(2) Assume X is nontrivial. Then the map in (1) extends uniquely to a map f, : S(Qq, k) — x X x !
via
1 -1 X
wH/ o(t) = plgo 1)) x(t)d"t,
1—X(90) Q;(() (O )) ()

where go € Q is any element such that x(go) # 1.
(3) Forintegers a < b, let Sqp, C S(q*Zq, k) be the subspace of Schwartz functions that are invariant

under multiplication by Z; and translation by qqu. Then for distinct, nontrivial, and unramified
characters x1,...,Xm : Qp — k™ withm <b—a+1, fy,,..., fy, arelinearly independent as
functions on Sgp.

Proof. Part (1) is elementary. For (2), we have the exact sequence
0— S(QF, k) — S(Qq, k) Lw(% k— 0,
which is equivariant for the trivial qu X qu -action on k. Since
Hom@; @ (k,xRxH =0,

there is at most one extension of the map in (1) to S(Qg, k), and the formula given in (2) exhibits it.
For (3), let x; = x;(q). A direct calculation shows that, for ¢ € S,

in(‘p) = 1 f

vm@m(wfxﬁ—zﬁh+wwﬁ5@¢*—ﬁ“)

7

+a~+¢f1xﬁ*—x%+w¢nﬁ.
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So it suffices to show that the matrix

T AR
a a+1 b—1 b b
.T2 - $2 A :1:2 - .’B2 $2
a a+1 b—1 b b
Tm = Tm I~ — Ty Ty

is nondegenerate, and this follows from the Vandermonde determinant formula.

5.2.2. Assuming that m > 1, let
P=MN cCG,

be the parabolic subgroup stabilizing the isotropic line (v1). Then M is isomorphic to QF x Gm—1; we
normalize the isomorphism such that

(5.4) (v, g) - v1 = awy, for (a, g) € M.

Similarly, let P = M'N’ C G/, be the preimage of the stabilizer of e; € W5,, (Notation 3.2.1(1)); then M’
is isomorphic to GL; (Qq) %, G7,_;. We normalize the isomorphism so that

(5.5) (a, g) - €1 = @ey, for (a,g) € M.
Lemma 5.2.3.
(1) The normalized Jacquet module Rp(Qy, ) fits into an exact sequence
MxG! 2n—2m+41
0 — Indy s pf X - S(Q k) B Q101 = Rp(Qnn) = |17 2 Qo1 — 0,

where | - | is the canonical character of M, and x, - S(Qg, k) is a GL1(Qg) x (f}\il((@q)-module
with action defined by (g, h) - ©(t) = xy(h)p(g~th).
(2) Similarly, the normalized Jacquet module Rp: (S, ) fits into a canonical exact sequence

0 — TndSr XM - S(QXF) B Qo101 = Rpr(Qnn) = Xl |52 B Qn1 = 0.

Proof. When k = C, this is [54, Theorem 2.8]; see also [35, Proposition 7.3] for our more convenient

normalizations. When k = [, the proof in [54] applies without change because p # q. (|
Corollary 5.2.4.
(1) Let 7,,—1 be an irreducible admissible representation of G,—1, and let xq : (@; — k* be a char-
acter with xo # | - \2n_22m+1 . Then for all admissible k|G, ]-modules M,

G —
Homg,, a1, (Qmm, (Indgm xo X 7Tm_1) X M) = Homgy, (IndP? X * X0 "M Om_1n-1(Tm_1), M) .
In particular, if
Ty, = IndIGDm xo0 X Tn—1
is irreducible, then

@m,n(ﬂ'm) = IndIGDTL Xi/JXEl X @m—l,n—l(ﬂ'm—l)'

(2) Similarly, let 7, be an irreducible admissible genuine representation of G, _, and xo # || gt

a character of Q. Then for all admissible k|G'y,]-modules M,

G, _
Homg,, xa! (men, MK (IndP," X X0 X 7r;l_1>> = Homg,, <Indgm Xo ' ®On—1m-1(mh_1), M) .
In particular, if

G/
7, = Ind 2" xypxo B m,_y
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is irreducible, then
Onm(m,) = Indz™ x5! B Ot m-1(m) +).
Proof. This is immediate from Lemma 5.2.3 and Lemma 5.2.1(1). ]

5.3. Principal series over & for orthogonal and metaplectic groups. Some of the arguments in this sub-
section were inspired by the work of Zorn [131]. The results are new only if k = F,,.

5.3.1. Continuing the notation of (5.1.2), we now assume m = n.

Notation 5.3.2.
(1) Let B C Gy, be the stabilizer of the maximal isotropic flag
(5.6) 0C (v1) C{v1,v2) T+ C(v1,...,0p)

and let B’ C G, be the preimage of the stabilizer of the maximal isotropic flag
0C(e1) C(e1,e2) C-+- C(ex,... €n).

(2) The Levi factor T of B is identified with (Q; )™ via its action on the associated graded of (5.6), and
similarly the Levi factor 7" of B’ is identified with

GL1(Qq) Xy *+* Xy GL1(Qy) -

n times

(3) For any character
X Q)" — kX,
we define (normalized) principal series representations
G/
I(y) = Indg" x, I'(x) = Ind 27 xy - X

(4) We write W = S,, x (Z/27)" for the Weyl group of T in G,,, which is also the Weyl group of 7" in

G,

Lemma 5.3.3. The semi-simplified normalized Jacquet modules are

Rp(I(x))™ = GuwewX"”, Rp(I'(x))* = Duew X" Xy-

Proof. Over C, this is well-known; see [131, Lemma 4.8]. Since p # ¢, the p-modular case follows by the
proof of [115, Lemme 34]. O]

Lemma 5.34.
(1) Any nontrivial quotient I(x) — m extends to a nontrivial intertwining operator
I(x) » 7 = I1(x")

for some w € W.
(2) Similarly, any nontrivial quotient I'(x) — 7' extends to a nontrivial intertwining operator

I'(x) » 7" = I'(x")

for some w € W.

Proof. Let B C G, and B c G/, be the opposite Borel subgroups to B, B’. Recall the “second Frobenius
reciprocity”
(5.7) Hom(I(x), ) = Hom(x, Rg(7)), Hom(I'(x),7’) = Hom(xyx, R (7).

In the orthogonal case, this is [116, 11.3.8(2)]. Although the result there is only stated for reductive groups,
the proof can be adapted verbatim to the metaplectic case. (The key technical points are the existence of
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arbitrarily small compact open subgroups admitting an Iwahori factorization, and the conditions in Lemma
1.8.13 of op. cit. All of the fundamental results on Hecke algebras in Chapter I of op. cit. apply to general
locally profinite groups.)

Returning to the proof of the lemma, note that

Ry(m) #0 <= Rp(m) #0

and likewise in the metaplectic case. Hence it follows from (5.7) that any quotient /(x) — 7 extends to a
nontrivial map

I(x) = 7= I(p)

for some character p of (Q; )™; by Lemma 5.3.3, p is a Weyl conjugate of x, so (1) holds. The argument for
(2) is identical. [

Lemma 5.3.5. Supposen = 1 and x* # |- |=. Then I(x) and I'(x) are both irreducible and ©1 1(I1(x)) =
I'(x).

Proof. First of all, I(x) is irreducible by [115, Théoréme 3]. Then

O11(I(x) =T"(x"")

by Corollary 5.2.4(1). Since the intertwining map I(x) — I(x ') is an isomorphism by irreducibility, we
have

I'(x™)=e,(x)) =0, ) = I'X).
If x2 # 1, this shows I’(x) is irreducible by Lemma 5.3.3 and Lemma 5.3.4. If x* = 1, we instead use
Corollary 5.2.4(1,2) to obtain
dim Homg; (I'(x), I'(x)) = dim Homg, x gy (1,1, 1(x) B I'(x))
= dim Homg, (1(x), 1(x))
=1

since I(x) = I(x 1) is irreducible. This shows that the intertwining operator I’(x) — I’() is unique, so
the lemma follows from Lemma 5.3.4. O

Lemma 5.3.6. Let x = x1 X - - X x,, be a character such that x? = 1 for some 1 < i < n. Then for any
submodule ™ C I(x), we have

XEBQ C RB(T‘_)SS'
Similarly, for any submodule @' C I'(x), we have

XoXP? C Rp (7).

Proof. The orthogonal and metaplectic cases are identical, so we just prove the result for 7’ C I'(x). Let
Q; = L;U; C G, be the rank one standard parabolic subgroup corresponding to the ith long root of 7".
Then

L= GT-JI(QQ) Xpg = Xpg éf-‘l(Qq) XuzGll X pa G/\il(@q) Xug = Xpg éle(QQ)

i—1 times n—1t times

Let
p=xy aB®-Bxi1), 0=xp (i1 B Hxn).
Since 7’ admits a nonzero map to I'(x), XXy is a quotient of Rp/(7') = Rp/nr,Ro, ('), so we have a
nontrivial intertwining operator

Rg,(7') — IndéﬁmLi xex = pRI'(xi) Ko
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This is surjective since I’(;) is irreducible by Lemma 5.3.5 above. (By (5.1), we have X% =1#]- ]il.)
By the exactness of the Jacquet functor, we conclude
Rp(n')** = Rpinr, (0B I' (xi) M 0)* = xyx %
O

Lemma 5.3.7. Suppose x = x1 X -+ xn : (QF)" — k™ is a character such that x; are all distinct and

X? = 1 for at most one 1 < ¢ < n. Then
dim Hom(I(x), I(x")) = dim Hom(I'(x), I'(x")) = 1
forallw e W.
Proof. 1f the Weyl conjugates of y are all distinct, this is automatic from Lemma 5.3.3; so assume without

loss of generality that X? = 1 for exactly one 1 < ¢ < n. Then the stabilizer of y in W has order exactly
two. The argument is the same for () and I’ (), so we consider I(x) in order to minimize notation.

Claim. Any nontrivial map f : I(x) — I(x) is an isomorphism.

Proof of claim. Indeed, if f has nontrivial kernel, then Rp(ker f)** contains xy®? by Lemma 5.3.6. But y
appears with multiplicity exactly two in Rp(I(x))®® by Lemma 5.3.3, so then Rp(Im f)*® does not contain
X, Which is impossible since we are assuming that f is nontrivial. Hence f is injective, so

Rp(f): Rp(I(x)) = Rp(I(x))

is injective. Since Rp(I(x)) has finite length, Rp(f) is also surjective. But then coker f has trivial Jacquet
module, which means coker f = 0 by Lemma 5.3.4. So f is also surjective. U

Now by the claim, End(7(x)) is a division algebra over k, and also a k-vector space of dimension
dim Hom(I(x), I(x)) < 2.
Since k is algebraically closed, we conclude
(5.8) dim Hom(Z(x),I(x)) = 1.

Next observe that there are no non-split extensions of distinct characters of T" over k. In particular, we
have the generalized eigenspace decomposition for the action of 7:

Rp(1(x)) = @D Re(1(x))x,

where x" runs over the (distinct) Weyl conjugates of x, and (5.8) implies that Rg(I(x))y is a non-split
extension of x by x. The same argument applies to show Rp(I(x"))yw is a non-split extension of x" by
x" for all w € W. Now for any nonzero intertwining map

fI0) = I(x"),
Rp(Im f)** contains (x*)®2 by Lemma 5.3.6. Hence the induced map
Rp(f) : Rp(I(x))x» = Rp(I(x"))x=

is surjective, in particular an isomorphism since both sides have dimension two over k. Since Rp(I(x"))yw
is non-split, so is Rz (I (x)),~. Hence

dim Hom(Z(x), I(x")) = dim Hom(Rp(I(x)), x") =1
forall w € W. 0
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5.3.8. To state the next lemma, we use the following explicit generators for the Weyl group W:

(i) The inversion s sending a character x = x1 X --- X xp, to x° = X1_1 XXy,

(i) For 1 < 7 < n, the transposition w; sending a character y = x1 X --- Xy, to x*i = 1 X --- X

Xi—1 B i1 B x B X0 X - DX X,

Lemma 5.3.9. Let x = x1 X - - W xp, : (Q)" — k™ be a character.

(1) Suppose x3 # | - | 1. Then

I(x) 2 I(x*) and I'(x) = TI'(x").
(2) Suppose xi/Xir1 # |- |T* for some 1 < i < n. Then
I(x) = I(x™) and I'(x) = I'(x"").

Proof. Once again, the orthogonal and metaplectic cases are identical. We give the proof in the orthogonal
case. For (1), let P = M N C G, be the rank one standard parabolic subgroup such that the Weyl group of
M is generated by s. Then

M =Gy x (Q)" .
Also write p = yo X -+ - K xp, ¢ (qu)"*1 — k. Then
(5.9) I(x) = Indg" Ind¥.,, x = Indg" I(x1)Xp
and similarly
(5.10) I(x*) = IndG" I(x7") K p.
By Lemma 5.3.5, I(x1) is irreducible, with an intertwining isomorphism to (Xl_l). By (5.9) and (5.10),
this induces an isomorphism I(x) = I(x®). The proof of (2) is similar: let Q; = L;U; C G,, be the rank
one standard parabolic with Weyl group generated by w;. Then
~ i—1 —i—1
Li = (Q;)Z X GLQ(Qq) X (Q;)n ! .
By [115, Théoreme 3] applied to the GL2(Q,)-factor of L;, we conclude

Indéim:i X = Indpnr, X"

(In the metaplectic case, L; has a (,}12 (Qq) factor, to which we may still apply the results of loc. cit. with a
twist by x,.) Then as above we obtain an isomorphism

1(x) = Indgy; Indp x = Indgyy Indpp X" = 1("):

Definition 5.3.10. Let x = x1 X+ K xp, : (Q7)" — k™ be a character.
(1) We say x is generic if x;x; € {|-|[*',1} forall 1 < i,j < mand x;/x; € {|-[*,1} for all
1<i<y<n.
(2) We say x is almost generic if xixj, xi/x; € {| - |51, 1} forall 1 <i < j < n, x? # |- |*! forall
1 <i<mn,and x? =1 forat mostone 1 < i < n.

Corollary 5.3.11. Let x : (Q;)" — k™ be generic or almost generic. Then:
(1) I(x) = I(x")and I'(x) = I'(x") forallw € W.
(2) I(x) and I'(x) are both irreducible.
(3) ©(x)) =I'(x)-
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Proof. (1) follows from writing w as a product of generators and repeatedly applying Lemma 5.3.9. (2)
follows from (1) combined with Lemmas 5.3.4 and 5.3.7. Once we have (2), it follows from repeated appli-
cations of Corollary 5.2.4(1) that

O(I(x) =I'(x"").
Then (3) follows from (1). ]

Definition 5.3.12. Let x = x1 M-+ K x,, : (Q7)" — & be a character.

(1) We say ¥ is level-raising generic it:
(i) For exactly one 1 < ip < n, x4, = | - \%.
(ii) Forall 1 <i < j <n, xixj, xi/x; € {|-|F1, 1}.
(iii) Forall i # g, x? & {| - [*,1}.
(2) We say x is almost level-raising generic if it satisfies (i) and (ii) above, and moreover:
(i) For all i # 49, x? # | - |¥; and x? = 1 for at most one 7 # 4.

Notation 5.3.13. For x almost level-raising generic, the set of Weyl conjugates W () is naturally divided

into two subsets: those x* = x} X --- X x/, such that x| = |- |% for some 4; and those such that x, = |- |7%
for some 7. We denote these subsets by W ()™ and W (x) ™, respectively.

Lemma 5.3.14. Fix § = + or —. Then for any x**,x"2 € W(x)®% we have I(x*') = I(x"?) and
(™) = I'(x"™).

Proof. For any x"', x2 € W(x)%, we may write wl_lwg = 81 - - - 8, Where each s; is one of the generators
in (5.3.8) and x*151% € W(x)? forall 1 < i < k. The lemma then follows from repeated applications of
Lemma 5.3.9. U

Construction 5.3.15. For any x which is almost level-raising generic, there is a quotient J(x) of I(x)
defined as follows. Let Q;, = L;,U;, C G, be the standard rank one parabolic corresponding to the short
root indexed by ¢g. Then we have

4D Lip = (@)™ x Gy x (@)™,

and by [115, Théoreéme 3], Ind?0 x has a one-dimensional quotient

(5.12) Jig(x) = X1 B B i1 B 1 X1 B B i,

where 1 denotes the trivial representation of G;. We let

(5.13) J(0) = Indg" Jiy (x)-

To study the theta lift of J(x), we first have the following calculation in the rank-one case.
Lemma 5.3.16. If 1 is the trivial representation of SO(V1)(Qq) = PGL2(Qy), then

O11(1) = I'(|- '),
with the corresponding quotient
S(Vi,k) - 1X0O;,(1)
induced by
(9= wy(1,9)9(0)), g€ Mpy(Qy).
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Proof. Using the injection 1 < I(| - |~'/2), we obtain by Corollary 5.2.4(1) an embedding
Homg; (01,1(1), M) = Homg, xg (11, 1 & M) = Homg, e (1, 1(] - |7/?) B M)
_ o112
= Homg (I'(] - [/%), M)

functorial in k[G4]-modules M. In particular, ©1 1(1) is a quotient of I’(| - |'/2). On the other hand, it is

clear that the map in the lemma defines a nontrivial homomorphism ©; 1(1) — I'(| - |'/?), so we have a
nontrivial composite

(|- 12) = ©1a(1) = I'(] - [V2).

This must be an isomorphism by Lemma 5.3.7, and the lemma follows. O
Corollary 5.3.17. If x is almost level-raising generic, then J(x) is irreducible and ©,, ,(J(x)) = I' ().

Proof. First note that, by [115, p. 44], J(x) is the image of a nonzero intertwining operator I(x) — I(p),
where

p:X1®-~®X1~0_1@Xi_olﬁxiﬁl&---&xnEW(X)T

If J(x) — 7 is a nonzero quotient, then we obtain, by Lemma 5.3.4, a nonzero intertwining operator

I(x) > J(x) = 7 = I(x")

for some w € W. However, Lemmas 5.3.7 and 5.3.14 show that this composite (since it is not an isomor-
phism) must coincide with the intertwining operator I(x) — I(p) whose image defines J(x). In particular
J(x) = m. Soindeed J(x) is irreducible. Then ©,,,(J(x)) = I'(p~!) by Lemma 5.3.16 and repeated
applications of Corollary 5.2.4(1). Since p~* € W(x)", we also have I'(p~!) = I'(x) by Lemma 5.3.14,
and this completes the proof. g

5.4. Explicit theta lifting over & for principal series.

Notation 5.4.1. Given ¢ € ), , and t1,...,t, € Qq, define

(5.14)

@(tl, - ,tn) = / n(n2_1) cp(tlvl, tovo+aqv1, t3vs+agvi+asve, ..., tpUp+ - - FAnm-1) vn_l)dal cedanm-1,
Q, 2 2

with vy, ..., v, asin (5.1.2) above.

A direct calculation shows that:

Lemma 5.4.2. The map p — @ defines a morphism of T x T'-modules
1 1
g (@un) = (175 Ry - (1 [5)") @ S(@ k),
where T' x T" acts on S(Qy, k) by

(5.15) (215 2n) X (W1 yn) ()1, t) = Fla7 0T, - 2  T)-

Definition 5.4.3. For any character x = x1 X --Kx;, : (QF)" — k™ with x; # |- |_% for all 4, we consider
the following condition on ¢ € €2, ,,:

(Cy) There exists g € G, such that f, (wy(1, g)p) # 0, where

o (01755 Bxw - (- 19)) @ S@; k) = x By X~

is the unique projection deduced from Lemma 5.2.1.
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1
The map f, also exists and is unique without the assumption x; # | - |~ 2, so (C,) makes sense for all ;
this is elementary but not needed in our applications.

54.4. Let K C G, be the hyperspecial subgroup stabilizing the self-dual lattice L C V,, (5.1.2).

Lemma 5.4.5. Let x : (qu)" — k™ be almost generic and unramified, and suppose ¢ € fon satisfies

condition (CYy,). Also let M be any admissible k[G),)-module. Then, for any nonzero map
0:Q, — I(x) KM

of k|G, x G!,]-modules, we have
() # 0.

Proof. Since I(x) is irreducible, Corollary 5.3.11 implies that 6 factors as
0 ~ f
Q= 1) B Onp(I(x)) = I(x) B I'(x) = I(x) I M

for some map of G/,-modules
f:I'(x) = M.
Then since I'() is also irreducible, it suffices to show 6y(¢) # 0. Now, by Lemma 5.4.2, the map

x> ((h9) = fulwu(h 9)9))
gives a (G, x GI,)-intertwining map
Fy s Qun = 100 BRI (x™) 2 I(x) BT (x)-

Since F), is not identically zero, Corollary 5.3.11 shows that 6 coincides with F, up to a nonzero scalar; in
particular 6y () # 0 if and only if F () # 0. Then because ¢ is K -spherical, F (¢) # 0 if and only if
there exists g € G, with f, (wy (1, g)¢) # 0, which is condition (C,). O

Similarly, we have:

Lemma 5.4.6. Let x : (Q))" — k™ be almost level-raising generic and unramified, and suppose ¢ € szn
satisfies condition (C.). Also assume q*> — 1 # 0 in k. Then, for any nonzero map

0: Qo — J(x) WM
of k|G, x G!,]-modules, we have
() # 0.

Proof. Since J(x) is irreducible by Corollary 5.3.17, the map 6 factors as

Qi = J0) B Onn(J()) = TOORI () 5 () B M
for some map of G/ -modules
f:I'(x) = M.
By Lemma 5.3.4, we may assume without loss of generality that f : I'(x) — I’'(x") is an intertwining
operator. Then by Lemmas 5.3.7 and 5.3.14, we see that it suffices to show ¢ has nonzero image under the
map
Oo : Q= JOOBI'(x) = JOO) BI'(x7).
By Lemma 5.4.2, the map
Q= ((h,g) - fx(ww(h,g)x)>
gives a (G, x G),)-intertwining map

By Q= IR (x ).
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As in the proof of Lemma 5.4.5, since ¢ is K -invariant, condition (C)) is equivalent to F} () # 0. Now
project to obtain a composite

) F -1 -1
Fy Qo = T0O)RI () = J() R’ I'(x 7).

Now we observe that any K -spherical vector in (x) has nonzero image in J(x); indeed, by the construction
of J() it suffices to show this when n = 1, in which case it is clear from the explicit intertwining operator in
[115, p. 44] and the assumption ¢> — 1 # 0 in k. In particular, we have F (¢) # 0if and only if F) (¢) # 0.
On the other hand, F>’< must factor as

Fy o Qup = () B Onn(J (1)) = JO) BRI (x);

the map ©,,,(J(x)) = I'(x) = I'(x ") is unique by Lemma 5.3.7, so F}, coincides with 6 up to a nonzero
scalar. Hence () # 0 is equivalent to (CY). O

5.4.7. We end this subsection with a convenient shortcut that we will use to check condition (C) in the
characteristic zero, non-level-raising case.

Lemma 5.4.8. Suppose k = C and let x : (Q;)2 — k> be generic and unramified. Assume that ¢ € 952
satisfies:

(1) Forall z,y € V, we have p(z,y) € Q.
(2) @ is supported on L x ¢~ L and invariant under translations by qL x ¢*L.
(3) There exist elements x,y € V withy - vy = 0 and p(x,y) # 0.

Then there exists x*' € W (x) such that ¢ satisfies condition (Cyw).
Proof. Let wg be the Weyl element in (3.3.1); then
—_— _1 1
woLw)p € (175 B xy - (| 1)) @ S@2K)

is a unit multiple of the function

i) = [ [ oo o+t v+ oy o) dadady
Vv q

= Vol {q~*Z} /V @ y)e (ha v+ oy - v2) - Ty ez, dadady.

By condition (2) of the lemma, cis supported on q_lzq X q_2Zq and invariant under translations by Z, X gZ.
Note that the conditions of the lemma together imply that ¢(Z, ¢Z,) # 0. From this, we will deduce that
fyw(c) # 0 for some Weyl conjugate x* of x, which will show the lemma.

Indeed, write x = x1 X x2 and x* = x{’ X x4 for w € W. Then

Per@) =4 4 (f-ﬁxs“c(tl’ '))

(where the functions on the right are defined in Lemma 5.2.1(2)). Now, because ¢(Zy, gZ,) # 0, ¢(1,-) is

a nonzero element of the four-dimensional k-vector space S_z 1 from Lemma 5.2.1(3). Since x4| - ]% takes

on four distinct nontrivial values as w ranges over W, we may therefore replace y with a Weyl conjugate

such that d := fl I% c(t1, -) is not identically zero. Since d lies in S_1 o as a function of ¢;, Lemma 5.2.1(3)
12 x2

again implies that either f‘ B (d) or f| By (d) is nonzero. This concludes the proof because Xl_l X xa is
12x1 12x
Weyl-conjugate to . '
O

5.5. Applications to formal theta lifts.
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5.5.1. For this subsection, fix the following data:

A quadratic space V of trivial discriminant and dimension 2n + 1 > 3.

A neat compact open subgroup K = [[ Ky C GSpin(V)(A).

An odd prime ¢ such that K, is hyperspecial.

A subring R C C which is elther C, or a discrete valuation ring which is a finite flat extension of
Z (embedded into C by a choice of isomorphism ¢ Qp Z5 C). In the latter case we assume the
pro-order of K is prime to p. Let wr € R generate the maximal ideal (so wr = 0 if R = C), and
write k = R/wR.

o A character x : (Q)" — k™ thatis either almost generic or almost level-raising generic (Definition
5.3.10 and Definition 5.3.12).

With these data, we make the following notation:

O O O O

Notation 5.5.2.

(1) Write Ty := Tgspin,,, L1 0.R- Let m, C T, be the maximal ideal corresponding to x; explicitly, m,
is the annihilator of the unique spherical vector in I(y).
(2) For any ring A, 1 4 denotes the trivial A[K,]-module.

Lemma 5.5.3. We have

c-In dGSpln( )(Qq) HR ®Tq,mx = I(X)

as k-linear representations of GSpin(V)(Qy).

Proof. Write

GSpln( )(Qq

7y = c-Ind$ )1 ®1,m, k-

Then we have a map f : m, — I(x), sending the generator of 7, to the unique spherical vector. The first
claim is that f is surjective. Indeed, if y is almost generic, this is automatic by Corollary 5.3.11. If  is
almost level-raising generic, then /() has no K -spherical submodules: since taking the K -invariants is
exact, J(x) is the unique K ,-spherical constituent, and it cannot be both a quotient and a submodule by
Lemma 5.3.7. So indeed f is surjective.

It remains to prove f is injective. Because 7, is generated by K ,-spherical vectors, every GSpin(V')(Qg)-
stable subspace V' C m, satisfies Rp(V) # 0; for instance, this follows from [116, Corollaire I1.3.5] com-
bined with (I.3.15) of op. cit. Thus it suffices to show Rp(f) is injective, or equivalently that

dimy, Rp(my) = dimy Rp(I(x)) = |W|=mn!-2".

To compute the dimension of Rp(7y ), note that RB(C-IndGSpm(V)(Qq) 1x) = k[X*(T)] by the Iwasawa
decomposition for GSpin(V')(Qy), and the action of T, @k is ‘the natural one under the Satake isomorphism

T, ®r k = E[X*(T)]".
Since k[X'(f)] is a finite flat k[X‘(T\)]W—algebra of degree |IW|, we have

dim Rp(my) = dim (k[X'(T)] O k) = W],

X (D)W my
as desired. g
Notation 5.5.4. Forall ¢ € S(V" ® Qq, R), let % be its image in S(V" ® Qg, k).

(Despite the conflict with Notation 5.4.1, we hope that the meaning will always be clear from context.)
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5.5.5. For the next proposition, recall the notation on formal theta lifts from §3.5.

Proposition 5.5.6. Let a € Testx (V, R) be a test vector and ng > 1 an integer such that:

(1) O(a,0) 0 (mod wpy) for some o = p? @, € S(V" @ Ay, R)K.
(2) Forall h € my C Tqand all ¢}, € S(V" ® Qq, R)"s,

O(h-a, 9! @) =0 (mod wp).
Then for any oy € S(V" @ Qy, R)%4 such that P, satisfies condition (Cy),
Oa, ¢! ®p,) Z0 (mod wp).

Proof. Forall f € c—Indf(jpin(V)(QQ) 1R, we can consider the convolution

f*a¢€ Testga(V,R)

(notation as in (3.5.3)). By Proposition 3.5.4, the map

GSpin(V n n
(5.16) cInd PV 1, 0 S(V @ Qg R) — M

defined by
(f, @) = O(f x o, 0! @ @)
is GSpin(V)(Qq) x Mp,,, (Qq)-equivariant. By condition (2) of the proposition applied to h = wpr € my,

the image of (5.16) is contained in wgoflM:Jr s Abbreviate
-1
M = i M im
oy M&Lé,R
Reducing modulo wg, (5.16) induces a map
(5.17) c-Ind PO 1, 0 SV @ Qg k) — M

which remains a map of GSpin(V')(Qy) x Mps,, (Q,)-modules by Proposition 3.4.6. Now note that condition
(2) of the proposition implies (5.17) factors through the quotient

GSpin(V)(Q GSpin(V)(Q ~
C—Inqupm( )(Qa) 1, — c—Inqupm( )(Q) Ix @1, m, k= 1(X)

(Lemma 5.5.3). By duality [116, p. 96, Propriété (vi)], (5.17) is equivalent to a nonzero map
0:SV"®Qyk) — I(x ) @M
and, for ¢ € S(V" @ Qq, R)*9, we have
O(a,p? @) #0 (mod wp’) <= 0(p;) # 0.

If x is almost generic, the proposition therefore follows from Lemma 5.4.5. So assume instead that x is
almost level-raising generic.

Claim. Let M be any admissible k[Mp,,, (Q,)]-module. Then every map of GSpin(V)(Qy) x Mp,,, (Qq)-
modules

SV"®@ Qg k) = I(x HRM
factors as
SV"@Qy k) = J(x) IM — I(x™ ) K M.
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Given the claim, the proposition follows from Lemma 5.4.6, because J(x) < I(x ') is injective (cf. the
proof of Corollary 5.3.17).

Let us now prove the claim. Since the statement is purely local in nature, we resume our local abbre-
viation 2, ,, = S(V" ® Qq, k). The claim is also insensitive to replacing x with any x* € W (x)" (by

Lemma 5.3.14), so suppose without loss of generality that y = | - ]% X p for some almost generic charac-
ter p : (QF)" — k. Apply Corollary 5.2.4(1) with xo = |- \_% and 7,1 = I(p) = I(p~'). Since
On—1n-1(I(p)) = I'(p) by Corollary 5.3.11, we obtain an isomorphism

(5.18) Hom(Qy, p, I(x ) B M) = Hom(I'(x), M)

that is functorial in M. So it suffices to show the claim with M = I’(x). But in this case, (5.18) combined
with Lemma 5.3.7 shows that there is a unique non-zero map

(5.19) Q= IR (x)-
Since J(x) injects into I(x~!), we also have the map induced by the theta lift (Corollary 5.3.17):
Do = J(X) B Onn(J(x)) = J(0) B (x) = I(x ") K I'(x);

this must coincide with (5.19) up to a nonzero scalar, which shows the claim. ]
5.6. Main result on changing test functions.

5.6.1. Let w, S, and Ej be as in Notation 4.0.1, and fix a prime p of Fy, which we suppress from all the
notation in this subsection. Fix an isomorphism ¢ : Q, — C inducing the prime p, and let R C Z,, be the
ring of integers of the maximal unramified extension of O = O.

We apply the results of §5.5 to study the behavior of A2 (Q, ¢; K) and k2 (Q, ¢; K) as ¢ changes locally
at a prime ¢ 1 Q.

Proposition 5.6.2. Suppose q is an admissible prime. Then there exists an unramified character x : (Q; )2 —

F; such that x is almost level-raising generic, and the corresponding maximal ideal m,, C T, g contains
the kernel of the Hecke action on the unique spherical vector of m,.

Proof. Because 7, is unramified with trivial central character, we have 7, = I(X) for an unramified character
X : (QX)? — C*, uniquely determined up to Weyl action. Write a = ¢~ *X(g, 1), 8 = ¢~'X(1, q); then by
Theorem 2.2.10(1), pr(Froby) has eigenvalues aq'’?, BqY%, a~1¢ /2, 3~1¢*/2, which lie in Z; C @; By
the admissibility of ¢, we may assume without loss of generality that

(5.20) aq'? =q (mod p), Bg'/? # +q,+1,¢>,¢""  (mod p).

We define the character  to be the reduction modulo p of ¢ =1y, and the conditions (5.20) exactly correspond
to x being almost level-raising generic. O

Corollary 5.6.3. Suppose QQq is admissible with v(DQ) odd, and fix an S-level structure K for GSpin(Vpg).
Let p, € S (VgQ ® Qq, O)a be a test function whose image in S (VIQ)Q ® Qq, F)) satisfies condition (C)),

where x : (Q; )2 — ﬁ; is the almost level-raising generic character of Proposition 5.6.2. Then for alln > 1
and all p = 1 @ pq € S(VZ%Q ® A, 0)X we have

A2(Q,¢7® 2 K) D A2(Q, ¢ K).

Remark 5.6.4. The same corollary holds for <2 (Q, —) if v(DQ) is even, but this version will not be used
for the main results.
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Proof. Suppose \2(Q, p; K) = (w™~!) for some 1 < ng; without loss of generality we may assume
ng < n and that

A(Q¢' @ ¢ K)=0 (mod @™ )

for all ¢, € S(VIQ)Q ® Qq, O) e,

Now choose a vector a € Testx (Vpg, T, O/w™) such that a(Z(T, ¢) k) generates A2 (Q, p; K) for
some T' € Sym,(Q)>o. Lift v arbitrarily to an O-valued test function & € Test i (Vpg, O). Recall R C Z,
is the ring of integers of the maximal unramified extension of O, and let f : T, g — R be the character
associated with the Hecke eigenvalues of 7y, so that fr(h) € (w) for all b € m, C T, g. Then for h € m,
and ¢, € S(VE)Q ® Qg, O)%e, we have

O(h-a,¢? @ yy) = fx(h)O(a, ¢? @ ) =0 (mod w"),

so we may apply Proposition 5.5.6 to conclude. (Note that because ¢* # 1 (mod p), p does not divide the
pro-order of K.)
g

We now give an analogue of Corollary 5.6.3 in characteristic zero, which requires Q) = 1.

Proposition 5.6.5. Suppose q ¢ S is a prime such that p(Frob,) has distinct eigenvalues. Let x : (Q )2 —
C* be the unramified character, well-defined up to W -action, such that 7, is a constituent of 1(x). Then x
is generic.

Proof. The proof is similar to Proposition 5.6.2, using that || = | 3| = 1 because 7, is tempered by Theorem
2.2.10(1). O

Corollary 5.6.6. Let D > 1 be squarefree with v(D) even, and suppose q ¢ S U div(D) is a prime
such that pr(Frob,) has distinct eigenvalues. Fix an S-level structure K for GSpin(Vp), and let ¢y €
S(V3 ® Qq, Z)%4 be a test function whose image in S(VA @ Qg, C)Xa satisfies the hypotheses of Lemma
5.4.8, or more generally condition (Cy), where x : (qu)2 — C* is the generic character of Proposition
5.6.5. Then for all p = 01 ® ¢, € S(VE @ As,0)X,

P(Lg K) #0 = (1,07 ® 5 K) # 0.

Proof. The argument is similar to Corollary 5.6.3. First fix a vector & € Testg (Vp,w, O) with a o
Oasm(Z(T, ) k) # 0 for some T € Symy(Q)>o. Because H(Q, T}) is torsion-free by Lemma 4.1.6(1),
we may choose a linear functional 8 : H*(Q,T;) — Q, such that B(c 0 dasm(Z(T, ¢)k))#0. Let
a € Testi (Vp, C) denote the composite map

CH? (Shyc(Vp)) 227 HY(Q, HE, (Shi(Vp)g, O2)m) 2 H'(Q, T) 5 @, 5 C.

Then « is Hecke-equivariant because « is so. Let Lpﬁ] es (VL%Q ® Qq, C)®< be any vector. By the Hecke-
equivariance of &, we have ©(h - @, 97 ® @) = 0 for all h € m, (Notation 5.5.2), with R = C, wr = 0.
We can now apply Proposition 5.5.6 to conclude. g

With essentially the same proof, we have the following in the endoscopic case:

Corollary 5.6.7. With the setup of Corollary 5.6.6, suppose w is endoscopic associated to a pair (1, m2).
Then for all ¢ = ¢? @ o, € S(V3 ® Ay, O)X and j = 1 or 2, we have

kP (Lo K)W #£0 = &P(1,07@ 3 K)9) £ 0.
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6. THE RAMIFIED GSping RAPOPORT-ZINK SPACE

6.1. The moduli problem.

6.1.1. Fix a prime ¢ > 2, and let O, be the unique maximal order in the non-split quaternion algebra B
over Q. Suppose given a g-divisible group X over I, of dimension 4 and height 8, equipped with an action

ix : Oy = End(X) and a principal polarization Ax : X — X" such that the Rosati involution * of End(X)
induces a nebentype involution on O, of unit type (Definition 1.2.9).

Definition 6.1.2. Let Nilp be the category of schemes over Zq on which ¢ is locally nilpotent. Let N :
Nilp — Set be the functor sending S € Nilp to the set of isomorphism classes of tuples (X, ¢, A, p) where:

(i) X is a g-divisible group of dimension 4 and height 8 over .S.
(ii) ¢ : Oq — End(X/S) is an Oy-action such that

det(T — o(a)| Lie(X)) = (T? — tr(a)T + N(a))?, Va € O,.

(iii) A : X = XV is a principal polarization such that the Rosati involution on End(X/S) extends the
involution * on Q.
iv) IfS=8 Xt [F, denotes the mod ¢ fiber, then p is an O -linear quasi-isogeny

p:X x5S —Xxg S
such that p* o Ax o p = ¢(p) A for some c(p) € Q.

The functor N is studied in [120]; in this section, we will recall the key points, and prove additional
properties needed for our applications.

6.1.3. The functor N is represented by a formal scheme over Spf Zq, locally formally of finite type, which
admits a decomposition into open and closed formal subschemes

(6.1) N = UiezN (1)

according to the g-adic valuation of ¢(p).

6.14. Leto : Zq — Zq denote the arithmetic Frobenius, lifting the gth power map on F,,. The formal scheme
N is equipped with a canonical Weil descent datum ¢ : N' = o* N over Zq, which we now recall. On S-
points, ¢ is given by the isomorphism (S) : N'(S) = N'((c=1)*S), which sends (X, ¢, A, p) € N(S) to
(o™ 1)* X, (7)1, (67 1)* N, po FX/§)’ where

FX/? : (0'_1)*X§ — X§

is the relative Frobenius. Since ¢(p o Fy /g) = c(p) + 1, p restricts to an isomorphism
i N (i) = o*N (i + 1)

for each 7 € Z.

6.2. The Bruhat-Tits stratification.

6.2.1. Let M denote the underlying reduced scheme of A/(0). We now recall the description in [120] of the
stratification of M in terms of lattices in the isocrystal IV of our fixed g-divisible group X. By the assumption
that the involution * on O, is of unit type, we may choose coordinates

(6.2) Oy =Zp ®NZg,
where a* = Iadl™! = ga for a € Z2, II* =11, and I = q.
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6.2.2. Label the two embeddings of Z 2 into Zq by je and j,. Then we have a decomposition
(6.3) N = Ny @ No,

where () = j7(cr) on Ny for ? = e, 0. Each of N, and N, is an isocrystal of dimension 4 and slope 3.
The polarization Ax induces a pairing

<U'>:A7®Jv'aw@q::2qgﬂ@m
with respect to which N and N, are each isotropic (since * is nontrivial on Z;2 C O,). Define a new pairing
(6.4) (,)e : No @ Ny — Qq
by
(T, y)e = (x,Ily).

Then (-, -)o is symplectic and non-degenerate.
The operators II and V' on NN both interchange N, and NN, so the operator

(6.5) =TV}
stabilizes [No; moreover
(6.6) (T2, 7y)e = (z,9)q,
where again o is the arithmetic Frobenius of @q. Hence W := NJ :i is a 4-dimensional Q,-vector space
equipped with a QQ;-valued symplectic form, such that N = W ®q, Q-
Definition 6.2.3. For a lattice A C W, denote the Z,-dual lattice by AY. We define the following families
of lattices in W:

Ligy = {lattices A C W s.t. A =AY}

Loy = {lattices A C W s.t. A =gA"}.

Loy = {pairs of lattices Ag, Ay C W s.t. gAg = qAy Ca2 gAY = Ay Co AO} .
Ly = {lattices Ay C W s.t. gAY Co Ay Co AY ).

Here, the notation A C,, A’ was defined in (1.1.8).

Theorem 6.2.4. The underlying reduced scheme M of N'(0) admits a stratification
_ /0 0 0 0
with a decomposition into open and closed subschemes
M3 = | | Mi(w)
yEL

for each 7 = {0}, {2}, {02}, {1}, satisfying the following conditions (where M+ and M+ (y) denote the
Zariski closures of Mg and Mg(y), respectively):

(1) For? = {0} or {2} and each A € L7, M+ (A) is isomorphic to the smooth projective hypersurface
in IP’% defined by the equation
q

XgXO - Xng + X2qX1 — quXQ
The scheme M is the union Mgy U M qy.
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(2) Given Ny € Loy and Ay € Ly, Myy(Ao) meets Moy (A2) if and only if (Ao, A2) € Lygay, in
which case the intersection is transverse and

Moy (Ao) N Mgy (A2) = Moy (Ao, A2).

For each (Ao, A2) € Loy, Myo2y (Ao, Ag) is isomorphic to PL | and both of the resulting embed-
q
dings }P’% — }P’% are linear.
q q
(3) Foreach Ay € L1y, M?l}(Al) = My (A1) is an isolated point. Given Ao € Loy and Ay € Loy,
M{l}(Al) lies on Mgy (Ao) if and only if A1 C Ao, and on Moy (A2) if and only if Ao C Aj.
(4) For a pair of distinct Ao, Ay € Loy, Myoy(Ao) meets Moy (Ag) if and only if Ao N Ay € Lyyy; in
this case the intersection is transverse and we have

Moy (Ao) N My (Ap) = M1y (Ao N AG).

(5) For a pair of distinct Ay, Ny € Lgy, Moy (A2) meets Moy (Ay) if and only if Ao + Ay € Liyy; in
this case the intersection is transverse and we have

Mgy (A2) N Myay(Ah) = My (Ag + Aj).
(6) The stratum M1y is precisely the nonsmooth locus of N'(0), and the complete local ring of N'(0)
at each point in M1y is isomorphic to
Zq[X,Y,Z2,W]/q— XY + ZW.
Proof. Each point except (6) is contained in [120], and (6) is [86, Theorem 4.1, Corollary 4.2]. ]

6.2.5. For later use, we recall the meaning of each of the strata in Theorem 6.2.4 on the level of Fq—points.
Given s = (X, (, A, p) € N(F,), the covariant Dieudonné module of X gives rise to an O,-stable lattice
M C N. Such an M admits a decomposition

M = Ms ® M, C Ne & N,

as in (6.2.2); here we are using ¢ # 2. For a lattice A C W, define A=A® Zq C M,. Then we have, for
any s € M(ﬁq) and any lattices Ag € ﬁ{o}, As € E{Q}, A€ E{l}i

e sliesin M{l} if and only if M, = 7M,, and is the point M{l}(Al) if and only if M, = Al.
e slies in Myq (Ag) — My if and only if M + 7Me = JUXO.
o s lies in Moy (A2) — Myy if and only if My N7 M, = As.

By Theorem 6.2.4, at least one of these three options occurs for any point s € M(F,).
Notation 6.2.6. From now on, to ease the notation we shall abbreviate Mgy (Ag) as M(Ay), etc.

6.3. Deformation theory and the geometry of \/.

6.3.1. Let (X, )\, ¢, p) be an S-valued point of N, for some S € Nilp. To X we associate the (covariant)
Dieudonné crystal D(X) [75]; thus for any thickening S < S in Nilp admitting locally nilpotent divided

~

powers, we obtain a locally free sheaf D(X)(S) of Og-modules, such that D(X) := D(X)(S) fits into a
canonical exact sequence

(6.7) 0—wxv — D(X)— Lie(X) =0

of locally free Og-modules.
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6.3.2. Asin (6.2.5) above, the action of Z,2 C O, on D(X) induces a decomposition
D(X) =D(X)e ®D(X)o,
and likewise for D(X), wxv, and Lie X; the action of II interchanges the two components in each case.
The polarization A induces a perfect alternating pairing
() : D(X) @ D(X) — OF™.
Since both D(X ), and D(X ), are isotropic, (-,-) identifies D(X )e with the dual of D(X),. Finally, the
submodule wyv of D(X) is also isotropic, so that A induces perfect pairings of locally free Og-modules:
(-,7) twxv,e ®Lie Xo = Og
(-,-) twxv o ®Lie Xg = Os.
If S = SpecF,, then D(X) is equivalent to the data of the Dieudonné module M of X ; the exact sequence

(6.7) becomes
0—VM/pM - M — M/VM — 0.

6.3.3. LetS < Sbea thickening in Nilp admitting locally nilpotent divided powers, and fix x = (X, A, ¢, p) €
N (S). Denote by Lift(z) the set of isomorphisms classes of lifts of = to 7 = (X, \,7, p) € N(S), and de-

note by Lift () the set of locally free, O,-stable, totally isotropic Og-submodules @xv C D(X )(§ ) lifting
wxv. From the well-known deformation theory of g-divisible groups [77], one has:

Proposition 6.3.4. The canonical map
F=(X,\00) — wg, CDX)(S)

defines a bijection
Lift(z) = Tife(x).

6.3.5. Let A'*™ denote the formally smooth locus of A/(0), which by Theorem 6.2.4(6) is the complement of
Llp,e Loy M(A7). Before we can calculate the tangent bundle to the mod ¢ fiber of N in Theorem 6.3.7

below, we need the following lemma.

Lemma 6.3.6. Suppose given (X, \, 1, p) € N*™(S), for some F ,-scheme S. Then 11 induces isomorphisms
of line bundles on S:
Lie X,

‘T Lie X,
. WXV

= M Lie Xo C Lie X,

= Hva,. C wxV o,
Hva’o

and likewise with e and o reversed.

Proof. We consider the first map; the second, and the versions with e and o reversed, are all similar to this
case. Without loss of generality, we may assume that S = Spec R is affine, and that R is a Noetherian local
ring with maximal ideal m such that R/m = ?q. Then Lie X, and Lie X, are each free of rank two over R,
by the Kottwitz condition, and the map Il, : Lie X, — Lie X, is nonzero modulo m; indeed, this amounts
to the assertion that IIM, # V M, for the Dieudonné module M = M, & M, corresponding to the special
fiber of X, and this holds because we are away from the nonsmooth locus of N'(0), cf. (6.2.5).

In particular, we can choose bases of Lie X, and Lie X, such that

1 0 . .
Il = (0 d) : Lie X¢ — Lie X,
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for some d € R. Now, we also know that I1? Lie(X) = ¢ Lie(X) = 0, so the matrix g for II, : Lie X, —

Lie X, must satisfy
1 0y (1 0 —0
9\0 da) " \o a)97"

A direct calculation shows that g = <8 3}) for some w € R, where wd = 0; but the same reasoning as for

II, shows that II, is nonzero modulo m, so w is a unit and we conclude d = 0. From these coordinates for
I1, and I1,, it is clear that II Lie X, and Lie X, /Il Lie X, are both free of rank one over R and that the map
in the lemma is indeed an isomorphism. O

Theorem 6.3.7. Let T denote the tangent bundle on the mod q fiber Nﬁsm. Then we have a canonical exact
q
sequence:

0—= T — Hom(wxv o, Lie Xo) = Hom(Ilwyv o, Lie X, /I Lie X)) — 0,

where X is the universal q-divisible group.

Proof. It suffices to consider deformations of a point (X, ¢, A, p) € N*™(R) to points of N*™(R[e]/€2), for
R an F-algebra. Let S = Spec R and S = Spec R|e]/e2. By Proposition 6.3.4, we need to consider lifts
of wyv to locally free submodules @yv C D(X)(S) which are O,-stable and isotropic; this is equivalent
to lifting wxve C D(X)e and wyv, C D(X), to locally free submodules Wyv e C D(X)4(S) and
Wxv.o C DX )o(S), subject to the following conditions.
(i) <@XV,01@XV,O> =0.
(ii) H@Xv7. C @va.
(iii) H@va C (/U\Xv,.
Now, lifts of wxv o correspond to maps of R-modules f, : wxv o — Lie X, via
fo > span {z + efe(x) + €wxv,e : T E wWxv e},
and likewise for wxv o. The conditions (i)-(iii) translate to:
(1) (z, fe(y)) = (y, fo(x)), forall x € wxV o, Y € WXV 0.
(i) Hfe(x) = fo(Illz) forall z € wxv ,.
(iii)” Hfo(x) = fo(llx) forall x € wxv o.
If we specify f,, then (i)’ can be taken as a definition of f,. In terms of f, only, conditions (ii)’ and (iii)’
correspond to:
(i)” (y,Hfe(z)) = (z,11fe(y)), forall z,y € wxv ,.
(iii)” (y, fo(Ilz)) = (z, fo(Ily)), forall z,y € wxv o.
Now, since we are outside the singular locus, Lemma 6.3.6 implies that IIwyv o and Ilwxv . are locally rank-
one direct summands of the rank-two projective R-modules wxv , and wxv ,, respectively. In particular,
using that (ii)” and (iii)” are clearly satisfied when x and y are linearly dependent, it suffices to check (ii)”
and (iii)” for z € Ilwxv , and = € Iwxv ,, respectively. Using (Ilz, Ilw) = ¢(z, w) = 0, we find that both
conditions (ii)” and (iii)” are equivalent to II fo(Ilwxv o) = 0. Again by Lemma 6.3.6, the kernel of II on
Lie X, is IT Lie X,, so we are just requiring

foe(Mlwxv o) C ITLie X,
as desired. OJ

6.3.8. Scheme-theoretic description of the strata M(Ag), M(Az2). Fix alattice A € Loy Ul Lyay; we recall

the construction of M (A) as a subscheme of N given in [120, §4]. Let A=A® Zq C N,, and let Y denote
the g-divisible group over [F,, associated to the lattice

Aa ¢TI 'A c Ny & N,
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where 6 = 0if A € Lypy and § = 1if A € Lyy). The group Y comes with a natural quasi-isogeny
t:Y - X

For any (X, A, ¢, p) € N(S) with S an F,-scheme, consider the two quasi-isogenies:
P ¢t
p+: X = Xg —— Yg,

gt %¢ p1
p— - YS — XS — )(7

where § = 0if A € Lygy and § = 1if A € Lyy.

Then the scheme M (A) is constructed as the locus where p; and p_ are both isogenies. In fact, since the
dual lattice to A @ ¢°TI" A is ¢ =29 (A ® ¢°TI"'A), we may identify Y = YV by ¢! =29tV o Ax o t; with
respect to this polarization, p; and p_ are duals, so p_ is an isogeny if and only if p is.

Proposition 6.3.9. Ler O(1) be the line bundle on M(A) corresponding to the embedding into }P’% of The-
q
orem 6.2.4 (2). Then, if (X, \, ¢, p) is the universal q-divisible group over M(A), we have isomorphisms of
line bundles on M(A)™ := M(A) N N3™:
O(—q) =2 I1Lie X, = Lie X,/II Lie X..
Proof. We give the proof in the case A € Lygy; for A € Lygy, the roles of e and o are interchanged. Let
S = M(A)™™, and let Yg be the constant g-divisible group Y on S.

We need to recall the construction of the projective embedding from [120, §4]. First of all, one has the
Dieudonné crystal

D(YS) = D(YS)O S D(YS)O)
with notation as in (6.3.2), and
D(Ys)e = D(Y)e ® Og

is a free Og-module of rank 4. The submodule p .wxv e C D(Ys), is locally a free summand of rank 1,
and this is the tautological line bundle O(—1) under the map M (A) — ]P’% . Letog : S — S be the gth
q

power Frobenius on .S, and let
Vy : D(Ys)o = 05D (Ys)e, Vx : D(X)o — 0gD(X)e
be the Verschiebung operators. Then we have
O(=q) = 050(=1) = ggp swxv,e = Py 0 Vx(D(X)o) = Vy © py«(D(X)o).
Now we note that the map
(6.8) Vy 0 pts: D(X)o = 05D(Ys)e

annihilates both IID(X), and wxv o, because Vy (wyy o) = Vy o II(D(Yg)s) = 0 by the definition of Y.
In particular, (6.8) induces a surjection

Lie X, ~
6.9 v $ O(—q),
(6.9) YOPts ey, Q09
which is a map of line bundles by Lemma 6.3.6 and therefore an isomorphism. Combined with Lemma 6.3.6
for the other isomorphism, this completes the proof. O

Theorem 6.3.10. For any A € Loy U Lyoy, the normal bundle to M(A)™™ inside ./\/'Fsm is isomorphic to
q
O(—2q) for the embedding into }P’% given in Theorem 6.2.4.
q
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Proof. For simplicity, we continue to assume A € Lyqy; the other case is similar.

The first step is to compute the tangent bundle to M (A)*™. We wish to consider the lifts of (X, A, ¢, p) €
M(A)*™(R) to points of M(A)*™(R]e]/€®) for R an F,-algebra. Continuing the notation of (6.3.8), such
lifts correspond to the pairs

fo :wxv e — Lie X,
fo rwxv o — Lie X,
satisfying (i)’-(iii)’ from the proof of Theorem 6.3.7, subject to the additional condition that
fo(p—s(wyy o)) = fo(p—x(wyy o)) = 0.
By the definition of Y, we have Wyy,o = 0,50 the second condition is automatic.

Claim. With the above notation, we have

(6.10) pn(wyy o) = Hwxv o.

Given the claim, we conclude by comparing with the proof of Theorem 6.3.7 that the tangent bundle 7

to M(A)®™ is the sheaf
Hom(wxv o /Hwrv o, Lie X,),
where X is the universal g-divisible group. The normal bundle is the quotient 7 /7Ty, which by Theorem
6.3.7 is
Hom(wyv o, 1T Lie &y).

Since Hwyv o is dual to Lie X, /II Lie &, on M(A)®™, the theorem then follows from Proposition 6.3.9.
Now we turn to the proof of the claim. We have

p—s(wyy o) = p—x(D(YR)a) = (ker (ps« : D(X)o = D(YR)o))™

because p4 and p_ are duals; the orthogonal complement is with respect to the perfect pairing on D(X).
The Verschiebung map on D(Yy)o is injective because V : D(Y), = II"'A/TIA — A/gA = D(Y), is
an isomorphism, so, reducing to the universal case where Spec R is an open neighborhood inside M (A)*™,
(6.9) implies that

ker (p4x : D(X)o = D(YR)o) = wxv,o + I1ID(X),.

Arguments similar to Lemma 6.3.6 show that (ILD(X),)* = I1D(X),, and so we conclude
pes(wyy o) = (Wxve +IID(X)s)" = wyv,e NIID(X),.
Now it follows from Lemma 6.3.6 and the snake lemma for the diagram

0 — wxve — D(X)o —— LieX, —— 0

oo D
0 — wxve —— D(X)e —— Lie Xy —— 0

that wyv ¢ NIID(X)e = Ilwxv ,, so the proof of the claim is complete. O

6.4. Regularization of M and intersection theory.

Notation 6.4.1. Let N/ (0) be the blowup of N (0) along M1y, and let M be the strict transform of the

reduced locus M; then M is smooth. We denote by C'(A1) the exceptional divisor of M above M(Ay) for
each Ay € Ly1y. Forany Ag € Loy and Ay € Lygy, let M(Ap) and M(Az2) be the strict transforms of
M(Ap) and M(A3), respectively.

Lemma 6.4.2. For any A1 € L33, there exists an isomorphism C(A;) = IP% X IP’% such that:
q q
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(1) For any Ay € Ly with Ay C1 Ao, M(Ao) meets C(Ay) transversely along a divisor with class
(1,0).

(2) For any Ay € Loy with Ay C1 Ay, M (A2) meets C(Ay) transversely along a divisor with class
(0,1).

Proof. By Theorem 6.2.4(6), we may fix one isomorphism C(A1) = PL x PL . Let Ly (A1) be the set of
q q

Ao € Loy with Ay C1 Ao, and likewise L2y (A1). The actions of Stab(A1) C Sp(W)(Q,) on Loy (A1)
and L2 (A1) are transitive, and compatible with the natural Sp(W)(Q,)-action on N'(0) (see (6.5.1)). For
distinct Ag, Ay € Loy (A1), it follows that the divisor classes

Dy, = M(No) N C(Ay)

and

Dy, = M(Ap) N C(Ay)

differ by an automorphism of C'(A1). In particular, if D, = (a, 3), then Dy, = («, ) or (8, ). On the
other hand, since M (Ag) meets M(A{)) transversely at M(A;), we have

Dy, Dpy =0

for the intersection product on C'(A1). Since (a, ) - (3, @) = a? + 4%, which can only vanish if o = 3 = 0,
it follows that Dy, = Dy, = (a, B) with a5 = 0; without loss of generality, assume 5 = 0. By the same
reasoning, for any Az € L) (A1),

Dy, = M(A2) N C(Ay)

has divisor class (y, d) with v6 = 0. However, M (A() meets M (As) transversely along M (Ag, A2), so we
have

Dy, - Dy, = 1.
This implies ad = 1, so we have Dy, = (1,0) and Dy, = (0, 1), as desired. O

Notation 6.4.3. Let A € L) ILo). We denote by O(1) the line bundle on M(A) arising from the pullback
of O(1) along the composite

M(A) = M(A) = P .
Lemma 6.4.4. Forany A € Loy U Ly, the normal bundle to M(A) inside N'(0) is O(—2q).

Proof. Let {Ago), e ,Agn)} be the set of lattices A; in Ly} such that M(Aq) lies on M(A). Then the
projection M (A) = M(A) is the blowup along the points M(Agi)), with exceptional divisors

E; == C(AY) n M(A).

Since M(A) is a smooth surface, we have E; - E; = —J;; for the intersection pairing on M (A).
Now, the normal bundle to M (A) inside A/(0) is locally free of rank one, and Lemma 6.3.6 implies it is
isomorphic to
O(=2q+ awEp + ...+ anEy)

for some o; € Z. On the other hand, as N/ (0) is formally smooth, we can compute the triple intersection
number

m; = M(A) - M(7) - C(A)
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in two ways, for each 0 < ¢ < n:

m; = (M(A) . C(Ag"))) (KZ(A) : C(Ag“)) — 0 (Lemma 6.4.2)

‘o)
= (M) - M(A)) -y (M(A)-C(AYD)) = —as.
M(A) 1 i

So we find a;; = 0O for all 7, as desired. O

6.5. The GSpin action on .

6.5.1. The endomorphism algebra End (W) is equipped with an involution { given by the adjoint with respect
to (-, )e, and
V := End(W)=""=0 = End(X, ix)*=""=0
is a split orthogonal space of dimension 5, where * denotes the Rosati involution. There is a natural projection
(6.11) m: GSp(W) — SO(V)
inducing an isomorphism GSpin(V)(Q,) = GSp(WW)(Qy). There is also a canonical action of GSpin(V')(Qy)
on N (by modifying p); when restricted to Spin(V')(Q,), the resulting action of Sp(W)(Q,) on M is com-
patible with the natural actions on Loy, L2}, L2}, and Ly13.
Definition 6.5.2. Define the sets of lattices
ZL={ACW : A=q"\" for somen € Z}
Lpa={Apa CW : q"TIAY, Co Apa Co ¢"AY, for some n € Z}.

Remark 6.5.3. Both .Z and .Zp, are homogeneous spaces for GSp(W)(Q,); the stabilizer of a point in .Z
is a hyperspecial subgroup, and the stabilizer of a point in .Zp, is a paramodular subgroup.

Using 2" and £p, rather than L{g), L{9}, and L1}, we can extend the combinatorial description of M
to all of Myeq.

Definition 6.5.4. For any A € &, choose an arbitrary g € GSp(W)(Q,) such that gA € Loy C £, and
define

M (A) = g™ Mgy (gA).
Similarly, choose g" € GSp(W)(Qg) such that g'A € Loy C .#, and define
M_(A) = () Mgy (g'A).
For any Ap, € %p,, choose g € GSp(W)(Q,) such that gAp, € L1y C Zpa, and define M(Ap,) =
gilM{l}(gAPa)'
Proposition 6.5.5. (1) Definition 6.5.4 yields bijections
L x {£} = {irreducible components of Nyeq}

and
Lpa — {singular points of Nyeq} .
(2) Choose any A € Z. For the Weil descent datum in (6.1.4), we have
(M (A)) =" M_(qA)
and

p (M_(A)) = a" My (D).
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Proof. For (1), it suffices to show there are two GSpin(V)(Q,)-orbits of irreducible components of Neq,
and only one orbit of singular points. However, since

g-N(i) = N (i + ordgr(g))

for g € GSpin(V')(Qy), it suffices to show that there are two Spin(V')(Q,)-orbits of irreducible compo-
nents of M, and one Spin(V')(Q,)-orbit of singular points on M. This follows from the transitivity of the
Sp(W)(Qq)-actions on Lygy, Loy, and L1y.

For (2), note that p?(M . (A)) = (62)* M4 (gA), so it suffices to show the first relation. Without loss of
generality, assume A € Loy By definition, (M (A))(F,), viewed as a subset of N'(F,), is the Zariski
closure of the set of points corresponding to lattices M C N such that

(VY (M +7M))e = A
and
1M, = qM).
Since VA = HA, the first condition is equivalent to m M, +10 M, = ./v\, or dually
MeNTMy = q/v\.
Now choose any g € GSpin(V)(Qq) with v(g) = ¢~*; we have qgA € L. The locus
9p(M4(A))(Fy) C M(Fy)

is the Zariski closure of the set of points corresponding to lattices with M, N 7 M, = qg/v\ and II-1 M, =

M,'. But this is exactly the stratum Mz (qgA)(Fy) = M_(qgA)(F;), so we conclude p(M(A)) =
o*g I M_(qgA) = o* M _(qA), as desired. O

From Theorem 6.2.4, we immediately deduce the following relations among the components M (A) and
the points M (Ap,).

Corollary 6.5.6. For any Ap, € £p, and A, N € £, we have:

(1) M(Ap,) lies on M (A) if and only if Ap, C1 A.

(2) M(Ap,) lies on M_(A) if and only if A C1 Ap,.

(3) My (A) meets M_(N) if and only if g\ Co A’ Co A.

(4) If A # N, then for 6 = + or —, Ms(A) and Ms(A') can meet only in singular points of Neq.

7. THE FIRST EXPLICIT RECIPROCITY LAW: GEOMETRIC INPUTS

7.1. Abel-Jacobi maps for schemes with ordinary quadratic singularities.

7.1.1. Let Ry be a Henselian discrete valuation ring with uniformizer 7, algebraically closed residue field
k, and fraction field K. The inertia subgroup I, of Gal(K/Kp) has the canonical tame character ¢, :
I, — Z,(1) for any p # char(k). Let R be the quadratic extension Ry[r'/?], and K its field of fractions,
with inertia subgroup Ix C If,. We write sq, s, 170, 1) for the closed points and the generic points of Spec Ry
and Spec R, with corresponding geometric points 7j, = 7. Let X be an irreducible scheme of finite type and
pure relative dimension 2r — 1 over Spec Ry, for some integer » > 1. We assume X has ordinary quadratic
singularities: this means that X is smooth outside a finite set of closed points {x;},;.; in X, and, étale
locally near each x;, X is isomorphic to Spec Ry[yo, - - ., y2r—1]/(Q — 7), with @ the equation of a smooth
quadric in ]P’%{O_l.
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7.1.2. The blowup Y of X at the points {x;},_; is strictly semistable in the sense of [99], with a particularly
simple form [48]. The irreducible components of the special fiber Y, of Y are X s, the strict transform of
X, and the exceptional divisors D;. Each D; is isomorphic to the smooth projective quadric in Pi" =
Proj(klyo, - - ., Yy2r—1,t]) cut out by @ — t2, and the intersection C; = D; N X s is the hyperplane section
t = 0, so that C; is a smooth quadric in IP’,QJ*l. Since Y is semistable, we have

(7.1) Nez, = —Neyp, = 0(=1)
in the Picard group of C.

7.1.3. Let O be a discrete valuation ring which is a finite flat extension of Z,, with p odd and p # char(k),
and let w € O be a uniformizer. We fix a coefficient ring A = O or O/w™ for some m > 1. We recall
the definition of the nearby cycles complex: let j : Y7 — Y and ¢ : Y; — Y denote the inclusions of
the geometric generic and special fibers, respectively. Then RUA = i o Rj, 0j A € DT (Ys, A); it has
a canonical action of I C Ik, factoring through the tame character ¢,, and the (increasing) monodromy
filtration M, RVA. Fix T' € Ik such that ¢,(T") generates Z,(1); then the monodromy operator 7" — 1 on
RV A induces compatible maps
T—-1: MZR\I’A — MZ_QR\I/A

forall i € Z.

Proposition 7.1.4 (Saito). Let
io: Xeu| | Di — Vs

el
and
il : I_I Cz — }/s
el

be the natural maps. Then the graded pieces of MeRY A are given by:

grM RUA =0, li| > 1,

gr¥ RUA = i1, A(—1)[-1],

grdf RUA = ig.A,

g™ RUA =i A[-1].
Proof. This is [99, Proposition 2.2.3]. (|

Lemma 7.1.5. The following composite map is an isomorphism:

H?" (Yo, MyRYA) — H?" (Ys, grg’ RVA) = H” (X, A) & @ H” (D;, A) - H* (X, A).

el

Proof. First, consider the tautological distinguished triangle
(7.2) M_{RUA — MyRUA — gr)! RUA — M_RUA[+1].
This yields an exact sequence

H? (Y, M_1RUA) — H?"(Y,, MgRUA) — H* (Ys,grd! RUA) — H* (Y, M_1RUA).
Applying Proposition 7.1.4 and using H*"~1(C;, A) = 0 for all i € I, we obtain

0 — H* (Y, MyRYA) — H” (X,,A) & @ H” (D, A) = H* (C;, A).
icl

However, H?"(D;, A) — H?"(C;, A) is an isomorphism for each i € I by the Lefschetz hyperplane theorem,
and the lemma follows. U
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7.1.6. Let RV x A be the nearby cycles complex for X, defined as in (7.1.3); it also coincides with the nearby
cycles complex for X r. From now on, we will assume:

(BCx) the base change map H’A(Xﬁ0 JA) — Hi(XSO, RV x A) is an isomorphism for all i.

Since the blowup map f : Y — Xp is proper and is an isomorphism on generic fibers, we have a canonical
isomorphism
f+RUYA = RU x A

by [29, §2.1.7]. In particular, (BCx) implies:
(BCy) the base change map H'(Xz, A) = H'(Yy;, A) — H'(Ys, RVA) is an isomorphism for all i.

Lemma 7.1.7. Let j : | |;c; C; — X s be the natural embedding. Then the monodromy operator T' — 1 on

H? =YYy, RYA) fits into a commutative diagram with exact rows:
HZ Y (X, A) —2— @i  HZ2(Cy, A(—1)) —2 H2(X,,A) —L— H¥(Xq, A)
o |
H> (X, A) 45— @ierHY 72(Ci, A) 4—— HY (X, A) e H” (X, A).
Here, t is the isomorphism — & t,(T).
Proof. From the vanishing of gr’ RWA for |i| > 1 (Proposition 7.1.4), we have a canonical factorization
(7.3) T—1:RUA — gr RUA - M_{RUA — RUA;

taking cohomology and applying Proposition 7.1.4, (7.3) induces a commutative diagram:

HQT_I(YS) R\IJA) L> EBZEIHZT_Z(C% A(_]'))

s I

HQT_I(}{% R\IIA) <T @iEIH2T_2(Ci7 A)

The description of ¢ is [99, Corollary 2.2.4.2].
We now explain the exactness of the top row

(7.4) H> N X7, A) = e H2(Ci, A(—1)) TN H2’"()Z'S, A) — H* (X7, A)
of the diagram in the lemma. From the tautological distinguished triangle
(7.5) MoRVA — RUA — gr RUA — MyRWA[+1],

we deduce the exact sequence
(7.6) HT 1Y, RUA) & @i H2(Ch, A(—1)) S H¥(Y,, MyRYA) — H? (Y, RUA).
Combined with Lemma 7.1.5 and (BCy), it suffices to show that the composite
(1.7) @i H2(Ci, A(—1)) 2 H2 (Y, MoRUA) = H> (X, A)
is the pushforward map, and this follows from [99, Proposition 2.2.6]. The argument for the exactness of the
bottom row

HY (X, A) = B (X, A) 2 @D HY (0, A) B B (X, A)

icl

is similar. O
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7.1.8. By (BCy ), the monodromy filtration M, of RVA induces filtrations M, on
H2'r—1 (Xﬁa A)

and on
H' Iy, H Xy, N)) = H' (I, H (X3, A))

(using p # 2).
Proposition 7.1.9. The diagram in Lemma 7.1.7 induces an exact sequence

(X 2r( y_
0= My H' (Ircy, H (X, ) H7Xoh) o A (X7, A)

Im(j, o t=1 o j*) Im(yoj,ot=loj*)’
such that ((c) = j. ot~ (y) for any y € ;e H> ~2(C;, A) such that ¢(T) = B(y).

Proof. By definition, M_; H* ~1(X5, A) is the image of
B: @ H"(Ci,A) = H(Ys, RUA) = H (X7, A).
icl

Then, by the left half of the commutative diagram in Lemma 7.1.7, the map ¢ — ¢(T") identifies

Imp
Im(Botoa)
Using the exactness of the rows in Lemma 7.1.7, we also have the exact sequence

Imﬁ jxot™1 H2T()?57A> l> HQT(XW7 A)
Im(fotoa) Im(j, ot Loj*)  Im(yojsotloj*)

M_ H (I, H" (X7, A)) ~

0—

and the proposition follows. O]
7.1.10. Let CHT(XWO)O denote the Chow group of cohomologically trivial algebraic cycles of pure codi-
mension 7. We have the Abel-Jacobi map

OAy CHT(XWO)O - HI(IK(N H2T_1(Xﬁv A(T‘))),

which we are now ready to compute in terms of the geometry of the special fiber of X.
If Z,, is a closed irreducible subvariety of X, , then write Z for its Zariski closure in X, Zy for the strict

transform of Zg under the blowup Y — X (R, and Zy, for Zy xy Y. The intersection Zy, Xy X is Zs, the
strict transform of Z, under the blowup X, > X so- Extending this construction linearly, for any algebraic
cycle zpy = > nj Z,%) of pure codimension r, we obtain a codimension-r algebraic cycle

5 =Y 29
on X,.
Theorem 7.1.11. Let z,, be an algebraic cycle of codimension r on X, whose class in CH"(X,,) is

cohomologically trivial, and assume (BCx ). Then Op;(2) lies in M_1H (I, H* 1 (X7, A(r))). If, for
each irreducible component Z,, of the support of z,, Zy, is generically smooth, then

H (X, A(r))
jeot=he g (HZ2(X, A1)

coincides with the algebraic cycle class of zs, where C is the map from Proposition 7.1.9.

¢ (0as(2)) €

Proof. In the proof of [68, Theorem 2.18] there is constructed:
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e Anelement F' € DT (Y, A) fitting into a commutative diagram:

F =1 RUA

(7.8) l l

RUA/MyRYA =Y RUA/M_,RUA.

e Aclass [2]) € H?~Y(Ys, F(r)) such that Oay(z)|1, is represented by the cocycle that factors
through t,, : I — Zp(1) and satisfies

Oas(2)(T) = (T = [Fp € B> 1 (Ys, RVA(r)) = H ' (X, A(r)).
In our context, since grM RWA = 0 for |i| > 1, the diagram (7.8) becomes

F— 171, RuA

| I

RUA/MyRUA =% M_,RUA.

In particular, (T — 1) H* ~1(Y;, F(r)) lies inside M_1 H*"~! (X7, A(r)), and by construction ¢ (9aj(2)) is
represented by the image of [2#]}) under the composite map
H Y Y, F(r)) — H* (Y5, grd! RYA(r)) — H* (Ys, gry! RUA(r))
7 = H(X,, A(r) & @@ HY (D;; A(r)) = H” (X, A()),
iel
By [68, Proposition 2.19], under the generic smoothness assumption of the theorem, this image is exactly
the cycle class of Z. O

7.1.12. We conclude this section with a related lemma.

Lemma 7.1.13. In addition to (BCx ), assume
(BCx ) the base change map Hé(Xﬁo JA) — HZ;(XSO, RV x A) is an isomorphism for all i.

Suppose H is a commutative O-algebra (not necessarily finitely generated) of correspondences on X, such
that the singular locus of X is stable under H. Let m C H be a maximal ideal such that the natural map
induces an isomorphism

7
Hét,c

(Xa, M — H (X, M)
for all i. Then for all i, the natural map
H:

ét,c

()?SaA)m — Hgt(XSvA)m

is an isomorphism as well.

Proof. The tautological distinguished triangle (7.5) gives a commutative diagram of long exact sequences

. —— HY(Yy, MgRUA)y — Hi(Ys, RUA)y — Hi(Ys, grM RUA)y — -

| | |

. —— HY(Yy, MyRUA)y — H'(Ys, RUA)y — H (Y, grM RUA)y — -
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The first marked isomorphism is by (BCy-) and its compactly supported analogue, using (BCx .); the second
is by Proposition 7.1.4 and the compactness of each C;. By the five lemma, we have an isomorphism

H(Yy, MoRUA)m = HY(Vy, MoRUA )
for all ¢. Arguing similarly with the distinguished triangle (7.2), we find a natural isomorphism
H(Ys, grg" RYA)m = H'(Ys, g1y’ RUA)m
for all 4, which implies the lemma by Proposition 7.1.4 once again. U

7.2. Semistable reduction of GSpin; Shimura varieties.

7.2.1. Let D # 1 be a squarefree product of an even number of primes, and fix an odd prime ¢|D. With
Vp as in (1.1.6), we suppose fixed a g-adic uniformization datum (x, Ag, to, Ao, D, ip /q) for Vp (Definition
1.4.4(2)); we will choose this uniformization datum more precisely in Construction 7.6.4 below.

Let D and Z be the associated PEL data and self-dual g-integral refinement from Definition 1.4.2.

7.2.2. For the entirety of this section, we fix a neat level subgroup

K% =[] K¢ € GSpin(Vp)(A%) 2 GSpin(Vp ) (A%),
t#q
with the isomorphism arising from Remark 1.4.5(2); then we obtain a flat, quasi-projective scheme X =
M ka over Z, representing the PEL-type moduli problem defined by 7 at level K?. The generic fiber Xq
of X is isomorphic to Shxafam(Vp), where Kg*™ C GSpin(Vp)(Qq) is a paramodular subgroup in the
sense of Notation 2.6.1. Also fix an odd prime p # ¢, and let O be a discrete valuation ring which is a finite
flat extension of Z,,, with uniformizer @ € O.

Lemma 7.2.3. Let RV x O denote the nearby cycles complex on XFq' Then the natural maps

H.4(Xg,0) = Hi (X5, R¥xO0)

and ' '
Hét(X@, O) — Hét(X?q, R\I’XO)

are isomorphisms for all 1.

Proof. This is a special case of [58, Theorem 6.8]. ]

Let Op C Bp be the unique maximal Z,)-order. We now take the g-divisible group X = Aolg™],
with its induced polarization and (Op ® Zg,)-action, to be the base point for the Rapoport-Zink space A
(Definition 6.1.2).

Theorem 7.2.4.
(1) Let X be the formal completion of X along the supersingular locus Xﬁz . Then we have a canonical
isomorphism
X = GSpin (Vi) (Q)\ GSpin(Vp ) (A%) x /K,
where GSpin(Vp /)(Q) < GSpin(Vp 4)(Qq) acts on N as described in §6.5.
(2) The singular locus of XFQ is the discrete set of points

X5 = GSpin(Vy) (Q)\ GSpin(Viyq) (A4) x NZ3E/K.

T

The complete local ring of X at any point of X%mg is isomorphic to
q

Zq[[xaya 2, w]]/(xy —RW — Q)
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Proof. Part (1) is the Rapoport-Zink uniformization theorem for X; part (2) follows from (1) and Theorem
6.2.4(6), after noting that all singularities of XE lie in the supersingular locus by [86, Theorem 7.5]. O

7.2.5. In particular, Theorem 7.2.4(2) asserts that X' has ordinary quadratic singularities, so that the results
of §7.1 apply. Following the notation therein, let Xﬁq be the blowup of XFq along the singular locus; note

that )A(;Fq inherits an action of the full prime-to-q Hecke algebra.

7.3. Tate classes. The goal of this subsection is to show that the full cohomology group H ;()?Fq, 0) is
generated by Tate classes from the supersingular locus, after a Hecke localization.

Notation 7.3.1. Recall the sets .Z and %p, from Definition 6.5.2.
(1) For
9= (9%, A) € GSpin(Vpy) (Q)\ GSpin(Vp,) (A}) x £ /K",
let B+ (g) be the image of (g%, M (A)) under the uniformization in Theorem 7.2.4, and let Bz (g)
be its strict transform under the blowup )A(:Fq — Xﬁq.
(2) For
g= (g% Ap,) € GSpin(VD/q)(Q)\GSpin(VD/q)(A‘]{) X Lo/ K1,

lety(g) € X%ing be the image of (g%, M(Ap,)), and let C(g) be the exceptional divisor of XE over
q

the point y(g).
(3) Recall that . and p, are homogeneous spaces for GSpin(Vp/,)(Q,) = GSpy(Q,), with the

stabilizer of any point a hyperspecial or paramodular subgroup, respectively. We will therefore ab-
breviate the two sets in (1) and (2) by Shxar, (Vp/4) and Sh KPa (Vp/q), respectively, even though
the identifications actually depend on a non-canonical choice of base point which we do not need to
make.

Remark 7.3.2. Notation 7.3.1 identifies Shxax,(Vp/q) x {£} and SthKga(VD/q) with the set of irre-

ducible components of X2 and the set of points of X%ing, respectively.
q q

To study the intersections of the divisors B (g) and C(g), we need to define some additional Hecke
operators.

Definition 7.3.3. Let
0+ : O[Shgagra(Vp/q)] = O[Shrar,(Vp/q)]
be the maps defined by
5yt (g% Apa) = Y (g% A),

Ap,C1A
ANeZ

0—: (g% Apa) — E (g%, A).
AC1Ap,
AeZ

Similarly, let
Hi : O[SthKq (VD/q)] — O[SthKg’a (VD/q)]

be the maps defined by
Ot (g% A) = D (g% Apa), 0-: (g% A) > D (g% Apa).
ApaC1A AC1Apa
APaegPa Apaefpa

These are incarnations of the level-lowering and level-raising operators in [97, §3].
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Definition 7.3.4. We define the natural composite maps
(7.10) inc*: Hy (X5 ,0(2)) —
P HiCW@Oo@) o @  (HABi(9),02)e HiB-(9),0(2)

gESthK‘I;a(VD/q) gESthKq(VD/q)
% 0 [Shiganps(Vosy)| @ O [Shicars, (Visg)] ™

and

~

(7.11) incc4: O [SthK[l;’a(VD/q)} X0 [ShKfZKQ(VD/q)}@2 —
B  HUCH.00 P (HLUB(9).0)® HYB(9).0))

gESthK};a(VD/q) QESthKq(VD/q)
o =
— chét(XFq, 0(1)).
We also denote by inc] the composite

.k > > inc* ©2
inc; : Heg(Xz,,0(2)) = Hg (X5, 0(2)) = O [Sth kp(Vp /q)] ® O [Shkak,(Vp/q)]
and likewise by inc, the composite

2 ince,« 2

inc, : O [SthKga(vD/q)} © 0 [Shiar, (Vo)™ = H2 (X5, O(1)) — HE(Xg,,0(1)).

Notation 7.3.5. For o € O [Shxax,(Vp/,)] and g € Shrar, (Vpq). let m(g; ) € O denote the coeffi-
cient of g in «, and similarly for Sh 4 KPa (Vp/q)-
Lemma 7.3.6. Fix g € SthKg’a(VD/q)-

(1) There exists an isomorphism C(g) = IP%Q X ]P%q with the following property: for h € Shxax,(Vp/q),

the intersection By (h) - C(g) has the cycle class (m(h;64(g)),0) on C(g); and the intersection
B_(h) - C(g) has the cycle class (0,m(h; 6_(g))).

(2) Let 1y : C(g) — Xﬁq be the natural inclusion. If we fix an isomorphism C(g) = ]P%q X P%q asin
(1), then we have

inc*(¢g)+[(1,0)] = (—g,0,0-(g))

and

inc*(19)«[(0,1)] = (=g,9+(9),0).

Proof. (1) is immediate from Lemma 6.4.2 and Corollary 6.5.6; (2) follows from (1), using that the Chern
class of the normal bundle on C(g) is (—1, —1) (by (7.1)) to compute the first coordinate. O

Notation 7.3.7. For any g € Shiax, (Vp/,), let
05, (o) (V] € H, (X, 0(2)

denote the pushforward of the class of the line bundle O(1) on B (g) (which is the one induced by Notation
6.4.3).

Recall the explicit Hecke algebra generators from (2.1.10).
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Lemma 7.3.8. Forall g € Shyar,(Vp/q), we have
incz[Og, ()] = (0,-2¢(¢+1) -9, T2 - 9)

and
inc;[Op (V] = (0,{) T2 9, —2a(g +1) - g).

Proof. The two calculations are similar, so we consider [(’) B, (g)(l)} . We must calculate the intersection
pairings with divisor classes [C'(h)] and [Ei(g')} ,forh € SthK(l;a(VD/q) and ¢’ € Shgax,(Vp/q)-
Since C'(h) - By (g) always lies in the exceptional divisor of the blowup B (g) — B (g), we have

(7.12) 05, (W] - [CR)] = [0()] 5, [C) - Big)] =0.
Now, B, (g) and B, (¢') meet only if g = ¢/, in which case we find
(7.13) 05 ] - [B(9)] = [01)] 5, [Ni(g)/g%] = —2q(q+1),

since the normal bundle to B, (g) is O(—2q) (Lemma 6.4.4) and B_(g) has degree g+ 1 (Theorem 6.2.4(1)).
Finally, we compute

(7.14) 05 )] - [B-(9)] = 100 5., [Bi(9) - B-()] = m(g's Ty - 9),

since By (g) N B_(g’) consists of m(g'; Ty,2 - g) linearly embedded copies of IP’% inside By (g) C IP’% (by
q q
Theorem 6.2.4(2) and Corollary 6.5.6). Combining these calculations gives

inc? [o§+(g)(1)} = (0,—2q(¢+1) - 9. Ty g),
as desired. -

Definition 7.3.9. Fix a finite set S of places of QQ containing ¢, and all primes ¢ # ¢ such that K, is not
hyperspecial. A maximal ideal m C ’]I‘g will be called weakly g-generic if the map

<Q>_1qu72 —4¢*(g+1)*: 0 [Shikar,(Vpse)],, = O [Shkar, (Vb))

is an isomorphism.

Remark 7.3.10. Using (2.3), one calculates the following: if 7 is a relevant automorphic representation of
GSp4(A) unramified at ¢ with trivial central character and ¢ : Q,, =5 C is any isomorphism with p # ¢, then
<q>_1Tq%2 — 44?(q + 1)? acts on the spherical vector of 7, with eigenvalue

q* (vtr(Frobg [Vr,)? — 4(g +1)?).
Lemma 7.3.11. Let m be a weakly q-generic maximal ideal of Tg. Then the map
inc; w1 Hi (X5, O(2)m = O [Shicors (Viyg)| & O [Shicanc, (V)]
is surjective.
We note that Lemma 7.3.11 is slightly stronger than the corresponding statement for incy,.

Proof. By Lemma 7.3.6, it suffices to show that the image of incf;m contains O [Sh KK, (Vp /q)} 322. Define
a map

(7.15) = (g 1) O [Shicare, (Vo) o8 = HE (X5, 0(2))m
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by linearly extending

(7.16) p(g) = [Ogi(g)(l)} -

Then by Lemma 7.3.8, the composite incj, , ou is given by the matrix map

0 0
—2q(q+1) (g Ty
Ty —2q(q +1).

Since

—2q(q+1) (@ 'Ty2 \ _ 42 2 172
dor (PO ) T ) a1 - (o) T

and m is weakly g-generic, we have

D2
m

as desired. OJ

Im(incf ) D Im(incy , op) = O [Shgak, (Vp/q)]

In Theorem 7.3.14, we will see that incj, , also has torsion kernel.

Lemma 7.3.12. Let m be a generic and non-Eisenstein maximal ideal of Tg. There is a canonical injection
induced by pullback

H(X5,,0(1))n = S HZ(C(9),0(1)) =~ O |Shgagra(Vp/y) -

m
geSthKg’a(VD/q)

and a canonical surjection induced by pushforward

OShans Vo) =~ @ HAC(9).00)n — HA(Xz,, 02))m

m
9€SthKg’a(VD/q)
Proof. This follows from Lemma 7.1.7 and Theorem 2.7.5(2). ]

Corollary 7.3.13 (Ihara’s Lemma). Let m be a generic, non-Eisenstein, and weakly q-generic maximal ideal
of ']I‘g. Then the degeneracy map

(64,6-):0 [SthK}ja(VD/q)}m — 0 [SthKq(VD/q)]@Q

m

is surjective.
Proof. Combining Lemmas 7.3.12 and 7.3.11, we see that the composite map
incg o,

®2 ~
O [Shycarcps (Vogg)| = ®HA(C(9), O(W)m — Hf (X5, O(2))n —

O [SthKga(VD/q)]m ®© 0 [SthKq (VD/q)}i

is surjective. On the other hand, by Lemma 7.3.6, this composite is given as a matrix by

-1 0 o
-1 46, 0)
2

and the corollary follows by restricting to the preimage of O [Sh rar,(Vp /q)]i .

2
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Theorem 7.3.14. Let m be a generic, non-Eisenstein, and weakly q-generic maximal ideal of ’]Tg. Then
* v @2
nc, : HA (X5, 0(2))m — O [SthKga(VD M)} ® O [Shir, (Viyg)]S

and
inc*,m:o[SthKga(VD/q)} ® O [Shiar, (Vo)) 22 — HE (X5, ,O(1)m

are both surjective. Moreover inc, n, is injective, and incy, is injective modulo O-torsion.

Proof. We claim that it suffices to show

(7.17)  dim H (X 7, Q) < dim (@p {SthK};a(VD/q)}m> + 2dim (@p [SthKq(VD/q)]m) ;

indeed, this combined with Lemma 7.3.11 implies that incy, is injective modulo torsion as well as surjective,
and the other assertions follow by duality along with Lemma 7.1.13 and Theorem 2.7.5(2). (We also use
that H 2()~(E, O)m is O-torsion-free by Lemma 7.3.12.) Inspecting the diagram in Lemma 7.1.7 and using
Theorem 2.7.5(2), we see that

dim H*(X F, ,Qp)m = 2dim (Qp [SthKPa(VD/q):| > — rank <T — 1|HS <X@,@p>m) ,

where T" € I, is a generator of tame inertia, so we wish to show
(7.18)

dim (@, [Shcarcrs (Vi /q)]m) < 2dim (@, [Shrcor, (Viyg)],, ) +rank (7 - 111} (X3, m) .
Fix an isomorphism ¢ : @, — C. Applying Lemma 2.7.6, it suffices to show
dim (@, [Shcarcrs (Voyy)] [174]) < 2dim (@, [Shicare, (Vo)) [17174] ) +
rank (T —1HE (X@, @p) [rlw;%])

Pa
for all relevant automorphic representations 7 of GSpin(Vp/,)(A) such that F;(qKq # 0 and the Hecke

(7.19)

. - KqKPa
action on ¢~ 7 s factors through Tg,m

By Lemma 2.6.2(1,2), 7, is uniquely determined by w}qc, and is either spherical or of type Ila. Assume first
that 7, is spherical. Then ﬂ;{ cannot be completed to a relevant automorphic representation of GSpin(Vp)(A)

(by Corollary 2.5.3), so by Corollary 2.7.7 the final term in (7.19) vanishes. Since dim Wé( ? =1 and

dim 7r,§{ = 2 by [97, Table A.13], both sides of (7.19) are 2.

On the other hand, suppose that 7, is of type Ila.

Case 1: 7 is non-endoscopic. Then ﬂ} can be completed to a relevant automorphic representation
7' of GSpin(Vp)(A) by Theorem 2.4.6. By Lemma 2.6.2(3), 7, has a unique fixed vector for K;*™ C
GSpin(Vp)(Qy), so by Corollary 2.7.7,

Hi(Xg. @) [1778] = pra(-2) @07 ()",

By Lemma 2.6.2(3), p, is tamely ramified at ¢ with monodromy of rank one. On the other hand, 7, has a
unique paramodular fixed vector, and 7 has automorphic multiplicity one for GSpin(Vp /,)(A) by Theorem
2.4.6(3). So in this case we see that both sides of (7.19) are 1.

Case 2: 7 is endoscopic, associated to a pair of cuspidal automorphic representations (71, m2) of GLq
with discrete series archimedean components of weights 2 and 4, respectively. Theorem 2.5.2 implies that
there exist (uniquely determined) quaternion algebras B and B> such that 7 is the theta lift @(Wf 'Y 7['23 2),
with 7725 * the Jacquet-Langlands transfers. Moreover, B ® R is ramified and By ® R is split. Since 7, is
of type Ila with a paramodular fixed vector, we can conclude from Lemma 2.6.2(3) and Theorem 2.2.1(1)
that exactly one of m; , is a twist of a Steinberg representation, and the other is unramified. Let B be the
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quaternion algebras obtained from B; by changing invariants at ¢ and co. Then W;{ has a unique completion

to an automorphic representation of GSpin(Vp)(A), which is

(7.20) {@(Wf1 X 7T2BQ)) 1 4 ramified,

B} .
O(rP' K 7,?), o, ramified.

We therefore have (applying Corollary 2.7.7)

HE (Xg:Q,) 7] =« @,

with
) pmu(=2), 714 ramified,
g Py (—2), 24 ramified.
In particular, the monodromy at ¢ has rank one in either case, so again both sides of (7.19) are 1. O

7.4. Level-raising and potential map.
Lemma 7.4.1. The Hecke operators 0, d+ satisfy:

(5+09+ :5_00— = q,1+(q+1)(q2+1)
0p00- = ()" (g +1)Tg

Proof. By definition, § o 6 is induced by

(gq’ A) = 64— Z (gq’ APa)

APaCIA
APaEXPa

= Z Z (gqu/)

ApaclAl APaC1A
NeZ Ap.€ZLpa

= 3 e(AN) (g, ),

Nez
where
e(A,A’) = # {Apa € Lpa: Apa C1 A, Apy, C1 A,} .

If e(A,A’) # 0, then either A = A" or A’ € Tj, ; - A. In the latter case, Ap, = AN A’ is uniquely determined,
so e(A, A’) = 1. On the other hand, e(A, A) is the number of lattices Ap, C; A, or equivalently the number
of rational 3-planes in the symplectic space A/qA. Thus

e(A,A) = #P*(Fy) = (¢ +1)(¢* +1).

This shows

6poby =T+ (g+1)(° + 1),
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and the calculation for 6_ o f_ is similar. We now compute d_ o 6, which is induced by

(g% N = | > (9% Apa)
Ap,C1A
APaezPa

-y Y @

ApaC1A AN CiAp,
APaGDgPa NeZ

= 37 AN (g% A,
NeZ
where
el(A,Al) =# {Apa € pa : A C1 Ap, C1 A} .

If ¢/(A,A") # 0, then A’ € T, 5 - A. On the other hand, given A’ € T} 5 - A, then the choices of Ap, with
A’ Cq Ap, C1 A are in bijection with rational lines in the 2-dimensional Fy-vector space A/A’; hence

e (A N) = #PYF,) =g+ 1.
This shows d_ 0 6 = (q + 1)1} 2, and the computation of §, o 6_ is similar. O
7.4.2. Recall from Lemma 7.1.7 the natural embedding

J: |_| C(g) — )N(Fq.
gEShK(IK};a(VD/q)

Lemma 7.4.3. The composite map
inc* oj, 0 j* o inc. : O [Shcarcrs (Voyg)| @ O [Shicarc, (V)] —

0 [SthK(f"‘(VD/q)} ® O [Shxar, (Vo)™

is given by the matrix

2 —0, —0_
—0t 0 (¢ +1){q) " Ty
5 (g4 )Ty 0

Proof. We begin by calculating inc* oj, o j* [C(g)], for g € SthKg‘a(VD/q). Let ey : C(g) — )N(Fq be the
natural embedding. Since the C/(g) are all disjoint,

ju 03" [C(9) € HA(X ,0(2))
is the pushforward of the class of the normal bundle, i.e. ¢4« [(—1, —1)] in the notation of Lemma 7.3.6. Then
ine e [(—1, —1)] = — inc* 12 [(1,0)] — ine* 14.[(0, 1)] = (2 - g, ~8+ (9), ~0_(g)
by Lemma 7.3.6 (2), which gives the first column of the matrix.

For the second column, we must calculate inc* oj, o j* {§+(g)] for g € Shkar,(Vp/q). By Lemma
7.3.6 (1), the class

jeoi* [Balg)| € HA(Xg, 0(2))
Z m<h; 9+(9))Lh* [(170)] :

heSh ., K{2 (Vb/q)
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Then by Lemma 7.3.6 (2),

inc* oj. 0 j* [ B1(g)] = (~0:(9),0.6- 0 04(9)).

By Lemma 7.4.1, §_ 0 6, = (¢ + 1)1, 2, so this gives the second column of the matrix; the third column is
similar. ]

Definition 7.4.4. Define the potential map
Vi Hy(Xg,, 0(2)) = O [Shiuk, (Vpy,)]

as the composite

2

inc*

HY,(Xg,,0(2)) == 0 [SthKga(VD/q)} ® O [Shiar,(Vp/q)]¥2 2 O [Shiar, (Viyg)]

with M the matrix map
(64 +6- 2 2).
Definition 7.4.5. The level-raising Hecke operator T}; is defined by
Ty = Tya+ (a+ 1)@ +1) — Tralg + 1).

Remark 7.4.6. Using (2.3), one calculates the following: If 7 is a relevant automorphic representation of
GSp4(A) unramified at ¢ with trivial central characterand ¢ : Q,, =5 C is any isomorphism with p # ¢, then
T}; acts on the spherical vector of 7, with eigenvalue

q 't det(Frob, —q|Vi,).

Theorem 7.4.7. Let m be a generic, non-Eisenstein, and weakly q-generic maximal ideal of Tg. The com-
posite map

Vojiot toj*: Hi (X5, 0(2))m = O [Shrar,(Vb/g)],,
has image contained in
<<Q>_1 - 17T};> -0 [SthKq(VD/q)]m'
In particular, V o ( gives a well-defined surjection

@) [SthKq(VD/q)]m
(ot -11))

Vol MoyH! (Ig, HE(Xg, 0(2)n) —

where ( is the map from Proposition 7.1.9.

Proof. By Proposition 7.1.9 and Theorem 2.7.5(2), ¢ induces a surjection
H*(Xg,,0(2))m
jei"H (X5, O(1))m

Moy H' (T, B (Xg, O(2))m ) —

By Theorem 7.3.14, V induces a surjection H4()?Fq, O2)m — O [SthKq(VD/q)}m, and the image of
V o j, o j* coincides with the image of

Voj. o) oincmn : O |Shyaps (Vosg)| @O [Shicar, (Vosg)] " = O [Shicar, (Vosq)] .-
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By Lemma 7.4.3, this latter is the composite of matrix maps

2 -0 —0_
(0 +6- 2 2)o|—dy 0 (q+1){a) " Ty2
—0_ (q + 1)Tq72 0
=0 -1 15+ ({7~ 1) (¢+ DTye)
(using Lemma 7.4.1 to compute ¢4 o #4), and the theorem follows. (|

7.5. Siegel cycles on the special fiber.

Definition 7.5.1. Recall the set .Z from Definition 6.5.2. We define
Lsie = {pairs (A, A_) e L2 gAy Co A Cy A+} .

Notation 7.5.2. Note that .Z5;. is a homogeneous space for GSpin(Vp /4)(Qg), where the stabilizer of any
point is a Siegel parahoric subgroup. As in Notation 7.3.1, we abbreviate

(7.21) SthKgie (VD/q) = Gspin(VD/q)(Q)\ Gspin(VD/q)(Agf) X gSie/KqKsiea

although the identification depends on a choice of base point of .%5;e which is not necessary for our discussion.

Definition 7.5.3.

(1) We define degeneracy maps
85 Lo > L
by
O3 (A4, A) = As.
(2) We define the operator
05t : Lsic — L[ Lpa)
by

O5a(A, Ay = > [Apd].
Apa€ Lo
A,gAiagm

(3) We extend these maps linearly to
5:Stie : 0 [SthKgie(VD/q)] — 0 [SthKq (VD/q)]
and
Gglaé . O [SthKsle(VD/q)] — O [SthK(I;a(VD/q)} .
Notation 7.5.4. For each g € Shy gsic (VD/q)» let
D(g) = B+(57(9)) N B-(85"(9)),
which is a closed subscheme of X7 isomorphic to IP’% . We write ﬁ(g) — )?Fq for the strict transform of
q

D(g) under the blowup )NCE — Xg, ., and [D(g)] € Hgt()N(an O(2)) for its algebraic cycle class.
Lemma 7.5.5. For g € SthKgic (VD/q), we have

\Y% [5(9)} = (04 +6-) 0 052(9) — 4905 (g) — 4g6°(g).
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Proof. We first calculate inc* {ﬁ(g)] .For g" € Shxar,(Vp/q), we have
1D0)] - [B(9)] = [Br6F=(9))] - [B-65"(9))] - [Bi(g)] =0
unless ¢/ = 5§ie(g), in which case the intersection number is —2¢q (cf. the proof of Lemma 7.3.8). Similarly,

(Blo)] - [B-(g)] - {‘2‘1’ g =00)

0, else.

Now consider the intersections with C'(h), for h € Shy Kga(VD /q)- We see from Lemma 7.3.6 that D(g)
meets C(h) transversely with multiplicity m(h; 652 (g)). Hence

inc* | D(g)] = (652(9), ~2005(9), 2055 (9)) .
The claimed formula then follows from the formula for V in Definition 7.4.4. O

7.6. Special cycles on ramified GSpin; Shimura varieties. The goal of this section is to compute the
local ramification of Abel-Jacobi images of special cycles Z(T', ¢) on the generic fiber of X, by applying the
results of §7.1. However, our first task is to make a good choice of the uniformization datum from (7.2.1).

Notation 7.6.1. Fix a matrix T' € Symy(Zg))>o such that

T= <2 3‘) (mod g),

for some o € F*. Then we make the following notations.

(1) Let V, be the two-dimensional quadratic space over Q, with basis {e7, e5} and pairing matrix given
by T

(2) Let B, be the quaternion algebra C'(V}), with its natural positive nebentype involution .

(3) Let d be the discriminant of the unique quaternion algebra By such that Bp ® B, ~ Ms(By), and
let Oy C By be the unique maximal Zq)-order.

Remark 7.6.2. Because B, is split at ¢ and co, By is ramified at ¢ and split at oco. In particular, Oy is
well-defined.

Proposition 7.6.3. Fix a nebentype involution x on Bp, of unit type. Then there exists an isomorphism
B : Bp ® By = MQ(Bd)
such that:

(1) B(Op) C M(Oa).
(2) The induced involution T on My (By) stabilizes M2(Og4), and is of non-unit type.
(3) Ifllp € Op and 115 € Oy are uniformizers, then

;' o
s (M )
lies in GL2(Oy).

(4) The Zy-lattice A, = My(Oq)'=""= N B, C V, has basis {e}, qe3}.

Proof. Let

X = ISOHI(BD ® By, MQ(Bd)),
viewed as algebraic variety over Q; X is a (split) torsor for the algebraic group GL2(B,). Note that all the
conditions of the proposition can be checked after tensoring with Z,, and define an open subset U C X (Qq)
in the g-adic topology. Since X (Q) is dense in X (Q,), it suffices to show U # 0.
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Since the involution * on Bp is nebentype and of unit type, we can fix a unit j € O} such that tr j = 0
and o = j(a*P)j ~1 for a € Bp (recall %p is the canonical involution on Bp). Also choose a uniformizer
IT € Op satisfying tr IT = 0 and I1j = —j4II, and let K := Q(II) C Bp. We have a decomposition

Bp=K®j K,
which defines an embedding
t: Bp — MQ(K) — M2(BD),
satisfying a«(Op) C M2(Op). Now let T be the non-unit type involution on Op defined by
§T =4, II' =11, and (1)) = —ITj.

We extend t to an involution of non-unit type on My (Bp) by

a at  —4lj2
G oo )

A simple calculation shows ¢(a)! = 1(a*), for all @ € Bp. Moreover, the centralizer Z of «(Bp) inside
Ms(Bp) satisfies

=1 tr= II o 0 115
L:= 70 My(Op)=" °:Z<q>'<o H)EBZ(q)‘(Hj—l 0]>'

We have a natural quadratic form x — 22 on L, which is represented by < —2@) in the basis above, for

aunit o € Z(Xq). Let Lg = L ®z,, Q.
We may then choose the following two isomorphisms:
(i) Anisomorphism 1, : Z ® Q, = C(Lg) ® Q; — C(V,) ® Q, = By ® Q, compatible with the
involutions, such that £ 4(L ® Z,) C Vi ® Qq is the lattice spanned by e} and ge3.
(ii) Anisomorphism 5, : M2(Op) ® Z, = My(0g) ® Zyq.

. One checks readily that the induced isomorphism

id®s; , Ba,
B+ (Bp® Qq) ® (Bx ® Q) —— Bp ® Z ® Qq = M2(Bp) ®@ Qg —* Ma(Ba) ® Qq
lies in U, so indeed U # ). O

Now we use Proposition 7.6.3 to construct some particular integral models of special cycles on Xg =
Shx (Vp).

Construction 7.6.4. Fix once and for all a positive, unit type involution * on Bp, and a corresponding choice
of [ as in Proposition 7.6.3. We will now also write * for the induced involution on My (B ).

(1) By Corollary 1.3.5 and Remark 7.6.2, we fix an abelian scheme Ag over Zq with supersingular reduc-
tion, equipped with an embedding 1§ : M2(O4) — End(Ag)®Z4) and a polarization \g : Ag — Ay
such that

(@)Y o Xg = Mg o 1d(a¥).
We choose our g-adic uniformization datum for Vp in (7.2.1) to be of the form (x, Ag, t5o3, Ao, ip, ip /q).
With notation as in Definition 1.4.4, we also obtain the PEL datum D° = (Ma2(By), 1, H, 1), with
self-dual g-integral refinement 2° = (M2(Oq), T, A, ).

(2) We observe that, following Remark 1.4.5(2), our choice of g-adic uniformization datum defines an
orthogonal decomposition

Vb 2 End(H, Bp)'=1=" = v, & V7

where
Ve == End(H, My(By))=14=0,
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(3) Now fix an element
97 =] 9 € GSpin(Vp)(A%).
l#q
Let
K§ = geKyg, " 1 GSpin(V;7)(Qe)
for each ¢ # q; we define
K =T] K7,
t#q

a neat compact open subgroup by [90, §0.1]. We let Z(g?, Vi, Vp) be the Z,)-scheme representing
the moduli functor M. associated to Z° at level K¢, with special fiber Z (g%, Vi, VD), .

Remark 7.6.5. Note that, by Corollary 1.3.4, Z (g4, V,, Vp) is isomorphic to the usual integral model of the
quaternionic Shimura curve associated to By at level K%°, with maximal compact level structure at q.
7.6.6. We have the obvious forgetful finite morphism

(7.22) j:Z(g" Vi Vp) = X

defined on the moduli problems by (A, t°, A, n?) — (A, %0 B, A, g7 - n?).

Lemma 7.6.7. The generic fiber of (7.22) coincides with the special cycle
Z(gq, V*, VD)KqKéam — ShK‘ZKéam (VD)

Proof. See the proof of [57, Proposition 2.5]. O

Notation 7.6.8. We now consider the special fiber Z(g?, V4, Vp)F, .

(1) Similarly to Construction 7.6.4(2), we obtain a natural orthogonal decomposition
Vg 2% End®(Ag, Bp) == = v, 9 Vg, .

with
Vi, = End’(Ag, My (Bg))="="

a three-dimensional quadratic space whose Hasse invariant coincides with that of B ,.

(2) Let N° be the Rapoport-Zink space parametrizing framed, polarized deformations of the g-divisible
group Ap[¢>°], with action of M>(O4 ® Z,). (The details are analogous to Definition 6.1.2). Let
§1°¢ : N® < A be the natural closed immersion induced by 3 ® Z, : Op ® Z; < Ma(O4 @ Zy),
and let

N = UiezN° (i)
be the decomposition defined analogously to (6.1), or equivalently defined by N° (i) = N° NN (4).
Remark 7.6.9. By the local analogue of Corollary 1.3.4, N° is isomorphic to the formal scheme considered

in [12, §1.3], which is the one encountered in the well-known Cerednik-Drinfeld uniformization of quater-
nionic Shimura curves.

Lemma 7.6.10. The image of M® := N2 (0) under 41°¢ is contained in M2y (¢f. Theorem 6.2.4).

Proof. 1t suffices to consider F,-valued points, so suppose given x = (X, tz, Az, pz) € M(F,), with
L My(Og4) ® Zq — End(X,) an embedding compatible with involutions. By (6.2.5), it suffices to show
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the Dieudonné module M of X, satisfies M +7M = 7M + 72M for 7 = (10 B(Ilp)) - VL. (Since M is

self-dual, M N 7M is then 7-stable as well.) If 7/ = ¢ <1_(I)d 1_? > - V1, then we have
d

(7")"M = 1"M
for all n € Z by Proposition 7.6.3(3). So it suffices to show M + 7'M is 7/-stable. The action of
M3(Zq) € M2(0q) ® Zq

on M defines a decomposition M = My & My, where My inherits an action ¢g of Oy. We can further
decompose Mo = Mo ¢ © My - according to the eigenvalues of the action of Z» C 04 ®Zq. Then My o and

M, are both free of rank two over Zq, and My e ® Qg and My, ® Q are stable under 7 := vo(Tlg)V =1,
Hence My + 19 My is To-stable by [95, Proposition 2.17]; so M + 7'M is 7/-stable, as desired. ]

Definition 7.6.11. We define a subset .£° C Zs;c by
PNVe = U My nMo(A)),
(Ay,A_)eL?®

which makes sense by Lemma 7.6.10 and the well-known fact that 2 ; is of pure dimension 1.

By [12, Proposition I11.2] (and Remark 7.6.5), the special fiber Z(g?, Vi, Vp)r, is purely supersingular.
Hence by Rapoport-Zink uniformization, we have:

Proposition 7.6.12. The special fiber Z (g%, V,, VD)E is isomorphic to

GSpin (V) (Q)\ GSpin(Vy,) (A}) x Niga/ K,
in such a way that the special fiber of j : Z(g9, Vi, Vp) — X is given by (h9, ) s (hig9, j'°°(z)) under
the uniformization of Theorem 7.2.4.
Notation 7.6.13. Let
(7.23) J:Z(g% Vi, Vb)g, = Xz,
be the strict transform of

Z(9%, Ve Vp)g, = X,

and
(7.24) |Z(g" V2 Vi), | € H (X, 0(2)

its algebraic cycle class.

Corollary 7.6.14. We have

v 26", V2 Vg, | = > m(A)[(h1g", M),
[(he,A)]e

)
GSpin(V;9), ) (Q)\ GSpin(V

1) (D)X Z /K9

where

m(A) = > mult(A, —4¢53(y) — 4g55°(y) + (04 +5-) 0 0(y)).
YyeL®

Proof. This is immediate from Lemma 7.5.5, Proposition 7.6.12, and Definition 7.6.11. ([l

To compute the multiplicities m(A) in the Corollary 7.6.14 above, it is better to work with lattices in the
split 5-dimensional quadratic space V' := Vp /, ® Q rather than the symplectic space W (see (6.5.1)).
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Definition 7.6.15.
(1) A vertex lattice L C V' is a Zg-lattice satisfying

LY > L>qL".
For 0 <1 < 2, set
VL(2i) == {vertex lattices L C V : dimp, LY /L = 2i} .

(The analogous sets VL(2i + 1) are all empty.)
(2) For any Zg-lattice A C W, we define

Ly = Endzq(A) nv,

which makes sense because V = End(WW)=1tr=0,

Lemma 7.6.16. The map A — Ly induces an isomorphism
Z/¢" = VL(0)
and a surjection
Sra)q” — VL(4).
Moreover, the map
(A+, A_) — LA+ NLa_
induces a surjection

Lsie/q” - VL(2).
Proof. For each 0 < i < 2,VL(2¢) is a homogeneous space for GSpin(V')(Q,). Since the maps
Z/q¢% — VL(0)
Lsie/q” — VL(2)
Lralq” — VL(4)

are all GSpin(V')(Q,)-equivariant, they are automatically surjective. Finally, for the injectivity of the first
map, it suffices to note that the stabilizers coincide, i.e. the hyperspecial subgroup of SO(V')(Qy) is the
image of a hyperspecial subgroup of GSpin(V')(Qy). O

Lemma 7.6.17. The projections of Lemma 7.6.16 fit into the following commutative diagrams:
5_S‘_ie+5§ie Pa

Lo Y Lo L L] Lse — s T Ll

! I A S Ay

Sy+6—

VL(4) —2 Z[VL(0)] VL(2) - Z|VL(0)] VL(2) 2 Z[VL(4)]
Here, the bottom maps are:

§(Ly)= > [Ld, for Ly € VL(4),
LoeVL(0)
LoDLy

(L) = Y (L), for Ly € VL(2),
LoeVL(0)
LoDLsy

Osello) = > [Ld], for Ly € VL(2).

L4eVL(4)
L4CLo
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Proof. Given Ap, € %p, with
q" AP, Co Apa Co ¢"AY,
and A € £ with A appearing in 04 (Ap,), we first claim Ly D Ly, . Indeed, for any ¢ € Ly, , ¢ in-

duces a self-adjoint, trace-zero endomorphism of the two-dimensional symplectic space ¢" A}, /Apa; hence
0(¢"AY,) C Ap,. Since A fits into a chain

Apa C1 A =q"ANY C1 ¢"AY,,
we conclude
(A) C Apa C A,

so ! € L. Similarly, we see that, for A € .Z appearing in _ (Ap,), we have Ly D Ly, . Now to prove the
first diagram commutes, it suffices to show

(7.25) deg d(Lyp,,) = deg (64 (Apa)) + deg(6—(Apa)).

The left-hand side is the number of lattices L € VL(0) containing Ly, ; such lattices are in bijection with
isotropic planes in the split 4-dimensional [F,-quadratic space LXPa /L., hence there are 2(q + 1) of them.
Meanwhile deg(d+(Apa)) = ¢ + 1, since lattices A Dy Ap, (resp. A C; Ap,) are in bijection with lines
in the 2-dimensional F,-symplectic space " Ay, /Apa (resp. Apa/q" TP Ap,). This proves (7.25), hence the

commutativity of the first diagram; and the rest are similar. U
Notation 7.6.18.
(1) For convenience, we now abbreviate
‘/*,q =V ® Qq-

Let L, C Vi 4 be the Z,-lattice spanned by {e7, ge3}, and let L,((O) = Spang, {q_lelT, qe2T} and
LS) = Spaan {elT, eQT} be the two self-dual lattices in V, , containing L.
(2) We write VL(2)® C VL(2) for the subset consisting of lattices of the form
Ly =L, ® Lo,
where
LoCV, = Vf/q®Qq

is self-dual.

Lemma 7.6.19. .£° consists of two GSpin(Vdo/q)(Qq)-orbits; if O C £° is one orbit, then the map of
Lemma 7.6.16 induces an isomorphism

0/q¢" = VL(2)°.

Proof. By [12, Théoreme 9.3] and Remark 7.6.5, .Z° consists of two GSpin(VdO/q)(@q)—orbits, and the
stabilizer of any point in .£° is a hyperspecial subgroup. On the other hand, for any point in .Z° with
image Lo € VL(2), we know

LonN V*yq DL,
by Proposition 7.6.3(4) and the definition of the strata M (A ) and M_(A_). Since the stabilizer of L2 in
SO(VdO/q)(@q) is hyperspecial, this forces

L2 :L*@L<>7

for some L, C V, self-dual. Hence the image of either orbit O C £ in VL(2) is contained in VL(2);
since VL(2)® is a single orbit, we have a surjection O/q” — VL(2)°. Finally, we see that this map is an
isomorphism because the stabilizers coincide. U
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Lemma 7.6.20. The multiplicity m(A) in Corollary 7.6.14 depends only on Ly € VL(0), and is given by:

4, if Ly NV = Ly,
m(A) =4 —dg, ifLanVig =L or LY,
0, else.

Proof. Let O be one of the two GSpin(VJ/q)(Qq)—orbits in .£°; we will compute

mo(A) = mult (A, —4¢65(y) — 495%°(y) + (64 +5-) 0 O52(y)) -
yeO
Let m (A, y) be the summand above, so that mo(A) = -, o m(A,y). Fix some y € O corresponding to
L, € VL(2). Then
m(A, ¢"y) = m(g A, y)

is nonzero for at most one 7, so

Z m(A, ¢"y) = mult(Ly, _4ngie
neZ

(Ly) + 3 0 05e(Ly))

by Lemma 7.6.17. Since ©/¢” maps isomorphically to VL(2)® by Lemma 7.6.19, we find
mo(A)= 3 mult (LA, — 48" (Ly) + 3 o éspfe(Lg)) .
Lo€VL(2)°
Next, we calculate, for any Ly € VL(2),

Jobs(L)= Y. > [L

L4eVL(4) LoeVL(0)
LyCLo LoDLy

= Y #{LieVLM) : LiC L} -[Lol+ Y. (Lo

LoeVL(0) LoeVL(0)
LoDL2 LoNL2€VL(4)
—=Sie
=(@+1)5 L)+ > [Lo]
Lo€VL(0)
LoNL2€VL(4)

(The g + 1 choices of Ly C Lo correspond to flags
qLy C qLy C Ly C Lo,

hence to complete isotropic flags in the split 3-dimensional F,-quadratic space La/qLy.) Hence

(7.26) mo(A) = > mult | Ly, (1-39)0 (L) + > [L]
Lo€VL(2)© Lo€VL(0)
LoNLo€VL(4)
Now observe that, for any Lo € VL(2)® and Ly € VL(4) with Ly C Lo, we have
Ly D qL) D qLy D L.

Hence, if Ly € VL(2)°, all L appearing in

(1-39)8 (L) + > [Lo]

LoeVL(0)
LoNL2€VL(4)
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have Lo NV, 4 D L,. In particular, if mo(A) # 0, then
LaNVag =LY, LV, or L.,

since these are the only lattices containing L, on which the pairing is Z,-valued.
Suppose first Ly NV, , = Lg), for i = 0 or 1. Then we may write

Ly=Loa LY
with L, C V, self-dual, and

mo(A) = (1 — 3¢)# {Lg € VL(2)® : Ly € 3Sie(L2)} 4 #{Ly € VL(2)® : LynLy € VL(4)}.

Recall that all Ly € VL(2)® are of the form L/, & L,, with L), C V, self-dual, and

e L) = [Lg ® Lﬁﬂ)} n [Lg & Li”] .

Hence
mo(A) = (1 —3q) + # {L;, C V,self-dual : (L, N L,) ® L. € VL(4)}
=(1-3¢)+(¢+1)
=2—2q;
the (¢ + 1) choices of L/, correspond bijectively to the isotropic lines in the 3-dimensional F,-space L /qLs.
Now suppose Ly N Vi 4 = L4. Then L, does not appear in ESIe(Lg) for any Lo € VL(2)°, so by (7.26),
we have
mo(A) = #{Ly € VL(2)° : Ly N Ly € VL(4)}.
Recall that any L4 contained in Lo € VL(2)® satisfies qLX D Ly; we first show that there is a unique such
L4 contained in Ly . Indeed, any such L, fits in a chain
qLa CoqLy C1 Ly Cy Ly,
and so we must have
gLy = Ly + qLx,
which determines L4. Now, for this L4, we claim there are exactly two Ly € VL(2)® with Ly D L4. Such
an L fits into a chain
L4 Cq L2 Co L\Q/ Cq LX.

Since L, C gLy, we have

1

-L,C LY.

q
Thus 1

L) /Ly = 5L*/L* @ Hi,

with H a hyperbolic plane over F,. For Ls to lie in VL(2) is equivalent to %L* C Ly, so choices of Lo
correspond to choices of isotropic lines in L) /L4 orthogonal to %L* /L; these are isotropic lines in H, so
there are exactly two. Hence mp(A) = 2 if Ly NV, ; = L,. We have now shown

2, lfLA N V;,q = L*,
mo(A) =422, ifLyNV,,=L%orLY,
0, else.

Since mo(A) is evidently independent of the choice of orbit O, we have
m(A) = 2mp(A),
which completes the proof. U
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Combining Lemma 7.6.20 and Corollary 7.6.14 gives the following simple formula.

Corollary 7.6.21. We have
V| Z(g". Ve Vo)g, | = 42(g"93, Ve Vo),

+4(1—q) (Z(gqg(o), Vi, Vo kar,) + Z(g% "M, Vi, VD/q)KqKq> € O [Shrar,(Vpsg)] »

where gy, g(go)’ gél) € GSpin(Vp4)(Qq) represent the cosets in

GSpin(Vy,)(Qq)\ GSpin(Vpq)(Qq)/ Ky

corresponding to the lattices Ly, L&O), Lil) under Proposition 3.1.8.

7.7. Interpretation in terms of test functions.

7.7.1. We now define a specific test function cpf;’t esS (Vg /g @ Qq,Z) as follows. First, define a subset
XcVv3 /q ® Qg by

(7.27) X:{(x,y)evg/q@J@q\x-xEqu,y-yEqu,m-yEZqX}.

Let L C Vp,q ® Qg be a self-dual lattice, and let go((lo), cpél), oy €S V3 /g ® Qq, Z) be indicator functions
of the following compact open subsets of VB /q ® Qq:
XO ={(z,y)e X : z,ye L —qL}
XW=l@yeX zeql—¢’L,ycq 'L-L}
X*={(z,y)eX :x€L—qL,yeq 'L-L}.
Let
ot =gp+ (1-a) (6 + o).

Corollary 7.6.21 can then be reformulated as follows:
Theorem 7.7.2. Let K = [[ K\, C GSpin(Vp,4)(Ay) be neat with K, hyperspecial, and let
p? e SV, @ A%, 0)

be a K%-invariant Schwartz function. Let m C ']I‘g be a generic, non-Eisenstein, and weakly q-generic
maximal ideal. Then, for all T € Sym2 (Q) >0, there exists a choice of q-adic uniformization datum for Vp
and a test function O™ € S(V3 ® Qq, Z)Ka™ such that

0] [SthKq (VD/‘J)]m
((g)~' = LTy)

Vo (oresg, © OAlm (Z(T, IR szam)KqK(rIam> =4Z(T,p?® cpg‘)t)KqKq €

Remark 7.7.3.

(1) The map Oajn is defined as in (4.4.2), and we are using Theorem 7.1.11 to apply ¢ on the left-hand
side of the identity.

(2) The choice of uniformization datum intervenes in two points in the displayed equation: first in the
definition of V, and second in the isomorphism Vp/, ® A? =2 Vp® A(} from Remark 1.4.5(2),
which we are using to view (7 as a test function in S(V3 ® ASIC, O) and K9K " as a compact open
subgroup of GSpin(Vp)(Ay).

(3) Without any great difficulty, ;™" can be chosen not to depend on T'. Since this is not used in the
proofs of the main results, we omit the details.
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Proof. Without loss of generality, we may assume 7' is of the form considered in Notation 7.6.1; otherwise

Z(T,p1® gofft) Kk, = 0,80 " = 0 satisfies the conclusion of the theorem. We fix the uniformization

datum as in Construction 7.6.4(1); in particular, we are identifying V, with a subspace of Vp, so we may
choose p}*™ € S(V3®Qy, Z) such that eq " lor v, (@) is the indicator function of the coset K™ - (e7, €3).

q
For any ¢7 € S(V,%/q ® A% O), write

supp(¢?) N1y, (A%) = UGSpin(V5 ), ) (AD)g! K7,
Then we have

Z(T7 qu & @Zam)KqK;am = Z Z(gga V*a VD)KqKéam(pq((gg)ilei (93)7165)

7

Now, by Theorem 7.1.11, we conclude that

@) [ShKQKq (VD/q)(VQ)}m
((g)~' = LTy)

V o Coresg, 0 Oasm (Z(T ¢ @ ™) arem ) €

coincides with
D ((gh) et (g es) - vV [Z(gf, Vi, VD)K@K?‘“} :
i

Then the theorem follows from Corollary 7.6.21 and the construction of gofft. U

8. FIRST EXPLICIT RECIPROCITY LAW

For this section, let 7, S, and Ej be as in Notation 4.0.1, fix a prime p of Ej satisfying Assumption 4.1.1,
and put m := my ; as usual. Our goal for this section is to combine Theorem 7.7.2 with Corollary 5.6.3 to
prove Theorems 8.5.1 and 8.5.2 below. First we make some deformation-theoretic preparations in §8.1-§8.3;
then we check the criterion from Corollary 5.6.3 in §8.4; and we complete the proofs in §8.5.

8.1. Typic modules. The following definition is a generalization of [100, Definition 5.2].

Definition 8.1.1. Let GG be a group, R a Noetherian local ring with maximal ideal mp, and oy, - - - , o, a finite
collection of representations o; : G — GLy,(R) such that the residual representations 7; := 0 @p R/mp
are distinct and absolutely irreducible foreachi =1,--- ,m.

An R[G]-module M is called o;-typic if it is isomorphic to o;® g M for an R-module My, and (o1, -+ , 0, )-

typic if it is isomorphic to a direct sum & M; with each M; o;-typic.

Proposition 8.1.2. With notation as in Definition 8.1.1, let N C M be an inclusion of R[G]-modules.
(1) If M is o;-typic for some i € {1,--- ,m}, then N is o;-typic.
(2) If M is (o1, -+ ,0m)-typic, then N is (o1, - , 0 )-typic.

Proof. Part (1) is proved in [100, Proposition 5.4]. For (2), as in loc. cit. we may assume without loss of
generality that M and N are finitely generated. Let M = @M, be the decomposition of M into o;-typic
parts, and let m; : M — M, be the projection map for each 7 = 1,--- ;m. Without loss of generality, we
may assume 7;(N) = M;. We claim that the natural injection

@ N — dM;
is an isomorphism, i.e. ©; is surjective. Let N := N ®p R/mp and M; := M; ® g R/mp; by Nakayama’s
lemma, it suffices to show the induced map

a7 N = &M,
is surjective. Because the residual representations @; are all distinct, any R[G]-stable submodule of &M;
is a direct sum EBM; for some M; C M;. So if &7; is not surjective, then 7; is not surjective for some
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i = 1,---,m; but this contradicts our assumption that 7;(N) = M; for all 4, so &m; is surjective, which
shows (2). ]

8.2. Deformation theory: non-endoscopic case. We assume for this subsection that 7 is not endoscopic.
We will apply the results and notations of Appendix B to pr = pr , Which we view as valued in GSp,(O)
via Remark 4.1.4. First note:

Lemma 8.2.1. The representation p, satisfies Assumptions B.1.3 and B.1.5 from Appendix B.

Proof. By Assumption 4.1.1, 7, is absolutely irreducible, so H°(Q,ad’5,) = 0. Also, 5, % 7,(1) by
considering the similitude characters (since p > 3). So, again using the absolute irreducibility,
H%(Q,ad’ p,(1)) C Homgy, (T, Tx(1)) =0
as well. This shows Assumption B.1.3(1). Assumptions B.1.3(2,3) are clear from Theorem 2.2.10. We now
consider Assumption B.1.5. By Lemma B.1.6 it suffices to show H%(Q,, WD (ad’ prlcg,)) = 0 for all
non-archimedean v. But
H%(Qu, WD(ad"” prlcq, ) © Homwp, (WD (Vzlgg, ), WD(Vz(1)leq, ),

with WD,, the local Weil-Deligne group, which vanishes by purity (Theorem 2.2.10(1)). U

8.2.2. Suppose ¢ is an admissible prime, and let D, and R, be as in Notation B.1.4. For any A € CNLg
and p4 € Dy(A), let My be the free, rank-four A-module with G , action determined by p4. Then by [66,
Lemma 3.21], M 4 admits a Gg ,~Stable decomposition

(8.1) Ma = My & My,

where:

e Each of M, and M; is free of rank two over A.
e My ®4 k has Frob, eigenvalues 1 and q.
e M ®4 k has generalized Frob, eigenvalues a and ¢/a, with a # 1, g.

(Here k = O/w, and Frob, € G, is any lift of Frobenius.)

Definition 8.2.3. Let Dgrd C D, be the subfunctor of lifts p4 such that
det(pa(Froby) —T|My) = (1 —-T)(q —1T).

Lemma 8.2.4. The functor Dgrd is represented by a formally smooth quotient R;’rd of Ry, of relative dimen-
sion 10 over O.

Proof. This follows the same argument as [66, Proposition 3.35] (cf. also [123, Proposition 3.8]). ]

8.2.5. In light of Lemma 8.2.4, we take the admissible primes in Notation B.2.4 to be the ones of Definition
4.2.1, and the notion of R;’rd to be the one from Lemma 8.2.4; the definitions of n-admissible primes in
Definition 4.2.1 and Definition B.2.5(3) then coincide.

Notation 8.2.6.

(1) Let @ > 1 be admissible, and denote by }?2 the global GSp,-valued deformation ring of p_ as
a representation of G, sudiv(Qp)> With fixed similitude character xp cyc. Let R® and Rg be the

quotients of EQ defined in Notation B.4.4 (identifying @ with div(Q) for notational convenience).
(2) Let _
PG+ Go = GSpy(Rg)
be a framing of the universal deformation, and let Méni" be the free Rg-module of rank four with
G-action defined by pbﬂi".
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8.2.7. Letpr), : Iy, — Zp(1) be the maximal pro-p quotient.

Lemma 8.2.8. Suppose Q is admissible and q|Q is a prime. In the decomposition M, 5““’](;% = Moy ® M;
of (8.1), My is unramified. Moreover, there exists a basis of Mo and an element t, € R¢ such that

niv _ Xp,cyc *
pb |M0_< 0 1>’

v 1 t,pr
0" (9)ay = <0 qplp(g)) , Vg € Ig,.

and

Proof. Since My and M are G, -stable, this follows from [104, Propositions 5.3, 5.5]. ([

Definition 8.2.9. Suppose @ and ¢ 1 @) are admissible. Then:
(1) We set P,(T) = det(py™ (Froby) — T|ME™) € Rq[T].
(2) We set R;,® == Rq ®pes Rgq-

Lemma 8.2.10. Suppose QQ > 1 is admissible, and q t Q) is an admissible prime. Then
Ry* = Rq/(Py(a)) = Rqq/ (tg)-

Proof. We have Ry ® = Rq/(Py(q)) because an unramified deformation of p,|c,, is ordinary if and only
if ¢ is an elgenvalue of Frob,; on the other hand, it is clear from Lemma 8.2.8 that RCOHg = Rgq/(ty). O

Lemma 8.2.11. Suppose q is n-admissible. Then:

(1) H.q(Qq,ad’ prn) + Hyn (Qq, ad” pr ) = H' (Qq, ad” pr ).
(2) The quotients

Hl(Qq7ad0 Pr n) Hl(@qvado Pw n)
unr(Qq7 ado P, n) 7 ord(QQ7 ad P, n)

are both free of rank one over O /w™.

In particular, q is standard in the sense of Definition B.4.7.

Proof. First note that
Hl(qu ad’ Prn)
&nr(QlP ado P, n)

is free of rank one over O /w" since ¢ is n-admissible. On the other hand, H, Or 1(Qq, ad’ Prn) clearly surjects
onto this quotient by definition, which shows (1). Since Z} ;(Gq,, ad® pr,) and ZL (G o ad® pr ) both
contain all coboundaries, we see that

ord(GQq7ad pﬂ'”) Ord(@(Z7a‘d p7r n) o Hl(@q7ad0 pTl'yn)

= HomFrobq (Zp(l)u ado pw,n)

Ord(GQq> ad’ P, n) N Z&nr(G@qa ad’ P, n) ord (Qqa ad’ P, n) N H&nr(qu ad’ Pﬂ,n) H&nr(Qq, ad’ Pﬂ,n)

is free of rank 1 over O /™. On the other hand, Z], ,(Gg,,ad’ pr,) and Z1,.(Gq,,ad’ pr ) are both free
of rank 10 over O /w" because Rgrd and the unramified local deformation ring ;™" are formally smooth,

so we conclude that Z! ,(Gq, ad’ prn) N Z} (Go o ad® pr ,,) is free of rank 9 over O /w". In particular,
ler(GQq? ado pﬂ'v”) _ unr(QQ7 ad P, n) _ Hl(qu ado P, n)

Zord(GQq7 ad P, n) N lemr (GQqa ado pw,n) B Hérd(Qqa ado pw,n) N H&nr((@qa ado pmn) ord(Qq’ ad P, n)

is also free of rank one over O /w", as desired. g
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8.2.12. To state the next lemma, we establish some temporary notation. Suppose () is admissible and let
K be an S-tidy level structure K for GSpin(Vpg) (Definition 4.3.1). Abbreviate T := ’]Tf(L’JSLVQ(%)’m, which
may be the zero ring. Also fix an isomorphism ¢ : @, — C inducing p. Then we write 7 for the set of
relevant automorphic representations II of GSpin(Vpg)(A) with Hff # 0 such that the Hecke action on

fll'[ff factors through T. Recall from Corollary 2.7.8 that we have an embedding of T-algebras
(8.2) T — P Q, (1),
IeT
where Q,(IT) is @, with Hecke action through the eigenvalues on .~ 'TI}¥. By the same argument as [13,
Theorem 7.9.4], there exists a Galois representation
p: Go,sudivigp) — GSpy(T)
such that, for each IT € T, the composite

Go,sudiv(Qp) S GSpy(T) — GSP4(@p(H))

is conjugate to the Galois representation pr, from Remark 2.5.4.

Lemma 8.2.13. With notation as in (8.2.12), we have:
(1) The composite
Gg 2 GSpy(T) & T*
is given by Xp cyc, and the corresponding O-algebra map r, Eﬁ% — T factors through Rg.
(2) Suppose o(DQ) is even. Then ]'173(ShK(VDQ)@7 O(2))m is pg‘i"-typic when viewed as a Rg|Ggl-
module via (1).

Proof. We have v o p = X cyc because each II € T has trivial similitude character by Lemma 4.3.2. To
complete the proof of (1), it suffices to show that all the composite maps

RY 2T — Q,(10)
factor through Rg for Il € 7. Because K, is hyperspecial, each PHJGQp is crystalline with Hodge-Tate
weights {—1,0,1,2} by Theorem 2.2.10(1,2). So it suffices to check that pH,L|G@q is ordinary for all ¢|Q.

Indeed, pr,, | G, 18 tamely ramified because p,. is unramified, but ramified by Corollary 2.5.3(2) and Theorem

2.2.10(1). In particular, for any lift of Frob, € Gg,, pm,.(Frob,) has a pair of eigenvalues of ratio ¢. It
follows, using (8.1), that pH,L\G@q is ordinary, and this shows (1).

For (2), by Proposition 8.1.2(1) and Theorem 2.7.5(2) it suffices to show H, g’t(ShK(VDQ)@, Q,(2))m is

péni"-typic. However, this is immediate from Corollary 2.7.7 and the construction of the map in (1); note
that each IT € 7 is non-endoscopic because p,. is absolutely irreducible. ([l

Definition 8.2.14. For any admissible Q) with o(D(Q) even and any S-tidy level structure K for GSpin(Vpg),
we define Ho(K) = Homp, oy (Mg)niV, H3 (Shx (Vbo)g: 0(2))m).

Remark 8.2.15. In the context of Definition 8.2.14:
(1) By [100, Proposition 5.3] and Lemma 8.2.13(2), we have

HE (Shi (VD) O(2))m = ME™ ®r, Ho(K)

as Rg[Ggl-modules.
(2) Under the isomorphism of (1), we have, for all ¢|Q:

H' (Ig,, B, (Shic(Vo)g O(2))m ) = H'(Ig,, ME™) @y Ho(K).
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Lemma 8.2.16. Suppose Q is admissible with 0 (D(Q) even, and K is an S-tidy level structure for GSpin(Vpgq).
Then for any q|Q, the w-power-torsion of H' (I@q, Hégt(ShK(VDQ)@, O(2))m> is contained in

) Frobg=1

o' (f@qa HE (Shi (Vb)g, O(2))m ~ H'(Ig,, MG™)" "=t @p,, Ho(K) = Ho(K)/(ty).

(The element ¢, € R was defined in Lemma 8.2.8.)

Proof. By Lemma 8.2.8, we see that
H'(Ig,. M§™) = Rq/(tg) ® Ro(—1) & My(~1)

as Rg-modules with Frobg-action, with My & M; the decomposition of (8.1) for Méni". In particular,
Frob, —1 acts invertibly on Rg(—1) & M;(—1). Since M is free over Rg and Hq(K) is w-torsion-free
by Theorem 2.7.5(2), it follows that the wo-torsion part of H' (Ig,, M3"") ®r, Hq(K) is contained in

) FI‘Oqul

(H'(Ig,, M3™) @R, Ho(K) = H'(Ig,, M3"™)"°P=! @ Ho(K) = Hqo(K)/(t,),

as claimed.
O

Lemma 8.2.17. Suppose Q is n-admissible with o(DQ) even, and K is an S-tidy level structure for GSpin(Vpg).
Then for all q|Q, all g € Homp, (Hg(K)/(ty),0/w"), and all = € SC% (Vpg, O), we have

ag oresg, 0 Oasm(z) € Oy(kn(Q; K)).

. Frob,=1
Here resg, © OaJ,m(z) is viewed as an element of H* (IQq, H3 (Shi (VbQ)g: O(2))m) ", which we
identify with Hy(K')/(t,) by Lemma 8.2.16; O /w" is viewed as an R(-algebra via the map corresponding
to prn; and O, was defined in Notation 4.2.9.

Proof. By construction, T’ , and Méni" ®p, O/w™ are isomorphic as O[Ggl-modules. Given a map ap :
Hqg(K)/(ty) = O/w™, we obtain a corresponding map of Galois modules

a=id @ ag : H3 (Shi (VbQ)g, O(2))m ~ ME™ ®r, Ho(K) = ME™ ®g, O/w" ~ Ty .

Let oo, : H! (Q, Hgt(ShK(VDQ)@,O@))m) — HY(Q,Tx,) be the map induced by «. For any 2 €

SC%(Vpg, 0), kn(Q; K) contains . (0aym)(z) € HY(Q,Tx ). So the lemma follows from the commu-
tative diagram

H' (@ H (Shxc (Vo) O2)w) — H' (Ta,, B (Shx (Vba)g, O2))m — (T, M) g, Ho(K) —=— Ho(K)/(t,)

b l - 8
Hl ((@7 T7r,n) H] (IQq7 Tmn)Frobq=l ~ Hl (Iqu ]\Jé“i")FrObq:] ®RQ ()/wn ~ O/wn

0

) Frobg=1

8.3. Deformation theory: endoscopic case. For this subsection, we assume 7 is endoscopic, associated
to a pair (71, m2) of automorphic representations of GLo with discrete series archimedean components of
weights 2 and 4, in some order. In particular, we have pr = pr, ® pr,.

Notation 8.3.1.

(1) Set Sy := T, ® Tr,(—1) with the diagonal Galois action; for any n > 1, we also write Sy ,, =
Sy ®0 O/wm™. Let

(8.3) Hclris(@P’ Srm) C Hl(@pv Sr.n)
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be the subspace of cocycles corresponding to extensions
0=Trm—+E—=Tryn—0

such that £ is torsion crystalline with Hodge-Tate weights in [—1, 2], cf. (1.5.4).
(2) For any squarefree @ > 1 with p 1 @, define

I(Qpa s n)

Selgo(Q, Spn) =ker [ H'(Q,Sxn) = [ H'(g,, Sem) X (0,5,
CI"IS D> Tl'”

L2 SUdiv(Qp)

When ) = 1 we drop it from the notation.

Lemma 8.3.2. Suppose () > 1 is admissible and let n > 1 be any integer. Then Selgo(Q, Srrn) =
Selg(Q, Sx.n)-

Proof. Fix ¢|Q. Since ¢ is admissible, the eigenvalues of Frob, on Sy, ® O/w = Ty, @ Tr,y(—1) are
of the form {a,a_l,qa_l,aq_l} for some o € F: with « # 1,¢,¢%,¢7 . Thus H°(Qg, Srpn) =
HY%(Qy, Sxn(1)) = 0 for all n, so H(Qq, Sx.) = 0 for all n by the local Euler characteristic formula,
and the lemma follows. t

Notation 8.3.3. For an integer n > 1, recall the notion of pseudorepresentations of degree n from [118,
Definition 2.1.1]. We use op. cit. as our basic reference for pseudodeformation theory, although some of the
relevant results are due to Bellaiche and Chenevier [5].

(1) Let G be a group and R be aring. If p : G — GL,(R) is any representation, we write D, : G — R
for the associated degree-n pseudorepresentation. A pseudorepresentation D : G — R of degree n
is called reducible if it is equal to D, for a reducible representation p : G — GL,(R).

(2) If @ > 1 is squarefree, let

/_\./Q
PsDef,, : CNLp — Set
be the functor defined by
A {pseudorepresentations D : Go sudiv(gp) — Aofdegreed : D®ak = D@T} )

—_— Q
where k = O/w and 5, is viewed as valued in GL4(k). Let PsDef¥ C PsDef,, be the subfunctor
of pseudorepresentations that are torsion crystalline at p with Hodge-Tate weights in [—1, 2] in the

sense of [118, Definition 2.5.4]. By Theorems 2.2.5 and 2.5.5 of op. cit., ITS_]\)?flff and PsDefg are
representable by universal pseudodeformation rings RQ and Rg, respectively.

(3) Let Jred C RQ be the reducibility ideal defined in [118, Proposition 4.2.2(2)], and JrQed C R,{? its
image under the natural projection Rg —» Rg.

Remark 8.3.4.

(1) The ideal jr g q 18 characterized by the property that, for any morphism f: éﬁ — A in CNLgp
corresponding to a pseudorepresentation D : GQ Sudiv(Qp) — A, D is reducible if and only if
F(120) = 0.

(2) In what follows, we we will apply the results of [118, §4]. Although the discussion there is carried
out for residual representations which are a sum of two characters, as noted in Remark 4.3.6 of op.
cit., the results also apply for any residual representation which is multiplicity free with exactly 2
irreducible constituents, which includes p, by Lemma 4.1.8.

For all squarefree () > 1, let pg : Rg — O be the augmentation corresponding to D,
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Lemma 8.3.5. Suppose the Bloch-Kato Selmer group H}(Q, Vi, @ Vi, (—1)) vanishes. Then there is a
constant Crs > 0 such that, for any admissible () > 1, there exists j € AnnRQ(Jrcgd) with pg (j) #0

(mod w®).

Proof. We know Fitt o (JrQe 4) C Ann o (in 4)- Then since Fitting ideals are stable under base change, it

suffices to show there exists C' with ¢ Fitto(Jr(g 19,0 O) for all @, or equivalently that Jre 19,9 Ois
finite with uniformly bounded cardinality.

Let BQ and C¥ be the finitely generated Rg—modules appearing in [118, p. 38] for the deformation
problem PsDef% . By construction in [118, Proposition 4.2.2], we have a surjection B® ® C? —» Jfgd, SO
it suffices to show in turn that B% e O and C9 e O are finite of uniformly bounded cardinality. Let
M be a finitely generated O-module. Because pg corresponds to the reducible Galois representation p,, we
have p;? (JrQe d) = 0, so [118, Theorem 4.3.5] gives canonical isomorphisms
Homo(B? ® o O, M) = Extogy)ce (Tres Ty @0 M)

(8.4) 0 N 1
HOmO(C ®p$ O, M) = EXtO[GQ]7CQ (T7r1 ; T7|—2 ®O M)

Here C€ is the full subcategory of finitely generated O[Gg,s0 div(Qp)]-modules all of whose finite subquo-
tients are torsion crystalline with Hodge-Tate weights in [—1, 2].
In particular, for all n > 1,

Homo(B? ® ¢ 0,0/w") = Homo(C? ® ¢ 0,0/x") = Selga(Q, Sr.n)-

We conclude that BY ®,2 O and C¥9 ®,9 O are isomorphic, and by Lemma 8.3.2, they are also independent
of Q;sotake Q =1 Wlthout loss of generality. Then by Proposition 1.5.5,

HomO(Bl ®p}r O> O) ® QP = EXtO[G@},Cl (T7r27TTl'1) ® @p = Hf(Q? V7r1 ® Vﬂz(_l)) =0.
Since B! ®@p1 O is a finitely generated O-module, it follows that B! ®@p1 O is finite, as desired. O

8.3.6. We now study deformations of each p,.. As in the non-endoscopic case, we will apply the results and
notations of Appendix B to p,, which we view as valued in GL2(O). In the same way as Lemma 8.2.1, we
obtain:

Lemma 8.3.7. Fori = 1,2, the representation pr, satisfies Assumptions B.1.3 and B.1.5 from Appendix B.

8.3.8. For each prime /, let Ry ; be the local deformation ring for . as in Notation B.1.4. If ¢ is BD-
admissible for p,, (Definition 4.2.5), let Rgff be the Steinberg quotient of R, ; in the sense of [73, §2].

Lemma 8.3.9. The ring Rord is formally smooth over O of dimension 3.

Proof. Immediate from [104, Proposition 5.5]. O

8.3.10. Inlight of Lemma 8.3.9, we take the “admissible” primes in Notation B.2.4 to be the BD-admissible
ones for pr,. Then the notion of n-admissible in Definition B.2.5(3) coincides with the notion of n-BD-
admissible from Definition 4.2.5; we will always say n-BD-admissible to avoid confusion.

Notation 8.3.11.
(1) For ¢ = 1,2 and a squarefree integer () > 1 coprime to p, let ﬁg ; be the global deformation ring of

Pr;  Go,sudivip) — GL2(0/m),

with fixed determinant x,, cyec.
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(2) Let RZQ and — when () is BD-admissible for p., — Rg ; be the quotients of ﬁgl defined in Notation
B.4.4(2,3). (We are identifying @ with div(Q) for notational convenience.)
(3) Let pii" : Go,sudiv(gp) — GL2(Rq,:) be a framing of the universal deformation, with underlying

Rqi[Ggl-module MF.

8.3.12. As in the non-endoscopic case, let pr, : Ig, — Zp(1) be the maximal pro-p quotient. By the

construction of Rgrf, we have:

Lemma 8.3.13. Suppose Q > 1 is BD-admissible for pr,, and q|Q is a prime. Then there exists a basis for
My%" and an element tq € R ; such that

iv Xbp, *
ur}; |GQq ( pOCYC 1) 7
and
- 1 pr t
qur,l% (g) <0 P p(]:g) q> s \V/g € I@q.

Definition 8.3.14. If Q) and ¢ ) are BD-admissible for pr,:
(1) Define P, ;(T) = det(p&niV(Frobq) —T) € Ro,;[T].
(2) Define RZ;E% = Rg., ® pas RQq.i-

The same proof as Lemma 8.2.10 shows:

Lemma 8.3.15. Suppose ) and q 1 Q are BD-admissible for pr,. Then
REYE = R/ (Pyi(a)) = Ragi/ (tg)-

Lemma 8.3.16. Suppose q is n-BD-admissible for pr,. Then
H' (Qq; ad’ Prin) = Hérd((@qﬂ ad’ Prim) © Hllmr(qu ad’ Prin)s

in which each factor is free of rank one over O/w™. In particular, q is standard in the sense of Definition
B.4.7.

Proof. Let Frob, € Gg, be alift of Frobenius, and let 7, € I, be an element such that pr,,(7;) = 1. Then,
with respect to the basis in Lemma 8.3.13, H'! (Qq, ad’ pr; n) is spanned by the following two cocycles:

1 0
Frobq»—><0 _1>, Tq— 0

01
Frob, — 0, Tq (0 0> .

The first generates H.,.(Qq, ad® p, ) and the second H. L 4(Qy, ad’ pr;.n); also, both cocycles are clearly
not co”~!-torsion, and the lemma follows. O

8.3.17. For the next two lemmas, we introduce some temporary notation. Let () > 1 be admissible, let K

Sudiv(Q)

be an S-tidy level structure for GSpin(Vpg), and abbreviate T = T';- Vbo.0um? which may be the zero ring.

Also fix an isomorphism ¢ : @p ~ C inducing the prime p of Ey. Then we write 7 for the set of relevant
automorphic representations IT of GSpin(Vp)(A) such that ch{ # 0, and the Hecke action on L_IH? factors
through T. By Corollary 2.7.8, we have the embedding of T-algebras

(8.5) T — P Q, 1),

eT
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where @p(ﬂ) has Hecke action through the eigenvalues on L_ll_[ff . Then by [22, Corollary 1.14], there is a
canonical pseudorepresentation

(8.6) Dq : Gg,sudivigp) = T,

such that for all IT € T, the composite of D¢ with the character Ary : T — @p(ﬂ) is the pseudorepresentation

associated to pr,,. Finally, let 7eng C 7 be the subset of endoscopic representations, and let T be the quotient
of T defined by the actions on II € Teyq.

Lemma 8.3.18.
(1) The pseudodeformation Dy is induced by an O-algebra morphism Rg — T.
(2) The composite Rg — T — T factors through Rg /J. fg 4

Proof. By definition, D¢ is induced by an O-algebra morphism d : Eﬁ — T. By (8.5), to prove (1) it
suffices to show each composite map RS % T An, Q,, factors through RY, with Ay as in (8.3.17); but this
is clear because K, is hyperspecial, so pry, is crystalline at p for all such II. Similarly, for (2) it suffices to
note that Ay o d annihilates Jrcg 4 for all IT € Teng, because pry, is reducible. O

8.3.19. Suppose Q = Q1Q2 where (); is BD-admissible for p,,. Then we let
(8.7) R%/JZ, = Rg,.1 ®0 Ry 2

be the canonical map, defined on moduli problems by sending a pair of deformations p1, p2 of p,, and o,
to the pseudorepresentation D, ¢, . It follows from [118, Proposition 4.2.6] that (8.7) is surjective.

Lemma 8.3.20. Write Q = Q)1 - Q2 such that each q|Q; is BD-admissible for p, (Remark 4.2.6(2)). Then:

(1) The map R‘;C;) / Jfg a4 T induced by Lemma 8.3.18(2) factors through the surjection (8.7). In partic-
ular, T is an R, i-module for i = 1, 2.
(2) Assume o(DQ) is even. For any j € AnnRg (Jr(“gd), the T-action on

JHE(Shk (VDQ)g: O(2)m
factors through T, and as a T-module, ng’t(ShK(VDQ)@, O(2))m is

(pbrivl ®RQ1,1 Ta Pg;\é ®RQ2,2 T)'typlc

Proof. Arguing as in Lemma 8.3.18, for (1) it suffices to consider the pseudorepresentations attached to
IT € Tena. Suppose IT is associated to a pair (77, 72) of automorphic representations of GLo(A), and fix an
isomorphism ¢ : Q, = C inducing p. Then pr, = pr,, ® pr,,.. Wehavep,, , &7, , = by, , ® Py, and
since p,. , are both absolutely irreducible, without loss of generality we may assume p. , = p.. ,, i =1, 2.
By Lemma 2.2.9 and Fontaine-Laffaille theory, 7; o, and 7;  have the same weight.

By Corollary 2.5.3(2) and Theorem 2.2.10(1), (pr,,, @ pTQ,L)\GQq is ramified for all ¢|@. It then follows
from [104, Propositions 5.3, 5.5] that pTZ.,L|GQq is ordinary for all ¢|Q;, and unramified for all ¢|Q/Q;. It is
also clear from Lemma 4.3.2 and Theorem 2.2.10(3) that det p;, , = Xp,cyc, and pr, , and p., , have the same
Hodge-Tate weights by Theorem 2.2.10(2). Hence p-, , arises from a deformation parametrized by R, ;,
and this proves (1).

For (2), by Proposition 8.1.2(2) and Theorem 2.7.5(2), it suffices to show that j H g’t (Shg (VDQ)@, @p(Q))m

univ univ

is (le,l ®RQ1,1 Ta PQs,2 ®RQ2,2 T)_typic'
For this, we use the decomposition of Corollary 2.7.7:

HE (Shi (Vpo)g, @p(2))m = @D 71 @ pu,
Iy
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as II; ranges over finite parts of automorphic representations II € 7. This is a decomposition of Rg [Gol-
modules, where R,% acts on the factor L_IH? ® pri, via the map Ary : Rg —-T— @p(ﬂ) corresponding to
the pseudorepresentation of pr, (equivalently, to the Hecke eigenvalues of Hff ). In particular, )\H(Jg 1) =
0 if and only if pry, is reducible, which by Lemma 2.2.12 and Remark 4.1.2 occurs if and only if II is
endoscopic. Because the element j € Rg annihilates Jgd, it then suffices to show that, for all relevant
endoscopic automorphic representations II € 7eyq associated to a pair (71, 72), L_lﬂff ® p, is either

pgi“i ®Rg, 1 T—typic or pEﬁ‘é ®Rg, 2 T—typic as a T[G@}—module. However, as Py = Prig or pr,, by
Corollary 2.7.7, this is clear from the construction of the map Rq, 1 ®o Rg, 2 — T. O

Definition 8.3.21. Let () be admissible, with a factorization @ = Q7 - Q2 such that o(D@Q) is even and
all ¢|@Q; are BD-admissible for p,,. Fix an S-tidy level structure K for GSpin(Vpg), and an element j €

Ann RQ (Jgd). Then we define
Ho(K, /) = Hompy, go) (ME™, 1 (Shi (Vog)g O(2))m)
fori =1,2.

Remark 8.3.22. In the context of Definition 8.3.21, by [100, Proposition 5.3] and Lemma 8.3.20(2), we have
FHE (Shi (Vpo)g: O2))m =~ MEY @rq, , Ho(K, j)) & MEYY ®p,, , Ho(K,j)®.
Lemma 8.3.23. In the context of Definition 8.3.21, let q|Q; be a prime. Then under the natural isomorphism

H' (Tg,, HE(Shic(Vo)g, O(2)m ) = H'(Ig,, ME™Y) @ng, , Ho(K, )@
H'(Ig,, MBYS) ®rg, , Ho(K, ),
the w-power torsion of H' (IQq , ngt(ShK(VDQ)@, O(2))m) is contained in

) Frobg=1

o' (Iqungt(ShK(VDQ)@7 0(2))m ~ H'(Ig, MG @pq,, Ho(K, )"

~ Ho(K, ) /(t,).
(The element ¢, € R, ; was defined in Lemma 8.3.13.)

Proof. Without loss of generality, suppose ¢ = 1. Then pum" ]G@ is unramified, so by Lemma 8.3.13, we
have

RQl,l/(tq) ®RQ1,1(_1)7 i1=1,

H T Munlv_
o Mai) {M(BE‘W ) i=2.

Since Hg (K, 7)) and Hg (K, j) are w-torsion-free by Theorem 2.7.5(2), the lemma follows as in the
proof of Lemma 8.2.16. U

Lemma 8.3.24. In the context of Definition 8.3.21, for all j € AnnRS (Jgd), all z € SC% (Vpg,0), all
q|Qs, and all og € Homp,, ,(Ho(K, D /(t,),0/w™), we have
g 0 jx oresg, © Oagm(2) € Og(kn(Q; K)).
Here,
(8:8) g+ H'(Ig,, He (Shi (VDQ)g O(2)m) = H ' (I, Hi (Shi (VD) g: O(2))m)

is the natural map, and O /w" is viewed as an R(), ;-algebra through the map corresponding to py, ».
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Proof. For any ap € Hompg,, ,(Hq(K;j )@ /(t,),0/w™), we obtain a corresponding induced map of Ga-
lois modules

a=id® ag: ME™ @r,, , Ho(K;5)" — MG ®rgy,, O/@" = Tr.m.

k3

Then by the decomposition from Remark 8.3.22, we can also view « as a map of Galois modules
ngt(ShK(VDQ)@a O0(2))m = Ty n-
Let (a0 7). be the induced map
HY(Q, HE,(Shi (Vg O(2))m) — H'(Q, Tr, n)-
For any z € SC% (Vpg, O), kP (Q; K) contains
(a0 §)(Oasm(2)) € H(Q,Tr;n) = HY(Q, T ).

The lemma now follows as in the proof of Lemma 8.2.17. U

8.4. A test function calculation. For this subsection, we fix the following additional data:

o Anintegern > 1.

o A squarefree integer D > 1 with div(D) C S, and an n-admissible () > 1 coprime to D, such that
o(DQ) is odd.

o An n-admissible prime ¢ 1 Q.

o An S-level structure K for GSpin(Vpq). Let L C Vpo®Q, be the unique self-dual lattice stabilized
by K.

o A Zg-basis {vg, v1, v2,v], v3 } for L as in (5.1.2), which identifies Vpg ® Q, with the standard split
five-dimensional quadratic space over Q.

We will apply the results and notations of §7, with the D therein always replaced by D(Qq. However, we do
not yet specify the choice of g-adic uniformization datum for Vpg,. The goal of this subsection is the crucial
Lemma 8.4.6.

8.4.1. Let o)), iV, 02, 01 € S(VA, ® Q. Z) be as in (7.7.1). We also let 7. € S(V, © Q. F,) be

the reduction of (p;'; for 7 = (0), (1), «, tot.

Notation 8.4.2. Without loss of generality, we write the almost level-raising generic character y from Propo-
sition 5.6.2 as

(89) x=|-1"Ba: (@) ~F,,
where o # | - |1,
Then we can consider condition (C) from Definition 5.4.3, for @Z‘)t:
(Cy) There exists g € Mpy(Qq) such that f, (wy (1, g)Pi") # 0, where
_1 1 = -
o (D™ Ry (1)) @ S@F,) - xBxy-x~!
is the unique projection deduced from Lemma 5.2.1.

Lemma 8.4.3. The test function ¢;** satisfies condition (Cy).

Proof. Let g € Mp,(Q,) be a lift of the Weyl element

0 0 10
0 1 0
0 0 0 1
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. . . X
in the standard basis {e1, 2, €], €5}. Then for some unit u € I, we have

awil,g)w(x,y)=:1t/[ oy - 2)dz

2€VpQo®Qq
for all B
p € S(Vho ® Qg Fp).
Notice that, since xy = | - \% X «, the projection
_1 1 = _
For (D™ @ xy - (1 1)) © S@2F,) » xBxy - x!

is the composite of the integration map

int : S(Q2,Fp) = S(Qq, Fy)

O <t — /gp(tl,t)dh)

fajpre S(Qy,Fy) = af - V2 RaY| - |71/2,

and the projection

Abbreviate

s’ = lint <w¢(1,g)¢2> € S(Qq,IFp)
for 7 = (0), (1), %, tot. We will compute s** explicitly to show f,1/2(s"") # 0, which will prove the
lemma. By definition we have

s (t) = / / / @Z(z, tvg + avy)Y(t1z - v1)dzdadt;.
t1€Qq JacQy ZGVDQ@@(]

Note that @2(2’, tvy + avy) depends on z modulo ¢2L only, so the inner integral is nonzero only on the set
{t1 € q_zZq}. We may therefore reorder the integrals and obtain

sH(t) = / / / @Z(z, tvg 4+ avy)Y(t1z - v1)dt;dadz
z€L Jaeq—1Zq Jt1€q7 %L,

= q2/ / @;(z,tw +avt) - 1., ¢42z,dadz.
zeL Jaeq~1Zq

For the inner integral to be nonzero, we must have 2 - tvy € Z; andt € qiqu. In particular, since z and
vg lie in L, s°(t) is supported on q_IZqX L Z, . At this point, we are ready to compute the following table of
values for s°(t):

sO#) | sM(t) s*(t) s (¢
¢z 0 qq;41 (q272)4(q*1) (q;31)
RV
zy | S| o0 iz 0

The fourth column is determined by the first three by
Stot — g* + (1 _ q)(S(O) + 8(1)).

_1
2-

On the other hand, the given values for s'**(t) immediately imply f,.1/2(s*") # 0 for any o # | - |

It remains to explain the calculation of the first three columns. First, since @(10) (z,tve + av1) = 0 unless

tvg + avy € L, we have s(0(t) = 0 for t € q ). Fort € ¥, we have
(8.10) 8(0)(t) = q2Vol{z €L—qL:z-ve€l;, z v € qQZq,z RS qu} .

Label the set in (8.10) by S(© and let 3(0) be its image in L/qL. Write Z,v1, Uy for the reductions in
L/qL.
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Then 5(0) is the set of Z € L/qL that are isotropic, and orthogonal to T; but not v. Now, there are

q® = ¢* - q isotropic vectors in L/qL orthogonal to 71 since U1 /7 is a split quadratic space over F, of

dimension three. Of these, ¢> are also orthogonal to Ts; these are just the vectors in spang, {v1, 02}, since
the latter is a maximal isotropic subspace. So

—(0
#S()=q3*q2

On the other hand, given any zy € §(0) , we have

1
Vol{z e SO . z:zo} = .
q
(Itis almost the full coset zo+-g L, which has volume q%, except that we must ensure that z remains orthogonal
to v; modulo ¢?; this cuts down the volume by a factor of ¢.) So
- q-1
q° ¢’

Vol (5

and

0 2 0 q—1
sO ) = ¢ Vol (5O = 7 fort € Z;.
(1)

Next let us consider s(1)(#). Since ¢y (2, tvs +avy) - 1..4,eq2z,» Whenrestricted to a € q'7Z4, is supported
on z € gL such that z - tvy € Z, we see that s(1)(t) = 0 for t € LY. Fort e q 7, we have

s(t) = q2Vol{z €qlacq'Zy: 2 vy € qZy, 2 - vy € QQZq}.

(Note that the condition z - 2 € qZ, in the definition of X (7.27) is automatic from z € ¢L.) Then replacing
z with 5, we have

3
s(l)(t):;%\/ol{zeL czovp €LY, z-v1 € qlg)

3
= %#{ze L/qL : Z L 01,z L U}
3
q 4 3 g—1
=5 (@ —¢)= :
10 7
Finally, consider s*(t). For t € Z;, we have

s*(t):qQVOI{zEL—qL,aEq_lqu : z-quZq,z-UQEZqX,z-vlquZq}
:qQ(q—l)Vol{zeL—qL : z-zquq,z-vgeZqX,z-vlEqQZq}.

This is the same set that appeared for s(9) (¢), so we have

() = (g— 1O = L=

fort € Z*.
o q

Fort € q—lzg, we have

@.1D) s*(t) = qzVol{z eL—qlL,ac qilzq P 2-2€qly, 2-v2 € qZ;, z-v] € qQZq}
. =¢’Vol{z€L—qL : z-2€qZq, 2 vo €qZy, z-v1 € ¢°Zy} .

To compute this, we use the same technique as for s(?). Let S* be the set in the second line of (8.11) and let
5" be its image in L /qL. Then S consists of nonzero isotropic vectors in L /qL orthogonal to U5 and v, of
which there are q2 — 1. On the other hand, for zy € ?, we have

qg—1

Vol{z € S*:z2=7%y} = 7
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this is because, out of the coset Zg + ¢ L, we must take only those vectors with z - ve € quX and z vy € qQZq.
So

-1 - 1)(¢# -1
S = (> —1)- T g = % fort € ¢7'Z%,
q q
as desired. O
8.4.4. Now we return to the geometric setting of §7. We will write m := mf#div(@q) C TgUdiV(QQ).
Sudiv(Qq)

Lemma 8.4.5. The maximal ideal m C T, is generic and non-Eisenstein, and weakly q-generic

(Definition 7.3.9).

Proof. That m is generic and non-Eisenstein follows from Lemma 4.1.7. Then by Corollary 2.7.8, it suffices
to show that (¢)T;o — 4¢°(q + 1) & my C T2. Indeed, this holds by Remark 7.3.10, because the
admissibility of ¢ implies tr(Frob, [p,) # £2(q + 1). O

In particular, we can consider, for any choice of g-adic uniformization datum for V¢, the map

O [Shxore, (Vo)
(T§)

from Theorem 7.4.7; here we use that (¢) = 1 on O [Shgug, (VD/q)]m by Lemma 4.3.2. (The map &, and
the identification of K¢ with a compact open subgroup of GSpin(Vpg,) (A‘]{), both depend on the choice of
uniformization datum.)

The following is the crucial lemma for the proof of Theorems 8.5.1 and 8.5.2.

8.12)  £=Vo(:M_H! (IQq, H, (Shiaxzn (Vbao)g: O(2))m) .

Lemma 8.4.6. Suppose (Qq is n-admissible. Then there exists a test function o € Testi (Vpg, T, O/w™),
a q-adic uniformization datum for Vpqq, and a special cycle z € SCxa Kpam (Vbqq, O) such that

aooresg,(Oaim(z)) € O/="
generates A\, (Q; K).

Here we are using Theorem 7.1.11 to apply  to resg, (Oajm(2))-

Proof. By Corollary 5.6.3 and Lemma 8.4.3, we conclude
A(Q:K) =D (Q.¢" ® ¢ K)
for some p? € S (VJ%Q ® A%, O)K". Then by definition, there exists a test vector
a € Testg (Vpg,m, O/w")

such that a(Z (T, p? @ ¢i*) k) generates A, (Q; K), for some T' € Symy(Q)>o.

Now note that, for any choice of uniformization datum, « o £ gives a well-defined map

O [Shrar, (Vba)],,
(T¥)

M_ H! (IQq, H3,(Shicarczom (Vbag)g: 0(2))m) . ~ O/a"

because a(T};) C (w"™) by Remark 7.4.6.
Then the lemma is immediate from Theorem 7.7.2.



110 NAOMI SWEETING

8.5. Conclusions. Finally, we are ready to prove the main results for this section. We start with the non-
endoscopic case.

Theorem 8.5.1. Suppose 7 is not endoscopic. Fix an integer m > 1, and let ng = no(m, py) satisfy the
conclusion of Lemma B.4.5. Suppose ) > is n-admissible and q 1 Q is an n-admissible prime, where
n > max {3m, ng}, such that o(DQ) is odd.

(1) Suppose @;(Q)(Q, ad® ;) = 0. Then
Dty (Qq) D A7 (Q) - (=),

where
cC=2 lgO Self(Q)m (@, ado pnferl) +m — 1.
(2) Suppose there exists q'|QQ which is not (n+ 1)-admissible, such that Q/q' is (n+m)-admissible and

Selr(q/q)(Q,ad’pm) = Selr(gq) (Q, ad’pm) = 0,
but
Selr(g)(Q, ad’pam—1) # 0.
Then
Ogkiy (Qa) O AL (Q) - =,
where C' = 2(m — 1) + lgoSel r(gq)r (Q, ad®pp 1)

Proof. Choose an S-tidy level structure K for GSpin(Vpg) such that AP(Q; K) = A\P(Q) (possible by
Lemma 4.4.7), and fix a g-adic uniformization datum for Vg, a special cycle z € SC%, Kram (Vbgq), and

a test function a € Test i (Vpg, 7, O/w") satistying the conclusion of Lemma 8.4.6; in particular, we have

(8.13) (a0 & oresg, (Darm(2)) = A2(Q).
Now note that

Mlel (I@q’ Hgt(SthKéam (VDQq)@, O(2))m>

is c-power-torsion because H3, (Shxa krm (VDQq)g Q,(2))m is pure as a G, representation by Corollary
2.77.7 and Theorem 2.2.10(1). Hence by Lemma 8.2.16 and Theorem 7.4.7, we have a diagram:

Moy H* (Ig, B (Shioxgm (Voag)g, O(2)m) —— Haq/(ts)
(8.14) i )

He/(Ty),

where we set

Ho = O[Shr(Vp)ly, Haq = Hoq(K K™)
(Definition 8.2.14). By Remark 7.4.6, (Tg) = (P;(q)) as ideals of Tiﬁ;ﬁ%. Hence by Lemmas 8.2.10 and
8.2.13, the diagram (8.14) is a diagram of Rggg—modules. Let Q' = Qincase (1) and Q' = Qq in case (2),
and define an element a € R¢y as follows. Let ¢/ : Gg — GSp,(O) be the representation constructed by
Theorem B.2.12, and let Iy C Ry be the kernel of the corresponding homomorphism fo: : Rgr — O. By
Lemma B.4.5, we may fix an element a € Annp,, (I¢) such that

(8.15) ordg for(a) < lgo Selzgrya (Q, ad’ pp—mi1).-

By the definition of C' in each case of the theorem, we may assume without loss of generality that

m’

lgo Sel (e (Q, ad’ Prn—m+1) <n—m+ 1.
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Let f, : R?" — O be the map corresponding to p,. Since for = fr (mod w" ™ 1) by Theorem B.2.12(1),
we then have

(8.16) orde fr(a) < lgo Selrgryra (k, ad® py,).
Applying a to the diagram (8.14) of R/-modules, we obtain a diagram

a-M_H' (IQq’Hgt(SthKgam(VDQq)@v0(2))m> —— a- (Hgq/(tg))
(8.17) lf
a-(O[Shk(Vpq)l, /(Tq)) = aHo/(aHg N fo (Ty)He).

Suppose first we are in case (1). Because a annihilates Iy, Lemma 8.2.10 implies that (8.17) is a diagram
of Ry'\* ®R, o 0=0/ fo(T¥)-modules. Note that

aHg
afq(Tg)Hq
is free over O/ fQ(T};) because Hg, hence aH(, is w-torsion-free. Since the natural surjection
aHg aHg

(8.18)

s
afQ(Ty)Hg — aHq N fo(T§)He
has kernel annihilated by fo(a), we conclude that

(8.19) fola) -Extlo/fQ(Tg)(—, aHq/(aHg N fo(Ty)) = 0.

In particular, by (8.17), there exists a map £ : a - (Hg,/(ty)) — aHg/(aHg N fq(TI)Hg) fitting into the
following commutative diagram.

a- My H' (T, H3(Shiorgo (Voag)g 02w ) > a- (Hog/(ty))

|fat@e /

aHQ/(aHQ N fQ(T};)HQ)

Recall the test function o € Test i (Vpg, 7, O/w") fixed above, and let 5 denote the composite map

a £~ r o n
Hqq/(ty) = a- (Hqq/(tg)) = aHg/(aHg N fo(Tg)Hg) = O/w".
By Lemma 8.2.17 and (8.13), we conclude

(8.20) 0gkE (Qq) D (B(Oasm(2))) = (a0 a®€ oresg, (Oasm(2))) = fr(a)*AD(Q).

Then the theorem follows from (8.16).
For case (2), (8.17) is a diagram of Rcong @Ry foq O = O/ fqq(ty)-modules. By Lemma 8.2.11, all
admissible primes are standard in the sense of Definition B.4.7, so by Lemma B.4.8, we have

(8.21) foq(ty) 0 (mod w"™™).

ntm=1_modules. Because

In particular, (8.17) is a commutative diagram of O /w
wm—lEtho/wn+m71 (_, O/wn) —

we conclude that there exists a map & : a - (Hgq/(ty)) — O/w"™ fitting into the following commutative
diagram:
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a-M_H' (IQq’Hgt(SthKéam(VDQq)@v0(2))111) — a- (Hgq/(tq))

laogowmfl -
(03
O/a"
A priori, & is only equivariant with respect to fo,, but fr = fo, (mod "~ +1), Multiplying by ™!,
we then obtain an f,-equivariant map
" N@oa): Hgy/(ty) — O™
Hence by Lemma 8.2.17 and (8.13), we conclude
8(1/65(@(1) > ™! (& oqo requ(aAJ,m(z))) — p2(m=1) (a of (a - Tesq, aALm(Z)))
= 2™ V1 (a) (avo & oresg, Oasm(2))
— M £ (AP (Q).
Combined with (8.16), this completes the proof in case (2). ]

Theorem 8.5.2. Suppose 7 is endoscopic associated to a pair (71, w3). Assume H } (Q, Vi p@ Vi p(—1)) =
0, and let Crg be as in Lemma 8.3.5.

Fixanintegerm > 1, letng = no(m, px, ) satisfy the conclusion of Lemma B.4.5, and letn > max {3m, ng}
be an integer. Suppose () = Q1 - Q2 is n-admissible such that )1 is BD-admissible for pr,, Q2 is BD-
admissible for pr,, and o(DQ) is odd. Let q 1 () be an n-admissible prime, BD-admissible for pr,.

(1) Suppose @f(Qi)(Q’ adopmm) = 0. Then
04ty (Qq) D AL (Q) - w©,
where
C = 2lgpSel (g, (Q, ad®pr, n—m+1) + 2Crs +m — 1.

(2) Suppose there exists a prime ¢'|Q); which is not (n + 1)-admissible such that Q;/q" is (n + m)-
admissible and

@]:(Qi/‘f)(@’ adopm’m) = @F(QM)(Q7 adopmnm) =0

but
Selz(g,)(Q, ad’pr, 2m—1) # 0.
Then
Oykiy (Qa) O AL (Q) - =,
where

C = lgOSel}-(Qiq)rel (Q, adopﬂi,n_m+1) + CRS + 2(m — 1)

Proof. First, choose an S-tidy level structure K for GSpin(Vpg) such that AP(Q; K) = AP (Q) (possible
by Lemma 4.4.7). Then fix a g-adic uniformization datum for Vg, a special cycle z € SC%, Kram (Vbagq)-

and a test function o € Test (Vpg, 7, O/w") satisfying the conclusion of Lemma 8.4.6; in particular, we
have

(a0 & oresg, (Oarm(2)) = A7 (Q)-

We also fix j € Ann o4 (Jf’gg) satisfying the conclusion of Lemma 8.3.5.

As in the proof of Theorem 8.5.1, M_1H* (I@q, Hégt(SthKéam (VbQg)g: O(2))m) is w-power-torsion,

hence j,M_1 H* <I@q, Hgt(SthKgam (VbQq)g: O(2))m> is as well, where j, is as in (8.8). Since the kernel
of (8.8) is j-torsion, we obtain the following diagram arising from Theorem 7.4.7 and Lemma 8.3.23:
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juM 1 HY(Ig,, HE (Shicarcm (Voog)g, O(2))m) —— H(Ig,, MZ™ )Pt @, HE) =~ HG) /(t,)
le
i (Ho/(T¥)) = jHqo/(jHq NTr Hp)
where we abbreviate ' '
Hg = O [Shi(VpQ)ly, HS) = Hog(K,§)1.
From here, the argument is entirely analogous to Theorem 8.5.1, replacing Lemma 8.2.17 with Lemma

8.3.24.
g

9. MAIN RESULT. RANK ZERO CASE
9.1. Chebotarev primes and proof of the main result.

9.1.1. Throughout this section, we let 7, S, and Ey be as in Notation 4.0.1, and fix for now a prime p of Ep.

Lemma 9.1.2. Suppose that 7 is non-endoscopic, that p satisfies Assumption 4.1.1(3), and that there exist
admissible primes for pr = prp. Let C > 0 be the constant from Corollary C.2.8 applied to Ty.. Then for
all integers m > n > 1 and for any cocycle c € H*(Q, Tx n), there are infinitely many m-admissible primes
q such that c is unramified at q and

ordg locg ¢ > ordgc — C.

Recall here that loc, was defined in Notation 4.2.9.
Proof. Let g € G be an admissible element for p, which is possible by Lemma 4.2.3. By Corollary C.2.8,
we have w®H'(Q(T,)/Q, Tx.,) = 0, so by inflation-restriction there exists an element i € Go(r,) such

that ordc(h) > ord,c— C. Because T’ is absolutely irreducible, we can assume without loss of generality
that the component of ¢(h) in the 1-eigenspace for g is nonzero modulo " ~°"d=¢+C+1 Then since

c(gh) = ge(h) + c(g),
after possibly replacing g by gh we may assume without loss of generality that the same is true for the
component of ¢(g) in the 1-eigenspace for g (which is independent of the choice of cocycle representative).
Then all but finitely many primes ¢ ¢ S U {p} with Frobenius conjugate to g in Gal(Q(T% ., ¢)/Q) satisfy
the conclusion of the lemma. U]

The following theorem is a corollary of the work of Newton-Thorne [84] and Thorne [112].

Theorem 9.1.3. Suppose m is non-endoscopic, and p is a prime of Ey of residue characteristic p > 3 such
that 7y, is unramified. Then

H}(Q, ad® prp) = 0.

Proof. By [112, Theorem 6.2], it suffices to show
©.1) Vmp‘G@mpw) is absolutely irreducible.
By Lemmas 2.2.12 and C.2.5, we can write
~ G
Vip & IndG?; Vo

for a finite extension K /Q, where Vj is a strongly irreducible representation of G . By [88, Lemma 2.2.9]
and the assumption that 7, is unramified, we conclude K is unramified at p; hence (9.1) follows from Lemma
C.2.9. 0
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Theorem 9.1.4. Let m be non-endoscopic. Suppose p satisfies Assumption 4.1.1, and that there exist admis-
sible primes for pr . Suppose as well that there exists a prime (o such that 7y is transferrable (Definition
2.4.5). Then

L(m,spin, 1/2) #0 = H}(@, Vip) = 0.

Proof. Set D = {y, so that, by Theorem 2.4.6, ﬂJ’? can be completed to an automorphic representation of

GSpin(Vp)(A). By Proposition 4.4.5, if L(r,spin, 1/2) # 0 then we have A” (1) # 0, so there exists a
constant Cy > 0 such that

9.2) ordw)\fz(l) >m—Cy, VYm > 1.

Suppose for contradiction that there exists a non-torsion element c € H } (Q, T ), and let ¢, be the image

of cin H(Q, Tr ) forall n > 1. We fix a large integer N to be specified later. Let M > N be the integer
of Lemma 1.6.3(3) for M = T; and n = N. By Lemma 9.1.2 and Lemma 4.1.6(2), we may choose an
M -admissible prime ¢ such that

9.3) ordg locgeny > N — Cy

for a constant C'; > 0. Now by Theorem 9.1.3 and Lemma B.3.6 (which applies to p, by Lemma 8.2.1), for
some mg > 1 we have

Q}—(Q7 ado pﬂ',mo) =0.

Moreover, by Corollary B.4.3, g, Sel rrei (Q, ad® pr.n) is uniformly bounded in n. Hence by Theorem
8.5.1(1), as long as M is sufficiently large depending on mg — which we can ensure by choosing N suf-
ficiently large — there exists a constant Co > 0 and an element Hﬁ(q)o € l'i]\D/[ (g) such that

9.4) ord 0,651 ()0 > ordp A (1) — Co > M — Cy — Cy.

Let k¥ (g)o be the image of x5 (q)o in H'(Q, Ty, v). We now consider the global Tate pairing
(9.5) 0= (kN (9o en) = > (KN(@)o, en)o-
v

For v ¢ S U {q}, the local Tate pairing vanishes by Proposition 4.4.6(1) and Lemma 1.6.3(3) — recall here
that the local Tate pairing of two unramified classes is always trivial. By the same argument as [67, Lemma
4.3(1)], we may also pick a constant C3 > 0 independent of N such that, forallv € S, @ H'(Q,, T N) =
0; hence

ord (kX (9)o, en)e < C3, Vv € S.
It then follows from (9.5) that
orde (k5 (9)o, en)q < Cs.
On the other hand, by Proposition 4.2.8, (9.3) and (9.4) together imply
ords (kR (q)o, cn)q > N — Co — Cy — Ca,

so we obtain a contradiction when

N >Cy+ Cp+Cy+ Cs.

9.2. The endoscopic case.
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9.2.1. For completeness, we include an analogue of Theorem 9.1.4 in the endoscopic case. First, we require
an analogue of Lemma 9.1.2.

Lemma 9.2.2. Suppose 7 is endoscopic associated to a pair (71, m2) of automorphic representations of
GL2(A), and fix i = 1 or 2. Let p be a prime of Ey such that there exist admissible primes for pr = pxp
which are BD-admissible for pr, = pr, p. Then there is a constant C with the following property.

For all integers m > n > 0 and for any cocycle c € H*(Q, T, ri.m ), there are infinitely many m-admissible
primes q, BD-admissible for pr,, such that c is unramified at q and

ordg locg ¢ > ordgec — C.
Proof. Without loss of generality, we may assume ¢ = 1 (after possibly relabeling 1 and o).
Claim. There exists a constant C' > 0 such that co® H* (Q(px)/Q,Tx, ) =0forall n > 1.

Proof of claim. By Corollary C.2.8 and inflation-restriction, it suffices to show

Homg,, (Gal(Q(px)/Q(pxy)), Ty n)

is uniformly bounded in n. Note that, unless o has CM by an imaginary quadratic subfield K of Q(py, ),
the abelianization of Gal(Q(pr)/Q(pr,)) is finite. Indeed, if 2 is CM, this can be checked by hand;
otherwise one can use Theorem C.3.2 and Corollary C.1.2(2) to see that no closed normal subgroup of
Gal(Q(pnr,)/Q(ppe)) can have an infinite abelian quotient.

So we assume without loss of generality that 75 has CM by K C Q(py, ). In this case, one can calculate
directly that complex conjugation acts on Gal(Q(p~)/Q(px,)) by —1, so the image of any Galois-invariant
group homomorphism Gal(Q(pr,)/Q(px,)) — T, » lies in the —1 eigenspace of complex conjugation;
since T’y is absolutely irreducible and odd, we conclude that all such homomorphisms vanish. O

Let g € Gg be an element which is admissible for p, and BD-admissible for p,,, which is possible by
(the argument of) Lemma 4.2.3. By the claim and inflation-restriction, there exists h € Gg(r,) such that
ordgc(h) > ordge — C as in the proof of Lemma 9.1.2 above, after possibly replacing g with gh, we may
assume without loss of generality that the component of ¢(g) in the 1-eigenspace for g is nonzero modulo
g ~ord=c+C+1 Then all but finitely many ¢ ¢ SU{p} with Frobenius conjugate to g in Gal(Q(Ty 1, ¢)/Q)
satisfy the conclusion of the lemma. (|

The same proof of Theorem 9.1.3 also shows:

Proposition 9.2.3. Suppose 7 is endoscopic associated to a pair (71, 72). Then if p is any prime of Ey of
residue characteristic p such that m, is unramified,

H}(Q, ad’ Prip) = H}(Q, ad’ Prap) = 0.

Theorem 9.2.4. Let 7w be endoscopic associated to a pair (71, 7o) of automorphic representations of GLa(A),
which we order so that T\ , and T2 , have weights 2 and 4, respectively. Assume there exists a prime (g
such that 71 g, is discrete series.

Fix i1 =1 or 2. Then for any prime p satisfying Assumption 4.1.1, such that there exist admissible primes
for pr , which are BD-admissible for pr, , ifH} (Q, Vayp ® Vo p(—1)) = 0 then we have

L(m,spin, 1/2) # 0 = H}(Q, Veip) = 0.

Remark 9.2.5. Note that L(m,spin, 1/2) is the product of central L-values for 7y and 7; in particular,
Theorem 9.2.4 recovers (with extra conditions) the result of Kato [49].
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Proof. The proof of Theorem 9.1.4 applies almost verbatim, with the following substitutions: Theorem
2.5.2 for Theorem 2.4.6; Lemma 9.2.2 for Lemma 9.1.2; Proposition 9.2.3 for Theorem 9.1.3; and Theo-
rem 8.5.2(1) for Theorem 8.5.1(1). ]

9.3. Rigidity and p-integral vanishing of the Selmer group.

9.3.1. We can also give amore precise result on the vanishing of the dual Bloch-Kato Selmer group } (Q,Vrp/Tryp)s
under some stronger conditions. Assume for this subsection that 7 is not endoscopic.
We consider the following additional assumptions on p (the R stands for “rigid”).

(R1) The image of the Gg action on Tmp contains a nontrivial scalar.

(R2) We have Sel za1(Q, ad” 5) = 0, with notation as in Definition B.4.1.

(R3) Forall4 € S, H'(Qy, Trp) = 0.
It is proved in Theorem C.4.8 that (R1) holds for cofinitely many p. We will show in Proposition 9.3.5 below
that the same is true of (R2) and (R3).

9.3.2. Under Assumption 4.1.1(3), let R;,miv be the universal GSp,-valued deformation ring of p,. , denoted
R in Notation 8.2.6, with corresponding universal deformation pgni" 1 Go,sufpy — GSp4(R;jni").

Lemma 9.3.3. Let (R}J‘niv)o C R,‘jniv be the subring generated by the coefficients of the characteristic poly-
nomials of elements of G under the composite

pp™ - G — GSpy(Ry™Y) — GL4(R™).
Then
(R;JmW)U _ R}l}lnlv.

Proof. Recall the category CNLp from (1.1.3). By the universal property of pl‘?mi", it suffices to show the
following: given two morphisms

fl, fg : R;;miv — A
in CNLg, if fi = f on (R;miv)o, then the associated deformations
p1,p2 : Gg — GSpy(A)

are GSp,(A)-conjugate. By [20, Théoreme 1], p; and p2 are GL4(A)-conjugate, say by a matrix a €
GL4(A). Then

9.6) pi(g) =a-pa(g)-a™" Vg € Go.

On the other hand, because p; and p, are valued in GSp, with similitude character x; cyc, we also have
(97) pl(g) = _Xp,cyc<g) Q- pi(g)_t -Q Vg € GQa i = 1727

where () is the matrix from (1.1.4) with n = 2. Combining (9.6) and (9.7) and using Schur’s lemma, it
follows that Qa’Qa is scalar, or equivalently a € GSp,(A), and this proves the lemma. t

Lemma 9.3.4. For all but finitely many primes p of E, Tmp

Caep) is absolutely irreducible.

Proof. First, recall that Tw,p is absolutely irreducible for all but finitely many p by Lemma 4.1.5. We restrict
our attention to these p; the argument is based on [66, Proposition 4.5], but we are able to take advantage of
the low-dimensionality of 7'z y. The representation 7'z \G@( &) is semisimple, so, after possibly extending
scalars, we may write

M
2l _ bm;
TrplGae, = D4
=1
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for distinct absolutely irreducible representations p; of GQ(Cp) and multiplicities m; > 1. The same argument
as [39, Lemma 2.1] (which applies here because Q((,)/Q has degree coprime to p) shows that the integers
m; = m are all equal, and all p; have the same dimension M, such that m?2M is the number of characters
v of Gal(Q(¢,)/Q) such that Ty, = T, @ v. Considering the self-duality of T’z ,, we see that this can
occur only if 2 = 1, so that m>M < 2. In particular, m = 1, so TW7P|GQ( o 18 multiplicity-free, and the
result now follows by the same argument as [66, Proposition 4.5]. (Il

Proposition 9.3.5. All but finitely many primes p of Ey satisfy (R2) and (R3).

Proof. First, choose an imaginary quadratic field K such that all £ € S are split in K, and restrict attention
to the cofinitely many p such that the underlying rational prime p is unramified in K and T,T7p|GQ( ) is

absolutely irreducible. Then Q(pr ) N K is unramified at all finite primes, hence equal to QQ, and so

9.8) prp(Gr) = prp(Go)-

Note as well that BC(7) ® wg /g % BC(7) (with BC() as in Lemma 2.2.17), for otherwise we would have
Vip @Wgk /@ = Vi p, and it is easy to check using Schur’s lemma that this implies V7 |, is not absolutely
irreducible for any p, contradicting (9.8) and Lemma 2.2.12 as long as p > 3. In particular, the base change
IT of BC(7) to GL4(Ak) is a regular algebraic, cuspidal automorphic representation of GL4(Af) by [3,
Chapter 3, Theorems 4.2(a), 5.1]. It is also clear that Ej is a strong coeflicient field for II.

Recall the universal deformation pgni" : Gg — GSp4(R"jniV) from (9.3.2). Note that K N Q(pgni") is
unramified at all finite primes, hence equal to Q; in particular, there exists v € Gg such that p;‘“iv(fy) =1
and v acts nontrivially on K.

Recall the group scheme

¢ = (GLy x GLy) x {1,¢}
from [25, §2.1]. By the recipe of [66, Lemma 2.3(2)], pgni" gives rise to a Galois representation

9.9) o Go — G(RY™),
with residual representation ﬁg : Gg = 9(0y/wy). Note

(9.10) G = (0™ |G Xpeyes 1) 1 G — (GLg x GLy)(Ry™) x {1, ¢},

where p is the residue characteristic of p. By the argument of [66, Theorem 4.8] applied to II, we have for
all but finitely many p:

(1) ﬁp : Gg — 9(0y/wy) satisfies [66, Definition 3.36] for the pair (S, ).

(2) There are no regular algebraic conjugate self-dual cuspidal automorphic representations I of GL y (A )
such that IT" is unramified outside primes above S, I has the same archimedean weights as II, and
there is a congruence of associated Hecke eigensystems with respect to any isomorphism ¢, : Q,, =
C inducing p.

For all but finitely many p, we also have:

3) 5ﬂ7p|GK( ) is absolutely irreducible

by Lemma 9.3.4 and (9.8). .
Restrict to the p satisfying the above properties with p ¢ S, and such that py™" |G@p is Fontaine-Lafaille,

ie. p > 5. Let Ryi" be the universal Fontaine-Laffaille deformation ring of ﬁg considered in [66, p. 1630]
with E;;in = Sand Ef; = (); more explicitly, R?i" classifies deformations that are unramified outside primes
above S'U{p} and Fontaine-Laffaille at primes above p. It follows from the definition that (9.9) corresponds

to an Op-algebra morphism

(9.11) PV — Ry
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Now let V' be the unique four-dimensional Hermitian space over K which is positive definite and split at
all finite places. Then [66, Theorem 3.38] applied to V', together with properties (1)-(3) above, shows that
Rg;‘iv = O, for all but finitely many p. We claim that these p satisfy (R2) and (R3).

Now, by Remark B.4.6, (R2) is equivalent to requiring that the map R;miv — O, arising from pr , is an
isomorphism, and so it suffices to show that the morphism (9.11) is surjective. By (9.10), the image of (9.11)
contains the coefficients of the (degree-four) characteristic polynomials of p“mv( ) for g € Gk, and so the
umv

desired surjectivity follows from Lemma 9.3.3 and the analogue of (9.8) for pj,
For (R3), the local deformation ring of

Prplco, : Go, = F(Op/wy)
is formally smooth of relative dimension 16 over O, for all £ € S this follows from [66, Proposition 3.33(3)],

where Definition 3.36(1) of op. cit. is satisfied by property (1) above. In fact, because ¢ splits in K, this is
just the local deformation ring of

p7r,p|GQ(Z : GQZ - GL4(OP/WP)

(without any self-duality condition). The usual tangent space computation together with the formal smooth-
ness then implies

16 = dimg, /o, Z' (G, EndTr) = 16 — dimg, /o, H%(Qq, End Tr) + dimg, /o, H' (Qg, End T'r).
In particular, by the local Euler characteristic formula and local Poitou-Tate duality, we conclude
9.12) H°(Qq, End T, (1)) = 0.

We then claim that H%(Q,T,) = 0: otherwise T has a Gg,-invariant line, so by duality, it also has
a quotient on which Gg, acts by xp.cye. and so there is a line in End T on which Gg, acts by x; &,
contradicting (9.12).
On the other hand, again by the local Euler characteristic formula and local duality, we see that dim H'(Qy,
2dim H°(Qy, T'»), so (R3) follows.
O

Proposition 9.3.6. Suppose p satisfies Assumption 4.1.1(3) and (RI). Then for any nonzero class ¢ €
H'(Q, Tryp)and any N > 0, there exist infinitely many N -admissible primes q such that locg ¢ # 0.

Proof. By the same argument as [41, Proposition 9.1], assumption (R1) implies that H(Q(T,.)/Q, T») =
so by inflation-restriction -
eger,, * Comn = T
is nontrivial. Let g € Gg be an admissible element for p,. Arguing as in Lemma 9.1.2, there exists h € Gg

such that h acts as g on T’ and c(h) has nonzero component in the 1-eigenspace for h.
Claim. We have Q(T; n) N Q(T'r,c) = Q(Tx).

Proof of claim. It suffices to show any group G with Gg-action which is a quotient of both the Galois groups
Gal(Q(T'r,¢)/Q(Tx)) and Gal(Q(Ty n)/Q(T)), must be trivial. Note that Gal(Q(T'x, ¢)/Q(T)) is an
F,[Gol- submodule of T, so any element z € G that acts as a nontrivial scalar on T'x acts nontrivially on
G unless G = 1.
On the other hand, the group Gal(Q(7 x)/Q(Tx)) has a Gg-stable filtration in which each quotient is
abelian and isomorphic to an F,[Gg]-subquotient of ad®p._. In particular, z acts trivially on G, which is an
abelian quotient of Gal(Q(Tx v)/Q(T'x)). We conclude G is trivial. O

By the claim, there exists g € Gg that acts as g on T;x y and has image h in Gal(Q(Tx,¢)/Q(T5)).
All but finitely many primes ¢ ¢ S U {p} with Frobenius conjugate to g in Gal(Q(Z% v, ¢) / Q) satisfy the
conclusion of the lemma.

Tr)=
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O

Definition 9.3.7. Let p be a prime of Fjy such that Tw is absolutely irreducible (so T’ , is well-defined up
to scalars).
(1) We write
Wep = Vep/Trp.
As usual, we drop the subscript p when clarity permits.
(2) For each rational prime /, let H }(Qg, W) be the annihilator of H } (Qg, T;) under the perfect local
Tate pairing
Hl(@ﬁa Ww) X Hl(@éa Tﬂ') — E/O,
and let
1 — 1 H! (Q£ ) Wﬂ)
H}(Q,Wy) = ker (H (Q, W) — 1;[ Q. Wﬁ)) .

Theorem 9.3.8. Suppose T is non-endoscopic, and p is a prime of Ey such that:

(1) Assumption 4.1.1 and (R1)-(R3) hold for p, and there exist admissible primes for py .
(2) There exists a squarefree D > 1 with v(D) odd, such that 7y is transferrable for all ¢|D (Definition
2.4.5) and
AP(1), 0 (mod p).
Then
H{(Q, W) =0.

Proof. We follow the proof of Theorem 9.1.4, but with some integral refinements. Fix p and D satisfying (1)
and (2), and omit p from the notation for the rest of the proof. Suppose for contradiction that H } (Q,Wy) #0.
By the long exact sequence in Galois cohomology associated to
0—=Tr— We—Wr—0,

we have o

Hl(@a T7r) =H' (Qa Ww)[w];
in particular, there exists a class 0 # ¢ € H'(Q, T) with the following property:
H'(Qy, Wr)
HY(Qu, Wr)
We fix an integer N > 3 sufficiently large to satisfy the conclusion of Lemma 1.6.3(2) fora = —1,b = 2,

n =1, and M = T, and greater than the number n¢(1, p,) from Theorem B.2.12.10
By Proposition 9.3.6 and the assumption (R1), we may choose an N-admissible prime ¢ ¢ .S such that

9.13) Res,c e H 1((@,,, Tﬂ) has trivial image in for all primes v.

(9.14) locy ¢ # 0.
Then by Theorem 8.5.1(1) and the assumption (R2), we have an element x5 (¢)o € x¥(g) such that its
image x(q)o in H'(Q, T, ) satisfies
(9.15) dyx¥ ()0 # 0.
We now consider the global Tate pairing
(9.16) 0="> (e, n1 (Q)o)w-

v

10For cofinitely many p, all the local deformation rings of ﬁmp|g@e for £ € S U {p} will be formally smooth (by the same
argument of Proposition 9.3.5 for £ € S and by [10, Theorem A] for £ = p), so one can take no(1, px,p,) = 1. The assumption
N > 3 is to conform to the statement of Theorem 8.5.1 with m = 1, but in reality it is not needed since N > 3m is used only in
Theorem 8.5.1(2). Combined with Remark 1.6.4, we conclude that the argument works with [N = 1 for cofinitely many p.
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By the assumption (R3), the local terms vanish for all v # ¢,p. The local term at v = ¢ is nonzero by
Proposition 4.2.8 combined with (9.14), (9.15). So to obtain a contradiction with (9.16), it suffices to show
the local pairing at p vanishes. Indeed, the maps

a: HY(Qp, Tr) » HY(Qp, Tr), B: H' (Qp, Tr) — H(Qy, Wi)

are adjoint with respect to the local Tate pairings, and by Lemma 1.6.3(2) combined with Proposition 4.4.6,
there exists d € H}(Qp, Ty) such that a(d) = Res, kP (q)o. Hence indeed

<"€1D(Q)07 C>p = <d,B(Resp C)>p =0
by (9.13). .

Corollary 9.3.9. Suppose m is relevant and non-endoscopic, and there exists a place {y such that m, is
transferrable (Definition 2.4.5). If L(rw,spin, 1/2) # 0, then for all but finitely many primes p such that
admissible primes exist for py p, H}(Q, Wrp) =0.

Proof. By Theorem 2.4.6, 7r51° can be completed to an automorphic representation of GSpin(Vy,)(A). Thus
the corollary follows from Theorem 9.3.8 combined with Proposition 4.4.5, Lemma 4.1.5, Theorem C.4.8,
and Proposition 9.3.5. U

Conditions are given in Theorem C.4.10 under which admissible primes exist for p , for cofinitely many
p. In particular:

Corollary 9.3.10. Suppose w is relevant and non-endoscopic, and there exists a place ¢ such that 7y is type
a in the sense of [97]. If L(r,spin, 1/2) # 0, then for all but finitely many primes p, H} (Q,Wryp) =0.

9.4. Applications to automorphic inductions. In this section, we give some corollaries of Theorem 9.1.4
which may be of independent interest. Both of them could be upgraded to statements about dual Selmer
groups using Theorem 9.3.8; we omit the details only for concision.

In the next two corollaries, when 7 is a cuspidal unitary automorphic representation of GL2(A) such that
Too 18 discrete series of weight & > 2 and ¢, : @p = C is an isomorphism, the associated p-adic Galois
representations py ., are normalized so that det pr,, = X’;;ylcww, where w; is the central character. We also
have the usual p-adic Galois representation Y, associated to any algebraic automorphic character x of Ay,
with K/Q a number field. We write the (semisimplified) reductions mod p as Pry, and X, .

Corollary 9.4.1. Let m be a non-CM cuspidal unitary automorphic representation of GLa(A) with o,
discrete series of weight 3, and with central character w,. Let K be an imaginary quadratic field and
X : A — C* an automorphic character of infinity type (—1,0) such that X‘A(X@ = |- |wt.

Fix an isomorphism v, : @p = C and assume:

(1) p splits in K and is coprime to the conductor of f and .
(2) For some inert nonarchimedean place v of K, WD(pr ., |Gy, ) is irreducible.

_ _ Go — .
(3) P=Pry, @ IndG?; X,p satisfies:
(a) p is absolutely irreducible and generic (Definition 2.7.3).
(b) There exists a prime q such that ﬁ|GQq is unramified, ¢* # 1 (mod p), and p(Frob,) has

eigenvalues {q, 1, a, q/a} with o & {il, +q, ¢2, q_l}.
Then
L(f,ix,1/2) #0 = H}(K, pr., ® x1,) = 0.

Moreover, the conditions in (3) hold for all but finitely many p split in K and all choices of .
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Proof. Let BCg () be the base change to GLy(Ag). By [3, Chapter 3, Theorems 4.2(e), 5.1], there is
a (strong) automorphic induction II of BCx (7) ® x to GL4(A). Then by [94, Theorem C], there is an
automorphic representation 7 of GSp,(A) with trivial central character, such that IT is the base change of 7
as in Lemma 2.2.17. Note that 7 is relevant by a direct calculation with archimedean L-parameters. We have

G
PRy = Py @ Indgi Xips

where the symplectic structure is by viewing pr ,, as symplectic and Indg‘i X, as orthogonal. The “more-
over” assertion of the corollary therefore follows from Lemma C.4.6 combined with Lemma 4.1.5.

For the rest, by Shapiro’s Lemma we have H} (Q, pz,,) = H} (K, pr,., @ X.,)- So by Theorem 9.1.4
applied to 7, it suffices to show that there exists a prime ¢ such that 7, is transferrable.

Let v be the place in (2), and let ¢ be the rational prime underlying v. Comparing Definition 2.4.5 with
the explicit local Langlands parameters in [97, Table A.7] (and using as well Theorem 2.2.10(1) to see that
¢ is tempered), we see that it suffices to show the associated Weil-Deligne representation

70 : Wo, x SL(2,C) — GSpy(C)

of pﬂp‘G@e does not factor through a Siegel parabolic subgroup; equivalently, 7, does not stabilize an
isotropic plane. Let W be the underlying two-dimensional complex symplectic space of the Weil-Deligne

Wi
representation 7, : Wg, x SL(2,C) — GL2(C) corresponding to pr,,|cq,, and let V' = IndW;@f Ty,0s
where 7, , : Wk, — C* is the character corresponding to x,, |Gy, -

In particular, there is an isotropic basis {e1, e} for V' stable (as a set) under Wi, . Suppose for contradic-
tion that I C W ® V is a Wy, x SL(2, C)-stable isotropic plane. Because v is inert, [ # W @ e;, W ® es.
In particular, it follows that

I={w®e +g(w)®ez, we W}

for some g € GL2(C). Then g commutes with 7, o(Wg, x SL(2,C)), hence is scalar by (2); but clearly
such an [ is not isotropic, so we have obtained a contradiction. O

Corollary 9.4.2. Let K be a real quadratic field, and let 7 be a cuspidal automorphic representation of
PGL2(Ag) with m, discrete series of weights 2 and 4, in some order, for the two places v|oco of K.
Let p be a prime and let v, : @p = C be an isomorphism such that:

(1) p is unramified in K and coprime to the conductor of .
(2) my is discrete series for some nonarchimedean place v of K, and if v is split, then 7, 2 7.
(3) p:= Indg?( D, Satisfies:
(a) p is absolutely irreducible and generic (Definition 2.7.3).
(b) There exists a prime q such that ﬁ|GQq is unramified, ¢* # 1 (mod p), and p(Frob,) has
eigenvalues {q, 1, a, q/a} with o & {il, +q, ¢2, qil}.
Then
L(m,1/2) #0 = H}(K, pr,,) = 0.
Moreover:
e [f w is non-CM and not Galois-conjugate to a twist of ™ o T, where T € Gal(K/Q) is a generator,
then the conditions in (3) hold for all but finitely many p and all choices of v,,.
o [f is non-CM and Galois-conjugate to a twist of w o T, then then the conditions in (3) hold for all
but finitely many p split in K.
e [fm has CM by a totally imaginary quadratic extension F'/ K, then the conditions in (3) hold for all
but finitely many p split completely in the Galois closure of F.

Proof. By the same argument as for Corollary 9.4.1, there exists an automorphic representation 7 of GSp, (A)
such that the base change of 7 to GL4(A) is the automorphic induction of 7. Again it suffices to show that 7,
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is transferrable, where £ is the rational prime underlying v from (2); in this case, the “moreover” assertions
follow from Lemmas C.4.5 and C.4.7, combined with Lemma 4.1.5.
Now, let W be the underlying symplectic space of the associated Weil-Deligne representation

77 : Wo, x SL(2,C) — GSp,4(C)

to pz ., |GQ4. As in the proof of Corollary 9.4.1, we wish to show that 7, does not factor through a Siegel
parabolic subgroup, so suppose for contradiction that W' contains a W, x SL(2, C)-stable isotropic plane
I. We have a Wi, x SL(2, C)-stable decomposition

W =W; @ W,

where Wi, x SL(2, C) acts on W, through the Weil-Deligne representation corresponding to pr, ., [g, —in
particular, irreducibly because 7, is discrete series. The symplectic form is nondegenerate on each of W;
and W5, so we conclude that

I'={w+{l(w): we Wi}
for some linear isomorphism ¢ : W; = Ws. This £ is necessarily Wy, x SL(2,C)-intertwining, so the
Wa
assumption in (2) means v is an inert prime. Hence W = W; ® V where V' = IndWKQe C, and the same
argument as in Corollary 9.4.1 shows again that no such I can exist. g
10. THE SECOND EXPLICIT RECIPROCITY LAW: GEOMETRIC INPUTS

10.1. Setup and notation.

10.1.1. Let D > 1 be squarefree with o (D) even, and recall the quadratic space Vp from (1.1.6). For this
section, we suppose fixed a matrix T € Sym?(Q)~ satisfying:

(T1) T € Q*\ (@)%
(T2) The two-dimensional quadratic space defined by 7' has nontrivial local Hasse invariant for some
prime ¢ 1 D.

10.1.2. Choose a base point (el el) € Qr v, (Q) (Construction 3.1.2(2)), and let
(10.1) VS = (el): C Vp, Vp=spang{el,el} c Vp, VS =ViH C V5.
Then V7 is a four-dimensional quadratic space with discriminant field F' := Q(+/T11).

10.1.3. Let K = [[ K, C GSpin(Vp)(As) be a neat compact open subgroup, and fix, throughout this
section, an element go = [], go,v € GSpin(Vp)(Ay). We write

K = gouKogy, N GSpin(V5)(Qu)
K3 = goKug5, N GSpin(VE)(Qy)
for all finite places v of Q, and K T= [[K Z for 7 = <, o. The special cycle Z(go, Vr, Vp) i factors as:
(10.2) Shyo (V) = Shge(VH) -2 Shi (Vp).
10.2. Integral models at good primes. Fix a prime ¢ t D satisfying the following:
Assumption 10.2.1.
(1) T'lies in GLa(Z(y)) C M2(Q).

(2) Thy lies in (Z\ (ZX)*) N Q.
(3) K, is hyperspecial and g, € GSpin(Vp)(Qy) lies in K.

Notation 10.2.2.
(1) Let Op C Bp be a maximal Z,-order.
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(2) The lattice Spany, (q) {elT, eQT} defines a maximal Z,)-order O C C (Vr), with the natural positive
nebentype involution.

(3) Let O C Or be the subalgebra generated by e, which is the unique maximal Zq)-order in F.

(4) Fix an arbitrary positive involution * of Op (necessarily nebentype). The Clifford involution * is
positive and nebentype on Or, and stabilizes Op.

10.2.3. Under Notation 10.2.2, we have the chain of embeddings of Z,-algebras with positive involutions:
(10.3) Op =< 0Op®0Op — Op ® Or.
We now use (10.3) to describe g-integral models for the cycles (10.2).

Construction 10.2.4. Using Corollary 1.3.5, we fix a four-dimensional abelian scheme A, over Zq of su-
persingular reduction, equipped with:

(1) Anembedding :§ : Op @z, Or — End(Ag) ®z Z,.

(2) A prime-to-¢ quasi-polarization Ao : A9 — A such that

Lg(a)v oMdg=Ago Lg(a*), Ya € Op ® Or.

By restricting along (10.3), we also have 1o : Op < End(4g) ® Z,) and ¢ : Op ®z Op — End(Ap) ®
Z(q)- Note that (Ag, 1o, \o) is an (Op, *)-triple in the sense of Definition 1.4.2. Using Remark 1.4.5(1), we
extend this to a g-adic uniformization datum (Ag, o, Ao, ip,ipg) for (Op, *). Consider the three PEL data
with self-dual g-integral refinements:

DO = (BD ®Q C(VT)7*aH7w)> -@O = (OD ®Z(Q) Or, *,A,?/J)
D° = (Bp g F, * H, 1), 9° = (Op ©z,, Or, %, A, )
D:(BD7*7H7¢)7 .@I(OD,*,Aﬂﬁ)

arising from Ag. Also write K7 = H#q KZ for 7 = <, 0.
For ? = ¢, 0, or (}, let X be the smooth quasiprojective scheme over Z4) representing the moduli functor
M}(q? associated to 27 at level K7°.

Lemma 10.2.5. The scheme X is proper over Spec Lg)-

Proof. The biquaternion algebra Bp ® C(Vr) is nonsplit by (T2). If Bp ® C(Vr) = Ma(By) for some
squarefree d > 1, then o(d) is necessarily even. By Corollary 1.3.4 combined with Propositions 1.2.4 and
1.2.12, X¥ can be identified with the canonical (smooth) integral model of the Shimura curve attached to
By atlevel K©. The latter is well-known to be proper. (|

10.2.6. We have natural finite maps
(10.4) X0 5 X° 5 X,
defined on the level of moduli problems by

(4,09 xm) = (4,0%0pes, 0 A1)

(A,°,0,n) = (A, %ops A\, g8 - n).
Let XEQ denote the generic fiber of X ? for? = <, 0, or 0, and let Xﬁfq denote the special fiber.
Proposition 10.2.7. There are isomorphisms

X§ = Shyer (Vp)

for? =<, 0, or (), such that the generic fiber of (10.4) recovers (10.2).
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Proof. This follows from the discussion in [57, §2]; note the isomorphisms depend on our choice of ¢g-adic
uniformization datum in Construction 10.2.4. g

10.2.8. We let O be the ring of integers of a finite extension of Q,, where ¢ # p, and let w € O be a
uniformizer.

Lemma 10.2.9. For all i and for 7 = <>, o, or |, there are canonical G, -equivariant isomorphisms
H}, (Shyet (Vh)g: 0) = Hiy (X2, 0)

(BCX?) i 2

et C(ShK7(VD)Q)O) Het c(XanO)'

These isomorphisms commute with the actions of prime-to-q Hecke correspondences and with the pullback
and pushforward maps induced by (10.4).

Proof. Let RY x+O denote the nearby cycles complex on X, Since X" is smooth over Z4)» the natural
map O — RV -0 is an isomorphism. On the other hand, by [58 Corollary 5.20], the base change map

RPét(X@, 0) — RFét(XF' , RU-0)
q
is also an isomorphism, and likewise with compact supports; the lemma follows. U

10.3. Unramified Rapoport-Zink spaces.

Notation 10.3.1.
(1) Recall from Remark 1.4.5(2) that our choice of g-adic uniformization datum in Construction 10.2.4

entails a choice of isomorphism
0/ 4 -+ \i=ltr=0 ~
End (AQ, L(])]L o — VDq,
hence an inclusion V7 < Vp,. Let

V3 = Vi C Vi,

q
and
Vi, = (el)* C Vi,
(2) For each ? = ¢, 0, or ), let N’ denote the Rapoport-Zink space over Spf Zq parametrizing framed
polarized deformatlons (X, ", A, p) of (Ag[q™], 75 ® Zg, Ao), where Z(? ®Zq:0p @07 Ly —
End’(Ay[¢*]) is the induced embedding, and likewise for g, 7o. We let M denote the underlying

reduced scheme of \/”.
(3) Let ¢ : N7 =5 6* N7 be the natural Weil descent datum as in (6.1.4).

10.3.2. We have natural closed embeddings
(10.5) NC s N° s N
compatible with the actions of
GSpin(V55,)(Qq) € GSpin(V3,)(Qqg) € GSpin(Vpy)(Q,).

From the Rapoport-Zink uniformization theorem, we deduce:

Proposition 10.3.3. For each 7 = {,o, or (), let X 557 denote the supersingular locus. Then there is a

canonical isomorphism

X3 = GSpin(VR,) @)\ CSpin(Vh,) (%) x M /K7,
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compatible with prime-to-q Hecke correspondences, Frobenius action, and the maps arising from (10.4),
(10.5).

Here K7’ is viewed as a subgroup of GSpin(V}, q)(A?c) by Remark 1.4.5(2).

Proposition 10.3.4.

(1) Each irreducible component of M° or M is isomorphic to ]P% in particular, M° is a union of

irreducible components of M. !
(2) The group GSpin(Vp,)(Qq) acts transitively on the set of irreducible components of M, and the
stabilizer of each component is a paramodular subgroup.
(3) There are two GSpin(Vj q)(Qq)-orbits of irreducible components of M interchanged by , and the
stabilizer of each component is a hyperspecial subgroup.

(4) For any irreducible component A C M, we have p?(A) = (02)* ((g) - A).

Proof. See [57, §4] and [56, §4] for the structure of M and M°, respectively. OJ
Notation 10.3.5.
(1) Fix an irreducible component M (1) C M?® as a basepoint, and let K}'* C GSpin(Vp,)(Qq) be the
stabilizer of M(1).

(2) Forall g € GSpin(Vpy)(Qq)/K?, define
M(g) =g - M(1) C M.

By Proposition 10.3.4(2), this defines a bijection between GSpin(Vp,)(Qq)/ K, g) @ and the irreducible
components of M.

(3) Let F' € GSpin(Vpg)(Q,) be an element normalizing K}* such that F? = (g) and p(M(g)) =
a*M(gF) for all g € GSpin(Vpq)(Qq); such an F' exists by Proposition 10.3.4(4).

4) Let K = K(fa N GSpin(Vp,)(Qq), which is hyperspecial by Proposition 10.3.4(3).!" We also set
K° = KCKS C GSpin(V5,)(Ay).

Remark 10.3.6. By Proposition 10.3.4(3), under Notation 10.3.5 the irreducible components of M° are
labeled by M(g) and M(gF) for g € GSpin(V5,)(Qq)/ K.

10.4. Tate classes on Xz .
q
Definition 10.4.1.
(1) We label the irreducible components of X%‘ZO as Bj(g) for

(9,0) € Shre (V) x {0,1},

by defining B§(g) to be the image of (g9, M (g, F°)) under the uniformization of Proposition 10.3.3.
(2) We define the incidence map

ine™ : Hg (Xg , O(1)) = D HZ(B3(9),0(1))
(10.6) (9,0)€Sho (V) x{0,1}
= O[Shg- (V5,)]

Since the subgroup K. 4 C GSpin(Vp)(Qq) from (10.1.3) is also hyperspecial, we hope this will not produce any confusion.
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and dually
incg : O[Shxe (V5,)]** = D Hg (B5(9),0(1))
(10.7) (9:6)€Shgo (Vp,)x{0,1}
 H}, (Xg 0(1).
10.4.2. Let S° be the set of primes ¢ such that K is not hyperspecial. For the rest of this section, we shall

apply the results and notations of Appendix A, with the added superscript o for consistency. In particular,
we obtain a compact open subgroup K° = [[ Kp € CH(V3)*(Ay), where K is hyperspecial for £ ¢ S°.

Proposition 10.4.3. The integral model X° for Shio (V) extends to a smooth canonical model X° over
Spec Zq) for Shz, (Vp), with an open and closed embedding

(10.8) X° ey X°

extending the map on generic fibers. Moreover, the universal abelian variety on X extends naturally to X.

Proof. Under the condition (3) from Appendix A, this follows from the construction of the embedding on
generic fibers in [69, Proposition 2.10, Remark 2.11]. O

Lemma 10.4.4. For each i, there are canonical Gq,-equivariant isomorphisms

H}y(Shiz. (VB)g, O) = H (X3, 0)
(BCx.) ; i
et c(ShKO(VD)Q>O) Het c(Xﬁan)

compatible with those of Lemma 10.2.9.

Proof. See [69, Lemma 4.4].
O

10.4.5. The Clifford algebra C* (V5 q) is a totally definite quaternion algebra over F', whose local invariants

coincide with those of C*(V}3) at all finite places; let Q* be the Q-algebraic group of units of C (V3 )
Then by [69, Theorem 3.13], we have a uniformization

(10.9) X2 > Q1 (Q\Q(A]) x M°/K®

compatible with Proposition 10.3.3 for 7 = o. Here K% is viewed as a compact open subgroup of Q* (A‘})
using the isomorphism
VDe ®0 A(JIC ~ Vp ®o Aq
that follows from the choice of g-adic umformlza‘uon datum, cf. Notation 10.3.1(1).
We may therefore extend inc®* to a map inc’ ﬁttmg into the following commutative diagram:

inc®* o o2
HE(Xg ,0(1) 2 0 [Shie (V3,)|

(10.10) j j

v inc’ ®2
12,(X3 ,0(1) 25 0 [Shzo (V)]
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On the bottom right, the level subgroup is K° = K%K o, where K o is the unique hyperspecial subgroup of
Q*(Q,) containing K2, and by definition

Shz. (VS,) = QX (Q\Q* (As)/K°.

—~o0
Similarly, we have a map inc, fitting into a commutative diagram

D2 inc? o
O [sh= (V)| " HE (Xg ,0(1)

(10.11) j j

— 82 fne -
O[Shf{o(ng)} S HE L (Xg 0(1),

ét,c

10.4.6. Hecke actions. Recall the local and global Hecke algebras T, ’i‘;, T°5°, and T°° from (A.1.3).
We define actions of the local Hecke algebras Tg 2 Tg on H{ (X2 ,0), Hf, (X2 ,0), Hy (X2 ,0), and
q q q

ét,c
H! ()NC% , O) via the isomorphisms of Lemmas 10.2.9 and 10.4.4.
q

ét,c

Lemma 10.4.7.

(1) The maps inc®* and inc

* o -~ o .
are equivariant for T°5° and T°°, respectively.
[¢] o i o . .
(2) The maps inc® and inc, are equivariant for T°5° and T°5°, respectively, after extending scalars to

Q,

—~— Ok —~—O0
Proof. 1t is clear that inc®*, inc , incy, and inc, are equivariant for all prime-to-¢ Hecke operators, so it
suffices to consider the action of T, = T. Also, by the commutative diagrams (10.10) and (10.11), it

O3k —~—O0
suffices to consider inc  and inc,. The final reduction is that we may prove both statements of the lemma

after extending scalars to @p, since the target of inc is O-torsion-free.
Applying Lemma 10.4.4 and the étale comparison theorem, for (1) it therefore suffices to show that any
map

H2(Shz. (Vb)(C),€) = C [Shz. (V5]

which is equivariant for TS°UA4) s also equivariant for 'ﬁ';; but this is clear from the Jacquet-Langlands
correspondence and strong multiplicity one for GLy. The proof of (2) is the same. U

Definition 10.4.8. Let T € 1~I'2 = T, be the double coset operator represented by (q O) in any basis such

0 1
that K2 = GLo(Z,2).

Lemma 10.4.9. (1) The composite maps

O [Shie (V5,)] ™ 2% 12

ét,c

(Xﬁq’ O(l)) — HéQt(Xﬁq, O(l)) L O [ShKo (VDoq)]@Q
and

—~— 0%
mc

(X2 ,0(1)) = HE(Xg ,0(1)) == O [éﬂgo(VBq)} -

(—2q T5<q>1) .
T —2q

ét,c

0 [éﬁf(o(vgq)rm s, 2

are both given by the matrix
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(2) The restricted map

€

e+ (T7(a) ™ = 4¢) Hg, (X5, 0(1) "= — O [Shice (V5,)] **
has w-power-torsion kernel.

Proof. For (1), see [67, Proposition 2.21(4)]; the off-diagonal entries follow from the intersection combi-
—~— O%
natorics of M° described in [56, §4]. For (2), it suffices to prove the analogous statement for inc  due to

the commutative diagram (10.10). Let us fix an isomorphism ¢ : @p =5 C. Extending scalars to @p and
applying Lemma 10.4.7 and Proposition A.1.4, it suffices to show that

[e)

O vo rob2= — o lan o -
e’ : B, (X2 Q)™= D ry] - @, [Shi. (VB,)] 1772

€

is injective for all discrete automorphic representations 7 of C* (V) (A) such that
(Heckeg) TqOQ(q)*1 —4¢* #0on ij(o.
Now note that Frobg = (gq) on the image of
5 N @2 -
ine; : 0 [Shz. (V)| = HE (X5, 0(1));
this follows from Proposition 10.3.4(4). In particular, we have a well-defined composite map

—~ 0%

o~ o ®2 ﬁ:i So = ob2— _ inc = [&r o ®2 _
Q, {Shf(O(VDq)} try] == HE (X Q1) PO ] 2 Q, {Shf?"(VDq)} Gt

given by the matrix in part (1), which is invertible by the assumption (Hecke,).
It therefore suffices to show that
. o A 2_ _ . I — o _
dim Hézt,! (XFq’ Qp(l))FrObq lar, 174l < 2dim Qp {Shf(o (VDq)} [ )

for all 7 satisfying (Hecke,). This dimension count follows from [113, Proposition 2.25] when 7 is cuspidal;
when 7 is not cuspidal, it is clear from Proposition A.1.4. g

10.4.10. Consider the algebraic cycle class
(10.12) (X2 e H
q

ét,c

(X5.0(1)).
which makes sense by Lemma 10.2.5.
Lemma 10.4.11. There exists a special cycle Z € SC}.o(V3 o) such that

inCO*([ng 1) =(Z,2) € O [Shro(V5,)] ™.

Proof. Since [XFO | is Frobenius-invariant, it suffices to consider the first coordinate of inco*([XFO 1), which
q q

we write as inc‘{*([X%> ]). Since M is zero-dimensional, all the intersections of Xg with supersingular
q q

curves on Xz are proper. Hence inc‘f*([X%> |) is computed by
q q
(10.13) > m(gq)(9, 94)];
[(99,94)]€GSpin(V,S ) (@)\ GSpin(VS, )(A%4) x GSpin(VE, )(Qq) /K ¥Ix K

where, for g, € GSpin(Vp,)(Qq), m(gy) is the degree of the divisor NN M(g,) on M(g,) = ]P’% . In
q
particular, m(g,) depends only on the G‘:Spin(Vjé> ) (Qq)-orbit of g5. Moreover, gq — m(gq) is a compactly
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supported function on GSpin(Vé> ) (Qg)\ GSpin(V5, ) (Qq) since each point of M lies on only finitely many
irreducible components.'> Hence (10.13) is a finite linear combination of special cycles

Z(hfj), Ve N V5, VB ke € Z [Shige (VB,)]

for some elements
h) € GSpin(V5,)(Qq)\ GSpin(V3,)(Qy)/ Ky,
which completes the proof. O

Remark 10.4.12. It would not be difficult to make Lemma 10.4.11 more explicit, but it is unnecessary for
the main results.

Theorem 10.4.13. For any h € T, there exists a cycle Zph, € SCheo (Vpg» O) such that

incE[(Z5, Z,)] — (T3 — 4q%a) PhIX | € HE, (X5, O(1))

has w-power-torsion image in HZ, (X5, 0(1)).
” q

Proof. Let Z € SCo(V3 ;) be the special cycle in Lemma 10.4.11, so that
inc™*([X2]) = (2, 2),
q

and define

Zp, = (T3 = 4¢*(q)) - (T +2q) - h- Z € SCo(V,, O).
By Lemma 10.4.9(2), it suffices to show that
(10.14) inc® incg[(Zpy, Zpg)] = inco*(T;2 - 4q2<q>)2h[X§q].

By Lemmas 10.4.9(1) and 10.4.7, the left-hand side of (10.14) is
—2q To{g)~1 Z Z
02 2 o _ 02 2 2
(T3 —4q <q>)‘(Tq+2q)-h‘<T; o ) \z) =T AT R |

because the Hecke operator (g) acts trivially on special cycles. This coincides with the right-hand side of
(10.14) by Lemma 10.4.7 and the definition of Z, so the proof is complete. ([l

10.5. Pushing forward from X° to X.

10.5.1. Now let S be a finite set of primes of QQ such that K, is hyperspecial for £ ¢ .S, and let m C ’]I‘gU{Q}

be a generic, non-Eisenstein maximal ideal.
Notation 10.5.2. We denote by j the closed embedding X° — X of (10.4).

Notation 10.5.3. Let
8AJ,m,]Fq : CH2 (XFq) — Hl (Ftp Hg)t (Xﬁqv O<2)>m)

denote the local Abel-Jacobi map constructed analogously to (4.4.2).

Lemma 10.5.4. Let CH! (XIEQ )0 denote the kernel of the cycle class map CH! (X]Ifiq) — H? (X3, O(1))Frobe=1,
q
Then CH! (XE‘iq)O lies in the kernel of the composite map

; OAJ,m, .
CH'(Xg,) £ CH?(Xs,) —% H'(Fy, H3 (X5, O(2))n)-

120ne can see this using that M is locally of finite type over [F,, or more concretely from [56, §4].



130 NAOMI SWEETING

Proof. For any variety Y defined over IF,, we have the Hochschild-Serre spectral sequence:
(10.15) Ey) = H'(Fg, H,(Yy,,O(n))) = Hg”(Y,0(n)), VneZ.
Let H(Y,0(n))? ¢ H'(Y,O(n)) be the kernel of the map
H'(Y,0(n)) = H'(Y,,O(n))>=",
and let
0 H'(Y,0(n))’ — H'(Fy, B (Y ,0(n)))
be the edge map from (10.15). It then suffices to show that the map
o B d
H*(Xg,,0(1)) = H*(Xx,,0(2)) = H' (Fg, H* (X5, 0(2))m)

is trivial on H Q(ngq, O(1))°. Consider the commutative diagram arising from the functoriality of (10.15):

HE(XR,,0(1)" —%— H'(F,, Hi (X ,0(1)))

Jj* lj*

HY(XF,,0(2)° —%— H'(F,, H3,(Xg,, 0(2)))

JlOCm llocm

HY (Xg,, 0(2))% —— H'(Fy, H}(Xg,, O(2)m)-

m
Now note that the composite map
1 ° I 3 locm 3
Hét(Xﬁq7O(1)) — Hg (X5, 0(1)) — Hg (X5, O(1)m

is identically zero: indeed, the source is co-power-torsion by [74, Chapter IX, Corollary 7.15(iii)] and Lemma
10.2.9, and the target is wo-torsion-free by Theorem 2.7.5(2). In particular, the composite from the top left
to the bottom right of the commutative diagram vanishes, which proves the lemma. U

10.5.5. We now construct a map
Dss.m + OShicagera(VDg)m — Hone (Qq, He (Shic (Vo) O(2)m)

in several steps.

Construction 10.5.6. Assume (g) = 1 in T}g(,vp,o,m-

(1) Forg € SthK(l;a(VDq), let B(g) C Xz* be the image of (g%, M(gq)) under the uniformization of
q

Proposition 10.3.3.
(2) Define an action of Frob, on Shy K(ll:’a(VDq) by g +— gF. Then using Proposition 10.3.4(4), we
obtain a map

O[Shiagra(Vpg)] ™"~ = CH*(Xp,, O).
(3) By our assumption (g) = 1, the natural map gives an isomorphism

Frobg =1 ~

O[ShKQKg’a(VDq)]m - O[SthZK};’a(VDq)]m'
(4) Finally, we define the map
Dss,m O[ShKQK};a(VDq)]m - Hl(qu Hgt(ShK(VD)@a O(2))m)
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to be the composite
-1 Frob2=1 a Yrob,—
OlShycacre (Vog)lm 2 OlShgarcra (Vg)lm 7 L, O[S o pera (Vi) I~

unr

2 OAJ,m, ~
s CH(Xg,, O)n ——% H'(Fy, HE (X5, O(2))m) s Hyp(Qq HE (X, O(2))m).
X

Theorem 10.5.7. Suppose m C T(S)U{q} satisfies:

(1) m is non-Eisenstein and generic.
(2) (@) =1in TR v, 0.

Let h € TOOS ° be any element, and let C' > 0 be an integer such that w® annihilates the w-power-torsion
in H, (Xé, O(1)). Then there exists a special cycle

Zpg € SC% (Vpg, O)
such that
wc ’ Res@q 8AJvm (-7* <(TCIO2 - 4q2<q>)2 “h [XQ])> = wc ’ 85$7m(ZDq) € H&nr(@Qa Hgt<X@7 0(2))m)

Proof. Let

_ a9

7+ Shie (VB,) =2 Shycara(Vig)
be the natural map, induced by the embedding Vp;, — Vpq from Notation 10.3.1(1). In particular, we have
(10.16) §(B3(g9)) = B((9)F°), (g.6) € Shge(V5,) x {0,1}.

Then we take

Zhe= >,  mnl9lg] € SCke(V5,, 0)
g€Shgo (Vp,)

to be the special cycle provided by Theorem 10.4.13, and let
Zpq =7 (Z,) € SC%(Vpg, O)
be the pushforward. If we let
AL(Zh) = Y nle)([B5(9)] + [Bi(g)]) € CH'(XE,, 0),
g€Shgo (V3,)
then by (10.16),
assm(ZDq) =BCx (8AJ,m,qu* Clgs(ZBq)) € H&nr(@Q’ Hgt(X@v 0(2))111)-

In light of Lemma 10.5.4 and the local-global compatibility of the Abel-Jacobi map, it then suffices to show
that

cl%y(Zhy) — (157 — 4%(a))* - h- [XZ] € CH' (X}, 0)
has co-power-torsion image in HZ, (X3 ,O(1)). But this is precisely the content of Theorem 10.4.13. [
q

10.5.8. Now let 7, S, and Ej be as in Notation 4.0.1, and let p be a prime of E satisfying Assumption 4.1.1.
We set m := m , as usual.

Corollary 10.5.9. Suppose q t D is n-admissible and K is an S-tidy level structure for GSpin(Vp). Then
for any a € Testy (Vp, n,0/w™) and any h € T,

orduz A2 (q) > ordy locg 0av © Oagm (j* <(T;2 —4¢%(g))* - h- [XOD) - C,

where C'is a constant independent of n and q.
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Proof. Recall the conditions on m from Theorem 10.5.7 are satisfied by Lemmas 4.1.7 and 4.3.2. Let o’ be
the composite map

ass,m Q% n
O [SthK};a(VDq) " E— Htlmr(Q(I?Hg’t(ShK(VD)@7O(2))m) = Hyne(Qq, Trn) = Ofw",

where the last isomorphism is from Proposition 4.2.8. Then A2 (q) contains o/ (Zp,), where Zp, € SC% (Vpq, O)
is the cycle from Theorem 10.5.7, and the corollary follows. (Il

11. SECOND EXPLICIT RECIPROCITY LAW

The goal of this section is to prove Theorem 11.2.6 below.

11.1. Setup and notation. Let 7, S, and F be as in Notation 4.0.1, and fix the following data:

A prime p of E satisfying Assumption 4.1.1, with residue characteristic p.
A squarefree product D > 1 of primes in S, with o (D) even.

An S-tidy level structure K for GSpin(Vp).

A Schwartz function ¢ = ®; ¢r € S(VA ® Ay, 0)K.

0O O O O

11.1.1. Forall ¢ ¢ S, let Ly C Vp ® Qg be the unique self-dual lattice stabilized by K.

11.2. Modifying the test function. In several steps, we now construct a new Schwartz function ¢’ which
coincides with ¢ at cofinitely many primes.

Construction 11.2.1.

(1) Label the finitely many imaginary quadratic fields contained in Q(pr) = Q(prp) as E1, ..., Es for
some s > 0.

(2) Foreach1 <i < s, fix an odd prime ¢; ¢ SU{p, (1, ...,¢;_1} inert in E; such that p,(Froby,) has
distinct eigenvalues (possible a fortiori by Assumption 4.1.1(2) and the Chebotarev density theorem).

(3) Let

Xo, = {(W/) EVE@Q s x-w € (L) x-y €Ly y -y €Ly — (Zz_)?}.
(4) We define a test function
! . . 9 KI
Yy, = (61 + 1) ﬂ{(a),y)GL%szi} + ]]'{(:E,y)GinX(Zi_lLli—Lgi)ﬂXei} S S(VD ® Q&JZ) bi.

(5) Now fix an odd prime ¢y € SU{p,?1,...,¥s} such that p,(Froby,) has distinct eigenvalues.
(6) Let
@, € S(VB ® Qqy, Z)K0
be the indicator function of the set
{(m,y) €Ly : :U-:BGZ;O—(Z@XOV, x -y € LoZy,, y-yEEOZZ)}.
(7) Finally, we define

/ S
¢ =R e ® Q) ¢l € S(VE® As, 0)F.
0A£0; i=0

Lemma 11.2.2. Suppose k7 (1,; K) # 0. Then there exists a test function o € Testy (Vp,m,0O) and a
matrix T € Symy(Q)so satisfying (T1) and (T2) of (10.1.1) such that

0 Oaym (Z(T, ¢ ) k) # 0.
Moreover, for all 1 < i < s, {; is split in the quadratic field F' := Q(y/T11) and T lies in GLa(Z,)).
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Proof. Note that for 0 < i < s, ¢y, satisfies the conditions in Lemma 5.4.8. Repeatedly applying Corollary
5.6.6, we conclude <P (1, ¢'; K) # 0; i.e., there exists T' € Symy(Q)>o and o € Test (Vp, 7, O) with

a0 Oa1m (Z(T,¢") i) # 0.

By definition of Z(T', '), it follows that, for all 0 < i < s, there exists z,y € Q7v,(Qy,) such that
@21, (x,y) # 0. Now the choice of gp’fo implies that 7" is positive definite, 77, is not a rational square, and the
quadratic space defined by T has nontrivial Hasse invariant at £y t D, and this proves the first claim of the
lemma. Similarly, for each 1 <4 <'s, £; is splitin " and 7" lies in GL2(Zy,)) by the choice of . O

11.2.3. We will now assume (1, ¢; K) # 0, and fix « and T satisfying the conclusion of Lemma 11.2.2.
We choose a base point (e, el) € QT v, (Q) such that e’ el € L,, forall 1 < i < s (possible by the last
point of Lemma 11.2.2), and we adopt the setup of §10 for this choice of T', (el el'), and K; the choice of
go is postponed to Proposition 11.2.5.

Definition 11.2.4. For each ¢ split in F’ and each hyperspecial subgroup K; C GSpin(V})(Q¢), we define
a Hecke operator Ty € T as follows. Choose an isomorphism

GSpin(Vp)(Qp) ~ Gy :={(91,92) € GL2(Qy) x GL2(Qy) : det g1 = det g2}

mapping K7 to Gy N (GLa(Z¢) x GLa(Zg)). Then Ty € Z[K;\G/K]}] is the indicator function of the

double coset of
{0 £ 0
(0 1)-(0 1)) e

Proposition 11.2.5. There exists an element gy € GSpin(VD)(A}el’“"ZS}) such that, adopting the setup of
(10.1.3) and Notation 10.5.2 for this choice of gg:

(1) The compact open subgroups K; C GSpin(Vp)(Qy,) are hyperspecial for 1 <i < s.
(2) We have

Ay O 6AJ’mj* (H TZ‘ . [ShKo (VB)]) 75 O,
i=1
where [Shyco (V5)] € CH! (Shio (V) is the class of the cycle from (10.2).

Proof. By definition of Z(T,¢’)k and the assumption « 0 dagm(Z(T,¢")k) # 0, there exists gy €
GSpln(VD)(A{él’ ke }) such that

(11.1) Z = Z (H oy (9" (ef e ))) -Z(909, V1, VD) K

9=I19¢, €1 1i=1 GSpin(V5)(Qq,)\ GSpin(VD)(Qe, )/ Ke; \i=1

satisfies a.0a1m(Z) # 0. We will check the claimed properties for this choice of go. First, if ¢ ( gg_i1 (el el))) #

0, then g[feip "9y, el =el el ¢ Z(Xg_), so in particular

Ly, ﬂ@zgg e —Zegfl 1.
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On the other hand, we chose (elT, el) so that Ly, N el = Zy,el. Hence by Proposition 3.1.8, we have

ge, € GSpin(V3)(Qy,) - Ky,. In particular, we can rewrite (11.1) as
(11.2)
Z= > 11409 (el s €3)) - Z(g09, Vi, VD)
9=ITg¢, €l Ti—; GSpin(VE)(Q,)\ GSpin(V3)(Qp,)/ K¢, NGSpin(VS)(Qy,) 1=1
= . [T 0: (T ed)) - 4. Z(g. Ve N VE, VB ) e

9=I1g¢;€l1;=1 GSpin(V5)(Qq, )\ GSpin(V5)(Qe, )/ K¢, NGSpin(V5)(Qy,) =1
Again because e - el € Z(XE_), L° = Ly, 0 (VH ® Qy,) is self-dual, and so its stabilizer K} = Ky, N
GSpin(V5)(Qy,) in GSpin(V}3)(Qy,) is hyperspecial, which proves (1). To prove (2), by definition we have

0 + 1, gé 62 S Lg
oh (et 9, e5) = 1, g 'el € 671 Ly, — Ly,
0, gl ¢ 6Ly,
(11.3) Lo
0+ 1, 9& 62 e L°,
=<1, gplea € 4;71L° — L°,
07 gg_i1€2 ¢ €7j_1LO7
where -
e - e
eg = e — % 1Teip eVp
€14
Note thatey- ez € Z(X 0) because, for (el g[ileg) to lie in the support of cpzi, we automatically have e -l €
Z(Xe ) —(2})%, -e3 € Ly, ) and el - el € Z(Xm N(Z;)>.

Letyy €S (VD®Qg Z) K7; be the indicator function of L°; by our specification e € L, and Proposition

3.1.8, we see that ¢ (g,. Ley) is the indicator function of GSpin(VE)(Qy,) - K, ;.- The proposition therefore
follows from (11.2), (1 1. 3) and the following:

Claim. When restricted to {y ceVp®Qp :y-ye ZZ} , we have Tg"i . <pZ_ = (l; + 1)<pgi + 1170 go-

To prove the claim, observe first that
-
L'~L°
where L' runs over self-dual lattices in V5 @ Qy, such that
(11.4) 0;L° Cq &L, 4+ 4, L° Co L'nrLe cy L°.
Note that such a chain (11.4) uniquely determines L’ because L’ and L° correspond to the two isotropic lines
in the split two-dimensional Fy,-space L° + L'/L° N L’. We can also write the chain (11.4) as
(11.5) &Lo Cq1 L1 Co L\l/ Cq LO,

i.e. such chains correspond bijectively to isotropic lines L /¢; L° in the [Fy,-quadratic space L°/¢; L°.
Now for any y € V5 ® Qg, with y -y € Z;, we wish to calculate

TP g (y) = #{L' ~L° : ye L'}.
If y € L°, then the choices of L’ correspond to isotropic lines orthogonal to y in the four-dimensional Fy,-

space L°/¢;L°; there are ¢; 4+ 1 such lines because yL C L°/¢;L° is a non-degenerate three-dimensional
Fy,-space. Hence Ty, - @7 (y) = £; + 1 fory € L°.
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On the other hand, since any L’ ~ L° is contained in Ei_lLo, if Ty - oy, (y) # 0 we must have y € Ei_lLo.
So suppose y € £; 'L° — L°. Now, lattices L' ~ L° with y € L' (equivalently £;yy € ¢;L') are in bijection
with chains (11.5) satisfying ¢;y € Lq; since ¢;y & ¢;L°, the unique such chain is given by Ly = ¢; L° + ¢;y,
and this makes sense because ¢;y is isotropic in L°/¢;L°. We therefore conclude that 7)) - 7 (y) = 1 for
Yy € Ei_lLo — L°, which completes the proof of the claim. g

Theorem 11.2.6. Suppose  is non-endoscopic, k(1) # 0, and admissible primes exist for p,. Then there
exists a constant C' > 0 such that, for all N, there exist infinitely many admissible primes q with n(q) > N,

ordg locy mf(q)(l) >n(q) — C,

and
ordg A (q)( ) >n(q) —C.

Proof. Since kP (1) # 0, we can choose the data ¢ and K in the beginning of this section so that s (1, ; K) #

0 (where K can be made S-tidy by Lemma 4.4.7). Then fix gy € GSpin(VD)(Ayl’”"&}) as in Proposition
11.2.5, so that

S
(11.6) Qi © OpJ s (H 17, [ShKo(Vﬁ)O # 0;
i=1
equivalently, by Lemma 4.1.6, (11.6) is non-torsion. Let S° be the set of primes £ such that K7 is not
hyperspecial. Without loss of generality, we may replace O by a finite extension such that all the eigenvalues
of TOOS * actingon H 2 (Shgo (VB)@, Q) liein O;lethy, ... hy, : 'H‘OOS ° — O be the finitely many characters
that appear in the action on H; 2 | (Shgo (VD) o Q,(1))%, cf. Corollary A.2.2. Then we may choose elements
hj € Tg" such that T acts on h; H, &, 2 (Shgo (Vb)a: Q,(1))% through h, and moreover
m

> hj == on HE \(Shie (V5)g: Qp(1) e

j=1
for a constant Cyp > 0. The same argument as Lemma 10.5.4 (over Q instead of I;) therefore implies that

@, 0 O mi (HTZ [Shie (V) > Za*oaAJmJ*< (Hn) [Shzce ( VD)]>

=1

is torsion (hence zero) in H'(Q, T};). In particular, because (11.6) is non-torsion,

€= tx © DA mJx ( (H 1y, ) [Shyce VD)])

is non-torsion for some 1 < j < m. Write h := h; and h := h;. Let us fix an isomorphism ¢ : @p =5 C
inducing p. By Corollary A.2.2, we are in one of the following two cases:

Case 1. The character ¢ o h is given by the action of T°" on a global newform in an automorphic represen-
tation o of Br(A )™ unramified outside primes above S°. Moreover JL(0) = BCp/q(00) ® x where oy is

a cuspidal automorphic representation of GL2(Ag) of weight 2 and  is a finite order character of F*\A%.

Case 2. The character ¢ o h is given by the action of T°%° on the automorphic representation o o v, where
v : GSpin(V}y) — Gy, is the restriction of the norm character in (A.1.1) and x is a quadratic character of

Q\AX/v(K®).

Claim 1. In Case 1, 0¢ does not have CM by any imaginary quadratic field Ko C F(pr).
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Proof of claim 1. If so, then Ky # F', and K| is contained in the compositum of F and one of the quadratic
fields E; C Q(p,) from Construction 11.2.1; in particular, since ¢; is inert in E; but split in 7' by Lemma
11.2.2, ¢; is inert in K. It follows that tr p,,(Froby,) = 0. On the other hand, it is not difficult to compute
using the Satake transform and Theorem 2.2.1(1) that

Ty, = tr po,.(Froby,) - tr ps,, (7 Froby, 1

on a local newform in oy, where 7 € Gg projects to the nontrivial element of Gal(F/Q). Hence h - T} =
h(TZ) - h = 0, which contradicts the nontriviality of c.

Now fix an element g € Gal(F'(p,)/Q) such that:

(1) g is admissible for p, and has nontrivial image in Gal(F'/Q).
(2) ¢(g) has nonzero component in the 1-eigenspace for g for any cocycle representative of c.
(3) In Case 1 above, pao’L(QQ) has distinct eigenvalues.

This is possible by Proposition C.5.3 because c is nontorsion. Now fix constants C, C5, C'3 > 0 such that:

(1) The component of ¢(g) in the 1-eigenspace for g is nonzero modulo ww®".
(2) In Case 1 above, tr(p,,(g%)) — 4det py,(g%) # 0 (mod w*2). In Case 2, Cy = 0.
(3) w® annihilates the O-torsion in H2 i, ,(ShKo(VD) ,0).

Now fix N > Cy + Cy + C3 and let cy € H'(Q, Ty n) be the reduction of ¢ modulo =™, All but
finitely many primes with Frobenius conjugate to g in Gal(F (T n,cn)/Q) are N-admissible and satisfy
Assumption 10.2.1; let ¢ be one such and abbreviate n := n(q) > N. If a,, € Testg (Vp,w, O/w™) is the
image of «, then:

(11.7) ordg locg auy, « 0 OAT mix ( (H Té ) [Shge( VD)]> >n—(C].
We have:
Claim 2. ordh(T5? — 4¢*(q)) < Co.

Proof of Claim 2. In Case 1, we have
h(Tq02 — 4q2(q>) =tr pg’L(Frobg) — 4 det pm(Frobg) =tr pU,L(QQ) — 4det pU,L(gQ) (mod @w"),
so this follows from the choice of C5. In Case 2, we have h(T;) = (¢* + 1)x0((q)) and h((q)) = x0((q))

so h(T7? — 4¢*(q)) = (¢* — 1)*x0((g)), which is a z-adic unit because ¢ is admissible. O
Now, by Corollary 10.5.9 we have
ordz A (q) > orde 1ocg i « © Oaymjs ((T (H 1y, ) [Shice( VD)]> —C3
= ordw IOCq Qp x O aAJij* ("L(’TO2 <H TZ ) ShKo VD)]) — 03

> ordy locy a x © OAJ mis ( (H Ty > [Shxe VD)]> — C3 — ordh(T.? — 4¢°(q)).

By Claim 2 and (11.7), we conclude that

(11.8) ordg 2 (q) >n—Cy — Cy — Cs.
Since j. (k- (IT;=; T7)) [Shke(V5)]) € CH?*(Shg(Vp), O) lies in SC% (Vp, O) by Remark 3.1.6, (11.7)
and (11.8) together show the theorem. ]

In the endoscopic case, we similarly obtain:
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Theorem 11.2.7. Suppose 7 is endoscopic associated to a pair (w1, m3), such that m, and o are not both
CM for the same imaginary quadratic field. For j = 1 or 2, assume k" (I)U ) £ 0 and admissible primes
exist which are BD-admissible for pr;. Then there exists a constant C > 0 such that, for all N, there exist
infinitely many admissible primes q which are N-BD-admissible for pr;, such that

ordg loc, mf(q)(l)(j) >n(q) —C
and

orde A, (9) > n(q) = C.

Proof. By using Corollary 5.6.7 in place of Corollary 5.6.6, we can refine Lemma 11.2.2 to obtain the same

conclusion where « : H3, (Sh K (VD)g: O(2))m — Tx is required to factor through T7;. From here, the rest

of the proof follows that of Theorem 11.2.6, substituting Proposition C.5.4 for Proposition C.5.3. O
12. MAIN RESULT. RANK ONE CASE

12.1. Setup and notation. Let w, S, and Ej be as in Notation 4.0.1, and fix a prime p of Ey satisfying

Assumption 4.1.1, with residue characteristic p.

Definition 12.1.1. An automorphic representation 7w of GL4(A) is of general type if it is neither an auto-
morphic induction nor a symmetric cube lift.

For this section, we shall assume:

Hypothesis (3 ). If 7 is non-endoscopic, then BC(7) is either of general type, or a symmetric cube lift of a
non-CM automorphic representation 7y of GL2(A), or induced from a non-CM automorphic representation
7o of GLa(Ag) with K/Q real quadratic; in the latter two cases Ej is also a strong coefficient field of 7.

12.1.2. Note that, in the case when BC(7) is a symmetric cube lift, the central character of 7y is cubic; by
twisting, we will always assume without loss of generality that it is trivial.
12.2. Choosing Chebotarev primes.

12.2.1. Let L, C Endp(7x) be the underlying O-module of ad’ p, = ad’ Prp» Which is free of rank 10
over O. In general, L, ® Q, is not absolutely irreducible, even if V; is. In the endoscopic case, we also let
L., be the underlying O-module of ad® p,,, for i = 1, 2.

Proposition 12.2.2. Suppose 7 is not endoscopic. We have the following cases for L:
(1) If BC(m) is an automorphic induction of my as in Hypothesis (%), then
Ly = IndZ2 ad’ T, @ (@ ~ Indg2 T,TO) (—1).
Both direct summands are absolutely irreducible after inverting p.
(2) If BC(m) is a symmetric cube lift of wy as in Hypothesis (%), then
L. = ad® Ty, ® Sym5(Ty,)(—3),
with each summand absolutely irreducible after inverting p.

(3) If BC() is of general type, then Ly @ Q, is absolutely irreducible.

Proof. In the first case, T, exists by Lemma 2.2.19, and we have
G
T = IndG?; Tros

so the claimed decomposition follows from, e.g., the discussion in [13, §7.5.16]. For the irreducibility, if 7r8W
is the Gal(K/Q) twist, then one checks using Hodge-Tate weights that V;, % Vﬁgw ® x for any character
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x of Gg. It follows that ® — Indg% Vr, is absolutely irreducible, since if it reduces it must have a one-

dimensional constituent. Similarly, if Indg‘i ad’ Vi, is not absolutely irreducible, then ad® Vi & ad® Vﬂ(c)w,
so by Corollary C.3.7, Vi |, = Vyew|q,, for a finite extension L /K, and this is a contradiction by Lemma
C.34.

In the second case, T, exists by Lemma 2.2.18, and by definition, Ty = Sym3 T,(—1). Then we have

End(Ty) = Sym® (T}, )(—3) @ Sym*(Ty, ) (—2) @ Sym? (T, )(—1) ® O

as an O[G@]-module, and by dimension counting, L, consists of the first and third summands. The ir-
reducibility of each summand of L, after inverting p is clear because the Zariski closure (over F) of the
projective image of p,, is PGLa(E) by Theorem C.3.2.

The third case follows from Lemma C.4.3, noting that p > 3 by Remark 4.1.2. O

12.2.3. We write L, = L;/w"L, for all n > 1 and likewise for L, ,, when 7 is endoscopic. We will
be applying the results and notations of Appendix B to p, (and p,, when 7 is endoscopic), using Lemmas
8.2.1 and 8.3.7 to check the relevant assumptions. The notion of admissible primes for Notation B.2.4 is as
explained in (8.2.5) and (8.3.10). In particular, if 7 is not endoscopic and q is an n-admissible prime for p;,
let H! 1(Qq, Lrn) C H(Qq, Lr») be the subspace defined in Definition B.2.5.

Lemma 12.2.4. Suppose w satisfies Hypothesis (%) and is not endoscopic. There exists a Gg-stable de-
composition Ly = LY @ L2 such that LY ® Qp and L ® Q,, are absolutely irreducible and distinct, and
moreover, if q is an n-admissible prime:

(1) We have H*(Qq, LY ,)) + H. 4(Qq, Lrn) = H(Qq, Lrn).
(2) We have H&nr(QCN L?r,n) = Hl (Qq7 L7O1',n)'
(3) If Tx Go, = My, ® My, is the decomposition of Lemma 4.2.2, then the composite

LY, < Lry — ad” My,

is surjective.

Here Lgn = LY /@™ LY, and likewise for Ly

Proof. In case (3) of Proposition 12.2.2, the lemma is clear, taking L, = 0. Suppose we are in case (1)
of Proposition 12.2.2. Then if ¢ is admissible for p., we have tr p(Frob,) # 0 (mod w), which implies
q splits in K. Let 7" be the Gal(K/Q)-twist. Because det pr, = Xp.cyc, comparing the decomposi-
tion Trpn = Moy ® My with Tr|G, = Try © Trew shows that, up to replacing m with 75", we have

Moy, = Tryn- Now note that H? (Qq, <® — Indg?; Tﬁo,n> (—1)) = 0 because the Frob, eigenvalues on
<® — Indg?; Tm) (—1) are ¢/, a/q, a, and 1/ for some o # ¢2, ¢!, £1, +¢q. Hence the lemma holds
in this case with LY = Ind§e ad® T, and LS = (@ —Indg2 TWO) (~1).

Now suppose we are in case (2) of Proposition 12.2.2, and take LY = Sym®(T},)(—3), L2 = ad’ Ty,. If
Frob, acts on T, with generalized eigenvalues {c, 3}, then the admissibility of Frob, implies that (up to
reordering) we have 3 = ¢ and a = 32. Choose a basis for T}; such that

o?/B a“
a B
Fl"Ob — =
! B B
B/ 1
One sees immediately that the eigenvalues of Frob, on ad” T, are {1, 3, 37!}, which are all distinct from
q ' s0 Hy, (Qq, Ly (1)) = 0, and this implies (2) by local Poitou-Tate duality.

To prove (1) and (3), we use the following:
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Claim. The two decompositions into one-dimensional O /ww-vector spaces

LFrobq=1 _ (L;’l)Froqul D (Lg,l)Fmbq:l — (adO M[)J)Fmbq:l ® (adO Ml,l)FrObq:1

m,1

are both orthogonal with respect to the Killing form, and not the same.

Before proving the claim, we show it implies (1) and (3). Indeed, by (2), we can rewrite (1) as asserting
the surjectivity of

H&nr(be ado Ml,n) = H&nr((@lﬁ Lﬂ,n) N Hérd((@qﬂ LW,”) - H&nr((@ﬂﬁ L;)r,n)'

Since Frob, acts on L, with eigenvalues that are all either 1 or not congruent to 1 modulo =, this is equivalent
to the surjectivity of
(adO MLl)Frobq:l N (Lo )Froqul’

m,1
which follows from the claim.
For (3), we can take n = 1. Since Frob, acts with distinct eigenvalues {1, q, q_l} on ad’ Moy,1, and
the eigenvalues ¢ and ¢~' do not appear in L7, = ad’ Tr,, it again suffices to consider the Frob, = 1

eigenspaces. In particular, it suffices to show that (Lfl)Fr‘)bq:1 is not contained in the kernel of the map

Lirf Pa=t (ad® My 1)Fr°Pa=1_ which again follows from the claim.
Now we return to the proof of the claim. In our basis of 77, (ad0 M Ll)“"bq:l consists of the matrices
0 x
xr — . . . eps .
B ,and (ad” Mo 1)F*°Pa=1 consists of the matrices 0 . This decomposition is
0 x

plainly orthogonal for the Killing form.
Meanwhile, (L;’nl)Fmbq::l = (ad’ T',,)FroPa=1 consists of the matrices of the form

3y

-y
The decomposition LS @ LY is necessarily orthogonal for the Killing form because the form is Galois-

invariant, and the claim follows.
O

Lemma 12.2.5. Suppose 7 is not endoscopic and satisfies Hypothesis (% ). Then:

(1) The action of Gg on T} contains a scalar of infinite order.
(2) The projective image of p, is a compact p-adic Lie group with semisimple Lie algebra.

Proof. If BC(m) is not an automorphic induction, then the lemma follows from Corollary C.2.6 combined
with Lemma C.2.2(4,5). If BC(7) is an automorphic induction of the kind in Hypothesis (), it follows
from Corollary C.3.7. 0

Lemma 12.2.6. Suppose 7 satisfies Hypothesis (% ). Then:

(1) If 7 is not endoscopic, there exists a constant C > 0 such that

wCHl(Q(pW)/Q7 Lmn) ==H! (Q(px)/Q, Lw,n(l)) =0

foralln > 1.
(2) If m is endoscopic, then for j = 1 or 2 such that 7; is non-CM, there exists a constant C' > 0 such
that

wCHl(Q(Pw)/@,Lﬂj,n) ==H' (Q(pr)/Q, Lﬂj,n(1>) =0



140 NAOMI SWEETING
Joralln > 1.

Proof. We start with the non-endoscopic case. For ¢ = 0 or 1, consider the inflation-restriction exact se-
quence:

0 — H'(Q(ad’ pr)/Q, Lﬂ,n(i)GQ(adO o)) = H'(Q(px)/Q, Lan(i)) —
HomGQ(Gal(@(pﬂ)/Q(ado Pr))s L n(i)).

We claim the third term vanishes. Indeed, the G action on Gal(Q(p,)/Q(ad’ p,)) by conjugation is trivial,
so the third term is

(12.1)

Hom(Gal(Q(px)/Q(ad’ pr)), Lmn(i)GQ) =0

because the absolute irreducibility of T’ implies L (i)“¢ = 0. If i = 1, the first term is uniformly bounded
in n by Lemma 12.2.5(1), because any g € Gg that acts as a scalar z on 77 lies in GQ( ) and acts by z?
on L, (1), so the lemma is proved in this case.

For the case 7« = 0, we have Lff%(ado ) — Ly . By Lemma 12.2.5(2) combined with [30, Lemma B.1],
the first term in (12.1) is uniformly bounded in n, which proves the lemma when 7 is non-endoscopic.

Now consider the endoscopic case. Using Theorem C.3.2 to replace Lemma 12.2.5, the same argument
as above shows

ad” P

wcHl(Q(pﬂj)/@7 LT(J',’I’L) = wcﬂl (Q(pﬂj)/Q7 L7rj,n<1)) = 0
for some constant C' > 0. By inflation-restriction, it suffices to show

Homg@ (Gal(@(ﬂw)/@(ij ))7 L’Tl'j,n(i))

is uniformly bounded in n for ¢ = 0, 1. By the same argument as for the claim in Lemma 9.2.2, any Galois-
invariant group homomorphism Gal(Q(px)/Q(px;)) = Lx; (i) lies in the proper subspace on which com-
plex conjugation acts by —1; since Lr; ® @, is absolutely irreducible by Theorem C.3.2 again, this suffices
by [70, Lemma 2.3.3]. O

Lemma 12.2.7. Let L = Ly © Lo be a free O-module of finite rank with Gq action, where L; @ Q,, are
absolutely irreducible and distinct. Then there is a constant C' > 0 with the following property: for any
Gq-stable O-submodule H C L/w"L, we have

H > @ pry(H) ® @ pry(H).
Here pr; : L/w"L — L;/w"™L; is the natural projection.

Proof. Write L; ,, = L; /=™ and note that we have isomorphisms

pry(H) ad H o~ pry(H) ‘
HnN Ll,n HnN L2,n ®HN Ll,n HnN L27n

In particular, it is enough to show that any isomorphic O[Gg|-module subquotients of L; and Lo are
w®-torsion for some universal constant C. Suppose on the contrary that for all integers m > 0, there exist
submodules B/ C A" C L; with A7"/B* = A}/ B3 not w"-torsion. Rescaling, we may assume without
loss of generality that A]" has nonzero image in wL;, so by [70, Lemma 2.3.3] we know wL; C A7 for
some constant Cy depending on L and Ls.

For each m, let N;(m) be the maximal integer such that

B c oM,
which implies

(12.2) oNilm)+Co ~ B C oNitm) 1
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In particular, for A7 / B!™ not to be @™ -torsion, we must have

(12.3) Ni(m)+Cop >m

for all m. Now consider the chain of maps:

(12.4)

wCoLl/le(mH—CoLl —» wCOLl/(B{nﬂwCOLl) < AT /BT =~ AT /By < Lo/ By — LQ/ng(m)L}
The two injections in the chain have cokernel annihilated by w®®, so in particular the composite has cokernel
annihilated by ©?“°. By (12.3), after reindexing, we may assume without loss of generality that N;(m) is

increasing in m. Then by compactness of Homo (L1, L2), up to passing to a subsequence, the maps in (12.4)
fit together and give in the inverse limit a Galois-equivariant map

wCOLl — L2

with cokernel annihilated by ww?“0. This is absurd because there are no nontrivial maps L1 ® Qp = L2®Qy,
so we have a contradiction and the lemma is proved. g

Lemma 12.2.8. Suppose 7 is not endoscopic and satisfies Hypothesis (%), and admissible primes exist
for pr. There is a constant C > 0 with the following property: suppose given integers n, m and cocycles
c€ HY(Q,Trn), ¢ € HY(Q, Lym), ¥ € HYQ, Ly n(1)). Let (0%, ¢°) be the decomposition of ¢ with
respect to
HI(Q’ Lﬂ,m) = Hl(Qa L;?,m) ® H' (Qv LTOI',m)’

and likewise for 1. Then for any N > max {n,m}, there are infinitely many N -admissible primes q such
that all of the cocycles are unramified at q and:

e ordg loc, ¢ > ordge — C.

o We have

H&nr(QlP me)

H&nr((@lﬁ Lﬂ'ﬂn) N ngd((@q’ Lﬂ,m)

ordg <Resq ®, ) > ordwgoo - C.

o We have

1
1
Ordw (Resq ’(/}7 Hunr(@q7 Lﬂ',m( ))

H&nr(@w LTﬂm(l)) N Hérd(Q‘P Lﬂym(l))

Proof. By Lemma 12.2.6(1), Corollary C.2.8, and inflation-restriction, the restrictions of ¢, y, and v corre-
spond to Gg-invariant homomorphisms

) > ordy" — C.

Res(c) : Goer, ) = Trms
Res(yp) = Res(gpv) @ Res(¢°) : Go, ) = Lams

Res(v)) = Res(wo) @ Res(¢°) : GQ(TW,N) — Lz m(1)

satisfying
(12.5)
ordg Res(c) > ordg(c) — Cp, ordg Res(p?) > orde (@) — Cy, orde Res(1h”) > ordg (1) — Co

where 7 = © or o and Cjy > 0 is a constant. We combine these homomorphisms into a map
H : GQ(TW,N) — TTr,n D me D me(l).

Let pry, prq, prs be the projections onto each of the three factors.
For any g € G that acts on T’; as a scalar z, we have

O -im(H) > (9 - 1)(g — 2°)im(H) + (g — 2)(g — 2*) im(H) + (9 — 1)(g — =) im(H)
=(z—1)(z = 2%) pryim(H) & (1 — 2)(1 — 2%) pryim(H) & (2% — 1)(2* — 2) pryim(H)
O (2 — 1)(2* — 1) (imRes(c) @ im Res(y) @ im Res(v))) .
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By Lemma 12.2.7 combined with Lemma 12.2.5(1), this also implies
O -im(H) > w10 - (im Res(c) @ im Res(¢”) @ im Res(¢°) @ im Res(¢) & im Res(w°)>

for some constant C; > 0 indepedent of n amd m. In particular, by (12.5) combined with [70, Lemma 2.3.3],
there exists a constant C' > 0 independent of n and m, such that
(12.6) O - 1m(H) > wnfordw(c)JrCTw ”® wmfordw(gp@)+CL;?m @ wmfordw(wo)JrCLgm(l).

Now fix an admissible element g € G, which is possible by Lemma 4.2.3. By repeatedly raising g to pth
powers and taking the limit, we may assume without loss of generality that p.(g) has finite order coprime to
p. Choose a basis {e1, ea, €3, €4} for T with respect to which we have

Xpieye(9)
Pﬂ(g): « x|

and set My = Spang, {e1, ea}, M; = Spang, {es, e4}. Note that, by Lemma 12.2.4(3), L;? surjects onto the
direct summand ad® M, of L.
Hence, using (12.6), we may choose h € Gg,,) as follows:

(1) The ea-component of ¢(h) has order at least ord(c) — C.

x
(2) The component of p(h) in the g-invariant line v 0 C L, has order at least
0
orde (¢¥) — C.
0 0
(3) The component of ¢)(h) in the g-invariant line * 0 C Lr(1) has order at least ord (/) —

In particular, because g has finite order coprime to p, the same is also true for the corresponding components
of ¢(gh), ¢(gh), and ¥ (gh), with respect to any choice of cocycle representatives.

Now suppose g ¢ SU{p} has Frobenius conjugate to g in Gal(Q(7% n, ¢, ¢,1)). To show that g satisfies
the conclusion of the lemma, it suffices to observe that the O-modules

H&nr((@fb vam) H&nr((@‘b Lﬂ'ym(l))
H(Qq, Lagn) N Hy(Qqs L) Hiy(Qqy Len (1)) N Hy 4 (Qgy L (1))

which are both free of rank one over O /@™, are generated by the unramified cocyles

1 0 0

-1 , Froby — Lo ,

Frobg —

respectively. U
The Selmer groups in the next lemma (and the rest of this section) are the ones from Definition B.2.5.

Lemma 12.2.9. Suppose m is non-endoscopic and satisfies Hypothesis (%), and let C be the constant of
Lemma 12.2.8. If

@]—'(Qy Lw,m) =0
for some m > max {1,C}, and q, is an N-admissible prime for some N > 5m, then either:
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(1) @}"(ql)(@y Lﬂ',Sm) =0, or:
(2) For any cocycle ¢ € H'(Q, Trpn) withn < N, and any M > N, there exist infinitely many M-
admissible primes qs such that

@}—(qlqg)((@7 LTF,E)m) =0

and
ordg locg, ¢ > ordge — C.

Proof. Without loss of generality, assume (1) does not hold, and let ¢ € Selr(;)(Q, Lz 5m) be an el-
ement whose image in Selz(g,)(Q, Lr 5n) is nonzero; it follows from Lemma B.2.7(1,2) that ordee =
5m. Similarly, by Lemma B.2.8, there exists an element ) € Selz(4,)(Q, Lz 5m (1)) whose image in

Selr () (Q, Lz 5m (1)) is nonzero, and we have ordg1) = 5m. Write
=9 ®°, =97 Dy

as in the statement of Lemma 12.2.8.
Claim 1. We have ord " > 4m and ord9¥ > 4m.

Proof of claim 1. Suppose that ord " < 4m; then by Lemma B.2.7(1,2), the images of ¢ and ¢° coincide
in HY(Q, Ly ). However, by Lemma 12.2.4(2) we have

H&nr(th ) Lfr,m) =H' (Q(h ) L;)r,m)7

so it follows that the image of  lies in Selz(Q, Ly ,,); this contradicts the assumption Selz(Q, Ly ) = 0.
Similarly, if ord1% < 4m, then 1 and ¢/° have the same image in H'(Q, L (1)). However, the local
Tate dual of Lemma 12.2.4(1) shows that H'(Qy,, L3 ,,,(1)) N H},4(Qq,, Lzm(1)) = 0, so then the image

ord

of ¢ lies in Sel 7(Q, L (1)), and this contradicts Lemma B.2.8. O

By Claim 1 combined with Lemma 12.2.8, there are infinitely many M -admissible primes ¢ such that:
e ordg locy, ¢ > ordge — C.

e We have
Hl (Q L7T 5m)
ords | Resg, ¢, unr =42 7 > > ordgp” — C > 3m.
( “ H&nr(qu L7r,5m) N Holrd(Q(D? LTr,Sm)
e We have

Hlllnr(QQQ ) L7T75m(1))
H&nr(QQQ’ Lﬂ,5m(1)) N ngd(@qza er,5m(1))

ordy (Resq2 Y, ) > ordwwO —C > 3m.

Put
Sel]-—q2 (q1) (@, LTr,Sm) = Se]]—'(ql) <Q7 L7r,5m) N Sel]—'(q1q2) (Qv L7r,5m)
and
Sel}'ql (Q, L7r,5m) = Sel]:(Q, L7r75m) N Sel;(ql) (Q, LTr,5m)-
Our next claim is:

Claim 2. We have
w?;mfl Selfq2 (q1) (Q, L7r75m) = 0.

Proof of claim 2. First, we have the exact sequence
(12.7)

~ O0/w"™,

0 = Selr, (Q, Lxsm) — Sel}'(%)(@v Ly sm) = = H;rd(QIIULTE)m)
' Hord (QQI ) L7T75m) N Hunr(qu s L7r,5m)
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where the final isomorphism is by Lemma 8.2.11. Because Selr, (Q, Lz 5m) is @™ L-torsion by Lemma
B.2.7(3), but @w”" ! Selz(4,)(Q, Lx,5m) # 0 by assumption, from (12.7) we have an isomorphism of O-
modules

(12.8) Selr(1)(Q, Lrsm) ~ O/w”™ & T

where T is ™ !-torsion. In particular, for any = € Sel Fay(0)(Q, L sm), @
We conclude

m=ly = @ for some a > 0.

- n (QQ2> i 5m)
(12.9) 0 = ordg <Res (w™ lx) Hin > 3m — a,
* unr (@qQ7 T Sm) N Holrd (qua s Sm)

so a > 3m, hence @™ 1z = 0. O

Now we are ready to complete the proof of the lemma. We have the exact sequence
(12.10)

1

ord(@qzy 7r 5m) ~ O/w5m
ord(Q‘D’ ™ 5m) N Hunr(qu7 L7F75m)
On the other hand, for any o' € Selr (4, 4,)(Q, Lx 5m), we can compute the global Tate pairing

0= (¢, 1) = (¢, 1),

v

0— Selqu(ql)(Q7 L7r15m) — Sel]—'(qu]z)((@’ LTr,Sm) —

by the definition of the local conditions for F(q1¢2) and F(q1). Now, the induced local Tate pairing
O0/w™™ x O™ ~

grd(@qm ﬂ Sm) X Héfd(@‘h’ TF 5m( )) + H&nr(@qza Lﬂ,5m(1)) — O/w5m
ord(qu7 ™ Sm) n Hunr(@qza L7r,5m) ord(@fD’ T 5m(1))
is perfect, so we conclude
H,,(Q 5m)
ord Res (,0 , ord a2 Lz 5m ~ 0 w5m>
v < q2 ord(QQQ7 m 5m) N Hunr(@qza T Sm) /

x5m H! Lrsm(1
< 5m — ordy <Res,12 ’l/), ord(Q(D’ 5 ( ))+ unr(QQ2 ,5 ( ))) < o9m.

ord((@@’ s 5m(1))

In particular, the image of the final map in (12.10) is ©w>™-torsion, so we have

w5m_1 Sel;(qqu)(Q, LW’5m) =0

by Claim 2. Hence by Lemma B.2.7(1,2), Sel £, 4,)(Q, Lz 5m) = 0, as desired. O

We also have an endoscopic analogue:

Lemma 12.2.10. Suppose  is endoscopic associated to a pair (71, m2), and let j = 1 or 2. Suppose 7j is
non-CM. Then there exists a constant C with the following property: if

@]‘—(@7 Lfrj,m) =0
for some m > max {1,C}, and qi is an N-admissible prime for some N > 5m which is BD-admissible for
m;, then either:
(1) Selr(g)(Q, Lx; 5m) = 0; or:
(2) For any cocycle c € H'(Q, Tr;m) withn < N, and for any M > N, there exist infinitely many
M -admissible primes qo, BD-admissible for 7j, such that

Q}'(m(n)((@’ Lﬂ'j75m) =0
and
ordg locg, ¢ > ordge — C.
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Proof. The same argument used to prove Lemma 12.2.9 applies formally, taking L := 0 and LT? = Ly,.
When proving the appropriate analogue of Lemma 12.2.8, one uses the claim in the proof of Lemma 9.2.2
in place of Corollary C.2.8, Lemma 12.2.6(2) in place of Lemma 12.2.6(1), and Theorem C.3.2 in place of
Lemma 12.2.5(1). ]

12.3. Proof of the main results.

Theorem 12.3.1. Suppose m is non-endoscopic and satisfies Hypothesis (%), and let p be a prime of Ey
satisfying Assumption 4.1.1, such that admissible primes exist for pr . Then for all D > 1 squarefree with
o(D) even,

KP(1)p #0 = dim H}(Q, Vpy) = L.

Remark 12.3.2. To deduce Theorem C as stated in the introduction from Theorem 12.3.1, one needs the
following additional observation. Let 52 (1), C H*(Q, Tx ) be defined like <P (1), but allowing all neat
level structures, not only those hyperspecial outside our fixed set S of Notation 4.0.1: then " (1) #0 =
xP (1)p # 0. This is a consequence of Proposition 3.5.4 and Corollary 2.7.7.

Proof. Let N be a large integer to be specified later, and let M > N be the number from Lemma 1.6.3(3)
applied to T and n = N, witha = —1, b = 2. By Theorem 11.2.6, there exists a constant Cy > 0
independent of N and an M -admissible prime g; such that

ordg locg, Hg(ql)(1> > n(q1) — Co
and
orde AL, (@1) = nla1) — Co.
Because x” (1) is a free O-submodule of H}(Q, T,) by Lemma 4.1.6(1) and Proposition 4.4.6(2), we may
fix a class k(1) € kP (1), with image k2 (1) in H'(Q, Ty ,,) for all m > 1, such that
(12.11) ordy locy, k2 (1)g > m — Co
for all m < n(qy).

Claim. Suppose dim H}(Q, Vz) > 1. Then there exists a class ¢ € H}(Q,TW), with images ¢, €
H}(@, T m) for all m > 1, such that:

(1) ordgc,y, = m for all m.
(2) ordg locy, ¢ < Cp for all m < n(qy).

Proof of claim. By the assumption dim H} (Q, V) > 1, we may choose c € H ch (Q, T;) such that
(12.12) c+arP (1) ¢ wHHQ,Tx), Vo€ O.

Adjusting ¢ by an O-multiple of x”(1)y and using (12.11), we can ensure that (2) holds. By definition, we
have an injection

H'(Q,Ty) H'(Qu, Vi)
HQ.Ty) 11 HHQ,. V)

hence the quotient H'(Q, Tﬁ)/H}(Q, Ty) is O-torsion-free, and in particular ¢ ¢ wH'(Q, T;) by (12.12).
Then (1) holds as well by Lemma 4.1.6(2).

v

O

By Theorem 9.1.3 and Lemma B.3.6, there exists a constant mg > 1 such that Sel#(Q, ad" p,,,,) = 0.
Without loss of generality, we assume N > 10mg and mg > max {1, C'}, for the constant C' of Lemma
12.2.8. Now consider the following two cases:
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(O If @;(ql)(Q, Ly 10mo—1) = 0, then we choose (by Lemma 9.1.2 and (1) of the claim) an n(q1)-
admissible prime g2 such that ord locg, Cn(q) = n(q1) — C1 for a constant C; > 0 independent of
N, q1, and ¢o.

(2) If Selz(g,)(Q, Lr,10mg—1) # 0. then a fortiori we have Selr(4,)(Q, Lz 5m,) 7# 0. We choose (by
Lemma 12.2.9) an (n(q1) + 5mg)-admissible prime g2 # ¢ such that Selz(4,4,)(Q, Lz 5m,) = 0
and ord locg, Cn(q) = ordn(q1) — Cy for a constant C; > 0 independent of N, ¢1, and ¢a.

By Theorem 8.5.1 combined with Corollary B.4.3, in either case we can conclude — as long as [V is sufficiently
large in a manner depending only on 7, p, and mg — that

aq2’ir]z)(q1)(91Q2) > )\E(QI)(q1> (@)

for a constant C'5 that is independent of N, g1, and ¢2. Hence we may choose an element /ﬁf( ) (q192)0 €

mg(ql)(qlqg), with images 2 (q1q2)0 € HY(Q, Ty 1) for all m < n(qi), such that

(12.13) ordwanIQf.?l(qlqg)o >m— Cy— Cs.

We now compute the Tate pairing

(12.14) (ens mn(q192)0) = Y (en, kR (Q12)o)y = 0 € O/ ™.

v

Arguing as in the proof of Theorem 9.1.4 and using that M < n(q1), there is a constant C's > 0 so that

orde (e, K (q1a2)0)s < Cs, Yo & {q1, g2} -
By (2) of the claim, we also have
ordg(cn, f@ﬁ(qqu)O)ql < Cp.
In particular, (12.14) implies
ordy (cn, KN (q162)0) gy < max {Cp, C3} .
However, by Proposition 4.2.8, (12.13) combined with the choice of g2 implies

orde (en, kN (9162)0) g, = N — Co — Cy — Cs.

This is a contradiction if we choose N > Cy + Cy + Cy + max {Cy, C3}, and the proof of the theorem is
complete. g

Theorem 12.3.3. Suppose 7 is endoscopic, associated to a pair (71, m2) of automorphic representations
of GLa(A) (in any order), and p is a prime of Ey satisfying Assumption 4.1.1, such that H}(Q, Vip ®

Viap(—1)) = 0. Assume as well that IiD(l)gl) # 0 for some squarefree D with o(D) even. Then the
following hold:

(1) If w1 is non-CM and there exist admissible primes which are BD-admissible for pr, ,, then
dim H{(Q, Vp, ) = 1.

(2) If for each j = 1,2, there exist admissible primes which are BD-admissible for pr; », then
dim H {(Q, Vz, p) = 0.

In particular, if for each j = 1,2, 7; is non-CM and there exist admissible primes which are BD-admissible
for Prjps then
KP(1)p #0 = dim H}(Q, Vpp) = 1.

Remark 12.3.4. The existence of admissible primes which are BD-admissible for each Prjp IS considered
in Proposition C.4.11.
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Proof. Let N be a large integer to be specified later, and let M > N be the number from Lemma 1.6.3(3)
for T;,a = —1,b = 2,and n = N. By Theorem 11.2.7, there exists a constant Cy > 0 independent of N
and an M -admissible prime ¢;, BD-admissible for p,, such that
ordg locg, /ig(ql)(l)(l) >n(q) — Co

and

orde A gy (@1) = n(q1) = Co.
As in Theorem 12.3.1, we fix a class 7 (1)o € s (1)), with image 2 (1) € H(Q, Ty, m) forallm > 1,
such that
(12.15) ord locg, /{2(1)0 >m — Cy
for all m < n(q1).

Now we suppose we are in case (1) of the theorem; assume for contradiction dim H}(Q, Vi) > 1
By the same argument as for the claim in Theorem 12.3.1, we have a class ¢ € H}(Q, T, ), with images
Cm € H} (Q, T, m). such that:

(1) ordpcy, = m forallm > 1.
(2) ordlocy, ¢, < Cpforalll <m < n(qq).

By Proposition 9.2.3 and Lemma B.3.6, there exists a constant 1my > 1 such that

@}'(Qy ad" pm,mo) = 0.

Increasing IV if necessary, we assume N > 10mg. Now consider the following cases:
(1) If Selz(4,)(Q,ad” pry,10me—1) = 0, then choose (by Lemma 9.2.2) g5 to be n(q1)-admissible and
BD-admissible for p,, such that
ordg locg, ¢n(q,) = n(q1) — C1

fori constant C'; > 0 independent of N, g1, and ¢o.
(2) If Sel (4 (Q, ad’ P 10mo—1) 7 0, then a fortiori we have

@}'(qﬂ (Q7 ado T7T175m0) 7£ 0.
We choose, by Lemma 12.2.10, an (n(g1) + 5mg)-admissible prime g3 # g1, BD-admissible for 71,
such that

@}"(qﬂ]z) (@7 ad’ Tﬂ175m0) =0
and ord locg, Cn(q) = n(q1) — C1 for a constant C'; > 0 independent of N, g1, and go.

By Theorem 8.5.2 and Corollary B.4.3, in either case we can conclude — as long as N is sufficiently large in
a manner depending only on 7, p, and mg — that

8q2’f5(q1)(q1q2) D Af(ql)(ql) (@)

for a constant Cs > 0 that is independent of V, ¢, and ¢». The remainder of the proof of (1) is now identical
to Theorem 12.3.1.

Now we suppose we are in case (2), and assume for contradiction that there exists a non-torsion class
c € H}(Q, T,,) with images ¢,, € H'(Q, Ty, ) for all m > 1. By the proof of the claim in Theorem
12.3.1, we may assume ordc,,, = m for all m. Then we choose (by Lemma 9.2.2) g2 to be n(q; )-admissible
and BD-admissible for pr,, such that ord locg, Cn(qr) = n(q1) — C for a constant C; > 0 independent of
N, q1, and g3. By Proposition 9.2.3 and Lemma B.3.6, there exists a constant mg > 1 such that

@f((@7 ad’ pﬂ27m0) =0.
By Theorem 8.5.2(1) and Corollary B.4.3, we can conclude that

Opkin (@192) D AN (q1) - (@)
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for all IV sufficiently large and for a constant C5 > 0 that is independent of IV, ¢, and ¢o. The remainder of the
proof of (2) now follows the proof of Theorem 12.3.1, using that loc,, ¢y = 0 because H } (Qqy s Tryn) = 0.
O

ApPENDIX A. CoHOMOLOGY OF GSpin, SHIMURA VARIETIES

A.1. The auxiliary quaternionic Shimura variety.

A.1.1. For this section, let V' be a quadratic space over Q of signature (2,2) and nontrivial discriminant
character x. Then by [51, Appendix A], C™(V) = B ®q F' = Bp, where B is an indefinite quaternion

algebra over Q and F'/Q is the real quadratic field associated to x. We abbreviate G := GSpin(V), G =
Resr/q Bj:. Then we have an exact sequence of algebraic groups over Q:

(A.1) 1 -G — G — (Resp/gGm)/Gp — 1.

Let K = [[ Ky C G(Ay) be a neat compact open subgroup, and let S be a nonempty set of primes such

that K is hyperspecial for ¢ ¢ S. Fix a neat compact open subgroup K = II K, CG (Ay) satisfying the
following conditions:

(1) Forall ¢ ¢ S, K ¢ is hyperspecial.

(2) KN GSpin(V)(Ay) =

(3) We have v(K) N Op , = (OX NK)2, where v : G — Resr/q G, is the norm character and OF; ,
is the group of totally positive units of F'.

Such a K exists because S is nonempty. Let Sh (V) be the Shimura variety for G atlevel K.

Proposition A.1.2. Under conditions (1) - (3) above, the natural map
(A.2) Shi (V) — Sh(V)

is an open and closed embedding.

Proof. This follows from [69, Proposition 2.10, Remark 2.11]. (|

A.1.3. Hecke algebras. For a prlme ¢ ¢ S and aring R, let Ty i (resp. ']I‘g r) denote the spherical Hecke

algebra of K-biinvariant (resp. K,-biinvariant) R-valued functions on G (Qp) (resp. G (Q). If S" D S'is
a finite set of primes, then we set

T%/ = ®2€S’T€,R7 ’]Af}g%/ = ®2QS/;}\I:Z,R

When R = Z we drop it from the notation.

Proposition A.1.4. Fix an isomorphism L @p = C. Thereisa decomposition of TS -modules:
2 K
Hét'( Qan @ a1 Qan m ® @ Qva)XOV®L Hxor)®,

where Ty runs over finite parts of cuspidal, infinite-dimensional automorphic representations 7 of Bp (Ap)*
with discrete series archimedean components of parallel weight 2, and x runs over finite order characters of
F*\AY. As Gg-representations, we have

mn \ss G
et '(Sh ( )@7 @p)w/- = - IndG?; PIL(7) e
and
Hé2t'( ( )Qa@p)xou = lreC(X‘AS)(_1> @L_l reC(X’Aé) 'wF/Q(_1)7

where wrq is the quadratic character of Gq associated to F.



BLOCH-KATO FOR SOME FOUR-DIMENSIONAL SYMPLECTIC GALOIS REPRESENTATIONS 149

Proof. When By is split, this follows from the discussion in [114, §XI.2]. In the nonsplit case, the Hecke
module decomposition is clear from Matsushima’s formula, and the Galois actions follow from [59]. ]

A.15. Let/ ¢ S be aprime; then we may identify BoQ, ~ My (Qy) in such a way that K; = GLy(Op®7Z)
and G(@g) C G(Q¢) ~ GLy(F ® Q) consists of those matrices having determinant in Q. Let T'(Qy)

and T'(Qy) be the standard diagonal tori in G(Q;) and G(Qy), respectively, and let B(Qy) and B(Qy) be the
upper triangular Borel subgroups.

Proposition A.1.6. Let xo : T(Qq) — C* be an unramified character. Then (Indgg ;XO) la(q,) has a

unique K y-spherical constituent, which is isomorphic to the unique spherical constituent of Ind ( ( X0 \T(@ 0) ).

Proof. This is clear from the observation that B(Q)) - K; = B(Qy) - Ky = G(Qy); indeed, K, - (K, N
T(Q¢)) = Ky because v(T(Qy) N Ky) = v(Ky). O

It follows immediately that:

Corollary A.1.7. Let T be an irreducible admissible representation of é(@g) which is K, ¢-spherical, and
let x5z : Ty — C be the character giving the Hecke action on ’ﬂv'Kf . Then, viewing T as an admissible
representation of G(Qy), Ty stabilizes the one-dimensional space 75¢ and acts on it via the composite of

Xz with the homomorphism T, — 'ﬁ‘g determined by the Satake transform and the map of dual groups
L'Resp/q By — = GSpin(V).

A.2. Hecke action on Tate classes for GSpin,. For anautomorphic represention w of GL2(Ag), let BCg ()
denote the base change to GLy(Af).

Lemma A.2.1. Continue the notation of Proposition A.1.4.

(1) If Hg, ,( Vg @p(l))f}Q # 0, then there exists an automorphic representation Ty of GL2(Aq),
with T o discrete series of weight 2, and a finite-order character x of F*\AY, such that JL(7) =
BCF/@(WO) ® X-

(2) If H, ét, l( (V)@7@p(1))xou # 0, then X|AX = Wg/Q or L

Proof. Part(2)is obvious from Proposition A.1.4. Part (1) follows from the proof of [114, Theorem XI1.4.6(i)],
except for the assertion about 7( ; but this is clear by [3, Chapter 3, Theorem 5.1] and the archimedean
condition on 7 in Proposition A.1.4. ([l

Corollary A.2.2. The T®-module HZ ,(ShK(V),@p(l))G@ decomposes completely into a direct sum of
characters h : TS — Qp, each of which arises from the action of TS on either:

e A newform in an automorphic representation m of Brp(Ap)*, unramified outside S, such that
satisfies the conclusion of Lemma A.2.1(1).

e The automorphic character xoov of GSpin(V')(Aq), where X is either trivial or the Hecke character
associated to F/Q.

Proof. Because (A.2) is an open and closed embedding, we have a split inclusion of T*-modules

HZ \(Shi(V)g, Q,(1)) € HE \(Sh(V)g. Q,(1)

and so the corollary is immediate from Lemma A.2.1 and Corollary A.1.7. U
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APPENDIX B. RELATIVE DEFORMATION THEORY AND LEVEL-RAISING

In this appendix, we recall the relative deformation theory of Fakhruddin, Khare, and Patrikis [30] in a
format useful for characteristic zero level-raising. In the hope that this discussion will be helpful in future
work, we work with representations valued in more general groups than are needed for the main text.

B.1. Notation.

B.1.1. The group. Let GG be a smooth, split group scheme over the ring of integers O of a finite extension
E of Qy, such that the neutral component of G is a connected reductive group. Let G4 be the derived
subgroup of G. Write w for the uniformizer of O. We suppose p > 2 and G satisfy [30, Assumption 2.1].
When G = GSp, or GLs9, which are the cases relevant for the main text, loc. cit. is satisfied for all odd p.
Let d be the dimension of Lie G9°T.

B.1.2. The Galois representation. Let k be a number field, and fix a Galois representation p : G, — G(O).
For an integer n > 1, let p,, : Gy — G(O/w™) be the reduction of p, and let p := p;. Also write ad’p,
ad® Pn, and adoﬁ for the natural G-representations on Lie G LieGlr @, 0 /@™, and Lie G250 /o,
respectively. Let 3, and Y, be the set of places of k£ lying above p and oo, respectively. We will always
suppose fixed a finite set S of nonarchimedean places of k such that ¥, N.S = () and pla,, is unramified for
v & S UZX,. Wemake the following assumptions on p:

Assumption B.1.3.
(1) HO(k,ad’p) = HO(k,ad’p(1)) = 0.
(2) pis odd in the sense of [30, Definition 1.2].

(3) For all primes v € %, p|g,, is potentially semistable with regular Hodge-Tate cocharacter s, :
G, — G.

Notation B.1.4. Recall the category CNLp from (1.1.3). Letp : G — H = G/ GAer be the maximal
abelian quotient of G, and let

x:GrL5 Gco)5 HO)
be the multiplier character of p. For all primes v of k, let D, be the functor on CNL defined by
(B.1) Dy(A) ={pa: Gk, » G(A) : pa®a (O/w)=p, popa=x}.

The functor D, is represented by a universal deformation ring Ev. For v € X, let R, be the quotient of ﬁy
corresponding to potentially semistable deformations with fixed Hodge type 1, [4, Proposition 3.0.12]; for
v &Y, set R, = R,.

Our final assumption on p is:

Assumption B.1.5. For all primes v € S U Y, the point y, of Spec R,[1/w] defined by plg, : Gk, —
G(O) is formally smooth.

In particular, Assumption B.1.5 implies that y, lies on a unique irreducible component of Spec R, [1/w].
Let R, — R, be the quotient corresponding to the Zariski closure of this irreducible component. We have
the following simple criterion for Assumption B.1.5 to hold:

Lemma B.1.6. For all v, y, is a formally smooth point of Spec R,[1/w] if and only if
H°(WD(ad’ plg,, )(1)) = 0.

Proof. This is immediate from [6, Corollary 3.3.4]; note that, in the notation of loc. cit., ad WD(p|g,, ) is
by definition the Weil-Deligne representation associated to ad p|g,, . cf. [6, §2]. O
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B.2. Selmer groups and relative deformation theory. Recall that a Selmer structure F for an O[Gy]-
module M is a collection of O-submodules (the “local conditions’)
HY-(ky, M) € H (ky, M)

for all nonarchimedean'? places v of k, such that HL(k,, M) = H}

unr (Kv, M) for all but finitely many v.
The associated Selmer group is

H'(ky, M)

1 — 1 (]

Hz(k, M) = ker (H (k,M)— |U| 7}(%7 )> .

If M is finite and M’ = Hom(M, (E/O)(1)) is the Cartier dual, then H!(k,, M) and H'(k,, M’) are

dual under the local Tate pairing. The dual Selmer structure F* to F is the Selmer structure for M’ defined
by the orthogonal complement local conditions.

Proposition B.2.1. Let v be a nonarchimedean place of k. There exists a nonempty open setY, C Spec R, (O)
containing the point corresponding to plg, , and a collection of submodules Z,, C Z YGy,, adopr) with
the following properties.
(1) Zy, is free over O /w" of rank dim Spec Ry[1/w] (= dg if v & ¥p).
(2) LetY,’ be the image of Y,, in Spec R,,(O/w"™) and denote by go}fjr 1Y) . — Y, the reduction maps
forn,r > 1. Then given ro > 1, there exists ng > 1 such that, for alln > ng and all 0 < r < rg,
the fibers of (piT are nonempty principal homogeneous spaces for Z,. ,,.

(3) The natural O-module maps adopr —» adopr,l and ado,or,l — adopr induce surjections Z,, —
Zy—1,v and inclusions Z,_1 o < Zy .
(4) Z,., contains all coboundaries in Z'(Gy,,ad"p,.).

Proof. See [30, Proposition 4.7]. O

Remark B.2.2. Although Y, C Spec R,(O) is not uniquely determined by the properties in Proposition
B.2.1, the property (2) shows that Z,.,, depends only on p|g, ~(consider the fiber over p,|g, for large n).

Definition B.2.3. For all n > 1, we define a Selmer structure F for ad® p,, by

im (Znﬂ, — Hl(kv,ado pn)) , veSUL,,

HY(ky,ad’ p,) =
Flko, ad"pn) {H&m(kv,adopn), vE SUS,U e

Notation B.2.4. Now suppose given a set  of finite primes g of k called admissible, and, for each ¢ € Q,
a quotient Rgrd of R, with the following properties:

(D) Rgrd is formally smooth of dimension dg.
) Rf;rd is stable under the conjugation action by
ker (G(O) — G(O/w)).
We also suppose Q N (S UX,) = 0.

Definition B.2.5.
(1) Aliftry : Gy, — G(A) of ﬁ]qu, for a complete local Noetherian O-algebra A, is called ordinary if

the corresponding map R, — A factors through Rgrd.

(2) For an admissible prime ¢ € 9, a global lift 7 : G, — G(A) of p is called g-ordinary if 7-|qu is
ordinary.

(3) For g € 9, we say q is n-admissible if p,, is g-ordinary.

B3Since p # 2, for all v|oo we have H* (k,, M) = 0.
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(4) If g is n-admissible, then we define Zgrd(qu, adopn) c Z 1(qu, ad’ pn) as the relative tangent
space to Spec R;’rd ®o O/w™ at the point corresponding to pn\gkq. Let

H) (kcp ad" pn) = Im (Zérd(ka ad’ Pn) — ' (kqa ad" Pn)) )

ord
andlet H' ,(ky,ad® p,(1)) € H'(ky,ad" p,(1)) be the orthogonal complement of H' ,(ky,ad” p,).

(5) If Q is a finite set of n-admissible primes, then we define a Selmer structure F(Q) for ad’p,, by

H}-'(kvvadopn% v QQ,

H (g (kv,ad’p,) =
7o) pr) {ngd(kq,adopn), v=9qc8

(6) If Q is a finite set of n-admissible primes, then we define the relative Selmer groups by
Selz(g)(k,ad’p,) = Im (Selx(g)(k,ad’p,) — Selz(g)(k,ad"p))
and, dually,
Selz(g)(k,ad’pn (1)) = Im (Selz(g) (k,ad’pn(1)) = Selzg)-(k, ad’p(1))) .

Proposition B.2.6. Suppose q is n-admissible.
(1) Z}.4(Gh, ad®p,,) is free of rank dg over O /w™ and contains all coboundaries.
(2) Forall1 < r < n, the natural maps ad® p, — ad® p,_, and ad® p,_; — ad® p, induce surjections
VASI(C ad’p,) — Z3.4(Gr,, ad® p,_1) and injections Z}4(Gr,, ad’p,_1) < Z3.a(Gr,, ad® p,.).
(3) Let Yy 0ra C Spec Rgrd(O) be the set of points reducing to Pn‘qu modulo @™, and let Y7 be

m,n,ord
the image in Spec Rgrd(O/wm)for allm > n. Then for any 1 < r < n, the fibers of Y,?
q

m,n,0r

~+r,n,ord -
4 are nonempty principal homogeneous spaces over Z érd(G kg ad’ or).

Proof. Parts (1) and (3) are immediate from the conditions on Rgrd in Notation B.2.4. For (2), it is clear
from the definition that

Z;rd(quv ad’ pT—l) 2 Im (Zérd(qua ad’ Pr) — Z;rd(ka ad’ pT—l)) )
and equality holds by (1) and counting. A similar argument shows the compatibility with

Z1(Gy,,ad’ pp—1) = Z'(Gy,,ad" py).

Lemma B.2.7. Let Q be a finite set of n-admissible primes. Then:
(1) Forall a,b > 0 with a 4+ b < n, there are natural exact sequences

0 — Selr(g)(k,ad’pa) — Selr(g)(k,ad’pass) — Selr(g)(k, ad’py)
and
0 = Sely(g)- (k;ad’pa(1)) = Selr(g)- (k, ad’pats(1)) — Selr(g)-(k, ad’ py(1)).
(2) The exact sequences in (1) identify
Sely(g)(k; ad” pa) = Selr(g) (k, ad’ py) [
and
Sely(g)- (k; ad” pa(1)) = Selr(g)- (k, ad’ p,(1))[w?]

Jorall a < n.

(3) If@]:(g)(k‘, adopm) = 0 for some integer m < n, then for all m’ withm—1 < m’ < n, the natural
map induces an isomorphism

Sely(g) (K, ad’pm—1) = Selz(g)(k, ad’ ppy).
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Proof. Using Proposition B.2.6(1,2), the first part is [30, Lemma 6.1], except for the injectivity on the

left, which follows from Assumption B.1.3(1). Part (2) is a corollary of (1), because the kernel of w® :
Selr(g)(k, ad’ p,) — Selr(g)(k, ad® p,) coincides with the kernel of Selr(g)(k, ad’ p,) — Selr(g)(k, ad® pp_a),
and likewise for dual Selmer groups. So we show (3). For any m’ with m — 1 < m’ < n, the map

Selz(g)(k,ad’pp) — Selz(g)(k, ad’p)
factors through Sel 7o)k, ad® Pm ), hence vanishes; in particular, we have an isomorphism
Sely(g)(k, ad’ppr 1) = Selr(g) (k, ad’ )

by (1). The claim follows by downwards induction on m/.

Lemma B.2.8. Suppose Q is a finite set of n-admissible primes. Then for all m < n,
dimg /o Selz(g)(k, ad’p) = dime o Selz(g)- (k, ad’ pn (1))

Proof. Thisis [30, Lemma 6.3]. Note that the local conditions are balanced in the sense of loc. cit.: forv &€ Q,
this is [30, Proposition 4.7(3)], and for ¢ € Q the same calculation applies by Proposition B.2.6(1). t

Remark B.2.9. The proof of [30, Lemma 6.3] uses Assumption B.1.3(1).

Definition B.2.10. For any finite set of primes Q disjoint from SUY,,, we define the Shafarevich-Tate groups:

(B.2) I3 (k,ad’py) =ker | H* (K592 /k,ad’py) = [ H?(kv,ad’ps)
veESUE,UQ

and

(B.3)  MI4(k,ad’pn(1)) =ker | H' (k52 /k,ad%pn(1)) » [ H'(kw,ad’pn(1)) |,
vESUT,UQ
forall n > 1.

Lemma B.2.11. Suppose given a finite set Q of n-admissible primes such that
@_}:(9) (k, adopn) =0.

Then the natural map
1113 (k, ad"p) — 13 (k, ad’p,)
is identically zero.

Proof. In the commutative diagram

1} (k, ad®p, (1)) ———— LITh (k, ad’p(1)

l l

Sel]:(g)* (k’, adopn(l)) — Sel}'(g)* (k, adoﬁ(l)),

the bottom map is identically zero because @f(g)* (k,ad’p, (1)) = 0 by Lemma B.2.8. Hence the top map
is identically zero as well. But by global Poitou-Tate duality, the top map is canonically dual to the map
13 (k, adp) — T11% (k, ad’p,,),

so this shows the lemma. O
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Theorem B.2.12 (Fakhruddin-Khare-Patrikis, [30]). Fixm > 1. Then there exists a constant ng = no(m, p) >
1 with the following property. For any N > ny, if Q is a finite set of N-admissible primes and
@}'(Q)(kv adopm) =0,
then there exists a representation
pL: Gy — G(O)

satisfying:

(1) p=p? (mod wVN—m+1),
(2) p? is unramified outside S U Y,UQ.
(3) Forallv € SUZX,, the points of Spec R,[1/w] corresponding to p9|Gkv and plg,, lie on the same

irreducible component.
(4) Forall q € Q, p? is g-ordinary.

Proof. For all primes v € SUZY,, apply Proposition B.2.1 with 7y = m to obtain an integer ng,, and a subset
Y, C Spec R,(O). Then let
ng = max {maxvegugp {nop} +m, Qm} )
We construct p2 as the inverse limit of representations p : G — G(O), compatible under reduction
maps, with the following properties for all n > 1:
(i) Forallv ¢ SUX,U Q, P§|Gku is unramified.
(ii) Forgq € Q, p%]gk,q is ordinary.
(iii) Forv € SU X, p%\gkv lies in the set Y, (cf. Proposition B.2.1(2)).
This suffices because Y,, C Spec R, (O) C Spec R, (O) and Spec Rf,’rd(O) C Spec R4(O) are both closed

in the w-adic topology, for all v € S U X, and ¢ € Q. The representations p2 are constructed inductively,
but, when constructing p 1, we will allow ourselves to modify the representations

o} Q o}
Prn—m+2>""" s Pn—15Pn-

The base case of the induction is p% = py forn < N.

For the inductive step, first fix local lifts p2 110 0f pL la,, forv € SUX,UQ, with the following property:
if v € SUX, then p2,,  liesin Y, ), and if v = ¢ € Q, then ,0%“7‘7 lies in Spec Rgrd(O/w"+1).
Such choices are possible by Proposition B.2.1(2) and the formal smoothness of Spec Rﬁ;rd. Now let ¢ €
H?(kSY%rY2 /[ ad®p) denote the obstruction class defined by choosing a set-theoretic lift

Py Gk sus,ue — G(O/=" )
of p2; we have
(B.4) c € 3 (k,ad"p)
since the local lifts ps, | , existforallv € SUY, U Q.

Then by Lemma B.2.11, c has trivial image c,,, in Iﬂé(kr, adopm). But, becausen—m-+1> N—m+1 >

m, Cp, is precisely the obstruction to lifting pf_m 1 modulo @™ *!. Thus we may choose a lift
ﬁ%ﬂ : Gsus,ue — G(O/w"H)
with
P21 = s (mod @),
For each place v € S UQU X, comparing piL., Gy, tO p2 11,0 as lifts of el +1lay, produces a collection
of local classes

1 aO
(e J[ gy tthe

1 0 :
vESUQUE, HI(Q) (Ko, ad”pm)
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Now consider the commutative diagram with exact rows coming from the Poitou-Tate long exact sequence:
()

loco, H' (ky,adprm,
H (k5999 [k, ad’pm) —"= T],es00us, H}T(;)(kf,ad%pzn) Selz(g)-(k, ad’pm(1))"

| | j

locm 1 H(ky,ad® pyr—
H' (k5999 [k, ad’pr1) —= Tl,es00us, H}T(;)(kf,ad%pmi)l) Selz (g (k, ad’pm—1(1))",

where the superscript \V denotes Pontryagin duality. The injectivity of the rightmost map, or equivalently the
surjectivity of its dual Sel r(g)« (k, ad®pp_1(1)) — Sel () (K, ad®p,,(1)), follows from Lemma B.2.7(1),
Lemma B.2.8, and the vanishing of Sel (o) (k, ad" o).

Our next claim is that the image of ( f,) under the central vertical map of (x) lies in the image of loc,,,—1.
Indeed, because ,0% satisfies (i)-(iii) above, it follows from Propositions B.2.1(2) and B.2.6(3) that the image
of (f,) coincides with the image of the global cocycle formed by comparing 5 11 (mod ™) and p2 as lifts
of ngm +1- Then because the rows of (x) are exact, we conclude that ( f,) lies in the image of loc,,. Picking
a preimage, we may then modify p2 1 to arepresentation p), | : G, — G(O/w™ ) with

/ — 9 n—m+1
Pn+1 = Pn—m+1 (mOd w )

Properties (i)-(iii) hold for pﬁl 11 by Propositions B.2.1(2), B.2.6(3) again. To complete the inductive step,
we set pff_H ‘= py, 41 and relabel p%_m+2, cee p% to be the reductions of p/, ;. g

B.3. Relation to Bloch-Kato Selmer groups.

Notation B.3.1. Let E;ris C X, be the set of places v|p of k such that p|g, is crystalline. For v € E;ris,
we write Rffis for the crystalline quotient of R, (constructed in [4]).

Remark B.3.2. Recall that Spec R%[1/w] is a union of irreducible components of Spec R,[1/w]; in
particular, R, is a quotient of R, and Spec RS"S[1/w] is equidimensional of the same dimension as
Spec R,[1/w@].
Definition B.3.3. For all finite places v of k, and all » > 0, define

Zﬁi} - Zl (Gkv ) ado Pr)
to be the subspace of cocycles c corresponding to lifts p. : Gy, — G(O[e]/(e?,@"¢)) such that the corre-
sponding map f. : R, — Ole]/(¢?,@w"¢) factors through R, (resp. RS) if v ¢ Egris (resp. v € E;ris). In
particular, Z1% = Z'(Gy,,ad’ p,) if v & 5.

Proposition B.3.4. Fix a place v of k.
(1) Forallr > 1, we have Z,, C Zﬁi}
(2) The cardinality of Zﬁevl /Zy. is uniformly bounded in 7.

Proof. Let I C ]A%U be the kernel of the map to R, (resp. RgriS) ifv & E;ris (resp. v € Egris). For (1),
suppose given a cocycle ¢ € Z,.,, which corresponds to a lift

fe: R, — Ole]/(*, @"¢)

of the map f : RU — O determined by p|c, . Because c € Z,.,, for all n sufficiently large the map

Ro 15 0[¢/(2, " ¢) =7 0 )t
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factors through ﬁv /I; hence
fo(I) C (@™ =€) N (€) in Ole]/ (2, @"€)
for all n sufficiently large. We conclude f.(I) = 0, hence c lies in Zﬁﬁ},

For (2), letp C R} be the kernel of f, and note that Zﬁfl is canonically identified with

HomO(p/(p27 I)v O/wr)
Since R, is Noetherian, p/(p%, 1) is a finitely-generated O-module, hence
lgo Z,{'i} = r-ranko(p/(p%, 1)) +O(1)

as 7 varies. But because p|, ~defines a formally smooth point of Spec R,[1/w], the O-rank of p/(p?, I) is
also dim Spec R, [1/w] (which equals dim Spec RS"8[1 /o] for v € Egﬂs). Moreover

lgo Zr» = rdim Spec R, [1/w]
by Proposition B.2.1(1), so (2) follows.

which proves (1).

Proposition B.3.5. For all places v of k, let
H}:(kva ad’ P) = I'&HH}-‘(kv: ad’ pn) C Hl(km ad’ p)'
n
Then we have
Hx(ky,ad’ p) @0 E = Hf(ky,ad” p @0 E).
Proof. Suppose first that v € 3,,. Then
dim H' (ky,ad’ p ®o E) — dim Hj (ky,ad’ p @0 E) = dim H°(k,,ad’ p(1) ®0 E) = 0

by the local Euler characteristic formula, local duality, and Lemma B.1.6 (under Assumption B.1.5). By
Proposition B.2.1(1,3), we also have

dim Hx(k,,ad’ p) @0 E = dg — dim H%(k,,ad’ p @0 E)
= dim Lie GY* @ E — dim H°(k,,ad’ p @0 E)
= dimH}(k‘U, ad’ p @0 E),

and the proposition follows.
Now we consider the case v € X,,. By Proposition B.2.1(1), we have

dim H¥(k,,ad’ p) ®o E = dim Spec R,[1/w] — dimad® p ®o E + dim H%(k,,ad’ p @0 E)
= dim Dyg (ad® p ®0 E)/ Fil’ Dgr(ad® p @0 E) + dim H’(k,, ad’ p @0 E),

where the latter equality is by the proof of [6, Theorem 3.3.2] and by Assumption B.1.5. In particular, by [9,
Corollary 3.8.4], we have

dim Hz(ky,ad’ p) ®0 E = dim H}(ky,ad’ p ®0 E).

It therefore suffices to show that H}(k‘v, ad’ p®o E) C Hx(ky,ad’ p) @0 E.
By Proposition B.3.4, we have

(lim Z,,) ®o E = (m Z;5) ®0 E C Z'(Gy,,ad’ p @0 E).

In particular, by the definition of Z}fﬁ}, H }(kv, ad’ p)®o E consists of cocycles ¢ such that the corresponding

G-valued deformation p. of p to E [e] /(€?) is crystalline (resp. potentially semistable) with Hodge type fi,
if v € X* (resp. v € X, — X7°). By [4, Proposition 2.3.2], it suffices to check this condition for
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the representation o o p. : Gy, — GL,(Ele]/(¢?)) obtained by composing p. with any faithful algebraic
representation o : G — GL,, .

Consider the case when v € X, — E;ﬁs. Suppose given a cocycle c € H }(kzv, ad’ p ®o E); a fortiori, ¢
lies in the kernel of the map

H'(ky,ad’ p®0 E) — H'(ky,ad’ p ©0 Bar),
hence the cocycle corresponding to the deformation o o p, of ¢ o p lies in the kernel of the map
H'(ky,ad’(o 0 p)) = H (ky,ad’(0 0 p) ® Bygr).

In particular, o o p. is potentially semistable by the argument of [2, Lemma 1.2.5], and this completes the
proof. When v € 37, an analogous argument applies, using that c lies in the kernel of the map

Hl(k‘v, ad’ P Xo E) — Hl(k'vy ad’ Je) Bcris)
by definition of H}(ky,ad’ p @0 E). O

Lemma B.3.6. Suppose H}(k, ad’ p ®o E) = 0. Then for all n sufficiently large,
Selr(k,ad’ p,,) = 0.

Proof. First consider the Selmer structure F for ad” p defined by the local conditions H }(kij, ad’ p) in
Proposition B.3.5 (which one can check are the unramified ones outside S U X))).

Claim. We have Selz(k, ad" p) = lim Selr(k, ad’ p,).

Proof of claim. Set Z,, = lemr(Gkv,adO pr) for all finite v ¢ S U X, and set Z, = mn Zp,p for
all finite v. It follows from Proposition B.2.1(1,3) and a direct calculation in the unramified case that
Zl(Gkv,adO p)/Z, is torsion-free and Z,, ,, is the image of the map Z, — ZY Gy, ad® pn) foralln > 1.
Then the claim follows from [76, Lemma 3.7.1]. ]

Now we return to the proof of the lemma. By Proposition B.3.5, the assumption H} (k, ad® p @0 E)=0

implies that Sel=(k, ad® p) is torsion, hence trivial because H'(k,ad’ p) is w-torsion-free by Assumption
B.1.3(1). So by the claim, we have

lim Sel(k, ad’ p,) =0,
which implies
l'&n@;(k, ad® p,) = N,.Selz(k,ad” p,) = 0.
Hence Selz(k,ad’ p,) = 0 for n sufficiently large. O

B.4. Controlling congruences for level-raised representations.
Definition B.4.1. (1) For each place v of k, we define
Cy = sup # (Z;?J/Zr,v) )
T

which is finite by Proposition B.3.4.
(2) If Q is a finite set of n-admissible primes for some n > 1, define a Selmer structure F (5.2)1”31 for
ad’ p,, by

im (Z5eL — H'(ky,ad’ pn)), v E€SUL,

H: ret (Ko, d° n) =
F(Q) (v, ad"pn) {H}:(Q)(kv,adopn), otherwise.
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Proposition B.4.2. Let Cy =} c g5 Cv, where C., is as in Definition B.4.1. Then

180 Sel gy (k, ad” pn) < lgo Selz(g) (k,ad’ pn) + C1
Jorall n > 1 and all n-admissible Q.

Proof. This follows from the exactness of the sequence
Ho(ko,ad’py)
H(ky,ad’py,)

(B.5) 0 — Selr(g)(k,ad’py) — Sel gy (k,ad’0p) =[]
veESUL,

O

Corollary B.4.3. Fix ¢ > 0. There exists a constant Co > 0, depending only on c and p, with the following
property: for alln > m — 1 > 0 and all n-admissible Q with |Q| = c,

Selr(g)(k,ad’ pr) = 0 = 10 Selz(gyei (k, ad’ pp) < Co(m — 1) + C1,

where C' is the constant in Proposition B.4.2.

Proof. By Lemma B.2.7(3), if @;(9) (k,ad’ p,,) = 0 then
@™ Selz(g) (k,ad” p,) = 0.
Hence
lgo Sel;(g)(k, ad’ pn) < (dimo/w Self(Q)(k:, ad® pn)[w}) (m—1)

= (dimo/w Selr(g)(k, ad’ p)) (m—1)
(B.6)
' (kqa ad’ p)

———— | (m—1);
I-I]l_-(kq,ad0 )

< | dimp, Selx(k, ad’p) + Z dimg /o
qeQ

in the second line we have used Lemma B.2.7(2). By the local Euler characteristic formula, dimg /o, H I kq, ad’p)
is uniformly bounded in g, so (B.6) becomes

(B.7) lgo Selz(g)(k,ad’ p,) < Co(m — 1)

for a constant C depending only on ¢ = |Q| and p. Combined with Proposition B.4.2, this proves the
corollary. (|

Notation B.4.4. Let X be a finite set of places of k.

(1) Let A € CNLg. Alift ps : G, — G(A) of p is called X-good if:
(i) p o pa = x (notation as in Notation B.1.4);
(ii) pa is unramified outside S U X, U Yo U X;

(iii) For.all v E Egris (resp. v € Xp — Z;’;ris), the map R, — A defined by pala,, factors through
RS™S (resp. Ry).
(2) Let D%Obal be the functor on CNL defined by

DEPN(A) = {pa: Gy — G(A) : pa©4 (O/w) =pand p4 is S-good} / ~,

where the equivalence relation is ker (G(A) — G(O/w))-conjugacy. By (the same argument of)
[25, Proposition 2.2.9], Dg obal i represented by a global deformation ring which we denote R*>.
(3) Now suppose ¥ = Q for some finite subset @ C 9. Let Dg_%?jl C Dg(’bal be the subfunctor
consisting of deformations which are g-ordinary for all ¢ € Q. By (the same argument of) [25,
Proposition 2.2.9], Dgl_(gigl is represented by the Q-ordinary quotient of R®, which we denote Rg.
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(4) Given a homomorphism fg : Rg — O, define the congruence ideal
(B.8) Nfy = fo(Annp, (ker fg)) C O.

Lemma B.4.5. Let m > 1 be an integer. Then we may choose the integer no(m, p) > 1 in Theorem B.2.12
such that the following holds: suppose n > ny(m, p), and Q is an n-admissible set such that

@]:(9) (adopm) =0.
Let fg : Rg — O be the homomorphism corresponding to the representation p? from Theorem B.2.12. Then

orde M fo < lgosel]:(g)rel (adopn_m+1).

Proof. Let ny(m, p) > 1 satisfy the conclusion of Theorem B.2.12, and let C; be the constant from Propo-
sition B.4.2. We set ng(m, p) := max{ni(m, p),C1 +2m — 1}, and check the claimed property. Write
I = ker fg. We have

Fittp,(I) C Anng, (1),
so by base change for Fitting ideals,

Fitt g, /r(1/1°) C ny-
Because Rg /I = O, it therefore suffices to bound lg, /1.

Now note that O-module maps /I — O/w*, for any integer s > 1, are canonically in bijection with

lifts Rg — Ole]/(¢?, w®¢) of fg. Taking s = n —m + 1 and using that p2 = p (mod " ™*+1), such lifts
are in bijection with classes in Sel r(gyrei (K, ad’p,_m1). Hence

(B.9) Homo (1/1%,0/@" ™) 2 Sel z(gyrar (k; ad” pp—m+1)-
Now, by Lemma B.2.7(3), Sel;(g)(k,adopn_mﬂ) is @™ !-torsion. In particular, (B.5) shows that

Selz(gyrei (K, ad®py_mi1) is @™t~ L torsion, hence a fortiori @™ ™-torsion. Since I is finitely gener-
ated over Rg, we conclude that /12 is o™~ ™-torsion.
Thus
lgo I/1? = lgo Homo (I /17,0 /="~ 1),
and the lemma follows from (B.9). [l

We remark that essentially the same argument shows:
Remark B.4.6. The map fg : Rg — O is an isomorphism if and only if Sel gyra (, ad’p) = 0.

Definition B.4.7. Let g be n-admissible. We say that g is standard if:

(1) There exists a representation 7, : G, — G (O) which is both ordinary and unramified.
(2) For all m < n, both
H&nr(kqv adopm) + ngd(kqv adopm)
H&nr(kqv adopm)

and
Htllnr(kqv adopm) + H;rd(kqv adopm)

H;rd(k;fﬂ adopm)

are free of rank one over O/w™.

Lemma B.4.8. Fix an integer m > 1 and let ny = no(m, p) be the integer of Theorem B.2.12. Let n >
max {ng, 3m} be an integer and suppose given a finite set Q of (n+m)-admissible primes and two additional
n-admissible primes p,q & Q, such that:

(1) q is standard and not (n + 1)-admissible.

(2) @F(Q)(ka adopm) = @}'(qu)(ka adopm) =0 but Q}'(Qq)(k@ adOPmel) # 0.
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Then the representation p2P constructed in Theorem B.2.12 is ramified at p modulo w™™.

Proof. Let p2 and p29° be the representations afforded by Theorem B.2.12, so that p® = p (mod w"*!)
and p29% = p (mod w" 1. Modulo @w"*™, p2 and p29° differ by a cocycle ¢ € H'(k,ad’poy,_1).
(This make sense because 2m — 1 < n —m + 1.) Also let d € Selx(gq)- (k, ad®pam_1(1)) be an element

whose image in Sel (g (k, ad’pam—1(1)) is nonzero, which exists Lemma B.2.8. By global Poitou-Tate
duality, we have

(B.10) > e d)y =0,

where (c, d), is the local Tate pairing. By Proposition B.2.1(2) and by the choice of ng, loc, ¢ lies in
H ]Ir(gq)(kv, ad®pa,_1) for all v # p, q. In particular,

(B.11) (c;d)p #0 <= (c,d)q # 0.
Our next claim is that:
(B.12) (e, d)q % 0.

Indeed, Res, cliesin HY, (kq, ad’ porm—1)+HL 4 (kq,ad®p2m,—1); one can see this by comparing both p2 fes
and p29P |qu to the representation 7, in Definition B.4.7(1). Because g is not (n + 1)-admissible, p2 is not

+1

ordinary at ¢ modulo w" ™", so

H&nr(km ado me—l) + ngd(kqv ado sz—l)
Hy, o (kg, ad” pom—1)

is nonzero modulo ™. On the other hand,

~ 2m—1
Resg c € ~O/w ™

H} (kg, ad®p2m—1(1))
H (g, ad® popm—1(1)) N HY,, (kq, ad® pom—1(1))
 H] kg, ad%pam1(1)) + Hypy (kg ad® pom-1(1))
B H (kg,ad® popm-1(1))

is also nonzero modulo @™. Otherwise, the image of d modulo @™ would lie in Sel (g)- (k, ad®p, (1)),

Resy d €

%O/w2m71

which contradicts the assumption that @;(9)* (k, adopm(l)) = 0. Since local Poitou-Tate duality gives a
perfect pairing
Hlllnr(kq’ adopszl) + H(%rd(k‘ﬂ adopszl) X ngd(kqa adOPmel(l))
Hérd(kq’ adOPQm—l) ngd(kq’ a“dome—l (1)) N Hulnr(kfh adOPZm—l (1))
O/w2m—1

we indeed have (B.12). Then by (B.11), we conclude
(c,d)p # 0.
Since loc,, d is unramified, we must have
Resp ¢ & Hyyy(kp, ad”pom—1).

Since PQ|GkP is unramified, and Res, ¢ measures the difference between p‘9|ka and pQ"P|GkP modulo
w"™t™  this proves the lemma. O

ApPPENDIX C. LARGE IMAGE RESULTS

For the first two sections of this appendix, let E be a finite extension of @, with ring of integers Or C E.
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C.1. Generalities on p-adic Lie groups.

Lemma C.1.1. Let by be a simple Lie algebra over E.

(1) If g C b¥" is a Lie subalgebra that surjects onto each factor, then g is isomorphic to Y™ for some
integer m < n. Up to an automorphism of h®", the map g = h®™ — h®" is given by

(hl,...,hm)f—>(hl,...,hl,hg,...,hg,...,hm,...,hm)

ni times no times Nm times

withng + -+ +npy = n.
(2) The only ideal I C H®" that surjects onto each factoris I = ho".

Proof. We prove (1) by induction on n, with the case n = 1 being trivial. Supposing we know (1) forn — 1,
let g C h®" be a subalgebra surjective onto each factor, and let g’ be the image of g under the projection
heE" = h®(—1) g — H 1) Then by the inductive hypothesis, g’ = §®™ for some integer m < n — 1.
Now, g C ¢’ @ b is a subalgebra surjective onto each factor, so by Goursat’s Lemma for Lie algebras, g is
either g’ @ b or the graph of isomorphism between b and a simple factor of g’. In particular, g is isomorphic
to either g’ =2 h®™ or g’ @b = h®(m+1) and it is easy to check that the embedding g — h®" is of the desired
form using that g’ — hEB("*l) is. For (2), it suffices to check that the subalgebras in (1) are never ideals unless
n = m (and hence n; = no = --- = n,, = 1). Indeed, it suffices to check that the diagonal subalgebra
h C h @ b is not an ideal, but this is clear: since b is simple, it is not abelian, so for some h1, ho € h we have
[h1, ho] # 0. In particular, the bracket [(h1, h1), (h2,0)] is not contained in the diagonal subalgebra, which
witnesses that the latter is not an ideal. (Il

Corollary C.1.2. Let Yy be an absolutely simple Lie algebra over Q. Then for any finite extension E /Q,:

(1) The base change b == ®q,, E is simple as a Lie algebra over Q).
(2) For any Qp-Lie subalgebra g C b such that E - g = b, g is simple.

Proof. For any subalgebra g C b, consider the extension of scalars
= = ~ IE:

9®g, Q, C b ©g, Q, = b 7.
P

For (1), suppose g is an ideal; then the image of g ®q, @p in each factor of hgj @l g @p-stable ideal, hence
_ o P
either O or b . Now, g®q, Q, C br®q, Q, is stable under the action of G, , which transitively permutes
P
the factors of hg ‘@l Hence if g # 0, then g ®q, @p surjects onto each factor of hgj ‘@] Then by Lemma
P P

C.1.1(2), g ®q, @p = bp ®q, @p, so g = bp. This proves (1). For (2),if g- ' = bhp, then g ®q, @p

generates hp ®q, Q, = hg U] under the action of £ ®q, Qp = @[E:Qp}, 30 g ®g, Q, surjects onto each
P

P

factor. By Lemma C.1.1(1), we conclude g ®q, @p = h%m for some m < [E : Q).
P

If I C gisanonzeroideal, then I - F is anonzeroidealof g- £ = hp,sol - E = hg. Butthen | ®qQ, @p

E:Qp]

is an ideal of g ®q, @p that surjects onto each factor of b% , and, inspecting the possible embeddings
P

(£:Qp]

=~ r@m
g®Qp Qp—b@p %b@p

from Lemma C.1.1(1), we conclude that I ®q, @p surjects onto each factor of g ®q, @p = h%m. But by
N J— D
Lemma C.1.1(2), I ®q, Q, = g ®q, Q. so then I = g. This proves (2). ]

C.2. Strongly irreducible representations. For the following definition only, we allow E' to be an arbitrary
algebraic extension of Q,,.
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Definition C.2.1. Suppose V is a finite-dimensional E-vector space, G is a group, and p : G — GLg(V)
is a representation. Then V' (or p) is said to be strongly irreducible if, for any finite-index subgroup H C G,
(p, V) is absolutely irreducible as a representation of H.

Lemma C.2.2. Let V be an E-vector space of finite dimension, and let G C GLg (V') be a compact p-adic
Lie subgroup. If V' is strongly irreducible as a representation of G, then:

(1) No nontrivial element of G | Z¢ is fixed under conjugation by an open subgroup U C G in particular
G/ Z¢g has trivial center.

(2) The group G/ Z¢ contains no finite normal subgroup.

(3) If g € G acts unipotently on Lie G, then g has only one eigenvalue on V.

(4) The Lie algebra Lie G/ Z is semisimple.

(5) The natural maps G N\ SLg(V) — G/Zq and Zg — det G induce isomorphisms on Lie algebras.

(6) V is absolutely irreducible as a representation of Lie(G N SLg(V)).

Proof. (1) Let h € G be an element whose image in G/Z¢ is invariant under conjugation by U. Then
forall g € U, hgh~'g~! lies in Zg, so by Schur’s Lemma

(C.1) hgh™' = g\ (g) for a scalar \y(g) € E*.

It is easy to check that g — Ap(g) is a group homomorphism U — E*. On the other hand,
if dimg V' = n, then (C.1) implies that A\, (g) lies in u,(F) for all ¢ € U. In particular, the
homomorphism g — A (g) has open kernel, so h commutes with an open subgroup of U. By strong
irreducibility and Schur’s Lemma again, A is scalar, so has trivial image in G/Z¢.

(2) Let H C G/Z be a finite normal subgroup. Then the map G — Aut(H) has open kernel, so (1)
implies that H is trivial.

(3) Let g = g**g" be the Jordan decomposition in GLg (V). Then

ad(g) — 1 = (ad(¢*") — 1)(ad(g") — 1) + (ad(g") — 1) + (ad(g**) — 1)

as operators on gl (V). In particular, if ad(g) — 1 is nilpotent on g := Lie G C gl (V), then for N
sufficiently large, g lies in the kernel of (ad(g**) — 1).

But since ad(g*) — 1 is diagonalizable over Q,, as an operator on glz(V), we conclude g lies in
the kernel of ad(¢®®) — 1; hence ¢°* commutes with an open subgroup of G, so by Schur’s Lemma
g°% is a scalar in GLg(V). In particular, g = ¢g°¢* has a single eigenvalue on V.

(4) By [11, §6, Proposition 5], g is a direct sum g = § & s, with h semisimple and s abelian. Since
Lie(G/Z¢) has trivial center by (1), it follows that the natural maps induce isomorphisms f —
Lie(G/Z¢) and Lie Zg —» s. In particular, Lie(G/Z¢) is semisimple.

(5) The map Lie(G N SLg(V)) — Lie(G/Zg) = b is injective with abelian cokernel; hence it is an
isomorphism. Since g = h®s, it follows that the determinant identifies Lie Z¢ = s — Lie(det(G)).

(6) By (5), g is adirect sum g = Lie(Zg) @ Lie(G N SLg(V)). Soif Lie(G N SLg(V)) stabilized any
subspace of V' after extending scalars, g would as well, which contradicts strong irreducibility.

O

Lemma C.2.3. Let V be a symplectic E-vector space of dimension 2 or 4, and let G C GSpg (V) be a
compact p-adic Lie subgroup. If V is strongly irreducible as a representation of G, then every nontrivial
closed normal subgroup of G | Z¢ has finite index.

Proof. Abbreviate G = G/Zg and g = Lie G. Then § is a Lie subalgebra (over Q) of sp,, g, with n = 2 or
4. After replacing £ with a finite extension, we may assume F - g C sp,, g is split. It is also semisimple (by
Lemma C.2.2(4)) of rank at most 2, so - g is isomorphic to sl g, slo g X 5l g, or 5Py - The second case is
impossible by Lemma C.2.2(5, 6), since sly g x slp g admits no faithful irreducible two- or four-dimensional
symplectic representation. Hence E - g is simple, so g is simple by Corollary C.1.2(2). Now if H C G is
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any closed normal subgroup, it has the structure of a compact p-adic Lie subgroup by [60, Ch. III, Théoréme
3.2.3]. In particular, h := Lie H is an ideal of g, hence h = 0 or h = g. By arguing with the exponential
map, we see that H is either finite or has finite index; but if finite it is trivial by Lemma C.2.2(2), so the
lemma is proved. O

In fact, we extract the following more precise statement in the four-dimensional case.

Proposition C.2.4. Let G C GSp,(F) be a compact p-adic Lie subgroup, such that the defining represen-
tation is strongly irreducible. Write b == Lie(G/Zq) C spy g. Then after a finite extension of E:

(1) E - b is isomorphic to either sp, g or sla p.

(2) Inthe latter case G is contained in the image of the symmetric cube representation Sym? : GLo (E) —
GL4(E) up to GL4(E)-conjugacy.

Proof. We have seen (1) in the proof of Lemma C.2.3, so we prove (2). Let V' be the four-dimensional defining
representation of G; as a representation of £-f) = sly g, V' is isomorphic to the symmetric cube. In particular,
after extending E if necessary, the embedding £ - h = sly g < sp, p is conjugate to Lie Sym?® by some
g € GL4(E). We may assume without loss of generality that g = 1. Let S = Sym®(GL2(Q,)) N GSp,(E);
we first claim that G is contained in S - E* C GL4(F). Indeed, for any g € G, Ad(g) preserves sly g =
E - . Since the automorphism group of sly i is PGL2(E), for each g € G there exists h € S such that
Ad(h) = Ad(g) on sly . In particular h~'g € GL4(E) commutes with an open subgroup of G (by arguing
with the exponential map), so by Schur’s Lemma and strong irreducibility h~'g is scalar. So G C S - EX,
as desired.

If E’ denotes the compositum of the finitely many cubic extensions of E, then S - E* is contained in the
image of the symmetric cube map GLy(E’) — GL4(E"), and this completes the proof. O

The following lemma is a corollary of [16, Lemma 4.3].

Lemma C.2.5. Fix a number field F, and let p : Gr — GLg (V') be a continuous, absolutely irreducible
representation of Gp. Assume there exists a place p|p of F such that Vg P is Hodge-Tate with distinct
weights. Then, after possibly replacing E by a finite extension, there exists a number field K O F and a
strongly irreducible, continuous representation py : Gx — GLEg(Vp) such that p = Indgf( 00-

Proof. After taking a finite extension of F, there exists a Galois extension K of F' such that each constituent
of p|a, is strongly irreducible. Write

j
plé. = P
i=0

for some 0 < j < n. Then the p; are all distinct because p has distinct Hodge-Tate weights, so there is
a well-defined action of Gal(K/F') on the set of p;’s. This action must be transitive or else p would be
reducible; hence p|q, is semisimple and each p; has the same dimension m. Replacing K by the fixed field
of the stabilizer of pg, it follows that p = Indgi £0- (|

Corollary C.2.6. Let 7 be a relevant, non-endoscopic automorphic representation of GSp,(Aq) such that

BC(7) (Lemma 2.2.17) is not an automorphic induction. Then for each isomorphism v : Q, = C with
p > 3, Vi, is strongly irreducible.

Proof. By Lemma 2.2.12, V., is absolutely irreducible. Suppose for contradiction that it is not strongly

irreducible. By Lemma C.2.5, we may assume that V;, = Indg?; po, where K /Q is either quartic or
quadratic and py is strongly irreducible and Hodge-Tate. If K is quartic, py corresponds to a Hecke character
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of K with algebraic infinity type via the usual recipe, and BC(7) is the automorphic induction of x| - |_1/ 2,
a contradiction.

If K is quadratic, then V; , & Vi, ® wg /g Where wq is the quadratic character of G corresponding to
K. Hence BC(7) = BC(7) ® wg /g by strong multiplicity one for GL4, so by [3, Theorem 4.2(b)] BC()
is an automorphic induction. This is a contradiction, so indeed V7 , is strongly irreducible, as desired. U]

C.2.7. For the next corollary, we use the following notation. Let w € Op be a uniformizer; then for an
Opg-lattice T in an E-vector space V', we write T,, :== T'/w™T for all n > 1.

Corollary C.2.8. Let F be a number field, and let (p, V') be as in Lemma C.2.5 above. Then for any Galois-
stable Og-lattice T C 'V, there exists a constant C' > 0 such that

wCHY(F(p)/F,T,) =0, ¥Yn>1.
Proof. Without loss of generality, we can extend E so that the conclusion of Lemma C.2.5 holds, for some

finite extension K /F and some py : Gx — GLg(Vh). Let K€ be the Galois closure of K; then by inflation-
restriction, it suffices to show

(C.2) HY(K®(p)/K®,Ty,) is uniformly bounded in n.
We label the Gal(K ¢/ F)-conjugates of (po, Vo) as (pi, V;), for 0 < i < dim V/ dim Vp, and let

G c[[arem)

be the image of G- under p. We assume without loss of generality that T = &T; for Galois-stable Op-
lattices T; C V;. Hence to show (C.2), it suffices to show H'(G, To,) is uniformly bounded in 7.

Case 1. Z contains an element 2 that acts nontrivially on Vj.

Then by inflation-restriction, we have an exact sequence
0= HY(G/(2), Tg) = HY(G, Ty ) = HY((2), To) /.

The outer terms are clearly uniformly bounded, so we are done in this case.
Case 2. Z acts trivially on Vj.

For this case, note that G/Z¢ is a compact p-adic Lie group with semisimple Lie algebra; indeed, if
G; = pi(Gge) with center Z;;, C G;, then we have an injection

(C.3) Lie(G/Za) — | [ Lie(Gi/Za,),

and the semisimplicity of Lie(G/Zs) follows by Goursat’s Lemma and Lemma C.2.2(4). In particular, by
[30, LemmaB.1], H' (G/Zg,Tp,n) is uniformly bounded in n. By inflation-restriction again, it then suffices
to show

HY(Za, Ton)%"%¢ = Homa(Zg, To.n)

is uniformly bounded. Since G acts trivially on Zg and Vj is strongly irreducible, it suffices to ensure V{
is not the trivial representation of G. However, if this occurs then py : Gx — GLg(Vp) is a finite-order
character, so all its Galois conjugates p; also have finite order. By the assumption on Hodge-Tate weights, p
itself is a finite order character, and in this case the corollary is clear. O

Lemma C.2.9. Let F' be a number field, and let p : Gp — GLg(V') be as in Lemma C.2.5 above, so after
an extension of scalars we can write

p = Indg? po
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for a number field K O F and a strongly irreducible representation py : Gx — GLg(Vy). Let L be an
abelian Galois extension of F (possibly infinite) which is disjoint from K ; then p|q, is absolutely irreducible.

Proof. Let K be the Galois closure of K'; then

ploge = D flae,

where pf runs over the distinct Gal(K¢/F)-conjugates of pg. In particular, if v is a prime of K¢ lying over
the p from Lemma C.2.5, then

(C4) polay.e and polg .. have distinct Hodge-Tate weights if pg 2 po.

If p|¢, is reducible (after replacing E by any finite extension), then
1 < dimp Hompg, ) (dGE o)l (G5 po)lc, )
= dimp Hompg, (Indgf@ p0|GKL,IDdgf<L PO’GKL>
= dimp Hompg,, <p0|GKL, Resgf@ Indgf@ PO\GKL)

< dimg Hompg(g,.,] (POIGKCL, @pglaKcL> :
In particular, we may fix o € Gal(K¢/K) such that pJ 22 po but

HomE[GKCL} (po,GKcL7p8‘GKCL) # 0

We claim po|g ., is absolutely irreducible; indeed, if Go = po(Gke), then H = po(Ggeyr) is a normal
subgroup of G with abelian cokernel. Then Lie(HNSLg(Vy)) C Lie(GoNSLE(Vh)) has abelian cokernel,
which implies Lie(H N SLg(Vp)) = Lie(Go N SLE(Vp)) by Lemma C.2.2(4, 5). Then H N SLg(V}) acts
strongly irreducibly on V[ by Lemma C.2.2(6), so a fortiori py|c,.., is absolutely irreducible, as desired.

This implies that Hompgg,.. L](po, p§), which is nonzero by assumption, is in fact one-dimensional. It
is also preserved by the natural action of G'xe on Hompg(po, p), because G ey, is normal in Gxe. Hence
Gal(K°L/K¢) acts on Hompq,.,1(po, pg) by scalars, and in particular we conclude that

(C.5) polGre = Pglaxe ® X

for a character x of Gal(K°L/K¢) C Gal(L/F). Because Gal(K“/K) acts trivially by conjugation on
Gal(L/F) and o € Gal(K¢/K) has finite order, (C.5) implies

po = po ® x" for somen > 1,

hence  has finite order. But then (C.5) contradicts (C.4), so the lemma is proved. ]
C.3. Galois representations associated to Hilbert modular forms.

C.3.1. Fix atotally real field F'. The following result is due to Nekovar:

Theorem C.3.2. Let 7 be an automorphic representation of GLy(AFr) corresponding to a non-CM Hilbert
modular form of weight (ka)v|oo, with each k, > 1. If Ey is a strong coefficient field for m, then there exists
a subfield £y C Ey and a quaternion algebra D over E1, along with a finite abelian extension K of F', such
that for all primes p of Ey, with residue characteristic p:

(1) The image of pr p contains an open subgroup of
Hy = {z € (D®g, E1p)" : Nm(z) € Q) },

where the embedding Hy, — GLo(Ey ) is induced by the natural embedding D ® g, E1p — D®p,
Ey p and an isomorphism D ®p, Eyp ~ Ma(Epp).
(2) The image pr (G ) is contained in H.
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Moreover, fix any finite abelian extension K' /K ; then for all but finitely many p, pr »(G k) is conjugate to
{g S GL2<0E1,p> s detg € Z;} .

Proof. Let K be the field written Fr in [81, Theorem B.5.2]. Then the first two claims, and the last part
when K’ = K, follow from loc. cit.

For the general case, note that det pr G = Xp,cye- If K '/ K is a finite abelian extension, restrict to those
primes p such that p, , (G k) contains SLa(Op, ) and K/ NQ(ppee) = K NQ(ppe ). Thendet pr p(Gr) =
det pr »(G k). Onthe other hand, pr ,(G'x) is a normal subgroup of p, ,(G'i ) with abelian cokernel, which
necessarily contains SLa(Og, p); it follows that pr ,(Gx) = prp(G k), which completes the proof. O

C.3.3. Now let m; and 73 be two automorphic representations as in Theorem C.3.2, with Fy a common
strong coefficient field. For the rest of this section we will always write p for the residue characteristic of a
prime p of Ey. Also, let By, D1, K1, Hyp, Ea, D2, Ko, and Hj j, be as in the conclusion of Theorem C.3.2
applied to 7, and 72, respectively; we can and do fix a finite abelian extension K D K - K5 such that

(C.6) det /)TF17P|GK = det p7r2,P’GK = Xp,cyc

for all p, and the conclusions of Theorem C.3.2 hold for this choice of K.
We will also consider the joint representation

(C.7) primap s GF

Pry,p XPrg,p
_—

GLQ(EQP) X GLQ(EOm).

Lemma C.3.4. Suppose there exists a prime p of Ey and a finite extension L/ F such that

P7r1,p|GL = p7T2713|GL'

. . . . X
Then my is the twist of o by a finite-order automorphic character of A .

Proof. By [91, Theorem 2], we have
Prip = Prap '

for some character x of G g, which is of finite order because it vanishes on GG7,. Viewing x as a finite-order
character of F*\ A7, via class field theory, we conclude that pr, , = pryy,p, andhence m =T @ x. O

C.3.5. If 7 is as in Theorem C.3.2, corresponding to a holomorphic Hilbert modular form f, then for any
o € Gal(Q/Q) we write 77 for the automorphic representation corresponding to f?. The following result
generalizes [71] to the setting of Theorem C.3.2.

Theorem C.3.6. In the setting of (C.3.3), suppose w1 # 5 @ X for any o € Gal(Q/Q) and any finite-order
automorphic character x of Ay. Then:

(1) For all primes p of Eo, pr, xsp(GK) contains an open subgroup of H Xy Hs .
(2) For all but finitely many y, the image of pr, x, »(Gx) contains a conjugate of

{(gl,gg) € GLQ(OEhp) X GLQ(OEQJJ) : detg =deth € Z;;} .

Proof. The proof is analogous to [71, Theorem 3.2.2, Proposition 3.3.2], where we replace Lemma 3.1.1 of
op. cit. with Lemma C.3.4 above. For completeness, we recall the argument. Let G, = pr; 7,,p(GK), SO
that we have a natural embedding

Gp — HLP XQ;; H27p.

It follows from Goursat’s Lemma for Lie algebras that Lie G, is either Lie (H Lp XQ; H gp) or LieGyp =

Lie Hj p, diagonally embedded by an isomorphism Lie H; , — Lie Ha , that preserves the linearized deter-
minant maps to Q,,. To prove (1), we assume that we are in the latter case, and aim to show 7 is a conjugate
twist of 7s.
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By [71, Lemma 1.1.4], any isomorphism Lie H1 = Lie Ha y is induced by an isomorphism i : Fy , —
Es , and an i-linear isomorphism Dy ®g, E1y = Dy ® E» Eop. In particular, assuming without loss of
generality that Ej is Galois, there exists an automorphism o € Gal(Ey/Q) that preserves p and induces
1 By = Es ;. Since all automorphisms of M(Ej ) are inner, it follows from the description of the
embedding in Theorem C.3.2(1) that, after conjugating pr, ,, Lie Gy C gly(Eop) % gly(Eop ) is contained
in a subalgebra of the form

{(X,0X) : X € gly(Eop)}-

Exponentiating, for some finite extension L/K we have

pTl'lap|GL =00 pﬂz,P|GL'

Since 0 0 pryp = Prg ps Lemma C.3.4 concludes the proof of (1).

For (2), we restrict our attention to those p such that pr, ,(Gk) = { g € GL2(Op, p) : detg € / } (after
conjugating) for ¢ = 1, 2, which eliminates only finitely many primes of Fy by Theorem C.3.2. Let .S be the
set of primes p as above such that the conclusion of (2) does not hold; we assume for contradiction that .S is
infinite. By [71, Proposition 3.2.1], for all p € S, we have an element 0 € Gal(Ey/Q) preserving p such
that, after conjugating pr, p:

(C.8) prip(9) = £0 0 pryp(g) (mod p), Vg€ Gk.

If S is infinite, then there exists a single o € Gal(Fy/Q) such that (C.8) holds for infinitely many of the
p € S fixed by o.

Let ¥ be the set of primes v of F' such that either 7y ,, or 7 ,, is ramified, and for v ¢ ¥, let a1, and ag ,
be the eigenvalues of the standard Hecke operator at v on the spherical vectors of 7 ,, and 7o ,,, respectively.
By (C.8), for all v ¢ X that split completely in K/ F, aiv — o(agy)? € Og, is divisible by infinitely many
primes p € S, hence vanishes. Now take a single p € S fixed by o such that (C.8) holds, and assume without
loss of generality that p # 2. Let K’ be the compositum of the fixed fields of p;, ,|cy and p, ,|cy - Then
for all v ¢ X that split completely in K,

a1y =0(azy) Z0 (mod p),

so the identity af,, — o(az,)* = 0 implies a1, = o(ag,). In particular, the traces of pr, 4|, and
oo pﬂz,P‘GK, coincide, so we have pr, , |G’K, =oo p7r2,p|GK,. Now we can conclude by Lemma C.3.4.
O

We also have the following complementary result.

Corollary C.3.7. In the setting of (C.3.3), there exists a finite abelian extension L of K with the following
property:
(1) For all primes p of Ey, either pr, r, y(G1) is an open subgroup of Hj , X Hs y, or there exists

an isomorphism oy, : Eq = Es , and a oy-linear isomorphism iy : D1 @p, Eq = Dy Qp, Eayp
such that px, =, (GL) is an open subgroup of

id,ip
HLP —> HLP XQ;; HQ’p
(2) For all but finitely many v, either the image of px, =, (G 1) is a conjugate of
{(gl,gg) € GL2(Og, p) x GL2(Op, ) : detg =deth € Z;} ,

or there exists an isomorphism oy, : 1 = Es p, such that pr, x, »(G1) is a conjugate of

{(g,0p(9)) € GL2(Og, ,) x GL2(Og,,) : g € GL2(Op, ), det g € Z;}.
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~Y

Proof. By Theorem C.3.6, we may assume without loss of generality that 1 = 77 ® x for some o €
Gal(Q/Q) and some finite-order automorphic character y of A, which we also view as a character of G
via class field theory. Also suppose without loss of generality that Fj is Galois. Then for all primes p of Ej,

Pra,p ®EQ7|J,U EO,o(p) = pﬂ'g,o(p) = pﬂ*l,a(p) & X.

By [81, Theorem B.4.10], for all but finitely many p the image of prg r, »(G K, ) is one of the groups listed
in part (2), for a certain abelian extension K¢ of F' such that det pr, y|¢ Ky = Xpieye- If L is the compositum
of Ko with K and with the fixed field of the kernel of Y, it follows from the same argument as in Theorem
C.3.2 that the image of prg 7, »(G'L) = Pry,mp(G1) coincides with that of prg , »(Gk,) for all but finitely
many p, and this proves (2). U

C.4. Large image for relevant representations.

C.4.1. Fix a relevant automorphic representation m of GSp,(Aq), with trivial central character and with
strong coeflicient field Ey. In this subsection, we prove some results on the image of the Galois representation
Pr.p associated to , with an eye towards studying the existence of admissible elements (Definition 4.2.1) and
assumption (R1) from (9.3.1). Throughout this section we write p for the residue characteristic of a prime p
of Eo .

Lemma C.4.2. Suppose 7 is not endoscopic, and BC() is the symmetric cube lift of a non-CM automorphic
representation o of GLa(Ag). Consider the map of algebraic groups

f=Sym*®det™!: GLy — GSp, .

For all but finitely many primes p of Ey, the image of p , contains a conjugate of f(GLa(Zy)). In particular,
for all but finitely many p, admissible elements exist for pr .

Proof. By Lemma 2.2.18, 7  is discrete series of weight 2. Without loss of generality, extend Fj so that
it is also a strong coefficient field for . Then for all primes p of Ey, prp = Sym? prop(—1). Comparing
similitude characters, we see that the central character of mg is cubic; by twisting, we may assume without
loss of generality that it is trivial. Then the claim about the image of p, , follows from [96, Theorem 3.1].
Restricting to these p, if p is sufficiently large we may fix z € Z; with

(C.9) 2# 41,423 2% 273 (mod p), 22 #1 (mod p).

Then applying f to the diagonal matrix <g ZOQ> , it follows that the image of p, , contains a matrix with

eigenvalues {1, 2,22, 23 }; in particular, admissible elements exist for p; . ]

Lemma C.4.3. Suppose 7 is not endoscopic, and BC(r) is neither a (weak) symmetric cube lift nor a (weak)
automorphic induction. For all but finitely many primes p of Ep:

(1) The image of p. ,, contains a conjugate of Sp,(Fy).

(2) If Eop = Qp, the image of p,. , is a conjugate of GSp4(Fy).
Moreover, for all primes p with p > 3, the Zariski closure (over Eq ) of the image of prp is equal to
GSP4(EO,p)-

Proof. Part (1) is [125, Theorem 1.2(ii)]. Part (2) follows immediately. For the final claim, by Proposition
C.2.4(2) and Corollary C.2.6, it suffices to rule out the case that p, , factors through the image of the sym-
metric cube representation GLy /3 < GSpy. If so, then by a theorem of Tate [88, Theorem 2.1.1], after ex-
tending Ey if necessary there exists a representation pg : Gg — GL2(E)p ) such that Sym? po = prp(l)®T
for a character 7 : Gg — E(fp. Comparing the similitude factors, (det pg)? = X;)),cyc ® 72; replacing pg with
po @ (T~ L det po/Xp.cye), e can assume Sym?® pg = pr(1). Now it follows that det po/xp.cyc is cubic;
so after twisting, we may assume without loss of generality that det pg = X cyc. For all but finitely many
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primes ¢, we have po(I;) C us, so the determinant condition implies pg is unramified almost everywhere.
We also claim po\(;@p is de Rham: indeed, by [88, Corollary 3.2.13] there exists a character 7 of GQp such
that po @ 7 is de Rham, s0 p, (1) ® 73 is de Rham, hence 73 is de Rham; also det pp ® 72 = Xp,cye @ 72
is de Rham, so 72 is de Rham. It follows that 7 is de Rham, so po is as well. Since pg is also clearly odd,
[87, Theorem 1.0.4] implies py arises from a modular form, hence BC(7) is a symmetric cube lift, and this
concludes the proof of the final claim. ([l

C.4.4. For an automorphic representation mo of GL2(A ) as in Theorem C.3.2 with K /Q real quadratic, let
75" denote the Gal(K/Q)-twist. We say 7 is exceptional if there exists o € Gal(Q/Q) and a finite-order
automorphic character y of Aj such that

e 21l ® .
Lemma C.4.5. Suppose 7 is not endoscopic, and BC(r) is the automorphic induction of a non-CM auto-
morphic representation 7y of GLo (A k) with K/Q real quadratic. Then for all but finitely many primes p of
FEy, the following hold.

(1) The image of pxp contains a conjugate of GLa(Z,,), embedded diagonally via
GL2 — GL2 XGm GL2 — GSp4 .

(2) If p splits in K or my is not exceptional, the image of pr, contains a conjugate of GLy(Z,) Xz
GL2(Zp).

Proof. Recall from Lemma 2.2.19 that 7y is the automorphic representation associated to a Hilbert modular
form of weights (2,4). Assume without loss of generality that Fy is Galois and is also a strong coefficient
field for 7§"; then

pﬂ',P|GK = Ioﬂ'pr D 1071'8‘”,;3‘

Hence part (1) follows from Corollary C.3.7(2). For part (2), the non-exceptional case is immediate from
Theorem C.3.6(2), so suppose without loss of generality that p splits in /. Then for any o € Gal(Ep,/Qp),
and any fixed embedding j : K — Q,, the Hodge-Tate weights of pr,, and o o pr, , with respect to
j coincide. This rules out that pﬂ.(t)w’p|G ., = 00 prnlg, for any finite extension L/K, so by Corollary
C.3.7(2), we obtain (2). ]

Lemma C.4.6. Suppose BC(7) is the automorphic induction of an automorphic representation o of GLa (A k)
with K /Q imaginary quadratic, and  is not an automorphic induction. Then for all but finitely many primes
pof Eo:
(1) The image of pry contains a conjugate of SLa(Z,), where SLy — Sp, is embedded into the Levi
factor of a Siegel parabolic.
(2) If p splits in K, then admissible elements exist for py p.

Proof. By Lemma 2.2.20, after possibly extending Ey we can write

(C.10) prplcc = Prp @ Xp ® prp © X"
for all p, where:

e py, is the Galois representation attached to a classical modular form f of weight & = 2 or 3 with
coeflicients in Ey; here the normalization is as usual, i.e. detps, = wy - X];;;c where wy is the
nebentype character of f, viewed as a character of G via class field theory.

e Xp is the G -representation attached to an algebraic Hecke character x of infinity type (—1,3 — k).

o ;" is the Gal(K/Q)-twist of x;, which is also associated to the twist (x')"™".



170 NAOMI SWEETING

The symplectic form in (C.10) is given by the natural pairing

Prp @ Prp @ Xp @ Xy — det pry @ XpXp' = Xp,eye-

Let L be the fixed field of wy, which is independent of p. After discarding finitely many primes p and
changing basis, we may assume by [96, Theorem 3.1] that

prp(GL) = {9 € GLa(Opyy) : detg e () |
where O is the ring of integers of a subfield of Ej . Then the Galois group
Gal(L(pgp) N LK (Xp,eye: Xp: X5 )/ L(det(pp)))

is a solvable quotient of SLa(Op, p), hence trivial if p is sufficiently large; so we have

(C.11) L(Pf,p) N LK (Xp,cyes Xp> Xfaw) = L(det(pﬁp)).
In particular, this immediately implies (1).

For (2), we further restrict to those p such that y,, is crystalline at all primes above p. Fix a prime v|p of K,
and let v be its complex conjugate, with inertia subgroups I,,, Iz C G%P; these are disjoint and each naturally
identified with Z, since we are assuming p is split (and unramified) in K. When restricted to inertia, the
characters Xp,cyc, Xp» and x,* have the form:

3 X X X
Xp,cyc’]vxly : Zp X Zp — Zp
(21, 22) = 2122,
. X X X X
Xp’]vxjF : Zp X Zp —)Zp C OEo,p
—1_3—k
(21, 22) — 21 25
tw . X X X X
Xp ’I’UXIF : Zp XZp —)Zp C OEO,p
3—k_—1
(21,22) — 27 "2y .

In particular, one can calculate that, for p unramified in L, the image of
(vaxxtawﬂ Xpycyc) 1 G — Ogo,p X Ogo,p X Z;;
contains a subgroup of
{(a, b,c) € (Z;)3 s ab= 02_k}

with index at most 2. Comparing with (C.11), we see that the image of

(C.12) (P Xps Xp") : GL = GL2(Op, p) X Oy % Oy p
contains a subgroup of
(C.13) {(9:2,) € GLa(Opyp) X 5 x 25+ detg € (Z)"7, (ay)* " = (det g)*}

with index at most 2. Now set
S :={(g.¢) € GLa(Zp) x L} : c,detg € (Z;)2}.
Then for any (g, c) € S, there exists A\ € Z; satisfying
A2 = (det g)2~keth,

It follows from (C.13) that (A%, A, cA)? lies in the image of (C.12); hence (g,cg)? lies in the image of
(Prp @ Xps Prp @ Xp") + GL — GLa(Eoy) x GLa(Eoy) for all (g,c) € S. If p is sufficiently large, this
immediately implies that admissible elements exist for pr ;. O

Lemma C.4.7. Suppose 7 is not endoscopic, and BC(7) is the (weak) automorphic induction of a Hecke
character o of a quartic field K C C. Then there exists a constant n such that, for all but finitely many
primes p of Ey, the following holds:
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(1) prp(Gq) contains the scalar subgroup (Z,; )" C GSpy(Zp).
(2) If p splits completely in the Galois closure K¢ of K, then py ,(Gq) contains a conjugate of
x
4 pa,y, 2 € (Zy)" p C GSpy(Zy).
zz/y

Proof. Let x = xo|-|'/2. From Theorem 2.2.10(1), we see that the local component Y, of x takes algebraic
values on K for cofinitely many primes v of K; hence X is algebraic [119, Théoreme 3.1]. Extending Ey

if necessary, for all primes p of £ we have the p-adic character x, associated to x, and p, , = Indg‘i Xy for
all p. We restrict to those p such that K“/Q is unramified at p, and y,, is crystalline at all primes v|p. The
Hodge-Tate weights of x;, with respect to the four embeddings i : K < @p are {—1,0, 1,2} in some order
by Theorem 2.2.10(2); hence on the subgroup

Zy = (Og ® Zp)* — Gab,
Xp is given by z — 2z~ 10H1I+2 = »2 In particular, on the subgroup
Zy — (Oge ® Zp)* — Gab.,

Xp is given by z — 22K%K] The same is true for all Gg-conjugates of xy, so the image of pr |G . contains

the scalar subgroup (Z, )2IEK] proving (1).
For (2), we decompose
(C.14) Prplare = X1 X2 ® X3 D X4,

where all of the characters x; are Galois conjugates of xp|q . and

(C.15) X1°X2 = X3 X4 = Xp,cyc-
For each g € G, prp(G k<) contains the image of
g- X1
(C.16) g7 X2
g X3
g - X4
Fix an embedding ¢ : K¢ — @, and for any Hodge-Tate character p of Gxe, let HT(p) denote the
Hodge-Tate weight with respect to ¢. Let I, C Gk be the inertia subgroup for the prime induced by 4. In

particular, restricting (C.16) to I, and using that each x; is crystalline at primes above p, pr (G k<) contains
the image of

Z;; — GL4(Zp)
SHT(g-x1)
z ,HT(g-x3)
~HT(g-x4)
Let
(C.17) LC{(x,y,z,w)€Z4:x+yzz+w}
be the sublattice spanned by the vectors (HT (g - x1), HT (g - x2), HT(g - x3), HT (g - x4)) for g € Gg.

Claim. For a constant n > 1 independent of p, the lattice L contains

n-{(x,y,z,w)€Z4 : x+y:z+w}.
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Note that the claim implies the lemma, because, as long as p is sufficiently large, there exists z &€ (Z; )"
satisfying (C.9); an element h € G such that p. ,(h) has eigenvalues {1, 23, 2, z2} is admissible for py p,
and the claim implies such elements exist.

Now we prove the claim. Let pr : Z* — Z3 be the projection onto the first three factors, and note that it
suffices to show pr(L) contains n - Z3. Without loss of generality, suppose the Hodge-Tate weights of x1, x2,
X3, and x4 are 1, 0, 2, and —1 (in order). Because the action of Gal(K“/Q) on the set {x1, x2, X3, X4}
is transitive, for each j € 1,...,4 we have some g; € Gg such that HT(g;x;) = 1. In particular, using
(C.15), pr(L) contains (1,0,2); a vector e = (0,1,2) ore = (0,1, —1); and a vector f = (2,—1,1) or
f = (—1,2,1). In particular, the set {(1,0,2),e, f} is always linearly independent; and, since there are
only four total possibilities for this set, there exists n € Z such that the Z-span of (1,0,2), e, and f always
contains nZ.

O

Now we are ready to consider assumption (R1) from the main text (see (9.3.1)).

Theorem C.4.8. Let  be a relevant, non-endoscopic automorphic representation of GSp,(Aq), with strong
coefficient field Ey. Then (R1) holds for all but finitely many primes p of E.

The theorem is also true in the endoscopic case, but not used in the main text; the proof uses Lemma
C.4.12 below.

Proof. This is an immediate consequence of Lemmas C.4.2 through C.4.7.
g

Proposition C.4.9. Suppose 7 is not endoscopic, and there exists a prime £ such that 7y is of type Ila. Then
for all but finitely many primes p of Ey, admissible elements exist for pr p.

Proof. The Weil-Deligne representation recgr () is tamely ramified; under the embedding GSp, — GL4
from (1.1.4), it is given by
+01/2 1

Frob, = @ € GSp,(C), N = € GSp,(C)

i€_1/2
l/a

By the purity assertion in Theorem 2.2.10(1) (for any prime p of Ey), we know || = 1. Extend Ej if
necessary so that a® € FEy. Then for all but finitely many primes p of Ej, we have:

F#1 (mod p),
o0 # +1,+£0% 072 ¢*  (mod p).
Suppose p satisfies the above conditions, and let Frob, € G be any lift of Frobenius. By Theorem 2.2.10(1),

pr.p(Frob?) has eigenvalues {€?,0%0,1,0*/a?}, hence Frob? is an admissible element for py . O

Combining Lemmas C.4.2 through C.4.7 with Proposition C.4.9, we obtain:

Theorem C.4.10. Let m be a relevant, non-endoscopic automorphic representation of GSpy(Ag), with
strong coefficient field Ey. There is a set S of rational primes of positive Dirichlet density such that for
all p € S and all p|p, admissible elements exist for py . There exists such an S containing all but finitely
many p if ™ satisfies any of the following:

(i) There exists a prime £ such that 7y is of type Ila.
(ii) BC(7) is a symmetric cube lift.
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(iii) BC(rr) is the automorphic induction of a non-CM automorphic representation mo of GL2(Ak) with
K real quadratic, and 7§ # 7§ @ x for all o € Gal(Q/Q) and all quadratic Hecke characters x
of K.

O
Finally, we handle the endoscopic case separately.

Proposition C.4.11. Suppose 7 is endoscopic, associated to a pair (w1, m2) of automorphic representations
of GLa(Aq) (in any order). Then:

(1) If 1 does not have CM, then for all but finitely many p and all p
Pr.p that are BD-admissible for py, p.

(2) If m1 has CM by a field K and 7o does not have CM by K, then for all but finitely many p split in K
and all p|p, there exist admissible primes for py , that are BD-admissible for pr, p.

D, there exist admissible primes for

Proof. Let S be the set of all rational primes in case (1) and all rational primes p split in K in case (2). Then
there exists a constant n > 1 such that, for all but finitely many p € S and all p|p, pr, ,(Gg) contains the

diagonal subgroup
{(m y) D,y € (Z;)"}

In the non-CM case this follows from Theorem C.3.2 (with n = 1), and in the CM case it follows from
either [81, Proposition B.6.3] or a similar argument to Lemma C.4.7. On the other hand, there exists a
constant . > 1 such that, for all but finitely many p and all p|p, pr, ,(Gg) contains the scalar subgroup
(Zy)"™ C GLa(Zp).

By Lemma C.4.12 below, after enlarging n if necessary, for all but finitely many p € S and all p|p,
(Prvp X Pray) (G contains

z 0 z 0 . xX\n 2 __ .
{(0 y>7<0 Z) .x,y,zG(Zp),z —.’L'y},

and this implies the proposition. ([l

Lemma C.4.12. Suppose 7 is endoscopic, associated to a pair (71, 72) of automorphic representations of
GL2(Aq) which do not both have CM by the same imaginary quadratic field. Then as p varies over primes

of Eo, Q(Pr, p) N Q(Pr, ) has bounded degree over Q(p1y).

Proof. 1f both 71 and 9 are non-CM, then the lemma follows from [71, Theorem 3.2.2], or equivalently from
Theorem C.3.6(2) above. Now suppose 71 is CM and 3 is not. Since SLy(IF,) is simple for ¢ sufficiently
large and ., ,, is dihedral for all p, it follows from [96, Theorem 3.1] that Q(p,, ,,) N Q(pr, ,) = Q(4p) for
all but finitely many p.

If 1 and 7 are CM with respect to two different imaginary quadratic fields K; and K>, fix elements
71, T2 € G such that 7; is a complex conjugation on K; but acts trivially on K, ¢ # j. The abelian group
H = Gal(Q(px, p)/K1(pp)) is a subgroup of the norm-one elements in a quadratic étale algebra over
the residue field of p; in particular, H is cyclic. Let G' := Gal(K1K2(py, ,) N K1K2(pr, )/ K1 Ka(pp)).
Because G is a subquotient of H, the conjugation actions on G of both 7; and 7|7 are by inversion, so the
conjugation action of 7y is trivial; arguing symmetrically, the conjugation action of 7 is also trivial, so G is
2-torsion and cyclic. We conclude that |G| < 2, which implies the lemma. g

C.5. Complements for the second reciprocity law. In this subsection, we prove some auxiliary results
needed in §11. Let us fix a relevant automorphic representation 7 of GSp,, and an isomorphism ¢ : Q,, =5 C
with p > 3.
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Lemma C.5.1. Let 7 be a cuspidal automorphic representation of GLa(Ag) whose archimedean component
is discrete series of even weight k > 2. Let F' be a number field such that T does not have CM by any
quadratic imaginary subfield K C F(py,). If F(px.) N F(ad® p;.,) is infinite, then F(ad® p;,) C F(px.),
and moreover one of the following occurs:
(i) m is not endoscopic, and if g € Gq is admissible for py ,, then pm(QQ) has distinct eigenvalues.
(ii) m is endoscopic associated to a pair (w1, 72) of automorphic representations of GLa(Aq), and for
j =1lor2 mj & 79X for some finite-order Hecke character x and automorphism o € Aut(Q/Q).

Proof. First, we claim that 7 does not have CM. Indeed, if 7 has CM by a quadratic imaginary field K, then
it is easy to check that any infinite subfield of F'(ad® p,,) contains K; so if F(p.,) N F(ad® p,,,) is infinite
then K C F'(px,,), which contradicts the hypotheses of the lemma.

Since 7 does not have CM, p., is strongly irreducible by Theorem C.3.2. Hence by Lemma C.2.3, the
normal, infinite-index subgroup

Gal (F(ad’ p;,)/F(ad® p;,,) N F(pxr,)) < Gal (F(ad’ p,)/F)

must be trivial; equivalently, we have F'(ad’ pr.) C F(pr,).
Suppose first that 7 is not endoscopic, so V7 , is absolutely irreducible by Lemma 2.2.12. Without loss of
generality, we assume that F' is Galois and that

(C.18) Veulor = EPVi

for some strongly irreducible representations V;, all of the same dimension n (Lemma C.2.5). Let G =
pr.(GF),and let H = ad pr.(GF); then the inclusion F (ad0 pr.) C F(pr,) corresponds to a surjection
G/Zg — H (recall here that H has trivial center by Lemma C.2.2(1)). In particular, n > 1. Write g =
Lie(G/Z¢) and h = Lie H, and recall that § is simple by Theorem C.3.2 and Corollary C.1.2(2). We have
a surjection

(C.19) g—bh

which identifies h with a simple factor of g.

Suppose first that n = 2. Then the decomposition (C.18) has exactly two factors, and g is either simple,
or isomorphic to gg X go, with go simple and the factors interchanged by the action of Gg. Since (C.19)
is Gg-equivariant, g is simple, and (C.19) is an isomorphism. If pr.(g?) has only one eigenvalue for some
g € Gg, then g* acts unipotently on b, hence also on g. Since g? is a square, it preserves the decomposition
(C.18), so by Lemma C.2.2(3), we see that 92 has at most two eigenvalues on V. ,, which contradicts g being
admissible.

We are now reduced to the case n = 4, i.e. BC(r) is not an automorphic induction. Hence g is simple
by Proposition C.2.4(1) and Corollary C.1.2(2), and again (C.19) is an isomorphism. If p,,(g*) had only
one eigenvalue, then g2 € Gq would act unipotently on b, hence also on g; but by Lemma C.2.2(3), this
contradicts the admissibility of g.

It remains to consider the case when 7 is endoscopic associated to a pair (71, m2) of cuspidal automorphic
representations of GLa(Ag). We let Gr = pr . (Gq), Gr; = pr; . (Gq)s 89r = Lie(Gr/Za, ), 8r; =
Lie(Gr, /ZGWJ. ), for j = 1,2. The assumption F'(ad” p;,) C F(p,,) implies that Gg does not have open
image in the product G /Z¢, x H. By Goursat’s Lemma, the Lie algebra of the image of G is the graph of
an isomorphism between simple factors of g C g, ® gr, and b. Since 7 is non-CM, we conclude that for

j = 1 or2, mj is non-CM and G'g has non-open image in G, /Z., x H. Hence by [71, Proposition 3.3.2],
there exists an automorphism o € Aut(Q/Q) and a Hecke character y such that 7 22 7 @ x, for j = 1or

2; this concludes the proof of the lemma.
O

For the rest of the section, we fix a strong coefficient field £y for 7 and let p be the prime of Ej induced
by ¢.
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Lemma C.5.2. Let T be a cuspidal automorphic representation of GLa(Ag) whose archimedean component
is discrete series of even weight k > 2. If T does not have CM by any quadratic imaginary subfield K C
Q(px..), then for any number field F and any Oy-stable lattice Ty C Vi, HY(Gal(F(py,.,ad" p;.,)/Q), Ty)
is finite.

Proof. By inflation-restriction, we may assume without loss of generality that F' = Q. Applying Corollary
C.2.8 and inflation-restriction again, to prove the lemma it suffices to show

(C.20) Hl(Gal(@(pﬂ’,u ad’ PT,L)/Q(PW,L), T7T) = HomG@(Gal(@(pﬂ,w ad" pTyb)/Q(pﬂ',L))’ Tﬂ') =0.

By Lemma C.5.1, we may assume without loss of generality that Q(p,,) N Q(ad® p,,,) is finite. Since Xp,cye
has infinite order, there exists g € Gg such that ad’ p,,(g) = 1 and X, cyc(g) has infinite order, meaning
in particular that pr,(g) # 1. Then g acts trivially by conjugation on Gal (Q(px,., ad® p,.,)/ Qpr,y)) <
ad’ pr.(Gg). In particular, any Gg-invariant homomorphism A : Gal (Q(pm, ad’ pri)/ Q(pm)) — T
has image contained in 7 g=1 C T. If 7 is non-endoscopic, this shows h = 0 by Lemma 2.2.12; if =
is endoscopic associated to (71, 72), the same argument applies because we cannot have pr, ,(g) = 1 or
Prs,.(g) = 1 under the assumption that x;, cyc(g) has infinite order. This shows (C.20). O

Proposition C.5.3. Let 7, 1, Ey, and p be as above with m non-endoscopic, and suppose admissible primes
exist for pr = pr . Suppose given the following data:

o A quadratic field F ¢ Q(px).

o A cuspidal automorphic representation T of GLa(Aqg) whose archimedean component is discrete
series of even weight k > 2, such that T does not have CM by any quadratic field K C F(pr).

o A Gg-stable Oy-lattice Ty, C V., and a non-torsion cocycle ¢ € HY(Q,Ty).

Then there exists an element g € G such that:

(1) g is is admissible for p. and has nontrivial image in Gal(F/Q).
(2) pr.(g°) has distinct eigenvalues.
(3) c(g) has nonzero component in the I1-eigenspace for g.

Note the last condition is independent of the choice of cocycle representative for c.

Proof. First choose ¢ satisfying (1), and with the additional property that g has trivial image in Gal(K/Q)
if 7 has CM by a quadratic field K. (This choice is possible because we have F' ¢ Q(p,) and K ¢ F(pr).)

Claim. There exists h € Gg(,,) such that hg satisfies (2).

Proof of claim. 1f F(p,) N F(ad® p,,) is infinite then taking h = 1 suffices by Lemma C.5.1, so we may
assume without loss of generality that F'(p,) N F(ad” p;.,) is finite. If 7 is non-CM, then because F'(p,) N
F (ad0 pr,.) is finite, Theorem C.3.2 implies that the image of p- |G (o) CONtAins a compact open subgroup
of {x € D* : Nm(z) € QF} — GL2(Q,), for a quaternion algebra D over a finite extension E of Q.
Since zp;,(g)xp-,(g) having distinct eigenvalues is an open condition on x € D*, the claim follows when
T is non-CM.

If on the other hand 7 has CM by an imaginary quadratic field K, then because p-, |GQp has distinct Hodge-
Tate weights, there exists hg € G i such that p,,(hg) has eigenvalues whose ratio is of infinite order. After
replacing ho with a finite power, it acts trivially on F'(p,) N F(ad® p,,,); thus there exists h € G. F(pr) Such
that p,,(h?) has distinct eigenvalues. Since g has trivial image in Gal(K/Q), p-.(g) and p,,(h) commute;
in particular, if pm(gQ) is scalar, then p,,(hghg) = pT,L(hQ)pT,L(g2) has distinct eigenvalues. Hence either
g or hg satisfies (2), which shows the claim. U
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Replacing g with hg as in the claim, we may now assume g satisfies both (1) and (2). By Lemma C.5.2
and inflation-restriction, ¢ has nonzero image in

HI(F(Pm ad’ Pri)s TW)GQ = HomG@(Gal(@/F(Pm ad’ pra))s T,

and because V; , is absolutely irreducible, there exists i € G such that ad® p,,(h) = pr(h) = 1 and c(h)
has nonzero component in the 1-eigenspace for g. Then either g or hg satisfies (1), (2), and (3), which proves
the proposition.

O

Finally, we have the endoscopic analogue of Proposition C.5.3.

Proposition C.5.4. Let 7, 1, Ey, and p be as above, with T endoscopic associated to pair (71, m3) of auto-

morphic representations of GLa(Aq); and assume that Ey is a common strong coefficient field of w1 and .

Let j = 1 or 2, and suppose there exist admissible primes for pr , which are BD-admissible for pr; = pr; p.
Suppose given the following data:

o A quadratic field F ¢ Q(py).

o A cuspidal automorphic representation T of GLg whose archimedean component is discrete series
of weight at least 2, such that T does not have CM by any quadratic field K C F(py).

o A Go-stable O, lattice Tx; C Vi, p, and a non-torsion cocycle ¢ € Hl((@, Tﬂj).

Then there exists an element g € Gq such that:
(1) g is is admissible for p, and BD-admissible for pr;, and has nontrivial image in Gal(F'/Q).

(2) pr.(g?) has distinct eigenvalues.
(3) c(g) has nonzero component in the 1-eigenspace for g.

Proof. Without loss of generality, suppose j = 1. Clearly there exists g € G satisfying (1), such that, if 7
has CM by an imaginary quadratic field K, g has trivial image in Gal(K/Q). We next claim:

Claim. There exists g € G satisfying (1) and (2).

Proof. 1f F(p,) N F(ad® p,,) is finite, then we conclude using the same argument as for the claim in the
proof of Proposition C.5.3. By Lemma C.5.1, we may therefore assume that, for: = 1 or 2, m; = 79 ® x for
some finite-order Hecke character y and automorphism o € Aut(Q/Q). In this case, T is necessarily non-
CM (because its CM field would be contained in Q(pm.)), so 71 and 7o cannot both be CM; and it suffices
to show there exists g € G satisfying (1), such that p, (g?) has distinct eigenvalues. Hence it suffices to
show that Q(pr, ) N Q(px,) is finite over Q( 11, ); and this follows from an argument very similar to Lemma
C.4.12, using that 7, and 79 are not both CM. O

Now take ¢ as in the claim. By Lemma C.5.2, ¢ has nonzero image in
H'(F(pr, ad pr)s Ty

Arguing as in Proposition C.5.3 and using the absolute irreducibility of py,, the proposition follows. g
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