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This article has three goals: First, we generalize the result of Deuring and Serre on the characterization of
supersingular locus to all Shimura varieties given by totally indefinite quaternion algebras over totally
real number fields. Second, we generalize the result of Ribet on arithmetic level raising to such Shimura
varieties in the inert case. Third, as an application to number theory, we use the previous results to study
the Selmer group of certain triple product motive of an elliptic curve, in the context of the Bloch—Kato
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1. Introduction

The study of special loci of moduli spaces of abelian varieties starts from Deuring and Serre. Let N >4 be
an integer and p a prime not dividing N. Let Yo(N) be the coarse moduli scheme over Z,,) parametrizing
elliptic curves with a cyclic subgroup of order N. Let Yo(N )ﬁﬁp denote the supersingular locus of the
special fiber Yo(N)p
following deep result (see, for example [Serre 1996]) characterizing the supersingular locus:

which is a closed subscheme of dimension zero. Deuring and Serre proved the

P’

Yo(N)E, (F) = BX\B/R*. (1-1)

Here, B is the definition quaternion algebra over Q ramified at p, and R € B is any Eichler order of
level N. Moreover, the induced action of the Frobenius element on B> \ﬁ X/ R* coincides with the Hecke
action given by the uniformizer of B ®q Q,.

One main application of the above result is to study congruence of modular forms. Let f = g +
a>q*> 4 azq> + - - - be a normalized cusp new form of level I'g(N) and weight 2. Let m 1 be the ideal of
the away-from-Np Hecke algebra generated by T, — a, for all primes vt Np. We assume that f is not
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dihedral. Take a sufficiently large prime £, not dividing Np(p? — 1). Using the isomorphism (1-1) and
the Abel-Jacobi map (over [ 2), one can construct a map

T(B*\B*/R*,Fo)/my — H'(F 2, H (Yo(N) @ F¥, F¢ (1)) /m ) (1-2)

where ['(B* \EX / R*, Fy) denotes the space of [Fy-valued functions on B> \f?x / R*. [Ribet 1990] proved
that the map (1-2) is surjective. Note that the right-hand side is nonzero if and only if £ |aj — (p + 1)%,
in which case the dimension is 1. From this, one can construct a normalized cusp new form g of level
To(Np) and weight 2 such that f = ¢ mod £ when €| a} — (p+ 1)*.

This article has three goals: First, we generalize the result of Deuring and Serre to all Shimura varieties
given by totally indefinite quaternion algebras over totally real number fields. Second, we generalize
Ribet’s result to such Shimura varieties in the inert case. Third, as an application to number theory, we
use the previous results to study Selmer groups of certain triple product motives of elliptic curves, in the
context of the Bloch—Kato conjecture.

For the rest of Introduction, we denote F' a totally real number field, and B a fotally indefinite quaternion
algebra over F. Put G :=Resp/g B* as a reductive group over Q.

1A. Supersingular locus of Hilbert modular varieties. Let p be a rational prime that is unramified in F.
Denote by X, the set of all places of F' above p, and put g, := [F, : Q,] for every p € ¥,. Assume
that B is unramified at all p € ¥,,. Fix a maximal order Op in B. Let K” € G(A™) be a neat open
compact subgroup in the sense of Definition 2.6. We have a coarse moduli scheme Sh(G, K”) over Z )
parametrizing abelian varieties with real multiplication by Op and K ”-level structure (see Section 2E for
details). Its generic fiber is a Shimura variety; in particular, we have the following well-known complex
uniformization:

Sh(G, K?)(C) = G(@)\(C — R)FY x G(A®)/KPK,,

where K, is a hyperspecial maximal subgroup of G(Q,). The supersingular locus of Sh(G, K?), that
is, the maximal closed subset of Sh(G, K?) ® [} on which the parametrized abelian variety (over F7)
has supersingular p-divisible group, descends to [, denoted by Sh(G, K7 )ﬁﬁp. Our first result provides a
global description of the subscheme Sh(G, K” )ﬁfp.

To state our theorem, we need to introduce another Shimura variety. Let BT be the quaternion
algebra over F, unique up to isomorphism, such that the Hasse invariants of B™ and B differ exactly
at all archimedean places and all p € ¥, with g, odd. Similarly, put G':=Resr /@(BT)X and identify
GT(A%P) with G(A>P). We put

Sh(G', KP)(F¥) := G (@\G"(A™) /K"K,

where K ; is 2 maximal open compact subgroup of G'(Q »). We denote by Sh(G', K? )re the correspond-
ing scheme over [/7, that is, copies of Spec [ indexed by Sh(G', K PY(ES).
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Theorem 1.1 (Theorem 3.13). Let h be the least common multiple of (1 + g, —2|8p/21)gp for p € X),.
We have'
Sh(G, K")E @F = W(w).
ac'B

Here

» B is a set of cardinality npez,, ( equipped with a natural action by Gal(F 1 /T p);

8p )
L8p/2]
* the base change W (a)  F is a (Zpe):p |_gp/2j)-th iterated P'-fibration over Sh(G7, KP)[F(};, equi-

variant under prime-to-p Hecke correspondences.?

In particular, Sh(G, Kp)?FSI) is proper and of equidimension Zpezp Lgp/2].

If p is inert in F of degree 2 and B is the matrix algebra, then the result was first proved in [Bachmat
and Goren 1999]. If p is inert in F of degree 4 and B is the matrix algebra, then the result was due to Yu
[2003]. Assume that p is inert in F of even degree. Then the strata W (a) have already been constructed in
[Tian and Xiao 2019], and the authors proved there that, under certain genericity conditions on the Satake
parameters of a fixed automorphic cuspidal representation 7, the cycles W (a) give all the w-isotypic Tate
cycles on Sh(G, K?)g,.

Similarly, one can define the superspecial locus Sh(G, K ”)?; of Sh(G, K?), that is, the maximal
closed subset of Sh(G, K”) ® [} on which the parametrized abelian variety has superspecial p-divisible
group. It is a reduced scheme over [, of dimension zero. We have the following result:

Theorem 1.2 (Theorem 3.16). Assume that g, is odd for every p € ¥,. For each a € *B as in the
previous theorem, W (a) contains the superspecial locus Sh(G, K? )[SFI; ®F ,n, and the iterated P'-fibration
T W) ® [F‘j!‘,C — Sh(GT, K P)[Fac induces an isomorphism

Sh(G., K")fk = Sh(G", K”)py

compatible with prime-to-p Hecke correspondences.

In fact, Theorem 3.16(2) shows that the F pz—scheme structure on Sh(G', K7 )[Fe;’c induced from the
isomorphism in the above theorem is independent of a. In other words, we have a canonical [ ,>-scheme
structure on Sh(G', K ”)[p;)c, which we denote by Sh(GT, K”). Then it is easy to see that the iterated
P!-fibration 77, descends to a morphism of F ph-schemes

7q: W(a) — Sh(G', KP)gn.

A main application of the global description of the supersingular locus is to study the level raising
phenomenon, as we will explain in the next section.

IThe notation here is simplified. In fact, in the main text and particularly Theorem 3.13, BT, G", B, a and W (a) are denoted
by BS, x> GSmax» B o, a and Wy o (a), respectively.

20ne should consider Sh(G™, K I’)PL as the [FdC fiber of a Shimura variety attached to G'. T. However, it seems impossible to
define the correct Galois action on Sh(GT K )[Fac using the formalism of Deligne homomorphisms when gp, is odd for at least
one p € ¥p. When gy is odd for all p € T, we \’;vﬂl define the correct Galois action by Gal([FaC /Fp) using superspecial locus.
See the discussion after Theorem 1.2.
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1B. Arithmetic level raising for Hilbert modular varieties. We suppose that g = [F : Q] is odd. Fix
an irreducible cuspidal automorphic representation IT of GL,(Af) of parallel weight 2 defined over a
number field E. Let B, G be as in the previous section; and let K be a neat open compact subgroup of
G (A®). Then we have the Shimura variety Sh(G, K) defined over Q. Let R be a finite set of places of F
away from which IT is unramified and K is hyperspecial maximal.

Let p be a rational prime inert in F such that the unique prime p of F' above p is not in R. Then
K = K? K, and Sh(G, K) has a canonical integral model Sh(G, K?) over Z, as in the previous section.
We also choose a prime X of E and put k) := Of/A.

Let Z[T®] (resp. Z[TRYPH) be the (abstract) spherical Hecke algebra of GL, r away from R (resp.
RU {p}). Then IT induces a homomorphism

(ﬁn,kl Z[—U—R] —> O[E —> kA

via Hecke eigenvalues. Put m :=ker(¢m ;. |zrruwm).

The Hecke algebra Z[TRYP} acts on the (étale) cohomology group H*(Sh(G, K?) ® F¥, k). Let
I'(B xSh(G™, K p)([F;C), %) be the abelian group of s-valued functions on 8 x Sh(G', K ”)([F‘;C), which
admits the Hecke action of Z[T?{P}] via the second factor. We have a Chow cycle class map

(B x Sh(G', KP)(F%), Z) - CHED/2(Sh(G, K)px)

sending a function f on B x Sh(G', KP?) () to the Chow class of Za’s f(a, s)rr;l(s), which is
Z[ TR} -equivariant. We will show that under certain “large image” assumption on the mod-A Galois
representation attached to I, the above Chow cycle class map (eventually) induces the following Abel—
Jacobi map

(B x Sh(G", KP)(Fy), k) /m — H' (F 20, H (Sh(G, KP)pe, k(g +1)/2))/m).  (1-3)
See Section 4A for more details. The following theorem is what we call arithmetic level raising:

Theorem 1.3 (Theorem 4.7). Suppose that p is a A-level raising prime in the sense of Definition 4.5. In
particular, we have the following equalities in k;:

o (Tp)> = (p* + 1), ¢ni(Sp) =1,

where Ty (resp. Syp) is the (spherical) Hecke operator at p represented by (8 (1)) € GLy(Fp) (resp.
(‘8 g) € GLy(Fy)). Then the map (1-3) is surjective.

As we will point out in Remarks 4.2 and 4.6, if there exist rational primes inert in F, and IT is not
dihedral and not isomorphic to a twist by a character of any of its internal conjugates, then for all but
finitely many prime A, there are infinitely many (with positive density) rational primes p that are A-level
raising primes.

OO,p)KI”

Suppose that the Jacquet-Langlands transfer of IT to B exists, say ITp. If (I has dimension 1

and there is no other automorphic representation of B* (Ar) (of parallel weight 2, unramified at p, and
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with nontrivial K?-invariant vectors) congruent to I1p modulo A, then the target of (1-3) has dimension
((gj)ﬂ) over k;.

Remark 1.4. In principle, our method can be applied to prove a theorem similar to Theorem 1.3 when
B is not necessarily totally indefinite but the “supersingular locus”, defined in an ad hoc way if B is
not totally indefinite, still appears in the near middle dimension. In fact, the proof of Theorem 1.3 will
be reduced to the case where B is indefinite at only one archimedean place (that is, the corresponding
Shimura variety Sh(B) is a curve). However, we decide not to pursue the most general scenario as that
would make the exposition much more complicated and technical. On the other hand, we would like
to point out that arithmetic level raising when 1 < dim Sh(B) < [F : Q] has arithmetic application as
well, for example, to bound the triple product Selmer group (see the next section) with respect to a cubic
extension F/F" of totally real number fields with F® # Q.

Let us explain the meaning of Theorem 1.3. Suppose that IT admits Jacquet—Langlands transfer, say
[1g, to B* such that Hg # {0}. Then the right-hand side of (1-3) is nonzero. In particular, under the
assumption of Theorem 1.3, the left-hand side of (1-3) is nonzero as well. One can then deduce that
there is an (algebraic) automorphic representation I'T" of GT(A) = (B> (Ap) (trivial at co) such that
the associated Galois representations of 1" and IT with coefficient Of/A are isomorphic. However, it
is obvious that IT" cannot be the Jacquet-Langlands transfer of I1, as B' is ramified at p while IT is
unramified at p. In this sense, Theorem 1.3 reveals certain level raising phenomenon. Moreover, this
theorem not only proves the existence of level raising, but also provides an explicit way to realize the
congruence relation behind the level raising through the Abel-Jacobi map (1-3). As this process involves
cycle classes and local Galois cohomology, we prefer to call Theorem 1.3 arithmetic level raising. This is
crucial for our later arithmetic application. Namely, we will use this arithmetic level raising theorem to
bound certain Selmer groups, as we will explain in the next section.

1C. Selmer group of triple product motive. In this section, we assume that g = [F : Q] = 3; in other
words, F is a totally real cubic number field.

Let E be an elliptic curve over F'. We have the ()-motive ® Indg h'(E) (with coefficient Q) of rank 8,
which is the multiplicative induction of the F-motive h!(E) to Q. The cubic-triple product motive of E
is defined to be

M(E) := (® Ind§, h' (E))(2).

It is canonically polarized. For every prime p, the p-adic realization of M(E), denoted by M(E),
is a Galois representation of Q of dimension 8 with Q,-coefficients. In fact, up to a twist, it is the
multiplicative induction from F to Q of the rational p-adic Tate module of E.

Now we assume that £ is modular. Then it gives rise to an irreducible cuspidal automorphic represen-
tation I1g of (Resr/g GL2 ) (A) = GL,(Ar) with trivial central character. Denote by 7 : LG — GLg(C)
the triple product L-homomorphism [Piatetski-Shapiro and Rallis 1987, Section 0], and L(s, [1g, 7) the
triple product L-function, which has a meromorphic extension to the complex plane by [Garrett 1987;
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Piatetski-Shapiro and Rallis 1987]. Moreover, we have a functional equation
L(s, Mg, 7) = e(Mg, C(Mg, 1)L 5, Mg, 1)

for some €(I1g, 7) € {£1} and positive integer C(I1g, ). The global root number e€(I1g, 7) is the
product of local ones: e(Ilg, t) = ]_[v €(I1g 4, T), where v runs over all places of Q. Here, we have
€(Ilg.y, ) € {£1} and that it equals 1 for all but finitely many v. Put

Y(Ig,t):={v|e(lgy, v) =—1}.

In particular, the set X (I1g, 7) contains co. We have L(s, M(E)) = L(s + %, Mg, r).

Now we assume that E satisfies Assumption 5.1. In particular, X (I1g, 7) has odd cardinality. Let B” be
the indefinite quaternion algebra over @ with the ramification set £(ITg, T) — {oo}, and put B := B’ ®q F.
Put G :=Resp/g B* as before. We will define neat open compact subgroups K. C G(A), indexed by
certain integral ideals t of F. We have the Shimura threefold Sh(G, K;) over Q. Put G” := (B”)* and let
Kf C G"(A) be induced from K.. Then we have the Shimura curve Sh(G”, KE ) over @ with a canonical
finite morphism to Sh(G, K,). Using this 1-cycle, we obtain, under certain conditions, a cohomology
class

®,.c € HH(Q, M(E),)®*®,

where H} (Q, M(E),) is the Bloch-Kato Selmer group (Definition 5.6) of the Galois representation
M(E), (with coefficient Q,), and a(r) > 0 is some integer depending on t. See Section SA for more
details of this construction. We have the following theorem on bounding the Bloch—Kato Selmer group
using the class ©®, ..

Theorem 1.5 (Theorem 5.7). Let E be a modular elliptic curve over F satisfying Assumption 5.1. For a
rational prime p, if there exists a perfect pair (p, t) such that ® , . # 0, then we have

dimg, H{ (@, M(E),) = 1.
See Definition 5.4 for the meaning of perfect pairs, and also Remark 5.8.

The above theorem is closely related to the Bloch—Kato conjecture. We refer readers to the Introduction
of [Liu 2016] for the background of this conjecture, especially how Theorem 1.5 can be compared to
the seminal work of Kolyvagin [1990] and the parallel result [Liu 2016, Theorem 1.5] for another triple
product case. In particular, we would like to point out that under the (conjectural) triple product version
of the Gross—Zagier formula and the Beilinson—Bloch conjecture on the injectivity of the Abel-Jacobi
map, the following two statements should be equivalent:

e L'(0, M(E)) # 0 (note that L(0, M(E)) = 0).

o There exists some v such that for every other v contained in vy, we have ©, . # 0 as long as (p, t)
is a perfect pair.
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Assuming this, then Theorem 1.5 implies that if L'(0, M(E)) # 0, that is, ords—o L(s, M(E)) = 1, then
dimg » H} (Q, M(E),) =1 for all but finitely many p. This is certainly evidence toward the Bloch—-Kato
conjecture for the motive M(E).

At this point, it is not clear how the arithmetic level raising, Theorem 1.3, is related to Theorem 1.5.
We will briefly explain this in the next section.

1D. Structure and strategies. There are four sections in the main part. In short words, Section 2 is respon-
sible for the basics on Shimura varieties that we will use later; Section 3 is responsible for Theorems 1.1
and 1.2; Section 4 is responsible for Theorem 1.3; and Section 5 is responsible for Theorem 1.5.

In Section 2, we study certain Shimura varieties and their integral models attached to both unitary
groups of rank 2 and quaternion algebras, and compare them through Deligne’s recipe of connected
Shimura varieties. The reason we have to study unitary Shimura varieties is the following: In the proof
of Theorems 1.1, 1.2 and 1.3, we have to use an induction process to go through certain quaternionic
Shimura varieties associated to B that are not totally indefinite. Those Shimura varieties are not (coarse)
moduli spaces but we still want to carry the information from the moduli interpretation through the
induction process. Therefore, we use the technique of changing Shimura data by studying closely related
unitary Shimura varieties, which are of PEL-type. Such argument is coherent with [Tian and Xiao 2016]
in which the authors study Goren—Oort stratification on quaternionic Shimura varieties.

In Section 3, we first construct candidates for the supersingular locus in Theorem 1.1 via Goren—Oort
strata, which were studied in [Tian and Xiao 2016], and then prove that they exactly form the entire
supersingular locus, both through an induction argument. As we mentioned previously, during the
induction process, we need to compare quaternionic Shimura varieties to unitary ones. At last, we identify
and prove certain properties for the superspecial locus, in some special cases.

In Section 4, we state and prove the arithmetic level raising result. Using the nondegeneracy of certain
intersection matrices proved in [Tian and Xiao 2019], we can reduce Theorem 1.3 to establishing a similar
isomorphism on certain quaternionic Shimura curves. Then we use the well-known argument of Ribet
together with Thara’s lemma in this context to establish such isomorphism on curves.

In Section 5, we focus on the number theoretical application of the arithmetic level raising established
in the previous section. The basic strategy to bound the Selmer group follows the same line as in
[Kolyvagin 1990; Liu 2016; 2019]. Namely, we construct a family of cohomology classes ®;,r, ¢ to serve
as annihilators of the Selmer group after quotient by the candidate class ®, . in rank 1 case. In the case
considered here, those cohomology classes are indexed by an integer v as the depth of congruence, and a
pair of rational primes £ = (¢, £') that are ““p"-level raising primes” (see Definition 5.10 for the precise
terminology and meaning). The key idea is to connect ®, . and various ®;’t’ ¢ through some objects in
the middle, that is, some mod-p"” modular forms on a certain Shimura set. Following past literature, the
link between ® ,  and those mod-p" modular forms is called the second explicit reciprocity law; while
the link between ®;’t’ ¢ and those mod-p” modular forms is called the first explicit reciprocity law. The
first law in this context has already been established by one of us in [Liu 2019]. To establish the second
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law, we use Theorem 1.3; namely, we have to compute the corresponding element in the left-hand side in
the isomorphism of Theorem 1.3 of the image of ®,,  in the right-hand side.

1E. Notation and conventions. The following list contains basic notation and conventions we fix through-
out the article. We will usually not recall them when we use, as most of them are common:

e Let A be an abelian group and S a finite set. We denote by |S| the cardinality of S and I"(S, A) the
abelian group of A-valued functions on S.

« If a base is not specified in the tensor operation ®, then it is Z. For an abelian group A, put
A=AQ (lim, Z/n). In particular, we have 7= [1; Z;, where [ runs over all rational primes. For a
fixed rational prime p, we put Z(P) := [lizp 2

« We denote by A the ring of adeles over Q. For a set [J of places of @, we denote by A" the ring of
adeles away from L. For a number field F, we put A%’ =AYQq F. If 0= {v,...,v,} is a finite
set, we will also write AVt for AP,

« For a field K, denote by K the algebraic closure of K and put Gg := Gal(K?°/K). Denote by Q¢
the algebraic closure of @ in C. When K is a subfield of Q%, we take G to be Gal(Q*°/K) hence
a subgroup of Gg.

 For a number field K, we denote by O the ring of integers in K. For every finite place v of Ok,
we denote by Ok, the ring of integers of the completion of K at v.

o If K is alocal field, then we denote by Oy its ring of integers, Ix € Gk the inertia subgroup. If v is
a rational prime, then we simply write G, for Gg, and I, for Ig,.

e Let K be alocal field, A aring, and N a A[Gg]-module. We have an exact sequence of A-modules

(K,N)— H'(K,N) 2> H. (K, N)— 0,

sing

0 — H!

unr

where H!

unr (K, N) is the submodule of unramified classes.

e Let A be aring and N a A[Gg]-module. For each prime power v, we have the localization map
loc,: HY(Q, N) - H/(Q,, N) of A-modules.
« Denote by P! the projective line scheme over Z, and G, = Spec Z[T, T '] the multiplicative group

scheme.

e Let X be a scheme. The cohomology group H*(X, —) will always be computed on the étale site
of X. If X is of finite type over a subfield of C, then H*(X (C), —) will be understood as the Betti
cohomology of the associated complex analytic space X (C).

2. Shimura varieties and moduli interpretations

In this section, we study certain Shimura varieties and their integral models attached to both unitary
groups of rank 2 and quaternion algebras, and compare them through Deligne’s recipe of connected
Shimura varieties.
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Let F be a totally real number field, and p > 3 a rational prime unramified in F. Denote by ¥, =
Homg(F, C) the set of archimedean places of F, and X, the set of p-adic places of F above p. We
fix throughout Sections 2 and 3 an isomorphism ¢,,: C = Q7. Via ¢, we identify X with the set of
p-adic embeddings of F via ). For each p € X, we put g, :=[F}, : Q,] and denote by X/, the subset
of p-adic embeddings that induce p, so that we have

Soo= || Zooss-
peX,

Since p is unramified in F', the Frobenius, denoted by o, acts as a cyclic permutation on each X /.
We fix also a totally indefinite quaternion algebra B over F' such that B splits at all places of F above p.

2A. Quaternionic Shimura varieties. Let S be a subset of X, U X, of even cardinality, and put Sy :=
SN Xs. Foreachp € X, we put Sy := SN (Zo/p U {p}) and Se/p = SN Xoo/p. We suppose that Sy,
satisfies the following assumptions.

Assumption 2.1. Take p € X,:
(1) If p €8, then gy is odd and Sy, = T /p U {p}.

(2) If p ¢ S, then Sy is a disjoint union of chains of even cardinality under the Frobenius action on

Yoo/p» that is, either S, = X/, has even cardinality or there exist 1, ..., 7, € Xy and integers
mi, ..., m, > 1 such that
-
SpIL[{‘C,‘,O_I‘L’,‘,...,G_Zmi+lfi} (2-1)
i=1

and o1, 0 iy & Sp.

Let Bg denote the quaternion algebra over F whose ramification set is the union of S with the
ramification set of B. We put Gs := ResF/@(BSX). For S = @, we usually write G = Gg. Then Gg is
isomorphic to G over F), for every place v ¢ S, and we fix an isomorphism

Gs(A®P) = G(A™P),

Let T be a subset of Sy, and Ty = S/ NT for each p € ¥),. Throughout this paper, we will always
assume that |T,| = #S,/2. Consider the Deligne homomorphism

hs1: S(R) = C* — Gs(R) = GLy(R) 5% x (H*)T x (H*)S=~T
Yoo—Sxo
e (52) )

where H denotes the Hamiltonian algebra over R. Then Gg 1 := (Gs, hs 1) is a Shimura datum, whose
reflex field Fg 1 is the subfield of the Galois closure of F in C fixed by the subgroup stabilizing both S,
and T. For instance, if Soc = &, then T = @ and Fs = Q. Let g denote the p-adic place of Fs 1 via the
embedding Fs 1 <— C — Q7. By abuse of notation, we will often write G = G ,» in what follows.
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In this article, we fix an open compact subgroup K, = HpeE,, K, € Gs(Q)) = HpeE],(BS ®r Fp)™,
where

K, is a hyperspecial subgroup if p ¢ S, and
e Ky, = (’);lD is the unique maximal open compact subgroup of (Bs @ Fy)™ if p € S.

For a sufficiently small open compact subgroup K? C G(A*®P) = Gs(A*?), we have the Shimura
variety Sh(Gs 1, K”) defined over Fs whose C-points are given by

Sh(Gs 1, K?)(C) = Gs(@\(H ™)™ 5> x Gs(A®) /KK,

where K = K”K, € G(A*™), and $H* = P(C) — P(R) is the union of upper and lower half-planes.
Note that the scheme Sh(Gs 1, K?)ge over Q% is independent of T, but different choices of T will give
rise to different actions of Gal(Q*/Fs 1) on Sh(Gs 1, K?)gee.

When S = X, the action of I, := Gal(Q* / Fs 1) on the set Sh(Gs 1, K7)(Q™) is given as follows.
Note that the Deligne homomorphism hg 1 factors through the center Tr = Resr/q(G,,) € Gs, and the
action of I' g, factors thus through its maximal abelian quotient F?};T. Let w: G,y — Tr ®q Fs,t be
the Hodge cocharacter (defined over the reflex field Fs 1) associated with Ag . Let Art: A;?TX — I‘}‘;T
denote the Artin reciprocity map that sends uniformizers to geometric Frobenii. Then the action of Art(g)
on Sh(Gg 1, K?)(Q%) is given by the multiplication by the image of g under the composite map

AR L TRAR ) = (F @ AR )" ~51% A% ¢ Gg(A®).

If F denotes the Galois closure of F in C, then the restriction of the action of I Fsr to Iz depends only
on #T.

We put Sh(Gs 1) :=1lim,
of Sh(Gg 1) @, Q%, that is, the one containing the image of point

Sh(Gs,1, K?). Let Sh(Gs,1)° be the neutral geometric connected component

(iS5 1) € (HF) =75 x G5(A™).

Then Sh(Gs 1)° ®qse,,, @?,C descends to @‘[‘,r, the maximal unramified extension of @, in @?f. Moreover,
by Deligne’s construction [1979], Shk,(Gs 1) can be recovered from the connected Shimura variety
Sh(Gs,1)° together with its Galois and Hecke actions (see [Tian and Xiao 2016, 2.11] for details in our
particular case).

2B. An auxiliary CM extension. Choose a CM extension E/F such that
o E/F isinert at every place of F where B is ramified,
o forp e X, E/F is split (resp. inert) at p if g, is even (resp. if g, is odd).

Let X g o denote the set of complex embeddings of E, identified also with the set of p-embeddings of E
by composing with ¢,. For T € X o, we denote by 7¢ the complex conjugation of 7. For p € X, we
denote by X £ ~/p the subset of p-adic embeddings of E inducing p. Similarly, for a p-adic place q of E,
we have the subset X «/q © ZE oo consisting of p-adic embeddings that induce q.
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Assumption 2.2. Consider a subset Sy, € T o satisfying the following:
(1) For each p € X, the natural restriction map X g oo/p —> Zoo/p induces a bijection Seo /p — Soo/ps
where éoo/p = goo N ZE,oo/p-
(2) For each p-adic place q of E above a p-adic place p of F, the cardinality of §Oo/q is half of the

cardinality of the preimage of Sx/p in X £ o0/q-

For instance, if p splits in E into two places q and g and S is given by (2-1), then the subset
r
Seopp = | [(Fi o7 E0. ... o2 o2 g
i=1

satisfies the requirement. Here, 7; € X oo/p denotes the lift of 7; inducing the p-adic place q. The choice
of such a S, determines a collection of numbers s; € {0, 1,2} for T € © E.co DY the following rules:

0 if T €Sy,

sz =12 if 7€ € Su,

1 otherwise.
Our assumption on S, implies that, for every prime q of E above p, the set {T € © E,o0/q | $z = 0} has
the same cardinality as {T € X oo/q | 57 = 2}.

Put S := (S, Soo) and Tg := Resg /0(G,,). Consider the Deligne homomorphism
hpgr: SB®)=C > Te®) = [[ (E®rR)* = (C)% T x (€T x (C*)%

TEX

z=x+v—1ly—> (&, ...,2, ... z7h, A, ..., D).

where, for each v € S, we identify E ®; r R with C via the embedding 7: E — C with T € Seo
lifting 7. We write Ty 51 = (Tg, hg 51) and put Kg , := (Op ® Z,,)* € Tp(Q)), the unique maximal
open compact subgroup of Tz (Q,). For each open compact subgroup K Ep C Tg(A*?), we have the
zero-dimensional Shimura variety Sh(T 5 1, Kr) whose Q*-points are given by

Sh(Tg 5.1, Ke)(@*) = EX\Tg(A®)/ Kz KE, p.

2C. Unitary Shimura varieties. Put Tr := Resr;q(Gp, r). Then the reduced norm on Bg induces a
morphism of Q-algebraic groups
vs: Gg — TF.
Note that the center of Gg is isomorphic to Tr. Let Gg’T denote the quotient of Gs x Tg by Tr via the
embedding
Tr— GsxTg, z+ (z,2°)),

and let G/g be the inverse image of G, C Tr under the norm map

Nm: G5 = (Gs x Tg)/Tp — Tr, (g, 1) > vs(g) Nmg/p(1).
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Here, the subscript S is to emphasize that we will take the Deligne homomorphism hg :C* — Gg R)
induced by hs 1 X hg 51, which is independent of T. Note that the image of hg lies in G’g(R), and we
denote by /5 : C* — G(R) the induced map.

As for the quaternionic case, we fix the level at p of the Shimura varieties for Gg and Gé as follows.
Let K, C Gg(@p) be the image of K, x Kf p, and put K}, := K/ N Gé(@,,). Note that K} (resp. K )
is not a maximal open compact subgroup of G’é’(@ p) (resp. G%(@ »)), if S contains some p-adic place
p € X,,. For sufficiently small open compact subgroups K7 C G’g’(A"O’I’) and K'? C G’é (A7), we get
Shimura varieties with C-points given by

Sh(Gg. K"")(C) = GZ@\HF)**** x G{(A®)/K""K],

Sh(G, K'")(C) = GL(@\(HF) ™5 x GL(A®) /K"K,
We put

Sh(Gg) = @Sh(Gg, K'P), Sh(G/g) = @Sh(G%, K'P).

K''p K'P

The common reflex field Eg of Sh(G’é) and Sh(G’é’) is a subfield of the Galois closure of E in C. The
isomorphism ¢, : C — Q7 defines a p-adic embedding of Eg — @77, hence a p-adic place o of E5. Then
Eg is unramified at ©. Let Sh(G%)D (resp. Sh(Gé)") denote the neutral geometric connected component
of Sh(GiS/) ®p, @ (resp. Sh(G/g) ® g, Q). Then both Sh(Gg)O ®que,, @ and Sh(G/g)O ®que,, Q% can
be descended to QY.

In summary, we have a diagram of morphisms of algebraic groups

Gs < Gs x Tg — G5 = (Gs x Tg)/ Tr < G

compatible with Deligne homomorphisms, such that the induced morphisms on the derived and adjoint
groups are isomorphisms. By Deligne’s theory of connected Shimura varieties (see [Tian and Xiao
2016, Corollary 2.17]), such a diagram induces canonical isomorphisms between the neutral geometric
connected components of the associated Shimura varieties:

Sh(Gs 1)° <— Sh(Gg)O - Sh(Gé)". (2-2)

Since a Shimura variety can be recovered from its neutral connected component together with its Hecke
and Galois actions, one can transfer integral models of Sh(Gfg) to integral models of Sh(Ggs 1) (see [Tian
and Xiao 2016, Corollary 2.17]).

2D. Moduli interpretation for unitary Shimura varieties. Note that Sh(G’g, K’P) is a Shimura variety
of PEL-type. To simplify notation, let O be the ring of integers of the completion of Eg at £. We recall
the integral model of Sh(G/é, K'?) over O defined in [Tian and Xiao 2016] as follows.

Let K'P C G/g(Aoo’p ) be an open compact subgroup such that K'7 K’ is neat (for PEL-type Shimura
data). We put Ds := Bs ®  E, which is isomorphic to Mat, (E) by assumption on E. Denote by b +— b
the involution on Dgs given by the product of the canonical involution on Bg and the complex conjugation
on E/F. Write E = F(+/9) for some totally negative element d € F that is a p-adic unit for every p € ¥ -
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We choose also an element § € Dg such that § = § as in [Tian and Xiao 2016, Lemma 3.8]. Then the
conjugation by §~! defines a new involution b > b* = 8~'b8. Consider W = Dg as a free left Dg-module
of rank 1, equipped with an x-hermitian alternating pairing

i WxW—Q, ¥x,y) =T, (Voxys)), (2-3)

where Tr, /- denotes the reduced trace of Ds/E. Then G can be identified with the unitary similitude
group of (W, ).

We choose an order Opg C Dg that is stable under * and maximal at p, and an Op,-lattice L C W
such that (L, L) € Z and L ® Z,, is self-dual under y. Assume that K'? is a sufficiently small open
compact subgroup of G’g (A-P) which stabilizes L ® ZP).

Consider the moduli problem S_h(G/g, K'P) that associates to each locally noetherian Og-scheme S the
set of isomorphism classes of tuples (A, ¢, A, @g»), where:

e A is an abelian scheme over S of dimension 4[F : Q].

e 1: Op, — Endg(A) is an embedding such that the induced action of ¢(b) for b € Of on Lie(A/S)
has characteristic polynomial

det(T —u(b)|Lie(A/S)) = l_[ (x — T(b))>7.

‘EEZE.OO

e A: A— AY is a polarization of A such that

— the Rosati involution defined by A on Endg(A) induces the involution b — b* on Op,,

— if p ¢ S, A induces an isomorphism of p-divisible groups A[p>®] —> AY[p°], and

— if p € S, then (ker A)[p™] is a finite flat group scheme contained in A[p] of rank p*$» and the
cokernel of induced morphism A, : H?R(A /S) — H‘liR(Av /S) is a locally free module of rank
two over Og ®z, Og/p. Here, H?R(— /S) denotes the relative de Rham homology.

e agr is a K'7 level structure on A, that is, a K'P-orbit of Opg-linear isomorphisms of étale sheaves
a: LQZP =5 TP(A) such that the alternating pairing ¥ : LQZP x LQZP — 7P is compatible
with the A-Weil pairing on 77 (A) via some isomorphism Z(”) = Z()(1). Here, 77 (A) =[], Ti(A)
denotes the product of prime-to-p Tate modules.

Remark 2.3. Sometimes it is convenient to formulate the moduli problem S_h(Gé, K'P) in terms of isogeny
classes of abelian varieties: one associates to each locally noetherian Og-scheme § the equivalence classes
of tuples (A, ¢, A, @'¥,), where

e (A, ) is an abelian scheme up to prime-to- p isogeny of dimension 4[ F : Q] equipped with an action
Op, satisfying the determinant conditions as above;

e A is a polarization on A satisfying the condition as above;
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a'y), is a rational K'P-level structure on A, that is, a K'P-orbit of Op, ® A P-linear isomorphisms

of étale sheaves on S:
a: WRgA®P =5 VP(A):=TP(A)®@Q

such that the pairing ¥ on W ®g A*? is compatible with the A-Weil pairing on VP(A) up to a
scalar in AP,

For the equivalence of these two definitions, see [Lan 2013].

Theorem 2.4. The moduli problem S_h(Gé, K'P) is representable by a quasiprojective and smooth scheme
Sh(G%, K'?) over Op such that

Sh(G}, K'") ®0, Eg 5 = Sh(G}, K'") ®k, Es -

Moreover, the projective limit Sh(G%) i=limg, Sh(G%, K'P) is an integral canonical model of Sh(Gé)
over Og in the sense that Sh(G/é) satisfies the following extension property over Og: if S is a smooth
scheme over Og, any morphism S o, Ej, 6 Sh(Gg) extends uniquely to a morphism S — Sh(G’g).

Proof. This follows from [Tian and Xiao 2016, 3.14, 3.19]. Il

Let Z}; be the ring of integers of Q7. The closure of Sh(Gfg)O in Sh(Gé) ®o, LY, denote by Sh(Gé)%;r,
is a smooth integral canonical model of Sh(G/g)O over Z‘;}. By (2-2), this can also be regarded as an
integral canonical model of Sh(Gg 1)° over Z‘;,r. This induces a smooth integral canonical model Sh(Gs 1)
of Sh(Gs 1) over Op;, o by Deligne’s recipe (see [Tian and Xiao 2016, Corollary 2.17]). For any open
compact subgroup K” C Gg(A*?), we define Sh(Gs 1, K?) as the quotient of Sh(Gg 1) by K?. If K?
is sufficiently small, then Sh(Gg 1, K?) is a quasiprojective smooth scheme over Op; ;. , and it is an
integral model for Sh(Gs 1, K?).

2E. Moduli interpretation for totally indefinite quaternionic Shimura varieties. When S = &, then
T = @ and the Shimura variety Sh(G, K?) :=Sh(G4 &, K?) has another moduli interpretation in terms of
abelian varieties with real multiplication by Op. Using this moduli interpretation, one can also construct
another integral model of Sh(G, K”). The aim of this part is to compare this integral canonical model of
Sh(G, K?) with Sh(G, K?) constructed in the previous subsection using unitary Shimura varieties.

We choose an element y € B* such that

V==V
e b b* :=y~ by is a positive involution;
e v(y) is a p-adic unit for every p-adic place p of F, where v: B* — F* is the reduced norm map.

Put V := B viewed as a free left B-module of rank 1, and consider the alternating pairing

(. )P VXV —>F (x,y)r=Trgpxyy),
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where Tr%/F is the reduced trace of B. Note that (bx, y)r = (x, b*y)p forx, y € V and b € B. We let
G =B* actonV viag-v=uvg~! for g € G and v € V. One has an isomorphism

G = Autg (V).
Fix an order Op C B such that
e Op contains O, and it is stable under *;
» Op®Z, is a maximal order of B ®q Q, = GLy(F ®g Q)).

Let K € G(A®P) be an open compact subgroup. Consider the moduli problem Sh(G, K”) that
associates to every Z,)-scheme T the equivalence classes of tuples (A, ¢, A, @gr) where

e A is a projective abelian scheme over T up to prime-to-p isogeny;

« ¢ is a real multiplication by Op on A, that is, a ring homomorphism ¢: Op — End(A) satisfying
det(T —¢(b)| Lie(A)) =Np/q(Ng, (T —b)), b€ O,
where N - is the reduced norm of B/F;

e Lisan F f’x—orbit of Op-linear prime-to-p polarizations »: A — A" such that (b)Y o A = A o t(b*)
for all b € Op, where F. f " C F* is the subgroup of totally positive elements that are p-adic units
forall p € X;

e Ogp is a KP-level structure on (A, t), that is, dx» is a K?-orbit of B ®g A°>?-linear isomorphisms
of étale sheaves on T':
a: VAP =5 VP(A).

Remark 2.5. By [Zink 1982, Lemma 3.8], there exists exactly one F f: ** orbit of prime-to- p polarizations
on A that induces the given positive involution % on B. Hence, one may omit A from the definition of the
moduli problem Sh(G, K?). This is the point of view in [Liu 2019]. Here, we choose to keep A in order
to compare it with unitary Shimura varieties.

By [Zink 1982, page 27], one has a bijection
Sh(G, K”)(C) = G@)\(HF) > x G(A®)/KPK, = Sh(G, K”)(C).

Note that an object (A, ¢, X, agr) € Sh(G, KP)(T) admits automorphisms (’); N K7, which is always
nontrivial if F # Q. Here, O is considered as a subgroup of G(A*?) via the diagonal embedding.
Thus, the moduli problem Sh(G, K?) can not be representable. However, Zink shows [1982, Satz 1.7]
that Sh(G, K”) admits a coarse moduli space Sh(G, K7), which is a projective scheme over Z,). This
gives an integral model of the Shimura variety Sh(G, K?) over Z,).

We recall briefly Zink’s construction of Sh(G, K”). Take (A, ¢, A, @x») € Sh(G, K?)(T) for some
Zpy-scheme T'. Choose a polarization A € X, and an isomorphism « € @k ». Then A induces a Weil pairing

U*: VP(A) x VP(A) — AP (1),
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and there exists a unique F-linear alternating pairing
W2 VP(A) x VP(A) — A P(1)

such that U* = Trp /Q o\i’%,. We fix an isomorphism Z = Z(1), and view (-, - ) as a pairing with values
in F(1). Then by [Zink 1982, 1.2], there exists an element ¢ € A;o’p’x such that

Uh(a(x), a(y) =clx, y)r, X,y €V @gA®P,

The class of ¢ in A;O’p’x/v(Kp), denoted by c(A, ¢, A, @gr), is independent of the choice of o € agr. If
F C F* is the subgroup of totally positive elements, then the image of ¢(A, ¢, A, @k») in

AZ X FP 0 (KP) = AP JFXv(K)

is independent of the choices of both A and «.
We choose representatives ci. ... ¢, € AZP Ju(KP) of the finite quotient A" /FL"*v (K P), and
consider the moduli problem Sh(G, K”) that associates to every Z,-scheme T equivalence classes of

tuple (A, ¢, A, &gr), Where

» (A, 1) is an abelian scheme over T up to prime-to-p isogeny equipped with real multiplication by Op;
e L: A — AY is a prime-to-p polarization such that (b)Y o A = A ot (b*) for all b € Op;

e 0gpr is a KP-level structure on A such that c(A, t, A, dgr) =c; forsomei=1,...,r.
To study the representability of Szl(G, K7?), we need the following notion of neat subgroups.

Definition 2.6. Let R be the ramification set of B. For every g, € (B ®r F,)™ with v ¢ R, let I',, denote
the subgroup of Fj}“* generated by the eigenvalues of g,. Choose an embedding Q% < Fj°. Then
(g, NQ*)" is the subgroup of 'y, consisting of roots of unity, and it is independent of the embedding
Q¥ — F.

Let [ be a finite set of places of @ containing the archimedean place, and let L1 be the set of places
of F above [J. An element g € G(A”) = (B ®g A™)* is called neat if (), _5(Tg, N Q%) = {1}.
We say a subgroup U C G(A") is neat if every element g = g®gg € U with v(g?) = 1 is neat. Here,
gt e (B®r AEF UR) * (resp. gr €[], er—0,(BOF F,)*) is the prime-to-R component (resp. R-component)
of g.

Assume from now on that K” € G(A°?) is neat. It is easy to see that each object of SI](G, KP)
has no nontrivial automorphisms. By a well-known result of Mumford, SIl(G , K?) is representable by a
quasiprojective smooth scheme §f1(G, KP?) over Zp). If B is a division algebra, then §fl(G, K7) is even
projective over Z,) (see [Zink 1982, Lemma 1.8]).

Let (’); 4 be the group of totally positive units of F. There is a natural action by O;’ +Nv(K?) on
Sh(G, K?) givenby & - (A, (, A, agr) = (A, 1,E-A,agp) for & € O;’Jr, and the quotient is the moduli
problem Sh(G, K?). Note that the subgroup (O N K*)? acts trivially on Sh(G, K?). Here, Of is
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considered as a subgroup in the center of G(A*"). Indeed, if & = n? with n Oj N K7, then the
multiplication by n on A defines an isomorphism (A, ¢, A, & gr) — (A, (,& - A, dgr). Put

Agr = (OF . Nv(KP))/(OF NKP)?.

Proposition 2.7. Assume that K? is neat. Let (A, 1, A, & g») be a T-valued point of Sh(G, K?). Then
the group of automorphisms of (A, 1, A, @ k») is OpNKP. Here, Oy. is viewed as a subgroup of G (A>P)
via the diagonal embedding.

Proof. This is a slight generalization of [Zink 1982, Korollar 3.3]. Take n € Endp, (A)g that preserves A
and @ g». Then there exists & € F,.* such that n#) = £, where ) is the Rosati involution of 7 induced by A.
By [Zink 1982, Satz 3.2], it is enough to show that /) = 1. Choose « € &gr, which induces an embedding

(Endo, (4) @ @) — (Endp(V) ® A™F)* = G(A™P).

Then the image of 7 under this embedding lies in K 7. Consider the endomorphism n?£~! € Endp, (A) @ Q.
Its image in G(A°>?) lies in K? and has reduced norm equal to 1. Since K7 is neat, all the eigenvalues
of n?£ ! are 1. So n?£~! must be trivial, hence n = 7. O

Corollary 2.8. Assume that K? is neat. Then the action of Agr on §ﬁ(G, K?P) is free.

Proof. The same argument for [Zink 1982, Korollar 3.4] shows that it follows from the above proposition.
O

We put
Sh(G, K”) :=Sh(G, K”)/Ak», (2-4)

which exists as a quasiprojective smooth scheme over Z ;) by [SGA 1 2003, Exposé VIII, Corollaire 7.7].
Then Sh(G, K?) is the coarse moduli space of the moduli problem Sh(G, K?), and §ﬁ(G, KP) is a finite
étale cover of Sh(G, K?) with Galois group Agy. Foreachi =1, ..., r, we denote by ﬁlci(G, K?)
the subscheme of §fl(G, K?) consisting the tuples (A, ¢, A, agr) with c(A, ¢, A, &gr) = ¢;. It is clear
that each Sh” (G, KP) is stable under the action of Ag,. Let Sh“ (G, K?) C Sh(G, K?) be the image of
Sh” (G, K*) under the morphism (2-4). Note that each Sh (G, K ) is not necessarily defined over Z,).
Actually, using the strong approximation theorem, one sees easily that Sh (G, K?)(C) is a connected
component of Sh(G, K?)(C).

Remark 2.9. Assume that K7 is neat:

(1) Let (;1,7) be the universal abelian scheme with real multiplication by Op over §ﬁ(G, K?). Then A
is equipped with a natural descent data relative to the projection §fl(G, K?) — Sh(G, K?), since
the action of A g, modifies only the polarization. By [SGA 1 2003, Exposé VIII, Corollaire 7.7], the
descent data on A is effective. This means that, even though Sh(G, K?) is not a fine moduli space,
there exists still a universal family A over Sh(G, K?). Moreover, by étale descent, 7 descends to a
real multiplication ¢ by Op on the universal family .A over Sh(G, K 7).
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(2) In general, Ak, is nontrivial. However, for any open compact subgroup K7 C G (A°>?), there exists
a smaller open compact subgroup K’ C K” such that Ak is trivial.

We give an interpretation of §fl(G, K?) in terms of Shimura varieties. Let G* € G be the preimage
of G,u,0 € Tr = Resr/a(Gy, ) via the reduced norm map v: G — Tr. The Deligne homomorphism
hg: S(R) = C* — G(R) factors through G*(R), hence induces a map

hg: S(R) - G*(R).

We put K7, := G*(Qp) N K, which will be the fixed level at p for Shimura varieties attached to G*. For
a sufficiently small open compact subgroup K*” C G*(A*>?), we have the associated Shimura variety
Sh(G*, K*?) defined over Q, whose C-points are given by

Sh(G*, K*")(C) = G*(@\((H)™> x G*(A%)/K*PK}).

Put Sh(G*) :=lim.,, Sh(G*, K*) as usual.

K*p
There is a natural action of A°”>* on AOFO’["X/Ff’X V(K?) by multiplication. Let ¢y, ..., ¢; denote
the equivalence classes modulo Ff’XAo"””X of the chosen set {c{,..., ¢} C A%O’p’x/v(Kp). We may

and do assume that all the ¢;’s in one equivalence class differ from each other by elements in A7,
For each ¢ € {cy, ..., ¢}, we put

Sh'(G, k7)== [ Sh" (G, k)

Ci€C

and similarly Sh*(G, K?) =[]. .. Sh“ (G, K?).

CiEC

Proposition 2.10. Suppose that K? C G(A°?P) is a neat open compact subgroup. For every ¢ €
{ci, ..., cn}, there exists an element gP € G(A*P) such that ich*’p =GN g”Kpgp*_l, then we have
an isomorphism of schemes over Q

Sh'(G. K?) ®7,, @ => Sh(G*, K}'7).

Proof. Let X = ($HT)Z> denote the set of conjugacy classes of hg+: S(R) - G*(R). We fix a base
point (Ao, tg, Ao, Xkr,0) € ﬁlc(G, KP)(C). Put Vg(Ag) := Hi(Ag(C), Q). We fix an isomorphism
no: Va(Ag) — V of left B-modules and a choice of «g € @g». Then the composite map

Mo® Doag: V®gA®P? — VP(Ag) = Va(Ag) @ AP — V ®g AP

defines an element g” € G(A®?). Now let (A, ¢, A, @g»r) € Sh” (G, K?)(C) be another point. There
exists also an isomorphism 1: Vg(A) — V as B-modules, and the Hodge structure on Vg(A) Qg R =
H;(A(C), R) defines an element xo, € X. By the definition of Sh*(G, K?), there exists an element
o € dgp such that the isomorphism

h? == ®Doaoay' (n®@1)~" € GA®?)
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preserves the alternating pairing (-, - ) on V ®g A°>? up to a scalar in A>7-*. Such an element « is
unique up to right multiplication by elements in K7, and it follows that i? is well defined up to right
multiplication by elements of K" := gP K?gP~1 N G*(A>P). Viewing h” as an element of G*(A™)

with p-component equal to 1, then (A, ¢, A, &gr) = [Xs0, A”] defines a map
f: glc(G, K?)(C) — Sh(G*, K*P)(C) = G*(Q)\(X x G*(AOO)/KC*’I’K;).

By the complex uniformization of abelian varieties, it is easy to see that f is bijective, and f descends to
an isomorphism of schemes over Q by the theory of canonical models. U

Remark 2.11. In general, there is no canonical choice for g” in the above proposition. Different choices
of g? will result in different K, which are conjugate to each other in G*(A°?). Consequently,
the corresponding Sh(G*, K!'”) are isomorphic to each other by the Hecke action of some elements
in G*(A>?). However, if ¢ = ¢ is the trivial equivalence class, g” has a canonical choice, namely
g” = 1. In the sequel, we will always take g” = 1 if ¢ = ¢"'. Applying Proposition 2.10 to this case, one
obtains a moduli interpretation of Sh(G*, K*?) as well as an integral model Sh(G*, K*?) over Zp) of
Sh(G*, K*7). Explicitly, the integral model Sh(G*, K*7) parametrizes equivalence classes of tuples
(A, t, A, 0g»r), Wwhere (A, t, 1) is the same data as in §fl(G, KP), and ag+r is a K*?-level structure on
A, that is, an K*?-orbit of isomorphisms «: V ® A7 = VP(A) such that (-, - ) r is compatible with
liJIA: up to a scalar in AP,

Example 2.12. Fix a lattice A C V stable under Op such that (A, A)r C 0;1, where 07 is the different
of F/Q, and that A ® Z, is self-dual under (-, -)F.

Let 901, 91 be two ideals of O such that they are mutually coprime, both prime to p and the ramification
set R of B, and that 91 is contained in NOpf for some integer N > 4. Let Ko (90, D)? be a subgroup
of y € G(A®>P) such that there exists v € A with yv € (Opv+IMMA) N (v+IA); put Ko (DN, N) :=
Ko, 1 (O, M)P K. Then Ko 1 (M, N)? is neat and v(Ko, 1 (M, N)) = @; We have thus isomorphisms

AP FD 0(Ko 1 (N, MP) = A /O = CIF(F),

where CI1T(F) is the strict ideal class group of F; and the action of A% > on CIt(F) is trivial. We
choose prime-to-p fractional ideals ci, . .., ¢ that form a set of representatives of C1*(F). Then for each
¢ €{cy,...,cy}, the moduli scheme §flc(G, Ko, 1 (1, 9V)P) classifies tuples (A, ¢, A, Con, @), where

e (A, 1) is a projective abelian scheme equipped with real multiplication by Op;

e L: A — AV is an Op-linear polarization such that t(b)Y o A = A o t(b*) for b € Op, and the induced
map of abelian fppf-sheaves

AY =5 Ao, ¢
is an isomorphism;

o Cyn is a finite flat subgroup scheme of A[90] that is Og-cyclic of order (Nm 90t)?;
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o an: (Op/M®? < A[N] is an embedding of finite étale group schemes equivariant under the action
of O ®0, O /M = GL2(OF/MN).

Let g € G(A™?) be such that the fractional ideal attached to the idele v(g?) € A" represents
the strict ideal class ¢. Put

K2P =gl Ko (M, MPgl ™" NG*A>P).

Then we have
Sh'(G, Ko,1 (M, M?) ® Q = Sh(G*, KP).

More explicitly, if F(C)’l(fm, MN) = G*( Q)L NKI?P, where G*(Q)4 € G*(Q) is the subgroup of elements
with totally positive reduced norms, then

Sh'(G, Ko, (M, MP)(C) = Sh(G*, KIP)(C) = T§ (M, M\ ($H ).

In particular, §flc(G Ko, 1(93? IN?P) ® Q is geometrically connected for every ¢. In this case, one has
Ak omoyr = Of +/(9F o> Where OF o denotes the subgroup of £ € O with £ =1 mod N. It is clear
that the action of Ak, a)» preserves Sh° (G, Ko,1 (O, IM)?), and one obtains an isomorphism

Sh(G, Ko, (9%, M) = ]_[ Sh (G, Ko,1(I, M?)
i=1
with Sh' (G, Ko 1 (O, N)?) = §f1ci(G, Ko, 1 (O, 9P)/ Ak, omoyr. Since Ak, @omonr acts freely on
ST)(G, Ko, 19, M)P), each Sh (G, Ko 1 (91, 9)?) is a smooth quasiprojective scheme over Z ).

2F. Comparison of quaternionic and unitary moduli problems. We now compare the integral model
Sh(G, K?) defined in (2-4) and the one constructed using the unitary Shimura variety Sh(G/é, K'P)
with S = @. Note that when S = @, there is only one choice for S, so we write simply G’ for G/g. By
the universal extension property of Sh(G) := lim,, Sh(G, K?), these two integral canonical models
are necessarily isomorphic. However, for later applications to the supersingular locus of Sh(G, K?)f,
one needs a more explicit comparison between the universal family of abelian varieties over Sh(G) (as
in Remark 2.9(1)) with that over Sh(G’). Tt suffices to compare the universal objects over the neutral
connected components via the isomorphism

Sh(G)Zy = Sh(G')3s

induced by (2-2). Here, Sh(G)%f is defined similarly as Sh(G’ )%%r; in other words, it is the closure of
Sh(G)? in Sh(G) ® Z},'.

The natural inclusion G* < G induces also an isomorphism of derived and adjoint groups, and is
compatible with Deligne homomorphisms. By Deligne’s theory of connected Shimura varieties, it induces
an isomorphism of neutral connected components Sh(G*)° = Sh(G)°. Therefore, we are reduced to
comparing the universal family over Sh(G*) and Sh(G").
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Recall that we have chosen an element ¥ € B* to define the pairing (-, -)r on V = B. We take the
symmetric element § € D;f in Section 2D tobe § = y/ (2«/5). One has W =V ®r E, and

vaxR1l,y®1) =(x,y)

forany x,ye V. Put (-,-) :=Trg/go(-,-)r. Then G* (resp. G’) can be viewed as the similitude group
of (V, (-,-)) (resp. (W, ¥r) (2-3)); and there exists a natural injection G* < G compatible with Deligne
homomorphisms that induces isomorphisms on the associated derived and adjoint groups.

We take Op, = Op ®o, Of. Let K*? € G*(A*?) and K'? € G'(A°?) be sufficiently small open
compact subgroups with K*? C K'P. To each point (A, ¢, A, @g+r) of Sh(G*, K*7) with values in a
Z ,-scheme S, we attach the tuple (A", ', A, @'%',), where

e A'=A®0; OF;
e (/1 Op, — Endg(A’) is the action induced by ¢;
e A1 A — A"V is the prime-to-p polarization given by

A= A®o, Op 25 AY ®0, Op ~255 A @0, 05, = A",

where DE} r 1s the inverse of the relative different of £/F andi: O — DE} r 1s the natural inclusion;

a'y, is a rational K'P-level structure on A’ induced by @g~» by the compatibility of alternating

forms (V, (-, -)) and (W, v¥). Here, we use the moduli interpretation of Sh(G’, K'?) in terms of
isogeny classes of abelian varieties (See Remark 2.3).

This defines a morphism

Sh(G*, K*?) — Sh(G', K'P)

over Z, extending the morphism Sh(G*, K*”) ®q @, — Sh(G', K'?) ®g Q,. Taking the projective
limit on the prime-to-p levels, one gets a morphism of schemes over Z,,

f: Sh(G*) — Sh(G")
such that one has an isomorphism of abelian schemes
[fFAZA®o, O,

where A (resp. A') is the universal abelian scheme over Sh(G*) (resp. over Sh(G’g)). By the extension
property of the integral canonical model, the map f induces an isomorphism

f°: Sh(G*)° = Sh(G")°

~

which extends the isomorphism Sh(G*)° = Sh(G")° induced by the morphism of Shimura data on the
generic fibers. Thus the two universal families over Sh(G)° induced from Sh(G*) and Sh(G’) respectively
are related by the relation

Fo (A'lsherye) = Alsnc)y Qo OF. (2-5)
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3. Goren—Oort cycles and supersingular locus

In this section, we study the supersingular locus and the superspecial locus of certain Shimura varieties
established in the previous section.

3A. Notation and conventions. Let k be a perfect field containing all the residue fields of the auxiliary
field E in Section 2B at p-adic places, and W (k) be the ring of Witt vectors. Then X o is in natural
bijection with Homz(Og, W (k)), and we have a canonical decomposition

Op, ®7 W (k) =Mat(O @7 W(k) = H MW (k).

‘EEEE’OQ

Let S be a W (k)-scheme, and N a coherent Og ® Op,-module. Then one has a canonical decomposition

N = ED N:,

fEZE,OQ

where N; is a left Mat, (Og)-module on which OF acts via the composite map O AN W(k) — Og. We
also denote by N? the direct summand ¢ - Nz with ¢ = ( (1) 8) € Mat;(Oys), and we call M? the reduced
T-component of M.

Let G be a p-divisible group over a k-scheme S. We say that G is supersingular if, for every geometric
point s of S, the Newton polygon of G x5 has only slope % An abelian variety A over S is called
supersingular if A[p°] is a supersingular p-divisible group over S, or equivalently for every geometric
point 5 of S, A x5 is isogenous to a product of supersingular elliptic curves.

Consider a quaternionic Shimura variety Sh(Gs 1, K”) of type considered in Section 2A, and let
Sh(G%, K'?) be the associated unitary Shimura variety over Og as constructed in Section 2D for a certain
choice of auxiliary CM extension E/F. Let ko be the smallest subfield of F containing all the residue
fields of characteristic p of E. Then we have ko = [F,» with & equal to the least common multiple of

{(1+gp—218p/2)8p | p € X)p}. Put
Sh(Gj, K'")y, := Sh(Gj, K'") ®0,; ko-
The universal abelian scheme over Sh(GY, K'7)y, is usually denoted by A%.

3B. Hasse invariants. We recall first the definition of essential invariant on Sh(G%, K'?), defined in
[Tian and Xiao 2016, Section 4.4]. Let (A, ¢, A, &) be an S-valued point of Sh(Gfg, K'P)y, for some
ko-scheme S. Recall that H‘ljR(A /S) is the relative de Rham homology of A. Let wav be the module of
invariant differential 1-forms on AY. Then for each 7 € X g o, H‘fR(A /8)3 is a locally free Os-module
on § of rank 2, and one has a Hodge filtration

0— wqv; = H{R(A/S)? — Lie(A/S)? — 0.
We defined, for each T € X o, the essential Verschiebung

Ves.7: HR(A/8)2 — HIR(AWP/§)2 = H?R(A/S)°’<”)

o1’
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to be the usual Verschiebung map if s,-1z; =0 or 1, and to be the inverse of Frobenius if s; = 2. This is
possible since for s; = 2, the Frobenius map F: H?R(A(P) /8)s — HCI‘R(A /8)$ is an isomorphism. For
every integer n > 1, we denote by

V2 HR(A/8)2 — HIR(AP" /5)2 = HIR(4/8)> 0

ot
the n-th iteration of the essential Verschiebung.
Similarly, if S = Speck is the spectrum of a perfect field k£ containing ko, then one can define the
essential Verschiebung
Ves: D(A); = D(A)]_,, forall 7 € Tp o,

as the usual Verschiebung on Dieudonné modules if s; = 0, 1 and as the inverse of the usual Frobenius if
sz = 2. Here, D(A) denote the covariant Dieudonné module of A[ p™]. This is a 0 ~!-semilinear map of
W (k)-modules. For any integer n > 1, we denote also by

VI D(A)2 — D(A)S .

the n-th iteration of the essential Verschiebung.

Now return to a general base S over kg. For T € Y, — Sco, let n; = n;(S) denote the smallest integer
n > 1 such that 0 ™"t € ¥ — Seo. Assumption 2.1 implies that n, is odd. Then for each T € X g o with
sz = 1, or equivalently each T € X o lifting some 7 € X, — S, the restriction of Vi to w4y ; defines
a map ’

p'T

—nr §

he(A): 05z = @30 0 = (@5 gnrs)
Applying this construction to the universal object, one gets a global section
he € DSh(Gy, KMy, (@5 gone ) ® (@5 7). (3-1)
called the t-th partial Hasse invariant.

Proposition 3.1. Let x = (A, , A, ag») be an FF-point of Sh(G/g, K'P)k,» and p a p-adic place of F
such that Seojp 7# Loojp. Assume that hz (A) # 0 for all T € X g ooyp with sz = 1. Then the p-divisible
group A[p®°] is not supersingular.

Proof. The covariant Dieudonné module D(A) of A[ p™] is a free W([F?f) ®z Ops-module of rank 1.
Then the covariant Dieudonné module of A[p°] is given by

DAR®D= P D@,
fEEE,oo/p

and there exists a canonical isomorphism
D(A)3/pD(A)? =HR(A/F)S.
By assumption, for all T € X op lifting some 7 € Yoo /p — Soo/p, the map

. o o,(p"7)
h;z(A): Wpv 7> O nes
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is nonvanishing. Thus it is an isomorphism, as both the source and the target are one-dimensional
[F;C—VCCIOI' spaces. For each T € Y ooy lifting some T € Yooy — Seo/p, choose a basis ez for 0§, ;, and
extend it to a basis (ez, fz) of HIR(A/ F4)2. If we consider Ve as a o~ !-linear map on H{R(A/ )2,

then one has

n uz 0
Vesr (ef’ ff) = (enf’lffs f(r*”ff) <OT 0)

with uz € Fj>.
Let q be a p-adic place of E above p. By our choice of E, g, :=[E, : Q,] is always even no matter
whether p is split or inert in E. To prove the proposition, it suffices to show that the p-divisible group

A[g®°] is not supersingular. By composing the essential Verschiebung maps on all H‘liR(A /8)s with
T € X[ 00/q> WE get

Ve g = e 10 (G )

with a; € I]:‘;‘,C’X for all T € ¥g o/q With sz = 1. Now, note that VET on H?R(A/[F?f)‘; is nothing but the
reduction modulo p of the o ~$4-linear map
V& /p™: D(A)2 — D(A)2,

where m is the number of T € X g o /q With s =2. If (ez, ff) is a lift of (ez, f7) to a basis of f)(A)g over
W (F), then V& /p™ on f)(A)‘TZ is given by

Véa 2N s ~ az pbf
o (ez, f7) = (ez, f7) (pCf pdf)

for some a; € W([F*[‘f)>< lifting a; and bz, ¢z, d; € W([F;C). Put

L:= ﬂ(‘;ij) D(A)2.

n>1

It is easy to see that L is a W([F*;f)-direct summand of f)(A)‘TE of rank one, on which V8 /p™ acts
bijectively. It follows that 1 —m /g, is a slope of the p-divisible group A[q*°]. By our choice of the sz
in Section 2B, the two sets {T € X oo/q | St =2} and {T € X oo/q | 57 = 0} have the same cardinality,
hence 2m < gq, thatis, 1 —m/gq > % Therefore, A[q°°] hence A[p°°], are not supersingular. O

3C. Goren-Oort divisors. For each 1 € Yo, — Soo, let Sh(GY%, K'P)y,.r be the closed subscheme of
Sh(Gé, K'P)y, defined by the vanishing of h; for some 7 € X g « lifting v. By [Tian and Xiao 2016,
Lemma 4.5], h; vanishes at a point x of Sh(G%, K'?)y, if and only if hzc vanishes at x. In particular,
Sh(Gg, K'P)k,.- does not depend on the choice of 7 lifting 7. We call Sh(Gé, K'P),.r the T-th Goren—
Oort divisor of Sh(G%, K'P),. For a nonempty subset A C X, — Ss, We put

Sh(Gg, K"ig.a = ] Sh(Gg, K"y z-

TEA
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According to [Tian and Xiao 2016, Proposition 4.7], Sh(Gé, K'P),.a is a proper and smooth closed
subvariety of Sh(G’é, K'P)i, of codimension #A; in other words, the union Urezw_sw Sh(G’é, K'P)io.x
is a strict normal crossing divisor of Sh(G’g, K'P)k,-

In [Tian and Xiao 2016], we gave an explicit description of Sh(Gé, K'P),.~ in terms of another unitary
Shimura variety of type in Section 2D. To describe this, let p € X, denote the p-adic place induced by 7.
Set

SU{t,o" 1} ifX Soosp U{T},
f={ {r.o7™ 1} if Toosp # Soosp U {7} (3-2)

We fix a lifting 7 € ¥ « of 7, and take §T,Oo to be Soo U {7, 0T} if Yoo/p 7 Soojp U {1}, and to be
Seo U {7} if Yoo/p = Scosp U {t}. This choice of é,,oo satisfies Assumption 2.2. We note that both Dg and
Ds, are isomorphic to Mat, (E). We fix an isomorphism Dg = Ds_, and let Op;_ denote the order of Ds,
corresponding to Op, under this isomorphism.

Proposition 3.2. Under the above notation, there exists a canonical projection
m.: Sh(G, K™Yy — Sh(Gér, K"k,
where:

(1) If Zoojp 7 Socyp U{T}, then ) is a P'-fibration over Sh(GéT, K'P)y, such that the restriction of 7,
to Sh(G/é, K'P) o (z.0-me 7} IS an isomorphism.

(2) If Zoojp = Sooyp U{T}, then . is an isomorphism.

Moreover, . is equivariant under prime-to-p Hecke correspondences when K'P varies, and there exists

a p-quasiisogeny
. ! /% 71/
¢ Aglsh(Gy kg = T Ag,

that is compatible with polarizations and K'P-level structures on both sides, and that induces an isomor-

phism of relative de Rham homology groups
.00 HIS(AGlsncy k), ./ SN(GY, K, = HIR (AL /Sh(G , K'7))3
forany ' € X oy lifting some v’ € Eog — St 00/p-
Proof. This is [Tian and Xiao 2016, Theorem 5.2]. Il

Here, we are content with explaining the map 7 and the quasiisogeny ¢ on 5 -points. Take x =
(A, 14, Aa,ay) € Sh(GL, K”’)ko,,([F?f). Denote by D(A)° = @f/EEE,oo
Dieudonné module as usual. For each 7’ € X o, define the essential Frobenius

f)(A)g, the reduced covariant

. N0 ~0
Fe: D, . — D5
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as the usual Frobenius map if s, = 1, 2 and as the inverse of Verschiebung map if sz = 0. Consider a
W (F)-lattice M° = P M3 of D(A)°[1/p] such that

f/EEE,OO

Fé;r_é’f)(A)g iff/zo'_ef Wlth0565n1_19

s
Mg = %Fg;—fp(A);,W if 7/ =077 with 0 < € <n; — 1 and Zoo/p # Sooyp U {T},
fD(A)‘f’, otherwise.

Note that the condition /7 (A) = 0 is equivalent to @5, - = F (f)(A)Z
preimage of w9, . under the natural reduction map

), where @Zv ; denotes the

—nt §

D(A)? — D(A)2/pD(A)2 = H{R(A/FX)2.

Using this property, one checks easily that M° is a Dieudonné submodule of D(A)°[1/p]. Put M := M ®2
equipped with the natural action of Op, ® Z, = Maty(Og ® Z,,). Then M corresponds to a p-divisible
group G equipped with an Op,-action and an Op,-linear isogeny ¢, : A[p>°] — G. Thus there exists an
abelian variety B over F7 with B[p*°] = G and a p-quasiisogeny ¢: A — B such that ¢, is obtained by
taking the p°°-torsion of ¢. Moreover, by construction, it is easy to see that
dim(Lie(A)) if T/ # 7,077,
dimLie(B):, = {0 ift'=7,07" 7,
2 ift'=17% 071,
In other words, the Og-action on B satisfies Kottwitz’ condition for Sh(G’gr, K'P). Moreover, A4 and oy
induce an Op,_-linear prime-to-p polarization Ap via the fixed isomorphism Op; >~ Op,_and a K 'P_level
structure ap on B, respectively, such that (B, (g, Ap, &p) iS an [Fj‘f—point of Sh(GgT, K'P). The resulting
map (A, ta, Aa, @) — (B, g, Ap, &p) is nothing but ..
If Zoo/p # Sooyp U (T}, then 077 # 7 and we have D(B)°_,,. = D(A)°
recover A from B, it suffices to “remember” the line ®}, . ; inside the two dimensional [F7-vector

—nr §

— “n; Dy construction. To

space
D(A)S s/ PD(A)S sz = D(B)S - z/ pPD(B)S

ot

This means that the fiber of 7/ over a point (B, tp, Ap, @p) € Sh(G/éT, K'P) is isomorphic to P!. On the
other hand, if o)y = Soo/p U {7} then n, = [F, : Q] is odd, one can completely recover A from B,
and thus 7] induces a bijection on closed points.> The moreover part of the statement follows from the
construction of 7.

3D. Periodic semimeanders. Following [Tian and Xiao 2019], we iterate the construction of Goren—Oort
divisors to produce some closed subvarieties called Goren—Oort cycles. To parametrize those cycles, one
need to recall some combinatorial data introduced in [loc. cit., Section 3.1].

For a prime p € X, put dy,(S) := gy —#S5p. If there is no confusion, we write dj, = d,, (S) for simplicity.
Consider the cylinder C: x> 4+ y*> = 1 in 3-dimensional Euclidean space, and let Cy be the section with

3To show that 75 is indeed an isomorphism, one has to check also that 7. induces isomorphisms of tangent spaces to each
closed point. This is the most technical part of [Tian and Xiao 2016]. For more details, see [loc. cit., Lemma 5.20].
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z = 0. We write ¥oo/p = {70, ..., Tg,—1} such that 7; = ot;_ for j € Z/gyZ. For 0 < j < g, — 1,
we use 7; to label the point (cos 27/ gy, sin2mj/gy, 0) on Co. If 7; € Sy, then we put a plus sign
at 7;; otherwise, we put a node at ;. We call such a picture the band associated to Su./p. We often
draw the picture on the 2-dimensional xy-plane by thinking of x-axis modulo g,. We put the points
70, - - -, Tg,—1 On the x-axis with coordinates x =0, ..., g, — 1 respectively. For example, if g, = 6 and
Soo/p = {71, T3, T4}, then we draw the band as

o +e++eo,

A periodic semimeander for S,y is a collection of curves (called arcs) that link two nodes of the
band for S./p, and straight lines (called semilines) that links a node to the infinity (that is, the direction
y — 400 in the 2-dimensional picture) subject to the following conditions:

(1) All the arcs and semilines lie on the cylinder above the band (that is to have positive y-coordinate in
the 2-dimensional picture).

(2) Every node of the band for S, is exactly one end point of an arc or a semiline.
(3) There are no intersection points among these arcs and semilines.

The number of arcs is denoted by r (so r < dp,/2), and the number of semilines d, — 2r is called the
defect of the periodic semimeander. Two periodic semimeanders are considered as the same if they can
be continuously deformed into each other while keeping the above three properties in the process. We
use B(Sx/p, 1) denote the set of semimeanders for S/, with 7 arcs (up to continuous deformations).
For example, if g, =7, r =2, and Sy = {71, 74}, then we have d, = 5 and

B(Sern, 2) = Liasaxline D liasiadla i,
N N AL N e

It is easy to see that the cardinality of B(Sx/p, 1) is (dr”). In fact, the map that associates to each
element a € 2B(Sxp, 1) the set of right end points of arcs in a establishes a bijection between 5 (S /p, 1)
and the subsets with cardinality r of the dy-nodes in the band of Sy p.

3E. Goren—QOort cycles and supersingular locus. We fix a lifting T € X g o/p for each 7 € Xoo/p — Soo/p-
For a periodic semimeander a € B(Sx/p, 1) with r > 1, we put

Sa:=8U{t € Zoo/p | T is an end point of some arc in a}. (3-3)
For an arc § in a, we use ‘L'; and 74 to denote its right and left end points respectively. We take
Sa.00 = Sec U{F;, T, | 8 is an arc of a}.

Here, f(;r denotes the fixed lifting of 7,'8+ , and 7; ¢ the conjugate of the fixed lifting 75 of t; . We fix an
isomorphism G’g (A%) = G’é(A‘X’), and consider K'? as an open compact subgroup of Gé (AP), We
may thus speak of the unitary Shimura variety Sh(G% , K'7).
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Following [Tian and Xiao 2019, Section 3.7], for every a € B(Sxp, '), We construct a closed subvariety
Z’é(a) C Sh(G’g, K'P), of codimension r, which is an r-th iterated P!-fibration over Sh(G’ga, K'P),-
We proceed by induction on r > 0. When r = 0, we put simply Zé(a) = Sh(G/g, K'P)k,. Assume now
r > 1. An arc in a is called basic, if it does not lie above any other arcs. Choose such a basic arc §,
and put 7 := r(;r and 7~ := 15 for simplicity. We note that 7~ = o 7. Consider the Goren—Oort
divisor Sh(G’g, K'P)y.z» and let 7. : Sh(G/é, K'P)or = Sh(Gér, K'P);, be the P!-fibration given by
Proposition 3.2. Let as € B(Sq,00/p, ¥ — 1) be the periodic semimeander for S, obtained from a by
replacing the nodes at 7, T~ with plus signs and removing the arc §. For instance, if

PV

then S, = SU {1, 13, Ts, 76}, and the arc § connecting 73 and 75 is the unique basic arc in a, and

Lo

By the induction hypothesis, we have constructed a closed subvariety Zé (as) € Sh(G/g , K'P)y, of
codimension r — 1. Then we define Z’é (a) as the preimage of Z’g (as) via ;. We denote by

T Z’g(a) — Sh(Géa, K'P)i,
the canonical projection. In summary, we have a diagram

ZL(a) ——— Sh(G}, K'P)y.c —— Sh(G}, K'P),

| I

Ty Zé (a(g)(—> Sh(G/g s K/p)ko

’
lﬂaa

Sh(G/éa ’ K/p)k()

where the square is cartesian. By induction hypothesis, the morphism 7, is an (r—1)-th iterated Pl-
fibration. It follows that 7 is an r-th iterated P!-fibration.

We explain the relationship between Goren—Oort cycles and the p-supersingular locus of Sh(Gé, K'P),-
Take a € B(Soo/p, Ldp/2]). If dy is even, then we put Wg’(a) = Zé(a). If dy, is odd, then we let T(a) € Xoo/p
denote the end point of the unique semiline in a, and define Wé(a) by the following Cartesian diagram:

Wi(a)C Zg(a)

| :

Sh(G/é"a I(/p)k(),‘l:(a)(_> Sh(Géa ) K/p)k()
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We put
(3-4)

a-

S {§a=(su, Sa.00) if d, is even,
(Sa U{t(a), p}, Sacc U{T(@)}) if dy is odd.

Note that the underlying set S of S is independent of a € B(Ssc/p, [dy/2]), namely all S¥ are equal to

SU Xoo/p if d,, is even,

o (3-5)
SUXp Uip} ifdy is odd.

s i- |
If d,, is odd, then we have an isomorphism

Sh(Glga9 K/p)k(),f(a) g Sh(Gé:’ K/p)k()
by Proposition 3.2. Thus, regardless of the parity of dy,, one has a |d,/2]-th iterated P!-fibration
equivariant under prime-to-p Hecke correspondences:

nélwé(a): Wé(a) — Sh(G%,, K'P)i,.

%9
Su

Theorem 3.3. Under the notation above, the union

U Wi(a)
ClG‘B(SDC/p, Ldp/zj)

is exactly the p-supersingular locus of Sh(Gfg, K'P)k,» that is, the maximal closed subset where the

universal p-divisible group A’g [p>°] is supersingular.

Proof. We proceed by induction on dy, > 0. If d, = 0, then 2B (Sx, 0) consists only of the trivial periodic
semimeander (that is, the one without any arcs or semilines). In this case, one has to show that the whole
Sh(G/g, K'P)y, is p-supersingular. First, we have sz € {0, 2} for all T € Xg »p, and Assumption 2.2(2)
implies that the number of 7 € X o/p With sz = 2 equals exactly to the number of T € Xg o/p With
sz = 0. Now consider a point x = (A, (, A, ) € Sh(G’é, K’p)([F‘;f). Then, for every T € X oo/p, the
2gp-th iterated essential Verschiebung

2g

2 Vegr ~ o ~ o ~ o
VelP = e D(A); = D(A)° . = D(A)2

,zgp 7

is bijective, no matter whether p is split or inert in E. It follows immediately that % is the only slope of
the Dieudonné module @fezg,m/p D(A); = D(A[p™)), so that A[p>] is supersingular.

Assume now d, > 1. We prove first that the union Uae%(sw/p,Ld,, 20) Wé(a) is contained in the p-
supersingular locus of Sh(G%, K'?)y,. Fix a € B(Sco/p, Ldp/2]). Then one has a projection

nc/L|Wé(ﬂ): Wé(a) — Sh(G/éa’ K/p)ko

and a p-quasiisogeny

. / 1% p/
¢a. Aélwé(ﬂ) — T[a Agu
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by the construction of 7 and Proposition 3.2. Note that d, (S,) =0, and by the discussion above, Ag [p°°]
is supersingular over the entire Sh(G’g , K'P)y,. It follows that Aé [p>°] is supersingular over W5(a).

To complete the proof, it remains to show that if x € Sh(G’g, K'P)(F) is a p-supersingular point,
then x € Wé(a)([F?f) for some a € B(Seo/p, [dp/2]). By Proposition 3.1, there exists T € X such that
x € Sh(G%, K'P)y,, ¢ (F57). Consider the P!-fibration 77/ : Sh(G%, K'P)g,« — Sh(G/ K'P)y,. Since A’g .

is p-quasiisogenous to .A’ 1y Ve see that 7/ (x) lies in the p-supersingular locus of Sh(G’ K'P)i,- By

the induction hypothesis, 71 (x) € W~ (b)([FaC) for some periodic semimeander b € B(S; /p, ldp/2—1]).
Now let a be the periodic sem1meander obtained from b by adjoining an arc § connecting o ~"*t and t so
that 7 is the right end point of §. Then a € B(Sxp, [dy/2]), and § is a basic arc of a such that b = a;.

To finish the proof, it suffices to note that Wé (@) =nm,"" (Wé (b)) by definition. d

Definition 3.4. We put

Sh(Gg, KM} ™ = Sh(Gg, KMk 5.0y
and call it the p-superspecial locus of Sh(G’é, K'P)p,-

We have the following proposition that characterizes the p-superspecial locus.

Proposition 3.5. Let p € X, be such that dy is odd, and take a € B(Seo)p, (dy — 1)/2). Then
Sh(Gfg, K””)zo_Sp is contained in Wé(a), and the restriction of w) to Sh(Gfg, K“”),’:O_Sp induces an
isomorphism

Sh(G}, K'")p P = Sh(GS*, K'P)gy,

which is equivariant under prime-to-p Hecke correspondences.

Proof. We proceed by induction on d, > 1. If dy = 1, then all the p-supersingular locus is p-superspecial,
and the p-supersingular locus consists of only one stratum Wé(a). So the statement is clear.

Assume now d, > 1. Choose a basic arc § of a. Let T (resp. 77 be the right (resp. left) node of §, and
as be the semimeander obtained from a by removing the arc 5. Then one has a commutative diagram

AC) Z4(a) Sh(G}. K'P)jq.c

|k

L (a5) —————— Z (as) —— Sh(G} , K'P)y,

’
lnaa

Sh(Gg , K'P)kg.r@) — Sh(Gy , K'P)y,

~

Sh(GY,, K",

where all the squares are cartesian; all horizontal maps are closed immersions; and all vertical arrows are
iterated P!-bundles. By the induction hypothesis, the p-superspecial locus Sh(G’g , K'P )EO_SP is contained
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in Wér (as) and the restriction of ]Tc/la induces an isomorphism
Sh(G . K');, " = Sh(Gg,. K. (3-6)
Now by Proposition 3.2, the restriction of 7, induces an isomorphism

Sh(G%, K" )iy () = Sh(Gng, K'P)i,

compatible with the construction of Goren—Oort divisors. Thus, 7, sends Sh(G%, K'? )EJSP isomorphically
to Sh(G/é ,K'?P )EO_SP . The statement now follows immediately by composing with the isomorphism (3-6).
g

3F. Total supersingular and superspecial loci. We will now study the total supersingular locus of
Sh(Gfg, K'P)y,. that is, the maximal closed subset where the universal p-divisible group .Afg[ p™] is
supersingular. Put

Bg:={a= (ap)pezp | ap € %(Soo/p, ldy/2])},

and r 1= ZpeE,, ldp/2]. We attach to each a an r-dimensional closed subvariety Wé(g) C ShK/(G/g)kO
as follows. We write ¥, = {p1, ..., pn}, that is, we choose an order for the elements of ¥,. We put
81 :=Sq,, and St = §§pl (see 53-4));~put inductively Si 41 := (S)a,,_, » St = (S~,~)§pi+] forl<i<m-—1;
and finally put S, := S,, and S} :=S;,. For a,, € B(Sce/p, |dp,/2]), we have constructed a |dy, /2]-th
iterated P!-fibration 7

ﬂépl |W§’(ap]): Wé(ﬂpl) —> Sh(GéT’ K/p)ko.

Now, applying the construction to ay, € B(Sso/p,, [dp,/2]) and Sh(G’g*, K'P),, we have a closed
1

subvariety Wg’*(apz) - Sh(Gé*, K'P)y, of codimension [dy,/2]. We put
1 1

—1
Wé(am, ap,) i= (”‘;m) (Wg’T(apz)).
Then there exists a canonical projection

!/
Tap, |Wé*(clp2)

o e
P Wsapy.apy) ’ ’ /
—_—s WST (ap,) ———— Sh(G~z, K'P),-

/

. w!
Up.0p,y ° Wg(apl ’ aPz)

Repeating this construction, we finally get a closed subvariety Wé (a) S Sh(G’g, K'P)i, of codimension
Zp <y [dy/2] together with a canonical projection

s Wi(a) — Sh(GL,, K')y,.

* 9
SE

Note that the underlying set S of §; is independent of a € Bg, namely all of them are equal to

Smax := Zoo U{p € X, | gp :=[Fp : Q] is odd}. (3-7)
Thus Sh(G’é*, K'P)y, is a Shimura variety of dimension 0, and né is by construction an r-th iterated
P!-fibration over Sh(G’g*, K'P)y,. We note that Wé (a) does not depend on the order py, ..., b, of the

places of F above p.
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Theorem 3.6. The rotal supersingular locus of Sh(G/é, K'P)y, is given by

Sh(GL, K'P)e = ) W),
acBg
where each Wé(g) is a Zpe):,, |dy/2]-th iterated P!-fibration over some discrete Shimura variety
Sh(GY, . K'P)x,. In particular, Sh(G}, K'P)} is proper and of equidimension ZpEZP ldp/2].

5
Proof. This follows immediately from Theorem 3.3 by induction on the number of p-adic places p € X,
such that dj, # 0. O

Remark 3.7. It is clear that the total supersingular locus is the intersection of all p-supersingular loci for
p € X,. It follows that
W@ = (] Wi(ap).

pezp
and the intersection is transversal.

Similarly to Definition 3.4, we define the total superspecial locus of Sh(G’é, K'P), as

Sh(Gj, K'Y = Sh(Gl K"y 5. = ) Sh(GY KP).
pes,

We have the following analogue of Proposition 3.5.

Proposition 3.8. Suppose that dy, is odd for all p € X,. Then for each a € Bg, Wé(g) contains
Sh(G., K /p)‘,ig , and each geometric irreducible component of Wé(g) contains exactly one point of

Sh(Gfg, K'P ),ig. In other words, the restriction of 7| induces an isomorphism

Sh(Gg. K" = Sh(Gg,. Ky

Proof. This follows immediately from Proposition 3.5. O

3G. Applications to quaternionic Shimura varieties. Denote by Sh(Gs 1, K7) the integral model of
Sh(Gs,1, K?) over OF, ., induced by Sh(G, K'?). We assume that the residue field of O, is
contained in kg (e.g., S =T = &), and put Sh(Gg 1, K?)i, :=Sh(Gs 1, K?) Qg 1.5 ko. As in [Tian and
Xiao 2016; 2019], the construction of Goren—Oort divisors can be transferred to Sh(Gg 1, K?)y, for a
sufficiently small open compact subgroup K” C Gg(A°P),

Consider first the connected Shimura variety Sh(Gs’T)E%c = Sh(GS,T)%;l}r ®zu [F;‘f. For each 7 € X,
the Goren—Oort divisor Sh(G%)kO,f =limy, Sh(G’é, K'P)y,.r induces a divisor Sh(G’é)fF;C’t on Sh(G’g)ﬁr’;c.
By the canonical isomorphism

Sh(Gs 1)2s = Sh(G)fu

from Section 2F and Deligne’s recipe of recovering Sh(GS,T)[F;c from Sh(Gg, 1)f. [Tian and Xiao 2016,
P
Corollary 2.13], the divisor Sh(Gg 7). , induces a divisor Sh(GS,T)ﬂZ%CJ on Sh(Gs,T)[Fe;)c. By Galois
ac,
descent, one gets a divisor Sh(Gg 1)k, on Sh(Gs 1)k,, which is stable under prime-to-p Hecke action.
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Finally, we define the Goren—Oort divisors on Sh(Gg 1, K”)y, as the image of Goren—Oort divisors on
Sh(Gs 1, K?)y, via the natural projection Sh(Gs 1)x, = Sh(Gs 1, K?)g,.

Proposition 3.9. Take T € Ty for some p € X, and put T, :== TU {t}. There exists a morphism of
ko-schemes
Tt : Sh<GS,T9 Kp)k(),f - Sh(GSf,TT7 Kp)kov

where S; was defined in (3-2), such that
(1) it is compatible with 7t in Proposition 3.2 on neutral geometric connected components;
(2) itis an isomorphism if Yoo /p = Soo/p U {T}; and
(3) it is a P'-fibration.
Proof. This follows immediately from Proposition 3.2 and [Tian and Xiao 2019, Construction 2.12]. [

Now, the construction of Goren—Oort cycles can be transferred to the quaternionic Shimura variety
Sh(Gs, 1, K”),. For a periodic semimeander a € B(Sxp, |dp/2]), we construct inductively in the same
way as Z’g(a) a closed ko-subvariety Zg t(a) € Sh(Gs 1, K”)i, such that there exists a | dj,/2]-th iterated
P!-fibration

7a: Zs1(a) > Sh(Gs, 1,, K" )k,

according to Proposition 3.9, where S, is defined in (3-3) and

To =TU {1 € X | 7 is the right end point of an arc in a}. (3-8)
We define similarly
Zs 1(a) if d,, is even,
Ws1(a) = { o P (3-9)
my  (Sh(Gs, 1y KP)ky,z() if dp is 0dd,

where 7(a) € X is the end point of the unique semiline of a. Then 7, induces a |d,/2]-th iterated
P!-fibration

Tal Wy r(@pae © W r(@rse — Sh(Gsp) 1y, KP)rse
where S(p) = S} is defined in (3-5), and

« | Ta if dy, is even,
* | TaU{z(a)} ifd,is odd.

Of course, when dy, is even, the morphism 74| w 1(a),.c 1S simply the base change to F of 4.
’ p
Similarly, for a = (ap)pex, € By = ]_[pe):p B(Sco/p» Ldp/2]), we can define a closed subvariety
Ws r(a) € Sh(Gs 1, K?)i, of dimension r = Zpexp ldy /2] together with an r-th iterated P!-fibration

Tt Wsn(@)pe — Sh(Gs,, 15 KP)pee,

where Spax was defined in (3-7), and Tj := Upezp Tﬁp.
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Notation 3.10. In what follows, we will write the I]:;"—schemes Sh(Gs 1, K?) @0 1o [F;C and the sets
Sh(Gs 1, K”)([F;C), which are independent of T, simply by Sh(Gs, KP)[p;c and Sh(Gg, KP)([FZC), respec-
tively.

Then the target of 7, is simply Sh(Gsg, . , K? )[F';c for every a € ‘Bs. In particular, the set of geometric

irreducible components of Wg r(a) is in bijection with Sh(Gsg,, , K p)([F‘;f). Moreover, we have an

isomorphism
Sh(GSm“X’ Kp)(ﬂ:(;c) ; BS):nax\BSXmax/Kp l—[ K;nax’
pex,
where K™ is the unique maximal open compact subgroups of (Bs,,, ®F Fy)™ for each p € X),. Note
that Bg,, splits (resp. ramifies) at p if g, is even (resp. odd).

3H. Totally indefinite quaternionic Shimura varieties. We consider the case S = & (hence T = &), and
we writte G =Gz =Gy gy and G' = G% for simplicity as usual. Recall that Sh(G, K?) classifies tuples
(A, t, A, dkr) as defined in Section 2E. Even though it is only a coarse moduli space, there still exists a
universal abelian scheme A over Sh(G, K?) (See Remark 2.9(1)).

Definition 3.11. Put Sh(G, K”)g, :=Sh(G, K?) ® F:
(1) Foreach p € X, we define the p-supersingular locus of Sh(G, K”)g, as the maximal reduced closed
subscheme of Sh(G, K?)f » where the universal p-divisible group A[p°°] is supersingular.
(2) We define the total supersingular locus of Sh(G, K?)g, as the intersection of the p-supersingular
locus forall p € .

Theorem 3.12. Forp € X, put g, :=[Fy : Q1. Then the p-supersingular locus of Sh(G, K?)¢ ,, after
base change to kg, is
U Wa.z(a),
a€B(Doo/p,L8p/21)

where B(Doo/p, |8p/2]) is the set of periodic semimeanders of gy-nodes and | g, /2|-arcs, and each
Wga.z(a) is defined in (3-9) and W@,g(a)[pa];c is a | gp/2|-th iterated P!-fibration over Sh(G (), Kp)[Fapc.
Proof. According to the discussion of Section 2F, the definition of the p-supersingular locus of Sh(G, K ),
using the universal family .4 coincides with the one induced from the p-supersingular locus of the unitary
Shimura variety Sh(G’, K'? )k, The statement then follows from Theorem 3.3. O

Theorem 3.13. Denote by Sh(G, K? )[stp the total supersingular locus of Sh(G, K?)g,. Then we have

Sh(G, k") @ko= | ] Woo(@),
a€By
where B is the set of tuples (ap)pes, with ay € B(Doosp, L8p/2]). The base change W@,@(a)[p%c of
Wg z(a) to [F?f isa (Zpegp Lgp/ZJ)—th iterated P'-fibration over Sh(Gs,,,,., Kp)[p;)c, equivariant under
prime-to-p Hecke correspondences, where Syax was defined in (3-7). In particular, Sh(G, K? )[stp is
proper and of equidimension Zp ez, Lgp/2].
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Proof. This follows from Theorem 3.12 by induction on the number of p-adic places p € Z,. U
Remark 3.14. The above theorem is known in the following cases:

(1) If p is inert in F of degree 2 and B is the matrix algebra, then the theorem was first proved in
[Bachmat and Goren 1999].

(2) If p isinertin F of degree 4 and B is the matrix algebra, then the results was due to [Yu 2003].

(3) Assume that p is inert in F of even degree. Then the strata Wy 5(a) have already been constructed
in [Tian and Xiao 2019], and the authors proved there that, under certain genericity conditions on
the Satake parameters of a fixed automorphic cuspidal representation 7, the cycles Wy & (a) give all
the 7 -isotypic Tate cycles on the quaternionic Shimura variety Sh(G, K 7).

We define an action of Gy, = Gal([FZI‘,C /Fp) on the set By as follows. For each periodic semimeander
ap € B(Doo/p, L&p/2]), let o (ay) be the Frobenius translate of ay, that is, there is an arc in o (ap) linking
two nodes x, y if and only if there is an arc in a, linking o ~!(x), 0 ~!(y). For a = (a,),, we put
o(a) := (0 (ap))pex,- It is clear that the subgroup Gal([F’;‘f/ko) of Gal([F?f/[Fp) stabilizes each a € B.
Then the action of Gal([Fj,‘,C /E,) on Sh(G, K? ES,})C sends the stratum Wy 5(a) to Wy g(o(a)).

Definition 3.15. We define the superspecial locus of Sh(G, K”)g,, denoted by Sh(G, KP)[?;, to be the
maximal reduced closed subscheme S such that for any geometric point x — § the abelian variety Ay is
superspecial, that is, Az is isomorphic to a product of supersingular elliptic curves.

Using the universal family of abelian varieties A over Sh(G, K?), one can define, for each 7 € ¥, a
partial Hasse invariant 4, on Sh(G, K?)y, similarly to (3-1). We can also define the Goren—Oort divisor
Sh(G, K?),.- of Sh(G, K”);, as being the vanishing locus of /.. By the relation of universal abelian
schemes (2-5), this definition of Goren—Oort divisor coincides with the one defined by transferring to the
unitary Shimura variety Sh(G’, K'P);,. It is easy to see that

Sh(G. K")f ®ko= (] Sh(G. K")jq.

TEX

Theorem 3.16. Assume that g, is odd for every p € X:
(1) Foreach a € By as in Theorem 3.13, Wy (a) contains the superspecial locus Sh(G, Kp);i ® ko,
and the morphism mty: Wy z(a) Fie —> Sh(Gs,,,., K? )uz}t’c induces a bijection

Sh(G, KP)P(Fy) => Sh(Gs,,,. KP)(F¥) ~ BE \Bx. /K” [T k™

Smax max
pex,

compatible with prime-to-p Hecke correspondences.

(2) Foreachp € X, let T1, be a uniformizer of the quaternion division algebra Bs,, ®f Fy. Let 11,
be the element of l§s><max whose p-component is Iy, for each p € X, and other components are 1.
Then under the bijection in (1), the action of the arithmetic Frobenius element o), € Gal([F‘;,C /Fp) on
Sh(G, K?)*(F) is induced by the right multiplication by l:l;l on B

max-*
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Proof. Statement (1) follows from Proposition 3.8.

To prove (2), we take a superspecial point x = (A, ¢, X, akr) € Sh(G, KP)SP([F;C) as in Section 2E.
Then A is of the form A = C ®z Z, where C is a supersingular elliptic curve and 7 is a (left) fractional
ideal of Op. For each p € X, we have an equality of p-divisible groups A[p>°] = C[p*] ®z, Ly, and
hence an equality

D(A[p™]) =D(A[p™]) ®z, I

for the corresponding covariant Dieudonné modules. Let B, be the unique quaternion division algebra
over Q@,. Then we have End(C[p*™]) ®z, Q, = B, and

Bp ®@p Fp = Bmax ®F Fp = EndOB (A[poo]) ®Zp @p-

Let IT € B, denote a uniformizer of B,, and we view it also as a uniformizer of B, ®r Fj.
Via p-Frobenius isogeny F¢ : C — CP, D(CWP[p>®)) is identified with lattice [T~'D(C[p™]) in
D(C[p>®DI[1/p]. Since F4: A — AP is induced from Fc by tensoring with Z, we see that F allows us
to identify D(AP [p>]) with the lattice [T D(A[p™]) inside D(A[p>])[1/p]. Since o,(x) is given by
AP together with the induced polarization and level structure, the description for o, on Sh(G, K” )SP(F »)
follows. O

Note that the action of Gal(F »/Fp) on Sh(Gsg, ., K? )(F p) defined in Theorem 3.16(2) is independent
of a € By. In other words, we have a canonical [ ,-scheme structure on Sh(Gg_ ., K P)[F;c, which we
denote by Sh(Gg, ., K?).

'max ’

Corollary 3.17. Assume that gy is odd for every p € .. For every a € B4, the morphism mwy: Wy o (a) Fac —
Sh(Gs, ., K? )[F;\)c is equivariant under Gal(l]:;C / ko), hence it descends to a morphism of ko-schemes:

Ty Wa,z(a) — Sh(Gsmax, Kp)ko'
Proof. This follows from the definition of underlying ko-structure on Sh(Gsg, ., K” )[F;c and the fact that
the inclusion Sh(G, KP)h — W, o(a)pse is equivariant under Gal(F’/ ko). 0O
)
4. Arithmetic level raising

In this section, we state and prove the arithmetic level raising result. We suppose that g = [F : Q] is odd.
Fix an irreducible cuspidal automorphic representation IT of GL,(AF) of parallel weight 2 defined over a
number field E.

4A. Statement of arithmetic level raising. Let B be a totally indefinite quaternion algebra over F', and
put G := Resp/g B*. Let K be a neat open compact subgroup of G(A*) (Definition 2.6) such that
(I1°°)X =£ 0. We have the Shimura variety Sh(G, K) defined over @ whose C-points are given by

Sh(G, K)(C) = G@)\(H)* x G(A®)/K.
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Let R be a finite set of places of F away from which K is hyperspecial maximal.* Let T* be the Hecke
monoid away from R [Liu 2019, Notation 3.1] (that is, the commutative monoid generated by T, Sq, S;l
with the relation Squ*1 =1 for all primes q € R). Then IT induces a homomorphism

¢ Z[TH — Of
by its Hecke eigenvalues. For every prime XA of E, we have an attached Galois representation
pra: Gr=Gal(F*/F) — GL2(Of,) 4-1)

which is unramified outside R UR,, where R, denotes the subset of all places of F with the same residue
characteristic as A. The Galois representation pry ; is normalized so that if o denotes an arithmetic
Frobenius element at q for a place q ¢ R UR,;,, then the characteristic polynomial of pry 3 (o) is given by

X — ¢F(T) X + Npjo(@)F (Sq)-
Let mRm , be the kernel of the composite map Z[T?] LN Or — Og/A.

Assumption 4.1. Let ¢ be the underlying rational prime of A. We propose the following assumptions
on A:

(1) ¢ is coprime to 5, R, disc F, and the cardinality of F>*\AX" " /(A% N K).

2) £>g+2.

(3) The image of pr1 . := pm,» mod A contains a subgroup conjugate to SL, ().

(4) pn,y satisfies the condition (LI 5, ,) in [Dimitrov 2005, Proposition 0.1].

(5) H8(Sh(G, K)gg«, (’)[E/)L)/mlpi[’k has dimension 28 dim(l'[%o)K over Og/A, where I1p is the automor-
phic representation of G(A) whose Jacquet-Langlands transfer to GL,(Ar) is IT.

Remark 4.2. We have the following remarks concerning Assumption 4.1:

(1) Assumption 4.1(3) is equivalent to saying that pry ; is absolutely irreducible and that £ divides the
image of o ».

(2) Assumption 4.1(3) (and the part £ # 5 in (1)) is used to guarantee Thara’s lemma for Shimura curves
over totally real fields [Manning and Shotton 2019].

(3) If I is not dihedral (that is, not a theta series) and not isomorphic to a twist by a character of any of
its internal conjugates, then Assumption 4.1(3) and (4) hold for all but finitely many A by [Dimitrov
2005, Proposition 0.1]. In particular, for such a I, the entire Assumption 4.1 holds for all but finitely
many A.

(4) In general, the dimension of H8(Sh(G, K)gx, O[E/)»)/m}ﬁ’)t is at least 28 dimE(H%O)K over Og/A.

4The meaning of R changes from here; in particular, it contains the ramification set of B, which it previously stood for.
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Let p be a rational prime inert in F, coprime to RU{2, £}. Denote by p the unique prime of F" above p.
To ease notation, we put

¢ = ¢%U{P}: Z['H'RU{P}] N O[E’ m:= mlP:[Lfip} - Z[-H—RU{p}]

For a Z[T*"}]-module M, we denote by My, its localization at m. Write K = K »K? where K, is a
hyperspecial maximal subgroup of G(Q)) as p ¢ R. We have the integral model Sh(G, K?) over Z,,
defined in Section 2E for the Shimura variety Sh(G, K”) = Sh(G, K). Put 5 :=8(2, (g — 1)/2), the
set of periodic semimeanders attached to S = & with g-nodes and (g—1)/2-arcs. We note that ky defined
in Section 3A is | 28 in the current case. Then Theorem 3.13 asserts that

Sh(G, K")p @F e = ) Wa5(0),
ae’B

where each Wy 4 (a) is equipped with a (g — 1)/2-th iterated P!-fibration

q: Wy o(a) — Sh(GsmaX, Kp)[szg-
Let
Sh(G, K")? < Sh(G, K7)y,

be the superspecial locus as in Definition 3.15. By Theorem 3.16, each Wy z(a) for a € B contains
Sh(G, K? )?Fp 2 and the morphism 7, induces an isomorphism
p

Sh(G, Kp)ﬁg;zg — Sh(Gs,,.. K")g

which is equivariant under prime-to-p Hecke correspondences, and independent of a.
Consider the set B x Sh(Gs,,., K”)(F;), equipped with the diagonal action by Gg,. The Hecke
monoid TRP} acts through the second factor. We have a Chow cycle class map

I'(B x Sh(Gs,,,. K")(F¥). Z) — CH®TD/2(Sh(G, K?)pse) (4-2)
sending a function f on ‘B x Sh(Gsg__ , Kp)([F?f) to the Chow class of Za’s f(a, s)yra_1 (s).
Lemma 4.3. The map (4-2) is equivariant under both T*W%} and Gr,.

Proof. The equivariance of 74 under prime-to-p Hecke correspondences follows from Theorem 3.16. The
equivariance under Gg, follows from the definition of Gg,-action on Sh(Gs,,., K” )([F;C). O

Lemma 4.4. Under the notation above, the following statements hold.:
(1) There exists a canonical isomorphism
HE (Sh(G, KP)[F?)c, OF,)m —> H8(Sh(G, K)ge, OF, )m
compatible with Galois actions. In particular, we have a canonical isomorphism
H'(F ,», H8 (Sh(G, KP)pae, Og/A((8 +1)/2))m) = H, (@, HS (Sh(G, K)que, O /A((g + 1)/2))m)

for every integer h > 1.
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(2) Suppose that £ satisfies Assumption 4.1. We have H' (Sh(G, K? )[F;c, OF)m =O0unlessi = g.

(3) Suppose that £ satisfies Assumption 4.1. We have that H8 (Sh(G, K p)ﬂ::;c, OF,))m is a finite free
OF, -module.

Proof. By [Lan and Stroh 2018, Corollary 4.6], no matter whether the Shimura variety Sh(G, K?) is
proper over Zp), the canonical maps

H'(Sh(G, K")r, Op,) => H'(Sh(G, K")ag, Of,) < H'(Sh(G, K")g«, O,)

for all i > 0 are isomorphisms compatible with Hecke and Galois actions. One gets thus Statement (1)
by localizing the Hecke action at m. Statements (2) and (3) follow from Assumption 4.1 and [Dimitrov
2005, Theorem 0.3]. We remark that although Dimitrov’s theorem is stated for Hilbert modular varieties,
the same argument there applies to our situation without change. U

To ease notation, put G’ := Gal(F; /[ 2¢). Lemma 4.3 induces the following map
I'(B x Sh(Gs,,,, K?)(F%), )9 — CH¢T/2(Sh(G, K" o) (4-3)
which is equivariant under both TR} and Gal(F p2¢/Fp). On the other hand, one has a cycle class map
CH¥*D2(Sh(G, K")p ,,) — HETH(Sh(G, KP)r . OF, (g + 1)/2)).
However, by the Hochschild—Serre spectral sequence and Lemma 4.4(2), we have a canonical isomorphism
HELSh(G, K ) . O, (8 +1)/2))m ZH'(F e, H (Sh(G, K "), O, (8 +1)/2))m).-

Therefore, composing with (the localization of) (4-3) and modulo A, we obtain a morphism

®p: T(B x Sh(Gs,,,, K")(F), Oe/2)g — H' (F 20, H(S(G, K")pse, Op/A((g + 1)/2)m), (4-4)
called the unramified level raising map at m. It is equivariant under the action of Gal([F 2 /F ).
Definition 4.5. We say that a rational prime p is a A-level raising prime (with respect to I1, B, K, R) if
(L1) pisinertin F, and coprime to RU {2, £};

L2) ¢ (p* =Dy
(L3) ¢%(Tp)? = (p¢ 4+ 1)* mod A and ¢ (Sy) =1 mod A.

Remark 4.6. We have the following remarks concerning level raising primes:

(1) By a similar argument of [Liu 2019, Lemma 4.11], one can show there are infinitely many A-level
raising primes with positive density, as long as there exist rational primes inert in F and A satisfies
Assumption 4.1.

(2) By the Eichler-Shimura congruence relation, Definition 4.5(L3) is equivalent to saying that pry ; (op)
is conjugate to =, I?g )-
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(3) By the Eichler—Shimura congruence relation and the Chebotarev’s density theorem, we know that
the canonical map

HE(Sh(G, K)aw, O/3)/m — HE(Sh(G, K)ax, O¢/3)/miy
is an isomorphism of O/A[Gg]-modules.

Theorem 4.7 (arithmetic level raising). Let A be a prime of O satisfying Assumption 4.1, and p a ,-level
raising prime. Then G’ acts trivially on T (B x Sh(Gsg,,, KP)([F?,C), Ot /A)m and the induced map

I'(B x Sh(Gs,,,, K")(Fy), Og/%)/m — H' (F 2, H (Sh(G, K”)pse, O /(g +1)/2))/m)  (4-5)

is surjective.

4B. Proof of arithmetic level raising. This section is devoted to the proof of Theorem 4.7. We assume
that we are not in the case where F' = (Q and B is the matrix algebra, since this is already known by Ribet.

For a € B, denote 7(a) € X the end point of the unique semiline in a. By the construction in
Section 3G, for each a € B, the stratum Wy 4 (a) fits into the following commutative diagram

Wa,a(a)¢ Zg,0(a)—— Sh(G, Kp)[szg
Sh(Gg, o, K”)[szg,r(a)% Sh(Gg,.z,, K)E 5, (4-6)

Sh(Gs,,,.. K" ,,.

where the square is Cartesian. Here, @ is the set S, defined by (3-3) with S = & and @, is the subset
defined by (3-8) with T = &, and we used slightly different notations to avoid confusion. Note that
Sh(Gg, o,, K?) is a proper Shimura curve over O , (with F regarded as a subfield of Q" determined
by a), and Sh(Ggy, &, K? )[szgyf(a) =Sh(Gs,,., K? )[szg is exactly its supersingular locus in the sense of
[Carayol 1986, Section 6.7]. Similarly to (4-3), we have a Chow class map

['(Sh(Gs,,,, KP)(Fy), Z) - CH'(Sh(G g, ., , K)rse),
which induces an unramified level raising map for the Shimura curve Sh(Gg,_ o, K?):
O (a): T(Sh(Gs,,,.. K)(FS), Og/0)§ — H'(F e, H'(Sh(Go, 0. K)se, O /A1), (47)
The following is an analogue of Theorem 4.7 for Shimura curves.

Proposition 4.8. Under the hypothesis of Theorem 4.7, the map ®,(a) is surjective.

To prove this proposition, we need some preparation. We fix an isomorphism G4, (Q,) = GLy(F)
so that K, is identified with GL2(OF,). Let Iw, € K, be the standard upper triangular Iwahori sub-
group. Let Sh(Gg,, K”Iw,) be the Shimura curve attached to G4, of level K”1Iw,. By [Carayol
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1986], Sh(Gga,Q/a, K?1w,) admits an integral model Sh(Ggmg/a, K?1w,) over OF , with semistable
reduction. The special fiber Sh(Gg, o, K7 pr)[ppg consists of two copies of Sh(Gg, g, K pr)[ppg
cutting transversally at supersingular points. There are two natural degeneracy maps

T, T Sh(Gga’g/a, KP IWp) — Sh(G@a,@/u, KP)

whose restrictions to generic fibers are described as in [Tian and Xiao 2019, (2.14.1)]. We note the
following generalization of Thara’s lemma to Shimura curves over totally real fields.

Lemma 4.9. Under the hypothesis of Theorem 4.7, the canonical map
w47y H (Sh(Go, o, KP)awe, Og/MNE* — H' (Sh(Go, o, KP Iwp)ase, Op/Mm
is injective.
Proof. This follows from [Manning and Shotton 2019, Theorem 6.5], under Assumption 4.1(1) and (3). [J

Proof of Proposition 4.8. To simplify notation, let us put X := Sh(Gg,_ ., K”) viewed as a proper
smooth scheme over O p,, denote the supersingular locus as

ss . ~
Xﬂ:ng o Sh(G@m@’a, Kp)ﬂ:ng,‘[u — Sh(GSmaxv Kp)[szg’

and put Xo(p) := Sh(Gg, ., K?Iw,). We put also k; := Og/A. Consider the canonical short exact
sequence
H (Xex, ki) — HO (X3 k) — Ho (X k) — H (Xpg, k) — 0

equivariant under the action of G([F';})C [Fpe) x Z[TRY%}], where X Ei? =X Fae — Xp:. is the ordinary locus.
P P .

The first term vanishes after localizing at m by Assumption 4.1(3). Taking Galois cohomology H' (F 2, —),

one deduces a boundary map

®}(0): H' (X, ko)yy — H'(F e, OO, k).

By the Poincaré duality and the duality of Galois cohomology over finite fields, it is easy to see that
@7 (a) is identified with the dual map of ®,(a). Therefore, to finish the proof of Proposition 4.8, it
suffices to show that @7, (a) is injective.

Recall that X( p)[ppg consists of two copies of X Fps- Letij: X Fpe = Xo( p)[ppg be the copy such that
myoiy is the identity, and ip: X Fpe = Xo( p)[Fpg be the one such that m; o i, is the identity. Then m; o i
is the Frobenius endomorphism of X , relative to [« composed with the Hecke action S;(Jg —b/ 2; and
71 o iy is the Frobenius endomorphism of X Fpe relative to [F ¢ composed with the Hecke action Sf,g /2,
Consider the normalization map

8: Xo(pr,e = Xe,0 | [ Xe,e “H25 Xo(p),.
Then one has an exact sequence of étale sheaves

0— ky — 8.k, — i’k — 0
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on Xo(p)rF ey where % : X 5 . Xo(p)r ” denotes the closed immersion of the singular locus of X( p)[Fpg,
and the second map &k, —> z“k;\ is given as follows: If x € X° . (F) is a supersingular geometric point
with preimage ! (x) = (x1, x2) with Xj€ij (X([F“‘C)) for j = 1 2, then (84k))x = ki x, ®krx, = ki x
is given by (a, b) — a — b. By the functoriality of cohomology, we get

0=H(Xry, ky)m — HOOXG, k)m = H' (Xo(P)rgs, k) 225 H (X, k)E2 - 0. (4-8)
Consider the map
7475 H (X, ko) — H (Xo(p)rse, kn)m (4-9)

induced by the two degeneracy maps w1, m2: Xo(p) — X. If Fry denotes the action on H'(x Fee, k)

induced by the Frobenius endomorphism of Xy , relative to [ ¢, then Fry = o, ! and the composite map

p

61 H' (Xpx, k) @2 T2 H(Xo (s ki) 22 H! (X, k) S2

1 Fr, S¢ /2
Fr, ¢t 1 ’

By Definition 4.5(L3), the Hecke operator Sy, acts trivially on H'(X Fac k;)m since the trivial action is
the only lifting of the trivial action modulo m by Assumption 4.1(1). We see that ker 6 is identified with

is given by the matrix

the image of the injective morphism

=1 (—Fry,Id)
—_—

H' (X k) H' (Xpg, k)3

However, by Ihara’s Lemma 4.9 and the proper base change, the map 7| + 7 in (4-9) is injective. Thus,

it induces an injection
%2 H (X, ko Zker§ — ker(}, i3) = HO(X} Bk
To finish the proof of Proposition 4.8, it suffices to show the following claims:
(1) The action of Fr on HO (X% Fic» k3 )m is trivial so that the natural projection
HY(XP. k)m — HY (F e, HOXE, i)m) = HY (X, ki)m/ (Fry —1)

is an isomorphism.

(2) The morphism ®* is identified with ®} (a).

Claim (1) follows from Assumption 4.1(1), Definition 4.5(L3) and the observation that Frg acts through
the Hecke translation by (1,...,1, p,1,...) € A" where p is placed at the prime p.
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To prove Claim (2), consider the following commutative diagram:
H{ (X, ky)m ——— H!' (Xpg. k) ——— 0
ln; —n¥ Frp wf—7t Fry
0—— HO(X[SF;C, k)m — Hg(xgg, k)& —— H' (Xo(p)rs, ki) —— 0

lA

0 — HO(X, k)22 —— Ho(X, ko) R? —— H (Xpe, k)R —— 0

(i1.i3)

where A is the diagonal map, and horizontal rows are exact. Then the coboundary isomorphism
ker(if, i) = HO(X facs K2)m given by (4-8) coincides with
P

ker(i}, i) = coker A <= H(X3, ky)m,
V4

where the first isomorphism is deduced from the commutative diagram above by the snake lemma, and
the second is induced by the injection HO(X i}%, k)m — HO(X %, kk)?iz to the second component.

Now take x € H' (Xgss, k)m? ' Zker6, and let & € H! (XZ, k) be a lift of x that is fixed by S,. This
is possible as the action of S, on H! (X%E‘, k;) is semisimple. Then 7} (x) — 7] Frp(X) € H! (X%Sl, k;)®?
is an element lifting 775 (x) — 7| Fry(x) € ker(i{, i3), and 75 (X) — 7| Fry (%) lies actually in the image of
HO(X[SF%, k)22, Note that

3 (%) — 7} Fry (%) = (S, Frp (%), £) — (Fry (%), Fra (%)) = (0, (1 — Fr) ().

Since ®*(x) is by definition the image of 77} (x¥) — 7| Fry(X) in coker A = H! (XFac, kp)m, we get &*(x) =
, p

(1—- Frg)(i). However, this is nothing but the image of x € H' (X Fac kk)g via the coboundary map &} (a).

This finishes the proof of claim, hence also the proof of Proposition 4.8. U

Recall that we have, for each a € B, an algebraic correspondence
Sh(Go, o, KP)s o, < Z5,5(a) <> Sh(G, KP)g ,,
Let A be Of,, O/ or Q%°. We define Gys,(A) to be the composite map
H'(Sh(Go,.0,. K"t Mm 7> H' (Wo o (@, A)m 5 HE(Sh(G, KP)pse, A(g — 1)/2))m.

where the first map is an isomorphism since 7, is a (g—1)/2-th iterated P!-fibrations, and the second
map is the Gysin map induced by the closed immersion i,. Taking sum, we get a map

Gys(A) := Y _Gys,(A): @D H'(Sh(Go,.e,. KP)pe. Am — HESh(G, KP)pie, A((g — 1)/2))m-
a aeB
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Proposition 4.10. Under the assumption of Theorem 4.7, we have that
(1) the map Gys(A) is injective for A = O, , Og/x, Q};
(2) the induced map
Gys(Og/2)/m: EDH'(Sh(Go, o, K ), O/2) /m — HE(Sh(G, K ), O /A((g — 1)/2))/m
aeB
is injective.

Before giving the proof of the proposition, we introduce some notation. Let R, be the set of all
automorphic representations that contribute to H8 (Sh(G, K? )[F?}c, A((g —1)/2))m. Then it is the same as
the set of all automorphic representations that contribute to H' (Sh(G g, &, K? )i, A)n for every a by
the Jacquet—Langlands correspondence. It is finite and contains 1. We may enlarge E such that every
automorphic representation IT" € Ry, is defined over E. Fix an embedding E; — Q¥°. Let ar, frv € Z5°
be the eigenvalues of pry ) (o), where Zi° denotes the ring of integers of Q¥°. By Remark 4.6(2), we
may assume that 0112-[, and ,31%[/ are respectively congruent to 1 and p%¢ (modulo the maximal ideal of 7
in particular, ot /B is not congruent to any i-th root of unity for 1 <i < 2g by Definition 4.5(L2).

Proof of Proposition 4.10. Following [Tian and Xiao 2019], we consider the composite map
Resq(A): HE(Sh(G, KP)r, A~ HE (Wor o ()5, M) 22> H' (S(G o, 27, K7). M)
for each a € ‘B, and put

Res(A) := @Resa(A): HE (Sh(G, K”)[F;c, N)m — EBH1 (Sh(Gg, g, Kp)p;c, N.
ac'B ac'B
To prove that Gys(A) is injective, it suffices to show that the composite map Res(A) o Gys(A), which is
an endomorphism of &, g Hl(Sh(Ggu,@/a, Kp)[F;c, A)m, 18 injective.
It follows from Lemma 4.4 that

Hé (Sh(G, Kp)ﬂ:%c, A)m = H5(Sh(G, K”)[F;c, OF, )m o, A, (4-10)
and it is a finite free A-module. Note that we have

HE(Sh(G, K")p, Q¥ )m = @D HE(Sh(G, KP)pe, Q5[]
IM"eRy

as modules over Z[TRV}]. Then it was shown in the proof of [Tian and Xiao 2019, Theorem 4.4(2)] that
on each [T"*°-isotypic component, det(Res(A) o Gys(A)) is equal to a power of

+p 2R (o — B/ (e B

for A = Q2, where 1 (12 = Y55 7" (). By (4-10), it is clear that the same formula also holds for
A = O, . Therefore, we see that det(Res(OF, ) oGys(Of, )) is nonvanishing modulo A by Definition 4.5(L2).
It follows that Res(A) o Gys(A) is an isomorphism for all choices of A, hence Gys(A) is injective and
(1) follows.
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The above argument also implies (2). Il

We can now finish the proof of Theorem 4.7. The assertion that G’ acts trivially on I'(*B X
Sh(Gs,, ., K? )(I]:‘}‘,C), Ofp/A)m follows from Theorem 3.13(2) and Definition 4.5(L.3). We focus now
on the surjectivity of &, (4-4).

We write k) = O/A for simplicity as before. Under the canonical isomorphism

(B x Sh(Gs,,,, K")(F¥), k)m = @) T (Sh(Gs, ... K)ise, k),
ae’B

the map (4-5) is identified with the composite map

BDaPm(a)/m
Docs T Sh(Gsys KD, ki) /m Dacs H! (F o, H (Sh(G s, oy, KD, ki (1) /m)

k les

H'(F ¢, HE(Sh(G, KP)pse, ki ((g +1)/2)) /m),

where the vertical map Gys is simply H! (F 2> (Gys(ky)/m)(1)). Here, we use the fact that the canonical
maps

H' (F 0, H' (Sh(G o, o, K)se., k(1) /m — H'(F 0, H' (S(G 5, o, KD, i (1) /m)
H' (F y2e, B (Sh(G, K "), k(g +1)/2)))/m — H' (F e, H (Sh(G, K P)pse, k3. (g +1)/2)) /m)

are both isomorphisms since H?(F 2, —) vanishes. By Proposition 4.8, the map @, ®m(a)/m is surjective.
To prove that &, /m is surjective, it suffices to show that so is Gys.

First, we have a description of H!(Sh(G Za2, K 7Y, k; (1)) /m in terms of ppy 5, which is the residue rep-
resentation of (4-1) as we recall. Since pyy ;, is absolutely irreducible by Remark 4.2(1), the k; [Gr]-module
Hl(Sh(G@u’gu, K?)ga, k) (1))/m is isomorphic to r copies of ﬁﬁ,)\(l) = pm, wWithr > dim(H%o)K by
[Boston et al. 1991] and the theory of old forms. By Remark 4.6(2), one has an isomorphism of
k3 [G']-modules

P =k, @ ky(1).

In particular, H'(Sh(G G 0ar KP )[F';c, k; (1))/m is the direct sum of the eigenspaces of sz with eigenval-
ues 1 and p?€ both with multiplicity r.

By [Brylinski and Labesse 1984], Remarks 4.2(4) and 4.6(3) and the similar argument as above,
the (generalized) eigenvalues of sz on H8(Sh(G, K)x, Qi ((g +1)/2))/m are pg(g“)aHZiﬂHZ(g_U
with multiplicity (§) dim(IT§)*. Note that ps@EtDa 2 B2 hag image psU1+2-9) in F3¢, which are

distinct for different i under Definition 4.5(L2). For every u € k;, let

(HE(Sh(G, KP)pe, k(g + 1/2))/m)7~* € H¥ (Sh(G, KP)pe, kp((g +1)/2)) /m
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denote the generalized eigenspace of %2 with eigenvalue , that is, the maximal subspace annihilated by
(Up2 — ,u)[N for N=1, 2, .... Then by the base change property (4-10), one has a canonical decomposition

A pe+2i—5)

g
2
H¥ (Sh(G, K "), ki ((g +1)/2)) /m = @D HE (Sh(G, K ), ki ((g +1)/2)) /m) % :
i=0
where the i-th direct summand has dimension (f’ ) dim(H%o)K over k;. The direct summand with sz ~ 1
corresponds to the term with i = (g — 1)/2, and it has dimension ((g_gl) /2) dim(IT$)X. Note that

(14+2i—g)

H'(F e, (HS(Sh(G, K P)pe, k(g + 1)/2)/m) 7" ) = 0
for i # (g — 1)/2. It follows that the natural map
(HE(Sh(G. K)es. k(g + 1)/2) /)7~ — H(F e, HE(Sh(G, KP)pis, ki (g +1)/2))/m)  (4-11)

is surjective. One gets a commutative diagram:

Baens H'(S(Go, 2, K P ki (1) /)3~ ——— @,y H'(F 2. H'(Sh(G s, 0, K P ki (1)) /m)

%l(GyS(/ﬁ)/m)(l) les

(@-11)
—

(HE(Sh(G. K )., ki (g + 1)/2)/m) 7™ H' (F 2. HE(S(G, K P)gac. k(8 +1)/2))/m)

Here, (Gys(k,)/m)(1) is injective by Proposition 4.10(2), and we deduce that it is an isomorphism for
dimension reasons. It follows immediately that Gys is surjective. This finishes the proof of Theorem 4.7.

5. Selmer groups of triple product motives

In this section, we study Selmer groups of certain triple product motives of elliptic curves in the context
of the Bloch—Kato conjecture, which can be viewed as an application of the level raising result established
in the previous section.

From now on, we fix a cubic totally real number field F, and let F be the normal closure of F in C.

S5A. Main theorem. Let E be an elliptic curve over F. We have the (D-motive ®Ind6 h'(E) (with
coefficient Q) of rank 8, which is the multiplicative induction of the F-motive h!(E) to Q. The cubic-
triple product motive of E is defined to be

M(E) := (® Ind}y h' (E))(2).

It is canonically polarized. For every prime p, the p-adic realization of M(E), denoted by M(E),
is a Galois representation of QQ of dimension 8 with @Q,-coefficients. In fact, up to a twist, it is the
multiplicative induction from F to Q of the rational p-adic Tate module of E.

Now we assume that E is modular. Then it gives rise to an irreducible cuspidal automorphic represen-
tation I1g of (Resr g GL,, r)(A) with trivial central character. In particular, the set X (I1g, 7) defined in
Section 1C contains co. We have L(s, M(E)) = L(s + % Mg, r) (again see Section 1C).
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Put A" := X (Tg, 1) — {oo}. Let A (resp. A/, A”) be the set of primes of F above A’ that is of degree
either 1 or 3 (resp. unramified of degree 2, ramified of degree 2). We write the conductor of E as c¢’¢’¢*

such that ¢ (resp. ¢, ¢”, ¢™) has factors in A (resp. A/, A”, elsewhere).
Assumption 5.1. We consider the following assumptions:

(EO) The cardinality of X (I1g, ) is odd and at least 3.

(E1) For every finite place w of F over some prime in X (I1g, ), the elliptic curve E has either good or
multiplicative reduction at w.

(E2) For distinct embeddings 7;, 7o: F — F,the F -elliptic curve E ®F 1, F is not isogenous to any
(possibly trivial) quadratic twist of E ®F o, F.

Remark 5.2. Assumption 5.1(EO) implies that A is not empty. Assumption 5.1(E1) implies that £ has
multiplicative reduction at w € A. Together, they imply that the geometric fiber E @ p F*° does not admit
complex multiplication.

We now assume that E is modular and satisfies Assumption 5.1. Then Assumption 5.1(E1) implies
that c¢’ is square-free, and ¢’ = O by [Liu 2019, Lemma 4.8]. We take an ideal v of O contained in
Nc¢* for some integer N > 4 and coprime to A°.

Assumption 5.1(EQ) implies that A is a nonempty finite set of even cardinality. Let B be a quaternion
algebra over F, unique up to isomorphism, with ramification set A, and O € B be an Op-maximal
order. Let vy and v; be two ideals of OF such that tg, v; and A are mutually coprime. We recall the
definition of the Hilbert modular stack X' (A)y,,¢, over Spec(Z[Nf,q (tor)) ' (disc F)~!]) defined in [Liu
2019, Definition B.3]. For every Z[NF/@(totl)*l(disc F)~'-scheme T, X(A)y, .+, (T) is the groupoid of
quadruples (A, t4, C4, a4) Where

e A is a projective abelian scheme over T’;
e 14: O — End(A) is an injective homomorphism satisfying
Tr(ta(b)| Lie(A)) = Trro Try (D)
for all b € O;

e C4 is an O-stable finite flat subgroup of A[rg] which is étale locally isomorphic to (O /to)2 as
O /toO = M (OF /rp)-modules;

e ays: (OF /t1)2T — A is an O-equivariant injective homomorphism of group schemes over 7.

If vy = OF, a4 is trivial and we usually omit it from the notation. If v is contained in NOF for some
integer N > 4, then X'(A)y, ¢, 1S a scheme.

We put X, := X(A)¢.. Let D(x, ¢™) be the set of all ideals of O containing t(¢ct)~! as in [Liu 2019,
Notation A.5]. For every 0 € D(t, ¢*), we have the following composite map

8 X=X (A)or = X(A)erop 25 X(A)eer .0, (5-1)
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which is a finite étale morphism of Deligne-Mumford stacks, where §° is the degeneracy map defined as
follows. If (A, ta, C4) is an object of X'(A)¢r 0, (T) for some SPGC(Z[NF/@(C/t)_I disc(F)~!])-scheme
T, then its image by 8° is given by the object (A’, 14/, C4’), Where

» A’ is the quotient A by the finite flat subgroup C4[?],

e 14 is the induced O-action on A’ from A,

o Cyu is the unique subgroup scheme of C,4/C4[0] étale locally isomorphic to (Op /¢ )2,
See [Liu 2019, Section B.1] for more details.

Remark 5.3. The requirement that |X(I1g, t)| > 3, that is, A # & is not essential. The reason we
require this is not to make the relevant Shimura variety A proper. In fact, it is used to obtain a refinement
(Proposition 5.13) of Theorem 4.7 so that the map (4-5) is also injective in order to deduce Lemma 5.18
which is needed for the first explicit reciprocity law back in [Liu 2019], through a trick using Jacquet—
Langlands correspondence. However, it is not clear to us what are optimal conditions for the map (4-5) to
be injective.

From now on, we fix an element to € A. Let B be the totally definite quaternion algebra over F,
ramified exactly at A\ {ro}. Put
Ve 1= B*\B* /Ko,1 (¢, v)

where Ko 1 (toc, t) C B* is an open compact subgroup defined similarly as in Example 2.12.
For every ideal s contained in ¢*, we let R(s) be the union of primes dividing s and primes above A’.

In particular, we have the homomorphism
¢ =) Z[TM] > 7

such that ¢°(Ty) = aq(E) and ¢*(Sy) = 1 for every prime q ¢ R(s). Here we recall that T® is the Hecke
monoid away from R [Liu 2019, Notation 3.1].
Let p be a rational prime.’ Let m’, be the kernel of the composite map Z[ TR RNy Ny - p- We also

have an induced Galois representation
prg.p: Gr — GL(T,(E)) = GLo(Z)),
where T, (E) is the p-adic Tate module of E. Put pri, , := pn;,, mod p.

Definition 5.4 (perfect pair). We say that:

(1) p is generic if (Ind% P11, p)lG; has the largest possible image, which is isomorphic to G(SL,(F,) x
SLo(Fp,) x SLy(F)p)).
(2) The pair (p, v) is s-clean, for an ideal s of O contained in v, if:

(a) The space I'(Vx, Z)) /msp has dimension |D(x, ¢7)| over F -

5The readers may notice that we switch the roles of p and £ (or 1) in Section 5 from Section 4. This is due to a different
convention in the study of Selmer groups.
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(b) H3(X(A)eer.0, ®Q*, 7 p)/m}, has dimension 8 over [F, and the canonical map
P £:Hxea* . z,)/m > P HX(A)ro, D%, Z,)/m,
0€D(x,ct) €D (r,ct)
is an isomorphism.
(3) The pair (p, ¢v) is perfect it:
(@) p=11and p #13,19.

(b) p is coprime to A and v-|(Z/tNZ)* |- u(x, ¢T)-|CI(F),|-disc F, where disc F is the discriminant
of F, CI(F), is the ray class group of F' with respect to t, and

1
LN =N ™H (1 —)
p(e, c™) Fra(t(ch) )1:[< +NF/@(q)

with g running through the prime ideals of OF dividing v but not ¢*.
(c) p is generic.
(d) Itis t-clean.
() prg,p 1s ramified at 1.

Remark 5.5. Note that the condition that p is generic implies that the condition (LIInd,;H ,,) in [Dimitrov
E:

2005, Proposition 0.1] is satisfied. Consequently, H3 (X, @ Q*, 7 ,,)m; is finite free over Z,, for any ideal

s of O containing v by [loc. cit., Theorem 0.3].

Let B be a quaternion algebra over @, unique up to isomorphisms, with ramification set A” so that
B = B’ ®q F. We have similarly a moduli scheme Xf =X (Ab)z‘mz attached to B”. Then we obtain a
canonical morphism
6: X — X,

over Z[(vdisc F)~'] similar to [Liu 2019, (4.1.1)]. It is a finite morphism. Denote by ®,, . the image of
Oy [th ® Q] € CH?(X, ® Q) under the Abel-Jacobi map

AJ,: CH*(X,® Q) — H'(Q, H* (X, ® @™, Q,(2))/ ker ¢").

By [loc. cit., Lemma 4.6], we have H'(Q,, M(E),) = 0 for all primes v{p. Thus, we recall the
following definition.

Definition 5.6 [Bloch and Kato 1990; Liu 2019, Definition 4.7]. The Bloch—Kato Selmer group for the
representation M(E), is the subspace H}'(@, M(E),) consisting of classes s € H'(Q, M(E) p») such that

loc,(s) € Hy (@), M(E) ) :=ker[H'(Q,, M(E) ;) > H'(Q,, M(E) , ®q, Beris)]-

Theorem 5.7. Let E be a modular elliptic curve over F satisfying Assumption 5.1. For a rational prime
D, if there exists a perfect pair (p, t) (Definition 5.4) such that ® , . # 0, then

dimg, H} (@, M(E),) = 1.
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Remark 5.8. By an argument similar to [Liu 2019, Lemma 4.10], given an ideal v of O contained in
Nc* for some integer N > 4 and coprime to A, there exists a finite set Pg . of rational primes such that
(p, v) is a perfect pair for every p & Pg .. An upper bound for Pg . can be computed effectively.

Remark 5.9. Assuming the (conjectural) triple product version of the Gross—Zagier formula and the
Beilinson—Bloch conjecture on the injectivity of the Abel-Jacobi map, the following two statements
should be equivalent:

e L'(0, M(E)) # 0 (note that L(0, M(E)) = 0 by Assumption 5.1(E0)).
o There exists some v such that for every other v contained in vy, we have ®, . # 0 as long as (p, v)
is a perfect pair.

Here, we need to use (the proof of) [Liu 2019, Proposition 4.9]. Then Theorem 5.7 implies that if
L'(0, M(E)) # 0, that is, ords—o L(s, M(E)) = 1, then dimg, H;(@, M(E),) = 1 for all but finitely
many p.

5B. A refinement of arithmetic level raising. From now on, we fix a perfect pair (p, t) (Definition 5.4),
and put m® := m, for short.

Definition 5.10. Let v > 1 be an integer. We say that a prime £ is (p”, v)-admissible if:

(A1) ¢ is inert in F (with [ = £0OF), unramified in F, and coprime to R(v) U {2, p}.

(A2) (p,v) is tl-clean.

(A3) pt(e"™® —1)(®+1).

(A4) ¢"(T)=£>+1 mod p".

Notation 5.11. For now on, we fix an integer v > 1 and put A := Z/p". Let p: Gr — GL(N,) be
the reduction of pry, , modulo p”, where N, = T,(E) ® A. We have the multiplicatively induced
representation p?: Gg — GL(N5) with N, = N&S,

Lemma 5.12. Let £ be a (p’, v)-admissible prime. Then the cohomology groups
Hunr (@, (X (Q)eer,0, ® @, AQ2))/ ker¢™),  Hip(Qp, H (X ® Q*, A(2))/ ker ¢*)

unr
are free A-modules of ranks 1 and | D (x, ¢*)|, respectively.

Proof. By Definition 5.10(A2), Nakayama’s lemma and [Brylinski and Labesse 1984], we have isomor-
phisms of A[Gg,]-modules

H (X (A)eer.0, ® QF, A(2))/ ker ¢ = Nf)(—l), H (X, ® Q%, A(2))/ ker ™ = N%(_l)@|®(t,c+)|.

If oy € GF denotes an arithmetic Frobenius element at [, then p(oy) is conjugate to (é (g) by
Definition 5.10(A4). Hence, the A[Gg,]-module Nf)(—l) is unramified and isomorphic to A(—1) &
A®R® A ®R() ® A(2), where R = A®? is the rank 2 unramified representation of Gg, with
the action of the arithmetic Frobenius o, given by ((1) :}) By Definition 5.10(A3), it follows that

Hllmr(@g, N%(—l)) ~H! (Q,, A), which is free of rank 1 over A. O

unr
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Let £ be a (p", v)-admissible prime. Then X ® Z ;) is canonically isomorphic to Sh(G, Ko 1 (¢, 98
with G = Resp;g B* considered in Section 2E (See Remark 2.5 on the issue of polarizations and
Example 2.12 for the open compact subgroup Ko (¢, v)), and th ® Z gy is canonically isomorphic to
Sh(G", Ko1(Z, tNZ)%) with G” = (B")*. Put X, := X, ®[F,. As before, we denote by X;P the superspecial
locus of X,. By Theorem 3.16, we may identify X," (F¥) with Sh(Gs,,.. Ko,1(¢/, t)*)(F¥).

The following proposition is a refinement of Theorem 4.7 in our situation.

Proposition 5.13. Let £ be a (p”, v)-admissible prime. Then the level raising map
T(B x X2 (FX), A)/ ker ¢ — H' (Fys, H3 (X, ® F, A(2))/ ker ¢™) (5-2)
defined similarly as (4-5) is an isomorphism.

Proof. In the proof of Lemma 5.12, we have seen that, as a A[Gf,]-module, H3 (X, ® F2, A(2))/ ker ¢
is isomorphic to |D(x, ¢*)|-copies of

Nf)(—l) =ADOGABGRDA(D) BR() & AQ).
We get thus an isomorphism of A[Gal(Fs/F¢)]-modules
H' (Fps, H (X @ FX°, A(2))/ ker¢™) Z H' (Fys, A @ R)EPEH = (A g R)PIPCD] (5-3)

which is free of rank 3|D(t, ¢™)| over A. By Theorem 4.7 and Nakayama’s lemma, the map (5-2) is
surjective. Thus it suffices to show that F(Xip([F'z}c), A)/ker ¢ is a free A-module of rank |D(t, ¢*)|.
By Nakayama’s lemma, it suffices to show that F(X:p([ch), Fp) /m* has dimension |D(t, ¢*)| over Fp.

Recall that so far, we have three quaternion algebras over F in the story: B ramified at X, U A\ {tv}, B
ramified at A, and Bg,, ramified at o, U{[}UA. Now we let B’ be the fourth quaternion algebra over F
ramified at ¥ U{[}U A\ {to} where X is a fixed subset of ¥, of cardinality 2. Let C be the corresponding
proper Shimura curve over F (with the embedding into Q* given by the unique element in ¥, \ ¥) of
the similarly defined level K ;(toc’, t). As in Step 4 of the proof of [Liu 2019, Proposition 3.32], C has
a natural strictly semistable model at [. The corresponding weight spectral sequence provides us with a
canonical isomorphism

T Ve, Zp) /m™ >~ HY o (Qe, H(C ® Q%, Z,,) /m™)

as in the proof of [Liu 2019, Proposition 3.32]. By Definition 5.10(A2), H.. (@, H/(C ® @*, Z,) /m*")

S1n;
has dimension |D(t, ¢7)|. By [Boston et al. 1991], we conclude that H!(C é Q%, Z,)/m" is isomorphic
to ﬁenalﬁ);t,c*)\ as an [ ,[Gr]-module. In particular, H'(C @ Q, Zp)/mt[ has dimension 2|D(t, ¢)].
Now consider the semistable reduction of C at tv. Let C¢ be the proper Shimura curve over F associated
to B’ of the level K¢ (¢, t). Then H'(Cy ® Q%*, Z ») /m* = 0 by Definition 5.4(3e). Therefore, we have

a canonical isomorphism

H' (I,, H'(C ® @*, Z,,) /m™) =~ T (X" (F¥), F ) /m"
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from the weight spectral sequence, as the supersingular set of C at tv is also X‘:p([cm). Therefore,
T'(X:"(F¥), F,)/m* has dimension |D(r, ¢*)|. The proposition follows. O

5C. Second explicit reciprocity law. Let £ be a (p", v)-admissible prime, and [ = £Of. Recall that
Y denotes the set of archimedean places of F. For every ideal s of Of coprime to A U {[}, let
St.5 :=8(Xo UAU({[}), be the set of isomorphism classes of oriented Or-Eichler orders of discriminant
Yoo UAU{I} and level s (see [Liu 2019, Definition A.1]). It has an action by Gf, such that the arithmetic
Frobenius oy acts by switching the orientation at [.

Lemma 5.14. There is a canonical isomorphism Xsp([F‘zc) / CI(F) =S¢, 0. Moreover, the induced action

of Gg, on Sy o« factors through Gal(Fp2/F,) and is given by the map op, switching the orientation at |.
Proof. It is a special case of [loc. cit., Proposition A.13(1)]. O

Denote by ¥ : X, (F¥) — S ¢ the canonical projection from the above lemma.
Lemma 5.15. The canonical map

U T(Se.ee, A)/ ker ™ — T(XF(F), A)/ ker ¢

is an isomorphism.
Proof. It follows similarly to [loc. cit., Lemma 3.24]. O
Proposition 5.16. Under the notation above, the following statements hold:

(1) The action of op, on I'(Sp, ¢, A)/ ker ¢ is trivial.

(2) There exists a unique isomorphism ® such that the following diagram is commutative, where the

lower left vertical arrow is the diagonal map:

[ (St M)/ Ker gt ———— HL (@, B3 (X ® @, A(2)/ ker ¢™)
| I
(X (FX), A)/ ker ¢ H! (Qgs, H3 (X, ® Q@%, A(2)/ ker ¢™))Gal(@es/B0)

l

(B x XP(FC), A)/ ker ¢t —

HL Qg H3 (X ® @, A(2)/ ker ¢™))
Proof. Consider the action of Gal(Qys/Q;) on both sides of the isomorphism

(B x Sp.ev. A)/ ker ™ L5 T(B x XP(F), A)/ ker ™ — H' (Fps, H3 (X, @ FX, A(2))/ ker ¢™).
By (5-3), we obtain an isomorphism

(D(Se.ce, A)/ ker p™)P=! = H! (Q,, H? (X, ® @*, A(2)/ ker ™).
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By Lemma 5.12, H! (Q,, H3(X, ® Q*, A(2)/ ker ¢™) is a free A-module of rank |D(t, ¢*)|. Therefore,

unr

the inclusion
(D(Se.cv, A)/ ker p™)P=! C T(Sp e, A)/ ker ¥

is an isomorphism as both sides are free A-module of rank |D(t, ¢™)|. Thus both (1) and (2) follow. [
Denote by @}’” the image of 0*[th ® Q] € CH?(X, ® Q) under the Abel-Jacobi map
AJ,: CH*(X, ® Q) - H'(Q, H* (X, ® @*, A(2))/ ker¢*).

For any ideal s € Op, let SZ s =S({oo} U AU {£})snz denote the set of isomorphism classes of oriented
Z-Eichler orders of discriminant {oo} U A” U {¢} and level s N Z [Liu 2019, Definition A.1]. We have a
natural map given by extension of scalars

D08 = Spee. (5-4)

We have a bilinear pairing (-, -): I'(S¢, ¢, Z) X I'(Se,e, Z) — Z defined by the formula (f1, f2) =
Zheg[ o, Ji(h) f2(h). It induces a perfect pairing

(+,-): T(Sp.ees A)/ Ker @™ x T'(Sp.ee, A)[ker¢™] — A.

Theorem 5.17 (second explicit reciprocity law). Let £ be an (p”, v)-admissible prime. Then 1003(@‘1’,’1.

lies in H!, . (Qg, H} (X, ® Q*, A(2))/ ker ¢™), and we have
O . _ x|
(@~ loce O}, /) = ey X;f(ﬁ‘(x))

xXe 0t

for every f € I'(Se, v, A)[ker ™. Here, ® is the isomorphism in Proposition 5.16.
We note that (¢ — 1)2|C1(F),| is invertible in A.

Proof. The fact that © ) | is unramified follows from the fact that both X, and }:E have good reduction at £.
Recall that X, = X, ®F,. Similarly, we put X 2 = Xf@[Fg. Then we have the morphism 6 : X ,E — X, over [Fy.
Let © be the image of 6,[X;] € CH2(X,) in the Galois cohomology H' (F, H3(X, ® F, A(2)/ ker ¢™)
defined similarly as for ®, ;. Then under the canonical identification

H'(F,, B} (X, @ F¥, A(2))/ ker¢™) = H! .(Q,, H} (X, ® Q*, A(2))/ ker ¢,

unr
® coincides with loc, @; o

From Proposition 5.13, we have an isomorphism

T(B x X;P(FX), A)/ ker g™ = EB (X (F), A)/ ker p™ => H' (Fys, H (X, @ F2, A(2))/ ker ™).
ae’B

For each a € ‘B, we denote by

W, H (g, H (X, ® €, A(2))/ ker ¢™) — T(X;P(FX), A)/ ker g™
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the map obtained by taking the inverse of the previous isomorphism followed by the canonical projection
to the direct summand indexed by a. By a similar proof to [Liu 2019, Proposition 4.3], we have the
following commutative diagram:

X (F) — XP ()

1)

b %
Sg,t ” SZ,c’t

where 1 is obtained similarly as vy, but for X,E. Therefore, the theorem will follow if we can show that
for every f € F(X:p([Fz‘C), A)[ker ¢*], we have

> W) (5-5)

xeXyP(F)

— 1
(W8, )= 7=

since ¥ is of degree |CI1(F),| by Lemma 5.14 and similarly " is of degree |(Z/tNZ)*|.
For every a € 98, we have the following commutative diagram as (4-6):

Wo,0 (@) Zg o(@) " Sh(G)f , = X @ Fo

l %

X ® Fro —— Sh(Gs,,, s Sh(G s, 5,)F,

where the square is Cartesian. Here, we omit the away-from-¢ level structure Ko ;(¢/, )¢ in the notation.
However, in this case, Zg z(a) coincides with the Goren—Oort divisor Sh(G)F 4,7 (a) for some 7(a) € Tog
determined by a. Thus it is easy to see that the (scheme-theoretical) intersection I'y N pr; Zg 5 (a) is
contained in XL)’SP x X¥, where Iy C XE x X, is the graph of 6 and pr,: XE x X — X, is the canonical
projection. More precisely, it is the graph of the restricted morphism 6 : Xy"*? — X:P. Therefore, we have

i 50, [ X0] = Ogu [ X @ Fyo] (5-6)
in CH! (Sh(Gga,ga)[Fz()), where 6, is the composite morphism
XUP @ Fs > X @ Frs = Sh(Gs,, )r,s 2= Sh(Gory 0, -

Recall that we have two morphisms

Gys, = iqromy: H (Sh(Gg,.0,) e, A1)/ ker¢™ — H (X ® Fi¢, A(2))/ ker g™,
Resq = g oif: H (X @ FY°, A(2))/ ker ¢ — H'(Sh(G o, o,)rx, A(1))/ ker ¢™.

We write 8 = {a;, a», a3} with a;_; = o (a;) for all i viewed as elements in Z/3Z, where o (a;) means
the translate of a; by the Frobenius as defined just above Definition 3.15. By [Tian and Xiao 2019,
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Theorem 4.3] and the proof of [loc. cit., Theorem 4.4], the intersection matrix (Resg, o Gysaj)lfi, j<31s

given by
20 eyt e
ey =20 ey,
eyt ey 20
where

ni: H'(Sh(Gg, o, )re, A1)/ ker ¢ — H'(Sh(Gg, | o, e, A1)/ ker ¢

is a certain normalized link morphism introduced in [loc. cit., Section 2.25] which commutes with
the Galois action and such that the product n;y2n;+1n; for i € Z/37Z is the endomorphism on
Hl(Sh(G@ai,@ai)@c, A(1))/ ker ¢t[ given as follows. Let oy € Gf, denotes an arithmetic Frobenius
element. By [Brylinski and Labesse 1984] and Definition 5.10(A4), one has a decomposition of
A [G[F[3 ]-modules

H'(Sh(Goy, o, re. A1)/ ker g™ =M} @MY,

where each M} for A =1, 3 is a finite free A-module on which the action of og’ — A is nilpotent. Then the
action of n;1pn;+1n; on le (respectively on MfS) is the multiplication by 3 (respectively £3). Since the
roles of a; are symmetric, Hl(Sh(G@ai’@ai)[cm, A(1))/ ker ¢ fori = 1,2, 3 must be isomorphic. Thus,
we can identify MlA with A = 1, £3 for different i and write it commonly as M” in such a way that the
morphisms 7; are identified with the same endomorphism 7 on M! @ M®’, where 7 acts by £~! on M!
and by £ on MY, respectively. With these identification, the intersection matrix writes as

-2 97!
(Resq, 0 Gysy Ji<ij<s=¢| n =2 n7"|. (5-7)
' =2

Note also the isomorphism H' (Fs, H' (Sh(G g, ., ), A(1))/ ker ¢™) = H' (Fs, M) on which 7 acts
by the scalar £7!.
By the proof of Theorem 4.7 in Section 4B, we have a commutative diagram

Gys,.
H' (Fro, B3 (X ® F, A(2))/ ker ¢) e H! (Fys, H'(Sh(Gy,, o, )res A(1))/ ker ¢™))

wa,l <I>HIT

DX (FX), A)/ ker ¢ — ['(Sh(Gs,, ) (F¥), A)/ ker ¢*

where the bottom isomorphism is the one induced by the identification X PR Fpo = Sh(Gsm)[FW and
®,, is the map induced from (4-7). We claim that ®,, is an isomorphism. Indeed, by Proposition 4.8 and
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Nakayama’s lemma, @, is surjective. On the other hand, we have a commutative diagram

& Dy,
@, ' (Sh(Gs,, ) (F¥), A)/ ker ¢ — @;_, H'(Fis, H' (Sh(G o, 0, )rx, A(1)/ ker ¢™))

\ lZ, Gysq,
(5-2) '

H!' (Fps, H3 (X, ® F2¢, A(2))/ ker ¢™)

where the composite map is an isomorphism by Proposition 5.13. It follows that each @, is injective,
hence an isomorphism.
Now, we have ©® = Y7 Gys,, 0P, 0 o, (©) and

@, oResq, © = £(—2Wq, (O) + LW, (O) + £ ¥4, (0)) = (£ — 1)* Vg, (0)

by (5-7). Here, the last equality uses Wq, (®) = \Ilaz((:)) = \IJa3((:)) by symmetry. On the other hand, by
(5-6), we have
. ' oRes, ©® = 6,1

for all a € 9B, where 1° is the characteristic function on X,E’Sp([FZ‘C). Thus (5-5) follows immediately, and
the theorem is proved. O

The following lemma will be needed in the next section.

Lemma 5.18. When s = ¢l, the map

D 80 T(Seer. M)/ kerg® > (P T(Speer, M)/ kerg?

0eD(v,ch) 0eD(r,ch)
is an isomorphism of free A-modules of rank |D(x, ¢)|.

Proof. The idea of proof is similar to [Liu 2019, Lemma 3.33]. Recall that we have morphisms §° in
(5-1) for each @ € D(r, ¢t). As usual, we put § := §F. Form the following pullback square

xR — X

8
Xt — X(A)c’c+,0F
of schemes over Z ), where all morphisms are finite étale. The scheme X? has a natural action by THY
under which the above diagram is equivariant. By an argument similar to [loc. cit., Lemma 3.33], we
obtain a commutative diagram

T(Sp.een A)/ ker ™ —2— HL (Qp, H3(X, ® @, A(2))/ ker ¢™)

unr

|(OF/V)X|'5*°5fl Jsgog* (5-8)

T(Sp.ev. A)/ ker g —2 HL (Qp, H3(X, ® @, A(2))/ ker ¢™)

unr
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where @ is the isomorphism in Proposition 5.16. By proper base change, the endomorphism ¢° o * of
H? (X, ® @*, A(2)) coincides with the composite map
Ny Sx
H (% ® @, A(2) 25 B (X (A)ver,0, ® @, A2)) ——> H (X, ®Q°, A(2)).
Definition 5.10(A2) and Proposition 5.16(1) imply that the image of

eloe*: HL (Q, H (X, ® @*, A(2))/ ker¢™) — H._ (Qy, H (X, ® @™, A(2))/ ker ™)

unr

is a free A-module of rank 1. Here, we use the fact that §* is injective, as pfu(t, ¢) in Definition 5.4(3b).
By the commutative diagram (5-8), we know that the image of

8*082: T'(Sp.evs A)/ ker ¢ — T'(Sy.ee, A)/ ker ™

is a free A-module of rank 1. Since §? is surjective and §* is injective, I'(Sy ¢+, A)/ ker ¢ is a free
A-module of rank 1. Similarly, we may deduce that the map

P 2:(Seee. N/ kerg™ > @ T(Seeer. A)/ kerg™ (5-9)

€D (r,ct) 0D (r,ct)

is injective. However, since the source of (5-9) a free A-module of rank |D(t, ¢*)| by Proposition 5.16,
the map (5-9) has to be an isomorphism. The lemma follows. O

Remark 5.19. Note that since the images of ker ¢ in both Endp (I'(S¢,¢v, A)) and Endp (I'(Sy e, A))
are finite sets, it follows by Chebotarev’s density theorem that for all but finitely many primes I of F, the
conclusion of Lemma 5.18 also holds for s = ¢[l’.

5D. First explicit reciprocity law. We keep the notation in Section 5C. Let £ = (£, £’) be a pair of distinct
(p”, v)-admissible primes (Definition 5.10) such that Lemma 5.18 holds for s = tIl', where [' := ¢'Op
(see Remark 5.19).

Put X; ¢ := X(AU{L, I'})¢ and th’g = X (A" U{L, £'})z.:nz (in the notation of [Liu 2019, Defini-
tion B.1]), as schemes over Z ). Then we obtain a canonical morphism

Op: Xy — Xy (5-10)
Denote by ®;,r, ¢ the image of 9(;*[/1’5 ¢ ® Q] € CH? (X, ¢ ® Q) under the Abel-Jacobi map
AJ,: CH (X, ® Q) - H'(Q, H} (X, ® @%, A(2))/ ker ™).
Theorem 5.20 (first explicit reciprocity law). Let £ = (¢, £') be as above:
(1) There is a canonical decomposition of the A|Gg]-module

H? (X © @, A(2))/ ker¢™ = €D Mo
€D (r,ct)

where My is isomorphic to N%(—l) (Notation 5.11) as a A[Gg]l-module.
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(2) There is a canonical isomorphism
Hlpo Qe H (X ® @, A(2))/ ker ™) = T(S v, A)/ ker ¢,

under which we have
[(Z/cNZ)~]

dl Y ) = E/ 1) '
(@Olocy O ¢ f) = E+ 1) =7

PACAES)

)cESLr

for every f € I'(S¢ ¢, A)[ker ¢™].

Proof. We will use results from [Liu 2019, Sections 3 and 4]. Put VvV’ := A" U {oo, ¢} as in the setup of
[loc. cit., Section 4.1]. By Lemma 5.18, (p, ¢/ct, ¢, t) is a perfect quadruple in the sense of [loc. cit.,
Definition 3.2], satisfying [loc. cit., Assumption 4.1]. Moreover, £’ is a cubic-level raising prime for
(p, ¢'ct, ¢/, v) in the sense of [loc. cit., Definition 3.3].

Note that the morphism (5-10) is nothing but 6: X(Z’)S — X(')¢ . in [loc. cit., (4.1.1)]; and the
map (5-4) is nothing but ¥ : Sf — Sy 1n [loc. cit., (4.1.2)]. Therefore, (1) follows from [loc. cit.,
Theorem 3.5(2)]; and (2) follows from [loc. cit., Theorems 3.5(3) and 4.5]. O

5E. Proof of main theorem. Recall that we have the multiplicatively induced representation Nf) and the
Z/ p’|Ggl-module My as in Theorem 5.20. We have a Gg-equivariant pairing

N(=1) x Mo — Z/p"(1)
which induces, for every prime power v, a local Tate pairing
(-, o H @y, N2 (= 1)) x H'(Qy, Mo) - HX(@,, Z/p" (1)) = Z/p".
For s € H'(@, N5(—1)) and r € H'(Q, My), we will write (s, r), rather than (loc, (s), loc, (r)),.

Proof of Theorem 5.7. We assume that ©, . is nonzero. Regard ®, . as an element in H}(@, H3 (X, ®
Q*, Z,(2))/ ker ¢*), which is not torsion. By [Brylinski and Labesse 1984] and the assumption that
(p,v) is v-clean (Definition 5.4), we know that N, := H3(X(A)c/c+,0F ® Q*, Z,(12))/ ker¢* is a Go-
stable lattice in M(E),; and there exists some 0 € D(r, ¢*) such that 82@,,,t € H}(@, N,) is not
torsion. Here, H; (Q, N,) is by definition of the preimage of H} (Q, M(E) ) under the natural map
H'(Q, N,) — H'(Q, M(E),). We fix such an element 0. Let vy > O be the largest integer such that
820, € pH(Q,N)).

We prove by contradiction, hence assume dimg, H}c (Q, M(E),) = 2. In what follows, we fix a
sufficiently large integer v as before, and will give a lower bound on v for which a contradiction emerges
at the end of proof.

By [Liu 2016, Lemma 5.9], we may find a free Z/ p”-submodule S of H}'(@, Nf)(—l)) of rank 2 with a
basis {s, s’} such that p*0s = 82@}%. By the same discussion in [Liu 2019, Section 4.3 (after Lemma 4.12)],
we have tower of fields Lg/L /(D contained in Q. Let U be the (finite) set of rational primes that are
either ramified in Lg or not coprime to A or vdisc F. Put vg := max{v, | v € L1} where v, is in [loc. cit.,
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Lemma 4.12(2)]. We choose a prime £y ¢ [ such that £y is (p”, v)-admissible (Definition 5.10), which is
possible by [loc. cit., Lemma 4.11]. Let y € Gal(L/Q) be the image of Frob,,, under p%(—1) (the image
of p¥(—1) has been identified with Gal(L/Q)), where wq is some prime of L above £y. Then y has order
coprime to p; and (NE)(—I))W) is a free Z/ p”-module of rank 1.

By [loc. cit.,, Lemma 4.16] and (the argument for) [loc. cit.,, Lemma 4.11], we may choose two
(O, y)-admissible places (in the sense of [loc. cit., Definition 4.15]) w, w’ of L such that

(1) Wy(s') =0, Wy (s) =1, Wy (s') =1’ with 1, 1 € (N5(—1))") that are not divisible by p;
(2) the underlying prime ¢ of w and the underlying prime ¢’ of w’ are distinct (p", v)-admissible primes,
such that Lemma 5.18 holds for s = tll' (see Remark 5.19).

Put £ := (¢, £'). Then there are elements ®Z,r,€ eH'(Q,H? (X, ®@0Q*, A(2))/ ker #™") from Section 5D,
and 820", € H'(Q, Mp). We have

(3) loc, ®;,r,g e H! (Q,, My) for a prime v € U {p, ¢, ¢}, by [Liu 2016, Lemma 3.4];

unr

4) loc, ®;,t,g € H}(@p, My), by [Nekovar 2000, Theorem 3.1(ii)].
By [Liu 2019, Lemma 4.6] and [Liu 2016, Lemma 3.4], we have loc,(s’) € H! (Q,, N%(—l)) for every

unr

prime v ¢ OU{p, £, £'}. By [Liu 2016, Definition 4.6, Remark 4.7], we have loc,(s") € Hlf (Qy, Nf)(— 1)).
Then by [Liu 2019, Lemma 4.12(2,3,5)] and (3), (4) above, we have

PR (5LOY . (5-11)
v (0.0}
Since Wy, (s") = 0 by (1), we also have

(s’ Yo = 0. (5-12)

v
> ped
Let ¢ be a generator of I'(S¢ ¢+, Z/p¥)[ker #™] which is a free Z/ p’-module of rank 1. Then by
the choice of s, w in (1), and Theorem 5.17, we have
> 0@ () € pz/p* — p* 'z p".
Sie
By the choice of w’ in (1) and Theorem 5.20, we have
(s O v € pZ/p’ = p"'Z/p". (5-13)

Here, we have used the fact that p is coprime to |(Z/tNZ)*|, |CI(F)|, (¢ — 1), and £’ + 1.
Take v € Z such that v > vy + v, Then the combination of (5-11), (5-12) and (5-13) contradicts with
the following well-known fact:
Y (s O =0

v

due to the global class field theory and the fact that p is odd, where the sum is taken over all primes v.
Theorem 5.7 is proved. O
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