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The Brauer group of the moduli stack of elliptic curves

Benjamin Antieau and Lennart Meier

We compute the Brauer group of M ;, the moduli stack of elliptic curves, over Spec Z, its localizations,
finite fields of odd characteristic, and algebraically closed fields of characteristic not 2. The methods
involved include the use of the parameter space of Legendre curves and the moduli stack M(2) of curves
with full (naive) level 2 structure, the study of the Leray—Serre spectral sequence in étale cohomology
and the Leray spectral sequence in fppf cohomology, the computation of the group cohomology of S3
in a certain integral representation, the classification of cubic Galois extensions of @, the computation
of Hilbert symbols in the ramified case for the primes 2 and 3, and finding p-adic elliptic curves with

specified properties.
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Brauer groups of fields have been considered since the times of Brauer and Noether; later Grothendieck

generalized Brauer groups to the case of arbitrary schemes. Although both the definition via Azumaya

algebras and the cohomological definition generalize to arbitrary Deligne—Mumford stacks, Brauer groups

of stacks have so far mostly been neglected especially for stacks containing arithmetic information. Some

exceptions are the use of Brauer groups of root stacks, as in the work of Chan and Ingalls [2005] on the
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2014] on derived categories of families of quadrics, and the work of Lieblich [2011], who computed the
Brauer group Br(Bu,) over a field and applied it to the period-index problem. In this paper, we study the
Brauer group Br(M) of the moduli stack of elliptic curves M = M ;.

The case of the Picard group has been considered before. Mumford [1965] showed that Pic(My) =
Hét(Mk, Gm) =27/12 if k is a field of characteristic not dividing 6, and that the Picard group is generated
by the Hodge bundle A. The bundle A is characterized by the property that u*A = p, Q}E /T whenu:T —-M
classifies a family p : E — T of elliptic curves. This calculation was extended by Fulton and Olsson who
showed that Pic(Mjy) = Pic(Ag) @ Z/12 whenever S is a reduced scheme [Fulton and Olsson 2010].

In contrast, an equally uniform description of Br(Mg) does not seem possible (even if we assume that
S is regular noetherian); both the result and the proofs depend much more concretely on the arithmetic
on §. The following is a sample of our results in ascending order of difficulty. We view (5) as the main
result of this paper.

Theorem 1.1. (1) Br(My) = 0 ifk is an algebraically closed field of characteristic not 2,
(2) Br(My) = Z/12 if k is a finite field of characteristic not 2,

(3) Br(Mg) = Br(Q) @ @p# moda Z/4® @p53 moda Z/2®HY(Q, C3), where p runs over all primes
and —1,

(4) Br(Mzp1,2) = Br(Z[3]) @ Z/2®7/4, and
(5) Br(M) =0.

In all cases the nontrivial classes can be explicitly described via cyclic algebras (see Lemma 7.2,
Proposition 9.6 and Remark 9.8). In general, the p-primary torsion for p > 5 is often easy to control via

the following theorem.

Theorem 1.2. Let S be a regular noetherian scheme and p > 5 prime. Assume that S[1/(2p)] = Sz11,2p)]
is dense in S and that Mg — S has a section. Then, the natural map pBr/(S) — pBr’(MS) is an

isomorphism.

Here, Br'(My) denotes the cohomological Brauer group, which agrees with Br(Mg) whenever S is
affine and at least one prime is invertible on S.

Let us now explain how to compute the 2- and 3-primary torsion in the example of Br(Mz,27).
We use the S3-Galois cover M(2) — Mz(y/2), where M(2) is the moduli stack of elliptic curves with
full (naive) level 2-structure. The Leray—Serre spectral sequence reduces the problem of computing
Br(Mz(1,2)) to understanding the low-degree G,,-cohomology of M(2) fogether with the action of S3 on
these cohomology groups and to the computation of differentials.

To understand the groups themselves, it is sufficient to use the fact that M(2) = BC; x, the classifying
stack of cyclic Cy-covers over X, where X is the parameter space of Legendre curves. Explicitly, X is

Minseon Shin [2019] has proved that when £ is algebraically closed of characteristic 2 one has Br(My) = Z/2.
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the arithmetic surface
X =Py 9 — {0, 1, 00} =Spec Z[ 5.+, ¢t = )71,
and the universal Legendre curve over X is defined by the equation
yP=x(x—1)(x—1).

The Brauer group of BC, x can be described using a Leray—Serre spectral sequence as well, but this
description is not S3-equivariant, which causes some complications, and we have to use the S3-equivariant
map from M(2) to X, its coarse moduli space, to get full control. Knowledge about the Brauer group of
X leads for the 3-primary torsion to the following conclusion.

Theorem 1.3. Let S be a regular noetherian scheme. If 6 is a unit on S, then there is an exact sequence
0 — 3 Br'(S) — 3 Br' (Ms) — H'(S, C3) — 0,
which is noncanonically split.

There is a unique cubic Galois extension of (2 which is ramified at most at (2) and (3), namely
Qg9+ 59). This shows that the cokernel of Br(Z[é]) < Br(Mzq1/6)) is Z/3. The proof that this extra
class does not extend to Mz(1,2), which is similar to the strategy discussed below for the 2-torsion, uses
the computation of cubic Hilbert symbols at the prime 3. Putting these ingredients together, we conclude
that Br(Mz(1,2)) is a 2-group, and further computations first over Z[%, i ] and then over Z[%] let us
deduce the structure in Theorem 1.1(4). The corresponding general results on 2-torsion are contained in
Proposition 9.3 and Theorem 9.1. They are somewhat more complicated to state so we omit them from
this introduction.

To show that Br(M) = 0, we need an extra argument since all our arguments using the Leray—Serre
spectral sequence presuppose at least that 2 is inverted. Note first that the map Br(M) — Br(Mz(1,2)) is
an injection. Thus, we have only to show that the nonzero classes in Br(Mz;/21) do not extend to M.
Our general method is the following. For each nonzero class « in the Brauer group of Mz 2, we exhibit
an elliptic curve over Spec Z, such that the restriction of « to Spec Q, is nonzero. Such an elliptic curve
defines a morphism Spec Z, — M and we obtain a commutative diagram

Br(Q») +—— Br(Mz;1,21)

N

Br(Z,) +— Br(M)

Together with the fact that Br(Z,) = 0, this diagram implies that the class o cannot come from Br(M).
This argument requires us to understand explicit generators for Br(Mz[1 /7)) and the computation of Hilbert
symbols again.

We remark that the computation of Br(JM) — while important in algebraic geometry and in the arithmetic
of elliptic curves — was nevertheless originally motivated by considerations in chromatic homotopy theory,
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especially in the possibility in constructing twisted forms of the spectrum TMF of topological modular
forms. The Picard group computations of Mumford and Fulton and Olsson are primary inputs into the
computation of the Picard group of TMF due to Mathew and Stojanoska [2016].

Conventions. We will have occasion to use Zariski, étale, and fppf cohomology of schemes and Deligne—
Mumford stacks. We will denote these by HiZar(X , F),H (X, F), and H;I(X , F) when F is an appropriate
sheaf on X. Note in particular that without other adornment, H (X, F) or H (R, F) (when X = Spec R)
always denotes étale cohomology. If G is a group and F is a G-module, we let H (G, F) denote the
group cohomology.

For all stacks X appearing in this paper, we will have Br'(X) = H?(X, G,,). Thus, we will use the two
groups interchangeably. When working over a general base S, we will typically state our results in terms
of Br'(S) or Br'(Ms). However, when working over an affine scheme, such as § = Spec Z[%] we will
write Br(S) or Br(Mg5). There should be no confusion as in all of these cases we will have Br(S) = Br/(S)
and Br(My) = Br'(My) and so on by [de Jong 2005].

For an abelian group A and an integer n, we will denote by , A the subgroup of n-primary torsion

elements: ,A = {x € A : n*x = 0 for some k > 1}.

2. Brauer groups, cyclic algebras, and ramification

We review here some basic facts about the Brauer group, with special attention to providing references
for those facts in the generality of Deligne-Mumford stacks. For more details about the Brauer group in
general; see [Grothendieck 1968a].

Any Deligne-Mumford stack has an associated étale topos, and we can therefore consider étale sheaves
and étale cohomology [Laumon and Moret-Bailly 2000].

Definition 2.1. If X is a quasicompact and quasiseparated Deligne-Mumford stack, the cohomological
Brauer group of X is defined to be Br'(X) = H?(X, Gy»)ors, the torsion subgroup of H2(X, G,,).

Because of its definition as the torsion in a cohomology group, the cohomological Brauer group is
amenable to computation via Leray—Serre spectral sequences, long exact sequences, and so on, as we will
see in the next sections. However, our main interest is in the Brauer group of Deligne—-Mumford stacks.

Definition 2.2. An Azumaya algebra over a Deligne-Mumford stack X is a sheaf of quasicoherent
Ox-algebras A such that A is étale-locally on X isomorphic to M, (Ox), the sheaf of n x n-matrices over
Oy, for some n > 1.

In particular, an Azumaya algebra A is a locally free Ox-module, and the degree n appearing in the
definition is a locally constant function. If the degree # is in fact constant, then A corresponds to a unique
PGL, -torsor on X because the group of k-algebra automorphisms of M, (k) is isomorphic to PGL,, (k)
for fields k. The exact sequence 1 — G,,, - GL, — PGL, — 1 gives a boundary map

8 :H' (X, PGL,) — H* (X, G,,).
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For an Azumaya algebra A of degree n, we write [A] for the class §(A) in H*(X, G,,). In general, when
X has multiple connected components, its invariant [A] € H>(X, G,,) is computed on each component.

Example 2.3. (1) If E is a vector bundle on X of rank n > 0, then A = End(E), the sheaf of endomor-
phisms of E, is an Azumaya algebra on X. Indeed, in this case, A is even Zariski-locally equivalent
to M, (Ox). The class of A in H' (X, PGL,) is the image of E via H'(X,GL,) - H' (X, PGL,), so
the long exact sequence in nonabelian cohomology implies that [A] = 0 in H*(X, G,,).

(2) If A and B are Azumaya algebras on X, then A ®¢, B is an Azumaya algebra.

Definition 2.4. Two Azumaya algebras A and B are Brauer equivalent if there are vector bundles E and
F on X such that A ®o, End(E) = B ®p, End(F). The Brauer group Br(X) of a Deligne—-Mumford
stack X is the multiplicative monoid of isomorphism classes of Azumaya algebras under tensor product
modulo Brauer equivalence.

In terms of Azumaya algebras, addition is given by the tensor product [A] + [B] = [A ®p, B], and
—[A] = [A°P]. Here are the basic structural facts we will use about the Brauer group.

Proposition 2.5. (i) The Brauer group of a quasicompact and quasiseparated Deligne—Mumford stack
X is the subgroup of Br' (X) generated by [A] for A an Azumaya algebra on X.

(i1) The Brauer group Br(X) is a torsion group for any quasicompact and quasiseparated Deligne—
Mumford stack X.

(ili) If X is a regular and noetherian Deligne—Mumford stack, then B>(X, G,,) is torsion, so in particular
Br'(X) ZH*(X, Gy).

(iv) If X is a regular and noetherian Deligne—Mumford stack, and if U C X is a dense open subset, then
the restriction map H%(X, G,,) — H%(U, G,,) is injective.

(v) If X is a scheme with an ample line bundle, then Br(X) = Br'(X).

(vi) If X is a regular and noetherian scheme with p invertible on X, then the morphism pHi X, G,) —
pHi (AL, G,,) on p-primary torsion is an isomorphism for all i > 0.

Proof. See [Grothendieck 1968a, Section 2] for points (i) and (ii). The proof of (iv) is analogous
to that of [Lieblich 2008, Lemma 3.1.3.3], using an analogue of [Laumon and Moret-Bailly 2000,
Proposition 15.4] to generalize [Lieblich 2008, Lemma 3.1.1.9] to algebraic stacks. See also [Auel et al.
2014, Proposition 1.26]. For (v), see [de Jong 2005].

For (iii), see for instance [Grothendieck 1968b, Proposition 1.4] in the case of schemes. We must
generalize it to the case of a regular noetherian Deligne-Mumford stack X. We can assume that X is
connected and hence irreducible as X is normal. Pick U C X a dense open such that U admits a finite étale
map V — U of degree n where V is a scheme. The composition H*(U, G,,) — H*(V, G,,) — H>(U, G,,)
of restriction and transfer is multiplication by n. Since H2(V, G,,) is torsion, this implies that H2(U, G,,)
is torsion. By (iv), H?(X, G,,) is torsion as well.
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Finally, we have to prove (vi). For i < I, the Al-invariance is even true before taking p-power torsion
(see e.g., [Hartshorne 1977, 11.6.6 and I1.6.15]). Because p is invertible on S, the maps H' (X, Mpm) —>
H AL, 1 pm) are isomorphisms for all i and m. This is the Al-invariance of étale cohomology and a
proof can be found in [Milne 1980, Corollary VI1.4.20]. The short exact sequence

1—>Mpm—>6mp—m>6m—>1

induces short exact sequences

0 —— H™I(X, Gy)/p" —— HI(X, pn) — H (X, Gy)[p"] —— 0

| l |

0 —— H1 (A}, G,)/p" —— H (A), pupn) — H (A}, Gp)[p"] —— 0

Inductively, using the Al-invariance of H~!(X, G,,) if i <2 or of pH"*l(X, G,,) if i > 2 as well as
the fact that H _I(X , Gy) 1s torsion for i > 3 since X is regular and noetherian [Grothendieck 1968b,
Proposition 1.4], we see by the five lemma that H (X, G,)[p™] — H (AL, G,,)[p™] is an isomorphism
for all i and m and hence we also get an isomorphism ,H' (X, G,,) — ,H (AL, G,,). O

Remark 2.6. At a couple points, we use another important fact, due to Gabber, which says that if
p: Y — X is a surjective finite locally free map, if @ € Br'(X), and if p*«a € Br(Y), then o € Br(X). This
is already proved in [Gabber 1981, Chapter II, Lemma 4] for locally ringed topoi with strict hensel local
rings, so we need to add nothing further in our setting.

By far the most important class of Azumaya algebras arising in arithmetic applications is the class of
cyclic algebras. For a treatment over fields, see [Gille and Szamuely 2006, Section 2.5]. These algebras
give a concrete realization of the cup product in fppf cohomology

Hy (X, Cp) x HY(X, ) = Hy (X, ) = Hy (X, Gy )

for an algebraic stack X. Given that C,, and G, are smooth and that the image of such a cup product is
torsion, we can rewrite this as H' (X, C,,) x HIl)l(f)C, Un) = Hﬁl(DC, i) — Br'(X). Given x € H'(X, C,)
and u € HEI)I(.')C, Wn), we write [(x, u),] or [(x, u)] for the image of the cup product in Br’(X).

Fix an algebraic stack X. Let p(x) :Y — X be the cyclic Galois cover defined by x € H'(X, C,,). Then,
P(x)«0Oy is a locally free Ox-algebra of finite rank which comes equipped with a canonical C,-action.
There is a natural isomorphism Specy (p(x).0y) =Y — X.

The group HIIDI(DC, Wn) fits into a short exact sequence

0 — Gy (X)/n — HY (X, pa) — Pic(X)[n] — 0. (2.7)

It is helpful to have a more concrete description of Hél(x, n), which will also show that the exact
sequence (2.7) is noncanonically split. Let H(X, n) be the abelian group of equivalence classes of pairs
(£, s) where £ € Pic(X)[n] and s is a choice of trivialization s : Oy — £®". Two pairs (£, s) and (M, 1)
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are equivalent if there is an isomorphism g : £ — M and a unit v € G, (X) such that g(s) = v"¢. The group
structure is given by tensor product of line bundles and of trivializations. The following construction is
part of Kummer theory and is well-known in the scheme case (see e.g., [Milne 1980, page 125], which
also shows part of Proposition 2.9 below).

Construction 2.8. Let X be an algebraic stack and fix a class [u] € H(X, n) with u = (£, s) for a line
bundle £ on X with a trivialization s : Ox — £®". Define Oy (J/u) as @, ., L& /(s — 1) and X(/u) — X
as the affine morphism Specy O (/u) — X. It is easy to see that X(/u) — X is an fppf w,-torsor and
that this construction defines a group homomorphism H(X, n) — HII)I(DC, ). Indeed, if ){ = Spec A and
£ is trivial, then X(&/u) = Spec A(v/s~1) = Spec A(I/s).

Proposition 2.9. The map H(X, n) — HII)I(DC, Wn) is an isomorphism. In particular, there is a noncanoni-
cal splitting
Hp (X, 42n) = Gy (X)/n @ Pic(X)[n].

Proof. We claim that the line bundle associated with the w,,-torsor X(/u) — X (via the map Hll)l(f)C s Un) —>
H!'(X, G,,) induced by the inclusion w,, — G,,) is exactly £. Indeed, the obvious map from X(/u) to
Specy (Do, £%') is equivariant along the inclusion y, — G,, and the target is the G,,-torsor associated
with £. Thus, the composition H(X, n) — H;I(I)C, Un) — Pic(X)[n] is surjective. By (2.7), to prove that
H(X, n) — HII,I(DC, Wn) 1s an isomorphism, it suffices to prove that the induced map from the kernel of
this map to G,,(X)/n is an isomorphism. But, this follows immediately from the definition of H(X, n).

It remains to construct the splitting. By Priifer’s theorem [Fuchs 1970, Theorem 17.2], Pic(X)[n] is a
direct sum of cyclic groups. Thus, we have only to show that for every divisor k of n and each k-torsion
element [£] in Pic(X), there exists a preimage in Hlljl(f)C, Wn) that is k-torsion. This preimage can be
constructed as follows: choose a trivialization s: Oy — £®F and take the u,-torsor associated with the
wy-torsor X(Hv) — X with v = (L, s). O

Now, given x and u as above, we let flx,u be the coproduct
(p(x)*(‘)y 11 Ox(W))
Ox

in the category of sheaves of quasicoherent (associative and unital) Oy-algebras. Finally, we let
A=Ayl (@b —bas™)

be the quotient of A .« by the two-sided ideal generated by terms ab — ba® () where a is a local section
of p(x)«Oy, b is a local section of Ox (/u), and a8X) denotes the action of g(x) on p(x)«0Oy for g(x)
a fixed generator of the action of C,, on p(x).0y.

Lemma 2.10. Given an algebraic stack X and classes x € H (X, C,) and u € HII)I(DC, Un), the algebra

Ay .u is an Azumaya algebra on X.
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Proof. 1t suffices to check this fppf-locally, and in particular we can assume that in fact X is a scheme
X, that £ = O«, and that x classifies a C,,-Galois cover p(x): ¥ — X. In this case, we can write
the Ox-algebra p(x).0Oy Zariski locally as a quotient Ox[x]/f (x) for some monic polynomial f(x) of
degree n. Then, locally, we have that

-A)(,u = OX(.X, )’)/(f(x), yn _M,xy_yxg(X)),

a quotient of the free algebra over Oy on generators x and y. Note that the sections x’ y/ for 0 <i, j <n—1
form a basis of A, , as an Ox-module and in particular that A, , is (locally) a free O x-module. Examining
the fibers of A, , over X, we obtain the usual definition of a cyclic algebra given in [Gille and Szamuely
2006, Proposition 2.5.2]. So, A, , is locally free with central simple fibers and [Grothendieck 1968a,
Théoreéme 5.1] implies that A, , is Azumaya. ]

The following proposition is well-known, but we do not know an exact reference. However, in the
case of quaternion algebras, it is given in [Parimala and Srinivas 1992, Lemma 8].

Proposition 2.11. Let X be a regular noetherian scheme and suppose that x € H' (X, C,) and u €
Hrl)l(X, Wn) are fixed classes. In the notation above, we have [(x, u),] =[A, .1 in Br'(X). In particular
[(X, u)n] € Br(X).

Proof. We can assume that X is connected. As Br'(X) — Br/(K) is injective (see [Milne 1980, IV.2.6]
or Proposition 2.5(iv)), it is enough to check this on a generic point Spec K of X. By definition and
the previous example, A, , is a standard cyclic algebra over K as defined in [Gille and Szamuely 2006,
Chapter 2]. They check in [loc. cit., Proposition 4.7.3] that A, , does indeed have Brauer class given by
the cup product. See also the remark at the beginning of the proof of [loc. cit., Proposition 4.7.1]. [

Remark 2.12. The reader may notice that A, , is defined in complete generality, but that we only prove
the equality [(x, u),] = [A ] for regular noetherian schemes. In fact, this equality extends to arbitrary
algebraic stacks, but a different argument is necessary. It is given at the end of Section 3.

We will abuse notation and write (), u), or even just (x, u) for A, ,. This is called a cyclic algebra.
If there is a primitive n-th root of unity w € u,(X) and the cyclic Galois cover Y — X is obtained by
adjoining an n-th root of an element a € G,,(X), we write (a, u) = (a, u),, for the corresponding cyclic
algebra, where we need the choice of w to fix an isomorphism H' (X, C,) ZH"(X, u,). Forn =2, we
obtain the classical notion of a quaternion algebra.

For us, the key point about the cyclic algebra is that it allows us to compute the ramification of a
Brauer class explicitly. Before explaining this, we mention that by the Gabber—Cesnavicius purity theorem
the Brauer group of a regular noetherian scheme X is insensitive to throwing away high codimension
subschemes.

Proposition 2.13 (purity [Gabber 1981, Chapter I; Cesnavi¢ius 2019]). Let X be a regular noetherian
scheme. If U C X is a dense open subscheme with complement of codimension at least 2, then the

restriction map Br'(X) — Br'(U) is an isomorphism.
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Let X be a regular noetherian scheme and let n be the scheme of generic points in X. The purity
theorem reduces the problem of computing Br(X) from Br(n) to the problem of extending Brauer classes
a € Br(n) over divisors in X. This is controlled by ramification theory. The following proposition is
basically well-known, but we include a proof for the reader’s convenience.

Proposition 2.14. Let X be a regular noetherian scheme, i : D C X a Cartier divisor that is regular with
complement U, and n an integer. There is an exact sequence

ramp

0— ,Br'(X) —» ,Br(U) 222 H3 (X, G,) - ,H X, G,) - ,H U, G,). (2.15)
If n is prime to the residue characteristics of X, we have ,,H% (X, G,,) =H (D, 2Q/7).
Proof. By [Grothendieck 1968c, 6.1] or [Milne 1980, II1.1.25] there is a long exact sequence
H*(X, Gy) — H2(U, G,) — Hy(X, G) — H (X, Gy) — H (U, G,).

By [Grothendieck 1968b, Propsition 1.4] all occurring groups are torsion so that the sequence is still
exact after taking n-primary torsion. Furthermore, by Proposition 2.5 the first map is an injection.

We may assume that n = p is a prime, in which case ,Q/Z = Q,/Z,. We have to show that
pH% (X,G,) =H'(D,Q »/Zp). By either the relative cohomological purity theorem of Artin [SGA 43
1973, Théoreme XVI.3.7 and 3.8] (when both X and D are smooth over some common base scheme S) or
the absolute cohomological purity theorem of Gabber [Fujiwara 2002, Theorem 2.1], we have the following
identifications of local cohomology sheaves: fJ-C’D (pv) =0 fort # 2 and TH%) (Upr) =ixZ/p"(—=1). It
follows from the long exact sequence of local cohomology sheaves associated to the exact sequence
1= pp — Gy AN Gpu — 1 that p acts invertibly on H},(G,,) for r # 1,2. Moreover, since X is
regular and noetherian, for every open V C X, the map Pic(V) — Pic(U N V) is surjective with kernel
(ixZ)(V) by [Hartshorne 1977, 11.6.5] and Br'(V) — Br/(U N V) is injective; thus H%(G,,) = 0 and
TH%) (G;y) = iZ. Therefore, the only contribution to p-primary torsion in H% (X, G,,) in the local to
global spectral sequence

H (X, 7y (Gp)) = HY (X, Gy)
is ,H?(X, i,Z). We obtain
SHY (X, Gy) = ,HA(X, HL(G,)) = ,HA(D, Z) =HY(D, Q,/Z,)

as desired, where the last isomorphism holds because H' (D, Q) = 0 for i > 0 since D is normal (see for
example [Deninger 1988, 2.1]). ]

Note that in all cases where we use Proposition 2.14, the easier relative cohomological purity theorem
of Artin is applicable, so that in the end our paper does not rely on the more difficult results of Gabber
and Cesnavicius.

We will need to know a special case of the ramification map ramp : Br(U) — H' (D, Q/7).
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Proposition 2.16. Let R be a discrete valuation ring with fraction field K and residue field k. Set
X =Spec R, U =Spec K, and x =Speck. Let (x, ), be a cyclic algebra over K, where x is a degree n
cyclic character of K, 7 is a uniformizing parameter of R (viewed as an element of G,,(K)/n), and n is
prime to the characteristic of k. Finally, let L/ K be the cyclic Galois extension defined by . If the integral
closure S of R in L is a discrete valuation ring with uniformizing parameter wg, then ram)(x, ) is the

class of the cyclic extension S/(ms) over k.
Proof. See [Saltman 1999, Lemma 10.2]. O

Finally, we discuss cyclic algebras over local fields and some implications for global calculations. Let
K be a local field containing a primitive xn-th root of unity w. Then there is a pairing

(757 ) GulE/m x GuK) > pa(K),

called the Hilbert symbol (where p stands for the maximal ideal of the ring of integers of K). Our standard
reference for this pairing is [Neukirch 1999, Section V.3]. If p is generated by an element 7z, we will also
write (“;Tb ) We will use Hilbert symbols to check whether explicitly defined cyclic algebras are zero in

the Brauer group.
Proposition 2.17. Fora, b € K*, the cyclic algebra (a, b),, is trivial in Br(K) if and only if (“;Jh) =1

Proof. By Proposition V.3.2 of [Neukirch 1999] the Hilbert symbol (“l;,b) equals 1 if and only if a is a
norm from the extension K (+/b)| K. By [Gille and Szamuely 2006, Corollary 4.7.7], this happens if and
only if (a, b),, splits, i.e., defines the trivial class in Br(X). O

More generally, local class field theory calculates Br(n) when n = Spec K where K is a (nonar-
chimedean) local field. Let X = Spec R and x = Spec k, where R is the ring of integers in K and k is the
residue field of R. As H3(X, G,,) ZH3(x, G,,) =0 (for instance by [Grothendieck 1968c, Théoreme 1.1]),
we find from [loc. cit., Corollaire 2.2] that there is an exact sequence

0 — Br(X) — Br(n) - H!(x, Q/7) — 0.

The idea is similar to that of Proposition 2.14, but here the proof is easier as 0 - G,, — j,G,, — i,Z — 0
is exact where j :n— X and i : x — X. Since K is local, k is finite, so that H! (x, @/Z) = Q/Z. However,
since R is Henselian, Br(X) = Br(x) (see [Grothendieck 1968a, Corollaire 6.2]), and Br(x) = 0 by a
theorem of Wedderburn (see [loc. cit., Proposition 1.5]).

Now, let K be a number field, and let R be a localization of the ring of integers of K. Set n = Spec K
and X = Spec R. In this case, by [loc. cit., Proposition 2.1], there is an exact sequence

0 — Br(X) — Br(n) > @D Br(Spec K).
peXx®
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where X1 denotes the set of codimension 1 points of X. This exact sequence is compatible with (2.15)

and with the exact sequence

0 — Br(n) — @ Br(Spec K,) — Q/Z — 0 (2.18)
p
of class field theory (see [Neukirch et al. 2000, Theorem 8.1.17]). The sum ranges over the finite and
the infinite places of K, and the map Br(Spec K},) — Q/Z is the isomorphism described above when p
is a finite place, the natural inclusion Z/2 — Q/Z when K, = R, and the natural map 0 — Q/Z when
K, = C. Using these sequences, we can compute the Brauer group of X.
The two fundamental observations we need about (2.18) are that a class « € Br(n) is ramified at no
fewer than 2 places and that if K is purely imaginary, then o € Br(n) is ramified at no fewer than 2 finite
places. The reader can easily verify the following examples.

Example 2.19. (1) Br(Z) =0.
(2) Br(z[])=7/2.
(3) Br(Z[,.]) =2/20Q/Z.
@ Br(2[L.¢,)) =o0.

We will use these computations and those like them throughout the paper, often without comment.

3. The low-dimensional G,,-cohomology of BC,,

Let S be a scheme. Write C, s for the constant étale group scheme on the cyclic group C, of order
n > 2 over S. We will often suppress the base in the notation and simply write C,, when the base is clear
from context. The purpose of this section is to make a basic computation of the G,,-cohomology of the
Deligne-Mumford stack BC,, = BC,, 5. In fact, we are only interested in the cases n = 2 and n = 4, but
the general case is no more difficult.

The first tool for our computations of the étale cohomology of an étale sheaf F is the convergent
Leray—Serre spectral sequence. If 7 : ¥ — X is a G-Galois cover where X and Y are Deligne-Mumford
stacks, then this spectral sequence has the form

EYY =HP(G,H!(Y, n*T)) = H' (X, J),

with differentials d, of bidegree (r, 1 —r).
We will use the spectral sequence in this section for the C,,-Galois cover 7 : S — BC,, where C,, acts
trivially on S. In this case it is of the form

EY = HP(C,, H!(S, G,)) = H*4(BC, 5, G,,)

and Figure 1 displays the low-degree part of its Ep-page. The fact that C,, acts trivially on the cohomology
of § implies that the left-most column is simply the G,,-cohomology of S. For F a constant C,-module,
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H2(S, G,,)
Pic(S) Pic(S)[n] Pic(S)/n
Gm(S) mn(S) Gm(S)/n wn(S)

Figure 1. The E,-page of the Leray—Serre spectral sequence computing H (BC,,, G,,).

we use the standard isomorphisms H! (C,, F) = F[n] when i > 0 odd, and H (C,,, F) = F /n wheni >0
is even. We are only interested in H (BC,, G,,) for0 <i <2.

Recall Grothendieck’s theorem that the natural morphism H (X, G) — H;l(X , G) is an isomorphism
for i > 0 when G is a smooth group scheme on X (such as C, or G,,). See [Grothendieck 1968c,
Section 5, Theoréme 11.7]. Note that this implies the agreement of étale and fppf cohomology on a
Deligne-Mumford stack. For example, Grothendieck’s theorem implies that the morphism from the
Leray—Serre spectral sequence above to the analogous Leray—Serre spectral sequence

EJ! = HP(C,, HI\(S, Gp)) = H T (BC,, Gy)
for the fppf cohomology is an isomorphism; thus the comparison map
H' (BC,, Gp) — H (BC,, Gyy)

is also an isomorphism. For G,,-coefficients, we will thus not distinguish between étale and fppf
cohomology in what follows.

We use these observations to compute the Picard and Brauer groups of BC, s via a Leray spectral
sequence. The idea is borrowed from [Lieblich 2011, Section 4.1]. Consider the map to the coarse moduli
space c: BC,, s — S. We claim that

Rglc*G;n == Gm
Rllglc*Gm = MUn
R?c.Gy =0.

Indeed, R;IC*GW, is the fppf-sheafification of U +— H! (BC,.u, Gy,) and in the Leray—Serre spectral
sequences all classes in H? (C,,, HY (U, G,,)) for ¢ > 0 are killed by some fppf cover of U. Furthermore
every unit has an n-th root fppf-locally so that the fppf-sheafification of the presheaf G,,/n vanishes. This
implies the claim.

It follows that the fppf-Leray spectral sequence

EJY =H(S, Rl c.Gy) = HE ™ (BC, 5, G) (.1

for ¢ takes the form given in Figure 2 in low degrees. As 7*c* = id, we see that the edge homomorphisms
H! (S, G,,) — H! (BCp,s, Gyy) from the bottom line in the Leray spectral sequence are all split injections.
In particular, the displayed differentials dg ‘Tand dzl’1 are zero.
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0

Mn(S) Hé](S’ Hn)

G (S) m H3(S, Gu)

Figure 2. The E,-page of the Leray spectral sequence (3.1) computing H (BC,, G,,).

Proposition 3.2. There is an isomorphism
Gm (Bcn,S) = <Bm(S)
and short exact sequences

0 — Pic(S) <> Pic(BCys) = fn(S) = 0

and
0 — H2(S, Gp) <> HX(BCy,s5, G) ——> HY(S, 11y) — 0,
0 — Br'(S) > Br'(BC,,5) ——> HL(S, ) — 0,
0 — Br(S) <> Br(BCy,s) — H} (S, 1ta) = 0,

which are split. The isomorphism and the short exact sequences are functorial in BC, s (i.e., endomor-
phisms of BC,_s induces endomorphisms of exact sequences in a functorial manner), but the splittings

are only functorial in S.

Proof. By the discussion above, the Leray spectral sequence proves everything except for the split
exactness of the last two sequences. For the sequence involving the cohomological Brauer group, we just
apply the torsion subgroup functor to the split exact sequence involving H>(—, G,,). By Remark 2.6 we
furthermore see that a = w*c*a € H*(S, G,,) is in Br(S) if and only if c*a € Br(BC, s), implying split
exactness for the last exact sequence. ]

Later on we will need not only the computation of the Brauer group of BCj, but also a description of
the classes coming from the inclusion G, (S)/n < Br(BC,,), which is either defined via the Leray—Serre
spectral sequence or using the splitting in Proposition 3.2 (the proof of the following lemma will, in
particular, show that these two maps differ at most by a unit). These classes are described via the classical
cyclic algebra construction from the previous section.

Lemma 3.3. Let X be an algebraic stack and n a positive integer. Let o € H'(BC,,.x, Cp,) be the class of
the universal Cy-torsor X — BC, x. Then there is an integer k prime to n (that only depends on n) such
that the map

s Hll,l(X, tn) = H2BC, x, Gp)

defined by s(u) = k[(o, u),] is a section to the map r from Proposition 3.2.
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Proof. 1t suffices to consider the universal case of X = By, over Spec Z, the stack classifying fppf
y torsors. Note that By, is indeed a stack by [Stacks 2018, Tag 04UR] and is an algebraic stack by
[Stacks 2018, Tag 06DC] with fppf atlas Spec Z — Bpu,,. Let d : By, — Spec Z denote the structure
map, and let Rgld* 1, denote the derived functors of the push-forward in the fppf topos. Then, it is easy
to see that Rgld* Un =, and we claim that Rllﬂd* un = C,. To see the latter isomorphism, consider the
natural transformations

Homg . ¢ (it 8, Gm.g) = H' Bpiftn &, Gu)lnl < Hy Bpiptn g, thn) (34)

of presheaves on affine schemes over Z; the first map sends a homomorphism f: w, g = Gy, g to
the image of the canonical class H' (Bpitn,Rs n) under f and the second map is part of the Kummer
sequence. The leftmost term is a sheaf and it is a standard fact that it is represented by the constant étale
group scheme C,. See [Cornell et al. 1997, Section V.2.10] for example. The fppf-sheafification of the
Ilﬂd* un. To see that the induced map of sheaves are isomorphisms, it is sufficient to
check on stalks in the fppf topology [Gabber and Kelly 2015, Remark 1.8, Theorem 2.3] and in particular

rightmost term is R

if R is a Henselian local ring with algebraically closed residue field [loc. cit., Lemma 3.3]. If R is such a
local ring, then G,,(R)/n = 0 so that HI])1 Bpifn,r» ) = Hllj1 (Bpittn,r» Gp)[n]. Using that Pic(R) =0,
the Leray—Serre spectral sequence for the cover Spec R — By, g shows that

Hyy Bpiptn, & Gm) = Hyoup (i 8, G g) = Hom e (. &> G, ),

where H;,mup (tn.r, G g) is the first cohomology of the cobar complex

G (S) — Gm(,un,R) - <[—?ﬂm(,un,R XSpec R Mn,R) — e

with differentials as in the usual definition of group cohomology. This shows that the morphisms in (3.4)
are isomorphisms on fppf-stalks and thus that er,ld* Un = C,.
Now, the fppf-Leray spectral sequence for d : By, — Spec Z yields an exact sequence

0 — H}(Spec Z, pn) — Hy Byt 1tn) — H(Spec Z, C,) — 0. (3.5)

The right-hand term is isomorphic to Z/n, and the sequence is split by applying the pullback map along
Spec Z — By, We denote by t € Hll,l(Bpl Wn, iy) the class of the universal ju,-torsor over Byju,. This
is (exactly) of order n and pulls back to zero on Spec Z.

Consider c: BCh B, = Bpittn and the class « = [(o, ¢*1),]. The class of « has order (exactly) n as
there are cyclic algebras of order n over fields, for example by [Gille and Szamuely 2006, Lemma 5.5.3].
As m*a = 0 for w: Bpju, — BCy B ol the projection, it follows from Proposition 3.2 that r(«) in
H;1)1 (Bpittn, fn) has order n as well. On the other hand, r(a) pulls back to zero over SpecZ so it is a
nonzero multiple of T (using the split-exact sequence (3.5)). Thus, r(«) = mt for some m prime to .
This completes the proof if we set k to be a number such that km = 1 mod n. ]

Corollary 3.6. Suppose that x: X — Y is a C,-torsor for some positive integer n. Let u € G,,(Y)/n

be the class of a unit, and write a, for the corresponding class in Br'(Y) (defined via the Leray—Serre
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spectral sequence). Then we have a,, = k[(x, u)] in Br'(Y), where k is some number prime to n which

only depends on n.

We do not know the value of k in the corollary. Perhaps it is always +1, as is the case in similar
computations, such as the result of Lichtenbaum (see [Gille and Szamuely 2006, Theorem 5.4.10]), which
computes the exact value of the map Pic(X ,;)G =7 — Br(k) when X is a Severi—Brauer variety of a field
with Galois group G, or the computation of [Gille and Quéguiner-Mathieu 2011] of the sign of the Rost
1nvariant.

Proposition 3.7. Let X be an algebraic stack and suppose that x € H' (X, C,,) and u € Hlljl(f)C, Uyn) are
fixed classes. In the notation above, we have [(x,u),] = [A, .| in Br'(X).

Proof. Both [A, ,] and [(x, u),] define classes in Hgl (BC,, x Byiptn, Gp). As at the end of the proof of
Proposition 3.3, we see that [A, ,] =k[(x, u),] for some k prime to n. We saw in Proposition 2.11 that
they agree when pulled back to regular noetherian schemes. The result follows. (I

4. A presentation of the moduli stack of elliptic curves

We will compute Br(M) using that it injects into Br(Mz(;,2)) by Proposition 2.5(iv) and using a specific
presentation of Mz(q 21, which we now describe. This presentation is standard and we claim no originality
in our presentation of it. For references, see [Deligne and Rapoport 1973] or [Katz and Mazur 1985],

Definition 4.1. A full level 2 structure on an elliptic curve E over a base scheme S is a fixed isomorphism
Zz /2)% — EJ[2], where (Z /2)?g denotes the constant group scheme on (Z/2)? over S and E[2] is the
subgroupscheme of order 2 points in E. If there exists an isomorphism (Z/ 2)% = E[2], an equivalent
way of specifying a level 2 structure is to order the points of exact order 2 in E(S) (over each connected
component of S).

Remark 4.2. These full level 2 structures are sometimes called naive to distinguish them from the level
structures considered by Drinfeld, which allow one to extend M(2) to a stack supported over all of Spec Z.
We will not need this generalization in this paper. It is the subject of [Katz and Mazur 1985].

The moduli stack M(2) of elliptic curves with fixed level 2 structures is a regular noetherian Deligne—
Mumford stack. Moreover, since the existence of a full level 2 structure implies that 2 is invertible in
S (by [Katz and Mazur 1985, Corollary 2.3.2] for example), the functor M(2) — M which forgets the
level structure factors through Mz /7). This map is clearly equivariant for the right S3-action on M(2)
that permutes the nonzero 2-torsion points and the trivial S3-action on M. Note that in general, being
G-equivariant for a map f: X — Y of stacks with G-action is extra structure: for every g € G one
has to provide compatible 2-morphism o, : gf — fg (see [Romagny 2005] for details). In the case of
M(2) — Mzp1/2) though the equivariance is strict in the sense that all o, are the identity 2-morphisms of
MQ2) = Mz1/2)-

We have the following well-known statement; to fix ideas, we will provide a proof.

Lemma 4.3. The map M(2) — Mz 2) is an S3-Galois cover.
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Proof. It is enough to show that for every affine scheme Spec R over Spec Z[%] and every elliptic curve E
over Spec R, we can find a full level 2 structure étale locally. Indeed, if there is one full level 2 structure
on E, the map

(83)spec R = 83 X Spec R — Spec R XMz M(2)

from the constant group scheme on §3 is an isomorphism since we get every other full level 2 structure
on E by permuting the nonzero 2-torsion points.

The elliptic curve E defines an R-point E : Spec R — Mgy 2] of the moduli stack of elliptic curves.
Zariski locally we can assume the pullback E*A of the Hodge bundle to be trivial, in which case there
exists a nowhere vanishing invariant differential w. By [Katz and Mazur 1985, Section 2.2], we can then
write E in Weierstrass form over Spec R, which after a coordinate change takes the form

y2 = x>+ byx? + byx + bg.

As a point (x, y) on E is 2-torsion if and only if y =0, we have a full level 2 structure after adjoining the
three roots e, ¢ and e3 of x> + byx2 + bax + bg to R. This defines an étale extension as the discriminant
of this cubic polynomial does not vanish (because E is smooth). (]

Definition 4.4. A Legendre curve with parameter ¢ over S is an elliptic curve E; with Weierstrass equation
v =x(x—1(x—1).

As the discriminant of this equation is 1672(r — 1), such an equation defines an elliptic (and hence
Legendre) curve if and only if 2, f and ¢ — 1 are invertible on S.

The points (0, 0), (1, 0), and (¢, 0) define three nonzero 2-torsion points on E,. Taking them in this
order fixes a full level 2 structure on E. This defines a morphism

7 X — M(Q),
where X is the parameter space of Legendre curves. In fact, X is an affine scheme, given as
X =SpecZ[3, 1=, (t = D7 = Ay — {0, 1)

We will use X throughout this paper to refer specifically to this moduli space of Legendre curves. In
particular, X is naturally defined over Z[%] In general, given a scheme S, we let X5 = AIS — {0, 1}. Note
that this is a slight abuse of notation as we do not assume that 2 is invertible on S.

We equip the map 7 : X — M(2) with the structure of a Cp-equivariant map with the trivial C,-action
on X and M(2) by choosing o,: gm — mg to be [—1] (i.e., multiplication by —1 on the universal
elliptic curve) for g € C; the nontrivial element. Note that [—1] fixes the level 2 structure and so indeed
defines a natural automorphism of idy(2). The structure of a C-equivariant map on 7 induces a map
[X/C2] =BG x — M(2).

Proposition 4.5. The Cy-equivariant map 7w : X — M(2) is a Ca-torsor. Thus, the map BCy x — M(2)

is an equivalence.
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Proof. First we will show that an elliptic curve E — Spec R with full level 2 structure can étale locally
be brought into Legendre form. Our proof will be along the lines of [Silverman 2009, Proposition III.1.7],
but we have to take a little bit more care.

As in the proof of Lemma 4.3, Zariski locally over Spec R, we can write E in the form

y2 = x2 4+ byx? + byx + be
and the full level 2 structure allows us to factor the right-hand side as

(x —ep)(x —e))(x —e3),

where (e, 0), (ez, 0) and (e3, 0) are the nonzero 2-torsion points. We set p = ep —ej and g = e3 —e.
By a linear coordinate change, we get y> = x(x — p)(x — q).

Since the equation y> = x(x — p)(x —gq) defines an elliptic curve, p, g and p —q are nowhere vanishing.
Thus, the extension R — R[,/p] is étale so that we can (and will) assume étale locally to have a (chosen)
square root ,/p. Now, E is isomorphic to y2 =x(x — 1)(x —1) for t = q/p, where the isomorphism is

given by x = px’ and y = p3/?

y’. Thus our original E is indeed étale locally (on the base) isomorphic
to a Legendre curve as an elliptic curve with level 2 structure. It is moreover an elementary check with
coordinate transformations that there is at most one choice of # € R such that the Legendre curve E; with
parameter ¢ is isomorphic to £ in M(2).

Now assume that our elliptic curve E over R is in Legendre form and assume further that Spec R is
connected. By definition, for a commutative R-algebra R’, an element of (X xy(2) Spec R)(R’) consists
of a Legendre curve E, together with an isomorphism of E, to Eg’ in M(2). By assumption this set is
nonempty and it is indeed a torsor under the group of automorphisms of Eg in M(2). By [Katz and
Mazur 1985, Corollary 2.7.2], the only nontrivial automorphism of Egs with level 2 structure is [—1].
Thus, the C>-action exactly interchanges the two elements of (X Xx@) Spec R)(R’) and we obtain a
C-equivariant equivalence
Cy x Spec R >~ X Xy 2) Spec R.

As every E with full level 2 structure satisfies étale locally our assumptions, this implies that X — M(2)
is a C»-torsor.

By the general fact that for a G-torsor X — Y, the induced map [X/G] — Y is an equivalence, we
obtain in our case the equivalence BCy x >~ M(2). O

Corollary 4.6. The map c: M(2) — X sending y2 =x—e))x —e)(x —e3) to y2 =x(x—1D(x—
(e3 —e1)/(ex — e1)) exhibits X as the coarse moduli space of M (2).
Proof. The set of maps from M(2) >~ BCj; x to X is in bijection with C-equivariant maps X — X. Thus,

a map M(2) — X exhibits X as the coarse moduli space if and only if the precomposition with 7 is the
identity. This is clearly the case for c. ]

It follows that the right S3-action on M(2) induces a right S3 action on X. We can describe this
explicitly as follows. Consider the generators o = (132) and v = (2 3) of GL,(Z/2) = S3, of orders 3
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and 2, respectively. Then,
1

O=""1 ad 0
oc(t)=——, and t(t)=
t t

By a simple computation, the map ¢: M(2) — X defined above is strictly S3-equivariant.

In contrast, the map 7 : X — M(2) described above is not S3-equivariant, as one notes for example
1
T
isomorphic. To actually explain the correct S3-action on BC5, x, we have to fix some notation.

by checking that the elliptic curves y*> = x(x — 1)(x —¢) and y? = x(x — 1)(x — ) are generally not
Consider again an elliptic curve E given by y2=(x —e))(x —ez)(x —e3). Set again p = e, —e; and
q = ez — e so that we can write E as

Y =x(x—p)x—q).

The only possible coordinate changes fixing the form of this equation are the transformations y — 1>y and
x — u’x; such a coordinate change results in multiplying the standard invariant differential 0 = —dx /2y by
u~! and sending p to u”p and g to u’q. Thus, pw®? and gw®? define canonical sections of A%% on M (2),
not dependent on any choice of Weierstrass form. Note that these sections are nowhere vanishing. We
can consider the Ca-torsor M(2)(,/p) — M(2) defined as the cyclic cover Specy) (D;cz A% /(1 — p)).
Etale locally on some Spec R, we can trivialize A so that p becomes an element of R and the C,-torsor
becomes Spec R[,/p] — Spec R. The C;-torsor M(2)(,/p) — M(2) is equivalent to X — M(2). Indeed,
we have shown in the proof of Proposition 4.5 that the latter has a section as soon as we have a chosen
square root of p.

As g*) for g € S5 on M(2) is canonically isomorphic to X (as this is pulled back from M), we have an

action of S3 on HY(M(2), A®*). Consider the section

82 OO, Onie) ZH'(X, 03),
which can for E as above be written as (eg2) — €4(1))/(e2 — e1). For example, we have g(p)/p =q/p
for g = t, which equals # on X. For a scheme S withamap f: S — X or f: § — M(2), we denote the
torsor adjoining the square root of f*g(p)/p by Ty, — S.

For the next lemma, we recall that an object in BC, x(S) corresponds to a C,-torsor 7 — S and a
C>-equivariant map 7 — X, where X has the trivial Cy-action. Equivalently, an object can be described
as a Cy-torsor ' — S with amap f: S — X. Let S5 act on BC x in the following way: g € S3 acts
(from the right) on (T, f) € BC2 x(S) by setting g(T) to be (T x5 Ty,)/C> and the map g(f) to be the
composition § L, x 45 x.

Lemma 4.7. The natural map M(2) — BC» x induces an S3-equivariant equivalence BCp x >~ M(2).

Proof. As noted above, the map M(2) — BC3 x classifying the torsor M(2)(,/p) — M(2) is an
equivalence by Proposition 4.5 (as this torsor is equivalent to X — M(2)). We have only to check the
S3-equivariance of this map.
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Given an f: S — M(2), the corresponding object in BC; x is the torsor S(v/f*p) — S together
with § — M(2) — X. The composition gf for g € S3 corresponds to the torsor S(+/(gf)*p) — S
together with § — M(2) — X <> X as M(2) — X is S3-equivariant. As (gf)*p = f*(g(p)), we have
(8f)*p=f*p-f*(g(p)/p). Thus, we have a natural isomorphism (S(/p) X sT1.¢)/ C2 => S(+/(g/)*p).
One can check that these isomorphisms are compatible (similarly to [Romagny 2005, Definition 2.1],
although we do not have a strict S3-action on BC; yx) so that one actually gets the structure of an S3-
equivariant map. (I

Of particular import will be the action of S3 on the units of X. Let p be the tautological permutation
representation of S3 on Z®3 and let g be the kernel of the morphism

p=indi Z —Z
to the trivial representation, the adjoint to the identity.

Lemma 4.8. For any connected normal noetherian scheme S over Z[%], there is an S3-equivariant exact
sequence

0— Gu(S) = G, (Xs) > p— 0,

where S3 acts on G, (S) trivially and p is additively generated by the images of t and t — 1. This exact
sequence is nonequivariantly split.

Proof. Denote by m: Xs — S the structure map. We have a map f: 7:® G, — .G, x, of sheaves
on S, where f takes the two Z-summands to ¢ and (¢ — 1), respectively. We claim that this map is an
isomorphism. It is enough to check this on affine connected opens Spec R, where it follows from R being
an integral domain (as it is normal). The nonequivariant statement follows.

Moreover, the action of S3 on G,,(S) is trivial by definition. Set 0 = (132) and 7 = (23). If we

choose the basis vectors
0 1

1 and
—1 —1

for p, we obtain exactly the same S3-representation as on G, (Xs)/G,,(S) = Z{t, t — 1}, where the latter

denotes the free Z-module on ¢ and ¢ — 1 with elements thought of as (= O

5. Beginning of the computation

Let S be a connected regular noetherian scheme over Z[%], let Mg be the moduli stack of elliptic curves
over S, and let M(2)s be the moduli stack of elliptic curves with full level 2 structure over S. The
Leray—Serre spectral sequence for M(2)s — Mg takes the form

ED? 1 HP (83, H! (M(2)s, Gpn)) = HP (M, Gy, 3.1

with differentials d, of bidegree (r, 1 — r). In this section, we will collect the basic tools to compute the
E,-term. We start with two brief remarks about the cohomology of S;.
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Lemma 5.2. Let M be a trivial S3-module. Then,
H'(S3, M) = M[2],
H(S3, M) = M/2,
H3(S3, M) = M([6],
H*(S3, M) = M /6.
Proof. We use the Lyndon—Hochschild—Serre spectral sequence for

1—>27Z/3— S3—>2/2—1.

A reference is [Weibel 1994, Example 6.7.10]. On the E,-page, Eé’q = 0 whenever p > 0and g > 0
because the cohomology of Z/3 is 3-torsion. Moreover, Z/2 acts on H?(Z/3, M) by multiplication by
—1forg=1,2 mod4 and by 1 for g =0, 3 mod 4. O

The next lemma is about the cohomology of the reduced regular representation p of S5 introduced in
Section 4.

Lemma 5.3. Let M be an abelian group, and let p ® M be an S3-module through the action on p. Then,
H(S3, 5 ® M) = M[3],
H'(83, 6 ® M) = M/3,
H*(S3, f @ M) =0
H(S3, 6 ® M) = 0.
Proof. There is a short exact sequence of S3-modules

0->pM—>pQM—> M — 0.

In the associated long exact sequence in cohomology, note that H (S3, p ® M) = H! (C,, M) by Shapiro’s
lemma, as p @ M = ind?2 M. The map

H' (S5, p® M) ZH'(C2, M) — H'(S3, M)
is the transfer. We obtain short exact sequences
0 — cokertrg (H'™') — H'(S3, 5 ® M) — kertrg; (H)) — 0.

Because C, — S3 has a retraction, the restriction map H (S3, M) — H/(C», M) is the projection to a
direct summand. The transfer equals 3 times the inclusion of this summand as can easily be deduced

from the equation tr?2 res?2 = 3. Thus, the transfer is multiplication by 3 on H’, an isomorphism on H'
and H2 and the inclusion M[2] — M[6] on H3. The lemma follows. O

These computations allow us to compute the E>-term of the Leray—Serre spectral sequence

EJ Y HP (83, HY (M(2)s, Gp)) = HP T (M, Gn)
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in a range. Using the results of the last two sections, we can analyze H?(M(2)s, G,;) in terms of
HY(Xs, G,,). Especially Proposition 3.2 turns out to be useful as the short exact sequences in it are
S3-equivariant by naturality. Using additionally Lemma 4.8 for the first one, we obtain the S3-equivariant

extensions
0 — Gpu(S) = GpMQ)s) = Gpu(Xs) > p— 0, (5.4)
0 — Pic(Xs) = Pic(S) — Pic(M(2)s) — 1a(S) — 0, (5.5)
and
0 — Br'(Xs) — Br(M(2)s) — H' (X5, o) — 0. (5.6)

The only point needing justification is that the pullback map Pic(S) — Pic(Xy) is an isomorphism. It is
injective because X g has an S-point. It is surjective as it factors through the isomorphism Pic(S) — Pic(Ag)
and since j*: Pic(&é) — Pic(Xy) is surjective, where j denotes the inclusion Xg C Aé. Indeed, given a
line bundle £ on Xy, we take a coherent subsheaf F of j,£ with j*F = L. The double dual of Fis a
reflexive sheaf £’ with j*£’ still isomorphic to £. By [Hartshorne 1980, Proposition 1.9], £’ is a line
bundle.

The sequence (5.5) is S3-equivariantly split and thus consists only of S3-modules with the trivial action.
Indeed, the morphism § — Spec Z[%] induces by pullback a morphism from the exact sequence

0 — 0 — Pic(M(2)) - uz(2[5]) = 0,

where the splitting is clearly S3-equivariant. As o (Z[%]) — u2(S) is an isomorphism for S connected,
the result follows. These observations allow us to compute the ¢ = 0, 1 lines of the Leray—Serre spectral
sequence (5.1).

Lemma 5.7. If S is a connected regular noetherian scheme over Z[%], then there are natural extensions
0 — H”(S3, G, (S)) — HP(S3, G, (M(2)s)) — HP(S3,0) = 0
for 0 < p <3, and natural isomorphisms
HP (83, H' (M(2)s, G)) = HP(S3, Pic(S)) & HP (3, 112(S))
forall p > 0.

Proof. The first exact sequence follows from Lemmas 5.2 and 5.3 using that H'(S3, p) is 3-torsion
and H%(S3, G,,(S)) is 2-torsion. The direct sum decomposition follows from the fact that (5.5) is S3-
equivariantly split. O

The only necessary remaining group we need to understand for our computations is H*(M(2)s, G,,)%,
which we analyze using the short exact sequence (5.6).

Lemma 5.8. If S is a regular noetherian scheme over Z[%], then there is a canonical isomorphism
H'(S, 12) ZH' (X5, p2).
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Proof. Using the Sz-equivariant short exact sequence
0— G,(Xs)/2 — H' (Xg, u2) = Pic(X)[2] = 0
we get a long exact sequence
0= (Gn(Xs5)/2™ — H' (X5, 12)* — Pic(Xs)[2]% — H' (83, G (X5)/2) — ---
As the canonical map Xs — S is S3-equivariant, we obtain a map into this from the exact sequence
0— G, (S)/2 — H'(S, pu2) — Pic(S)[2] — 0.

As the maps G,,(S)/2 — (G,,(X5)/2)% and Pic(S)[2] — Pic(Xs)[2] are isomorphisms (using the exact
sequence (5.4) and Lemma 5.3), the five lemma implies that H(S, u2) —» H (X5, n2)® is an isomorphism
as well. O

From (5.6), we obtain a long exact sequence
0 — Br'(X5)® — BY(M(2))% — H'(S, u2) — H' (83, Br' (Xs)) — -+ . (5.9)

Lemma 5.10. Let S be a regular noetherian scheme over Spec Z[1/ p] for some prime p, and let X g =
A}g — {0, 1} as before. There is a noncanonically split exact sequence

0— ,Br'(S) > , Br'(Xs) > pH 1, (A§, Gy) — 0.
Proof. By Proposition 2.14 we have an exact sequence
0— , Br'(A§) - , Br' (Xs) — ,Hy 1, (Ag. Gp) — pH (Ag, Gy) — pH (X5, Gp).

Because p is invertible on S, Proposition 2.5 implies that pHi (S, G, = pHi (AL, G,,) for all i > 0. But,
since X has an S-point, it follows that pHi AL, G,) = pHi(S, G,) — pHi (Xs, Gy,y) is split injective for
all i. ]

Lemma 5.11. For any prime p and any regular noetherian scheme over Spec Z[%], there is a canonical

isomorphism
HY, (A5, Gy) = H, (Ag, G,) @ H, (A, Gp).

The action of S3 on , Br'(X5)/, Br'(S) is isomorphic to
p ® pHjp (Ag. Gy) = 5 @H' (S, Q,/Z)).
Proof. Given any étale sheaf J, there is a canonical isomorphism
1
o]}(ASag:) H{O}(ASW?) {1}(A5’9)

as one sees by an easy diagram chase. By deriving this isomorphism, the first part of the lemma follows.
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To prove the second statement, we compare the sequence of Lemma 5.10 with the long exact sequence
for étale cohomology with supports coming from the open inclusion Xy € I]j’é. Using the natural map of
long exact sequences, we obtain a commutative diagram

0 —— , Br' (Py) — , Br'(Xs) — ,H}y | o, (P§, Gn)

SN

0— ,Br(A}) — ,Br'(Xs) —— pro’l}(Al, Gp) —— 0

with exact rows, where the left-hand vertical map is an isomorphism because it is injective (by
Proposition 2.5(iv)), , Br'(S) — , Br'(A}) is an isomorphism, and there is an S-point of A} C PL.
Now, by Proposition 2.14,

pHio 100y (P5. Gu) = @D H'(S,Q,/Z,) and ,H (A5, Gy) = EPH'(S, Q,/Z,).
{0,1,00} {0,1)
With this description, the right-hand vertical map above is the natural projection away from the factor
of H!(S, Q,/Z,) corresponding to oo. Let xo and x; be p-primary characters of S, i.e., elements
of H!(S, Q,/Zp). Then, as o, x1 vary, the Azumaya algebras (xo,?) ® (x1,t — 1) give elements of
Br(Xs) whose ramification classes (xo, x1) span pH?O’l}(Al, G,,). The ramification of such a class
computed in H{30,1, Cx)}(llj’}q, Gm) 1s (X0, X1, —X0 — x1)- This follows from Proposition 2.16, the fact that
ramy(x, 7 ') = —ram(y(x, 7) in the notation of that proposition, and the fact that both ! and
(t — 1)~! are uniformizing parameters for the divisor at co of [P’g. It follows that the image of , Br'(Xs)
inside ,Hy | .} (P§, Gm) = @yg1.00) H' (S, Q,/Z)) can be identified with 5 @ H' (S, Q,/Z,,). O

We will analyze the implications for p-primary torsion for p > 2 in the next three sections. For the rest
of this section, we will begin the study of the 2-primary torsion of Br'(Mg) where S is a Z[%]—scheme.
By Lemmas 5.11 and 5.3, we know that ZH?O,I}(AI, Gy)S = 0. Thus from Lemma 5.10, we see that
» Br'(S) — » Br'(X5)™ is an isomorphism. If we tensor the sequence (5.9) with Z 2y, we obtain (using

Lemmas 5.2 and 5.3) the exact sequence
0 — 2 Br'(S) = 2 B (M(2)% — H'(S, p2) = H'(83,2Br'(X5)) ZBr(S)[2] > -~ . (5.12)

Here we recall that we denote for an abelian group A by A[2] its 2-torsion, while ; A denotes its 2-primary

torsion. We want to analyze the boundary map 9.

Lemma 5.13. If u € H'(S, u2), then 3(u) equals the Brauer class of the cyclic (quaternion) algebra
(—1, u).

Proof. We assume that S is connected. Denote by 7w : Xg— BC x, the projection and by c¢: BC; x, — Xs
the canonical map to the coarse moduli space. Denote by

r: Br'(BCy.x,) = H' (X5, 112)
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the map obtained from the Leray spectral sequence. Finally, let
s: H'(Xs, ju2) = Br'(BCa x,)

be given by s(u) = [(x, u)] = [(x, c*u)], where x € HI(BCLXS, C,) classifies 7. We have r(s(1)) = u
by Lemma 3.3.
Using [Serre 1997, Section 5.4], we can compute a crossed homomorphism representing o () thus as

g " (g(s()) —s(u)) € Br'(Xs).

Consider the subgroup C, = ((23)) C S3 and the Cz-equivariant morphism z: S — Xy classifying
y2=x(x—1)(x+1) (i.e., t = —1). It follows from Lemmas 5.2 and 5.3 that the morphism z* res?2 induces
an isomorphism H' (83, » Br' (X)) — H'(C», » Br'(S)). The isomorphism H! (C,, Br'(S)) — Br'(S)[2] is
given by evaluating the crossed homomorphism at the nontrivial element (2 3) € C,. Thus, the coboundary
map 9 : H'(S, o) — Br'(S)[2] sends u to

2 ((23)(s(u)) — s(u)).

As the pullback of X5 — BC» x along moz: S — X5 — BC x, is the trivial Ca-torsor, z* 7 *s(u) =
(rz)*(x, u) defines the trivial Brauer class. By Lemma 4.7, the action of (23) multiplies the torsor
X5 — BCj,x, with the torsor BCy, x,(+/1) = BCa x,. Thus, z*7*(23)(s(w)) = (z*t,u) = (=1,u). O

Summarizing, we obtain the following result.

Proposition 5.14. Let S be a regular noetherian scheme over Z[%] We have an exact sequence
0— » Br'(S) = 2 Br (M(2)5)™” — H'(S, 2) — Br'(S)[2]
with d(u) = [(—1, u)]. The map , Br'(S) — » Br’(J\/[(Z)S)S3 is noncanonically split.

Proof. The exact sequence is exactly (5.12). The identification of d(u) follows from the previous lemma.
For the splitting, choose an S-point S — M(2)s. Then the composition Br'(M(2)5)%* — Br'(M(2)s) —
Br/(S) provides the splitting. O

6. The p-primary torsion in Br(Mgz(y/)) for primes p > 5

Before we proceed to study the 3-primary and 2-primary torsion, we will show in this section that for a
large class of S there is no p-primary torsion for p > 5 in the Brauer group of M. Lemma 5.3 implies the
crucial fact that there are no Sz-invariant classes in , Br'(Xs) ramified at {0, 1} when p # 3 is invertible
on S. The main point of the following theorem is that this is true for p > 5 even for certain regular
noetherian schemes where p is not a unit.

Theorem 6.1. Let S be a regular noetherian scheme over Z and p > 5 prime. Assume that S[1/(2p)] =
Sz11/2py) 18 dense in S and that Mg — S has a section. Then the natural map , Br'(S) — , Br'(My) is

an isomorphism.
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Proof. Assume first that 2 is invertible on S. The only contribution to , Br'(Ms) in the Leray—Serre
spectral sequence (5.1) occurs as

»(H2(BCa. x5, Gn) %) = (,H*(BCa. x5, Gi)) ™ (6.2)

because H' of S5 for i > 1 can never have p-primary torsion for p > 5.
We will argue that the p-group (6.2) is isomorphic to , Br'(S) for all primes p > 5 if additionally p is
invertible on S. To do so, note first that

JH2(BCa.x,, Gn) = , B (X5)

for p # 2 by Proposition 3.2. By Lemmas 5.10, 5.11 and 5.3, we see that , Br'(S) — ,, Br'(Xs)™ is an
isomorphism.

This shows the theorem if 2p is invertible on S. Let now S be arbitrary regular noetherian such that
S[1/(2p)] C S is dense and Mg has an S-point. Consider the commutative diagram

p BI'Ms) —— , B Ms1/2p)1)
pBI'(S) ——— , Br'(S[5;])-

induced by the choice of an S-point of Ms. As Mg has a cover by a scheme that is fppf over S and fppf
morphisms are open [EGA 1V, 1965, Theorem 2.4.6], Mg — S is open as well. Thus, Mg(1/2,)] C Mg is
dense and hence Br' (M) — Br'(Ms;1/(2p) is injective by Proposition 2.5. This implies that Br'(Mg) —
Br'(S) is injective as well. As it is also split surjective, we see that it is an isomorphism. O

Remark 6.3. In general, it is a subtle question to decide whether Mg has an S-point. For example for
S = Z[%] or§ = Z[%], there is such an S-point, but for § = Z[%] or S = Z[z—lg] there is none (for this
and other examples; see [Edixhoven et al. 1990, Corollary 1]). Nevertheless, sometimes one can still
control the p-power torsion for p > 5 if there is no S-point, as the following corollary shows.

Corollary 6.4. The Brauer groups Br(M) € Br(Mgz(1/21) have only 2 and 3-primary torsion.
Proof. Indeed, Br(M) € Br(Mgz;1/2)), and there is no p-torsion in Br(Z[%]) =7/2 for p #2. O

7. The 3-primary torsion in Br(Mz1/6))
The next theorem describes the 3-primary torsion in Br'(Mg) in many cases.
Theorem 7.1. Let S be a regular noetherian scheme. If 6 is a unit on S, then there is an exact sequence
0 — 3Br'(S) — 3 B (Ms) — H'(S, C3) — 0,

which is noncanonically split. The map 3 Br'(Mg) — H!(S, C3) can be described as the composition of
pullback to X s and taking the ramification at the divisor {0} in A; defined by t (using Proposition 2.14).
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Proof. The 3-primary torsion in Br'(M(2)s) = Br' (BCy, x,) is just the 3-primary torsion in Br'(Xy) by
Proposition 3.2 as H;Z(X s; m2)3) = 0. Similarly, since 2 is invertible in S, the Leray—Serre spectral
sequence (5.1) together with the group cohomology computations of Lemmas 5.2 and 5.3 and the exact
sequences (5.4)—(5.6) say that

3 Br' (M) = (3Br' (X)) .

Since 3 is invertible in S, we have a short exact sequence
0 — 3Br'(S) — 3Br' (Xs) — 3H} (A5, G,) — 0
by Lemma 5.10.

The 0 and 1 sections are disjoint, so that there is an isomorphism of S3-modules
Hj 1y (A, G) = €D H' (S, @3/23) = @ H' (S, Q3/23)
i=0,1
by Proposition 2.14 and Lemma 5.11. Thus, Lemma 5.3 implies that the long exact sequence in S3-
cohomology takes the following form:

0 — 3 Br'(S) — 3 Br'(Xs)> — H!(Spec S, C3) — H'(S3, 3 Br'(S)).

However, the action of S3 on 3 Br'(S) is trivial, so the group on the right vanishes by Lemma 5.2. Since
Mg has an S-point (because 2 is inverted), the splitting follows.

The map 3 Br'(Xs) — @izo,l H'(S, Q3/75) takes the ramification at the divisors {0} and {1}. At this
point, we need to make the isomorphism (5 @ H' (S, Q3/73))% — H'(S, C3) more explicit. By choosing
the ordered basis 7, — 1 of G, (X5)/G,, (S) = p, we see from the description of the action that 7/3 =
(9/3)%3 C p/3 is generated by 7 (¢ — 1). Indeed, o' (t(t — 1)) = —t2(t — 1) and T(t(t — 1)) = —t 2 (t — 1)
for o0 = (132) and t = (2 3) and thus

ot—1)=tt—-1) =t —-1)) € G,(Xs)/3.

This implies that (5 ® H' (S, @3/7Z3))%* — H!(S, C3) can be identified with projection onto the first
coordinate. Thus, 3 Br'(Sg)%* — H'(S, C3) takes the ramification at the divisor {0}. U

We want to be more specific about the Azumaya algebras arising from H' (S, C3). For that purpose
consider the section A € H*(M, 1212, which is defined as follows. Given an elliptic curve E over S, we
can write it Zariski locally in Weierstrass form. Consider its discriminant Ag € O(S) and its invariant
differential w € Q}S/R(E) = A(R). It is easy to see by [Silverman 2009, Table 3.1] that A = Azw®!'% is a

®12

section of A®"<, which is invariant under coordinate changes. Thus, A defines a section of A®12 on M.

Lemma 7.2. By Construction 2.8, we can associate with the line bundle £ = \®* and the trivialization
A: Op — L®3 the us-torsor M(J/A) = M whose class in H (M, u3) we denote by [Als. If Sis a

regular noetherian scheme and 6 is a unit on S, then the composite
H'(S, C3) —> H' M, C3) =25 H (M, p3) — 3 Br (M)
is a section of the map 3 Br'(Mg) — H'(S, C3) of Theorem 7.1.
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Remark 7.3. Informally, this section associates with x € H'(S, C3) the symbol algebra [(y, A™Hs].

Proof. The pullback of A to X is the discriminant of the universal Legendre curve, which is 16¢>(¢ — 1)?
(using the standard trivialization of A on X given by dx/(2y)). For x € H!(S, C3) the pullback of
[(x, A=1)3] to Br(Xy) is thus [(x, 4¢(t — 1))3]. As 4¢(t — 1) is a uniformizer for the local ring of A; at
t =0, Proposition 2.16 implies the result. O

Remark 7.4. While this map H'(S, C3) — Br'(My) is defined whether or not 6 is a unit on S, without
this assumption we do not know that H'(S, C3) is the cokernel of 3 Br'(S) — 3 Br'(My).

Corollary 7.5. When S =Spec Z[%], there is an isomorphism 3 Br(Mzy1/6)) = Q3/Z3®Z /3. The 3-torsion
subgroup is generated by classes o and 0, which can be described as follows. Let x € H' (Spec Z[%], C 3)
be the character of the Galois extension Q(C9 + ¢9) of Q. Then o = [(x, 6)3] and 6 = [(x, 16A™1)3],
which pulls back to [(x, t(t — 1))3] on Xz(1/6).

Proof. We claim first that Q(Zo + o) is the only cyclic cubic extension L of @ that ramifies at most
at 2 and 3. This can either be deduced from [Hasse 1948, 1. Section 1.2] or shown as follows. By the
Kronecker—Weber theorem, any cyclic cubic extension L of (Q has to embed into a cyclotomic extension
Q(¢,) and is more precisely its fixed field under a normal subgroup H C (Z/n)* of index 3. As H
contains all elements of 2-power order, we can assume that » is odd and thus L does not ramify at 2 but
only at 3. Proposition 3.1 of [Lemmermeyer 2005] shows that L is unique and must be Q (&9 + o). This
implies that H' (Spec Z[%], C3) =7/3.

Using that 3Br(Z[%]) = Q3/Z3, the structure of the Brauer group Br(Mgy;/6))[3] follows from
Theorem 7.1. The description of 6 follows directly from the last lemma (where we have modified
the section by an element of 3 Br(Z[%]) for convenience).

Last we need to show that [(), 6)3] is nonzero in Br(Z[%])B] = 7/3. It suffices to check that (), 6) is
ramified at the prime (2). Note that the minimal polynomial of ¢g + ¢ g is w* +w + 1. By Proposition 2.16,
the ramification at (2) in H!'(F», C3) = Z/3 is the class of the extension w> + w + 1 over F,. Since this
polynomial is irreducible (it has no solutions in [, and it has degree 3), it follows that the ramification is
nonzero. (]

Corollary 7.6. Let R = Z[%] or R = 7. Then the order of 3 Bt(Mpg) is either 1 or 3.

Proof. Using the injectivity of Br(M) — Br(Mgz1,2)), it suffices to prove this when R = Z[%] Now, we
claim that no nonzero class « € 3 Br(Z[%]) C 3 Br(Mgzq1/6)) extends to M1 2;. Indeed, we can take the
Legendre curve y?> = x(x — 1)(x — 2), which defines a point Spec Z[%] — M. Using the commutative
diagram

Spec Z[%] — Mz[1/6) — Spec Z[%]

L]

Spec Z[%] —_— MZ[]/Z]:
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we see thatif o € 3 Br(Z[%]) did extend to Mz 2}, then it would be zero in the Brauer group of Spec Z[é],
as it would extend to ;3 Br(Z[%]) = 0. However, these classes are all nonzero in Br(Z[%]) since the
composition at the top of the commutative diagram is the identity for any Z[é]—point of the moduli stack.

Now, if « = 8 + m60 extends, where 8 € 3 Br(Z[%]), then 3o = 38 also extends. Hence, it must be
that o has order at most 3. In particular, this means that every class of 3 Br(Mz[1,2]) is actually 3-torsion
and hence this group is a subgroup of (Z/3)?. But, we have already seen that o does not extend. So, it is

a proper subgroup, and hence it has order at most 3. (I

Proposition 7.7. Suppose there are Legendre curves E; : y*> = x(x — 1)(x — t;) over Spec Z3[¢3] for
i =1, 2 such that

(O =IN1#0 and  [(x, 2(—1))]=0

in Br(Q3(23))[3] = Z/3, where x denotes the pullback of the Galois extension Q(Zo + ¢9) of Q to Q3(&3).
Then 3 Br(JV[[%]) =0.

Proof. Suppose that « = ao + b6 is a linear combination of the classes found in Corollary 7.5 where we
can assume that b € {1, 2} since o does not extend. Suppose that a extends to Br(Mz(;,2)). We can pull
back « along the two Q3(¢3)-points of M defined by E; and compute the ramifications in Br(Q3(¢3)). Let
k=1[(x,t(t; —1))]. Fori =1, we get a + bk and for i =2 we get a. Since k is nonzero, these cannot be
simultaneously zero modulo 3. But the two maps Br(Mz(1,21) — Br(Q3(¢3)) factor over Br(Z3[¢3]) =0,
which is a contradiction. Thus, o cannot extend to Br(Mz;/2)). O

8. The ramification of the 3-torsion

Our aim in this section is to show that 3 Br(M[%]) = 0 using Proposition 7.7.
Lemma 8.1. The natural inclusion Q(Zo + o, £3) — Q(9) is an isomorphism.

Proof. The left-hand side is a subfield of Q(¢o) that is strictly larger than @(¢9 + o) and thus is equal
to Q(¢9). O

We will need the following lemma to aid our Hilbert symbol calculations below.

Lemma 8.2. Consider the cyclotomic field Q(¢) with ¢ = {3 and m = 1 — ¢ and denote by Tr the trace

for Q(¢) over Q. Then
(-D¥*.3%.2 ifi=0,
(_1)3k.33k+1 ifl=1,
Tr(n6k+l) _ (— 1)3k . 33k+1 ifl =2,
0 ifl =3,
(= 113342y — g
(— 1)+ 3343y — 5,

Proof. We have 72 = (1 — ¢)* = —3¢ and thus 7% = (—3)3k. Therefore, we have just to compute Tr(zz!)
for{ =0, ...,5, which is easily done. |
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We come to a key arithmetic point in our proof, where we compute the Hilbert symbol at the prime
3 of certain degree 3 cyclic algebras. By Proposition 2.17, this will allow us to check whether certain
cyclic algebras are zero in the Brauer group.

Lemma 8.3. Consider the cyclotomic field Q3(¢) with ¢ = {3 and w7 = 1 — ¢ the uniformizer. Then we

) s

T

have

in w3 (Q3(2)), wheret =2+ b with b € 7.

Proof. We use the formula of Artin and Hasse (see [Neukirch 1999, Theorem V.3.8]) to compute this
Hilbert symbol. By this formula, we have

<§, a) _ é_Tr(]oga)/3

T

where a € 14+ p (for p C Z3[¢3] the maximal ideal) and Tr the trace for Q3(¢) over Q3.
This formula directly applies to t — 1 =14 bm. We have

T . _ i+1(b”)i
log(t 1)_;:( D=

Again, it follows easily from Lemma 8.2 that Tr(z') /i is divisible by 9 for i > 3. Thus,

Tr(log(t — 1))  Tr(bw) Tr(b*m?) b?
= — =b—— mod3
3 3 6 2

and (“71) = g”—bQ/z.
b
To compute (') note that (4) = (“7)(“2") = (“). Indeed, ({’;1)2 = 1 and hence also (') =1

(in u3(@3(¢3))). We have —t =1+ (—3 — br). Thus,

(=3 —bm)i
—

log(—1) =Y (=1)'*

i=1

It follows easily from Lemma 8.2 that Tr((—3 — br)?))/i is divisible by 9 for i > 3. Thus,

_ _3_ _1_ 2 2
Tr(log(—1)) _ Tr(—3 — bmw) B Tr((=3 — b)) oo b_ mod 3.
3 3 6 2

Thus, (') = (") = ¢=2-0=b*/2 Tt follows that

<C, t(;—1)> _ (éy;t)(é, ;—1) _ 2t b
as desired. O

Theorem 8.4. We have
3 Br(M) =3 Br(Mz;1,2)) = 0.
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» Br'(S) @ Pic(S)[2]1® G
Pic(S)2) @ ua(S) Pic(S)[2] @ p2(S) Pic(8)/2 @ ua(S)
G (S w2(S) Gn(S)/2 w2(S)

Figure 3. The Ep-page of the Leray—Serre spectral sequence computing H (Mg, G,)(2)
fori <?2.

Proof. By Proposition 7.7 and Proposition 2.17, it suffices to find two Legendre curves E| and E; over
Z75[¢3] with corresponding classes [(x, t1(f1 —1))] # 0 and [(x, t2(#2 — 1))] = 0. The associated condition
on the Hilbert symbols is (17D} 2 1 and (©"2%~") = 1. (Recall here that x is the character associated
with adjoining &9 + {9 which over Q3(¢3) is isomorphic to Q3(¢9) by Lemma 8.1.) Take t; =2 + b7,
where b; = 0 and b, = 1. Consider the two elliptic curves

Ei:y’=x(x—D(x—=2) and E;:y*=x(x—1)(x—Q2+n)).
The previous lemma says that we have

<§,t1(t1—1)):<§,2(2—1)>:Hél and (i,lz(tz—l))=<§»(2+7T)(1+7T)>=§0=1.

T T T T
This completes the proof. O
9. The 2-primary torsion in Br(Mz(1,2))

Throughout this section, let S denote a connected regular noetherian scheme over Spec Z[
stack X over S, let Br'(X) = coker(Br'(S) — Br'(X)).

%] Given a

Theorem 9.1. Let S be a regular noetherian scheme over Z[%] with Pic(S) = 0. There is a natural exact
sequence
0 — G, (S5)/2 — ,Br'(Ms) — G — 0,

where G C G, (S)/2 is the subgroup of all those u with [(—1, u)] = 0 € Br(S).

We will prove the theorem after several preliminaries. Figure 3 shows a small part of the 2-local
Leray—Serre spectral sequence (5.1) for the S3-Galois cover M (2)s — Mg. The description follows from
Lemmas 5.2, 5.3, 5.7 and Proposition 5.14.

From now on, we will localize everything in this section implicitly at 2.

Proposition 9.2. Let S be a connected regular noetherian scheme over Z[%] The differential dg Lin the
Leray—Serre spectral sequence of Figure 3 always vanishes and dg 2 and dg 2 vanish if Pic(S) =0.

Proof. The map
Pic(Ms) — By = Pic(S) ) ® 1a(S)
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is surjective as —1 € 115 (S) can be realized as A®%. This implies that there can be no differential originating
from Eg’l. Moreover, , Br'(S) splits off from Br’'(Ms), so the differentials dg 2 and dg 3 vanish on , Br'(S).

Now assume Pic(S) = 0. Then also Pic(S)[2] = 0 and Pic(S5)/2 = 0. So, we are concerned with the
vanishing of dg 2.6 — u2(S) and dg 2.6 —> 12(S). However, by pulling back the spectral sequence to
a geometric point X of S, we find G = G,,,(x)/2 = 0, while u,(x) = Z/2. This implies that a’g 2 and dg 2
vanish. U

To resolve the differential alzl’1 and solve possible extension issues we will first consider schemes S
over Z[%, i ] In this case we can compare the Leray—Serre spectral sequence considered above with the
Leray—Serre spectral sequence for the C,-Galois cover BCy s — BCy 5.

Proposition 9.3. If S is a regular noetherian Z[%, i ]-scheme, then Br'(My) = Br'(BCy.s).

Proof. Consider the elliptic curve E : y2=x(x—1)(x + 1) over Z[% i] with discriminant 64. It has an
automorphism 7 of order 4 given by y > iy and x — —x, which defines a map BC4 71,2,i1 — Mz[1,2]. The
2-torsion points of E are (0, 0), (1, 0) and (—1, 0); taking them in this order defines a full level 2 structure.
We can base change this elliptic curve together with its level structure to an arbitrary Z[%, i]—scheme S.
This results in pullback squares

]_[53 §— ]_[53/c2 BCy s —— M(Q2)s 9.4)

l | |

S —BCy 5 —— M.

Here we use that n acts on the scheme [ [, S of level structures on Eg by multiplication with the
cycle (23) € S5 and in particular 5? acts trivially. Thus, the stack quotient (]_[ S5 S) /C4 is equivalent to
[s,/c, BC2,s. More precisely, the S3-Galois cover [ [g, ¢, BC2,s — BCy s is induced along an inclusion
Cy — S5 from the Cy-Galois cover BCy s — BCy4 5. The right square is indeed cartesian as can be
checked after base change along the étale cover S — BCy s.

In the Leray—Serre spectral sequence

Eg’q =H? (53, Hq< ]_[ BCQ’S, Gm)) = Hp+q(BC4ys, Gm),
$3/Ca

the S3-modules HY (]_[ $3/C BCz,s) are all induced up from C;. Thus, the spectral sequence is isomorphic
to the Leray—Serre spectral sequence for the C»-Galois cover BCy s — BCy s.

The Leray—Serre spectral sequence computing H?t9(BCy. g, G,,) from the G,,-cohomology of BC5 s
is displayed in Figure 4. The computation follows from Proposition 3.2 together with the fact that C;
acts trivially on the cohomology of BC3 s (as indeed the morphism ¢: BCy s — BC3 s for ¢t € C; the
generator is the identity; only the natural transformation id — 2 is not the identity).

By the considerations above, the pullback square (9.4) induces a map

H? (83, H1{(M(2), G)) — HP(C2, HI(BCy, 5, Gm)).
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Br'(S) ® Pic(S)[2]1® Gu(S)/2

Pic(S) @ ua(S) Pic(S)[21@ 12(5) 7 Pic(8)/2® ua(S)

Gm(s) I'LZ(S) Gm(S)/z /LZ(S)
Figure 4. Part of the Leray—Serre spectral sequence for BCy s — BCy s.

Note first that G = G, (S)/2 in our case as —1 is a square. If we identify M(2)s with BC> x, this map on
cohomology groups is induced by the maps S — Xy (classifying the Legendre curve Eg) and C, — ;.
This induces an isomorphism of spectral sequences for p+¢q <3 and g < 1 for p +¢g =3 by Figure 3. I

Corollary 9.5. Let S be a regular noetherian scheme over Z[%] The restriction of the differential dzl’l to
w2 (S) in the Leray—Serre spectral sequence for M(2)s — Mg defines an isomorphism 1, (S) =5 1ua(S),
while dy* = 0.

Proof. Consider S" = Spec Z[%, i]. By Proposition 3.2, we see that
Br'(BCy,5) = Br'(S") @ Pic(S)[4] © G (") /4 = G (S") /4,

since the Brauer and Picard groups of Z[% i] are zero. Hence, Br'(BCy s) = 7/4 @ 7 /4, with generators
given as i and 1 +i. In Figure 4, we see that the only way to have a group of order 16 in the abutment
Br'(BCy.g) is that a’zl’1 : w2 (8" = wa(S’) is an isomorphism, both in the Leray—Serre spectral sequence
for H*(BC4, 5/, G;,) and for H* (Mg, G,,). It follows that this differential is already an isomorphism in the
Leray—Serre spectral sequence for H*(Mz[ unfrac12], Gn) by naturality. This in turn implies by naturality
that dz1 o1 luas): m2(S) = 2(S) in the Leray—Serre spectral sequence for H* (Mg, G,,) is an isomorphism
for any regular noetherian Z[%]—scheme S. As the target of dg 2 is already zero on Es, the differential
d30 2 must vanish. O

Finally, we prove the theorem from the beginning of the section.

Proof of Theorem 9.1. The claim follows from the determination of the differentials in the range pictured
in Figure 3. O

We want to be more specific about the Brauer group classes coming from G, (S)/2. Recall the section
A € HOOM, 2®12) from Section 7. As in Construction 2.8, we can define the Cs-torsor M(v/A) =
SpecMZ[lm (@iez A0 /(A — 1)) — Mgz1/2) that adjoins a square root of A to Mzi/2). For a unit
u € Gy (Z[%]), we denote by (A, u) the symbol (quaternion) algebra associated with this torsor.

Proposition 9.6. Ler S denote a connected regular noetherian scheme over Spec Z[%] Then the map
G (5)/2 — Br' (Ms)

from the Leray—Serre spectral sequence sends u to [(u, A);3].
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Proof. We consider the Leray—Serre spectral sequence
H?(C3, H! (M(2)s, Gm))2) = HP T (M(2)5/C3, Gm) )

where M(2)/C3 denotes the stack quotient by the subgroup C3 C S3. Its Ep-term is clearly concentrated in
the column p =0. From Lemma 5.7 and Proposition 5.14, it is easy to see that HO(C3, HI(M(2), Gm)) =
HO(S5, HI(M(2), Gm)(2)). We can now consider the further Leray—Serre spectral sequence

HP(C2, H!(M(2)5/C3, Gp)) ) = HP T (Ms, G )

and we see that it has the same E,-term as the Leray—Serre spectral sequence for the S3-cover M(2)s — Mg
in the range depicted in Figure 3.

We claim that the C,-torsor M(2)s/Cs — Mg agrees with MS(\/K) — M. For this it suffices to
show that A becomes a square on M(2)s/C3. With p,q € HO(M(2), A®?) as in the discussion after
Corollary 4.6, we have A = 16p?q*(p — q)?. The Cz-action permutes p, (—¢) and (¢ — p) cyclically so
that 4pg(p — q) is a Cs-invariant section of A% whose square is indeed A.

Now the statement follows from Corollary 3.6. (I

The following is one of our main results. We recall the convention that everything is implicitly 2-local
so that Br(Mg) for a ring R denotes really Br(Mg)2).

Proposition 9.7. Let P be a set of prime numbers including 2 and denote by Zp C Q the subset of all

fractions where the denominator is only divisible by primes in P. Then

Br(Mz,) =BrZp)® € 220 @ z/4.

pePU{—1}, PEP,
p=3 mod 4 p#£3 mod 4

Proof. First we have to compute the subgroup
GCGu(Zp))2= P Fo
PU{—1}

By Proposition 2.17, a quaternion algebra (a, b) ramifies at p if and only if the Hilbert symbol (“;}b)
equals —1. By [Neukirch 1999, Theorem V.3.6], ("/'~') = —1 if and only if p =2, 00 and (~,*) = —1
if and only if ¢ =3 mod 4 and p =2, g (for g a prime number). We see that G has an [,-basis given by
the primes not congruent to 3 mod 4.

We obtain a diagram:

0 —— G, (Zp)/2 — Br(Mz,) G 0

| | |

0 —— Gu(Zplil)/2 —— Br(Mz, i) —— Gu(Zplil)/2 —— 0

By Proposition 9.3, B_T(Mzn/z,i]) =G, (Zpli])/4. As the map G — G, (Zp[i])/2 is injective, we see
that none of the nonzero lifts of elements of G to Br(Mz,) are 2-torsion. The proposition follows. [
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This shows the 2-local part of the computation of Br(Mg) and Br(Mz;/21) in Theorem 1.1, while the
3-local part was already contained in Theorems 7.1 and 8.4 and the p-local part for p > 3 in Theorem 6.1.

Remark 9.8. We can describe all the Brauer classes in Br(Mz,) explicitly when P is again a set of
prime numbers including 2. We already saw in the last two propositions that Br(Mz,)[2] has an F,-basis
given by [(p, A)2], where p € PU{—1}. When p € § and either p =2 or p = 1 mod 4, we will give
explicit elements of order 4 in the Brauer group of Mz, generating the Z/4-subgroups of the proposition.

To describe the 4-torsion we start with a small observation. Given a cyclic algebra (x, v), where y is
a Cy4-torsor and v a ug-torsor, 2[(x, v)] is represented by (x’, v’), where x’ and v’ are obtained from x
and v via the morphisms C4 — C, and 4 — 2. Concretely, this means that x’ are the C,-fixed points
of x and that if v is given by adjoining the 4-th root of a section u of £®, then v’ is given by adjoining
a square root of u, a section of (£®2)®2,

For primes p =1 mod 4, we construct a C4-Galois extension L of () whose C>-fixed points are Q(,/p).
As /p is the Gauss sum 25;11 (%)g‘l‘j, we see that Q(,/p) C Q(¢p). The Galois group of the Q-extension
Q(¢p) is cyclic of order p — 1, which is divisible by 4. Thus, it has a unique cyclic subextension L of
degree 4 whose C»-fixed points are Q(,/p). Note that L is only ramified at p. Explicitly, L is generated
by the Gauss sum 25;11 @(a)¢,, where ¢: (Z/ p)* — u4(C) is a surjective character.

For p =2, we take L = Q(¢16 + ¢ 16) instead, which is the unique C4-Galois subextension of Q(¢16)
over Q. If we denote for p =2 or p =1 mod 4 the character of L/Q by x, these define C4-Galois covers
of My by pullback and we abuse notation and write x also for these covers. The cup product [(x, A)4]
in Br'(Mgz,) is a class such that 2[(x, A)4] = [(p, A)2] and thus has exact order 4. It follows that the
classes [(x, A)4] give a basis of the 4-torsion of Br(Mjz p)e

10. The Brauer group of M

In this section, we will complete the computation of Br(M). In the last section, we saw that
Br(M[1]) =z 20Z2/202/4

with generators o« = [(—1, —1)2], B=[(—1, A),] and %y for y =[(2, A),]. We will study the ramification
of these classes for certain elliptic curves and the reader can find more information about these curves in
The L-functions and modular forms database [LMFDB 2013].

As above, we will write (“éb) € 112(@Q») for the Hilbert symbol in Q, at the prime 2. Hence, (”ib ) ==%1.
Recall from Proposition 2.17 that if x € H!(Q,, C5) = H'(Q», 112) corresponds to a unit v € G,, (@) /2,
then the degree 2 cyclic algebra (x, u) has class (“3") in Br(Q2)[2] = Z/2 = 11»(@»). Since Br(Zz) =0,
the Hilbert symbol measures the ramification along (2) in Spec Z,.

Proposition 10.1. Every nonzero linear combination of a, 3, %y is ramified along (2), so these linear

combinations are not in the image of Br(M) — Br(M[%])

Proof. It suffices to prove this for all seven nonzero linear combinations of «, £, . Indeed, if all these
linear combinations are ramified, then any linear combination ro + s8 + %y is ramified as well. As
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explained in the introduction around the diagram (1.4), it suffices to construct for each nonzero linear
combination p an elliptic curve Spec Z, — M such that the pullback of p to Spec (0, is nonzero in Br(Q,).
Indeed, Br(Z,) = 0.

Let

Eq :y2+y:x3—x2,

the elliptic curve with Cremona label 11a3. This curve has discriminant —11, which is a unit, so we
get an elliptic curve over Z,, and two associated Brauer classes, (2, —11) and (—1, —11) over (Q;. We
can ask what the ramification is. The Hilbert symbol in this case is computed as follows [Serre 1973,
Chapter III]. Given a =2% and b = 28 € G,, (@), where u, v € G,,(Z>), we have

(a, b) = (= )W) taw @) +Hpow)
2 b

where €e(u) = (u —1)/2 and w(u) = (u?* — 1)/8.
Hence,

(33" = ==

Hence, (A, 2) is ramified at 2. Similarly,

—1,-11 CChe
(T )= = =

The curve
2 .3 2
Ey y4+xy=x"—2x"+x

has Cremona label 15a8 and discriminant —15. This time, the Hilbert symbols are

(2’ ;15) —1 and <_1’2_15) — 1.

The curve

E3:yz—i-xy—|-y=x3—x2

has Cremona label 53a1 and discriminant —53. In this case, the Hilbert symbols are

(2, 553) 1 and (—1,2—53) _ 1L

Now, let p = o + kB +my with k and m integers. The elliptic curve E; gives a point x : Spec @, — M
where vy (x*p) = —1. It follows that all classes of the form p are ramified along (2). Now, E3 proves
that 8 and y are ramified along (2). Finally, E; proves that 8 4 y is ramified along (2). (I

Theorem 10.2. Br(M) = 0.

Proof. This follows from Corollary 6.4, Theorem 8.4, and Propositions 9.7 and 10.1. ]
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11. The Brauer group of M over [, with g odd

As another application of our methods, we compute the Brauer group of My, when g = p" and p is
an odd prime. There is remarkable regularity in this case, which is possibly surprising based on what
happens for number fields.

Theorem 11.1. Let g = p" where p is an odd prime. Then, Br(Mg,) = Z/12.

Proof. Recall that Br(F,) = 0. Thus, by Theorem 9.1, there is an extension 0 — [FqX /2 — 2 Br(Jv[[Fq) —
Fy/2— 0. Since g is odd, [ /2= Z/2. The remainder of Section 9, especially Remark 9.8, implies that
the extension is nonsplit so that in fact , Br(Mg, ) = Z/4.

Now, let £ > 3 be a prime, which we do not assume is different from p. The possible terms contributing
to ¢ Br(M[Fq) in the Leray—Serre spectral sequence for M(2)[Fq — M[Fq in G, cohomology, besides
¢ Br(Xg,)%, are H' (83,0 Pic(M(2)g,) and H2(S3,¢ G (M(2)g,)) = H?(S3,¢ G (X§,)). The first of these
1S zero since ¢ Pic(M(Z)[Fq) =, Pic(X[Fq) = 0 for £ odd. The second has no odd primary torsion. This
follows from the exact sequence 0 — G, (F;) — G, (X F,) — 0 ® Z — 0 together with Lemmas 5.2
and 5.3.

Thus, we see that g(Br(fM[pq)) = Br(X [Fq)53 for ¢ odd. So, it suffices to compute the Brauer group of
X, as an S3-module. In general, our argument in the rest of the paper relies fundamentally on Lemma 5.11,
which requires £ to be invertible to analyze the ramification map as in Proposition 2.14. However, in
this case, X, is a curve over a finite field, so the ramification theory simplifies drastically. Consider the
commutative diagram of exact ramification sequences due to [Grothendieck 1968c, Proposition 2.1]:

0 —— Br(P} ) — Br(1) —— @xe(%)m Q/7 Q/7 0

|

0 —— Br(Xs,) — Br(n) — @,cx,0 Q/Z

where 7 is the generic point of Xf, . Note that the exactness at the right in the top sequence is due to the
fact (see [Gille and Szamuely 2006, Corollary 6.5.4]) that €, S Q/Z — Q/Z is given by summation
in Q/Z. Since Br([FI>1 ) =0 by [Grothendieck 1968c, Remarques 2.5.b], we see that Br(X[p ) € Br(n) is
the subgroup consmtlng of classes ramified only at 0, 1, oo. Using the top row of the diagram, it follows
that Br(Xp, ) fits into an exact sequence

0— Br(Xe,) > @ @/Z2 > @/z 0,
0,1,00

from which it follows that

Br(Xg,) = 5 ®Q/Z.

By Lemma 5.3, we find that , Br(X[Fq)S3 =0if£>5and 3 Br(X[Fq)S3 = 7/3. This proves the theorem. [



The Brauer group of the moduli stack of elliptic curves 2331

Remark 11.2. We can again be more specific about the Azumaya algebras representing the classes in
Br(Mg ) with ¢ odd. Let T be a [F,-scheme (or stack) with an elliptic curve E of discriminant A. Let x,,
be the pullback of a character of the Galois extension [ = of I, to T. We claim that there is a generator
ac Br(M[Fq) such that the pullback of a to Br(T") agrees with [(x12, A)]. Informally, a =[(x12, A)] in the
universal case T = Mg, where more precisely we should replace here A by the ju12-torsor corresponding
to A € I'(A®!2) via Construction 2.8.

First we consider the 3-torsion. The proof of Lemma 7.2 applies here to show that [(x3, A)] is indeed
the pullback of a generator of Br(Jv[[Fq)[3]. Moreover, Proposition 9.6 implies that the unique 2-torsion
element 6a € Br(Mg q) pulls back to [(x2, A)] as [, agrees with Fq[ﬁ] for an arbitrary nonsquare x
in ;. As in Remark 9.8 we see that 6[(x12, A)] = [(x2, A)] # 0 and 4[(x12, A)] = [(x3, A)] # 0. Thus,
[(x12, A)] is indeed a generator of Br(M[Fq) =7/12.

Finally, we also treat the easier case of an algebraically closed base.
Proposition 11.3. Let k be an algebraically closed field of characteristic not 2. Then Br(My) = 0.

Proof. By Theorem 9.1,  Br(Mj) = 0. As in the last proof we see that ;(Br(My)) = ; Br(X;)™* for £ an
odd prime. By Tsen’s theorem, Br(n) vanishes for n the generic point of Xj. By [Grothendieck 1968c,
Proposition 2.1] we obtain that Br(X;) = 0. O

Remark 11.4. In an earlier version of this paper we suggested using the GL,(Z/3)-cover M(3) — Mz[1/3
to determine Br()My) also for algebraically closed fields k of characteristic 2. Combining this approach
with a new idea, Minseon Shin [2019] has proved in the meanwhile that Br(My) = Z/2 for such fields k.
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Modular forms from Noether—Lefschetz theory

Francois Greer

We enumerate smooth rational curves on very general Weierstrass fibrations over hypersurfaces in
projective space. The generating functions for these numbers lie in the ring of classical modular forms.
The method of proof uses topological intersection products on a period stack and the cohomological theta
correspondence of Kudla and Millson for special cycles on a locally symmetric space of orthogonal type.
The results here apply only in base degree 1, but heuristics for higher base degree match predictions from
the topological string partition function.

1. Introduction

Locally symmetric spaces of noncompact type are special Riemannian manifolds which serve as classifying
spaces for (torsion-free) arithmetic groups. As such, their geometry has been studied intensely from
several different perspectives. By a well known theorem of Baily and Borel, if such a manifold admits
a parallel complex structure, then it is a complex quasiprojective variety. In this paper, we study more
general indefinite orthogonal groups, which act on Hodge structures of even weight, and draw some
conclusions about holomorphic curve counts.

Let A be an integral lattice inside R>/, and T a congruence subgroup of O(A). The Baily—Borel
theorem [1966] implies that the double quotient I'\O(2,7)/O0(2) x O(l) is a quasiprojective variety.
These Hermitian symmetric examples have played a central role in classical moduli theory. For instance,
moduli spaces of polarized K3 surfaces, cubic fourfolds, and holomorphic symplectic varieties are all
contained within these Baily—Borel varieties as Zariski open subsets. Automorphic forms provide natural
compactifications for these moduli spaces and bounds on their cohomology.

One can interpret O(2,1)/0(2) x O(l) as the set of 2-planes in R*>! on which the pairing is positive
definite. The presence of the integral lattice A allows us to define a sequence of R-codimension 2
submanifolds, indexed by n € Q. and @ € AY/A, where A" is the dual lattice of covectors taking
integral values on A.

c,,,a:=r\< U vJ‘>CF\O(2,l)/0(2)x0(l).

veAY, v+A=a
(v,v)=—n

Borel [1969] showed that there are finitely many I"-orbits of lattice vectors with fixed norm, so the above
union is finite in the quotient space. Each C,, , is isomorphic to a locally symmetric space for O (2,/—1),

MSC2010: 14NXX.
Keywords: modular forms, elliptic fibrations, Calabi—Yau threefolds, rational curves.
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so it is actually an algebraic subvariety of C-codimension 1 called a Heegner divisor. The classes of these
divisors in the Picard group satisfy nontrivial relations from the Howe theta correspondence between
orthogonal and symplectic groups:

Theorem 1 [Borcherds 1999]. The formal q-series with coefficients in
Picg(IM\0(2,1)/0(2) x 0(1)) ® A[A”/A]

given by
e(VV)eo+ Y [Conaleaq”

n,a

transforms like a Q[ A" | Al-valued modular form with respect to the Weil representation of the metaplectic
group Mp,(Z). Here {ey} denotes the standard basis for Q[AY /A), and e(V") is the Euler class of the
(dual) tautological bundle of positive definite 2-planes.

In other words, the g-series above lies in the finite dimensional subspace
[
Mod (1 + > Mp,(2), @[AV/A]> ®Picg(I'\O(2,1)/O(2) x O()).

Theorem 1 has been used to describe the Picard group of moduli spaces [Greer et al. 2015], and also
has applications to enumerative geometry, initiated by [Maulik and Pandharipande 2013]. In this paper,
we move beyond the Hermitian symmetric space to more general symmetric spaces of orthogonal type.
These no longer have a complex structure, and their arithmetic quotients are no longer algebraic, but
they still have a theta correspondence, and thus an analogous modularity statement for special cycles in
singular cohomology:

Theorem 2 [Kudla and Millson 1990]. Assume for convenience of this exposition that A C RP"! is even
and unimodular. Then the formal q-series

e(VY)+ Y [Culg" € Qllgll®a HP (T\O(p, 1)/ O(p) x O(), Q)
n>1

lies in the finite-dimensional subspace of modular forms:
p+lI
Mod — SLx(2) | @ HP(T\O(p, 1)/ O(p) x O(), Q).

Here e(V") is the Euler class of the dual tautological bundle of p-planes. See Remark 35 for a justification
of the level group SL,(Z).

Theorem 2 will be used to enumerate smooth rational curves on certain elliptically fibered varieties
X — Y. We give a general formula which applies to Weierstrass fibrations over hypersurfaces in projective
space. The answers are honest counts, not virtual integrals, and are expressed in terms of g-expansions of
modular forms.
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All period domains D for smooth projective surfaces with positive geometric genus admit smooth
proper fibrations

D— O(p,1)/O(p) x O().

The Noether-Lefschetz loci in D are the preimages of special subsymmetric spaces of R-codimension p.
This provides a valuable link between moduli theory and the cohomology of locally symmetric spaces. We
expect the ideas developed in this paper to compute algebraic curve counts on a broad class of varieties.
The results are consistent with general conjectures in [Oberdieck and Pixton 2019] for elliptic fibrations.

Let Y C P! be a smooth hypersurface of degree d and dimension m > 2. For an ample line bundle
L = Oy (k), a Weierstrass fibration over Y is a hypersurface

X P22 L2 @0y

cut out by a global Weierstrass equation (see Section 2 for details). For general choice of coefficients, X
is smooth of dimension m + 1, and the morphism 7 : X — Y is flat with generic fiber of genus one.
Since 7 admits a section i : ¥ — X, the generic fiber is actually an elliptic curve.

The second homology group of X is given by

H(X,2)~H,Y)DZf =ZL+Zf,

where £ is the line class on Y pushed forward via i, and f is the class of a fiber. We begin by posing
the naive:

Question 3. How many smooth rational curves are there on X in the homology class £ +nf?

The deformation theory of curves C C X allows us to estimate when this question has a finite answer. The
expected dimension of the moduli space of curves in X is given by the Hirzebruch—Riemann—Roch formula:

h°(C, Ncyx) —h' (C, Ncjx) = f c1(Tx) + (1 — g)(dim X — 3).
C

The adjunction formula gives —c;(Tx) = Kx = 7*(Ky + ¢1(L)).

Remark 4. Since K is pulled back from Y, we have Ky - f =0, so our dimension estimate is independent
of n. This feature holds more generally for any morphism 7= with K-trivial fibers.

We expect a finite answer to Question 3 whenever
0=—Kxy-l+nf)+(m—-2) <<= k=2m-—d.

Recall that £ = Oy (k) was the ample line bundle used to construct the Weierstrass fibration X — Y,
so for the rest of the paper, we require that k = 2m — d > 0. Note that X is Calabi—Yau if and only if
dim(X) = 3. Our main result is:
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Theorem 5. A very general Weierstrass model X — Y constructed using L = Oy (k) contains finitely
many smooth rational curves in the class € + nf, whose count we denote rx(n). For k < 4, the generating
series is given by

Y rx(mq" =9(q) — O(q),

n>1
where ¢(q) € Mod(6k —2, SL2(Z)), and ©(q) € Q[O4,, Oa,, Oa;1<k, a polynomial of weighted degree < k.

Recall that for a lattice A, the associated theta series is given by
NOEDPARE
veA
and we assign the weight p to the series 6,4, for the root lattice A,.
In short, the curve counts rx (n) are controlled by a finite amount of data, since Mod(6k — 2, SL,(Z))
and Q[64,, O4,, ... <k are finite-dimensional Q-vector spaces. The series can be explicitly computed
when k < 3. We record some numerical examples in Section 7 to illustrate the scope of Theorem 5.

Remark 6. We expect that Theorem 5 can be extended to k < 8, but the statement is less tidy and involves
the root systems Dy, Eg, and E7. For k > 8, the elliptic surfaces involved will have singularities worse
than ADE, so more sophisticated techniques are needed.

The argument proceeds roughly as follows. The curves C that we wish to count have the property that
m(C) CY is aline. In other words, they can be viewed as sections of the elliptic fibration

7 Y7 (C)) > n(C) ~P.

|

/

As the line L C Y varies, this construction produces a family of elliptic surfaces over the Fano variety of
lines in Y:

v: ¥ — F@).
We wish to count points [L] € F(Y) such that 1] = 7~ 1(L) contains a section curve other than the
identity section, i.e., a nontrivial Mordell-Weil group. The Shioda—Tate sequence expresses the Mordell—
Weil group of an elliptic surface in terms of its Néron—Severi lattice and the sublattice V (S) spanned by
vertical classes and the identity section:

0— V(S) = NS(S) —> MW(S/P") — 0. (1)
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The period domain for a given class of elliptic surfaces is related to a locally symmetric space, whence the
modular form ¢(gq), which counts surfaces with jumping Picard rank. To obtain the counts rx (n) we sub-
tract contributions ® (g ) from surfaces with jumping V (S), which are precisely those with A, singularities.
The terms in the difference formula of Theorem 5 are matched to the groups in the short exact sequence (1).

The paper is organized as follows. In Section 2, we review the basic theory of elliptic fibrations and set
up the tools for proving transversality of intersections in moduli. In Section 3, we review the theory of
period domains and lattices in the cohomology of elliptic surfaces. Section 4 is devoted to the deformation
and resolution of A, singularities in families of surfaces, and we introduce the monodromy stack of such
a family. Section 5 explains how Noether—Lefschetz intersection numbers on the period stack satisfy a
modularity statement from Theorem 2. In Section 6, we use the fact that k < 4 to classify the singularities
which occur in the family v at various codimensions, and compute their degrees in terms of Schubert
intersections. Finally, Section 7 explains how to compute the modular form ¢(g) when k£ < 3, and the
general form of the correction term ®(g).

2. Elliptic fibrations
We begin by reviewing the Weierstrass equation for elliptic curves in P
vz =x> 4 Axz® + BZ°. )

This cubic curve has a flex point at [0 : 1 : 0], which serves as the identity of a group law in the smooth
case. The curve is singular if and only if the right-hand side has a multiple root, which occurs when
A = 4A° +27B% = 0. These singular curves are all isomorphic to the nodal cubic, except for when
A = B =0, which corresponds to the cuspidal cubic.

To replicate this construction in the relative case, let Y be a smooth projective variety, and £ € Pic(Y)
an ample line bundle. We form the P? bundle

PL 2L pOy) - Y.
The same Weierstrass equation (2) makes sense for x, y, z fiber coordinates, and
Ae H (Y, £®, BeHY,£%).

Let X C P(£L®272® L2873 @ O) be the solution of the global Weierstrass equation and 77 : X — Y the
morphism to the base. The fibers of & are elliptic curves in Weierstrass form, and there is a global section
i : Y — X given in coordinates by [0 : 1 : 0], which induces a group law on each smooth fiber. Now,

A =4A3+27B% € H(Y, £®'?)

cuts out a hypersurface in Y whose generic fiber is a nodal cubic. The singularities of A occur along the
smooth complete intersection (A) N (B), and are analytically locally isomorphic to

(cusp) x C"~2.
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The case of m =2 and d = 1 is pictured below, with three fibers drawn over points in P? in different
singularity strata of A.

|

N

By the adjunction formula applied to X C P(£L®2 @ L2 @ Oy),
Kx = (Kpro-2qro-300) T [XDIx
= (7" Ky = 57*c1(£) —3¢) + (3¢ + 6771 (L))
=" (Ky +c1(£)),

so the relative dualizing sheaf wx/,y is isomorphic to 7*£. By the adjunction formula applied to ¥ C X
through the section i,

Ky = (Kx +[YDly = Ky +c1(£) +c1(Ny/x),
so the normal bundle Ny, x is isomorphic to LY.

Definition 7. The parameter space for Weierstrass fibrations over Y is given by the weighted projective
space

WY, £):= (HO(Y, L3 @ HO(Y, £%) —{0})/C*,
where C* acts on the direct summands with weight 2 and 3, respectively.

In this paper, X is always a general member of W (Y, O(k)), where Y C P"*! is a smooth hypersurface
of degree d, and k =2m — d. Since we are interested in counting curves in X which lie over lines in Y,
we will also consider elliptic surfaces S € W(P!, O(k)). For convenience, we gather some properties of
these surfaces.

Proposition 8. For S € W (P, Ok)) a smooth surface, its Hodge numbers are
h'(S,05)=0, h*(S,05)=k—1, h'(S,Qs)=10k.
As a result, e(S) = 12k, which is the number of singular fibers, and the canonical line bundle is given by
ws ~ 7 Op1 (k —2).

Proof. These are standard computations using Noether’s formula and the Leray spectral sequence for 7;
see Lecture III of [Miranda 1989]. U
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Theorem 9. Any elliptic surface S — P! is birational to a Weierstrass surface. Furthermore, there is a
bijection between (isomorphism classes of ) smooth relatively minimal surfaces and Weierstrass fibrations
with rational double points.

Proof. This uses Kodaira’s classification of singular fibers; see Lecture II of [Miranda 1989]. (I

It will be convenient for us to take a further quotient of W (P!, O(k)) to account for changes of
coordinates on the base.

Definition 10. The moduli space for Weierstrass surfaces over P! is given by the (stack) quotient
Wi := W (P!, O(k))/ PGL(2).

Remark 11. Miranda [1981] showed that [S] € W (P!, O(k)) is GIT stable with respect to PGL(2) if and
only if it has rational double points, so Wy has a quasiprojective coarse space with good modular properties.

For any variety ¥ C P"*!, the locus of lines contained in Y is called the Fano scheme' of ¥, and
is denoted
FY)cCG,m+1).

Theorem 12. For a general hypersurface Y C P! of degree d, the Fano scheme is smooth of dimension
2m—d—1=k—1, fork > 0.

Proof. To study the general behavior, we construct an incidence correspondence
Q={(L,Y):LCcY}CcGU,m+1)x PV,

The first projection 2 — G(1, m 4 1) is surjective and has linear fibers of dimension N —d — 1, so Q
is smooth and irreducible of dimension N + 2m —d — 1. The second projection has fiber F'(Y) over
[Y] € PN. To get the desired dimension, it suffices to show that a general hypersurface Y contains a
line, so that the second projection & — PV is surjective. This can be done by constructing a smooth
hypersurface containing a line whose normal bundle is balanced as in [Eisenbud and Harris 2016]. [J

Moreover, if we vary the hypersurface Y, then F(Y) varies freely inside G(1, m + 1). To be precise:

Definition 13. Let Z — B be a submersion of complex manifolds, and let f : Z — P be a family
of immersions { f, : Z, — P}. This deformation is called freely movable if for any xo € Zy and any
v € Ty (xy P, there exists a 1-parameter subfamily 7 C B and a section x(¢) € Z; such that x(0) = xo and
% zzo(f ox)=nv.

The second projection  — PV from Theorem 12 is generically smooth, and the family of embeddings
Q2 — G(1, m+1) is freely movable because for any line L € F(Yj) and tangent vector v € Tj;G, there is
a curve of lines {L,} in the direction v. Since every line lies on a hypersurface, there is a deformation Y,
such that [L,] € F (Y;). This property is useful for proving transversality statements, using:

IThere is a natural scheme structure on F(Y) coming from its defining equations in the Grassmannian, but for our purposes ¥
is general, so F(Y) is a variety.
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Lemma 14. Let (Z — B, f : Z — P,) be freely movable, and fix some subvariety I1 C P. Then for

general b € B, Zy, intersects Il transversely.

Proof. We argue using local holomorphic coordinates. Suppose that IT C P is simply C* C C”, and that
fp» : D" — P is an embedding. Assume for the sake of contradiction that the locus ¥ C D" x B where f;
is not transverse to IT surjects onto B. We may choose 0 € B such that ¥ — B does not have a multiple
fiber over 0. If f is nontransverse to I1 at p € D”, then we have

C' +dfy(T,D") C C".

Let v be a vector outside the subspace above, and use the hypothesis of free movability to find a subfamily
fi : D" — P and section x(¢) € D" such that x(0) = p and %L:O(f ox) = v. Since X does not
have a multiple fiber, there exists another section y(#) € D" such that y(0) = p and f;(y(¢)) meets I1
nontransversely. Now

[i(y(@®) = fo(p) = (i (Y (®) = fi(x (@) + (fi (x(©)) = fo(P))-

At first order in ¢, the left-hand side lies in CY, the first term on the right-hand side lies in the image of d fy,
and the second term on the right-hand side lies in the span of v. This contradicts our choice of v. Since
transversality is Zariski open, we obtain the statement for general b € B. ]

Any smooth curve C C X with class £+nf maps isomorphically to a line L C Y. The preimage 7' (L)
will contain C, so to set up the enumerative problem, we consider the family of all elliptic surfaces over

lines in Y.
Definition 15. Let U — F(Y) x Y be the universal line, and form the fibered product
S =X xyU.
The natural morphism v : ¥ — F(Y) is flat by base change and composition:
S — X
a8
7’ 4
FY)««—U —Y

The family v will be our primary object of study. Its fiber over a line [L] € F(Y) is simply 7 ~!(L).
Proposition 38 shows that for k < 4, the fibers of v have no worse than isolated A, singularities. We have
an associated moduli map to the Weierstrass moduli space

pux : F(Y)— Wy
by restricting the global Weierstrass equation from Y to L.
Lemma 16. The map wx is an immersion for general Y and X € W (Y, O(k)).

Proof. This is a statement about unordered point configurations on P'. The argument is rather technical
and is relegated to Appendix B. U
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If we fix Y and vary X € W(Y, O(k)), we obtain a family of immersions py.

Proposition 17. The family of immersions given by F(Y) x W (Y, O(k)) — Wk is freely movable in the
sense of Definition 13.

Proof. This follows from surjectivity of the restriction map
HO(Y, O(4k)) ® H (Y, O(6k)) — HO(L, O(4k)) @ H(L, O(6k)).
There is no need to vary the line L, only [A : B] € W(Y, O(k)). O

By Lemma 14, we may assume after deformation that px is transverse to any fixed subvariety of W.
This will be applied to the Noether—Lefschetz loci inside W;. The intersection of wx with the discriminant
divisor in W is responsible for the correction term ®(g) in Theorem 5.

3. Noether-Lefschetz theory

Let S € Wi be an elliptic surface. Its Picard rank is automatically > 2 because its Néron—Severi
group NS(S) contains the fiber class f and the class of the identity section z. Any section class has
self-intersection —k by adjunction, so NS(SS) contains the rank 2 lattice:

ra=(11).

We refer to this sublattice as the polarization, and it comes naturally from the elliptic fibration structure.

Remark 18. Except for the K3 case (k = 2), the elliptic fibration structure on S is canonical because K
is a nonzero multiple of the fiber class.

Definition 19. An elliptic surface S € W is called Noether—Lefschetz special if its relatively minimal
resolution has Picard rank > 2.

Theorem 20 [Cox 1990]. All components of the Noether—Lefschetz locus in Wy are reduced of codimen-

sion k — 1, except for the discriminant divisor, which is codimension 1.

Noether-Lefschetz theory is the study of Picard rank jumping in families of surfaces. The short exact
sequence of Shioda—Tate for an elliptic surface clarifies the two potential sources of jumping:

0 — V(S) — NS(S) = MW(S/P!) — 0. 3)

Here V (S) is the sublattice spanned by the zero section class and all vertical classes, and MW (S/ P
is the Mordell-Weil group of the generic fiber, which is an elliptic curve over C(P!). If § is a smooth
Weierstrass fibration, then all fibers are integral, so V() is simply the polarization sublattice. The group
MW(S/ P!) will be torsion-free in the cases that concern us (see Appendix A), so the intersection form on
NS(S) splits the short exact sequence (3). In particular, the orthogonal projection IT : NS(S) — V(8)*
induces an isomorphism of groups

MW (S/P") — V(S)* .
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Lemma 21. If 0 € NS(S) is the class of a section curve, then its orthogonal projection to V (S)* has

self-intersection

—2(z-0 +k).

Proof. Since MW (S /P') is torsion-free, o is orthogonal to all the exceptional curves. The projection can
be computed by applying Gram—Schmidt to the polarization sublattice ( f, z). U

Lemma 22. If o is a section curve, and o*™ its m-th power with respect to Mordell-Weil group law, then
the class of o*™ in NS(S) is given by

[0 1=mo—(m—1)z+(z-0+k)m(@m—1)f.
In particular (6*™) - 7 grows quadratically with m.

Proof. The class on the generic fiber is computed using the Abel-Jacobi map for elliptic curves. To
determine the coefficient of f, use the fact that any section curve has self-intersection —k in NS(S). U

Lemma 23. If o is the class of a section curve, and 1 : S — X is the inclusion morphism, then
(o) =L+ (z-0+k)f € Ho(X, Z).

Proof. The class can be computed by intersecting with complementary divisors. The global section
i(Y) C X has normal bundle Oy (—k), whence the shift. O

Setting NSo(S) := (f, z)+ C NS(S) and V(S) := NSo(S) NV (S), the sequence
0 — Vo(S) = NSo(S) > MW(S/P') — 0

is also split exact. The lattice Vy(S) will be a root lattice spanned by the classes of exceptional curves.
To set up the Noether—Lefschetz jumping phenomenon, we consider the full polarized cohomology
lattice

A(S) := (f, 2)* c H*(S, 7).

Theorem 24. As abstract lattices, A(S) ~ HO*~2 @ Eg(—1)®%, where H denotes the rank 2 hyperbolic
lattice, and Eg(—1) denotes the Eg lattice with signs reversed.

Proof. By Poincaré duality, the pairing on H2(S, Z) is unimodular, and the Hodge index theorem gives
its signature to be (2k — 1, 10k — 1). The polarization sublattice ( f, z) is unimodular, so its orthogonal

complement is as well. The Wu formula for Stiefel-Whitney classes reads
a-a=a-Kg (mod?2),

soa -« €27 for a € (z, f)*. By the classification of indefinite unimodular lattices, there is a unique
even lattice of signature (2k — 2, 10k — 2), namely the one above. ]
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By the Lefschetz (1, 1) theorem, we have
NSo(S) =~ (H**(S) & H**(8)) N A(S),

so the Picard rank jumping can be detected from the Hodge structure of S. There is a period domain which
parametrizes polarized” Hodge structures on the abstract lattice A. A weight 2 Hodge structure can be
interpreted as a representation of the Deligne torus S! =Res¢ /rC, valued in the orthogonal group O (Ag):

¥ :S'— 0(Ap),
such that v (t) =¢? for t € R*. The Hodge decomposition comes from extending linearly to Ac, and setting
HP () ={veAc: ¥ () v=z"2"}.

For fixed Hodge numbers, the group O (ARg) acts transitively via conjugation on the set of such repre-
sentations. This realizes the relevant period domain as a homogeneous space:

D>~02k—-2,106—2)/£U(k—1) x O(10k —2).

This can alternatively be viewed as an open orbit inside a complex flag variety, so in particular it has
a complex structure. It contains a sequence of Noether-Lefschetz loci, which are given by

NL,:= |J (weD:H @) cph,
BeA, (B.B)=—2n

each of which is simultaneously a homogeneous space
NLy, >~ O(2k — 2, 10k — 3)/ Uk —1)x O(10k —3)

and a complex submanifold of C-codimension k — 1. These loci parametrize Hodge structures on A
which potentially come from a surface S with NSy(S) # 0, since 8 € NS(S).
The family .¥ — F(Y) is generically smooth, so we have a holomorphic period map

j:F(Y)---T\D,
defined away from the singular locus, where I" is the image of monodromy for the smooth family, which
lies in the arithmetic group O(A) C O (AR).
Proposition 25. The period map j is an immersion away from the singular locus.

Proof. Combine Lemma 16 with the infinitesimal Torelli theorem of M. Saito [1983] for deformations of

smooth elliptic surfaces. O

By Proposition 38, singularities in the fibers of v are ADE type when k < 4, so the local monodromy
of the smooth family is finite order. This allows us to extend j over all of F(Y) on general grounds
[Schmid 1973]. The extension can be understood explicitly in terms of a simultaneous resolution (see
Theorem 26). The period image of a singular surface is the Hodge structure of its minimal resolution.

2For the rest of the paper, all Hodge structures are assumed to be polarized.
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The Noether—Lefschetz numbers of the family . — F(Y') are morally the intersections of j,[F (Y)] with
NL,, := I'\NL,, ¢ '\ D.

However, since I contains torsion elements, the period space I'\ D has singularities. To compute the
topological intersection product we consider instead the smooth analytic stack quotient [I"\ D]. The
period map j does not lift to this stack, so in Section 4 we construct a stack §(Y) with coarse space F(Y),
admitting a map

j:§(Y) = [O(M)\D].

lifting the classical period map, which extends to all of §(Y).

Lastly, we note that the Noether-Lefschetz loci NLy,, C [O(A)\D] are irreducible after fixing the
divisibility of the lattice vector. This follows from a uniqueness theorem for embeddings of rank 1 lattices
into a unimodular lattice; see Theorem 1.1.2 of [Nikulin 1979]. The locus NL,, C [O (A)\ D] decomposes
into components indexed by m € N such that m?|n. Let v,, € A be a lattice vector of self-intersection
2n/m? so that mv,, has self-intersection 2n. Then we can write

NLy, = [ J 0()\{y € D: H*(9) C vy}

m2|n
4. Simultaneous resolution

In this section, we study flat families of surfaces with rational double points, focusing on the A, case.

Theorem 26 [Brieskorn 1968]. Let w : X — B be a flat family of surfaces over a smooth variety B, such
that each fiber X, has at worst ADE singularities. Then after a finite base change B’ — B in the category
of analytic spaces, the new family t’ : X' — B’ admits a simultaneous resolution, a proper birational

morphism X' — X' which restricts to a minimal resolution on each fiber of .
Etale locally it suffices to consider a versal family. In the case of the A o singularity (x4 y2 =z,
this family is given by
oy = s s, (4)
in the deformation coordinate 5 € S = C”. The base change required is given by the elementary symmetric
polynomials
si = 0i11(0),

where 7 € T = Spec Clt, t1, ..., 1,1/ > t; = CP. The cover is Galois with deck group &, branched
over the discriminant hypersurface. After base change, the equation can be factored

0
x>+ y2 = l_[(z +1).
i=0
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Singularities in the fibers occur over the big diagonal in 7', which is the hyperplane arrangement dual to
the root system A, ~ Z” C C". The &3 covering T — § in the case of A; is pictured below.

A simultaneous resolution can be obtained by taking a small resolution of the total space. This is far from
unique; one can write the total space as an affine toric variety, and then choose any simplicial subdivision
of the single cone:

5 S N N N 5 S N - N - +2
Z.(ey,e,...,€6p42,€1 —€r+€3,€61—€r+€4,...,61 —Er+e€,10) CL T

The smooth fiber in both families is diffeomorphic to a resolved A, singularity, and therefore has
cohomology lattice

H*(X,,Z) ~ Ap(—1).
The Gauss—Manin local system on § — A corresponds to the representation
77.'1(S — A) ~ BI‘p+1 —> 6p+1 — O(Ap),

where Br, 1 denotes the braid group, and &, is the Weyl group of A, acting by reflections. The base
change morphism 7" — S can be interpreted as the quotient C* — C* /&1 > C” by extending the Weyl
group action C-linearly to A, ® C. The quotient map is ramified along the dual hyperplane arrangement
and branched over the discriminant A.

Artin framed Theorem 26 in the language of representable functors.

Theorem 27 [Artin 1974]. For X — B as above, let Resx,p be the functor from Sch /B — Set
which sends

[B' — B+ {simultaneous resolutions X' — X' = X xp B'}.
Then Resx p is represented by a locally quasiseparated algebraic space.
The space is often not separated, even in the case of an ordinary double point A;:

Example 28. Let X — C be the versal deformation of A;: x4+ y2 + z2 = ¢. To build a simultaneous
resolution, we base change by ¢ + t2 and then take a small resolution of the threefold singularity
x2 4+ y2 4 72 = 1> There are two choices of small resolution, differing by the Atiyah flop. Hence, the
algebraic space Resy,c is isomorphic to A, with the étale equivalence relation

Z=AU{(x,—x):x #0} c Al x Al
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To do intersection theory, we want a nicer base for the simultaneous resolution, namely a smooth
Deligne—-Mumford stack. From the perspective of periods we only need a resolution at the level of
cohomology lattices. Let A C B be the discriminant locus of the family, and j : U < B its complement.
Assuming that U is nonempty, we have a Gauss—Manin local system R*7y,(Z) on U(C) whose stalk at
b e U is H*(Xp, Z) equipped with the cup product pairing.

Remark 29. In our situation, we will consider instead the primitive cohomology Rznu*(Z)prim C
R?my.(Z) whose stalk at b € U is isomorphic to the orthogonal complement of the polarization sublattice
(f, z) as defined in Section 3. This is well-defined over U because ( f, z) is monodromy invariant.

The pushforward sheaf
H = j*R27TU*(Z)prim

is a constructible sheaf on B(C) whose stalk at b € A(C) consists of classes invariant under the local
monodromy action.

Definition 30. Let A be the stalk of # over a smooth point b € U (C). A cohomological simultaneous
resolution is an embedding H < L into a local system L on B(C) with stalk A.

If X — B admits a simultaneous resolution, then the local monodromy action is trivial so H is a local
system already. If it does not, then the cohomological resolutions are representable by a stack:

Definition 31. The monodromy stack B over B is the following category fibered in groupoids. An object
of ®B is given by a pair
(f:B = B,i'": f*H L),

where [’ is a local system on B’(C) with stalk A. A morphism from (B, f,’,i’) to (B”, g,”,i") is a
map h : B'— B” such that f = g o i, and an isomorphism ¢ : h*[L — L such that i’ = ¢ o h*i".

To check that %8 is a stack for the étale topology on B, we must verify that isomorphisms form a sheaf,
and that objects satisfy descent. Both of these follow from the corresponding facts for local systems and
the fact that étale morphisms of C-schemes induce local isomorphisms on their underlying analytic spaces.
Automorphisms of an object (B’, f, I, i") are the automorphisms of " which fix i’(f*#). When B’ is
a point p, then H, is the space of local invariant cycles, so the automorphism group is generated by
reflections in the vanishing cycle classes.

Theorem 32. The stack ‘B is Deligne—Mumford.
Proof. We have natural morphisms

Resx/;p — B — B,

since a simultaneous resolution induces a cohomological one. Hence, B is an algebraic stack by
Theorem 27. The Deligne-Mumford property follows from the fact that simple surface singularities have
finite monodromy. U
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Proposition 33. If X — S is the versal family of the A, singularity as described in (4), then its monodromy
stack is isomorphic to

which has coarse space S.

Proof. We define an equivalence of categories fibered over Sch /S. An object of [T/S ,41](Y) consists of
a principal &, -bundle E — Y with an equivariant map f : E — T. Composing with the coarse space
map [7/S,11] — S produces amap f :Y — S. Let L be the sheaf of sections of the associated bundle

E X &, A, —Y,
which has fiber A,. We can describe H as the sheaf of sections of
T X6p+l Ap — S.

To be single-valued in a neighborhood of s € S, a section of 4 must send s to the class of (¢, a), where a is
fixed by all g € Stabg,,, (r). Since the action of G, is generated by reflections in the roots R(A,) C A,
this condition is equivalent to

ae (@t NRAN.

With this in mind, we define
F:={(,a):ae(fey*NR(A)) ) CExA,.
This is &, -invariant, so it descends to
FCEXxg, Ay
over Y. The equivariant map f:E — T induces a map

Exg, Ay > (T Xg,,, Ap) Xs Y. 5

If F is the sheaf of sections of F — Y, then (5) gives an isomorphism

F— f*H.
Morphisms in [7/S,41] are Cartesian diagrams of principal bundles with commuting equivariant maps,
which induce morphisms of the above data. This defines a functor from [T /& ] to the monodromy stack.
Recall that the action of &,41 on A, gives an equivalence from the category of principal &, -bundles
to the category of A ,-local systems. The data of commuting maps to 7' corresponds to the coincidence of
cohomology subsheaves, so our functor is fully faithful.

To show essential surjectivity, let (f : Y — S,i: f*H < L) be an object of the monodromy stack.
The bundle E of Weyl chambers in the stalks of L is a principal &, -bundle over Y. Let A’ C A be
the smallest singular stratum containing the image of f, which corresponds to a partition of p + 1, or
equivalently a conjugacy class of subgroup G C &, 1. The general stalk of f*# is isomorphic to the
invariant sublattice (A p)G. We can form the associated bundle

E:=E X6, Sp+1/G.
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The fact that f*H extends to a local system over Y implies that it is trivial, so E is a trivial bundle. Any
choice of lift Y — T gives rise to an equivariant map from E — 7. Lifting this to an equivariant map
E — T is automatic because each G-coset maps to the same point of 7. U

More generally, if X — B has only A, singularities in the fibers, then étale locally on B, we have

B—>1_[Sj
J

to the versal bases of the isolated singularities in the central fiber. There is an embedding of the associated
root lattice A C A, which induces an embedding of the Weyl group W(A) C O(A). The monodromy of

a morphism

the family lies in W(A), which implies that the diagram

B ——[[;[7;/60,+1]

l

B——— TS,

of stacks is 2-Cartesian. In particular, B is the coarse space of ‘B. If the family has maximal variation at
each singularity then ‘B is smooth.

We apply Theorem 32 to the family v : ¥ — F(Y) to obtain a Deligne-Mumford stack §(Y) such that
the (primitive) Gauss—Manin system on the smooth locus extends to a local system L on all of F(Y) with
stalk A. Let & be the principal O (A)-bundle on §(Y) of isomorphisms from L to the constant sheaf A.
There is an equivariant map from € — D sending a point in € to the Hodge structure on A obtained by
identifying the stalk of L with A via the isomorphism. This data gives the desired stacky period map

j:§(Y) = [O(M\D]

extending j : F(Y) --» O(A)\D.

5. Modularity statement

The work of Kudla and Millson produces a modularity statement for intersection numbers in a general
class of locally symmetric spaces M of orthogonal type. In this section, we summarize the material in
[Kudla and Millson 1990],% and adapt it to our situation.

Let M be the double quotient I'\O(p, )/ K of an orthogonal group on the left by a torsion-free
arithmetic subgroup preserving an even unimodular lattice A C R?*, and on the right by a maximal
compact subgroup. This is automatically a manifold, since any torsion-free discrete subgroup acts freely on
the compact cosets. We can interpret O(p, [)/K as an open subset of the real Grassmannian Gr(p, p +1)

3We match the notation of [Kudla and Millson 1990] for the most part, but all instances of positive and negative definiteness
are switched.
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consisting of those p-planes Z C RP** on which the form is positive definite. For any negative definite
line (v) C RPY, set
Coy:={ZecO(p,1)/K :Z C (v)*}}

which is R-codimension p. Indeed, the normal bundle to 5(1;) has fiber at Z equal to Hom(Z, (v)). While
the image of c vy In M may be singular, it can always be resolved if we instead quotient by a finite index
normal subgroup of I'. Furthermore, [Kudla and Millson 1990] gives a coherent way of orienting the 5(1;),
so that it makes sense to take their classes in the Borel-Moore homology group H f/i” (M )~ HP(M).

For any positive integer n, the action of I" on the lattice vectors in A of norm —2n has finitely many
orbits [Borel 1969]. Choose orbit representatives {vy, ..., v¢}, and set

k
Czn = U C(vi)-
i=1

The image of 52,1 in the arithmetic quotient M is denoted by C5,. Locally, 5,1 is a union of smooth (real)
codimension p cycles meeting pairwise transversely, one for each lattice vector of norm —2n orthogonal
to Z. We quote the following result directly from [Kudla and Millson 1990], in the case of Sp(1) >~ SL(2):

Theorem 34. For any homology class a € H,(M), the series

o0
aNe(VY)+ Z o N[Cyp] 27N

n=1
is a classical modular form for t € H of weight (p +1)/2. The constant term is the integral of the Euler
class of the (dual) tautological bundle of p-planes.

Remark 35. The statement in [Kudla and Millson 1990] does not specify the level, but when the lattice A
is even and unimodular, we will see that the level group is the full modular group SL,(Z). The proof of
Theorem 34 proceeds by considering the functional ® : (A ® R) — C on Schwartz functions given by
a sum of delta functions supported at lattice points:
O=>) 5.
VEA
Now (A ® R) admits an action of O (A ® R) x Mp,(R), where the first factor acts by precomposition,
and the second factor acts via the Weil representation. Explicitly, the generators S and T of Mp,(Z) act via

sgn(A)mi/4
NV fx),

where f denotes the Fourier transform. Since I' C O (A), we see that ® is I'-invariant. Observe that ® is

(T-Hx)=e""Y f(x) and (- f)(x)=

also Mp, (Z)-invariant, using the Poisson summation formula combined with the fact that A is even (for
T), unimodular (for S), and sgn(A) is divisible by 8. Kudla and Millson then defined the composition

6:H"

cts

(O(Ap), Z(AR)) =5 H* (T, #(AR)) 2> H*(T,C) ~ H*(M, C).
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The cohomological theta correspondence is a morphism:
H{(M,C)® Hi ' (O(AR), .7 (Ar)) = €= (Mp,(R)), (e, v) = @(g) = f mAO(g-v),
M

for g € Mp,(R). The action of Mp,(R) on H} (O(Ar), ~(ARr)) induces an action of its complexified
Lie algebra, which splits into h @ py @ p_ (the Cartan, holomorphic, and antiholomorphic parts). If v
is annihilated by p_, and h acts on v with weight w, then ¢ descends to a holomorphic modular form
of weight w/2 for Mp,(Z). If m is even, then this modular form descends to SL,(R). Kudla and Millson
constructed special classes v such that the resulting ¢ has only positive Fourier coefficients controlled
by intersection numbers with the special cycles Cy,.

To apply this statement to our situation, we note that the further quotient map
g:D—> 02k—-2,10k—2)/0(2k —2) x O(10k —2)

is a smooth proper fiber bundle with fiber SO (2k—2)/U (k—1). Given a positive definite real (2k—2)-plane
Z C Ap, a polarized Hodge structure is given by a choice of splitting

Ze~H"? @ H>® c A¢

into a pair of conjugate complex subspaces, isotropic with respect to the form. A fiber of g over [Z]
corresponds to this choice, which does not affect the orthogonal complement of Z. Thus, the Noether—
Lefschetz loci in D are pulled back from the symmetric space:

NL,, = g~ (Cap).

The constant term of the series can be interpreted in terms of the Hodge bundle on I'\ D. Indeed, if V is
the tautological bundle of p-planes,

g*V ® C — V0,2 @ V2,0,

where each summand is isomorphic to g*V as a real vector bundle. There is a natural complex structure
on V2 coming from the Hodge filtration, so we can take its Chern class:

cop(VZ0) = g¥e(V).

Theorem 34 is only proved for I' torsion-free, so that M is a manifold. For our application, we need to
allow torsion elements, since ADE singularities have finite order monodromy. For convenience, we will
take I' = O (A).

Lemma 36. O(A) contains a finite index normal subgroup which is torsion-free.

Proof. This is a well-known result of Selberg; see for instance Corollary 17.7 in [Borel 1969]. ]
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We denote the torsion-free subgroup by I'is C O (A). The analytic stack [ O (A)\ D] can be realized as the
quotient of a complex manifold by a finite group G >~ O (A)/ I's. The spaces described above are related by

D:=T¢\D

N

[O(AM\D] M

=

where & is a G-cover, and g is a proper fiber bundle. The modularity statement carries over to intersections
on the stack as follows. If @ € H,([O(A)\D], Q) is a rational homology class, and NL,, C D is the
Noether-Lefschetz locus in the manifold D,

an h*[ﬁQn] =h*aN [WQn] =h*an g*[CZn] = g*h*a N[Cal,

by repeated applications of the push-pull formula, which is valid for smooth stacks of Deligne-Mumford
type in the sense of [Behrend 2004]. Since the locus NL,, inside D is O(A)-invariant, its pushforward
under & acquires a multiplicity of |G|. This overall factor can be divided out from the generating series.
With these adjustments, we modify Theorem 34 to fit our Hodge theoretic situation:

Theorem 37. For any homology class a € H,([O(A)\D], Q), the series

[e.¢]
9(q) =aNcp() + Y aN[NLy,1q"
r=1
is a modular form of weight 6k — 2 and level SL,(Z). The constant term is the integral of the top Chern
class of the dual Hodge bundle.

We apply this statement to the o = j,[§(Y)], as defined in Section 4. To compute the intersection
product, we spread out the period map to a section of a smooth fiber bundle over §(Y). Using the principal
O(A)-bundle & — F(Y) in the definition of j, we set

D(L):= D x o) €=[(D x €)/0(A)],

which admits a section s : F(¥) — D(L) coming from the graph of the period map. The Noether-Lefschetz
loci can be spread out similarly
ﬁ,zn(ﬂ_) = ﬁzn X0(A) ¢.

By Lemma 2.1 of [Kudla and Millson 1990], after further shrinking I'is, we may assume that NL,, C D
has only normal crossing singularities. As a result, the map from the normalization NL,, (L)™™ — D(L)
is a local regular embedding. The section s : F(Y) — D(L) is also local regular embedding of stacks, and
it fits into the 2-Cartesian square:

W — s NLy, (L)nom

1l

F(¥) —>— D(L)
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The desired intersection number is given by
J<[F (V)1 N [NLy,] = su[F(¥)] N [NLy,, (1)™™] = deg s'[NLp, (1)"™] = deg g'[F(Y)].

We use Vistoli’s formalism [1989] to write the Gysin map g' in terms of a normal cone. Let N = (s')*N,,
a vector bundle containing the normal cone Cyw z(y). Since W C §(Y) is a closed substack of a Deligne—
Mumford stack, and N is the dual Hodge bundle on W, we are in the algebraic setting of Vistoli, so
the intersection number is given by OBV[C w/g)]. This can be computed étale locally on §(Y). If
f:Z — §(Y) is an étale morphism from a scheme, we can form the fibered product

DW)z:=Z x D(L)— Z
F(Y)

which also admits a section sz : Z — 5([|_) z. Lastly, we form Wz = Z xzy) W and m,zn([L) 7 =
D(L)z X 1, NLy, (L). This spaces fit into the cubic diagram below, where each face is 2-Cartesian.

Wy, NL,, (L) 7
\ gZ\
P
|14 l NL,, (L)
z ¥ D)y g
\ \ _
3() > D(L)

The front and lateral sides are 2-Cartesian by construction, the bottom uses the fact that s is a monomor-
phism, and the top and back are proven by repeated application of the universal property. All the diagonal
morphisms are étale, by stability of the étale property under base change. The normal cones are related by

Cw,z = () Cwzm)-
Assuming that Z covers the support of W in F(Y), we have
deg g[Z] = deg(f) - deg ¢'[F(V)].
We use this formula in Section 7 to compute the contributions of 0-dimensional intersections to the ®(q)

correction term.

6. Discriminant hypersurfaces

Consider the cuspidal hypersurface cut out by A =4A3+27B? of degree 12k inside P”"*!. The intersection
multiplicity of a line L C P"*! with A dictates the singularities in the surface 7 ~'(L). Mildly singular
elliptic surfaces still have pure Hodge structures (given by a minimal resolution), and the presence of
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exceptional curves makes these surfaces Noether—Lefschetz special. The contributions of such singular
surfaces to the modular form ¢(g) are enough to determine it uniquely. In this section, we compute those
contributions using classical enumerative geometry.

Proposition 38. The fibers of v : ¥ — F(Y) have isolated rational double points of type A,,.

Proof. The surface 7 ~!(L) can only be singular at the singular points of the cubic fibers, since elsewhere
it is locally a smooth fiber bundle.

o If L intersects Ay, at a point p with multiplicity u, then the local equation of 7~ 1(L) near the node
in the fiber 7! (p) is
X2+ y2 =",

Thisisan A, singularity.* We refer to such lines as Type 1.

o If L intersects Agjyg = (A) N (B) at a point p, then the fiber 77 '(p) has a cusp. The local equation
of m~1(L) there depends on the intersection multiplicity o (resp. 8) of L the hypersurface (A)
(resp. (B)):

x4 y? =1 + 1P,

This singularity can be wild for large values of « and B, but the codimension of this phenomenon
isa+pB —1. For k <4, only A; and A, singularities can occur for L € F(Y) since the latter has
dimension k£ — 1. We refer to such lines as Type II.

o ‘ B ‘ Type
n>1 1 Ag
1 n>1| A
2 2 Ay

Lastly, we must rule out the possibility of lines L C Y lying completely inside A, because otherwise
7~ 1(L) would not be normal. For this, consider the incidence correspondence

Q={(L,[A:B]): 4A>+27B%)|, =0} C F(Y) x W(P"*!, Ok)).

The first projection Q2 — F(Y) is surjective and has irreducible fibers. To see this, note that if
(4A3 +27B?%)|;, =0, then
Alp=-3f% Blo=2f

for some f € HO(P!, O(2k)), by unique factorization. The codimension of this locus in W (P!, O(k)) is
greater than
8k >k—1=dimF(Y).

Hence, the second projection is not dominant, so for general A and B, there are no lines on Y contained
inside the discriminant hypersurface. O

4By convention, Ay means a smooth point.
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We introduce tangency schemes to record how these A, singularities appear,

Definition 39. Given a partition u of 12k, let

T.(A) = {L:AsmﬂL=Zujpj} CG(,m+1).

Proposition 40. For general A and B, T,,(A) has codimension

I
> =1
j=1

when the latter is < k < 4.
Proof. For the partition (i1, 1, ..., 1), consider the incidence correspondence
Qu, ={(L, p.[A:B]): p € L, multy(A° + BY)|L = pi} CU x W(P"!, 0(k)),

The first projection €2,,, — U has fiber cut out by w1 equations on W, which we wish to be independent.
Setting A(t) =ag+ait+--- and B(t) = bg+ bt + - - - for ¢ the uniformizer at p, the differential of the
multiplicity condition is given by

3a} 0 0 0---25 0 0 ---0
6aoa; 3a3 0 0 --- 2b; 2bp O --- 0
6a0a2+3af 6apa; 3a§ 0 --

- 2by 2b; 2by --- O

The rows are independent unless ag = bg = 0. In this case, comparing the ¢-valuations of A, B, and
A3 + B2 we see that A(r) (resp. B(t)) is actually divisible by /#1731 (resp. ¢/#1/21) when | < 6. There
is an entire irreducible component

Quu={(L,p,A, B):peL, mult,(A) > [w;/3], mult,(B) > [u1/2]} C Q

whose fiber a pair (L, p) is a linear subspace of W. For u; < 6, ,, is equidimensional with two
irreducible components of dimension dim G + 1 4+ dim W — .

Q=Q,, 1UQ, 1.

Note that €2,,, 11 consists of lines with points which lie in the singular locus of A, where A = B = 0.
Since we are ultimately interested in 7, (A), which is defined in terms of tangency at smooth points of A,
we focus on €2, 1. Consider the second projection €2, 1 — W. It is dominant by a dimension count, so
the general fiber must have codimension p; — 1.

The case of a general partition p is similar; gather only the multiplicities u; (1 < j <[) which are
greater than 1, and consider

Qu={(L.proop A B pye L (A B) L =Y 1ipi| € Uxo - xaU)x WE™, O(K)
= UxW.
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Consider the fiber at (L, p1, ..., p;) € % for distinct points p; € L. If A and B do not simultaneously
vanish at any of the points, then the matrix of differentials can be row reduced to a matrix with blocks of
the form

1 2 .3
Eaﬁ(l,x,x X7 ) e=p; O <n<upu;).

This is a generalized Vandermonde matrix which has independent rows since the points are distinct. If A
and B vanish simultaneously at some p;, then in fact they vanish maximally, which is a linear condition
on W of the expected codimension. Hence, the general fiber of €2, — % has 2! irreducible components,
which collapse over the big diagonal. Since the monodromy is trivial, we conclude that €2, itself has 2! com-
ponents. We are only interested in one of them, €2,, 7, which gives the desired codimension for 7,,(A). [

Next, we will show that Type Il lines L € F(Y) are always limits of Type I lines (when k£ < 4), so we
can effectively ignore them. Trailing 1’s in the partitions are suppressed for convenience.

Lemma 41. Let J, g(A, B) C G(1, m+1) be the locus lines L meeting (A) (resp. (B)) with multiplicity o
(resp. B) at a common point p € (A) N (B). Then we have

J12(A, B), J13(A, B) CT2(A);  22(A, B) CT3(A).
These are the only Type Il lines which remain after intersecting with F(Y).

Proof. Since J1 2(A, B) is codimension 2, we intersect A with a general P2 c pmtl containing p. The
Type 11 lines are those which pass through the cusps of P> N A in the preferred (cuspidal) direction.
They lie in the dual plane curve to P2 N A. Since J22(A, B) and J; 3(A, B) are codimension 3, we
intersect A with a general P3 c prtl containing p. The lines in J, 2(A, B) are those tangent to the curve
P3N (A) N (B). They are always limits of flex lines at smooth points of P3N A, by a local calculation.
The lines in J; 3(A, B) are those meeting P3N (A) N (B), while being flex to P3 N (B). They are always
limits of tangent lines at smooth points of P> N A, by a local calculation. U

With these dimension results in hand, we turn to degree computations. The main tools are the Pliicker
formulas relating degree, # of nodes, and # of cusps for a plane curve (d, §, ¢) with those three numbers
for the dual curve (d*, §*, ¢*). Note that §* (resp. ¢*) is the number of bitangent (resp. flex) lines to the
original curve.

Proposition 42. The class of To(A) in Hapy—2(G(1, m + 1)) is Poincaré dual to
12k(6k — 1) - 07 € H*(G(1, m + 1)).

Proof. We intersect [T>(A)] with the complementary Schubert class o !, which is represented by a pencil
of lines in a general P> C P"*!. Since P> N A is a curve of degree d = 12k with ¢ = 4k - 6k cusps, the
intersection number is given by the Pliicker formula for the dual degree:

d* =d(d—1)—3c. O
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Proposition 43. The class of T3(A) in Hyy—4(G(1, m + 1)) is Poincaré dual to

24k(10k —3) - 011 + 24k(6k — 1)(4k — 1) - 05 € HY(G(1, m + 1)).

Proof. First, we intersect [73(A)] with the class o'!!, which is represented by all the lines in a general
P2 c P+, The intersection number is again given by the Pliicker formula for flex lines applied to P> N A:

¢* =3d(d —2) — 8.

Next, we intersect with the class o2, which is represented by all lines through a point in a general
P? ¢ P"*!. To compute this number we find the top Chern class of a bundle of principal parts. Consider
the universal line U — G(1, 3) x P3, and let P denote the bundle whose fiber at a point (L, p) is the
space of 2nd order germs at p of sections of Oy (12k). The surface P?> N A induces a section of P, by
restriction, vanishing at each flex. By standard arguments in [Eisenbud and Harris 2016], P admits a
filtration with successive quotients given by

5 Ops (12k), 73 0p3 (12k) ® Q6. 75 Op3 (12k) ® Sym*Qy, 6.
By the Whitney sum formula, its top Chern class is given by

c3(P) = (12k¢) ((12k — 2)¢ 4 01) ((12k — 4)¢ + 207)
= 96k(6k — 1)(3k — 1)¢3 + 48k (9%k — 2)¢ %0y + 24k o?,

where ¢ denotes the relative hyperplane class on U — G(1, 3) as a projective bundle. We intersect this
class with oo € H*(G(1, 3)) to get the number of flex lines for A passing through a general point in P>,

c3(P) - 00 =96k(6k — 1)(3k — 1) + 48k (9% — 2) + 24k.

This number is too high, since lines meeting (A) N (B) tangent to (B) have vanishing principal part, and
each contribute multiplicity 8 by a local calculation. If 6 : (B) — P3* is the Gauss map associated the
hypersurface (B), the number of such lines is

deg(0](a)n(p)) = 4k - 6k(6k —1).
Subtracting this cuspidal correction from the Chern class gives the desired number. O
Proposition 44. The class of T2 2(A) in Hap—4(G(1, m 4 1)) is Poincaré dual to
108k (3k — 1)(8k?> — 1) - o1 + 36k (6k — 1)(4k — 1)(3k — 1) - 02 € H*(G(1, m + 1)).

Proof. The intersection of [7 2(A)] with the class o s given by the Pliicker formula for bitangent lines
applied to P2 N A:

_ d*(d*—1)—d —3c*

= 5 .

8*
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Next, we intersect with the class o2, which counts bitangent lines to S = P3N A passing through a general
point p € P3 ¢ P"*!. Consider the projection from p

m,:5— P2
The normalization of S is a smooth surface §, and we write
Iyl P S — p?

for the composition. The ramification curve R = R’ U R” has two components: R’ is the preimage of the
cusp curve, and R” is the closure of the ramification locus for IT, : Sy, — P2. These lie over the branch
locus B = B'U B” C P2 The degree of B” was already computed in Proposition 42,

deg(B") = 12k(6k — 1),

so we know its arithmetic genus. Nodes of B” correspond to a bitangent lines to S through p, and cusps
of B” correspond to a flex lines to S through p, which we already counted in Section 6. There are no
worse singularities in B” for a general choice of p, so it suffices to compute

8(B") = pa(B") — g(R").

The Riemann—Hurwitz formula says that

Realizing S inside the blow up of P3 along ¥ = P3N (A) N (B), the adjunction formula reads
Ks= (12k—4)H — E = (12k —4)H — 2R’.
Combining these equations, we deduce that
R" = (12k —1)H —3R’.
This is enough to determine the genus of R”, using
H-H=12k; H-R =24k* R -R =48k

The latter can be computed inside the projective bundle PNy, /p3, where R’ is the class of PNy (p). As
an additional check, observe that

R’ - R" = 24k*(6k — 1) = deg(0a(B)),
which agrees with the cuspidal correction from Section 6. Finally, we use the genus formula on R”:
2¢—2=(Ks+R")-R"; 8(B")=12k(9% — 1)(6k — 1)(4k — 1).

Subtracting the flex line count from Section 6 leaves the desired number. U
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In the sequel, we will use the notation
ty =Ty (A)]- F(Y)

when this intersection is O-dimensional, that is,

)
D wj—D=k-1.
j=1

By the results of Section 4, the stack §(Y) will have isotropy group

Sy,

l
=1

J
at these isolated points.

7. Counting curves

We begin by discussing the case kK = 1, which is trivial because the period domain is a point. Since F (Y)
is O-dimensional, let N, = #F (Y), and we may assume that for each [L] € F(Y), the rational elliptic
surface S = 7w~ !(L) is smooth. Every class in the polarized Néron—Severi lattice NSo(S) ~ Eg is the
orthogonal projection of a section curve. The degree shifts from Lemmas 21 and 23 match, so we have

Z”X(n)qn = NmeEg(CI) — Ny,
n>1
and O, (g) is the modular form of weight 4, as desired.

For 2 < k <4, recall the family of elliptic surfaces v : . — F(Y) defined by the diagram

S — X

A1

F(Y) U Y

The period map j : F(Y) — O(A)\D lifts to an immersion of stacks j : F(¥) — [O(A)\ D] of Deligne—
Mumford type. Theorem 37 applied to o = j,[F(Y)] yields a classical modular form ¢(g) of weight
6k — 2 and full level. Our first task is to determine this modular form. We start by computing the constant
term as the top Chern class of the dual Hodge bundle:

Definition 45. The Hodge bundle of the family v : .¥/ — F(Y) is defined as the pushforward of the
relative dualizing sheaf:

A= (wy/F(y))-
Proposition 46. Let S be the tautological rank 2 bundle on F(Y). Then

A~ Sym3(SV)® OF)(o1).
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Proof. Writing v as the composition u o 7/, we compute the pushforward in stages.

T (wypy)) =0y v @ T 0y F(y))
=7 (wy/0) @ Wy F(y)
= Oy (k) @ wy/F(v)
= Oy (k) @ Oy(=2¢) @ u*Op(y)(o1)

using the fact that 7’ is a Weierstrass fibration, and u is the restriction to F(Y) of the projective bundle
P(S) — G(1, m + 1). Next, we compute

1Oy (k= 2)8) ® u*Or(y)(01) = Sym**(8") ® Opr) (o1) O
The top Chern class of A is enough to determine the constant term of ¢(g) when k = 2. Indeed:

Proposition 47. For k = 2, 3, 4, the space of modular forms Mod(6k — 2, SL,(Z)) has dimension 1, 2, 2,

respectively.

Proof. This follows from the presentation of the ring Mod(e, SL(Z)) as a free polynomial ring on the
Eisenstein series £4 and Eg. O

The positive degree terms of ¢(q) are Noether—Lefschetz intersections. By the split sequence of
Shioda—Tate, there are two sources of jumping Picard rank in the family of Hodge structures.

» Resolved singular surfaces have nontrivial Vp(S). If e is the class of an exceptional curve, then
(f, z, e) has intersection matrix

1 0
1 -k O
0 -2

o Surfaces with extra sections have nontrivial Mordell-Weil group MW (S/P!). If & is the class of a
section, then ( f, z, o) has intersection matrix

0 1 1
1 -k z-0
1 z.0 —k

By the shift in Lemma 21, the Mordell-Weil jumping starts to contribute at order ¢g¥, which matches
the shift in Lemma 23 for the rational curve class on X. Thus, terms of order < k are determined by
enumerating the singular surfaces.

Remark 48. Every vector in the sublattice MW (S/P') corresponds to the class of some section curve.
On the other hand, classes in V((S) are less geometric: they are arbitrary Z-linear combinations of
exceptional curve classes, which are accounted for by the theta series ®(q).
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For k = 3, we can compute the full generating series. The ¢! term is given by

[oli =3[S()]- [NL2],

which is an excess intersection along T>(A) N F(Y). If v € A lies in Z+ with v? = —2, then any integer
multiple mv € A lies in Z+ with (mv)? = —2m?, and the corresponding component of NL,,,» meets F(Y)
with isomorphic normal cone. As a result this excess intersection contributes 6;(q) to the generating
series ¢(g). Next, the g2 term is given by

[¢l2 =3 [S(¥)]- [NL4],

which is a O-dimensional intersection along 7> 2(A) N F(Y). Since §(Y) has isotropy group G, x &,
there, we can compute

[pl = 1 02.2.

This completely determines the modular form ¢(g), so we can solve for [¢];. The only remaining singular
surfaces which contribute are the O-dimensional intersection along 73(A)N F(Y). Since §(Y) has isotropy

group G3 there, we have
0(q) = 3191101(q) + 1 12.2(61(9)* = 261(9)) + £ 13(62(9) — 361()) + Y _ rx(m)q"
n>3

For each successive singular stratum, we subtract the root lattice vectors which are limits of previous
strata. There are 3 copies of A| in A, and there are 2 copies of Aj in A x Ay, so we subtract the double
counted exceptional classes.

For k = 4, there are too many undetermined excess intersections (denoted a;) to determine ¢(g), but

we still have the general form

0(q) =0+ Y _rx(mq",

n>4

where the theta correction term is given by

0(q) = a161(q) +ax(61(q)* = 201(g)) + a3 (62(q) — 301(q)) + t2(83(q) — 462(q) — 301(q)* + 1861 (q))
+122(01(9)° —361(9)) +12,3(61(9)02(q) — 461 ().

We conclude with two examples of the full computation:
Example 49. m =d =2.

The quadric surface ¥ C [P? is isomorphic to P! x P!, and the Weierstrass model X is a Calabi—Yau
threefold sometimes called the STU model. Its curve counts were computed previously, and can be found
in [Klemm et al. 2010].

¢(q) = —2E4Es;  O(gq) = —266+2646;.
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Example 50. m =2,d = 1.

The hyperplane ¥ C P3 is isomorphic to P2 and the Weierstrass model X is a Calabi—Yau threefold,
which can also be realized as the resolution of the weighted hypersurface

XisCP(,1,1,6,9).

The topological string partition function of X is computed in [Huang et al. 2015], but our formula is the
first in the mathematical literature.

0(q) =R E;+ L3ELEL O(q) = 47253 — 9358260, + 46008 0 + 324 6.
Example 51. m =3, d = 3.
The hypersurface Y C P* is a cubic threefold, and the Weierstrass model Y is a (non-CY) fourfold.

0(q) =BE R E2 ©(g) = 2089215 — 41075106, + 1969272 67 + 49140 6;.

8. Future directions

Theorem 5 gives a generating series for true counts of smooth rational curves on X lying over lines
in Y. One can ask how this relates to the generating series for genus 0 Gromov—Witten invariants, which
virtually count nodal rational curves. When X is a threefold, the work of Oberdieck and Shen [2020] on
stable pairs invariants of elliptic fibrations implies via the GW/pairs correspondence [Pandharipande and
Pixton 2014] that

Y GWi(E+nf)g" =) niq)"*,
n=0

where 1(q) is the Dedekind eta function. We can recover this formula in the case k = 2, and for general k
the ©(q) correction term from Theorem 5 yields formulas for the local contributions of A, singular
surfaces S C X to the stable pairs moduli space; compare with [Toda 2015].

Counting curves in base degree e > 1 presents challenges involving degenerations of Hodge structures.
The analog of the family v in this situation is

S — X
o
7’ T
My(Y,e) +—C——Y
where the Fano variety is replaced by the Kontsevich space of stable maps. At nodal curves
UG, =Y,
the fiber of v is a surface with normal crossings,

S=a"Y(CHur"(Cy),
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which does not have a pure Hodge structure. Thus, the associated period map
My(Y,e) --»T\D

does not extend over all of M (Y, e). Since the Noether-Lefschetz loci in ['\ D are noncompact, we must
compactify the period map to a larger target in order to have a topological intersection product. Such
a target (I'\ D)* is provided in [Green et al. 2017], which satisfies the Borel Extension property for all
period maps coming from algebraic families. The boundary of the partial completion (I'\ D)* consists
of products of period spaces of lower dimension, whose Noether—Lefschetz classes satisfy a modularity
statement. Motivated by this observation and computations in the Hermitian symmetric case, we make a
conjecture for higher base degrees.

Let X be a Weierstrass fibration in W (Y, O(k)), where Y C P"*! is a hypersurface of degree d, and

=(Ppn-a+(2-2)

Note: m =2 (mod e) is equivalent to integrality of this expression.

Conjecture 52. Let rx (e, n) be the number of smooth rational curves on X in the homology class el + nf.
Then for ke <4 orm = 2,

Y rxle.n)q" =¢(@) - O(),

n>1
where ¢(q) € QMod(e, SLy(Z)), and ©(q) € Q[61, 63, 03] <e-

Recall that quasimodular forms are an enlargement of the algebra of modular forms to include the
Eisenstein series E;:

QMod(e, SLy(Z2)) = Q[E,, E4, Es].

Appendix A: Torsion in the Mordell-Weil group
Let S — P! be a regular minimal elliptic surface. The vertical sublattice
Vo(S) CNSy(S)

is a direct sum of ADE root lattices, one for each singular fiber. The discriminant group d; of each root
lattice is the component group of the Néron model for the degeneration. A torsion element of MW (S /P!)
restricts to a nonidentity component on some fiber, so we have an embedding of finite abelian groups

TMW(S/P") — P d;
i
Furthermore, TMW(S/P') is totally isotropic with respect to the quadratic form on the discriminant
group. For the surfaces appearing in this paper (with k < 4), the discriminant group is sufficiently small
that there are no nontrivial isotropic subgroups, so MW (S/P') is torsion-free.
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Appendix B: Configurations of points on a line
We study configurations of 6k unordered points on P!. The moduli space of point configurations is given by
Mg, := P% / PGL(2).

We will often ignore phenomena in codimension > k, since dim F(Y) =k —1and F(Y) C G(1,m + 1)
is freely movable. Away from codimension k, there are at least

6k —2(k — 1) = 4k +2

singleton points. In particular, all such configurations are GIT-stable. For a fixed general hypersurface
B C P"*! of degree 6k, we have a morphism

¢ G, m+1) - Mg,
given by intersecting with B. First we show that when m is large, ¢ has large rank.

Lemma 53. If2m > 4k, then d¢ has rank > 2k at lines L meeting B in > 4k + 2 reduced points.

Proof. Consider the incidence correspondence
Q:={(B, L) :rank(d¢p) < 2k} C PY x G(1,m+1).

The second projection 2 — G(1, m + 1) is dominant, and we study the fiber of this morphism. Assume
that B intersects L transversely at g, o, p1, pa2, - . ., pak. Pick coordinates on P! such that T,B~P"
is the hyperplane at infinity, o is the origin, and 7, B is orthogonal to L. The remaining points are nonzero
scalars, so we assume that p; = 1. Pick coordinates on G(1, m 4 1) near L by taking pencils based at
g € L and 0 € L in a set of m general P?’s containing L. At each marked point p;, the transverse tangent
space T), B is given by some slope vector

X,- e C".

The (4k — 1) x (2m) matrix for d¢ restricted to these points is given by

prhy=hy A=Ay phi—A3 A=Ay e podf =25 A=A

1 1 1 1 2 2 2 2
I I e R B e IR e I
Pahy = hige A= My Paidi =My A= Agy o padi = Mg A=

The coordinates of X,' are free, and the small rank variety is cut out by the (2k) x (2k) minors of this
matrix. This is a linear section of a determinantal variety, defined by a 1-generic matrix of linear forms in
the sense of [Eisenbud 1988]. By the principal result of [Eisenbud 1988], it has the expected codimension

c=QRk)2m —-2k+1) > 2m.

Hence, the projection  — PV is not dominant for dimension reasons. ]
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To understand the tangent space to F(Y) inside G(1, m + 1), we use the short exact sequence of
normal bundles
0— NL/Y — NL/[P""‘*" — NY/D:Dm-H |L —> O,

0— H(Npjy) = HY(Npjpns1) = HO(Nyjpns).
The tangent space Tj1F(Y) ~ H O(NL /v) can be identified with the kernel of
HO(L, 0(1)®™) - H(L, O(d)).

This linear map can be understood as follows: for a set of m general P?’s containing L, consider
Yyn |]3>l.2 = L UC;. The residual C; N L is a section of g; € H*(L, O(d — 1)), and together they give the
map. In coordinates, the matrix looks like

g 0O g 0O - 0
812 811 822 &21 - 8ml
81d 81(d—-1) 82d 82(d-1) --- 8m(d-1)
0 g O ga -+ &u

Only the residuals matter when determining H O(NL /v), and any set of residuals forms g; € H O(L,0d-1))
comes from a hypersurface Y containing L.

Proposition 54. When 2m > 4k, the morphism
pux : F(Y)— Mg

is an immersion for general Y and X € W(Y, O(k)).

Proof. Consider the incidence correspondence
Q:={(Y,L): L CY, dux is not an immersion} C PV x G(1, m).

The second projection 2 — G(1, m + 1) is surjective, and we study the fiber of this morphism. The
condition Y C L is codimension d + 1, so we need k more independent conditions for the codimension
to exceed 2m. For this, we use another incidence correspondence: let K = ker(d¢y.)) C C*" which has
dimension < 2m — 2k by Lemma 53, and consider

Q= {(M,w) :w C ker(M)} c P"~1 x PK,

where C"? ¢ Hom(C?>", C?*1) is the subspace of matrices which come from residual forms. It suffices
to prove that 771 (22') € P"“~! has codimension > k. The fibers of the second projection Q' — PK are
cut out by d + 1 linear conditions in md variables. In terms of the coordinates of w, the conditions are

wy 0 0 0 --- w3 0 0 O
w2 Wi 0 o --. W4 W3 0 0
0 w2 Wi 0O --- 0 w4 W3 0
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The degeneracy loci of this matrix are high codimension in PK by explicit calculation with minors, so
we have the dimension count:

dim Q' =dimPK + (md — 1) — (d + 1)
<Cm-2k—-1)4+@md—-1)—CCm—k+1),

codimm(Q) > 2m—k+1)—Q2m —2k—1) =k +2. O

Proposition 55. When 2m < 4k, the morphism
ux : F(Y)— Wy

is an immersion for general Y and X € W (Y, O(k)).
Proof. Since 2m — 6k — 1 < 2m — 4k — 1 < 0, general forms A € HO(P"*!, 4k) and B € HO(P"*!) do
not vanish on any line. Hence, we have a morphism

daB: G, m~+1) — My x Mg

which we claim is an immersion on F(Y). Since F(Y) C (1, m) is freely movable, we may assume that
each line intersects A and B at > 8k + 2 reduced points. Consider the incidence correspondence

Q= {([A: B, L) : duz) is not injective} € W(P" 1, O(k)) x G(1, m +1).

The fiber of the second projection 2 — G(1, m 4+ 1) is a linear section of a determinantal variety, as in
Lemma 53. By [Eisenbud 1988], it has the expected codimension:

c=B8k+2)—2m+1>2m.

Hence, the projection 2 — W (P! O(k)) is not dominant for dimension reasons. U
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Quadratic Chabauty for (bi)elliptic curves
and Kim’'s conjecture

Francesca Bianchi

We explore a number of problems related to the quadratic Chabauty method for determining integral
points on hyperbolic curves. We remove the assumption of semistability in the description of the quadratic
Chabauty sets X'(Z ), containing the integral points X'(Z) of an elliptic curve of rank at most 1. Motivated
by a conjecture of Kim, we then investigate theoretically and computationally the set-theoretic difference
X(Z,)2\ X(Z). We also consider some algorithmic questions arising from Balakrishnan and Dogra’s
explicit quadratic Chabauty for the rational points of a genus-two bielliptic curve. As an example, we
provide a new solution to a problem of Diophantus which was first solved by Wetherell.

Computationally, the main difference from the previous approach to quadratic Chabauty is the use of
the p-adic sigma function in place of a double Coleman integral.

1. Introduction

Let (E, O) be an elliptic curve over Q and fix an odd prime p of good reduction. Denote by £ the
minimal regular model of £ and by X the complement of the origin in &.

When E has Mordell-Weil rank 1 and the Tamagawa number of E /Q is trivial at all primes, Kim [2010a]
described an explicit locally analytic function on X'(Z,) which vanishes on the set X(Z) of global
integral points.

Subsequently, Balakrishnan, Dan-Cohen, Kim and Wewers [Balakrishnan et al. 2018] generalised the
result to arbitrary semistable elliptic curves of rank 1 and gave a similar p-adic characterisation of X'(Z)
when FE is semistable and has rank 0.

The discussion fits into Kim’s nonabelian Chabauty programme as introduced in [Kim 2005; 2009]. In
particular, Kim constructed a sequence of subsets of p-adic points

X(Zy) D X(Zp)1 D X(Zp) DD X).

The p-adic locally analytic functions from [Balakrishnan et al. 2018] are essentially those that define
X(Z )2, the set of cohomologically global points of level 2, in the larger X' (Z,).

The subscript n in X'(Z ), indicates a particular quotient U, of the unipotent p-adic étale fundamental
group U of A (at a tangential base point). The set X'(Z ), is then defined in terms of certain “unipotent
Kummer maps” from X' (Z) and X (Z,), at every prime ¢, to global and local cohomology sets with

MSC2010: primary 11D45; secondary 11G50, 11Y50, 14H52.
Keywords: quadratic Chabauty, p-adic heights, integral points on hyperbolic curves.
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U, -coefficients, respectively, in a way that generalises to objects with nonabelian étale fundamental group
the role played by @Q,-Selmer groups in our understanding of rational points on abelian varieties.

Despite its abstract cohomological definition, the set X(Z,), is believed to be computable in practice
[Balakrishnan et al. 2018] as a union of intersections of zero loci of locally analytic functions defined in
terms of iterated p-adic integrals. Unfortunately, such a characterisation is yet to be provided for n > 3.

Nevertheless, the explicit description of X'(Z) in the rank 0 semistable case given in [Balakrishnan
et al. 2018] was already sufficient to collect some computational evidence for the following special case
of a conjecture of Kim (see [Balakrishnan et al. 2018, §3.1]).

Conjecture 1.1 (Kim, 2012). For sufficiently large n, we have
X(Zp)p =X (2).
Indeed, the authors of [loc. cit.] verified the equality
X(ZLp)r=X(2)

for the prime p = 5 and for all the 256 semistable elliptic curves of rank O for which they computed
X(Zp)>. An additional test that was performed by the same authors was that of fixing X’ and varying
the prime p: once again, no point in X'(Z,)> \ X(Z) was found. No other study of the difference
X(Zp)2 \ X(Z) appears in the literature, hence motivating the following two questions:

Question 1.2. Does there exist any elliptic curve of rank 0 for which X'(Z,), contains at least one point
which is not in X' (Z)?

Question 1.3. What geometric or algebraic properties should a point in X(Z,)> \ X (Z) satisfy?

One goal of the present paper is to give answers to these questions, with the idea that elliptic curves
should serve as a test case for a conjecture that is in fact formulated by Kim in much greater generality
than how we stated it here, and that as such would have striking applications if it were to hold. Indeed, X
could be replaced by a suitable Z-model C of any hyperbolic curve over Q with good reduction at p. In
particular, the conjecture would give an effective approach towards finding the set of rational points on a
curve of genus g > 2.

In the elliptic curve case, the conjecture might not have direct Diophantine interest, in the sense that
there already exist algorithms for the computation of integral points on elliptic curves [Smart 1994; Peth6
et al. 1999; Stroeker and Tzanakis 1994], and the rank O and 1 instances which we will explore are
particularly well understood. However, the known explicit versions of nonabelian Chabauty for curves
of higher genus (cf. [Balakrishnan et al. 2016; 2019a; Balakrishnan and Dogra 2018]) all generalise the
explicit description of X'(Z ), for elliptic curves of rank at most 1. Therefore, a conceptual understanding
of the zero sets of the p-adic equations defining X'(Z)); is essential to hope to achieve something similar
in more complicated settings.

In general, even finiteness of C(Z ), for n large enough is only conjectural (but see [Kim 2010b; Coates
and Kim 2010; Ellenberg and Hast 2017; Balakrishnan and Dogra 2018] for results in this direction, and
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[Kim 2009] for a proof assuming the Bloch-Kato conjecture). If g > 2 and, for a given n, C(Z,), is finite
and explicitly computable to arbitrary p-adic precision, then the Mordell-Weil sieve could be used to try to
provably extrapolate C(Z) from C(Z,),. However, the Mordell-Weil sieve is not guaranteed to terminate.
Thus, finiteness of C(Z,), would not be sufficient to imply an effective version of Faltings’s theorem.

Suppose now that C(Z,), is finite for n sufficiently large. One reason for expecting that the inclusion
C(Z) C C(Zp)n should eventually become sharp is explained in [Balakrishnan et al. 2018, §1.8]: assuming
some well known motivic conjectures, the number of algebraically independent locally analytic functions
vanishing on C(Z ), is strictly increasing in n (for n > 0). See also [Balakrishnan et al. 2018, §1, §3.4]
for the philosophy behind Conjecture 1.1 (in its general form) and for its relationship with the conjectural
finiteness of the Tate—Shafarevich group and with Grothendieck’s section conjecture.

For an elliptic curve of rank 1, finiteness of X'(Z)), can only hold at level n > 2. On the other hand,
for a rank O elliptic curve, X'(Z ) is finite and there are two independent equations defining X'(Z,), (see
Theorem 1.6 below), hence justifying why Question 1.2 had proved itself arduous. We show, however,
that the answer to the question is negative. More precisely, we prove the following two theorems (see
also Theorem 4.10).

Theorem 1.4. There exist infinitely many rank O elliptic curves for which
X(2) C X(Zp)2

for infinitely many good primes p.

Theorem 1.5. There exists exactly one rank O elliptic curve of conductor at most 30000 for which
X(2) & X(Zp)2

for all primes p of good (ordinary and supersingular) reduction. This is the curve 8712.u5 [LMFDB
2019].

When we analyse these results in conjunction with Question 1.3, it will become apparent that they
should not be considered as negative evidence for Conjecture 1.1. We will return below to discussing
Theorems 1.4, 1.5 and answers to Question 1.3 in the context of the methods we develop in order to
prove them. For the reader’s convenience, let us first digress to write down the equations defining X'(Z ).
In fact, the very first goal of this article is to extend the explicit description of X'(Z,), to an arbitrary
elliptic curve of rank 0 and at the same time correct a slight imprecision in the analogous statement in the
semistable case [Balakrishnan et al. 2018, Theorem 1.12] (see Remark 2.6).

Before stating the theorem, we introduce some additional notation, which is convenient to maintain
similar to [Balakrishnan et al. 2018]. Let £ be described by

y2+a1xy+a3y=x3+a2x2+a4x+a6 (D)

and let S be the set of primes at which E has bad reduction.
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For each g € §, define the set W, C Q, as follows. If the Tamagawa number at ¢ is 1, let

Wq = {0};
in all other cases,
b d . _ . . . . .
_ {an if g =2 and E is split multiplicative at g,
g W;ad U {0} otherwise,

where W;ad is the finite subset of Q, described in Table 1 (with F =@ and v = (g,) = (¢)); in particular,
W;’ad only depends on the reduction type of E at g. Let

w=[]w,
qes

and, if w € W, write |w| =) ges Wq- Let b be the integral tangent vector at the origin which is dual to

w(0), where
dx

w=——
2y +aix +a3

and let n = xw. Furthermore, for z € X' (Z,) write

Z z
Log(z) :/ w and Dy(2) :/ wn,
b b

where the integrals are Coleman integrals.
Theorem 1.6. Suppose that E has rank O and the p-primary part of the Tate—Shafarevich group is finite.

(1) If, for at least one of q € {2, 3}, the reduction of E at q is good and E(I]:q) = {0}, or if E has split
multiplicative reduction of Kodaira type 11 at 2, then

X(Zp)2=X(Z)=o.

(2) Otherwise,
X(Zp)= | ¢,

weW

where
¢ (w) ={z € X(Zp) :Log(z) =0,2D1(z) + ||lw] = 0}.

We also remove the assumption of semistable reduction in the rank 1 case [Balakrishnan et al. 2018,
Proposition 5.12]. Assume E has good ordinary' reduction at p. Let E; be the Katz p-adic weight 2
Eisenstein series [Katz 1976] and let

c_ at +4a, — E»(E, w)
12 ’

(@)

1Although not explicitly stated in [Balakrishnan et al. 2018], their statement also holds only when p is ordinary. However, a
similar result holds in the supersingular case; see Remark 2.8.
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Let h, : E(Q) — Q) be (—2p) times the p-adic height of [Mazur et al. 2006] and define

. hp (zo)
~ Log(z0)?

for a nontorsion point zg € E(Q).
Theorem 1.7. Suppose that E has rank 1 and that p is a prime of good ordinary reduction.

(1) If, for at least one of q € {2, 3}, the reduction of E at q is good and E([Fq) = {0}, orif E has split
multiplicative reduction of Kodaira type 11 at 2, then

X(Zp)r=XZ)=2.

(2) Otherwise,
X@) cx@ph=J vw,

weW

where

¥ (w) ={z € X(Z,) : 2D2(2) + C(Log(2))” + | w| = ¢(Log(2))*}.

According to [Balakrishnan et al. 2018], the set |_J,, .y ¥ (w) should equal X'(Z,): hence the notation
X(Z,)}. Section 2 is devoted to the proofs of Theorems 1.6 and 1.7.

The equations defining the sets of p-adic points of the two theorems can be given an elementary
interpretation as linear relations amongst Q,-valued quadratic functions on E(Q), dictated by the assump-
tions on the rank. More precisely, any global p-adic height E(Q) — Q,, (of Bernardi, Coleman—Gross,
Mazur-Tate) vanishes identically if the rank is 0, and is a scalar multiple of Log? | £ if the rank is 1.
To go from here to a p-adic approximation of the global integral points, one invokes the decomposition
of the p-adic height on E(Q) \ {O} as a sum, over the nonarchimedean primes ¢, of local p-adic heights
Ag t E(Qy) \ {0} — Q. Indeed, the restriction of A, to X'(Z,) D X(Z) has finite image for all ¢ # p,
zero image for almost all ¢ # p, and is locally analytic for g = p.

This point of view is crucial in our investigation, in Section 3, of what points could arise in X'(Z )2\ X (Z)
in rank 0. Recall that no example of an elliptic curve of rank 0 and a prime p for which X(Z,), 2 X(Z)
was previously known. A careful study of the Mazur—Tate and Bernardi local p-adic heights allows us to
deduce possible obstructions to the sharpness of X'(Z)», and to give necessary and sufficient conditions
for a point in X'(Z,) \ X(Z) to belong to X'(Z,)>.

First note that a point in X'(Z,); is algebraic, since it is in the zero set of the abelian logarithm Log.
Our sufficient conditions then come from studying how automorphisms of E /@ affect the values of the
local p-adic heights at certain algebraic points, and from an analysis of noncyclotomic p-adic heights
over nontotally real number fields. A combination of these two phenomena explains the appearance of
extra points at level 2 in the family of quadratic twists of the modular curve X¢(49) (see Proposition 3.14).
As an application, in Section 3C we prove Theorem 1.4.
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As regards necessary conditions for X'(Z,); to contain parasite points, we prove a sort of “p-adic
height saturation” condition (see the discussion in Section 3D):

Theorem 1.8 (Theorem 3.18). Let E/Q and p be as in Theorem 1.6. Suppose that z € X(Z )2 \ X (Z).
Then z is the localisation of a torsion point P over a number field K and, for each rational prime q, the
value Aq(P) of the local height at q of the cyclotomic p-adic height of E /K is independent of the prime

qlqof K.

We then present in Section 4 the computations of the sets X'(Z,), for all the elliptic curves over Q
of rank 0 and conductor less than or equal to 30000 and for some choices of p. We propose a slightly
different but equivalent way of computing the set X'(Z,)>, compared to the one used in [Balakrishnan
et al. 2018]. In particular, our method does not rely on general algorithms to compute double Coleman
integrals, but rather uses Bernardi’s and Mazur and Tate’s description of the p-adic height on an elliptic
curve to express the double Coleman integrals in terms of p-adic sigma functions.

Our computations (run on SageMath [2017-2019]) suggest that the failure of sharpness of X'(Z,)>
is still to be considered a rare phenomenon, which we were always able to explain using the sufficient
conditions of Section 3. Extra points become even more exceptional if we allow the prime p to vary. In
particular, we prove Theorem 1.5 (see Theorem 4.10).

In future work, it would be interesting to verify whether Conjecture 1.1 holds at level 3 for the curves
and primes for which we found #X(Z ), > #X(Z).

When E has rank 1, the set described in Theorem 1.7(2) is generally larger than X' (Z). Naively, this is
because X'(Z,)} is cut out by the vanishing of one function only. In Section 5A, we ask what algebraic
points can belong to X(Z,), \ X(Z). In Section 5B we compute X'(Z,,)}, for all the 14783 rank 1 elliptic
curves of conductor at most 5000; for each curve, we let p be the smallest prime greater than or equal
to 5 at which the curve has good ordinary reduction.

Finally, in Section 6 we apply some of our techniques for elliptic curves to the computation of rational
points on certain genus 2 curves C over (). Indeed, when C admits degree 2 maps to two elliptic curves
over Q, each of rank 1, Balakrishnan and Dogra [2018] described a @ ,-valued locally analytic function on
C(Q,) vanishing on C(Q). This is defined using local p-adic heights on each elliptic curve. We explain
how one can replace direct computations of double Coleman integrals with computations involving the p-
adic sigma function and division polynomials also in this situation. We make the computation explicit for
a curve arising from a problem from the Arithmetica of Diophantus and use it to give an alternative proof
to the one given by Wetherell in his thesis [1997] of the fact that the curve has exactly 8 rational points.

Balakrishnan and Dogra implemented their method numerically in some examples. However, algorith-
mically, their approach was still based on a case-by-case study. This consideration applies especially to a
preliminary step which consists in the computation of two finite subsets of Q,, (which play the role of the
set ||W || above). By combining results of [Balakrishnan and Dogra 2018] with properties of local p-adic
heights on elliptic curves, in Section 6A we offer a more general and applicable numerical approach to
the method. For example, we give an algorithm that takes as input a bielliptic curve C whose associated
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elliptic curves have Mordell-Weil rank 1 together with a good prime p and outputs a finite set of p-adic
points containing C(Q) (i.e., we remove the preliminary computation step). In doing so, we also provide
a more elementary proof and approach to the explicit result of [Balakrishnan and Dogra 2018].

The code used for the computations in this article is available at [Bianchi 2019].

2. Description of X (Z,),

2A. The p-adic height and its local components. Let p be an odd prime and extend the usual p-adic
logarithm log : 1 + pZ, — @, to @} via log(p) = 0.

Let E be an elliptic curve over Q as in Section 1 and assume E has good reduction at p. We
will sometimes need to consider the base-change of E to a number field F (whose ring of integers is
denoted OF); thus, we do not restrict the following definitions to E(Q). Let

h,:E(F)— Q,

be a cyclotomic? p-adic height of Coleman—Gross (see [Coleman and Gross 1989] and [Balakrishnan
and Besser 2015]). The use of the indefinite article here is due to the dependence of /1, on a choice that
will be made explicit in Section 2A2. The function £, is quadratic, i.e., satisfies the relation

h,(mP) =m?h,(P) forallmeZand P € E(F),

and is defined as a sum of local heights, one for each nonarchimedean prime of F. In particular, we have?
h,(0) =0 and for P € E(F)\ {0}

1
ho(P)= > ndy(P),

where the sum is over all finite primes v of F, n, = [F, : Q,] and
A E(F)\{0}— Q,

is a p-adic local Néron function at v.
Let g, be the norm of v and | - |, be the normalised absolute value corresponding to v. That is, if
x € F*, we have
—ordy(x)/ny
v 9

x|y =¢q

where the valuation ord, is such that ord, (F,) = Z.

21f the space of continuous idele class characters A;f /F* — Q) has dimension larger than 1, we will see in Section 3B that
one can define other types of p-adic heights.

3Here we choose to normalise the p-adic height in such a way that it becomes independent of the choice of the field F
containing the coordinates of P; note that this is not the case in many other articles, such as [Mazur et al. 2006].
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2A1. The p-adic local Néron function at a nonarchimedean prime v { p is equal to the real local Néron
function A, at v with the p-adic logarithm in place of the real one. Thus, any reference that we provide
for A, can be applied also to our setting. For instance, analogously to the real case, for v { p, the following
properties determine a unique function A, : E(F,) \ {0} = Q:

(i) Xy is continuous on E(F,) \ {O} and bounded on the complement of any neighbourhood of O with
respect to the v-adic topology.

(i) limp_ o (Ay(P) —log|x(P)|y) exists.
(iii) A, satisfies the quasiparallelogram law: for all P, Q € E(F,) such that P, Q, P+ Q # O, we have

M(P+ Q)+ ay(P — Q) =20(P) +224,(Q) —2log [x(P) — x (D)o 3)

Uniqueness follows from topological reasons. For existence, it suffices to show that the p-adic analogue
of ’):U obtained as described above satisfies (i)—(ii1) (see [Silverman 1994, VI, Exercise 6.3]).
We also have

@iv) Forall P € E(F,) and all m > 1 with mP # O,
ho(mP) = mhy (P) = 210g | fin (P,
where f,, is the m-th division polynomial of E (see for instance [Silverman 2009, III, Exercise 3.7]
for the definition of f,,). We say that A, is quasiquadratic.
Moreover, uniqueness implies the following key fact:
(v) If ¢ is an automorphism of E defined over F,, then A, (¥ (P)) = L, (P) for all P € E(F,).

See also [Bernardi 1981] for a more general transformation property under isogeny.

We wish to determine which values A, can attain on X' (O,), where O, is the ring of integers of F,
and v 1 p. For this, it will be convenient to assume that £ is minimal at v. If that is not the case, we can
always switch to a minimal equation at v and use the following (see [Cremona et al. 2006, Lemma 4]):

Ay =AM 4 Llog |A/A™R,, 4)

where A denotes the discriminant and the superscript min has the obvious meaning. See also Remark 3.3.
So assume for the rest of this subsection that A, is computed with respect to a minimal model at the
prime v. Denote by E, (F,) the group of nonsingular points of the reduction of £ modulo v and let

Eo(F,) ={P € E(F,): P € Ex5(Fy)}.
If E has good reduction at v, we may also write E(F,) for E,(F,).
Lemma 2.1. Suppose v1 p. Then
(@) if P € Eo(Fy) \{O}, 2,(P) =log(max{l, |x(P)[v});
(1) if P &€ Eo(Fy), Ay(P) depends exclusively on the image of P in E(F,)/Ey(Fy).
Proof. See [Silverman 1988] or [Cremona et al. 2006, Proposition 5]. U
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Proposition 2.2. Ifv{ p and [E(F,) : Eo(F,)] =1, then

0} if #E,5(F,) > 1
3 (X(0y) = {{ e

@ otherwise.
Proof. By Lemma 2.1(3i), 1, (X (0,)) € {0}, with equality if and only if X(O,) # &. Let

E\(F,) ={P € E(F,): P =0}
in particular, X' (O,) N E{(Fy) is empty and every point in Eq(F,) \ E1(F,) comes from a point in X' (O,).
According to [Silverman 2009, VII, Proposition 2.1], the sequence
0— EI(FU) - EO(FU) - Ens(n:v) —0

is exact, which proves the proposition. Il

We now give an elementary necessary condition for #E,,(F,) = 1. We show it is also a sufficient
condition in all cases except when v is of good reduction.

Lemma 2.3. The group E s (F,) has cardinality at least 2 in all of the following cases:
(1) E has additive or nonsplit multiplicative reduction at v.
(2) E has good reduction at v and q, > 4.
(3) E has split multiplicative reduction at v and g, > 2.

Conversely, if E has split multiplicative reduction at v and q, = 2, then
#Ens(”:v) =1

Proof. If E has additive reduction at v, then E s (Fy) = [, always contains at least two elements. If the
reduction is nonsplit multiplicative, then

Eps(Fy) = {a € K : Nijg, (@) =1},

where [k : F,] =2 and Nyf, is the field norm of k/F,. Thus, if g, > 2, then the statement is clear; if
gv =2, then k is the splitting field of x* — x over [, and each element in k* has norm 1 over F,.

When E has good reduction at v and ¢, > 4, the Hasse bound yields #E(F,) > 1. Finally, if the
reduction is split multiplicative, then E s (Fy) = Fx. ]

Proposition 2.4. If vt p and [E(F,) : Eo(F,)] # 1, then

Yy bad i =2 and E is split multiplicative at v,
Rohu(X(On)) = {Wl‘)md u{0) ZtZerise ' ’
v 9

where W})’ad is defined in Table 1.
Proof. By a similar argument to the proof of Proposition 2.2, each non trivial coset of E(F,)/Eo(Fy)

is represented by an element in X'(O,) and there exists at least one point in X'(O,) which reduces to a
nonsingular point in E,s(F,) if and only if #E s (F,) > 1.
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Kodaira symbol [E(F,) : Eo(F))] wyed
2 (nonsplit —2logq,
- (nonsplit) | '{ 7logq, |
n (split) {1 1ogg,:1<i=<|2]}

1 2 {—3logqy}

v 3 {-3logqy}

I 2 or 4 {—loggu}

2 _10 v

D=1 { gq4}
4 {~loggy, -+ log g, }

v* 3 {—%logq,}

I 2 {—3logq,}

Table 1. The sets WP,

By Lemma 2.13), if P € X(O,) reduces to a nonsingular point, then A, (P) = 0; by Lemma 2.3, such P
exists unless g, =2 and E is split multiplicative at 2.

Therefore, by Lemma 2.1(ii), it suffices to show that W,E’ad coincides exactly with the values of nyA,
on E(F,)/Eo(Fy,)\{0}. For this, we use the work of Cremona, Prickett and Siksek [Cremona et al. 2006]
for the local heights of the real canonical height. The proof of [loc. cit., Proposition 6] can be used
verbatim here with the p-adic logarithm in place of the real one and Table 1 is nothing but the translation
of [Cremona et al. 2006, Table 2] to the p-adic setting. (|

2A2. The p-adic local Néron function at a prime v | p is not unique: it depends on a choice of subspace
N, C H(}R(E / F,) complementary to the space of holomorphic differentials (see [Coleman and Gross
1989]). Let &, be the one-form of the second kind with a double pole at O and no others, representative of
the class in N, dual to w with respect to the cup product (i.e., such that [@] U[§,] = 1). Let trf, @, denote
the field trace. Then by [Balakrishnan and Besser 2015, Theorem 4.1], for all P € E(F,) \ {O} one has

1 P
)\.U(P):n—tI'Fv/@p(Z/b a)év)
v

& =n+yw forsomey € F,

In particular,

and hence

ho(P) = - trp, g, 2D2(P) + ¥ Log(P)?).

ny
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In [Balakrishnan and Besser 2015, Corollary 3.2], it is shown that if E has good ordinary reduction at v
and N, is the unit root eigenspace of Frobenius, then 1, is related to the logarithm of the v-adic sigma
function of Mazur and Tate [1991].

In fact, it is easy to see that their proof shows the following stronger result.

Proposition 2.5. Let x(t) be the Laurent series expansion of x in terms of the parameter for the formal
groupt = —x/y. Let ov(y)(t) =t+--- € F)[[t]] be the unique odd* function satisfying

1 da,fy))

O,v(y) w

d
x(t)+)/=—5(

and let V be a neighbourhood of O on which alfy) converges. Then, for all P € V \ {O}, we have
2
ho(P) = —=trr, g, (log, (0,” (P))),
v

where log, : F,© — F, extends log.

For our applications, we may assume that there is an isomorphism F, >~ Q,, which is now fixed.
Since A, is not unique, we will use the following convention. If the reduction is good ordinary at each
prime v above p, we choose N, to be the unit root eigenspace of Frobenius, i.e.,

y=C,
where C is defined in (2). If P belongs to the formal group at v, then Proposition 2.5 says that
hy(P) = —2log(o,(P)),

where o, is the Mazur—Tate p-adic sigma function. Furthermore, in this case the global p-adic height
coincides with the p-adic height of Mazur—Tate.
If E is good supersingular at some prime v | p, we let, for each v | p,

B a%—|—4a2
12

so that a,fy) is the p-adic sigma function of Bernardi [1981]. This choice of y gives a power series alfy)(t)

with coefficients in F (and in fact Q in our case), which is related to the Taylor expansion o (z) of the
complex Weierstrass sigma function by the change of variables z = L,(¢), where L, is the formal group
logarithm. Unlike the p-adic sigma function of Mazur and Tate, the one of Bernardi does not converge
on the whole formal group over F,, as it may not have p-adically integral coefficients, as a power series

,(,y) converges on all the points P of

in . However, since we are assuming that F, >~ Q),,, the function o
the formal group whose coordinates are defined over F,, since these satisfy ord, (¢ (P)) > 1/(p — 1).
In both the ordinary and supersingular cases, A, satisfies (see [Coleman and Gross 1989; Mazur and

Tate 1991; Bernardi 1981]):

40dd as a function on a subset of the formal group and not as a function of 7.
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(i) Xy is locally analytic on X' (QO,).
(i1) For all P € E(F,) and all m > 1 with mP # O,

h(nP) =2k, (P) = 2 ey, a, (g, (fn (PY).
(ii1) For all P, Q € E(F,) such that P, Q, P £ Q # O,
WP+ Q) AP — Q) = 20,(P) £ 20,/(0) — 2t (log, (x(P) ~ x(Q).

@iv) If ¢ is an automorphism of E defined over Fj, then A, (¥ (P)) = Ay(P) for all P € E(F,). In
view of the assumption that F, ~ Q, and by Deuring’s criterion, at supersingular primes this is
simply saying that A, is an even function. At ordinary primes, let { be the root of unity such that
Y*(w) =¢w. Then f,, (Y (P)) = Cl_mz Jm(P) by [Mazur and Tate 1991, Appendix I, Proposition 2],
and the Mazur-Tate p-adic sigma function satisfies o, (¥ (P)) = {0, (P) if P is in the formal group
[Mazur and Tate 1991, §3]. The claim then follows since log(¢) = 0. Note that invariance under any
automorphism would also hold if we used the Bernardi sigma function to define the local heights at
ordinary primes, since for curves of j-invariant O or 1728 the weight 2 Eisenstein series vanishes, so
the Bernardi and Mazur-Tate p-adic sigma function are equal.

We also remark that if L/F is a finite field extension, w is a prime of L above v, where v is any prime
of F,and P € E(F),), then

Ay(P) = Ay (P).

2B. Proof of Theorems 1.6 and 1.7. 1t would be pointless to reproduce here the whole proofs, as they
are straightforward from Section 2A and the proofs in [Balakrishnan et al. 2018]. Thus we content
ourselves with giving a sketch and correcting a few imprecisions in [loc. cit., Theorem 1.12].

We start with some notation and we refer the reader to [Kim 2005; 2009; Balakrishnan et al. 2018]
for more details. Let 7 = S U {p} and denote by G the Galois group of the maximal extension of (2
unramified outside 7. For a prime g, write G, for the absolute Galois group of Q,. For g € T, G, may
be identified with a subgroup of Gr. For g ¢ T, this is not possible; however, we may still define maps
G, — G which are trivial on the inertia subgroup I, < G,.

Let U be the unipotent p-adic €tale fundamental group of A7 at b and U, the quotient of U by the
n-th level of its central series.

For each prime ¢ and n > 1, we have commutative diagrams

X)) ——— X(Zy)

| s

| locy |
Hf(GT’ Un) — H (Gq» Un)
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Here the H'! are cohomology sets and H}(GT, Uy, = (loc’;,)_l (H}(Gp, U,)), where H}(Gp, U,) is the
subset of H' (G »» Up) of crystalline U,-torsors. We are interested in determining
X(Zp)n = (j3)~" (och (Sel" (X)),
where the Selmer scheme Sel” (X) is defined as
Sel" () = () (oc)) ™" (Imjj}).
q#p

From now on, we will focus on n = 2 and will drop the superscript n from the maps j, and loc,.

Proof of Theorem 1.6. 1If X(Z,) is empty for some g, then X'(Z), is trivially empty. Lemma 2.3 shows
that this occurs precisely when E has good reduction at ¢, where ¢ =2 or 3, and E (Fy) ={0}, or when E
has split multiplicative reduction of type I; at ¢ = 2. This shows (1).

We may now suppose that X'(Z,) # & for all g (including g = p). Since E(Q) has rank 0 and the
p-primary part of the Tate—Shafarevich group is finite, by Lemma 5.2 in [Balakrishnan et al. 2018],

Sel*(X) C H{(Gr, @, (1)),

where H}(GT, Q,()) C H}(GT, Us) via0 — Q,(1) = Uy — V,(E) = 0.
For g # p, we have

Jg 1 X(Zy) — H (G, Up) ~ H'(G,,Q,(1) ~Q,

the last map being c +— log x Uc e H 2(Gq, Q,(1)) =~ Q,, where yx is the p-adic cyclotomic character
and U is the cup product (note log x € H' (G4, Qp)). The middle bijection is proved in [Balakrishnan
et al. 2018, §4.1.5]. Thus, finding the image of j, is equivalent to finding

{#g(2) :=1log x U jy(2) 1z € X(Zy)}.
Theorem 4.1.6 in [Balakrishnan et al. 2018] shows that
2¢4 1 X(Zy) — Qq, z+> 2(log x U j4(2))

is the restriction to X'(Z,) of a p-adic local Néron function in the sense of Section 2A1 and must thus be
equal to the function 2.
In particular, for each g # p, the set 2¢, (X' (Z,)) is the finite set described by Propositions 2.2 and 2.4.
The cup product log x Uc, forc € H } (Gp, Qp(1)), and local reciprocity also yield an isomorphism

Yy Hi(Gp, Q,p(1)) = H*(Gp, Qp(1)) ~ Q

and we get a commutative diagram

H{(Gr, Qp(1)) ‘i> H{(Gp, Qp(1)) & D,es H' (G, Qp(1))

lg log xU- lz

H2(Gr,Q,(1) Suerloey Dyer H* (G, Qp(1)) =D, er Qp
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On the other hand, by global class field theory and Hilbert’s Theorem 90, the image of H>(G 7, Q »(1)
in the bottom row is the kernel of the map
Pa, -0, @ g
qgeT q
and by dimension considerations, one concludes that the map g is in fact also an isomorphism.
From above we know that the image of &P qes Jg(X(Zy)) in &P qes Q, is precisely (%) P qges W,, where

o if [E(Qy) : Eo(Qy)] =1, then W, = {0};
o if [E(Qy) : Eo(Qy)] # 1, then
_ {W};ad if ¢ =2 and E is split multiplicative at g,
7 W;ad U {0} otherwise
and W;’ad is defined in Proposition 2.4.

Let W =]] ges W,. It follows from the above that for every w = (wg)4es € W there exists a unique ¢ €
H} (Gr, Qp(1)) with 2(log x Uloc, (¢)) = w, for every g € S. Further, this satisfies 2y, (loc,, (c)) = —||w]|.
On the other hand, if g ¢ T and c € H} (Gr,Q,(1)) then loc, (c) =0 and Im(j,) = {0} by Proposition 2.2.
Therefore,

Sel*(X) = () loc ' (Im j,)
qeS

and
loc, (Sel? (X)) = | J{c € H{(Gp. Qp(1) : 2/ (c) + [w]| = 0).
weW
It remains to compute the preimage of this set under j,. As is shown in [Balakrishnan et al. 2018, §5.7],
we find
X(Zp)2 ={z € X(Zp) :Log(z) =0,2D»(2) + wll = 0};

indeed, the condition Log(z) = 0 is equivalent to requiring that
Jp(@) € H{(G,, Q,p(1) C H{(Gp, Un)
and the other condition comes from the explicit formula

Up(ip@) = Da(z) for j,(z) € HHG . Qp(1)). O

Remark 2.6. The corrections to the proof in [Balakrishnan et al. 2018] made here are the following. First
of all, if X(Z,) is empty for some g, the proof does not hold. Of course this is a trivial case (treated in (1)),
but it is not clear that the union given in [loc. cit., Theorem 1.12] should be empty. In fact, in Example 4.2
we find a curve satisfying the hypotheses of Theorem 1.6(1), but for which |,y ¢ (w) # @.
Secondly, if the reduction type at ¢ is nonsplit multiplicative of type I,,, with m > 2, not all the values
in their sets W, will be attained by a point in E(Qy) \ Eo(Q). Therefore, if a prime in S is nonsplit
multiplicative, their statement should just be an inclusion of X'(Z); into the union of the W (w). One
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should note, however, that it seems like this was taken care of in the computations when the Tamagawa
number at g is 1, but not when it is 2 (and hence m is even).

For the same reasons, if ¢ =2 is a prime of split multiplicative reduction of type I, with m > 0, the
element O should not be included in W,,.

We remark that in all the examples they provided the set they computed turned out to be equal to X' (Z)
and hence to X' (Z),.

Remark 2.7. The proof of [Balakrishnan et al. 2018, Theorem 1.12] is rather technical. However, for an
elliptic curve of any rank, denoting by X' (Z)ors the set of points of X' (Z) of finite order, the easier statement

X@)ors € | J{z € X(Z,) : Log(z) =0,2D1(2) + [|w] = 0} (5)
weW
is elementary to prove. Indeed, the condition Log(z) = O cuts out the torsion points in X'(Z,). On the
other hand, let
{ C if E is ordinary at p,
)/ =

%(a% +4a;) otherwise.

Then we have

Log(z) =0, {Log(z) =0 {Log(z) =0
{2D2(Z)+||w|| =0 e 2D>(z) + y Log(z)* + [w] =0 = Ap(@) + [lw|| =0

and, for z € X(Z), hp(z) = Ap(2) + [|w]| for some w € W, where h, and A, are the global and local
p-adic heights of Section 2A. In particular, if z € X'(Z)ors, we have h,(z) = 0. In fact, we could have
also obtained a height function by setting the local height at p to be the dilogarithm 2D;(z).

Proof of Theorem 1.7. The proof of part (1) is identical to the proof of Theorem 1.6(1). The proof of
part (2) is straightforward from Section 2B and the proof of [Balakrishnan et al. 2018, Proposition 5.12]:
the idea is that any two quadratic functions on the rank-one E(Q) must be linearly dependent. Note that
in the semistable case our statement is slightly different, as our set W is smaller if there are primes of
nonsplit multiplicative reduction of type I,,,, with m > 2 and also if ¢ = 2 is a prime of split multiplicative
reduction (cf. Remark 2.6). ([l

Remark 2.8. Theorem 1.7 is a consequence of the quadraticity of the p-adic height and of the square
of the elliptic curve logarithm. Of course, that the latter function is quadratic follows from the linearity
of the logarithm. We remark that Log? is in fact the p-adic height attached to the basis element w of
the Dieudonné module of E, in the language of generalised p-adic heights (see for instance [Stein and
Wauthrich 2013, §4]), whereas the p-adic height &, of Mazur—Tate is the one attached to an eigenvector
with unit eigenvalue under the action of Frobenius. We could remove the assumption that p is ordinary in
the statement of Theorem 1.7 if we replaced C with 1—12(af +4ay) and let i, be the global p-adic height
that we defined in Section 2A when p is supersingular.
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3. Obstructions to X' (Z) = X (Zp); in rank 0.

We now derive some criteria for X(Z,), 2 X(Z). In Section 4, we will compute X'(Z ), for several
curves and provide explicit examples for the results of this section. Since a necessary condition for
7 € X(Z)), is that Log(z) = 0, which can only occur if z € X'(Z,)1ors, after having fixed all appropriate
embeddings, we must have

X(Zp)2 CED)ors = E@)rons-

In Section 3D we derive a stronger necessary condition, which roughly says that if a point lies in X'(Z ),
then its local heights cannot distinguish it from a point defined over Q. To motivate the intuition behind
this, it is more natural to first investigate sufficient conditions. In particular, we consider two reasons
why extra points could arise in X'(Z,),: invariance of local heights under automorphism (Section 3A)
and existence of noncyclotomic local heights over certain number fields (Section 3B). Sometimes, a
combination of the two is needed, as is the case in Proposition 3.14, which provides us with infinitely
many curves over ) with points over a quartic field appearing in X'(Z,,), for suitable choices of p. In
Section 3C, we use this to deduce Theorem 1.4.

We start by proving an elementary fact: any obstruction to X'(Z,), = X' (Z) must come from points
defined over number fields larger than Q.

Proposition 3.1. Suppose that E satisfies the assumptions of Theorem 1.6(2) and that p is an odd prime
of good reduction. Then
X(Zp) NEWL) = X(2).

Proof. Suppose P € X(Z,)> NE(Z). In particular, Log(P) = 0, so P is torsion and hence h,(P) = 0.
On the other hand, since P € X (Z),),,

Ap(P)+wl =0

for some w € W. Therefore,

> g (P) = Jlwl.

q#p
By definition, we have
Y r@=) aglogg,  Jwl=) B logg
q#p q#p q#p

for some «y, B, € Q, ay; = 0 for all but finitely many ¢, B, =0 for all ¢ ¢ S and B, < 0 for all g. Thus

10g< l_[ qd(aq—ﬂq)> =0,

q#p
for some nonzero integer d such that d(a, — ;) € Z for all q. This implies that «, = B, for all g, since the
kernel of the p-adic logarithm is the subgroup of Q generated by p and by the roots of unity. Suppose
that z is not integral at g. Then by Lemma 2.1(i), ¢, > 0, but 8, < 0, a contradiction. |
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Remark 3.2. According to [Silverman 2009, VII Application 3.5], if P € £(Z)s then P is integral at
all primes except possibly at 2 if P is 2-torsion. Thus the only ¢ for which the proof of Proposition 3.1
is nonempty is ¢ = 2. However, note that, with minor changes, the same proof shows the perhaps less
trivial fact that /"((Zp)/2 NEZ) = X(Z) in rank 1.

Remark 3.3. Unlike in Section 2A, given a prime v of a number field, henceforth the notation A, will be
used for the local height at v computed with respect to the model £, which may not be minimal at v. The
translation with the values computed with respect to a minimal model (Lemma 2.1 and Proposition 2.4)
is given by (4).

3A. Automorphisms. Recall that local heights are even functions. Therefore, if K is a quadratic field
with Gal(K /Q) = (1) and z € X (Ok) satisfies 7(z) = —z, then

hp(@) = r(@) =2p(@) + D Aq(2).
q qes
where q (resp. p) is any prime of K above g (resp. p). Intuitively, in terms of local p-adic heights, the
point z behaves as if it were defined over Q; if furthermore z is a torsion point and p is split in K, then z
will give rise to a point in X'(Z),, provided that 14(z) € W, at every g € S. If the j-invariant of E is
different from 0 and 1728, the automorphism group of E /@ is generated by z — —z. On the other hand, if
J(E) €{0, 1728}, we can use the invariance of our local heights under any automorphism (cf. property (v)
in Section 2A1 and property (iv) in Section 2A2) to generalise the above example as follows.

Proposition 3.4. Suppose that E satisfies the assumptions of Theorem 1.6 and that p is an odd prime
of good reduction. Let K be a Galois extension of Q, such that there is an embedding p : K — Q.
Extend p to a map £(Og) — E(Z,). Let z € X(Ok)ors and suppose that for every T € Gal(K /Q) there
exists Yr € Aut(E/Q) such that t(z) = ¥ (2).

(1) For each rational prime q, let q be one (any) prime of K above q and let Ay be the local height at q
with respect to the model E. If
D k@ =lwl

qges
for some w € W, then p(z) € X(Zp)>.
(2) In particular, if z = W' (P) for some ¥ € Aut(E/Q) and some P € X(Z), then p(z) € X(Zp)>.

Proof. The assumption that z is a torsion point implies that /4,(z) = 0 and Log(z) = 0. Since for
7 € Gal(K /Q) there is an automorphism v, of E which acts on z in the same way as t and local heights
are invariant under automorphisms, for each prime q of K we have

Aq(2) = Aq(Y2(2)) = Aq(7(2)) = )"rfl(q)(z)-
Therefore,

0=[K:Qlh,(z) =K : Q] (xpm(z)) + qu@)

qeS
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and (1) follows. For (2), since z = ¥/(P), we have, similarly to above,
Aq(2) = Aq(¥'(P)) = Aq(P).
In particular, the hypothesis of (1) is satisfied. O

We now list a few consequences of Proposition 3.4. See Section 4 for explicit examples.

Corollary 3.5. Suppose that E satisfies the assumptions of Theorem 1.6 and that p is an odd prime of
good ordinary reduction. Suppose that

E: y2—|—a3y =x3+a6 for some ag € Z and a3 € {0, 1},

and that there exists yo € Z such that ag — yg —az Yy is a cube in 7 and the points over Q with y-coordinate
equal to yy have finite order. Then s(x) = x> + ag — yé — azyo splits completely in Q,, and for each root
a €2y, of s(x), £(a, yo) € X(Zp)o>.

Remark 3.6. If in the corollary we have a3 = 1, then E(Q)y is isomorphic to a subgroup of Z/37,
since E(Q)[2] = {0} and E has good reduction at 2 with #E(F,) = 3. By looking at the third division
polynomial for E, it is then straightforward to check that Corollary 3.5 applies nontrivially only if
4ag = —(27n% + 1) for some n € Z, n = 1 mod 2. All such curves are isomorphic over Q to the elliptic
curve 27.a3 [LMFDB 2019]. When a3 = 0, there are infinitely many curves nonisomorphic over Q for
which the corollary applies with yg = 0: see for example Section 3C. There is also at least one curve for
which the Corollary applies to points of order 6, namely 36.a4 (see Table 2).

Proof. Since E has vanishing j-invariant, its automorphism group Aut(E /Q) is a cyclic group of order 6
generated by ¢ : E — E, ¥ (x, y) = ({x, —y — a3), for a primitive third root of unity ¢.

Let xo € Z such that xg = yé + a3 yo — as. We may assume that yg + a3z yo — ag is nonzero, as otherwise
the statement of the corollary is trivial. Thus s(x) has three distinct roots xg, £ xg and ¢ 2xpin Z.

Note also that, by Deuring’s criterion [Lang 1973, Chapter 13, Theorem 12], the primes of good
ordinary reduction for E split completely in Q(¢), so s(x) splits completely over Q,. Successively
applying ¥ to (xg, yo) € X (Z) and localising at p we obtain all points of the form £(«, yg). The corollary
then follows from Proposition 3.4(2). U

The following corollary to Proposition 3.4 is a special case of the motivating example of the beginning
of this subsection.

Corollary 3.7. Suppose that E satisfies the assumptions of Theorem 1.6 and that p is an odd prime of
good reduction. Let K be a quadratic field, in which p splits. Fix an embedding p : K — Q, and let T be
the nontrivial element in Gal(K /Q). Assume that no prime in S ramifies in K and that, if g € S is inert,
then either E has Kodaira symbol I at g with Tamagawa number at least 2 or E has maximal Tamagawa

number for its Kodaira symbol. Then

X(Zp)2 D X(Z)U{p(z) € X(Zp) : 2 € X(Ok)iors, T(2) = —2z}.


http://www.lmfdb.org/EllipticCurve/Q/27/a/3
http://www.lmfdb.org/EllipticCurve/Q/36/a/4
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Proof. Since no prime in S ramifies in K /Q, Tate’s algorithm [Silverman 1994, 1V, §9] shows that the
equation for £ defines a global minimal model for the base change E/K and that the Kodaira symbol at
q | g is the same as the Kodaira symbol at g. The Tamagawa number does not change if g is split in K;
if g is inert, by assumption the Tamagawa number is unvaried, except possibly if the Kodaira symbol is Ij.

If g splits in K, fix a prime q above it and an isomorphism p, : Kq >~ Q. Let z € X' (O )ors Such that
7(z) = —z. With the notation as in Proposition 3.4 and by Proposition 2.4, we have

D k@ = Ao @)+ Y A =l

qes qges qges
q split q inert

for some w € W. For the last step note that Proposition 2.4 gives the values of 24,(z) for q inert. However,
the norm of q is g2 The corollary then follows from Proposition 3.4(1) with ¥ = —id € Aut(E/Q). O

Remark 3.8. Another source of quadratic points in X'(Z,), comes from elliptic curves with j-invariant
equal to 1728. Suppose that E satisfies the assumptions of Theorem 1.6, that p is an odd prime of good
reduction and that

£ y2 =x3 +asx forsomeays €Z, —ay &’Zz.

Let z € {(/—as, 0)} and K = Q(\/—ay) be its field of definition. Let ¥ € Aut(E/Q) be defined by
Y(x,y) = (—x,iy). Then ¥ (z) = t(z), where Gal(K /Q) = (t). Therefore, under suitable conditions on
how the reduction types change in K /Q and on the splitting of p in K, the localisations of the points z
appear in X' (Z,)>.

The following corollary explains how points over biquadratic extensions can show up in X'(Z,)> when
the j-invariant is zero. For ease of notation, we assume that the as-coefficient in the equation defining £
is zero, but this assumption could be removed.

Corollary 3.9. Suppose that E satisfies the assumptions of Theorem 1.6 and that p is an odd prime of
good ordinary reduction. Suppose that

E:y?=x’+as forsomeaseZ

and that there exists xo € Z such that the points over Q with x-coordinate equal to xo have finite order.

Assume that p splits in @(,/xg +ag). Let K = Q(+/—3, ,/xg + ag). For each rational prime q, let q be
one (any) prime of K above q and Lq the local height at q with respect to the model £. Let B € 7, be a

root of t (y) = y* —xg —ae. If

> halxo, B) = llw]

qeS

for some w € W, then for each root a € Z,, of s(x) =x3—x3 and for each root B € Z,, of t (y) = yz—xg—a(,,
we have (a, B) € X(Zp)>.
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Proof. If xg +ae is a square in Z, the statement is precisely Corollary 3.5. Thus, we may assume that either

(i) K has degree 4 over Q, or
(i) K =Q(/-3) =Q(/x3 + as).

Let ¢ € K be a primitive third root of unity. The automorphism group Aut(E/K) is generated by Y : E — E,
Y(x,y) = (¢x, —y). In case (i), the Galois group of K over Q is generated by two elements: o, whose
fixed field is @(\/M) and t, whose fixed field is @(+/—3). In case (ii), the Galois group is generated
byo: =3+ —+/=3. Let P =(a, b) where a € K is aroot of s(x) and b € K is a root of £ (y). Then in (i)

o(P) e (P, —y(P),¥*(P)},  t©(P)=—P.

Similarly, in case (ii), we have

o (P) € (=P, y(P), =¥ *(P)}.
Therefore, we may apply Proposition 3.4(1). U

3B. Noncyclotomic p-adic heights. The set X'(Z,) is a finite set of p-adic points containing X'(Z).
After having fixed a choice of a subspace of Hle(E /Q,) complementary to the space of holomorphic
forms, there is only one Coleman—Gross global height pairing on E (Q), up to multiplication by a constant.
The definition of X'(Z ), depends on this height function. Nevertheless, when analysing what points could
arise in the set X'(Z,), \ X(Z), we should bear in mind that other global height functions may exist on
E(F), where F is a number field, and that these also vanish on E (F)ys. In particular, suppose that there
exists at least one embedding p : F < @Q,. It may happen that, for some w € W and some Q € X'(OF),

2D:(p(Q)) +y Log(p(Q))* + [w] = h}(Q)

for some noncyclotomic global height h;,. Then, if Q is in addition a torsion point, we have p (Q) € X (Z ).
In order to introduce these more general types of heights, we need to recall the definition and properties
of an idele class character.

Definition 3.10. Let Ay be the group of ideles of F. An idele class character is a continuous homomor-
phism
X =qu CAR/F* — Qp;
q

here the sum is over all places of F.
We list some properties of an idele class character x (see [Balakrishnan et al. 2019b] for more details).

(PI) The local character xg is trivial at an archimedean place q. Thus, henceforth q will always denote

a finite prime.

(PII) Ata prime q not above p, the local character x, vanishes on the units qu. Thus, the value of xq at
a uniformiser determines x, completely.
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(PIII) At a prime p above p, the restriction of the character x, to O equals the composition
p p p p €4 P
o % F, s @,

for some Q,-linear map #,. Here log,, is the restriction to O, of the extension of log to F,*.

(PIV) The character x is completely determined by the trace maps (f,)p, and, conversely, a tuple of
Qp-linear maps (, : F, — Q)| gives an idele class character x if and only if

Z ty (logp(/o,3 (€)))=0 forallee (’);, (6)
plp

where p, : F < F, is the completion (see [Balakrishnan et al. 2019b] for a proof).

In particular, it suffices to check that (6) is satisfied for a set of fundamental units and (PIV) gives
a concrete method for classifying all idele class characters for a given number field F. The maximal
number of independent characters is at least r, 4 1, where r; is the number of conjugate pairs of nonreal
embeddings of F into C (with equality if Leopoldt’s conjecture holds for F').

For instance, for any number field F, the cyclotomic idele class character is the idele class character
corresponding to the tuple of trace maps (trg, /@, )pp- When F = Q (or F is a totally real abelian number
field), this is the only nontrivial idele class character, up to multiplication by a scalar. The p-adic height
we have considered so far is implicitly associated to this character.

More generally though, we can define a p-adic height as a composition of two maps: firstly, we
associate to a point P € E(F) an idele i (P) and, secondly, we apply to i (P) an idele class character x.
We denote the corresponding local and global heights by Aé and hﬁg, respectively. The theory of local
heights that we outlined in the cyclotomic case in Section 2A goes through unvaried at the primes q 1 p,
after replacing the p-adic logarithm with —x,/nq. At the primes p | p, we may assume here that we
always work with points not in the residue disk of the point at infinity.’ So let z € X (Op) and m € N
such that mz is in the domain of convergence of o*p(y). Then

2 M)__L( (M))
)= mznp< @ )= T\ o)) 2

ord, (0" (mz)) = ord, (x (mz) y(mz) ") = ordy (fin (2))

since

(see Section 4A and the proof of Theorem 3.18 for how to interpret (7) when mz = O). We will omit x
from our notation when using the cyclotomic character.

Example 3.11. Let F be an imaginary quadratic field in which p splits. Then by (PIV), any pair of
Q,-linear maps Q, — Q, gives rise to an idele class character. In particular, choosing (id, —id) gives

the so-called anticyclotomic character.

SThere is a subtlety in the disk at infinity which has to do with the choice of branch of the p-adic logarithm. See also
[Balakrishnan et al. 2019b, Remark 2.1].
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We now give an instance of how the existence of noncyclotomic heights for imaginary quadratic fields
can give rise to points in X'(Z,), \ X'(Z).

Proposition 3.12. Suppose that E satisfies the assumptions of Theorem 1.6 and that p is an odd prime of
good reduction. Let K be an imaginary quadratic field in which p splits. Fix an embedding p : K — Q.
Suppose that 7 € X (O )ors has good reduction at all primes that split in K. Then

2D2(p(2) + ) 2q(2) =0,
qeSs
where q is a prime of K above q. In particular, if qus Aq()=llw| for somew e W, then p(z) € X(Z)),.

Proof. Tt suffices to show that 2D (p(2)) + 3, cs
since then the assumption that z is a torsion point will imply the vanishing. The height function that we

Aq(z) is the value at z of a height function on E(K),

are after is the one corresponding to an idele class character Ag /K * — Q,, which vanishes on O;, if p
is the prime corresponding to the embedding p. Indeed, with the notation of (PIV), consider the idele
class character corresponding to (id: K, ~Q, — Q,,0: Kz =~ Q, — Q). Then

Ap(z) = Ay (z) and )% (z) = 0.
Further, since x factors through A /K * and in view of (PII), if there is a unique prime q above g, we have

Xq(@) = —xp(q) — x5(q) = —log(q),

so that 2)@'( = Aq for all primes which are either inert or ramified. Thus 2h§ (2)=2D1(p(2))+>_ ges Aq(2).
O

In some cases, extra points in X'(Z,), are explained by a combination of automorphisms and non-
cyclotomic idele class characters, as in Proposition 3.14. Before we state it and prove it, we first need an
auxiliary lemma.

Lemma 3.13. Let F be a number field and let L be a finite extension of F. Suppose that x :Aj/F* — Q,
is an idele class character determined by the tuple of Q,-linear maps (t, : Fy — Qp)pp. Then the
tuple (th : Ly — Qp)qp, defined by th =ty otrL,/F, for q | p, determines an idele class character
xL A /L* — Q, such thatXLlA;/Fx =[L: Fly.

Proof. Each th is Q,-linear as a composition of Q,-linear maps. We need to check that (PIV) is satisfied.
If € € Of, then

Y i (logy(pg(e)) =)ty ( Yt /5, olog (pg <e>)> = iyolog, (H N5, (pq <e>))

qlp plp qlp plp qlp
= Z fp olog, (op(NLyF(€))) =0,
plp

since Ny, r(€) € (9;5. By construction, the resulting idele class character x* restricts to [L : F]x on
Ag/F*. O
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Proposition 3.14. Let d be a nonzero square-free integer and let EY be the quadratic twist of X (49)
by d; assume that E? satisfies the assumptions of Theorem 1.6 and let X¢ be the complement of the origin
in the minimal regular model of E®. Let p {7d be an odd prime with at least 3 primes lying above it in
L = Q[x]/(x*+7d?). Then

X4(Zp)2 2 XN@) U {£p(Q))
for some Q € X4(Oy) of order 4 and for every embedding p : L — Qp.
Remark 3.15. The proposition also holds in rank 1 if we replace X¢(Z p)2 with X dz p)a-

Proof. The elliptic curve E = X((49) has reduced minimal model
Eyi4xy=x>—x>-2x—1; ®)

however, since we are considering quadratic twists of E, it is more convenient to work (at least until we
introduce heights) with the model

Eshort © y2 = x> —2835x — 71442,
as then the twist E¢ of E by the nonzero square-free integer d admits the Weierstrass equation

gd 1yt =x3—2835d%x —71442d°.

short *

Recall that £ has complex multiplication by K = Q(a), where a is a root of x> 4+ 7. Over K[x, y],

the fourth division polynomial ff of &4 has the factorisation

short
fix, y) =4y(x — 9ad)(x + 9ad) (x + (—18a + 63)d) (x + (18a + 63)d) (x* — 126xd — 5103d?).
In particular, since
x> —2835d%x — 71442d° = (x — 63d) (x + (=9/2a + 63/2)d) (x + (9/2a + 63/2)d),

all the points of order 2 are defined over K. As for the points of order 4, we see that, as a polynomial in x,
f4d (x, y)/y has two roots in Q(+/7) and four roots in K. Substituting the latter roots into the equation
for Eglon, we find that the y-coordinates of the points with x = 9ad and x = —(18a + 63)d are defined
over Q(+/—ad), whereas those with x = —9ad and x = —(—18a + 63)d are over Q(v/ad).

Therefore, over the quartic field L = K[x]/(x*—ad) = K (b) = Q[x]/(x*+7d?), E4(L)[4]=Z/2x Z /4.
Let Gal(L/K) = () and let

Oshort = (18b* — 63d, +(54b° — 378bd)) € €4 (L)[4], Peport = (63d, 0).

Then Qghort satisfies

T ( Qshort) = - Qshort- (9)
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Let Q be the image of Qgport in @ minimal model £  for E4 over Z and let P be the image of Pghore. Note that

o if d =1 mod 4, we may apply to £4

<hort the change of variables

x+— 36x —9d, vy 216y + 108x

to obtain the integral model

Sf Y 4xy=x>— gml4—+1x2—2d2x—d3.

The discriminant of £{ is A = —73d®, so by [Silverman 2009, VII, Remark 1.1] £ is a minimal
model for E4/Q and we may set &= Sfl. Then x(P) =2d € Z and x(Q) € Okg.

e if d =2, 3 mod 4, then we may take
Ed:y? = x3 —3dx* —32dx — 64d°,

which has discriminant A = —2'%.73. 4% Minimality of £¢ at the primes different from 2 follows
as in the case d = 1 mod 4. At the prime 2, it can be deduced following Tate’s algorithm. We have
x(P)=8d € Z and x(Q) € O.

Now, let p be an odd prime of good reduction for E¢ which splits in K. By Deuring’s criterion, this
is equivalent to requiring that p is a prime of good ordinary reduction. Let pOg = pp. The prime p is
unramified also in L, since we are assuming that it is of good reduction. We suppose furthermore that
pOr = q191, pPOL = q2 or pOr, = 2>, for some primes q; and g, of L. These conditions, together, are
equivalent to those of the statement of the proposition.

By Lemma 3.13, the idele class character on A /K* which is trivial on Oﬁx (and which we used also
in the proof of Proposition 3.12) extends to an idele class character on A} /L*. In particular, the tuple
of linear maps

(iqulz@p, idr;~0,. 0: [ [Lq— @p>
qlp
determines an idele class character x. Consider the associated global height h;,( on E4(L) with local
heights A{ with respect to the model £%. Since Q is a torsion point, we must have

h;(Q) =0.
It follows from (9) and the definition of x that
M(Q)=1(Q)=1q,(Q) and AX(Q)=0 forqlp.

Furthermore, using (PII) and the fact that y is trivial on L*, we find that, for a fixed rational prime ¢,

> xu(®) = —2log . (10)

v|¢
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Since P € X%(Z), where X is the complement of the origin in £¢, in order to prove the proposition it

LY na @ =Y ke,

vtp Up

then suffices to show that

where the left sum runs over primes of L and the right sum over rational primes.
In view of Lemma 3.13 and (4), we are allowed to perform isomorphisms over extensions of L to
calculate local heights. In particular, the change of variables (x, y) — (36dx —9d, 216d Jd y+108d \/Ex),

defined over Q(v/d), maps &4 to (8), which has discriminant —73. Under this isomorphism,

short

-3
X(Pshor) = 2€Z and  x(Qshort) H> aT € Ok.

Therefore, the local heights of P and Q away from 7p are trivial when computed with respect to (8).
Using (10) and letting d’ = 7~ °"9@d, we then have

B _logd/ ifd =1 mod 4
Y Foa—ly — ’
szn (Q)= 12[F Ll Z Xu (A7) = :_10g4d’ otherwise,

where F = L(+/d), the second sum runs over the primes w of F and the character x ' is the idele class
character of F' obtained from x as in Lemma 3.13. Similarly, to calculate heights of P away from 7p
we may base change to Q(v/d) and get

| 1 n —logd  ifd=1 mod4,
ZM(P) =5 Z nyry(P) = 2 Z ?u log(|Alu) = {_ log4d’ otherwise
Hp uf7p uf7p '

where u runs over primes of Q(v/d).
It remains to calculate the local contributions at primes above 7. For this, it is convenient to work with
&4

short
On the other hand, by [Silverman 2009, VII, Exercise 7.2], a minimal equation at v has discriminant

which is minimal over Z7. Let v be the unique prime above 7 in L. Then ord, (A) = 12+ 24 ord;(d).

of valuation at most 11. Therefore, E< has good reduction at v and, since we are not in characteristic 2

ordv(A)/é ordv(A)/4

or 3, a minimal equation at v is obtained from &4 via (x, y) = (7 X, T4 y), where 7 is

short
a uniformiser at v. Under such a change of variables, Pshorx and Qgpore are mapped to v-adically integral

points. Comparing discriminants as above, we then conclude that

1 .
Ly —Llog7—logd ifd=1mod4,
5 ”v)\ff(Q)=§ M(Py=1 3 .
vip ¢p —5log7—log4d otherwise. 0

3C. Proof of Theorem 1.4. In this subsection we explain how Theorem 1.4 can be deduced either from
Corollary 3.5 or from Proposition 3.14. For an elliptic curve E over Q, denote by L(E, s) its complex
L-function.
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Theorem 3.16 [Waldspurger 1981; Vignéras 1981; Murty and Murty 1997, Chapter 6, Theorem 1.1].
Let E be an elliptic curve over Q. There exist infinitely many nonzero square-free integers d such that the
quadratic twist E? of E by d satisfies L(E?, 1) # 0.

Theorem 3.17 [Kolyvagin 1988]. Let E be an elliptic curve over Q such that L(E, 1) # 0. Then the rank
of E(Q) is zero and the Tate—Shafarevich group of E /Q is finite.

It follows from Theorems 3.16 and 3.17 that there are infinitely many twists of X((49) satisfying the
hypotheses of Proposition 3.14. For each such curve, by Chebotarev’s density theorem, there are infinitely
many primes for which the proposition holds.

We now see how Corollary 3.5 also provides us with an alternative proof of Theorem 1.4. Consider
the elliptic curve E with label 36.a3 [LMFDB 2019] which has reduced minimal equation

E:yt=x3-27.

We have £(Z) = £(Z)[2] = {0, (3,0)}. It follows that every quadratic twist E? of E by a nonzero
square-free integer d satisfies EYQ)[2]1 = Z/27. The equation

&l yr =x3-274°

has discriminant equal to —2%-3%.4° and is hence globally minimal, except if 3 | 4, in which case we apply
(x,y) — (9x,27y) to obtain a minimal model. Thus, the point of exact order 2 of E 4 defined over Q is
integral. Therefore, by Theorems 3.16 and 3.17, there exist infinitely many d for which Corollary 3.5
holds with yg = 0.

3D. A necessary condition: quadratic saturation. In Sections 3A and 3B we proved sufficient conditions
for a point in X'(Z,) to belong to X' (Z,),. We now prove the necessary condition given by Theorem 1.8,
which we restate here for the reader’s convenience.

Theorem 3.18. Let E/Q and p be as in Theorem 1.6. Suppose that z € X(Z,)2 \ X(Z). Then z is the
localisation of a torsion point P over a number field K and, for each rational prime q, the value Aq(P)

of the local height A is independent of the prime q | g of K.

Proof. As we observed at the beginning of this section, a point z € X'(Z)> is necessarily the p-adic
localisation of a point P € £ (Z)tors. Let K be the minimal number field over which the coordinates of P
are defined. Let m € Z, m # 0, such that mP = O. Since z € X(Z,,), there exists an embedding v of K
into Q, under which P is mapped to z, i.e., a prime po of K such that pg | p and

Apo(P) =2p(2) = —lw|l =: — Zaq logg forsome w e W, a, € Q.
qes
For any prime p | p of K, the value A,(P) can be computed as follows. Let x(¢), y(¢) € K[[t]] be
coordinates around P, i.e., P = (x(0), y(0)), the power series x(¢), y(t) converge in the intersection
over p | p of small enough p-adic neighbourhoods of P and ¢ vanishes to order 1 at P. Let Q(¢) =
m(x(t), y(t)) € E(K((¢))). Since K[[t]] is a complete DVR with residue field K, by [Wuthrich 2004,
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Proposition 1] the ¢-adic valuation of —x (Q(#))/y(Q(¢)) equals the one of f,, (x(¢), y(¢)). More precisely,
since f,, vanishes to order 1 at every point of order dividing m, we have

—x(Q@®)/y(Q(@)) =at + O(tz) for some a € K*,
Ffn(x(@), y()) = ct + O@t*) for some ¢ € K *.

Since o) (T) = T + O(T?), by Section 2A2(ii) we then have

o 2 o (=x(Q(1)/y(Q (1))
Ap(P) = lim _npm2 trg,/Q, (log)g ( 0. y®) ))

t—0

2 1 a

where log,, is an extension of log to K.
In particular, if d is the least common multiple of the denominators of the «,, then

log<1ﬁ (%)Zd) — log < }1 qdaqmz).

Since p is a prime of good reduction, we also have ordy(a/c) = 0 (strictly speaking we could also avoid us-
ing this fact, since the branch of the logarithm corresponding to the cyclotomic character vanishes at p), so

a\* doym?
(5) =<Ia™
qes
for some root of unity ¢ € K. Thus

1 d 2
Ap(P) = _dnpmz trg,/a, log, (g“ l_[ g™ ) =— Zaq logq

qeSs qes

is independent of p.
Let now ¢ be a prime not above p. By Section 2A1(ii), (iv), we have

lim, #(Aqmm +210g | f(R)g) = lim 3q(R) = Aq(P).
Since m R is in the formal group at g, then
hq(P) = lim %(log x(mR) gl fu(R)2)
R—>Pm

x(mR)
y(mR)

1 c|? 1
arlos(|g] ) =gtoe( [TTa "]
qges

which completes the proof. U

1
= lim — log<

-2
|fm<R>|§)
q
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Corollary 3.19. If z € X(Z,)2\ X (Z) is the localisation of a point P defined over K, we have P € X(Ok).

Proof. The proof is similar to that of Proposition 3.1. Note that a torsion point defined over an arbitrary
number field can fail to be integral at q only if its order is g” for some n (where ¢ is the norm of q) and
ordg(q) > q" — g" ! (cf. [Silverman 2009, VIII, Theorem 7.1]). O

Theorem 3.18 is in some sense a natural analogue of a conjecture of Stoll for the classical abelian
Chabauty method [Stoll 2006, Conjecture 9.5], which appears in an unpublished draft of [Stoll 2007].
Let us restrict to the case when C is a hyperelliptic curve over (2 of genus g, whose Jacobian J has rank
g —2 over Q (for the conjecture in its full generality see [Stoll 2006]). Suppose that ¢ : C < J is an
embedding such that ((C) generates J and that J is simple. Stoll’s conjecture predicts the existence of a
finite subscheme Z C J and a set R of primes which has density 1 in the set of all primes such that, for
each £ € R, we have

J(@NuC(@p) C Z(Qo).

where J(Q) is the £-adic closure of J(Q) in J(Q,).
In [Balakrishnan et al. 2019¢] some evidence for Stoll’s conjecture was collected when g = 3, with the
scheme Z being the intersection of ¢((C) with the saturation of J(Q), that is

Z={u(P)eJ:n(P)e J(Q) for somen € Z>}.

In our setting of an elliptic curve of rank 0, it is clear that X'(Z ), should be contained in the saturation
of the Mordell-Weil group E(Q), since E(Q) = E(Q)ors and the equation Log z = 0 cuts out the torsion
points in E(Q,). However, this is not a very strong requirement in the elliptic curve case, because the
curve and the Jacobian are identified.

Theorem 3.18 asserts that the extra constraint A ,(z) = —||w]||, for some w € W, leads to another type
of “saturation”, in the sense that we have to consider those points for which the local heights behave as if
the point were defined over Q.

Note that Stoll’s conjecture assumes that g —r + 1/ > 3, where [ = 1 is the level, in the sense that
the Chabauty—Coleman method computes the cohomologically global points of level 1. In the situation
discussed here we have g =1,r =0,/ =2, i.e.,, g —r +1[ = 3, so one could naively hope that for rank 1
similar conjectures could be formulated at level 3.

4. Algorithm and computations in rank 0

4A. The algorithm. We wish to explicitly compute the sets ¢ (w) and ¥ (w) from Theorems 1.6 and 1.7.
Each of D,(z) and Log(z) are locally analytic functions on X'(Z,). In other words, given a point Pe
E (F»)\{O} and a fixed point P € X(Z) reducing to P modulo p, one can pick a uniformiser t € Q,(E)
at P, which reduces to a uniformiser at P. Then, for each Q0 € X(Z,) in the residue disk of P, we have

Log(Q) = fp(t(Q)) and Dy(Q)=gp(t(Q))

for some fp(x), gp(x) € Qp[[x]] convergent at all x € Z, with |x|, < 1.
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On the other hand, let y = C if p is of good ordinary reduction and y = %(a% + 4ay) if p is of
good supersingular reduction. By Proposition 2.5 and Section 2A2(ii), provided that m Q # O, where
m =#E(F,), then
Uz(:y)(mQ)) an

Jm(Q)

Since there are finitely many® points in each residue disk satisfying m Q = O, the local expansion of the

2
2Dy(Q) +y Log(0)* = —— 10g<
m

right-hand side of (11) in terms of the local parameter ¢ holds in the whole residue disk. In fact, the local
expansion of G!(,y)(m Q) and f,,(Q) have precisely the same zeros with the same multiplicity 1 and two
p-adic power series which agree at infinitely many points in Z,, of absolute value less than 1 are equal by
the p-adic Weierstrass preparation theorem [Koblitz 1984, Chapter 1V, §4, Theorem 14]. Note that we
already used this in the proof of Theorem 3.18.

By the same observation as in Remark 2.7, we obtain a way of computing the intersections of ¢ (w)
and ¥ (w) with each residue disk using local expansions of the p-adic sigma function (of Mazur—Tate or
Bernardi) and the m-th division polynomial,’ in place of the double Coleman integral D> (z).

The function Log : X(Z,) — @Q, is odd; the function A, : X(Z,) — Q,, is even (cf. property (iv) in
Section 2A2). Therefore,

Z€P(w) < —z€p(w)

and it will thus suffice to consider residue disks up to P +— —P. The same holds for ¥ (w).

We also notice that different models can be used for computing the p-adic heights and the single
Coleman integrals. In fact, we defined local p-adic heights using an integral minimal model and, for
instance, there is an implementation for the Mazur—Tate p-adic sigma function in SageMath due to
Harvey [2008] (see also [Mazur et al. 2006]). On the other hand, for Coleman computations on SageMath
(see [Balakrishnan et al. 2010]), one requires the elliptic curve to be described by a Weierstrass model
whose a; and a3 coefficients are zero and there is no requirement on minimality; the only requirement on
integrality is Z ,-integrality. To avoid explicit Coleman integration computations, we could also work
directly with the formal logarithm.

4B. Examples for Section 3. In the examples that follow, as well as in the ones of the next sections, we
avoid making distinctions between the curve E /() and the model £/7Z. The Weierstrass equations that we
work with are always minimal and reduced, unless stated otherwise.

Example 4.1 (Corollary 3.7, Proposition 3.12). Consider the rank O elliptic curve 17.al [LMFDB 2019]
E:y?+xy+y=x>—x>—91x —310 (12)
and the prime p =5 of good ordinary reduction.
61n fact, at most one.

7Computationally, it is more convenient to take m to be the order of P in E(F p)s 1.e., to choose potentially different values
of m for different residue disks.
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Since none of the conditions of Theorem 1.6(1) are satisfied, we need to explicitly compute X'(Z ), as
a union of ¢(w). The curve has split multiplicative reduction at 17 with Kodaira symbol I; and good
reduction everywhere else: thus, W = {0}. We find

X(Zp)2 ={(=5,2£p()},

where p : Z[i] — Z, is a fixed embedding. If a priori our computations only return approximations of
p-adic points, by Corollary 3.7 the p-adic points found are the localisations of the points over Z[i] listed
above. Let us nevertheless explain it in detail for this example.

The Weierstrass equation (12) defines a global minimal model also for the base-change £ /Q(i) and
the prime p splits in K = Q(7). We extend p to a map E(K) — E(Q),). The point

0=(-5,24+i)e E(K)
is integral with respect to the global minimal model above and satisfies
40 = 0.
Thus, since the reduction types at the bad primes of E /(i) are the same as over Q, we have
0="hp(Q) = 5(hp, (Q) +Ap,(Q)),
where pZ[i] = p1p, and explicitly (without loss of generality)

Api (@) =2, (p(Q)), Apr (Q) =2, (p(2(Q))),

where Gal(K/Q) = (1), so 7(Q) = (5,2 —1i). On the other hand, 7(Q) = —Q and A, is an even
function. Therefore

0=2,(p(Q) =A,(p(z(Q))).
Note that Proposition 3.12 also explains why the p-adic localisation of the point Q belongs to X'(Z),.
Example 4.2 (Proposition 3.12, 3.4(1)). Consider the elliptic curve 121.d3 [LMFDB 2019]
E:y*4+y=x>—x*—40x —221 (13)
and the prime p =5, at which E has good ordinary reduction. We have
#E(Fp) =1

and thus
X(Zp)2 =

by Theorem 1.6(1). On the other hand, we can still compute Uw cw @ (w) of Theorem 1.7(2). The curve
has additive reduction of type I at 11 with Tamagawa number 2 and has good reduction everywhere else.
Therefore,

W ={0, —log 11}.
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We find that ¢ (0) = &, but
¢(—log1l) = {(-7, p(3(—1 £ 11V/~1D))), (4, p(3(—1 £ 11/-11)))},

where p : Z[(1 ++/—11)/2] < Z, is a fixed embedding.
Let K = Q(+/—11). The prime 11 ramifies in K/Q and E /K has split multiplicative reduction of type
I, at g, where q°> = 11. Let

0 e{(-7, 3(-1E£11V-1D)), (4, $(-1 £ 11V-11))} C E(K).

The point Q has order 5. Unlike in Example 4.1, the Weierstrass equation (13) is minimal at all primes
except at ¢ and hence we cannot use straightforwardly the explicit formulae for the local height at q given
in Section 2A1. The curve E/K admits the global minimal model

Emin:y2+y:x3_x2

and the image of Q in E™"(K) has good reduction at g, so that k{]nin(Q) = 0. Equation (4) then yields
Aq(Q) = —log 11. Therefore, by Proposition 3.12, we have

0=2,(p(Q) +4q(Q) = Ap(p(Q)) —log 11.
Similarly to Example 4.1, the appearance of p(Q) in ¢ (—log 11) is also justified by Proposition 3.4(1).
Example 4.3 (Remark 3.8). Consider the elliptic curve 14112.q1 [LMFDB 2019]

E:y?>=x>-9261x (14)

and the prime p = 5, which is of good ordinary reduction. Note that p splits in K = Q(+/21) and by
Remark 3.8, the localisations of the point ot = (i21\/ﬁ , 0) belong to X' (Z,), provided that (1/2)
times the sum of its local heights at bad primes is in || W||. Both at 3 and 7, the curve has bad reduction
of additive type III* with Tamagawa number 2; at 2 the curve has reduction of type III with Tamagawa
number 2. Thus, W = W, x W3 x W7, with W, = {0, —% logq} foreachg €{3,7} and W, = {O, —% log 2}.
A global minimal model for the base-change of E to K is given by y?> = x> — 21x. Furthermore, 2 is
inert in K and its reduction type does not change. The primes 3 and 7 become of type Ij; with Tamagawa
number 4. By Propositions 2.4 and 3.4(1) (see also Remark 3.8), we then find that Q* is indeed in X(Zp),.
Our computation of X'(Z,) recovers precisely the integral points and the ones coming from 0%

Example 4.4 (Proposition 3.4(1)). Consider the elliptic curve 11025.y2 [LMFDB 2019] whose reduced
minimal model is

E:y*+y=x>415006

and let p = 13, which is the smallest prime of good ordinary reduction for E. Note that E has vanishing
Jj-invariant. We find that

X(Zp)2 ={£(0,122)} U {:I:({éx/3 120050, 367) : 0 <i <2}, (15)
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where ¢3 is a primitive third root of unity and we assume that we have fixed an embedding of
Q(z3, /120050) into Q p- As usual, the equality (15) is deduced from computations combined with theo-
retical results. In this particular example, the theory needed is that the Galois group of Q(¢3, +/120050)/Q
acts on the order-6 points :I:({3i V120050, 367) by automorphisms. We leave the reader to check that
these points also have the right local heights at bad primes.

Example 4.5 (Corollary 3.5, 3.9). Consider the elliptic curve 900.g3 [LMFDB 2019] with reduced
minimal model

E:y*>=x*>-3375
and the prime 19, which is of good ordinary reduction for £. We have
X(Z19)2 = {(¢315, 0), (=330, £+/=30375) : 0 < i <2}

where ¢3 is a primitive third root of unity and we assume that we have fixed an embedding of

Q(&3, +/—30375) into Q9.

4C. Large-scale data. Using the database [LMFDB 2019], we could run the code on all the 86213
elliptic curves over Q@ of rank 0 and conductor less than or equal to 30000; for each curve we let p be the
smallest prime > 5 of good ordinary reduction.®

Out of these, we found exactly 470 pairs (E, p) for which X (Z,), 2 X(Z). The 10 such pairs with £
of conductor < 100 are listed in Table 2.

We summarise the results of the computations in Propositions 4.6, 4.7, 4.9.

Proposition 4.6. Let E be an elliptic curve of rank 0 and conductor less than or equal to 30000 and let
p =5 be the smallest prime of good ordinary reduction. Assume that j(E) & {0, 1728, —3375}. Then
X(Zp)2\ X(Z) is either empty or consists of localisations of points defined over the ring of integers of a
quadratic field K on which the Galois group of K /Q acts as multiplication by 1.

Proposition 4.7. Let E be an elliptic curve of rank 0 and conductor less than or equal to 30000 and let
p =5 be the smallest prime of good ordinary reduction. If X(Z )2\ X(Z) contains localisations of points
defined over a quadratic field K, these points satisfy the hypotheses of Proposition 3.4, i.e., the nontrivial
element of Gal(K /Q) acts on them in the same way as an automorphism of E.

Remark 4.8. In view of the large data collected, it might have been tempting to expect that Propositions 4.6
and 4.7 would be true for arbitrary prime and conductor. It turns out that this is not the case: varying the
prime for the curve 8§712.u5 [LMFDB 2019] (which does not have CM), we found some quadratic points
on which Galois does not act by automorphisms (cf. Example 4.11). We note nevertheless that in the
latter case the extra points were explained by Proposition 3.12.

8We could have allowed p to equal 3 and used the method of [Balakrishnan 2016] to compute the quantities involved in the
3-adic heights. Some computations with supersingular primes were carried out for Section 4D.
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LMFDB p SS/CM X(Zp)2\ X(2) Order Explanation
17.al 5 SS (=5,2+10) 4 Cor. 3.7/Prop. 3.12
273 7 j=0 +(3(=3+£34-3),4) 3 Cor. 3.5/Prop. 3.12
3224 5 j=1728 (=2, +4i) 4 Prop.3.4(1)/Prop.3.12
36.a3 7 j=0 (3(—=3+3V=3),0) 2 Cor. 3.5/Prop. 3.12
s6ad 7 i=0 (3(1£4/-3),0) 2 Cor. 3.5/Prop. 3.12

+(—1£4/-3,3) 6 Cor. 3.5/Prop. 3.12
49.22 11 j=-3375 (1(=7b*+25), 1(—496> +7b* —49b—25)) 4 Prop. 3.14
4924 11 j=-3375 (3% =3), 3(b* —b* —Tb +3)) 4 Prop.3.14
75b4 11 - (27, —14£55) 4 Prop. 3.4(1)
6 11 ) (12, (=13 £25V/5)) 4 Prop. 3.4(1)

(2, —3(1£5V5)) 4 Prop. 3.4(1)
7567 11 - (2, 1(=3£5V5)) 4 Prop. 3.4(1)

Table 2. All curves of rank 0 and conductor < 100 for which X(Z,), 2 X(Z) (p =5
smallest good ordinary prime); b satisfies x* + 7 = 0. The curve is given in the first
column as an LMFDB label [LMFDB 2019]. In the third column, SS means “semistable”
and “=” neither semistable nor CM.

We now turn to the extra points in our data defined over number fields of degree’ at least equal to 3.
By Proposition 4.6, these can only show up if £ has complex multiplication and, in fact, its j-invariant is
one of 0, 1728, —3375. There was only one curve beside the one of Example 4.4 where cubic points were
recovered, namely the curve 19881.g2 [LMFDB 2019]. As in Example 4.4, the curve has j-invariant
equal to zero and the appearance of these points in X'(Z)) is explained by Proposition 3.4.

Finally, we recovered points defined over number fields of degree 4 on the curve 14112.q2 (j = 1728)
[LMFDB 2019], which is explained by Proposition 3.4, and on all the twists of the modular curve X((49),
as predicted by Proposition 3.14. In fact the inclusion in the statement of Proposition 3.14 is an equality
in all the following cases.

Proposition 4.9. Let E be an elliptic curve of rank 0, conductor less than or equal to 30000 and
J(E) = —=3375. Then X(Z11)2 = X(Z) U{XQ}, where Q has order 4 and comes from a point over the
ring of integers of the smallest number field L over which E(L)[4] = Z/27 x 7 /4Z.

9Note that by degree we mean the degree of the smallest number field over which a point in X'(Zp); is defined and not the
degree of the number field containing all the coordinates of the points in X'(Zp),, which could be larger.
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4D. Variation of the prime. In what follows, we assume that the rank of the elliptic curve is equal to
zero. However, the discussion could easily go through word for word with X' (Z 1,)’2’tors in place of X' (Z ).

We have established that there exist curves of rank 0 and primes p for which X(Z,), 2 X(Z). The
next question we ask is whether there always exists a (not necessarily ordinary) prime for which the
cohomologically global points of level 2 are precisely the global integral points. It turns out that the
answer is negative, as we will see in Example 4.11 below.

Let us first gather some intuition on what is happening. Recall that, after having fixed all appropriate
embeddings,

¢(w) C ED)wors = E@)ors-

Therefore, if P € E(F)ors for some minimal number field F, by picking p such that [F, : @] > 1 for all
v | p, we can guarantee that P ¢ X(Z,). For instance in Example 4.1, if we pick p’ =7, which is of
good ordinary reduction and which is inert in Q(7), we find X(Z ), = X (Z) = @.

Note that, in view of Corollary 3.5 and Section 3C, there exist (infinitely many) curves for which
X(Zp)2 18 strictly larger than &X' (Z) for all odd primes p of good ordinary reduction. More generally, if E
has complex multiplication by the quadratic field K and there exist points defined over K and satisfying
the assumptions of Proposition 3.4(1), then these points will show up in X'(Z), for any good ordinary
odd prime p by Deuring’s criterion. On the other hand, Deuring’s criterion also implies that the good
supersingular primes cannot split in K.

We ran the code on all the 470 curves of Section 4C for which we had found some extra points: this
time, we varied the good ordinary prime until we found a prime for which no extra points showed up
or we proved that such prime does not exist. If a good ordinary prime p for which X'(Z,)> = X(Z,)
does not exist, we repeated the calculations with supersingular primes. We summarise the results in the
following theorem (which includes also the statement of Theorem 1.5).

Theorem 4.10. Let E be an elliptic curve over Q of rank 0 and conductor less than or equal to 30000.
Then there exists a good ordinary odd prime p for which X(Z ), = X(Z), unless:

(1) Eis 32.a4 (j = 1728) [LMFDB 2019];
(2) E is one of the 20 elliptic curves of rank O with j = 0 and 7Z/27 C E(Q) or E is 27.a3 (j = 0)
[LMFDB 2019];

(3) E is 8712.u5 [LMFDB 2019].
Moreover, in cases (1) and (2), X(Z )2\ X(Z) # @ for all good ordinary odd primes p, but there exists a
supersingular prime p for which X(Z ), = X(Z); in case (3) X(Z )2\ X(Z) # < for all good (ordinary
and supersingular) primes p.
Proof. That there exists a good ordinary prime for which Conjecture 1.1 holds at level 2 for all curves
not in (1), (2) and (3) is shown computationally. The assertion of cases (1) and (2) follows from the

discussion before the statement of the theorem together with explicit computations of X'(Z,), at some
supersingular primes p. Finally, we treat the curve 8712.u5 in detail in Example 4.11. ]


http://www.lmfdb.org/EllipticCurve/Q/32/a/4
http://www.lmfdb.org/EllipticCurve/Q/27/a/3
http://www.lmfdb.org/EllipticCurve/Q/8712/u/5
http://www.lmfdb.org/EllipticCurve/Q/8712/u/5
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Example 4.11. Consider the elliptic curve 8712.u5, given by
E:y*=x34726x +9317. (16)

We have S = {2,3,11}: in particular, the reduction is of type III with Tamagawa number 2 at 2,
of type I7 with Tamagawa number 4 at 3 and of type I with Tamagawa number 2 at 11. Thus
W = W2 X W3 X W]], where

W, =1{0,—1log2}, Ws={0,—1log3, —3log3}, W ={0, —logll}.

Consider

A= {(—44, £99v/—11), (22, £33v/33), (B (1 £3v=3),0)} € X @D)1ors-

If p &S, then p splits in at least one of Q(+/—11), Q(+/33) and Q(+/—3) and therefore ANX(Z,) # &
(after having fixed embeddings). The fact that

ANX(Zp)2 # 2.

then follows from Proposition 3.4(1) (for the points over Q(+~/—11) and Q(+/33)), Proposition 3.12 (for
the points over Q(+/—3)) and the following table, which shows how the reduction changes at the primes
in S. The symbol “—" means that the reduction type has not changed. In the last column, there are
the possible values of A4(X(0y)) where Oy is the ring of integers of the completion K at a prime q
above ¢ in the field K. We briefly explain how the table is computed. When the prime g splits in K,
there is nothing to show: A4(X(Oy)) = W, if q | g. If ¢ is inert, by Tate’s algorithm, (16) is minimal
at q | ¢ and the Kodaira symbol is unchanged. Once we know the Tamagawa number at g, we can find
Aq(X(Oy)) directly from Proposition 2.4. Finally, if ¢ ramifies in K, then 14(X'(O,)) may be deduced
from Proposition 2.4, Lemma 2.1(i) and (4). Note that some points in X'(Oy) may map to nonintegral
points in a minimal model at q (see also Lemma 6.4).

K q splitting  reduction (Tamagawa) |A/Ampinlg Aq(X(Oy))

2 inert - 1 W

QH/—11) 3 split - 1 W3
11 ramified good 1176 Wi

2 split - 1 W,

Q(+v/33) 3 ramified nonsplit I (2) 376 W3

11 ramified good 1176 Wi

2 inert - 1 W

Q(/-3) 3 ramified nonsplit I (2) 3-6 W3
11 inert I 4 1 Wit



http://www.lmfdb.org/EllipticCurve/Q/8712/u/5
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5. The rank 1 case

5A. Algebraic nonrational points in X (Z,), in rank 1. We retain the notation of Theorems 1.6 and 1.7.
The set consisting of the torsion points in ¥ (w) is equal to ¢ (w). Therefore, the results of Section 3
translate into results for X' (Z P)/Z,tors‘

Since each v (w) is defined by a single p-adic equation, in most cases it is expected that X' (Z)))
should be strictly larger than X' (Z). The question we investigate in this subsection is which algebraic
nontorsion points could arise in X'(Z,),. The following elementary lemma shows that if a nontorsion
point in X'(Z )}, comes from a quadratic point in the saturation of E(Q), then its belonging to X'(Z,))
cannot be explained by automorphisms (cf. Section 3A).

Lemma 5.1. Let E be an elliptic curve over Q and K a quadratic field with Gal(K /Q) = (t). Let
P € E(K)\ E(Q) such that mP € E(Q) for some nonzero integer m. Then, if (P) = t(P) for some
¥ € Aut(E/Q), P has finite order.

Proof. The hypotheses on P imply that ¥ # id. Since mP € E(Q), we have O = mP — t(mP) =
m(P —t(P)). If Y = —id, then

(P)=-P (P)=-P
—
m(P—t(P))=0 2mP = O;
thus, P has order dividing 2m.
For more general v, let
[-]1: R ~End(E)

where R C C. Then there exists a root of unity ¢ such that ¢ (P) = [{]P. Therefore,

©(P) = [(1P ©(P) = [1P
{m<P—r(P))=0 = {[m(l—o]P:o

and so P € E(K)[mNqg)a(1 —=29)]. O

We could try and use noncyclotomic idele class characters to motivate the existence of some algebraic
points of infinite order in X'(Z )}, following the ideas of Section 3B. For example, what we could hope
to prove is that at a certain z € X'(Z) satisfying mz € E(Q) for some nonzero integer m, the quantity
2D5(z2) —|—C(Log(z))2+ [lw]l, for some w € W, equals the value of some p-adic height function at z. If such
a p-adic height comes from a character which restricts to the cyclotomic character on A, with the right
normalisations, then looking at the equation defining v (w) we see that this is enough to show z € X(Z,,)5.

However, our computations (more on this in Section 5B) also recovered some algebraic nontorsion
points defined over real quadratic fields and we know that the space of idele class characters of a real
quadratic field is one-dimensional. Therefore, in the following proposition we present a sufficient condition
for a point defined over a quadratic field to belong to X'(Z )}, which looks less geometric or algebraic in
nature compared to the results of Section 3. However, we then discuss in Remark 5.3 when we expect the
hypotheses of the proposition to be satisfied.
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Proposition 5.2. Suppose that E satisfies the assumptions of Theorem 1.7 and that p is an odd prime of
good ordinary reduction. Let K be a quadratic field in which p splits. Fix an embedding p : K — Q,,
and let T be the nontrivial element in Gal(K /Q). Suppose that 7 € X(Ok) is such that mz € E(Q) \ {0}

for some nonzero integer m and that

Jm(2) =& fu(2(2)), (17)

Jfor some root of unity {. For each rational prime q, let q be one (any) prime of K above q and Aq the local

height at q with respect to the model £. If

> k(@) = w

qes
for some w € W, then p(z) € X(Z))).

Proof. Let q1 p. By quasiquadraticity (Section 2A1(iv)) applied twice and the assumptions on z and m,

we have
Aq(2) = %(xq(mz) +21og | fin(2)lq)
= (e m2) + 210 £ fun (F(@D))
= (T (@) + 210 | fu(r2Dly)
= Aq(T(2)) = Ar(q) (2).
Similarly, if pOx = p1ps, then (without loss of generality)
My (2) = Do (2) + 21080 (fn(2))) = A p(m2) +2108(p(fin ((2)))) = mrp, (2).

Therefore,
hyp(z) = Ap(p(2) + llwll.

Since z is in the saturation of E(Q) (i.e., mz € E(Q)), then z € ¢ (w). O

Remark 5.3. Let E, K and p be as in Proposition 5.2. Suppose that z € X'(Ok) is such that mz €
E(Q)\ {0} and write x (mz) = n(mz)/(d(mz)?) for some coprime integers n(mz) and d(mz) > 0. When
can we expect (17) to hold? By [Wuthrich 2004, §2] and our assumptions, we know that

gm(2) gm(1(2))
5 = x(mz) = x(m(2) = 2
fm(2) Sm(t(2)
where g,,(z) can be written as a univariate polynomial in x(z) over Z. For w € {z, 7(z)}, define

Sm(w)
d(mw)’

Sm(w) =
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By Proposition 1 of [loc. cit.], §,,(w) is a unit at all primes at which w has nonsingular reduction.
Furthermore, we have

O (2) _ Jm(2) _
T0m(t(2))  t(fu(r(2)))

Thus, if for example z has good reduction at all primes which are split in K, then 7(5,,(7(2))) = §,,(7(2))

up to multiplication by elements of (9;;: thus, in this case, f;,(z) = ufy, (t(z)) for some u € (9;;. If K is
imaginary then u is a root of unity; otherwise ¥ may or may not be. Note that if K is imaginary, we could
have also avoided talking about division polynomials and followed a strategy similar to Proposition 3.12.
Conversely, Proposition 5.2 is often not applicable for torsion points as it requires the existence of a
nonzero multiple of z in E(Q).

SB. Computations in rank 1. The technique explained in Section 4A to compute X'(Z); in the rank 0
case can easily be adapted to compute X'(Z,)’, when the Mordell-Weil group has rank 1. As remarked in
Section 5A, the expectation is that X'(Z ), should generally be larger than X' (Z).

We ran the code on all the 14783 rank 1 elliptic curves of conductor at most 5000 and let p be the
smallest prime greater than or equal to 5 at which the curve has good ordinary reduction. The first
observation is that it can happen that there are no points in X'(Z,)}, beside those in X'(Z). For example,
the curves of conductor at most 500

« satisfying the assumptions of Theorem 1.7(1) are 254.b1, 430.c1 [LMFDB 2019];

« not satisfying Theorem 1.7(1), but for which X(Z )}, = X (Z) are 297.b1, 325.b1, 325.b2, 467.al
[LMFDB 2019].

Studying the torsion points of X'(Z,)’, morally provides more data on the extra points that can arise
in X(Z,)> when E has rank 0. No new phenomenon was observed, except that torsion points defined
over some degree 4 number fields were also recovered on the two CM elliptic curves 576.e1 and 576.e2
[LMFDB 2019] of j-invariant 54000. The appearance of the latter points can be proved in a similar way
to Proposition 3.14.

As far as algebraic nontorsion points are concerned, on 26 curves we identified nontorsion points
defined over quadratic extension of Q. All of these were explained by Proposition 5.2 and only on two
curves the points were defined over real quadratic fields. We now present an example in which some
algebraic torsion and nontorsion points were recovered in X' (Z ), \ X (Z). Afterwards, we also include
for completeness an example in which the extra algebraic nontorsion points are real.

Example 5.4. Consider the elliptic curve 576.e4 [LMFDB 2019]
E:y?>=x>+8,

whose Mordell-Weil group over Q0 has rank 1 and is generated, modulo torsion, by the point zg = (1, 3).
Let p =7, at which E has good ordinary reduction. We have S = {2, 3} and W = W, x W3 where

W, =1{0,—1log2} and Ws={0,—1log3}.


http://www.lmfdb.org/EllipticCurve/Q/254/b/1
http://www.lmfdb.org/EllipticCurve/Q/430/c/1
http://www.lmfdb.org/EllipticCurve/Q/297/b/1
http://www.lmfdb.org/EllipticCurve/Q/325/b/1
http://www.lmfdb.org/EllipticCurve/Q/325/b/2
http://www.lmfdb.org/EllipticCurve/Q/467/a/1
http://www.lmfdb.org/EllipticCurve/Q/576/e/1
http://www.lmfdb.org/EllipticCurve/Q/576/e/2
http://www.lmfdb.org/EllipticCurve/Q/576/e/4

Quadratic Chabauty for (bi)elliptic curves and Kim's conjecture 2407

Write
X(ZP)/Z = X(Zp)é,tors U X(ZP)/Z,nontors’

where the subscripts tors and nontors have the obvious meaning. Let K = Q0(+/—3) and let T generate
the Galois group of K /Q. Assuming that we have fixed an embedding of Q(+/—3) into Q,,, we find that

X(Zp)yors = 1(=2,0), (1 £+/=3,0)},
X(Zp)h pontors = E{(1,3), (2, —4), (46, —312), (=5 £ /=3, 6 £ 6+/=3)} U A",

where Anonalg?

denotes the set of points of X'(Z,)}, which have not been recognised as algebraic. Note
that A™°"2” modulo = consists of 15 points. Corollary 3.5, together with the observation at the beginning
of this section, proves why the two-torsion quadratic points (1 4= +/—3, 0) belong to X(Z,)5.

Consider now

0 € {+(=5++/—3,6+64/=3)}.

We show why Q e X(Z Without loss of generality we assume that Q = (—5++/—3, 64+6+/—3).

As

)/
P72, nontors*

0=—z0+0—-+-3,0),
20 € E(Q). We have
£(0) =2y(Q) = (A(=14++v=3)) £ (0)).

Therefore, in order to apply Proposition 5.2, it suffices to verify the condition on the local heights at the
bad primes. For each prime q{ p, we could use the formula involving f>(Q) in order to compute A4(Q),

as in the proof of the proposition. We choose to compute it instead by the quasiparallelogram law
Aq(Q) = Aq(20) +Aq(1 = v =3,0) —log |V =3|q = Aq(20) + 2q(=2, 0) —log |[v/=3]q,

which gives
—1log3 ifq]3,
rM(Q) =1 —log2 ifq]|2,
0 if q12,3, p.

The fact that Q is in X'(Z),), then follows from Proposition 5.2.
Example 5.5. Consider the elliptic curve 525.c1 [LMFDB 2019]
E :y?>+xy=x>4x% —450x +3375.

Let p be an odd prime of good ordinary reduction split in @(+/5) and fix an embedding Q(v/5) — Q p-
Then by Proposition 5.2 with m = 2, the infinite order points

£(10£5V5, 323 FV5))
belong to X(Z))5.


http://www.lmfdb.org/EllipticCurve/Q/525/c/1
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6. Rational points on bielliptic curves

Let C be a smooth projective curve over Q of genus g and whose Jacobian J has Mordell-Weil rank equal
to g. Assume in addition that the Néron—Severi group of J has rank at least equal to 2, that p is an odd
prime of good reduction for C and that the p-adic closure of J(Q) has finite index in J(Q,). Balakrishnan
and Dogra [2018, Theorem 1.2] used the Chabauty—Kim method to explicitly describe a finite set

C(@,)z C C@,),

which depends upon the choice of a correspondence Z C C x C and which contains all the -rational
points of C. Note that one has C(Q,)> C C(Q,)z. The authors then made Theorem 1.2 algorithmic
when C is a bielliptic curve of genus 2, under the extra assumption that J is ordinary at p (we remove
this hypothesis here). Let

C:y2=x6+a4x4+a2x2+ao, a; € Q,
be a genus 2 bielliptic curve with a rank-2 Jacobian and consider the associated maps ¢; : C — (E;, OF,),
described affinely by
Ei:y* =x"+asx® +arx +ao, pi1(x,y) = (x"y)
E;): y2 = x> + apx? + aqapx —|—a3, m(x,y) = (aox_z, aoyx_3).

Assume that each of Ey and E; has rank 1. Then one may pick Z in such a way that C(Q,)z can be
described in terms of local and global p-adic heights of the images of the points of C in the two elliptic

curves (we assume that the given equations for £, and E; are minimal at p). The superscript £ indicates
on which curve we are computing these quantities. Let P; be a point of infinite order in F; (Q) and write

o)
" Loghi(p)?

where, as usual, hg" is the global p-adic height of Mazur-Tate or Bernardi depending on whether the
reduction is ordinary or not. Let Q1 = (0, \/ao) € E1(Q(/ap)) and Q> = (0, ap) € E»(Q). We assume
that ag is a square in Q. Furthermore, let

CcV(@,) = C(@,)\ (0, Vap)[ U 10, —/ao)D),

CP(Qy) = C(@,)\ (oo™ [U oo D,

ch@=c@nc?@, fori=1,2,
where the inverted square brackets denote the residue disk modulo p around the given point and
oot =(1:£1:0) e C(Q).
Theorem 6.1 (Balakrishnan-Dogra!®). For each i € {1, 2}, the following set is finite:
W= {Z(xff (@i (20)+0)+2E (i (2)— Q) =20 (031 (29))) 1 zg) € [ C@\ g ' (£ Qi)}}.
q#p q#p

10With a small correction; see Remark 6.2.
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Furthermore,

cY@ c {z € C(Qy) : 2407 (p3-i(2) — Abi(@i(2) + Q1) — Abi (@i (z) — Qi)
— 263 Log" (¢3-4(2)) +2¢; Log™ (¢:(2)) + 2hE (01 € W'},

The second assertion in Theorem 6.1 can be derived from the parallelogram law satisfied by the global
p-adic height (as a consequence of Section 2A1(iii) and Section 2A2(iii)) and the fact that there is at
most one quadratic function (up to multiplication by a scalar) on each of E|(Q) and E,(Q), due to the
assumption on their ranks, in analogy to the proof of Theorem 1.7. The set of p-adic points described
in the theorem is C(Q,)zNC D@ »). We will explicitly determine the sets W' for Example 6.3. For a
general bielliptic curve we will give in Proposition 6.5 a description of a finite set containing W', hence
giving a proof of finiteness of W'.

Remark 6.2. If Q; is not defined over @, with the notation Af (p1(z) £ Q1) in Theorem 6.1 we mean
Ag "(¢1(z) £ Q1), where q is any prime of Q(,/ag) lying above the rational prime ¢. Indeed, since
7(Q1) = —Q1, where (t) = Gal(Q(,/ap)/Q), there is no dependence on q | g and

hEN(QD) =) A ).
q
The equations defining the sets C(Q,)z N C (@) p) in [Balakrishnan and Dogra 2018, Corollary 8.1]
contain a typo in the case when Q) is not in the saturation of E;(Q), which we have corrected in
Theorem 6.1. Their formula has the term 2c¢; LogE1 (01)?in place of 2h§ 1(Q1) and does not hold unless
the two quantities are equal.

One of the advantages of computing rational points using Theorem 6.1 for a bielliptic curve, rather
than the more general techniques developed in [Balakrishnan et al. 2019a], is that we do not need to have
prior knowledge of any affine point in C(Q).

Balakrishnan, Dogra and Miiller [Balakrishnan and Dogra 2018] used Theorem 6.1, combined with the
Mordell-Weil sieve, to determine precisely the rational points of two bielliptic curves. As in Section 4A,
we suggest here that one can replace the computations of double Coleman integrals with computations
involving the p-adic sigma function and division polynomials. We use the resulting algorithm to compute
C(Q))z for a bielliptic curve whose rational points were already found using different Chabauty-type
techniques by Wetherell [1997, Proposition 5.1] and Flynn and Wetherell [1999, Example 3.1]. Our
methods lead to an alternative provable determination of C (Q).

Example 6.3. Consider the bielliptic curve
C:y2=x6+x2+1;
the associated elliptic curves are 496.al and 248.a1 [LMFDB 2019], given by the minimal models

Ei:y’=x>+x+1, Er:y?=x+x2+1.


http://www.lmfdb.org/EllipticCurve/Q/496/a/1
http://www.lmfdb.org/EllipticCurve/Q/248/a/1
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‘We have
01=(0,1) € E;(Q), 0>=1(0,1) € E5(Q).

Both elliptic curves have rank 1. Let p = 3, which is a prime of good reduction for C. Since E| is

supersingular at p, we use Bernardi’s p-adic height for our calculations.

Claim 1. Ifq # p,2 and z € C(Q,) \ {¢; (£ Q))}, then

Wi (2) := AL (9i(2) + Q1) + A (¢i(2) — Qi) =24 (¢3-i(2)) = 0.
Proof. The curves E| and E; have everywhere good reduction except at 2 and 31. At 31, the Tamagawa
number of each E; is trivial. Assume first that ¢; (z) # Og,. Then, for each g # p, the quasiparallelogram
law (3) gives

— E; E; Es .

wy.i(2) = 2(AE (1 (2)) + AE Q1) — log x (@i (2)) g — AP (¢3-:(2))):

thus, if g # 2, by Lemma 2.1(i),

wg,i (z) = 2(log(max{l, [x(¢i(2))lq}) —log(max{l, |x(p3-i(2))lg}) —log |x(¢i(2)lg)
= 2(log(max{1, |x(¢i (2))]4}) — log(max{1, [x(¢; (2))|;'}) —log |x(¢i (2))]4) =0.
It remains to consider the case ¢;(z) = Og,. Then ¢3_;(z) € {(£0Q3_;} and
wg.i(2) =207(Qi) —22.[7(03-1) =0
by Proposition 2.2, since Q; and Q3_; are integral and the Tamagawa numbers at g are equal to 1. [J

Claim 2. We have
W' =10, log2}, W2 ={—log2, —2log2}.

Proof. By Claim 1,
Wi = w2 (2) == A5 (¢i (2) + Qi) + A3 (i (2) — O1) — 2053 (93-1(2)) 1 2 € C(@2) \ o7 '(£00}}

First note that the curve £ has Tamagawa number equal to 1 at 2, whereas E, has Tamagawa number equal
to 2 and reduction type III. If |x(z)|2 <1, then @2 (z) has good reduction at 2 and Afz (2(z)) =log |x(2)2|2;
otherwise ¢;(z) reduces to a singular point modulo 2 and, by Proposition 2.4, Af Hp(2)) = —% log 2.
Furthermore Af Q) = —% log 2. Therefore, similarly to the proof of Claim 1, if ¢;(z) # Og,, then by
the quasiparallelogram law we have

w2,1(2) = 205 (91 (2)) ~ M2 (92(2)) ~ log [¥(@1 (D)) = {1022 .

+

for the remaining points z = co™ we get

w21 (z) = =217 (Q2) =log 2,

thus proving the claim for W', The set W? is determined in a very similar fashion and we leave the details
to the reader. U
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We can now compute C(Q,)z as a union of the two C(Q,)z N C(@p)(i). We find
C(Qp)z = foo™, (0, £1), (£3, £3)}uA (18)

where A is a set of size 4. Note, however, that up to the automorphisms (x, y) = (—x, y), (x, y) = (x, —y)
and their composites, A actually consists of one point:

P=(2-3+2-3342.3 434+ 03"),242-34+2-33+2.3+3°4+2.38 + 0(3")).

We follow the same strategy to the one of the proof of [Balakrishnan and Dogra 2018, Theorem 8.6] to
rule out the possibility that P could be rational. The image of the point P under ¢» is a point in E>(Q,)
whose x-coordinate has valuation ord, (x(¢2(P))) = —2. On the other hand, the Mordell-Weil group
E>(Q) = Z is generated by Q» and, thus, if g2 (P) € E»(Q), there must exist a multiple of O, whose
x-coordinate has p-adic valuation equal to —2. As the smallest multiple of Q5 in the formal group at p is
60, = (g—?, —%), we have reached a contradiction, since the set of points in the formal group whose
x-coordinate has valuation at most —4 is a group.

6A. Explicit formulae for the sets Wi. Theorem 6.1 asserts that the sets W', for i = 1, 2, are finite, but
does not describe them explicitly. In order to obtain an implementation for the computations of the sets
C@pzN cH@ p) for an arbitrary genus 2 bielliptic curve C, it would be convenient to have a character-
isation of W' that can be made algorithmic, in analogy with that of the sets W, of Theorems 1.6 and 1.7.

We assume in this section that the coefficients ag, az, a4 defining C are in Z.

Fori=1,2, let WqE """ be the set W, from Section 1 for a global minimal model E; i, of E; if g
is a prime of bad reduction and with nontrivial Tamagawa number. If E; i, has good reduction at
q €{2,3}\{p} and Ei’min(l]:q) = {0} or ¢ =2 and E; i, has split multiplicative reduction I; at g, let
W, ™ = . For all other g # p, let W, "™ = {0}.

Let Wf " be the set of values attained by kf * on the points of E; (Q,) of the form (x, y) withx, ye Z,. Let

Ei _ weEi
Vq = Wq U {0}.
Write

E.
P
AEi,min’

where Afi and AFimin are the discriminants of E; and Ei min-
For sets A, B of elements in a field F, we write A + B for their Minkowski addition and — A for the
set consisting of the additive inverses of the elements in A. If A = {a}, we write a + B for A + B.

Lemma 6.4.

WE = Llog 85|, + (W ™™ U {2k log g : 1 <k < 5 ord, (85)}).

In particular, W,fi is finite; it equals {0} for all but finitely many q.
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Proof. Let x, y and Xpin, Ymin be the Weierstrass coordinates for E; and E; min, respectively. Then there
existu,r,s,t € Q, u # 0, such that

X =Lt2)Cmin+r, y =u3ymin+suzxmin+t-

Since ordq(AE"’mi“) < ordq(AE") for each prime ¢, the scalars u, r, s, t are furthermore all integral (see
[Connell 1999, Lemma 5.3.1]).
Now let P € E;(Q,) such that x(P), y(P) € Z,. By (4), we have

i E; min i
AF(P) = ag"™(P) + ¢ log |85,

If Xmin(P) € Z,, then Af bmn(py e Wf "™ by Propositions 2.4, 2.2 and Lemma 2.3. Otherwise, by
Lemma 2.1(i), we have )Lqu’"““(P) =log |(x(P) — r)/uzlq, where by assumption |x(P) —r|, < 1 and the
valuation of (x(P)—r)/ u? is an even negative integer. Since 8% = u'?, this completes the proof of C. To
see why the inclusion is actually an equality, notice that the preimage of an integral point in E; 1in(Q,)
is certainly an integral point on E;(Q,). Furthermore, the points on E; nin(Q,) in the formal group are
parametrised by ¢ € gZ, as follows: t > (Xin(?), Ymin(?)), Where

1 a1 ,min
xmin(t) = t_2 - " — a2, min — A3 minf + -+ € Z[al,mins ceey a6,min]((t))’
where aj min, . .., a6 min are the Weierstrass coefficients of E; min; in particular, we have ord, (xmin(?)) =

—2ord,(t). Thus for each 1 < k < % ord, (8F1), setting t = ¢g* gives a point on E; min(Q,) whose
preimage in E;(Q,) has integral x-coordinate. The second assertion of the lemma follows from the
explicit description of the sets WqE bmin ([

Proposition 6.5. With the notation of Theorem 6.1, suppose that ordy(ag) € {0, 1} for each prime £. For
each prime q # p, let

W, ={2v+22]10) v e VI + (=W U {2+ 2201 (Q1) —2logagly s v e W)

W, = {2v+2112(Q2) — 2loglagly : v e W + (=V,/ ) U {20+ 202 (Qy) sv e =W

Then W' is a subset of the finite set
Wi’ = {Z w)w) ;€ W,;"} = {2h§f(Q,-) — 20500+ (w); —20F Qi) s w),; € ij’}.
q#p q#p
Proof. By definition,
wi= {Z Wq,i: Wy, € Wé},
q7#p

where

W) ={wg.i(2) =25 (0i(2) + Qi) + A5 (i (2) — Qi) — 2207 (93-i(2)) : 2 € C(@Q) \ {9y (£0)}}.
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Let z € C(@,) \ {¢; (£00)}. If ¢;(z) = Op;, then
wg.i(2) = 2A51(0i) — 221771 (Q3-0),

which belongs to ZA,]E Q) — ZWqE > When i = 2, note that, while it is not always the case that Q is
defined over Q, (and hence that A 5 Q) e Wf 1), here this follows from the assumption that its preimage
under ¢ is in C(Qy).

Otherwise, by the quasiparallelogram law (3), we have

wq.i (2) = 2(AF (9i(2)) + A, () —log |x (i (2)|g — 1> (p3-i(2)))
=2(A) (0i(2) + A1 () +1log |x(p3-i (2))]g —log laoly — A (93-i(2))).
Note that the assumption that 0 < ord, (ap) < 1 implies that, for each i =1, 2,
x(@i(2)]g > 1= x(p3-i(2))]g < 1 (19)
(@3- @)lg < 1= [x(@i(2)]g = 1. (20)

If |x (@i (2))l4 > 1, then ¢; (z) reduces to a nonsingular point modulo ¢, with respect to the Weierstrass
equation for E;. Thus )»5 “(¢i(z)) =log |x(¢;(2))|4. Furthermore, by (19), ¢3_;(z) is integral with respect
to the Weierstrass equation defining E53_; and we have kf T py—i(2) € WqE >~ Therefore

wq,i(z)

S € Q)+ (=W,

Similarly, if |x(¢3-;(z))l; > 1, then

Wg,i (2) . .
5 € 0y () —log lagly) + Wy
It remains to consider the case when [x(z)|, = 1. Then
Wy i Ao if i =1,
‘I,I(Z) EWqE,_i_(_WqE%z)_i_{ %I(Qz) 1 l
2 Ay’ (Qi) —loglaply ifi=2. O

Proposition 6.5 and Lemma 6.4 turn Theorem 6.1 into an algorithm for computing a finite set of p-adic
points containing C(Q), for an arbitrary genus 2 bielliptic curve C whose associated elliptic curves E
and E» have Mordell-Weil rank equal to 1. Furthermore, to improve the estimates of the sets W' provided
by Proposition 6.5 we may use the fact that the contributions at primes of potential good reduction for C
are trivial (cf. [Balakrishnan and Dogra 2018, Theorem 1.2(i)]). It seems unlikely to the author that the
elementary approach of Proposition 6.5 could show the latter for an arbitrary curve, since it is hard to
imagine how the proof could be made sensitive to the difference between C being of potential good
reduction and its Jacobian only being of potential good reduction. Furthermore, even at primes not of
potential good reduction, the sets Wq’" might be larger than qu. Nevertheless, having fixed an explicit
curve C, the steps of the proof of the proposition should guide the reader through computing W' precisely.
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Here we are instead interested in an algorithm which does not require prior computations of W'. So
let W be obtained from W’ of Proposition 6.5 by replacing W;/ with {0} whenever ¢ is a prime of
potential good reduction. We implemented in SageMath the results of this section and could test them for
several bielliptic curves, including the ones of [Balakrishnan and Dogra 2018] and the bielliptic curve

C:y*=? 4+ D> +3)(2+7), 21)

which appears in [Flynn and Wetherell 1999, p. 532] as the only curve amongst 50 bielliptic curves for
which the methods of Flynn and Wetherell to find rational points failed.

For instance, in Example 6.3 and for the curve of [Balakrishnan and Dogra 2018, §8.3] we have
Wi =W" =W foreachi =1 and i =2, but for the curve of [Balakrishnan and Dogra 2018, §8.4], the
sets Wi” have size 3, whereas W' has size 1.

We also remark that in Example 6.3, as well as the two examples of [Balakrishnan and Dogra 2018],
the elliptic curve E| has trivial Tamagawa number at all primes and E; has trivial Tamagawa numbers
everywhere except for at one prime where it has Tamagawa number equal to two or three. In other
words, finding precise expressions for the sets W' by hand is straightforward. In Example 6.3 as well
as [Balakrishnan and Dogra 2018, §8.3] the task is further simplified by the fact that the Weierstrass
equations for £ and E, have minimal discriminant. On the other hand, we cannot expect this for a
generic curve. For example, the elliptic curves corresponding to (21) have Tamagawa numbers (2, 1)
respectively (4, 2) at the primes not of potential good reduction and analysing what happens at each prime
by hand might be rather tedious. In this case, we find #W!” = #W?” = 18 and in fact this results in many
points in C(Q,) that are probably not rational (142 when p =5).
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The Prasad conjectures for GSp, and PGSp,

Hengfei Lu

We use the theta correspondence between GSp,(E) and GO(V') to study the GSp,-distinction problems
over a quadratic extension E/F of nonarchimedean local fields of characteristic 0. With a similar
strategy, we investigate the distinction problem for the pair (GSp,(E), GSp, ;(F)), where GSp, ; is the
unique inner form of GSp, defined over F. Then we verify the Prasad conjecture for a discrete series
representation T of PGSp, (E).
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1. Introduction

Let F be a finite field extension over @, and E be a quadratic extension over F with associated Galois
group Gal(E/F) = {1, o} and associated quadratic character wg,r of F*. Let Wr be the Weil group
of F and WDp be the Weil-Deligne group. Then wg,r is a quadratic character of Wy with kernel Wg.
Let G be a connected reductive group defined over F' and G(F) (resp. G(E)) be the F-rational (resp.
E-rational) points. Let Irr(G(E)) denote the set of irreducible smooth representations of G (E). Given a
representation t € Irr(G(E)) and a character y of G(F), we say that t is (G(F), x)-distinguished or
has a nonzero (G (F), x)-period if

Homg (T, x) # 0.

If x is the trivial character, then t is called G (F)-distinguished. There exists a rich literature, such as
[Beuzart-Plessis 2018; Flicker 1991; Gan and Raghuram 2013; Lu 2017b; Matringe 2011; Prasad 2015],
trying to classify all G (F)-distinguished representations of G(E). The method often used to study the
distinction problems is the relative trace formula, such as in [Beuzart-Plessis 2018; Flicker and Hakim
1994], which is powerful especially for the global period problems. This paper focuses on the local period

MSC2010: primary 22E50; secondary 11F27.
Keywords: Langlands correspondence, see-saw diagrams, theta lift, quaternionic Hermitian groups, the Prasad conjecture.
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problems for G = GSp,, PGSp, and their inner forms. The main tool in this paper is the local theta
correspondence appearing in [Gan and Takeda 2011b; Kudla and Rallis 1992; Yamana 2011].

Let V be the unique nonsplit quaternion algebra Dg with quadratic form Np, over E, or the split
6-dimensional quadratic space [H]3E over E. Then

GSO40(E) =D (E) x DE(E)/{(t,t7Y):t € EX} if V = Dg,
GSO33(E) =GL4y(E) x EX/{(t7 1, 1% :t e EX}  if V=H3,

and any irreducible representation of GSO(V) must be of the form

GSO(V) = {

o w1 Xy with oy, = wy, if V= Dg;

o MMX p with o = u? ifV=[H]%5.

Here for each i, m; is an irreducible representation of D (E).

Gan and Takeda [2011b] have studied the explicit theta correspondence between GSO(V') and GSp4(E)
and proved that any irreducible representation t of GSp,(FE) falls into one of the following two disjoint
families of representations:

o T =0(m; Xm) with wy, = wr,;

e 7 =0(IT X u) with © = w, and wr = p>

The see-saw identity (sometimes called the local Siegel-Weil identity) plays a vital role in the proof
of our main theorems. More precisely, suppose that G x H is a reductive dual pair, with a Weil
representation wy, over F. Let H' x G’ be another dual pair contained in the same ambient group, with
G C G’ and H' C H. Via a so-called see-saw diagram

G’ H
G H’

dim Homg (®y (x), m) = dim Homg x g (wy,, 7 X x) = dim Hompg (O, (), x)

we have

for a representation 77 € Irr(G) and a character x of H'. Typically, ® (x) is a simpler representation,
such as a degenerate principal series representation of G’, and the multiplicity dim Homg (®y (x), )
has a better chance of being understood; see [Gan 2019]. In order to use the see-saw identity, we need
to study the big theta lift ®(7) to GO(V) of a generic representation T of GSp,(E). In fact, we have
studied the general (almost equal rank) case for the irreducibility of big theta lifts to GO, 41 41 (F) of a
generic representation of GSp,, (F) in Section 3C. After computing the big theta lifts following [Gan
and Ichino 2014; Gan and Takeda 2011b], we use the local theta correspondences between GSp,(E) and
GSO(V) and the see-saw identities to discuss GSp,-period problems, by transferring the period problem
for GSp, to various analogous period problems for GL,, GL4 and their various forms (not necessarily
inner). Then we obtain the following results:
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Theorem 1.1 (Theorem 4.4.9). Suppose that T € Irr(GSp,(E)) with a central character w, and w.|px =1.

(1) If T =06(X) is an irreducible representation of GSp,(E), where X is an irreducible representation
0f GO4,0(E), then the representation t is not GSp,(F)-distinguished.

(i) If T = 0(m W my), where w1 X, is a generic representation of GSO, 2 (E), then

2 ifm; 2 mo are both GL, (F)-distinguished,
1 ifm Zmbutn] =my,
dimHomgsp, ) (t,C) = 1 if m1 = 7 is GLy(F)-distinguished but not (GL(F), wgr)-distinguished,
1 if my is GLy(F)-distinguished and w1 =,
0 otherwise.

Here mo =7 (x1, x2) with x1 % x2, X1|Fx = x2|px =1 is a principal series representation of GL, (F).
Note that these conditions are mutually exclusive.

(iii) Assume that T is not in case (i) or (ii) and that T = 0(I1 X x) is generic, where I1 X x is a
representation of GSO3 3(E). Then

1 if Il is GL4(F)-distinguished,

dim Hom, 7,0) =
1 Gspy(F) (T, ©) {() otherwise.

The full local Langlands conjecture for GSp, (see Theorem 4.4.7) has been proved by Gan and Takeda
[2011a]. Then we can verify the Prasad conjecture for GSp, in Section 6C. More precisely, let Go be a
quasisplit group defined over F (denoted by G°” in [Prasad 2015]) such that

LGy =GSp,(C) x Gal(E/F),
where the nontrivial element o € Gal(E/F) acts on GSp,(C) by
o(g)=sim(g)"'-g.
Here sim: GSp,(C) — C* is the similitude character. Let ¢, be the Langlands parameter of t. Define
F(¢:) = {¢: WDr — "Go | $lwp, = ). (1-1)

Theorem 1.2 (the Prasad conjecture for GSp,). Let © be an irreducible smooth representation of GSp,(E)
with enhanced Langlands parameter (¢, L;) (called the Langlands-Vogan parameter). Assume that the
L-packet Ty, is generic. Then

|F(¢:)| if T is generic, i.e., A; is trivial,

dim Hom T, =
GSpy(F) ( E/F) { 0 otherwise,

where F(¢) is defined in (1-1) and | F (¢;)| denotes the cardinality of the set F (¢;).
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We will prove analogous results for the inner form in Section 5. Let D be the 4-dimensional quaternion
division algebra of F. In a similar way, we study the period problem for the inner form GU» (D) = GSp, 4,
i.e., try to figure out the multiplicity

dim HomGspM(p) (‘L’, ([:)

for a representation v € Irr(GSp,(E)). We will not state the results of the inner form case in the
introduction; the precise results can be found in Theorem 5.3.1.

Combining Theorem 1.1 and its analog for inner forms, we can verify the conjecture of Dipendra
Prasad [2015, Conjecture 2] for PGSp,. Given a quasisplit reductive group G defined over F and a
quadratic extension E/F, assuming the Langlands—Vogan conjectures for G, Prasad [2015] used the
recipes from the Galois side to give a formula for the individual multiplicity

dim Homg,, () (7, XG).
where

e 7 is an irreducible discrete series representation of G(E);
* X 1s a quadratic character of G(F) depending on G and E;
» G, is any pure inner form of G defined over F satisfying G,(E) = G(E).

In Section 7, we will focus on the case G = PGSp,. Then HY(F,G) = {PGSp,4, PGU>(D)} and
x6 = wg/r. The local Langlands correspondences for the quasisplit groups SO, and Sp,, over a
nonarchimedean local field have been verified by Arthur [2013] under certain assumptions which have
been removed by Mceglin and Waldspurger [2016a; 2016b; 2018]. We can use the results from the local
Langlands correspondence for SOs = PGSp, freely. More precisely, if T € Irr(GSp4(E)) with a trivial
central character, then © corresponds to a representation of PGSp,(E), denoted by 7. Given a discrete
series representation 7 of PGSp,(E) with the enhanced L-parameter (¢z, Az), where Az is a character of
the component group mo(Z(¢z)), set

F(¢:) ={¢: WD — Spy(©) | lwp, = ¢z}
Up to the twisting by the quadratic character wg, r, there are several orbits in F'(¢7), denoted by LI7_, O(qgi).
Each orbit O((l;i) corresponds to a unique subset C; of H (W, G). (See Section 6A for more details.)

Theorem 1.3. Let notation be as above. Given a discrete series representation T of PGSp,(E), we have

dim Homg, (¢ (%, wg/r) = ) mOhz, $i)1c,(Ga) /do(@), (1-2)
i=1
where

 1¢, is the characteristic function of the set C;;
o m(rz, ¢) is the multiplicity for the trivial representation contained in the restricted representation

A lrgz@n
o do(¢) = |Coker{mo(Z($)) — mo(Z (7)) NE/F)}| where |—| denotes its cardinality.
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Remark 1.4. We would like to highlight the fact that the square-integrable representation T may be
nongeneric and so T is not PGSp,(F')-distinguished (see Theorem 5.3.1) but T contains a nonzero period
for the pure inner form PGSp, | (F). It is different from the case G = PGL,, that if a representation 77 of
PGL,(E) is PD* (F)-distinguished, then 7 must be PGL, (F)-distinguished (see Lemma 4.4.5).

In fact, we have shown that the equality (1-2) holds for almost all generic representations in Section 7,
except that the Langlands parameter ¢z = 2 xr|w, ® ¢2 with ¢, conjugate-symplectic (in the sense of
[Gan et al. 2012, §3]) and X% = wg/r. However, there is a weaker version of the Prasad conjecture
which determines the sum of dim Homg,, () (T, xG) as G runs over all pure inner forms of G satisfying
G,(E) = G(E). It involves the degree of the base change map

® : Hom(WDrp, Sp,(C)) — Hom(WDg, Sp,(C))

for the exception case, i.e., the identity

. - ) _ - deg ®(¢)
dim Hompgsp, (r) (T, wg/r) +dimHompgsp, | (7)(T, wg/F) = Z m(KfJ/ﬁ)% (1-3)

FeF o) 0
when the L-packet Iy, is generic, which is the original identity formulated by Prasad.

There is a brief introduction to the proof of Theorem 1.3. After introducing the local theta corre-
spondence between quaternionic unitary groups following [Yamana 2011], we use the isomorphism
GU(R) =GSp; | (E) = GSp,(E), where R = Mat, 5 (E) is the split quaternion algebra over E, to embed
the group GSp, | (F) into GSp,(E). Then one can use the see-saw identity to transfer the inner form
GSp; ;-period problem to GOj , or GO7 ; side, which are closely related to GL,-period problems. But
we need to be very careful when we use the see-saw identity for a pair of quaternionic unitary groups.
(See Remark 5.2.4.) Once the see-saw identity for the quaternionic unitary groups has been set up, the
rest of the proof for the inner form case is similar to the case for GSp,-period. Then we obtain the results
for the distinction problems for the automorphic side. For the Galois side, i.e., the right-hand side of (1-3),
it will be checked case by case in Section 7.

Remark 1.5. Raphaél Beuzart-Plessis [2018, Theorem 1] used the local trace formula to deal with the
distinction problems for the Galois pair (G'(E), G'(F)) for the stable square-integrable representations,
where G’ is an inner form of G defined over F, which generalizes [Prasad 1992, Theorem C].

The paper is organized as follows. In Section 2, we set up the notation about the local theta
correspondence. In Section 3, we will study the irreducibility for the big theta lift of a generic representation
in the almost equal rank case, which generalizes the results of [Gan and Ichino 2014, Proposition C.4] for
the tempered representations. The detailed computation for the explicit big theta lift ®(t) to GO(V) will
be given in Section 3E. In Section 4, we will study the distinction problems for GSp, over a quadratic
extension E/F. The proof of Theorem 1.1 will be given in Section 4D. The analogous results for the
inner form GSp, ; will be given in Section 5. In Section 6A, we will introduce the Prasad conjecture for
a reductive quasisplit group G defined over F. Then we will verify the Prasad conjecture for GSp, in
Section 6C. Finally, the proof of Theorem 1.3 will be given in Section 7.
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2. The local theta correspondences for similitudes

In this section, we will briefly recall some results about the local theta correspondence, following [Gan
and Takeda 2011b; Kudla 1996; Roberts 2001].

Let F be a nonarchimedean local field of characteristic zero. Consider the dual pair O(V) x Sp(W).
For simplicity, we may assume that dim V' is even. Fix a nontrivial additive character ¥ of F. Let wy,
be the Weil representation for O(V) x Sp(W). If & is an irreducible smooth representation of O(V)
(resp. Sp(W)), the maximal m-isotypic quotient of wy, has the form

7 X Oy ()

for some smooth representation ®y, (r) of Sp(W) (resp. some smooth representation ®, () of O(V)).
We call ©y () or Oy w,y () the big theta lift of 7. It is known that ®, () is of finite length and hence
is admissible. Let 0y () or Oy, w y (7r) be the maximal semisimple quotient of ®y (7), which is called
the small theta lift of 7.

Theorem 2.1 (Howe duality conjecture [Gan and Takeda 2016a; 2016b]).

o Oy (m) is irreducible whenever ©y, (1) is nonzero.
o The map  + 0y () is injective on its domain.
This has been proved by Waldspurger [1990] when p # 2.

We extend the Weil representation to the case of similitude groups. Let Ay and Ay be the similitude
factors of GO(V) and GSp(W) respectively. We shall consider the group

R =GO(V) x GSpT (W),

where GSp™ (W) is the subgroup of GSp(W) consisting of elements g such that Ay (g) lies in the image
of Ay. Define

Ro={(h,g) € R|Av(M)Aw(g) =1}
to be the subgroup of R. The Weil representation wy, extends naturally to the group R via

& dim V-dim W

wy (g, )¢ = |Av(h)| w(gr, D(goh™),

where |—|F is the absolute value on F and

A -1
g1=g<W(§) 1)esp(W).

Here the central elements (7, t~!) € Ry acts by the quadratic character xv (WM W/2 which is slightly
different from the normalization used in [Roberts 2001].
Now we consider the compactly induced representation

Q=ind} wy.
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As a representation of R, 2 depends only on the orbit of ¢ under the evident action of ImAy C F*. For
example, if Ay is surjective, then €2 is independent of yr. For any irreducible representation 7 of GO(V)
(resp. GSp™(W)), the maximal 7 -isotropic quotient of  has the form

where ® () is some smooth representation of GSp™ (W) (resp. GO(V)). Similarly, we let 0y () be
the maximal semisimple quotient of ®y (7). Note that though ®, (77) may be reducible, it has a central
character wg (1) given by

(dim W)/2
We, () = Xy Wy .

There is an extended Howe conjecture for similitude groups, which says that 6y, (7r) is irreducible whenever
Oy () is nonzero and the map 7 + 60y (7r) is injective on its domain. It was shown by Roberts [1996]

that this follows from Theorem 2.1.
If Ay is surjective, we have GSp™ (W) = GSp(W).

Proposition 2.2 [Gan and Takeda 2011a, Proposition 2.3]. Suppose that w is a supercuspidal repre-
sentation of GO(V) (resp. GSp(W)). Then ®., () is either zero or is an irreducible representation of
GSpt (W) (resp. GO(V)).

2A. First occurrence indices for pairs of orthogonal Witt towers. Let W,, (n > 1) be the 2n-dimensional
symplectic vector space with associated symplectic group Sp(W,) and consider the two towers of
orthogonal groups attached to the quadratic spaces with trivial discriminant. More precisely, let H be the
split 2-dimensional quadratic space over F' and D be the quaternion division algebra over F. Let

Vi =H and V,, =D(F)®H,

and denote the orthogonal groups by O(V;;) =0, and O(V,,) = O, 44, respectively. For an irreducible
representation 7w of Sp(W,,), one may consider the theta lifts 9;; (7r) and 0, () to O(V;) and O(V,,)
respectively, with respect to a fixed nontrivial additive character ¥r. Set

r¥(m) =inf{r: 6 () #0},

r~(m) =inf{r : 6, () # 0}.
Then Kudla and Rallis [2005] and Sun and Zhu [2015] showed:
Theorem 2.3 (conservation relation). For any irreducible representation w of Sp(W,,), we have

rt()+r (m) =2n=dim W,.

On the other hand, one may consider the mirror situation, where one fixes an irreducible representation
of O(V,,) and consider its theta lift 6, (;7) to the tower of symplectic groups Sp(W,,). Then, with n ()
defined in the analogous fashion

n(r) =inf{n: 6,(w) # 0},
one has
n(mw) +n(mr ®det) =2r =dim V,,.
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For similitude groups, this implies that
n(m)+n(mv) =2r,
where v is the nontrivial character of GO(V,,)/GSO(V>,).

3. The irreducibility of the big theta lift

Let T be an irreducible representation of Sp,, (F). Gan and Ichino [2014, Proposition C.4] showed that the
big theta lift @;n 2 (t) to Op41,n+1(F) (called the almost equal rank case) is irreducible if 7 is tempered.
This includes the case p = 2 since the Howe duality conjecture has been proved in [Gan and Takeda
2016b]. We will use the generalized standard module [Heiermann 2016, Theorem 3.2] to study the case
when ITy, is generic (see Theorem 3.2).

In Section 3C, we mainly study the big theta lift to the split group O+ ,+1(F) from a representation t
of Sp,, (F) when the associated L-packet Iy, is generic. Then we will focus on the computation for n =2.

3A. Notation. Let us introduce the notation used in this section.

e |—|F (resp. |—|g) is an absolute value defined on F (resp. E).

P; (resp. Qj) is a parabolic subgroup of Sp,, (resp. O,+1,,+1) defined over F.

¢ is the Langlands parameter or L-parameter of 7 and ¢’ is the dual parameter of ¢,.

7" is the contragredient representation of t.

[Ty, is the L-packet containing 7.

W, is the symplectic vector space over E of dimension 2r.

Z is aline in W, and Y is a maximal isotropic subspace in W.

Q(Z) (resp. P(Y)) is the Klingen (resp. Siegel) parabolic subgroup of GSp,(E) = GSp(Ws).
B (resp. By) is the Borel subgroup of GSp,(E) (resp. GL4(E)).

P is the parabolic subgroup of GL4(E) with Levi component GL,(E) x GLy(E).

@;(I) (resp. ®¢(7)) is the big theta lift to GO, (E) (resp. GSO33(E)) of v of GSpy(E).
Qg(r) (resp. 6(7)) is the small theta lift to GO3 3(E) (resp. GSO33(E)) of T of GSp,(E).

3B. The standard module conjecture. Let G be a quasisplit reductive group defined over F. Fix a Borel
subgroup B = TU of G. Let & be an irreducible smooth representation of G(F). If there exists a
nondegenerate character Yy of U (F) such that Homy r) (7, Yv) # 0, then we say 7 is yryy-generic or
generic. If the L-packet Il contains a generic representation, then we call Iy, a generic L-packet.
Let P = MN be a standard parabolic subgroup of G. Suppose that there exists a generic tempered
representation p of M (F) such that 7 is isomorphic to the Langlands quotient J(p, x), where x is a
character of M (F) and lies in the positive Weyl chamber with respect to P(F'). (See [Heiermann and
Opdam 2013, p. 777] for more details.)
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Theorem 3.1 (the standard module conjecture). If m = J(p, x) is a generic representation of G(F), then
Indggg (p ® x) (normalized induction) is irreducible. Moreover, for any irreducible representation p’ of
M (F) lying inside the L-packet Tl , Indgg; (' ® x) is irreducible.

Heiermann and Opdam [2013] proved the standard module conjecture. Later Heiermann [2016,
Theorem 3.2] proved its generalized version i.e., the “moreover” part of Theorem 3.1. The following
subsection will focus on the cases G = Sp,,, and G = O, | y+1-

3C. Theta lift from Sp,, (F) to Op41,,+1(F). Suppose that 7 is a generic irreducible admissible rep-
resentation of Sp,, (F). Assume that there exists a parabolic subgroup P; = M;N; of Sp,, and an
irreducible representation 7} ® 12 ® - - - ® 7, ® 79 of Mj;(F) = GL,,, (F) X - -+ x GL,,, (F) x Spy,,(F)
(for ny +ny + - - - +n, +no = n) such that t is the unique irreducible quotient of the standard module

Ind“;’)gz(}(f () |—7 ® - ® 7, |-} ® 7p) (normalized induction), (3-1)

where 51 > s, > - -- >, > 0, n > ng, each 7; is a tempered representation of GL,,, (F') and 79 is a tempered
representation of Sp,, (F). Moreover, the Langlands parameter ¢; : WD — SO2,+1(C) is given by

d’r :¢rr1|_?@"'@4571,'_;«C@¢ro®¢y\r/,|_|;“sr@"'®¢7\1/1|_|1_7S1,

where each ¢, is the Langlands parameter of 7; and ¢, is the Langlands parameter of 7o. Here we
identify the characters of F* and the characters of the Weil group Wg by the local class field theory.
Due to Theorem 3.1, the generic representation t is isomorphic to the standard module, i.e., the standard
module is irreducible. Thanks to [Gan and Ichino 2014, Proposition C.4], the small theta lift 0;;1 p(0)is
the unique irreducible quotient of the standard module

Oil n F r
Ind) P |- - @~ © O, (W), (3-2)

where Q; (F) is the parabolic subgroup of O, ,+1(F) with Levi component GL,,, (F) x - - - X GL,, (F) x

Ong+1,n+1(F). We will show that (3-2) equals 9;; +2(r) under certain conditions.

Theorem 3.2. Let P; (resp. Q) be a parabolic subgroup of Sp,,, (resp. On11.4+1) defined as above. If
the irreducible representation t is generic and so T is isomorphic to the standard module (3-1), and the

standard L-function of T is regular at s = 1, then @;rn o(7) is irreducible.
There is another key input in the proof of Theorem 3.2.

Theorem 3.3. Let G be Sp,, or SO,11+1. Let w be an irreducible representation of G(F). The
L-packet Iy is generic if and only if the adjoint L-function L(s, ¢, Ad) is regular at s = 1.

Proof. See [Liu 2011, Theorem 1.2; Jantzen and Liu 2014, Theorem 1.5]. O

Proof of Theorem 3.2. We will show that ®;n +2(‘L’) SO 41,041 (F) 18 irreducible. If n = ng, then it follows

from [Gan and Ichino 2014, Proposition C.4]. Assume that s; > 0. Then there exists a surjection

Outi.n F S Sy
Ind o O (- [H @ -+ @ |~ [ ® O3, (7)) — O3, (7).
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Due to [Gan and Ichino 2014, Proposition C.4], if 1y is tempered, then ot ,(70) is irreducible and

2no+
generic. Moreover, if

¢t() . WDF - SOZn()-i-l((C)

is the Langlands parameter of 7y, then ¢92+ ) = ¢, ® C due to [Gan and Ichino 2014, Theorem C.5].
Ilo

Assume that ¢, = ¢y @ ¢, @ ¢; With ¢, tempered and ¢g = €D, ¢, |—|*. Then due to [Gan and Ichino

2014, Proposition C.4], we have Pos () = P0 D (¢, © C) @ ¢, . Observe that

L(Sv AdSOzn+2 O¢92';+2(7:)) = L(Sv Ad502n+1 o¢1’) : L(S, ¢T9 Std)’

where L (s, ¢, Std) is the standard L-function of t. By [Liu 2011, Theorem 1.2] and the assumption that t
is generic, we obtain that L(s, Adso,,,, op.) is regular at s = 1. So L(s, Adso,,., o¢)92+n+2 (r)) 1s regular at
s = 1. Thanks to [Jantzen and Liu 2014, Theorem 1.5], the L-packet Mg, + o is generic. By the
generalization of the standard module conjecture [Heiermann 2016, Theorem 3.2] that the standard
module with a generic quotient is irreducible,

On n F i’
63,15(1) = 03, () =Indy 15" V(i |- [1 @ - @ 7, [~ 1} ® O3, 45 (70)),

ie., ©F ,(7) is irreducible. O

2n+
Remark 3.4. Similarly, if X is a generic representation of O, ,(F) and L(s, X, Std) is regular at s =1,
then the big theta lift ®,(X) to Sp,,(F) is irreducible. However, if 7 is a generic representation of
Sp,, (F) and L(s, 7, Std) is regular at s = 1, the big theta lift to nonsplit group O(Vr) may be reducible
when Vp is a (2n + 2)-dimensional quadratic space over F with nontrivial discriminant. (See [Lu 2017b,

Proposition 3.8(iii)].)

Remark 3.5. There exists an isomorphism between the characters Ay o) = = Aoy () the latter of which

2n0+2

is given in [Atobe and Gan 2017, Theorem 4.3] in terms of the character Azy> conjectured in [Prasad 1993].

Corollary 3.6. Let Iy be the L-packet of Sp,,(F) containing t. Suppose that I1g_ is generic. If the
standard L-function L(s, ¢, Std) is a factor of the adjoint L-function L(s, Ad o¢,), then the big theta
lift ®2n+2(‘[) 10 Opy1,041(F) is irreducible for any T € Iy,

For the rest of this section, we will compute the big theta lifts between GSp,(E) and GO(V) explicitly
when dimg V =4 or 6.

3D. Representations of GO(V). Let ; be an irreducible representations of GL,(E) with central char-
acter wy, and wy, = wy,. Then 7y M is an irreducible representation of the similitude group

GSO,5(E) = GLy(E) x GLy(E)/{(t,t™ ") 11 € EX}.

If 7| # mp, then ¥ = Indggé’j(j;) (1 W my) is an irreducible smooth representation of GO, 2(E) and

X = X ®v, where v|o,,(r) = det. If 71 = m3, then there are two extensions (771 X 71)* and only one of
them participates in the theta lift between GSp,(E) and GO, »(E), denoted by (7 Xm;)™ = . Moreover,
we have (r; X 7)™ ®@v = (my W)™, (See [Gan and Takeda 2011b, §6].)
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Any irreducible representation of
GSO;33(E) = GL4(E) x GL{(E)/{(t,t ™) :t € E*}

is of the form
Xy,

where IT is a representation of GL4(E) with central character wry, x is a character of E* and %= or.

3E. Representations of GSp4(E). Assume that T = 6 () X m,) is a representation of GSp,(E) and
1 My € Irr(GSO, 2 (E)). Then 7 is generic if and only if 7y X 5 is generic due to [Gan and Takeda
2011b, Corollary 4.2(ii)]. We follow the notation in [Gan and Takeda 2011b] to describe the nondiscrete
series representations of GSp,(E). Thanks to [Gan and Takeda 2011b, Proposition 5.3], the nondiscrete
series representations of GSp, (E) fall into the following three families:

o 7 Igz)(x|—I%". ) with x a unitary character, s > 0 and 7 a discrete series representation of
GL,(E) up to twist;

o 7= Ipwy)(|—|z’, x) with x an arbitrary character, s > 0 and 7 a unitary discrete series represen-
tation of GL(Y);

o T Ig(xil—1%", x2l—I%"; x), where xi, x> are unitary and s; > s, > 0.

Note that if 7 itself is generic and nontempered, then those embeddings are in fact isomorphisms due to
the standard module conjecture for GSp,, except

T — IQ(Z)(I, JT).
For instance, T = Jp(y)(7w|—[%, x) with s > 0. If 7 is generic, then Ip(y) (||}, x) is irreducible and so

T =Ipwy( =I5, x) = Ipe) (Y =15, xwr|—13)

with s > 0. (See [Gan and Takeda 2011b, Lemma 5.2].)
If the big theta lift @gr (r) to GO3 3(E) of 7 is irreducible, the restricted representation @;(r) |Gs0s 5(E)
is irreducible due to [Prasad 1993, §5, p. 282]. We use O¢(7) to denote the big theta lift to GSO3 3(E) of 7.

Proposition 3.7. Let © be a generic irreducible representation of GSpy(E). Then the big theta lift
Op(7) to GSO3 3(E) of T is an irreducible representation unless T = Ig(z)(|—|g, ) with  essentially
square-integrable. If t = Ioz)(|—|Eg, ), then O¢(t) = Ip(7w|—|g, ) Ky |—|£ is reducible.

Proof. If 7 is a tempered representation, then ®§(t) is irreducible due to [Gan and Ichino 2014,
Proposition C.4] (which holds even for p =2 since the Howe duality conjecture holds) and so ®¢(7) is
irreducible. Assume that the generic representation t is not essentially tempered. There are 4 cases:

o If T = Ig(x1, x2; x) is irreducible, then none of the characters xi, x2, X1/X2, X1 X2 1S |—|?5El and so
I,(1, x2, x1, x1x2) has a generic quotient where By is a Borel subgroup of GL4(E). Thus ®¢(7) =
Ip, (1, x2, x1, x1x2) - x X X2 Xx1x2 is irreducible due to the standard module conjecture for GL4.
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o If T = Ipw)(m, x), then O¢(7) is a quotient of
IQ(ls T[’ a)ﬂ) : X ngza)ﬂa

where Q is a parabolic subgroup of GL4(E) with Levi subgroup GL(E) x GL2(E) x GL{(E). Due
to [Gan and Takeda 2011b, Proposition 13.2], the adjoint L-function L(s, As o ¢;) is regular at s = 1.
Since the standard L-function L(s, 7, Std) is a factor of L(s, Ad o¢;), we have L(s, t, Std) is regular
at s = 1. Then Ip(1, 7, wy) is irreducible and so O¢ (1) = Io(1, 7, wy) - x X x 2wy is irreducible.

o If T =1p(z)(x,m) with x # 1, then there is an epimorphism
Ip(m - x, m) Mg x — BOg(7)

of GSOs3 3(E)-representations, where P is a parabolic subgroup of GL4(E) with Levi subgroup
GL;(E) x GL(E). Gan and Takeda [2011b, Proposition 13.2] have proved that Ip (7 - x, ) is
irreducible if Ip(z)(x, m) is irreducible and x # |—|g. If x = |—|g and 7 is essentially square-
integrable, applying [Gan and Takeda 2011b, Corollary 4.4] that t is generic implies that O¢(7) is
generic, then Og(t) = Ip(- x, m)Xw, x and Og(t) = Jp (7 - x, m) Xw, x is the Langlands quotient.

o If T — Ipz)(1, ), then ®O¢(7) is either zero or Ip(m, m) K w,, where P is a parabolic subgroup
of GL4(FE) with Levi subgroup GL,(E) x GLy(E). In fact, ®¢(t) = 0 only when t is a nongeneric
constituent representation of o (z)(1, 7).

This finishes the proof of Proposition 3.7. ]

Remark 3.8. Similarly one can prove that if X is a generic representation of GSO; 2(E) and L(s, X, Std)
is regular at s = 1, then the big theta lift ®,(%) to GSp,(E) is an irreducible representation.

Let us turn the table around. The rest of this subsection focuses on the computation of local theta lifts
to GO22(E) from GSp,(E).

Proposition 3.9. Let t be a generic irreducible representation of GSp,(E). Assume that 9; (r) #0.

() If t =1lozy(1, (1, 2)), then the big theta lift @I(r) to GOy (E) of T is Extéozz(E)(EJr, 7)),
where F are two distinct extensions of (1, o) ¥ (g, pa) from GSOz2(E) to GO, 2(E).

(1) If T #lozy(A, w (1, K2)), then @I (t) is an irreducible representation of GOy 7 (E).

Proof. (1) If © = Igz)(1, w (11, 2)), then the small theta lift «9: (t) equals T by the Howe duality,
where X1 is the extension to GOy 2 (E) of (i1, o) X (uy, ua). Let ¥y be a nondegenerate character
of the standard unipotent subgroup U of GO, »(E). Then

dim Homy (©] (v), ¥) = dim Hom g o, xspom) (T, 0y) = 2, (3-3)

where Wr = Z@W,®Z*, H(W)) is the Heisenberg group of 1V, equipped with the Weil representation w.,
and t is the representation of GSp(WV,). Thus the big theta lift @I (t) to GO, 2 (E) is reducible. There is
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a short exact sequence of GO, > (E)-representations
et —— 0 (1) — T ——0. (3-4)
However, we can not determine ®I (7) at this moment. Note that

dim Extés0, , () (7 (1 p2) R (e, o), 7w (w1, o) R (o, p2)) = 1

due to [Adler and Prasad 2012, Theorem 1]. Here Ext! is the extension functor defined on the category
of all smooth representations with a fixed central character. Then dim ExtéOZ2 ( E)(E+, Y@ Et)=1by
Frobenius reciprocity, which implies that either Extéol2 (E) (ZT, =) or Extéoz_2 (E) (=T, =1) is zero. As-
sume that B is the Borel subgroup of GSO,2(E). Set B = B x i to be a subgroup of GO 2(E) and
BNGSO,,(E) = B. Since

w(wy, wa) R (uy, o) = InngOZ’Z(E) x (normalized induction),

there are two extensions x* to B of x of B. We may assume without loss of generality that ¥ 1 =

Indgoz’z(E) xTand ™= InngZ'Z(E)
of GO, »(E)-representations

x ~. Note that Ext%( x 1, x7) #0. Then there is a short exact sequence

GOz x(E)

0—— £~ —— Ind; (Extz(x*, x 7)) —— T ——0,

which is not split. Hence Extéo2 5 E)(ZJF, ¥.7) # 0. Together with (3-3) and (3-4), one can obtain the
desired equality ©F (1) = Extéo(z,z)( E)(Z+, 7).
(i) If 7 is a (essentially) discrete series representation, then it follows from [Atobe and Gan 2017,

Proposition 5.4].

o If T = Igz)(po, (1, n2)) with o # 1, then there exists only one orbit in the double coset
O(Z)\GSp4(E)/H(W1) x Sp(W)) that contributes to the multiplicity

dim HomH(Wl)NSp(Wl) (t, CU://),

and so @I(t) is irreducible.

o If T C Igz)(1, w) with 7 square-integrable, then 7 is tempered. Due to [Atobe and Gan 2017,
Proposition 5.5], @j(t) is tempered. Note that 9: (7) is a discrete series representation which is
projective in the category of the tempered representations. Thus @I (v) = 9; (t) is irreducible.
Otherwise, it will contradict the Howe duality conjecture (see Theorem 2.1).

o If T = Ip(y) (7, x), then dim Homy (®] (1), ¥y) = 1 and so ® (r) is irreducible.

This finishes the proof of Proposition 3.9. ]
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4. The GSp4(F)-distinguished representations

This section focuses on the proof of Theorem 1.1. First, we will introduce the see-saw identity in the
similitude group in Section 4B. Then we will study the filtrations of various degenerate principal series rep-
resentations restricted to reductive subgroups in Section 4C, which involves the complicated computation
for the double coset decompositions. The proof of Theorem 1.1 will be given in the last subsection.

4A. Notation.

C or 1 is the trivial representation.

H (resp. Hg) is the split 2-dimensional quadratic space over F (resp. E).

e (—, —)g is the Hilbert symbol on E* x E*.

* Resg,rV is a quadratic space over F' while V is a quadratic space over E.

» GSp(W,,) = GSp,,,(F) is the symplectic similitude group.

» GUy(D) = GSp, ; is the unique inner form of GSp,.

e Aw (resp. Ay) is the similitude character of GSp,(E) (resp. GO(V)).

. GSp4(E)t ={g € GSp4(E) | Aw(g) € F*} is the subgroup of GSp,(E) and similarly for GOZ’Z(E)D.
e P’ (resp. PY) is a parabolic (resp. Siegel parabolic) subgroup of GSp,(E)* and Q" is the Siegel
parabolic subgroup of GO,2(E)". And R, (resp. Rp:) is the Jacquet functor with respect to the
parabolic subgroup opposite to P’ (resp. P?).

« ind denotes the compact induction.

e R, (1) is the big theta lift to GO4 4(F) of the trivial representation of GSp(W,).

e R™"(1) is the big theta lift to GSpg(F') of the trivial representation of GOy, ,,(F).
e X is a generic representation of GO(V).

» O, is the Siegel parabolic subgroup of H, = GO, ,(F).

o/ g: (s) is the degenerate Siegel principal series of H,.

e X4 = Q4\ Hy is the projective variety.

» Z(s) is the degenerate Siegel principal series of GSpg(F).

e Mat,, ,(F) is the matrix space over F consisting of all m x n matrices.

4B. See-saw identity for orthogonal-symplectic dual pairs. Following the notation in [Prasad 1996], for
a quadratic space (V, g) of even dimension over E, let Resg,rV be the same space V but now thought
of as a vector space over F with a quadratic form

qr(v) = 3 trp/r q(v).

If Wy is a symplectic vector space over F, then Wy ® r E is a symplectic vector space over E. Then we
have the following isomorphism of symplectic spaces over F:

Resg/r[(Wo ®F E) Qe VI= Wy ®r Resg/pV =1 W.
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There is a pair
(GSp(Wp), GO(Resg,rV)) and (GSp(Wo®p E), GO(V))

of similitude dual reductive pairs in the symplectic similitude group GSp(W). A pair (G, H) and (G', H')
of dual reductive pairs in a symplectic similitude group is called a see-saw pair if H C G’ and H' C G.
The following lemma is quite useful in this section. See [Prasad 1996, Lemma, p. 6].

Lemma 4.2.1. For a see-saw pair of dual reductive pairs (G, H) and (G’, H'), let w be an irreducible

representation of H and v’ of H'. Then we have the following isomorphism:
Hompy (©y (1), 7) = Hompy (O (), 7).

Let GSp(Wo®F E ) be the subgroup of GSp(Wy ® r E) where the similitude factor takes values in F'*.
Similarly we define
GO(V)" = {h € GO(V) | Ay (h) € F*}.

Then we have a see-saw diagram

GSp(Wo ®F E)"* GO(Resg/rV)

=

GSp(Wp) GO(V)*

Replace Wy by a 4-dimensional symplectic space W, over F with a symplectic similitude group
GSp,(F). Then there is a see-saw pair

(GSp4(E)*, GO(V)?) and (GSp,4(F), GO(Resg,rV))
in the similitude symplectic group GSp(W), where W = Resg,r((W2 ®@F E) ® V) and
GSp4(E)* = {g € GSp4(E)|Aw(g) € F*}.

Remark 4.2.2. Let Vr be a quadratic space over F. If the image of the similitude character Ay, is not sur-
jective, then we need to consider the dual pair R =GSp,,, (F)™ x GO(VF). Moreover, GSp,,, (F) x GO(VF)
is not a dual pair in the usual sense. However, for our purpose (see Lemma 4.4.1), we will consider the
induction in stages (see [Gan 2011, §9.7])

Inngp4'l(F)XGO(VF)Qw — InngpM(F)XGO(VF) indgo ww’
where Qy (resp. wy ) is the Weil representation of R (resp. Ry) defined in Section 2. Suppose that
Vr ® E is a split quadratic space over E. Then

GSps, (F)xGO(Vr)
Homgo(v,) (O (1), x) = Homgsp, (£y:xco(v,) (Indg Pt QTR X)

GSpy, (F)
= Homgs,, (r): (IndGSgL( Oy (X0, T)

for a representation t € Irr(GSp,,, (E )%) and a character x of GO(Vr).
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In order to use Lemma 4.2.1, we need to figure out the discriminant and Hasse invariant of the quadratic
space Resg,rV over F.

Assume that E = F(v/d) is a quadratic field extension of F, where d € F*\ F x2 Let D £ be the nonsplit
quaternion algebra with involution * defined over E with a norm map Np,, which is a 4-dimensional
quadratic space V over E. More precisely, Dg is a noncommutative E-algebra generated by 1,/ and j,
denoted by (%), where i2 = a, j2 =b,ij=—ji,a,be EX and (a,b)g = —1. Here (—, —)g is the
Hilbert symbol defined on E* x E*. Then there is an isomorphism for the vector space Resg,rV,

Resg/r D = Spang{1,Vd, i, /di, j,~/dj,ij, dij}
as F-vector spaces. Given a vector v € V, set
qr(v) = S trgypoNp, (v) and  (v;, v;) =qr (Vi +v;) —qr (V) — gr(v)).

Lemma 4.2.3. The quadratic space Resg,r Dg with quadratic form % trg/r oNp, over F has dimension 8,

discriminant 1 and Hasse-invariant —1.

Proof. The nonsplit quaternion algebra over a nonarchimedean local field is unique. We may assume that
i*=aeF~

and j2 =b=by +byv/d, Ng/p(b) = b} —b3d, b; € F.
For an element v = x| 4+ x3 +x3j + x4ij in Dg with x; € E, we have

1(v,v) = Np, (v) = vv* = x{ — ax3 — bxj +abx}

and the corresponding matrix for the quadratic space (Resg,rDpg, qr) is

20 O 0 0 0 0 0
02d 0 0 0 0 0 0
00 —2a O 0 0 0 0
00 0 —2ad O 0 0 0
00 O 0 —=2bp —2bd O 0
00 O 0 —2byd -2b1d O 0
00 O 0 0 0 2ab; 2dab,
00 O 0 0 0  2dab; 2dab;

The discriminant algebra of Resg,r D is trivial in F*/F <2 1f by = 0, then the Hasse-invariant is
(—d,a)=-1

since (bZ\/E, a)g = —1, where (—, —) is the Hilbert symbol defined on F* x F*. If b; # 0, then the
Hasse-invariant is

Ng/r(b)d
9 _bl

Ng/r(b)d

Clb]

(d,d)(—a,—ad)<—b1 )(NE/F(b)d,—l)(ab1, )Z(a»NE/F(b)):(a,b)E:_l,

because (a, b)g = (a, Ng/r(b)) foralla € F* and b € E*. [l



The Prasad conjectures for GSp, and PGSp, 2433

Now let V be the split 2n-dimensional quadratic space H'; over E. There is a basis {e;, e;}lfi’ j<n for
the quadratic space V satisfying (e;, e;.) = §;; and the other inner products are zero. Then we fix the basis

{ei, Vdei, e, e /N d}i<i j<n

i€
for Resg/pV. It is straightforward to check that the vector space Resg,rV is isomorphic to the split

4n-dimensional quadratic space H*" over F.

4C. The structure of degenerate principal series. In this subsection, we follow the notation in [Gan and
Ichino 2011; Kudla 1996]. Let H, = GO(H") be the orthogonal similitude group. Define the quadratic
character v to be

v(h) = det(h) - ;" (h) for h € GO(H")

so that v|pg) = det. Define
GSO(H") =kerv = {h € GO(H")|1(h)" = det(h)}.

Assume that Q,, is the standard Siegel parabolic subgroup of H,, i.e.,

-1
On= {(A AAt) (I )](> ) A eGL,(F), X € Mat, ,(F) and X + X' :0}

with modular character |det A| },f" |A|;"("71)/ 2. Then 0,\H, is a projective variety and a homogenous

space equipped with H,-action. Each point on Q,\ H, corresponds to an isotropic subspace in H" of
dimension n. Set the degenerate principal series representation / g’: (s) as

157(s) = {f : Hy — C| f(xg) =80, (x)" >/ f(g) for x € Q. g € Hy}.

Let W, be the symplectic space with a symplectic similitude group GSp(W,). Set 1y to be the trivial
representation of GSp(W,)). Then the big theta lift ®,(1y) to H, of the trivial representation 1y is
isomorphic to a subrepresentation of g: (s0), where

so=r—3(n—1).
The image of ®,(1y) in Ig: (so) is denoted by R, (1), i.e.,
O, (1w) = R (1) C Iy (s0).
Let us come back to the GSp,-cases. Assume that r =2 and n = 4.
Proposition 4.3.1. There is an exact sequence of Hy-modules
0—— R(1) — I} (3) — R ®v —— 0.

Proof. Note that Ry(1)|o, 4(r) 1s isomorphic to the big theta lift of the trivial representation 1y from
Sps(F) to O4 4(F), and similarly for the big theta lift R;(1). There is only one orbit for the double coset

O4\H4/044(F) = (Q4 N O4 4(F))\O4,4(F)/O44(F).
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Applying Mackey theory, we have I gj (3)l0sar =1 8%8?4 ") (3)- Then the sequence is still the same

when restricted to the orthogonal group O4 4(F). The sequence is exact when restricted to the orthogonal
group Oy 4(F) due to the structure of degenerate principal series (see [Gan and Ichino 2014, Proposi-
tion 7.2]). By the construction of the extended Weil representation, the sequence is exact as H-modules. [

Similarly, let P, = M4N4 be the Siegel parabolic subgroup of GSp(W4) = GSpg(F) where My =
GL(F) x GL4(F) is the Levi part of the parabolic subgroup. Let Z(s) be the degenerate normalized
induced representation of GSpg(F') associated to Py, i.e.,

I(s) = {f : GSpg(F) — C| f(pg) = 8p,(p)/2+/3 £ (g) for p € Py, g € GSpg(F)}.
Then we have:

Proposition 4.3.2. There is an exact sequence of GSpg(F)-modules

0—— R33(1) (%) R*0(1) —— 0,

where Z(s) is the degenerate normalized induced representation of GSpg(F) and R33(1) (resp. R*%(1))
is the big theta lift to GSpg(F') of the trivial representation of GO3 3(F) (resp. GO4,0(F)).

Now we use Mackey theory to study / gj (%) lGo, ,(E): Which involves the computation for the double
coset Q4\H4/GOy2(E )% Denote X4 = 04\ Hy as the projective variety.

4C1. Double cosets. Now let us consider the double coset
Q4\Hy /GO, 2(E)".
Assume that V = [H]% with basis {e;, e/j}lsi,jfz and {e;, e;.) = §;;. Fix the basis
{e1, Vdey, er, Vdes, e, e/l/«/g, e, e/z/\/g}
for Vi =Resg,rV. The inner product ({(—, —)) on V is given by

((x,y)) == 3 trp/r((x, ¥))

for x, y € V. Let us fix an embedding i : GO, 2(E)* — GSOy4 4(F).

The double coset decomposition for the case at hand can be obtained from more general case. Assume
that V is a symplectic space or a split quadratic space over E of dimension 2n, with a nondegenerate
bilinear form B : V x V — E. Let U (V) be the isometry group, i.e.,

U(V)={geGL(V) | B(gx,gy) = B(x, y) forall x, y € V}

which is a symplectic group or an orthogonal group. Then Resg,rV is a vector space over F of
dimension 4n with a nondegenerate bilinear form % trg/F oB.
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Lemma 4.3.3. Let P be a Siegel parabolic subgroup of U(Resg,rV). Then each point in the homo-
geneous space X = P\U(Resg,rV) corresponds to a 2n-dimensional maximal isotropic subspace in
Resg,rV and the finite double cosets X /U (V) can be parametrized by a pair

(dimg E - L, By),

where L C Resg,rV is a maximal isotropic subspace with respect to the inner product ((—, —)) over F,

E-L:={e-x|eecE,xel}
is a linear E-subspace in V and

Br:L/Lox L/Lo— ~d-F -1
is a nondegenerate bilinear form inherited from V, where

Lo={xeL:B(x,y)=0 forally e L}.

Moreover, if L = Ly, then L lies in the closed orbit. If Lo =0, then L lies in the open orbit.

Proof. Under a suitable basis for L, the bilinear form for B|; corresponds to a matrix Jd - T, where
T € M,,(F). Moreover, we can choose T such that it is a diagonal (resp. an anti-diagonal) matrix if
B(x,y) = B(y, x) (resp. B(y, x) = —B(x, y)). Then

dimg E- L =n+ 1 -rank(7),
which is invariant under U (V)-action. The bilinear form B;, corresponds to a matrix v/d - T', i.e.,
000

T=|0T0
000

where T’ is invertible and rank(7") = rank(7").
Assume that there are two isotropic subspaces L and L, satisfying
dimEE-ledimEE-Lzzl and BngBLz-
This means that there exists g € GL;(E) such that g: E - L1 — E - L, satisfying

Br,(x,y) =Br,(gx, gy).

It is easy to lift g to gg € U(V) such that ggL| = L».

g1 0

o gz) lies in a subgroup of GL;(E), which can be regarded as a Levi subgroup of U (V), and

In fact, g = (

Br(gx, gy) = Br(g2x', 82))
when x —x’, y — y' € Lo. Then g = (g' & gi‘) € U(V), where g} depends on g; and V. U

Remark 4.3.4. There is only one closed orbit in the double coset P\U(Resg;rV)/U(V). When
T =0, the subspace E - L is the maximal isotropic subspace of V and so U (V) acts on the subvariety
{L:L =Ly} C X transitively.
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Consider the double coset decomposition of

04\H3/GO0,»(E)".

There are several F-rational orbits in Q4\ Hs/GO, 2 (E )e By Lemma 4.3.3, there are two invariants for
the orbit GO, »(E)" - L:

e the dimension dimg(E - L), and
o the bilinear form By (defined in (4-1)) up to scaling in F*.
By the classification of 4-dimensional quadratic spaces over F, there are 4 elements lying in the kernel
ker{H'(F,04) — H'(E, Oy},
which are
« the split quaternion algebra Mat, »(F) with g(v) = det(v) for v € Mat 2(F),
o the quaternion division algebra D(F) with the norm map Np,r,
o the nonsplit 4-dimensional quadratic space V3 = E @ H with g(e, x, y) = Ng/r(e) — xy, and
e Vy=eV3withe € F*\ Ng/p(E™).

However, we consider the double coset

04\H1/GO, 1 (E)"

for the similitude groups and observe that V3 and Vj are in the same orbit in Q4\ Hy/GO,,»(E)" More pre-
cisely, Mat »(F), D(F) and E @H are three representatives in the union of the open orbits GO, > (E Y.L
in X4/GO,,(E)".

Proposition 4.3.5. Pick a point L € X4/GO,,(E)* lying in an open orbit. Then the stabilizer of L in
GOM(E)u is isomorphic to the similitude group GO(L).

Proof. For g € GO, »(E)" with g(L) = L, we have
(8l1, 8l2) = (g) - (I, I2)
and so ((gly, glb)) = A(g) - {{l1, [2)). This means g € GO(L). Conversely, if » € GO(L, (1/\/3)6]5|L), set
hg xQer> h(x) Qe
forx ee LEZ=L-E=YV. Then hg(L) =L and
(hp(x1 ®e1), hp(x ®er)) = ererr(h){(x1, x2)) = A(h)(x1 ® €1, x2 @ €2),

i.e., hg € GOy, (E)". Then we get a bijection between the similitude orthogonal group GO(L) and the
stabilizer of L in GO, »(E)". Observe that the map & — hg is a group homomorphism. Then GO(L)
is isomorphic to the stabilizer of L via the map & — hg. U
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There are three F-rational open orbits GO, > (E )% . L where L represents one of Mat, 2 (F), D(F) or
E @& H, whose stabilizers are GO, 2(F), GO4,0(F) and GO3 | (F) respectively. There is one closed orbit
GO, (E)" - L which has stabilizer

Al %

b —. i~
GO22(E)" N Qs =: 0 —{( 0 AA!

) | A€GLyE) 1 e FX}.
There are two intermediate orbits with representatives L, L, and dimg(E - L;) = 3. The stabilizers are
isomorphic to

(GL1(E) x GOy,1(F)) -Matp 2(F) and  (GLi(E) x GO(VEg)) - Maty »(F),
where Vg is the 2-dimensional quadratic space over F' whose discriminant algebra is E.
Remark 4.3.6. For (g, 1) € GLo(F) x F*, we set

B((g, 1) =(g,0(g) 1) € GLy(E) x GLy(E).

Then g : GSO3 1 (F) = GSO, 2 (E ) is an embedding due to the exact sequences

il

1 E*

GLy(E) x F* ——— GSO3 1(F) —— 1

| l
1 —— EX —2 GLy(E) x GLy(E) — GSO,2(E) — 1

where i1(e) = (¢, Ng/r(e) 1) and iz(e) = (e, e ") fore € E*.

There are several orbits for X4/GO 2 (E )4 By Mackey theory, there is a decreasing filtration of
GO, 2 (E) -modules for 1) (5)Go, (k-

4C2. Filtration. Consider the filtration
154(s) = I(s) D I1(s) D Io(s) D0

of [ gj (5)|Go,,(E): With a sequence of subquotients

. 1GO2 2 (E)" . 1GO2 2 (E) . GO (E)
Io(s) =indg,, () CHIndge, () C®indgo () €

b
L($)/1i(s) = indZ?”(E) 5th1’
where QF is the Siegel parabolic subgroup of GO2»(E)* with modular character 85 and

~ . GO (E)" 145 e=3 o (GO2a(E) (345 3
11(s)/1o(s) = ind G () xGo, | (F))-N (Sé 8,7 @®ind, 8& 78,7

where Q" = (GL;(E) x GO(VE)) - N, N = Mat, »(F) and
8i(t,h) = |Ng/p(t?) - Ay (h) 2| F

fort € GL{(E) and h € GOy | (F) or GO(VE), where Vg is the nonsplit 2-dimensional quadratic space.
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Remark 4.3.7. We would like to highlight the fact that on the open orbits related to Iy(s), the group
embedding GO, »(F) < GO, »(E)” (and similarly for the other two group embeddings) is not induced
from the geometric embedding i : GO(L) — GO(L ®F E), but the composite map Ad,,;s oi of the adjoint
map Adys and the geometric embedding i where

h = <‘/3 1) € GO(2,2)(E).

However, it does not affect the results when we consider the distinction problems for the similitude
groups. In Section 4D, we will show that the results on the open orbits determine the distinction problems
dim Homgo, ,(g): (/ gj(%), T) when ¥ is a generic representation.

Recall that
GSp,(E)" = {g € GSpy(E) | Aw(g) € F*}.
When we deal with the case

GSpg(F) os/5
IndP4 8 6P4 |GSp4(E)t7

where Pj is the Siegel parabolic subgroup of GSpg(F) with modular character 8 p,, the above results still
hold. More precisely, set

I(s) = {f : GSpg(F) — C | f(xg) = 8p,(x)/PF/ f(g) for x € Py, g € GSpg(F)}.
There is a filtration
To(s) CZi(s) CIals) =Z(s)|Gsp,(E):
of Z(s)|gsp,(k): such that
« To(s) = indge 5’ €.,
o T1(5)/To(s) = indbs(E §1/2HCD 12 gng
o To(s)/Ti (5) = ind P 56D

where P is the Siegel parabolic subgroup of GSp,(E)"%,
M/zGLl(E) x GL,(F), N’%Matl,l(E)@Matg,g(F)

and
Surn'(t, 8) = INg/r)* - Aw ()Y F

for (¢, g) € GL{(E) x GLa(F). Here the group embedding GSp,(F) — GSp4(E)u in Zy(s) is the
composition map Adgs oi "where i’ : GSp(W>) < GSp(W, ®F E) is the geometric embedding and

g = (\/Z 1) € GSpy(E).
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4D. The distinction problem for GSp,. Let us recall what we have obtained. Let 7 € Irr(GSp,(E)).
Since 7|sp, (k) is multiplicity-free due to [Adler and Prasad 2006, Theorem 1.4], T|gsp, (£): is multiplicity-
free. Assume that T = 0(r; W ;) participates in the theta correspondence with GSO; 7 (E). Then the
see-saw identity implies that

Homgsy, (r) (T, C) C Homgsp,(r)(02(%), C) = Homgo, , (g): (R2(1), X),

where R>(1) is the image of the big theta lift to Hy of the trivial representation of GSp,(F) in / gj (%)
and ¥ is the irreducible representation of GO, (E) such that 7 = 6(X). In fact, if 7; 22 75, then
z = Indgg&z’(j‘)@)(m X 75). If w1 = 7y, then there are two extensions to GO, (E) of w; X m,. The
representation X is the unique extension of 7y X r; which participates into the theta correspondence with

GSp,(E), denoted by (71 X 7y)™.

Lemma 4.4.1. Assume that w1 Xy € Irr(GSO,2(E)). Let X € Irr(GO2 2 (E)) such that X|Gso,,(E) D
w1 Wy and ¥ has a nonzero theta lift to GSp,(E). Then

dim HomGo(L) (E s C) =dim HomGSO(L) (7‘[1 X ), G:),

where GO(L) — GO(L®F E) =G0, 2(E) and the 4-dimensional quadratic space L is one of Maty 2 (F),
D(F) or E ® Hp.

Proof. If my # my, then it follows from Frobenius reciprocity. If 71 = 7> and L is either Mat »(F) or
D(F), then we consider the see-saw diagram

GO, 2 (E)* GSp,(F)
GO(L) GSp,(E)*

where Gsz(E)t ={g € GSp,(E)|Aw(g) € F*}. We have
Homgo(r) (2 ® v, C) = Homgo(r) (X, v) = Homgsy, (£y: (O2(v), 1) =0,

because the big theta lift ®,(v) to GSp4(F) is zero by the conservation relation. If 71 = mp and L is

E ® Hp, then
GSpy(F)

HomGO(L)(E, 1)) = HomGSPQ(E)u (IndGSp4(F)+

®,w),C)=0.
(See Remark 4.2.2.) Hence
Homgso(z) (1 X 712, C) = Homgo) (X @ (X ® v), C) = Homgoz) (X, ©).
This finishes the proof. O

Lemma 4.4.2. Given a representation T € Irt(GSp,(E)) with w.|px =1, we have
dim Homgsp, (r) (4, C) = dim Homgsp,(r) (7, C) = dim Homggp, (r)(t ", C),

where T8(x) = t(gxg™") for g € GSp,(E).
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Proof. Note that ¢ = 7 and so dim Homgsp, (r) (74, C) = dim Homgsy,(r) (7, C). Since w;|px is trivial
and 7V = 1 ® w; !, we have

Homgsp,(r)(t", C) = Homgsp,(r)(t ® ; ', C) = Homgsp, (r) (T, 0| rx) = Homgsp, () (7, C). O

Remark 4.4.3. We have a similar statement for the group GO(V) when V is a 4-dimensional split
quadratic space over E.

There is another key input for the GL4-distinction problems in our proof of Theorem 1.1.

Theorem 4.4.4 [Matringe 2011, Theorem 5.2]. Given a generic representation w of GL,(E) with a
Langlands parameter ¢ = A1 @ A2y @ --- @ Ay with A; : WD — GL,, (C) irreducible and Z§:1 n;i =n,
then 1 is GL, (F)-distinguished if and only if there is a reordering of Als and an integer r between 1

and %t such that A7, | = A} fori=1,3,...,2r — 1 and A; is conjugate-orthogonal for i > 2r.

Lemma 4.4.5. Let w be a square-integrable representation of GLy(E). Then v is GLy(F)-distinguished
if and only if v is D* (F)-distinguished. If 1 = (x ™", x°), then 7 is both GL, (F)-distinguished and
D> (F)-distinguished. Let mo = 7w (X1, x2) with x1 # x2, X1|Fx = x2|Fx = 1 be an irreducible smooth
representation of GLy(E). Then g is GLy (F)-distinguished but not D* (F)-distinguished. These exhaust
all generic GL, (F)-distinguished representations of GLy(E).

Proof. If r is square-integrable, then it follows from [Prasad 1992, Theorem C]. Let w9 = 7w (1, x2). By
Mackey theory, we know that

1 if g |
dim Hompx () (19, C) = dim Homgx (x1 x5 , C) = X =5
0 otherwise.

If x1 # x2 and xi1|px = x2lrx =1, then x; x5 # 1. Thus mg is not D> (F)-distinguished. Since the
Langlands parameter ¢, = x ' @ x° (resp. ¢y,) is conjugate-orthogonal in the sense of [Gan et al.
2012, §3],  (resp. mp) is GLo(F)-distinguished due to [Gan and Raghuram 2013, Theorem 6.2] or
Theorem 4.4.4. The last claim follows from Theorem 4.4.4. O

Lemma 4.4.6. Let w be an essentially discrete series representation of GLo(E). Let 11 = Jp(w|—|g, )

be the nongeneric representation of GL4(E). Then the following statements are equivalent:
(1) ITis either GL4(F)-distinguished or (GL4(F), wg,r)-distinguished.
(i) MV =T11°.
(ii1) Ip(mw|—|g, ) is both GL4(F)-distinguished and (GL4(F), w)-distinguished.
Proof. See [Gurevich et al. 2018, Theorem 6.5]. |

4D1. The Langlands correspondence for GSp,. In this part, we will recall the Langlands correspondence
for GSp, which has been set up in [Gan and Takeda 2011a].

Let IT(GSp,) be the set of (equivalence classes of) irreducible smooth representation of GSp,(F’). Let
Hom(WDp, GSp,(C)) be the set of (equivalence classes of) admissible homomorphisms

WDy — GSp,(C).
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Theorem 4.4.7 (Gan—Takeda). There is a surjective finite to one map
L : T1(GSp,) — Hom(WDp, GSp,(C))

with the following properties:

(1) 7 is a (essentially) discrete series representation of GSp4(F) if and only if its L-parameter ¢ = L(7)
does not factor through any proper Levi subgroup of GSp4(C).

(ii) For an L-parameter ¢ € Hom(WDp, GSp4(C)), its fiber I14 can be naturally parametrized by the

set of irreducible characters of the component group

wo(Z(Im(p))/ Zgsp,(c))-

This component group is either trivial or equal to Z/27. When it is Z /27, exactly one of the two repre-
sentations in Iy is generic and it is the one indexed by the trivial character of wo(Z (Im(¢)) / ZGsp,(c))-

(iii) The similitude character sim(¢.) of ¢, equals the central character w, of t. Here sim:GSp,(C) — C*
is the similitude character of GSp4(C).

(iv) The L-parameter of T @ (x o Aw) is equal to ¢ @ x. Here Ay : GSp4(F) — F* is the similitude
character of GSp4(F), and we have regarded x as both a character of F* and a character Wg by
local class field theory.

Definition 4.4.8. An irreducible representation T of GSp,(E )¥ occurs on the boundary of Z(s) if
HomGSp4(E)ﬂ(Ii+1(S)/Ii (s), )20 fori=0or1.

In [Lu 2017a], we have verified the Prasad conjecture for GSp, when 7 is a tempered representation
by showing that 7 does not occur on the boundary of Z (%) After discussing with Dmitry Gourevitch,
we realized that [Gourevitch et al. 2019, Proposition 4.9] can imply the Prasad conjecture for GSp, when
the L-packet Iy, is generic. Thus we will give a slightly different proof of Theorem 1.1 from the one
in [Lu 2017a].

We repeat the statements of Theorem 1.1 as below.
Theorem 4.4.9. Assume that Tt € Irr(GSp,(E)) with a central character w, satisfying w.|gx = 1.

(1) If T =6(X) is an irreducible representation of GSp,(E), where X is an irreducible representation of
GOy4,0(E), then T is not GSp,(F)-distinguished.

(i) Suppose ¥ = (711X 1) is an irreducible representation of GOy 2(E) and X = Indgg&zfé)(m Xs)

ifmy #m. If Tt =0(X) is generic, then
2 ifm; 2w are both GL, (F)-distinguished,
ifm 2my butrr{’%rrzv,
if my = my is GLy(F)-distinguished but not (GLy(F), wg/r)-distinguished,
if m is GLy (F)-distinguished and 7\ = my,

otherwise.

dimHomgsp, () (r,C) =

O = = =
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Here mo = (X1, x2) with x1 # x2, x1lrx = x2lpx = 1.

(iii) Assume that t is not in case (i) or (ii), so that T = 0(I1 X x ), where I1 X x is a representation of
GSOs33(E). If T is generic, then

. 1 if ¢ is conjugate-orthogonal,
dim HomGSp4(F)(7:’ (D) == .
0 otherwise.

Proof. (1) If X is a representation of GO4,0(E), then 7 =0(X) = ©(X) and
Homgsp, (7 (©(X), C) = Homgo, £y (Ow,p .y (1), =),

where D’ =Resg JFDE=D(F) @H? is the 8-dimensional quadratic vector space over F with determinant 1
and Hasse invariant —1 due to Lemma 4.2.3 and ®w p y (1) is the big theta lift to GO(V’) of the trivial
representation 1. Note that the first occurrence of the trivial representation is dimg W =4 in the Witt
tower D @ H’, which is bigger than 2. Thus ®y p (1) = 0. Hence

Homgsp, (7 (©(X),C) =0
and so T = 6(X) is not GSp, (F)-distinguished.
(i1) By Proposition 4.3.1, there is an exact sequence
0—— Ry(1) — I (3) — v®Ri(1) —— 0 (4-2)

of Hj-representations, where R; (1) is the big theta lift to H, of the trivial representation 1 of GSp,; (F).
We take the right exact contravariant functor Homgo, ,(g):(—, £) with respect to (4-2) and get a short
exact sequence

0— HomGolz(E)t(Rl (1)) XV, E) —> HomGozvz(E)t(Ig: (%), Z) —> HomGOlz(E)t(RZ(l)’ Z) (4-3)

Consider the following double see-saw diagrams:

GSp,(E)" Hy GSp, (E)*

GSpy(F) GO, 2 (E)" GLy(F)

Note that Homgo, , (£y: (R2(1), ) = Homgsp, (r) (7, C). There is a key observation due to Wee Teck Gan
that GOz,z(E)D is a subgroup of GSO4 4(F). One has

Homgo, , (gy: (R1(1) ® v, £) = Homgo, , (£y: (R1(1), £) = Homgsp, (F)(O1(%), C).
Here ©1(X) is the big theta lift to GSp,(E) of X, which is zero unless 7; = m;. Then

dim Homgsp, () (7, C) + dim Homgsp, (r) (©2(Z), €) = dim Homgo, , ): (I (3). ) (4-4)
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Observe that GO, >(E)" is the fixed point of a involution on Hj, which is given by the scalar matrix
h=~/d € GOy»(E)" C Hy

acting on Hy by conjugation. Due to [Olafsson 1987, Theorem 2.5], there exists a polynomial f on Hj
such that the complements of the open orbits in the double coset Q4\ H4/GO52(E)" is the zero set of f.
. .. T . Hy (1 .
Thanks to [Gourevitch et al. 2019, Proposition 4.9], the multiplicity dim Homgo, , (£): (I Q:(E)’ Z) is at
least dim Homg, ,(£): (Io(%), E) where the submodule / corresponds to the open orbits. More precisely,

1\ ~ :_ 1GO22(E)* . GOy 2(E)* . 1GOy 2 (E)"
Ig(z) =indgo, () CO®indgo,,r COHIndgo () C

and

dim Homgo, , () (1) (%) =)

. . 1GOyo(E)" . 1GOy2(E)! . GO, (E)E
2dlmHomGoz.z(E)”(lndGO:(z)(F) CEBdeO;z(F) Co®indgo. () C T). 45

Together with (4-4), we have
dim HomGsp4(F) (7, C)+dim HomGspz(F) (0,2(2),0)

> dimHomgo, , (g): (Igf (3).2)

. GOy, (E)" . 1GOy,(E)" . GOy (E)E
ZHomGOz,z(E)“(deom(F) (E@deOM(F) C@lndGO&l(F) C, E)

= dimHomGoM(F) (2, C)+dimH0mGom(F) (E, C)—l—dimHomGo}Yl(F) (Z s C)

= dimHomGSO‘LO(F) (1 Xy, C)"‘dimHomGSOz_z(F) (11 Xy, C)+dim HOIIIGSO&l (F) (mXmp, C).  (4-6)
The last equality of (4-6) holds due to Lemma 4.4.1, which also equals

dimHompxr) (71, C) dim Hompx gy (2, C) + dim Homg,(r) (1, C) dim Homgy, ) (772, C)
+ dim Homgy, (r) (7] , 775).

In order to get the upper bound for the multiplicity dim Homgsp,(r) (7, C), let us turn the table around.
There is an exact sequence

0—— R¥31) —— Z(3) — R*°1) — 0

of GSpg(F)-representations, where Z(s) is the degenerate principal series of GSpg(F) and R"™"(1) is
the big theta lift to GSpg(F) of the trivial representation 1 of GO,, ,(F). There is only one open orbit in
the double coset decomposition P4\GSpg(F)/GSp,(E)". In a similar way, by Lemma 4.4.2, [Olafsson
1987, Theorem 2.5] and [Gourevitch et al. 2019, Proposition 4.9],
dim Homggy, (r) (7, C) = dim Homggp, (£y: (Io(%), ‘L’) < dim Homggy,, (£): (I(%), r)
< dim Homggy, (:(R*> (1), 7) + dim Homgg,,, (5): (R**(1), T)
= dim Homgo, ,(r) (¢ (1), C) + dim Homgo, ,(r) (O] (1), C). 4-7)
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Now we separate them into two cases: m; 2 75 and 71 = m5.

(A) If my 22 mo, then the theta lift ® (%) to GSp,(FE) of X is zero,
Homgo, ) (R1(1) ® v, £) = Homgsp,(r)(©1(X), C) =0

and ¥ = Indggg(’zz,)z(fé)(m X m,). There are several subcases:

(Al) If m; (i =1, 2) are both D> (F)-distinguished, which implies that ¢, are conjugate-orthogonal and
so that 77; are both GL, (F')-distinguished due to Lemma 4.4.5, then nlv Z mj. Otherwise, 7y = nlv =n7,

which contradicts the assumption 7| 2 m,. Then the inequality (4-6) can be rewritten as
dim Homgsy, () (7, C) = dim Homgo, gy (15 (3). ) = 2. (4-8)
Flicker [1991] proved that (GL,(E), GL, (F)) is a Gelfand pair, which implies that
1 > Homgso, ,(r) (O (1), C) = Homgo, ,(r) (O (1), C).

Thus
dim HomGsp4(p)(r, C)<1+1 (4-9)

due to the upper bound (4-7). Then (4-8) and (4-9) imply
dim HomGsp4(F)(t, C) =2.

(A2) Ity =7 (x1, x2), X1 Z X2, X1|Fx = x2|px =1 and 7y is GL, (F)-distinguished, then Lemma 4.4.5
implies that both ¢, and ¢, are conjugate-orthogonal, ;" 2 7§ and

H0mG04,O(F)(E, Q:) =0= HOIIIGOM(F)(E, G:)
Moreover, HomGsom(F)(@g(t), C) #0. Since
dim Homgo, , £y (lg:(%), T) > dimHomgo,2) (/) (2, C) +0=1,

the desired equality dim Homgsp,(r) (7, C) = 1 follows from (4-6) and (4-7).

(A3) If 77 = )/, then Lemma 4.4.1 implies
dim Homgo, ,(r) (%, C) = dimHomgso, ,(r) (71 K72, C) = 1.
By the previous arguments, we know that Homgo, ,(r)(2, C) = 0 in this case. Therefore
dim Homgsp,(r) (7, C) = 1.
In other cases, if 7 2 ;" and either ¢, or ¢, is not conjugate-orthogonal, then
dim Homgsp,(r) (7, C) = 0.

If not, then
dim Homggsy, (r) (7, C) = dim Homgso, ,(r)(Of (1), C) = 1.
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Set [IX y = @g’(r) lGsos 5 (E) as a representation of GSO3 3(E), which is irreducible due to Proposition 3.7.
Then IT is GL4(F')-distinguished and so ¢py is conjugate-orthogonal.
We consider the following cases:

o If ¢, is conjugate-orthogonal, then ¢, is conjugate-orthogonal by Theorem 4.4.4.

o If ¢y, is irreducible, by the assumption 77 2 7r,” and Theorem 4.4.4, then ¢, is conjugate-orthogonal,
which will imply that ¢, is conjugate-orthogonal as well.

» Now suppose that both ¢, and ¢, are reducible and that neither ¢, nor ¢, is conjugate-orthogonal.
Assume that ¢, = x;1 + xi2 (i =1, 2). Then

dn=xu+xi2+xa+x2  xuxiz=xuxp:E*/F*—C*.

Thanks to Theorem 4.4.4, x11x7;, = 1 and x12 # x22 but x12|px = 1 = x22/Fx. Furthermore,
X21x22 - (X21 x22)7 = 1 implies
x3ix21 = 1.

Similarly x7; x11 =1. Thus, x7, = X2_11 and x11 = x21. This implies that x12 = x22 which contradicts
the condition 1o # x22.

Hence the Langlands parameter ¢ can not be conjugate-orthogonal. Thus Homgsp,(r) (7, C) = 0 if
my 2wy and either ¢y, or ¢, is not conjugate-orthogonal.

(B) If m; = m, is a discrete series representation, then ®;(X) = m; due to [Atobe and Gan 2017,
Proposition 5.4]. If m; = m, is an irreducible principal series representation, applying the functor
Homgo, g)(—, ) on the Kudla filtration (see [Gan and Takeda 2011b, Theorem Al]), we have

01(X)=m
except for m; = (x, x). If m; = 7w (x, x), then there is an exact sequence
T — @1(7‘[1 Xﬂ]) — T —0

of GL,(E)-representations, where we can not deduce ®1 (7w X 1) directly. There are two choices that
©1(r) X my) is either 7y or Extgr,g) (w1, 71). We will show that ®; (7 X ) has a unique Whittaker
model which can imply that ®(7; X m) =m;. Let N = {((1) '1‘) |ne E} be the subgroup of GSp,(E).
Let ¥ be a nontrivial character of N. Consider the Whittaker model of ®(;r| X 7¢),

dim Homy (®1(ry M 7y), ¥n) = dim Hompgy, k) (1 X7y, C) < 1

due to [Lu 2017b, Proposition 3.4], which implies that ®;(X) = ;. Therefore the exact sequence (4-3)
implies the inequality

dim Homgsp,(r) (7, C) > dim Homgo, , (£y: (Ig:(%), E) — dim Homgsp, (r) (11, C). (4-10)

We separate them into the following cases:
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(B1) If mry is D* (F)-distinguished, then dim Homgo, , (£): (Io(%), 2) = 3. Again, we consider the upper
bound (4-7) and the lower bound (4-10) to obtain the equality

dim HomGsp4(@)(‘c, (E) =2.
(B2) If my = 7o =7 (x1, x2) With x1 # x2 and x1|rx = x2|Fx =1, then
dim HomGO4Y0(p)(Z, ([:) =0.

In a similar way, we can get dim Homgsy, (r) (7, C) = 1.

(B3) If 7y is not GL,(F)-distinguished but (GLy(F), wg,r)-distinguished, then

HomGsz(F)(nla C) =0and HOl’IlGo3_l(F)(E, G:) ;é 0,

which implies that dimHomGoz‘z(E)t(Ig;l (3). =) = 1 = dimHomgso, ,(r)(OF (), C). Thus we can

deduce that dim Homgsp,(r) (7, C) = 1.

(iii) If 7 is not in case (i) or (ii), then the first occurrence index of t of GSp,(E) in the Witt tower H',

is 3. Observe that @g (7)|Gs0s5(E) 1 irreducible unless T = Indgig“)w)(x, ) with x = |—|g.

Suppose that T # Indgs(%‘)(E)(l—| g, ). Consider the double see-saw diagrams

GOy,»(E)" GSpg(F) GO3 3(E)"

> | >

GO4,0(F) GSpy(E)* GO 3(F)

By [Kudla and Rallis 1992, p. 211] and Proposition 4.3.1, there are two exact sequences

0— R*3(1) — Z(3) — R*°) — 0

and

0—— R*YM) @R (1) — I(—3) — B> (D NRPA) —— 0

1
2

of GSpg(F)-modules, where Z(s) is the degenerate principal series of GSpg(F) and R™"(1) is the big
theta lift to GSpg(F') of the trivial representation 1 of GO,, ,(F). Assume that T is generic and its theta
lift to GO, 2(E) is zero. Then

Homgsy, (zy:(R**(1), T) = Homgo, o) (O] (1), C) =0,

so that

)s ‘L’) =dim HOI’nGSPA(E)t(RS’I(l) N R3’3(1), ‘[).

dlm HomGsp4(E)t (I(—%
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Thus applying Lemma 4.4.2,

2) 7)
< dimHomGSp4(E)t(R 3(1), 1)
= dim Homgo, ,(r)(OF (1), C)
= dim Homgo, ,(r) (MK x)*, C) 4-11)

dim Homgsy, (r) (t, C) = dim Homgg, ()2 (Zo(
1
2)

< dim HomGsp4(E)f( (

where (ITX )T are two extensions to GO3 3(E) of I1X x. On the other hand, one has
Homgo, ;) (MK x) ™, C) = Homgo, ;(r)(OF (1) ® v, C) = Homgg), (£):(O(v), ) =0
Then we have an inequality
dim Homgsp,(r) (7, C) < dim Homgso, ;(r)(ITX x, C) = dim Homgy, () (IT, C). 4-12)
Now we want to obtain the reverse inequality. Note that
l— R NR3A) — R¥31Q) — R¥?2(1) —— 1

is exact (see [Gan and Ichino 2014, Proposition 7.2]). There is an injection

Homgsy, (gy:(R>? (1), T) < Homgsy, (gy:(R>' (1) N R*>(1), 1) = Homggy, p): (Z(—3).7)  (4-13)

since the theta lifts to GO, 2 (E) and GOy ¢(E) of T are both zero by the assumption.
We will show that T does not occur on the boundary of Z (— %) under the assumptions. If 7 is nondiscrete,
then T = Jo(z)(x, ), x # 1, due to [Gan and Takeda 2011b, Table 1]. Note that

. GSp,(E)"
Ti(s)/Zo(s) = ind g’ Gsp, (ryynr X

where N’ = E @ Maty »(F) and x'(t, g) = |NE/F(r)S+% A(g) 3 F. Set
= (GL{(E) x GSp,(E)") - N'.
Thanks to the second adjoint theorem due to Bernstein, we have
Hom(Z; (—1)/Zo(—1). 1) = Homps xsp, i<+ (1@ indg () C® | =172, R (Joizy (x. 7)) =

because Ry (J(x,m))=x Qm + x '®my and x # 1. Moreover, the cuspidal supports of Jo(z)(x, )
and Z,(—3)/Zi (—3) are disjoint. Therefore T = Jg(z)(x, 7) does not occur on the boundary of Z(—3)
and so

dim Homgg,, () (I(—%), ‘L') < dim Homggsy,, (g): (IO(—%), r) = dim Homggy, (r) (7, C).
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Note that if 7 is a discrete series representation, then we have

Homgsy, (£y: (Zi+1(—3)/Zi(—3), 1) =0

for i =0, 1. If not, then we will get a contradiction. Suppose that

Homgsp, (&) (Z1 (= 3)/Zo(—3), T) #0.

Then Homgy, (£)(1, R5/(7)) # 0, which contradicts Casselman’s criterion [Casselman and Mili¢i¢ 1982]
for the discrete series representation that

Homgr, () (| =1, Rp/(7)) #0
implies s < 0. Similarly,
Homgs,, (gy: (Z2(—3)/Z1 (= %), T) = Homg, £)x (3%6, Rp: (7)) =0

and so
dimHomGSp4(E)t (I(—%), T) S dlm HomGsp4(E)t (I()(—%), 'L'). (4-14)

Therefore one can combine (4-12)—(4-14) to obtain that

dim Homgsp, (r) (7, €) = dim Homggp, (£): (Zo(=3). )
= dim HomGSOlg(F)(@g_ (1), C)
= dim Homgp,(r)(I1, C). (4-15)

Thus the left-hand side is 1 if and only if IT is GL4(F')-distinguished.

Ifr= Indgs(%‘)(E)
that Ip(w|—|g, ) is GL4(F)-distinguished if and only if ¢ is conjugate-self-dual. This follows from
Lemma 4.4.6.

Hence we have finished the proof. U

(|—|g, m) is irreducible, then O¢(t) = Jp(r|—|g, 7)) K w; |—|g. It suffices to show

Remark 4.4.10. We can also show that if 7 = 6 (1) X mp) with 7" = nJ is generic, then ¢ = ¢y, @ ¢r,
is not only conjugate-orthogonal but also conjugate-symplectic. Keeping this fact in mind will be helpful
when we verify the Prasad conjecture for GSp, in Section 6C.

Corollary 4.4.11. The pair (GSp,(E)*, GSp,(F)) is not a Gelfand pair.
For a generic representation T of GSp,(E) with w;|px = X%, we may consider the multiplicity
dim Homgsp, (r) (77, XF)

which is equal to dim Homgsp, (r) (77 ® Xgl, C), where g is a character of E* and xr = xg|px. We
will focus on the case xr = wg,r when we verify the Prasad conjecture for GSp, in Section 6C.
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5. The GSp, ; (F)-distinguished representations

5A. Notation.

5B.

e D (resp. Dg) is a quaternion division algebra over F (resp. E) with a standard involution .
o D% is the Jacquet-Langlands lift to D (E) of 7 and 7 P2 W PF is a representation of GSO4o(E).

o 2 (resp. V) is a right skew-Hermitian (resp. left Hermitian) D-vector space with isometry group
U () (resp. U (°0)).

e 4* is the dual D-vector space of il in Resg,p V.
» WRp Y is a symplectic F-vector space.

. GO;O =GL(Dy) x Gm/{(t_l, %)} (resp. GO;,) is the inner form of GO3 3 (resp. GOy, 2,) defined
over F' and Dy is the division F-algebra of degree 4.

e J(s) (resp. I(s)) is the degenerate principal series of GSp, ,(F) (resp. GO;z(F ).
. GSO;0 is the inner form of GSOj3 ; defined over F.

e GOs | =GLy(DE) x G /{71, 1?)} is the pure inner form of GO3 3 defined over E and MP X x is
a representation of GSOs | (E).

B is the minimal parabolic subgroup of GL,(DEg)(E).
* GSp, o= D™ (resp. Sp, ) is the inner form of GL; (resp. SL»).
o P(Yp) (resp. L) is the Siegel parabolic subgroup of GU(Y) (resp. GO§’2(F ).

e R3(1) (resp. R2(1)) is the big theta lift to GSp, ,(F) of the trivial representation of GO3 ((F)
(resp. GO} | (F)) and SR'-/ (1) is the big theta lift to GO} ,(F) from GSp, ;(F).

o 0, (7) (resp. ®, (1)) is the small (resp. big) theta lift to GOs | (E) of T of GSp,(E).
o Ogy s,y () is the big theta lift to GU(Y) of 7 of GU(QY).
o yr is the Weil index and yg (¥ og) € ug for the character of second degree x — ¥ (g (x, x)), where ¢

is a nondegenerate symmetric F'-bilinear form.

Theta lifts for quaternionic unitary groups. In order to study the GSp, ;-distinction problems, we

need to introduce the local theta lift for quaternionic unitary groups, following [Gan and Tantono 2014;
Gurevich and Szpruch 2015; Yamana 2011].

5B

1. Morita equivalence. Let R = Mat; »(E) be the split quaternion algebra over E. Any left Hermitian

(resp. right skew-Hermitian) free R-module (Wg, hg) corresponds to a symplectic (resp. orthogonal)

space (Wg, hg) over E and

dimg Wg =2 -dimg Wg, Aut(Wg, hg) = Aut(Wg, hg).

See [Gurevich and Szpruch 2015, §2.1] for more details.
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5B2. Dual pairs. Let D be the unique nonsplit quaternion algebra over F, with a standard involution .
Then D @ p E = R. There is a D-linear map

tl‘R/DZR—>D

such that trg,p(d) = 2d for d € D. Given a 4-dimensional symplectic space (W, hg) over E, corre-
sponding to a 2-dimensional left Hermitian space (Wg, hg), we set

hp(x,y) =1 tg/p(hr(x,y)) € D

for all x, y € Wg. Then hp is a nondegenerate Hermitian form on U = Resg,p Wx and dimp U = 4.
Given a left Hermitian space (*U, hp) and a right skew-Hermitian space (2, sp), the tensor product
space 20 ® p U admits a symplectic form defined by

(W v, w®V) = g trpr((w, w) - (v, ).
This gives an embedding of F-groups
U) x U(CY) — Sp(W ®p V).

Then we can define the Weil representation wy, on U(20) x U (*0), using the complete polarization
Y=Yp+Y} of V.

Theorem 5.2.1 [Gan and Sun 2017, Theorem 1.2]. The Howe duality conjecture holds for the dual pair
U () x UY).

We can extend it to the similitude group GU(2J) x GU(®J) following Roberts. (See [Gan and Tantono
2014, §31.)

5B3. The see-saw diagram. Let us fix the polarization Wg = Y + Y;g. Then
‘II:ResR/DWR =Yp+ Yl.*)'
Consider the following see-saw diagram:

GU() GOy 2 (E)"

>

GU(Wg)* GO} | (F)

Here GU(Wg)* = GSp,(E)".

Proposition 5.2.2 [Gurevich and Szpruch 2015, Theorem 8.2]. Let T be an irreducible representation of
GSpW»h) = GU(Wg). Assume that 1 is an irreducible representation of GO’f,1 (F). Then

Homgy(w,: (O, (), T) = Homgoy (1) (O7 (7), 7).
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Assume that Vg is a skew-Hermitian free module over R of rank 2, associated to the anisotropic
4-dimensional quadratic space over E given by (Dg, Np,) such that

GU(VR) =GOy, 0(E).

Then Resg/p Vg is a 4-dimensional skew-Hermitian D-vector space with trivial discriminant. There is a
natural embedding

SU(VR) = S04,0(E) — SO5 ,(F) = SU(Resg,p V).

Given a 1-dimensional Hermitian vector space 20| over D, we consider the theta lift from GU(U;) =
GSp, o(F) to GO;Z(F) and the theta lift from GSOy4 ¢(E) to GU(R ®p U1) = GL,(E). Consider the
see-saw diagram

GU(Resg,pV) GL,(E)*
GSO4,0(E)D GSPl,o(F)

which is different from the situation in [Gurevich and Szpruch 2015, Theorem 8.2], since there does not
exist a natural polarization in the symplectic F-vector space V = (Resg,pVg) ® p V.
Assume that V = X @ Y is a polarization. Set the group

Mp(V)y = Sp(V) x C*

with group law

(g1,21)(g2, 22) = (8182, 2122 - 2v (&1, £2)),

where zy(g1, 82) = VF(%‘ﬁ oq(Y, gy v, gIY)) is a 2-cocycle (called Rao cocyle) associated to Y and
q(Y, gz’l\(, g1Y) is the Leray invariant. (See [Kudla 1996, §1.3].)
Suppose that V = X' @ Y’ is another polarization of V. There is an isomorphism

SX) = S8X).

Given ¢ € S(X) and ¢’ € S(X'), due to [Ichino and Prasanna 2016, Lemma 3.3], we have
o= [ wley) - ey
YAY\Y

where x" € X and y’ € Y are given by x'+y =x+y e V.

Lemma 5.2.3 (local Siegel-Weil identity). Assume that 7 is an irreducible discrete series representation
of GL,(E) so that the big theta lift © (1) to GSO4 o(E) is isomorphic to aPe R 7w PE where wPE is the
Jacquet—Langlands lift to D, (E) of . Let ¢ be an irreducible representation of GSp, o(F). Then

dim Homggg, ,(£):(©(0), nPrx nDE) =dim HomGspl_O(F) (m, 0),

where ©(p) is the big theta lift to GO;Z(F) of o.
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Proof. It suffices to show that two splittings of SO4,0(E) x Sp; o(F) in Mp(V) are compatible. Let us fix
two polarizations Resg,p Vg = U@ U* and R®p V1 =X @Y. Then

V=XY=URpV)®UWRpV;) and V=X'@OY =(Dg QR X)D (D QrY).

Choose a fixed element i € Sp(V) such that

X' =hoX and Y =hgY.
By [Ichino and Prasanna 2016, Appendix B.4], there is an isomorphism ¢ : Mp(V)y — Mp(V)y via

(h, 2) = (ao(h), 2),
where ag(h) =h~!-g-hforall h e Sp(V). Moreover,
zy'(hi, hy) = zy(ao(h1), ao(h2)).
Now we fix the splitting iy : O;Z(F) x Spy o(F) = Mp(V)y and
v : SO40(E) X Spy(E) <> Mp(V)y,

where the splitting iv(y, z) = ((y, 2), By (z)) is defined in [Kudla 1994, Theorem 3.1].
We will show that iy (h) = g oiy/(h) for all h = (y, z) € SO4,0(E) X Spy o(F). Consider

S04,0(E) x Spy o(F)—— O3 ,(F) x Spy o(F) —— Mp(V)y

|

S04,0(E) x Spy o(F)—— SO4,0(E) x Sp,(E) SRLEN Mp(V)y/

Set iy (h) = (h, By(h)). Then By(z) =1 for all z € Spy ((F). Similarly, we have
By (y) =1
for all y € SO4 9(E). In order to show that
Bv(h) = By (h)
for all h = (y, z) € SO4,0(E) x Spy o(F), we will show that By (y) =1 = By/(z).
« If y €S04,0(E) CO3,(F) = |_|l.2:0 LVw;* BV, say y € Pw;*V, where P is the Siegel parabolic subgroup
of O;z(F), wo = 14 (the identity matrix in 03,2(F))’

1 1

W] = 11 and w, = 1 ,

1 1
then By (y) = (—1)'. Since w; switches a pair of vectors e; and e} in a basis {ey, e, €/, €}, which
corresponds to an element & € Oy o(E) with determinant —1, where ‘P stabilizes the maximal
isotropic subspace {e1, e»}, it follows that

SO4,0(E) NPw P =2,
ie, By(y) = 1.
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e If z € Sp; o(F) and s0 z = g € SLo(E), then By () = yr (x(2), 1) - yr (39 o Np,)* = 1, where

20 . .
x(g) _ NE/F(a21) (mod FXZ) lfg = (Z;: ZZ) with ani 7& Oa
NEg/r(ax) (mod F*7)  otherwise.

Therefore we have finished the proof. ]

Remark 5.2.4. From the proof above, we can see that the see-saw identity does not hold if one replaces
SO4,0(E) by O4,9(E) in this case.

Let V be a free R-module of rank 2 corresponding to the quadratic space IH]% by the Morita equivalence.
Then Resg,pV is a skew-Hermitian D-vector space of dimension 4.

Lemma 5.2.5. Let X be an irreducible representation of GO, 2(E). Let o be an irreducible representation
of GSp, ;(F) for j =0or 1. Then

dim Homgo, (£ (©(0), £) = dim Homgsp, ,#)(©O14,(Z -v'*/), ),
where v is the nontrivial character of GO, 3(E)/GSO22(E) and vo,, k) = det.

Proof. Consider the see-saw diagram

GO3 ,(F) GSpy49, (E)*
GO22(E) GSp, ;(F)

Assume that 20 = Resg,p V. Let us fix the polarization 20 = 4 + {* and |]-|]2E =Y +Y*, where Y* is the
dual space of Y. Let U be a Hermitian D-vector space with isometric group GSp; ;(F). Then there exists
a natural polarization

WRpV=URp V+U" ®@p Y.

Similarly, I]-I]% QEWi4+j =Y Qe Wiy +Y*® Wiy j, where W, is the symplectic vector space over E of
dimension 2r. Set Y =* ® p U and Y’ = Y* @ g W)+ ;. Then we have the splitting iy and iy defined in
[Kudla 1994, Theorem 3.1]. For instance, iv/(y, z) = ((y, 2), By’ (y)) for (¥, 2) € O 2(E) X Sp2+2j (E) and

iv(y,2) = ((y, 2, Bv(y)) € Mp(W ®p V)v
for y € O;z(F) and z € Splﬁj(F). Note that By/(y) =1 for y € O 2(E) and
Pv(y) = (=D
if y € PP, where O3 ,(F) = U; PP and P is the Siegel parabolic subgroup of 03 ,(F). Thus

By (h) = By (h) - (W(h))' ™
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for h € Oy 2(E). Hence

dim Homgo, ,(£):(© (), £) = dim Homgo, , (g):xGsp, ,(F) (@y.v. T ® 0)
=dim HomGOz,z(E)uxGSplvj(F) (a)w’y/, Y- 1)1+/- ® Q)

= dim Homgsp, . (7)(®14;(% - vy, 0),

where wy, v (resp. wy y) is the Weil representation on Mp(20 ® p U) emphasizing the splitting Y + Y*
(resp. Y’ + Y'®). This finishes the proof. O

5B4. Degenerate principal series. Let us fix the complete polarization
BV=Yp+7Y}.

Suppose dimp U = 4. Assume that J(s) is the degenerate principal series of GU(U) = GSp, ,(F)
associated to a Siegel parabolic subgroup P(Yp), i.e.,

3) = {f :GUD) — C| f(pg) = bpry) (/2D f(g) forall p € P(Yp), g € GUWW)},
where 8p(y,,) is the modular character. Similar to Proposition 4.3.1, we have

Lemma 5.2.6. Assume that R3(1) is the big theta lift to GU(D) of the trivial representation of GO;O(F ).

Then there is an exact sequence

0—— R 3(3) R2(1) —— 0,
where R%(1) is the big theta lift to GU(D) of the trivial representation ofGOT’1 (F).

Proof. By [Yamana 2011, Theorem 1.4], we may give a similar proof as in Proposition 4.3.1. So we omit
it here. (]

5BS. Double cosets. Assume that P(Yp) is the Siegel parabolic subgroup of GU(U) = GSp, ,(F). Then
the homogeneous space Xp = P(Yp)\GSp, ,(F) corresponds to the set of maximal isotropic subspaces
in 2. We consider the double coset X p/GU(Wg)* = X p/GSp,(E)?, similar to Lemma 4.3.3.

Proposition 5.2.7. In the double cosets X p/GSp,(E)®, there are
e one closed orbit with stabilizer P(Yp) N GSp4(E)”,
e one open orbit with stabilizer GU(D)(F) = GSp, 1(F) C GSp4(E)u and

« one intermediate orbit with a representative

L:Dr(«/ge+f)+D(e—%f> € Xp,

which is a nonfree R-module with stabilizer (GL1(E) x GSpy ((F))- N, N = E & D, where r =

(ég)zrzeRandWR=Re+Rf with hg(e, f) = 1.
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Lemma 5.2.8. Let T be an irreducible representation of GU(Wg)" = GSp4(E)u and GSp4(E)u —
GSp, ,(F) be a natural embedding. Then

dim HomGsp4(E)t(’J(%), 7) > dim Homgsp, ,(r)(z", C).

Proof. Note that there are three orbits for P(Yp)\GSp, ,(F) /GSp4(E)”. There is a filtration for
3(%) |GSp4(E)h as follows:

. GSpy(E)’ - ~ - ~
desgi(f}v) C=3(3) CTi(3) C(z) = J(%)|GSp4(E)t’

~ ~ ~ «_ 1GSpy(E)? 1/2 ~ ~ ~ . 4GSpy(E) 3/5 o—1/2
where Jz(%)/Jl(%):mdmp“ SP/J and Jl(%)/Jo(%):mde,“ (SP/(YD)(S3 /,where

M Z=GL|(E)xGSp, o(F), N=D®E and 8t x)=|Ng/r@®)* ra(x)*F

for (¢, d) € M. There exists an involution on GSp, , (F) such that the fixed points coincides with GSp,(E )4,
Applying [Olafsson 1987, Theorem 2.5; Gourevitch et al. 2019, Proposition 4.9], we obtain the inequality

dim Homggp, () (3(%), ‘L’) > dim Homggp, (£): (30(%), 1:) = dim Homgsp, ,(r) (7", ©).
This finishes the proof. O

5C. The distinction problem for GSp, ;. Let GUx(D) = GSp, ; be the inner form of GSp, defined over
F, whose E-points coincide with GSp,(E). Assume that v € Irr(GSp,(E)) with w;|rx = 1. In this
subsection, we will study the multiplicity

dim HomGSp]', (1, 0).
Theorem 5.3.1. Let t be an irreducible representation of GSp4(E) such that 1y, is generic.

(1) If Tt = 0(m W my) is a nongeneric tempered representation of GSp,(E), where w1 X m, is an
irreducible smooth representation of GSO4,0(E), then dim HOTUGSpu( r)(t, C) = 1 if and only if one
of the following holds:

o m Z o but w) =7y
e 1 = 1y are both (D*(F), wg r)-distinguished.

(1) If t =0(m Kmy) =0y X my) is generic, then

2 fm=m=n(x"",x",

if m1 = my are square-integrable and D> (F)-distinguished,
dim HOITIGSPH(F)('L', C) = if w1 is D> (F)-distinguished and 7, = 7,
if 1 # 1y are both D* (F)-distinguished,

otherwise.

O N = =

Here my = mw(x1, x2) with x1 # X2, X1lFx = x21px = 1. Note that these conditions are mutually

exclusive.
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(iii) Assume that T is not as in case (i) or (ii), so that T = 0(I1P X x) is generic, where TIP X x is an
irreducible representation of GSOs 1 (E). Then dim Homgsp, ,(r) (7, C) = 1 if and only if one of the
following holds:

e ¢ is irreducible and conjugate-orthogonal or

o =y +dpu with p® = p¥u,

where T1 = JL(ITP) is the Jacquet—Langlands lift to GL4(E) of T1P.
Proof. The proof is very similar to the proof of Theorem 4.4.9.

(i) Assume that Vg is a skew-Hermitian free module over R of rank 2, corresponding to Dg by the
Morita equivalence. Then Resg,/p Vi is a 4-dimensional skew-Hermitian vector space over D with trivial
discriminant. Fix a polarization Resg,pV = U ® U* Consider the diagram

GSpy(E)" GO;3 ,(F) GLy(E)*

> | > |

GSp, | (F) GOy 0(E)" GSp, o(F)

There is an exact sequence of GO; ,(F)-representations

0 —— RL(1) 1(3) R01) —0,

where [ (s) is the degenerate principal series of GO;Z(F ) and PR/ (1) is the theta lift to GO;Z(F ) the
trivial representation of GSp; j(F ). Set T = ©,(X), where

GO40(E .
- Indngf_f)(Z-)(m X)) if m 2o,

(i Xa)™ if T = my.
Note that GO4,9(E) is an anisotropic group. Using the contravariant exact functor
Homgo, (gy: (—, %),
we obtain a short exact sequence
0 — Homgo, ,(gy:(R"0(1), £) = Homgo, ,(x): (1 (3), =) = Homgo, oz (R (1), ) — 0.
Applying Lemma 5.2.5, we have
0 — Homgsp, ,(7)(©1(Z ® v), C) = Homgo, o5y (1(5). £) = Homgsp, (7, C) = 0, (5-1)
where ©1(X ®v) is the big theta lift to GL,(E) of ¥ ®v. There are no F -rational points on the nonidentity
connected component of GO , (see [Meeglin et al. 1987, pp. 21-22]), so that
GO} ,(F) =GS0} ,(F) = Q- GOy (E)",

where 9 is the Siegel parabolic subgroup of GO3 ,(F). Then

. 1GO40(E)*
HomGO4_0(E)D (1(%), E) = HomG04,0(E)t(lndG0§.EEF; C, E) = HOl'nGOZO(F)(E, (]:) (5-2)
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Here GSOj ,(F) sits in the exact sequence

i

1 EX D} (E) x F* ——— GSO} o(F) — 1

] |

| —— EX —— DX(E) X D} (E) — GSOy4(E) — 1

where i(e) = (e, NE/p(e)_l) and the embedding GSO?O(F) < GSO4(E) is given by
(x, 1) > (x,1-x7)

for x € D(E) and t € F*. The o-action on Dz (E) is induced from the isomorphism Dg(E) =
Dp(E)®g (E, 0). There are two subcases:

o If 11 22 my, then y X, does not participate in theta correspondence with GL,(E). The short exact
sequence (5-1) implies that

dim Homgsy, ,(r) (7, C) = dim Homgg, ,(g): (1(%), E) =dim HomGSOZO(F)(m X, C). (5-3)
Hence one can get
dim Homgsy, ,(r) (7, C) = dim Hom yx ) (70", 7)),
where 77 = JL™1(JL(71)%).
e If 7; = m,, then the short exact sequence (5-1) implies that
dim Homgsp, , (r)(7, C) = dimHomgo, ,(£): (1(%), Z) = dim HomGO;O(F)(E, (5]
because ®; (X ® v) = 0. Note that
dim HomGSO;O(F) (7'[1 X n, C) =dim Homgozo(p) (2, C) + dim HomGo;O(F) (2 Rv, (C)

In a similar way, dim Homgos () (2 ® v, C) = dimHomgsp, ((r)(JL (1), C). Therefore, if JL (1)
is D* (F)-distinguished, then 7 = 7r," and so

dim Homgsos ,(r) (71 K771, CO=1= dim Homgos ((r) (2 Q@ v, C).

Then dim Homgsp, , (r) (7, C) =dim Homgos () (2, C) =0if JL(7ry) is D™ (F)-distinguished. Also,
7 is GSpy | (F)-distinguished if and only if JL(r1)" = JL(7r1)° which is not D* (F)-distinguished.
Thus 7 is GSp, ; (F)-distinguished if and only if JL(ry) is (D*(F), wg,F)-distinguished, in which

case ¢, is conjugate-symplectic.
(Similarly, one can show that
dim Homgsp, | (F) (T, wg/F) = dimHomDE(E)(nzv, 77) —dimHompx 7y (01 (X ®v), WE/F)-

Here we use the fact

wg/F o Aylgos ) = 1.
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Hence dim Homgsp, , (F) (t, wg/r) =1if and only if either JL (7r1) = JL (7r2) are both D* (F')-distinguished
or w1 2 1, but 7 = 7§ . It will be useful when we verify the Prasad conjecture for PGSp, in Section 7.)
(ii)) We will use a similar argument. Assume that V corresponds to [H]2E by the Morita equivalence. By

the conversation relation, we have 6, () = 0. Via the see-saw diagrams

GOs 1 (E)" GSp, 5 (F) GOy,2(E)"

> | >

GOj3 o(F) GSp4(E)" GOJ | (F)

applying Lemma 5.2.6 and Proposition 5.2.2, we have
dim Homggp, () (3(%), 1:) = dim Homggp, (g): (R2(1), 7) = dim HOIHGOT’I(F)(®I (1), 0),
where J(s) is the degenerate principal series of GSp, ,(F). Due to Lemma 5.2.8,
dim Homgsp, , (7 (7, C) < dim Homgsy, (2 (3(3), T) = dim Homgo () (O] (), C).
We want to get the reverse inequality. Consider the diagrams

GSpy(E)* GO;3 ,(F) GL,(E)*

> | > |

GSp, | (F) GO, (E)" GSp, o(F)

There is an exact sequence of GO3 ,(F)-representations
0 —— RO —— I(-1) — RAD) —— 0.

Note that dim HomGOz‘z(E)t(SRLO(l), ¥) =dim Homgsp, () (©1(X Q@ v), C) = 0. Thanks to [Olafsson
1987, Theorem 2.5; Gourevitch et al. 2019, Proposition 4.9], we have
dim Homgsp, ,(r)(z, ) = dim Homgo, ,(z):(R"' (1), 2)

= dim Homgo, ,g): (1 (—3). T)

GO3,2(E)*

GO}, (F) C. %)

> dim HOInGOzvz(E)t (lnd

=dim HOII]G()T’ L (F) (Z s C) .

Therefore dim HomGSpu( (7, C) =dim Homgo: ( F)(G)I(r), C) unless @I(r) is reducible. There is no
F-rational points on the nonidentity connected component of GOY |, so that

GO} |(F) = GSO} | (F).

There are two cases: 1 Z 7 and 71 = 75.
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Assume that 71 2 ,. Since
GO7 | (F) =GSO7 | (F) =GLy(F) x D*(F)/{(t, ™Yt e FXY,
for 1 # m, one can obtain that ®j{(r) = Indggéz(é%)z()fg)(nl X ) and
Homgo; (r) (2, €) = Homgoy; () (11 W72, €) @ Homgo: | () (12 K71, ©). (5-4)
There are two subcases:
o If 7; (i =1, 2) are both D* (F)-distinguished, then (5-4) implies that
dim HomGSpM(F)(t, C) = dim HomGO»f'](F)(Z, C)=2.

o If m; is D*(F)-distinguished and 7w, = w(x1, x2) With x1 # x2, x1lFx = x2lpx = 1, then 7, is
GL, (F)-distinguished but not D> (F)-distinguished (see Lemma 4.4.5). So (5-4) implies that

dim Homgspl‘l(p)(‘[, C) =1.

If 7, = m, are both square-integrable representations, then
1 if my is D*(F)-distinguished,
Homgo: | (r) (2, C) = Homgsor  (r) (11 W71, €) = : ¢
: : 0 otherwise.

Ifm=m=n(x"", x°), then ®I(t) is reducible. We will show that T = Ip(z)(1, 1) does not occur
on the boundary of TJ(%) and hence that

dim Homgsp, , (r) (7, C) = dimHomgo: | (r) (O (1), 0).

There is a filtration

. GSpy(E)" ~ ~ ~ ~
deSgT (7 ©=T0(s) CT1(s) CTa(s) =T(S)|Gsp,(E):
0
of 3(5)|gsp,ky: such that Jo(s)/F1 (s) = ind 5P 8507 and

~ ~ . GSpy(E)" o(1/2)+(s/5) g—1/2
31(5)/To(s) = indpy* ™ 85T 712,

where 83(7, x) = |Ng/r ()*A(d)~*|F for (1, x) € M = GL{(E) x GSp, (F). If
Homgsy, &y (31(3)/30(3). ) #0,

then
Homgy, (g)(I—1£, Rp,(Igz)(1, 1)) # 0,

which is impossible, where P” = (GL;(E) x GLy(E)?) x N is a parabolic subgroup of GSp,(E)" and R,

denotes the Jacquet functor associate to the parabolic opposite to P”. So

~ (1Y /~ (1
Homgsp, z):(31(3)/%0(3), 7) =0.
It is quite straightforward to see that

. GSp,(E)" .1/2
Homgsp, () (indpe ™ * 812, 1121, 1)) = 0

by applying the Jacquet functor. Hence 7 = Ig(z)(1, 1) does not occur on the boundary of 3(%)
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The big theta lift to GSO, 2 (E) of t = Ig(z)(1, 1) of GSpy(E) is
From the see-saw pairs diagram

GSOs 1 (E)" GSp,,(F) GSO, »(E)"

| > >

GO3 o(F) GSp4(E)" GO7 ,(F)

one can use the fact 6, (t) = 0 to obtain that
dim Homgsp, , () (7, €) = dim Homgsor: () (Extgso, , () (11 By, 71 K1), €) = 2.

(iii) Assume that 92’ () = 0. Note that 0 — R2(1) — 3(—%) — M3(1) — 0 is exact. Then we can use

the same method appearing in (ii) to show that
dim HOm(_‘,o;‘O(F) (@; (‘L’), C) =dim HOmGSp4(E)t (%3(1), 'E)
=dim Homgg,, () (’J(—%), ‘L') > dim Homgsp, | (r) (7, C).
We will show that 7 does not occur on the boundary of J (—%) in this case. Then

dimHomGSm(E)n (3(—%) 7:) < dim HomGsp4(E)q (’JO(—%), ‘E) =dim HomGspu(F)(T, 0
and so
dim HomGSpL](F)(fv G:) =dim HOIIlGSp4(E)J (j(—%), ‘L').

In order to show that T does not occur on the boundary of 3(—%), we separate them into two cases.

o If T =1Ipz)(x, ) with x # 1, then

~ 1\ /~ 1 - 1GSpy(E)* (1/6
HomGSp4(E)1(JZ(_E)/JI(_E)’ ‘L’) = HOl’l’IGsz‘(E)tl(IIldPJ 4 8P/t , ‘L') =0.

If Homgs,, (5y: (31 (—1)/Jo(—3). ) #0, then Homg, (£)(1. Rp()) # 0 which is impossible since
Rp/(1)=xQn ® x '®@myx and x # 1, where P” = (GL{(E) x GLy(E)") x N.

o If 7 is square-integrable, then Homgy, (£)(1, Rp, (7)) = O due to the Casselman criterion in [Cas-
selman and Mili¢i¢ 1982] for a discrete series representation that Homgy, (g)(|—|%, R/ (7)) #0
implies that s < 0. Hence Homgsy, (:(31(—3)/Jo(—3). T) = 0. In a similar way,

Homgsp, gy (32(—3)/31(—1). 7) = HomaL, ey > (8, Rp: (1)) = 0.

Hence t does not occur on the boundary of 3(— %) Moreover, if T # 1oz (|—|E, p), then ©5 (7) = MMPXy

is irreducible. Then there exists an identity
dim Homgsp, , () (7, €) = dim Homgoy (TP K x, C) = dim HomD;(F)(HD, 0),

where D; is the division algebra over F of degree 4.
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o If IT = JL(ITP) is a square-integrable representation of GL4(E), then [Beuzart-Plessis 2018,
Theorem 1] and Theorem 4.4.4 imply that
: ) 1 if ¢ is conjugate-symplectic,
D
dim Homg, () (I1, wg F) = d1mH0mD4x(F)(l'[ ,WE/F) = {0 otherwise.
Thus dim Hom D (F) (P, C) =1 if and only if ¢y is conjugate-orthogonal.
o If ITP is an induced representation 7 (pp, (pp)" ® ) with u # w,,, then we use the orbit decom-
position Bj\GL,(Dg)(E)/GL1(D4)(F) and Mackey theory to get that
dimHomDI(F)(HD, C) = dimHomDE(E)(,og ® pph -, C) = dimHomDE(E)(pg, op- i hH
1 if pf = ppu~,
0 otherwise.

(5-5)

In this case, p° = pu~! where p = JL(pp) is the Jacquet—Langlands lift to GL,(E) and ¢ =
b, @ ¢; - 1, which is conjugate-orthogonal due to Theorem 4.4.4.

o If TP = Sp(pD|—|2/2) is a generalized Speh representation and T = Ig(z)(|—|£, p), then
Lif p7 = pVI=I5,

dim H , ©) = dim Homgos (1) (®; (7), ©) =
im Homgsp, ) (7, ©) = dim Homgos ) (9 (7). ©) {O otherwise. O

6. The Prasad conjecture for GSp,

6A. The Prasad conjecture. In this subsection, we give a brief introduction to the Prasad conjecture
[2015, Conjecture 2]. One may refer to [Prasad 2015, §13] for more details.

Let G be a quasisplit reductive group defined over a local field F with characteristic zero. Let W be the
Weil group of F and WD be the Weil-Deligne group of F. Let E be a quadratic extension over F. A qua-
dratic character x¢ is introduced in [Prasad 2015, §8] and another quasisplit reductive group G°7 defined
over F isintroduced in [Prasad 2015, §7]. Then there is a relation between the fibers of the base change map

® : Hom(WDpF, LGPy - Hom(WDg, L GP)

from the Galois side and the xg-distinction problems for G(E)/G(F) from the automorphic side.

More precisely, assume the Langlands—Vogan conjecture in [Vogan 1993]. Given an irreducible
representation 7 of G (E) with an enhanced L-parameter (¢, ), where A is an irreducible representation
of the component group mo(Z(¢,)) and the L-packet Iy is generic, we have

Y dimHomg, () (. x6) = )_m(h. §) deg ®(@:)/do().
where “ !
e o € H'(Wp, G) runs over all pure inner forms of G satisfying G (E) = G(E);
. qg,- € Hom(WDF, L G°P) runs over all parameters of Lgor satisfying q;,- lwpy = P
o m(, $) = dim Homﬂo(z@)(l, A) is the multiplicity of the trivial representation contained in the
restricted representation A, 7))
» do(¢) = |Coker({mo(Z($)) — mo(Z () P/ P},
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Remark 6.1.1. If H'(F, G) is trivial such as G = GSp,,,, then the automorphic side contains only one

term. The Prasad conjecture gives a precise formula for the multiplicity
dim Homg (7, x¢).

Remark 6.1.2. There exists a counterexample even for GL, when Iy is not generic. Let G = GL,,
X6 = wg,r and m = 1 be the trivial representation. Then the automorphic side is zero however the Galois

side is nonzero.

Remark 6.1.3. If ¢ comes from a square-integrable representation, then deg ®(¢) = 1. The reason, due
to Prasad, is that ¢ represents a singleton in Hom(WDg, L GP).

If 7 is square-integrable, then we have a refined version, i.e., the formula for each dimension
dim Homg, (r) (7, xG).
Let Z(G°) be the center of the dual group G°P. There is a perfect pairing
HY(Gal(E/F), Z(G®)"*) x H'(Gal(E/F), G(E)) — Q/Z
for Prasad’s studies [2015, §11] of the character twists. Set Qg (E) = Hl(Gal(E/F), Z(@”P)WE). Given
a parameter q~> e HY(Wg, Gor ), we consider the stabilizer Qg(qg, E) C Qg (E) under the pairing

H'(Wr, Z(G?)) x H'(Wg, G) — H'(Wr, G).
Set N
AG($) C H'(Gal(E/F), G(E)) = Qg (E)’
to be the annihilator of the stabilizer g (¢, E). Then there is another perfect pairing
Q6(E)/Q6(9, E) x Ag($) — Q/Z,

meaning that in the orbit Qg (E)/ Qg((j;, E) of character twists of qNS (which go to a particular parameter
under the base change to E) there are exactly as many parameters as there are certain pure inner forms
of G over F which trivialize after base change to E.
Consider
F(¢x) ={¢: WDp — "G | plwp, = ¢z} = LU[_,O($).
Each orbit (9((/5,-) of Qg (E)-actionon F (¢, ) is associated to a coset C; of Ag ((/5,-) in H (Gal(E/F), G(E))
defining a set of certain pure inner forms G, of G over F such that G, (E) = G(E). Then

dim Homg,,, (7, 06) = Y _ m(., §i) - 1¢,(Ga) /do (),
i=1
where

o 1, is the characteristic function of the coset C;;

« m(X, $) is the multiplicity for the trivial representation contained in the restricted representation

Alﬂo(z(@), which may be zero;

e do(¢) = | Coker{mo(Z(p)) — 7o(Z () SHE/PY.
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6B. The Prasad conjecture for GL,. Before we give the proof of Theorem 1.2, let us recall the Prasad
conjecture for G = GLy = GSp,. Set G = GL,. Then xg = wg/r and G? =U(2, E/F) is the quasisplit
unitary group, where E is a quadratic field extension over a p-adic field F. Denote

LG = GLy(C) (o),
where o-action on GL,(C) is given by
o(g) = wo(g) ' =g -det(g)”",

wy = (_1 1) and g € GL,(C), g’ denotes its transpose matrix. Given an irreducible representation 7 of
GL,(E) with ¢ = ¢, irreducible (for simplicity), there is no other pure inner form for GL,. Then

dim Homgy,r) (7w, wg/r) = |F(P)],

where F(¢) = {(5 :WDp — LGP | ‘IS|WDE = ¢} and | F(¢)| denotes its cardinality.
Proposition 6.2.1. The following statements are equivalent:

(1) dimHomgy,r) (7, wg/r) = 1.

(i1) The Langlands parameter ¢ is conjugate-symplectic.
(iii) There is only one extension (13 € F(¢).
Proof. We only prove the direction (ii)=>(iii) and the rest follows from Flicker’s results [1991]. If ¢ is
conjugate-symplectic, then

¢ =9 = (detp) ™,
where s € Wr \ Wg is fixed. There exists A € GL,(C) such that
¢(sts™) =¢ () = A-p(D) det(@(1)) " - A7

for all t € WDpE. Set
ps)=A-c

and ¢(1) = ¢ (¢) for t € WDg. Then
P(sts™) =p(s)-p(t) - (s)"

and qz(sz) = ¢(s2) = (<;~5(s))2 due to the sign of ¢. More precisely, assuming that (—, —) is the WDg-
equivariant bilinear form associated to ¢ : WDg — GSp(V, (—, —)), we define

B:VxV—->C
by B(vy, v2) = (v1, Aflvz) for vy, v € V. Then
B(§(1)v1, ¢* (v2) = ($(v1, ¢ (DA™ v2) = B(vi, v2)
and so B gives a conjugate-self-dual bilinear form on V. By Schur’s lemma, B has sign —1, i.e.,

B(vi, ¢ (s)v2) = —B(v2, v1)
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for all vy, v € V. Thus B(Avy, ¢ (s>)v2) = —B(v2, Avy), i.e.,
(Avi, A7 p(sH)v2) = —(v2, A7 Avi) = (vi, v2)

for all v; € V. Then det(A) - A 2¢(s?) = 1, i.e., p(s2) = A - det(A) "' A = (¢(s))2.
Therefore ¢ € F (o). If there are two extensions ¢; with A; € GL,(C) such that ¢ lwp, = ¢, then
AlAz_1 € Z(¢) = C* by Schur’s lemma, so that ¢; = ¢». O

Remark 6.2.2. This method will appear again when we study the Prasad conjecture for G = GSp, in
Section 6C1 The key idea is to choose a proper element A such that the lift

é:WDr — LG,
satisfies ¢(s) = A - o and (,z~S|WDE = ¢.
6C. The Prasad conjecture for GSp,. The aim of this subsection is to verify the Prasad conjecture

for GSp,. Now we consider the generic representation T = 6(ITX x) of GSp,(E), with ¢ conjugate-
symplectic and x|rx = 1. Note that the Langlands parameter ¢pj is equal to i o ¢,, where

i : GSp,(C) — GL4(C)

is the embedding between L-groups. Furthermore, x is the similitude character of ¢,. If ¢y is
conjugate-symplectic (resp. conjugate-orthogonal), we say that ¢, is conjugate-symplectic (resp. conjugate-
orthogonal). There are two cases: ¢rq is irreducible and ¢pg is reducible.

Lemma 6.3.1. Assume that v =0(I1X x) is a generic representation of GSp,(E) and w.|px = 1. Then t
is (GSp4(F), wg,F)-distinguished if and only if ¢y is conjugate-symplectic.
Proof. Due to Theorem 4.4.9, the following are equivalent:

7 is GSp, (F)-distinguished.

e IT is GL4(F)-distinguished.

 ¢p is conjugate-orthogonal.

Fix a character xg of E™ such that xg|rx = wg/r. Then 7 is (GSp4(F'), wg,r)-distinguished if and only
if T ® xg o Aw is GSp,(F)-distinguished, which is equivalent to that ¢; ® xg is conjugate-orthogonal.
Note that )(El is conjugate-symplectic. Hence t is (GSpy(F), wg,r)-distinguished if and only if ¢y is
conjugate-symplectic. O

Recall that if G = GSp,,,, then xg = wg,r and
GOP(F) = {g € GSPZ;z(E)la(g) = G(g)},

where 0(g) = )\W(g)_1 g is the involution. Note that the o -actions on GSp,(E) and GSp,(C) are totally
different. (We hope that this will not confuse the reader.) Observe that H!(Gal(E/F), Z(@"p YWey =1,
which corresponds to the fact that the pure inner form of GSp,,, is trivial.
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According to Theorem 4.4.9, we will divide the proof of Theorem 1.2 into four parts:

i o ¢ is irreducible;

iopp, =p®pv withv #1;

the endoscopic case i o ¢ = ¢, D ¢z, and T is generic;
e i o = ¢r, ® ¢, and T is nongeneric.
See Section 6C1-Section 6C4.

6C1. The irreducible L-parameter ¢.. Given a conjugate-symplectic L-parameter ¢ = ¢, which is
irreducible, we want to extend ¢ to

¢:WDr — LGy =GSp,(C) x (o),

where o acts on GSp,(C) by
o(g) =g-sim(g)~".

Let s € Wr \ Wg. The parameter ¢ is conjugate-symplectic, so that ¢¥ = ¢* and ¢ = ¢ x ~!. Hence
there exists an element A € GSp,(C) such that

psts =g ) =A-¢p)x (1) - A (6-1)

for all t € WDg. Set _ _
¢(s)=A-0 and @) =¢()

for t € WDg. Then ¢ (sts™') = Ap (1) x "L () A" = ¢(s) - ¢ (¢) - d(s)~ L. Moreover, we will show that
$(s7) = ¢ (s*) = ()",
Then (/5 € Hom(WDy, L Gg) and &lWDE =¢.
Assume that (—, —) is the WDg-equivariant bilinear form associated to

Set
B(v, w) = (v, A" w)

for v, w € V. Then (6-1) implies that
B(¢(t)v, ¢(sts~Hw) = (p()v, p()x (A w) = x (1) - (v, x "' (DA™ ' w) = B(v, w).
Thus B is a conjugate-self-dual bilinear form on ¢ and hence it has sign —1 by Schur’s lemma, i.e.,
—B(w, v) = B(v, ¢ (sHw).
Therefore we have
(v, w) = —(w, v) = —=B(w, Av) = B(Av, ¢(s*)w)
= (Av, A" ¢ (sDHw) = (v, sim(A)A 2 (s> w)
and so ¢ (s2) = A -sim(A) "' A = (¢(s))2.
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Proposition 6.3.2. Assume that T =60 (I1X x) with ¢ irreducible. Then there exists at most one extension
q~5 : WDr — LGg such that ()£|WDE = ¢-.

Proof. If there are two extensions ¢~S,~ (i =1, 2) such that &i (s) =A;-o with A; € GSp,(C) and
Gi(sts™) = i (s) - ¢ (1) - pi ()™
forallt € WDg, then A Agl commutes with ¢;. So A Agl is a scalar by Schur’s lemma. Thus b=y O

Hence, if 7 = 6(I1X x) with ¢ irreducible and conjugate-symplectic, then there is one extension

$ € F(g,) and
dim Homgsp, (r) (T, wg/F) = 1.

If ¢ = ¢, is conjugate-symplectic and reducible, then there are several cases.

6C2. ¢, = p+ pv withv # 1 and p irreducible. If ¢r1 = p + pv with p irreducible and y = v -detp
conjugate-orthogonal, then x x* = 1. Thanks to Theorem 4.4.4, there are two subcases:
» p and pv are both conjugate-symplectic or
« pf=pVv L.
(i) If p and pv are both conjugate-symplectic, then v is conjugate-orthogonal and there exist
pi : WDp — GL,(C) x (o)

such that p1|wp, = p, P2lwp, = pv and p;(s) = A; - o for A; € GL,(C) due to Proposition 6.2.1. Note
that p is irreducible. Then given t € WDg,

B OV (1) = 5(1) = Ao (p(H)v(1)) (A20) ™" = Azp¥ (AT -v(1)

andso A; -0 - ,o(t)a_lAl_1 = A2,<)V(t)A2_1 (since vv* = 1) which implies A1A2_1 e C*. Set

H(s) = (A1 A1>.o— € GSp,(C) x (o) and (1) = (p(’) p(t)v(t)>

for t € WDg. Then q~> € F(¢) is the unique extension of ¢;.
(i) If p* = pVv~!, there exists an A € GL,(C) such that
P (Ov(0) = (detp(0) ™' - Ap()A™
for t € WDg. Then
det p* -detp - 1> =1,
which implies that v = v*. Observe that
0% (sts Hv(sts™) = (det p(sts™)) ' Ap(stsTHAT!
=detp* () "A-v(@) detp(t) 'Ap()AT! - A7
=v(@) Mdetp®(t) " det p(t) ' AZp (1) A2,
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Then p(s?)p(1)p(s?)~" = A%p(t) A~? since the character v det p is conjugate-orthogonal. Note that p is
irreducible. Then A~2p(s?) is a scalar. Choose a proper A such that A=2p(s?) = 1. Set

- (A 7o _ (PO
¢(S)_( A.det(A—l))"’ and ‘Z’U)_( p(t)v(t))

for t € WDg. Then

= =1 (A p () o (AT

() ¢1)- 9(5) _< A-det(A)—1>'“'( p(v)u(r))'(“ ( A—ldet(A)»
_ (4 pY (v~ ot (AT
- A -det(A)~! PV (1) A~ det(A)

ApY (H)v(t) 1A~ ) B (pS(,) ) _ % )
( ApY (A T p* (v (1) =0 ©2)

and (<;~5(s))2 = ¢(s?). Thus é is @ homomorphism from WDF to LGy and &lWDE = ¢.

Remark 6.3.3. The key point here is to find a proper element ¢~>(s) such that qNS e Hom(WDp, L Gg). Hence
we always need to check the following two conditions: &5 (1) = d(s) - p (1) - p(s)" and (@ (s))% = ¢ (12).
Following the definition, the computation like (6-2) is quite straightforward and we may skip it sometimes.

6C3. Endoscopic case. If ¢, = p; + p> is the endoscopic case, then det p; = det p, are both conjugate-
orthogonal. There are several subcases. Assume that = 6 (71 X m2) is generic, p; = ¢, (i =1, 2) and

Po = X1+ x2, with x1 # x2 and x1|rx = x2|px = wg,r. There are also 2 cases: p1 # p> and p; = p>.
Assume that p; # p>. Then

(i) If p; and p, are both conjugate-symplectic and p; % po (i = 1,2), so that both 77; and 7, are
(D*(F), wg,F)-distinguished due to Lemma 4.4.5, then

dim Homgsp, (r) (T, wg/F) = 2.

Thanks to Proposition 6.2.1, there exist p; and p, of U(2, E/F) such that p;|wp, = p;. (Here we need to
choose A; properly such that det A} =det A, if p;(s) = A;-0.)
If p; and p, are both irreducible, then every lift of ¢ should be of the form

A1p1(s)
> ( . (S)) € GSp,(C) x (o)

with )L% = )%. It is known that q~§ = WE/F ¢Z as parameters of LG since

ori=( )il )"

Thus there are two lifts q~§1 = p1 + 02 and (/52 = p1wE/F + p2 such that qS,- lwp, = ¢.
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If py = x '+ x*, then the centralizer ZgL, ) (p1) is C* x C* or GL,(C). Moreover,

- 1
pi(s) = ( X(Sz)) ‘0.

In this case, p1 + 02 # p1wE/F + p2, which will be a different story if p; = po.

(i) If p; = po and ps is conjugate-symplectic, then 5y (s) = (' _,)-o. Because

(7 5)=COC )

where a = ( 1), we have qsl = q}z.

-1

(i) If ,01v = p3, then there exists an A € SL,(C) such that
A7 o) (DA = p3(1)
for t € WDg. Set

. 2
(s) = (A—l Apa(s )) 0 €Spy(C) xo.

Then ¢(sts™') = ¢(s) - d(t) - p(s~ ') and

e A,Oz(S2)>2 _ (Apz(szml ) _ <pf(s2) ) _ 2
0P =4 - pris?)) = pis)) P

The last equality holds because det p; is conjugate-orthogonal and so det p; (s?) = 1.
Now we assume p; = pp. According to p;, we still separate it into 3 cases in a similar way.

(i) If p; is conjugate-symplectic but p; # pg, then q~51 = p1 + o1 and ¢~>2 = p1 + p1wg/F, where pj :
WDF — GL,(C) x (o) satisfies p1|wp, = p1.

@ii) If p; = po, there is only one lift = p1+pi.

(iii) If p; is not conjugate-symplectic but conjugate-orthogonal, set

~ —A

o(s) = (A ) -0 € GSp,(C) x (o)
where A € GL,(C) satisfies A,olv(z‘)A_1 = pj (). Let us verify

P (s?) = ¢(s7) = B(s)%,

ie., —A%det(A)~' = pi(s?).



The Prasad conjectures for GSp, and PGSp, 2469
» Suppose that p; is irreducible. Let (—, —) be the WDg-equivariant bilinear form associated to
p1: WDg — GSp(V, (—, —)). Set
B(m,n) = (m, A" 'n)
for m,n € V. We have
B(pi(t)m, p}(t)n) = (p1(t)m, p) (1)A~'n) = B(m, n).

Note that p; is conjugate-orthogonal. By Schur’s lemma, the conjugate-self-dual bilinear form B
has sign 1, i.e.,
B(m, pi(s*)n) = B(n, m)

for all m, n € V. Replacing m by Am, we have
(Am, A" pi(s*)n) = (n, A™' Am) = (n, m) = (m, —n).

Therefore det(A) - A=2p;(s?) = —1. In this case,

—1
coa o A\ (o) @) —A
$)$(N(s) " = ( 4 ) ( 1 p1v<z>> (A )

Vv —1

ApY (A~
forall t € WDg.
o If p1 = w1 + po with wyu3 = 1, then p; is conjugate-symplectic, which contradicts the assumption.
o If py = 1 + o with @y # wp and | px = ua|px =1, then A = (l _1) and A2 =1=p;(s?).
6C4. Nongeneric tempered. Let T be an irreducible nongeneric tempered representation of GSp,(E) and

T =6 (m ¥ my), where each m; is an irreducible representations of DE (E). If the enhanced L-parameter
of t is (¢, 1), where ¢, = p1 + p2, pi = ¢, and A is the nontrivial character of the component group

0(Zy, / Zasp,(c)), then
dim Homgsp,(r) (7, wg,/r) = 0.

On the Galois side, if ¢, = p; + p2, then for arbitrary parameter é satisfying ¢~’|WDE = ¢, the restricted
representation Alno Z@)) does not contain the trivial character 1, i.e.,

m(i, §) =0.
Finally we can prove Theorem 1.2.

Proof of Theorem 1.2. 1t is obvious if T is a nongeneric tempered representation of GSp,(E). (See
Section 6C4.) Since the Levi subgroup of a parabolic subgroup in GSp, are GL-type, [Prasad 2015,
Lemma 10] implies that deg ®(¢) = 1 in our case. By the above discussions, we know that if 7 is generic,
then the multiplicity dim Homgsp, (r) (T, @wg/F) equals to the number of inequivalent lifts |F(¢.)[. [
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7. Proof of Theorem 1.3

This section focuses on the Prasad conjecture for PGSp,. Let T be a representation of PGSp,(E), i.e., a
representation T of GSp,(E) with trivial central character. If the multiplicity

dim Hompgsp, (r) (T, @g,/r) = dim Homgsyp, () (T, wE/F)

is nonzero, then we say 7 is (PGSp,(F), wg,r)-distinguished. Let PGSp, ; = PGUy(D) be the pure
inner form of PGSp, defined over F. Similarly,

dim Hompgsp, ,(r)(T, @g/r) = dimHomgsp, | () (T, @E/F)
for a representation 7 of GSp,(E) with trivial central character.

7A. Notation.

e 7,7, w77, " and 7~ are representations of PGSp,(E).

s € Wrp\ Wg and ¢S (t) = ¢, (sts~!) for t € WDg.

S¢ = mo(Z(¢)) is the component group associated to ¢.
é:WDp — Sp4(C) and é; are Langlands parameters of PGSp,(F).

e C; 1s a coset of A(;(q;i) in H'(F, PGSp,) and 1¢, denotes its characteristic function.

» PGSp, | (resp. P D*) is the pure inner form of PGSp, (resp. PGL,) defined over F.

7B. The Prasad conjecture for PGL,. If G =PGL,, then xg = wg/r and G = PGL,.

Theorem 7.2.1. Let m be a generic irreducible representation of PGL,(E). Then the following are

equivalent:
(1) dimHompgr,(r) (7, wg/r) = 1.
(ii) The Langlands parameter ¢ is conjugate-symplectic.
(ii1) There exists a parameter ¢~) : WDr — SLy(C) such that q;IWDE = @z.
(iv) w is (PD*(F), wg,r)-distinguished or 1 = (X, Xgl) with xg|px = wg,F and X% # 1.
Proof. See [Gan and Raghuram 2013, Theorem 6.2; Lu 2017b, Main Theorem (local)]. O
7C. The Prasad conjecture for PGSp,. Recall that if G =PGSp,, then G= Sping(C) =Sp,(C), G =

PGSp, and xg = wg/r. Let T be a representation of PGSp,(E) with enhanced L-parameter (¢, A7).
Assume that the L-packet ITy. is generic. The Prasad conjecture for PGSp, implies the following:

P() If 7 is (PGSp4(F), wg,F)-distinguished, then
o Ilgs = I,y an equality of L-packets and
o Pp; = ¢~5|WDE for some parameter q; : WDEp — Sp,(0).
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P(ii) If T is generic and there exists é:WDp — Sp4(C) such that qNSIWDE = ¢z, then we have that T is
(PGSp4(F), wg,F)-distinguished.

P(iii) Assume that ¢; = d~>|WDE for some parameter ¢~> : WDr — Spy(C). If T is a discrete series
representation, then we set

F(pe) ={$: dlwp, = ¢z} =| | 0@,

where O(ggl-) = {q;[, WE/F - (/5,-} which may be a singleton. Given a parameter <]3,- : Wi — Sps(C)
with ¢; its restriction to WDg and qgi “WE/F = q~5i, there exists an element g; € Z(¢z) such that

(i - E/F)(x) = gidi (D)g; !

for all x € WD and so g; normalizes Z(q~5,~). Then Hompgsp, (r) (T, wg/r) # 0 if A7(g;) = 1 and
HO]’Ilstle(F) (7, C()E/F) # 0if Az (g;) = —1. In this case, A(;((];,‘) C HI(F, PGSp4) is trivial and
_ {{PGSp4} if Ae(e) =1,
ClpGSpy b ifas(e) = 1.

If ¢; # & - wg/F, then Ag(¢;) = H'(F, PGSp,) and C; = {PGSp,, PGSp, ,}. Set G, to be PGSp,

or PGSp, ;. Then

dim Homg, (1) (T, wg/r) = Y _ m(he, i)1c,(Ga) /do($0),
i

where m (Az, ¢;) is the multiplicity of the trivial representation contained in the restricted represen-

tation Az |, 7))
P(iv) If Iy, is generic, then we have (1-3), i.e.,
deg @ (¢)

dim Hompgsp, (r) (T, wg/F) +dimHompgsp, | (7) (T, wg/F) = Z m()\f,ﬁﬂ)'W~

peF (¢7)

Let us start to verify the Langlands functoriality lift in the Prasad conjecture for PGSpy,, i.e., part P(i)

and P(ii) listed above. Part P(iii) is the same with Theorem 1.3. Part P(iv) will be studied in detail in the
next subsection.

Theorem 7.3.1. Let T be a generic representation of PGSpy(E). It is (PGSpy(F), wg/r)-distinguished
if and only if there exists a parameter ¢ : WDp — Sp4(C) such that q§|WDE = ¢z.

Proof. Assume that t =0(I1X x) with x =1, i.e., o; =1. Fix s € Wg\ Wg.

() If 7 is (PGSpy(F), wg,r)-distinguished, then ¢ is conjugate-symplectic and so Ty = Igv = I,
If ¢ is irreducible, then we can repeat the process in Section 6C1 to obtain that there exists a parameter
q~5 : WDF — Sp,(C) such that $|WDE = ¢;. If o1 = p1 @ p» is reducible and p; is irreducible, then

P1® pr=p) ®p) = p| D p;

and either p{ = p5 or both p; and p, are conjugate-symplectic.
1 2 Jjug ymp
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o If p} = p,/, then there are two subcases. If p,’ = p, then pj = p,. Set b= Indvvggg,ol if p; # po.
If p1 = p» = p), then pj = p; and so there exists a parameter p; : WDr — GL,(C) such that
ptlwpy = p1. Set ¢ = p1 @ py. If py # pa, then p,’ = p1. Thus p = p; and ¢ = p; @ p’.

« If both p; and p; are conjugate-symplectic, then

5 {Ind%gm if p} = p2 # p1,
pas o =pi
If neither p; nor p; is irreducible, then ¢; belongs to the endoscopic case. Thanks to Theorem 4.4.9(ii),

either pj = p,’ or both p; and p, are conjugate-symplectic. The argument is similar and we omit it here.
Therefore, there exists ¢ : WDy — Sp4(C) such that d?lWDE = ¢z.

(i1) Conversely, if there exists (Z) : WDr — Spy(C) such that ¢~S|WDE = ¢, then it suffices to show
that ¢ is conjugate-symplectic. (See Lemma 6.3.1.) The nongeneric member in the L-packet Iy, is not
(GSp4(F), wg,r)-distinguished due to Theorem 4.4.9(i) if [Ty, | = 2. Assume that

¢z : WDE — Sp(V, (=, —=)) =Sp4(C) and ¢pg=io¢:: WDg — GL(V),
where i : Sp,(C) — GL(V) is the embedding between the L-groups. Then we set
B(m,n) = (m, §(s)"'n)
for m,n € V. Itis easy to check that B(¢r(t)m, ¢f;(t)n) = B(m, n) and

B(m, ¢ri(sPn) = (m, $(s)n) = —(¢(s)n, m) = —(n, (s)~'m) = —=B(n, m).
Therefore, the bilinear form B on V implies that ¢ is conjugate-symplectic.
We have finished the proof. ([l

However, in order to verify (1-3), we will need many more results from Theorems 4.4.9 and 5.3.1. We
will give the full detail in the next subsection.

7D. Proof of Theorem 1.3. This subsection focuses on the proof of Theorem 1.3. Before we give the
proof of Theorem 1.3, we will use the results in Theorems 4.4.9 and 5.3.1 to study the equality (1-3) in
detail. Then Theorem 1.3 will follow automatically. According to the Langlands parameter ¢z, we divide
them into three cases:

« the endoscopic case,

« the discrete series but nonendoscopic case and

e pr =p+pvwithv#1and vdetp =1.

Set Sy = mo(Z(¢)) to be the component group. We identify the characters of Wy and the characters
of F* via the local class field theory.
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7D1. Endoscopic case. Given ¢: = ¢ D ¢», there are two cases: ¢; = ¢ and ¢; # ¢p».

(A) If ¢ = ¢ = p are irreducible, then the L-packet Iy, equals {m*, 7~} and S¢. equals Z/27,
where 7~ (resp. 1) is a nongeneric (resp. generic) representation of PGSp,(E). There are two subcases:

(A1) If p is conjugate-orthogonal, then
dim Hompgsp, |, (F) (nt, wg/F) =0=dim Hompgsp, (r) (77, wE/F)

and
dim Hompgsp, () (7, wg/r) = 1 = dim Hompgsp, (r) (nt, wg/r).

On the Galois side, there is only one extension ¢ = 5 @ p - wg /F with
deg®(¢) =2 and S5={1} > Sy,
where p : WD — GLy(C) x W with det p = wg,r. Note that qNS = q~5 -wg/r. Then 7" supports a period
on the trivial pure inner form and 7~ supports a period on a nontrivial pure inner form.
(A2) If p is conjugate-symplectic, then
dim Hompgspl_l(F) (7™, wg/r) =0=dim Homstp4(F)(7t_, WE/F)

and
dimHompGSpl’l(F)(T[Jr, wE/p) = 1, dimHomstp4(F)(JT+, a)E/p) =2.

In this case, p has two extensions p and p - wg,F, where p : WD — SL,(C). There are three choices for
the extension qE : WDg — Sp,(C) with deg <I>(q§) =1:

« §TT=p@p with S5, =7/27 = Sy,

c Pt =pdp -wg/F With S¢~)+, =7/20 x Z/2Z — Sp.(sum map);

o ¢77 =/3a)E/F@15a)E/F W]th S",, =Z/22§S¢f

The parameters ¢+t and ¢~ are in the same orbit under the twisting by wg /F» which corresponds to
both pure inner forms. The parameter ¢ 1~ is fixed under twisting by wg,r, which supports a period on
the trivial pure inner form.

(A3) If p is not conjugate-self-dual, then both the Galois side and the automorphic side are 0.

(B) If ¢ # ¢ are both irreducible, then the L-packet of PGSp, is [Ty, = {n ™+, 7=~} and
Ss. =2/27 x 7)21.

(B1) If ¢ and ¢, both extend to L-parameters of PGL,(F), i.e., both are conjugate-symplectic, then one
has ¢ # ¢,

dim Hompgsp, ,(r) (", wg/r) = 2 = dim Hompgsp, () (", wg/F)
and
dim Hompgsp, ,(F) (™, wg/r) = 0 = dim Hompgsp, () (T ™, @g/F)-
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On the Galois side, there are also four ways of extending ¢z. For each such extension ¢, one has
deg ®(¢) = 1 and the equality of component group

S~

5= Sp =Z/2Z x Z/2L.

Therefore only the representation 7 ™ in the L-packet can support a period. And there are 2 orbits in
F (¢37) under twisting by wg, r, each of size 2.

(B2) If ¢ and ¢, do not extend to L-parameters of PGL,(F), but ¢} = ¢» = ¢,/ then

dim Hompgsp, , () (", wg/r) = 0 = dim Hompgsp,(r) (T~ wg /)
and
dim Hompgsp, ,(r) (™, wg/r) = 1 = dim Hompgsp, () (", wg/F)

There is a unique way of extending ¢; = ¢ @ ¢, to g5 : WDF — Sp,(C). Namely, q~5 = Indvvgggqb] is an
irreducible 4-dimensional symplectic representation, with a component group

Sy =12/2Z — S4.(diagonal embedding).

And Sdial(E/ Ry 2 Thus 71 supports a period on the trivial pure inner form and 7~ supports a
period on the nontrivial pure inner form.

O Iftg1=x1® x; ! is reducible, then there is only one element in the L-packet, i.e., [T1y.| = 1. There
are two cases: ¢ = ¢, and @1 # ¢s.

(C1) If ¢ = ¢, there are three subcases.
(CL.y) If x1 = x{ = xrlw,. then Sy. =1 and
dim HOIanSle(F)(‘L_', CL)E/F) =2 =dim HompGSp4(p)(f, a)E/p).

o If X% # wg/r, then there are two ways to extend L-parameters of PGL,(F), denoted by p and
p - wg/r. Thus there are 3 ways of extending ¢z, which are ¢+, ¢~ and 7. Moreover,
deg ®(ptt) =1 =deg ®(¢~ ") and deg P (p1~) = 2.

o If X% = wg/F, then there is only one way to extend ¢z. Denote it by é. Then
deg ®(¢) =4.
(CLii) If x1 # x; ' but x1|px = wg/r, then Sy, = 1 and
dimHOl’l’lPGSp].l(F)(f, wg/r) =0 and dim Hompgsp,(r) (T, wg/r) = 1.
There is only one way to extend ¢, denoted by

p =TIndyp! x1 : WDF — SLy(C).
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Then ¢ = p & p with S = 7/27 and deg ®(¢) = 1. Note that b - WE/F = é. Then ¢ supports a period
on the trivial pure inner form.

(Cl.iii) If x; # Xl_l but xi|rx =1, then Sy. =1 and
dim Homstpl,l(F)(f, a)E/F) =0 and dim Homstp4(F)(f, a)E/F) =1.
On the Galois side, there is only one choice b=p®pand S 5= 1, where
— WDFp .
p =1Indyp x1: WDF — GL,(O)

with det p = wg/F. Since $ = ¢3 -wg/F, it picks up only the trivial pure inner form.

(C2) If ¢1 # ¢o, there are several subcases:
(C2.1) If x1 = x{ = xrlw; and ¢ is irreducible and conjugate-symplectic, then Sy. = Z/2Z and
dim Homstle(p)(f, wg/F) =2 =dim HOIHPGSP4(F)(‘L_’, WE/F)-
o If X% # wg/F, then there are four ways of extending ¢z and for each such extension QE, one has
Sy = Z2/2Z = Sy, . There are two orbits under the twisting by wg, r, each of size 2.

o If X% = wg/F, then there are two ways of extending ¢z. For each such extension &, one has
deg ®(¢) = 2. There is one orbit under the twisting by wg /F-

In this case, the identity

deg ()

- (7-1)
do (i)

dimHomg, (r) (7, xc) = Zm(k, in)lc,(Ga) :

1

holds for G, = PGSp, and PGSp ;.
(C2ii) If 1 = x{ = xrlw, and x2 = X3 = Xy, where ¢po = x2 @ x; ', then Sy, = 1 and
dim Homstle(F)(f, wg/r) =2 = dim Hompgsp, (r)(T, WE/F).
o If neither X% nor x }2 equals wg, r, then there are four ways of extending ¢z. There are two orbits
under the twisting by wg,r, each of size 2.

o If X% =wg/r and x }2 # wg/F, then there are two ways to extend ¢z and for each such extension
$, one has S 3 = 1= Sy and deg ®(¢) = 2. There is one orbit under the twisting by wg /F» Which
corresponds to both pure inner forms.

o If X% = X? = wg/F, then there is only one way to extend ¢;z. For this extension $, one has
deg ®(p) =4.

(C2uii) If x1 # x, Ubut x; is conjugate-symplectic, and ¢, is irreducible and conjugate-symplectic, then
S¢. =27/27 and

dim Hompgsp, | (r) (T, wg/r) = 1 = dim Hompgsp, (F) (T, ®E/F).
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There are two extensions d; = p1@ P2 or p1 D prwg,F With S¢; =7/27 xZ /27, where p; : WD — SL,(C)
satisfies p;|wp, = ¢;. Here the map Sd3 — Sy. is given by

(x,y) > x+y.

There is one orbit under the twisting by wg,r, which corresponds to both pure inner forms.

(C2.iv) If x1 # xfl but x; is conjugate-symplectic, and x> = x5 = x|w, where ¢ = x» ® Xgl, then
S¢. =1 and

dim Hompgsp, | (#)(T, wg/r) = 1 = dim Hompgsp, (r) (T, @E/F).

o If Xﬁ # wg/F, then there are two ways to extend ¢;. Set b=p®porpd prwg/F With
S; = £/2Z. There is one orbit under the twisting by wg,r, which corresponds to both pure inner
forms.

o If X? = wg/F, there is one way to extend ¢z. Set d=p Xr ® XpwE/F, and
deg () =2.
Note that the identity (7-1) fails in this case while the identity (1-3) still holds.
(C2.v) If ¢ and ¢, are reducible and four different characters xi, x, ! x2 and x, ! satisfy
Xilpx = wg/F = x2lpx,

then Sy. is trivial,

dim Hompgsp, | (F)(T, wg/r) =0,
and dim Hompgsp, (F)(T, wg/r) = 1. There is only one extension q; = p1 @ py with Sq,; =7/27 x7/27.
Since ¢ = ¢ - wg /F, it picks up the trivial pure inner form.

(C2.vi) If ¢} = ¢, = ¢ and ¢, is not conjugate-symplectic, then Sg. = 1 and
dim Hompgsp, ,(r) (T, @g/F) =0,  dim Hompgsp,(r) (T, @g/r) = 1.

There is only one extension

¢ =Indyp- 1 : WD — Sp,(C)
with the component group S; = Z/27. Since d=0¢ wg /F, it picks up the trivial pure inner form.
It is easy to check that the identity (1-3) holds when ITy. is generic, i.e.,

deg ®(4) .

dim Hompgsp, (r) (T, wg/F) +dim Hompgsp, | (7) (T, wE/F) = Z m., ). do(9)
0

PEF (¢7)



The Prasad conjectures for GSp, and PGSp, 2477

7D2. Discrete and nonendoscopic case. Assume that ¢z is irreducible and so Iy, is a singleton. Given
a parameter ¢z, which is nonendoscopic, the theta lift ®I (r) from PGSp,(E) to PGSO, »(E) is zero.
If ¢; is conjugate-symplectic, then

dim Hompgsp, | (r) (T, wg/r) = 1 = dim Hompgsp, (F) (T, ®E/F).

There are two extensions ¢ and ¢ - wg ,F With a component group S 5= S¢: = Z/2Z. There is one orbit
under the twisting by wg,r, which corresponds to both pure inner forms.

TD3. Generic but neither discrete nor endoscopic case. If ¢z = p @ pv, detp =v~! # 1, then Sp. = 1.
There are two cases:

o If ¢; is conjugate-symplectic and p* = p, then
dim HomPGSpL](F)('E’ a)E/F) =1 =dim HOIIlpGSP4(F)(‘E, a)E/F).

There are two extensions ¢ = g+ 5 and ¢ - wg sF where p : WD — GL(C) satisfies p|lwp, = p.

o If ¢: is conjugate-symplectic and p* # p, then
dim Homstp4(p)(f, a)E/F) =1 and dimHomstpl’l(p) (‘E, a)E/p) =0.
There is only one extension ¢ = Ind%gg o such that ¢|wp, = ¢z.

Proof of Theorem 1.3. It follows from the discussions in the endoscopic cases (B)enumz in Section 7D1
and the discrete and nonendoscopic case in Section 7D2. (I

7E. Further discussion. Let E be a quadratic extension over a nonarchimedean local field F. Let G
be a quasisplit reductive group defined over F. Let t be an irreducible representation of G(E) with an
enhanced L-parameter (¢, ). Assume that F(¢;) = I_I,-O(qgi) where d;i lwpy = Pr.

If for each orbit O((/Si), the coset C; C H' (W, G) contains all pure inner forms satisfying G, (E) =
G(E), then ¢, is called a “full” L-parameter of G(E), in which case 1¢,(Gy) =1 in (7-1).

Assume that 7 belongs to a generic L-packet with Langlands parameter ¢, : WDz — LG and that ¢
is “full”. Then there is a conjectural identity

dim Home, (7, xg) = 3 m(x, ) - SE2) (7-2)

, do(;)

for any pure inner form G, € H'(Wg, G) satisfying G, (E) = G(E).
If H'(Wg, G) is trivial, then any L-parameter ¢, is “full”’. So the conjectural identity (7-2) holds for
G = GL;. In fact, it holds for G = PGL, as well.
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Invertible functions on
nonarchimedean symmetric spaces

Ernst-Ulrich Gekeler

Let u be a nowhere vanishing holomorphic function on the Drinfeld space 2" of dimension r — 1, where
r > 2. The logarithm log, |u| of its absolute value may be regarded as an affine function on the attached
Bruhat-Tits building B7". Generalizing a construction of van der Put in case r = 2, we relate the group
O(R2")* of such u with the group H(BT", Z) of integer-valued harmonic 1-cochains on B7". This also
gives rise to a natural Z-structure on the first (£-adic or de Rham) cohomology of Q".

0. Introduction

The nonarchimedean symmetric spaces 2= 2" introduced by Drinfeld [1974] have shown great importance
in the theories of modular and automorphic forms and of Shimura varieties, in the analytic uniformization
of algebraic varieties, in the representation theory of GL(r, K), in the local Langlands correspondence,
and in several other topics of the arithmetic of nonarchimedean local fields K. An incomplete list of a
few references is [Manin and Drinfeld 1973; Mustafin 1978; Gerritzen and van der Put 1980; Schneider
and Stuhler 1991; Laumon 1996; de Shalit 2001].

For a complete nonarchimedean local field K with finite residue class field F and completed algebraic
closure C, the space 2 is defined as the complement of the K -rational hyperplanes in P"~!(C). It carries
a natural structure as a rigid-analytic space defined over K, and is supplied with an action of the group
PGL(r, K). In contrast with the case of real symmetric spaces, it fails to be simply connected (in the étale
topology, see [Fresnel and van der Put 2004, pages 160—161], but has a rich cohomological structure. Its
cohomology (for cohomology theories satisfying some natural axioms) has been calculated by Schneider
and Stuhler [1991]; see also [de Shalit 2001] and [lovita and Spiess 2001].

Suppose for the moment that » = 2. In this case, Q = Q2 has dimension 1, and a coarse combinatorial
picture is provided by the Bruhat-Tits tree 7 of PGL(2, K), a (¢ + 1)-regular tree, where g = #([F) is the
residue class cardinality of K. A map ¢ from the set A(7) of oriented 1-simplices (‘“arrows”) of T to Z
that satisfies

(A) ¢p(e)+ ¢(e) =0 for each e € A(7) with inverse e, and

(B) Y @(e) =0 for each vertex v of 7, where e runs through the arrows emanating from v,

MSC2010: primary 32P05; secondary 11F23, 11F85, 32C30, 32C36.
Keywords: Drinfeld symmetric space, van der Put transform, Bruhat-Tits building.
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is called a (Z-valued) harmonic cochain on T. The group H(T, Z) of all such yields upon tensoring
with Z; (£ a prime coprime with g) the first étale cohomology group H élt(Qz, Zy) of Q% [Drinfeld 1974,
Proposition 10.2]. Marius van der Put [1983] (see also [Fresnel and van der Put 1981, 1.8.9]) established
a short exact sequence

1= C*— 0 25 H(T,2) > 0 0.1)

of PGL(2, K)-modules, where O(2?) is the C -algebra of holomorphic functions on Q? with multiplicative
group O(£2%)*. The van der Put transform P (u) of an invertible function u is a substitute for the logarithmic
derivative u’/u, and (0.1) provides the starting point for a study of the “Riemann surface” I" \ 22, where
I' € PGL(2, K) is a discrete subgroup [Gerritzen and van der Put 1980; Gekeler and Reversat 1996].

It is the aim of the present paper to develop a higher-rank (i.e., » > 2) analogue of (0.1). In [Gekeler
2019] it was shown that the absolute value |u| of u € O(2")* factors over the building map

L Q' — BT

and that its logarithm log, |u| defines an affine map on B7"(Q). Here BT is the Bruhat-Tits building
of PGL(r, K) (the higher-dimensional analogue of B72 = 7) and B7" (Q) is the set of Q-points of its
realization B7" (R). This makes it feasible that u +— logq |u| gives rise to a construction of P generalizing
van der Put’s in the case r = 2. The transform P (1) of u will be a Z-valued function on the set of arrows
A(BT") of BT subject to (obvious generalizations of) the conditions (A) and (B) above.

Our first result, Proposition 3.1, is that P () satisfies one more relation (condition (C) in Corollary 2.12)
not visible if r = 2. We then define H(B7T", Z) as the group of those ¢: A(BT7") — Z which satisfy (A),
(B) and (C).

The principal result of the present paper is the fact that the set of these relations is complete:

Theorem 3.11. The map P: O(QQ")* — H(BT", Z) is surjective, and the van der Put sequence
1-C*—= 0@QY*—-HMBT",Z) =0 (0.2)
is an exact sequence of PGL(r, K)-modules.

The proof requires the construction of certain functions u = fy g, whose transforms P (1) have a pre-
scribed behavior on the finite subcomplex B77 (n) of BT", and a crucial technical result (Proposition 3.10),
which solely refers to the geometry of B7".

Still, H(BT", Z) is a torsion-free abelian group of complicated appearance. However, as a further
consequence of Proposition 3.10, we are able to describe it in Theorem 4.16

o either as H(7,,, Z), where Ty, is a subcomplex of dimension 1 of B7" (in fact, a tree, which for r =2
agrees with the Bruhat-Tits tree 7 = BT?), and where only conditions (A) and (B) are involved,

e or as the group DO(P(V), Z) of Z-valued distributions of total mass 0 on the projective space P(V),
or by duality, on the compact space P(V") of hyperplanes of the K-vector space V = K”.
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As the corresponding group D*(P(V"), A) with coefficients in some ring A depending on the coho-
mology theory used (e.g., A = Z, for étale cohomology, or, in characteristic zero, A = K for de Rham
cohomology) has been shown to agree with the first cohomology H'(Q", A) [Schneider and Stuhler
1991, Section 3, Theorem 1], we get in some cases a natural integral structure on H LQr, A) along with
a concrete arithmetic interpretation.

1. Background

1.1. Throughout, K denotes a nonarchimedean local field with ring O of integers, a fixed uniformizer 7,
and finite residue class field O /() = F = [, of cardinality ¢g. Hence K is a finite extension of either a
p-adic field @ p or of a Laurent series field [, ((X)). We normalize its absolute value |-| by |7 | = g !,
and let C = K be its completed algebraic closure with respect to the unique extension of |-| to K. The
ring of integers of C and its maximal ideal are denoted by O¢ and m¢. Note that the residue class field

Oc/mc is an algebraic closure F of F. Further, log: C* — @ is the map z — log, |z|.

1.2. Given a natural number r > 2, the Drinfeld symmetric space 2 = Q" of dimension r — 1 is the
complement = P"~!\ | J H of the K-rational hyperplanes H in projective space P"~!. Hence the set
of C-valued points of Q (for which we briefly write €2) is

Q={(w;: - :w,) €P" _l(C ) | the w; are K -linearly independent}.
If not indicated otherwise, we always suppose that projective coordinates (w; : - - - : @,) are unimodular,
that is max;|w;| = 1. The set 2 carries a natural structure as a rigid-analytic space defined over K (see

[Drinfeld 1974; Deligne and Husemoller 1987; Schneider and Stuhler 1991]); in fact, it is an admissible
open subspace of P—!1 and even a Stein domain [Schneider and Stuhler 1991, Section 1, Proposition 14];
see [Kiehl 1967] for the notion of nonarchimedean Stein domain.

1.3. Let G be the group scheme GL(r) with center Z; hence G(K) = GL(r, K), Z(K) = K*, etc. The
Bruhat-Tits building [Bruhat and Tits 1972] BT = BT of G(K)/Z(K) = PGL(r, K) is a contractible
simplicial complex with set of vertices

V(BT)={[L]|L an O-lattice in V}, (1.3.1)

where L runs through the set of O-lattices in the K-vector space V = K" and [L] is the similarity class
of L. (An O-lattice is a free O-submodule of rank r of V, two such, L and L’, are similar if there exists
0 # ¢ € K such that L' = c¢L.) The classes [Lo], ..., [L] form an s-simplex if and only if they are
represented by lattices L; such that

LoD L D--DL;DwLo. (13.2)
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The combinatorial distance d(v, v') of two vertices v, v € V(BT) is the length of a shortest path
connecting them in the 1-skeleton of BT. It is easily verified that

d(v,v") = min{n | 3 representatives L, L’ for v, v’ such that L > L' D =" L}. (1.3.3)
The star st(v) of v € V(BT) will always denote the full subcomplex of B7 with set of vertices
V(st(w)) ={w e V(BT) |dw, w) <1}. (1.3.4)

We regard V as a space of row vectors, on which G(K) acts as a matrix group from the right. Hence
G (K) acts also from the right on BT. If the syntax requires a left action, we shift this action to the left

by the usual formula yx :=xy !

1.4. The relationship between €2 and BT is as follows: By the Goldman—Iwahori theorem [Goldman and
Iwahori 1963], the realization B7 (R) of 57 is in a natural one-to-one correspondence with the set of
similarity classes of real-valued nonarchimedean norms on V, where a vertex v=[L] € V(BT) =BT (Z)
corresponds to the class of a norm with unit ball L C V. Now the building map

A Q— BT(R)
(1.4.1)
W= (w]:...:0;) > [Vy]
is well-defined, where the norm v, maps x = (x1,...,x,) € V to
Vo (X) = Z Xiwi‘,
1<i<r

and [v,] is its similarity class. Since the value group is |C*| = ¢©, A maps to BT (Q), and is in fact onto
BT (Q), the set of points of BT (R) with rational barycentric coordinates. G(K) acts from the left on the
set of norms via

yv(x) :=v(xy) (14.2)

for x € V, anorm v, and y € G(K); the reader may verify that A is G (K )-equivariant, where the action
on €2 is the standard one through left matrix multiplication. The preimages under A of simplices of BT
yield an admissible covering of 2; see e.g., [de Shalit 2001, (6.2) and (6.3)]. We therefore consider BT
as a combinatorial picture of €.

We cite the following results from [Gekeler 2017; 2019].

Theorem 1.5 [Gekeler 2019, Theorem 2.4]. Let u be an invertible holomorphic function on Q2. Then
|u(w)| depends only on the image M(@) of w € Q in BT (Q).

1.5.1. We thus define the spectral norm ||u|x as the common absolute value |u(w)| for all w € A~ (x),
where x € BT (Q).

Theorem 1.6 [Gekeler 2019, Theorem 2.6]. Let u be an invertible holomorphic function on Q2. Then

logu = log, |u| regarded as a function on BT (Q) is affine, that is, interpolates linearly in simplices.
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1.7. Let A(BT) be the set of arrows, i.e., of oriented 1-simplices of BT . For each arrow e = (v, V') =
([L], [L']) we write

o(e) = origin of e := v, t(e) =terminus of e :=v’, and type(e) :=dimp(L' /7 L),

where L, L' are representatives with L D L’ D w L. Then 1 < type(e) <r — 1 and type(e) + type(é) =r,
where ¢ = (v, v) is e with reverse orientation. We let

A= ) A (1.7.1)
15[5)‘—1
be the arrows e with o(e) = v, grouped according to their types ¢. For an invertible function « on €2 and
an arrow e = (v, w), define the van der Put value P(u)(e) of u on e as
P(u)(e) =log, llully —log, llull, (1.7.2)
with the spectral norm of Section 1.5.1.
Proposition 1.8 [Gekeler 2017, Proposition 2.9]. The van der Put transform
Pw): A(BT) —> Q
et P(u)(e)
of u has in fact values in Z and satisfies
> P)(e)=0 (1.8.1)
eEAv_l

forall v e V(BT). Here the sum is over the arrows e with o(e) = v and type(e) = 1.

Actually, in [Gekeler 2017] the condition ) _,_ Avr P(u)(e) =0 is given instead of (1.8.1), due to
another choice of orientation. We will discuss this in more detail in Section 2.6 and Remarks 3.3(i), which
will also show that both conditions are equivalent in our framework.

Remarks 1.9. (i) In the case r = 2, Theorems 1.5, 1.6 and Proposition 1.8 have been known for quite
some time; see [van der Put 1983] and e.g., [Fresnel and van der Put 1981, 1.8.9]. For general r, they
are shown in [Gekeler 2017; 2019] in the framework of these papers, where char(K) = char(F) = p.
However, the proofs make no use of this assumption, and are therefore valid for char(K) = 0, too.

(i1) The three cited results are local in the sense that they do not require u to be a global unit. If, e.g., u is
a holomorphic function without zeroes on the affinoid A~ (x) with x € BT(Q), then |u(w)| is constant
on A1 (x); if u is invertible on A~! (o) with a closed simplex o of BT, then log u is affine there, and if u
is invertible on A ™! (st(v)), where st(v) is the star of v € V(BT) (see (1.3.4)), then P (u)(e) is defined for
all e € A, and satisfies (1.8.1).

(iii) It is immediate from the definitions that for invertible functions u, 1’ and arrows e,

P(u)(e) + P(u)(e) =0, (1.9.1)
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and more generally
Z P(u)(e) =0, if e runs through the arrows of a closed path in BT, (1.9.2)

as well as
Puu)y=Pw)+ Pw). (1.9.3)

Hence the van der Put transform P: u — P (u) is a homomorphism from the multiplicative group O(£2)*
of invertible holomorphic functions on 2 to the additive group of maps ¢: A(BT) — Z that satisfy
(1.9.1), (1.9.2) and (1.8.1). Moreover, for y € G(K),

Pu)(ey) = Puoy™ ') (o), (1.9.4)
ie., y(Pu)) = P(yu) :== P(uoy~") holds; whence P is G (K)-equivariant.

In Theorem 3.11 we will find exact conditions that characterize the image of P. This will yield the
exact sequence (0.2) of G(K)-modules that generalizes (0.1).

2. Evaluation of P on elementary rational functions

2.1. Let U be a subspace of V = K" of dimension 7, where 1 <t <r — 1. We define the shift toward U
on V(BT) by
w: V(BT) — V(BT),

2.1.1)
v=[L] [L]

where L' = (LNU)+m L. Obviously, e = (v, ty (v)) is a well-defined arrow of type type(e) =dim U =1.
We say that e points to U.

2.1.2. For a local ring R (in practice: R = K, or O, or a finite quotient O, := O/(x")) and a free R-
module F of finite rank, let Grg ,(F) be the Grassmannian of direct summands F’ such that rankg F’ =1¢.
Fixing v =[L] € V(BT), there is a natural surjective map
Grg (V) — Ay,
U (v, ty(v)

(2.1.3)

and a canonical bijection

A,; => Gr, (L/mL) (2.1.4)

given by e = (v, w) = ([L], [M]) = M := M/n L, where L > M D> m L. We denote the image of e by
M, and the preimage of M in A, ; by e

2.1.5. For two arrows e = ej; and ¢’ = ejy;, with the same origin, we write e < e’ (¢’ dominates e) if and
only if M C M.
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2.1.6. Fix n € N, let O, be the ring O/(xr") and let t € {1, r — 1}. Then, as a generalization of the
above, U — (v, Ty (v), ..., T;;(v)) is surjective from Grg (V') onto the set A, , of paths of length n
in BT which emanate from v, are composed of arrows of type ¢, and whose endpoints w have distance
d(v,w)=n (e.g., Ay 1= A,;). The set A, ; , corresponds one-to-one to Grg, ;(L/7" L), where the
composite map from Grg (V) to Gro, ;(L/n"L) is given by U = (LN U)+n"L)/x" L. This yields
in the limit the canonical bijections

Grg (V) => lim A, ; , = lim Gro, ,(L/7"L) = Gro ,(L), (2.1.7)
n n

whose composition is simply U +— U N L. Let e be an arrow of type ¢. Then
Grk (e) :={U € Grg (V) | e points to U} (2.1.8)

is compact and open in the compact space Grg ((V), and it follows from the considerations above that
the set of all Grg ;(e), where v is fixed and e belongs to A, ;, for some n € N, forms a basis for the
topology on Grg (V).

2.2. Given a hyperplane H in V, we let £7: V — K be a linear form with kernel H. We denote by the
same symbol its extension £y : V ®x C = C" — C. The quotients

EH,H’ = EH/EHI (2.2.1)

of two such are rational functions on P"~!(C) without zeroes or poles on 2 «— P"=1(C). Note that £ is
determined up to multiplication by a nonzero scalar in K; hence P ({y, p’) depends only on H and H',
but not on the scaling of £y and . Our first task will be to describe P (£ p).

2.3. We start with a closer look to the building map A. Let vy = [Lo] be the standard vertex, where
Ly is the standard lattice O" in V. Let us first recall the easily verified fact (where the unimodularity
normalization of @ € 2 is used):

Qy, = 2" (v9) = {@ € Q| v,, has unit ball L)}

={w € Q| the w; are orthogonal and |w;| =1 for 1 <i <r}. 2.3.1)

(21, ...,z € C are orthogonal if and only if |, _, _, a;z;| = max;|a;z;| for arbitrary coefficients ¢; € K .)
Hence the canonical reduction of €2,, equals

Q,=C""/PH\|JH. (2.3.2)

where H runs through the hyperplanes defined over O /() = F. A similar description holds for A1 (v)
if v is an arbitrary vertex, but we need some preparations.

2.4. Write (-, -) for the standard bilinear form on V given by

(x',x)= ) xix;,

1<i<r



2488 Ernst-Ulrich Gekeler

which we extend to a form (-, -) on C”. It identifies V = K" with its dual V”. For each K -subspace U
of V, let

Ut:={xeV|(x U)=0) (2.4.1)
be its orthogonal with respect to (-, - ). For an O-lattice L in V,
L":={xeV|{(x,L)C 0O} (2.4.2)

is the dual lattice. We put Q for the preimage of Q in C". Then L” ® ¢ O¢ embeds into C”, and by
(1.4.1) we find:

2.4.3. The image of (L™ ® O¢) N Qin Q equals 2, := 2~ (v), where v = [L] is the vertex of BT
corresponding to L.

Similarly,
(L"® O¢) ® Oc/mec => (L" /o L") @ F = (L/nL)" ¢ F. (2.4.4)

2.5. Let P(L"/m L")/F be the projective space attached to the r-dimensional vector space L"/mL",
regarded as a scheme over O/(mr) = [. Its F-rational hyperplanes correspond to those of the vector space
(LN m L) ®F F, or, by duality, to the F-lines (one-dimensional [F-subspaces) GinL /7 L. Therefore, the
canonical reduction Q, of 2, is

Q, = P(L"/xL")/P\| H. (2.5.1)

where H runs through the hyperplanes defined over F. The set of these is in canonical bijection with the
set of [F-lines in L/ L, that is, with A, ;. For each e € A, | let H, be the corresponding F-hyperplane
in (2.5.1).

2.5.2. The object H, (an F-subspace of L"/m L" or the corresponding hyperplane in P(L" /7 L") /F,
described through the same symbol) mustn’t be confused with the M, of (2.1.4), which is an F-subspace
of L/m L. The relationship is as follows. The form (-, - ) induces an F-bilinear form

(-,-): L/aLxL"/xmL" —F.

For an F-subspace M of L/mL, M* denotes its orthogonal with respect to (-, -) in L"/mL". Let
G. C L/mL be the line defined by e € A, | as in (2.1.4). Then H, = (G,)*.

2.6. Let u be an invertible holomorphic function on €2, scaled such that ||« ||, = 1. Its reduction « at v
is a rational function on €2, without zeroes or poles. For each e € A, | let m, be the vanishing order
of u along H, (negative, if u has a pole along H,), and let £, be a linear form on P(L" /7 L™)/F with

vanishing locus H,. Up to a multiplicative constant, i equals [] 27, and so

EEAU_I

> m, = weight of the form i = 0. (2.6.1)

eEAv.l
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Now the value of the van der Put transform on e € A, ; is (with notation above)
Pu)(e) = —m,. (2.6.2)

To see this, we may assume (by (1.9.4), and since the action of G(K) on arrows of type 1 is transitive)
that e = (vg, v1) with vg = [Lo], vi = [L1], Lo = 0", L1 = (r) x --- X (w) x O. Then LS = Lo,
L} = (™M x---x (@ Y x 0, H, is the hyperplane {(x: - --:%:0)} in P(Ly /L)) /F= P"—1/F, and we
may choose €, : x =(x;y:---:x,)— x,, which is the reduction of the global form ¢: w=(w:---:®,) — ®,
on 2. In order to get “functions” instead of “forms”, we work with £,/¢; (resp. ) /571), where £1: x — x3
with lift 571 : @ +— wi. If i has a zero of order m along H, (ie., i = ig(€e/€1)™, where i1 has neither
zeroes nor poles on S_Zvo and along H,), then u grows like (57 /El)m when moving from £2,, to 2,,. But
the absolute value of Z/El on £2,, is 1, while it is || = q‘1 on £2,,, which shows (2.6.2).
Finally, combining the above yields

> P)(e) =0, (2.6.3)

eEAU,l

that is, the assertion of (1.8.1).

2.7. Each hyperplane H of V is given as the kernel of a linear form
by=4Ly: x—(y,x) 2.7.1)

with some y € Lo\ 7w Lg. Let G=Ky = H"' be the line spanned by y. The arrow (vo, 76(vg)) € Ayy.1
equals ez with
G =(0y+mLy)/m L.

Two such vectors y, y give rise to the same e if and only if y' = ¢ -y (mod ) with some unit c € O*.
More generally, y and y’ give rise to the same path (vg, 76 (vo), . . ., 75(v0)) € Ay 1,5 if and only if

y =c-y (mod ™) (2.7.2)

with ¢ € O*. In this case we call y and y’ n-equivalent; the respective equivalence classes are briefly the

n-classes of y, y’.

2.8. Let now hyperplanes H, H' of V be given by y, y’ as above. Put G = H- =Ky, G’ = Ky'. The
function £y = £y /£y has constant absolute value 1 on €2,, and therefore, by reduction, gives a rational
function ¢ H.H' Without zeroes or poles on S_Zvo s pr-l /. Put

H = ((LoNH)+mLo)/m Lo,

and ditto H'. By definition, it is an F-subvector space of Lo/m Lo —=> F’. As usual, we denote by the same
symbol the corresponding F-rational linear subvariety of P’ ~!/F that appears e.g., in (2.3.2). Suppose
that H differs from H'. Then £,y has vanishing order 1 along H, vanishing order —1 along H’, and
vanishing order 0 along the other hyperplanes in the boundary of €, (see (2.3.2)). If however H = H',
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then £ g has neither zeroes nor poles along the boundary (and is therefore constant). According to the

recipe discussed in Section 2.6, we find the following description.
Proposition 2.9. Let e be an arrow in A, 1. Then

—1 e = (vo, 76 (v0)) # (vo, TG/ (v0)),
Py p)e)=1+1 e= (v, tg'(v0)) # (vo, TG (o)), O
0 otherwise.

Again by the transitivity of the action of G(K), we may transfer Proposition 2.9 to arbitrary arrows of
type 1, and thus get:

Corollary 2.10. Let e € A, 1 be an arrow of type 1 with arbitrary origin v € V(BT). Write eJﬁ (resp.
eﬁ,)for the arrow (v, Tg1(v)) (resp. (v, Ty (v))). Then

-1 e= 6’1%1 #* e#,
P(lup)(e) =341 e=ep # e, O
0 otherwise.

Next, we deal with arrows of arbitrary type.

Proposition 2.11. Given hyperplanes H, H' of V and an arrow e of BT with origin v € V(BT), let ei,
(resp. eJI_},) be the arrow with origin v pointing to G = H* (resp. to G' = H'%). The transform P(£x ')
evaluates on e as follows:

-1 eé <e, e}i, Ae,
P(lgp)(e)=1+1 ep <e e Ae,

0 otherwise.

Proof. Let L be a lattice with [L] = v and e = ej;, where M is a subspace of L/ L of dimension

t =type(e). Since the case ¢t = 1 is given by the last corollary, we may assume that # > 2. Suppose that
J_ .

ey <e, ie,

G=((LNG)+nL)/rLCMCcCL/rL.

Let My =0C My =G C ---C M; = M be a complete flag connecting 0 to M, where dim M; = i
for 0 <i <t. It corresponds to a path (vo, vy, ..., v;) in BT, where vg = v = [L], v, = t(ej;), and all
the arrows e; = (v, v1), ..., e; = (v,—1, V) of type 1. As {vg, ..., v} is a z-simplex, d (v, v;) = 1 for
1 <i <1, and therefore no ¢; different from e; = eg points to G.

Suppose that moreover eﬁ, X e, that is,

(LNGY+rmL)/nL ¢ M.
Then none of the ¢; (1 <i <) points to G’, so

P(y.p)(e)= Y PUum)(e)=Plum)ie)=—1

1<i<t
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by (1.9.2) and Corollary 2.10. If eﬁ # ei,, < e, then we can arrange the flag M C --- C M, such that as
before e points to G, e; points to G’, and no ¢; (3 <i <) points to G or G’. In this case

P(lh,u)(e) =Py n)(er)+ Plhn)(e) =—1+1=0.

If eil = e# < e, then

P(lu,n)(e) =Py n)(e) =0 by Corollary 2.10.

If neither eﬁ < e nor ei,, < e, neither of the arrows e; (1 <i <t) corresponding to a flag Mo =0C --- C

M,=M points to G or to G’, and so P (€ p')(e) = 0 results. The case e# <e, ei, 4 e comes out by
symmetry. U

Corollary 2.12. Let Hy, ..., H, be finitely many hyperplanes of V with corresponding linear forms
t; =Ly, ker(¢;) = H;, and multiplicities m; € Z such that Zlfifn m; = 0. The function

U= 1_[ e

1<i<n
is a unit on 2, whose van der Put transform P (u) satisfies the condition:

(C) For each arrow e € A(BT) witho(e) =v e V(BT),

Pu)(e)= Y  Pu)e).
e/EAU,l
e'<e
Proof. (C) is satisfied for u = €y g = €y /€y by Proposition 2.11. The general case follows as
condition (C) is linear (it holds for u - u” if it holds for u and u’) and [] £ is a product of functions of
type €y m'- (Il

3. The van der Put sequence

Proposition 3.1. Let u be an invertible holomorphic function on Q2. Then its van der Put transform P (u)
satisfies condition (C) from Corollary 2.12.

Proof. Again by (1.9.4) we may suppose that the origin o(e) of the arrow in question is equal to vg = [Lo].
So e = ej; with some nontrivial F-subspace M of L /m Lo. As in Section 2.8 we use the same letter M
for the corresponding linear subvariety of P"~!/F of dimension ¢ — 1, where ¢ = type(e) = dim M.

Multiplying u by suitable functions of type £y g+ (which doesn’t alter the (non)validity of (C) for u),
we may assume that P (u)(e’) =0 for all ¢’ € A,,,,; dominated by e. Then we must show that P (u)(e) =0
too. Let u be normalized such that ||u||,, = 1, and let & be its reduction as a rational function on P 1/F,
see (2.3.2).

If P(u)(e) <O then |u| decays along e = ej; and u vanishes along M. Correspondingly, if P (u)(e) > 0
then (u)~' = (u_*l) vanishes along M. Hence it suffices to show that, under our assumptions, u restricts
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to a well-defined rational function on M, i.e., M is neither contained in the vanishing locus V (#) nor in
V (i~"). But the latter is obvious: With a suitable constant ¢ % 0 we have

= m(H)

u=c l_[ b4 g
where H runs through the boundary components of Q,, asin (2.3.2), ¢ 7 is a linear form vanishing on H,
S m(H) =0, and m(H) = —P(u)(e%) =0 if H+ C M. Hence neither the rational function & nor its
reciprocal vanishes identically on M. O

3.2. The proposition motivates the following definition. Let A be any additively written abelian group.
The group of A-valued harmonic 1-cochains H(BT, A) is the group of maps ¢: A(B7) — A that satisfy

(A) > ¢(e) =0, whenever e ranges through the arrows of a closed path in BT
(B) foreachtypet,1 <t <r —1, and each v € V(BT), the condition
> ¢(e)=0 holds; (B))

ecA,

(C) foreachv e V(BT) andeache € A,,
> ) =gple).
ey, €<e

Remarks 3.3. (i) In the case where the coefficient group A equals Z, condition (A) is (1.9.2), (B}) is
(1.8.1), and (C) is the condition dealt with in Corollary 2.12 and Proposition 3.1. (A) in particular implies
that ¢ is alternating, i.e., ¢(e) = —¢(e). Further, (B;) together with (C) implies (B,) for all types ¢, as

dopl= > ehecA,, | <e,
ecA,; e'eA,
where #{ - - - }, the cardinality of some finite Grassmannian, is independent of ¢’.

(ii) Note that the current H(B7T, Z) differs from the group defined in [Gekeler 2017], as condition (C) is
absent there.

(iii) Proposition 3.1 together with the preceding considerations shows that
P: O(Q)*— H(BT, Z)
ur— Pu)

is well-defined. Its kernel consists of the invertible holomorphic functions f on €2 with constant absolute
value, which equals the constants C*, as will be shown in Proposition 3.4. Hence, by (1.9.4), we have the
exact sequence of G (K)-modules

1= C* = 0Q)* L5 H(BT, 7).

In fact, we will show that P is also surjective, which yields our principal result Theorem 3.11.
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(iv) Beyond the natural coefficient domains A = Z or Q for H(BT, A), at least the torsion groups
A =7Z/(N) deserve interest. For example, in the case r = 2 and char(C) = char(F) = p, the invariants
H(BT,F p)r under an arithmetic subgroup I' C G (K) differ in general from H(BT, Z)" ®F ps see [Gekeler
and Reversat 1996, Section 6]. The coefficient rings A = Z, (£ a prime number) and A = K come into
the game by relating H(B7T, Z) with the first cohomology of €2; see Section 5.5.

Proposition 3.4. Each bounded holomorphic function f on Q is constant. In particular, the kernel of the

map P equals the constants C*.

Proof. Let w = (w1 : - - - : w,) be an element of Q2. We are going to show that f as a function in w;, where
@1, -, Wi—1, Wit1, - ..,y are fixed, is constant for each i, which will give the result. Let

ag): P ~Y(K)—> P'(C) bethe map (xy:---:x) > ( Z Xjw;j :x,-).
l<j<r
i#]
It is well-defined (since the w; are K-linearly independent) and continuous with respect to the nonar-
chimedean topologies on both sides, whence its image im(oz((,f)) is compact. Moreover, the complement

Qg) =P'(C) \im(ocg)) in P!(C) equals the set of those w € C = {(w : 1)} = P!(C) which are eligible

for (wy:-+1wj—1:w:wjt41:- - ow,) tolie in . Analytic spaces of this shape are extensively discussed in
[Fresnel and van der Put 2004, Chapter II]. Notably, their Proposition 2.7.9 states that bounded functions
on Q) are constant as wanted. O

3.5. The strategy of proof of the surjectivity of P will be to approximate a given ¢ € H(BT, Z) by linear
combinations of elements P (u), where u is a function of type £y ', or a relative of it.
Given two hyperplanes H # H' of V and n € Ng = {0, 1, 2, ...}, define

faown i =14+7"ty g (3.5.1)

Here Ly g =€/l =Ly/Ly, Where y, y' € Lo\mw Lo, H=ker({y), H =ker({y). Like £y 1/, fH b/ n
is a unit on 2. We denote by
BT (n) C BT (3.5.2)

the full subcomplex with vertices V(BT (n)) = {v € V(BT) | d(vo, v) < n}. Hence BT (0) = {vo},
BT (1) = st(vy), etc. Further,
Qn) := 1" Y BT (n)). (3.5.3)

Then €2(n) is an admissible affinoid subspace of €2 and Q = UnzO Q2 (n). (In [Schneider and Stuhler
1991, Section 1, Proposition 4] Q (n) is called Q,, and a system of generators of its affinoid algebra is
constructed.)

Lemma 3.6. For n € Ny, the following hold on Q2 (n):
(i) log EH,H’ <n.

(11) |fH,H’,n| =1
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Proof. (i) By our normalization, |[{y p(®)| =1 forw € 2~ (vp). Then by Proposition 2.11, ||y g (@) |, <
q" for v € V(BT) whenever d(vg, v) < n, which gives the assertion.

) | fuman@)| =1+7"y g (w)| <1 on Q) by (i), with equality at least if n = 0 or @ doesn’t
belong to A2~ 1(v), where v is a vertex with d(vg, v) = n, since in this case log ¢y n(w) < n. But the
equality must also hold for @ with A(@) = such a v, due to the linear interpolation property Theorem 1.6
of log, || fi.1'.n|lx for x belonging to an arrow e = (v, v) with d(vg, V') =n — 1. O

Definition 3.7. A vertex v € V(BT) is called n-special (n € Ny) if there exists a (necessarily uniquely
determined) path (vo, v1, ..., vy = V) € Ay, 1.4, 1.€., the arrows ¢; = (v;_1,v;), i = 1,2, ..., n all have
type 1, and d(vg, v) = n. (By definition, vg is 0-special.) An arrow e € A(B7T) is n-special (n € N) if
o(e) is (n — 1)-special and 7 (e) is n-special, that is, if it appears as some e, as above. Also, the path
(vo, ..., vy) = (e, ..., ey is called n-special. An arrow e with d(vg, o(e)) = n is inbound (of level n)
if it belongs to BT (n), and outbound otherwise. That is, e is inbound < d(vg, t(e)) < n.

3.8. Next, we describe the restriction of P(fy g ) to (n 4 1)-special arrows e. Let n € Ny, and choose
hyperplanes H, H' of V, given as H = ker(¢,), H =ker({y) asin (3.5.1), G=H' =Ky, G'=Ky'.
Assume that y and y’ are not 1-equivalent (2.7.2), that is, 75 (vo) # T/ (vo).

(i) According to Corollary 2.10, £y y = £/ has the property that log £ 5 grows by 1 in each step
of the (n + 1)-special path

(Vo, V1,y .y Up, Upg1) = (€1, €2, ..., €441) (3.8.1)

from vy toward G'. Together with Lemma 3.6(ii), this implies that P(fy g'.n)(en+1) = 1.

(ii) On the other hand, again by Corollary 2.10, log £y v < n on A~!(v) for each n-special v dif-
ferent from v,. By a variation of the linear interpolation argument in the proof of Lemma 3.6(ii),
P(fu. 1 .n)(e) =0 for each (n 4 1)-special arrow e with o(e) # vy,.

(iii) The function u := fy g, = (by +7w"Ly) /L) satisfies |ull,, = 1. Its reduction u as a rational
function on the reduction

Qy, = (PWL"/xLN/D\|JH (see (2.5.1), here v, = [L]) (3.8.2)

of Q,, = A~!(v,) has a simple pole along the hyperplane H,, ., corresponding to the arrow e, 1, a simple

€n+1
zero along a unique H,, where e = (v,,, w), and neither zeroes nor poles along the other hyperplanes that
appear in (3.8.2). The hyperplane H., is the vanishing locus in P(L" /L") /F of the reduction of the

form €, 4+ "€, = £»; accordingly, w = 7~ (v,), where G” = K'y” and
y' =y +a"y. (3.8.3)

(iv) If y’ is fixed and y runs through the elements of Lo \ 7Ly not 1-equivalent with y’, then the
corresponding y” are n-equivalent but not (n + 1)-equivalent with y’ (see (2.7.2)). In this way we get all
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the (n + 1)-classes with this property, that is, all the (n + 1)-special paths (eq, ea, ..., e,, ) which agree
with the path (ey, ..., e,, e,+1) of (3.8.1) except for the last arrow. We collect what has been shown.

Proposition 3.9. (i) Let H, H' be two hyperplanes in V, G = H+, G' = H'*, with 16 (vo) # 6 (vo)
and n € Ny. Put v; := (1)) (vo). If e is an (n + 1)-special arrow then

+1 lfe:(vna Un+1),
P(fumn)e)=1—1 ife=(v,, w), (3.9.1)
0 otherwise.

Here w =t (v,,) # vyy1, where G” = Ky" with y” = y'+x"y as described in Section 3.8, notably
in (3.8.3).

(ii) If H' is fixed, each (n + 1)-special arrow e # (v,, Vy41) with o(e) = v, occurs through a suitable
choice of H as the arrow e = (v, w) where P(fy n' n) evaluates to —1. O

The next result, technical in nature, is crucial for the proof of Theorem 3.11. Its proof is postponed to
the next section.

Proposition 3.10. Let n € Ny and ¢ € H(BT, Z) be such that ¢(e) = 0 for arrows e that either belong to
BT (n) or are (n + 1)-special. Then ¢(e) = 0 for all arrows e of BT (n + 1).

Now we are able to show (modulo Proposition 3.10) the principal result.
Theorem 3.11. The van der Put map P: O(Q2)* — H(BT, Z) is surjective, and so the sequence
1->C*— 0> HBT,Z) —0 (0.2)
is a short exact sequence of G(K)-modules.

Proof. (i) Let ¢ € H(BT, Z) be given. By successively subtracting P (u,) from ¢, where (u,,),en iS @
suitable series of functions in O(2)* with u, — 1 locally uniformly (i.e., uniformly on affinoids) we will

(p—P( I1 ui)EO on BT (n).

1<i<n

achieve that

Then ¢ = P(u), where u = lim,_, o [ [, -; -, #; is the limit function.

(i) From condition (B) for ¢ and Proposition 2.9 we find a function u, namely a suitable finite product
of functions of type £y g, such that (¢ — P(u1))(e) =0 for each e € A, 1. By condition (C), ¢ — P (u1)
vanishes on all e € A, and thus by (A) on all e that belong to B7 (1) = st(vp).

(iii) Suppose that uy, ..., u, € O(2)* are constructed (n € N) such that for 1 <i <n
(@) Puj)=0on BT(@{ —1),

(b) u; =1 (mod w!¢=D72)y on BT ([(i — 1)/2]), here [-] is the Gauss bracket,

©) ¢ = P([li<j<,ui) =0 0n BT (n)
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hold. (Condition (a) is empty for i = 1 and therefore trivially fulfilled.) We are going to construct u, |
such that uy, ..., u,+ fulfill the conditions on level n + 1.

(iv) From (c) and (B;) we have for n-special vertices v and 1 := ¢ — P(ngign uij) e H(BT, Z):

Y. vE@=) v@=o

e€ A, 1 outbound e€Ay |

(v) According to Proposition 3.9, we find u,, viz, a suitable product of functions fu g ., such that

(¥ = Pluns1))(e) = <<p - P( I1 ui))(e) =0
1<i<n+1
on all (n 4 1)-special arrows e. Furthermore, that u, (like the functions fy g’ ,, see Lemma 3.6(ii))
satisfies P (it,4.1) =0 on BT (n), i.e., condition (a), and condition (b): u,+1 =1 (mod /2!y on BT ([n/2]).
Hence ¢ — P(]_[1<i<n+1 u;) vanishes on arrows which belong to B7 (n) or are (n + 1)-special. Using
Proposition 3.10, \;/eisee that ¢ — P(ngi <n+1 4i) vanishes on BT (n+1). That is, conditions (a), (b), (¢)
hold for uy, ..., u,+1, and we have inductively constructed an infinite series u1, us, ... with (a), (b)

and (c) for all n.

(vi) It follows from (b) that the infinite product
u= 1_[ u;
ieN
is normally convergent on each €2(n) and thus defines a holomorphic invertible function u# on 2. Its

van der Put transform P (u) restricted to 57 (n) depends only on uy, ..., u,, due to (c), and thus agrees
with ¢ reduced to BT (n). Therefore, ¢ = P (u), and the result is shown. O

4. The group H(BT, 7)
4.1.

Proof of Proposition 3.10. (i) The requirements of Proposition 3.10 for ¢ € H(B7, Z) on level n € Ny
will be labeled by R(n).

(i1) Suppose that R(n) holds for ¢. Then ¢ vanishes on all arrows A, ; whenever v is n-special, since
such an e is either (n + 1)-special or belongs to B7 (n). Hence by conditions (C) and (A) of Section 3.2,
@(e) = 0 whenever e is contiguous with v, i.e., if e belongs to st(v). This shows, in particular, that
Proposition 3.10 holds for n = 0.

(iii) Let v € V(BT) have distance d(vg, v) = n, but be not necessarily n-special. For the same reason as
in (ii), ¢ vanishes identically on st(v) if it vanishes on all outbound arrows e € A, ;. Hence it suffices to
show

¢(e) =0 for outbound arrows e of type 1 and level n. ©O)
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(iv) For a vertex v with d (vg, v) =n, we let s(v) be the distance to the next w € V (37 which is n-special.
We are going to show assertion (O) by induction on s(o(e)).

(v) By R(n), (O) holds if s = s(o(e)) =0, i.e., if o(e) is n-special. Therefore, suppose that s > 0. By the
preceding we are reduced to showing:

Let e be an outbound arrow of type 1, level n, and with s = s(o(e)) > 0.
Then e belongs to st(v), where d(vg, ) =n and s(v) < s.

(P)

(vi) We reformulate (P) in lattice terms. Representing vg = [Lg] through Ly = O", the vertices v € V(BT)
correspond one-to-one to sublattices L of full rank » which satisfy L C Ly, L ¢ m L. For such a vertex
v or its lattice L, we let (n, na,...,n,) withn; >ny > ... > n, =0 be the sequence of elementary
divisors (sed) of Lo/L (n, =0 as L ¢ 7 Lgp). That is,

Lo/L=0/(™) x -+ x 0/(x").

Then ny = d(vg, v), and v is n-special if and only if its sed is (n, ..., n, 0).

(vii) Let e = (v, V') be given as required for (P), v =[L], v/ = [L'], where 7" T!Lo Cc L' C L C L. Let
(ny =n,ny,...,n,) be the sed of Lo/L. Then, as dimg(L/L") =r — 1 and d(vo, V") =n+1, (n] =
n+l1,..., n;_l =n,_1+1,n,)isthe sed of Ly/L’. This means that L has an ordered O-basis {x1, ..., x,}
such that {7 xy, 72 x,y, ..., 71 F1x,_|, n'x,} is a basis of L’ and {n"x|, 7™2x3, ..., 7" x,} is a
basis of L. Assume that k with 1 <k <r — 1 is minimal with n,_; = n;. Let M be the sublattice of L
with basis {7"xy, ..., 7"x,_1, x;}. Then w = [M] is n-special and s(v) = d(v, w) =n —n,_, which by
assumption is positive. Put L for the lattice with basis

ni+1 ni41+1 nyp—1+1

n n Nj— n,
{m"x1, 7"x0, ..., 0" X, Xk, TC Xkplyeves T Xr—1, T X}

The vertex v := [L] satisfies
d(vg, ) =n, dw,0)=1=d0,0) and s@)=dw,0)=n—n,_;—1=s)—1. (4.1.1)

Hence e = (v, v') belongs to st(v), where v is as wanted for assertion (P).
This finishes the proof of Proposition 3.10. ]

Corollary 4.2. Let ¢ € H(BT, Z) be such that ¢(e) = 0 for all i-special arrows e, where 1 <i <n. Then
¢ =0o0n BT (n).

Proof. This follows by induction from Proposition 3.10. ]

4.3. Next we give a different description of H(BT, Z), see Theorem 4.16. Let v be an n-special vertex
(n > 1), v* its predecessor on the uniquely determined n-special path (vo, v1, ..., v,—1 = v*, v) from vy
to v, and e* the n-special arrow (v*, v). Its inverse e* = (v, v*) belongs to Ay

Lemma 4.4. In the given situation, e € A, | is inbound if and only if e < e*.
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Proof. As the stabilizer GL(r, O) of Lo = O” acts transitively on n-special vertices or arrows, we may
suppose that v =[L, ], where L, is the O-lattice with basis {7"xy, ..., 7"x,_1, x,}, and thus v* = [L,_].
(Here {x1, ..., x,} is the standard basis of L(.) Under (2.1.4), e* corresponds to the (r — 1)-dimensional
subspace 7w L,,_1 /7 L, of the r-dimensional F-space L,/ L,, which has the (7"x;) = 7"x; (mod 7 L,),
1 <i <r,as abasis. Let G be a line in L,/m L, with preimage G in L,, and let ez = (v, vg) be the
arrow of type 1 determined by G. Then vg =[G] and

eg<e' s GCnlL, /rL, & GCmL,_,.

If this is the case, 7Ly C L, Ct~'G C L,_; C Ly, that is, d(vo, [G]) < n, and eg is inbound. On the
other hand, if G ¢ wL,_1, then 7 'G ¢ Ly. Since 7" Lo ¢ G, we then have d(vo, [G]) =n + 1, and eg
is outbound. O

4.5. We may now reformulate condition (B;) for ¢ € H(BT, Z) at the n-special vertex v of level n > 1
as follows: Splitting

Av,l = Av,l,inUAv,l,out (4-5.1)

into the subsets of inbound / outbound arrows (note that ¢ € A, is outbound if and only if it is
(n + 1)-special), (B) reads

0= ¢@= ) 9@+ Y ¢@=9E+ ) ¢@

eeAv,l eeAv,l.in eEAv.l,uut eEAv,l,out

(where we used Lemma 4.4 and condition (C) for ¢(e*)), i.e., as the flow condition

ple)= Y ole). (45.2)
eeAv,l,out
The number of terms in the sum is
H#A, | ow =H#A, | —#A, i =#PTU ) —#P X)) =¢ (4.5.3)

4.6. Let T,, be the full subcomplex of B7 composed of the n-special vertices (n € Ny) along with the
1-simplices connecting them. In other words, 7y, is the union of the paths A, 1,, where n € N, see
Section 2.1.6. It is connected, one-dimensional and cycle-free, hence a tree. The valence (= number of
neighbors) of vy is #P"~1(F) = (4" — 1)/(g — 1), the valence of each other vertex v # vg is ¢" ! + 1, as
we read off from (4.5.3). Let further 7,,(n) := T,, N BT (n).

4.6.1. We define H(n) as the image of H(B7, Z) in {¢: A(BT (n)) — Z} obtained by restriction. Hence

H(BT, Z) = limH(n). (4.6.2)

neN
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Put further

H'(n) :={¢: A(Ty,(n)) = Z | ¢ is subject to (4.6.4) and (4.6.5)(v) for each i-special v, 0 <i < n}.
(4.6.3)
Here A(S) is the set of arrows (oriented 1-simplices) of the simplicial complex S, and the conditions are

p(e) +¢(e) =0 for each arrow e with inverse e; (4.6.4)
> ple)=0. (4.6.5)(v)

c€A(Ty)

o(e)=v

4.7. Equality (4.5.2) together with the condition (B) at vy states that the restriction of ¢ € H(BT, Z) to
Ty, (n) is an element of H'(n). Therefore, restriction defines homomorphisms r,, : H(n) — H'(n), which
make the diagram (with natural maps ¢,, g, )

Hn+1) =% Hm+1)

lqn lq,; 47.1)

H(n) —2— H(n)

commutative. Note that both ¢, and g, are surjective, the first by definition, the second one since 7y, is a
tree. Corollary 4.2 may be rephrased as

Proposition 4.8. r, is injective for n € N. O
Lemma 4.9. r, is also surjective.

Proof. For n = 1, this is implicit in the proof of Theorem 3.11 (i.e., one may arbitrarily prescribe the
value of ¢ € H(BT, Z) on e € Ay, 1, subject only to (B;) at vp).

Forn > 1, let Q4 (respectively Q' . ;) be the kernel of g, (respectively ;). Then r,11(Q,41) C Q

1 /
n+1 n+1°

and we have the commutative diagram with exact rows

0 —— QOnt1 —— Hn+1) > H(n) > 0
l/ lrnJrl lrn
0—— 0, — Hn+1) s H'(n) > 0.

By induction hypothesis, r,, is surjective, so the surjectivity of r,1 is implied by

Fng1(Qny1) = Q;1+1- (%)
But

Ont1={peHmn+1)|9=00nBT(n)} and Q). ={peH (n+1)|¢@=0o0nT,n)},

so (x) follows from the existence of sufficiently many elements of O, (e.g., the classes in H(n + 1)
of the P(fu, u',)) which have sufficiently independent values on the arrows in 7, (n 4 1) not in 7y, (n).
See also the proof of Theorem 3.11, steps (iv) and (v). U
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4.10. Let H(7,,, Z) = lim__,,H'(n) be the group of functions ¢: A(T,,) — Z which satisfy (4.6.4)

——neN

and (4.6.5)(v) for all vertices v of 7y,. Similarly, we define H(7,,, A) for an arbitrary abelian group A
instead of Z. That is, elements of H(7T,,, A) are characterized by conditions analogous with (A) and (B)
of Section 3.2, while (C) is not applicable. Putting together the considerations of Section 4.5 with
Proposition 4.8 and Lemma 4.9, we find

H(BT,7) = H(T,,, 2), (4.11)

where the canonical isomorphism is given by restricting ¢ € H(B7T, Z), ¢: A(BT) — Z to the subset
A(Ty,) of A(BT).
In what follows, A is an arbitrary abelian group. The next result is a consequence of the above.

Proposition 4.12. Restriction to the arrows of Ty, yields an isomorphism
H(BT, A) => H(T,,, A). (4.12.1)

Proof. 1t suffices to observe that the preceding results Proposition 3.10, Corollary 4.2, Proposition 4.8,
and Lemma 4.9 remain valid — with identical proofs —for A-valued functions instead of Z-valued

functions. O

4.13. Recall that an A-valued distribution on a compact totally disconnected topological space X is a

map §: U +— 6(U) € A from the set of compact-open subspaces U of X to A which is additive in finite

disjoint unions. We call §(U) the volume of U with respect to §. The total mass (or volume) of § is §(X).
We apply this to the situation (see Section 2.1.6, (2.1.7) and (2.1.8)) where

X = Grg,1(V) = {lines G of the K-space V} =P(V). 4.13.1)
As we have identified V with its dual V” through the bilinear form (-, - ), we also have an identification
Grg,1(V) =P(V) = P(V") = Grg ,_1(V)

given by G — G=. Hence we could state the following assertions concerning distributions on P(V) for
distributions on P(V").

4.13.2. Let D(P(V), A) be the group of A-valued distributions on P(V) with subgroup DO(P(V), A)
of distributions with total mass 0. By (2.1.8), the sets P(V)(e) = Grk 1(e), where e runs through the
outbound arrows of A, 1, (n € N), i.e., through the set

A+(7L0) = {e € A(T,,) | e oriented away from vy}, (4.13.3)
form a basis for the topology on P(V). Therefore, an element § of D(P(V), A) is an assignment

§: AT(Ty) — A
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(where we interpret §(e) as the volume of P(V')(e) with respect to §) subject to the requirement

S = > ) (4.13.4)
ee A (Ty))
o(e)=t(e*)

for each e* € A+(7;0). The total mass of § is

S(P(V)) = Z S(e) = Z S(e). (4.13.5)
ee A (Tyy) e€Ay) 1
o(e)=vg

In view of (4.5.2) and (4.6.5)(v), we find that
D(P(V), A) => H(T,,, A), (4.14)

where some §: A1 (T,,) — A in the left hand side is completed to a map on A(T,,) by (4.6.4), i.e., by
p(e) = —gp(e).

While both isomorphisms in (4.11) (or (4.12.1)) and (4.14) fail to be G (K )-equivariant (as G(K) fixes
neither vg nor 7,,), the resulting isomorphism

H(BT, A) => D (P(V), A)
- (4.15)
g9

is. Here the distribution ¢ evaluates on P(V)(e) as ¢(e) whenever e is an arrow of BT of type 1 and
P(V)(e) is the compact-open subset of lines G of V such that e points to G.

We summarize what has been shown.

Theorem 4.16. Let A be an arbitrary abelian group. Restricting the evaluation of ¢ € H(BT, A) to

arrows of Ty, (resp. arrows of type 1 of BT) yields canonical isomorphisms
H(BT, A) => H(Ty,, A) resp. H(BT,A) => DY (P(V), A).

The second of these is equivariant for the natural actions of G(K) = GL(r, K) on both sides, while the
first isomorphism is equivariant for the actions of the stabilizer G(O)Z(K) of v € G(K).

As a direct consequence of the first isomorphism, i.e., of (4.12.1), we find the following corollary, which
is in keeping with the fact that bounded holomorphic functions on €2 are constant (see Proposition 3.4).

Corollary 4.17. If ¢ € H(BT, A) has finite support, it vanishes identically.

Proof. Suppose that ¢ has support in B7 (n) with n € N. Then its restriction to 7, (n + 1) satisfies (4.6.4)
and (4.6.5)(v) at all vertices v of T, (n+1). As T,,(n+1) is a finite tree, this forces ¢ to vanish identically
on 7y, (n + 1), thus on BT. O
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5. Concluding remarks

5.1. Ehud de Shalit [2001, Section 3.1] postulated four conditions 2, 8, €, © for what he calls harmonic
k-cochains on B7. These conditions specialized to k = 1 are essentially our conditions (A), (B), (C) from
Section 3.2. Grosso modo, de Shalit’s 5 corresponds to (B), € to (C) and © to (A), while 2 is a special
case of (A).

5.2. In fact, the relationship with de Shalit’s work is as follows. Suppose that char(K) = 0, and consider
the diagram

u O(Q)* s H(BT, Z)

l l [ (5.2.1)

dlogu=u"'du {closed 1-forms on Q} —— H(BT, K)(= C]_ of [de Shalit 2001]),

where “res” is de Shalit’s residue mapping. Its commutativity follows for u = £y g+ from Corollary 7.6
and Theorem 8.2 of [de Shalit 2001] (along with the explanations given there, and our description of
P(u)), and may be verified for general u by approximating. Hence the van der Put transform P yields a
concrete description of the residue mapping on logarithmic 1-forms. On the other hand, in characteristic p
the van der Put transform is finer than “d log”, as the latter kills all p-powers.

5.3. Now suppose that char(K) = p > 0, and that moreover r = 2. Then 57T is the Bruhat-Tits tree 7,
and the residue mapping
res: {1-forms on Q = @} — H(T, C)

(see [Gekeler and Reversat 1996, 1.8]) is such that the diagram analogous with (5.2.1)

u o — 5 H(T, 2)
I l l (5.3.1)
dlogu {1-forms on Q} — H(T, C)

commutes, with remarkable arithmetic consequences [loc. cit., Sections 6 and 7]. A similar residue map
for r > 2 unfortunately lacks so far. In any case, we should regard P as a substitute for the logarithmic
derivation operator

ur>dlogu=u'du

in characteristic 0.

5.4. Peter Schneider and Ulrich Stuhler [1991] described the cohomology H* (2, A) of Q = Q" with
respect to an abstract cohomology theory, where A = H°(Sp(K)). That theory is required to satisfy four
natural axioms, [loc. cit., Section 2]. As they explain, these axioms are fulfilled at least

« for the étale £-adic cohomology of rigid-analytic spaces over K, where £ is a prime different from
p =char(F), and A =Z,, and

« for the de Rham cohomology (where one must moreover assume that char(K) = 0); here A = K.



Invertible functions on nonarchimedean symmetric spaces 2503

Their result is stated [loc. cit., Section 3, Theorem 1], which in dimension 1 is (in our notation)
HY(Q, A) => DO(IP(VA), A). (5.4.1)

Theorem 8.2 in [de Shalit 2001] gives that (in the case where char(K) =0 and H* = HJ is the de Rham
cohomology)
H (@) = Ccf (5.4.2)

where Cﬁar is our H(BT, K). Hence our Theorems 3.11 and 4.16 refine the above in the case k = 1. In
[Alon and de Shalit 2002], the authors relate the approaches of [Schneider and Stuhler 1991; de Shalit
2001; Iovita and Spiess 2001] to the de Rham cohomology of 2. Specialized to k = 1, this gives some
more insight into our situation. In particular, it is possible to derive the surjectivity of the map P in
Theorem 3.11 also with the methods of [Alon and de Shalit 2002], at least if char(K) = 0.

5.5. Let now I'" be a discrete subgroup of G(K). The most interesting cases are those where the image of
I'in G(K)/Z(K) = PGL(r, K) has finite covolume with respect to Haar measure, or is even cocompact.
Examples are given as Schottky groups in PGL(2, K) [Gerritzen and van der Put 1980] or as arithmetic
subgroups of G (K) of different types, when K is the completion ko, of a global field k at a nonarchimedean
place oo [Drinfeld 1974; Reiner 1975]. Then often the quotient analytic space ' \ Q2 is the set of C-points
of an algebraic variety [Goldman and Iwahori 1963; Drinfeld 1974; Mustafin 1978], which may be studied
via a spectral sequence relating the cohomologies of 2 and I" with that of I" \ 2 [Schneider and Stuhler
1991, Section 5]. For r = 2, this essentially boils down to a study of the I"-cohomology sequence of (0.2)
[Gekeler and Reversat 1996, Section 5]. But also for r > 2, (0.2) with its I"'-action will be useful, which
is the topic of ongoing work.
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On a cohomological generalization of
the Shafarevich conjecture for K3 surfaces

Teppei Takamatsu

The Shafarevich conjecture for K3 surfaces asserts the finiteness of isomorphism classes of K3 surfaces
over a fixed number field admitting good reduction away from a fixed finite set of finite places. André
proved this conjecture for polarized K3 surfaces of fixed degree, and recently She proved it for polarized
K3 surfaces of unspecified degree. We prove a certain generalization of their results, which is stated by
the unramifiedness of ¢-adic étale cohomology groups for K3 surfaces over finitely generated fields of
characteristic 0. As a corollary, we get the original Shafarevich conjecture for K3 surfaces without assuming
the extendability of polarization, which is stronger than the results of André and She. Moreover, as an
application, we get the finiteness of twists of K3 surfaces via a finite extension of characteristic 0 fields.

1. Introduction

The Shafarevich conjecture for abelian varieties is a remarkable result which asserts the finiteness of
isomorphism classes of abelian varieties of a fixed dimension over a fixed number field admitting good
reduction away from a fixed finite set of finite places. This theorem was proved by Faltings [1983] in the
polarized case, and Zarhin [1985] in the unpolarized case.

In this paper, we shall prove an analogue of this theorem for K3 surfaces. For any discrete valuation
field K and a K3 surface X over K, we say X has good reduction if X admits a smooth proper model
over the valuation ring of K, as an algebraic space (see [Liedtke and Matsumoto 2018, Section 1])." Then
one can formulate the analogue of the Shafarevich conjecture for K3 surfaces. Previously, this conjecture
was studied in [André 1996; She 2017] for polarized K3 surfaces. The goal of this paper is to generalize
these results in terms of the unramifiedness of £-adic étale cohomology groups. Our main theorem is the
following (for a more generalized form, see Theorem 6.1.1).

Theorem 1.0.1 (compare with Theorem 6.1.1). Let F be a finitely generated field over Q, and R be a
finite type algebra over Z which is a normal domain with the fraction field F. Then, the set

X : K3 surface over F,
for any height 1 prime ideal p € Spec R,
there exists a prime number £ ¢ p

such that H ézt(X 7> Q) is unramified at p

Shaf(F, R) :={ X / F-isom
is finite.

MSC2010: primary 14J28; secondary 11F80, 11G18, 11G2S5, 11G35.
Keywords: K3 surfaces, Shafarevich conjecture, good reduction.
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As a corollary, we have the original Shafarevich conjecture for K3 surfaces over finitely generated

fields of characteristic O.

Corollary 1.0.2 (Corollary 6.1.4). Let F be a finitely generated field over Q, and R be a finite type

algebra over Z which is a normal domain with the fraction field F. Then, the set
{X | X : K3 surface over F, X has good reduction at any height 1 prime ideal p € Spec R} / F-isom
is finite.

Note that our results are stronger than results of André and She (see Remark 1.0.4 for details). Moreover,
as an application of our cohomological generalization, we get the following corollary, which asserts the
finiteness of twists of a K3 surface via a finite extension of characteristic O fields.

Corollary 1.0.3 (Corollary 6.2.1). Let F be a field of characteristic 0, E/ F be a finite extension, and X
be a K3 surface over F. Then, the set

Twe/r(X) :={Y : K3 surface over F | Yg ~p X}/ F-isom
is finite. Here Yi >~ X g means the K3 surfaces Yg :=YQ®pE and Xg := XQpE are isomorphic over E.

We note that our cohomological generalization is necessary for this application, i.e., the original
statement of the Shafarevich conjecture (Corollary 1.0.2) is not enough to show Corollary 1.0.3.

Let us give some comments on the statement of Theorem 1.0.1. Theorem 1.0.1 is motivated by the
good reduction criterion for K3 surfaces given by Liedtke and Matsumoto [2018]. For K3 surfaces
over a Henselian discrete valuation field satisfying some assumptions, they showed the equivalence
between the unramifiedness of £-adic étale cohomology groups and admitting good reduction after a finite
unramified extension [Liedtke and Matsumoto 2018, Theorem 1.3]. Note that the latter condition cannot
be replaced by “admitting good reduction” (see [Liedtke and Matsumoto 2018, Theorem 1.6]), so our
cohomological generalization is stronger than the original Shafarevich conjecture. Moreover, we deal
with finitely generated fields of characteristic 0 rather than number fields, motivated by the application to
Corollary 1.0.3. In fact, André also proved the Shafarevich conjecture for polarized K3 surfaces in this
way (see [André 1996, Theorem 9.1.1], and also Remark 1.0.4).

Remark 1.0.4. Our results are stronger than previous results obtained by André and She. To explain this,
we briefly recall their results. André [1996, Theorem 9.1.1] proved the Shafarevich conjecture for polarized
K3 surfaces, i.e., the finiteness of isomorphism classes of polarized K3 surfaces of fixed degree over a fixed
number field which admit good reduction away from a fixed finite set of finite places (actually, as stated
above, André dealt with finitely generated fields of characteristic 0). Here, André said that a polarized K3
surface (X, L) admits good reduction if there exists a smooth proper model X' of X as a scheme such that
the ample line bundle L extends to an ample line bundle on X'. She [2017, Theorem 1.1.5] proved it for

INote that it is natural to admit an integral model being an algebraic space rather than a scheme in the case of K3 surfaces
(see [Matsumoto 2015, Section 5.2]).



On a cohomological generalization of the Shafarevich conjecture for K3 surfaces 2507

polarized K3 surfaces of unspecified degree. More correctly, She proved the finiteness of K3 surfaces over
a fixed number field which admit good reduction as polarized K3 surfaces (without fixing polarization
degree) away from a fixed finite set of finite places. Here, we remark that She’s result does not cover K3
surfaces admitting a smooth proper model only as an algebraic space. Moreover, there exists an example of
a K3 surface admitting good reduction such that no smooth proper model has a polarization (therefore this
K3 surface does not admit good reduction as polarized K3 surfaces) (see [Matsumoto 2015, Section 5.2]).
Therefore, Corollary 1.0.2 is also stronger than previous results, even in the number field case.

The strategy of the proof of Theorem 1.0.1 is as follows. We basically take the approach of André
and She. We first show the polarized version of Theorem 1.0.1 before dealing with the unpolarized
case. To generalize the result obtained by André, we should formulate the Kuga—Satake construction
as preserving the finiteness. We achieve this by using the moduli interpretation of the Kuga—Satake
construction introduced by Rizov [2010]. In the perspective of the unpolarized case, we use the uniform
Kuga—Satake construction introduced by She to study K3 surfaces of all degrees simultaneously. Our
proof is slightly different from She’s proof, and here we will sketch the differences. In [She 2017], it
is crucial to show that K3 surfaces admitting good reduction are sent to abelian varieties admitting good
reduction via the uniform Kuga—Satake map. She proves this using integral canonical models of certain
Shimura varieties (the argument like “O-valued points go to O-valued points”). However, in our case, we
do not assume that each K3 surface admits a smooth proper model, so instead of She’s method, we use the
Néron—Ogg—Shafarevich criterion for abelian varieties (this approach is already known by [André 1996];
see also [Imai and Mieda 2020]). For this purpose, we study She’s uniform Kuga—Satake construction
in detail in Section 3. Note that our proof does not require the theory of integral canonical models of
Shimura varieties. To simplify the arguments, we need a section of the natural map from the GSpin
Shimura variety to the SO Shimura variety (see Section 3.3). To get such a section, we should work with
a level structure that has a sufficiently small Z,-component (see Remark 3.1.7). So we should suppose
the unramifiedness of 2-adic representation to overcome that general K3 surfaces may not admit level
structure (see Proposition 4.2.3). However, this assumption is not essential since £-independence of the
unramifiedness is true in a general situation (see Lemma 5.0.1). Note that Lemma 5.0.1 is essentially
known by Madapusi Pera, Matsumoto [2016] and Imai and Mieda [2020] (see Remark 5.0.2).

The outline of this paper is as follows. In Section 2, we will recall the basic results on K3 surfaces, and
define the moduli space of K3 surfaces introduced by Rizov and Madapusi Pera. In Section 3, we will
define several algebraic groups to introduce the uniform Kuga—Satake abelian varieties, and study their
basic properties. In Section 4, we will prove the main theorem in a little weaker form (i.e., only considering
2-adic cohomology) by using the results of Section 3 and the arguments given by André and She. In
Section 5, we will see an £-independence of the unramifiedness by using Matsumoto’s result on weight
filtrations [2016, Theorem 3.3]. We also prove a crystalline analogue of it by using Ochiai’s £-independence
results [1999] and the Kuga—Satake abelian varieties (as above, this result is essentially proved in [Imai
and Mieda 2020]). In Section 6, we will complete the proof of the main theorem combining the results
in Sections 4 and 5, and prove the finiteness of twists via a finite extension of characteristic O fields.
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2. K3 surfaces and their moduli
2.1. Basic definitions for K3 surfaces. In this subsection, we give definitions and basic notations
about K3 surfaces.

Definition 2.1.1. (1) For any field k, a K3 surface over k is a smooth proper surface X over k with
Q% = Ox and H'(X, Ox) =0,

(2) For any scheme S, a K3 family over S is a smooth proper algebraic space A’ over S whose geometric
fibers are K3 surfaces.

Remark 2.1.2. For any field £, a K3 family over k is automatically a K3 surface over k since smooth
proper algebraic spaces of dimension 2 over a field are schemes.

Definition 2.1.3 [Rizov 2006, Definitions 3.2.2, 3.2.3]. (1) A polarization on a K3 family 7 : X — §
is an element A € Picy,s(S) whose pullback by any geometric point of § is an ample line bundle.
Here Picy/s is the relative Picard functor.

(2) A polarization A is primitive if its pullback by any geometric point of § is primitive, i.e., not divisible
by an integer greater than 1.

(3) A polarization A is of degree 2d if its pullback by any geometric point of S has degree 2d, i.e., its
self intersection number is 2d.

Remark 2.1.4. Let F be a subfield of C. For a K3 surface X over F, the relative Picard functor PicxF is
represented by a scheme, thus Picx,r(F) = Pic(X F)Gal(ﬁ /F) is a primitive sublattice in H 2(X(©), Z(1))
via the Chern class map as in [She 2017, Lemma 2.2.3]. Hence there exists a primitive polarization for
each X (by dividing a polarization by an integer greater than 1 if necessary). Note that the inclusion
Pic(X) C Picy,r(F) may be proper in general, though it always has a finite cokernel (see [Huybrechts
2016, Chapter 17, Section 2.2]).

Definition 2.1.5. (1) A K3 lattice L3 is a unimodular lattice of signature (19, 3) which is defined as
Lks =EP ®H®,
where Eg is the (positive signature) Eg-lattice as in [Huybrechts 2016, Chapter 14, Example 0.3],
and H is the hyperbolic plane.
(2) Consider the last component H C Lk3, and take e, f € H C Lg3 satisfying
(e, H=f,a)=1, (e,e)=(f, f)=0.
Let vy := e — df. Then the degree 2d primitive part of L3 is defined as
Ly=vi~FBOoH @ (2d).

The lattice £, is a primitive sublattice of Lk3, and disc(Ly) = 2d.

2In this paper, a (Z-)lattice means a finite free Z-module with a symmetric bilinear pairing valued in Z, and (c) means the
Z-lattice of rank 1 given by (a, b) = cab.
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Remark 2.1.6 [Rizov 2006, Remark 2.3.2]. For a K3 surface X over C and its primitive polarization L
of degree 2d, there exists an isomorphism

(H*(X(C), Z(1)), —V) = L3

which sends chz (L) to v;. Here —U denotes the minus of the cup product. Therefore, for a primitively
polarized K3 surface (X, L) of degree 2d over a field F which is contained in C, we sometimes identify
HX(X(C), Z(1)) with Lx3, HA(X, Z(1)) with Ly 7 = Lx3 ®7 Z, PX(X(O), Le), Z(1) with L,
and Pézt((X 7 L), Z(l)) with £, 7 := L4 ®z 7. Here, we denote the primitive parts of the singular
cohomology group and the étale cohomology group by
P?((X(©), Le), Z(1)) = ch(Le)" C H*(X(C), D),
P2((X7, L), Z(1)) :=cha(L)* € H2 (X7, Z(1)).

To simplify notation, we omit the pairing in the rest of the paper. We denote (H2(X (C), Z(1)), —U) by
H?(X(C), Z(1)), and same with others.

Definition 2.1.7. The discriminant kernel of L; is
Dy :={g € SO(L, 7) | g acts trivially on ﬁ; Z/ﬁd,i}-

Note that D, is a compact open subgroup of SO(L4 a,). For any prime number ¢, we denote its
Z¢-component by (D).

Proposition 2.1.8 [Madapusi Pera 2016, Lemma 2.6]. There is a natural identification
Dy =1{8 € SO(Lk37) | §(va) = va}.

Proof. This is proved in [Madapusi Pera 2016, Lemma 2.6]. We include its proof because we need to
recall the identification explicitly. Let £ be any prime number, and we will verify this claim for each
Z¢-component. First, we will define a map from the left-hand side to the right-hand side. For

8e € (Dg)e ={g € SO(Ly,7,) | g acts trivially on EX,ZZ/Cd,Zz}v
define g, as the image of g, via the composition of
SO(L4,z,) = SO(La,a,) — SO(Lk3,0,)-
Then we have g,vs = vy. We will show that g¢Lg3 7, = Lk3,7,. Consider the morphisms
Lk3z7,~Lx37, > Lyz, ®Wa)" — L7, ey
For any v € Lg3,7,, denote its image in £Z’ZZ @ (vg)Y by uy + uy. Then we have
Se(uy +uz) =ge(ur) +up = (ge(uy) —uy) + (uy +uz) € Lg3 7,

because g, acts trivially on EZ Zg/'cdvzf‘ Hence g}lcm,zl C Lk3.7,, thus g¢Lk3 7, = Lk3.7,, and we
can define the desired map.
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Next, we will define a map from the right-hand side to the left-hand side. For fze € SO(Lk3,7,) such
that fzgvd = vg, we can associate iy € SO(L;,7,) as the restriction of iig. We can show that A, acts
trivially on CX,ZZ /La.z,. Indeed, because the embedding £; — Lg3 is primitive, the composition of (1)
is surjective, so for any u; € LZ,ZZ’ there exists u, € (vg)Y such that u; +u;y € Lk3,7,. Thus we have

he(uy) —uy = he(uy +uz) — () +u2) € L3z, N Laa, = Laz,-
Clearly, the above maps are inverses of each other. This finishes the proof. O

2.2. Moduli spaces of K3 surfaces and the Torelli theorem. In this subsection, we recall the Torelli
theorem in terms of moduli spaces. First, we recall the definition of the moduli space of K3 surfaces with
oriented level structures. See [Rizov 2006, Section 6; Madapusi Pera 2015, Section 3; Ito et al. 2018,
Section 5] for details.

We define a groupoid-valued moduli functor My, by

M;d’@(S) = {(JT : X — 8§, L€Picx/s(S)) | : K3 family over S, A : primitive polarization of degree 2d}

for any Q-scheme S. Let M;’ 1. be the twofold finite €tale cover constructed by Madapusi Pera [2015,
Section 5] which parametrizes orientations. Then, for any § — ]\715 1@ We get (7, A, v), where (7, A) is
as above, and v is an isometry of Z-local systems

v:detL,; 7 =~ det P’n,Z
such that for any s € S(C), the isometry v restricts to an isometry
vy @ det £y ~ det PA(X;, Z).

Here, we put

P2, Z(1) := chz(A)* C R*m,Z(1),

where ch5(1) is the Chern class of A [Madapusi Pera 2015, Section 3.10]. Let K C D, be a compact
open subgroup. For any scheme S over ]\7; 1.0 One can define the étale sheaf I by

I(T) = {g Ly 7 —> R2n|T*/Z\(1) | g :isometry, g(vq) = ch5 (1), det g induces vlT},

for any étale morphism 7' — S. A [K-level structure on S — 1\7; 1.0 isasectiona € H (8, 1/IK), where [K
acts on / through £ . Then, one can define the moduli functor M3, , o over 1\7I§ 1.0 Which parametrizes
[<-level structures. For simplicity, we write an each element of M3, d,K’@(S) as (X, A, v, a). Moreover,
for any field F of characteristic 0, we denote the base change by M5, ¢ .

Definition 2.2.1. (1) SO, is an algebraic group over Q whose R-valued points are given by

SO, (R) :={g € SL(La.r) | (gv, gw) = (v, w), for any v, w € Ly g}.
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(2) We put

QgEOL := {oriented negative definite planes in L4 r}.
d

Then QéEOLd is naturally identified with Xgo g which gives the Shimura datum (SO, Xso Ed) with
a reflex field Q. Actually, Xso g is isomorphic to X Gspin Y which is defined as in Definition 3.2.3
via the adjoint representation.

Here, we quickly state the moduli interpretation of the Torelli theorem over Q.

Proposition 2.2.2 (the Torelli theorem [Madapusi Pera 2015, Corollary 5.4, Theorem 5.8]). Let K C Dy
be a compact open subgroup. Moreover, assume that K is contained in the principal level n congruence
subgroup of SO(L, 7) withn > 3. Then M5, o is representable by a scheme, and moreover there is the

period map which is an étale morphism between Q-schemes
J i M3, .0 = Shk(SOc,, Xso,,)-

Here Shi (SO, XSOLd) is the canonical model of the Shimura variety over Q.

d’

In Proposition 3.3.3, we will use the more detailed properties of the period map j.

3. The uniform Kuga-Satake construction

In this section, we recall the definition and properties of the Kuga—Satake construction. In this section,
we use only the uniform Kuga—Satake construction introduced by She. In fact, the classical Kuga—Satake
construction is enough for proving the polarized case (Theorem 4.1.3), but we need She’s methods to
prove the unpolarized case (Theorem 4.1.4). Hence we omit the classical Kuga—Satake construction to
avoid some repetitions.

3.1. Preparation. In this subsection and the next, we will define several algebraic groups and their adelic
subgroups which play an important role in the Kuga—Satake construction. In this subsection, we discuss
objects related with the lattice L.

For any algebra R and any quadratic space N over R, we denote the Clifford algebra (resp. even
Clifford algebra) of N by C(N) (resp. CT(N\)).

Definition 3.1.1. GSpin,, is an algebraic group over Q, whose R-valued points are given by
GSpin,(R) :={z € C*(Lqr)* | 2La.rZ"" = La.r}-
Remark 3.1.2. (1) There exists the following natural homomorphism of algebraic groups over Q
fa:GSping, — SO,,; g+ (1> glg™™).
(2) For any Z-algebra R, we put

GSpin(Ly.g) :={z € CT(La.r)* | 2La.rz"" = La.r).
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Then, for any prime number ¢, we can define
fa : GSpin(L4,z,) — SO(L4 z,)
by the conjugation. Moreover, it is easy to confirm the identity
GSpin(L4,z,) = GSpin(L4,0,) NCT (La,z,)*.

(3) For any Z-algebra R, we will use the notation GSpin(Lg3,g) in a similar sense to (2). Moreover,
for any prime number ¢, we denote the conjugation map GSpin(Lk3,z,) = SO(Lk3,z,) by fk3. As
in (2), it follows that

GSpin(Lk3.2,) = GSpin(Lk3.0,) N CT (Lk3.2,)".

Lemma 3.1.3 [Madapusi Pera 2016, (2.6.1)]. Let £ be any prime number. Through the natural inclusion
Ct(L4z,) CCT(Lk3.7,), we have

C*(Laz,) ={z € C"(Lk3.2,) | vaz = zva}.
Moreover, the above inclusion induces an embedding
GSpin(£L4.z,) C GSpin(Lk3,7,)-

Proof. The first claim is essentially proved in [Madapusi Pera 2016, (2.6.1)]. For the sake of completeness,
we recall the proof. For the first claim, both sides of the desired identity are primitive Z,-modules in
C*(Lk3.7,)- Thus, it is enough to show that

C"(Laq,) ={z€CT(Lk3,a,) | vaz = zv4).

It can be easily verified by using a basis of Lx3 g, which is given by a basis of £, g, and v,. For
the second claim, by Remark 3.1.2 (2) and (3), we can reduce the problem to the obvious inclusion
GSpin(£L4.q,) C GSpin(Lk3.q,)- O

Definition 3.1.4 [André 1996, Section 4.4; Rizov 2006, Example 5.1.4]. For any positive integer n, we
define a compact open subgroup KZ% C GSpin., (Ay) by

K3, = (g € GSpin(Ly2) | g = 1in CF(Ly 2/,2)-
Proposition 3.1.5 (cf. [André 1996, Section 4.4; Madapusi Pera 2015, Section 4.4]).
Dy(n) := fa(K,) C SO(L, 7)
is a compact open subgroup of Dy.
Proof. First, we shall show that D,;(n) is contained in D,;. Lemma 3.1.3 shows that
Jk3(GSpin(Ly,z,)) C {g € SO(Lk3,7,) | gva = va},

thus the desired inclusion follows from Proposition 2.1.8.
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For the openness, it is enough to show that for any ¢ not dividing 2dn, the Z,-component of D4 (n) is
equal to SO(Ly4,7,). This follows from [André 1996, Section 4.4]. O

The following proposition gives more information about D, (n).

Proposition 3.1.6. For any odd prime number £ # 2, we have

Ja(GSpin(Ly,7,)) = (Da)e-
If £ =2, as a subset of SO(Lg3,7,), we have

fa(GSpin(Ly,7,)) = (Dg)2 N fx3(GSpin(Lk3,7,)).

Proof. If £ does not divide 2d, these results are essentially shown in the proof of Proposition 3.1.5.
First, for any prime number £, we have f;(GSpin(L4,7,)) C (Dg) as in the proof of Proposition 3.1.5.
We assume £ #~ 2. For any g € (Dg); C SO(Lk3.7,), by the same argument as in [André 1996, Section 4.4]

(here we use £ # 2), there exists z € GSpin(Lk3.7,) such that fx3(z) = g. Proposition 2.1.8 implies

1

Zvgz7~ ' = vy, and so in fact, z € CJF(Ed,Z()>< by Lemma 3.1.3. By Proposition 2.1.8, z stabilizes Ly, 7,

via conjugation; thus z € GSpin(£L4 z,), finishing the proof of the first claim. If £ = 2, the second claim
follows by the same arguments. O

Remark 3.1.7. Unfortunately, if £ = 2, we have f;(GSpin(Ly 7,)) # (Dg)2. Indeed, there exists
82 € (Dg)> which is nontrivial in SO(Ly,7/27) (for example, permutation of two components Hz, C L4,7,),
though any element in the image of f; is trivial there.

Corollary 3.1.8. Let (D;(n))¢ be the Z,-component of Dy(n), and ny be the £-part of n. Then, for any
prime number £ # 2, we have

. (2%)
[(Da)e: (Dag(n))e]l <n,~ .
Moreover, there exists a positive integer N which is independent of d and n such that
2%)
[(Da)2: (Dg(n))2l <N -ny .
Proof. Assume ¢ # 2. We have the following commutative diagram:

GSpin(Ly,7,) —» (Da)e¢

(KZI,),,)e —» (Dg(n))e

Here we have
(Kzf?n)z ={g € GSpin(Ly,7,) | g=11n C+(£d,Ze/nzZe)}'

Since
20
#(CH(Lazo/mz)”) <HCT (Lazynz)) =18,

the index of (Kzl?n) ¢ in GSpin(Ly, 7z,) is bounded by nfzo). This finishes the proof of the first claim.
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For the second claim, we put

N :=[SO(Lk3,7,) : fx3(GSpin(Lk3,7,))].

Then, by the second claim of Proposition 3.1.6 and the above arguments, we have
. . : (2%) %)
[(Da)2 : Da(n)2] < [(Da)2 : (Da)2N fk3(GSpin(Lk3,2,))]-ny "< N-n, °. O

3.2. Preparation II. Here, we will introduce an even unimodular lattice £ of signature (26, 2) which
contains all £;. Then we will define related objects as in the previous subsection.

Proposition 3.2.1 (see also [She 2017, Lemma 3.3.1]). We put
L:=FE oH.
For any positive integer d, there exists a primitive embedding of lattices
ig:Lg— L.
Proof. See [Nikulin 1979, Corollary 1.12.3]. (I

Remark 3.2.2. (1) Since £ is unimodular, the group SO(L%) is the discriminant kernel of £, which is
defined as in Definition 2.1.7.

(2) To get a primitive embedding into a self-dual lattice, the lattice E% @ H? @ (1) is enough (see [She
2017, Lemma 3.3.1]). However, we require that £ comes from a quadratic space for using the usual
definition of Clifford algebras.

Next, we will define related algebraic groups and Shimura data for £ as in Definitions 2.2.1 and 3.1.1.
Definition 3.2.3. (1) GSpin, is the algebraic group over ) whose R-valued points are given by
GSpin,(R) :={z € CT(Lg)* | 2Lrz" = Lg).

(2) Take a 2-dimensional negative definite subspace of Lg, and let e, e be its orthogonal basis.
Let ¢/, ¢} be an orthonormal basis over R which are given by constant multiples of ey, e5, and
J :=ejes € CT(Lp). Let ¢ be the map

¥ S — GSping p; o + Bi = o + BJ,

and XGspin, be a GSpin, (R)-conjugacy class containing /.

(3) SO, is the algebraic group over 2 whose R-valued points are given by
SO, (R) :={g € SL(LR) | (gv, gw) = (v, w) for any v, w € Lg}.

(4) Xso, is the (isomorphic) image of Xgspin, Via the adjoint representation GSpin, — SO,.
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(5) For V := C(L) and a fixed a € V which is a constant multiple of eje;, define ¢, : V x V — Z
as ¢, (x, y) :=try,o(xay*). Here try,g(x) means the trace of a left multiplication map by x as in
[Huybrechts 2016, Chapter 4, Section 2.2], and * denotes the natural anti-automorphism on the
Clifford algebra. Then ¢, is a nondegenerate alternative form. We denote its degree by r. Let
GSpy , be the algebraic group over Q whose R-valued points are given by

GSpy ,(R) := {g € GL(Vg) | there exists ¢ € R* such that ¢,(gx, gy) = cp,(x, y) forany x, y € VR}.
Let (GSpy ,, X GSpv,a) be the Shimura datum associated with (V, ¢,).
Remark 3.2.4. (1) As in Remark 3.1.2(1), we can define a homomorphism
f :GSpin, — SOr; g+ (I +— glg™ ).
Moreover, it induces a morphism of Shimura data
(GSping, XGspin,) = (SO, Xso,)-
(2) We can define a homomorphism
h : GSpin, — GSpy ,; g = (v gv).
Moreover, it induces an embedding of Shimura data
(GSpin., Xgspin,) = (GSpiny ,, XGspin, )
by our definition of a (see [Huybrechts 2016, Chapter 4, Section 2.2]).
(3) We will use a similar notation as in Remark 3.1.2 (2), (3) for L.

Definition 3.2.5. For any positive integer n, we define compact open subgroups [I<;" C GSpin, (A r) and
K, C GSpy ,(Af) by

;P :={g € GSpin(L5) | g =1 in C+(£Z/nz)},

I :={g € GSpy ,(Ay) | gVz = V7, g acts trivial on V7,,7}.
Remark 3.2.6. (1) One can show that A(K}") C K, and 2~ (KK,,) = K°. Moreover, our definition of [,

coincides with A, in [Rizov 2010, Section 5.5]. Therefore, as in [Rizov 2010, Section 5.5], we have

an embedding
ShKn (GSPV,a’ XGSpV,,,) —> Ag,ﬁ,n,@'

Here, we put g :=2%7, and A, Jr.n,0 is the moduli space of g-dimensional degree r polarized abelian
schemes with level n-structure.
(2) The lattice embedding iy : £; — £ induces a morphism of algebraic groups iz : SOz, — SO,. It

induces an embedding of Shimura data

(8O¢,» Xso,,) = (SO, Xs0,).
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(3) One can show that D(n) := f(I)) is a compact open subgroup of SO(L%) as in Proposition 3.1.5.
Moreover, it is clear that iy (Dg(n)) C D(n) because GSpin(Ly,7,) C GSpin(Lz,) as in Lemma 3.1.3.

3.3. The uniform Kuga—Satake construction. In this subsection, we assume that a positive integer n
is sufficiently large (in our application, n would be a sufficiently large power of 2). The previous two
subsections imply that there exists the following diagram of schemes over Q:

ShKZP (GSpln[; ) XGSpinﬂ )

lfx

M3, oo~ Sy (SOc,. Xso,,) % Shpa)(SOc, Xso,) Shy, (GSpy 4. XGspy ,)

Here Shi (G, X) means the canonical model of a Shimura variety of level K associated with (G, X)
over Q, which is the reflex field of (G, X). Then, by the arguments in [Rizov 2010, Section 5.5], we can
find 6 which is a section of f over a certain number field E,. Indeed, as in [Rizov 2010, Section 5.5],
our definition of D(n) guarantees that f in the above diagram induces isomorphisms between geometric
connected components of the above Shimura varieties. Hence we can find a section of f over a number
field on which all geometric connected components are defined.

In the following of this subsection, we fix a field F' containing E,. We consider the base change
from Q to F of the above diagram.

s”.f \ (%)
M3, 1o r —— Shp,) (SOL,) —— Shpr (SOp) Shy, (GSpy )

Here, and in the following of this paper, for simplicity, we denote (Shi (G, X))r by Shi(G). Moreover,
we denote the composition hodoigzo j by Ay.

Remark 3.2.6 implies that there exists the universal abelian scheme A over Shy, (GSpy ,) possessing
the degree r polarization and the level n-structure. Then, for (X, L, v, «) € M2°d’ Dy(n), p(F) which
corresponds to a morphism ¢ : Spec F' — My, 1,y p» W€ can associate an abelian variety AX L) by
pulling buck A via A4 ot. We will quickly recall the properties of AX-L-®),

Definition 3.3.1. Let £ be any prime number.

(1) Let S be any (schematic) connected component of Shp,)(SO.), and s — S be a geometric point.
Then, as in [Milne 1990, III, Remark 6.1], we can show that

lim Sh (SOz) — Shp()(SOr)
K
is a Galois covering with a Galois group D(n), and so we can associate the representation
m1(S,5) = (D(n))e = SO(Lz,).

We define L‘Szllf as the corresponding Z,-sheaf on Shp,)(SO,), which has a symmetric pairing
structure.
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(2) Similarly, we define Ef}"fzz as the Zy-sheaf on Shp,,)(SO,,) corresponding to the representation
(Dg(n))e — SO(L4,7,)- The sheaf Ef}?le has a symmetric pairing structure.

(3) Similarly, we define stfjf as the Z,-sheaf on Shy, (GSpy, ,) corresponding to the representation
(I<,)¢e — GSp(Vz,, ¢4). The sheaf stilf has a symplectic pairing structure.

shf * %

Lemma 3.3.2. (1) There exists the natural injection of étale sheaves L3 7, 1 dﬁszlzf preserving the

pairing. Moreover, (Eflhle)L is trivial as a Z-sheaf.

(2) There exists the natural injection of étale sheaves f *Eszhlf — End(h*(VZS?f)), which induces a “left

multiplication” on a stalk.

Proof. For (1), it is enough to show that iy : L4 7, — Lz, is w1 (S, 5)-equivariant, and (Ed,ze)L is a trivial

m1(S, §)-module. Here S is any connected component of Shp,x)(SO,,), § is a geometric point of S, and

m1(S, §)-module structures on L4 7,, L7, correspond to E;hfzg, i;ESZ};f. In regard to a Z,-sheaf given by a

representation of adelic subgroup, a pullback of a Z,-sheaf corresponds to a pullback of a representation.
Thus 71 (S, §)-module structure on Lz, is given by

71(S,5) = (Dg(n))e = (D(n))e — SO(Lz,).

Hence the desired claim is clear.
For (2), it is enough to show that the morphism

Lz, = End(Vz,); v = (2 vz)

is (S, 5)-equivariant, where S is any connected component of ShK;p (GSpin), and 1 (S, 5)-module struc-
tures on Lz,, Vz, correspond to f* (Eszgf), h* (st?f). By the same reason as (1), these structures are given by

71(8,5) = (P L (D) = SO(Lz,),
71(8,5) = (KD & (Ka)e — GSp(Vz, . o).
Hence if we denote the first arrows of the both by o, these actions are described as
y=ocvo), y@ =01,
for y e m1(S,5), v € L7,, and z € Vz,. Thus the desired equivariance is clear. O

Proposition 3.3.3. Let { be any prime number, t : Spec F — M5, 1, n).F be the point corresponding to
(X,L,v,a) e Mé’d’Dd(n)’F(F), AXLYD pe the abelian variety given by (Agot)*(A), and Lz, (x,1,«) be
the Gal(F / F)-lattice identified with (ig o j o 1)*(L3"). Then the following hold.

(1) There exists a Galois equivariant lattice embedding
PA((Xfs L), Ze(D) C L7,,(x, 1.0
such that Gal(F / F) acts trivially on the orthogonal complement

Pi((Xp Lp), Ze(D)) C L2y x,10)-
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(2) The abelian variety A%L-9 has a level n-structure defined over F. Thus each n-torsion point of
AXLD s Forational.

(3) The abelian variety AX-L®) admits a left C(L)-action over F, and moreover there exists an isomor-
phism of Z,-modules
X,L,
Hu (A 7)) ~ C(Ly,(x.1.a)

which identifies the algebra
C(Lz,)™ C End(Hi(AX" . 7,))

with
C(Lz,.x.L.0)® CEnd(C(Lz,.x.L.a))-

Here, the former inclusion of algebras is induced by the above C (L)-action, and the latter is induced

by the right multiplication.

(4) The left multiplication by C(Lz,.(x,L.«)) on the right-hand side of the isomorphism in (3) induces a

Galois equivariant isomorphism
C(Lz,.(x.L.a) = Endee, o (HY (A ED 7)),
Here, the (left) C(Lz,)°P-module structure is induced by the left C (L)-action on AXLY ggin (3).

Proof. These results are essentially proved in [She 2017, Proposition 3.5.8].
Statement (1) follows from Lemma 3.3.2(1) and the fact

(o™ (LYY, =~ Pa(Xp, L), Ze(1))

(see [Madapusi Pera 2015, Proposition 5.6 (1)]).

Statement (2) is clear because the universal family .4 admits a level n-structure.

Before proving (3) and (4), we note that for the universal abelian scheme u : A — Shy, (GSpy, ), we
have R'u,Z, ~ VZS?f.

For (3), as in [Madapusi Pera 2016, Section 3.10], h*(A)s,hK;p (Gspin,)c admits a C(L£)-action which
corresponds to a right multiplication on the cohomology, since our definition of /2 guarantees that the
right multiplication preserves the Hodge structure. This action descends to F by [Madapusi Pera 2016,
Proposition 3.11] and induces a C(£)-action on AL+ with desired properties.

For (4), the statement (3) of this proposition and Lemma 3.3.2(2) imply the well-definedness and the
Galois equivariance of our morphism, and it is clearly bijective. (I

4. Proof of the Main Theorems

4.1. Statements.

Lemma 4.1.1. Let F be a finitely generated field over Q, R be a smooth algebra over Z which is an

integral domain with the fraction field F, and 5 be a geometric point corresponding to an algebraic
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closure F over F. For any 1 (Spec F, s)-module M such that Ker(mr| (Spec F, 5) — Aut(M)) is closed,
the following are equivalent.
(1) The 1 (Spec F, 5)-action on M arises from a w1 (Spec R, s)-action on M.
(2) Forany height 1 prime ideal p € Spec R, the 71 (Spec F, 5)-action on M arises from a 71 (Spec Ry, 5)-
action on M.

(3) For any height 1 prime ideal p € Spec R, M is unramified at p, i.e., if we take v which is an extension
of valuation p to F, the inertia group Iy acts trivially on M.

When M satisfies the above equivalent conditions, we say M is unramified over Spec R.

Proof. First, we recall that 7 (Spec F, 5) — m1(Spec R, §) is surjective and its kernel is identified with
Gal(F/ Fg'), where Fy' is the composite of finite extensions £/F which are unramified over Spec R [Fu
2015, Proposition 3.3.6]. Here, we say E/F is unramified over Spec R if the normalization of Spec R
in E is unramified over Spec R. The same results hold for Ry,.

(1)< (2) By the assumption on M, it suffices to show that
Ker(m  (Spec F, 5) — m1(Spec R, 5))

is generated by
(Ker(mri(Spec F, 5) — m1(Spec Ry, 5)))p

as a topological group. By the above remark, it is enough to show that F" = mht(p):l F;Z. The inclusion
Fircn nepy=1 ﬁz is obvious, and the other direction follows from the Zariski—Nagata purity.

(2)<(3) By the assumption on M, it suffices to show that Ker(w(Spec F,s) — mi(Spec Ry, 5)) is
generated by (/3)5 overp as a topological group, but it follows from the above remark. (I

Remark 4.1.2. The condition “M is unramified at p”* does not depend on a choice of v. Indeed, for
each p, the inertia group I; is determined by p up to conjugation in Gal(F/F).

The following are the statements of results of this section (for more generalized statements, see
Theorem 6.1.1).

Theorem 4.1.3. Let F be a finitely generated field over Q, R be a smooth algebra over Z which is an
integral domain with the fraction field F, and d be a positive integer. Then, the set

X : K3 surface over F,

L € Picx,p(F) : primitive ample,
Hézt(XF, Qy) : unramified over Spec R,
deg L =2d

Shaf(F, R,d) := { (X, L) / F-isom.

is finite.
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Theorem 4.1.4. Let F be a finitely generated field over Q, and R be a smooth algebra over Z which is an
integral domain with the fraction field F. Then, the set

Shaf(F, R) := {X | X : K3 surface over F, Hézt(XF, Qy) : unramified over Spec R}/F-isom
is finite.

Remark 4.1.5. For a nonempty open subscheme Spec(R’) C Spec(R), the finiteness of Shaf(F, R’, d)
(resp. Shaf(F, R’)) clearly implies the finiteness of Shaf(F, R, d) (resp. Shaf(F, R)). Thus, to prove
Theorems 4.1.3 and 4.1.4, we may assume % € R. Note that it is equivalent to say that the residual
characteristic at any point of Spec R is different from 2.

4.2. Proof of Theorem 4.1.3. In this subsection, we use the same notation as Theorem 4.1.3, unless
otherwise noted. First, for using the Kuga—Satake construction, we will replace F by an appropriate finite
extension of it to provide a level structure on (X, L) € Shaf(F, R, d). The following lemma is essential

for justifying this replacement.

Lemma 4.2.1. Let E/F be a finite extension, Xo be a K3 surface over F, and Lo € Picx,/r(F) be a

polarization. Then, the set
{(X, L) | X is a K3 surface over F, L € Picx,r(F) :ample, (Xg, Lg) ~g (Xo,E, Lo,E)}/F—isom
is finite.

Proof. Taking the Galois closure of E in F , we may assume that E/F is a Galois extension. Then we
can identify this set with the Galois cohomology group H'!(Gal(E/F), Autg(Xo, Lo)). The finiteness of
this set follows from [Huybrechts 2016, Chapter 5, Proposition 3.3]. O

Lemma 4.2.2 (cf. [André 1996, Lemma 8.4.1]). Let X be a K3 surface over F, L € Picx,r(F) be a
primitive polarization of degree 2d on X over F, and n be a positive integer. We put

W5 = P2(X7, Ly), Z(1)).

Let
o :Gal(F/F) — O(W5)

be the natural Galois representation. Fix an isometry
ix.L): Lx3z = Ha(Xp, Z(1)),

which restricts to an isometry L3z ~ H 2(X(C), Z(1)), and which sends vg to ch3(L) (see Remark 2.1.6).
Using i(x, 1), we identify Dy(n) with a compact open subgroup of SO(W%). Then, for any finite extension
E/F, we have

p(Gal(F/E)) C Da(n) ¢ pe(Gal(F/E)) C (Da(n))  for every €| 2n.
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Proof. In the following, we identify SO(L, 7) with SO(W3) vie i(x ). This lemma is essentially shown
in [André 1996, Lemma 8.4.1]. The following claim is shown in the proof of [André 1996, Lemma 8.4.1],
using specialization arguments and the Weil conjecture.

Claim. If there exists a prime number £ such that pg(Gal(F/E)) C SO(Wz,), then ,o(Gal(F/E)) C
SO(W3).

André stated that the above claim implies the following result.
p(Gal(F/E)) C Dy(n) < pe(Gal(F/E)) C (Dy(n)), forevery £ | 2dn.

Indeed, for £ 1 2dn, we have (Dg(n)); = SO(L4.z,)-

More generally, for £ 1 2n, we have (Dy(n))¢ = (Dg)¢ (see Corollary 3.1.8). Therefore, to gen-
eralize André’s result to our lemma, it is enough to show that if p¢(Gal(F/E)) C SO(Wz,), then
pe(Gal(F/E)) C (Dy).. However, since Gal(F /F) stabilizes chz, (L), it follows from our description of
the discriminant kernel

(Da)e =1{ge € SO(HZ(Xf, Z0)) | Ze(chz, (L)) = chz, (L)},
which follows from Proposition 2.1.8. ]
In the rest of this section, fix a positive integer n which is a sufficiently large power of 2.
Proposition 4.2.3. To prove Theorem 4.1.3, it is enough to show that

X : K3 surface over F,
L € Picx,p(F) : primitive ample,
Shaf (F, R, d) := 3 (X, L) Hézt(Xﬁ, Q») : unramified over Spec R, ¢ /F-isom
deg L =2d,
(X, L) admits a Dg(n)-level structure
is a finite set for any F, R, d as in Theorem 4.1.3. Moreover, if we fix a number field F’, it suffices to show
only in the case where F O F’ and % € R.
Here, “(X, L) admits a Dg(n)-level structure” means that there exists an element (X, L, v(x 1), ®(x,L))
in My, pwy.r(F)-
Proof. We should prove the finiteness of Shaf(F, R, d). By Remark 4.1.5, we may assume % € R (so the
Tate twist ®Z,(1) does not affect the unramifiedness over Spec R; see Lemma 4.1.1).
First, we will show that there exists a finite extension E/F such that for any (X, L) € Shaf(F, R, d),
the pair (X, Lg) admits a Dy (n)-level structure. We fix (X, L) € Shaf(F, R, d) and i(x, 1), moreover
we use the same identification as in Lemma 4.2.2. Let

P2 1= p(x.0).2: M(Spec R, §) = O(Pi((Xf, L), Z5(1)))
be the representation induced by

p = pex.py : Gal(F/F) — O(PA(Xp. L), 2(1)).
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The inverse image o, ! ((Dg4(n))») is a finite index subgroup, so we can associate a pointed finite étale cover
Spec R— Spec R. Then we have p, (7t (Spec ﬁ, 5)) C(Dg4(n)),. The former equals p; (Gal(F/Frac(ﬁ))),
and by Lemma 4.2.2, we can get the D,(n)-level structure on (XFrac(g), Lch(ﬁ)) by ix,1)-

Here, note that

[71(Spec R, 5) : p; ' (Da()2)] < Cq :=[0(La,z,) : (Da(m))2],

where C, is independent of (X, L) and i(x 7). By the analogue of the Hermite-Minkowski theorem
[Harada and Hiranouchi 2009, Proposition 2.3, Theorem 2.9], the family of subsets

C:={H C m(Spec R, 5) : open subgroup | [r;(Spec R, 5) : H] < Cy4}

is finite, therefore

Hy:= () H
HeC
is an open subgroup. Let Spec Ry — Spec R be the corresponding pointed finite étale covering, then by
the above argument, we can get a Dy (n)-level structure on (Xgpe(R,)» Lrrac(Ry))- Hence we now get a
desired finite extension E := Frac(Ry).
Thus, by using the assumption for Shaf’(E, ﬁo, d) and Lemma 4.2.1, we can show the finiteness of
Shaf(F, R, d). Note that the latter statement is clear by Lemma 4.2.1. ]

The following proposition is essentially known by [André 1996], and one can prove it as a corollary of
the theory of potentially good loci of Shimura variety (see [Imai and Mieda 2020]).

Proposition 4.2.4. Assume F D E,, where E, is as in Section 3.3. For (X, L,v,a) € M;d’Dd(n)’F(F),
let AX-L-® be the Kuga—Satake abelian variety as in Proposition 3.3.3. Let R be a smooth algebra over 7
which is an integral domain with the fraction field F, and assume % € R. Assume that Hézt(XF, Q) is
unramified over Spec R (its Tate twists are unramified too, because % € R). Then, for any height 1 prime
ideal p € Spec R, the abelian variety A%-1% has good reduction at p.

Proof. We will follow the proof by André [1996, Lemma 9.3.1].* By the Néron—-Ogg—Shafarevich
criterion for abelian varieties (it is true whether a residue field is perfect or not), it is enough to show that

(A(X L.y , Z») is unramified at p (here we use 2 € R). Let ¥ be an extension on F of the valuation P,
and ¢ : 1y — Aut(H (A(X L. , Z3)) be a restriction of the Galois representation. Since C(£)-action on
AX-L.9) g defined over F, for any y € I, we have

o(y) € Endec, o (HL(AL T, 70)) = C(Lay L)
2 F
(see Proposition 3.3.3(3), (4)). Thus we also denote its image by ¢(y) € C(Lz,,(x,L,a))-

Mfnisa sufficiently large power of ¢, then the same argument work with £ in place of 2.

4The referee taught me another quick way of seeing this proposition. By the construction, the Galois representation on
H; (A(X @2) has to factor through GSpin(P Ith 2 (X , @»)) and hence the inertia representation has to factor through the
center @ and in fact through ZX by the compactness Moreover by the level assumption, it factors through 1 + 475, so it
finishes proof since 1 + 475 has no nontrivial quasiunipotent elements.
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On the other hand, [; acts trivially on Pézt((X 7> L7), Z>(1)) by our assumptions (see Lemma 4.1.1),
and moreover acts trivially on Pézt((XF, Lg), Z>(1))t c L7, (x,L,«) by Proposition 3.3.3(1), thus y (c) =¢
forany y € I; and ¢ € C(Lz, (x.L.a))- By Proposition 3.3.3(4), we have y(z — ¢z) = (z = ¢z) in
Endcz,, o (HL(AYH), 7,)), where the left-hand side is (z — @()c@(y)~'2). This implies ¢(y) is
contained in the center of C(Lq,,(x,1,«)), Which is a reduced algebra.

Proposition 3.3.3(2) and the Raynaud semiabelian reduction criterion [SGA 71 1972, Exposé IX,
Proposition 4.7] imply that AX-L-®) has semiabelian reduction at p (i.e., AX-L® extends to a semiabelian
scheme over Spec Ry). Here, we use that n > 3 is a power of 2, and the residual characteristic of p is
not 2. Thus for any y € I3, ¢(y) is a unipotent element of a reduced algebra, it is identity. Hence it
finishes the proof. ]

We now complete the proof of Theorem 4.1.3. By Proposition 4.2.3, it is enough to show the finiteness
of Shaf'(F, R, d) when F D E, and 1/2 € R. Here, we take E, as in Section 3.3. In the following, we
identify (X, L) € Shaf'(F, R, d) with (X, L, v, @) € M;’d’Dd(n)’F(F) by choosing a level structure. Hence
for (X, L, v, @) € Shaf'(F, R, d), we can associate AX-L-% and since in the diagram (x) of Section 3.3,
each fiber of i, is finite and /4 is injective (because they are induced by an embedding of Shimura data), it
suffices to show the finiteness of A;(Shaf (F, R, d)). The image Ay(X, L, v, @) corresponds to AX-L-®)
with their degree r polarization and level n-structure. However, by Proposition 4.2.4, the abelian variety
ALY hag good reduction at any height 1 prime of Spec R, so this set is finite by [Faltings 1983, Satz 6]
(for finitely generated fields of characteristic 0, see [Faltings et al. 1984, VI, §1, Theorem 2]).

4.3. Proof of Theorem 4.1.4. In this subsection, we use the same notation as in Theorem 4.1.4, unless
otherwise noted. The strategy is the same as [She 2017], i.e., we use Theorem 4.1.3 for reducing the
problem to the finiteness of Picard lattices, and use the uniform Kuga—Satake maps for associating
Shaf(F, R) with a finite set of abelian varieties.

Lemma 4.3.1 (cf. [She 2017, Corollary 4.1.3]). For any X( € Shaf(F, R), there exist only finitely many
X € Shaf(F, R) whose Picard lattice Picx,r (F) is isometric to the Picard lattice Picx,,r (F).

Proof. As in [She 2017, Proposition 4.1.2], a K3 surface X over F admits a primitive polarization whose
degree bounded by a constant depending only on the isometry class of Picy,r(F). Hence this lemma
follows from Theorem 4.1.3. U

Lemma 4.3.2 (cf. [She 2017, Lemma 4.1.4]). Let E/F be a finite extension. For any Xy € Shaf(F, R),
the set
{X € Shaf(F, R) | XE>~E XO,E}

is finite.

Proof. Taking a Galois closure, we may assume E/F is a Galois extension. By Lemma 4.3.1, it suffices
to show the finiteness of isometry classes of Picard lattices Picx,r (F) associated with the considering
set. Note that PiCX/F(E)Gal(E/F) = Picx,r(F) and Picx,r (E) is isometric to Picy,,r(E). Since the set
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of conjugacy classes of subgroups of O(Picy,,r(E)) with the order [E : F] is finite by [Borel 1963,
Section 5, (a)], the desired finiteness follows. O

Proposition 4.3.3. Recall that we fixed a positive integer n which is a power of 2. To show Theorem 4.1.4,

it is enough to show that

X : K3 surface over F,

Hézt(XF, Q) : unramified over Spec R,
there exists dx, Lx, vx, ax such that
(X’ LX’ VX, aX) e MZOdX,D([X(I’l),@(F)

Shaf' (F, R) :={ X / F-isom

is a finite set for any (F, R) as in Theorem 4.1.4. Moreover, if we fix a number field F', it suffices to show
only in the case where F D F’ and % €R.

Proof. The proof is similar to Proposition 4.2.3, but we need more precise evaluation since we should
discuss all degrees simultaneously.

As in the proof of Proposition 4.2.3, it is enough to show the finiteness of Shaf(F, R) with % € R.
First, note that every K3 surface over F admits some primitive polarization over F. Therefore, for
any X € Shaf(F, R), we can associate a primitive polarization Ly. Let 2dx be the degree of Lx. We
will show that there exists a finite extension E/F such that for any X € Shaf(F, R), the pair (Xg, Lx g)
admits a Dy, (n)-level structure. For each X € Shaf(F, R), we fix i(x 1) as in Lemma 4.2.2, and we use
the notation p; := p(x,1y),2 in the same sense as in Proposition 4.2.3. To get a desired extension, we
should replace the bound Cy, in the proof of Proposition 4.2.3 by a bound which is independent of X.
For I' := p>(7r1(Spec R, 5)), we have

[T : T N (Day (1))2] = [T : T NSO(L4.2,)] - [T NSO(Lay 2,) : TN (Day (m)2] < 2N -n ).

Here, we use I' N SO(Ly,7z,) C I' N (Dg)2 (which follows from Proposition 2.1.8, see the proof of
Lemma 4.2.2), and Corollary 3.1.8. We note that this bound is independent of X, Ly, and i(x 1 ). Hence
replacing Cy4 by 2N - n@ in the arguments in the proof of Proposition 4.2.3, we get a pointed finite étale
covering Spec Ro — Spec R, whose fraction field E satisfies the desired property. Thus, by using the
assumption for Shaf’(E, ﬁo) and Lemma 4.3.2, we get the finiteness of Shaf(F, R). The latter statement
is clear by Lemma 4.3.2. O

Definition 4.3.4 [She 2017, Definition 4.1.10]. Let F be a subfield of C, X be a K3 surface over F, and £
be any prime number. We define (relative) transcendental lattices by
T(X) := Picx,r(F)" C H*(X(C), Z(1)),
T(X)z, := Picx,r(F)" C Hi(XF. Zy(1)),
T(X)7 := Picx,r(F)* C H2 (X7, Z(1)).

Here we omit the Chern class map.
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Remark 4.3.5 (cf. [She 2017, Corollary 4.1.13]). Recall that M := H?*(X(C), Z(1)) ~ L3 is unimodular,
and N := Picy,r(F) is a primitive sublattice. In this situation, one can verify a canonical isomorphism

NY/N~M/(N+N*t)~(NHY/N*.
Thus we get disc(Picx,r(F)) = disc(T (X)).
Lemma 4.3.6 (cf. [She 2017, Proposition 4.1.11]). For (X, L,v,a) € M;’d’Dd(n)’F(F) and any prime

number £, we have -
(L) =T Xz
Here, the orthogonal complement of the left-hand side is taken in Lz, (x.1,a), and the above equality is as
a sublattice of Pé((Xﬁ, Lz), Zy).
Proof. First, we can show that

T(X)z, = (P2(X . L), Zo(1))CAF /L

(the orthogonal complement of the right-hand side is taken in Pézt((X 7> L§), Z¢(1))). Indeed, since the
both sides of this equality are primitive in PéZt((X 7> L7), Z¢(1)), it suffices to show this equality after
inverting ¢, which follows directly from the Tate conjecture over F' [1994, Theorem 5.6(a)].
Hence we have to show that
F Gal(F
(PA((X 7 L), Ze(D) /I = (36
(note that the L in both sides have different meaning). However, since the both sides are primitive in

L7,.(x,L,a)» We may invert £ for showing this equality, so it follows obviously from Proposition 3.3.3(1). [J

Let us complete the proof of Theorem 4.1.4. As in the previous subsection, by Theorem 4.1.4, it
suffices to show the finiteness of Shaf’(F, R) when F D E,, and 1/2 € R. By Lemma 4.3.1 and the fact
[Cassels 1982, Chapter 9, Theorem 1.1] which asserts the finiteness of isometry classes of lattices with
bounded rank and discriminant, it is enough to show that disc(Picx,r(F)) (X € Shaf’(F, R)) is bounded.
Using Remark 4.3.5, we can reduce the problem to the finiteness of {7'(X)7 | X € Shaf' (F, R)}/isometry.

For X € Shaf'(F, R), we choose an element

(X, Lx,vx,ax) € Mfdx,p,,x(n),F(F)-

Then, by Proposition 4.2.4 and [Zarhin 1985, Theorem 1] (for finitely generated fields of characteristic 0,
see [Faltings et al. 1984, VI, §1, Theorem 2]), the subset

{Aagy (X, Lx,vx,ax) | X € Shaf' (F, R)} C Shy, (GSpy ,)(F)
is finite. We denote them by ¢, ... t,, and we put
Shaf’ (F, R); :={X € Shaf'(F, R) | Ay, (X, Lx, vx, ax) =1;}.

Thus, the desired finiteness follows from the following lemma.
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Lemma 4.3.7. The Z-lattices T (X)7 (X € Shaf (F, R);) are isometric to each other.

Proof. By Lemma 4.3.6, it suffices to show that Lz, (x.1y.ay) (X € Shaf'(F, R);) is unique up to a
Gal(F / F)-equivariant isometry, for any £. We denote the lift of #; on Shp,)(SO.) via h o § (it exists
by the definition of #;, and it is unique because 4 o § is injective) by 7;. Recall that we have the étale
sheaf Eslsz, which has a symmetric pairing structure, so we get the Gal(F/F)-lattice tf (L‘szhlf), which
depends only on 7;. By our construction of Lz, (x.L.«) in Proposition 3.3.3, for any X € Shaf' (F, R);, the
Gal(F / F)-lattice L7, (x,1y,y) is none other than 7} (Eszzf), finishing the proof. O

5. {-independence

In this section, we prove £-independence of the unramifiedness for completing the proof of the main
theorem.

Lemma 5.0.1. Let K be a Henselian discrete valuation field, k be the residue field of K, p be the
characteristic of k, and X be a smooth proper surface X over K. Then, the following are equivalent.

(a) The Gal(K /K)-representation on Hézt(Xg, Qy) is unramified for some £ # p.
(b) The Gal(K /K )-representation on H ézt(X i Qo) is unramified for all £ # p.

Moreover, if K is a complete discrete valuation field of mixed characteristic (0, p) with the perfect residue
field k and X is a K3 surface over K, then (a)(<(b)) is equivalent to the following.

(c) The Gal(K /K )-representation on H ézt(X i Qp) is crystalline.

Remark 5.0.2. (1) In fact, for K3 surfaces, Lemma 5.0.1 is already mentioned by Madapusi Pera in
[Matsumoto 2015, Remark 4.3] (using the Kuga—Satake construction, we can reduce the problem
to the case of abelian varieties). We note that such arguments also appeared in [Imai and Mieda
2020]. So we will prove only the £ versus £’ part for general smooth proper surfaces as a corollary
of Matsumoto’s £-independence result [2016, Theorem 3.3(2)].

(2) If we assume that X admits a Kulikov model after a finite extension of K, then Lemma 5.0.1 is
known as a corollary of a good reduction criterion for K3 surfaces (see [Chiarellotto et al. 2019,
Theorem 1.1] for example).

(3) For any smooth proper surface X over K, one can easily prove the similar assertion for H éit i #2).
Indeed, the case of i =0, 4 is trivial. Moreover, for i =1, 3, by using the Picard variety, we can reduce
the problem to the case of abelian varieties. Therefore, it follows from the Néron—Ogg—Shafarevich
criterion for abelian varieties (and its crystalline analogue [Coleman and Iovita 1999, Theorem 1]).

5.1. Proof of Lemma 5.0.1. In this subsection, we prove the Lemma 5.0.1. As in Remark 5.0.2, it is
enough to show the equivalence (a)<>(b) in Lemma 5.0.1. Let K be a Henselian discrete valuation field, &
be the residue field of K, p be the characteristic of k, and X be a smooth proper surface over K.

First, we recall the definition of the monodromy operator.
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Definition 5.1.1. Let £ be a prime number different from p. Consider the representation
pe : Gal(K/K) — GL(HZ(X g, Qp)).

By Grothendieck’s monodromy theorem, there exists an open subgroup of the inertia subgroup J C Ix
and the nilpotent operator
Ne: Hy(Xg. Qo(1) — Hg(Xg, Qo)

such that for all o € J, we have py(0) = exp(t,(0)Ng), where t; : Ix — Z;(1) is a natural projection. By
fixing an isomorphism Q; (1) >~ (s, we regard N, as a linear endomorphism of Hézt(X z» Q¢), which is
called the monodromy operator.
Remark 5.1.2. By the definition, N, does not change if we replace K by a finite extension of it.
The following lemma is an elementary fact about £-adic representations.

Lemma 5.1.3. The following are equivalent.

(1) The £-adic representation py is unramified.

(2) Ny =0and tr(pe(0)) = dim(H;(Xg, Q¢)) for any o € Ik.

Proof. (1) = (2) is trivial. Therefore we prove the opposite direction. By the definition of the monodromy
operator, we have p;(g) = 1 for any g € J, where J is an open subgroup of /x. Hence for any o € Ik,
we get pg(o) is of finite order, and the trace condition implies that p,(o) = 1. O
Definition 5.1.4. (1) There exists a unique increasing filtration M, (H éZt(X 7, Q¢) on H ézt(X %> Q¢) such

that M, =0 forr <0, M, = Hézt(XIg, Q) forr >0, N(M,) CM,_, and N induces an isomorphism

M

gtM ~ oM for any positive integer r. We call M, the monodromy filtration on H ézt(X i Qo).

(2) If X admits a strictly semistable model over Ok, we get the weight filtration W, (H ézt(X > Q¢)) on
H ézt(X - Q¢) by the weight spectral sequence (see [Saito 2003, Corollary 2.8]). For general X, one
can also define the weight filtration W, by using de Jong’s alteration.

Lemma 5.1.5. (1) For any integer r, we have
M, (HZ (X, Q0)) = W, 12(Hz (X, Q).

(2) For any integer r, the dimension of gr’ (H ézt(X > Qo)) is independent of £.

Proof. Part (1) is well-known as the weight monodromy conjecture for surfaces (see [Rapoport and Zink
1982, Satz 2.13; Saito 2003, Lemma 3.9)]. Part (2) follows from [Matsumoto 2016, Theorem 3.3(2)]. [J

The proof of (a) < (b) in Lemma 5.0.1. Taking a completion, we may assume K is complete. We shall
prove (a) = (b). Take prime numbers ¢, £’ # p. By [Ochiai 1999, Corollary 2.5] (for imperfect residue
fields, see [Vidal 2004, Proposition 4.2]), we have tr(p;(c)) =tr(pg (o)) for any o € Ix. By the definition
of the monodromy filtration, we have

Ne =0 & dim(grd (HZ(X g, Qp))) = dim(HZ (X g, Qy)).

Therefore, by Lemmas 5.1.3 and 5.1.5, we get the desired implication.
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6. Corollaries

6.1. Some remarks. First, combining Theorem 4.1.4 with Lemma 5.0.1, we obtain the main theorem in
a more generalized form.

Theorem 6.1.1. Let F be a finitely generated field over Q, R be a finite type algebra over Z which is a

normal domain with the fraction field F, and d be a positive integer. Then, the set
S(F, R) :={X | X : K3 surface over F satisfying the condition (C)}/F-isom
is finite. Here, the condition (C) is the following.

(C) For any height 1 prime p € Spec R, take a discrete valuation field E\, such that Ey is an algebraic
extension of discrete valuation fields over F = Frac(Ry), the residue field of Ey, is the perfection of
the residue field of Ry, and a uniformizer of Ry is also a uniformizer of Ey. Then, there exists a prime
number £ different from the residual characteristic of p such that Hézt(X By Q) is an unramified
Gal(F / Ep)-representation.

Remark 6.1.2. (1) The field extension E; in the condition (C) always exists by [Matsumura 1989,
Theorem 29.1].

(2) By Lemma 5.0.1, the unramifiedness assumption in the condition (C) is independent of £. If the
residual characteristic of p is positive, replacing E, by the completion of it, we can replace this
condition in terms of crystalline representations.

Proof. Shrinking Spec R if necessary, we may assume that R is smooth over Z since the generic fiber
R ®7 Q is generically smooth over Q. Let M be the order of GL,,(F,). Shrinking Spec R again, we may
assume that 1/M € R. Consider a height 1 prime p € Spec R, and we denote its residual characteristic by
p > 0. Take an extension of valuation p to F, and we denote it by v. We denote the inertia subgroups by
I; C Gal(F/F), I’ C Gal(F/Ep). We denote the Gal(F"/F)—representation Hézt(XIg, Z5) by p. Then, by
Remark 6.1.2(2), we get p(I}) = 1. If p =0, we have p(Iy) = p(I;) = 1. If p > 0, for any finite index
open normal subgroup H of p(I;), we get [p(Il) : H] is a p-group. (Here, we use that for any finite
extension of discrete valuation fields of characteristic 0, the extension degree is equal to the product of
the ramification index and the inertia degree). Therefore we get

p(Iy) N (1 +2-Matpn(Zy)) =1

since the former is pro-p and the latter is pro-2. Moreover, the image of p(Iy) in GLy,([F;) via the
reduction map is trivial because p does not divide M. Therefore, we get p(I;) =1 even if p > 0. Thus
we have S(F, R) C Shaf(F, R), so S(F, R) is a finite set. O

Next, as an immediate consequence of Theorem 6.1.1, we obtain the unpolarized Shafarevich conjecture
for K3 surfaces over finitely generated fields of characteristic 0.
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Definition 6.1.3. Let R, be a discrete valuation ring with maximal ideal p, and F be the fraction field of Ry,.
For a K3 surface X over F, we say X has good reduction at p if there exists a smooth proper algebraic
space over R, whose generic fiber is isomorphic to X. Note that such model would be automatically a K3
family over Spec R, (see Definition 2.1.1(2)).

Corollary 6.1.4. Let F be a finitely generated field over Q, and R be a finite type algebra over Z which
is a normal domain with the fraction field F. Then, the set

{X | X : K3 surface over F, X has good reduction at any height 1 prime ideal p € Spec R} / F-isom
is finite.

6.2. The finiteness of twists. Here, we give the finiteness result of twists of K3 surfaces via a finite
extension of characteristic O fields.

Corollary 6.2.1. Let F be a field of characteristic 0, E/ F be a finite extension, and X be a K3 surface
over F. Then, the set

Twe,p(X) :=1{Y : K3 surface over F | Yg ~g X g}/ F-isom
is finite.

Proof. Clearly, we may assume E/F is a finite Galois extension. First, we will reduce the problem to the
case of finitely generated fields. Since Aut(X ) is a finitely generated group [Sterk 1985, Proposition 2.2],
extending E if necessary, we may assume Aut(Xg) = Aut(X ). We can take a finitely generated field
E’ C E on which X and any elements of Aut(X ) are defined. Moreover, by extending E’ if necessary,
we may assume E’ is Gal(E/ F')-stable and Gal(E/F) — Aut(E’) is injective. Let F’ be the fixed subfield
E'GA(E/F) Then, the description of twists

Twg,r(X) >~ H (Gal(E/F), Aut(Xg)) ~ H' (Gal(E'/F'), Aut(X g')).

implies that the desired finiteness is reduced to the case of E'/F".

Thus, in the following of this proof, we assume F is a finitely generated field and E/F is a finite
Galois extension. One can take a smooth proper morphism of schemes X — Spec R whose generic
fiber is X, where R is a smooth algebra over Z which is an integral domain with the fraction field F
and % € R. Then, via a monodromy action, we get H ézt(X 7> £>) is unramified over Spec R. Let R be the
normalization of R in E. Shrinking Spec R if necessary, we may assume Spec R — Spec R is a finite
étale covering. Since E is unramified over Spec R, by [Fu 2015, Proposition 3.3.6], we have

Ker(mr(Spec E, 5) — m1(Spec ﬁ, s)) = ker(mr(Spec F, §) — m1(Spec R, 5)).

For any Y € Twg,r(X), the isomorphism Yr ~g X implies that the Gal(F/E)-action on Hézt(Yﬁ, 75)
arises from a m(Spec R, 5)-action. Moreover, because of the above equality, the Gal(F /F)-action on
Hézt(YF, Z») also arises from a 1 (Spec R, 5)-action. Hence we get a natural inclusion Twg,r(X) <
Shaf(F, R), and thus the desired finiteness follows from Theorem 4.1.4. U
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Iterated local cohomology groups and
Lyubeznik numbers for determinantal rings

Andras C. L&rincz and Claudiu Raicu

We give an explicit recipe for determining iterated local cohomology groups with support in ideals of
minors of a generic matrix in characteristic zero, expressing them as direct sums of indecomposable
D-modules. For nonsquare matrices these indecomposables are simple, but this is no longer true for
square matrices where the relevant indecomposables arise from the pole order filtration associated with
the determinant hypersurface. Specializing our results to a single iteration, we determine the Lyubeznik
numbers for all generic determinantal rings, thus answering a question of Hochster.

1. Introduction

We consider positive integers m > n > 1 and let X = C™*" denote the affine space of m x n complex
matrices, equipped with the natural action of the group GL = GL,,(C) x GL,(C). We denote the orbits
of the GL-action by O,, 0 < p <n, where O,, consists of matrices of rank p, and write H ( ) for the
functors of local cohomology with support in the orbit closures. If we let S = C[x;;] denote the coordinate
ring of X, and let /,, 1 be the ideal of (p +1) x (p + 1) minors of the matrix of indeterminates (x;;), then
1 p+1 is the ideal of functions vanishing on the variety O p» and the functors H ( ) are often denoted by

L) and referred to as the functors of local cohomology with support in the ideal I, 1. The goal of
thlS work is to give an explicit recipe for computing all the iterated local cohomology groups

(H L0 HE (8):--)). (1-1)

0'1
Specializing our results to the case H (H (S)) we determine the Lyubeznik numbers of the coordinate
ring of each O p» and observe a dlchotomy between the case of square and nonsquare matrices. This is
explained geometrically by the way the conormal varieties to the orbits intersect in the two cases, and
algebraically by the fact that an appropriate category of modules is semisimple for nonsquare matrices,
and quite interesting for square matrices.

The groups (1-1) are finitely generated modules over the Wey! algebra Dy of differential operators on X,
which in addition are equivariant for the action of the group GL. We will therefore work in the category
modgr (Dx) of GL-equivariant Dy-modules, which is known by a result of Vilonen [1994, Theorem 4.3]
to be equivalent to the category of finitely generated modules over a finite-dimensional algebra, or
alternatively, to the category of finite-dimensional representations of a quiver with relations. The explicit

MSC2010: primary 13D45; secondary 13D07, 14M12.
Keywords: determinantal varieties, local cohomology, Lyubeznik numbers, equivariant D-modules.
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description of the relevant quiver has been obtained in [Lorincz and Walther 2019, Theorem 5.4], and it
is closely related to that of the quiver attached to a slightly larger category considered in [Braden and
Grinberg 1999, Section 4.1]. We identify a suitable finite set of indecomposable objects in modgr(Dx)
and express each of the local cohomology groups in (1-1) as a direct sum of these indecomposables.
The multiplicities of indecomposables are encoded in terms of Gaussian binomial coefficients (reviewed
in Section 2B). Our proofs employ the symmetries coming from the GL-action, the inductive structure
of determinantal varieties, and the quiver description of modg (Dyx), as well as a number of vanishing
results for local cohomology that we prove by working on appropriate desingularizations of determinantal
varieties, and using Grothendieck duality and the Borel-Weil-Bott theorem.

For nonsquare matrices (m > n) the category modgr (Dx) is semisimple by [MacPherson and Vilonen
1986, Theorem 6.7], since the conormal varieties to the orbits (described in [Strickland 1982]) intersect in
codimension > 2. This has two important implications:

e The indecomposable modules in modgp (Dyx) are simple.

o The module structure of M € modgr.(Dy) is determined up to isomorphism by its class [M]p in the
Grothendieck group I'p of modgr (Dyx) (see Section 2D).

For this reason we begin by considering the simpler problem of determining the class in I'p of a local
cohomology group. We return to the general case m > n and let

Dy, Dy, ..., Dy

denote the simple objects in modgr.(Dx), where D), has support equal to o p» and is often referred to
as the intersection homology Dx-module corresponding to the orbit O,. When p = n, we have that
0, = X and D,, = § is the coordinate ring of X. Our first theorem determines the class in ['p of the local
cohomology groups of each D, thus generalizing the main result of [Raicu and Weyman 2014] which

addresses the case p =n.

Theorem 1.1. For every 0 <t < p <n < m we have the following equality in T'p[q]:

t
j gl — g P (p=s)-tm=n) ”—S) _ (P— 1 —S) )
S HL (D)In g/ =Y (DsIp g (o). (), a2
Jj=0 s=0
The restriction to the case t < p is done in order to avoid trivialities. If M is any S-module whose
support is contained in O, (such as M = D,or M= Hé (N) for p <t, j >0, and any S-module N), then
P
HY (M)=M and HL (M)=0 fori > 0. (1-3)
For this reason, there is no harm in assuming for instance that i; < i, < --- < i, in (1-1).
Example 1.2. Consider the case when m =3 and n = 2. For p =2 and t = 1 we have D, = § and

1
' (12 s
Z[Héﬂ(s)]@'q'l = Z[DS]D'Q3 =[Dilp-q¢*+[Dolp - ¢°,
j=0 s=0
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which implies that the only nonzero local cohomology groups are in this case (see also [Walther 1999,
Example 6.1])

H%l (S)=D; and H%l (S) = Dy.
For p =1 and r = 0 we obtain

Z[Héo(Dl)]D -q’ = [Dolp g (?)c,z =[Dolp-q*> +[Dolp - q*.
Jj=0

Combining this with the observation (1-3) it follows that the only nonzero groups H (’3 (H ('7 (S)) are
0 1
2 2 _ g4 2 _ 0 3 _
H (HZ ($)) = HY (H () = HY (H3 ($)) = D,. (1-4)

Iterated local cohomology groups have been studied in the seminal work [Lyubeznik 1993], which
introduced a new set of numerical invariants attached to any local ring which is a quotient of a regular
local ring containing a field [Lyubeznik 1993, Theorem-Definition 4.1]. These invariants are known
today under the name of Lyubeznik numbers, and have been the subject of extensive investigation (see
[Ndfiez Betancourt et al. 2016], for example). For determinantal rings, the question of describing the
Lyubeznik numbers was posed by Mel Hochster as part of his list of “Thirteen Open Questions about
Local Cohomology”. Part of our work here is dedicated to answering this question. For p < n we have
that S/1,, is the coordinate ring of o p» and we let RP = (S/I p+1)m denote its localization at the
maximal homogeneous ideal. The Lyubeznik numbers A; ; (RP)) are characterized by the equalities

. (R
5 (1-5)

i m-n—j _
HEO(HE,, (S) =D,

We encode the Lyubeznik numbers of determinantal rings by a bivariate generating function L ,(g, w) €
Zlg, w],
Ly(g.w)= Y 4 j(RP)-q"-w/. (1-6)
i,j>0

We prefer this encoding since it is more compact than the one given by the Lyubeznik tables

ARPY = (i j(RP))o<i. j <dim(r)
which were first considered in [Walther 2001]. We have for instance from (1-4) that whenm =3 and n =2,

00010

00000

Li(g,w)=w’4+¢* w*+4¢* w*, orequivalently ARY)=]0000 1
00000

00001

In this example, RV is the local ring at the vertex of the affine cone of the Segre embedding P! x P?> — P>,
Since P! x P? is smooth, it is known that the Lyubeznik numbers have a topological interpretation, being
determined by the Betti numbers of P! x P? [Garcia Lépez and Sabbah 1998; Switala 2015]. By contrast,
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there are singular examples where the Lyubeznik numbers at the cone point depend on the projective
embedding [Reichelt et al. 2018; Wang 2020], so the topology of the projective scheme does not control
on its own the Lyubeznik numbers. Nevertheless, based on the work [Reichelt et al. 2018], one can show
that in the case of (projective) determinantal varieties most of the Lyubeznik numbers do not depend on
the choice of embedding into a projective space (see [Reichelt and Walther > 2020]).

For nonsquare matrices our Theorem 1.1, together with the fact that modgr.(Dx) is semisimple, gives
the following description of Lyubeznik numbers.

Theorem 1.3. If m > n > p then the Lyubeznik numbers for R'?) are computed by

L,(q,w)= iqszwL&(m—n) . (2)42 ) wP2+2P+S-(m+n—2p—2) . (”;izs>w2' (-7
5=0
In fact, using Theorem 1.1 and the semisimplicity of modgy (Dx) we can determine (1-1), and in
particular describe the generalized Lyubeznik numbers as defined in [Nufiez Betancourt et al. 2016,
Section 7]. More generally,

H(%fl (Héiz(. .. H.@,. (D) - .))

can be computed for any D,. We leave the determination of the precise formulas to the interested reader.
When m = n the situation is more subtle, as can be seen already in the following simple example.

Example 1.4. Suppose that m =n =2 and let p = 1. Applying (1-2) we get

[H (5)]p = [Dolp + [Dilp

but H(l)l(S) is not the direct sum of Dy and D;! If we write det for the 2 x 2 determinant, then
H (171 (S) = Sq¢et/ S contains no nonzero elements annihilated by the maximal homogeneous ideal, so it can’t
contain Dy (which is supported at 0) as a submodule. This observation is also reflected in the calculation
of Lyubeznik numbers, as follows. Since O,isa hypersurface of (affine) dimension 3 (the cone over
P! x P! ¢ P3), the only nonzero Lyubeznik number is A3 3(R") = 1, that is the only nonzero group
Héo(H.@ (8)) is 3 1

H50(H5] (S)) = Dy.

The nonzero local cohomology groups H .50(D0) and H (’70(D1) are by (1-2) and (1-3)
Hg (Do) = Hy (D1) = H (D) = D,
so the local cohomology groups of H é (S) are not the direct sums of those of Dy and D;. In particular,
1
specializing (1-7) to the case when m = n would give the wrong answer! Instead, we have the following.
Theorem 1.5. Ifm =n then L,,_1(q, w) =(q - u))”z_1 and for 0 < p <n —2 we have

14
249 n—1 249 .2n—2p—2 n—2—s
Lp(q,w):E:qS+s.( : )qz.wp+p+s<n p ).( s )wz' (1-8)
s=0
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For instance, in the case of 4 x 4 matrices of rank at most 2 (m =n =4 and p = 2) we obtain
Layq. w) =w'+@* +¢°+¢") - w' +@* +4"+¢") - w' (1-9)

Analogues of Theorems 1.3 and 1.5 for ideals of Pfaffians of a generic skew-symmetric matrix have been
obtained by Mike Perlman [2020], but the corresponding problem for symmetric matrices remains open.

As we saw in Example 1.4, for square matrices the (iterated) local cohomology groups of § are no
longer expressible as direct sums of the simple modules D,. We proceed instead to construct a different
set of indecomposables that play the role of the simples. We let det = det(x;;) denote the determinant of
the generic n x n matrix, and let (det™”)p denote the Dy-submodule of Sge generated by det™”. It is
shown in [Raicu 2016, Theorem 1.1] that

0CSC(det™)p C--- C (det™)p = Saet (1-10)

is a Dx-module composition series with composition factors S >~ D,, and

(det™?)p
——— ~D,_ forp=1,...,n. (1-11)
R
We define Q,, = S¢et and for p =0, ..., n—1, we let
Sdet
= 1-12
C (det?—"+1) (-12)
It follows from (1-10) and (1-11) that Q, has composition factors Dy, ..., D, hence
)4
[Qylp=)_[Dilp (1-13)

s=0

and the support of Q, is o »- We denote by add(Q) the full additive subcategory of modgr.(Dx) consisting
of modules that are isomorphic to a direct sum of copies of Qog, Oy, ..., Q,. It follows from (1-13) that
[Qolp, - .., [Qn]p form a basis of the Grothendieck group I'p, so a module M € add(Q) is determined
up to isomorphism by [M]p. The following result (when combined with (1-2), (1-3), and (1-13)) allows
one to determine (1-1) when m = n, or more generally to describe arbitrary iterations

Hli1 (H’aiz(--~H3ir(M)~--)), where M =D,or M =Q,, p=0,...,n.
Theorem 1.6. For every 0 <t < p <n=m and j > 0 we have that

H] (D)) €add(Q) and H] (Q,) € add(Q).

Moreover,

; ; d —0242(p—s) (R—S—1 p—s—1
S oIHS Qo+ = 3 [0l -q T (T V) ), (1-14)

—s —t—1
Jj=0 s=0 P p
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This theorem is explained in Section 6. A formula analogous to (1-14) holds for the groups H / (D )
and can be obtained based on (1-2) from the fact that H J (D ») € add(Q) (see Theorem 6.1). To see how
Theorem 1.6 allows for the calculation of Lyubeznik numbers or more general iterated local cohomology
groups, we explain next how to derive (1-9).

Example 1.7. If m =n =4 and p = 2 then we have

> HS (So-q! ‘2 Dolp - (¢*+4°+¢%) +[Dilp - (¢* +¢°) + [Dalp - ¢*

Jj=0
"2 1001p - ¢* + 1011 - ¢° + [Qolp - ¢°.

By Theorem 1.6 we have that Hé;z(S) € add(Q) for all j; hence
Hj ($)=Q2 H5 (5)=0Q1. and Hp (S)= Qo= Do.

Using (1-3) we get H%O(H%2 (8)) = Dy and therefore ko,g(R(z)) = 1. Using (1-14) we have

. . 3
Y H] QDb ¢’ =[Qolp-¢°- (1) =Dl (g’ +q"+4q")

j=0 q

and therefore )»3,10(R(2)) = A5,10(R(2)) = )\7,10(R(2)) = 1. Using (1-14) again we have

3
SUH) (@214’ =1Quko-a*(3) | =[Dalo-(@* +4"+4")
Jjz0 e

and therefore Ag 12(R®) = 110.12(R®) = A12.12(R®) = 1. All the remaining Lyubeznik numbers vanish,
proving (1-9).

The paper is organized as follows. In Section 2 we recall some basic notions regarding weights
and Schur functors, g-binomial coefficients, categories of admissible representations and equivariant
D-modules, and Bott’s theorem for Grassmannians and flag varieties. We also discuss briefly families of
determinantal rings over a general base, and the inductive structure of determinantal rings. In Section 3 we
prove Theorems 1.1 and 1.3. Sections 4 and 5 are concerned with a number of technical results proving
the vanishing of a range of local cohomology groups. In Section 6 we recall the quiver description of the
category modg (Dx) and use it in conjunction with the vanishing results of the earlier sections to provide
an inductive proof of Theorem 1.6. We also derive Theorem 1.5 as a quick corollary of the previous local
cohomology calculations.

2. Preliminaries

2A. Dominant weights and Schur functors. We write 7 for the set of dominant weights in 7", i.e.,
tuples A = (Ay, ..., Ay) € Z" with A1 > Ay > - -+ > X,,. When each A; > 0 we identify A with a partition
with (at most) n parts, and write A € Nj . When A € Z" is not dominant, it must contain inversions, i.e.,
pairs (i, j) withi < j and A; < A;. The size of A is [A| = A; + - - -+ A,,. We sometimes use Greek letters
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n
dom

the conjugate partition of x, where x; counts the number of parts x; with x; > i. We partially order Z]
(and N ) by declaring A > p if A; > pu; foralli =1, ..., n. If a > 0 then we write a x b or (b*) for

dom

n

. !/
dom+ We write x” for

to denote weights A € Z]; _ and underlined Roman letters to denote partitions x € N

the sequence (b, b, ..., b) where b is repeated a times.

n

If V is a vector space with dim(V) =n and A € Z_ |

we write S, V for the corresponding irreducible
representation of GL(V') (or Schur functor). Our conventions are such that if A = (d, 0, ..., 0) then
S,V = Symd V, and if A = (1") then S, V = /\" V. More generally, one can define S, € for any locally
free sheaf £ of rank n on some algebraic variety X. We write det(€) for /\"€ and call it the determinant
of £. For m > n we will always think of Njj_ as a subset of N by identifying x € N with (x, 0"™"),

and in this way S,V (resp. S,€) is defined whenever dim(V') > n (resp. rank(€) > n).

2B. Gaussian binomial coefficients. For a > b > 0 we define the Gaussian (or q-)binomial coefficient
(‘b’)q to be the polynomial in Z[q] defined by

(a) _ (1—g%-(1 =g Yy (1 =g bt
b/q (1—g") - (1—gt~h...(1—q)

These polynomials are generalizations of the usual binomial coefficients, satisfying the relations

(), =(5), (@)= (o), =1 ma (5),=(5): e

One significance of the ¢g-binomial coefficients is that (Z)q2 describes the Poincaré polynomial of the

a
b

number of Schubert classes of (co)dimension j, or equivalently the number of partitions x of size j

Grassmannian of b-dimensional subspaces of C% As such, the coefficient of ¢/ in ( )q computes the

contained inside the rectangular partition (@ — b) x b. We get
a
(b)f > (2-2)
x<(b?)

Using the fact that the map x — x° := (b —x4—p, b — X4—p—1, ..., b — X2, b — x1) defines an involution
on the set of partitions x < (beb), satisfying [x°| =b - (a — b) — | x|, we get that

p)y =), 4" (2-3)
<b q! b/q 1
The g-binomial coefficients also satisfy recurrence relations analogous to the Pascal identities for usual
binomial coefficients, namely

ay _ p (a—1 a—1

(b)fq (% )f(b-l),,' (2-4)

2C. The ring of polynomial functions on m x n matrices and its equivariant ideals. We consider
positive integers m > n > 1 and let X = C™*" denote the affine space of m x n complex matrices. We
let GL = GL,,(C) x GL,(C) and consider its natural action on X via row and column operations. The
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orbits of this action are the sets O, consisting of matrices of rank p, for p =0, ..., n, and their orbit
closures are given by

The coordinate ring S of X can be identified with the polynomial ring § = C[x;;], where 1 <i <m and
1 < j <n. If we write I, for the ideal of p x p minors of the generic matrix (x;;), then I, is the defining
ideal of the closed subvariety O p—1 of X. To keep track of the equivariance it is convenient to identify the
space of linear forms in S with the tensor product C" ® C", which has a natural GL-action. The polynomial
ring S can then be thought of as the symmetric algebra Sym¢ (C" @ C") = P 5 Sym“(C™ @ C"), where
the component indexed by d corresponds to homogeneous forms of degree d in the variables x;;. The

structure of S as a GL-representation is governed by Cauchy’s formula [Weyman 2003, Corollary 2.3.3]

S= P s.C"®S,C". (2-5)

u
IGNdom

We write I, C S for the ideal generated by the component S,C" ® S, C" in the above decomposition.
If x = (17) then the ideal I, coincides with the ideal I, defined earlier. As a GL-representation we have

=Es,cres,c. (2-6)

y>x

2D. Egquivariant D-modules and the Grothendieck group T'p. We write X = C"™*" as in the previous
section, let Dy denote the sheaf of differential operators on X, and let modgr.(Dx) denote the category
of GL-equivariant coherent Dx-modules. The category modgr. (Dy) is a full subcategory of the category
of coherent Dy-modules, stable under taking subquotients (for more details on categories of equivariant
Dx-modules, see [Lorincz and Walther 2019, Section 2.1]). The simple objects in modgr.(Dyx) are
Dy, ..., D,, where D, denotes the intersection homology D-module corresponding to the orbit O,,.
As a GL-representation, D, decomposes as (see [Raicu and Weyman 2014, Theorem 6.1; 2016, Main
Theorem(1); Raicu 2017, Theorem 5.1])

D,= P SunC"eS.C", (2-7)
Ap=p—n
Apy1=p—m
where
AMp)=(Asoosdp, (=) Apyr +(m—n), .. Ay + (m —n)). (2-8)

We note that for p =n the formulas in (2-5) and (2-7) coincide, which is a reflection of the fact that D,, = S.

We write I'p for the Grothendieck group of modgrL(Dx), and write [M]p for the class in ['p of an
equivariant Dx-module M. We note that the group I'p is a free abelian group of rank (n 4 1), with
basis given by [D,]p, for p =0, ..., n. An important construction of new objects in modgr.(Dx) comes
from considering the local cohomology groups H 3, (M) for j >0,0<t<n,and M € modgL(Dyx). A
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first approximation to the structure of these groups is given by their class in I'p. To keep track of this
information it is convenient to write I'p[¢g] for the additive group of polynomials in the variable g with
coefficients in I'p, and define

HP(M:q) =) [H} (M)]p-¢’ € Tplgl. (2-9)
j=0

In the case when M = §, the main result of [Raicu and Weyman 2014] (as interpreted in [Raicu and
Weyman 2016, Main Theorem(1)]) yields

t
2 (n—s)-(m— n—1—s
HP(S:q) =) [Dlp-q "o (7)) (2-10)
s=0

We define a pairing { , )p : I'plg] x 'plg] — Z[q] given by

V(@Y @)p=_v(q) ¥ (@),

s=0
where y (q) =Y _o[Dslp-ys(q) and ¥’ (q) = > s_o[Ds1p-¥;(q). The assertion (2-10) is then equivalent to

n—1-—

(HP(S: 9), Dy)p =g+, (7

s) , for 0<s<t, and (HtD(S;q),DS)D=0 for s > t.
q

Notice that in the formula above we have written D; instead of [ Ds]p, to simplify the notation. We will
continue to do so as long as there is no possible source of confusion.

2E. Admissible representations and the Grothendieck group I'r. We define an admissible represen-
tation of GL to be a representation M that decomposes as

M= P (SiC"®S,C"Ho%*
reZT

dom

nez’

dom

for some nonnegative integers a, ,,. Examples of such representations include the polynomial ring in (2-5),
the ideals (2-6), and the Dy-modules in (2-7). More generally, if M is a finitely generated GL-equivariant
S-module or Dx-module then M is an admissible representation.

We write ['gL, for the Grothendieck group of admissible GL-representations, and write [M ]gL for the
class in 'L of a representation M, and often refer to [M ]gL. as a character. The admissible representations
form a semisimple category, which implies that [M]gL. determines M up to isomorphism. We have that
I'gL is isomorphic to the product of copies of Z indexed by s , =[S, C" ® S, C" gL, with A € ZJ = and

dom

weZ . We define I'gL[¢g] in analogy with I'p[g], and express any y (¢g) € 'gL(g) as an infinite sum

dom*

v@) =Y (g sy Witha, ,u(q) €Z.
A
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We consider the partially defined pairing ( , ) : ['gLlg] X I'cLlg] — Z[q]

V(@Y @)L= _aru(q)-a; ,(q) 2-11)
AL
whenever the sum (2-11) involves only finitely many nonzero terms.

We have a forgetful map that associates to a module M € modgr.(Dx) the underlying admissible
representation. This induces a homomorphism I'p — ['gp given by [M]p — [M]gL. It will be important
to note that this homomorphism is injective, since the characters [ D, ]g1. described by (2-7) are linearly
independent. In other words, the composition factors of a GL-equivariant D-module (and their multiplici-
ties) are uniquely determined by its character. If we combine (1-13) with the case m = n of (2-7) (so that
A(s) = A for all s) then it follows that as a GL-representation Q, decomposes as

0,= P s.Ces.C. 2-12)
Apr1<p—n
We extend the map I'p — gL to an injective homomorphism I'p[g] — ['gL[¢q], and note that for
instance the image of (2-9) via this homomorphism is
HEM(M:q) =) [H] (Mo ¢’ (2-13)
j=0

Taking W = S (,)C" ® S,,C" to be any representation that appears in (2-7) it follows that
(HP(M:q), Dp)p = (HP"(M: ). W)oL (2-14)

for any M € modg (Dy), which will be particularly useful for our calculations in Section 3. Notice again
the abuse of notation where we simply write W instead of [ W]gL, since there is no possibility of confusion.

2F. Flag varieties, Grassmannians, and Bott’s Theorem [Weyman 2003, Chapters 3 and 4]. Consider
nonnegative integers p <n and a complex vector space V with dim(V) =n. We denote by Flag([p, n]; V)
the variety of partial flags

Vo: V=V, - V- =V, =0,

where V, is a g—dimensional quotient of V foreachg = p, p+1,...,n. Forq €[p, n] we write Q, (V) for
the tautological rank g quotient bundle on Flag([ p, n]; V) whose fiber over a point V, € Flag([p, n]; V)
is V. We consider the natural projection maps

n‘(,p) :Flag([p,n]; V) — Flag([p+ 1, n]; V), (2-15)

defined by forgetting V), from the flag V,. For p < n — 1, this map identifies Flag([p, n]; V) with the
projective bundle Prrag(p+1,n1;v)(2p+1(V)), which comes with a tautological surjection

Qp+1(V) = Qp(V). (2-16)
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The careful reader may have noticed that we are using the same notation Q, (V) for the tautological

rank g quotient bundle on each of the spaces Flag([p, n]; V) with p < g < n. This should cause no

confusion (but has the advantage of simplifying the notation), as the bundle Q, (V') on Flag([p, n]; V) is

simply the pull-back along 7 (") of the corresponding bundle on Flag([p + 1,n]; V) when p < g — 1.
The kernel of (2-16) is a line bundle which we denote £,1(V) and note that

det(Qp+1(V)) = Lp11(V) @ det(Q, (V). (2-17)

Just as with Q, (V), there is one line bundle £, (V') on each of the spaces Flag([p, n]; V) with p < g — 1.
When p > 0, the Picard group of Flag([p, n]; V) is free of rank (n — p), with u € Z"~? corresponding
to the line bundle
n—p
LV) = Q) Ly (V). (2-18)
i=1

Note that (2-17) can be used to prove inductively that
det(V) ® Oriag(pntvy = L1V (V) @ det(Q, (V). (2-19)

In particular for p =0 (when Flag([p, n]; V) is the full flag variety) we get that £(") is (nonequivariantly)
isomorphic to the trivial line bundle, and the Picard group has rank (n — 1).
If we let G(p, V) denote the Grassmannian of p—dimensional quotients of V then we have a natural map

) Flag(Ip, nl; V) — G(p, V), given by ¥ P (V) =V, (2-20)

We abuse notation once more and write Q, (V) for the tautological rank p quotient bundle on G(p, V),
and let R,,—, (V) denote the tautological rank (n — p) subbundle, whose fiber over the point corresponding
to V, is the kernel of the quotient map V — V,,. The following formulation of Bott’s theorem will be
useful for us throughout Section 4 (see [Weyman 2003, Theorem 4.1.8]). For m > 0 and y € Z" we let

8™ =m—1,m—2,...,0) and 7 =sort(y +8")—s", (2-21)
where sort(y +8™) € Z™ is obtained by arranging the entries of y 4+ 8™ in nonincreasing order.

Theorem 2.1. Let A € Zgom, weZ" P andlet y = (M) € Z" be the concatenation of A and . We write
F =Flag([p,n]; V), ¥ = 1//‘(,1’), = n‘(,p), and let R"r, (resp. R'm,) denote the right derived functors of
Yy (resp. ). Using (2-21) we have:

(@) If w4 8"=P) has repeated entries then R, (S; Q,(V)® LH(V)) =0 for all t. Otherwise, there
exists a unique | > 0 (equal to the number of inversions in i + 8" ~P)) so that

$1Qp(V) ®SaRu_p(V) ift =1,

0 otherwise.

R (S1Q9,(V) ® LK (V) = {
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(b) If y + 8" has repeated entries then H' (F, S;, Qp(V)®LH(V)) =0 forall t. Otherwise, there exists
a unigue | > 0 (equal to the number of inversions in y + 8™) so that
S; VvV ift=lI,

0 otherwise.

H'(F, S:.Q,(V)® LH(V)) ={

(©) If &), = py and if we let A\t =(Aq, ..., Ap, 1) € zPt! and (0= = (U2, ..., hn—p) € 7" P then

dom

Sit Qpri (V) LM (V) ift =0,

0 otherwise.

Rtj'[*(S)LQp(V) ® L:M(V)) = {

2G. The relative setting. It will sometimes be convenient to work with spaces of matrices relative to
some base as follows. We let B denote an algebraic variety over Spec(C) and let F, G be locally free
sheaves on B of ranks m and n respectively. We can form

S =Symy, (F ®0, 9)

and define X = Specp(S). We identify freely quasicoherent Ox-modules M with quasicoherent sheaves
of S-modules on?We simply refer to such an M as an S-module, and when M C Oy is an ideal sheaf,
we call M an ideal in S. An example of such ideal is the one defining locally matrices of rank less than p:
we denote by Z, C S the ideal generated by the subsheaf A\’ F ® A’G C Sym”(F ® G) C S. If we let
Z, C X denote the subvariety cut out by 7, then we obtain a decomposition of the local cohomology
groups as Og-modules of the form

Hy (X, 0x) = P(SiF 85,9 %%,

AL

where the multiplicities a; , are the same as in the case when B = Spec(C), X = X, and Z, = o pe

2H. The inductive structure. This section builds on a standard localization trick that is often used to
study determinantal varieties inductively (see [Bruns and Vetter 1988, Proposition 2.4] or [Lyubeznik et al.
2016]). We let X = C™*" and consider the basic open affine X; C X consisting of matrices with x;; # 0,
whose coordinate ring is the localization Sy,,. We let X’ = C"~D*"=D "and identify its coordinate ring
with §" = C[x/ 1 with 2 < i, j <n. We have an isomorphism (given by performing row and column
operations in order to eliminate entries on the first row and first column of the generic matrix)

Xl ~ X' % Cm_l % Cn_l % C*,

where the coordinate functions on C"~! are x;;, 2 < i < m, those on C"~! are X1j,2 < j <n, the
coordinate function on C* is x11, and
Xil - X1j

f =y —

If we let 7 : X; — X’ denote the projection map, and let O 1/0 denote the orbit of rank p matrices in X’ then

77 1(0})= 0,1 NX,  forall p=0,....n—1.
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It follows that if we let D;, denote the intersection homology Dy/-module associated with 0;, then
JT*(D’p) = Dp+)iy, = Dp+1)x,, forallp=0,....,n—1.

If m = n and if we let det’ = det(x{j) then det = xy; - det, so (i) = (Sdet)lx, = Sdet-x,- More
generally, if we define the Dx--modules Q; in analogy with (1-12) then we obtain

7*(Q) = (Qp+1)iy, = (Qps)y, forall p=0,....n—1. (2-22)

For every S’-module (resp. Dx/-module) M’ and every closed subset Z' C X', if we let Z =7 ~'(Z’) and
M = 7*(M') then we have isomorphisms of Sy,,-modules (resp. of Dx,-modules)

m*(HL,(M") = Hi(M) forall j > 0.

In particular, we obtain
*cpy) N7
m(HY, (5) = HY

o S = (H£p+l(S))|X] forall p=0,...,n—1, and j >0.  (2-23)

3. Grothendieck group calculation of the local cohomology of simple D-modules

Recall that I'p denotes the Grothendieck group of modgr.(Dx), and that if M € modgr.(Dy) then [M]p
denotes its class in I'p. The main result of this section describes the class in I'p of the local cohomology
groups with determinantal support for the modules D,,.

Theorem 3.1. Forevery 0 <t < p <n < m we have the following equality in T'p[q]:

t
NN n—s p—1—s
HP(Dy:q) = YDyl =+ (T70) (P
s=0

We record here a special case of Theorem 3.1, which will be used in Section 6C. If m =n = p and
¢, = (n — 1)? is the codimension of the orbit O, inside C"*" then

[H%r(S)]D =[Dolp +[Dilp +- - -+ [Dilp. (3-D

3A. A relation between rectangular ideals and simple equivariant D-modules. We use the notational
conventions from Section 2E, and recall from Section 2A that o’ denotes the conjugate of a partition c.
For positive integers a, d and partitions « = (o) > a2 > --->oz)and B=(B1 = B> - - = B—q) We let

)"(a7 da aa ﬂ) = (d+als d+a23 .. -sd+aa’ /317 ,827 ce. vﬂmfa)
and consider the polynomial /,+4(g) € I'gL[g] given by

haxa(q) = Z[Sk(a,d;a,ﬂ)cm ® Sia.a:pr.0nC e - ¢4,
a’ﬁ

where the sum is over partitions «, 8 satisfying

@ <n—a, aj,p; <min(a,d) and B <m-—a. (3-2)
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The significance of the polynomials /,x4(g) is that they describe the GL-equivariant Hilbert series of
certain simple modules over the general linear Lie superalgebra gl(m|n). As such, they provide the
building blocks of the minimal free resolution over the polynomial ring S of the ideals 1,44 (see [Raicu
and Weyman 2017, Theorem 3.1] or [Raicu 2017, Theorem 6.1]), namely we have

n—a
. 2
E [Tor}s(laxd’ OloL - q] = E h(a+r)><(d+r)(Q) : qr o (
Jj=0 r=0

(3-3)

r+min(a,d)—1
r )qz

which will be used in Section 3D. For now, we prove the following.

Lemma 3.2. Ifwe let V = Sm)C" @ S(;pn)C" = det(C" ® C") and let d > 0 then

«(m—n n
(V& Dy, haxa(@))aL =0 fora#p and (V&D,, hpxa(@)oL=q"" )'(P>f12'

Proof. To compute (V ® D, haxa(q))cL, we need to characterize the partitions o, f satisfying (3-2) and
for which Sj4,4;0,8)C" ® Si(u,4:p,«)C" appears as a subrepresentation of V ® D,,, i.e., those for which
there exists a dominant weight u € Z" with ), > p —n, pp41 < p —m (see (2-7)), and such that

n(p)+ @™ =xra,d;a, ) and p+m")=ra,d; B, o). (3-4)
If p < a then it follows from (2-8) that
p=p—n)+n=pup)pri+n="ra d:a, By =d+ap
which is in contradiction with the fact that d > 0. If p > a then
az=pr=ia,d;a, Blar1 = w(playi +n=par1 +n=pp+n=(p—n)+n=p

which is again a contradiction. It follows that (V & D, hyxa(q)) =0 for a # p, and it remains to analyze
the case p = a. The conditions (3-4) imply that

uwi=d+o;—n and o+ (m—n)=p foralli=1,...,p.

Since 8; < min(p, d) = p it follows from the above that 8 is completely determined by « via the relation
B = a+ ((m —n)?), which in turn implies that 8 = (p""|a’) and in particular

Br=-=Pm-n=p.

Suppose now that « is any partition with at most p parts (i.e., ] < p) and that oy <n — p. If we
define B = (p"""|a’) then B < p and B =y +m —n <m — p, so the conditions (3-2) hold for a = p,
since d > 0. We next let

wi=d+a;—n fori=1,...,p, and ujza;_p—m forj=p+1,...,n,

and observe that ), > p —n since d >0, and that jt, ;| =) —m < p—m, 50 S,(,C" ®S,C" appears
as a subrepresentation of D). Once we verify (3-4) it follows that the pair of partitions (e, 8) contributes
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the term g!*IF1Al = g2 lelTP-(m=n) 16 (V @ D,,, h pxa(q)); hence

Aal+p-tm=n) 22 p.on— n
(V®Dp,hpxd(11)>ZZ‘IZIMH(m n) V< qp(m n).(p)qz,
o

as desired. For 1 <i < p we have that
wpi+n=d+ao;=rp,d;a,B)i, and puj+m=d+aoi+m—n=d+B=xrp,d;B,d).
We have moreover that for 1 < j <m —n,
wPprjtn=(p-—n)+n=p=pj=»xrp.d;a, B)pij
and thatfor p+1<j<n,
pj+m=d;_,=xrp,d;p,a);,
W(PIm—ntjtn=pnj+m=a;_,=Bnnij—p=rp,d; & Bn-ntj,
showing that (3-4) holds for a = p and concluding our proof. U

3B. A recursive formula for Euler characteristics. We use the notational conventions from Sections 2D
and 2E, and define the Euler characteristic maps

x:Iplgl>Tp and xs:Iplgl—>Z fors=0,...,n,
as follows: if y(g) € I'plq] is expressed as y(q) = Z?:O[DS]’D - ¥s(q) with y,(gq) € Z[q] then we let
x(r(@)=y(=1) and x;(¥(g)) =ys(=D. (3-5)

We recall the notation (2-9) where the subscript ¢ indicates that we are considering local cohomology
with support in the orbit closure O,. Using (2-10) and (2-1) we get that

_1)n=D+@—s)-(m-n)  (n=1=s) g =0... .1
X (HP (S gy =1 ("=7) fors=0...... (3-6)
0 for s > t.
Lemma 3.3. Fort < p the Euler characteristics XO(H,D(D ps q)) satisfy the recurrence relation
b n—1-—s n—1 n—1
> xHPDg gy (D (T ) = o () =) 6
s=t+1 p=s ! P

Proof. The existence of a spectral sequence
L _ i J i+j
E) = HE,(H@(S)) = HE, (S)

and the fact that Euler characteristic is invariant under taking homology, imply the equality

14
> Xo(HP(Dy: @) - x5 (HY (S: @) = xo(HP (S: 9))
s=0
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which in view of (3-6) can be reformulated as

P 1

Z Xo(HtD(DS' q)) - (_1)(n—[7)+(n—s)-(m—n) . <n_
) p_s
s=0

=8\ _ . (n—t)-l—n-(rn—n).(n_l)
) )

Dividing both sides by (—1)"=P+7("=1) and moving the term s = 0 to the right-hand side yields

> 00D - (U o (T <oy (7). @9

s=1

Note that for s < ¢ we have that the support of D; is contained in O, and in particular H 0 (D ) =
and H’ (D ) =0 for j > 0. It follows that XO(HD(DO q))=1and XO(HD(DS, q))=0 for O0<s<t,
so (3- 8) is equivalent to the desired relation (3-7). O

3C. A binomial identity. The goal of this section is to use the recurrence relation from Lemma 3.3 in
order to deduce a closed formula for the Euler characteristic XO(H,D(D »; q)). We prove the following.

Proposition 3.4. For 0 <t < p <n we have that

X0(HP (Dp: q)) = (= 1)(P=0Frm=m. (Z) : (pt_1>.

Proof. 1t suffices to check that the right-hand side of the above equality satisfies the recursion in Lemma 3.3,

that is (after canceling some signs)
S e ()N e (-0 e

It suffices to prove that the (bivariate) generating functions of the two sides coincide, so we multiply each
side by x’ - y” and sum over all pairs 0 < 7 < p of nonnegative integers. We have

3 — —1—
Oggp(sgrl(—l)(s” . (:) . (s ) 1) ) (npl_SS)) ey

s—1

=>(} )'(—y)s'<i<s;1)-(—x)t>-(Z(”;lzs).yp—S)

s>1 t=0 p=s
n s s— n— —s_(1+y)n71 n —y-(1=x)\
=3 (5) oy —T[Z()<T>]

n—1 . _ n n n—1
_(+y) .Kl_y (1 x)) —1]:( Atxyy A+ (3-10)

1—x 1+y 1—x)-(14+y) 1—x
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We split the generating function of the right-hand side of (3-9) into two parts, as follows.

> o (M)t =2 () () =y (52). @

O<t<p t>0 p>t
n—1 n—1y\ 1—x? 1 _ _
> ( P )y =3( p ): T = (AT =)™ (3-12)
O<t<p p>0 X X

Taking the difference between (3-11) and (3-12) we obtain

1 1 n—1 1 n 1 n—1
(1+xy)n—l_( oy )_( T d4xy)t A4y
1—x 14y 1—x 1=x)-(1+y) 1—x
which is the same as (3-10), proving the identity (3-9). O

3D. The proof of Theorem 3.1. The conclusion of Theorem 3.1 can be rephrased using (2-9) as
Dipy . _(p=0+(p—s)-(m—nm) (TS ) . (P— 1 —S) _ )
(H,"(Dp;q), Ds)p =4 (p_s o Uiy ), fors=0...0. (13

The fact that (H (D »s q), Ds)p =0 for s > ¢ follows since we are considering local cohomology groups
with support in O,, and the modules D, with s > ¢ have strictly larger support.

We note that the polynomial on the right-hand side of the above formula is invariant under subtracting
one from each of m, n, p, t and s. If we restrict the local cohomology groups to the basic open affine
X1 = (x11 # 0) and use the inductive structure as explained in Section 2H then it follows that for s > 0

(HP(Dy: ). ID:1)p = Y[HS, (D), )1-g/.1D{ 1)
j=0
so the desired conclusion follows by induction. We are left with considering the case s = 0, where we
need to verify that
(HP(Dy: q). [Dol)p = g P~ 7). <Z>42 : (p[_ ! ),,z'

We consider a witness representation for the module Dy (as in (2-14)) defined by
W= S(_nm)Cm X S(_mn)([:n =det(C" ® Cn)v.

As seen in (2-14), the multiplicity of Dy as a composition factor in some GL-equivariant D-module M is
the same as the multiplicity of W as a subrepresentation of M, so W witnesses the occurrences of Dy as a
composition factor of M. It therefore suffices to verify that

2 (m— n —1
(HE-(Dy: g), Wigr =g =0t () (P
P/q? t g2

We prove this equality in two steps:
(1) We show the inequality <, where Y a;-q¢' <Y b;-q' if and only if a; < b; for all i.
(2) We show that after plugging in ¢ = —1 we obtain an equality.
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For the inequality in (1) we begin by recalling that O, is defined by the ideal I, | of (t + 1) x (t + 1)
minors of the generic matrix, and that the sequence of ideals /;41)xq is cofinal with the sequence of
powers of I, . It follows from [Eisenbud 2005, Exercise A1D.1] that

H} (D)) = h_i)nExt’g(S/I@H)xd, D). (3-14)

We compute the Ext modules in the above limit from the minimal resolution of S//41)xq described
in [Raicu and Weyman 2017]. We have that Ext’S(S /It+1)xa> Dp) is the j-th cohomology group of a
complex F°, where

F/ =Tor}(S/I+1yxa- C)¥ ®c D,.
Notice that Torg(S/I(,Jr])Xd, C) = C so that F¥ = D, and (F% W)gL = 0 since p > 0. Notice also that
Tor} (S/1(141)xa» C) =Tor}_ | (Iy41)xa- ©)  for j =1,
so taking d >> 0 (in particular d > ¢t + 1) we have that

(DtFileL a7, w) = (WY @D, Y [Tor}($/u+1yxa: O)low-a )

Jj=0 j>0 GL
=4q- (Wv ® Dp, Z [T0r§(1<z+1)xd, Ol - 61j>GL
Jj=0
n—1—t . ot
= Z (W\/ ® Dp, h(t+]+r)x(d+r)(q)>GL . qr +2r+1 . ( t )qz’ (3'15)
r=0

where the last equality follows from (3-3) by taking a = ¢ + 1, using the fact that min(r 4+ 1,d) =¢+1,
and noting that (rJrr’)q2 = (r;“t)qQ. Lettinga =t+1+4+r and V= W" in Lemma 3.2 it follows that the

only term that survives in (3-15) is the one corresponding to r = p —t — 1, which yields
; ; -1
FllaL-q7, W> _ p-(m—n) (”) (P (p ) .
<ZO[ loL-¢q o =4 plp t )
iz

This shows that W can only occur as a subrepresentation in F/ only if j = p-(m —n)+ (p — )% (mod 2),

and in particular W does not occur in any two consecutive terms of F*. Since EXt’S(S [i+1yxa, Dp) is

obtained as the j-th cohomology group of F*, it follows that (EXt{(S/I41)xda: Dp), W) = (F/, W)aL
for all j, and using (3-14) we conclude that

Y GL,py . (p—02+p-(m—n) (1 p—1

(HP(Dy: 9), Dolp = (HE(Dy: 9), Whar, < g (G (7). e

Since the exponents of g appearing in (3-16) with nonzero coefficient have the same parity, it follows

that in order to prove the equality and conclude Step (2) of our argument, it suffices to check that equality

holds in (3-16) after plugging in ¢ = — 1. In this case the left-hand side becomes XO(H,D(D »s q)), while the

right-hand side becomes (—1)(P=0+p:(m=n). (; )-(7 t_] ), so the conclusion follows from Proposition 3.4. (J
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One consequence of (3-16) is a vanishing result for the local cohomology groups Hé (D)), based
solely on the parity of j. Similar vanishing results, proved using more refined techniques in Sections 4
and 5, will play an important role in analyzing square matrices.

Corollary 35 Ifj£(p—1t)+p-(m—n) (mod?2) then ng(Dp) = 0. In particular, when m = n we
may have Hé (D) # 0 only when j = (p —1t) (mod 2).

Proof. By (3-16), g/ may appear with nonzero coefficient only when j = p - (m —n) 4 (p —t)? (mod 2).
Since (p —1)? and (p — t) have the same parity, the conclusion follows. O

3E. The proof of Theorem 1.3. We have

Ly(g, w)= Z <H60(Hg:_j(5)), Do)p -q' - w’

i,j>0
14 . A
= Z(DH}‘)O(DS), Do)p-q'- (Z<H;"Z‘J<S>, Dy)p - wf)>,
i>0 *s=0 j=0

where the first equality follows from (1-5) and the second from the fact that modgr.(Dy) is semisimple,
and the fact that local cohomology commutes with direct sums. We obtain by reversing the summation
order that

p
Ly(g. w) =Y (Hy (Dy: ), Do)p - (HY (S;w™"), Dy)p - w™
s=0
p
(3-13),2-10) Z qs2+s-(m—11) ) (n) . w—(n—p)z—(n—s)-(m—n) . (n_ 1 —S) ™
S/q? p—s w2

s=0

Using (2-3), it follows that in order to prove (1-7) it suffices to verify the identity
PP 4+2p+s-(m+n—2p—2)=—(n—p)’—(n—s)-(m—n)=2-(p—s)-(n—1—p)+mn

which follows by inspection after expanding the products.

4. Vanishing of local cohomology for the subquotients J ,

Throughout this section we let m = n, and in order to keep track of the two distinct copies of C" we will
denote them by F and G respectively. We will then let X = (F ® G)" and S = Symy(F ® G) be the
coordinate ring of X. Finally, we write GL = GL(F) x GL(G). The goal of this section is to revisit the
construction of a class of GL-equivariant S-modules which have played a prominent role in describing the
graded components of Ext and local cohomology modules for determinantal ideals and their thickenings
[Raicu and Weyman 2014; Raicu 2018], and to prove vanishing results for some of their local cohomology
groups. These modules are indexed by pairs (x, p) with x a partition and p a nonnegative integer, and are
denoted J , (see Section 4A for their construction). We write m for the maximal homogeneous ideal of the
polynomial ring S, so that H,{;(—) =H éo (—). Our key vanishing result below will be proved in Section 4B.
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Theorem 4.1. Suppose that 0 < p <n and that x € Ngom with x|y = -+ - = Xx,.
(@) Hnll(EXté(J;,p, $)) =0 forall j > 0.
(b) If0 <t < p then ng(JLp) =0 fork # p—1t (mod?2).

4A. The ]y, p-modules and their relative versions. Recall the notation from Section 2F. For 0 < p <n

we define
XP) = Flag([p, nl; F) x Flag([p, n]; G),

noting that X = Spec(C). On X P’ we have a natural sheaf of algebras given by

S =Symo, ., (Qp(F)® Qp(G) = (P S:Qp(F) ©5:2y(G),

P

)—CGNdom

where the last equality comes from Cauchy’s formula just like (2-5). Note that when p = n we get
S™ = S. We define Y ) = Specy»S?, which is a vector bundle over X7 whose fiber can be identified
locally with the space of p x p matrices (see Section 2G). For x € N/ we let Iép ) denote the ideal

dom

in S (see also (2-6)) generated by S, Q,(F) ® S, Q,(G), and define
Igf) = Z Iép) for any subset X C N/

dom*
xeX

We define for / < p and z € N} the subset of N/

dom dom
suce(z, l; p)={y € Né’om ty>zandy; >z for some i > [},
and consider the S”)-modules defined by

j(z;) — Iép) /Z(p)

z, suce(z,l; p)°

with the convention that succ(z, p; p) = & and jz(f;,) = Ig(p ). When p=nand x € N} we have

I, = Ié") as in (2-6), and we write J,; = J;j’l). The ideals I, and the S-modules J, ; have been studied
in [Raicu and Weyman 2014, Section 2B; Raicu 2018, Section 2.1]. As noted in [Raicu and Weyman
2014, Lemma 3.1(a)], if we consider the line bundle

det’”) = det 9, (F) ® det Q,,(G) (4-1)
then we have jx(f;) ® det'”) = jx(i)(l,,)’l. This allows us to define jx(f;) forany A € 2 :if A =x — (dP)
for some d € Z>¢ and x € Ngom, we let

T = T8 @ (det?)®, (4-2)

For p + 1 < g < n, we consider the line bundle on X (” given by (see the notation in (2-17))
Ly=Ly(F)®Ly(G)

and for u € Z"? we define in analogy with (2-18)

n—p
n__ Wi
LE = ® £p+i'
i=1
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For A € 7%

dom”

I < p and u € 7"P we define the S”)-module (with S”-action inherited from j;f;))
» _ 7
Mk,l;u_ ol ® LH.

As an Ox»-module, we have a direct sum decomposition

Mf(\lfl):u = @ S5Qp(F) ® $5Q,(G) ® L*. (4-3)
S>A
8,-=Al-_f0ri>l

We note that if y € N/ 7 and d > y;, and if we define x € N by letting

dom dom

xXj=---=xp=d and x,y;=y; fori=1,...,n—p, 4-4)

then the module Mggz)’ by coincides with the one denoted by M, , in [Raicu and Weyman 2014, (3-8)].

It follows from [Raicu and Weyman 2014, Lemma 3.2] that if we define x as in (4-4) then
Jy,p ifk=0,

] (4-5)
0 otherwise.

)
H (X, Mg,’p),p;l) = {

We will be interested more generally in the cohomology groups of ./\/lip 1); " for [ < p, which are naturally
S-modules. It will be useful to note that (2-19) yields det™ = det'’” @ £1"") and therefore

(p) (p)
ME 1oy i ommy = M1, @ det ™. (4-6)
Theorem 4.2. Let 0 <g < p and k > 0, suppose that A € Zgom with Ay =---= My, and that p € 7"~ P. The

cohomology group H*(X P, Mf\p ;. ) admits an S-module composition series with composition factors
isomorphic to J, | forl < q and v € Zj . Moreover, if A, < |1 for some j then the composition series

can be chosen in such a way that each J,,; appearing as a composition factor satisfies vi = - - - = Vj41.

Proof. Using (4-6) and the fact that det™ is a trivial bundle with fiber det(F) ® det(G) we obtain

H XD M) ) nen) = HE XD, M) ) @ (det(F) @ det(G)).
Since we also have that J,, (17 ; = J,; ® (det(F) ®det(G)), it follows that we may assume without loss of

14
dom

generality that A e N and u € N*~P. We next reduce ourselves to the case when u is dominant. Consider

G =G(p, F) x G(p, G)
and the natural map (P = 1//}’7 ) % 1/fg7 ) x () G (see (2-20)). Using Theorem 2.1(a) we get that
RiyPMP) ) =R yP P ) foralli eZ,

(p)

where [ is the number of inversions in u + 8" ~?). We know moreover that R’ «pi” ) (M, i

) is nonzero
for at most one value of i, so the Leray spectral sequence degenerates and yields

Hk(X(p), M;P;M) _ Hk—i(@(p)’ Ri‘//ip)(fo{);;u))
_ k=i () pi=20.1.(p) AP _ k=2l oy (p) AqP)
= H"' (G, Ry P (M D) = H (XD MP .
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Notice that if A, < u; for some j, then (2-21) forces A, < ft;. With these reductions, we prove our
theorem by induction on p and ¢. When p = g = 0 we have /\/lip ;; = L. Since p is dominant, it
follows that its higher cohomology groups vanish and

HO (X, M/(\{)t)z;u) =SuF®SuG = Jy 0,
proving the base case. Suppose next that 0 < g < p, consider the natural map (see (2-15))

7P=D — n[(:l’—l) x ﬂép_l) - x=b 5 x®

and define
W= dpo) and = G e )
We have using Theorem 2.1(c) that
(p) e
. _ M ifi =0
Rlﬂ(p_l) ./\/l(li 1_) — { N ’
o M ) 0 otherwise.

The Leray spectral sequence degenerates again, showing that

koy(p) P N _ gkoyp-D (p=1)
H (X P ’M)»,q;u)_H (XP ’M)»f,q;uﬂr)
and allowing us to obtain the desired conclusion by induction on p.
Finally, the most interesting situation is when p = ¢ > 0, in which case A = (d”) for some d > 0. If

d > u then it follows from (4-5) that ./\/lip ;; u

HO(xP, Mf\’f()];u) =Jvp,  Where v=(d?, p1, ..., tn_p).

has no higher cohomology and

(p)

Note that in this case v, # v,y1! If d < u; then we obtain a filtration of M = M’ P given by
M=MyDM;D---DMy,_q, where M; = M;’jr)(i,,),pm fori =0,...,u1—d,

where the inclusions are the natural ones, compatible with the decomposition (4-3). In particular,
each M, is a direct summand in M; (as an Ox»-module, but not as an SP)-module!), and we
obtain a filtration

HY XD, M) 2 HY XD, M) 2 2 HY XD, My, —a). @7
It follows from (4-5) that H*(X?), M,,,_4) = 0 for k > 0 and
HO(X(”), Mu—a)=Jv,p, wherevi=---=v,p1=p1 and v,; =p; fori =2,...,n—p.
Moreover, since

M/ Mig = MP where A = (d +i)?~" and p! = (d+i, 1. ...\ fn_p),

M op=Tiui”

it follows that the intermediate quotients in the filtration (4-7) have the form

H*(XP M /M) = H (XP, M;f’)pfl;m)
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which by induction (on ¢) have an S-module filtration with composition factors as in the statement of
the Theorem. Therefore (4-7) can be further refined to obtain the desired filtration for H*(X?), M). O

We will use Theorem 4.2 in conjunction with the following vanishing result. Recall that m is the
maximal homogeneous ideal of the polynomial ring S.

Lemma 4.3. Suppose that 0 <1 < n and that v € 7} is such that vy = ---=v,. Ifl # 1 orifl =1
and v = v, then
Hy(Jy) =0.

Proof. Using graded local duality, the desired vanishing is equivalent to
Ext? ~'(J,, §) =0.

Based on (4-2), we may assume without loss of generality that v € Njj  so we can apply [Raicu and
Weyman 2014, Theorem 3.3] which completely describes the graded components of all the modules

- . . 2_ . ..
Extg(J,,,l, S). Based on the said theorem, the vanishing of Extg ](JVJ, S) amounts to proving that it is
impossible to find integers 0 <s <] <--- <t,; </ and dominant weights « € Zjj  simultaneously
satisfying the following conditions:
2 n=l . _

l +2Zj:l tj=1,

o, >1—v —n,

O(tj+j=lj—vn+1_j—l’l fOI’jIl,...,I’l—l,

oy >s—nand o5 <s—n,
where by convention oo = oco. The first condition already forces / =1and t; =--- =1t,_; = 0. Applying
the third condition for j =n — 1 we obtain o, = —v; —n. Since « is dominant we must then have

—V»—n=au_1 >0, >1—v;—n,

which in turn implies v — 1 > v, and in particular v; # v;. It follows thatif / # 1 orif [ =1 and v; = v,

the above conditions cannot be satisfied and Extgz_1 (Jv.1, §) =0, concluding our proof. O

Remark 4.4. If / =1 and v; > v, then Hnli(J,,,l) # 0. As explained in the proof above we may assume

that v is a partition. We can then take s =1 = --- =1, = 0 and define o € Z} by letting
aj=—vyqp1—j—n forj=1,...,n—1, and a,=1-v —n.

It follows that S, F ® S, G appears as a subrepresentation of Ext’S’Ll (Jv.1, S), proving that H;l(J,,J) #0.

Corollary 4.5. Suppose that p, q, A, u are as in the statement of Theorem 4.2 . If A, < juj for some j then

Hy(HE (XD, M) D) =0 for all k.

Proof. We know by Theorem 4.2 that each of the groups H* (X (), M(Ap c)l; u) has an S-module filtration with
composition factors isomorphic to J,,; where v; = - - - = vj41, so it suffices to prove that Hnll(Jv,l) =0 for
each such factor. Since no factor has / = 1 and v # v,, the desired vanishing follows from Lemma 4.3. [
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We record for later use one more vanishing result which is a direct consequence of Bott’s theorem.
Lemma 4.6. Suppose that M decomposes as an Oy -module into a direct sum of sheaves of the form
B=S,0,(F)®L'(F)®S,Q,(G) ® LI(G),

p
wherev € 7,

and pu € 7""P. We have that
HY(XP M)=0 fork odd.

Proof. Combining the Kiinneth theorem with Theorem 2.1(b) we see that B has nonvanishing cohomology
if and only if (v|1) 48" has no repeated entries, in which case its only nonvanishing cohomology group is

H(x'P), B) = H' (Flag([p, nl; F), S,Q,(F) ® £'(F)) ® H' (Flag([p, nl; G), S, Q,(G) ® L*(G)),

where [ is the number of inversions in (v|u) +8™. In particular H k(xP) B) =0 for k odd, so the same

is true for M, concluding the proof. (]
Remark 4.7. The above vanishing applies when M = Mip ;; > Where 0 < g < p, ). € Z§  is such that
Al =---=Ag,and u € 7"°7.

4B. Proof of Theorem 4.1. We fix 0 < p <n and x € N} __ with x; = --- = x,. We write X = X",

Y = Y@ and consider the commutative diagram

Yl T=SpecSx X —— X
T
X‘ l
Spec S

We can identify T with the total space of the trivial bundle (F ® G)" over X, and ) with a subbundle
of T via the inclusion ¢. We write 73y = 7ty o« for the projection map Y — X.

We define y € N " by letting y; = x,4; fori =1,...,n— p, setd = x| and let M = MES,),)’[,;},. We
write S = S, D = det'”, and thinking of M as an S-module on X’ we have that B

M=SRp,V, whereV = D4 ®o, £ is a line bundle on X. (4-8)

We can then think of M as being locally (on the base X') isomorphic to S, or as the invertible sheaf 73,V
on ). The relationship between M and J; , is given by (4-5), which can be interpreted as the equality

Rp (M) = Jy,p (4-9)

in the derived category, where J, , is considered as a complex concentrated in cohomological degree 0.

Proof of Theorem 4.1(a). Observe that Extg.(JL S = R/ Homg(J,, p, S). Using (4-9) and Grothendieck
duality [Hartshorne 1966, Theorem 11.1] we obtain

RHomg(Jy,p, S) = R Homgs(R$.(M), S) = Rpw(R¥Homy(M, ¢'S)) = Rp(M" @0, ¢'S)), (4-10)

where the last equality follows from the fact that M is locally free. By functoriality we have ¢'S = ¢'(7'S)
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and 'S = mrwx[dim X], where [—] indicates the shift in cohomological degree and wy is the canonical
bundle on X (see [Hartshorne 1966, Section II1.2]). Using [Hartshorne 1966, Section II1.6], we also have

¢'S = ' (Trwx[dim X]) = * R¥omr (1,0y, mrwx[dim X])
= detWyr)[dim(Y) — dim(T)] ®o,, 75w [dim X1, (4-11)

where Nyr is the normal bundle of Y in X. We have Ny r = n;gv, where
§ =ker((F® G) ® Ox — Q,(F) ® Q,(G)),
so in order to compute det(Ny,7) it suffices to compute det(§). We have

det(&) = det(F ® G) ® det(Q,(F) ® Q,(G))"
— (det("))®” ®0 (det(p))®(—17)
— D@(W—P) ®OX E(ﬂnip)’

where the last equality follows from the fact that det™ = det'’”’ ®¢, £1""). We have moreover that
dim()) — dim(7T) 4+ dim(X) = —n + p,

and the canonical bundle on X is given by (see for instance [Weyman 2003, Exercise 13, Chapter 3])

We can therefore rewrite (4-11) as
¢!S — n_;(p@(Zp—Zn) ®OX L(2p+l—2n,2p+3—2n,...,—1))[_n + p]
Tensoring this with M" = 7,(D®? ®¢, L£7Y) we obtain

! (p)
MY @0y, ¢'S = M;" [-n+ pl,
where

A=(Q2p—2n—d)?) and u;=2p+2i—-1-2n—y; forl<i<n-p.
It follows from (4-10) that

[=n+pD) = H "X M),

Ext)(J;.p. §) = RI g (MP) D

A,psk

Since d > y; it follows that A, =2p —2n —d < 11 =2p +1—2n — y;, so we can apply Corollary 4.5
to conclude that Hnl1 (Ext‘g(J . p»S)) =0forall j. [l

Proof of Theorem 4.1(b). We let Z, = ¢~ 1(0,) and note that working relative to the base X, Z; is locally
the variety of p x p matrices of rank at most ¢. It is cut out inside ) by the sheaf of ideals Z;1yx1 C S.
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It follows from the discussion in Section 2G that if we set m =n = p in (2-10) then

0 if j # (p—1) (mod2),
P SiQ,(F)®S,Q,(G) if j=(p—1) (mod2),

where the direct sum is over some collection of weights A € Zgom (with repetitions allowed), whose precise

Hét (. 0y) = Hé(l-%—l)x] (&, 8) = {

description follows from (2-7), but is not relevant for the rest of the argument. It follows from (4-8) that

0 if j # (p—1) (mod 2),
VR0, (B S:.9,(F)®S,0,(G)) if j=(p—1) (mod2).

Writing I'z for the functor of sections with support in Z, we get a natural isomorphism

H (V. M) = { (4-12)

g 0¢s=¢:0lz,
which yields in the derived category
RT'G,(Jx,p) = RT'5 (R$ M) = R+ (RT'z,(M)).
This means that we have a spectral sequence
Ey) = H'(V. 1 (V, M) = Hy (Jx ).

We have noted in (4-12) that 7—[2 (Y, M) =0 when j # (p —t) (mod 2), and it follows from Lemma 4.6
and (4-12) that H' (Y, ’Hét (Y, M)) =0 when i is odd. It follows that

E5) =0 wheni+j# (p—1) (mod2),

proving that H(%,(f;c,p) =0 for k # (p —t) (mod 2), as desired. U

5. More vanishing of local cohomology

The goal of this short section is to prove two vanishing results, which are based on Theorem 4.1 and
will constitute important ingredients in describing the module structure of local cohomology groups for
square matrices. We continue to assume as in Section 4 that m = n.

Theorem 5.1. For all p < n and all j > 0 we have that
1 J _
Hm(Hap(S)) =0.
Proof. As in (3-14) we can write

Hép(S) = li_;)nExtg(S/](pH)xd’ s).

Since local cohomology commutes with direct limits, it is sufficient to prove that

Hnli(EXté(S/I(erl)xda $)) =0.
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Using [Raicu and Weyman 2014, Lemma 2.2] (with the notation there, we choose x to be the zero partition
and y = (dP*1)), we see that the modules S/ I(p+1)xa admit a finite filtration by S-submodules whose
successive quotients are of the form J; ,, with z; = - -+ = z,(= zp41). By [Raicu and Weyman 2014,
Corollary 3.5] (see also [Raicu 2018, Theorem 3.2]), this induces a filtration on Exté(S /I(p+1)xa, S) with
successive quotients Exté(J; »»S). The conclusion follows now from Theorem 4.1(a). ([l

Recall the definition of Q, from (1-12). The following should be seen as an analogue of Corollary 3.5.

Theorem 5.2. Ift < p then we have that for all k % p —t (mod 2)
k
H 0, (Q p) =0.
Proof. Note that since Sget = Q,, we have by (2-12) a decomposition

Si= P ST ®@S,:C",

reZ”

dom

analogous to (2-5), with the only difference that X is allowed to be any dominant weight, as opposed to
just a partition. In analogy with /., we can then define the fractional ideals I to be the S-submodules of
Sdet generated by $,C" ® S, C". We have [, = det™!.1 »+(1m), and it follows from (2-6) that

L=s.c'eS,.C". (5-1)
=28

We can write

Sdet = li_r)n(det_d S) = h_r)n I(—d”)-
d d

Using (1-12) and (2-12) it follows that

(detr " p= @ SiC"®SC"
Ap+1Zp+l—n

and in particular using (5-1) we get
Tan N {det” ™™ ) p = Iy 1yt Cayr)

for d > 0. We can then rewrite (1-12) as

, I(—gn . det? -I(_gn , S
Qp =lim e = lim —> D = lim .
d I((p+17n)p+1’(7d)n—p—]) d det ’I((p-i-l—n)l""l,(—d)”_p_]) d I(P+1)X(d+p+1*n)

Since local cohomology commutes with direct limits, it is enough to show that
Hg[(S/I(,,H)X(,,_,,MH)) =0 forks p—t (mod2)andd > 0.

As seen in the proof of Theorem 5.1, the modules S/ (p11)x(p—n+a+1) admit a finite composition series
by S-submodules, with composition factors of the form J; j, with z; = - - - = z;,. The desired vanishing

now follows from Theorem 4.1(b). U
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6. Module structure of local cohomology groups

The goal of this section is to describe for X = C"*" the decomposition into a sum of indecomposable
objects in modgy (Dyx) of the local cohomology groups H 51 (D) and H 6.7, (Qp). In the case of nonsquare
matrices (m > n) we have noted that modgr.(Dx) is semisimple, so the indecomposable objects are the
simple modules Dy, ..., D,, and the decomposition of the local cohomology groups into a sum of simple
modules is already encoded by their class in the Grothendieck group described in Theorem 3.1. We will
therefore only be concerned with the case when m = n for the rest of the section.

To state the main results of the section, we begin by considering the full additive subcategory add(Q) of
modgr (Dx) formed by the Dx-modules that are isomorphic to a direct sum of copies of Qq, Oy, ..., Q.
We let W denote the semigroup of isomorphism classes of objects in add(Q), where the semigroup
operation is given by direct sum. We write [M] for the class in ¥ of a module M € add(Q). We have a
natural inclusion of W as a subsemigroup of I'p, given by [M]+— [M]p. Our first theorem describes the
local cohomology groups H.E, (D) as elements of add(Q) as follows.

Theorem 6.1. Foreveryt, p, j with0 <t < p <n and j > 0 we have that Hé;[ (D) €add(Q). Moreover,

t
S IHL (D1-g7 = 10,197 my(g?)

j=0 s=0

holds in W[q], where my(q) € Z[q] is computed by m,(q) = (Z:;)q and

_(n—s p—1—s n—s—1 p—2—s _ B
ms(q)—<p_s>q-( g )q_(p—s—l)q'<t—1—s>q fors=0,...,t—1.

Proof. The main content of the theorem is the assertion that H(%, (D)) € add(Q), which will be proved
in Proposition 6.11. Since W embeds into I'p, we can determine the polynomials m(q) by expressing
[ng (Dp)]p interms of [ Q¢ ]p. Using the fact that [Dg]p =[Q1p—[Qs—1]p for s > 1 and [Dglp =[Qolp,
the desired formula for m (q) follows from the case m = n of Theorem 3.1. U

In order to be able to compute iterated local cohomology groups, we need to be able to describe the
local cohomology groups of the modules Q.

Theorem 6.2. Foreveryt, p, j withO <t < p <nand j >0 we have that Hé (Qp) €add(Q). Moreover,

t
j i -0 2p—s) (M—s—1\  (p—s—1 . )
JZ:O[HO'(QP)] q’ —g[Qs] q'r P ( p—s >q2 <p—t—1)q2 holds in W[q]. (6-1)

6A. The quiver description of modgr,(Dyx). We recall from [Loérincz and Walther 2019] the quiver-
theoretical description of the category modgr. (Dx), referring the reader to [Lérincz et al. 2019, Section 2.4]
for a quick summary of the notation and properties of quiver representations that we will use. In particular,



Iterated local cohomology groups and Lyubeznik numbers for determinantal rings 2561

for a quiver representation 20 we write 20, for the vector space associated to a vertex x, and write 20 (o)
for the linear transformation attached to an arrow «. We consider the quiver with relations pictured as

— o] %] Op—1 [P
AAn: (0) (1) n—1)—=m), (6-2)
Bi B2 Bu-1 Bn
where the relations are given by the condition that all 2-cycles are zero (i.e., «; 8; = 0 = B;«; for all
i=1,...,n). By [Lérincz and Walther 2019, Theorem 5.4] we have an equivalence of categories
modaL(Dx) = rep(AA,) (6-3)

between modgr (Dyx) and the category of finite-dimensional representations of ZZ,, For instance, under
this equivalence the simple Dx-module D, corresponds to the irreducible representation

0 0 0 0 0 0
DP . 0 0 C 0 0,
0 0 0 0 0 0

where a one-dimensional vector space C is placed at vertex (p), and O is placed at all the other vertices.
It will be important to identify the quiver representations corresponding to the modules Q) in (1-12).

Lemma 6.3. Foreach p =0, ..., n, we consider the representation QP € rep(ﬂn) obtained by letting

QEip)) =Cfor0<i<p,and Qgﬁ) =0 fori > p, and with maps
1 1 1 0 0 0
QP ¢ C . C 0 e 0. (6-4)
0 0 0 0 0 0

We have that QP contains P as its unique irreducible subrepresentation, and that QP /P ~ Q=D
Moreover, the Dx-module Q , corresponds via (6-3) to the representation QP forall 0 < p <n.

Proof. The fact that ®() is a subrepresentation of Q" and the identification Q) /D ~ Q=D follow
from the definition of Q. If 29 € Q™ is a subrepresentation with 23, = C for some i < p, then
20 +1) contains the image under QP (ajt1) of W;), that is W41y = C. It follows that W ;) = C for
all j =i,..., p, and in particular 20 contains D, as a subrepresentation.

To prove that Q, corresponds to QP via (6-3) we argue by descending induction on p. Using
(1-10)—(1-12) we get that O, =~ Q /D, proving the inductive step. It remains to address the base case
p=n,when Q, = Sqe. If we apply [Lorincz et al. 2019, Lemma 2.4] with G =GL, Y =C"", U =0 =0,
the dense orbit of rank n matrices, and j : U — Y the natural inclusion, it follows that Sget = ji j*S is
the injective envelope of S = D,, in modgr (Dyx), so Sqet corresponds via (6-3) to the injective envelope
of ®™ Using the quiver description of the injective envelope of a simple representation from [L&rincz

et al. 2019, (2.15)], it follows that Q" is the injective envelope of D, concluding the proof. U
For each p =0, ..., n we consider the full subcategory
modg]f (Dx)

of modg (Dy) consisting of modules with support contained in O p- This subcategory is closed under
extensions and taking subquotients, and it corresponds via (6-3) to the subcategory rep(ﬂ p) of rep(ﬁn),
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obtained by forgetting the vertices (p + 1), ..., (n) of the quiver AA,. We have the following important
observation, which follows from [Lorincz et al. 2019, (2.15)] and the equivalence with rep(ﬂ )

Lemma 6.4. Inside the category modg]’: (Dx), the module Q, is the injective envelope of D, and the

projective cover of Dy. In particular, Q , is indecomposable.

To describe local cohomology groups we will work mainly in the additive subcategory add(Q) of
modgr (Dx). One property important to us is that add(Q) is closed under taking extensions and quotients.

Lemma 6.5. For every 0 <i, j <n we have that EXtrlnodGL(Dx)(Qi’ Q;) =0. In particular, every short
exact sequence in modgr (Dy)
00— M —- N— M, —0, (6-5)

with M, M, € add(Q) splits, and hence N € add(Q). More generally, if N € modgL(Dx) has a
composition series with composition factors in add(Q), then N € add(Q).

. o . 0, . .
Proof. For the first assertion, we let p = max(i, j) and note that since mod;’ (Dx) is closed under taking
extensions it suffices to prove that

Eth 0p (in Qj) =0.

modg” (Dx)
By Lemma 6.4, if p = i then Q; is projective in modg]f(Dx), while if p = j then Q; is injec-
tive, so the above vanishing follows. Since Ext! commutes with finite direct sums, it follows that
ExtrlnodGL(Dx)(Mz, M1) =0 for My, M, € add(Q), and therefore (6-5) splits. To prove the last assertion,
we argue by induction on the length of the composition series. We write N as an extension (6-5), where
M, € add(Q) and M| has a shorter composition series with composition factors in add(Q). By induction

we have that M, € add(Q), hence (6-5) splits and N is also in add(Q). O

Lemma 6.6. Any quotient of Q , in modgL(Dy) is isomorphic to Q, for some 0 < q < p. More generally,
if M € add(Q) then any quotient of M is also in add(Q).

Proof. We prove the first assertion by induction on p. By Lemma 6.3 and (6-3), D,, is the unique simple
submodule of Q,, and therefore every proper quotient of Q, factors through Q,/D, = Q,_1. By
induction, every quotient of Q,_; is isomorphic to Q, for some 0 < g < p — 1, so the same must be true
about every proper quotient of Q.

For the last assertion we argue by induction on the length of M. We consider a quotient 7 : M — P
and write M = Q, @ N with N € add(Q), and let P’ = (Q ). Using the previous paragraph, P’ >~ Q,
for some 0 < g < p. The map = induces a map of short exact sequences,

0 Qi M N 0
0 P’ P P" 0

where the vertical maps are surjective and P” = P/P’. Since N has smaller length than M, it follows that
P” € add(Q), hence P € add(Q) by Lemma 6.5. O
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6B. Local cohomology of the polynomial ring S. The goal of this section is to prove that the local
cohomology groups of § are in add(Q), thus proving the case p = n of Theorem 6.1. Our argument will
be inductive, starting with the observations in Section 2H. We let X| C X denote the basic open affine
where x1; # 0, let U = X \ {0}, and let j; : X; — U denote the open immersion.

Lemma 6.7. If M, N € modgL(Dy) are such that there exists a Dx,-module isomorphism jM >~ jIN
then M >~ N.

Proof. We let Z = U \ X and consider the exact sequences

0 —— HL(M) —— M —2 j1, M~ HL (M) —— 0

¢lz
0 —— HY(N) —— N —2s ji jiN —2s HL(N) —— 0

where ¢ exists by assumption. Since Z contains no invariant closed subset of U, it follows that no nonzero
subquotient of M and N can have support in Z. Hence, we have ’H%(M )= 7—[% (N) =0 and therefore «, 8
are injective. Moreover, we have 8’ o¢poa =0 and o’ o ¢ o =0,s0that poa (resp. ¢~ o B) lifts to
an injective Dy-module homomorphism ¢ (resp. ¢»). Since M and N have finite length, it follows that
their lengths coincide, and ¢ and ¢, must be isomorphisms. U

Proposition 6.8. Forallt <n andi > 0 we have H% (S) € add(Q).

Proof. We proceed by induction on n: if t =0 then each H % (S) is a direct sum of copies of Dy = Qg, so
it is in add(Q). We may assume then that n > ¢ > 1 and let j : U — X denote the inclusion. For any
Dx-module M, we have the exact sequence

0— HY(M)— M — j.j*M — HL(M) — 0. (6-6)

We let Qg = j*Q, for 1 < p <n and prove that j, Q?, = Q). From Lemma 6.3 we see that O, has no
submodules supported at Oy, so H‘g( Q,) =0. Choosing M = Q,, in (6-6) gives then the exact sequence

0— Qp— j.Q) — Hp(Q,) — 0.
Since Hn11(Q p) 1s a direct sum of copies of Dy = Qy, it follows from Lemma 6.5 that the above sequence
splits. If we set M = j, Qg in (6-6) and note that the map j, Q(;7 — JxJ ¥ Jx Q(;)y is an isomorphism, we get
H,g(j* Q?,) = 0. Since H,L(Qp) is a summand of j, Q?, supported at O, this shows that HnL(Qp) =0and
Jx Qg = Qp-
We now claim that each j*H 8 (S) is a direct sum of copies of the Dy -modules 09, ..., QS. To prove
this, it suffices by Lemma 6.7 to show that an isomorphism exists after restricting to X;. For that we have

O i i (2-23) i (2-22) ) . )
JTiTHG ()= (Hp (), =" 7*(H, (5) "= 1@ (Q?“’)m:l@ @)
<s=t <s<t

where the equality labeled (2-22) uses also the induction hypothesis, and where the numbers a; are in 7.
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Since ]*H’ (S) is a direct sum of copies of oY, .. Q and j, QO 0, for 1 < p <n, it follows now
that j, J*H l (S) € add(Q). Setting M = H ! (S) in (6 6) we obtain using Theorem 5.1 the exact sequence

0— Hr(r)l(H’a(S)) — H%,(S) — ]*]*Hlar(S) — 0.
Since HnQ(Hia (S)) e add(Q), it follows from Lemma 6.5 that Hia (S) € add(Q), concluding the proof. [
6C. The structure of the modules H 3 (Qp). Inthis section we prove the case t = p—1 of Theorem 6.2.
p-1

Lemma 6.9. Forall j > 0 andt < n we have H(% (Sqet) = 0.

Proof. Multiplication by the polynomial det induces an S-module isomorphism Sget dety Sdet, Which in turn
gives rise to an isomorphism H (Sdet) % H J (Sdet) for each j > 0. Since the polynomial det vanishes
on O, it follows that every element me H (Sdet) is annihilated by det® for some k. Since rnultlphcatlon

by det is an isomorphism, we conclude that m = 0 and, since m was arbitrary, that H ] (Sde[) = ]

Lemma 6.10. Forall p <n and j > 0, we have Hé l(Qp) € add(Q) and
P

Hg (Qp)=Hy (Qp)=0. (6-7)

Proof. The case p = n follows from Lemma 6.9, so we may assume that p < n. We consider the
spectral sequence
Eyl =Hj (H} ()= H’ff (S)-
If weletc, = — p)2 denote the codimension of O, in X, then we know that H J (S) has support
contained in O p—1 1f j # cp, and therefore E = 0if i # 0 and j # cp. Moreover combining
Proposition 6.8 with (1-13) and (3-1) we see that H5 (8) = 0, so we have
P
i, ; . 0, ' .

Ech = HE,,,I(QP) fori>0 and E;’ = Hép(S) for j # cp. (6-8)
It follows that the potentially nonzero groups E;J are arranged along a hook shape centered around
the point (i, j) = (0, ¢;), and that the only potentially nonzero maps in the spectral sequence are

the homomorphisms

E(Z),cp-i-r 1 EO ,cp+r—1 d, Errvcp _ E;Cp for r > 2. (6-9)
It follows that
Ex" ! —ker(d,) and EL =coker(d,) forr > 2.
Since Hk (S) 0 for k = ¢, (mod 2) by the case p =m =n and t = p — 1 of Corollary 3.5 it follows

that E0 0 when j = ¢, (mod 2). Since E J =0 for J #cp (mod 2) by (6-8) and Corollary 3.5, we
conclude that Eoo’ = 0 for all j > 0, and in particular that all the maps d, in (6-9) are injective. The
vanishing of Eoo and the shape of the spectral sequence show that

ELr = ’+CP(S) foralli >0, (6-10)
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and therefore we obtain short exact sequences

0,cp+r—1 r,c r+L
0—E," i>E2 P ”(S)—)O

Ocptr=l ond HrJr ”(S) are in add(Q) by Proposition 6.8 and (6-8), it follows

1’*

from Lemma 6.5 that the same is true for E ,l.e., H(’) l(Q,,) € add(Q) for all r > 2.
o

Since the modules E,

Since the maps (6-9) do not involve any of the modules E;’c” for i =0, 1, it follows that

l CI, icp (610)

= EXS HX"(§)=0 fori=0,1,

H;;p 0, ¢ Hy ™

where the vanishing of H i6+cp (S) follows from the fact that
p—1
c,,_l:(n—p+1)2>i—|—cP:i+(n—p)2 fori =0,1and p <n,
proving (6-7) and concluding our proof. (I

6D. Local cohomology of the simples D,. We are now ready to finalize the proof of Theorem 6.1.
Proposition 6.11. Forevery j > 0andt,p with0 <t < p <n we have H(% (D)) € add(Q).

Proof. We prove the result by descending induction on the pair + < p. We begin with the case when
t = p — 1 and consider the short exact sequence

0—-D,— Q,— Qp-1—0.

Since H  (Qp-1) = Qp-1, Hé (Qp-1) =0 for j >0 by (1-3), and Hé; (Qp) =0for j=0,1
by (6-7), we obtain by the long exact sequence in cohomology that ]

HY  (Dy) =0, H(%pil(Dp):prl, and ngil(D,,):ngil(Qp) for j>2.  (6-11)

It follows from Lemma 6.10 that H é l(D p) € add(Q) for all j > 0. For the inductive step we consider
1 <t < p and the spectral sequence ’

E;' =Hj (HL (Dp)= Hy (D).

By induction, the modules H J (D,,) belong to add(Q), and their summands are among Qo, ..., O;,
since they have support contamed in O,. Using the fact that for s < ¢ — 1 we have H 0 (Q s) = 0Oy and
H i (QS) = 0, together with the fact that H i (Q,) € add(Q) proved in Lemma 6 10 we conclude
that[ each E belongs to add(Q). Our final goal is to prove that E5/ € add(Q), since the modules Es. ]
constitute the composition factors of H7 L+ (D ») with respect to the filtration induced by the spectral
sequence. By Lemma 6.5, this will 1mply that Hk (Dp) € add(Q) for all £ > 0, concluding the
inductive step.

Using Theorem 3.1 we have that H k (D p) =0for k= p—1 (mod?2), so we only need to consider
the modules E wheni+ j#p—t (mod 2). We will prove by induction on r > 2 that E is a
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quotient of Eé’ when i 4+ j % p —t (mod 2). Since E,;| = ker(d,)/Im(d,), it suffices to check that the
differentials d/ : EX — EIT T gre identically O fori + j #% p —t (mod 2).
Since i +r > 2 this is in turn is implied by the vanishing

EY/=0 fori>2and i+j=p—1t (mod2), (6-12)
which we explain next. Theorem 3.1 implies that H J (D p) =0 for j # p—1t (mod 2), so we only need
to prove (6- 12) wheni >2isevenand j=p—t (mod 2). Since H’ (Qs) =0fori>0ands <r—1,
and since H (Dp) is a direct sum of copies of Qo, ..., Oy, it sufﬁces to check that

H%,l (0)) = for i even,
which follows from Theorem 5.2, and concludes our proof. (Il

6E. Local cohomology of the indecomposables Q ,. The goal of this section is to prove Theorem 6.2.
Proof of Theorem 6.2. If p = n then it follows from Lemma 6.9 that H J (Qn) =0forall0<t <n,

n—s—1

which coincides with the formula (6-1) since ( s

)q2 =0 for all s. We may therefore assume that
t <n —2, and proceed by induction on p, starting with the case p =t + 1. Combining (6-7) with (6-11)
and Theorem 6.1, we get that H é l(Q ») € add(Q) for all j > 0 and moreover

o

. . p71
[Qp-11-q+ ) [HS (Qp)]-¢' =) [HS (Dp)1-¢’ =) [0:1-¢-mi(q>).
s=0

Jj=0 j=0

where m,_1(q) = ("‘f“)q =14+qg+q¢>+---+¢" P and

s n—s—1y\ @4 , (n—s—1
ms(q) = (p S) <p—s—1>q =4 ( p—s >q'

Using the fact that m,_i(¢) — 1 =¢q - ("T”)q, we obtain

,_.

p—

Z[ng I(QP Z Qs],q1+2-(p—s)_(n;s_;l)qf

j=0 5=0
which agrees with (6-1) in the case whent = p — 1.
For the induction step, we assume that p > ¢ 4+ 2 and consider the short exact sequence

0—-D,— Q,— Q,-1—0. (6-13)
Combining Theorem 5.2 with Theorem 6.1 we obtain
H N (Qp-1) = H} (@) = H} (D) =0 for j # p—1 (mod2).

Therefore, the long exact sequence in cohomology associated with (6-13) splits into short exact sequences

0— HI"'(Q)-1) — HL (D)) > H] (0,) — 0. (6-14)
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Since the module H é (Qp) isaquotient of H (% (D)), and the latter belongs to add(Q) by Proposition 6.11,
it follows from Lemma 6.6 that the former also belongs to add(Q). It is then sufficient to verify that (6-1)
holds in I'p[¢q]. Using (6-14), Theorem 6.1, and the induction hypothesis we get

Z[Hét(Qp)]D-qj — Z[Hgt(Dp)]D'qj_q'Z[Hét(QP—l)]D'qj

j=0 j>0 j=0
_Z[Q 4" my (g —q- (p—l—t)2+2-<p—1—s),(”—S—1> ,(P—S—z)
s\q q-9 p—S—l pe p—t—2 g2
Since 1+ (p—1—1)>4+2-(p—1—5)=(p—1)>+2-(t —s), in order to prove (6-1) it suffices to check that
T n—s—l) _(p—s—2> _ p_s.(n—s—1> .(p—s—1> )
m@—a = (,57) (0T 5), =4 L) (), (6-15)
When s = ¢, we have
p—s—=2\ _(p—s—1 1
(p_t_z)q_(p_t_l)q_
by (2-1), so (6-15) amounts to the equality
(n—t) _(n—t—l) :qp_,'(n—t—1>
p—t/y p—t—1/4 p—t Jqg
which follows from (2-4). When s < t we get
p—s—=2\ _ (p—s—2 p—s—1\ _/p—s—1
(p_t_z)q_( t—s )q and <p_t_1>q_( t—s )q

using (2-1), so we can rewrite (6-15) as

p—s—1 n—s p—s (N—5—1 e (P52 p—s—2 n—s—1
( t—s )q' (p—s>q_q ( p—s >q i ( t—s >q+(t—s—1)q '<p—s—1>q
which follows by applying (2-4) to both sides of the equation. (I

6F. The proof of Theorem 1.5. If p =n — 1 then O,,_; is a hypersurface so its only nonzero Lyubeznik
number is Anz,l,nz,l(R("_])) = 1. We assume that p <n —2 and get as in Section 3E that

. 2_ . ,
Lp(q, w)y= Y (Hp (Hs (), Do)p-q' - w’
i,j>0 ’
p

:Z[Z HOO(Q ) Do) - '<Z<ngpj(S)’D‘Y_D‘s+1>D'U)j)i|,

i>0 = s=0 Jj=0
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where we used the fact that the groups H i (S) belong to add(Q), and that the multiplicity of Qs as a
summand in M € add(Q) can be computed us1ng (1-13) by the formula (M, Dy — Dy11)p. We obtain that

p
Lp(q. w) =Y (Hy (Qs: q). Do)p - (Hy (S: w™), Dy — Dy 11)p - w"
s=0

p

(6-1).(2-10) 2425 n—l) L —p) (n—l—s) _(n—Z—s) -

- Xc:)q (s 2 p=s w2 \p—s—1),2| """
§=

Using (2-4) we have

2

(n—l—s) _ (n—2—s) 2 (n—2—s)
P—=S Jw? p—s—1/y2 p—s )/

and combining this with (2-3) it follows that in order to prove (1-8) it suffices to verify the identity
PP H2pts-@n=2p=2)=—(n—p)*=2-(p=95) =2p—5)-(1—2—p)+n*,

which follows again by inspection.
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On asymptotic Fermat over Z,-extensions of Q
Nuno Freitas, Alain Kraus and Samir Siksek

Let p be a prime and let Q, , denote the n-th layer of the cyclotomic Z,-extension of Q. We prove
the effective asymptotic FLT over Q, , for all n > 1 and all primes p > 5 that are non-Wieferich, i.e.,
2P=1 £ 1 (mod p?). The effectivity in our result builds on recent work of Thorne proving modularity of
elliptic curves over Q, .

1. Introduction

Let F be a totally real number field. The asymptotic Fermat’s last theorem over F is the statement that
there exists a constant By, depending only on F, such that, for all primes £ > B, the only solutions to
the equation x¢ + y® +z¢ = 0, with x, y, z € F are the trivial ones satisfying xyz = 0. If By is effectively
computable, we refer to this as the effective asymptotic Fermat'’s last theorem over F. Let p be a prime, n
a positive integer and write Q,, , for the n-th layer of the cyclotomic Z ,-extension. In [Freitas et al. 2020],
the authors established the following theorem.

Theorem 1. The effective asymptotic Fermat’s last theorem holds over each layer Q,, 2 of the cyclotomic
Z>-extension.

The proof of Theorem 1 relies heavily on class field theory and the theory of 2-extensions, and the
method depends crucially on the fact that 2 is totally ramified in (2, ». We establish the following.

Theorem 2. Let p > 5 be a prime. Suppose p is non-Wieferich, i.e., 2°~" % 1 (mod p?). The effective

asymptotic Fermat’s last theorem holds over each layer Q,,, of the cyclotomic Z ,-extension of Q.

We remark that the only Wieferich primes currently known are 1093 and 3511. It is fascinating to
observe that these primes originally arose in connection with historical attempts at proving Fermat’s last
theorem. Indeed Wieferich [1909] showed that if 27! 2 1 (mod p?) then the first case of Fermat’s last
theorem holds for exponent p.

In contrast to Theorem 1, the proof of Theorem 2 makes use of a criterion (Theorem 3 below) established
in [Freitas and Siksek 2015] for asymptotic FLT in terms of solutions to a certain S-unit equation. The proof
of that criterion builds on many deep results including modularity lifting theorems due to Breuil, Diamond,
Gee, Kisin, and others, and Merel’s uniform boundedness theorem, and exploits the strategy of Frey, Serre,
Ribet, Wiles and Taylor, utilized in Wiles’ proof of Fermat’s last theorem [1995]. We use elementary
Freitas is supported by a Ramén y Cajal fellowship (RYC-2017-22262). Siksek is supported by EPSRC grant “Moduli of Elliptic
curves and Classical Diophantine Problems” (EP/S031537/1).
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arguments to study these S-unit equations in Q,, , and this study, together with the S-unit criterion, quickly
yields Theorem 2. The effectivity in Theorem 2 builds on the following great theorem due to Thorne [2019].

Theorem (Thorne). Elliptic curves over Q,, , are modular.

2. An S-unit criterion for asymptotic FLT

The following criterion for asymptotic FLT is a special case of [Freitas and Siksek 2015, Theorem 3].

Theorem 3. Let F be a totally real number field. Suppose the Eichler—Shimura conjecture over F holds.
Assume that 2 is inert in F and write = 20p for the prime ideal above 2. Let S = {q} and write O§ for
the group of S-units in F. Suppose every solution (A, L) to the S-unit equation

Ad+pu=1, AopueOg 2-1)
satisfies both of the following conditions:
max{|ordg(A)], lordq ()|} < 4, ordg(Ap) =1 (mod 3). (2-2)

Then the asymptotic Fermat’s last theorem holds over F. Moreover, if all elliptic curves over F with full

2-torsion are modular, then the effective asymptotic Fermat’s last theorem holds over F.

For a discussion of the Eichler—Shimura conjecture see [Freitas and Siksek 2015, Section 2.4], but for
the purpose of this paper we note that the conjecture is known to hold for all totally real fields of odd
degree. In particular, it holds for Q,, , for all odd p.

To apply Theorem 3 to F' = Q,, , we need to know for which p is 2 inert in F. The answer is given by
the following lemma, which for n = 1 is [Washington 1997, Exercise 2.4].

Lemma 2.1. Let p > 3, q be distinct primes. Then q is inert in Q,, , if and only ifgP~' %1 (mod p?).

Proof. Let L = Q(¢,n+1) and F = Q,, ,. Write 0, and 7, for the Frobenius elements corresponding to g
in Gal(L/Q) and Gal(F/Q). The prime g is inert in F precisely when 7, has order p". The natural
surjection Gal(L/Q) — Gal(F/Q) sends o, to 7, and its kernel has order p — 1. Thus ¢ is inert in F if
and only if the order of oy is divisible by p", which is equivalent to qu - having order p". There is a
canonical isomorphism Gal(L/Q) — (Z/p"*'Z)* sending o, to ¢ + p"T'Z. Thus q is inert in F if and
only if g?~! + p"*1Z has order p". This is equivalent to g”~' # 1 (mod p?). ]

3. Proof of Theorem 2

Lemma 3.1. Let p be the unique prime above p in F =Q, . Let . € Op. Then . =Normp,g(1) (mod p).

Proof. As p is totally ramified in F, we know that the residue field Of/p is [,. Thus there is some a € Z
such that A =a (mod p). Let 0 € G = Gal(F/Q). Since p° = p, we have L. =a (mod p). Hence

Normp/g(A) = 1_[ 1% = 4" (mod p).

oeG

However #G = p" so Normpg,q(A) =a =X (mod p). [l
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Lemma 3.2. Let p # 3 be a rational prime. Let F = Qy, ,. Then the unit equation
A+p=1, A pne0Or (3-1)

has no solutions.

Proof. Let (A, u) be a solution to (3-1). By Lemma 3.1, A = £1 (mod p) and u = %1 (mod p).
Thus £1£1 =X+ p =1 (mod p). This is impossible as p # 3. U

Remark 3.3. Lemma 3.2 is false for p =3. Indeed, let p=3 and n = 1. Then F = Q; 3 = ((#), where 6
satisfies 02 — 602 +96 — 3 = 0. The unit equation has solution A =2 —6 and . = —146. In fact, the unit
equation solver of the computer algebra system Magma [Bosma et al. 1997] gives a total of 18 solutions.

Lemma 3.4. Let p > 5 be a rational prime. Let F' = Q, ,. Suppose 2 is inert in F and write q = 20
for the unique prime above 2. Let S = {q} and write Og for the group of S-units. Then every solution to
the S-unit equation (2-1) satisfies one of the following:

(i) ordg(A) =1, ordgq () = 0;

(i) ordg(A) =0, ordg(u) = 1;
(iii) ordg(A) = ordg(p) = —1.
Proof. Write n; = ordgq(A) and n, = ordq(n). Suppose first n, > 2. Then n, =0 and so u € (’);5.
Moreover, as 4 | A, we have u =1 (mod 4) and so u® = 1 (mod 4) for all 0 € G = Gal(F/Q). Hence
Normp/g(pn) =[[ n? =1 (mod 4). But Normr,g(n) = £1, thus Normp g (i) = 1. As before, denote
the unique prime above p by p. By Lemma 3.1 we have © =1 (mod p). Hence p divides 1 —u = A
giving a contradiction.

Thus n, < 1. Next suppose n, < —2. Then n) =n,. Let A’ =1/A and u’ = —p /1. Then (X', u')
is a solution to the S-unit equation satisfying n,, > 2, giving a contradiction by the previous case.
Hence —1 <n; <1 and by symmetry —1 <n, < 1. From Lemma 3.2 either n; # 0 or n, # 0. Thus one
of (i), (i), (iii) must hold. O
Remark 3.5. Possibilities (i), (i), (iii) cannot be eliminated because of the solutions (2, —1), (—1, 2)
and (3, 1) to the S-unit equation.

Proof of Theorem 2. We suppose p > 5 and non-Wieferich. It follows from Lemma 2.1 that 2 is inert in
F=Q,,,. Write q=20F. By Lemma 3.4 all solutions (A, ) to the S-unit equation (2-1) satisfy (2-2).
We now apply Theorem 3. As elliptic curves over Q, , are modular thanks to Thorne’s theorem, we
conclude that the effective Fermat’s last theorem holds over Q,, . ]

Remark 3.6. The proof of Theorem 2 for p = 3 and for the Wieferich primes seems out of reach at
present. There are solutions to the unit equation in Q; 3 (as indicated in Remark 3.3), and therefore
in Q3 for all n, and these solutions violate the criterion of Theorem 3. For p a Wieferich prime, 2 splits
in Q,,, into at least p prime ideals and we would need to consider the S-unit equation (2-1) with § the
set of primes above 2. It appears difficult to treat the S-unit equation in infinite families of number fields
where #S > 2 (see [Freitas et al. 2020, Theorem 7] and its proof).
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4. A generalization

In fact, the proof of Theorem 2 establishes the following more general theorem.

Theorem 4. Let F be a totally real number field and p > 5 be a rational prime. Suppose that the following
conditions are satisfied.

(a) F is a p-extension of Q (i.e., F/Q is a Galois extension of degree p" for some n > 1).
(b) p is totally ramified in F.
(c) 2isinertin F.

Then the asymptotic Fermat’s last theorem holds for F.

Example 4.1. A quick search on the L-Functions and Modular Forms Database [LMFDB 2020] yields 153
fields of degree 5 satisfying conditions of the theorem with p = 5. The one with smallest discriminant is
Q; 5. The one with the next smallest discriminant is F = Q(6) where ° —1106% —6056% —9900 —451 =0.
The discriminant of F is 5% - 11%. It is therefore not contained in any Z ,-extension of Q.
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