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Abstract

Let F be a totally real field and let p be an odd prime which is totally split in F'. We define and study
one-dimensional ‘partial’ eigenvarieties interpolating Hilbert modular forms over F with weight
varying only at a single place v above p. For these eigenvarieties, we show that methods developed
by Liu, Wan and Xiao apply and deduce that, over a boundary annulus in weight space of sufficiently
small radius, the partial eigenvarieties decompose as a disjoint union of components which are finite
over weight space. We apply this result to prove the parity version of the Bloch—Kato conjecture
for finite slope Hilbert modular forms with trivial central character (with a technical assumption if
[F : Q] is odd), by reducing to the case of parallel weight 2. As another consequence of our results
on partial eigenvarieties, we show, still under the assumption that p is totally split in F, that the
“full” (dimension 1 + [F : Q]) cuspidal Hilbert modular eigenvariety has the property that many
(all, if [F : Q] is even) irreducible components contain a classical point with noncritical slopes and
parallel weight 2 (with some character at p whose conductor can be explicitly bounded), or any
other algebraic weight.

2010 Mathematics Subject Classification: 11F33 (primary); 11G40 (secondary)

1. Introduction

1.1. Eigenvarieties near the boundary of weight space. In recent work, Liu,
Wan and Xiao [LWX17] have shown that, over a boundary annulus in weight
© The Author(s) 2019. This is an Open Access article, distributed under the terms of the Creative Commons Attribution licence

(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in any medium, provided the
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C. Johansson and J. Newton 2

space of sufficiently small radius, the eigencurve for a definite quaternion algebra
over Q decomposes as a disjoint union of components which are finite over
weight space. On each component, the slope (that is, the p-adic valuation of
the U,-eigenvalue) varies linearly with the weight, and in particular the slope
tends to zero as the weight approaches the boundary of the weight space. A
notable consequence of this result is that every irreducible component of the
eigencurve contains a classical weight 2 point (with p-part of the Nebentypus
character of large conductor, so that the corresponding weight character is close
to the boundary of weight space).

The purpose of this note is to extend the methods of [LWX17] to establish
a similar result for certain one-dimensional eigenvarieties interpolating Hilbert
modular forms (Proposition 2.7.1). More precisely, we assume that the (odd)
prime p splits completely in a totally real field F, and consider ‘partial
eigenvarieties’ whose classical points are automorphic forms for totally definite
quaternion algebras over F' whose weights are only allowed to vary at a single
place v|p. One can also consider the slightly more general situation where the
assumption is only that the place v is split.

We give two applications of this result. The first application, following methods
and results of Nekovar (for example, [Nek07]) and Pottharst—Xiao [PX], is to
establish new cases of the parity part of the Bloch—Kato conjecture for the Galois
representations associated to Hilbert modular forms (see the next subsection for a
precise statement). The idea of the proof is that, using the results of [PX], we can
reduce the parity conjecture for a Hilbert modular newform g of general (even)
weight to the parity conjecture for parallel weight two Hilbert modular forms,
by moving in a p-adic family connecting g to a parallel weight two form. This
parallel weight two form will have local factors at places dividing p given by
ramified principal series representations (moving to the boundary of weight space
corresponds to increasing the conductor of the ratio of the characters defining this
principal series representation). Using our results on the partial eigenvarieties,
we carry out this procedure in d = [F : Q] steps, where each step moves one
of the weights to two. An additional difficulty when F # Q is to ensure that
at each step we move to a point which is noncritical at all the places v'|p, so
that the global triangulation over the family provided by the results of [KPX14]
specializes to a triangulation at all of these points. At the fixed v’ = v, this follows
automatically from the construction. At v’ # v we show, roughly speaking, that
the locus of points on the partial eigenvariety which are critical at v’ forms a union
of connected components, so one cannot move from noncritical to critical points.

The second application (see Section 4) is to establish that every irreducible
component of the ‘full’ eigenvariety (with dimension [F : Q] 4+ 1) for a totally
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Hilbert modular eigenvarieties and the parity conjecture 3

definite quaternion algebra over F contains a classical point with noncritical
slopes and parallel weight 2, or any other algebraic weight.

1.2. The Bloch-Kato conjecture. Let g be a normalized cuspidal Hilbert
modular newform of weight (ki, k>, ..., ks, w = 2) and level IH(n), over a
totally real number field F, with each k; even. We suppose moreover that the
automorphic representation associated to g has trivial central character. Here we
use the notation and conventions of [Sai09, Section 1] for the weights of Hilbert
modular forms, and in particular w = 2 corresponds to the central character of the
associated automorphic representation having trivial algebraic part. Note that in
the body of the text this will correspond to taking w = 0 in the weights we define
for totally definite quaternion algebras.

Let E be the number field generated by the Hecke eigenvalues ¢,(g). For
any finite place A of E, with residue characteristic p, denote by V, ; the two-
dimensional (totally odd, absolutely irreducible) E;-representation associated to
g which satisfies

det(X — Frob,|y,,) = X* — 1,(§) X + qu

for all v t np (Frob, denotes arithmetic Frobenius).

Note that we have V,; = V', (1). The conjectures of Bloch and Kato predict
the following formula relating the dimension of the Bloch—Kato Selmer group of
V,.» to the central order of vanishing of an L-function:

CONJECTURE 1.2.1.
dimg, H_;-(F, Vi) = ords—oL(V, ;, 5) (or, equivalently, = ord;_oL(g, s)) .

In this conjecture, the L-functions are normalized so that the local factors (at
good places) are

Lo(Ves,$) = Ly(g,9) = (1 - 1g;" " +4,27) "
We refer to the following as the ‘parity conjecture for V, ,’:
CONJECTURE 1.2.2.
dimg, H}(F, V,;) = ord—oL(V,;,s) (mod 2).

Our main result towards the parity conjecture is the following, which is proved
in Section 3:
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C. Johansson and J. Newton 4

THEOREM 1.2.3. Let p be an odd prime and let F be a totally real number
field in which p splits completely. Let g be a cuspidal Hilbert modular newform
for F with weight (ki,k,, ..., kyq,2) (each k; even) such that the associated
automorphic representation w has trivial central character. Let E be the number
field generated by the Hecke eigenvalues of g and let A be a finite place of E with
residue characteristic p.

Suppose that for every place v|p, w, is not supercuspidal (in other words, g has
finite slope, up to twist, for every v|p). If [F : Q] is odd suppose moreover that
there is a finite place vy 1 p of F such that w,, is not principal series. Then the
parity conjecture holds for V,, ;.

REMARK 1.2.4. (1) For fixed g there is a positive density set of primes p
satisfying the assumptions of the above theorem. So combining our theorem
with the conjectural ‘independence of p’ for the (parity of the) rank of
the Selmer group H }(F , V,.1) would imply the parity conjecture for the
entire compatible family of Galois representations associated to g (with the
assumption on the existence of a suitable v if [F : Q] is odd).

(2) When k; = 2 for all i, the above theorem is already contained in [PX].
Moreover, stronger results (without the finite slope hypothesis) are given by
[Nek13, Theorem 1.4] and [Nek18, Theorem C]. As far as the authors are
aware, the only prior results for higher weights are for p-ordinary forms (for
example, [Nek06, Theorem 12.2.3]), except when F = Q in which case the
above theorem follows from the results of [PX] and [LWX17] (cf. [LWX17,
Remark 1.10]), and there is also a result of Nekovari which applies under a
mild technical hypothesis [Nek13, Theorem B].

(3) When [F : Q] is odd we require the existence of the place v, in the above
theorem in order to switch to a totally definite quaternion algebra.

2. A halo for the partial eigenvariety

2.1. Notation. We fix an odd prime number p, a totally real number field
F with [F : Q] = d > 1, and we assume that p splits completely in F. The
assumption that p is odd is not essential for this section, but it appears in the
results of [PX] and [Nek18] which we will apply later, so we have excluded the
case p = 2 throughout this paper for simplicity. We also fix a totally definite
quaternion algebra D over F, with discriminant 6, and assume that p is coprime
to §p. We fix a maximal order Op C D and an isomorphism Op ®o, (/’)\‘SFD =
Mz(@ff ) = HUMD M»(Or,,). Using this isomorphism, we henceforth identify

(’)f)yp and ]_[vlp GL,(Or.,). We fix the uniformizer @, = p of O, for each v|p.
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Hilbert modular eigenvarieties and the parity conjecture 5

O, 0

For v|p, we let Ty, =( 0" O
F,v

) C GLZ(OF’U), let

I, = {( a b) la,b,c,d e OF,U} NGL,y(Or.,),

w,cd

L= {(Z w;;b) la,b,e.d e OF.U} NGL:(Or,)

and
a b ;

Iv,l,n — {(wvc d) € Iv,l | b :0 (mOd ZD-U)} 5

;o a w)b o ntl

L, = {(wvc d > eli,la=d=1 (mod w, )}.

Set
10

and

10
(o) e

The groups I, 1, will be convenient to work with later; see Lemma 2.3.1 and
Remark 2.3.2. Fix a place v|p (this will be the place where the weight varies in
our families of p-adic automorphic forms), and let K¥ = [],, ., K,y be a compact
open subgroup of (Op ®p A} ;)* such that K = K", is a neat subgroup of
(D ®F Ar ;)*. More precisely, we assume that x ' D*x N K C O™ (the totally
positive units) for all x € (D ®r Ag ).

‘We make the following general definitions:

DEFINITION 2.1.1. Let K be a compact open subgroup of (D ®f Ar ;)* and let
N be amonoid with K C N C (D ®r Ap /)*. Suppose M is aleft R[N]-module
(for some commutative coefficient ring R).

1) If f: D\(D®rAp, ;) — M isafunctionand y € N we define a function
y by I f(8) =vfgy).

(2) We define
HY(K,M)={f: D*\(D ®rAp )" = M| ,|f = fforallu € K}.
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C. Johansson and J. Newton 6

(3) If K’ C K is a compact open subgroup then we can define a double coset
operator
[KgK']: HY(K', M) — H°(K, M)

for any ¢ € N by decomposing the double coset KgK’ = []; ;K and
defining

[KeK'1f =Y 4lf.

The following lemma is easily checked.

LEMMA 2.1.2. Suppose K is a neat compact open subgroup of (D @ Ap ;)*.
Let g1, ..., g be double coset representatives for D*\(D ®r Ar )*/K, and let
M be an R[K]-module on which Z(K) := O N K = Ox* N K acts trivially
(the equality follows from the neatness assumption).

Then the R-module map

f = (f(gl)a ) f(gt))
gives an isomorphism H(K, M) = M®'.

Now suppose we have an integer w and a tuple of integers
k" = (kv’)v’\p,v’#v
such that k,, = w (mod 2) and k,, > 2 for all v'.
For each v’ we define a finite free Z, = O r,,~-module with a left action of K :

Ly (ky, w) = det™ ™ 22 Sym" 2 OF, |

where O, is the standard representation of GL,(Or ) = O ..
We then define a finite free Z,-module with a left action of K":

LK w) = Q) Lok, w).
V| p,v'#v

Let x” be the character of 75’ =[], ,., To.» given by the highest weight of
L k", w) (with respect to the upper triangular Borel). Explicitly, this character is

k,—2)/2 —k+2)/2
Xv([], tz) = H(tl,v’)(w+ v =2)/ (fz,u')(w +2)/ )
o

We now recall some terminology from [JN19b]. We let R be a Banach—Tate
Z,-algebra [JN19b, 3.1] with a multiplicative pseudouniformizer =, and let
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Hilbert modular eigenvarieties and the parity conjecture 7

k : To, — R be a continuous character. Assume that the norm on R is adapted
to x [JN19b, Definition 3.3.2] and that x 'k is trivial on Z(K). We call such
a k a weight. Associated with a weight « is a number r, € [1/p, 1) measuring
how ‘analytic’ « is; see [JN19b, Definition 3.3.9] for the precise definition.

For r > r, we get a Banach R-module D. [JN19b, Definition 3.3.9] equipped
with a left action of the monoid A, = I, X1, . This can be thought of as a
space of distributions, which acts (see the end of [JN19b, Section 3.3]) on a space
of functions 47" on <w (1,) (1)), which we identify with functions in a single

v~ Fv
variable x on @w,OF,. A7 carries a right action of A,, with the action of an

element y = <Z Z) € A, given by

(f - )(x) = k(a+bx, (dety)ldety],/ (@ + bx)) f (C : dx) :

a+ bx

We note in passing that the action pairing D’ x A=" — R identifies AZ" as the dual
of D (and not the other way around!). The R-module H(K, L*(k", w) ®z, Dy)
is the space of p-adic automorphic forms with fixed weights away from v which
we will be studying in this section.

We have a natural action of (D ®fr A;f)X x A, on LU(kY, w) ®z, Dy, and we
get associated double coset operators. If R is a Q,-algebra, we can extend this
to an action of (D ®p A}, f)x x A,. We will especially consider the action on
H'(K, L*(k", w) ®;, D) of the Hecke operator U, = [K () 2 ) K. This Hecke
operator is compact because, by [JN19b, Corollary 3.3.10], it factors as a
composition

1/p

HY (K. L' (K", w) ®z, D) - H'(K, L'(k", w) ®z, D;
— HY(K, L'(k", w) ®z, D),

)

where the second map is induced by the natural compact inclusion D:l/') — Dr.

When R is a Q,-algebra we will also use the (noncompact) Hecke operators
Uy = p~ " P2[K () K] for the places v # v'|p. We have normalized
the operators U, so that they are consistent with U,. In particular, when R is a
field extension of Q,, the nonzero eigenvalues for U,, will have p-adic valuation
between 0 and k,, — 1.

2.2. Locally algebraic weights. Suppose « : Ty, — E* is a weight, where E
is a finite extension of Q,, and for some positive integer k with k = w (mod 2)
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C. Johansson and J. Newton 8

the restriction of « to an open subgroup (1 + ZD'U"OFU)Z of Ty, coincides with the
character

=22 —k42)/2
Xi(t1, 1) = (1)) W2 (1) kD2,

Then, denoting the finite order character «/x; by €, we say that « is locally
algebraic of weight (k, w) and character €. If we make the standard identification
of the E-dual (right) representation L,(k, w)¥ with homogeneous degree k
polynomials in two variables (X, Y) then evaluation at (1, x) gives an injective
I} | ,_ -€quivariant map

Lk, w)" — A=".

The action of (§ .2 ) on the right hand side induces the action of p~®=*+2/2 (§ ¢

Dy
on the left hand side. The action of D, on L,(k, w)" then gives us a surjective
I}, ,_i-equivariant map

D, — L,(k,w) ®z, E.

Moreover, if we let £, (k, w, €) denote the I, ,_i-representation obtained from
L,(k, w) ®z, E by twisting the action by € then we obtain a surjective 1, ,-1-
equivariant map

D, — L,(k,w,e€).

2.3. Comparing level I, ; and I, ;,-;. We retain the set-up of the previous
subsection, so « is a locally algebraic weight. A version of the following lemma
is commonly used in Hida theory (see for example [Ger19, Lemma 2.5.2]):

LEMMA 2.3.1.

(1) For n > 2, the endomorphism U, of H°(K"I, |, 1, L'(k?, w) ®z, D)
factors through the natural inclusion

HY(K L1, LYk, w) ®z, D) = HO(K L 11, L'k, w) ®z, D).

(2) The natural inclusion
v HOKV Ly, Lk, w) ®z, D) — HO (K" 1 1, LYK, w) ®z, D)

is Uy-equivariant and if h € Qs it induces an isomorphism between
U,-slope < h subspaces:

L HOK T, L0, w)®2, DS 2 HOK Ly, L2, w) @2, DD
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Hilbert modular eigenvarieties and the parity conjecture 9
Proof. First we note that (for n > 1) the action of U, on H°(K"I, |, 1,
Lo (k*, w) ®z, Dy) is given by

[ () O)If-

@i Ty

Il
S

i

The U,-equivariance in the second statement follows immediately from this. The
rest of the second statement follows from the first, since U, acts invertibly on the
slope < & subspace.

It follows from a simple computation that the double coset operator

[Iv,l,n—l ((1) 59”) Iv.l,n—l]

is equal to [1,1,,—2 (§ o) Lv.1,.—1], and the first part follows immediately from this.
O

REMARK 2.3.2. The clean statement of Lemma 2.3.1(2) is the reason why we
have chosen to work with the nonstandard groups I, ; ,_; instead of the I, ,. The
reader may compare this with [Buz07, Lemma 11.1]; there one works, roughly
speaking, with the I, , but the map relating forms of level K1, ; to forms of level
K'I, , is not the natural inclusion.

Having done all this, composing ¢ with the map induced by D, — L, (k, w, €),
we obtain a Hecke-equivariant map

7 HOK Ly, £, w)®2, D)) — HOK Ly 1, LYK, w) @z, Lo(k, w, €)),

(2.3.1)
where the action of U, on the target is the x-action defined by multiplying the
standard action of U, by p~=*+2/2,

PROPOSITION 2.3.3. Let h € Q3o with h < k — 1. The map 7 induces an
isomorphism between U,-slope < h subspaces.

Proof. By Lemma 2.3.1 it suffices to show that the map
HY (K" 1y g1, LK, w) @z, D) = HO (K Lyyp1, LYK, w) @z, L, (k, w, €))

induces an isomorphism between U,-slope < & subspaces, and this can be proved
as in [Han17, Theorem 3.2.5]. O
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C. Johansson and J. Newton 10

2.4. The ‘Atkin-Lehner trick’. In this section we establish a result analogous
to [LWX17, Proposition 3.22]. Let n > 2 be an integer and suppose

1+ wl’}/OF,v’ OF,U/
KU’ - ( w_:/OF,U’ 1 + w_gOF,v’

for each v'|p, v" # v. Note that, combined with our neatness assumption, this
implies that Z(K) is contained in 1 + p"Or.

Fix an integer k > 2 with the same parity as w, together with a finite order
character € = (¢, €;) : Ty, — E*, where €, and ¢, are characters of (O ,/@)*
and €, /¢, has conductor (z)').

Let € be the finite order Hecke character of Q*\ A associated to the Dirichlet
character

(Z/p"Z)* = (O, /w)) = E*.

We now consider the space of classical automorphic forms S(k, w,€) :=
HO(K I, 1,1, LP(kY, w) @ L(k, w, €)). By Lemma 2.1.2, the dimension of this
space is equal to (k — 1) p"~!'t (as we noted above, Z(K) C 1 + p"Op, so it acts
trivially on the coefficients), where

t=|D\(D & Arp) /K" Lal [ k=D,

v |p,v'#v

Denote the slopes of U, appearing in S(k, w, €) by ag(€), ..., @g—1)pm-1,-1(€)
in nondecreasing order. If y an element of some field, we let ur(y) be the
character on F,* which is trivial on O and takes uniformizers to .

LEMMA 2.4.1. We have ai(e) =k—-1- Ol(k_l)pn—lz_l_,'(e_l) for i = O, ey
(k — 1)p"~'t — 1. In particular, the sum (with multiplicities) of the U, slopes
appearing in Sk, w, €) ® Sk, w, e ") is (k — 1)?p"~'t.

Proof. First we fix an embedding ¢ : E — C. Using this embedding, we regard €
and € as complex valued characters. The space S(k, w, €) @, C can be described
in terms of automorphic representations for D. If 7 contributes to this space, the
local factor m, is a principal series representation of GL,(F,) obtained as the
normalized induction of a pair of characters

ur(a”{pw)efl X ur(oz)e;l

where ¢ is a root of unity. To see this, we first note that 7, has a nonzero subspace
on which 1, ,_; acts via the character ¢! (these are the vectors in 7, which
contribute to S(k, w, €) ®g, C). So m, ® €, o det has a nonzero subspace on
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Hilbert modular eigenvarieties and the parity conjecture 11

which 1, 1,1 acts via (¢ }) > (€2/€)(a). Applying ((1) w8‘1> to this subspace,

we get a nonzero subspace where the action of I, , is given by the same formula.
Therefore the conductors of both 7, ® €, o det and its central character €,/¢, are
(zw)'). It follows (for example, by [Tem14, Lemma 3.3]) that 7, ® €, o det is the
normalized induction of ©; X wu, with u; |O;v = ¢€/€; and M2|<9;U = 1. The rest
of the claim is deduced from the fact that the central character of 7, is the product
of a finite order unramified character and €; ', '| - | .

We now need to compute the eigenvalue for the standard U, action on the
subspace of m, where [, ,_; acts via (f, Z) — €;(a)"'e,(d)~!. Conjugating by

(3 2), we can do the same for the standard U, action defined with respect to

1,,, and we get U,-eigenvalue ap'/?. Using the x-action we therefore get U,-
eigenvalue ap*~1-v)/2,

Twisting by €q gives a ' with local factor 7, the normalized induction of
ur(@™'¢p")er x ur(@ei,

which contributes to S(k, w, ') with *-action U,-eigenvalue a~'¢p®@+k=1/2,
Summing the two slopes together we get (k — 1), which gives the desired
result. 0

2.5. The weight space of the partial eigenvariety. We are going to construct
a ‘partial eigenvariety’ out of the spaces H’(K, L(k’, w) ®z, D;). The
underlying weight space W is defined by letting

W(A) = {K S Homcts(TO,va AX) : XUK|Z(K) = 1}

for algebras A of topologically finite type over Q,. We let A denote the torsion
subgroup of OF .

LEMMA 2.5.1. We have an isomorphism We, = [, , Dc, where D is the open
unit disc and 1, o run over pairs of characters n : O — (C;, w:AXA— (C;
such that x"nlzx, = 1 and w restricted to the diagonal copy of A is equal to 1| 4.

The isomorphism is given by taking « to k(exp(p),exp(p)~') — 1 in the
component labelled by n(t,) = k(t,, t,) and w(8;, §) = k (81, 63).

Proof. This follows from the fact that the closure of Z(K) in Tj, is a finite index
subgroup of O centrally embedded in T, O

REMARK 2.5.2. The condition that x"n|z«k, = 1 is equivalent to the condition
that n(t,) = tn(t,) where 1 is a finite order character, trivial on Z(K).
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C. Johansson and J. Newton 12

In particular, there are finitely many possibilities for . Moreover, for each 7, if we
denote by E, the finite extension of (Q,, generated by the values of 1 then the open
and closed immersion | [, Dc, < W, given by restricting to the components
labelled by 7 is defined over E,,. For each pair 1, ® we therefore denote by W, ,
the corresponding connected component (which is isomorphic to the open unit
disc over E;) of W, .

If « is a point of W, we denote by z, the corresponding point of Dc,. If
r € (0,1) N Q, the union of open annuli given by r < |z,|, < 1 is denoted
by W>".

2.6. Lower bound for the Newton polygon. In this section we establish a
result analogous to [LWX17, Theorem 3.16], following the approach of [JN19b,
Section 6.2]. We now return to our general situation: R is a Banach-Tate Z,-
algebra with a multiplicative pseudouniformizer @, and x : 7o, — R* is a
continuous character such that the norm on R is adapted to « and x "« is trivial
on Z(K).

Asin [JN19b, (3.2.1)], for o € Z(, we define

alog r
nlr,w,a) = i .
log, ||
LEMMA 2.6.1. Assume that there isno x € R with 1 < |x| < |@|™". Let

t=D\(D®r Arp) /K Il [] ke =1,

v'|p.v'#v

If we define
AM0) =0,1( + 1) = A@G) +n(r, o, [i/t]) —n@"?, @, |i/t]),
then the Fredholm series

det(1 = TU,|[H(K" 1,1, L'(K", w) ®z, D)) = Y ¢, T" € R{{T}}

n=0

satisfies |c,| < |@|*™.

Proof. This is essentially [JN19b, Lemma 6.2.1]. Our global set-up is slightly
different to that in [JN19b, Lemma 6.2.1], but the proof goes through verbatim.
O
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Hilbert modular eigenvarieties and the parity conjecture 13

We now fix a component W, , of weight space. Let E := E, C C, be the
subfield generated by the image of 7 (it is generated by a p-power root of unity).
We fix a uniformizer @y € E and normalize the absolute value | - | on E by
|pl = p~'. Let A = Og[[X]]. We have a universal weight

K@u,w) - TQ'U — A*

determined by & |axs = @, k(t,, 1,) = n(t,) and k (exp(p), exp(p)~") =1+ X.

We give the complete local ring A the m, = (@, X)-adic topology. Let
20, ., = Spa(A, A), denote its analytic locus by W," and let U} C Wy, be
the rational subdomain defined by

U = {log| < 1X| # 0}

Pulling back U, to the rigid analytic open unit disc W, ,, gives the ‘boundary
annulus’ [ X| > |wg].

We let R = O(U,). More explicitly, we can describe the elements of R° as
formal power series

{ZanX" tay € O, la,owg| < 1, la,op] > 0asn — —oo ¢ .

nez

X is a topologically nilpotent unit in R and so equipping R with the norm
|r| = inf{|lwg|" | r € X"R°, n € Z} makes R into a Banach-Tate Z ,-algebra.
Note that the restriction of this norm to O C R coincides with (the restriction
of) the absolute value on E, so the fact that we are using the notation | - | should
hopefully not cause any confusion. The norm |- | on R has the explicit description:

ZanX"

nez

= sup{|a,@;|}. (2.6.1)

Note that X is a multiplicative pseudouniformizer and there is no x € R with
1 < x| < |X|7.

LEMMA 2.6.2. The norm we have defined on R is adapted to k, ... Moreover, for
t €Ty = (14 @,0r,)* we have |k, (1) — 1| < |oE|.

Proof. It t € T\ we have k() — 1 = u¢(1 + X)* — 1 for some a € Z,,
u €1+ pOg and ¢ € Of a p-power root of unity. So u¢ € 1 + wyOf and
|K(17,w)(t) - 1| g |wE| [l

We can now apply Lemma 2.6.1.
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C. Johansson and J. Newton 14

COROLLARY 2.6.3. Consider the Fredholm series

det(1 — TU,|[H (K11, L' (K", w) ®z, D)) =Y "¢, T" € R{T}}.

n=0

Let
t=|D\(D®F Arp)/K"Lal [] k=1,

v'|p,v'#v

(1) We have ¢, = Zm>0 b, X" € A forall n.

(2) Moreover; |b, ,wp| < |w£(")|f0r all m,n > 0, where L(0) = 0, (1), ...
is a sequence of integers determined by

A0) = 0,AG + 1) = AG) + Li/t] — Li/pt].

(3) Forz € C, with 0 < v,(2) < v,(wg), we have v,(c,(2)) = A(n)v,(z) for
every n = 0, with equality holding if and only if by, ;) € OF. If by € OF,
then

V(€ (2)) 2 A(n)v,(2) + min{v,(2), v, (@E) — v,(2)}

Proof. The first two parts follow from Lemma 2.6.1, exactly as in [JN19b,
Theorem 6.3.2]. Note that n(|ew |, X, [i/t]) = [i/t] and n(|wg|"?, X, |i/t]) =
Lp~'li/t]) = li/pt).

Letz € C, with 0 < v,(z) < v,(g). It follows immediately from the second
part that v, (c, (z)) = A(n)v,(z) for every n > 0, with equality holding if and only
if by 3y € Op. Finally, if b, ;) ¢ OF then v,(b, 1)) = v,(wg) and the rest of
the third part is easy to check. 0

2.7. The spectral curve and partial eigenvariety. We can now construct the
spectral curve ZY»(kV, w) — WV for the compact operator U, acting on the spaces
HY(K'I, ., L'(kY, w) ®z, D;), for k = ky ranging over the weights induced
from affinoid open U € W, as well as the pullback ZY (kV, w);; — W; r for
r € (0,1) N Qand W, , a component of weight space.

PROPOSITION 2.7.1. Fix a component W, , of weight space, and let E = E, =
Q,(¢pe) C C, be the subfield generated by the image of 1 as before. Set sy = 1 if
w is even and s = 2 if w is odd. Then

Uy _
Z7(k", w);LZf’E‘ =ZyU 2 U | | Zi1 U Zg—1 k41
k>2
k=w mod 2
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Hilbert modular eigenvarieties and the parity conjecture 15

is a disjoint union of rigid analytic spaces Z; (with I denoting an interval as in the
displayed formula) which are finite and flat over YV, lwel For each point x € Z,
with corresponding U,-eigenvalue M., we have v,(A,) € (p — 1) pv,(Ze) - 1.

Note that s, is the highest slope appearing in the spaces of classical automorphic
forms with minimal weight, under the restriction that the weight has the same
parity as w.

Proof. This follows from Corollary 2.6.3 and Lemma 2.4.1, as in [LWX17, Proof
of Theorem 1.3]. We sketch the argument. Recall the finite order character
n associated with n from Remark 2.5.2, and note that 5 factors through
(Opp /o> (if ¢ > 1, the conductor of 7 is (w*!); if ¢ = 0, 7 is either
tame or trivial). By passing to a normal compact open subgroup of K" we may

assume that
1 + ZD'L, O / OF 4
KU’ ( : F’v B

2 2
ZD';‘?L Opqv/ 1 + H)ff OF,v’

for each v'|p, v # v. Now we consider points k € W(C,) which are
locally algebraic of weight (k, w) and character €, with the ¢; factoring through
(Or.,/)* and €, /€, of conductor (z*?). We furthermore insist that « is in
the component W, ,,. This amounts to requiring that k |4x 4 = w and j = €,€,. We
have

Up(z0) = v, (exp(p) (er/@) (exp(p)) — 1) = 1/¢(p™™) < v, (@) = 1/ (p°)

and hence « € W, 7tI(C,)).
For k € Z, with k = w (mod 2) we set n; = (k — Dp<t't = dim S(k, w, €),
where
t=|D\(D®r Arp) /K Lal [] k=1
v'|p,v'#v
as in the beginning of Section 2.4. We now carry out ‘Step I’ of [LWX17, Proof

of Theorem 1.3]: this identifies certain points on the Newton polygon of the
characteristic power series 2@0 ¢y (z,)T" of U, at the weight k. We have

1 (k=1 pctlr—1 ; ;
V(@) = e ;) <M_LED

(k—1)pcti—1 (k—=1)pc—1

1 . .
=50 |’ Yoi—pt Y i

i=0 i=0
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(k _ 1)2pc+1t
= 5 )

So, by Lemma 2.4.1, v,(z,)A(ny) is equal to half the sum of the U,-slopes
on S(k, w, €) and S(k, w, €'). Combining this with Corollary 2.6.3(3) (at the
weights corresponding to both (k, w, €) and (k, w, €~")), we deduce that the sum
of the first n, U,-slopes on H*(K "1, 1, L (k", w) ®z, D7) is ((k — 1)*p*+'1)/2
and that the Newton polygon of }° - ;c,(z)T" passes through the point
P = (i, M) v, (2,0).

‘Step II’ of [LWX17, Proof of Theorem 1.3] can now be carried over (replacing
g with p1), and this establishes the rest of the proposition. We denote the first
coordinate of the vertices of the Newton polygon either side of %, by n; and n;”
(if P is itself a vertex we have ny = n;” = ny). If n # n] then the slope of
the segment containing &7, is (k — 1) (since this is the slope of the lower bound
Newton polygon) and n, € [n; — t, ng], n,“: € [ng, ny + t]. Whether or not n,
equals n;, it now follows from Corollary 2.6.3(3) that n, is the minimal index i
in [, —t, ;] with b; ;) € OF and n} is the maximal index i in [n, n; + t] with
bi iy € O If we specialize to z € W 71 we have, for all i > 0:

Vp(Cn—i(2)) = v, (DA — 1) = 0, () (h(ne) — (k — D (pHhi)

where the first equality is strict if ny —t < ny —i < n; (minimality of n,’) and
the second inequality is strict if n, — i < n; — t. These strict inequalities have
difference between the two sides at least min{v,(z), v,(@wg) — v,(2)}. A similar
inequality holds for n; +i > n;". We get equalities when n, —i = n; andn;+i =
n; . We deduce that, if n;, # nj then (ny, A(n;)v,(z)) and (n;, A(n])v,(2)) are
consecutive vertices of the Newton polygon of Zn>0 c,(2)T" forall z € W,i(‘f’f‘.
The slope of the segment connecting these vertices is (k — 1)@ (pTHv »(2) and it
therefore passes through (n, A(n)v,(2)). If n{ = n; = n then (ny, Anv,(2))
is a vertex of the Newton polygon for all z € W [”*I. Now for an interval I as
in the statement of the proposition we define Z; to be the (open) subspace of
ZY(k*, w);7¢! given by demanding that the slope lies in (p — 1) pv, (zi(r) - 1.
Each Z; pulls back to an affinoid open of (the pullback of) ZY (kV, w), 17l over
every affinoid open of W;L‘UU’E' (when [ is an open interval we use the bound in
terms of min{v,(z), v,(@g) — v,(2)} to see that we still get an affinoid open). By
our control over the Newton polygons (or Hida theory for Z;), it follows from
[Buz07, Corollary 4.3] that the Z; are finite flat over W=7%!, O

REMARK 2.7.2. (1) In the above Proposition, we are proving that the partial
eigenvariety exhibits ‘halo’ behaviour over a boundary annulus whose
radius depends on the conductor of the character 7. This dependence may
well be an artefact of the method of proof.
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Hilbert modular eigenvarieties and the parity conjecture 17

(2) The rest of the arguments in [LWX17] also generalize to this situation,
showing that the slopes over a sufficiently small boundary annulus in weight
space are a union of finitely many arithmetic progressions with the same
common difference.

(3) Another way to obtain one-dimensional families of p-adic automorphic
forms for the quaternion algebra D is to allow the weight to vary in the
parallel direction. The methods described here do not seem sufficient to
establish ‘halo’ behaviour for these one-dimensional families—one reason
is that there is no longer a sharp numerical classicality theorem in terms of
a single compact operator in this case.

Now we fix an integer n > 1 and assume that K,, = I, | ,_, for each place v'|p
with v' £ v. We set K = K1, ;. Let S be the set of finite places w of F where
either w|p, D,, is nonsplit or D, is split but K, # O;qw. For w ¢ S we have
Hecke operators

=i (m V6] n=[i(.2)«]

which are independent of the choice of uniformizer w,, € F,.

The spaces H(K, LV(k°, w) ®z, Dr) give rise to a coherent sheaf H over
ZY (k, w), equipped with an action of the Hecke operators {U,,v'|p} and
{Sw, Ty : w ¢ S}. If we let T denote the free commutative Z,-algebra generated by
these Hecke operators, and let ¥ : T — End(7{) be the map induced by the Hecke
action, then we have an eigenvariety datum (V) x A!, H, T, ). Here we use the
notion of eigenvariety datum as defined in [JN19a, Section 3.1], and we refer
to [JN19a, Section 3.1] for the construction of the eigenvariety associated with
an eigenvariety datum (we remark that we could also have used the eigenvariety
(ZY(k°, w), H, T, ¥), since H is supported on ZY (kV, w)). We denote the
associated eigenvariety by £(k”, w) and, if r € (0, 1), denote its pullback to WW>"
by E(kY, w)>".

DEFINITION 2.7.3. A classical point of £(kV, w) is a point with locally algebraic
weight corresponding to a Hecke eigenvector with nonzero image under the
map 7 of (2.3.1), whose systems of Hecke eigenvalue do not arise from one-
dimensional automorphic representations of (D Q@ Ag)*.

The points excluded in the above definition do not correspond to classical
Hilbert modular forms under the Jacquet-Langlands correspondence. They all
have parallel weight 2, and their U, eigenvalues o, satisfy v,(a,) = 1 for all

v|p.
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C. Johansson and J. Newton 18

PROPOSITION 2.7.4.
(1) Ek*, w) is equidimensional of dimension 1 and flat over V.

(2) Let C be an irreducible component of £(k°, w) and let k > 2 be an
integer with the same parity as w. Then C contains a point which is locally
algebraic of weight (k, w) and U,-slope < k — 1 (in particular, this point is
classical).

Proof. (1) This part is proved in the same way as the well-known analogous
statement for the Coleman—Mazur eigencurve (for example, see [JN19b,
Section 6.1]).

(2) This is a consequence of Proposition 2.7.1. Indeed, C maps to a single
component W, ,, of weight space, and we let £ = Q,(¢) be as in that
proposition. Then any irreducible component C’ of C>!”¢! is finite flat over
an irreducible component of Z% (kV, w)>!”t!, It follows from Proposition
2.7.1 that C" is finite flat over W, [ and there is an interval / such that
for each point x € C’, with corresponding U,-eigenvalue A,, we have
v,(Ay) € (p — Dpvy(zery) - 1. If v,(2e() 1s sufficiently small, then
v,(Ay) < k — 1. To finish the proof, we note that we can find a locally
algebraic point of weight (k, w) in Wy ™l with v,(z.(v) as small as we
like, by choosing a character € = (€, €;) (compatible with n and w) such
that €, (exp(p))/e2(exp(p)) is a p-power root of unity of sufficiently large
order. O

REMARK 2.7.5. The existence of partial eigenvarieties (where weights vary
above a proper subset of the places dividing p) is probably well known to experts,
but they have not been utilized so much in the literature. They were discussed (for
definite unitary groups) and used in works of Chenevier [Che] and Chenevier—
Harris [CH13] to remove regularity hypotheses from theorems concerning the
existence and local-global compatibility of Galois representations associated to
automorphic representations. They can be viewed as eigenvarieties defined with
respect to certain nonminimal parabolic subgroups of the relevant group (see
[Loell])—to recover the setting of this article we let P C (Resg)q Gla)g, =
Hv’l » Resr, g, GL, be the parabolic with component labelled by our fixed place
v equal to the upper triangular Borel and other components equal to the whole
group GL,. See, for example, [Din18] for another application of eigenvarieties
defined with respect to a nonminimal parabolic. We also note that partial Hilbert
modular eigenvarieties have been used recently by Barrera, Dimitrov and Jorza to
study the exceptional zero conjecture for Hilbert modular forms [BDJ17].
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Hilbert modular eigenvarieties and the parity conjecture 19

3. The parity conjecture

We can now apply the preceding results to establish some new cases of the
parity conjecture for Hilbert modular forms, using [PX, Theorems A and B].
First we need to discuss the family of Galois representations carried by the partial
eigenvarieties and their p-adic Hodge theoretic properties.

3.1. Galois representations. We begin by noting that there is a continuous
2-dimensional pseudocharacter T : Gr — Ogyo .y with T (Frob,) = T, for
all w ¢ S. This follows from [Che04, Proposition 7.1.1], the Zariski density of
classical points in £(k", w) and the existence of Galois representations associated
to Hilbert modular forms. B

We denote the normalization of £(k”, w) by &, and we also denote by T the
pseudocharacter on & obtained by pullback from £(k", w). We denote by Eim
£ the (Zariski open, see [Che14 Example 2.20]) locus where T is absolutely
irreducible. Note also that £ is Zariski-dense in &, since classical points have
irreducible Galois representations.

PROPOSITION 3.1.1. There is a locally free rank 2 O gi.-module V equipped with
a continuous representation

p:Grs—> GLo_ (V)

girr

satisfying
det(X — p(Frob,)) = X* — T, X + qu.S,

forall w ¢ S (where Frob,, denotes an arithmetic Frobenius).

Proof. First we recall that T canonically lifts to a continuous representation
p: Grs — A* where A is an Azumaya algebra of rank 4 over £, by [Che04,
Corollary 7.2.6] (see also [Chel4, Proposition G]). It remains to show that A is
isomorphic to the endomorphism algebra of a vector bundle.

On the other hand, [CM98, Theorem 5.1.2] and the remark appearing after this
theorem show that there is an admissible cover of & by affinoid opens {U,};c;,
together with continuous representations

pi : Gps = GL,(O(U,))

lifting the pseudocharacters T'|,.
By the uniqueness part of [Che04, Lemma 7.2.4], we deduce that
for each affinoid open U;, we have an isomorphism of (O(U;)-algebras
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C. Johansson and J. Newton 20

AU) = M,(O(U;)). Now, by the standard argument relating the Brauer group
to cohomology (see [Mil80, Theorem IV.2.5]; the constructions using either Cech
cohomology or gerbes can be applied, since Cech cohomology coincides with
usual cohomology on Em by [vdP82, Proposition 1.4.4]) we can associate to A
an element F4 of H z(c‘:’ i Ogm) (crucially, this is the cohomology on the rigid
analytic site, not étale cohomology). This element is trivial if and only if A is
isomorphic to the endomorphism algebra of a vector bundle.

Since £™ is separated and one-dimensional, H 2(<‘ji“, F) vanishes for any
Abelian sheaf F by [dJvdP96, Corollary 2.5.10, Remark 2.5.11]. In particular,
F 4 is trivial and we are done. 0

REMARK 3.1.2. In fact, [CM98, Theorem 5.1.2] applies over the whole
of g, not just the irreducible locus, so there are representations p;
OWU)HIGrsl — My(O(U))) lifting T over each member of an admissible
affinoid cover {U;};c; of E. Shrinking the cover if necessary, we may
assume that the intersection of any two distinct covering affinoids U; N U;
is contained in éi", so we obtain a canonical isomorphism of (’)Uime-algebras
M(Oy,nu;) = M (Oy,ny,) intertwining the representations p; and p;. .

This gives the gluing data necessary to define a Galois representation to an
Azumaya algebra, which as above is isomorphic to the endomorphism algebra
of a vector bundle (by the vanishing of H 2(5 , (9;)). So we finally obtain a

(possibly noncanonical) Galois representation on a vector bundle over £, although
in what follows we will just work over the irreducible locus as this suffices for our
purposes.

If z is a point of E™ we denote by V. the specialization of V at z, which
we regard as a 2-dimensional representation of G over the residue field k(z).
Note that we obtain a continuous character detp : G — I’ (c‘:'i“, Ogin)* with
detp(z) = detV,. In fact detp is constant on connected components of &,
Indeed, for every classical point z, det p(z) is Hodge-Tate of weight —1 — w
at every place dividing p, and the results cited in the proof of Proposition 3.1.8
below show that this property extends to all points z. Class field theory and the fact
that Hodge—Tate characters are locally algebraic [Ser98, Theorem 3, Appendix to
Ch. III] shows that each det p(z) is the product of a finite order character and the
(1 + w)-power of the cyclotomic character, so detp is constant on connected
components. Before proceeding we fix some conventions on local class field
theory. If y an element of some field, we recall that we have denoted by ur(y)
the character on F,* which is trivial on O and takes uniformizers to y. We will
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Hilbert modular eigenvarieties and the parity conjecture 21

freely interpret characters of F,* as characters of Wy, via the Artin reciprocity
map, normalized to take a uniformizer to a geometric Frobenius.

We use covariant Dieudonné modules so the cyclotomic character has Hodge—
Tate weight —1.

PROPOSITION 3.1.3. Let z be a classical point of Eirr locally algebraic of
weight (k, w) and character €, and with U,-eigenvalue o. Set @ = ap't@=5/2,
Then V.|g,, is potentially semistable with Hodge-Tate weights (—(w + k)/2,
—(1 + (w — k)/2)), and the associated (Frobenius-semisimplified) Weil-Deligne
representation is of the form

WD(V.lg, ) ™ = (ur(B)'e1 ® ur(@ ‘ez, N)

Jfor some ,B € C, (determined by the determinant of V.) which satlsﬁes v,(a@) +
vp(,B) =1+w. stnonzero ifand only if €| = €, anda/ﬁ p!

Proof. This follows from the local-global compatibility theorem of Saito [Sai(9],
as completed by Skinner [Ski09] and Liu [Liul2]. Note that « is an eigenvalue
for the %-action of U, on S(k, w, €) so @ is the corresponding eigenvalue for the
standard action of U,,. O

DEFINITION 3.1.4. We say that a classical point z of weight (k, w) is critical if
V|G, is decomposable and v, (U,(z)) = k — 1.

REMARK 3.1.5. It follows from weak admissibility that WND(VZ|G »,) fails to be
Frobenius-semisimple if and only if the two characters ur(8) ‘e, ur (@) 'e, are
equal (in which case we also have N = 0).

In what remains of this section we give details about the triangulations of the
p-adic Galois representations for noncritical classical points of £ and apply
the results of [KPX14] to establish the existence of global triangulations for the
family of Galois representations over this eigenvariety. Everything here should
be unsurprising to experts, but we have written out some details because in the
literature it is common to restrict to the semistable case, whilst it is crucial for us
to consider classical points which are only potentially semistable.

3.1.1. Triangulation at v for classical points. Suppose z € (‘:’i“(L) is a
noncritical classical point (with L/Q, finite), locally algebraic of weight
(k,w) and character €, and with U,-eigenvalue «. Suppose moreover that
V|G, 1s indecomposable and potentially crystalline. It follows from Proposition
3.1.3 that this representation becomes crystalline over an Abelian extension of F,.
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C. Johansson and J. Newton 22

So the L-Weil-Deligne representation W D(V.|g,, ) has an admissible filtration
after extending scalars to the Q,-algebra Lo, = |, L ®q, Q, (&) (see [Col08,
Section 4.4]). Moreover, we can explicitly describe this admissible filtered Weil—
Deligne module D, as in [Col08, Section 4.5]. Indeed, when the action of Wy,
on D 1s semisimple, we let e; and e, be basis vectors with Wy, action given by
ur(,B) € and ur(a) €, respectlvely When the action of W, is not semisimple,
we have ur(,B) € = ur(a) €, and there are basis vectors ey, €; with Wg, action
given by oe; = W(,B) 'ei(0)e; and oe, = W’(,B) 'ej(0)(e; — (deg(o))er)
(0 maps to the deg(o) power of arithmetic Frobenius in the absolute Galois
group of the residue field). The filtration is given by

0 if i L=k
ifi > — _—
! 2
g _ k —k
Fll(Loo®LDz): LOO-()/€]+82) lf—w;_ <l<—<1+wT>
k
Lew, D,  ifi<-"=

where y € L is the (invertible) value of a certain Gauss sum in the semisimple
case and y = 0 in the nonsemisimple case.

It follows from [Col08, Proposition 4.13] that V_|g,, is trianguline. To describe
the triangulations we adopt the notation of [Col08]. So Z denotes the Robba ring
over L and if § : @; — L* is a continuous character Z(8) denotes that (¢, I')-
module obtained by multiplying the action of ¢ on & by §(p) and the action of
y € I' = Gal(Q, (14 =)/Qp) by 8(Xeye(¥)). If V is an L-representation of G,
we denote by Dy, (V) the slope zero (¢, I")-module over & associated to V by
[Col08, Proposition 1.7].

Now we have recalled the necessary notation we can recall the precise
statement of [Col08, Proposition 4.13]: we have two triangulations (they coincide
in the nonsemisimple case)

0 — Zx"“HPPyurB)e)) = Dy (Vo) = B(x @ 0Dur@)'e)) — 0
0— Z(x“Pyur@) e — D, (V,) — %’(x“““’_k)/z)ur(ﬁ)_l61) — 0.
We can rewrite the first of these triangulations as

0 — Z( " detp(2)) = Dyy(V2) = Z(8(2)) = 0

where we define the continuous character § : F* — I’ ((‘:’i”, Ogin)* by 8(p) =
U! and8|ox =kl X0, -

Next, we COIlSlder the case where V, |6, 18 not potentially crystalline. Following
[Col08, Section 4.6] we can describe the associated admissible filtered Weil—
Deligne module D,: letting e, and e, be basis vectors with Wy, action given by
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ur(pa)~'e; and ur(a)~'e,, respectively, we have Ne; = e, Ne, = 0, and the
filtration is given by

. w—k
0 1f1>—<1+ 5
i . k —k
Fil (Lo ®, D) = { L. - (1 — L) lf_“’; <i<_(1+“’T>
k
Lo ®, D. ifis—%

for some .Z € L.
It follows from [Col08, Proposition 4.18] that V.|, is trianguline. Indeed, we
have a triangulation

0 — Zx“ P x|ur@)'€) — Dyg(V.) = Z(x " OPyur@) 'e) — 0
which again can be rewritten as
0 — Z(8 " detp(z)) — Dye(V.) = Z(5(2)) — 0.

The final case we have to consider is when V.|, is decomposable. Then we
have v, () = 0 (by the noncritical assumption on z) and

Dy (V) = 2 ur(B) ') @ BT Pur @' ey).

We can summarize our discussion in the following:

PROPOSITION 3.1.6. Suppose z € E™ is a noncritical classical point. Then there
is a triangulation

0 — Z(3 " detp(2)) — Dyg(V.) = Z(5(z)) — 0

where we define the continuous character § : F) — I’ (gi“, Ogn)* by 8(p) =
U " and 8|O; = K|{”XO; . Moreover, this triangulation is strict in the sense of

[KPX14, Definition 6.3.1].

Proof. Let D = Dy, (V,) Q% # (857" detp)~'(z). The only thing remaining to
be verified is that the triangulation is strict, which comes down to checking
that D?=!"=! is one-dimensional over the coefficient field L. Suppose for a
contradiction that this space has dimension 2. Then, by [Col08, Proposition 2.1]
we have (87" det p)(z) = x'8(z) for some i € Z,. Comparing these characters
on the intersection of the kernels of ¢; and ¢, we deduce that i = k — 1. We
have (87" det p)(z) = x*~18(z) if and only if the characters ur(B) '€, ur (@) 'e,
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appearing in D, are equal. It follows from the correspondence between filtered
Weil-Deligne modules and potentially semistable (¢, I")-modules established
by [Ber08, Theorem A] that D[1/¢]"=! is two-dimensional with nontrivial
unipotent ¢ action, so D[1/¢]*=""=! is one-dimensional which gives the desired
statement. O

We can now apply the results of [KPX14] to establish the existence of a global
triangulation for the family of Galois representations V. In the below statement
we adopt the notation of [KPX14, 6.2.1, 6.2.2] so for a rigid space X/Q, and
a character 6y : Q; — I'(X, Ox)* we have a free rank one (¢, I")-module
Zx(8x) over the sheaf of Robba rings Zx. We also have a rank two (¢, I')-
module Dy, (Vg ) over Zgin.

COROLLARY 3.1.7.

(1) Dyig(Vlgy,) is densely pointwise strictly trianguline in the sense of [KPX14,
Definition 6.3.2), with respect to the ordered parameters §~' det p, 8 and the
Zariski-dense subset of noncritical classical points.

(2) There are line bundles £ and %, over E™ and an exact sequence
0~ Hen(5™" det p) ®0, L1 = Dip(Vlg,,) = Rew(®) Q0 L

with the cokernel of the final map vanishing over a Zariski open subset
which contains every noncritical classical point. In particular, this sequence
induces a triangulation of Dy (V.|g,, ) at every noncritical classical point.

Proof. The first assertion follows immediately from Proposition 3.1.6. The
existence of the global triangulation and the fact that the cokernel of the final
map vanishes over a Zariski open subset containing every noncritical classical
point follows from [KPX14, Corollary 6.3.10]. To apply this Corollary we have to
check that there exists an admissible affinoid cover of £ such that the noncritical
classical points are Zariski-dense in each member of the cover—this property
is the definition of ‘Zariski-dense’ in [KPX14, Definition 6.3.2]. We prefer to
reserve the terminology Zariski-dense for the standard property that a set of
points is not contained in a proper analytic subset. The (a priori) stronger density
statement needed to apply [KPX14, Corollary 6.3.10] follows from [CHJ17,
Lemma 5.9]. To apply this, we show that £ has an increasing cover by affinoids
as in [CHJ17, Remark 5.10]. Indeed, € has an increasing cover by affinoids
(V)1 since it is finite over W x A'. We claim that the Zariski open subsets
V., N Eir V,, can also be covered by an increasing union of affinoids (V,, ,)m>1.
Assuming the claim, we have Eim = U,m Vam- By quasicompactness of affinoids
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Hilbert modular eigenvarieties and the parity conjecture 25

we can find a sequence m,, my, ... such that V, ,, contains V,_,,, , and V; ; for
alli < nandj < n,and therefore " = U, Vim, is covered by an increasing
union of affinoids. To show the claim, it suffices to show that a Zariski open subset
of a one-dimensional affinoid V' is an increasing union of affinoids. If U C V has
complement cut out by functions fi, f3, ..., fi thenU =, Ule {lfil = 1/n}.

The finite union of affinoids Ule{l fil = 1/n} C V is itself affinoid, by [Fie80,
Satz 2.1]. O

3.1.2.  p-adic Hodge theoretic properties at v' # v. Now we let V| p be a place
of F with v’ # v.

PROPOSITION 3.1.8.

(1) Letz € E Then V. |GF is potentially semistable with Hodge—Tate weights
—(w + ky)/2 and —(1 + (w—ky)/2).

(2) The restriction to Ir, of the Weil-Deligne representation WD(V_|g, )

depends only on the connected component of 7 in g,

(3) If z is a classical point with U, (z) = a # 0, and we set & = ap'T@=k)/2
then the associated (Frobenius-semisimplified) Weil-Deligne representation
is of the form

WD(V.lg, )™ = (ur(B) v & ur@ 'y, N)

for some characters y; of O, and E € C, (determined by the determinant
of V) satisfying v, (@) +v,(B) = 1+w. N is nonzero if and only if Y, =
anda/B = p~ L.

Proof. For classical points, the first and third assertions follow from local-global
compatibility, as in Proposition 3.1.3. Note that for the third part, a calculation
similar to Lemma 2.3.1 shows that we can assume that the integer n deﬁmng the

vlnl

level at the place v’ is minimal such that the relevant space of invariants 7,
is nonzero. The rest of the Proposition then follows from [BCO08, Theorems B,
C], which were generalized to reduced quasicompact (and quasiseparated) rigid
spaces in [Che, Corollary 3.19], and [BC09, Lemma 7.5.12] (which allows us
to identify the Hodge—Tate weights precisely). Note that every point of Eim is
contained in a quasicompact open subspace with a Zariski-dense set of classical
points (as in the proof of Corollary 3.1.7, see [CHJ17, Lemma 5.9]). O
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C. Johansson and J. Newton 26

DEFINITION 3.1.9. We denote by £~ the Zariski open subspace of £ where
U, is nonzero.

LEMMA 3.1.10.

(D) If z € EV, with Uy(z) = a # 0, and we set & = ap't@=*)12 then
the associated (Frobenius-semisimple) Weil-Deligne representation is of the
form

WD(V.lg, )™ = (ur(B) v & ur@ 'y, N)

for some characters ; of OF ,, and E € C, (determined by the determinant
of V) satisfying v, (@) + UP(E) =1+w.

(2) £V is a union of connected components of E™.

Proof. We begin by establishing the first part. Suppose z € V5 Tt follows
from the second and third parts of Proposition 3.1.8 that the Weil-Deligne
representation at z has a reducible Weil group representation. Since the Weil—
Deligne representation varies analytically over E™ [BC08, Theorem C], we can
consider the characteristic polynomial of a lift of Frob, over E". The third
part of Proposition 3.1.8 and Zariski density of classical points implies that
p k)20 s a root of this polynomial over £, and this proves that the
Weil-Deligne representation has the desired form over all of Evrs,

For the second part, we suppose that z € & is an element of the Zariski
closure of £Y~%. We need to show that Uy(z) # 0. The same argument we
used to establish the first part shows that the Weil-Deligne representation at
z has a reducible Weil group representation with a Frob,, eigenvalue given by
p'Tw=kI2  (2). It follows immediately that U, (z) # 0. O

LEMMA 3.1.11. The locus of points z € EVIS with V|G, , reducible is equal to
the locus of points with v,(U,(z)) = 0 or ky — 1.
Moreover; this locus is a union of connected components of £V 5.

Proof. 1t follows from Lemma 3.1.10 and the explicit description of admissible
filtered Weil-Deligne modules [Col08, Section 4.5] that V.|, , is reducible if and
only if v,(Uy(z)) = 0 or k,y — 1. Since reducibility of a represventation is a Zariski
closed condition, and the conditions on the slope are open, we deduce that the
reducible locus is a union of connected components. O
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DEFINITION 3.1.12. We denote the locus of z € £V~ with V.G, irreducible
or reducible with v, (U, (z)) = 0 by Ev'—fs.good (the preceding lemma implies that
this is a union of connected components of £V~™).

COROLLARY 3.1.13. There are line bundles £, and & over Ev'—fsgood g
continuous character § : F)\ — I'(EV 8¢ O with §(p) = U,;" and a short
exact sequence

0 — %"l"—ﬂxgoud (871 detp)@ﬂ — Drig(vév’—fs,good |GFU’) — L@év’—fs.good (8)®c% —> O-

Proof. This is proved exactly as Corollary 3.1.7. O

Finally, we note that if § : Q7 — L* is a continuous character such that there
exists i € Z with §(x) = x for all x in a finite index subgroup of Z;, then Z(8)
is de Rham of Hodge—Tate weight —i (as defined in [PX, Section 2.2]). We can
now give the proof of Theorem 1.2.3.

Proof of Theorem 1.2.3. If [F : Q] is even, we let D/F be the totally definite
quaternion algebra which is split at all finite places. If [F : Q] is odd, we let D/ F
be the totally definite quaternion algebra which is split at all finite places except
for the fixed place v.

By the Jacquet-Langlands correspondence, we can find a compact open
subgroup K? C (D ®r A’}.f)x, an integer n > 1, a finite order character
e =[], € :I1,, To, = E; and a Hecke eigenform

f € HO (KP 1_[ Iv,l,n—h ®£(kva Oa ev))

vlp v|p

with associated Galois representation V; isomorphic to V, ,. Moreover, if g is v-
(nearly) ordinary at a place v|p we choose f so that its U,-eigenvalue «, satisfies
v,(ay) = 0. In particular, we have v, (a,) < k, — 1 for all v|p.

Triviality of the central character of g implies that each character ¢, has trivial
restriction to the diagonally embedded copy of O} . The determinant det(V/) is
the cyclotomic character.

Now we choose an ordering vy, vy, ..., vy of the places v|p. We can now
apply the results of Sections 2.7 and 3.1 fixing the place v = v;. By Proposition
2.7.4, we deduce that we can find an integer n; > n, a finite extension E,/Q,,
a finite order character ¢; = ]_[v‘ pELy ! ]_[v‘ » To,, — E|* and a Hecke eigenform
fi € HO(K? ]_[U‘p Lyyn -1, £(2,0,€1,,) ®f:2 L(k,., 0, €,,)) such that f and f
give rise to classical points of a common irreducible component C of £ (k", 0).
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Moreover, the U,-eigenvalues «, of f; satisfy v(e,) < k, — 1 for all v|p. For v,
this is part of the statement of Proposition 2.7.4. For the other places, this follows
from Lemma 3.1.11.

Now we can apply Corollaries 3.1.13 and 3.1.7, together with [PX, Theorem A]
to deduce that the validity of the parity conjecture for V, , is equivalent to
the validity of the parity conjecture for V. For the reader’s convenience, we
reproduce here the statement of [PX, Theorem A]:

THEOREM. Let X be an irreducible reduced rigid analytic space over Q,, and T
a locally free coherent Ox-module equipped with a continuous, Oy-linear action
of Gr.s, and a skew-symmetric isomorphism j : 7 = T*(1). Assume given, for
each v;| p, a short exact sequence

% 0 — @iJr_)Drig(glGFvi)_) @17%0

of (¢, I')-modules over Zx, with D" Lagrangian with respect o .

For a (closed) point P € X, weput V=7 o, k(P) and S; = .%; ®o, k(P).
Let X,y be the set of points P € X such that (1) for all i, the sequence
S; describes Dyig(Vg,, ) as an extension of a de Rham (¢, I")-module with
nonnegative Hodge—Tat'e weights by a de Rham (@, I')-module with negative
Hodge-Tate weights (this is called the ‘Panchiskin condition’ in [PX]), and
(2) for all w € S\Ss where T |g,, is ramified, the associated Weil-Deligne
representation W D(V g, ) is pure.

Then the validity of the parity conjecture for V, relating the sign of its global
e-factor to the parity of the dimension of its Bloch—Kato Selmer group, is
independent of P € X,.

Letting U C & be a Zariski open subset containing every noncritical classical
point, as in the second part of Corollary 3.1.7, we apply the above theorem with
X =UN0 sy Ev'~fg00d) (note that X contains the points arising from both
f and f1). The short exact sequences .%; are given by Corollary 3.1.7 (fori = 1)
and Corollary 3.1.13 (for the other /). We can fix a skew-symmetric isomorphism
Jj (it exists since our Galois representations have cyclotomic determinant). The
specialization of Z; at a noncritical classical point of weight (k;, 0) is de Rham
of Hodge—Tate weight —k; /2, and the specialization of Z; is de Rham of Hodge—
Tate weight (k; — 2)/2 (see Proposition 3.1.6). It follows from this and local—
global compatibility at places in S\S, that X,, contains all the noncritical
classical points of X (in particular, the points arising from f and f;). Therefore
the validity of the parity conjecture for V is equivalent to the validity of the parity
conjecture for Vy,.
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We apply this argument d — 1 more times, and deduce that the validity of the
parity conjecture for V, , is equivalent to the validity of the parity conjecture for
Vy,, for a Hecke eigenform

d
foeH° (K" [Thim- @ L0, ed,ug) :

v|p i=1

We moreover know that f, does not generate a one-dimensional representation
of (D ®r Ar)* (since it has noncritical slope). Finally, by the Jacquet-Langlands
correspondence and [Nek18, Theorem C], the parity conjecture holds for Vi,
(note that our Galois representations all have cyclotomic determinant, so the
automorphic representation associated to f; has trivial central character), so the
parity conjecture holds for V. 0

4. The full eigenvariety

4.1. Notation and preliminaries. In this section we will consider an
eigenvariety for automorphic forms on the quaternion algebra D where the
weights are allowed to vary at all places v|p. The set-up is very similar to
Section 2.5 so we will be brief.

We set Ty = [[,,, To..» It = [1,, L. and I, , = [1,;, 1u.1.., and fix a compact
open subgroup K = ]_[U,“, K, Cc (Op ®F Aﬁ;,f)x such that K = K?1, is neat.

We let X, denote the kernel of Nrjq : Of , — Z5.

The weight space W™ is defined by letting

WM(A) = {k € Hom,(Ty, A*) : k|, = 1 and k|, has finite order}

for Q,-affinoid algebras A. We have dim(W"") = 1+ d and the locally algebraic
points (defined as in the partial case) are Zariski-dense in W™, If the p-adic
Leopoldt conjecture holds for F then Z(K) has closure in X, a finite index
subgroup, and the second condition in the definition of the points of weight space
is automatic.

For weights k € YWW"(A) (together with a norm on A which is adapted to «) and
r > r, we get a Banach A-module of distributions D! equipped with a left action
of the monoid ]_[vl » Av. We therefore obtain an A-module H (K, D) equipped
with an action of the Hecke algebra T.

We let U, = [],, Uy, which is a compact operator on H°(K,Dr). We have
its spectral variety Z™! — Wl and a coherent sheaf H™! on Z™! coming from
the modules H°(K, D~), equipped with a map ¥ : T — End(H™"). We write
EM for the eigenvariety associated to the eigenvariety datum (VM x Al H&I
T, ) (or, equivalently, (Z0! HM T, v)). £ is reduced and equidimensional
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of dimension 1 4 d, with a Zariski-dense subset of classical points which we now
describe.

Given integers k = (k,),, and w all of the same parity, and a finite order
character € : T, — E* which is trivial on 1_[11|p(] + @"OF,)?, we have an
I, ,—i-representation L(k, w, €) = Q,,L,(k,, w, €). As in Section 2.2, k, w and
e correspond to a character « : Ty — E*, which we suppose is a point of YWl
(in other words we suppose «|z(x) = 1 and k|, has finite order). We say that « is
locally algebraic of weight (k, w) and character €.

We then obtain a map (as in (2.3.1))

7 HOK, D)) — HOK" Loy, LGk, w, €)),

where for each v|p the action of U, on the target is the x-action defined by
multiplying the standard action of U, by p~®=*+2/2,

PROPOSITION 4.1.1. For each v|p, let h, € Qo with h, < k, — 1. The map &
induces an isomorphism between the subspaces where U, acts with slope < h,
forall v|p.

Proof. As for Proposition 2.3.3, this can be proved using the method of [Han17,
Theorem 3.2.5]. O]

We say that a point of £M! is classical if its weight is locally algebraic and the
point corresponds to a Hecke eigenvector with nonzero image under the map =
above. We say that a classical point (with weight (k, w)) has noncritical slope if
the corresponding U,-eigenvalues have slope < k, — 1 for each v|p.

LEMMA 4.1.2. Let z € E™ be a classical point of weight (k, w) and character
€ with noncritical slope. Let € = (€, €), where €; is a character of Of ,. If
€ilox = €lox suppose moreover that v,(U,(2)) # (k, — 1)/2. Then EMll s étale

over Wl gt 7.

Proof. This can be proved as in [Chell, Theorems 4.8, 4.10]. Under our
assumptions, the Hecke algebra T acts semisimply on the space of classical
automorphic forms of fixed weight and character. We denote the residue field
k(k(z)) by L. Replacing z by a point (which we also call z) lying over it in £*,
it suffices to show that £ is étale over W' at z. By the construction of the
eigenvariety, we can suppose that we have a geometrically connected (smooth)
L-affinoid neighbourhood B of the weight «(z) € W™ and a finite locally free

O(B)-module M, equipped with an O(B)-linear T-action such that:
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(1) The affinoid spectrum V of the image of O(B) ® T in Endp sy (M) is an
open neighbourhood of z € £MI',

(2) For each point x € B and algebraic closure k(x) of the residue field k(x)
there is an isomorphism of £(x) ® T-modules

M®@om kx) = P B HUK D)@ k@0 v,

yek =1 )NV teHomy ) (k(y),k (x))

where /,, denotes the (k(y)-valued) system of Hecke eigenvalues associated
to y, and [¢ o v, ] denotes the generalized eigenspace.

(3) k7 '(k(z)) = {z} and the natural L-algebra surjection O(V) — k(z) has a
section.

Now we apply the classicality criterion (Proposition 4.1.1), strong multiplicity
one, and [Chell, Lemma 4.7] as in [Chell, Theorem 4.10] to deduce that there
is a Zariski-dense subset Z, C B of locally algebraic weights with residue field
L such that « is étale at each point of x ~1(Z,), and for each x € Zo, k() NV
consists of a single point with residue field k(z).

We can now show that the map k(z) ®, O(B) — O(V) obtained from
assumption (3) is an isomorphism. Since k(z) ®, O(B) is a normal integral
domain, it suffices to show that the map 7 : Spec(O(V)) — Spec(k(z) ®; O(B))
is birational. By generic flatness, there is a dense open subscheme U of the target
such that 7|y is finite flat. Since 7 maps irreducible components surjectively
onto irreducible components, 7' (U) is a dense open subscheme of the source.
Since Z, N U is nonempty, |y has degree one and is therefore an isomorphism,
which shows that  is birational as desired. In fact, it is not necessary to use
the normality of B (as explained to us by Chenevier)—QO(V) is a subalgebra of
End; e, o) (k(2) ® M) and each element of O(V) acts as a scalar in k(z) when
we specialize at a weight x € Z,. Since B is reduced and Z, is Zariski-dense
in B, this is enough to conclude that each element of O(V) acts as a scalar (in
k(z) ®. O(B)) onk(z) ®. M. U

4.2. Mapping from partial eigenvarieties to the full eigenvariety. Now we
fix a place v|p and consider the eigenvariety £(k", w) for fixed k¥, w as in
Section 2.7. For this partial eigenvariety, we fix the level structure K|, = I, ;
for each place v'|p with v/ # v, and let K’ = K”1, ]_[v,;év K,. We denote by
Ek?, w)Pr=/5 C £(k”, w) the union of irreducible components (with the reduced
subspace structure) given by the image of (), £0lp EV-15 (see Definition 3.1.9).
We can also construct a spectral variety ZY (k’, w) and eigenvariety
EYr(k", w) using the compact operator U, instead of U,. The closed points
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of EYr(k?, w) and &£k, w)Y»~/* correspond to the same systems of Hecke
eigenvalues, so the following lemma should be no surprise.

LEMMA 4.2.1. There is a canonical isomorphism EY» (k*, w)™ = E(k¥, w)Vr=/3,
over W, compatible with the Hecke operators.

Proof. Suppose we have a slope datum (U, h) (see [JN19b, Definition 2.3.1])
corresponding to an open subset ij’h C ZY (k’, w). We therefore have a slope
decomposition

HYK', L' (K", w) ®z, D)) =M = M<;, ® M-,

and a corresponding factorization det(1 — U, T) = QS of the characteristic power
series of U, on M, so we obtain a closed immersion

Z(Q)={0 =0} = Z" k", wly.

The module M, defines a coherent sheaf on Z(Q).
Gluing, we obtain a rigid space ZU»Y equipped with a closed immersion
ZUrUv s ZUe(k*, w), together with a coherent sheaf HU»Y» on ZUr-Ue,

Over ngh EYr(k’, w) is given by the spectrum of the affinoid algebra
Tos = im(T ®z, OU) — Endow, M)

The eigenvariety associated to the datum (W x A!, HY»U T, ) has the
same description (since U, € T), so these two eigenvarieties are canonically
isomorphic.

On the other hand, we can identify the closed points of £(k¥, w)Y»~/* and
EYr(k?, w), since they correspond to the same systems of Hecke eigenvalues.
It follows from [JN19a, Theorem 3.2.1], applied to the eigenvariety data
W x Al HY»Y T ) and W x A, H, T, ) that there is a canonical closed
immersion Y (k¥, w)™ < £ (k?, w), which induces the desired isomorphism

gU,,(kv’ w)red o~ g(kv’ w)Ul’ffx- O
To compare & (k¥, w)Y»~7/* with £M', we need to fix a character

€' 1_[ IU/,I,H*I/I;/.L”—I - Qx’
v'#v
and consider the eigenvarieties EV7 (kV, w, €¥), E(k°, w, €”) given by replacing

the coherent sheaf 7 in the eigenvariety data with the €"-isotypic piece H(e").
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These are unions of connected components in the original eigenvarieties. They are
supported over the union of connected components WW(e") C VV given by weights
K, such that k,€"x"|zx) = 1, where x" is the highest weight of L£"(k", w). Note
that in general points «, € WV satisfy the weaker condition that k', x*|zx) = 1.

DEFINITION 4.2.2. We write (o, ¢v) : W(e?) < W™ for the closed immersion
defined by
L(k”,w,e”)(Ku) = Kvevxv’

where x" is the highest weight of L' (k", w).

LEMMA 4.2.3. There is a canonical closed immersion
g(kv w ev)U,,—fs s gfull

lying over the map 4oy @ W(€’) — WML compatible with the Hecke
operators.

Proof. Applying Lemma 4.2.1, we replace E(kV, w, €')U»=/* in the statement
with EY (k*, w, €')™. The classical points of EY»(k¥, w, €)™ naturally
correspond to a subset of the classical points of £M! and we apply [JN19a,
Theorem 3.2.1] to obtain the desired closed immersion. L]

COROLLARY 4.2.4. Let C be an irreducible component of the full eigenvariety
EM Then C contains a noncritical slope classical point of weight (2, . ..,2,0)
(or any other algebraic weight).

Proof. First we note that C contains a noncritical slope classical point xy of
weight (ki, ..., k;, w) and character € = (€, €;) with w even (since the image of
C in weight space is Zariski open). We can moreover assume that the characters
€1 |ox and 62|o: are distinct for all v|p (for example by considering weights in
a sufﬁ01ent1y small ‘boundary poly-annulus’ of the weight space). We do this to
ensure that x, will be étale over weight space. As in the proof of Theorem 1.2.3,
we obtain a sequence xi, X, ..., Xy of noncritical slope classical points where
each x; has a weight k(i) with k(i); = k(i), = - - - = k(i); = 2, with the remaining
weight components the same as x,. The v;,; part of the character € changes when
we move from x; to x; |, but it keeps the property that it has distinct components.
So, by Lemma 4.1.2, the map from E™! to W™!! is étale at each of the points x;.

For each i, x; and x;,; lie in the image of an irreducible component of
Ek(i)V+, w, eV+)Yr=/5 under the closed immersion of Lemma 4.2.3 (for some
choice of €Vi+). It follows that x; and x;, lie in a common irreducible component
of Efull.
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Since the map from E™! to W!! is étale at each of the points x;, x; is a smooth
point of £™!! and is therefore contained in a unique irreducible component of £,
We deduce that x; € C for all i. The point x; has weight (2, ..., 2, w). Finally,
there is a one-dimensional family of twists by powers of the cyclotomic character
connecting x, to a noncritical slope classical point of weight (2, ..., 2, 0), which
gives the desired point of C. O

REMARK 4.2.5. At least for irreducible components C whose associated mod
p Galois representation p is absolutely irreducible, one can deduce cases of
the parity conjecture directly from the above corollary, using [PX, Theorem A].
Without this assumption on p, the Galois pseudocharacter over C cannot be
automatically lifted to a genuine family of Galois representations over C. This
is why our proof of Theorem 1.2.3 instead uses one-dimensional families coming
from the partial eigenvarieties, where we can apply Proposition 3.1.1.
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