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Abstract

Let K be an imaginary quadratic field. In this article, we study the eigenvariety for
GL2/K, proving an étaleness result for the weight map at non-critical classical points and a
smoothness result at base-change classical points. We give three main applications of this.
(1) We construct three-variable p-adic L-functions over the eigenvariety interpolating the
(two-variable) p-adic L-functions of classical Bianchi cusp forms in families. (2) Let f be a
p-stabilised newform of weight k at least 2 without CM by K. We construct a two-variable
p-adic L-function attached to the base-change of f to K under assumptions on f that we
conjecture always hold, in particular making no assumption on the slope of f. (3) We prove
that these base-change p-adic L-functions satisfy a p-adic Artin formalism result, that is,
they factorise in the same way as the classical L-function under Artin formalism.

1. Introduction

The study of p-adic L-functions has proved invaluable for approaching many important prob-
lems in arithmetic number theory, playing a major role in the proof of cases of the Birch and
Swinnerton-Dyer and Bloch-Kato conjectures and the non-vanishing of certain central L-values
(see [JSW17], [Casl7], [DR17], [BDR15], [BC04], [BC09], [DJR18]). Another common theme in
the above papers is the notion of varying automorphic representations in p-adic families. Such
families are captured geometrically in the theory of eigenvarieties. Eigenvarieties and p-adic
L-functions are very closely related, and indeed their constructions often use the same tools,
such as p-adic automorphic forms, completed cohomology or overconvergent cohomology. It is
also natural to try to construct ‘many variabled’ p-adic L-functions varying in p-adic families
over eigenvarieties; such functions are ubiquitous in the works above. In this paper, we study
the eigenvariety parametrising automorphic forms for GL2 over an imaginary quadratic field
K and give a number of applications, including an extension of known constructions of p-adic
L-functions in this setting and a construction of (three-variable) p-adic L-functions in families.

In general, for every complex L-function attached to a cohomological automorphic representation
of a reductive group G, we expect there to be a p-adic analogue. In practice, p-adic L-functions
can be very hard to construct, and we are far from achieving this goal. Even in cases where
constructions are well-established — such as for classical modular forms, when G = GLy/Q —
there are subtleties; for example, when the modular form is ‘critical’ at p, the usual conditions a
p-adic L-function satisfies do not determine it uniquely. In this case, the study of eigenvarieties
has provided a much more complete picture; for example, the Coleman—-Mazur eigencurve is
pivotal in [Bell2], where Bellaiche constructs canonical ‘analytic’ p-adic L-functions for critical
slope modular forms, and in [Han16], where (under a non-vanishing hypothesis) Hansen shows
that these are equal to ‘algebraic’ critical p-adic L-functions constructed by Kato using Euler
systems (see [Kat04]). Bellaiche’s construction of analytic critical p-adic L-functions has since
been generalised by Bergdall and Hansen, using the Hilbert eigenvariety, to the case of Hilbert
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modular forms (see [BH17]).

In light of this, to obtain a more complete theory of p-adic L-functions attached to automorphic
representations of G we should:

(a) get a good understanding of the local behaviour (at classical points) of the eigenvariety
attached to GG, and

(b) find a generic construction of p-adic L-functions (at single points of the eigenvariety) that
is well-adapted for variation in families.

In the setting that interests us — the Bianchi case, where G = GLg/K — the generic construction
of (two-variable) p-adic L-functions for single points was done by the second author in [Will7],
using overconvergent modular symbols (the first degree compactly supported overconvergent co-
homology of the relevant locally symmetric space). The eigenvariety in question was constructed
by Hansen in [Han17], also using overconvergent cohomology. Its further study, however, is chal-
lenging; GL3(C) does not admit discrete series representations, and consequently many nice
properties of the Coleman—Mazur eigencurve (and, more generally, Hilbert eigenvarieties) fail to
hold in the Bianchi setting. Strikingly, the classical points are not dense, and there exist classical
Bianchi cusp forms that do not vary in classical families. In fact, in [CMO09], Calegari and Mazur
conjectured that ordinary classical families arise only through cases of Langlands functoriality;
in particular, such a family should be a (twist) of a base-change family from GL2/Q or a CM
family from GL;/L, where L/K is a quadratic extension. The situation is further complicated
as Bianchi modular forms appear in more than one cohomological degree, unlike in (for example)
the case of Hilbert modular forms. Our understanding of eigenvarieties in this so-called ‘¢ > 0’

case! is significantly less developed than when ¢ = 0.

Many of the methods used in the literature (for example, in [Bell2], [BSDJ17] and [BH17]) for
constructing p-adic L-functions over eigenvarieties make essential use of properties that do not
hold for the Bianchi eigenvariety. Accordingly, to prove the technical results we need in the
construction — namely, an étaleness result at non-critical points and a smoothness result for
base-change points — we develop new arguments for working in the ¢ > 0 case. We hope these
methods can be more easily adapted to eigenvarieties for more general reductive groups, such as
those for GL,, with n > 3, where we get similar ‘bad’ behaviour.

1.1. Main Results

Let K be an imaginary quadratic number field, let Ok be its ring of integers, and fix p a rational
prime. Let F be a cuspidal Bianchi eigenform of weight A := (k, k) and level n C O, where n
is divisible by all of the primes of K above p; throughout, we will assume that F is either? new
at p or the stabilisation of a newform at primes above p. Suppose that F either:

(NC) is non-critical in the sense of Definition 2.7, or

(BC) has finite slope at p, and is the base-change of a p-stabilised decent? classical newform
f of weight k& + 2 > 2 and level prime to p, or a twist of such a base-change by a finite
order Hecke character of K of conductor prime to p.

If F is in case (BC), and p is split in K, then it automatically also satisfies condition (NC) if
vp(ap(f)) < k+ 1, where a,(f) is the Upy-eigenvalue of f. We say such forms have small slope.
If p is inert or ramified, however, the small slope condition becomes v, (a,(f)) < (k+1)/2. In
particular, in the latter case, the ‘critical slope region’ covers fully half of the possible range,
and classical forms of non-critical slope can base-change to have critical slope over K. There
were previously no proven constructions of p-adic L-functions in this substantial case.

1Here ¢ denotes the difference between the top and bottom cohomological degrees in which forms appear.
2For uniformity, we will call forms satisfying either condition p-stabilised newforms; see Definition 2.16.
3See Definition 5.4. Conjecturally, every modular form is decent.
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We also assume F satisfies a (mild) multiplicity one result* (Definition 4.6). In [Wil17] the author
constructs a p-adic L-function L,(F) for F in case (NC). This is a distribution on Clg (p*),
the ray class group of K of level p>°, and is constructed as follows. For L a sufficiently large
finite extension of Q,, one can realise F in the classical cohomology H! (Y7 (n), #3(L)*), where
Y1(n) is the relevant Bianchi locally symmetric space of level n and %" is the local system
attached to the algebraic representation of highest weight A\. One can then exhibit a canonical
class U € HL(Y1(n), Z)(L)) in the overconvergent cohomology lifting this classical class, where
2> (L) is the local system of L-valued locally analytic distributions on Ok ®7zZ,. We then define
L,(F) to be the Mellin transform (see §2.7) of this canonical class. It is shown op. cit. that this
distribution interpolates the critical L-values of F.

1.1.1. Critical base-change p-adic L-functions

The first main result of this paper is an extension of this construction to case (BC), allowing
critical slope forms. To prove strong analogues of the results of [Will7], constructing a canonical
class ¥ r in the overconvergent cohomology, we require the following hypothesis.

Hypothesis 1.1. Suppose F in case (BC) is critical. Then there is precisely one Bianchi family
through F (the base-change of the Coleman family through f) that admits a Zariski-dense set of
classical points. If F satisfies this condition, we say it is X-smooth.

Theorem 1.2. Let F in case (BC) be X-smooth. Then the F-eigenspace HL(Y1(n), Zx(L))[F]
(that is, the eigenspace in H:(Y1(n), Zx(L)) where the Hecke operators act with the same eigen-
values as on F) is one-dimensional over L.

Choosing ¥ to be a generator, and taking the Mellin transform, this result allows us to define
the p-adic L-function L,(F) € D(Clg (p™), L) as a locally analytic distribution on Clg (p>°) for
each base-change F as above. Moreover, we prove that L, (F) satisfies the expected growth and
interpolation® properties.

We conjecture that Hypothesis 1.1 always holds, but if we do not assume it, then we can still
construct a canonical candidate for L, (F); see §1.1.3 for more details.

1.1.2. Three-variable p-adic L-functions

Our second main result is that the p-adic L-functions above naturally live in p-adic families. Let
Wk be the null Bianchi weight space, which is a rigid space of dimension 2 (see Definition 3.1).
Let &£ be the Bianchi eigenvariety, together with the weight map w : &€ — Wk, as constructed
in [Hanl7]. The points of £ above a weight A are in bijection with systems of eigenvalues that
appear in the (total) weight A overconvergent cohomology of Y;(n). Hansen’s work also gives
a finite ‘base-change p-adic functoriality’ map BC : C — &£, where C is the Coleman—Mazur
eigencurve, interpolating the base-change lifts on classical points.

Assume first that F is in case (NC) or in case (BC) and X-smooth; in this case, we prove the
stronger result that the canonical overconvergent classes vary in families over £. Let xx be the
point in £(L) attached to F. Any irreducible component of £ containing x z is one-dimensional
(see Theorem 3.9). In case (NC), we choose &’ to be any such irreducible component, and in case
(BC), we choose it to be a (twist of a) base-change component, which is possible by Theorem
3.5. Let V be a neighbourhood of z inside £, with ¥ = w(V') an affinoid curve inside We.
We define Ds; to be the space of O(X)-valued locally analytic distributions on O ® Z,. This
gives rise to a local system s, on Yi(n), and for any h > 0, it is possible to shrink V' and ¥
so that the overconvergent cohomology H.(Y;(n), Zs) admits a slope < h decomposition with
respect to Up,. At any point y € V(L), there exists a specialisation map Spy, : O(V) — L given
by evaluation at y. We prove (see Proposition 7.5):

4In practice, this involves the standard assumption that roots of Hecke polynomials at p are distinct.
5In the critical case, the interpolation property is that every critical value vanishes.
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Theorem 1.3. After possibly further shrinking V', there exists a Hecke eigenclass
Py € Hi(Yl(l‘l), @Z)Sh ®Ts o)
such that:

(i) sp, . (Pv) = Vr, and

(i) for any classical pointy € V (L), with w(y) = &, the specialisation sp, (®v) is a generator of
the (one-dimensional) L-vector eigenspace HL(Y1(n), Z,.(L))[F,] (where F, is the Bianchi
form corresponding to y ).

Here Ty denotes the submodule of Endes)(HE(Y1(n), Z5)=") generated by the Hecke op-
erators away from n and the Hecke operators at p. The class @y is canonical up to an ele-
ment of O(V)*. Taking the Mellin transform of this class we obtain a distribution £,(V) €
D(Clg (p>),O(V)). This distribution is the three-variable p-adic L-function, characterised by
the following interpolation property.

Corollary 1.4. For each classical point y € V(L) we have

Ly(y) = sp, (Lp(V))
= ¢y Lp(Fy) € D(Clk (p™), L),

where ¢, € L*.

The numbers ¢, € L* are p-adic periods analogous to those obtained in [GS93]. In case (BC),
the corollary can be phrased more explicitly. Let 2 (Clg (p°°)) denote the rigid space of p-adic
characters on Clg (p>) (see [BH17, Defn. 5.1.4]); functions on this space are naturally two-
variabled, so the following also explains the terminology ‘three-variable p-adic L-function’, since
we add a single weight variable.

Corollary 1.5. Let f be a decent cuspidal eigenform (for GLa/Q) of weight k+2 > 2 and level
N = Mp, let ¢ be a finite-order Hecke character of K that has conductor prime to pOg, and let
V' be a neighbourhood of f in the Coleman—Mazur eigencurve that is étale over the weight space.
Suppose that f does not have CM by K, and that [ is either a newform or the p-stabilisation
of a newform at level M prime to p. If f is critical, suppose further that its base-change F is
Y-smooth. Then there exists a unique rigid-analytic function

L,:V x 2 (Clg(p™)) — C,

such that, for any classical point y € V' and any Hecke character ¢ of K of conductor f|(p>)
and infinity type 0 < (q,7) < (k, k), we have

Cy(Hp|p Zy (cp))A(]:y @) - A(Fy,09) :y is non-critical

0 1y 1s critical

ﬁp(ya @pfﬁn) =

)

where F, is the base-change of the classical modular form corresponding to y, pp—gn is the p-adic
avatar of ¢, Zy(p) is an exceptional factor, A(F,,¢) is an explicit non-zero scalar, and A(Fy, *)
is the (completed) L-function of Fy, all of which are defined in §2.7.

Note that we make no assumption on the splitting behaviour of p in K or the slope of f. The
proof of this corollary can be deduced after taking the Amice transform (see [BH17, §5.1]) of
the distribution in Corollary 1.4; the interpolation property then follows from Theorem 2.14,
Proposition 6.7 and Corollaries 6.9 and 8.12. This interpolation property ensures that the
specialisations of £, at a Zariski-dense set of classical non-critical points in V' are determined
uniquely by a growth condition, which gives the required uniqueness property for £,.
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1.1.3. The Y>-smoothness condition

We conjecture that the Y-smoothness condition always holds. In particular, it would follow from
the natural generalisation of the conjecture of Calegari and Mazur, in [CM09], mentioned above.
In the non-ordinary case, there are no CM families, so the analogous statement becomes the
following, which we make more precise in the sequel (Conjecture 5.14).

Conjecture 1.6. The only non-ordinary families of Bianchi modular forms which admit a
Zariski-dense set of classical points arise from base-change.

Combined with our later results — namely, a smoothness result in the ‘base-change eigenvariety’
— this is enough to prove that classical base-change points are ¥-smooth.

We can prove slightly weaker analogues of the results above without assuming this, however.
Suppose F is in case (BC) but is not X-smooth. By making a non-canonical choice, we construct
an analogue of the function £, on V x 2 (Clk (p>°)) in Corollary 1.5 even in this case, and show
that it satisfies the same interpolation property at all non-critical points. In this case, we define
the p-adic L-function of F to be the specialisation of £, at x. Since the interpolation at non-
critical points gives good control on £,, we show that for all possible choices made, the resulting
distributions in D(Clg (p>°), L) lie in (at most) a one-dimensional L-vector space, showing that
as usual L,(F) is well-defined up to scalar multiple. By general results of Stevens, it has the
expected growth property, and by construction, it varies in a canonical three-variable p-adic
L-function. We also prove a partial interpolation result (see below).

1.1.4. P-adic Artin formalism

Our third main result uses the three-variable p-adic L-function to prove a p-adic analogue of
Artin formalism for complex L-functions. Let f be as above, let F denote its base-change to K,
and let xx/q be the quadratic character associated to K. We do not assume F is X-smooth.
Artin formalism says that L(F,s) = L(f,s)L(f, Xk g, 5). Now let 016 (p™) = Z, be the narrow
ray class group at (p™°) over Q, and let L,(f) and L,"/?(f) be the p-adic L-functions attached
to f and its quadratic twist by x kg respectively, which are both distributions on C% (p>). We
denote by L;Y¢(F) the restriction of L,(F) to the cyclotomic line, which is again a distribution
on 016 (p*°). Using the three-variable p-adic L-function we obtain the following p-adic Artin
formalism result.

Theorem 1.7. Suppose LyY°(F) and L,(f)Ly™' (f) are both non-zero. Then we have LY(F) =
Ly(f)Ly"'°(f) as distributions on 016 (p>).

We remark that the non-vanishing condition is automatically satisfied when f and F are non-
critical. A conjecture of Greenberg, which says that all critical elliptic modular forms are CM,
would imply that L,(f) and Ly"*/®(f) are always non-zero by work of Bellaiche (see [Bel]), and
we conjecture that LgY¢(F) is similarly never zero.

A case of particular interest where this theorem applies is the following. Let E/Q be an elliptic
curve with good supersingular reduction at p, let f be the corresponding weight 2 classical
modular form, and let f, denote a p-stabilisation of f. Suppose p splits in K. Then the base-
change F,, has slope 1/2 at each of the primes above p. Since the L-function of F, corresponds
to a p-depleted L-function for E/K, in this case we get a factorisation formula

L;Ca},]ocz(E/Ka ) = Lo (E/Q, %)Ly o (EX</?/Q, %)

of the p-adic L-function of E/K in terms of the p-adic L-functions of E and its quadratic twist
by Xk /g- In the ordinary case, such a factorisation plays a role in Skinner and Urban’s proof of
the Twasawa main conjecture (see [SU14]). We hope our results can have applications to more
general cases of the conjecture.
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Another interesting consequence of this result comes when F is not ¥-smooth. In this case, the
theorem allows us to prove an interpolation property for L,(F) at critical Hecke characters of
K which factor through the norm to Q. We are, however, unable to prove the interpolation
property at more general characters.

1.2. Other results

Anticyclotomic p-adic Artin formalism: Modulo the existence of anticyclotomic p-adic L-
functions in families, the same methods can be applied to the restriction to the anticyclotomic
line as well. In this case, under the same non-vanishing hypothesis, the result we obtain is that
LaM(F) = La™(f)? (where the anticyclotomic p-adic L-function exists). We leave the details in
this case to the interested reader. Note that anticyclotomic p-adic L-functions do not yet exist
in the case where f is critical. The above suggests that a good candidate for (the square of) an
anticyclotomic p-adic L-function in this case is the restriction to the anticyclotomic line of the
p-adic L-function attached to F in this paper.

Base-change respecting criticality: The work that goes into proving the above allows two
further results as soft consequences. Let f be a decent classical cusp form without CM by K,
let F be its base-change to K, and assume F is X-smooth. Our results on the eigenvariety give
Corollaries 6.9 and 8.12, which say that F is itself critical if and only if f is. This is not a priori
obvious (for our definition) without assuming further conjectures on equivalent definitions of
critical points.

Secondary critical p-adic L-functions: Finally, following Bellaiche, we also construct sec-
ondary p-adic L-functions for such forms that non-trivially interpolate the classical special L-
values. When L,(f) and L,(F) are both non-zero, we explicitly relate the secondary p-adic
L-functions of F to those of f constructed by Bellaiche.

1.3. Proofs: local structure of the eigenvariety

The proofs of all of the above results rest on the local properties of the Bianchi eigenvariety.
We recall Hansen’s construction of the local pieces. For a (two-dimensional) affinoid Q C Wy,
we define Dg to be the space of O(Q)-valued locally analytic distributions on Ox ® Z,. We
say ) is h-slope adapted if the corresponding cohomology groups H* (Y1 (n), Zq) admit slope
< h decompositions. For such a pair (2,h), we define T to be the image of the Hecke
operators in Endp o) (H%(Y1(n), Za)). The local piece of the eigenvariety is then the rigid space
Ea,n = SpTaq,hn, together with a weight map induced from the algebra map O(Q) — Tq . Such
local pieces can be patched into the global eigenvariety £.

The construction uses the total cohomology. Since the construction of p-adic L-functions in this
setting uses H., it is important to pin down families in the first degree. As mentioned above, this
is complicated by the fact that a classical Bianchi cusp form F contributes to the cohomology
in two degrees, namely 1 and 2. An argument due to Hansen, using the spectral sequences
introduced in [Hanl17], shows that in fact the only degree for which the system of eigenvalues
attached to our classical Bianchi cusp form F arises in H!(Yi(n), Zq)=" is i = 2. We show,
however, that if ¥ C Q is a one-dimensional affinoid over which F varies in a family®, then
HL(Yi(n), Z5)<" is non-zero at F. We define Tx j, to be the image of the Hecke operators in
Endos) (HE (Y1(n), Z5)<"). Note that now we restrict to the degree one cohomology. We show
that there is a maximal ideal mz C Ty corresponding to xx, and localising the Ty ;-module
HL(Yi(n), Z5)<" at this ideal gives the generalised eigenspace at F. Writing my C O(3) for the
corresponding maximal ideal for the weight space, we then prove:

Theorem 1.8. If F is critical, assume it is $-smooth. The module HL(Y(n), s )s is free of
rank one over (T p)m,, which (possibly after a finite extension of the base field) is itself free of
finite rank e over O(X)m, . If F is non-critical, then e = 1.

6That is, there is a connected component of Eq,n containing zx and mapping to ¥ under the weight map.
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We first prove this theorem in case (NC). The first important step in the proof, showing that
the space is non-zero, was mentioned above. By assumption we have a multiplicity one con-
dition for the generalised eigenspace of F in classical cohomology, and then the non-criticality
condition ensures that the space H.(Y(n), @A),%]; is itself one-dimensional. Two applications
of Nakayama’s lemma allow us to prove that H!(Y;(n), Zs)sr is generated by one element.
We conclude by using the concrete description of H! as modular symbols to prove the space is
torsion-free, hence free of rank one. In case (NC), after possibly shrinking ¥, this theorem allows
the construction of the canonical class ®y and the three-variable p-adic L-function.

In case (BC), the proofs are more involved. We introduce the parallel weight eigenvariety Epar,
built out of only the groups H.(Y7(n), Z5) for ¥ a subset of the one-dimensional parallel weight
line in Wyx. We prove that this eigenvariety has a Zariski-dense set of classical points and con-
tains the image of the p-adic base-change functoriality map. Let &,. denote this image as a
closed subspace of &,,;. The key geometric input is:

Proposition 1.9. Let F be in case (BC). Then Epc is smooth and reduced at xr.

We prove this using deformation theory. In particular, in an appendix to this paper, Carl
Wang-FErickson develops a precise ‘base-change’ deformation condition that makes this argument
possible. It is important to note that these methods work in this case (but not, at present, in the
general Bianchi setting) as we can ‘port’ the necessary properties of &, — notably, a Zariski-dense
set of crystalline points — from the analogous properties for the Coleman—Mazur eigencurve. If
we have Y-smoothness, x7 is also smooth and reduced in &,.r. Using a strategy of Bellaiche
from [Bell2], this is enough to show Theorem 1.8 in case (BC), assuming ¥-smoothness, and
ultimately to prove Theorems 1.2 and 1.3 in this case too.

When we do not have Y-smoothness, we at least still have smoothness in &,.. This is enough
to prove a non-canonical analogue of Theorem 1.8 in this case, giving the partial results stated
above at such points.

Finally, we turn to the proof of p-adic Artin formalism (Theorem 1.7). For sufficiently small slope,
the product L,(f)Ly"/%(f) is uniquely determined by its critical values, and thus we show that
— after normalising the periods appropriately — the result follows from classical Artin formalism.
In the general finite slope case, we can take a neighbourhood Vg of f in the Coleman-Mazur
eigencurve, and attach two-variable p-adic L-functions £,(Vq), £,"/*(Vg) to f over V. Let Vi
be the image of Vg in the Bianchi eigenvariety under the base-change map; we can restrict the
resulting three-variable p-adic L-function of Corollary 1.5 to a two-variable p-adic L-function
LYY ¢(Vk) over the cyclotomic line. The slope of such a family is constant, so factorisation
holds (up to scalars) at a Zariski-dense set of points. We can control the scalars under the
non-vanishing hypothesis of Theorem 1.7.

Proposition 1.10. Suppose Lp(f)L;fK/Q(f) and L3Y°(F) are both non-zero. After possibly
shrinking Vo and Vi, there is a factorisation (of two-variable p-adic L-functions)

LY(Vi) = L,(Vo) £ Vi),
the equality up to multiplication by an element of O(Vg)™.

(Note that this indeterminacy is expected, since the two-variable p-adic L-functions in question
are themselves only well-defined up to scalar multiplication by O(Vg)*). To prove Theorem
1.7, we now specialise to f. Similarly, if a two-variable anticyclotomic p-adic L-function exists
in Coleman families, under the same hypotheses the same arguments show that necessarily we
have L3 (V) = L3™(Vy)?, where we have restricted the three-variable base-change p-adic
L-function to the anticyclotomic line.
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1.4. Further remarks

For immediate applications, Theorem 1.3 and Corollary 1.4 are of most interest when X is
contained in the parallel weight line in Wy . In this case, classical non-critical points are Zariski-
dense in V', and we have shown that the p-adic L-functions of such forms vary analytically over
neighbourhoods in the eigenvariety. When X is not contained in this line, then it is possible that
xr is the only classical point in V. In this case, we have shown instead that the overconvergent
eigensymbol ¥ r varies in a family of eigensymbols parametrised by points of V', in the sense
that at any point y € V(L) with w(y) = &, the class

spy (Pv) = ¥, € Hy(Yi(n), Z(L))="

is an eigensymbol for the Hecke operators. By analogy with classical points, one might define the
p-adic L-function L,(¥,,x*) of this symbol to be the Mellin transform of ¥,, which obviously
agrees with the previous construction when W, is associated to a classical form. Outside of
classical points, these ‘p-adic L-functions’ have no obvious link to L-values, but the above does
show that they vary in families over the eigencurve.

The following is a possible arithmetic application of these non-parallel families. Suppose F is
new at a prime p of K above p. In [BSW17] we showed the existence of an L-invariant L,
attached to F, depending only on p, arising from exceptional zeros of the p-adic L-function of
F. The Hecke eigenvalue of ¥y at p is an analytic function ap, on V. If V' is smooth at zr,
or equivalently if 3 is smooth at w(zr), then one can differentiate a, (along the curve V) and
evaluate at xz. We expect that, at least in the ordinary case, this gives the Benois—Greenberg
L-invariant of F at p (see [Benll]). Using methods introduced by Greenberg—Stevens in [GS93]
(see also [BSDJ17]), one should be able to show that the Benois-Greenberg L-invariant is equal
to Ly.

1.5. Structure of the paper

In §2, we recall some aspects of the construction of p-adic L-functions attached to non-critical
Bianchi cusp forms. In §3, we introduce the Bianchi eigenvariety £ constructed by Hansen, and
state some of its basic properties, including its dimension and the base-change map. In §4, we
prove Theorem 1.8 in the case (NC). In §5, we introduce the parallel weight eigenvariety and its
properties, proving smoothness of the base-change eigenvariety at classical points. In §6, we use
the parallel weight eigenvariety to complete the proof of Theorem 1.8 and to prove Theorem 1.2.
In §7, we construct families of p-adic L-functions, proving Theorem 1.3. Finally, §8 is devoted to
proving Theorem 1.7 and developing the phenomenon of secondary p-adic L-functions for critical
base-change Bianchi cusp forms. An appendix, by Carl Wang-Erickson, provides the technical
footing for the deformation theory arguments in §5.
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2. The p-adic L-function of a Bianchi modular form

In this section, we fix notation and briefly recap the results of D?Villl], which will be used heavily
in the sequel. Fix, once and for all, embeddings Q < C and Q — @, for each prime ¢.

2.1. Basic notation

Let K be an imaginary quadratic field with ring of integers O, different ? and discriminant
—d. Let p be a rational prime.

Denote the adele ring of K by Ag = C x A{(, where A{( denotes the finite adeles. Throughout,
we work at level n C O divisible by each prime of K above p. For an ideal f C O, let Clg (f)
denote the ray class group of K modulo f. We write Uj(n) for the standard open compact
subgroup of GLy(Ox ®77Z) of matrices congruent to (§ ) modulo n, and Ko = SUy(C)C*, and
we define the associated locally symmetric space by

Y1 (‘[‘l) = GLQ(K)\GLQ(AK)/ICOOUl (ﬂ)

We define Hs := C x R<¢; the space Y7 (n) can be written as a finite disjoint union of quotients of
Hs. Let j > 0 be an integer, and for any ring R, let V;(R) denote the ring of polynomials over R
of degree at most j. Throughout, we will denote modules of rigid analytic distributions by D°(x)
and locally analytic distributions by D(x). These spaces will be equipped with a group action,
and the corresponding local systems on Y7 (n) will be denoted by 2°(x) and Z(x) respectively.

We will typically reserve f to mean a classical modular form and F a Bianchi modular form
when we work at a fixed weight. If V' is an affinoid in a rigid space, we will write O(V') for the
ring of rigid functions on V, so that V' = Sp(O(V)). We will decorate V' with a subscript Q or
K to clarify that we are working with spaces defined for GLy over Q and K respectively, unless
this is clear from context. If y is a classical point in an eigenvariety, we will write f, or F, for
the corresponding modular form (if it is classical or Bianchi respectively).

2.2. Bianchi modular forms and L-functions

A Bianchi modular form is an automorphic form for GLs over an imaginary quadratic field. The
conventions we follow are those of see [Will7, §1], and we refer the reader there for the precise
definitions.

Let A = (k,v) be a weight, where k = (k1,k2) and v = (v1,v2) are two elements of Z[Xk].
There is a finite-dimensional C-vector space Sy (U1 (n)) of Bianchi cusp forms of weight A and
level Uy (n), which are functions

F: GLQ(K)\GLQ(AK)/Ul (n) — ‘/QkJrQ ((C)

transforming appropriately under the subgroup K, and satisfying suitable harmonicity and
growth conditions.

Remark 2.1: If k; # ko, then S\(Ui(n)) = 0 (see [Har87]), so henceforth when talking about
classical cusp forms we will set k1 = ko = k. In this case, we can always twist the central
character by a power of the norm to assume that v; = vo = 0 as well. For the rest of this
section, we fix A = [(k, k), (0,0)], and we will write this as A = (k, k) without further comment.

There is a good theory of Hecke operators (indexed by ideals of Ok ) on Bianchi modular forms.
Let F be a cuspidal Bianchi modular form that is an eigenform for all of the Hecke operators,
and for any non-zero ideal I C Ok, write F|TT = ay f.

Definition 2.2. Let A denote the (completed) L-function of F, normalised so that if ¢ is a
Hecke character of infinity type (g, r), where ¢,r > 0, then

MF ) = D X N0
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This admits an analytic continuation to all such characters.

The ‘critical” values of this L-function can be controlled; in particular, by [Hid94, Thm. 8.1], we
see that there exists a period Qr € C* and a number field F such that, if ¢ is a Hecke character
of infinity type 0 < (¢,7) < (k, k), with ¢,r € Z, we have

AF ) € E(yp), (2.1)
QF

where E(y) is the number field over E generated by the values of ¢.

2.3. The cohomology class attached to F

The Bianchi modular forms we consider in this paper are cohomological in the following sense.

Definition 2.3. For a ring R, let V) = Vi ix(R) := Vi(R) @ Vix(R). (We think of V) as
polynomials on Ox ®z Z, that have degree at most k in each variable). This space has a natural
left action of GL2(R)? induced by the action of GLy(R) on each factor by

(“ Z) - P(2) = (a+c2)*P (M) :

& a—+cz

inducing a right action on the dual space Vy(R)* := Hom(Vy(R), R). When R is an K-algebra,
this then gives rise to a local system, which we denote by #A(R)*, on the locally symmetric space
Yl (n) .

Theorem 2.4. There is an isomorphism
Sx(Ur(n)) = He(Yi(n), 75(C))

that is equivariant with respect to the Hecke operators. Let F € S\(Ui(n)) be a newform or the
p-stabilisation of a newform which has distinct Hecke eigenvalues at each prime above p. Then
the generalised eigenspace HE (Y1 (n), ¥A(C)*)(5) for the Hecke operators is one dimensional, and
¢r/Sr has coefficients in Y (E)*, where Qr € C* and E are as in equation (2.1.)

Proof. See [Hid94, §3] for the isomorphism, which was initially due to Eichler—Shimura—Harder,
and [Hid94, §8] for the dimension result and algebraicity. O

2.4. Overconvergent cohomology

Throughout the following, R will denote an (O ®7Z,)-algebra, whilst L will be a finite extension
of Q,. We also assume that the level n is divisible by every prime of K above p.

Definition 2.5. Let A(R) (resp. A°(R)) denote the space of locally analytic (resp. rigid analytic)
functions Ox ®z Z, — R. When R = L is a finite extension of Q,, we equip these spaces with
a weight A\-action of the semigroup

b
Yo(p) = {<Z d> € My(Ok ®7Zy) : vy(c) > 0Vplp,a € (O ®zZy)™, ad — be # 0}

by setting (¢ 4)-¢(2) = (a+cz)"¢ (%) . Since n is divisible by each prime above p, this gives
an action of Uy (n) by projection to the components at p.

Definition 2.6. Let D(R) := Homs(A(R), R) denote the space of R-valued locally analytic
distributions on Ok ®zZ,. When R = L as above, we write Dy (L) for this space equipped with
the weight A right action of ¥o(p) given by u|v(¢) = (v - ¢). The spaces D°(R) and DY (L) of
rigid analytic distributions are defined similarly to be the continuous duals of A°(R) and A°(L),
the latter with the dual weight A action of Xo(p). Both D, (L) and DS(L) give rise to local
systems on Y; (n) via their actions of Xo(p), which we denote by Z,(L) and 29 (L) respectively.
Define the overconvergent cohomology of weight A and level Uy (n) to be the cohomology group
HL(Vi(n), (L)),

10
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There is a natural map Dy (L) — VA(L)* given by dualising the inclusion of V(L) into A(L).
This induces a specialisation map

px + He(Y1(n), Za(L)) — He(Yi(n), 5(L)").

Definition 2.7. Let F € S\ (U1 (n)) be an eigenform. We say F is non-critical if py becomes an
isomorphism upon restriction to the generalised eigenspaces of the Hecke operators at F.

The following gives a large supply of non-critical forms (see [BSW16, Theorem 8.7]). First, we
need a further definition.

Definition 2.8. There are natural valuations on K, considered as a subset of L, corresponding
to the primes above p; if p is inert or ramified, then the valuation at p|p is simply the p-adic
valuation on L, normalised so that v(p) = 1. If p is split, then note our fixed choice of embedding
Q— @p singles out a choice of prime p|p, and we denote the other prime by p. Given a € K,
the valuation at p is vp(a) := vp(a) (the usual p-adic valuation), and the valuation at p is
vy(a) = vp(a®), where c is conjugation.

Theorem 2.9 (Control theorem). For each prime p above p, let oy € K*. Ifvp(ay) < (k+1)/ep
for all p|p, then the restriction of the specialisation map

pa + HL(Yi (1), 23 (L)) V0 =717} s HL(Y3 (), 94(1)°) 00 o0 o)

to the simultaneous oy-eigenspaces of the U, operators is an isomorphism. Here recall that e,
is the ramification index of p|p.

Definition 2.10. If 7 € S)(Ui(n)) is an eigenform with eigenvalues «y, we say F has small
slope if vp(ap) < (k+1)/ep for all p|p. (Such a form is non-critical by the control theorem).

Thus to a non-critical form F, we can associate a class Ux € HL(Yi(n), Z\(L)) by lifting the
corresponding classical class.

2.5. Bianchi modular symbols

Whilst the definitions and results above go through for more general number fields (see, for
example, [BSW16]), in the Bianchi setting the first degree compactly supported cohomology
admits a considerably more explicit definition in terms of modular symbols. To describe this,
let Ag := Div’(P*(K)) denote the space of ‘paths between cusps’ in Hs, and let V' be any right
SLa(K)-module. For a subgroup I' C SLo(K), define the space of V-valued modular symbols for
I" to be the space

Symbp (V) := Homr (A, V)

of functions satisfying the I'-invariance property that

(¢17)(0) = ¢(yd)|ly = (6) V6 € Ag,y €T,
where I" acts on the cusps by (¢4)-r = (ar +b)/(cr + d).

Now let I" be a discrete subgroup of GLo(K). This I' also acts naturally on Hs, and we have
(see [BSW17, Prop. 8.2]):

Proposition 2.11. Let V be a right T'-module, giving rise to a local system ¥ on T'\Hs. There
is an isomorphism HL(I'\Hz, ¥) = Symbp (V).

Via strong approximation, the locally symmetric space Y7(n) decomposes as a disjoint union
of spaces I';\Hs, for I'; C GLy(K) discrete subgroups indexed by Clg (for further details,
see [BSW16, §3.2.2]). This induces a decomposition

H(Vi(n),7) 2 @) Symby (V),
i€Clx
using Proposition 2.11. This decomposition is non-canonical, depending on the choice of class
group representatives. When V' is V\(R)* or Dy (L), there is a natural Hecke action on the direct
sum, and the isomorphism is equivariant with respect to this action.

11
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2.6. Ray class groups, distributions and Mellin transforms

In this section we explain how to canonically associate a ray class distribution to an overconver-
gent cohomology class in H (Y7 (n), Zy). The class group in question is the ray class group of K
of level p>°, defined by

Clx (p™) = K*\ag/C* [0 = | | (Ok ®22,)" /O,

vip i€Clk

where the decomposition is non-canonical, depending once more on our choice of class group
representatives.

Let R be an (Ox ®z Zp)-algebra such that D(R) carries a right action of Uy (n), hence giving
rise to a local system on Y7 (n).

Definition 2.12. Let ¥ € H.(Y1(n), Z2(R)), and write

U=, 0" e @ Symbp, (D(R) = HL(Y:(n), Z(R)).
1€Clk

Define, for each i, a distribution

11 (¥) = ({0} — {oo})|(0x@22,)

on (Ok ®z Zy)*, which also gives rise to a distribution on the quotient of this space by O.
Then define the Mellin transform of ¥ to be the (R-valued) locally analytic distribution on
Clg (p>) given by

h
Mel(¥) ==Y~ ui(¥)1; € D(Clk (p™), R),

where here 1; is the indicator function for the component of Clg(p>) corresponding to I;. A
simple check identical to the arguments given in [BSW16, Prop. 9.7] shows that the distribution
Mel(W) is independent of the choice of class group representatives.

2.7. The p-adic L-function of a Bianchi modular form

Let F be a non-critical Bianchi modular form of level Uy (n) and weight A = (k, k), where (p)|n,
and let Wz € HY(Y1(n), 2x(L))=" be the associated overconvergent class.

Definition 2.13. Define the p-adic L-function of F to be the Mellin transform L,(F,*) =
Mel(¥ £).

We describe the interpolation property satisfied by L, (F, *). Given an algebraic Hecke character
¢ of K whose conductor divides (p>), there is a natural associated character ¢,_gn of Clx (p™)
associated to ¢ (see [Will7, §7.3]). The main theorem of [Will7] is the following (Theorem 7.4
op. cit.):

Theorem 2.14. For any Hecke character ¢ of K of conductor f|(p>°) and infinity type 0 <
(q,7) < (k, k), we have

Ly(Fopp-in) = | [1 Zo(0) | A(F,0)A(F, 0),
plp

for
o(x;)dT (0™ )#O0k
—1)Fratr2p;(2s)asQrF |

A(F, ) = {(

12
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where x5 is an explicit idele representing §, @5 is the restriction of ¢ to HUHKUX, (™) is a
Gauss sum, oy is the eigenvalue of F at § and

Zp(@) :{ 1 —agllﬁ(P)_l :p+fa

1 : otherwise.

Writing hy = vp (o), the distribution Ly(F,*) is (hy)p|p-admissible in the sense of [Will7, Defns.
5.10,6.14]. When § has small slope, this ensures it is unique with this interpolation property.

2.8. Stabilisations at p

Suppose now one starts with a form F of level n, and that n is not divisible by one or more
primes p above p. To define a p-adic L-function, one must take p-stabilisations (or p-refinements)
until all primes above p divide n.

Definition 2.15. Let a,(F) denote the T, eigenvalue of F, and let ¢, and f3, denote the roots
of the Hecke polynomial X2 — a,(F)X + N(p)*1. Let 7, denote an idelic representative of p.
We define the p-stabilisations of F to be

Fap = F(9) = BoF (7 9) 9)

Fa, = Flo) = F (7 1) 9)-
The form F,, (resp. Fp,) is an eigenform of level U;(np) with Up-eigenvalue ay, (resp. B).

For each prime p above p not dividing n, suppose we can choose a root «, of the Hecke polynomial
at p such that vp(ap) < (k4 1)/ep. Then we can attach a p-adic L-function to the form F,
obtained by taking the aj-stabilisation at each of these primes, which thus has level divisible by
each of the primes above p.

Examples: (i) Suppose p splits in K as pp. Let F have weight A = (k, k) and level 91 prime
to p with ap(F) = az(F) = 0. Then the Hecke polynomials at p and p coincide, and their
roots «, 8 both have p-adic valuation (k + 1)/2. Assuming « # 3, there are four choices
of stabilisations to level Dip, and each is small slope, giving rise to four p-adic L-functions
attached to F. In the case where k = 0, these are precisely the p-adic L-functions seen
in [Loel4, §5].

(ii) Suppose instead that p is inert in K and again that a,(F) = 0. Then both roots «, 3 of the
Hecke polynomial have p-adic valuation k£ + 1, and hence neither p-stabilisation has small
slope, and the methods of [Will7] do not necessarily allow the construction of a p-adic
L-function attached to F.

We introduce some notation. Forms satisfying the conditions below, and a mild additional
regularity condition, satisfy a multiplicity one condition for the Hecke algebra H, , defined in
the sequel.

Definition 2.16. Let F be a Bianchi modular form of level n divisible by each prime above p.
We say F is a p-stabilised newform if there exists a subset S of primes above p and a newform
F' of level 9, with M prime to S and n = ‘ﬁHpeS p, such that F can be obtained from F’ by
successively stabilising at each prime in S. (Note newforms of level n themselves satisfy this
with S = @).

3. The Bianchi eigenvariety
In this section, we summarise some of the relevant results from David Hansen’s beautiful pa-

per [Hanl7] and show that if F is a cuspidal Bianchi modular form that is either non-critical
or base-change, then the system of eigenvalues attached to F varies in a one-dimensional family

13
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of overconvergent modular symbols. Hansen uses overconvergent cohomology to construct uni-
versal eigenvarieties in very wide generality. Whilst his results are stated mainly for singular
cohomology, he also gives the tools to produce (essentially identical) proofs in the case of coho-
mology with compact support, which is the setting that interests us. We will use his results for
compactly supported cohomology with little further comment.

The key idea in Hansen’s work is the construction of spectral sequences converging to the coho-
mology groups H?(Yi(n), Z))=" that moreover behave well under the action of the Hecke oper-
ators. The general theory of spectral sequences then gives a filtration on each of these groups
as well as explicit descriptions of the graded pieces in terms of overconvergent cohomology in
families.

3.1. Distributions over the weight space

3.1.1. Bianchi weight space and null weights

Definition 3.1. Let T'(Z,) = {(%9):a,d € (Okx ®z Zy)*}. Define the (full) Bianchi weight
space to be the rigid analytic space whose L-points, for L C C,, any sufficiently large extension
of Q,, are given by

Wi (L) = Homeys(T(Zy), L™).

We will typically restrict to a smaller space of weights. In particular, we can ‘twist away’
some of this space; for any A € #x (L), write A = diag(A1, A2), where each \; is a character
(O ®2Z,)* — L*. Then

A = diag(M Ay 1, 1) - (Mg o det).

Variation in this determinant factor is well-understood in the sense that any Bianchi modular
form varies in a family in this direction via twisting. As such, we will, without loss of generality,
henceforth assume that Aq is trivial and focus only on the smaller space cut out by this condition.
We make one further restriction; since we only care about weights which give rise to non-trivial
local systems on Y; (n), we demand that our weights are trivial on the subgroup

Em):=K*NUin) ={ec€ O :e=1(modn)}.
With this in mind, we define:

Definition 3.2. Define the (null) Bianchi weight space of level n to be the rigid analytic space
whose L-points, for L C C,, any sufficiently large extension of Q,, are given by

Wi (L) = Homeys (O ®2 Zy) " /E(n), L™).

Since the level will typically be clear from context, we will usually drop the superscript n from
the notation.

The (null) Bianchi weight space is then a 2-dimensional space analogous to the 1-dimensional
(null) weight space for GL2/Q, whose L-points are given by Wo(L) = Homes(Z,, L*). By
passing to this smaller space of weights, we hope that later comparison with the Coleman—
Mazur eigencurve is more clear (compare [Hanl7, §4.6]). From now on, we will refer to Wg
simply as the Bianchi weight space (without specifying that it is null).

We say a weight A € Wi (L) is classical if it can be written in the form e\®2, where ¢ is a finite
order character and \*!8(z) = 2% where k = (ki, k2) is a pair of integers. Such a \ represents
the weight of a Bianchi modular form of weight (k,0) with nebentypus character e.

3.1.2. Distributions in families

For each weight A € Wk (L), one can define a weight A action of ¥ (p) on the space of locally
analytic functions on Ok ®z Z, — L by

v £ = Mok ea)f (),

a—+cz

14
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and hence a dual action on D(L). We can vary these action in families over Wg. In particular,
let 2 C Wk be an affinoid, giving rise to a universal character

XQ - (OK ®Z Zp)x — O(Q)Xa

which has the property that for any A € Q(L), the corresponding homomorphism (Ox ®z7Z,)* —

L* factors as
eval. at A

(Ox ©22,)% —— o)< 5 1x,

We can thus equip Aq = A(O(2)) with a ‘weight " action of X¢(p) given by

a—+ cz

v f(2) =xala+cz)f (b+dz) ;

and dually we get an action on Dq := D(O(1)).

Remark 3.3: From the remarks at the end of [Hanl7, §2.2], we can identify
Dq = D(Qp)®g,0(9),

where ® denotes completed tensor product. In this formulation, it is easier to see that if ¥ C Q
is some closed subset, then we have an isomorphism Do ®p(q) O(X) = Ds. In particular,
if A € Q(L) is some weight corresponding to a maximal ideal my C O(2), then Do ®p(q)
O(Q)/m)\ = D)\(L)

As Yo (p)-modules, these spaces give rise to associated local systems on Y;(n). For more details
on these spaces of distributions, see [Hanl7, §2].

3.2. Hansen’s universal eigenvariety for GL,/K

One of the main results of [Hanl7] specialises, in our setting, to the following.

Theorem 3.4 (Hansen). There exists a separated rigid analytic space &,, together with a mor-
phism w : & — Wi, with the property that for each finite extension L of Qp, the L-points of &,
lying above a weight X in Wi (L) are in bijection with finite slope eigenclasses in HX (Y1 (n), Zx(L)).

We call this space the (full) Bianchi eigenvariety. For singular cohomology, this is [Han17, §4.3].
We need a compactly supported version, but this goes through using identical arguments with
Hansen’s compactly supported spectral sequence. The level n will usually be clear from context,
so we usually drop the subscript in the sequel.

We define € == & Nw~!(Wk) to be the subspace lying over the smaller 2-dimensional weight
space defined above. Any point of &(L) lying above a weight diag(\1, A2) corresponds to a unique
point of £(L) lying above A\, ', and the two points differ by twisting their central characters.
On classical points, this corresponds to the same operation discussed in Remark 2.1, where we
forced v; = vg = 0.

3.3. Base-change functoriality

Recall classical base-change functoriality; let f be a classical cuspidal eigenform, and let =
denote the automorphic representation of GL2(Ag) it generates. Then there is an automorphic
representation BC(7) of GL2(Ag) with the property that there is an equality ppc(r) = prlax
of the associated Galois representations (as representations of G = Gal(K/K)). If f is a
newform, we will define its base-change to K to be a new vector in BC(w). Note that if f has
level N, the level of its base-change F is an ideal n with (N/d)|n, where —d is the discriminant of
K, and n|(N) as ideals of Ok (see [Fri83, §2.1]). More generally, if f is a p-stabilised newform,
we define its base-change to be the p-stabilisation of the corresponding base-changed newform
with the ‘correct’ eigenvalues (see §8.2). In our applications, such a choice will be unique.
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Let Wy denote the (null) weight space for GL2/Q, that is, the rigid analytic space whose L-points
are
Wo(L) = Homes(Z,, L)

for L/Q, inside C,. The space Wg has no level dependence. There is (for any level n) a closed
immersion Wy < Wk » induced by the norm map (O ®z Z,)* — /e

Recall that the Coleman—Mazur eigencurve (of level N, with p|N ) is a separated reduced rigid
analytic curve C = Cp, together with a morphism w : C — Wy, such that the points 2 of C(L)
with w(xz) = A are in bijection with finite slope systems of Hecke eigenvalues arising in the
overconvergent cohomology” at level N of weight A. The level N will be implicit and we usually
drop it from the notation. The classical points, corresponding to systems of Hecke eigenvalues
attached to classical modular forms, are Zariski-dense in C.

Theorem 3.5. There is a finite morphism BCn : Cn — Enoy of Tigid spaces interpolating
base-change functoriality on classical points. More precisely, if x € C(L) corresponds to a classi-
cal modular form f, then BCn(x) € E(L) corresponds to the (stabilisation to level NOg of the)
system of eigenvalues attached to the base-change of f to GLa/K.

Proof. This is a special case of [Hanl7, Theorem 5.1.6]. The conditions given op. cit. are shown
to hold in the case of cyclic base-change from Q in [JN16a)]. O

In particular, if .# is a classical Coleman family over an affinoid g C Wpy, then the base-changes
of the classical specialisations .#) vary in a ‘base-change family’ .#x over the image of ¥g in
Wk .

We actually require a more refined version of this result, defined locally, that gives more precise
control over the level. It may be true that if x corresponds to a p-stabilised point in Cp, then
BCn(z) € Evoy corresponds to a Bianchi form that has been further stabilised, and is thus
not itself a p-stabilised newform. It is, however, always possible to force a Zariski-dense set of
classical p-stabilised points to remain p-stabilised by passing to a lower level in K.

Proposition 3.6. Let © € C correspond to a p-stabilised newform of level Np. There exists
an ideal w' C Ok such that nd~t[n'|n, a neighbourhood Vg of x in Cy, and a finite morphism
BC' : Vo — &w interpolating base-change functoriality on classical points and such that the
p-stabilised classical points in BC'(Vg) are Zariski-dense.

Proof. By [Bell2, Lem. 2.7], there exists a neighbourhood Vg of x in which every classical point is
a p-stabilised newform. By definition, the base-change of a p-stabilised newform is a p-stabilised
newform (of some level). There exists a minimal n’ such that a Zariski-dense set of classical
points in Vg base-change directly to level n’, and the theorem follows by applying [Han17, Thm.
5.1.6] to interpolate base-change on these points. O

Remark 3.7: For clarity of argument, in the remainder of the paper, we will assume that if
x € Cn corresponds to a classical p-stabilised newform, then there is a neighbourhood Vg of x
in Cy such that BCn(Vg) contains a Zariski-dense set of classical points corresponding to p-
stabilised newforms. This is always the case, for example, if N is coprime to d. Since the proofs
in the sequel are all local in nature, all of the results can be proved without this assumption by
working in £, for some n'|NOg and using Proposition 3.6.

3.4. The dimensions of irreducible components

Let F be a finite slope cuspidal Bianchi modular form that is an eigenform for the Hecke
operators.

"More typically, the Coleman-Mazur eigencurve is constructed using overconvergent modular forms. In [PS13,
Thm. 7.1] and [Bell2, Thm. 3.30], however, the eigencurve of modular symbols is shown to be essentially the
same as the one of modular forms.
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Proposition 3.8. There is a point xx € E(L) corresponding to F.

Proof. If F is non-critical, then by definition there exists an overconvergent eigenclass ¥ &€
H(Y1(n), Z2\(L)) with the same Hecke eigenvalues as F (for i = 1,2 and some sufficiently
large L/Q,). Necessarily ¥ also has finite slope, and by Theorem 3.4, there is a point zr €
E(L) corresponding to F. If F is critical, then we instead study the long exact sequence of
cohomology attached to specialisation Dy — Vy. The cokernel of the map H2(Y;(n), Z,\(L)) —
HZ2(Y1(n), #A(L)) can be identified as a subspace of a degree 3 overconvergent cohomology group
(see [BSW16, §9.3]); but an analysis as in [Bel12, Lem. 3.9] shows that cuspidal eigenpackets do
not appear in such spaces. In particular, after restricting to the generalised eigenspace at F, the
specialisation map is surjective in degree 2. O

For our purposes, if F is critical it suffices to assume F is base-change, whence the existence of
the point zx € £(L) follows much more simply, as such a point arises in the image of BC.

Theorem 3.9 (Hansen—Newton). Suppose F is non-critical. Any irreducible component &' of
& passing through xx has dimension 1.

Proof. Newton proves that the component has dimension at least 1 in Proposition B.1 of the
appendix of [Han17], noting that I(zx) = 1 since F is non-critical.

The following beautiful proof that the component is at most 1-dimensional was communicated
to us by David Hansen. Let Z be any 2-dimensional irreducible component passing through
xr, and let Q = w(Z). In [JN16b], Johansson and Newton construct a two-dimensional Galois
determinant (or pseudocharacter) pz over Z. Let Z be the set of classical points y of Z such
that:

(i) w(y) is non-parallel in Q, and
(i) y has small slope.

This set is Zariski-dense in Z. Each point y € Z necessarily corresponds to a classical form by
the appropriate analogue of Stevens’ control theorem (see, for example, [BSW16, Thm. 8.7]), and
this classical form must be Eisenstein, since classical cuspidal forms exist only at parallel weights.
Hence the specialisation of pz at y is reducible. But reducibility on a Zariski-dense set of points
forces reducibility everywhere, and hence the specialisation of pz at xzx is reducible. But as F
is cuspidal, the Galois representation attached to xr is irreducible, which is a contradiction. O

Remark 3.10: This is a slightly stronger formulation than can be obtained by specialising the
(very general) results of [Han17], where the analogous result is proved for non-critical classical
points that are strongly interior, that is, that satisfy a vanishing condition on their overconvergent
boundary cohomology. In this case, however, Hansen has shown considerably more. Indeed, an
analysis of the Tor spectral sequence constructed op. cit. shows that the Bianchi eigenvariety
is naturally the union PU¢ U £°P U 81| where £PU" is zero-dimensional and supported only
above the trivial weight, £5%P is equidimensional of dimension 1, and £F¥ is finite flat over W
Such a result was proved in an unpublished preprint [Han12] that eventually became [Hanl7].
We do not require this stronger formulation for our purposes.

4. Families of modular symbols

The above results can be described explicitly in terms of modular symbols in families, which
allows a more concrete link to the p-adic L-functions of [Will7]. Hansen’s construction of
eigenvarieties uses the total cohomology, but in this section we refine his results to show that
p-adic families can be realised as families of modular symbols (that is, in H!). We then study
the structure of the space of modular symbols over the eigenvariety, and show that — in a
neighbourhood of any p-stabilised non-critical classical cuspidal point — such symbols are free of
rank one over a Hecke algebra, which is key to our later applications.
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4.1. Families in H!(Y;(n), Zx)

The eigenvariety is ‘glued’ together from a collection of local pieces, each given by the spectrum
of a Hecke algebra acting on overconvergent cohomology. Indeed, one can start from a covering
of the weight space W by ‘slope-adapted affinoids,” indexed by pairs (2, k), where Q = Sp(R) C
Wk is a two-dimensional affinoid in weight space and h > 0 is some real number such that there
exists a slope decomposition (with respect to the Hecke operator U,)

H; (Yi(n), Za) = H;(Yi(n), Z0)=" © H; (V1(n), Z0)".

Definition 4.1. Let H,, , denote the (abstract) Hecke algebra, that is, the free Z,-algebra gen-
erated by the Hecke operators {17 : (I,n) =1}, {U, : p|p} and {(v) : v|n}.

The algebra H, , acts in the usual way on overconvergent cohomology groups, and this action
preserves slope decompositions. For a slope-adapted affinoid (92, h), we define

Tq,p, = Image of H, , in Endo(m (H: (Yl (n), @Q)Sh)
to be the corresponding Hecke algebra. The local piece of the eigenvariety is then defined as

Ean =5p(Tan)

with the natural rigid structure. We can naturally view £q 5 as an affinoid subspace of £, and
analogously to the global eigenvariety, we have a bijection between L-points of £q j lying above
a weight A € Q(L) and systems of Hecke eigenvalues arising in H? (Y, 2, (L))=".

We fix the following notation and terminology.

Definition 4.2. Let (2, h) be a slope adapted pair, let x € g ;(L) be any point, and write m,
for the corresponding maximal ideal in Tq ;. Let &, be a minimal prime of Tq j contained in
mg, and write &2y for the contraction of &2, to O(f2). Define A = O(Q2)/Z, and let ¥ = Sp(A)
be the corresponding closed subset inside €2, which is a rigid curve by Theorem 3.9. If such a
curve X C ) arises in this way, say that x varies in a family over X.

Whilst in the above we worked with the total cohomology, the following result allows us to pin
down families in H_.

Proposition 4.3. Let © be a non-critical cuspidal classical point of Eq (L) that varies in a
family over 3. Then, after possibly shrinking 3,

He (Y1 (n), Zs)5t # 0.
We need a lemma.
Lemma 4.4. (i) The spaces HY(Y1(n), 29) and H2 (Y1 (n), 23) are both 0.
(i) The spaces HO(Y1(n), 2,)=" and HO(Y1(n), Za)<" are both 0.

(iii) Let x be a cuspidal classical point of Eq. The system of eigenvalues for x occurs in
H(Y1(n), Z0)=" if and only if i = 2.

Proof. Write DY = Homcs(A°, L) for either DS or DY,. For part (i), first note that in the case of
singular cohomology, we have HO(Y;(n), 2°) = HO(U;(n), 2°) = (D*)V1(W. For b € O ®z Z,,
the matrix v, == (}?) acts on A° by sending f(2) to f(z +b). Let u € (D°)V*(™; then

iz z)=plw(z— 2) =puz— 2+0b) = pu(z — 2) + pz —b),

so that g is zero on the constant functions. Suppose p is zero on functions that are polynomial
of degree less than r — 1. Then

n(z o 2 ) = (e (245 = palz o 2 + b + Dz — 27)

18



Families of Bianchi p-adic L-functions Daniel Barrera Salazar and Chris Williams

for all b, where the lower terms vanish by assumption, so p(2") = 0 and we conclude that g =0
by induction. The case with compact support follows since the excision exact sequence for the
Borel-Serre compactification of Y;(n) starts 0 — H? — H°, so H? injects into a trivial module.
To see part (ii), it is enough to note that after passing to the small slope parts, overconvergent
cohomology with coefficients in rigid and locally analytic distributions agree, whence the result

by part (i).

For part (iii), we first claim that z does not appear as an eigenpacket in H2, for which we
follow an argument of Pollack—Stevens (see [PS13, Lem. 5.2], and also [Bell2, Lem. 3.9]). We
identify H2(Yi(n), Zq) = Ho(Y1(n), Zqa) using Poincaré duality. This decomposes into a direct
sum @;ecc1, Ho(Ti, Za) using the same techniques as in §2.5. FEach of these factors is then
identified with the coinvariants Dq/T;Dgq. An analysis as op. cit. shows that this is non-zero
only when Q contains the trivial weight (0,0), and the spectrum of any Hecke algebra on this
space is supported at this trivial weight. Further analysis, as in [Bell2], then gives an explicit
description of the corresponding systems of eigenvalues, and shows that they are attached to
critical (overconvergent) weight (0,0) Eisenstein series. They are thus not cuspidal, and x does
not appear in H2. (See also the remark following this proof).

In light of part (ii), it now suffices to prove that it does not appear in HL. We exploit Hansen’s
Tor spectral sequence

B! = Tor 2P (H (i (), Z0)=" kx) = B (Vi(n), 22)=",

where my is any maximal ideal of O(€2) and k) denotes its residue field. Since O(€2) is regular
of dimension 2, the Tor?(m groups vanish for ¢ > 3, so that E2_3’2 =0. As E21’0 =0 as well, we
see that

Byt =ker(Ey ' — 0)/Tmage(0 — E; ') = E; M,

and continuing, that EZ1 = Tor? Y (HL(Yi(n), Z0)<", k). This contributes to the grading on
HY(Y1(n), 25)=", which is zero by the above; hence this Tor term vanishes. A similar analysis,
using that Y = E;4’2 = 0, shows that
B2 = By ®! = Tory @ (HL(Yi(n), Za) <" ka) = 0

as well. We then have vanishing of Tor?(m)(Hé (Y1(n), Zq)=h, ky) for this module for all i > 0,
and for any maximal ideal my, so by [Han17, Prop. A.3], the O(Q)-module H.(Y;(n), Zq)=" is
either zero or projective. As it is torsion by [Hanl7, Thm. 4.4.1], it cannot be projective, so it
vanishes, as required. O

Remark 4.5: For singular cohomology, Lemma 4.4 is an unpublished result of David Hansen
(see also Remark 3.10), and we thank him sincerely for allowing us to reproduce his proof here.
We have provided the statement in the cleanest setting, but actually all we really need is the fact
that if x varies in a one-dimensional family, then the minimal degree x appears in is ¢ = 2. This
is simpler to prove, as one only needs to check that the modules H3(Y;(n), Zq) are supported
only over the trivial weight. For x to appear in a family, then, it has to appear in a lower degree.

Proof. (Proposition 4.3) We defined 22, to be the contraction of &2, to O(); it has height one,
and still has height one in the localisation O(£2)n, . This localisation is a regular local ring, and
hence a unique factorisation domain, so all height one primes are principal, and we can take
some generator r of Z\O(Q)m,. After possibly shrinking 2, and scaling by a unit in O(Q)m,,
we may assume r € O(2). We obtain a short exact sequence 0 — Do — Dq — Dy — 0, where
the first map is multiplication by r. By truncating the associated long exact sequence at the
first degree 2 term, and localising at x, we obtain a short exact sequence

Ho(Yi(n), Zo)5t — Ho(Ya(n), Zs)30 — H2(Ya(n), Za)5t[r] — 0.

By Lemma 4.4, the first term is trivial; and as the system of eigenvalues corresponding to z is
r-torsion in H2, this shows that the second map is an isomorphism of non-trivial modules, from
which we conclude. O
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In the above, we considered m,, as a maximal ideal in Tg j,, which acted on H}(Y;(n), Z5)=h via
its image in Tq » ®o () A. The proof shows slightly more, however; define

Ty, := image of Hy , in Enda (H. (Y1 (n), Z5)=h).

Then from the isomorphism obtained in the proof, we deduce that there is a maximal ideal of
Ty, corresponding to x, which we continue to call m, in a slight abuse of notation. It is the
image of the corresponding maximal ideal in Tq j, under the natural map Tq, — Tx . As a

(Ts.n)m,-module, we then have H! (Y7 (n), 92)‘%2 # 0.

4.2. Structure of overconvergent cohomology over the weight space

Let x € Eq (L) correspond to a cuspidal non-critical classical Bianchi eigenform F, varying in
a family over the curve ¥ C €, and let A\ = w(x). We use the notation of Definition 4.2. In
Proposition 4.3 and the remark following it, we showed that x also gives rise to a maximal ideal,
denoted m,, in Ty, ,, and that the (Tx )m,-module HL (Y7 (n), @z)éf is non-trivial.

Definition 4.6. Let F be a Bianchi eigenform of level n, with (p)|n. We say F satisfies multi-
plicity one for H, , if the H, ,-eigenspace HL (Y7 (n), ¥5(L)*)[F], that is the eigenspace on which
H, , acts with the same eigenvalues as on F, is one-dimensional, recalling that H, , is generated
by the Hecke operators away from n and the Hecke operators at primes above p. This is satisfied,
for example, when F is a newform, or the p-stabilisation of a newform whose Hecke polynomials
at primes above p have distinct roots®.

The main result of this section is the following.

Theorem 4.7. Let F be non-critical with multiplicity one for Hy,. Then HL(Yi(n), Z5)5" is
free of rank 1 over (Ts p)m,, which (after a finite extension of the base field® of A) is itself free

of rank 1 over A, .
The first step is the following proposition?.

Proposition 4.8. (i) There is an isomorphism

H(Yi(n), Z2)5" @nn, Amy/mr 2 HL(Yi(n), 205"

l“)\
(ii) The module H:(Y1(n), Zs)5" is generated by one element over Ay, .

Proof. Write T := T, for ease of notation. By general facts about slope decompositions, the
module HL (Y] (n), Z5)=" is a finite A-module. We localise at m,, obtaining a T, module

He(Yi(n), Z2)5) = He(Yi(n), Z2)=" @r , T, - (4.1)

As m, is the contraction of m, to A, the module Ty,, has a natural Ay, -module structure. Hence

H.(Yi(n), Zs)5" inherits a Am,-module structure from the second factor of the tensor product
n (4.1). Since H!(Y7(n), Z5)=" has finite type over T, and T has finite type over A, this implies
that H.(Y1(n), Zs)s" is a Am,-module of finite type.

From the short exact sequence of distribution spaces given by the natural surjection sp, : Dy —
D, we obtain a long exact sequence of cohomology, which we truncate to a short exact sequence

0 — HY(Y1(n), Z5)=" @p Ajmy — HL(Y1(n), )" — H2(Y1(n), D)[my] — 0.

8This is conjectured to always be the case when p is split; in any case, it can happen only if both roots have
valuation vp(N(p)k"'l)/Z7 where F has weight (k, k), and in particular, only at isolated cuspidal points of the
eigenvariety.

9Precisely, we replace A with A ®q, L. Without this base change, (Ts s)m, is an étale Am, -algebra.

10We are grateful to Adel Betina for his contribution to the proof of this proposition.
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where D is the kernel of sp, in Dy, and the last term is the my-torsion. Since localising preserves
short exact sequences, we deduce the existence of a short exact sequence

0= H(Yi(n), Z2)3) @, Amy/ma = HL(Yi(n), Z0)50 — H(Yi(n), D)[m]m, — 0.

mx
The middle term is the generalised eigenspace corresponding to the system of eigenvalues at-
tached to z. (At this point, we are assuming that we have extended the base field of A so that
x is defined over A/my). As z is non-critical, this is isomorphic to the generalised eigenspace of
F for H ;, in the classical cohomology, and by assumption, this is one-dimensional. Thus either
the first or last term is 0. Suppose that the first term is 0; then by Nakayama’s lemma, we must
have H (Y1 (n), Z5)5" = 0, which contradicts Proposition 4.3. Hence the last term is 0, and we
find that
HL(Y1(n), Z2)5" ©ay, Amy/ma = HE(Y1(0), 22)5"

as one-dimensional Ay, /my-vector spaces, proving (i).

<h

Now we use Nakayama again. A generator of H(Y7(n), Zs)m. @4, Am, /my lifts to a generator

my

of HX(Y1(n), Z5)5" over Ap,, which completes the proof. O
Lemma 4.9. The space HL(Y, @g)%ﬁ is torsion-free as a Ay, -module.

Proof. We use the identification with modular symbols. For fixed i, let {0; : j € J} be a finite
set of generators for Ay as a Z[I[';]-module (see [Will7, Lem. 3.8]). Then for any R, the map
Symbyp, (D(R)) < D(R)” is an injective R-module map. By passing to the direct sum over all
i in the class group, we see that there is a A-module embedding of H!(Y;(n), Zs) into a finite
direct sum of copies of Ds;. But Dy; is a torsion-free A-module since A is a domain. The result
follows after localising. O

This is enough to complete the proof of Theorem 4.7. Proposition 4.8 and Lemma 4.9 imply
that H.(Y1(n), Zs)s" is free of rank 1 over Ay, . Then as

Tw, C Endy, (H (Y1(n), Z2)5") = A,

is non-zero by our assumption on X, we must have Ty, = Ay, , and since the actions of T and

A on overconvergent cohomology are compatible, we see that HL(Y;(n), Zs)5" is free of rank 1
over Ty, , as required.

4.3. Freeness in families

Let F be a cuspidal non-critical Bianchi eigenform with multiplicity one for H, ,, as above,
varying in a family over ¥, and write x = xx for the corresponding point in £. By Theorem 4.7,
we have that H.(Y;(n), Z5)s" is free of rank one over (Tx,j)m,, which is free of rank one over
An, after a finite base extension of A.

Proposition 4.10. After possibly shrinking X, there exists a connected component V.= SpT C
Sp(Ts,i) containing x such that HY (Y1 (n), Z5)<" @1, , T is free of rank one over T, which is
free of rank one over A. In particular, the weight map is étale on V.

Proof. (Compare [BSDJ17, 2.19]). The localisations are defined by

Amk: hﬂ O(U),

A€UCE
(Mo, = lm  OV),
zeVCSp(Ts,n)
Hi(Yl (n)v ‘@E)%g = hﬂ Htlz(Yl(n)a ‘@E)Sh ®T2,h O(V)

IEVCSp(T):Yh)
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Comparing the first two equations, we find we are exactly in the situation of [BSDJ17, Lem.
2.13] (working over the rigid space X), so that — possibly replacing ¥ with some smaller affinoid
subset — we may choose some V' C Sp(Tyx ) such that T = O(V) is free of rank one over
A = O(X). A second application of the same lemma to the second and third equations, over
the rigid space Sp(Ty ;), now shows that, after potentially shrinking ¥ and V again, we have
H!(Yi(n), Z5)<" @, , T free of rank one over T, as required. O

Remark 4.11: This proposition shows in particular that if x is a classical non-critical point of
Sp(Ts,n), corresponding to a form with multiplicity one for H, ,, then the natural weight map
w : Sp(Tyx,,) — X is étale in a neighbourhood of . We cannot conclude that Sp(Ty. ;) is smooth
at « without further work, however, as it is not at all clear that ¥ is smooth at w(z).

5. The parallel weight eigenvariety

In this section, we describe a closed subspace £par of € lying over the parallel weight line that
is much better behaved than the whole space £. This ‘parallel-weight eigenvariety’ bears com-
parison with the ‘middle-degree eigenvariety’ of [BH17], which plays a similar role in the Hilbert
case. We also show that there is a base-change map from the Coleman—Mazur eigencurve into
Epar and use it to show smoothness of (suitably well-behaved, but possibly critical) classical
points in the image.

5.1. Definition and basic properties

Recall: Hansen’s eigenvariety & is built from an eigenvariety datum © = Wy, L, A Hy p, ¥),
where Wk and H,, are as before, . is a Fredholm hypersurface in Wi x A! cut out by the
U, operator, .# is a coherent sheaf on .Z given by (total) overconvergent cohomology, and
¢ : Hyp — Endo(ey () is the natural map. Define now another eigenvariety datum

L 1
Qpar — (WK,par; gpara %para Hn,pa wpar);

where:

1) Wk par is the parallel weight line in Wp, or equivalently the image of Wg under the natural
P p g ) q Yy g Q
closed immersion;

(if) ZP*" is the union of the irreducible components of .Z that lie above Wi par, which is itself
a Fredholm hypersurface;

(iii) .#1,, is the coherent sheaf on .ZP% such that for any slope adapted affinoid fé’a,f lying

par

above ¥ C WK par, we have 4, (Z87) = Hy(Yi(n), Z5)=";

par

(iv) H,, is as before, and s, is the map obtained by gluing the natural map given by the
action of Hecke operators.

That this does give a well-defined eigenvariety datum is a simple check using the machinery
developed in [Hanl7, §3,§4].

Proposition 5.1. The eigenvariety Epar attached to the datum Dy, contains a Zariski-dense
set of classical points, and its nilreduction admits a closed immersion into &.

Proof. First we prove the statement about classical points. It is clear that classical weights, which
correspond to classical weights for the weight space of GLo/Q, are Zariski-dense in Wk par. Now
let (X,h) be a slope adapted affinoid in W par; we see that in the local piece Sp(Ty ), each
point lying above a weight A induces an eigenpacket in H!(Y7(n), 2))=", and all but finitely
many of the points lying above classical weights correspond to small slope eigenpackets. Such
points are classical by the control theorem. It follows that the classical points are dense in
Sp(Tx,») and hence in &Epar.
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That there exists a closed immersion ngcrl — & is a consequence of [Hanl7, Thm. 5.1.2], which
essentially says that it suffices to check an inclusion of a Zariski-dense set of points. Since every
classical point = € &,y corresponds to a system of eigenvalues that appears in H. (Y3 (n), 2,) for
some A € Wy par, the conditions of the theorem — namely, divisibility of characteristic power
series of the U, operator — are satisfied, and we get the required closed immersion, completing

the proof. [l

5.2. The base-change eigenvariety and smoothness

Recall the finite morphism BC : ¢ — & introduced in Theorem 3.5. By using [Hanl7, Thm.
5.1.6] again, we see that BC factors through

BC
C—— Epar.

Definition 5.2. Let &, denote the image of C in £,y under BC. It is a rigid curve that admits
a closed immersion into &y

Importantly, &, is reduced at the points we are interested in.

Proposition 5.3. Let f € Si42(T1(N)) be a p-stabilised newform that does not have CM by K.
Let x5 € C(L) be the corresponding point in the eigencurve (for some sufficiently large L/Qp).
There exists a neighbourhood Vi of BC(xy) in Epc that is reduced.

Proof. Let Vg be a neighbourhood of = in C, lying above X, such that V4. := BC(Vg) contains
a Zariski-dense set of points corresponding to p-stabilised newforms (see Remark 3.7). We claim
that O(Vp.) is reduced. We appeal to [BH17, Lem. 6.4.7], which shows that this reducedness is
equivalent to O(Vhe) being generically étale over A = O(X), in the sense that there exists an
open dense subset V of V},. such that the map Vi, x5V — ¥ is finite étale. Let x be a classical
non-critical point of Vi, with multiplicity one for H, , (Definition 4.6); then by Proposition 4.10,
we can pick some open affinoid neighbourhod V,, C Wi, lying over U, C 3 such that O(V,) is
free of rank one over O(U, ), and hence the weight map is étale on V,. Now define V = U, V,,
where the union is over all classical non-critical = that satisfy multiplicity one for H, ;,, which
form a Zariski-dense set in Vi, (footnote 8 and Remark 3.7). By construction, V is open and
dense, and the weight map is étale on V. But it is finite on V},, so we are done. (|

Definition 5.4. Let f € Si12(T'1(NV)), recalling p| N. We say that f is p-regular if the roots of
the Hecke polynomial X2 —a,(f)X +pt*! are distinct. We say that f is decent, following [Bel12,
§1.4], if it is p-regular and:

(i) f is new (hence non-critical),
(ii) or f is the p-stabilisation of a newform g of level prime to p that either:

(a) is non-critical,

(b) or has vanishing adjoint Selmer group H}(Q, adpy) =0, where p; : Gg — GLo(L) is
the Galois representation attached to f (using the choices of field embeddings at the
start of §2) and L is some sufficiently large finite subextension of Q,/Q,.

The roots of the Hecke polynomial are conjecturally always distinct. All CM forms are decent
(see [Bell2, §2.2.4]), and it is conjectured that all cuspidal non-CM forms satisfy (i/iia) and (iib)
independently. In the critical case, we make one further definition.

Definition 5.5. Let f be critical and decent. Then necessarily f is the p-stabilisation of a
newform g, of level prime to p, corresponding to a choice of root of the Hecke polynomial at p
for g. We will henceforth denote this root by «, (noting that v,(cy,) = k + 1). The base-change
F of f has Up-eigenvalue o, depending explicitly on «, for each p|p.

Most of the remainder of this section will be dedicated to proving the following result.
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Proposition 5.6. Let f € Si12(T'1(V)) be decent, and suppose f does not have CM by K. Let
x5 € C(L) be the corresponding point in the eigencurve. Then BC(zy) is smooth in Epe.

First, we treat the case where f is non-critical by looking more closely at the construction of
BC.

Proposition 5.6, f non-critical. The Coleman—Mazur eigencurve arises from an eigenvariety da-
tum Wy, Lo, g, Ho, v p, o) (specialising [Han17]). There is a natural map ¢ : H, , — Hg np
(see [JN16a, §4.3]). We define a new eigenvariety datum (Wy, Ly, #g, H. p, g o ¢), giving rise
to an intermediate eigenvariety CX. Let ¥ = Sp(A) be an affinoid in Wg which is slope-h adapted
for #p; then there is a map BC' : Cxp, — Cgh arising from the inclusion ¢(H, ) C Ho,n,p,
which induces an inclusion of the local rings O(CY ) € O(Cs ). By [Hanl7, Thm. 5.1.2], there
is a closed immersion C¥ < &,,;, and the map BC is the composition C — CK — &, Tt
suffices, then, to show that C¥ is smooth at BC'(z¢).

Since f is non-critical, after localising and base-extending A, by [Bell2] we know that O(Cx, 1,)m,
is free of rank one over A,,. Since O(Cgh)mgc/(x) is a Ap,-subalgebra containing 1, it must

be isomorphic to O(Cs: ;)m,, and BC’' is locally an isomorphism at z¢. As C is smooth at zf
(see [Bell2, Thm. 2.16]), we deduce that C¥ is smooth at BC'(x ), as required. O

Proposition 5.6, f critical. Suppose f is critical. Let 2 := BC(x;) and denote by t, the tangent
space of & at x. As Epc is a curve, we know dimy, t, > 1, so to prove the proposition we need
to show dimy, t, < 1.

In order to prove this inequality we use deformations of Galois representations. First we specify
the Galois groups involved.

Definition 5.7. Let .S be the union of the infinite place with the set of places of Q supporting
N and Sk the set of places of K lying over S. We let Gg,s and Gk s, be the Galois groups of
the maximal algebraic extension of Q (resp. the imaginary quadratic field K) ramified only at
the places S (resp. Sk).

Note that ps factors through Gg,g; from now on we consider py as defined on Gg 5. Let p, =
prlax. s, » the Galois representation attached to z. Here and throughout, we use decomposition
groups

Gr, = GK 5k, Go, — Go,s (5.1)

and complex conjugation ¢ € Gg g arising from the choices of embeddings at the beginning of
§2. Likewise, I C Gk, denotes an inertia subgroup; similarly, we use I, over Q.

We adapt the argument used in [Bell2, Thm. 2.16]. By [Bell2, Prop. 2.11], the restriction of ps
to G, decomposes as a direct sum of two characters x; and x2. Moreover, both are crystalline,
and we order them so that the Hodge-Tate weights of x; and y2 are 0 and k + 1 respectively.
(By convention, the cyclotomic character has Hodge-Tate weight —1). Moreover as f is decent,
we have H}(Q,adpf) = 0. For each p | p, write Pm|GKp = X1,p D X2,p Where x;, = Xi|GK,, for
i =1,2. We consider the following deformation problems.

Definition 5.8. Let A; denote the category of Artinian local L-algebras A with residue field
L, and for each A € Ay, let X**f(A) be the set of deformations (under strict equivalence) p4 of
pz to A satisfying the following.

(i) If q is a prime of K dividing n but coprime to p, then pa|s, is constant.
(ii) For each p | p in K, we have:

(1) (null weights) for each embedding 7 : K, < L, one of the 7-Hodge-Sen—Tate weights
of palcy, 1 0;
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(2) (crystalline periods/weakly refined) there exists a, € A such that the K, ®q, A-

module Derys(palcy, )‘/’fp = is free of rank 1 and (@p mod my) = ap, where f, is
the inertia degree of p.

Define also X™"P¢(A) to be the set of deformations pa € X™f(A) also satisfying:
(iii) (base-change) pa admits an extension to Gg,g deforming py.

)
Write t'¢f := X™!(L[¢]) and t¢fPe .= Xrebbe(L[g]) for the corresponding tangent spaces where,
as usual, L[] = L[X]/(X?).

We can evaluate py at complex conjugation ¢, and note that the operation

vipar— [adps(e) - pa g = pr(c)palege)pys(c)]

is a functorial involution on X™f. We thank Carl Wang-Erickson for explaining the utility of
this involution, and for supplying the appendix that proves the following.

Proposition 5.9. (i) The fived point functor (X***)* is canonically isomorphic to X*¢%Pc.

(i) The deformation problems X et:P¢ Xt on A; are pro-represented by complete Noetherian
local rings RHP¢, Rt € Ap. The involution v induces an automorphism * : R™f — Rref,
and there is a natural surjection

Rref
(1= w)(Rrer))

Rref s ~ Rref,bc-

(iii) There is a canonical injection t°°¢ < t7¢f of tangent spaces. The image of this injection
is the subspace (tref)L fized by the involution vy : t°F — € induced by ¢.

We now construct examples of such deformations over the eigenvariety. Let O, be the local ring
of &y at x. Firstly, we observe the following.

Lemma 5.10. There exists a neighborhood V of x in &, and a Galois representation py :
Gr.sx — GLa(O(V)) such that for each classical point z € V', the specialisation py,. of pv at z
is the Galois representation attached to z.

Indeed, by a theorem of Rouquier and Nyssen (see [Rou96] or [Nys96]), one obtains such a
representation from the Galois pseudorepresentation on . C € constructed in [JN16b]. One
can check that if Vg is a suitable neighbourhood of z; in C, then py is the restriction of py, to
Gk, sk, where py, : Go,s — GL2(O(Vy)) lifts py. (This restriction can be seen to take values in
the subring O(V) C O(Vy) by using the explicit description of this inclusion in [JN16a]).

After localising py at x, we obtain a representation py, : Gk s, — GL2(Oy). Now if I is a
cofinite length ideal of O,, then from the interpolation property of py and [Liul5, Prop. 4.1.13]
we deduce that py,, ® O, /I satisfies condition (ii,2) defining X**"b¢, with &, the image of the
Uy operator in O, /I (see also Lemma A.4 of the appendix). Using the same argument as in the
proof of [Bel12, Thm. 2.16], or using the fact that py = pv; |G s, , we deduce conditions (i) and
(ii,1). We have a given extension to Gg,s, giving (iii). Thus the strict class of py, ® O, /I is an
element of X™*%P¢(0,/I). Considering the universal property, and taking the limit with respect
to I, we obtain a morphism R™HP¢ — @I, the target being the completed local ring at z. A
standard argument (see [Berl7, Prop. 4.5]) shows that this morphism is surjective. It follows
that dimy, t, < dim;, ¢, Hence it suffices to bound the dimension of t¢f:Pc,

We reduce the argument to a result of Bellaiche. Indeed, in [Bell2, Thm. 2.16], he defines a
deformation functor D on Gg representations deforming py¢, satisfying the Gg analogues of the
conditions defining X"°f. Using the hypothesis that H} (Q,ad py) = 0, he bounds the dimension
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of the Zariski tangent space of D, which he denotes tp, by 1. We will show there exists an iso-
morphism tp = °FP¢. Indeed, by ignoring all the deformation conditions, we can view t"/:P¢ ag
a subspace of the tangent space without conditions, which we identify with H'(K,ad p,). Using
condition (iii) and Proposition 5.9 it is moreover a subspace of H' (K, ad p,)* = H'(Q, ad py).

Claim 5.11. Under the isomorphism ¢ : H'(K,ad p,)* = HY(Q,adpy), the tangent space
tef:be s mapped isomorphically onto the tangent space tp considered in [Bel12, Thm. 2.16].

Proof of claim: If p5. € ¢5:P¢_ then it admits an extension P to Gg deforming py. By Lemma A4
of the appendix, p§ satisfies precisely the conditions required to be in tp = D(L[e]) in [Bel12].
Hence ¢(t¢%¢) C tp. If conversely we take a deformation pF € tp, then again by Lemma A4
we have p%|c, € X °f(L[e]). But by definition this restriction also lies in XP°(L[e]), so in fact

in ¢, This is enough to show that tp C ¢(t"°H:P), completing the proof of the claim and, by
Bellaiche’s result, the proof of Proposition 5.6 in the critical case. O

Finally, there is another class of Bianchi families — that arise from base-change, but are not
themselves base-change — living in the parallel weight eigenvariety. Let f be as above, let F be
its base-change to K, and let ¢ be any finite order Hecke character of K with conductor prime
to p. Let C’ be the unique irreducible component of the Coleman—Mazur eigencurve through .
Then there exists an ideal 91 C O and a Zariski-dense set Y of points y € C’ such that F, ® ¢
has level 9, where F,, is the base-change of f,. By applying [Han17, Thm. 5.1.2] to the BC(Y'),
we obtain a closed immersion

[¢] : BC(C') < Eparm

interpolating the twist by ¢ on classical points. Combining with the smoothness and reducedness
results above, we’ve shown the following.

Proposition 5.12. If v = zrg, 5 the point corresponding to F @ ¢, then there ewists an
irreducible component £y of Eparm through x and a smooth reduced neighbourhood V- of x in &/, .

5.3. The YX-smoothness condition

We would like to conclude that &,y is smooth at base-change points (or twists thereof). However,
without additional work we are unable to rule out the possibility that there exist other irreducible
components of E,,r, not contained in &, that meet &, at such points. With this in mind, we
make the following definition.

Definition 5.13. Let x € &, be as above. We say that x is ¥-smooth if it is smooth in Epar
or, equivalently, if there does not exist another component of £y, not contained in & that
intersects & at x.

We conjecture that every classical base-change point is Y-smooth. At non-critical points, this
holds by Proposition 4.10, which shows that £,y is étale over X at . In general, this is implied
by the following more precise version of Conjecture 1.6.

Conjecture 5.14. Let &' be an irreducible component of Epar. There exists an integer M, an
irreducible component Cy; of Car, and a finite order Hecke character ¢ of K, with conductor
prime to p, such that & = [p] o BC(C),).

Proof. (Conjecture 5.14 implies X-smoothness). Assume this conjecture, let xx € Epar be a
classical point, and suppose that there exist components £, &” passing through zr. After
twisting, we can without loss of generality assume that zz € &, and write F = BC(f), with
x5 € Cy C Cn and & = BC(Cy). By the conjecture, there exists some M, an irreducible
component Cy,; C Cps and a Hecke character ¢ of K such that £” = [¢]BC(C),). In particular,
there exists some classical modular form g such that [¢|BC(z,) = BC(z), and we have an
equality of Galois representations prlc, = ¢ ® pglay, identifying ¢ with the Galois character
associated to it via class field theory. Define an extension ¢g of ¢ to Gg by setting ¢(cg) = ¢(g)
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for any g € Gk, where ¢ is any choice of lift of the generator of Gal(K/Q) to Gg. Then one can
check that p; = ¢ ® pg as Gg-representations, and there is a map [¢g] : Cj; — Cy making the
diagram

¢ [¢q] Cx

l/BC J/BC

BC(Chy) — > Expur
commute (since it commutes on classical points). In particular, [pg](zy) = . Since zy is
smooth in Cn (see [Bell2, Thm. 2.16]), we must have [pg](C),;) = Cy, and hence & = &'. Tt
follows that x is X-smooth. [l

6. Critical slope base-change p-adic L-functions

We now extend the above results to define (two-variable) p-adic L-functions for critical base-
change Bianchi modular forms. Throughout this section we will assume Y-smoothness, as in
Definition 5.13, where we can prove stronger results'!'. We closely follow the methods of Bellaiche
from [Bell2]. The key, as above, is to show that the space of overconvergent Bianchi modular
symbols in a family through the critical slope point is one-dimensional over the corresponding
Hecke algebra. Bellaiche’s arguments require a density of classical points in the family and
as such, there is a fundamental barrier to generalising this method to arbitrary critical slope
Bianchi modular forms, where we need not have such density results.

We work with the following set-up. Let f be a decent p-stabilised newform of weight k > 2
without CM by K. Let F be its base-change!? to K, which has weight A\ = (k, k). Assume F
is critical. Let x = xx denote the corresponding point of &, the base-change eigenvariety of
the previous section, with w(xz) = A, and let (X, k) be a slope-adapted affinoid with A € ¥ =
Sp(A) C Wk par such that we have m, C Ty ;. Assume z is X-smooth.

There is some connected component V' of Sp(Tyx ;) containing . We shrink ¥ and V' multiple
times to obtain a freeness condition. Following Bellaiche, we say an affinoid ¥ = Sp(A) C Wk par
is nice if A is a principal ideal domain. Every classical weight has a basis of nice affinoid
neighbourhoods (see the discussion following [Bell2, Defn. 3.5]), so we now shrink ¥ and V' so
that X is nice. We then shrink further so that we have the following, which is key to the whole
construction.

Proposition 6.1. Suppose X is a nice affinoid neighbourhood of X.
(i) The localisation HL(Yy(n), Zs)s" is free of finite rank over (Ts p)m, -

(ii) After possibly shrinking 3 to a smaller nice affinoid, there exists a connected component
V =SpT C Sp(Ts,n) of x such that HL(Y:i(n), Z5)S" @1y, , T is free of rank one over T.

Proof. To prove part (i), we use a lemma of commutative algebra due to Bellaiche (see [Bell2,
Lem. 4.1]). This says that if R and T are discrete valuation rings, with T" a finite free R-algebra
and M a finitely generated T-module that is free as an R-module, then M is finite free over T.
We will use this with R, T and M the localisations of A, Ty ; and HL (Y7 (n), Z5)=" respectively.

The module H.(Y;(n), Z5)S" is finite over A (by general properties of slope decompositions)
and torsion-free (by Lemma 4.9). As A is a principal ideal domain, by the structure theory for
such modules HL(Y;(n), Z5)=" is a finite free A-module. It follows that T j is also finite and
torsion-free over A, and hence also a finite free A-module. Since Wi par and Epar are reduced
rigid curves that are smooth at A and z respectively, the local rings Am, and (Txp)m, are

' Whilst we conjecture that this always holds, we will give partial results in the general case in the next section.
2Everything we say will also hold without modification in the case of (X-smooth) twists of F by a finite order
Hecke character of K of conductor prime to p.
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discrete valuation rings. Thus we are exactly in the situation of Bellaiche’s lemma, giving (i).

An identical argument to that used in the proof of Proposition 4.10 now shows that we can
shrink ¥ to a nice affinoid and find V' = SpT over ¥ such that H!(Y:(n), Z5)<" @r,, , T is free
of finite rank over T'. This rank is preserved by localising at any point of V', so to evaluate it we
check at a suitably nice point. Let y € V(L) be a non-critical classical cuspidal point satisfying
multiplicity one for H,, ,, which must exist as such points are Zariski-dense. Then by Theorem
4.7, HX(Yi(n), .@g)‘%}; is free of rank one over Ty, which completes the proof. O

With this local freeness condition in hand, we have the essential results that make Bellaiche’s
construction possible. The proofs of the following statements follow in an identical way to those
in [Bell2] with the appropriate substitutions, so we give only the statements.

Proposition 6.2. (See [Bel12, Cor. 4.4]). There is an isomorphism
(Tsn)me @nm, A L= (Trn)m,

where Ty, is the image of H in Endy (H.(Y:1(n), 25)=") and we again write m,, for the mazimal
ideal of this space corresponding to x.

Proposition 6.3. (See [Bell2, Prop. 4.6]). After a finite base extension of A, there exists a
uniformiser u of Ay, such that there is an isomorphism of Ay, -algebras

A, [(X]/(X® —u) = (TE,v)mI

that sends X to a uniformiser of (Ts y)m,, where e is the ramification index of the weight map
w i Epar — WK par 0t T.

Theorem 6.4. (See [Bel12, Thm. 4.7]). The generalised eigenspace HL(Y1(n), Zx(L))(F) =
HL(Yi(n), Zx(L))m, has dimension e over L and is free of rank one over the algebra

(Txn)m, = LIX]/(X°). (6.1)

Corollary 6.5. (See [Bel12, Cor. 4.8]). Under the isomorphism (6.1), we have an equality of
H-eigenspaces
He (Yi(n), Z0(L))[F] = X He (Yi(n), 20 (L)) (5,

which is one-dimensional over L. Its image under the specialisation map py is 0.

Note that this corollary says that, if F is the base-change of a decent form, then the eigenspace
in HL (Y1 (n), 2) cut out by F is always one-dimensional. If ¥z is any generator, then under the
specialisation map ¥z maps to the classical cohomology class associated to F if F is non-critical
and to 0 if F is critical.

Now let U be a generator as above.

Definition 6.6. We define the p-adic L-function of F to be the Mellin transform
L,(F,*):=Mel(¥r) € D(Clg (p™)).

Proposition 6.7. The distribution L,(F,*) is admissible of order h = (vy(ay))p), in the sense
of [Will7, Defns. 5.10,6.14]. It satisfies the interpolation property that for any Hecke character
¢ of K of conductor F|(p™) and infinity type 0 < (¢,7) < (k, k), we have

Lp(]:, gap,ﬁn) =0.

Proof. The proof of admissibility exactly follows that in [Will7]. The interpolation property is
an immediate consequence of the fact that p\(¥x) = 0. O
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Remarks 6.8: (i) Unlike in the non-critical case, this admissibility and interpolation property
is not sufficient to determine L,(F, *) uniquely.

(ii) Ome should see the vanishing of the distribution as an exceptional zero phenomenon. We
will show that one can obtain ‘secondary p-adic L-functions’, that is, distributions with
a non-trivial interpolation property, by constructing a three-variable p-adic L-function
through L,(F,*), differentiating in the weight variable, and then evaluating at A. This
bears comparison with the results of [BSW17], where exceptional zeros are removed by
differentiating in the cyclotomic variable, up to the introduction of an L-invariant.

We end this section with a soft application of the above. From the definition, it is not clear that
base-change respects non-criticality. For example, suppose p is inert in K and f of weight k + 2
has slope (k + 1)/2 at p; then the slope of F is k 4+ 1, which is not small in the sense of the
control theorem.

Corollary 6.9. Let f be a decent non-critical p-stabilised classical newform of weight k+ 2 that
does not have CM by K, and let F be its base-change to K. Suppose the point xr is X-smooth
in Epar. Then F is non-critical.

Proof. In [Bell2], it is shown that f is critical if and only if the weight map C — Wy is ramified
at xy. In this section, we have shown similarly that (if it is X-smooth) F is critical if and only
if the weight map Epar — Wi par = Wy is ramified at x. In the proof of Proposition 5.6 in the
non-critical case, we showed that if f is non-critical, then the map BC is locally an isomorphism
over Wy at x¢. Hence as the weight map is unramified at x¢, the weight map &, — Wg must
also be unramified at zz. By YX-smoothness, the inclusion . C &par is locally an equality at
zr. The result follows. O

7. Three-variable p-adic L-functions

In this section, we show that (where they exist) the p-adic L-functions attached to classical
Bianchi modular forms can be varied in canonical analytic families over neighbourhoods in the
eigenvariety. Let F be a cuspidal Bianchi eigenform of weight \ satisfying multiplicity one for
H,, in the sense of Definition 4.6, and suppose either:

(1) F is non-critical and varies in a family V = SpT C & over ¥ = Sp A C Wk, or

(2) F is (a twist of) the base-change of a p-stabilised decent classical newform of level prime
to p, and varies in a family V = SpT C &Epar over ¥ = Sp A C Wi par, with V smooth at
TFr.

Recall that the Mellin transform gives a map Mel : H.(Y;(n), Z5)<" — D(Clg (p>), A). The
target of this map can be viewed as a space of analytic functions in three variables — two variables
coming from functions on Clg (p*°), and one variable on ¥. We want the third variable instead
to be on V. Following Bellaiche, we add additional 7" structure by tensoring by 7". The following
should be viewed as a specialisation map on the space of modular symbols varying over V', rather
than X.

Definition 7.1. Let y € V(L) with w(y) = . Define a map

spy : Hy (Yi(n), Z5)=" @5 T — He(Yi(n), Z)=" @ T/m,
C He(Yi(n), 2u(L))=".

(Note that this is equivariant for the action of the Hecke operators on the cohomology).

Similarly, we can define a specialisation map at the level of distributions.
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Definition 7.2. With y and x as above, define sp; to be the map

spy : D(Clg (p™),A) @4 T — D(Clg (p™), A) @p T/m,
= D(Clk (p™), A) @ L = D(Clk (p™), L),

where the last isomorphism is [Han17, Prop. 2.2.1].

We can define the Mellin transform over V to be Mely := Mel ® id. A simple check shows that
the following diagram commutes:

Mel
HL(Yi(n), Z5)h @p T ————V S D(Clg(p™),A) @a T

lw [ (7.1)

HL (Y (n), Z,) =" el D(Clye(p), A)

To construct the 3-variable p-adic L-function, our strategy will be to exhibit an element of
HL(Yi(n), Z5)<" @, T interpolating eigensymbols in HE (Y3 (n), Z,)[m,] as y varies in V.

7.1. The case F non-critical or >-smooth

Suppose now that either F is non-critical or critical (base-change) and X-smooth. Let My :=
H!(Y1(n), Z5)<" @1, , T. By S-smoothness, after possibly shrinking  and V, we can choose V' to
be a connected compoment of Sp(Ts ), and then My is a direct summand of H(Y;(n), Z5)<".
Possibly shrinking further, we know My is free of rank one over T' by Propositions 4.10 and
6.1; let Uy denote a generator. In the non-critical case, since T' is free of rank one over A, the
element Uy ® 1 provides the element we desire, and Mely (¥ ® 1) gives the required three-
variable p-adic L-function. The critical case is a little more involved. Firstly, we lift Proposition
6.3 to a neighbourhood.

Proposition 7.3. After possibly shrinking ¥ = SpA and V = SpT, and after a finite base
extension of A, there is an element t € T with t(xx) # 0, an element u € A with u(\) # 0, and
an isomorphism

AX|(XC—u) =T
that sends X tot.

Definition 7.4. Let .
o

[OIVES Zti\lfv ® et ¢ My @p T.
i=0
This depends on the choices made only up to multiplication by an element of 7 on the first
factor.

The module My ®, T carries the structure of a T-module in two ways (one from each factor).
An easy calculation, via a telescoping sum, shows that (t ® 1 — 1 ® t) annihilates ®y, that is,
T acts on ®y the same way for both of these T-structures, and consequently ®y, is well-defined
up to multiplication by an element of T on the second factor (compare [Bell2, Lem. 4.13]).

Proposition 7.5. (See [Bell2, Prop. 4.14]). Lety be any classical point in V(L) that is non-
critical (in case (1)) or base-change (in case (2)), and let k = w(y). Then sp,(Py) is a generator
of the (one-dimensional) L-vector eigenspace H!(Y1(n), Z,,(L))[m,] where the Hecke operators
act with the same eigenvalues as y.

Proof. The proof is identical to that op. cit.. O

Definition 7.6. Recall we can realise My as a direct summand of H! (Y7 (n), Z5)<". By restric-
tion, Mely descends to My ®a T, and we define
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Theorem 7.7. Lety € V(L) be a non-critical classical point corresponding to a Bianchi modular
form F,. Then as elements of D(Clk(p™), L), we have

Ly(y,*) = sp;(ﬁp(V))(*) = cyLy(Fy, %),

where ¢, € L™ is as above.

7.2. Removing the Y-smoothness condition

Let F be in case (BC) be critical. We now give a construction of a p-adic L-function attached to F
when we do not assume X-smoothness. In this case we can still construct a canonical admissible
distribution L,(F), and in the next section we prove it satisfies a partial interpolation property.

In this case, there is a unique connected component V' = Sp(T") of Sp(Tyx ;) passing through =
and contained in & (by smoothness). We can restrict the natural closed immersion Epe — Epar
to obtain a closed immersion ¢ : V' < Sp(Tyx ), cut out by a sheaf of ideals Z. We define
analogues of overconvergent cohomology over V; note that the eigenvariety machine gives us a
coherent sheaf .#,, on &£,y with the property that

Mpar(SP(Ts 1)) = He(Yi(n), Z5)=".

By coherence, tit* Mpar = Mpar|T Mpar as sheaves on Epar, and hence — from the definition of
Mpar | T Mpar — we have

Vilyar (V) = [Moar | Ttlyar] (SD(Tx ) = He(Yi(n), Z5)=" @1y, T (7.2)

Using smoothness of &, at =, we can shrink V' so that it is smooth and intersects &,a, only
(possibly) at .

Proposition 7.8. It is always possible to shrink X to a nice affinoid such that there is a canonical
locally free rank one coherent quotient N of v* Mparlv with an equality of stalks

[ AMparly = Ny
at all p-stabilised non-critical classical points of V.

Proof. Since V' is a smooth curve, all the local rings are discrete valuation rings. Using the
structure theorem for finitely generated modules over such rings, we can exhibit a torsion co-
herent sheaf .7 on V, supported on a finite set of points (possibly including z). We define
N = 1" Mpar /T, which is then locally free on V.

At non-critical classical points other than x, we have

[V Mparly = [Mpar]y = Hi (Yi(n), D5 )m,

since no other component of &, intersects &, at y. If further y corresponds to a non-critical
p-stabilised newform with multiplicity one, then by Theorem 4.7, this module is free of rank one
over T),. As this stalk has no torsion part, y is not in the support of .7, which shows that this
stalk is equal to .45,

Finally, it remains to determine the rank of .#". This rank is preserved after localising at any
point in V; by doing so at any classical non-critical point y as above, which is possible by
Zariski-density, we conclude that the rank is one. O

Hence we have a canonical quotient My of HL(Y:(n), ) @ty , T' that is free of rank one over
T. Let ®y be any generator. As T is A-flat, the natural map

spy s Hy(Yi(n), Z2)=" @A T — My @, T

is surjective; let CT)V be any lift of ®y under this map. At any classical point y of V', the fibres
of A" and Ay, are equal at y, and hence the specialisation map sp,, to Hl(Y1(n), 2,.)=" factors

through spy,. Consequently, Proposition 7.5 shows that at such classical points, spy(iv) is a
generator of H! (Y, Z,;)[m,].
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Definition 7.9. Let £,(V) = Mely (®y) € D(Clg (p™),A) @4 T = D(Clg (p>), T).

Whilst the lift might not be canonical, the resulting function £,(V') is. Indeed, from the above it
follows that £,(V') satisfies the interpolation property of Corollary 1.4 at all non-critical classical
points, and as explained in the introduction, this is enough to determine £,(V') uniquely; in

particular, it is independent of the choice of lift 5‘/.

Definition 7.10. Let L,(F) € D(Clg (p*), L) be the distribution sp, (£, (V).

Proposition 7.11. The distribution L,(F,x*) is well-defined up to scalar multiple by L. It is
admissible of order h = (vy(ay))p|p-

Proof. The function £,(V') can be defined as the Mellin transform of a cohomology class in the
slope < h cohomology, hence is h-admissible. Let £, and L}, be any two analytic functions
on V x Z'(Clg(p™>)) satisfying the interpolation property of Corollary 1.4 at all non-critical
classical points, and let L, (F) and L;,(F) denote their specialisations to z. If either is zero, then
obviously they differ by scaling by L; so assume both are non-zero. Consider, then, the quotient

V). 0)
.9 = 2, w9

We claim that this is well-defined. Indeed, there exists a Zariski-dense set of classical non-
critical points y in V' of weight (k, k), where k > 2. For any Dirichlet character ¢ of conductor
p", r > 1, the quantity L(F,,y,k — 1) converges absolutely to a non-zero number; it follows
that L,(F,,¢|-|*~1) # 0, since the p-adic L-function does not have an exceptional zero there.
As every connected component of O(2 (Clg (p™))) contains a character of the form o(z)zF~1,
it follows that L,(Fy,*) is not a zero-divisor in O(2(Z,')). Now suppose L,(V) is is a zero-
divisor; then there exists some D € D(Clg (p™), A) such that DL, (V) = 0. After specialising at
any y as above, we see that D = 0, as sp, (£,(V)) is not a zero-divisor. As this equality holds
at a Zariski-dense set of points, it must hold everywhere, and we see that D = 0.

€ Frac(O(V x Z (Clg (p™))).

At the specialisation to each classical point y # xx in V(L), we have C(y,¢) € L* using the
interpolation at non-critical points. Again, using the fact that such points are Zariski-dense, we
deduce that C(z, ) is constant in ¢ for any z, that is, C' € Frac(O(V)). Since (by assumption)
neither L, (F) nor L;(F) is zero, C' does not have a zero or pole at . Such zeros and poles
occur at isolated points, as V' is a rigid curve, and hence we may shrink V' further so that C' has
no zeros or poles, that is, C'€ O(V)*. After specialising to x7, we see that L,(F) and L,(F)
differ by scalar multiplication by L*, hence the result. [l

8. Factorisation of base-change p-adic L-functions

In this section, we provide an application of the existence of families of p-adic L-functions of
Bianchi modular forms. In particular, we prove an ‘Artin formalism’ style result for p-adic
L-functions of cuspidal Bianchi modular forms that are the base-change of a classical modular
form. Such a result follows from admissibility in the case where the slope is sufficiently small,
and can be extended to arbitrary slope using the three-variable p-adic L-function defined above.

8.1. p-adic L-functions attached to classical eigenforms

We recall the relevant existence of p-adic L-functions for classical modular forms. Let f €
Sk+2(T'1(N)) be a decent finite slope classical p-stabilised newform with L-function A(f, ),
normalised to include the Euler factors at infinity, and where ¢ ranges over Hecke characters of
Q. Denote the eigenvalue of f at p by a,(f) and the periods of f by Q?, which are well-defined
up to algebraic numbers. Let h := v,(ay), and let 1 be a Dirichlet character of conductor C
prime to p. For any Dirichlet character x, let 7(x) = >, (moa ) x(a)e?™ /N be the usual Gauss
sum.
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Theorem 8.1. There exists a canonical locally analytic distribution Lg(f, %) on Z, such that,

for any Hecke character ¢ = x| - |7, where x is finite order of conductor p™ > 1 and 0 < j < k,
we have

T((xm)~HQy ap

(C;Dn)j+l A . . ..
——=——=—A(f,on) : [ is non-critical,
L3(f,0p-tm) = {70000 (friom) = £ is mon-
0 : f is critical.
The sign of the period is given by the sign of xn(—1)(=1)?. The distribution is admissible of

order h, and if h < k + 1, it is uniquely determined by this interpolation property.

If n is the trivial character, we drop the superscript and write L,, for this distribution.

Proof. First suppose 7 is the trivial character. When h < k + 1, this has been proved using
different constructions by a number of people (see, for example, [PS11]). Note that in our
normalisations, A(f,¢) = A(f,X,j + 1). In the case where h = k + 1, the most comprehensive
version of this result is due to Bellaiche (see [Bell2]). If n is non-trivial, this distribution can
be defined via a slight variation of the methods of [PS11] and [Bell2]. In both papers, Ly(f, *)
is defined by associating to f a canonical overconvergent modular symbol Wy, then setting
Ly(f,*) == Uz{0— oo}|Z;. To obtain this twisted version, suppose a € (Z/CZ)*; then one

defines a distribution Lg(f,*) on Z, by

Ly(f,#) =[] (5 &0 — oo},

then extends to Li(f,*) = >_,e(z/0z)x n(a)Ly(f,*). Proving the interpolation result is then

a formal calculation. This process is described more thoroughly (in the small slope Bianchi
setting) in [BSW17, §3.4]. O

It will be important to also vary these p-adic L-functions in families over the Coleman—Mazur
eigencurve C. For this, we follow the account of Bellaiche from [Bel12], though in the small slope
setting this was known previously. The notation used here is directly analogous to that used
above in the Bianchi setting.

Theorem 8.2 (Mazur-Kitagawa, Stevens, Bellaiche). Let x¢ be the point of the Coleman—Mazur
eigencurve corresponding to f. There exists an affinoid neighbourhood V of xy and a locally
analytic distribution

L,(V) € D(ZX,0(V))

such that at any classical point y € V, corresponding to a modular form f,, we have

£;D(y7 ¢) = Sp;(ﬁp(v))(¢) = Cpr(fya b),

where ¢ is any locally analytic function on Z, and cy is a non-zero scalar depending only on y.
This distribution is well-defined up to multiplication by elements of O(V). Similarly, there exists
a distribution KZ(V) interpolating the twisted p-adic L-functions L} at classical points.

Implicit in this theorem is a choice of period at each classical point, and the indeterminacy in
these choices is measured by multiplication by elements of O(V). The construction of £, (V) uses
overconvergent modular symbols in families, and the interpolation follows from a commutative
diagram analogous to equation (7.1).

8.2. Statement of p-adic Artin formalism

We assume that the base-change of f remains cuspidal, and denote it by F € S\(U;(NOk))
(where A = (k, k), viewing f as an adelic automorphic form for GL2/Q of weight k+ 2 and level
Ui(N) C GLQ@)). We see that F is an eigenform and the eigenvalues can be described simply
in terms of the eigenvalues of f; in particular, we see that

(i) When p splits as pp in K, we have ap,(F) = o5(F) = ap(f).
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(ii) When p is inert in K, we have apo, (F) = a,(f)%
(iii) when p is ramified as p? in K, we have o, (F) = a,(f).
We see that F has small slope if and only if

k+1 :p split,
vp(ap(f)) < { EfL: pinert or ramified.

As above, write L,(F, ) for the p-adic L-function of F (as a distribution on Clg (p™)).

Definition 8.3. We define the restriction of L,(F, *) to the cyclotomic line, denoted by Li¥*(F, *),
to be the locally analytic distribution on Z given by

L;}’C(‘T_" ¢) = LP(]:aQSONK/Q)v

where ¢ is any locally analytic function on Z; = 016 (p>).

We will prove the following p-adic version of Artin formalism:

Theorem 8.4. Let ¢ be any locally analytic function on Z, . Choose the periods Qx and Q}E
such that

»#O0K
2

where T denotes the usual Gauss sum of Dirichlet characters, and X g q is the quadratic character
associated to K. (This convention on the sign is possible since x kg is odd). If f is critical,

suppose that LyY*(F) and Ly(f)Ly"%(f) are both non-zero. Then we have

QF =(=1) QFQ; (X /),

LY(F, ) = Ly(f, )Ly '°(f, ),

In other words, we have LyY(F) = Ly(f)Ly™'°(f) as distributions on 7).

8.3. The case of slope < (k+1)/2

First we show the result for forms of sufficiently small slope. Suppose f € Si12(I'1(N)) has slope
h < (k+1)/2 at p, with base-change F to K. In this case, both the restriction of L,(F, %) and the
product Ly (f, *)Ly"'®(f, ) are distributions on Z that are admissible of order 2h < k+1, and
hence it suffices to prove that they agree at the critical Hecke characters, as then the admissibility
condition ensures that any two distributions that agree on this set are equal. At the level of
classical L-values, Artin formalism says that for any rational Hecke character ¢, we have

so it suffices to check that the constants in the interpolation formulae agree. In this situation,
the interpolating constant of the Bianchi p-adic L-function can be simplified to:

Proposition 8.5. Let ¢ = x|-|” with cond(x) = p™ > 1 and 0 < j < k, and define ¢ = ¢po Nk q.
We have

i1 G+ 2O
(=1)*205(F)"7i ((x © Nk o)~ 1)QF

LY(F, ) = Lyp(F, ) = { A(F, ¢),

where for a character n: (O /p™)* — C*, we define T (n) by

)= Y e ™) (5.)

a (mod p"Ok)
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Proof. This is an exercise in book-keeping, made confusing only by an unfortunate plethora
of differing normalisations, which we highlight here. Firstly, by demanding that p|cond(y),
we see that the exceptional factors Z, of Theorem 2.14 are equal to 1; the infinity type is
(4,7), which simplifies the sign; and the terms ¢(z5) and pj(z5), as defined in [Will7], cancel
since the conductor is principal. Finally, the remaining discrepancies between the formulae can
be described by renormalisations of Gauss sums. Indeed, the Gauss sums 7(¢ o Ng/g) and
T(x o Ngqg) differ by Ng/q(p"v—=d)? = dip* (see, for example, [Will7, §2.6]), whilst the
Gauss sum 7x above (for Dirichlet characters) is naturally inverse to the Gauss sum 7 used in
[Wil17] (for Hecke characters). We have also made use of the standard identity 7x (p)7x (p~1) =
N g(cond(yp)) to move the Gauss sum to the denominator, in line with Theorem 8.1. O

Recall now that we normalised the periods 2 and Q}[ such that Qr = (—1)* @Q;Q;T(XK/Q).

From this, and the descriptions of c,(F) in terms of a,(f) above, it is immediate that

dj+1p2n(j+1)#0;( o re) = (pn)j+1 . (dpn)jJrl
(=1)k20, (F)"Qr e ap(f)nQ}[ O‘p(f)ij:

To complete the proof in the slope < (k + 1)/2 case, it remains only to check the identity

i (X © Nk /o)) T(xK/0) = TOOT(XXK/0)

of Gauss sums. This is a characteristic 0 version of the classical Hasse-Davenport identity. A
simple check shows that it suffices to check this identity locally. In the case p unramified in K,
it is [Mar72, §6, Cor. 1]. We’ve shown:

Corollary 8.6. Suppose f has slope vp(a,(f)) < k—gl Then Theorem 8.4 holds.

8.4. The general case

Now suppose f has slope 42 < h. The product L,(f,*)Ly"/%(f,+) and the restriction of
L,(F,*) to the cyclotomic line are both admissible of order 2k > k + 1, so we cannot use the
methods of §8.3 to prove Theorem 8.4 in this case. To get around this, we use the three variable
p-adic L-function through F over the base-change component of the eigenvariety.

Notation 8.7: Let Vg be a neighbourhood of z; in the Coleman-Mazur eigencurve lying over
some subset Xg C Wg. Let Vi denote the image of Vg under the p-adic base-change map.

We see that Vi is a neighbourhood of xz = BC(z) in the Bianchi eigenvariety, containing a
Zariski-dense subset of classical points. For any such classical point y € Vg, write f, for the
corresponding modular form, and write F,, for its base-change to K (corresponding to BC(y) €
Vi).

Since the slope of a Coleman family is constant, we see that along Vi, the slope at p is also
constant, equal to vy(a,(F)) = 2vp(ayp(f)) = 2h. Possibly shrinking Vg if necessary, we can
assume that any classical weight ¢ € Xg\{k} satisfies £ > 2(k+1). Suppose y is a classical point

in Vi above such a weight ¢; then we have v,(a,(f,)) < &2, so that

ch)yc(fya *) = Lp(fya *)L;(K/Q (fya *),
where again we normalise the periods appropriately.

After possibly shrinking Vi, let £,(Vk) denote the three-variable p-adic L-function over Vi.
Again by restricting to functions that factor through the norm to Q, we can restrict this three-
variable function to the cyclotomic line, yielding a two-variable function £5¥°(Vk). This two-
variable p-adic L-function is only well-defined up to multiplication by elements of O(V), cor-
responding to renormalising the periods. By composing with the map BC* : O(Vk) — O(Vyp),
we can view the second variable as being over Vg, meaning L£;Y(Vi) lies in the same space
as L,(Vg) and £,"/%(Vy), the two-variable p-adic L-functions over Vg interpolating the p-adic
L-functions of the classical family.
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Proposition 8.8. Suppose that LyY°(F,*) and Ly(f, >f<)L;>D(K/Q (f,*) are both non-zero. For each
classical point y € Vo(L), normalise the period of the base-change F, so that

#O0x
2

QF, = (-1)° OF Q5 (xk/0)-

Under these normalisations, and after possibly renormalising £, (Vi) by an element of O(Vg) ™,
the restriction of L,(Vi) to the cyclotomic line factors as

LY(Vie) = Lp(V) Ly (V).

In the general case, Theorem 8.4 follows by specialising this identity at f.

Proof. After taking the Amice transform, we may consider the functions in question as analytic
functions on the two-dimensional rigid space Vg x 2 (Z;), where, as in the introduction, we
write 2(Z,;) for the rigid character space of Z). Consider, then, the quotient

Ly (Vi)

O LR )

€ Frac(O(Vg x Z'(Z))).

This is well-defined by a similar argument to that in Proposition 7.11. At the specialisation to
each classical point y # x¢ in Vg(L), we have C(y, ¢) = ¢, € L* using the factorisation at very
small slope points. Again, using the fact that such points are Zariski-dense, we deduce that
C(z,¢) is constant in ¢ for any z, that is, C' € Frac(O(Vy)). Since (by assumption) neither
LEYS(Fy, %) nor Ly(f, %)Ly ¢ (f,*) is zero, C does not have a zero or pole at zx. Such zeros
and poles occur at isolated points, as Vg is a rigid curve, and hence we may shrink Vg further
so that C has no zeros or poles, that is, C' € O(Vy)*. But this completes the proof. O

In the general case, Theorem 8.4 follows from specialising this result at f.

Remark 8.9: The function £5Y¢(V) is, of course, itself only well-defined up to multiplication
by elements of O(V)*, so this indeterminancy is expected. We note that the non-vanishing
condition is always satisfied if f and F are non-critical by the arguments in the proof (or, in the
case of weight 2, by a theorem of Rohrlich; see [Roh84]). When f is critical, it is conjectured
that f is CM, and in this case, Bellaiche has shown this non-vanishing property by relating the
p-adic L-function to a Katz p-adic L-function (see [Bel]). In light of this, it seems natural to
conjecture that when F is critical, L,(F, %) is non-zero.

Remark 8.10: Note this result requires only the existence of p-adic L-functions in families,
which we constructed under no 3-smoothness condition. In particular, this implies that in the
case where F is the critical base-change of f and we do mot have Y-smoothness, the p-adic
L-function L,(F) satisfies an interpolation property at all Hecke characters ¢ that factor as
¢" o Ng g for a rational Hecke character ¢’. If f is non-critical, this interpolation property is
the same as that in Theorem 2.14; if f is critical, the interpolation property is that the p-adic
L-function vanishes at such characters.

Remark 8.11: Suppose p is split, and that we start with a small slope classical form f of level N
prime to p. Let o and 8 denote the roots of the Hecke polynomial R,(X), and assume that o # 3.
There are two possible p-stabilisations fn, fg of f to level pN. The base-change F of f to K,
however, has four possible p-stabilisations to level pNOfc; we have R,(X) = Ry(X) = Ry(X),
so we can consider Fua, Fap, Faa and Fgg. The forms F,, and Fpgg are the base-changes of
fo and f3 respectively, but the other specialisations cannot be base-change themselves, as they
have distinct eigenvalues at p and p. In this case, Loeffler and Zerbes have recently shown that
LY(Fap, ¢) can be expressed as a linear combination of the two products Ly (fa, OV Ly "% (f5,9)

and Ly (fs,0)Lp""" (fa, ).

We can now prove a converse to Corollary 6.9, which said that (in the X-smooth case) the
base-change of a non-critical form is non-critical.
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Corollary 8.12. Let f be a decent classical modular form of weight k + 2 that does not have
CM by K, and let F be its base-change to K. Suppose F is X-smooth. Then F is non-critical
if and only if [ is non-critical.

Proof. We saw that F is non-critical if f is non-critical in Corollary 6.9. So suppose f is critical.
If F is not X-smooth, then it is critical; hence we may assume F is 3-smooth without loss of gen-
erality. To f, we attach a generator Uy of the one-dimensional eigenspace H! (Y1 (N), 2, (L))[f]
in the overconvergent cohomology (over Q). Recall from [Bell2, §4] that f is critical if and
only if W is mapped to zero under the specialisation map to classical cohomology. Let ¢ be
any critical Hecke character; then L,(f, ¢) = Mel(Uf)(¢) = Mel(pa(¥))(¢), that is, evaluation
at ¢ commutes with the specialisation map. Thus if we have non-vanishing of a critical p-adic
L-value of f, then px(¥s) # 0, that is, f is non-critical.

We claim that there exists a non-trivial Dirichlet character ¢ of p-power conductor such that

Indeed, if & > 0, then for any Dirichlet character ¢, the Euler product expressions for L(f, o, k+
1) and L(f,xk/q,k + 1) converge to non-zero complex numbers (as we are in the range of
absolute convergence). If k = 0, then this is an easy consequence of the main result of [Roh84].

Since ¢ has p-power conductor, the p-adic L-functions L,(f,*), Ly*/?(f,*) and L,(F,*) do
not have exceptional zeros at the character ¢ = ¢| - |¥. Now suppose F is non-critical. By the
interpolation property, the non-vanishing condition on ¢, and the fact that F is non-critical, we
then have

0% Lp(F.¢0 Ngjg) = Lp(f, )Ly (f, 0),

the last equality following from p-adic Artin formalism. From the remarks above, we conclude
that f is non-critical, which is a contradiction. O

If f is critical, then F is always critical, since if it were non-critical it would be ¥-smooth. So
the only remaining possibility we have not ruled out is f non-critical but F critical and not
Y-smooth.

8.5. Restriction to the anticyclotomic line

The methods of this section apply in another related case!'3, the details of which we leave to the
interested reader. Class field theory provides us with an isomorphism Clg (p*°) = Gal(K o /K),
where K, is the maximal abelian extension of K unramified outside p. Restriction to the
cyclotomic line in Clg (p™) is equivalent to looking only at the cyclotomic subextension inside
K. We can also naturally restrict to the anticyclotomic subextension K2 /K a character x of
Gal(K o /K) is anticyclotomic if x(cgo=1) = x(g)~! for all g € Gal(K,/K), where o is the non-
trivial element in Gal(K/Q). In this setting, anticyclotomic p-adic L-functions were introduced
by Bertolini and Darmon in [BD96] for ordinary elliptic curves, and since then the construction
has been generalised significantly; see, for example, [Kim17]. In the notation of above, the
anticyclotomic p-adic L-function of f over K is a distribution Lg““(f, *) on Gal(K2'%/K), of
order h, that satisfies the interpolation property that at a critical anticyclotomic character x of
K, we have

(L2 £,%)) = (*)A(F, X),
k+1

for a suitable explicit interpolation factor (x). In the case where h < #3=, this interpolation
property, together with admissibility, is enough to show that (after normalising the periods
correctly) we have

LE(f)? = L), (5.2)

where L3"(F) is the restriction of L,(F) to the anticyclotomic line. (See, for example, [Geh17]
for this result in the ordinary case). It is widely expected that anticyclotomic p-adic L-functions

13We thank Lennart Gehrmann for pointing this out to us.
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can be varied in Coleman families; suppose there exists such a two-variable function Eg““(VQ),
over a neighbourhood Vg in the Coleman—Mazur eigencurve, interpolating the p-adic L-functions
at classical weights. Then the methods of this section show that, under an analogous non-
vanishing condition and up to multiplication by an element of O(Vg)*, we have

£ant1 ( ) £ant1 ( ) .

If h > %, we can then specialise this two-variable formula to obtain the identity (8.2) in this
case too.

8.6. Secondary p-adic L-functions at critical base-change points

Recall that the p-adic L-function of a critical (X-smooth) base-change point vanishes at every
special value. Previously, we noted that this could be viewed as an exceptional zero phenonenon
in the weight. Indeed, let F be a critical (X-smooth) Bianchi modular form that is the base-
change of a decent classical modular form f, and let Vx be some neighbourhood of 2+ in &y.(L)
such that a three-variable p-adic L-function £,(Vi) exists over Vk. For y € Vi (L) and ¢ a
locally analytic function on Clg (p>°), write

Lp(y, ¢) = sp, (Lp(VK))(),

which is rigid analytic in y. The neighbourhood Vi is a rigid curve that is smooth at z#, so fol-
lowing Bellaiche, we can define the ith secondary p-adic L-function L,(,Z) (F,*) € D(Clg(p>), L)
by

%

0 = Lp(y, ) ;

7
% y=zF

LY(F,¢) =

where 0 < i < er — 1, for ex the ramification degree of w at xx. An identical argument to that
given in [Bell2, §4.4] shows that:

Proposition 8.13. Let ¢ be a Hecke character of K of conductor f|(p>°) and infinity type
0<(q,r) < (k,k), where (k,k) is the weight of F.

(i) If 0 < i < er — 2, then _
LO(F, ¢p—gin) = 0.

(i) If i = er — 1, then (compare Theorem 2.14)

(er—1) L) — - (‘Tf)dT( )#OX
Lp (F, @pfhn) (er —1)! 1:[Zp |: )kJqurTQSﬁf(l'f)OéfQ}' A(F, ).
p

Remarks 8.14: (i) As L,(y, ¢) is defined only up to multiplication by an element in O(V')*,
we get additional indeterminancy for the secondary p-adic L-functions. In particular,
L,(,Z) (F,y) is only well-defined up to scalar multiplication by L* and additional of an

element of the L-span of {L,(F,®), ..., L,(,ifl)(f, )} As in [Bell2, §1.4], however, we see
that this gives a well-defined flag %y C % C --- C %, in the space of L-valued locally

analytic distributions on Clg (p*°), with dimy, .%#; =i + 1.

(ii) Since differentiating in y and restricting the distribution to the cyclotomic line are inde-
pendent operations, taking the ith derivative of the identity in Proposition 8.8 (under the
same non-vanishing condition) and evaluating at z; shows that the ith secondary p-adic
L-function factors as

i,
i v j (i—=3): XK /0
wmwwzzgywump TS,
§=0

(0)

where Lp” is just L.
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Appendix: A base-change deformation functor

by Carl Wang-Erickson!*

The point of this appendix is to supply the proof of Proposition 5.9, regarding deformations of
Galois representations. The main idea we will apply here applies under the following running
assumptions:

(A) there is an index 2 subgroup H C G and a chosen element ¢ € G ~\ H of order 2. Equiva-
lently, G is expressed as a semi-direct product H x (c).

(B) The characteristic of the base coefficient field L of the deformed representation is not 2.

In the first section we set up the theory of the base change deformation functor. In the second
section, we verify that this theory is compatible with arithmetic conditions imposed when G is
a Galois group over Q.

A.1. The base change deformation functor

We work under assumptions (A)-(B) above. Let p : G — GLg(L) be a representation that
is absolutely irreducible after restriction to H. Let Ay be the category of Artinian local L-
algebras (4, m4) with residue field L. We denote by X the deformation functor for p|z. This is
the functor from Ay, to the category of sets given by

Avs {pa: H = GLa(A) | (4 mod ma) = plr}/ ~, (A.1)

where ~ is the equivalence relation of “strict equivalence,” that is, conjugation by 14+ M4(m4) C
GLg(A). We will let pa € X(A) denote a deformation of p|y with coefficients in A. This is
in contrast to the notation g4, which we reserve for a lift of p|g to A, i.e. a homomorphism
pa € pa asin (A1).

Let XP"° denote the subfunctor of X cut out by the condition that some (equivalently, all)
pa € pa admits an extension to a homomorphism 5§ : G — GLg4(A) such that 5G|y = pa. In
this case, we say that p4 admits an extension to an A-valued deformation p§ of p.

For h € H, we write h® := chc € H for twisting by c¢. Likewise, for a group homomorphism 7
with domain H, let n¢(h) := n(h®).

Lemma A.1. Let A€ Ay, and pa € X(L). Then pa admits an extension to G deforming p if
and only if there exists pa € pa such that

adplc) - 55 = pa- (A.2)

Proof. Assume that there exists ja € pa and pG : G — GL4(A) such that §§|y = pa. Because
the characteristic of L is not 2, the deformation functor for p| is trivial; compare the proof
of [CWE18, Prop. 5.3.2]. Equivalently, there exists some x € 1 + Mg(my) C GL4(A) such that
adx - pG(c) = p(c). Then one readily observes that adz - 54 is a solution to (A.2).

Next we prove the converse. Assume that we have p4 solving (A.2). Then we define p§ : G —
GL4(A) by

~G( ) = pa(g) for g € H,
PANG) p(c)pa(h) for g=ch,h € H.

It is then straightforward to calculate that p§ is a group homomorphism such that 5G|z =
PA. O

1 C.W.E. was supported by Engineering and Physical Sciences Research Council grant EP/L025485/1.
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Notice that the map of lifts g4 of p|g to A sending
P pasadp(c) - 55

is an involution on lifts of p|y. Its fixed points are exactly those lifts satisfying (A.2). This
involution descends to an functorial involution of deformations

L: X(A) — X(A).
To justify this claim, we calculate that for any x € GL4(A),
fadz-pa) = adp(c) -adw - pf = ady - (((pa)),
where y = ad p(c) - x.
Let X* denote the ifixed subfunctor of X, and let t (resp. t*¢) denote the tangent space
X(L[el/ (%)) (resp. X ¢(L[e]/ (%))
Proposition A.2. (i) There is a canonical isomorphism X' = Xb¢,

(ii) The deformation problems X", X on Ay, are pro-represented by pro-objects R*¢, R € Ap.
The involution ¢ induces an automorphism * : R — R, and there is a natural surjection

R

RﬁRC::m.

(iii) There is a canonical injection t°¢ < t of tangent spaces. The image of this injection is the
subspace t* C t fized by the involution v, : t — t induced by .

Proof. Part (i) follows directly from Lemma A.1.

For Part (ii), it is well-known that X is pro-representable; see e.g. [Maz89]. It is a brief exercise
that a homomorphism R — A kills (1 — +*)(R) if and only if the corresponding deformation of
p|# is i-fixed. Then the pro-representability of X "¢ by RP¢ follows from (i).

Part (iii) follows from Part (ii) and the perfect L-linear duality of mz/m% and X (L[e]/(?)). O

A.2. Galois-theoretic conditions

Using the notation of Definition 5.7, we let G = Gg s and H = Gk s,. We also use the de-
composition groups and complex conjugation ¢ € G given in (5.1). The data (G, H,c) satisfy
assumption (A), as K/Q is imaginary quadratic.

Because the level of the modular form f of Proposition 5.6 is supported by S, and because
p,00 € S, the representation p; of the absolute Galois group of Q factors through Gg,s. We let
p:=ps: G— GLy(L), as in Definition 5.4, with its critical refinement with eigenvalue ay,. It is
an L-linear representation, where L is a p-adic field; thus we have satisfied assumption (B).

Deformation theory as in §A.1 can be carried out for continuous representations of G and H,
using the p-adic topology of L, and the arguments therein make good sense in this setting. This
is standard; see e.g. [Kis03, §9]. From now on, we impose continuity without further comment.

Because G and H satisfy the finiteness condition ®, of [Maz89, §1.1], it follows that the defor-
mation rings R, RP® of Proposition A.2 representing X, X are Noetherian and (equivalently)
t, t*¢ have finite L-dimension.

Lemma A.3. Conditions (i) and (ii) of Definition 5.8 determine a subfunctor Xt C X that
is Zariski-closed, hence representable by a quotient ring R — R*°F.
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Proof. This is standard — see e.g. [Berl7, p. 26] and [Kis03, Prop. 8.13]. In particular, the
important assumption [Kis03, (8.8.1)] is satisfied because f has been critically refined. O

We now prove Proposition 5.9.

Proof of Proposition 5.9. Because both the “ref” and “bc” conditions have been shown to be
Zariski-closed conditions on X, their intersection functor X ¢ is representable by a quotient
Rref — Rrefbe Then apply Proposition A.2 and its proof. O

To make Proposition 5.9 useful, we check that the properties of a G-deformation pﬁ of ps
guaranteeing that p§| g determines a point of X™f (and, consequently, a point of X*¢"b¢) are
what we would naturally expect them to be.

Lemma A.4. Let p§ be a deformation of py : G — GLa(L) to A € Ar. Then p§|u € X H(A)
if and only if p§ satisfies

(i) For primes q | N such that ¢ # p, p§|1, ~ pl1, ®1 A.
(ii) The restriction p§|c, has
(1) one Hodge—-Sen—Tate weight is constant and equal to 0, and

(2) there exists &, € A such that the A-module Dcrys(pﬂgp)“@:EP is free of rank 1 and
(ap mod my) = a,.

Proof. Tt is a straightforward exercise about representations and the corresponding Frobenius
isocrystals to verify that the statements of (i)-(ii) of Lemma A.4 are equivalent to (i)-(ii) of

Definition 5.8 under both extension and restriction. O
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