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Reciprocity and symmetric power functoriality

Jack A. Thorne

ABSTRACT. Symmetric power functoriality is the one of the first inter-
esting cases of the Langlands functoriality conjectures, which predict
the existence of liftings of automorphic forms from one reductive group
to another. These conjectures are closely tied, through the theory of L-
functions, to questions in number theory of independent interest, most
famously the Sato—Tate conjecture.

In this article we first give an introduction to these L-functions and
their connection with the Langlands programme, before giving a guide
to our proof, with James Newton, of symmetric power functoriality for
holomorphic modular forms.
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1. Introduction

Consider Ramanujan’s function 7(n) : N — Z, defined by the formula
Alg)=q[Ja—am* =) r(n)q"
n>1 n>1
This function appears in the statement of the following theorem, proved by

Ramanujan in 1916 [Ram16]:

THEOREM 1.1. Ifn € N, then let

2
ros(n) = {(wl,...,x24) € Z* | fo = n}

i=1
be the number of ways of writing n as a sum of 24 squares. Then for any
odd natural number n we have the formula
16 33152
- dll Dttt )
rai(n) = Gop dz|: T o1 ™
n

Ramanujan observed several properties of the function 7(n). For exam-
ple, there is the famous congruence

7(n) =) " d" mod 691.
d|n

He also considered the Dirichlet series L(A,s) = -, 7(n)n™*, conjectur-
ing the following properties:

e There is an Euler product expansion
LAs)= [ a=7@p*+p" )"
p prime
e For any prime number p, factorise
(L =7 +p"7%) = (1 - app™*)(1 — Bpp ™)

for complex numbers «,,, 8,. Then we have

‘O‘p’ = | Byl =p11/2.
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Ramanujan’s conjectures have turned out to be connected to some of the
most beautiful aspects of algebraic number theory in the last century. In the
1960’s Serre observed that many of these connections could be explained by
the existence of a compatible family of p-adic Galois representations

PAp: Gal(Q/Q) — GL2(Qp)

characterised by the requirement that the number 7({) (for a prime number
| # p) appear as the trace, under pa ,, of a Frobenius element of the Galois
group Gq = Gal(Q/Q) at the prime [. In the paper [Ser69], Serre associated
to A the L-functions

La(s) = [T TIO-ap-sm)™

p prime 1=0

and conjectured that they admit an analytic continuation to the whole com-
plex plane C, satisfying the functional equation A,,(s) = A, (11m + 1 — s),
where A,, is the completed L-function (a product of L,,(s) and certain
explicitly given I'-factors). Deligne’s construction [Del71a] of the represen-
tations pa , showed that these L-functions may be placed within the broader
class of L-functions associated to the p-adic representations of Gq appearing
in the étale cohomology of algebraic varieties over Q (defined in [Ser70]).
Indeed, Deligne’s construction implies that the composite

Symm PAp : GQ — GLZ(QIJ) — GLm+1(Qp)

of pap with the m! symmetric power of the standard representation of GLs
has such a realisation, and its L-function is L,,(s). The functions L,,(s) are
the symmetric power L-functions associated to Ramanujan’s modular form
A.

Around the same time, Langlands introduced in [Lan70] a class of
L-functions associated to pairs (m, R) consisting of an automorphic rep-
resentation 7 of a reductive group G over Q and an L-homomorphism
R : G = GL, from the Langlands dual group. His fundamental functo-
riality conjecture predicted that these L-functions should be associated to
a ‘functorial lift’ R, (m), which would be an automorphic representation of
GL,(AqQ). In the special case where G = GLg, the possible choices of R are
(up to twist, and restricting to irreducible representations R) precisely the
symmetric powers Sym”™ : GLy — GL,,41 of the standard representation
of GLy. When 7 = 7, is the automorphic representation of GL2(Aqg) asso-
ciated to the Ramanujan A function, the L-functions L(mwa, R, s) are none
other than the L-functions L,,(s) introduced above from the point of view
of arithmetic geometry.

The goal of this article is give an introduction to the proof, by Newton
and the author, of the existence of Langlands’s functorial lift Sym}*(7a),
and therefore the analytic continuation of Serre’s L-function L,,(s) [NT21a,
NT21b]. (More generally, we establish the existence of the symmetric power
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liftings of all automorphic representations of GLa(Aq) associated to holo-
morphic Hecke eigenforms.) We divide the exposition into two parts.

In Part I we describe more fully some of the ideas leading up to the for-
mulation of the conjectures described in this introduction, starting with the
Riemann zeta function and the first examples (due to Dirichlet and Artin)
of L-functions associated to representations of Galois groups. The endpoint
is a formulation of the general reciprocity conjecture for p-adic Galois repre-
sentations which describes the relation they should have with automorphic
representations of general linear groups, and which helps to motivate our ap-
proach to Langlands functoriality, which applies only for those automorphic
representations which do have associated Galois representations. Our sketch
is far from complete, both from a mathematical perspective and a histori-
cal one: for a more detailed survey covering much of the same ground, see
[Eme21], while for a more careful approach to the reciprocity conjecture,
including in particular a precise definition of automorphic representation,
see [Tay04].

In Part II we get stuck into the details of our proof of symmetric power
functoriality for holomorphic newforms. Our approach to functoriality is
through the reciprocity Conjecture 2.5: we try to prove the automorphy of
the symmetric powers of the 2-dimensional Galois representations associated
to holomorphic newforms. As emphasised by Mazur [Maz89], p-adic Galois
representations often come in p-adic families, which should be reflected in
the existence of p-adic families of (necessarily non-classical) automorphic
forms. In fact, there are many different notions of p-adic automorphic forms,
corresponding to the different conditions one might impose on p-adic Galois
representations, that lead to larger or smaller families. A feature of our proof
is that we use several different notions of p-adic automorphic form, selecting
the most appropriate one for each step in the argument. For applications
to Ramanujan’s modular form A, the most important class of p-adic auto-
morphic forms is the class of finite slope overconvergent Hecke eigenforms,
which together form the Coleman—Mazur eigencurve. For another view on
the ideas appearing in our proof, see [New22].

2. Part I

2.1. Primes. Let us begin by playing the following game. We list the
prime numbers

2,3,5,7,11,13,17,19,23,29,31,37,41,43,47,53,59,61, 67,71,...
and then throw away everything but the last digit:
2,3,5,7,1,3,7,9,3,9,1,7,1,3,7,3,9,1,7,1, ...

We can then take a census of all of these last remaining digits:
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1 3 7 9
100 < p < 1000 35 35 40 33
1000 < p < 10000 | 266 268 262 265
10000 < p < 100000 | 2081 2092 2103 2087

We see straight away that the last digits of primes are remarkably evenly
distributed between the different residue classes. That this should be the case
is a consequence of Dirichlet’s theorem! on primes in arithmetic progressions:

THEOREM 2.1 (Dirichlet, 1837). Let a, N € N be coprime. Then
lim #{p < X prime |p=a mod N} _ 1
X =00 #{p < X prime} P(N)’
where ¢(N) = #(Z/NZ)*.

In other words, for any modulus N, the primes are distributed evenly
between the different possible residue classes modulo V. By the end of the
first part of this article, we will have seen sweeping generalisations of both
the statement of this theorem and the methods used in the proof.

2.2. The Riemann zeta function. Before we get to the proof, let us
take a step back and consider how the primes themselves are distributed.
Define

7(X) = #{p < X prime},
the prime counting function. The asymptotic behaviour of 7(X) is the sub-
ject of the Prime Number Theorem:

THEOREM 2.2 (Hadamard, de la Vallée Poussin, 1896). As X — oo,
m(X) ~ X/log(X).

The first proofs of the Prime Number Theorem used the connection
between the primes and the Riemann zeta function

((s) =Y n

n>1

We consider this sum in the first instance as defined for complex numbers
s such that Re(s) > 1. In this case the sum is absolutely convergent, and
((s) then defines a holomorphic function in the right half-plane Re(s) > 1.
The first thing that we need to know is the Euler product expression for the
Riemann zeta function:

()= n>= ] @-p7",

n>1 p prime

again valid in the region Re(s) > 1. This can be viewed as an analytic
expression of the fundamental theorem of arithmetic: we may expand the

n fact, the statement given here, which computes the natural density of primes in
a given residue class, is stronger than Dirichlet’s original statement (often given in terms
of the Dirichlet density of primes in a given residue class).
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Euler product as a product of geometric series, and the fundamental theorem
of arithmetic implies that each term n™® (n € N) appears exactly once.

The Euler product also allows us to give an analytic proof that there are
infinitely many primes. Indeed, {(s) diverges as s tends to 1 through values
in the interval (1,00) (because the harmonic series > o, n~! diverges). On
the other hand, if p is a prime number, then (1 — p~*)~! tends to a finite
limit as s — 1, so if there were only finitely many primes we would obtain
a contradiction.

More refined information about ((s) leads to more refined information
about the distribution of the prime numbers. For example, in order to prove
the prime number theorem, it is enough to know that ((s) admits a mero-
morphic continuation to C which is holomorphic and non-vanishing on the
line Re(s) = 1 (except for the point s = 1, where there is a simple pole). Let
us first explain how these properties lead to a proof of the prime number
theorem. One deduction proceeds by considering the logarithmic derivative

C%:-ZMWH,

((s e

where A(n) is the von Mangoldt function, taking the value log p when n = p*

is a prime power and the value 0 otherwise. An elementary argument shows
that the prime number theorem is equivalent to the asymptotic

(2.1) > A(n) ~ X as X — oo,

n<X

If {(s) has the claimed properties, then its logarithmic derivative is mero-
morphic in C and holomorphic in the region Re(s) > 1 (excepting the point
s = 1, where it has a simple pole). A Tauberian theorem? can then be applied
which leads directly to the asymptotic (2.1).

How does one obtain these properties of the Riemann zeta function?
The existence of the meromorphic continuation of the zeta function to the
whole complex plane was known already to Riemann, who gave two proofs
of its existence in his famous monograph [Rie60]. The proof that is of the
greatest interest to us is the expression of the zeta function as an integral
transform of the Jacobi theta function (7). This is our first encounter in
this article with an automorphic form.

The theta function
9(7) — Z eﬂ'inz‘r

nez

2For example, lkehara’s Tauberian theorem [CQ15, Theorem 3.5.2], which states
that if f(s) =Y, -, ann™° is a Dirichlet series with non-negative coefficients, absolutely
convergent in Re(s) > 1, and such that f(s) admits a meromorphic continuation to a
neighbourhood of the half-plane Re(s) > 1 which is holomorphic on the line Re(s) = 1,
except for a simple pole of residue C' at s = 1, then ) _ ¢ an ~ CX as X — oco. A version
of this result where the a, may be complex numbers is given in [Lan94, Ch. XV, §3].
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is defined for 7 in the complex upper half plane h = {r € C | Im(7) > 0}. It
follows quickly from the definition that 6(7) is holomorphic and satisfies the
transformation property 6(7 + 2) = 6(7). Its relation with ((s) is expressed
by the formula (valid a priori in Re(s) > 1):

—s/2 L[> . s/2 dy
(2.2) m Y (s/2)C(s) = o [ (0(iy) — Dy¥"—.

2 y=0 Yy
Let £(s) denote the left-hand side of (2.2) (which might be called the com-
pleted ¢(-function). We now use that the function 6(7) satisfies the additional
Symmetry

(2.3) o) = /7Ji 6(~1/7)

for all 7 € h. Splitting the integral (2.2) into two pieces gives an expression
and applying this gives a new expression

@) €)=ty [ ) - Dyt Y
' Cos(s—1) 2 ), Y Y 4 Y’

where the integral is now absolutely convergent for every value of s € C. We
see that £(s) therefore admits a meromorphic continuation to C (with poles
only at s = 0,1) and satisfies the functional equation &(s) = £(1 — s). The
non-vanishing of ((s) on the line Re(s) = 1 relies on a more subtle argument
that we won’t discuss here (but see e.g. [New98]).

The equations relating (7 + 2) and §(—1/7) with 6(7) should be seen
as generating a whole group of symmetries which preserve #. The group
SLa(R) acts on the complex upper half plane h by Mébius transformations:

a b ar +b

( c d ) I—
The matrices ((1) %) and ((1) _01) together generate a finite index subgroup
I’ of SLy(Z). In general, automorphic forms may be viewed as functions
on homogeneous spaces of real groups satisfying both differential equations
(here taken to be the Cauchy—Riemann equations, expressing the fact that
6 is holomorphic) and some kind of invariance property under an arithmetic

group such as I'. They are acted upon by automorphic representations. We
will return to this topic in §2.7.

2.3. Dirichlet L-functions. Let us now come back to the proof of
Dirichlet’s theorem on primes in arithmetic progressions. Fix a modulus
N € N and a base a € N prime to N. Based on our experience with
the Riemann zeta function, we might hope to prove Dirichlet’s theorem by
analyzing the asymptotics of the function

(2.5) Y. A,

n<X
n=a mod N
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perhaps by considering the logarithmic derivative of the partial Euler prod-

uct
1
H 1— ps '

p prime
p=a mod N

Analysing this function is difficult when at the start of the proof we do not
even know if the product is finite or infinite! It turns out to be more fruitful to
introduce the Dirichlet L-functions L(, ), associated to a homomorphism
X:(Z/NZ)* — C*:

Lix,s)= Y, x(nmod N)n*= J[ @=x(pp*)"

n>1,(n,N)=1 p prime,ptN

Using Fourier analysis on the finite group (Z/NZ)* (in other words, the
character theory of finite groups), we can write the indicator function of the
residue class a mod N as

]-a mod N(n) = ﬁ Zx(a_l)x(n mod N)
X

This reduces an analysis of the function (2.5) to an analysis of the functions

(2.6) > x(p mod N)log(p)

pF<X

PN
as x varies over the characters of (Z/NZ)*. We already understand the case
of the trivial character, which is just the prime number theorem. For non-
trivial characters x we need to show that the sum (2.6) is o(X/log X)), and
this can be shown to follow if L(x, s) has a meromorphic continuation to C
which is holomorphic and non-vanishing on the line Re(s) = 1 (including
now at the point s = 1). The non-vanishing at s = 1 is the hardest part of
Dirichlet’s proof.

2.4. Artin L-functions. Let us now consider the problem of general-
ising Dirichlet’s L-functions. There are at least two reasons for doing this:
first, we might hope to be able to prove statements generalising Dirichlet’s
theorem on primes in arithmetic progressions. Second, the functions L(y, s)
are beautiful objects in their own right; for example, their values at integer
arguments are expected to have deeper arithmetic significance, as exempli-
fied by the Dirichlet class number formula, which describes the value at
s = 1 when x is a quadratic character.

To see the path to such a generalisation, we first revisit the definition
of the Dirichlet L-function, using results which go back to Gauss [Gau66].
For N € N, we introduce the cyclotomic field Ky = Q(e*™/V). This is a
Galois extension of Q, and its Galois group is isomorphic to the group of
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units modulo N:

(2.7) Gal(Ky/Q) = (Z/NZ)*
T4 — a,
where o, (e2™/N) = €2™/N n particular, if p is a prime number not dividing

N then there is an associated automorphism o, € Gal(Ky/Q) which satis-
fies 0, (e?™/N) = 2™P/N Tdentifying x now with a character of Gal(Ky/Q),
we have an equivalent expression

Lix,s)= [ (—=xtepp )",
p prime,ptN
We can now explain the perspective of Artin L-functions: replace Ky by
any Galois extension K/Q, and the character x by any representation p :
Gal(K/Q) — GL,(C). We then want to define

Lip,s) = [] Lw(p.p™),

prime

where Ly(p,T) is the corresponding Euler factor (a rational function in T').
In order to define Ly(p,T), we need to say what is the analogue of the ele-
ment o, € Gal(Kx/Q). This is the so-called Frobenius element: a misnomer,
since it is in fact a conjugacy class (or even a conjugacy class of cosets) in
Gal(K/Q). We first consider the case where the prime number p is unrami-
fied in K (this is the case for all but finitely many prime numbers, namely
the primes which do not divide the discriminant of K). If Ok denotes the
ring of integers of K, then there is a unique factorisation of ideals

pOK = p1...pr,

where the p; are distinct prime ideals of Og. Choose any prime ideal p
among these: then k(p) = Ok /p is a finite extension of Z/pZ = F), and as
such the Galois group Gal(k(p)/F,) has a canonical generator, the Frobenius
automorphism ¢y, : = — zP. The Galois group Gal(K/Q) acts on the set of
prime factors p; (because it acts on Ok by ring automorphisms) and there
is a natural map

Stabgai(x/qQ) (P) — Gal(k(p)/Fp),

which is in fact an isomorphism — so we can lift the Frobenius ¢, uniquely
to an element o, € Gal(K/Q). This element depends on the choice of prime
factor p, but Gal(K/Q) acts transitively on the factors p; and so the con-
jugacy class of o, € Gal(K/Q) depends only on p, and we write o, for any
representative of this conjugacy class.

When p is ramified, there is a factorisation

pOr = (p1...pr)¢

for some integer e > 2. There is still a surjective homomorphism

Stabga(k/q) (P) — Gal(k(p)/Fp)
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but now its kernel, the inertia group I, is non-trivial (in fact of order e).
The pre-image of ¢, is a coset of I, whose conjugacy class in Gal(K/Q)
depends only on p.

We are now ready to define the L-factor Ly(p, s): writing V for the vector
space on which p acts, it is given by the formula

Ly(p, T) = det(l — o, T : VTP — Ve).

Because the characteristic polynomial of a matrix depends only on its conju-
gacy class, this really does depend only on the prime number p and not the
choice of prime ideal p lying above it. It is a simple exercise to check that
when K = Ky, p = x, and x is primitive, this recovers the local L-factor
associated to the Dirichlet L-function.

This definition of the L-function L(p,s) attached to a representation
p: Gal(K/Q) — GL,(C) (commonly called an Artin representation) was
given by Artin in 1924 [Art24]. One application of the Artin L-function is
to prove the Chebotarev density theorem:?

THEOREM 2.3. Let K/Q be a Galois extension, and let C C Gal(K/Q)
be a conjugacy class. Then

lim #{p < X prime, unramified in K | o, € C} #_C
X 00 #{p < X prime} O #GT

This beautiful statement is a constantly useful tool in algebraic number
theory. When K = Ky = Q(e?™/N), it reduces (using the isomorphism
(2.7)) to Dirichlet’s theorem. The proof is similar: using the character the-
ory of finite groups, we can write the indicator function 1o : G — C of
the conjugacy class C as a linear combination of characters of irreducible
representations of G:

1c(9) =Y (p,1c) - trp(g).

p

We may therefore reduce the proof of the Chebotarev density theorem to
the problem of showing that the Artin L-function L(p,s) of a non-trivial
irreducible representation p of G has a meromorphic continuation to C which
is holomorphic and non-vanishing on the line Re(s) = 1. This can be reduced
to the abelian case [Wei74, Ch. XIII, §12].

2.5. L-functions of p-adic representations. Artin L-functions are
only the beginning of the story. We can greatly expand the class of arith-
metic L-functions by enlarging the class of representations of Galois groups
under consideration. In order to do this, we first replace the Galois groups of

3Although other approaches exist, particularly if one is willing to vary the base number
field (taken here to be Q). In particular, Chebotarev’s original proof, the history of which
is described in the enjoyable article [SL96], goes by reduction to the case of cyclotomic
extensions of an arbitrary base number field.
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finite extensions of Q by the absolute Galois group (with respect to a fixed
algebraic closure Q/Q)

Gq=Gal(Q/Q)= lim Gal(K/Q),

KCQ Galois

a profinite group endowed with its Krull topology. Any Artin representation
determines, by inflation, a representation p : Gq — GL,(C), with no need
to mention a finite Galois extension through the Galois group of which p
factors. In fact, one can show that any continuous representation p: Gq —
GL,,(C) necessarily factors through a finite quotient Gal(K/Q) (and in fact
is continuous even when C is endowed with the discrete topology).

The next step therefore is to introduce replace the field C of coefficients
by a non-archimedean local field, such as Q,, the completion of Q with
respect to its p-adic absolute value (for some prime number p). The class of
continuous representations

p:Gq — GLn(Qp)

is much larger than the class of representations p : Gq — GL,(C) (and in
fact too large: it is necessary to put restrictions on the representations under
consideration in order to be able to do things such as write down reasonable
L-functions).

The most basic example of a p-adic representation is the p-adic cyclo-
tomic character e. This can be constructed from the homomorphisms

en: Gq = Gal(Kpn /Q) — (Z/p"Z)".

These are compatible as n varies, in the sense that ¢,,1; mod p" = €,. Pass-
ing to the inverse limit, we obtain a continuous homomorphism (where Z,
denotes the ring of p-adic integers in Q)

e:Gq — 1'&11(Z/]9"Z)>< = Z;; = GL1(Zp) C GL1(Qp).

One important property of € that generalises is that if we evaluate it at a
Frobenius element 0; € Gq at a prime [ # p, then the number €(o;) is not
just a p-adic number but in fact an integer, namely [.

The next examples of p-adic representations we consider are those as-
sociated to elliptic curves over Q. Let (E,00) be an elliptic curve over Q:
thus E is a smooth, projective curve over Q of genus 1 and oo € F(Q) is
a marked rational point. There is a unique way to make F into a commu-
tative algebraic group with identity oo. For any field extension K/Q, the
set E(K) of K-rational points is thus an abelian group, and E(Q) is even
a Z[GqJ-module. To construct a p-adic representation, we consider just a
small part of E£(Q), namely the subgroup of p™-torsion points (i.e. those
which are p"-torsion for some n > 1; this is a Z[GqJ-submodule because the
group law of F is defined over Q).

We can use complex analytic considerations to describe E(Q)[p

(

an abelian group. There is an isomorphism of topological groups E(C)

] as
=
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S1 x St hence
E(C)[p™] = (8" x 8H[p™] = (Q/Z x Q/Z)[p™] = Qp/Zy x Q/Zy.
Again using the fact that the group law of E is defined over Q, we see

that the points of E(C)[p™] are in fact defined over Q, and finally that
E(Q)[p™] = (Qp/Zp)2. If we define

TpE = Homz(Q,/Zp, E(Q)[p™]),

then T}, F is a free Z,-module of rank 2 which receives an action of Gq which
is continuous when T,F is endowed with its p-adic topology. This is the p-
adic Tate module of E. Writing V,E = T,/ @z, Qp, we see that V,FE is a
2-dimensional Qp-vector space and that we have constructed a continuous
representation

PEp: GQ — GLQP (V};E)
How can we construct an L-function from the representation pg ,? Following
the construction of Artin, we would like to define*

Li(pep,T) = det(1 — ppp(o)T : (V,E) — (V,E)H)~L.

However, it is not a priori clear that this makes sense, since we want this
local L-factor to be an element of C(T'), but V,,E is a vector space over Q,,
which is not in any natural way a subfield of C!

The representations pr, have some remarkable properties which save
the day. We first consider the case where [ # p is a prime where the elliptic
curve has good reduction (the case for all but finitely many primes [ # p,
namely those that do not divide the minimal discriminant Ag of E). In
this case the inertia group I; acts trivially and pg ,(0;) is an endomorphism
of V,E/, so might be represented by a matrix with entries in Q, — but the
characteristic polynomial of this matrix has coefficients in Z! We in fact have
the identity

det(1— oyT : V,E — V,E) = 1 — /T +1T?,
where a; is given by the formula
(2.8) ap=1+1—#E(F)).

(The set of Fi-points of E makes sense because of our assumption that E has
good reduction.) In particular, a; is an integer. A similar formula holds when
[ # p is a place of bad reduction. What about when | = p? The story here
is more complicated. The formula det(1 — 0,7 : (V,E)% — (V,E)!*) would

4Here we are using notation generalising that introduced in the last section for finite
Galois extensions. For each prime number [, we can extend the embedding Q — Q; to
an embedding Q — Gl of algebraic closures. This choice determines a homomorphism
Gq, — Gq, where Gq, is the absolute Galois group of Q. If F; denotes the residue field
of the valued field Q; (which is indeed an algebraic closure of F;) and G, = Gal(F,/F;),
then the reduction map Gq, — GF, is surjective, its kernel I; C Gq, is a closed subgroup,
and it make sense to speak of the coset 0;I; C Gq, C Gq which is the pre-image of the
Frobenius automorphism in Gr,. Up to conjugacy in Gq, this coset depends only on the
prime (.
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give the “wrong” answer. For example, if p is a prime of good reduction we
would like to obtain 1 — a,T" + pT 2 where ayp is defined as above. However,

in this case we never have V, = VpIp . This reflects the fact that something
special is happening at the prime p.

The subject of p-adic Hodge theory explains that pg, contains infor-
mation both about #E(F,) and about the Hodge decomposition of the de
Rham cohomology of E(C). This begins with the work of Tate [Tat67],
who showed that for an elliptic curve (or more generally abelian variety)
with good reduction over Q,, there is a canonical isomorphism (of Cp[Gq,]-
modules, C,, being the completion of Qp, and C,(k) being the twist of C,
by the k™ power of the p-adic cyclotomic character e):

Homgq, (V,E, C,) = (H'(E,0) ®q, Cp) & (H*(E,2") ®q, Cp(-1)).

We can then recover the Hodge numbers h?? = dimq, H?(E, Q) using the
formulae

Hl (Ev O) = Home(‘/;@Ea CP)GQp7
H(E,Q") = Homgq, (V, E, Cp(1))%ar.

If we did have V,E = (V,E) then we’d have h!'* = 2 and h%! = 0 contra-
dicting the fact that both of these numbers are equal to 1 (because E is a
curve of genus 1). In general, if V' is a finite-dimensional Q,[Gq,]-module
then we have the inequality

> " dimq, Homg, (V, C,(k))“@ < dimq, V,
keZ

which inspires the following definition:

DEFINITION 2.1. Let V' be a finite-dimensional Q,[Gq,|-module. We say
that V' is Hodge-Tate if ), 5 dimg, Homq,(V, C,(k))Cer = dimq, V. If
V' is Hodge-Tuate, we define the multiset of Hodge—Tate numbers of V' to
be the set of integers k such that dimg, Homgq,(V, C,(—k)) %% +£ 0, each
appearing with multiplicity equal to the dimension of this finite-dimensional
Q,-vector space.

These ideas were greatly extended and refined by Fontaine (see e.g.
[Fon82, Fon94a, Fon94c|) who introduced several more interesting cate-
gories of Q,[Gq,]-modules, each contained inside the next:

(Hodge—Tate) D (de Rham) D (potentially semi-stable)
D (semi-stable) D (crystalline) .

As an indication of the utility of these categories, Fontaine defined a functor
Derys from the category of crystalline Q,[Gq,]-modules to the category of
filtered ¢-modules: i.e. the category of finite-dimensional Q,-vector spaces D
endowed with a Q,-linear map ¢ : D — D and a decreasing filtration Fil, D.
Moreover, he showed that if F is an elliptic curve with good reduction over
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Qp, then there is a functorial isomorphism with the algebraic de Rham
cohomology

Derys(VoE) = Hip(E/Qp)
and an equality

det(1 — ¢T : Derys(VpE) = Derys(VpE)) = 1 — a, T + pT?.

Thus we can refine the Hodge—-Tate decomposition and define the correct
local L-factor in this case. More generally, Fontaine gave a recipe to extract
from any potentially semi-stable Q,[Gq,]-module a Weil-Deligne represen-
tation (r, N) [Fon94b].> Even without the hypothesis of good reduction at
the prime p, the representation pE7p|GQp is potentially semi-stable and one
can show that the associated Weil-Deligne representation gives the correct
local L-factor.
Having defined local L-factors at every prime, we can define

LE,s)= ] Lilppp 1.
| prime
How do we interpret this expression? First, we may think of it as a formal
Dirichlet series with coefficients in C, because the L-factors L;(pEgp,T") are
rational functions of T" with rational coefficients. Second, we may think of
it as defining a holomorphic function in the right half-plane Re(s) > 3/2.
Indeed, the Hasse—Weil theorem states that if we factorise the local L-factor
Li(pgp,T) at a prime of good reduction as

1 1

1T H+I1T? (1-oT)(1—BT)

then the numbers oy, §; (which satisfy ;8 = [) both have absolute value
[Y/2. An elementary argument then shows that the formal Dirichlet series
defining L(E, s) converges absolutely when Re(s) > 3/2.

The L-function we have associated to the elliptic curve E is precisely
the usual Hasse—-Weil L-function, which appears in the formulation of the
Birch—-Swinnerton-Dyer conjecture [Wil06]. Some general remarks are now
in order. In order to make sense of L(pg,,s) as a function of a complex
variable s, we have relied on the fact that the local L-factors L;(pg p,T)

L (PE,pv T)

5 Weil-Deligne representations are a technical but useful tool, so let us say a few
words about them. By definition, the Weil group Wgq, is the subgroup of Gq, consisting
of automorphisms which induce an integer power of Frobenius on the residue field F,,. It
is endowed with the topology which makes Iq, into an open subgroup (not the subspace
topology of Gq,). A Weil-Deligne representation over a field €2 (say of characteristic 0)
is a pair (r, N) where r : Wq, — GLn(Q2) is a homomorphism with open kernel and
N : Q" — Q" is a nilpotent linear map satisfying r(¢)N = p~*Nr(o) for any o € Waq,
inducing = +— 2" on the residue field F,.

The utility of this notion is that it is independent of the topology of the base field (cf.
[Tat79, §4.2]), and that one can associate to any potentially semi-stable representation
(as we will see below, this includes all p-adic representations which arises from geometry)
a Weil-Deligne representation.
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are rational functions of 7" with integer coefficients (even though the repre-
sentation ppg ), is defined over Q). We have also made use of the fact that
PE,p|GQp is potentially semi-stable, in order to be able to define the local
L-factor at p. These properties cannot be expected to hold for an arbitrary
p-adic representation Gq — GL,(Q,) (for example a non-integer power of
the p-adic cyclotomic character would fail on both counts). For representa-
tions which do have these properties, we’d like to define local L-factors as
for the p-adic representations attached to elliptic curves. If there is a number
field M/Q such that all the local L-factors L;(p,T') have coefficients in M,
then we can view L(p,s) = [} pime Li(p,17°) as a formal Dirichlet series
with coefficients in M. Given a choice of embedding ¢ : M — C, we would
then obtain a formal Dirichlet series L(tp,s) with coefficients in C. This
discussion motivates the following definition:

DEFINITION 2.2. Let K/Q, be a finite extension. We say that a contin-
uous semi-simple representation p : Gq — GL,(K) is algebraic if 'O‘GQP i
potentially semi-stable and for all but finitely many prime numbers [, p\GQl
is unramified.

A very rich source of p-adic representations which are algebraic in this
sense is the étale cohomology groups of algebraic varieties over Q. This
includes the p-adic Tate modules of elliptic curves. A basic computation in
the étale cohomology of algebraic curves shows that there is an isomorphism
of Qp[Gql-modules®

H'(E, Qp) = Homq, (V,E, Qy).

This computation explains a slight change in normalisations that we may
as well mention now. We now write Frob; € Gq, C Gq for the inverse of
the element o; introduced previously, and call it the geometric Frobenius
element. From now on the local L-factors we consider will be defined using
geometric Frobenius elements as L;(p, T') = det(1 — Frob,T : VI — V1i)=L,
The reason for making this change is that the L-function associated to e.g.
the H' of an elliptic curve will agree with the L-function L(FE, s) introduced
above. Geometric Frobenius elements are also more natural from the point
of view of étale cohomology (where they can be compared with the action
on étale cohomology induced by the geometric Frobenius endomorphism of
the reduction of £ modulo 1).

In general, let X be a smooth proper algebraic variety over Q, and let
X be its base change to Q. The étale cohomology groups H*(X, Q,) have
the following properties:

e For all but finitely many primes [ (including those primes [ # p

where X has good reduction”), the action of Gq, on H*(X,Q,) is
unramified.

6Where E denotes the base change to our fixed algebraic closure Q and the cohomol-
ogy is p-adic étale cohomology.
In the sense that X arises as the generic fibre of a smooth proper scheme over Z;.
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e If w is an integer, then H*(X,Q,) is pure of weight w: for any
prime | # p where X has good reduction, the eigenvalues of Frob; on
HY¥(X,Q,) are algebraic numbers, all of whose complex conjugates
have absolute value 1*/2.

e H*(X,Q,) is a potentially semi-stable Q,[Gq,]-module, in the
sense of Fontaine.

The last two bullet points rely on some of the most important advances in
arithmetic geometry of the 20th century. The purity of H¥ (X, Q,) (which
generalises Hasse’s theorem for elliptic curves) is part of the Weil conjectures,
proved by Deligne [Del74], while the potential semi-stability of H*(X, Q,)
follows from Tsuji’s proof of Fontaine’s conjecture Cy and de Jong’s the-
ory of alterations [Tsu98, dJ96]. The local L-factors associated to these
representations were first defined (in the case [ # p) by Serre [Ser70], who
conjectured further that they have coefficients in Q. Fontaine made the
same conjecture also in the case [ = p (with the further expectation that
Li(H*(X,Qp),T) is independent of p). It is known that L;(H¥(X,Q,),T)
has rational coefficients whenever X has good reduction at [. This is also
known in some cases when X has bad reduction (including when w = 1, or
X is an abelian variety, or dim X < 2 [Sai03]) but not in general. In order to
make unconditional statements, we can choose an isomorphism ¢ : Qp — C

and form the L-function L(¢tH" (X, Qy), s); this will converge in a right half-
plane, by purity. The conjectures in [Ser70, Fon94b| would imply that this
L-function is independent of the choice of ¢.

More generally, we can notice that the representations H* (X, Qp) may
be reducible, and decompose them into pieces. This leads to the following
definition.

DEFINITION 2.3. Let K/Q, be a finite extension and let p : Gq —
GL,(K) be a continuous semi-simple representation. We say that p arises
from geometry if there is a smooth proper variety X over Q and integers w,
j such that p is isomorphic to a subquotient of H* (X, Qp) ®q, K(j).

It is reasonable to expect that if p arises from geometry then there is a
number field M such that the local L-factors L;(p,T') (including for [ = p)
all have coefficients in M.

One special case that is worth remarking on is the case w = 0. Then
HY(X,Q,) may be identified with Q,[mo(X)], the permutation represen-
tation of Gq on the set of connected components of X. In particular,
the action of Gq factors through a finite quotient, and any representation
Gq — GL,(Q,) with finite image appears as a submodule of H°(X,Q,)
for some X (which we may even take to be 0-dimensional). In this way,
Artin representations may be viewed as the ‘dimension 0’ case of p-adic
representations arising from geometry.
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A very important perspective on the class of representations arising from
geometry is given by the Fontaine-Mazur conjecture [FM95], which aims
to give an internal classification of such representations. More precisely:

CONJECTURE 2.1. Let K/Q, be a finite extension, and let p : Gq —
GL,,(K) be a continuous semi-simple representation. Then p is algebraic if
and only if it arises from geometry.

(Both Definition 2.2 and Definition 2.2 extend to representations of Gy,
where M is a number field, and the Fontaine-Mazur conjecture makes sense
in this setting too.) Put another way, suppose given a continuous semi-
simple representation p : Gq — GLy(K) which is unramified at all but
finitely many prime numbers [. The Fontaine-Mazur conjecture asserts that
the necessary condition for p to arise from geometry, namely that 'O‘GQp is
potentially semi-stable, is in fact also sufficient. This conjecture, and the
question of how to classify the Galois representations that satisfy weaken-
ings of this condition, have become very useful organizing principles in the
arithmetic part of the Langlands programme. We will return to these ideas
at the beginning of Part II of this article.

2.6. The Sato—Tate conjecture. We have motivated the importance
of L-functions using their applications to results such as Dirichlet’s theorem
on primes in arithmetic progressions and the Chebotarev density theorem.
The L-functions of p-adic representations arising from geometry can also
conjecturally be applied this way. This was first suggested by Tate, in con-
nection with the p-adic representations of self-products E¥ of elliptic curves
over Q [Tat65], and by Serre, who gave a beautiful statement in the gener-
ality of a pure motive over Q [Ser16].

Let us begin with the Sato—Tate conjecture. If F is an elliptic curve over
Q and [ is a prime of good reduction then purity implies, as we have already
seen, that the integer

a=l+1-#EF,)=o+ 5

is of absolute value |a;| < 21'/2 (by the triangle inequality). Re-normalizing,
we obtain a real number a;/21'/? € [—1, 1], defined for all but finitely many
prime numbers [. The Sato—Tate conjecture concerns the distribution of
these numbers as [ varies. To formulate it, we need to split into cases. The
first case is where E has complex multiplication, in the sense that End(E)
is strictly bigger than Z. In this case, End(E) ®z Q = M is an imaginary
quadratic field, and one can show that the p-adic representation pg, of E

has the form Indgf\‘; X, for some p-adic character y of Gy = Gal(Q/M).
In particular, there is an additional symmetry: if the prime [ is inert in
M (as is the case for half of all prime numbers [, by Dirichlet’s theorem!)
then tr pg ,(Frob;) = a; = 0. The remaining, generic, case is where E has
no complex multiplication, in which case Serre showed that the image of
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pEp : G — GL2(Qp) is Zariski dense in GLg (and even of finite index in
GL2(Z,) [SerT72]).

The Sato-Tate conjecture concerns the case where E has no complex
multiplication:

CONJECTURE 2.2. Let E be an elliptic curve over Q without complex
multiplication. Then the quantities a; /212 are equidistributed in [—2,2] with
respect to the Sato—Tate measure %\/1 — t2dt: more precisely, for any con-

tinuous function f:[—1,1] = R, we have
a /2112 9 rl
jim <t FO2T) 2 / FO)V/1 -2 dt.

How is this analogous to the Chebotarev density theorem? That theo-
rem states that if p : Gq — GL,(C) is a continuous representation, then
the images p(0;) of Frobenius elements are equidistributed within the con-
jugacy classes of p(Gq). This formulation does not quite make sense here
since pp, is a p-adic representation, but the Sato-Tate conjecture con-
cerns the distribution of the real numbers a;/2I 1/2 However, the polynomial
1 — a;/IY?T 4 T? can arise as the characteristic polynomial det(1 — gT')
of an element g € SU3(R), so we can ask if the characteristic polynomials
det(1—pgp(07)T) of Frobenius elements are equidistributed within the set of
characteristic polynomials of elements of SUs(R). The Sato—Tate conjecture
asserts that this is indeed the case: the map

SU2(R) — [-1,1]

1
= =t
g— 5wy

has fibres precisely the conjugacy classes of the group SUs(R), and the Weyl
integration formula for SUs(R) implies that for any continuous function
f:[—1,1] — R there is an equality

/ f(ltrg) dg = i/ e — 7|2 f(cos 0) db.
GeSUs(R) 2 21 Jo—o

A change of variable now recovers the formulation in Conjecture 2.2.

As observed by Serre, this representation-theoretic formulation of the
Sato—Tate conjecture also suggests a strategy for its proof. Choose, for each
prime | t Ag, a representative ¢; € SU3(R) of the conjugacy class of ele-
ments with characteristic polynomial 1 — a;/I"/?T + T2. In order to show
that Conjecture 2.2 holds for every continuous function f : [-1,1] — R,
it is enough (by the Peter—Weyl theorem) to show that for each irreducible
representation R : SU3(R) — GL,(C), we have

tr R)(¢
i 2t TR0 / (tr R)(g) dt.
X—00 Zl<X,l+AE 1 gesSUz2(R)

The right-hand side is computed by character orthogonality: it is 1 if R is
the trivial representation, and 0 otherwise. The left-hand side is also easily
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seen to be 1 if R is the trivial representation, so we are led to the problem
of showing the identity

i< xun, (tr R)(4)

lim =0
X—o0 21<X,Z¢AE 1

for every non-trivial representation R of SUz(R). Just as in the proofs of
Dirichlet’s theorem and the Chebotarev density theorem, this identity would
follow if we could show that for each non-trivial representation R the L-
function

L(E,R,s) = [ det(1 - R(t;)i*)~",
N

a priori absolutely convergent and therefore holomorphic in the region
Re(s) > 1, admits a meromorphic continuation to some neighbourhood of
the line Re(s) = 1 which is holomorphic and non-vanishing on the line
Re(s) = 1.

This is our first point of contact with symmetric power L-functions! The
non-trivial irreducible representations of SU3(R) are easy to describe: we
have the standard (or identity) representation of SUs(R) C GLy(C), and
its symmetric powers Sym™ C? for each m > 2 — and each irreducible rep-
resenation of SU(R) is isomorphic to exactly one of these. The standard
L-function L(E, C?, s) (so-called because it corresponds to the standard rep-
resentation) equals the shifted usual Hasse-Weil L-function L(E, s+1/2), up
to finitely many Fuler factors. The higher symmetric power L-functions are
genuinely new, but can similarly be described as shifts L(Sym™ pg ,, s+m/2)
of the L-functions associated to the symmetric power Galois representations

Symm PEp * GQ — GLerl(Qp).

These representations also come from geometry: the Kiinneth formula im-
plies that they can be realised inside the étale cohomology of the self-product
E™.

Serre has described a generalisation of the Sato—Tate conjecture in which
the elliptic curve F may be replaced by an arbitrary smooth, proper alge-
braic variety X over Q (or more generally, pure motive over Q). The key
point is the definition of the ‘Sato—Tate group’ K, a compact Lie group
which is the analogue of the group SUz(R), which can be done either from
the point of view of the motivic Galois group [Ser94] or from the point of
view of p-adic representations [Ser12, Ch. 8|. In either case the generali-
sation of the Sato—Tate conjecture may be seen to follow from conjectural
properties of the family of L-functions associated to a sequence of conjugacy
classes of K and indexed by the set of irreducible representation of K.

2.7. Langlands L-functions. How do we actually go about proving
the analytic properties of L-functions of p-adic representations needed to
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prove the Sato—Tate conjecture and its generalisations? The preceding dis-
cussion covers roughly the years 1924-1968 (the years spanning the publi-
cation of Artin’s article [Art24] and Serre’s book [Ser68]). During these
years a parallel development was taking place, involving a different class
of L-functions which do not obviously arise from representations of Galois
groups. This eventually led to the definition, by Langlands, of families of L-
functions indexed by algebraic group representations, in remarkable likeness
to the L-functions appearing in Serre’s criterion for the Sato—Tate conjecture
to hold.

To begin this side of the story, we recall again the definition of Ramanu-
jan’s modular form

H (1—-4") Z T(n)q".
n=1 n>1

As described in the introduction to this article, Ramanujan made the fol-
lowing conjectures concerning the coefficients 7(n) of the g-expansion of A:

CONJECTURE 2.3. Let L(A,s) =3, o 7(n)n=%. Then:
(1) There is an Euler product expansion L(A, 8) = [} ppime(1=7(0)1 7+
l1172s)71.
(2) Let 1 be a prime number, and factorise 1 — 7(1)T + I"T? = (1 —
oaT)(1 = BT). Then |ag| = |5y = I'/2.

The first part of the conjecture was proved soon afterwards by Mordell
[Mor20], basically as a consequence of the fact that the fact that the mod-
ular form A is an eigenvector for the Hecke operators 7; — of which more in
a moment. The second part of the conjecture remained unsolved for much
longer. A strategy to prove it was suggested by Langlands as part of his
functoriality conjectures [Lan70]. Langlands’s suggestion was to think of
the polynomial 1 — 7(1)I~'Y/2T + T2 as the determinant det(1 — ;T of a
uniquely defined conjugacy class of semisimple elements ¢; € SLy(C). For
any non-trivial irreducible algebraic representation R of SLs(C), one can
then write down the L-function

L(AR,s)= [[ det(1—1"°R(t;)~"
[ prime

If each of these L-functions, a priori absolutely convergent in some right
half-plane, admits an analytic continuation to the whole complex plane, then
the Ramanujan conjecture |ay| = |3 = '/2 holds.® Since the non-trivial
algebraic representations of SLo(C) are precisely the symmetric powers of
the standard representation C2?, this is our second point of contact with
symmetric power L-functions.

8This is an exercise using Landau’s lemma, namely that if >~ ., ann™° is a Dirichlet
series with non-negative real coefficients, absolutely convergent iniRe(s) > o and which
admits an analytic continuation to the half-plane Re(s) > oo for some o¢ < o, then the
series is in fact absolutely convergent in the half-plane Re(s) > oo.
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Langlands’s functoriality conjectures were in fact made in the context of
automorphic forms on an arbitrary reductive group G (say over a number
field M), and the good properties of these L-functions expected to follow
as a consequence of the existence of functorial lifts, i.e. automorphic repre-
sentations of various other reductive groups associated to homomorphisms
of L-groups. For the sake of simplicity we explain some more of these ideas
here just in the case where G = GL,, is a general linear group.

We first need to introduce the notion of automorphic representation of
the group GL,,(Aq). We first describe this group a little bit more. First,
the ring AZ = H; Q); of finite adeles is a restricted direct product, which
contains [[,Z; as an open subring. The ring of adeles is Aq = AC’QO x R.
The group GLn,,(Ag) = [1; GLn(Q;) may also be realised as a restricted
direct product, with [[, GL,,(Z;) as an open subgroup, and GL,,(Aq) =
GLm(A‘(’Q") x GL,(R).

An automorphic representation 7 of GL,,(Aq) is a tensor product 7°°®
Mo, Where:

e 7> is an irreducible C[GLy,(Ag)]-module which is smooth, in the
sense that each vector v € 7 has open stabilizer.

® T is an irreducible admissible (M, (C), O,(R))-module (see e.g.
[Wal88, Ch. 3]).

e The tensor product 7*° ® 7, is a subquotient of the space of auto-
morphic forms on GL,,(Aq) (a subspace of the space of all func-

tions on the quotient GL,,(Q)\GL/,(Aq), see [BJ79]).

Within the space of automorphic forms lies the subspace of cuspidal auto-
morphic forms; an automorphic representation is said to be cuspidal if it is
isomorphic to a subquotient of the space of cuspidal automorphic forms.

If m = 7° @7y is an automorphic representation of GL,,(Aq), then 7>
itself admits a restricted tensor product decomposition 7> = ®m;, where
each m is an irreducible smooth representation of GL,,(Q;) and all but
finitely many of these representations are unramified, in the sense that the

GLm(Z;) . )
space T, m(Z1) is non-zero. As an example of an automorphic representa-

tion, we consider the function ¢a : GL2(Q)\GL2(Agq) — C defined by the
formula

ai+b
ci+d

oa 00 = A (57 ) ik )2

where

7 € GL2(Q), g™ € GLQ(Z), and goo = ( Z Z > c GLg(R)det>0,

(This makes sense because any element of GLa(Aq) can be written as a
product vg*°g.; the fact that the value obtained is independent of the
choice of expression is essentially equivalent to the fact that A is invariant
under the classical weight 12 action of SLa(Z).) The function ¢a is then
a cuspidal automorphic form, and it generates an irreducible GLQ(AOQO) X
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(M, (C), O, (R))-module which is a cuspidal automorphic representation 7a .
The Hecke operators 1; which appear in the proof of the first part of Con-
jecture 2.3 may be seen to be a shadow of the action of the group GLo (AOQO)
on ma. Although the point of view of automorphic representations of adele
groups involves introducing a certain amount of new language and notation
(some of which we have elided here), it has value even for studying classical
modular forms, since many questions become much more transparent from
the point of view of representation theory.

One example of this is the definition of the standard L-function asso-
ciated to an automorphic representation 7 of GL,,(Aq). We can describe
this in a way analogous to our definition of the L-function of a p-adic Galois
representation by using the local Langlands correspondence for the groups
GL,,(Qq). This is a bijection recq, between the following two sets of objects:

e The set of isomorphism classes of irreducible smooth representa-
tions of GL,,(Qy).

e The set of isomorphism classes of Frobenius semi-simple Weil—
Deligne representations (r, N) of Wq, of dimension n. (We have
defined Weil-Deligne representations in footnote 5; the condition
‘Frobenius semi-simple’ means that the representation r is semi-
simple.)

This bijection restricts to a bijection between unramified smooth represen-
tations and unramified Weil-Deligne representations. This unramified cor-
respondence is all that was known to exist at the time Langlands’s article
[Lan70], but is enough to describe L-functions up to finitely many Euler
factors. The standard L-function is given by the formula

L(rm,s) = H Li(recq, (m),17%) 1.

[ prime

An important point is that these standard L-functions are known to ad-
mit a meromorphic continuation to C and to satisfy a functional equation,
which may be described explicitly. If m > 1 and 7 is cuspidal, then the
continuation is even holomorphic everywhere. For example, the automor-
phic L-function L(7ma, s), which turns out to equal Ramanujan’s L-function
L(A,s) =)",+; 7(n)n™%, admits a holomorphic continuation to C and sat-
isfies the functional equation A(A,s) = A(A,12 — s), where

A(A, s) = (21) T (s)L(A, s).

This may be proved by using the expression
o0
d
A = [ Al
y=0 Yy

analogous to Riemann’s expression for ((s) as an integral transform of the
Jacobi theta function. Godement—Jacquet used analogous ideas to prove the
continuation and functional equation of L(7, s) in general [GJ72].
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To go beyond the standard L-function, suppose given an algebraic rep-
resentation R : GL,, — GL,, and define

L(m R,s) = [] Liu(Rorecq,(m),17*)"".
| prime
Langlands’s functoriality conjecture implies that these L-functions are the
standard L-functions of automorphic representations of higher rank general
linear groups. More precisely:

CONJECTURE 2.4. There exists an automorphic representation Il = R, ()
of GL,(Aq) such that for each prime number I, recq,(I;) = Rorecq,(m).”

We see that, essentially by definition, we would have the equality
L(m,R,s) = L(R«(m),s),

showing why functoriality would lead to the analytic continuation of the
non-standard L-functions L(7, R, s). In particular, taking m = 7a to be the
automorphic representation of GLa(Aq) associated to the Ramanujan A
function, we see that the analytic continuation of the L-functions L(A, R, s)
is implied by the following theorem, namely the existence of the Langlands
functorial lift of mA along the symmetric powers of the standard represen-
tation of GLs:

THEOREM 2.4. For each m > 1, there exists a cuspidal automorphic rep-
resentation II of GLy,41(Aq) such that for every prime number [, recq, (II;) =
Sym™ orecq, (A ).

This is a special case of the main theorem of [NT21a]. The most general
statement we prove may be stated somewhat informally as follows:

THEOREM 2.5. Let f be a holomorphic newform of weight k > 2 and
let my be the associated cuspidal automorphic representation of GLa(Aq).
Suppose that f does not have CM (equivalently, there is no non-trivial Hecke
character x : QX\AfQ — C* such that 1 = m ® (x o det)). Then for each
m > 1, there ezists a cuspidal automorphic representation I1 of GLy,4+1(AqQ)
such that for every prime number I, recq,(II;) = Sym™ orecq, (7).

(The theorem is true, and much easier, also in the case where 7; does
have CM, except the symmetric power lifts will no longer be cuspidal in this
case.)

We end this section with some brief remarks concerning the general case
of Langlands’s functoriality conjectures, which concern liftings of automor-
phic representations associated to L-homomorphisms

g 5 tg

90ne can also specify what Il should be after introducing the local Langlands corre-
spondence recg for GL,,(R) [Lan89], which classifies the irreducible admissible represen-
tations of GL.,(R) in terms of continuous semisimple representations of the Weil group
Wgr = CX U C*y, where 3> = —1 and jz3~ ! = Z for z € C*.
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of L-groups of reductive groups H, G over a fixed number field M. As Lang-
lands has emphasised, even the case where H is trivial and G = GL, is
interesting; in this case an L-homomorphism is essentially the data of a
continuous representation p : Gq — GL,(C), and functoriality is equiva-
lent to the strong Artin conjecture, which states that the Artin L-function
L(p, s) is in fact the standard L-function of an automorphic representation
of GLy,(Aq). This basic case of Langlands’s functoriality conjecture remains
open (although some cases are known). The arguments in the second part
of this article make constant use of known cases of functoriality for this
broader class of L-homomorphisms (going beyond algebraic representations
GL,, — GL,).

2.8. Reciprocity and the proof of the Sato—Tate conjecture. We
have now seen two situations where families of symmetric power L-functions
arise:

e Starting with an elliptic curve F over Q (say without CM), with
associated p-adic representation pg, : Gq — GL2(Qj), the sym-
metric power L-functions

L(Sym™ opsp, s).

The holomorphic continuation of these L-functions, non-vanishing
on the line Re(s) = 14+m/2, would imply the Sato-Tate conjecture.

e Starting with a holomorphic newform f with associated cuspidal
automorphic representation 7 = 7y of GL2(Aq) (say without CM),
the symmetric power L-functions

L(m,Sym™, s).
Langlands functoriality would imply that they admit a holomorphic
continuation to the entire complex plane.

In fact, one of these classes of L-functions contains the other! If f is a
newform of weight 2 with rational coefficients, then there is an associated
elliptic curve Ey such that

L(Sym™ opp,p.s) = L, Sym™, s)

for each m > 1. This is the construction of Eichler and Shimura. More
generally, Deligne [Del71a] showed that if f is a newform of weight k& > 2
then for any isomorphism ¢ : Q, — C there exists an associated p-adic

representation r,(f) : Gq — GL2(Q,), and in fact it is the case that
L(tSym™ or,(f),s) = L(my,Sym™, s)

for each m > 1. We see that one path to the Sato—Tate conjecture is to

follow the two steps:

e Show that if F is an elliptic curve over Q, then there is a newform
f such that L(my,s) = L(E,s). This is the modularity conjecture
for elliptic curves over Q.
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e Establish the existence of the symmetric power lifts Sym}*(7y), as
predicted by Langlands.

The modularity conjecture was proved for semistable elliptic curves over Q
by Wiles and Taylor [Wil95, TW95], and in general by Breuil-Conrad—Dia-
mond—Taylor [BCDTO01]. The Sato—Tate conjecture was proved for most
elliptic curves over Q by Clozel-Shepherd-Barron—Harris-Taylor in 2007
[CHTO08, Tay08, HSBT10] and in general by Barnet-Lamb—-Geraghty—
Harris—Taylor in 2011 [BLGHT11]. However, the strategy used by these
authors to prove Sato—Tate was different to the one described above: they
established a weaker ‘potential’ version of Langlands functoriality for holo-
morphic newforms that suffices to establish the necessary properties of the
L-functions needed for the Sato—Tate conjecture.

In order to explain this more carefully, it is helpful to first back up and
describe the conjectural relation between Galois representations and auto-
morphic representations. This combines conjectures of Langlands, Clozel,
and Fontaine-Mazur, and includes the modularity conjecture for elliptic
curves over Q (and more generally, abelian varieties over any number field)
as a very special case. Which objects will participate in this correspondence?
We have already singled out irreducible algebraic Galois representations
p: Gq — GLm(Qp) as the right objects on the Galois side to which to
attach L-functions. We have also asserted that automorphic representations
of GL;,(Aq) have associated L-functions. However, it is not the case that
every automorphic representation should be associated to a Galois repre-
sentation. The simplest examples arise in the case m = 1, in which case
automorphic representations may be thought of equivalently as continuous
Hecke characters x : QX\Af2 — C*. There is no sensible way to associate

a p-adic Galois representation to e.g. the character € Ag — [|z(|%, for

a transcendental complex number «.'” More interesting examples are given
by the automorphic representations of GL2(Aq) generated by non-algebraic
Maass forms; see [Gel75, §7] for explicit examples.

The right automorphic representations for this purpose are the algebraic
ones. Algebraicity is a condition on the infinite component 7., of an auto-
morphic representation 7, which may be phrased using the local Langlands
correspondence for GL,,(R):'!

DEFINITION 2.4. Let  be an automorphic representation of GLy,(AqQ).
We say that 7 is algebraic if recr (moo| det |(1=™)/2)| o is a sum of charac-
ters of the form z — 2°Z where a, b are integers.

10By contrast, when « is an integer, reciprocity for GL; (which is just class field
theory) associates to this character an integral power of the p-adic cyclotomic character.

HHere we follow the definition given by Clozel [Clo90]. The twist by | - |[*~")/2 is
included in order to ensure that the class of algebraic representations includes those that
contribute to the cohomology of congruence subgroups of GL, (Z). In the article [BG14],
Buzzard and Gee consider different possible notions of algebraicity, both for GL,, and other
reductive groups, all of which however may ultimately be related by character twists.
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A similar definition applies to automorphic representations of GL;,(Axs)
for any number field M, making it possible to formulate the following con-
jecture:

CONJECTURE 2.5 (Reciprocity conjecture). Let M be a number field, let
p be a prime number, and let v : Q, — C be an isomorphism. Then there is
a unique bijection between the following two sets of objects:

(1) The set of irreducible algebraic representations p : Gy — GLy, (Qp),
up to isomorphism.
(2) The set of algebraic cuspidal automorphic representations m of
GL(An).
with the following property: if p and ™ correspond, then for each finite place
v of M, 1" recyy, (m,| det |(177)/2) = VVD(p|GMv).12 In particular, if p and

m—1

7 correspond then L(tp,s) = L(m, s — ™5=).

We remark that it can be seen already at this point that there is at most
one bijection with these properties. The strong multiplicity one theorem
[JS81] implies that 7°° determines 7, so there is at most one automorphic
representation corresponding to any given p. On the other hand, the Cheb-
otarev density theorem implies that the character of an algebraic p-adic
representation p is determined by the characteristic polynomials det(1 —
Tp(Frob,)) at unramified places v. If p is irreducible, then it is itself deter-
mined up to isomorphism by its character. If m and p are related, then we
usually write p = r,(7).

We say that a (say irreducible, algebraic) p-adic Galois representation p
is automorphic if it corresponds to an algebraic cuspidal automorphic repre-
sentation 7 of GL,,(Ans). The reciprocity conjecture suggests an alternate
path to proving Langlands functoriality for algebraic automorphic represen-
tations of general linear groups. Many conjectured functorial properties of
automorphic representations become transparent after transporting to the
Galois side. If R : GL,,, — GLj is an algebraic representation, and m corre-
sponds to p, then the existence of the functorial lift R, () is implied by the
automorphy of the representation R o p. Another expected property of au-
tomorphic representations is base change, or in other words a transfer from
automorphic representations of GL,,(Ajs) to automorphic representations
of GL,,,(A ) for any extension M’ /M of number fields. On the Galois side,
this corresponds simply to replacing p by its restriction p|g,, to a finite
index subgroup.

We can now explain how the Sato—Tate conjecture for elliptic curves
over Q was proved: namely, by establishing that the symmetric power rep-
resentations Sym™ pg , are potentially automorphic, in the sense that there

12Here WD denotes the Weil-Deligne representation (see footnote 5) associated to
play, using the recipe described in [Tat79]. Since ¢ is not continuous, Weil-Deligne
representations are useful here as a way to describe Galois representations in a way in-
dependent of the topology of the base field. If p|g,, is unramified, then we simply have

WD(pchv) = p‘WIW,, .
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exists a finite Galois extension M/Q (perhaps depending on m) such that
the Galois representation Sym™ pg ,|a,, is automorphic. Using Brauer’s in-
duction theorem, one can express the L-function L(¢Sym™ pg ,,s) as a ra-
tio of automorphic L-functions associated to automorphic representations
of GLy41(Ayy,), for some intermediate fields M/M;/Q. Using the known
analytic continuation of these automorphic L-functions, one obtains the
meromorphic continuation of L(¢Sym™ pg p,s), and crucially the required
properties (holomorphy and non-vanishing) on the line Re(s) = 1 + m/2.
However, one does not in this way have any control over the poles in the
region Re(s) < 14 m/2.

2.9. Evidence for the reciprocity conjecture. Historically the reci-
procity conjecture has been attacked in two stages: first, show that any
automorphic representation 7 in a given class admits an associated p-adic
representation 7, (7). Then, try to show that the induced map 7 — r,(m)
is surjective. The greatest progress so far has been for the class of regular
algebraic objects.

DEFINITION 2.5. Let K/Q) be a finite extension. An algebraic represen-
tation p : Gq — GLy(K) is said to be regular algebraic if the multiset of
Hodge—Tate numbers of p|GQp is in fact a set, i.e. is multiplicity-free.

This condition holds for the p-adic representations associated to elliptic
curves, but not for the p-adic representations associated to H'(A4, Q,) for
abelian varieties A of dimension g > 1 (in which case the multiset of Hodge—
Tate numbers has elements 0, 1, each appearing with multiplicity g).

DEFINITION 2.6. An algebraic automorphic representation © of GL,(Aq)

is said to be regular algebraic if the restriction recr (moo| det |(1=™/2)|qx is
multiplicity-free.

A refined version of the reciprocity conjecture would describe the ex-
pected relation between the Hodge—Tate numbers of p and the composition
factors of recr (moo|det |17™/2)|ox, explaining why these two definitions
should match up. One can generalise these definitions to a general base
number field M. If p : Gpy — GL, (Qp) is an algebraic representation, then
there is one associated multiset H,(p) of Hodge—Tate numbers for every em-
bedding 7 : M — Gp. If o : Qp — C is an isomorphism, then this set would
in turn be related to the Langlands parameter of m,, where v is the infinite
place of M corresponding to the embedding 7 : M — C.

Let us make this more explicit in the case n = 2. The regular algebraic
cuspidal automorphic representations of GLa(Aq) are precisely the ones as-
sociated to holomorphic newforms of weight k& > 2 (see [Clo90, §1.2.3]).
As mentioned above, Deligne showed [Del71a] how to construct the p-adic
representations associated to such newforms inside the étale cohomology of
a p-adic local system on a modular curve, by decomposing this cohomology
under the action of the adele group GLQ(AOQO). The first major success in
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showing a broad class of regular algebraic p-adic representations are auto-
morphic came in the works [Wil95, TW95] on the modularity conjecture
for elliptic curves: they proved the first automorphy lifting theorems. Since
the idea of automorphy lifting theorems will be very important in the second
part of this article, we expand on this here.

If M is a number field and p : Gpr — GL,(Q,) is a continuous rep-
resentation, then we can find (using the compactness of Gs) a finite ex-
tension K/Q), such that, after replacing p by a conjugate, p takes values in
GL,,(Ok) (here Ok is the ring of integers of K). Pushing forward along
the homomorphism Og — Fp, we obtain a representation Gy — GL,, (Fp).
This representation might depend on the choice of conjugate of p valued
in GL,,(Ok), but its semisimplification is independent, up to isomorphism,
of any choices, and we write p : Gy — GL,,,(F,) for this semisimplified
residual representation. The archetypal automorphy lifting theorem takes
the following form:

THEOREM 2.6 (Ideal). Let M be a number field, and let p,p' : Gy —

GLm(Qp) be irreducible regqular algebraic Galois representations. Suppose
that the following conditions are satisfied:

(1) p' is automorphic.
(2) There is an isomorphism p

~7.
Then p is automorphic.

Unconditional theorems of this type, proved under varying additional
technical conditions on p and p, are the main tool we have in proving the
automorphy of Galois representations. The first automorphy lifting theorems
in the case M = Q, m = 2 included the requirement that p be irreducible
and p, p’ have Hodge-Tate numbers 0, 1 (a necessary condition to arise from
a newform of weight 2). The automorphy of the residual representation p was
verified, in the case that p arises from an elliptic curve, using the fact that
the image is constrained to lie in the soluble group GL2(F'3) — in fact this was
deduced from a known case of the Artin conjecture [Tun81]. The difficulty
in verifying this residual automorphy hypothesis in general is one of the
main challenges in successfully applying automorphy lifting theorems and is
the reason that the proof of the Sato—Tate conjecture given in [BLGHT11]
goes by the route of establishing only potential automorphy of the symmetric
power Galois representations.

Two advances have led to very strong results towards the surjectiv-
ity part of the reciprocity conjecture for regular algebraic representations
of GLy(Aq). First, the proof of Serre’s modularity conjecture by Khare—
Wintenberger [KW09a, KW09b] implies that any irreducible residual rep-
resentation p : Gq — GLQ(FP)13 is automorphic. Second, powerful auto-
morphy lifting theorems have been proved by Kisin [Kis09a] and Emerton

13Satisfying the necessary condition to arise from a regular algebraic automorphic
representation, namely oddness.
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([Eme], generalised further by Pan [Pan21]) using the p-adic local Lang-
lands correspondence for GL2(Q)).

Going beyond the case of GL2(Aq) presents myriad technical difficulties.
The main source of Galois representations in general is the étale cohomol-
ogy of Shimura varieties. We recall that, in Deligne’s formulation [Del71b],
a Shimura variety is a variety (or rather, family of varieties), defined over
a number field M and attached to a Shimura datum (G, X) consisting of
a reductive group G over Q and a homogeneous space X for G(R) satis-
fying certain axioms. Modular curves are the Shimura varieties associated
to the pair (GLg,C — R). The étale cohomology of Shimura varieties (or
more generally p-adic local systems on Shimura varieties) receives an ac-
tion of Gy x G(Ag). The basic idea, laid out in [LanT77], is to analyse
the cohomology by understanding the action of G on the G (A‘éo)—isotypic
pieces in terms of automorphic representations of G(Aq), by comparing the
Grothendieck—Lefschetz trace formula in étale cohomology with the Arthur—
Selberg trace formula in the theory of automorphic forms.

The Shimura varieties with the best understood cohomology (beyond the
case of Shimura curves) are those attached to unitary groups of CM number
fields M (such as imaginary quadratic fields). One prediction of Langlands
functoriality is that the automorphic representations of these unitary groups
should be related to automorphic representations 7 of GL,,(A s) which are
conjugate self-dual, in the sense that the contragredient of 7 is isomorphic
to its image under the automorphism of GL,,(Ajs) induced by complex
conjugation on M. After several decades of work by many mathematicians,
beginning with that of Kottwitz [Kot92] and Clozel [Clo91], the Galois
representations associated to regular algebraic, cuspidal, conjugate self-dual
(RACSDC) automorphic representations of GLj,(Aps) are now known to
exist in complete generality and to satisfy the expected local-global com-
patibility at every place.'* The case of essentially self-dual representations
of GL,,(Ap), where M’ is a totally real field, can often be reduced to
this setting using a combination of base change and patching results (such
as the one exposited in [Sor20]). Strong automorphy lifting theorems are
also available for conjugate self-dual Galois representations; see especially
[BLGGT14, PT15] for automorphy lifting theorems and potential auto-
morphy theorems for compatible systems for Galois representations which
go far beyond what is needed to prove the Sato—Tate conjecture for ellip-
tic curves over totally real number fields. Our proofs of symmetric power
functoriality for automorphic representations of GL2(Aq) take place in this
powerful and flexible context.

Some work has also been done outside the RACSDC context, both for
Galois representations which are algebraic but not regular algebraic (starting

1\We cannot begin to survey this story here, but see [Shi20] for a description of
these developments, which rely on many important advances in arithmetic geometry and
harmonic analysis.
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with [DS74] and continuing up to the recent work [BCGP21], which es-
tablishes the potential automorphy of the Galois representations associated
to abelian surfaces over totally real fields) and for Galois representations
over CM fields which are regular algebraic but not conjugate self-dual (as in
[ACC™18], which proves the Sato-Tate conjecture for elliptic curves over
CM fields). In both cases the needed Galois representations, which in general
do not appear in the étale cohomology of Shimura varieties [JT20], are con-
structed as p-adic limits of Galois representations which do appear in the
étale cohomology of Shimura varieties. Understanding the limits of these
techniques is an interesting topic for future work but leads in a different
direction to the one of interest for these notes. We invite the reader to look
at the survey [Cal21] for more about these exciting recent developments.

2.10. Our main theorem. Let us state again our main theorem.

THEOREM 2.7. Let m be a regular algebraic, cuspidal automorphic rep-
resentation of GLa(Aq), without CM. Then for each m > 1, there exists
a reqular algebraic, cuspidal automorphic representation I of GLy,41(Aq)
such that for every prime number [, recq,(Il;) = Sym™ orecq, (7).

Here are two important corollaries:

COROLLARY 2.1.
(1) For each m > 1, the L-function L(A,Sym™,s) admits an analytic
continuation to C.
(2) Let E be an elliptic curve over Q. Then for each m > 1, the L-
function L(E,Sym™, s) admits an analytic continuation to C.

We emphasise that the existence of a meromorphic continuation of these
L-functions (and the fact that they satisfy functional equations) is already a
consequence of the potential automorphy of the associated symmetric power
Galois representations. This potential automorphy also implies the Sato—
Tate conjecture. Our results have applications beyond this. For example,
Thorner [Tho21b] has used Theorem 2.7 to give a form of the Sato-Tate
conjecture with an effective rate of convergence.

Corollary 2.1 answers a question asked more than 50 years ago. Our
proof, however, relies on many ideas in the theory of p-adic automorphic
forms that have been developed much more recently. We will give an overview
of this proof in the second part of this article.

3. Part II

3.1. First ideas on how to prove the main theorem. The proof of
Theorem 2.7 occupies the articles [NT21a, NT21b] which in turn rely on
the papers [NT20, ANT20, AT20]. In this introductory section, we give an
overview of some of the themes that inform the most important arguments
in these papers, focusing on the case of symmetric power functoriality for
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level 1 modular forms (such as A); as we will see, this special case serves as
a starting point for the proof of the general case.

Our strategy, as suggested by the reciprocity conjecture, will be to prove
the automorphy of the Galois representations Sym™ r,(7) (for regular alge-
braic cuspidal automorphic representations m of GLa(Aq), and for some
choice of prime number p and isomorphism ¢ : Qp — C). The main tools
will be deformation theory and the p-adic variation of p-adic Galois repre-
sentations. We now introduce some of the basic objects in this theory.

We fix a finite extension K/Q, with ring of integers O, uniformizer
w, and residue field O/(w) = k. Suppose given a number field M and a
continuous representation p : Gy — GLy, (k). Let Co denote the category of
complete Noetherian local O-algebras A with residue field k£ (i.e. equipped
with a local homomorphism O — A inducing an isomorphism O/wQ = k =
A/ m A)-

DEFINITION 3.1. A lifting of p to an object A € Cp is a homomorphism
pA : Gy — GL,,(A) such that the composite map

Gt — GLin(A) — GLun (k)

induced by reduction modulo ma equals p. A deformation of p is a
ker(GL,,(A) — GL,,(k))-conjugacy class of liftings.

Mazur [Maz89] initiated Galois deformation theory by defining defor-
mation functors of Galois representations and studying them using Galois
cohomology. For example, suppose we fix a finite set S of places of M, in-
cluding the p-adic places of M, and let

Def; s : Co — Sets

denote the functor which associates to any A € Co the set of deformations of
p to A which are unramified outside S. Mazur showed that if p is absolutely
irreducible then the functor Def; s is representable. The spectrum Spec R5 s
of the representing object (or perhaps, its rigid generic fibre in the sense of
Berthelot [dJ95, §7.1]) then deserves to be called the universal deformation
space of p. Mazur also introduced a tangent-obstruction theory for Def; s:
there is a canonical isomorphism'

H'(Ms/M,adp) = Homy(mg, ¢ /(w,m%__), k),

and using Tate’s Euler characteristic formula in Galois cohomology one can
show that there is a presentation

(3.1) R; 5= O[X1,..., X/ (f1s-- s fr)s
where g — 7 = [M : Qn® + 1 — > ufoo dimy, H°(M,,ad p). Here we use the
traditional notation ad p for the composition of p: Gy — GL, (k) with the

15Here the H' is the continuous group cohomology of Gal(Mg /M), the profinite
Galois group of the maximal subextension Mg of M /M which is unramified outside S. We
use similar notation where Ms /M is replaced by M, for a place v of M (and Gal(Ms/M)
by the absolute Galois group G, ).
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adjoint representation GL, (k) — Endy (M, (k)). This gives in particular a
lower bound on the Krull dimension of the ring R; g, which in many cases
one might expect to be an equality. For example when n = 2, M = Q, and
p is odd, we obtain the formula (cf. [Maz89, Corollary 3))

dim Ry 5 > 4.

With refinements, Mazur’s deformation theory has become a very effective
tool for proving the automorphy of p-adic Galois representations. Let us
describe two such approaches that have been applied in the case m = 2,
M = Q, and under the assumption that 7 is irreducible (so that R g exists).
In the first, which is the approach of [Wil95], one first cuts down Rj s by
imposing conditions from p-adic Hodge theory. For example, if p = pp , for
an elliptic curve E with good reduction at an odd prime p, then one can
define a quotient R%c’ls of Rp s, which represents the functor of deformations
of p such that p\GQp comes from a finite flat group scheme over Z,. This
property is in particular satisfied for the lifts Gq — GL2(Z,) of p which
come from elliptic curves with good reduction at p, or more generally those
lifts Gq — GLa(Z,) of p arising from newforms of weight 2 and level prime
to p. We are led to consider a homomorphism

R — T(H'(I(Ns), 0))m,

where H'(I'(Ng), ©) is the group cohomology of the congruence subgroup
I''(Ns) < SLa(Z) of level Ng depending on S with O-coefficients,
T(H'(T'(Ng),0)) is the subalgebra of Endo(H!(I'(Ng),O)) generated by
the Hecke operators 7} for prime numbers [ ¢ S, and m C T(H'(I'(Ns), 0))
is the maximal ideal which is the kernel of the homomorphism T(H*(T'(Ng), 0)) —
k which sends T} to tr p(Frob;). The existence of this maximal ideal is equiv-
alent to the assertion that p is the residual representation attached to an au-
tomorphic representation m which contributes to H!(I'(Ng), ©). The homo-
morphism from R; s to the integral Hecke algebra can be constructed, using
Carayol’s lemma [Car94], by gluing together the Qp—representations r, ()
for those automorphic representations  which contribute to H'(I'(Ng), Q).
Local-global compatibility at the prime p for the representations r,(r) im-
plies that this homomorphism factors through a surjective homomorphism

RIly — T(H(I'(Ns), 0))m,

and to prove an automorphy lifting theorem here one wants to prove that this
map is an isomorphism (or at least induces a bijection on Qp—points). The
ring T(HY(T'(Ns), O))n is a finite flat O-algebra; a computation analogous
to the one leading to the presentation (3.1) implies that the ring Rgfs has
‘expected dimension’ 1, but we know rather little about it a priori. Several
tools were introduced in the papers [Wil95, TW95]| in order to prove that
such maps are isomorphisms, but the one that has had the most lasting
impact is the Taylor—Wiles method. The basic idea of the Taylor—Wiles
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method is to start with a presentation

l
OlX1,..., Xgr1l/(f1, ... fq) > BRI
and consider auxiliary sets ) of prime numbers such that, allowing ramifi-
cation at the primes of (), the maps

RIS o = T(H' (T1(Nsug), O)m

can be made to fit into a diagram

O[X1,..., Xgp1] — R%c,lqu —— T(H'(T'1(Nsu@), O))m

| J

Rgfs ——— T(HYT1(Ng), 0))m-

This means in essence that the tangent space of RngUQ is the same size as

that R/_J;ZS; this is equivalent, thanks to duality theorems in Galois cohomol-
ogy, to the vanishing of a certain dual Selmer group (with coefficients in
the Tate dual ad p(1)), and can be arranged under some hypotheses using a
clever application of the Chebotarev density theorem. Roughly speaking, the
idea is that as @ varies, the rings T(H*(T'1(Nsug), O))m become ‘closer and
closer’ approximations to O[X1,..., Xg41] — this requires a kind of lower
bound on the growth of the spaces H!(I'1 (Nsug), O)m of modular forms as Q
varies. Since RngUQ is sandwiched between O[X1, ..., Xg41] and the Hecke

algebra T(H'(I'1(Nsug), O))m, this should lead to useful information about
the relation between the Galois deformation ring R and Hecke algebra T.

What are the drawbacks to using this approach to prove the automorphy
of representations of type Sym™ r,(7)? The most significant is that using the
Taylor-Wiles method requires the residual representation p to be quite non-
degenerate, not only so that the ring ;¢ exists but also so that we can ‘kill
the dual Selmer group’. This will force us to restrict to primes p > m + 1
(as otherwise the residual representation is forced by to reducible, because
Sym™ is a reducible representation of GLg in characteristic p < m+1). Then
there is the separate issue of establishing the residual automorphy of these
residual representations Gq — GLy,+1(k), which generally have insoluble
image — which seems hard, if not impossible. We would rather be able to
take p = 2, m = ma, in which case the residual representation Sym™ r,(ma)
is trivial, but this takes us well outside of the realm in which one can apply
the Taylor—Wiles method.

In another approach, taken by Emerton in his work on the Fontaine—
Mazur conjecture [Eme], we keep the ring R; g associated to a (supposed
absolutely irreducible) representation p : Gq — GL2(k), and rather enlarge
the Hecke algebra T under consideration, by allowing non-classical (and
therefore purely p-adic) systems of Hecke eigenvalues. The approach taken in
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[Eme] to define this enlarged Hecke algebra uses the completed cohomology
of modular curves. We define

H'(T'1(Ns),0) = limlim H'(I'(Nsp"), 0/=°0).

Then one can show that there is a surjective homomorphism
Rss — T(H'(T'1(Ns), O))m.

The idea now is to use softer techniques to show that this map is an iso-
morphism (for example, if we know in advance that R5 s = O[X1, X2, X3]
and that T(H(I';(Ng),O))m has Krull dimension at least 4, then the map
is forced to be an isomorphism for dimension reasons). If we are given a ho-
momorphism Rj; s — O associated to an algebraic deformation p of p, then
it comes from a homomorphism T(H(I';(Ng),0))m — O, and one might
hope to be able to prove a classicality result asserting that the algebraicity'®
of p implies that this homomorphism factors through the homomorphism

T(H'(I'1(Ns),0))m = T(H'(T'1(Ns), 0))m

to the classical Hecke algebra, and therefore corresponds to the Hecke eigen-
values of an algebraic automorphic representation. This is exactly what
Emerton does, using the p-adic local Langlands correspondence for GL2(Q)).

One could object that this approach also relies on the irreducibility of
p, in order to have the existence of Rj;g. However, we can circumvent this
difficulty using the theory of pseudocharacters or determinants, which are
a substitute for representations with many good properties. They were first
applied in number theory by Wiles in order to construct the p-adic Galois
representations associated to p-ordinary Hilbert modular forms [Wil88]. A
theory that works well even in small characteristics was given by Chenevier
using results in geometric invariant theory [Chel4]. A further generalisa-
tion of the notion of pseudocharacter, in which GL, may be replaced by
an arbitrary reductive group G, was given by V. Lafforgue in his work on
the Langlands correspondence over global fields of positive characteristic
[Laf18]. Emerson showed that when G = GL,, this notion is equivalent
to Chenevier’s notion [Eme18]. Let us recall Lafforgue’s definition of pseu-
docharacter for GL,, here:

DEFINITION 3.2. Let I' be a group and let A be a ring. A pseudocharacter
of I' of dimension n over a ring A is a collection © = (O)k>1 of algebra
homomorphisms ©y : Z[GLF]|G — Map(I'*, A) satisfying the following
conditions:

(1) For all k,1 > 1 and for each map ¢ : {1,...,k} — {1,...,1}, each
f € Z[GLEIGEn | and for each vi,...,v €T, we have

O1(f) (1, - ) = Okl (Ve(1)s - - > Vo)

161y other words, the potential semi-stability of p\GQP
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where f¢ € Z[GLL|SM is defined by f<(g1,...,q91) = flacays -+
9e))-

(2) For each k > 1, for each ~i,...,vk+1 € I, and for each f €
Z[GLE|GEn | we have

Ok+1(F) (1, Yht1) = Ok () (Vs -+ o s Vo1 VEVh415

where f € Z[GLFY Sl s defined by f(g1,. .., 95+1) = flg1,---,
Ik—1s GkGk+1)-
If T is a profinite group and A is a topological ring, we say that © is con-
tinuous if for each k > 1, ©y takes values in Map,,,(T*, A).

It follows from the definition that if p : I' — GL,(A) is a (continu-
ous) representation, then trp = (O)x>1,"" defined by Ox(f)(1,---,V) =
flp(7), ..., p(7k))), is a pseudocharacter. Pseudocharacters have good func-
torial properties, and the following theorem gives some evidence as to why
they are a good proxy for representations:

THEOREM 3.1. Let I' be a profinite group and let F' = Fp or Qp. Then
the map p — trp sets up a bijection between the set of conjugacy classes
of semisimple continuous representations p : I' — GLy(F) and the set of
continuous pseudocharacters © of I' over F' of rank n.

Coming back to the situation of a number field M equipped with a finite
set of finite places S, we can consider the problem of deforming a continuous
pseudocharacter ¢ of Gy g over k. More precisely, we can define a functor

PDef; g : Co — Sets

by assigning to A € Cp the set of pseudocharacters t4 of Gy g over A
such that t4 mod m4 equals ¢. (‘PDef’ stands for ‘pseudodeformation’, i.e.
a deformation of a pseudocharacter.)

THEOREM 3.2.

(1) The functor PDef; g is representable. We write P; g € Co for the
representing object.

(2) Suppose that t = trp for a continuous representation p : Garg —
GL,, (k). Then the map pa — trpa determines a natural transfor-
mation Defs g — PDef; g. If p is absolutely irreducible, then this is
a natural isomorphism.

When p is not absolutely irreducible, the ring F; ¢ can thus stand in for
the universal deformation ring, although it is harder to get a handle on that
Rj 5. For example, the paper [Chel4] gives only a weak upper bound for the
dimension of the Zariski tangent space of P; g. Wang-Erickson [WE20] has

17This is an abuse of notation, since tr p already denotes the usual character of the
representation p (which is a function I' — A). Note however that ©; is equivalent to the
data, for each v € T', of the characteristic polynomial of p(), and that ©; determines Oy
for each k > 1.
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given a refined tangent-obstruction theory for residually multiplicity-free for
P; g, but it remains to be seen whether this theory will have applications to
e.g. proving automorphy lifting theorems.

Nevertheless, we can describe P; ¢ in some situations. For example, sup-
pose again that M = Q, p = 2, and S = {2}, and that ¢ is the trivial
pseudocharacter of rank 2 (thus associated to the reduction modulo 2 of
the 2-adic Galois representation attached to Ramanujan’s modular form
A). In this case, Chenevier [Chel4, Theorem 5.1] has shown that the quo-
tient of P g corresponding to odd pseudodeformations of t is isomorphic
to O[X1, X2, X3] — a beautifully simple form for the universal pseudode-
formation ring that might lead us to hope we could apply an argument in
the style of [Eme] to the problem of symmetric power functoriality for the
modular form A. Here however there is a critical missing ingredient — cur-
rently the p-adic Langlands correspondence is known to exist only for the
group GL2(Qp), and not for higher rank groups, and in particular there are
no known classicality theorems for the completed cohomology of GL,, when
n > 2.

We are thus led, Goldilocks-like, to look for a theory of p-adic automor-
phic forms that admits a non-trivial geometry (unlike the case of classical
automorphic forms, for which the spectrum of the Hecke algebra is a fi-
nite set of points) and which admits useful classicality results (so we can
show that p-adic automorphic forms with associated Galois representations
which are algebraic are in fact classical, which will be a necessary step if we
are to establish functoriality). The theory of overconvergent p-adic modular
forms of finite slope has these properties, and the geometry is that of the
Coleman-Mazur eigencurve &, to which we now turn.

3.2. The eigencurve. The eigencurve &, is a p-adic rigid analytic
space (in the sense of Tate) which can be thought of as a moduli space for
families of newforms (equivalently, regular algebraic automorphic automor-
phic representations) of finite slope. We review one of the two descriptions of
the eigencurve given by Coleman—-Mazur [CM98] in the case of tame level
1 modular forms.'®

The space Si(I'1(p")) of cuspidal modular forms of weight k£ and level
[1(p") (for some r > 1, and say with Q, coefficients) admits an action of
the Hecke operators 7; (for prime numbers [ # p) and U,. The eigencurve &,
admits a Zariski dense set of classical points associated to normalised Hecke
eigenforms (i.e. simultaneous eigenvectors of all these Hecke operators) f =
14> ,50ap(f)q" € Sp(T'1(p")) of finite slope. Let us describe these classical
points a bit more. Given a Hecke eigenform f € Sy, (I'1(p")), we can associate

18Coleman-Mazur also impose the condition p # 2. Buzzard extended the definition
of eigencurve to include the case p = 2 and also to the case of general tame level [Buz07].
Note as well that we consider only the cuspidal part of the eigencurve here (i.e. we excise
the contribution of the ordinary Eisenstein series). Many equivalent definitions of the
eigencurve now exist, some of which will be discussed in greater detail below.
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various quantities: first, the slope s(f) = vp(ay(f)), where v, : Q, - QU
{00} is the p-adic valuation, normalised to have v,(p) = 1. We say that f
has finite slope if s(f) < oo, or equivalently if a,(f) # 0.

We note that f need not be a newform. For example, the modular
form A € S12(SL2(Z)) is not an eigenvector for the Hecke operator U, €
Sk(T'1(p")) when p > 1, but generates a 2-dimensional subspace with a basis
of U,-eigenvectors

(3-2) Alg) — pA(d?), Alg) — BpA(d”),

corresponding to the factors of the Hecke polynomial 1 — 7(p)T + p''T =
(1 — opT)(1 — BpT'). This phenomenon can be explained a bit more trans-
parently by passing to the viewpoint of automorphic representations. If
f € Sk(T'1(p")) is a Hecke eigenform, then the lift of ¢f to an automor-
phic form on GL2(Aq) generates a cuspidal automorphic representation
7 of GL2(Aq) such that 7o, is ‘of weight £’, in the sense that its infini-
tesimal character coincides with that of the representation (Sym*~2C?)V,
and such that 7°° is unramified away from the prime p. When f has finite

slope, 7, is isomorphic to a subrepresentation of the normalized induction

GL
232(2(5(3)?))(1 ® X2, where!?

x1®@x2:12(Qp) =Qp xQ — C~

is a smooth character such that y is unramified. We can further choose x1

so that wa,(f) = p/?x1(p). A choice of character x = x1 ® x2 of T»(Q,)

such that 7, occurs as a subrepresentation of igifé%’)xl ® x2 is called an

accessible refinement of m,. The association f <+ (m,x) sets up a bijection
between Hecke eigenforms in Si(T'1(p")) of finite slope (for varying r > 1)
and cuspidal automorphic representations of weight k, unramified outside p,
and which are equipped with an accessible refinement as above. The paper
[CM98] uses the language of Hecke eigenforms, while later works (particu-
larly those setting up the theory of eigenvarieties for higher rank groups) use
the language of accessible refinements; both are useful. The set of classical
points embeds into the set of Qp—points of the eigencurve &,.

We can now give one description of the eigencurve &,. It is a disjoint

union of pieces corresponding to the possible residual representations r, ()
associated to pairs (m,x) as above. We fix a choice of residual represen-
tation p which arises in this fashion. Let Z(p) denote the set of pairs
(m,x) as above such that r,(7) = 5. Let Py 5 (py denote the universal pseu-
dodeformation ring of trp, and let X denote its rigid generic fibre. Let
T = Hom(72(Qp), Gs) denote the character variety of Q) x Q.. Thus

T (K) is the set of continuous characters Q) x Q) — K*. If (1, x) € Z(p)

then we can write down a point z., € (X x 7)(Q,,) as follows:

19Here we introduce the notation B, for the upper-triangular Borel subgroup in GL,,,
and T, for the diagonal maximal torus of GL,,.
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e The X-component corresponds to the pseudocharacter trr, ().

e The T-component is the character §(ty,t2) = ta~ %1~ x1(t1)x2(t2)]

ty [taly 2.

We can define the eigencurve &, as the Zariski closure of the set {zr, |
(m,x) € Z(p)} of classical points (i.e. the smallest rigid analytic closed
subvariety of X x T containing all of these points). Of course, there is no
reason at all a priori why this space should have reasonable properties! The
fundamental result is proved in [CM98]:

THEOREM 3.3. Let W = Hom(Z,, Gn,), and k : &, — W be the map
w(p,8) = 8|71 2. Then k is, locally on &y, finite flat: each point of &,

1xZy
admits an affinoid neighbourhood U such that K|y is finite flat onto the image
k(U) CW. In particular, &, is equidimensional of dimension 1.

This theorem gives a sense to the idea that the points x, , lie in p-adic
families indexed by the weight k(2 ) € W. In order to prove the theorem, it
is necessary to actually construct these families, and Coleman—Mazur do this
by describing all of the points of &, (not just the classical points) in terms of
overconvergent modular forms of finite slope. Overconvergent modular forms
of a given weight w € W lie in a Q,-Banach space S,,, which receives an ac-
tion of the Hecke operators 7; and a compact action of the operator U, which
therefore has a discrete spectrum with finite-dimensional eigenspaces. Since
the work of Coleman—Mazur, many alternative constructions of the eigen-
curve have been given, using varying notions of p-adic modular form (see
e.g. [AS97, Che04, Eme06, Buz07, Urb11l, AIP15, Han17]). What is
important for us is not so much the precise construction but the following
properties of the eigencurve, which are very useful in applications:

e (Classicality criterion: we can define a continuous map s : Sp(ﬁp) —
Q by s(p,6) = vp(6(p,1)). If 25 is the classical point associated to
a Hecke eigenform f of finite slope s(f) = vp(ap(f)), then s(z, ) =
s(f). If f has weight k, then s(f) € [0, k—1]. Coleman’s classicality

criterion states that if € £,(Q,,) and the character x(z) agrees

with t — t*~2 on an open subgroup of Z;,

[0,k — 1), then z is in fact a classical point.

e Accumulation property of classical points: classical points of the
eigencurve &, satisfy a density property stronger than Zariski den-
sity in the ambient space X' x 7. More precisely, if x € Ep(ﬁp) is
a classical point, then for any affinoid neighbourhood U/ of x in &,
the classical points of I/ are Zariski dense in U.

and moreover s(x) €

Although the eigencurve is a curve, in the sense of being a 1-dimensional rigid
space, it is very far from being an algebraic curve, and its geometry remains
rather mysterious. Some results on the local geometry are available (see
e.g. [DL16]) but it is not known in any case whether, for example, the set

20The sign here is to assist comparison with classical normalisations.
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of irreducible components is finite or infinite. One very intriguing question
concerns the geometry ‘close to the boundary of weight space’ — we will come
back to this very soon. Since the eigencurve is constructed as a finite cover
of the spectral variety of the U, operator, such questions are closely tied
up with questions about slopes of p-adic modular forms. Many mysterious
phenomena have been observed here which are yet to be explained — see for
example the fascinating conjectures in the articles [Buz05, BG16, BP19].

3.3. Analytic continuation of functoriality. We now come to the
first key principle that animates our proof: the idea that the existence of
the symmetric power lifting can be analytically continued along irreducible
components of the eigencurve &,. (Following [Con99], we define irreducible
components as corresponding to connected components of the normaliza-
tion of &,.) The following theorem, a special case of the results proved in
[NT21a], makes this precise:

THEOREM 3.4. Fiz m > 1. Let xr,, Tx v be classical points of the
eigencurve &, which lie on a common irreducible component. Suppose that
the following conditions hold:

(1) Neither of w, ©" has CM, and neither of w, ' is t-ordinary.

(2) The refinement X' = X ®x4 s (m+1)-regular ((NT21a, Definition
2.23]). This means that for eachi =1,...,m we have (x})" # (x5)".

(3) Sym™ r,(7) is automorphic.

Then Sym™ r,(n') is automorphic.

We will sketch the proof of this theorem in the next section. First we
describe how it may be applied to obtain the following corollary:

COROLLARY 3.1. Fizm > 1. Suppose there exists an everywhere unram-
ified, regular algebraic cuspidal automorphic representation m of GLa(Aq)
such that Sym}*(m) exists. Then Sym[' () exists for every such automorphic
representation of GLa(Aq).

One ideal scenario would be that the eigencurve &, was irreducible (for
some prime p). In general this cannot be true since there are at least as
many components of £, as there are odd, semisimple residual representations
p:Gqp — Gl (Fp). As we have already remarked, there is a unique such
representation if we stick to the case p = 2. However, even in this case we
don’t know how to say anything about the set of irreducible components of
&s.

Remarkably, however, Buzzard—Kilford [BK05] were able to compute
explicitly a large part of &, namely the part ‘at the boundary of weight
space’. In order to say what this means, let us make our description of
weight space W = Hom(Z,, Gy,) slightly more explicit. When p = 2, we
can decompose Z, = {1} x (1+4Z2). The eigencurve &; is supported above
the connected component W, of W corresponding to characters which are
trivial on —lonZ; (essentially because there are no level 1 modular forms of
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odd weight). The group 1+4Zs is procyclic, so we may identify W, with the
2-adic open unit disc {|w| < 1} by sending a character ¢ to w(d) = §(5) — 1.
Here is the result of Buzzard—Kilford:

THEOREM 3.5. Let A = {w | [8] < |w| < 1}. Then there is a decom-
position k= 1(A) = L2, X as a countable disjoint union of admissible open
subspaces. The components X; have the following properties:

(1) For each i > 1, the restriction k|x, : X; — A is an isomorphism.

(2) If z € Xi(Q,), then s(x) = ivy(w(k(z))).

More informally, the pre-image of the boundary annulus A of weight
space W, in & decomposes as an infinite disjoint union of copies of A, each
of which maps isomorphically to A. Moreover, on each copy the slope is a
simple function of the weight.

In order to prove Corollary 3.1, we want to be able to reach any point
from any other point by analytic continuation. This is too much to ask.
However, another move is available to us. This can be seen most trans-
parently for the classical points associated to everywhere unramified regular
algebraic cuspidal automorphic representations 7. Such a representation will
admit two accessible refinements y, x’ (cf. the two p-stabilizations of A writ-
ten down in (3.2)) which determine two distinct classical points zr y, Tx s
on the eigencurve &,. Although these points have the same image under the
map k, they (usually) have distinct slopes! If  has weight k& then the slopes
are related by the formula

S(xry) +5(Try) =k — 1.

Since the existence (or otherwise) of Sym["(7) depends only on 7, and not
on the choice of refinement, swapping refinements allows us to move be-
tween different components X; of x~!(A) while preserving the property of
the existence of Sym™(7) on that component®!. Moreover, every irreducible
component of £ meets £~ *(A) because the image of any irreducible compo-
nent of & under « has finite complement in W, , by [CM98, Theorem B].
Therefore every irreducible component of £ contains some X;. These moves
taken together are enough to establish Corollary 3.1.

3.4. Proof of the analytic continuation principle. We now sketch
the proof of Theorem 3.4, which is based on ideas going back to Kisin’s work
[Kis03] on the eigencurve and the Fontaine-Mazur conjecture. Recall that
we have defined the (tame level 1) eigencurve &, as the Zariski closure inside
X x T of the set of classical points . One can ask how close the closed

2l There is a slight wrinkle here: the classical points corresponding to level 1 forms
have even weights, and so do not lie above A (cf. the discussion after [NT21a, Lemma
3.3]). One can also define a ‘swapping refinements’ map for classical points which are
ramified at p by introducing a character twist, in order to ensure that the condition ‘x1
unramified’ is preserved. Ultimately we find that if z. , is a classical point lying in some
X, and 2./, is its image under this swapping map, then z,/ ,+ lies in X,/, where i, ¢’ are
related by the formula i + 3’ = (k — 1)/vp(w(zx ).
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immersion £, C X x T is to being an isomorphism. The answer is: rather
far, since dim X = 3 and dim7 = 2, while dim &, = 1. Even ignoring the
factor of T, it is still the case that X contains points corresponding to many
more Galois representations p : Gq g3 — GL2(Q,,) than the ones associated
to finite slope overconvergent Hecke eigenforms. We need to impose a more
stringent condition on Galois representations appearing in X.

In [Kis03], Kisin proposed such a condition. Roughly speaking, he de-
fined a closed subvariety Xy, C & x T (where fs stands for ‘finite slope’)
with the following properties:

e For ‘generic’ points (¢,0) € X x T with t =trp, p: Gq — GL(V),
we have (t,0) € &y, if and only if there is a Gq,-equivariant ho-
momorphism

(3.3) V < (B}, ®q, K)#=°®D,

e There is an inclusion &, C X;.

e At ‘generic’ classical points zr, € &,(K), the inclusion &, C X,
is a local isomorphism provided that the Bloch-Kato Selmer group
H}(Q,ad r,(m)) is zero.

(We will recall the definition of the Bloch-Kato Selmer group in the next
section. Here we use the word generic in the loose sense that there are
certain technical conditions which are satisfied in many examples.) The ring
B;;is is the positive part of Fontaine’s ring of crystalline periods. Condition
(3.3) arises since it is classified for level 1 classical points (for which the
space of Gq,-equivariant homomorphisms V' — Bis ®q, K is in fact two-
dimensional, because r,(7)|cq, is crystalline) and behaves well in families.
Optimistically, one might ask if the inclusion &, C X, is in fact an equality,
and this has been proved in many cases [Eme, Theorem 1.2.4].

Kisin’s condition was reformulated by Colmez [Col08], using a different
set of ideas from p-adic Hodge theory. Let R be the Robba ring, i.e. the
ring of formal series f(X) = > .z, X" (an, € Qp) which converge in
the annulus (p, 1) for some 0 < p(f) < 1. It is equipped with a Frobenius
endomorphism ¢ : R — R and a commuting action of the group I' = Z 7. By
definition, a (¢, I')-module of rank n is a finite free R-module D equipped
with commuting semilinear actions of ¢ and I' such that ¢(D) generates
D. The category of (¢, ')-modules is not abelian, but Kedlaya proved that
its objects have a canonical slope decomposition [Ked04]. The fundamental
theorem relating (o, I')-modules to p-adic representations is as follows (cf.
[CC98, Ked04]):

THEOREM 3.6. There are mutually inverse equivalences of categories
(contiﬂgzie(gi?égff-%édw«;g < ((p,I')-modules over R of slope 0) .

Colmez observed that for a 2-dimensional representation V' of Gq,,
Kisin’s condition on the existence of a crystalline period can be replaced
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by the condition that its associated (¢,I')-module is reducible in the cat-
egory of all (¢,I')-modules over R, or in other words an extension of 1-
dimensional objects in this category. The (¢, I')-modules of rank 1 over R
may be described explicitly: they correspond to the continuous characters
6:Q) - K x 22

DEFINITION 3.3. Let p: Gq, — GLq(K) be a continuous representation
andlet 6 =61 ® - ® 8y : T (Qp) — K be a continuous character. We say
that p is trianguline of parameter 6 if D = D,;q(V') admits a filtration

0=Fil’°DcFil'!Dc---cFil,D=D

by (p,T)-submodules such that for each i = 1,...,n, Fil'D is a (p,T)-
submodule, direct summand as R-module, of rank i, and there is an isomor-
phism Fil' D/ Fil'™t D = R(8;). If p is trianguline of some parameter, we
simply say that it is trianguline.

This leads to another candidate definition for the ‘finite slope subspace’
Xps C X x T: as the Zariski closure of the set of points (¢,9), where ¢ is
the pseudocharacter of a continuous representation p : Gq py — GLa (Qp)
which is trianguline of parameter ¢. Since (¢, I')-modules over R behave well
in families (thanks to the work of Kedlaya—Pottharst—Xiao [KPX14] and
Liu [Liul5]), this space X4 is well-behaved. In particular, all of its points
correspond to trianguline Galois representations.??

We can now describe the role these ideas play with respect to symmetric
power functoriality. The notion of triangulation plays well with respect to
tensor operations on group representations. In particular, if p : Gq, —
GLy(K) is trianguline of parameter 6 = (d1,02), then for any m > 1 the
representation Sym™ p : Gq, — GLy41(K) will be trianguline of parameter
Sym™ ¢ := (67", 6{”7152, ...,04"). This construction makes sense in families,
and we obtain a diagram

Ep

l . Sym™

(X x T)t” — (Xng1 ¥ Tm+1)tri7

where X, 11 is the pseudodeformation space of tr Sym™p and we define
Tm+1 = Hom(T;+1(Qp), Gm).

22The associated (¢,T)-module is R(d), which denotes R equipped with the actions
of ¢, I satisfying p(1) = §(p) and v -1 = ().

We are ignoring some technicalities here. One minor point is that the ‘Zariski
closure’ results of [KPX14] require the points taken to be ‘strictly trianguline’, a condition
that is satisfied for the most points on the eigencurve. A more significant problem is that
the results of [KPX14] require us to have a true family of Galois representations, not
just a family of pseudocharacters. In practice, we apply the results of [KPX14] only in
an affinoid neighbourhood of a point (¢,0) where the representation p is irreducible, in
which case the pseudocharacter can be lifted to a family of Galois representations in this
neighbourhood in an essentially unique way, by [Chel4, Proposition GJ.
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To go further, we need to introduce another eigenvariety (i.e. a higher
rank analogue of the eigencurve) whose points will give rise to Galois repre-
sentations of rank m + 1 (and which will fit into the empty spot in the top
right of the above diagram). Here it is technically convenient to pass to a
soluble CM extension M/Q, and to replace GLa(Aq) by G2(Aj+), where
G is a definite unitary group in two variables over M, and GLj,+1(Aq)
by Gp+1(As+), where G411 is a definite unitary group in m + 1 variables
over M. This is valid since if 7 is a regular algebraic cuspidal automorphic
representation of GLy(Aq), then we can find an algebraic Hecke charac-
ter x : M*\Aj}, — C* such that the character twist BCj;/q(m) ® x of

the base change of m to M is RACSDC?*, hence descends to the group
G2. (The Galois-theoretic manifestation of this is that the representation
p = r(mlay, ® r.(x) satisties p° = pV @ 1)

We lose nothing in doing this, since soluble base change and descent
between GL,(Aq) and GL,(Aj) is well understood [AC89]*° and base
change and descent between conjugate self-dual, regular algebraic automor-
phic representations of GL,,4+1(Ajys) and automorphic representations of
Gm+1(Ap+) is also reasonably well-understood (using e.g. the theorems
proved in [Lab11]) provided we choose our auxiliary data carefully (for ex-
ample, we want the p-adic places of M to split in M so that G(M T ®q Q)
looks like a product of general linear groups).2¢

On the other hand, we gain in that the basic properties of the eigenva-
rieties of definite unitary groups have been very well-studied (in particular,
there are strong classicality theorems that give Galois-theoretic conditions
under which a point is in fact a classical point, i.e. arising from an automor-
phic representation of G(Aj;+) and an accessible refinement of said repre-
sentation — see [NT21a, Lemma 2.30], which combines ideas from [Chel1l]
and [BHS17]). There are also genuine technical simplifications: one expects
that when m > 1 the eigenvariety of GL;,+1(Aq) does not admit a dense set
of classical points and is not (locally on the source) finite and surjective over
weight space, two properties of the eigencurve &, that are enjoyed by the
eigenvarieties of definite unitary groups (see e.g. [Che04, Théoréme 6.3.6]).

Having done so, we arrive at a diagram

izl J/ierl

. Sym™ .
(KXo pr X Tam)t" >, (X101 X T, ),

24Recall this stands for regular algebraic, conjugate self-dual, cuspidal — see §2.9
of this article. The base change automorphic representation is the one whose associated
Galois representation is r,(7)|a,, -

257t least, when we stick to regular algebraic automorphic representations 7 such
that r.(m)|a,, is irreducible — see [ BLGHT11, Lemma 1.4] for a positive statement.

26The work [KMSW14], the second half of which has yet to appear, will give a
complete description of the discrete automorphic representations of any unitary group.
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where:

Eayy €a,,., are eigenvarieties for the definite unitary groups G,
Gm+1, respectively. They each contain dense sets of classical points
associated to pairs (7, x) consisting of an automorphic representa-
tion and accessible refinement, and admit maps k2 : g, — T2,

Km41 : EGpir — Tmy1,m, Where e.g. Ty is the character variety

of a maximal torus in Go(M™ ®q Q).

e X5 s is the rigid space associated parameterizing conjugate self-
dual pseudocharacters lifting the residual pseudocharacter of
()]G @ r(X)-

e X,,1+1,m is the rigid space associated parameterizing conjugate self-
dual pseudocharacters lifting the residual pseudocharacter of
Symm(rb(ﬂ')‘GM @ 7,(X))-

e The bottom horizontal arrow is ‘passage to symmetric power’.

e The superscript ‘tri’ indicates in each case that we have passed
to the closed subspace which is the Zariski closure of the set of
trianguline points.

e The vertical arrows are given by ‘passage to associated Galois rep-

resentation’ — they are closed immersions.

The arrow we would ultimately like to construct is the broken horizontal
arrow, which would be a kind of overconvergent symmetric power functori-
ality, and from which we would hope to be able to deduce the symmetric
power functoriality in the usual sense (i.e. for classical automorphic repre-
sentations) by applying a classicality theorem to points of g which are
images of classical points of &g, .2

This is asking too much. What we are able to do (and this is enough to
be able to deduce Theorem 3.4) is show that if C C &g, is an irreducible
component containing a non-critical classical point xr, such that Sym[" ()
exists, then Sym™ (i2(C)) is contained in the image of i,, ;. Here we use the
useful fact that if Z is an irreducible rigid analytic space and W C Z is a
Zariski closed subspace which contains a non-empty affinoid open of Z, then
W = Z. This means we need only show that the image of 7,,11 contains the
image under Sym™ of an open affinoid neighbourhood of z .. Ultimately we
need only work with affinoid local version of the above diagram where the
associated pseudocharacters are irreducible; this resolves one of the technical
problems alluded to in footnote 23.

m+1

2"The classicality theorem we need is somewhat stronger than the ‘numerically non-
critical implies classical’ theorem which is the naive generalisation of Coleman’s criterion
vp(ap) < k — 1. This is because the symmetric powers of a 2-dimensional Galois repre-
sentation of small slope are no longer necessarily of small slope. However, they will (as
observed by Chenevier [Chell, Example 3.26] — this requires the (m + 1)-regular condi-
tion in the statement of Theorem 3.4) satisfy the weaker condition that each triangulation
is non-critical, cf. [NT21a, Lemma 2.7]. The criticality (or otherwises) of classical points
is closely tied to the local geometry of the eigenvariety around such points and has been
studied in great detail by Breuil-Hellmann—Schraen [BHS17, BHS19].
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We now come back to the result proved by Kisin [Kis03] for the eigen-
curve &,: namely that the closed immersion &, — Xy, (his analogue of our
map iz) is a local isomorphism in an affinoid neighbourhood of a classical
point z , such that the adjoint Bloch-Kato Selmer group H}(Q, adr,(m))
is 0 (and satisfying some other mild technical conditions). This holds in
our context, as can be seen using a tangent space calculation first done in
ths unitary group case by Bellaiche-Chenevier [BC09, Corollary 2.6.1]. The
essential point is that the local surjectivity of the eigenvariety over weight
space gives a lower bound for the dimension of the eigenvariety. If the adjoint
Bloch—Kato Selmer group vanishes and the character ¢ is sufficiently generic,
one can show that an upper bound for the tangent space of (X3 s % E,M)t”'
that is equal to this lower bound, showing that the eigenvariety is smooth
and that the map 49 is an isomorphism in a suitable affinoid neighbourhood.
Exactly the same argument is valid for &g, ,. Thus the proof is complete,
provided we can show that

H}(M+, ad Sym™ r,(m)|a,,) = 0.

This is non-trivial and requires a different set of ideas, which we address in
the next section.

3.5. Vanishing of the adjoint Bloch—Kato Selmer group. Let M
be a CM field, let # be a RACSDC automorphic representation of
GL,(Ap), and let p = 7, (7). Let us assume (as is conjecturally always
the case) that p is irreducible. There is an isomorphism p¢ = p¥ ® ! =", Fix-
ing a choice of complex conjugation ¢ € G+, this implies the existence of

a non-degenerate bilnear form (-, -) : Q) x QZ — Qp satisfying the identity

P
(p(g°)v, p(g)w) = €' 7" (g) (v, w)

for all g € G, v,w € Q;L The adjoint representation ad p = Mn(ﬁp) is a
Qp [G pr]-module; we can extend the action of Gy to an action of G+ by
defining ¢ - X = —X*, where * denotes adjoint with respect to (-, ).

The Galois cohomology group H'(M ™, ad p) parameterizes deformations
of p to Qp [e] which are conjugate self-dual (a variant of the computation of
the tangent space to the universal deformation ring of an absolutely irre-

ducible residual representation, already discussed above). The Bloch-Kato
Selmer group is defined to be

H{(M",ad p) = ker(H"(M*,ad p) — [ [ H' (M}, ad p)/H} (M.}, ad p)),

where the product runs over the set of all finite places v of M T, and we
define

HY(M;f ad p) = HY (M, ad p)
to be the unramified subgroup if v { p and
Hj(M;, ad p) = ker(H' (M, ad p) = H' (M|, ad p ®q, Berys))
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if v|p. Its elements correspond to those deformations of p which are poten-
tially semistable. Its vanishing is predicted by the Bloch-Kato conjecture?®
and, as we have seen in the previous section, would have consequences for
the geometry of unitary group eigenvarieties.

The vanishing of H}(M * adp) is in some cases a natural byproduct
of the proof of automorphy lifting theorems. Recall that one approach to
proving an automorphy lifting theorem is to try to prove that a map R —
T from a Galois deformation ring (say with conditions from p-adic Hodge
theory imposed) to a Hecke algebra (say acting on the cuspidal part of the
cohomology of an arithmetic group) is an isomorphism. If our representation
p is classified by a homomorphism f : R — Qp, then the Bloch—-Kato Selmer
group H} (M,ad p) can be identified with the dual of the Zariski tangent

space? (ker(f)/ker(f)?)[1/p]. On the other hand, if we can show that R —
T is an isomorphism, then this Zariski tangent space will be forced to be
zero, since T[1/p] will be an étale algebra (essentially because the space of
cuspidal automorphic forms is unitary and admissible as a representation
of the adele group, and therefore in particular semisimple). Such vanishing
results appear already in [Wil95].

Recalling the discussion in §3.1, we might expect to need strong condi-
tions on the residual representation p (in particular, absolute irreducibility).
However, in our applications we need to be able to treat the case where p
is a trivial representation in arbitrary degree (as this is required in order to
be able to prove the existence of Sym}'(ma) using the 2-adic eigenvariety).
A slightly different tack is therefore required.>

In the papers [NT20, Tho21a], we prove the following vanishing theo-
rem.

THEOREM 3.7. Let M be a CM field and let m be a RACSDC automor-

phic representation of GLy(Anr). Suppose that r(m)|Gy, . ., @ irreducible.?*
D

Then we have

Hi(M™,adr,(r)) = 0.

28We don’t have space here to discuss further the Bloch—Kato conjecture, which
predicts the order of vanishing at the point s = 1 of the L-function L(:V, s) of an algebraic
Galois representation V' = 0. When V is non-trivial but of weight 0 (such as in the case
V = ad p) then the L-function is expected to be non-vanishing at s = 1 (in line with the
non-vanishing results for automorphic L-functions on the line Re(s) = 1 which may be
used to prove the Sato—Tate conjecture). See Fontaine’s survey [Fon92] for more details.

29This is unsurprising, although not quite a formal consequence of the definitions.
See [Kis09c, §2.3] for a justification of a similar statement.

30 Another approach is taken in Kisin’s paper [Kis04], which proves the vanishing of
H}(Q7 adr, (7)) in many cases for regular algebriac cuspidal automorphic representations
of GL2(Aq). This uses the realisation of these p-adic Galois representations in the étale
cohomology of modular curves in a way which seems difficult to generalise to the higher
rank situation.

31Here M (¢peo) denotes the subfield of M obtained by adjoining all p-power roots of
unity to M.
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This is rather general. Indeed, there is no condition at all on the residual
representation or on the prime p. If 7 arises by symmetric power lifting and
base change of a regular algebraic cuspidal automorphic representation of
GL2(Aq) which does not have CM, then rL(W)|GM<CpOO) is irreducible, so

we obtain the required vanishing. (This follows from the stronger fact that
the Zariski closure of the image of r () in GL,,+1 contains a conjugate of
the the image of the unique irreducible representation SLo — GL,,41, see
[NT20, Example 2.34].)

In proving this theorem we make use of some new ideas in the theory
of pseudocharacters and in our understanding of the Taylor—Wiles method.
We briefly sketch the main ones. Instead of considering a map R — T,
we consider a map P — T in the category Co», where P is a universal
pseudodeformation ring of trp and T is a Hecke algebra acting on a space
of algebraic modular forms, with integral structure, on the definite unitary
group G,. We need to impose p-adic Hodge theoretic conditions on the
pseudocharacters that appear in P. It is far from obvious how to do this,
since a pseudocharacter by its very nature does not give rise to a module
with a Galois action on which conditions can be imposed. This problem
was solved by Wake-Wang-Erickson [WWE19], who show that one can
get around this by using the notion of Cayley-Hamilton representation of
a pseudocharacter defined by Chenevier [Chel4]. Another result we need
concerns deformations of pseudocharacters with integral structure. More
precisely, we prove the following theorem ([NT20, Proposition 2.9]):

THEOREM 3.8. Let I' be a profinite group and let p : T' — GL,(O)
be a continuous homomorphism such that p ®o K is absolutely irreducible.
Let © = trp. Consider the map p — trp from the set of continuous ho-
momorphisms p' : T — GL, (O @ eK/O) lifting p to the set of continuous
pseudocharacters ©' : T over O & eK /O lifting ©. Then there is a constant
C € Zx, depending only on p(I'), such that this map is ‘bijective up to
wC-torsion’, in the following sense:

(1) For any ©’, there exists a representation p’ such that tr p’ = aco#,
where ac is the ring endomorphism of O@®eK /O which sends x+ey
to T + ewcy.

(2) For any pair p', p" of representations such that tr p’ = trp”, acop’
and ac o p’ are conjugate under the group 1+ eM,(K/O).

The proof of this theorem uses the definition of pseudocharacter intro-
duced by Lafforgue in [Lafl8], and is in some sense an integral refinement
of the proof there that pseudocharacters biject with semisimple represen-
tations over an algebraically closed field. It is interesting to note that the
different but equivalent definitions of pseudocharacter given in the papers
[Chel4, Laf18] both have a role to play.

To proceed, we consider the map f: P — Qp associated to r,(m) (which
factors through T, essentially by definition), and try to show that the map
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Pier f — Tyer f induced after localisation and completion at ker f is an iso-
morphism. This will suffice to prove the vanishing of the adjoint Bloch-Kato
Selmer group, for the same reasons as outlined above: the (completed and lo-
calised) Hecke algebra is étale (and even a field in this case) while the Zariski
tangent space of P, f may be identified with the Bloch-Kato Selmer group
(here we crucially use the results of [Liu07] to match up the Bloch-Kato
Selmer condition with the one arising from the p-adic Hodge theoretic con-
dition imposed in [WWE19], cf. [ WWE19, Remark 5.2.2]).

To show that Pier f — Thier f is an isomorphism, we use a variant of the
Taylor—Wiles method, which requires patching the action of certain auxiliary
rings P on auxiliary spaces Hg of automorphic forms on the definite unitary
group. In the classical Taylor—Wiles method, @ is a set of auxiliary places of
the base number field at which additional ramification is allowed. There is
an finite abelian group Ag (a quotient of the product of the inertia groups at
the places of Q) and a homomorphism O[Agq] — Pg such that Py ®o(a 01O
may be naturally identified with P. The space of H¢ of automorphic forms
with additional level at ) is supposed to be a Pg-module which is finite free
as O[Ag]-module, and which satisfies the analogous property Hg Ro[ag)O =
H, where H is the space of automorphic forms on which the Hecke algebra
T at minimal level acts faithfully. (This freeness of Hg over the ring O[Ag]
is what provides the lower bound on the growth of the @-ramified Hecke
algebra, mentioned in our sketch of the Taylor—Wiles method in §3.1.)

In order to be able to define Hp (and in particular, construct an isomor-
phism Hg ®ojag] O = H), one typically needs the residual representation
p to be sufficiently non-degenerate; the places v € @ are selected so that
e.g. p is unramified at v and p(Frob,) has no repeated eigenvalues. In our
situation, where p can even be trivial, this is no longer possible, and we need
lose control over the auxiliary spaces Hg. In particular, although they are
O[Ag]-modules, they may no longer be of bounded rank. Since the Taylor—
Wiles method traditionally used a kind of diagonalization or compactness
argument to construct the patched objects, this looks like a serious problem!

In his work on the Fontaine-Mazur conjecture for residually reducible
representations p : Gq = GL2(Q,), Pan [Pan21] contended with exactly
this difficulty. He showed how to use ultrafilters to construct very large
‘ultra-patched” modules. This may not have reasonable properties but it
turns out that after localization and completion at the prime ideal corre-
sponding to p, enough finiteness properties hold that one can still make the
Taylor-Wiles method work in a neighbourhood of p. The same technique
applies equally well in our case. It seems an interesting problem to clarify
the role played by ultrafilters in this argument.

3.6. Seed points. Let m > 1. The work described in the last few sec-
tions shows that, if we want to establish the existence of Sym[*(m) for every
everywhere unramified regular algebraic cuspidal automorphic representa-
tion of GL2(Aq), then it is enough to show this existence for a single such
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representation . In order to do show the existence of such a w, we use an
argument in which many of the same themes appear (p-adic automorphic
forms, residually reducible Galois representations) but in slightly different
form, in a spirit closer to our previous work with Clozel on symmetric power
functoriality in small degrees [CT14, CT15, CT17].

To explain the idea, suppose given a regular algebraic cuspidal automor-
phic representation 7 of GL2(Aq) with the following properties:

e 7 does not have CM. o
e There exists a prime number p and an isomorphism ¢ : Q, — C

such that r,(7) = Indgg X, for some imaginary quadratic extension
K/Q and continuous character X : Gg — F; .

It is easy to construct examples of such automorphic representations. For
example, we could start with an elliptic curve E over Q which does have CM,
and is therefore associated to a CM regular algebraic cuspidal automorphic
representation 7g of GLa(Aq). Then choose a prime number p such that
PE,p is irreducible and a prime number [ # p such that E has good reduction
at [ and pE,p|GQl is the trivial representation. Ribet’s level-raising theorem
then implies the existence of another regular algebraic automorphic repre-
sentation 7 such that W > r,(7g) and 7 is the Steinberg representation
of GL2(Q;) (i.e. the unique irreducible admissible representation of trivial
central character and conductor ). The local condition at [ implies that 7
does not have CM.

We now consider the problem of establishing the existence of the m
symmetric power lifting of w. Restricting to K, we see that the residual
representation of Sym™ r,(7) has the simple form

th

Sy o = @xm e,

Although Sym™ r,(7) is irreducible, its residual representation is highly re-
ducible. Automorphy lifting theorems are one of the most powerful tools
that exist to prove Galois representations are automorphic, but establishing
the residual automorphy of the residual representation is often a sticking
point. Here we might hope that the relatively simple form of the residual
representation makes it easier to check the residual automorphy, and that an
automorphy lifting theorem might be available which applies in this residu-
ally reducible situation.

Such an automorphy lifting theorem is proved in [ANT20], generalising
the one proved in [Thol5] that was applied to the symmetric power functo-
riality problem in the papers [CT14, CT15, CT17]. Here is the statement.

THEOREM 3.9. Let M be a CM number field, let ¢ : Qp — C be an

isomorphism, and let p : Gy — GLn(Qp) be a conjugate self-dual Galois
representation which satisfies the following conditions:
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(1) There are continuous characters Xi,...,X, : Gym — F; such that
there is an isomorphism
ﬁ = EB?:IY@H
and moreover for each i = 1,...,n, X;,X¢ = €™, and for each
1 <1< j < n, the character Yi/yj‘GM(gp) has order strictly greater

than 2n.

(2) n>3 andp > n.

(3) p is unramified at all but finitely many places of M and there is
A= (A )HomMQ) sych that for each T € Hom(M,Q,), A is
dominant in the sense that Ar1 > Ao > -+ > Apy, and p is
ordinary of weight X\, in the sense that for each place v|p of M
there is an isomorphism

Y1 * * *
~ 0 wv,n *
play, = . . ,
: S S *
0 - 0 thyn
where for each i = 1,...,n, ¥,; : Gg, — Q; s a continuous

character such that for some open subgroup U, ; C (9;” and for all
u € Uy, we have 1, ; o Artp, (u) = HT:MUA)GP 7(u) " Amn—iritisl,

(4) There is a RACSDC automorphic representation © of GL,(Anr)
such that W =9 and m is t-ordinary.

(5) [F(G): F]=p—1.

(6) There exists a place vo 1 p of M such that m,, is an unramified twist
of the Steinberg representation and there is an unramified character

. X ~ 1—1
Y Gu,, — Q, such that p]sGSMUO = @p e

Then p is ordinarily automorphic, in the sense that there is an t-ordinary
RACSDC automorphic representation 11 of GL, (A ) such that p = r,(II).

We do not define the t-ordinary condition on 7 here®?, but only note that
it generalies the well-known ‘slope of U,-eigenvalue equals 0’ condition on
classical Hecke eigenforms and corresponds, under local-global compatibility
at the p-adic places of M, to the requirement that r,(7) is ordinary of weight
corresponding to that of .

The proof of this theorem relies on yet another class of p-adic automor-
phic forms, namely the ordinary p-adic automorphic forms, which may be
thought of as overconvergent modular forms of slope 0. Starting in the 1980’s
with the paper [Hid86], Hida developed a powerful theory of ordinary p-
adic modular forms, using it to construct families of Galois representations
with values in Hecke algebras which are finite covers of the Iwasawa alge-
bra A whose rigid generic fibre is the usual weight space. Geraghty [Ger19]

32But see [Gerl9, Definition 5.3].
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developed Hida theory for definite unitary groups and used it to prove au-
tomorphy lifting theorems for ordinary, conjugate self-dual Galois represen-
tations in arbitrary rank (although with a residual irreducibility condition).
Skinner—Wiles used Hida theory for classical modular forms (and more gen-
erally, p-adic Hilbert modular forms) to prove an automorphy lifting the-
orem for residually reducible ordinary Galois representations of dimension
2. (Ordinary modular forms can be viewed as a precursor of overconvergent
modular forms of finite slope, of which they are a special case. They remain
useful since they generally have easy-to-understand integral structures.)

The starting point in [ANT20] for the proof of the above theorem is the
idea of applying the Skinner—Wiles strategy in Geraghty’s context of Hida
theory for definite unitary groups. We start with a diagram

d d d
Rovd . pord _y mor ’

where T is the ‘big ordinary Hecke algebra’ (a finite A-algebra), P is a
pseudodeformation ring of trp with an ‘ordinary of variable weight’ condi-
tion imposed at the p-adic places of M, and R is the corresponding Galois
deformation ring. (A pleasant feature of this situation is that although p is
reducible, R exists, because 7 is irreducible as a representation valued in
the Langlands dual group of the unitary group G, — in other words, is Schur
in the sense of [CHTOS8]. This is in contrast to the situation considered in
[SW99], where one needs to consider one Galois deformation ring for every
possible indecomposable residual representation with the same pseudochar-
acter as p.) The gain in using modular forms of variable weight is that T°"¢
now has Krull dimension dim A = 1 +n[M™ : Q], and one can find plentiful
‘generic’ prime ideals p C T such that the specialisation of the universal
pseudocharacter to Frac T /p is absolutely irreducible, and suitable for
application of a modified version of the Taylor—Wiles method. This makes
it possible to prove that Pp"rd — Tg“i is an isomorphism.

Thinking geometrically, this implies that any irreducible component
of Spec P°"¢ which contains p is in fact contained in the closed subspace
Spec T, The wonderful idea introduced in [SW99] is to use the fact that
for any two irreducible components Zy, Z; of Spec P’ one can find a chain
Wi, Wa, ..., Wy of irreducible components of Spec P°¢ such that all of the
intersections

ZoNWi, WinNWo, WonWs, ..., Wy_1NWy, WyN Z3

have a dimension which is ‘not too small’?* Using that the dimension is not
too small, we can find generic prime ideals in each of these intersections, and

33The lower bound dimension of these intersections is the so-called ‘connectedness
dimension’ of the ring P°"® and is more easily computed for the ring R°"¢. In the set-up
of this section, the relationship between R°"® and P°"? is rather simple (in fact, [ANT20,
Proposition 3.2] identifies P°"® as the subring of invariants of R°"® under a finite abelian
group). If we have a presentation R°™® = O[X1,...,X,]/(f1,..., f), then the connected-
ness dimension of R°"¢ is at least g — r. In practice this can be made as large as desired
by first replacing the field M by a soluble CM extension.
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so propagate the automorphy of any irreducible component of Spec P to
any other component.

The key step in this argument of finding ‘generic’ primes in the intersec-
tions W; N W;41 is possible only if the locus of reducible pseudocharacters
in P is ‘not too large’. Unfortunately, it can definitely be too large in
practice. An important form of functoriality relevant for the unitary group
G, is given by the theory of endoscopy, which implies (roughly speaking)
the existence of functorial liftings from groups G X G,_; to G,. Since the
dimension of the ordinary Hecke algebra for Gy, is k[M* : Q], we would ex-
pect to see components in Spec T of dimension k[M* : Q]+ (n—k)[M* :
Q] = n[M™ : Q] = dim T°"? arising by endoscopic transfer (and therefore
corresponding to Galois representations which are reducible in GL,). We
therefore need to impose additional conditions to rule out the existence of
entire components of Spec T corresponding to reducible Galois represen-
tations. (This is one point where we depart from the context of [SW99],
where there are no endoscopic forms and the arguments needed are substan-
tially different.)

This explains the presence of the final condition (6) in the statement of
Theorem 3.9 — it is a local condition that can be used effectively to elimi-
nate the contribution of endoscopic lifts, since the Steinberg representation
(corresponding as it does under the local Langlands correspondence to an
indecomposable Weil-Deligne representation) cannot be the local compo-
nent of a lift from an endoscopic group of G,. We have dwelled on this
point because it ties into the problem of verifying the residual automorphy
of the residual representation Sym™ r,(7)|c, (or rather a character twist
of this representation which is conjugate self-dual). We can hope to verify
the residual automorphy by, informally speaking, taking an endoscopic lift
from the group U(1)", where automorphic representations can be written
down ‘by hand’ in terms of conjugate self-dual Hecke characters. However,
this automorphic representation of G,, (or its base change to GL,,(As)) is
not suitable for application of Theorem 3.9 — we need to modify it so that
its local component at the place vy is an unramified twist of the Steinberg
representation. In other words, we need to raise the level by finding a con-
gruence to another automorphic representation of GG,, which has the same
residual representation but this specified local behaviour at the place vy.

This level-raising argument is one of the most technically intricate part
of the paper [NT21a], where it is carried out using an inductive argument,
which treats the case of even m using the theory of types and the case
of odd m by reference to the paper [AT20], which establishes a version of
Thara’s lemma for unitary groups of the form U (2, D) (D a division algebra).
The forthcoming paper [Tho22] will give a direct approach (not based on
induction on m).
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3.7. The case of level N > 1. Let 7 be a regular algebraic cuspidal
automorphic representation of GLy(Aq), without CM. The arguments de-
scribed so far suffice to prove the existence of the symmetric power liftings
of 7 in every degree provided that 7 is everywhere unramified (therefore
lifted from a newform of level 1), or more generally provided that = deter-
mines a point of the 2-adic, tame level 1 Coleman—Mazur eigencurve &. We
can interpret this latter condition in terms of the local component my: it
means that mo has an accessible refinement.>* We can phrase this equiva-
lently as the condition that 7o has non-trivial Jacquet module, or that o
is not supercuspidal, or that the Weil-Deligne representation recq, (m9) is
reducible.

In order to establish the existence of the symmetric power liftings of the
automorphic representation 7 without any conditions on its ramification,
we essentially induct on the level. This kind of strategy is familiar from
other situations in the literature. For example, in the original work of Wiles
[Wil95], a modularity lifting theorem is proved first at ‘minimal level’ (rela-
tive to the ramification of the residual representation p). This minimal level
modularity lifting theorem is then used as a stepping stone to an R = T
theorem where additional ramification is allowed on both the Galois and
automorphic sides. Another example which is particularly relevant to us is
the proof of Serre’s modularity conjecture [Ser87] by Khare-Wintenberger
[KW09a, KWO09b]. Recall that Serre’s conjecture asserts that any repre-
sentation p : Gq — GLa(F,) which is of ‘S-type’, in the sense that it is
is absolutely irreducible and odd, arises as the residual representation of a
newform f. Serre associated to any such representation p a weight k(p) and
tame conductor N (p), and conjectured moreover that it should be possible
to choose f to be of weight k(p) and level N(p). The approach taken in
[KW09a] is essentially to induct on the number of primes dividing N (p),
the base case where N(p) = 1 (in other words, where p is ramified only
above the prime p) having been treated already in [Kha06]. We will come
to the technique of ‘killing ramification’, introduced in [KW09a], and which
makes this induction argument possible, below.

In our case it is natural to divide the proof up slightly differently into two
parts, as follows. Let 7 again be a regular algebraic cuspidal automorphic
representation of GLa(Aq), without CM.

e First, we establish the existence of the symmetric power liftings of
7 in every degree under the assumption that 7 has no supercuspidal
local components; in other words, that for every prime p, 7, admits
an accessible refinement. In this part of the proof, we induct on the

34y fact, we require that w2 admits an accessible refinement y = x1 ® x2 such that x1
is unramified. However, if w2 admits an accessible refinement y we can always twist 7 so
that x1 is unramified, and twisting is easily seen to preserve the existence (or otherwise)
of the symmetric power lifting in any given degree.
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number of primes p such that 7, is ramified, the base case where 7
is everywhere unramified having been taken care of already.

e Then, we establish the existence of the symmetric power liftings of
7w in complete generality. In this part of the proof, we induct on
the number of primes p such that 7, is supercuspidal, the base case
where there are no such primes being the content of the previous
bullet point.

The first bullet point takes us to the end of the paper [NT21a], and rep-
resents the natural reach of the methods that have been introduced so far
in this article. The second bullet point is covered by the follow-up paper
[NT21b] and requires a new idea, that of the ‘functoriality lifting theorem’.
We address these in turn.

3.7.1. The everywhere locally refineable case. Suppose then that « is a
regular algebraic cuspidal automorphic representation of GL2(Aq), without
CM, and that 7, is ramified but admits an accessible refinement x. Let
N = Mp" be the conductor of 7, where (p, M) = 1. Then (7, y) defines a
classical point of the tame level M, p-adic eigencurve £,(M) (say as defined
in [Buz07]). Using the accumulation property of the eigencurve, it is possible
to find an affinoid neighbourhood U of x., in &,(M) and a dense set of
classical points £,(M) in U corresponding to automorphic representations
which are unramified at p, and for which the symmetric power liftings are
therefore known to exist, by our inductive hypothesis. To conclude, we invoke
our ‘analytic continuation of functoriality’ principle. In our first statement
of this above (as Theorem 3.4), we restricted to the case of the tame level
1 eigencurve &, = &,(1), but in fact it is valid without restriction on the
tame level (and even for automorphic representations of unitary groups over
CM fields — the main technical ingredient is the vanishing of the adjoint
Bloch—Kato Selmer group, which is indeed proved for RACSDC automorphic
representations over an arbitrary CM field). Here is such a statement.

THEOREM 3.10. Fiz m > 1. Let p be a prime number and let (w, x) and
(7', x") be pairs consisting of reqular algebraic automorphic representations,
without CM, and equipped with accessible refinements of the components at
p. Suppose that 7, © have prime-to-p conductors dividing M, and that the
following conditions are satisfied:

(1) The refinement x has small slope.

(2) Both refinements x, X' are (m + 1)-regular.

(3) Sym[*(m) ewists.
If the classical points Tr .y, T of Ey(M) lie on a common irreducible
component of E,(M), then Sym]'(m) exists too.

One wrinkle is the (m + 1)-regularity condition on the refinements. This
condition does not trouble us in the level 1 case as one can show that any
for any everywhere unramified regular algebraic cuspidal automorphic rep-
resentation m of GL2(Aq), every refinement of 73 is (m+1)-regular for every
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m > 1 [NT21a, Lemma 3.4]. In general, this condition can fail (for example,
take the newform corresponding to an elliptic curve E and any refinement
at a prime p > 5 at which E has good supersingular reduction).

The result that can be proved most naturally by induction using Theo-
rem 3.10 is the following one:

PROPOSITION 3.1. Fiz m > 1. If w is a reqular algebraic cuspidal auto-
morphic representation of GLa(Aq) without CM such that for every prime
number p such that m, is ramified, m, admits an accessible refinement x,
which is (m + 1)-regular, then Sym}*(m) exists.

In order to remove the (m+ 1)-regularity condition, we use a trick based
on the Taylor—Wiles method. This appears to be a novel application of the
Taylor—Wiles method, which we apply to prove a kind of density statement
for the local components of automorphic representations in a given congru-
ence class. One can draw an analogy with equidistribution theorems such as
those proved in [Ser97, Shil2], which prove that the set of local components
of automorphic representations of varying weight and level is equidistributed
with respect to Plancherel measure; we obtain a weaker statement, namely
Zariski density of the corresponding points in the spectrum of a local lifting
ring, but with the crucial difference that we are considering the set of au-
tomorphic representations with a given residual representation with respect
to a fixed isomorphism ¢ : Qp — C. The precise statement we prove is as
follows.

THEOREM 3.11. Fiz m > 1, and let @ be a cuspidal automorphic rep-
resentation of GLa(Aq) of weight k, without CM. Suppose that for each
prime number I, m; admits an accessible refinement. Then we can find a
prime number p, an isomorphism t : Qp — C, and another cuspidal auto-
morphic representation ' of weight k with the following properties:

(1) Syml*(w) exists if and only if Sym]*(7') does.
(2) For each prime number 1, 7, admits an accessible refinement. If
moreover , is ramified, then this refinement is (m + 1)-regular.

This theorem, combined with Proposition 3.1, suffices to prove the exis-
tence of Sym[" () when 7 has no supercuspidal local components. We sketch
the proof. First, we will choose the prime p to be large relative to m, k, and
735, We will construct 7’ to have the same weight k, the same residual rep-
resentation r,(r) = r,(7’) with respect to some isomorphism ¢ : Q, — C,
and also to be unramified at p. We may then apply [BLGGT14, Theorem
4.2.1] to conclude that the first point in the theorem statement is true (in the

35The needed conditions are: p > max(2(m + 2), mk), r,(7) contains a conjugate
of SLz(F,), and mp is unramified. This implies in particular that for any isomorphism
L: Qp — C, Sym™ r,(m) is potentially diagonalisable and we are in a position to apply the
very general automorphy lifting theorems for (m + 1)-dimensional Galois representations
established in the paper [BLGGT14].
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equivalent form that the Galois representation Sym™ r,(7) is automorphic
if and only if Sym™ r, (') is).

To construct 7', we use Kisin’s refinement of the Taylor-Wiles method.
We need to introduce some relevant lifting and deformation rings. Let ¢ =
det r,(m), and let S denote the set of primes at which r, () is ramified. Fixing
a large enough coefficient field K, we let R; 5, € Co denote the object
representing the functor of deformations of p of determinant v, unramified
outside S, and Fontaine-Laffaille of Hodge-Tate weights {0,k — 1} on the
decomposition group Ggq,. If [ € S, we write Rj;;, € Co for the object
representing the functor of liftings of ﬁ\GQZ of determinant 1 (which are
moreover Fontaine-Laffaille of Hodge-Tate weights {0,k — 1} if [ = p).
Choosing p sufficiently large relative to p, we can assume that each of the
rings Ry, is formally smooth over O of relative dimension 3.

In order to compare the global deformation ring with the local lifting
rings, we need to introduce the device of framed liftings. Accordingly, we
let RE gw € Co» denote the object representing the functor of orbits of pairs
(p,{au}i € S), where p is a lifting of type Rj g, and for each [ € S, a; €
ker(GL2(A) — GL2(k)). The orbits are taken under the action of the group
ker(GLo(A) — GLa(k)), which acts by the formula g - (p, {ay}; € S)
(9pg ", {gau}ics). There is a natural ring homomorphism R; g, — Rﬁ S
which Corresponds (under the Yoneda lemma) to the functor of ‘forgetting
the matrices «;’. This rlng homomorphism is formally smooth and in fact
has a section, so that RS 5.5 is non-canonically isomorphic to a power series
ring over 5 gy

Having introduced the framed version of the global deformation ring,
we introduce also the completed tensor product R_OC Sy = ®165Rp, 1w € Co,
which represents the functor of tuples ({p;}ics) of hftlngs of the local rep-
resentations plaq, (these liftings supposed to be all of determinant ¢[g, ).
A tangent space calculation generalising the one described in §3.1 implies
that there is a presentation

[ 0
RS [X1,..., X)) » RIS,

Introducing sets @ of Taylor-Wiles primes (valid since r,(7) is absolutely
irreducible, although its symmetric power might not be), we obtain auxiliary
diagrams

Rl X1, Xg] — RS — RS

P,5UQ,p PS5

We may introduce spaces of automorphic forms that these deformation
rings act on (through a map to an appropriate Hecke algebra). The Taylor—
Wiles—Kisin patching argument can then be used to ‘patch’ these together
to obtain a ‘patched module’ of automorphic forms H,,, which is a faith-
ful R%Of&w [X1,...,X4]-module. Typically at this point in the argument, one

would ‘return to level 1’ to find that R,B‘:| S , acts faithfully (or at least has
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nilpotent annihilator) on a space of automorphic forms at base level, which
in turn implies an automorphy lifting theorem.

Here however we want to do something slightly different. Recalling the
statement of Theorem 3.11, let us suppose for contradiction that for every set
Q of Taylor—Wiles primes for p there is no automorphic representation 7’ of
weight k which is unramified away from SUQ — {p}, satisfies 7, (7) = r,(m),
and with the property that 7] is (m + 1)-regular for each [ € S. This implies
that for every such 7', the local representations r,(n')|cq, (I € S) must lie

in the ‘non-(m + 1)-regular’ locus of Spec f;’gw a proper Zariski closed

subset. This leads to a contradiction because this property is inherited by
the patched module H,, implying in particular that H., cannot be a faithful
Rlﬁfgw [X1,..., X ]-module. We deduce that there must be at least one set
Q of Taylor-Wiles primes and one automorphic representation 7’ with the
desired (m+1)-regular refinements at primes [ € S. We’re now done: we just
need to check that if 7; is ramified for some ¢ € @ then 7 is also (m + 1)-
regular, but this is automatic since the image 7,(7")(Iq,) is generated by a
non-scalar matrix of p-power order and p is large relative to m.

3.7.2. The case of supercuspidal local components. We now treat the
general case of our main Theorem 2.7. To reduce this case to the previous
one, we use the the following ‘functoriality lifting theorem’:

THEOREM 3.12. Let w, © be cuspidal automorphic representations of
GL2(Aq) of weight 2. Let m > 1, let p be a prime number, and let ¢ : Q, —
C be an isomorphism such that the following conditions are satisfied:

(1) There is an isomorphism r,(m) = r (7).

(2) Neither m nor 7 is t-ordinary.

(3) For each prime | # p, 7 is a twist of the Steinberg representation
if and only if ] is.

(4) There exists a > 1 such that p® > max(5,2m + 1) and there is a
sandwich

PSLQ(Fpa) C Proj T‘L(T(')(GQ) C PGLQ(Fpa)

up to conjugacy in PGLy(F)). (Here Projr,(m) denotes the projec-

tive representation associated to r,(m).)

Then Sym}"(w) exists if and only if Sym]*(x') does.

Let us explain why we call this a functoriality lifting theorem. It could
be viewed as a kind of automorphy lifting theorem: it says that the au-
tomorphy of the Galois representation Sym' r,(7) implies the automorphy
of the Galois representation Sym™ r,(7’), which has the same associated
residual representation. However, because we impose more stringent condi-
tions, namely that these Galois representations arise as functorial transfers
of 2-dimensional Galois representations which are known already to be au-
tomorphic, we are able to obtain a more refined statement that we would
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otherwise. In particular, the above theorem is valid for any prime p (in-
cluding the case p = 2!) and when p is small relative to m (in which case
the residual representation Sym™ r,(7) could have arbitrarily many Jordan—
Holder factors). This is also reflected in the proof, where instead of perform-
ing Taylor—Wiles patching on a single (pseudo-)deformation ring, we patch

two (pseudo-)deformation rings (corresponding to deformations of r,(7) and

tr Sym™ r,(7) respectively) and the map between them induced by the rep-
resentation Sym"” : GLo — GLy,41.

3.7.3. Getting to the end. Before getting on to the proof of Theorem
3.12, let’s sketch how it leads to the completion of the proof of symmet-
ric power functoriality for regular algebraic cuspidal automorphic represen-
tations of GLa(Aq). Let m be a cuspidal automorphic representation of
GL2(Aq) of weight k and without CM. We induct on the number sc(m) of
primes [ such that 7 is supercuspidal, the base case sc(m) = 0 having been
already established.

The first reduction is that we can assume k = 2. This is familiar from
the proof of Serre’s conjecture: we can choose a prime p, large enough with
respect to 7 so that for any isomorphism ¢ : Qp — C, r,(m)(Gq) contains a
conjugate of SLy(F),), mp is unramified, and another cuspidal automorphic
representation 7’ of GLy(Aq) of weight 2 such that at primes | # p, m
and 7; are unramified twists of each other, but such that 7r}’j is now ramified
(of principal series type, say). Then r,(7") will be potentially Barsotti-Tate
and so potentially diagonalisable, in the sense of [BLGGT14]. Here we are
using a result from [GK14], itself making use of Kisin’s description of the
irreducible components of the local lifting rings of 2-dimensional Barsotti—
Tate representations [Kis09c]|. The automorphy lifting theorems established
in [ BLGGT14] then show that Sym[" () exists if and only if Sym[* (") does.

The next reduction is that, selecting a prime p such that m, is super-
cuspidal, we can assume that there is an isomorphism ¢ : Qp — C such

that the residual representation r,(m) satisfies the ‘large image’ hypothesis
(4) of Theorem 3.12. The idea that one can force large image (and in par-
ticular, non-dihedral image) of the mod p Galois representation by adding
in additional primes of ramification is important in the proof of [KW09a],
where ‘good dihedral primes’ are introduced that force the residual image
m to be large for all primes p up to a specified bound. Using a similar
idea, we can modify 7 so that it is ‘seasoned’®) in the sense of [NT21b,
Definition 3.6], and therefore has large residual image with respect to at
least one isomorphism ¢ : Qp — C for each prime number p such that m, is
supercuspidal.

36This definition requires 3 prime numbers to be in a good position with respect to
7. The word is supposed to suggest that, having been sprinkled with a few well-chosen
primes, the automorphic representation 7 is especially palatable. An additional subtlety
over the case considered in [KW09a] is that we need control of the residual representation
of 7 including at the prime ¢ where additional ramification is imposed.
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We are now ready to carry out the induction step. We choose ¢ : Qp — C

such that r,(m) has large image and m, is supercuspidal. Using well-known
principles (in particular, the theory of types as in [KhaO1]), we can find

another cuspidal automorphic representation 7’ of weight 2 such that r, () =
r,(m'), such that for each prime [ # p, m, 7] have the same inertial type,
and (crucially) such that 7, is not supercuspidal. Thus Sym}"(n’) exists, by
induction, and Theorem 3.12 implies that Sym!*(7) exists too.

3.7.4. Proving Theorem 3.12. Let us now describe the modification of
the Taylor—Wiles—Kisin method that leads to the proof of Theorem 3.12. The
case p = 2 requires additional complications, analogous to those appearing
in the article [Kis09b] relative to [Kis09c|, so we concentrate on the case
where p is odd. In fact, we adopt the following simplifying hypotheses:

e After base change to a soluble totally real extension F'/Q, r,(7)|q,
is unramified away from p but crystalline (hence Barsotti-Tate) at
the p-adic places of F'.

o detr,(m) =e L

e [F:Q]is even.

e Let S, denote the set of p-adic places of F'. If v € S, then r(m)|a -
is the trivial representation.

Let p = r,(7)|gp, let S, denote the set of p-adic places of F, and let
R5 5,1 € Co denote the object representing the functor of deformations of
p which are unramified outside ), of determinant ¢! and Barsotti-Tate
non-ordinary in the sense of [Kis09c|. The hypothesis that [F' : Q] is even
implies that there is a quaternion algebra D over F which is split at fi-
nite places and definite at the infinite places; the deformation ring R g 1
acts on a module Hp of non-ordinary algebraic modular forms with integral
structure on D.

The Taylor—-Wiles—Kisin method, as exhibited in [Kis09c] and sketched
in the previous section, makes it possible to construct an object Sy € Co,
an Sy-algebra R and an Ry-module Hp o, with the following properties:

e There is a number ¢ such that S, = O[S4, ..., 5].

e There is an isomorphism R ®g,, O = R s,.c-1 and a compatible
isomorphism Hp o ®s., O = Hp.

e Hp  is finite free as So-module and R, is an integral domain of
the same Krull dimension as Ss.

These facts together imply that R acts faithfully on Hp o, hence that the
annihilator of Hp as R; g, .—1-module is nilpotent — and this directly implies
that any deformation of p corresponding to a homomorphism R; g 1 — O
is automorphic.

We now introduce the structures associated to Sym™ p. If p is larger
than m then this representation will be reducible, so we need to use pseu-
dodeformation rings. Accordingly, we introduce a quadratic CM extension



154 J. A. THORNE

M/F and let ¢t = tr Sym™ p|g,,, and write P € Co for the object classify-
ing conjugate self-dual pseudodeformations of ¢ which are semistable with
Hodge—Tate weights in the interval [0,m]; the same ring whose existence
we have exploited already in §3.5. We introduce the definite unitary group
Gm+1 over F' and write Hg for a space of algebraic modular forms on G,41
with integral structure, on which the ring P acts. We observe that there is
a tautological ring homomorphism

P — Rﬁ,Sp,Eil’

which classifies the natural transformation which associates to a deformation
p' of p the pseudocharacter tr Sym™ p/|q,,. After introducing Taylor-Wiles
primes and carrying out a patching argument, we can construct, in addition
to the objects R, Hp o considered above, an Sy.-algebra Py, and a Py-
module Hg o, with the following properties:

e There is an isomorphism Py, ®g,. O = P and a compatible isomor-
phism HG,oo XS O = Hg.

o Hg o is finite free as So-module.

e There is a ring homomorphism P, — R, making the diagram

Py — Ry

L]

P——R
commute.

What we do not have is any control on the Krull dimension of the set of
irreducible components of P,,: getting such information for the ring R
relies on being able to compute the tangent space in Galois cohomological
terms and to choose Taylor—Wiles primes which kill the dual Selmer group,
which is not possible for P, because of the potentially degenerate form of
the residual representation Sym™ p|q,, -

As a substitute for this, we will use the vanishing of the adjoint Bloch—
Kato Selmer group H} (F,ad Sym™ p). Let p,p’ C P denote the prime ideals
which are the kernels of the maps P — O associated to the two representa-
tions Sym" r,(7)|q,, and Sym™ r,(7")|q,,, and let poo, pl, C Px denote the
pullbacks of these prime ideals to Ps,. The vanishing of the adjoint Bloch—
Kato Selmer group implies that the Zariski tangent space of the ring B, is 0,
and therefore that the Zariski tangent space of the ring Py .. has dimension
at most dim So[1/p]. On the other hand, if we assume that Sym[*(7) exists
then po is in the support of Hg o, which is a free Soo-module, implying that
the Krull dimension of Pu p, is at least dim Seo[1/p]. It follows that Py ()
is a regular local ring and that there is a unique irreducible component Z
of Spec Py, containing p.o, which is necessarily in the support of Hg o as
P,-module.

We now consider the map Spec Ry, — Spec Ps. The map Py — Roo
is finite, so this map has closed irreducible image of dimension dim S,, and
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containing both the points p, p.,. We conclude that this image equals Z
and that p._ is in the support of Hg o as Px-module. Passing back to P,
we find that p’ is in the support of Hg as P-module, or in other words that
Sym™ r,(7')|a,, is automorphic and Sym[*(7’) exists, as required.

3.8. The defects of our proof. We conclude this article with a re-
flection on the reach of our methods. There is no doubt that reciprocity is
an effective tool for studying Langlands functoriality for those automorphic
representations which have associated Galois representations. After the the-
orems discussed in this article, the next goal would be to establish symmetric
power functoriality for all automorphic representations associated to Hilbert
modular forms (in other words, regular algebraic cuspidal automorphic rep-
resentations of GLa(A ), without CM, where F' is an arbitrary totally real
field), beyond the case F' = Q. Many of our techniques apply equally well
in this case: in particular, the ‘analytic continuation of functoriality’ prin-
ciple on the eigenvariety, the vanishing of the adjoint Bloch—Kato Selmer
group for Galois representations associated to RACSDC automorphic repre-
sentations, and the ‘functoriality lifting theorem’ discussed in the previous
section (which is in fact stated in [NT21b] over an arbitrary totally real
base field).

However, there is one critical ingredient which is missing in general,
namely the beautifully simple structure of the 2-adic tame level 1 eigencurve.
Although the rough structure of the eigencurve at the boundary of weight
space may be expected to generalise (and this is even proved in many cases,
as in [LWX17]), it is not reasonable to expect such a clean statement to
hold over base fields other than Q. One can draw an analogy here with the
proof of Serre’s conjecture. As we have alluded to above, this may be proved
by reducing to the case of S-type representations p: Gq — GLQ(Fp) which
are unramified outside p. The proof in this case in turn is by induction on the
prime p, beginning with Tate’s theorem [Tat94| that the conjecture holds
vacuously when p = 2 (because the set of S-type representations in this case
is empty).

Serre’s modularity conjecture is expected to hold equally over any to-
tally real number field (or even over any number field at all, in the correct
formulation) [BDJ10]. However, we cannot expect the above strategy to
work without modification because when the base number field F' is large
enough, there are plentiful low weight S-type representations which are ram-
ified only at the p-adic places. (For example, Dembélé [Dem09] constructs
a surjective representation G — SLa(Fags) with F' = Q((32) N R, ramified
only at the 2-adic places.) There is no base case for the induction!

In the case of symmetric power functoriality, we can point to two possible
ways out. The first is to try to follow the conjectural programme outlined
in [CT14], which aims to establish the existence of the symmetric power
lifting Sym[*(7) by induction on m. Holding us back is the hypothesis that
one already has access to sufficiently many cases of GLg x GL, — GLa, tensor
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product functoriality — itself a non-trivial problem. More speculatively, non-
abelian (or non-soluble) descent for algebraic automorphic representations
would allow one to upgrade potential automorphy, as established in great
generality in the papers [BLGGT14, PT15] to true automorphy. We look
forward to finding out what the future holds.
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