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1. INTRODUCTION

The goal of this paper is to extend, for any non-archimedean local field E of
residue characteristic £, the local Langlands correspondence between n-dimensional
representations of the local Galois group Gg and admissible smooth representations
of GL,,(F) to a correspondence defined on p-adic families of G g-representations (for
primes p distinct from £).

1.1. The local Langlands correspondence for GL,, in p-adic families. Let p
and ¢ be distinct primes, and let E be a local field of residue characteristic £. If A
is a complete local domain of characteristic zero and residue characteristic p, with
field of fractions IC, then the classical local Langlands correspondence establishes
a map p — m(p) from the set of isomorphism classes of continuous representations
p: Gg — GL,(K) to the set of admissible smooth representations of GL,(E)
over K.

In Section 6 we describe the extension of the local Langlands correspondence
to p-adic families. Before stating our result, we introduce further notation: given
p: Gg — GL,(K) as above, we write 7(p) to denote the smooth contragredient
of m(p).

1.1.1. Theorem. Let A be a reduced complete Noetherian local ring with maximal
ideal m and finite residue field k of characteristic p. Suppose furthermore that

The first author was supported in part by NSF grants DMS-0401545, DMS-0701315, and
DMS-1002339.

1The local Langlands correspondence is usually stated in the situation when K is a finite
extension of Q,. However, it is straightforward to extend it to the more general context considered
above. Also, let us note that we work with a suitably normalized “generic” version of the local
Langlands correspondence, which to a non-generic Weil-Deligne representation attaches a generic
but reducible principal series representation. See Section 4 for details on both points.
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each minimal prime of A has residue characteristic 0 (or equivalently, that A is p-
torsion free). If p : Gg — GLy,(A) is continuous (when the target is given its m-adic
topology), then there exists at most one admissible smooth GL,,(E)-representation
V over A, up to isomorphism, satisfying the following conditions:

(1) V is A-torsion free.
(2) If a is a minimal prime of A, with residue field k(a), then there is a k(a)-
linear GL,, (E)-equivariant isomorphism

7(k(a) ®a p) — k(a) @4 V.
(3) If we write V := k ®a V, then the GL,(E) cosocle cosoc(V) of V is ab-

solutely irreducible and generic, while the kernel of the surjection V. —

cosoc(V') contains no generic Jordan—Hélder factors.

Furthermore, if such a 'V exists, then:
1
(4) There exists an open dense subset U of Spec A[=] such that for each prime
p

p in U, there is a GL, (E)-equivariant, nonzero surjection
7 (r(p) @4 p) = K(p) ®4V,
where k(p) is the residue field of p.

If a representation V satisfying the conditions of this theorem with respect to
a given Galois representation p : Gg — GL,(A) exists, then we write V := 7(p).
(Note that the theorem ensures that V' is unique up to isomorphism, so that 7(p)
is then uniquely determined by p, up to isomorphism, if it exists.) Part (4) of the
theorem describes the precise sense in which V interpolates the local Langlands
correspondences attached to the Galois representations k(p) ® 4 p as p ranges over
the points of Spec A[%} Conjecturally, we can take U equal to all of Spec A[%] in
this statement, although our results fall short of establishing this. (We refer the
reader to Theorems 6.2.5 and 6.2.6 for the precise results.) On the other hand,
we will give examples in Section 6 showing that it is not possible in general to
strengthen “surjection” to “isomorphism” in this statement.

1.1.2. Remark. Our convention for the generic local Langlands correspondence is
that the GL,,(KC)-representation m(p) attached to a continuous Galois representa-
tion p : Gg — GL,(K) should have generic socle. It is this convention that seems
to fit best with global applications of the type considered in [5] and [6], for exam-
ple. On the other hand, when working with families, it turns out to be easier to
interpolate representations whose cosocle is generic. This explains the appearance
of the various contragredient representations in Theorem 1.1.1, and in our notation
for the representations that it describes.

Just as in the traditional setting, it seems to be easier to characterize the local
Langlands correspondence in families than to prove its existence. However, we
make the following conjecture.

1.1.3. Conjecture. If A is a reduced p-torsion free complete Noetherian local ring
with mazimal ideal m and finite residue field k of characteristic p, and if p: Gg —
GL,(A) is continuous, then T(p) exists.



LOCAL LANGLANDS IN FAMILIES 3

One instance in which we can verify the conjecture is the case when A is the
ring of integers in a finite extension of Q,. (In this case, it is a consequence of
Proposition 3.3.2.) Perhaps more significantly, in the case when n = 2 and p is
odd, the conjecture has been established by the second author [8].

1.1.4. Remark. In the theory of p-adic automorphic forms one naturally encounters
admissible smooth representations of p-adic groups defined over complete local rings
A of the type considered in the theorem (the ring A typically being taken to be
a certain p-adically completed Hecke algebra), and a primary motivation for our
extension of the local Langlands correspondence to this setting is to introduce a
language and techniques which are adequate for describing and investigating the
representations that arise in such global contexts. For example, the results of this
paper in the case of the group GLs play a crucial role in both the statement and
proof of the main result of [5] regarding local-global compatibility in the completed
cohomology of modular curves, and also in the forthcoming work [6].

1.2. A mod p local Langlands correspondence for GL,,. In Section 5 we define
a mod p local Langlands correspondence, whose key properties are summarized in
the following theorem.

1.2.1. Theorem. There is a map p — T(p) from the set of isomorphism classes
of continuous representations Gy — GL, (k) (where k is a finite field of char-
acteristic p) to the set of isomorphism classes of finite length admissible smooth
GL,,(E)-representations on k-vector spaces, uniquely determined by the following
conditions:

(1) For any p, the G-socle soc(7(p)) of the associated GL,, (E)-representation
7(p) is absolutely irreducible and generic, and the quotient 7(p)/ soc(7(p))
contains no generic Jordan—Hdélder factors.

(2) Given p: Gg — GLy(k), together with a deformation p : Gg — GL,(O)
of p, where O is a characteristic zero discrete valuation ring with uni-
formizer w and residue field k' containing k, there is GL,,(F)-equivariant
surjection T(p) @y k' — T(p) /w7 (p). (Note that T(p) must exist as O is a
finite extension of Qp.)

(3) The representation T(p) is minimal with respect to satisfying conditions (1)
and (2), i.e. given any continuous representation p : Gg — GL, (k) and
any representation T of GL, (E) satisfying these two conditions with respect
to p, there is a GLy,(E)-equivariant embedding w(p) — 7.

Recall that Vigneras has already defined a mod p local Langlands correspondence
for GL,, in [14]. The key differences between the correspondence of our theorem
and correspondence of [14] are:

(a) The input is a Galois representation (not a Weil-Deligne representation).

(b) The output is an admissible smooth GL,, (E)-representation that is possibly
reducible, but always generic.

(¢) The correspondence is compatible with reduction modulo p in the direct
sense given by parts (2) and (3). (The Zelevinski involution does not inter-
vene.)

This being said, we rely on the results of [14] for the construction of our corre-
spondence. The key point, whose proof relies on [14], is that for any deformation p
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of p, the representation 7(p) reduces modulo m to a representation whose cosocle is
absolutely irreducible and generic, and is independent, up to isomorphism, of the
choice of p. (See the discussion following Corollary 5.1.2 below.)

1.2.2. Remark. One can consider the following stronger form of condition (2) of
Theorem 1.2.1:

(2") Given p: Gg — GL,(k), together with a deformation p : Gg — GL,(A)
of p, where A is a reduced complete Noetherian local W (k)-algebra, flat
over W (k), with mazimal ideal m and residue field k, and 7(p) exists, there
is a GLy,(E)-equivariant surjection T(p) — 7(p)/@7(p).

In some circumstances, we are able to verify that 7(p) is in fact minimal with
respect to conditions (1) and (2’). (In other words, 7(p) contains as a submodule
the dual of any module that arises by specializing a family 7(p) attached to a
deformation of p.) This is essentially a characteristic p analog of Theorems 6.2.5
and 6.2.6. We conjecture that this stronger minimality property holds in general.

1.2.3. Remark. In general, 7(p) is not irreducible, and if this is the case, then
it is not possible to strengthen “surjection” to “isomorphism” in the statement of
part (2) of Theorem 1.2.1.

1.3. The organization of the paper. We begin by establishing some basic facts
about admissible smooth representations of certain topological groups over a Noe-
therian local ring A; we apply this machinery in section 2.2 to the study of invariant
lattices in representations of topological groups over the field of fractions of a com-
plete discrete valuation ring. The key result we establish is Lemma 2.2.6, which in
certain circumstances allows us to construct an invariant lattice in such a represen-
tation whose reduction has a prescribed socle.

Section 3 establishes results specific to the representation theory of GL, (E) over
certain local rings A. In 3.1 we construct a theory of Kirillov models over a large
class of base rings. Our approach essentially follows that of [1], but as we are
not working over algebraically closed fields issues of descent arise. In spite of this
one recovers almost all of the theory of the Kirillov functors developed in [1, §4].
Particularly useful for us is the notion of a “generic” irreducible representation over
an arbitrary field.

Section 3.2 introduces an essential concept for our results: that of an essentially
AIG representation over a field. These are representations whose socles are abso-
lutely irreducible and generic, and that satisfy a certain finiteness property. The
importance of these representations stems from the fact that the “modified Lang-
lands correspondences” we consider send Galois representations to essentially AIG
representations. In section 3.3 we apply the results of section 2.2 to establish some
basic facts about the reduction theory of essentially AIG representations.

In section 4 we study the behavior of the local Langlands correspondence (over
fields of characteristic zero) under specialization. As we have previously discussed,
the usual local Langlands correspondence is not suitable for our purposes, and we
instead consider a modification of this correspondence due to Breuil and Schneider.
Our first main result (Corollary 4.3.3) establishes that the admissible representa-
tions of GL,(E) produced by the Breuil-Schneider correspondence are essentially
AIG. Once we have this, we apply the reduction theory of section 3.3, together with
ideas from the Zelevinski classification, to establish Theorem 4.5.7, which relates
the behaviour of a Galois representation under specialization to a characteristic zero
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residue field to the behaviour (under the same specialization) of the corresponding
admissible representation constructed by Breuil-Schneider.

Section 5 constructs a “modified local Langlands correspondence” in characteris-
tic p, by analogy with the Breuil-Schneider correspondence; in particular we define
this correspondence to be the “minimal” correspondence that satisfies a mod p
analogue of Theorem 4.5.7. We refer the reader to Theorem 5.1.5 for the precise
definition.

We finally turn to the study of the local Langlands correspondence for families of
admissible representations in section 6. Section 6.2 discusses the main results of our
theory; to avoid obscuring this discussion with technicalities we postpone the proofs
to section 6.3. Surprisingly little beyond the theory of Kirillov models is necessary to
prove the basic uniqueness result of Theorem 6.2.1. On the other hand, establishing
more precise results about the structure of the family of admissible representations
attached to a given family of Galois representations (for instance, the interpolation
theorems 6.2.5 and 6.2.6) requires the full strength of the specialization results in
section 4.

1.4. Acknowledgments. Matthew Emerton would like to thank Kevin Buzzard,
Frank Calegari, Gaetan Chenevier, Mark Kisin, and Eric Urban for helpful con-
versations on the subject of this note. He first began to investigate some of the
questions considered in this paper at the conference “Open questions and recent
developments in Iwasawa theory”, held at Boston University in June 2005, in hon-
our of Ralph Greenberg’s 60th birthday, and was given the opportunity to further
explore them in a series of lectures given during the special semester on eigenvari-
eties at Harvard in April 2006. He would like to take the opportunity to thank both
institutions, as well as Robert Pollack and Barry Mazur, the principal organizers
of the two events, for providing such stimulating mathematical environments.

David Helm would like to thank Kevin Buzzard for his ideas and perspective on
the questions addressed by this note, and Richard Taylor for his continued interest,
advice, and encouragement.

Both authors benefited from a mutual exchange of ideas occasioned by the con-
ference “Modular forms and arithmetic”, held at MSRI in June/July 2008, and
sponsored by MSRI and the Clay Math Institute. They would like to thank these
institutions, as well as the organizers of the conference, for creating this fruitful
opportunity.

2. REPRESENTATION THEORY — GENERAL BACKGROUND

2.1. Admissible smooth representations. Let A be a Noetherian local ring
with maximal ideal m and residue field k. In this subsection we recall some basic
facts about admissible smooth representations over A.

2.1.1. Definition. An A-linear representation of a topological group H on an A-
module V is called smooth if any element of V' is fixed by an open subgroup of H.

Clearly any H-invariant sub- or quotient A-module of a smooth H-representation
over A is again a smooth H-representation over A.

2.1.2. Definition. A smooth representation of a topological group H on an A-
module V is called admissible if for any open subgroup Hy C H, the A-module of
fixed points Vo is finitely generated.
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Clearly any H-invariant A-submodule of an admissible smooth H-representation
over A is again an admissible smooth H-representation over A. (For the case of
H-invariant quotients, see Lemma 2.1.6 below.)

Consider the following condition on H:

2.1.3. Condition. H contains a profinite open subgroup, admitting a countable
basis of neighbourhoods of the identity, whose pro-order is invertible in A.

Suppose that H satisfies Condition 2.1.3, and let {H;};>0 denote a decreasing
sequence of open subgroups of H, each of whose pro-order is invertible in A, and
which forms a neighbourhood basis of the identity in H. If V is a smooth H-
representation over A, then for each n > 1, we may define the idempotent projector
m Vo VHiviav — f H, hvd;, where p; denotes Haar measure on H;, normalized
so that H; has total measure 1. If we define V; := kerm; [ VHit1 then the inclusions
V; C V induces an isomorphism of A-modules

(2.1) v =V

The formation of V; is evidently functorial on the category of smooth representations
of H over A, and thus so is the direct sum decomposition (2.1). In fact one can say
something more precise:

2.1.4. Lemma. Suppose that H satisfies Condition 2.1.3. If W is an H-invariant
A-submodule of the smooth H-representation A over V, then the natural maps

W, = ViAW and V;/ (VW) — (V/W); are isomorphisms.
Proof. This is evident. ([

2.1.5. Lemma. Suppose that H satisfies Condition 2.1.3. A smooth H-represen-
tation V' over A is admissible if and only if each of the A-modules V; is finitely
generated.

Proof. This follows from the isomorphisms €5 i<i V; = VHi for each 4, and the

fact that the sequence {H;} is cofinal in the collection of all of open subgroups
of H. O

2.1.6. Lemma. Suppose that H satisfies Condition 2.1.3. If V is an admissible
smooth H -representation over A, and if W is a G-invariant A-submodule of V,
then V/W is again an admissible smooth H-representation over A.

Proof. This follows from the preceding lemma, and the fact that V; — (V/W); is
surjective. 0

If V is an A-module equipped with an admissible smooth H-representation, then
typically V itself will not be finitely generated as an A-module. Nevertheless, the
existence of the decomposition (2.1) allows us to extend many results about finitely
generated A-modules to the situation of admissible smooth G-representations.

2.1.7. Lemma. If H satisfies Condition 2.1.3, and if V is an admissible smooth
H -representation for which V/mV =0, then V = 0.

Proof. The decomposition (2.1) yields the isomorphism €9, V;/mV; — V/m. Thus
V/mV = 0 implies that V;/mV; = 0 for each value of i. Since each V; is finitely
generated over A, this in turn implies that V; = 0 for each i, by Nakayama’s lemma.
Thus V = 0, as claimed. ([
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2.1.8. Lemma. If H satisfies Condition 2.1.3, and if V is an admissible smooth
representation such that V/mV is finitely generated over k[H|, then V is finitely
generated over A[H].

Proof. Let S C A be a finite subset whose image in V/mV generates this quotient
over k[H], and let W be the A[H]-submodule of V" generated by S. Lemma 2.1.6 im-
plies that (V/W) is admissible, and by construction we see that (V/W)/m(V/W) =
0. Thus Lemma 2.1.7 shows that W = V| and so V is also finitely generated. [

It will be technically useful to consider a related notion of admissible represen-
tation.

2.1.9. Definition. If V' is an A-module equipped with an A-linear representation
of H, we say that V is an admissible continuous H-representation if:
(1) V is m-adically complete and separated.
(2) The H-action on V is continuous, when V is equipped with its m-adic
topology (i.e. the action map H X V — V is jointly continuous).
(3) The induced H-representation on V/mV (which is automatically smooth,
by (1)) is admissible smooth.

2.1.10. Lemma. Suppose that H satisfies Condition 2.1.3. If V is a continu-
ous admissible H -representation over A, then for each m > 0, the induced H -
representation on V/m™V is admissible smooth.

Proof. Condition (2) of Definition 2.1.9 implies that the H-action on V/m"V is
continuous, when the latter is equipped with its discrete topology. In other words,
V/m™V is a smooth representation of H. Since the formation of H;-invariants is
exact, for any i > 0, we find that (V/m"V)H /m(V/m"V)H: =5 (V/mV)H: s
finite dimensional over A/m, by Condition (3) of Definition 2.1.9. Lemma 2.1.16
below (applied to the module (V/m"V )i of the Artinian local ring A/m"™) then
shows that (V/m"V)f: is finitely generated over A/m”. Consequently V/m"V is
admissible. d

2.1.11. Definition. If V' is an A-module, we let V denote the m-adic completion
of V.

2.1.12. Definition. If V' is an A-module equipped with an H-representation, we
let Vim denote the subset of V' consisting of vectors which are smooth, i.e. which
are fixed by some open subgroup of H. One immediately verifies that Vg, is
an A-submodule of V', closed under the action of H. Thus Vi, is a smooth H-
representation.

2.1.13. Proposition. Suppose that H satisfies Condition 2.1.3, and let V be an
admissible smooth H -representation over A.
(1) V is a continuous admissible H -representation over A.
(2) If A is m-adically complete, then the natural map V — Vg, is an isomor-
phism.

Proof. The H-action on V is smooth, and thus so is the H-action on V/m"V, for
each n > 0. Passing to the projective limit over n, we find that the H-action on
V is m-adically continuous. Since V/mV = V/mV, it follows from Lemma 2.1.6
that the H-action on ‘A//m‘A/ is admissible. Thus V satisfies both the conditions of
Definition 2.1.9. This proves (1).
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We now turn to proving (2), and so in particular, assume that A is m-adically

complete. For each ¢ > 0, we find that
VE 5 lim(V/mn V) He s i VI e Sy

(the second isomorphism following from the exactness of the formation of H;-
invariants, and the third following from the fact that Vi is finitely generated
over A, by assumption, and hence m-adically complete, since A is m-adically com-
plete). Consequently, the map Vi — Vi is an isomorphism for each i > 0, and
thus, passing to the inductive limit over i, we find that V' —= V., as claimed. O

2.1.14. Proposition. Suppose that H satisfies Condition 2.1.3 and that A is m-
adically complete, and let V' be an admissible continuous H -representation over A.

(1) Vim is an admissible smooth H-representation.
(2) The natural map Vi — V' is an isomorphism.

Proof. Since V is m-adically complete and separated, we see that Vi is m-adically
complete and separated for each ¢ > 0. Since the formation of H;-invariants is exact,
we see that VHi /mV#i =5 (V/mV)Hi which by assumption is finite dimensional
over A/m. Lemma 2.1.16 below then implies that Vi is finitely generated over A.
Since (Vsm)H'i = Vi by the very definition of Viy,, we see that Vi, is admissible,
proving (1).

If ¢ >0 and n > 0, then

(Varn) 1 /0 (Vi) 5 = VI fi VI 22 (V) e

the equality holding (as was already noted above) by the very definition of Vi,
and the isomorphism following from the exactness of the formation of H;-invariants.
Passing to the inductive limit over i, and taking into account the fact that V5, and
V/m™V are both smooth H-representations, we find that Vi, /m" Vi, — V/m"V.

Passing to the projective limit over n, we find that Vi — V, proving (2). O

2.1.15. Remark. It follows from the preceding propositions that if A is m-adically
complete, then the functors V Vand V — Vim are mutually quasi-inverse, and
induce an equivalence of categories between the category of admissible smooth H-
representations over A, and the category of admissible continuous H-representations
over A.

We close this subsection by recalling a version of Nakayama’s lemma in the
setting of m-adically separated modules over complete local rings.

2.1.16. Lemma. Suppose that A is m-adically complete. If M is an m-adically
separated A-module such that M/mM is finite dimensional over A/m, then M is
finitely generated over A.

Proof. Choose S = {s1,...,8n} C M to be finite, and such that the image of S in
M /mM spans M over A/m, and let N denote the A-submodule of M generated by
S. We then have that M = N + mM, and so arguing inductively, for each v € M
we may find, for each ¢ =1,...,s, a sequence of elements a; , of A with a;, € m"
for each n, such that for each n we have

RS Z(am +aj1+ -+ aim)si + m" M.

i=1
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Writing a; = a;0 + a;1 + -+ (a well-defined element of A, since A is m-adically
complete by assumption), we then find (since M is m-adically separated) that v =
>i_, ais; € N, and thus that M = N, proving the lemma. O

2.2. Invariant lattices. Let O be a complete discrete valuation ring, with field of
fractions K and residue field K of characteristic different from ¢. Let wo be a choice
of uniformizer of O. If V is a K-vector space, then by a lattice in V we mean an
O-submodule V° which spans V over K.

2.2.1. Definition. We say that a representation V of a group H over K is a good
integral representation if V' contains a w-adically separated H-invariant lattice V°
with the property that V° := V°/wV*° has finite length as a K[H]-module.

We now prove some basic results pertaining to this definition.

2.2.2. Lemma. Any subrepresentation of a good integral representation V of H
over KC is again a good integral representation of H.

Proof. If V° is a w-adically separated H-invariant lattice in V for which V° is of
finite length over K[H], then W° := V° N is a w-adically separated H-invariant
lattice in W, and since the natural map W'V is injective, we see that W° also
has finite length over K[H]|. O

2.2.3. Lemma. Let V be a good integral representation of a group H, and fix a
w-adically separated H-invariant lattice V° C V' such that V° has finite length
over K[H|. If M is an H-invariant O-submodule of V/V°, then either M is of
bounded exponent as an O-module, or else M contains a non-zero H-invariant
divisible O-submodule.

Proof. If M is not of bounded exponent, then the map M[w"”] — M[w™] induced
by multiplication by w™~ " has non-zero image for each n > m > 1, and hence,
since each M[w"] has finite length, we find that lim M[w™] # 0 (the transition

n

maps being given by multiplication by w). If (m,)n>0 is a non-zero element of
this projective limit, then the O-submodule of M generated by the elements m,, is
evidently non-zero and divisible. Thus the maximal divisible submodule of M is
non-zero; it is also clearly H-invariant. (]

2.2.4. Lemma. If H is a topological group satisfying Condition 2.1.3, and if V is
a good integral admissible smooth representation of H over K, then:

(1) Any two w-adically separated H-invariant lattices in V' are commensurable.

(2) If V° is a w-adically separated H-invariant lattice in V', then V° is finitely
generated over O[H], the K[H]-module V= Ve /wV®° is of finite length,
and the isomorphism class of (Vo)ss (the semisimplification of V° as a
k[H]-module) is independent of the choice of V°.

Proof. Since V is good integral by assumption, we may and do choose an w-adically
separated H-invariant lattice V° C V such that V* is of finite length. Then Vv’
is certainly finitely generated over K[H]|, and so Lemma 2.1.8 implies that V*° is
finitely generated over O[H].

Let V° be another w-adically separated H-invariant lattice in V. We will prove
that V¢ is commensurable with V°. This will prove (1). An easy (and standard)
argument then proves that V° is of finite length over K [H], and that (V°)* and
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(Vo)ss are isomorphic. Also Lemma 2.1.8 will imply that V¢ is finitely generated
over O[H]. Thus (2) will also follow.

Since V° is finitely generated over O[H|, we may find m > 0 such that V° C
w~™V?. In proving the commensurability of V° and V°, it is clearly no loss of
generality to replace V° by ="V °, and so we may and do assume for the remainder
of the proof that V° C V°.

Consider now the quotient V°/V° C V/V°. If V°/V° is not of bounded ex-
ponent, then Lemma 2.2.3 shows that it contains a non-zero H-invariant divisible
submodule D. The Tate module T),D := lim D[w"] (the transition maps being

given by multiplication by w) is then a non-zero w-adically complete and sepa-
rated O-module, equipped with an action of H, and an injection

(2.2) T,D — T,(V/V°) =5 Ve.
Now
- 1
T,D/wT,D 5 Djw] ¢ —V°/V°,
w

and hence T,D/wT,D is an admissible smooth H-representation. Thus T,D is
an admissible continuous H-representation over O, and so by Remark 2.1.15, the
injection (2.2) is obtained from the induced embedding (7}, D)sm < V° by passing
to w-adic completions. In particular (7, D)y 7# 0. Also, the image of the composite

K ®o (TyD)sm — V — V/V°

is precisely D, and so (since D C V°/V°), we conclude that K ®¢o (T,D)sm C V°.
But K @0 (T, D)sm is a non-zero K-vector space, and hence is not w-adically sepa-
rated. This contradicts our assumption on V°, and hence we conclude that V°/V°
is indeed of bounded exponent, and thus that V° and V¢ are commensurable, as
required. O

2.2.5. Definition. Let H be a topological group satisfying Condition 2.1.3, and
let V' be a good integral admissible smooth representation of a topological group
H over K. If V° is a w-adically separated H-invariant lattice in V' such that
V° :=V°/@wV° is of finite length as a K[H]-module (which exists, by assumption),
then we write V° to denote the semisimplification of V° as a K[H]-module. (The

preceding lemma shows that, up to isomorphism, Vs independent of the choice
of V°.)

The following lemma will allow us to choose lattices in good integral admissible
smooth representations whose reductions modulo w have certain specified H-socles.

2.2.6. Lemma. Let H be a topological group satisfying Condition 2.1.3, and let V
be a good integral admissible smooth representation of H over K. Let S denote
the set of isomorphism classes of Jordan—Hélder factors of V' (as a K[H]-module;
the discussion of Definition 2.2.5 shows that this set is well-defined), let T be a
subset of S, and suppose that V' contains no non-zero subrepresentation W (nec-
essarily also good integral, by Lemma 2.2.2 ) such that every Jordan—Holder factor
of W belongs to T. Then there exists a w-adically separated H-invariant lattice
Ve contained in V° with the property that Vo= Ve /wV*® contains no subobject
isomorphic to an element of T .
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Proof. Choose (as we may, by assumption) a w-adically separated H-invariant
lattice V° with the property that V= := V°/wV® is of finite length as a K[H]-
module. Let M C V/V° be the maximal O[H]-submodule all of whose Jordan—
Holder factors are isomorphic to an element of 7.

If we form the projective limit lim M[ww"] # 0 (the transition maps being given

n ) o
by multiplication by @), then lim M[w"] < lim —V°/V° — V°_ with saturated
W Low

and w-adically complete image. If we write W = K ®o (lim M[@"])sm, then Re-
mark 2.1.15 implies that W' is vanishes if and only if lim M [;—J”] does. On the other

other hand, by construction W is a subrepresentationnof V' with the property that
all the Jordan—Holder factors of W' belong to 7, and so by assumption W must
vanish. Thus lim M[w"] = 0, and so Lemma 2.2.3 implies that M is of bounded

exponent, say M = M[w"].

Let V' denote the preimage of M in V. Since V° C V° C w™"V°, we see that
V* is w-adically separated. Since V' —% w~1V°/V® < V/M, our choice of M
ensures that V° contains no subobject isomorphic to an element of 7. |

3. REPRESENTATION THEORY — THE CASE OF GL,,

3.1. Kirillov models. Let k be a perfect field. Let £ be a prime distinct from the
characteristic of k, and let k£ be a Galois extension of k containing all /-power roots
of unity.

In this section we set G = GL,(E), where E is a non-archimedean local field
of residue characteristic /. We will define a notion of Kirillov models for smooth
representations of G over a W (k)-algebra A.

We begin by recalling the basic properties of Kirillov models associated to smooth
W (k)[G)-modules.

In the case of smooth C[G]-modules, these results are found in [1, §4]; over more
general algebraically closed fields they can be found in [12, Ch. II1.1]. The extension
of these results to coeflicients in W(E) is more or less immediate. We summarize
the key facts:

Define subgroups P, and N,, of GL,, (F) by setting:

P, ={ 8 11) | a€GL,_1(E), beE"1},
_ Idp—1 b n—1
N, ={ 0 1) | beE™1},

We consider GL,,_1(F) as a subgroup of P, in the obvious way, and identify N,

with E"~1. Note that P, = GL,,_1(E)N,. Any character ¢ : E"~! — W(k)*
induces a character of N,, via
Id,—1 b
( . 1) (),
which we again denote by . B
We fix, for the remainder of this section, a character ¢» : E — W(k)* whose
kernel is equal to the subgroup Op of E. We consider 1 as a character of E"~!
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by setting ¥(ey,...,en—1) = ¥(en—1), and also as a character of N,, via the iso-
morphism of E"~! with N,,. The subgroup GL,_1(FE) of P, normalizes N,,, and
therefore acts on the set of characters of NV,, by conjugation. The stabilizer of
under this action is the subgroup P,,—; of GL,,_1(E).

3.1.1. Definition. For a W(k)-algebra A, let Rep,(G) denote the category of
smooth A[G]-modules. Define functors U=, ¥t &= &+ &+ by:

o U : RepW(E)(Pn) — RepW(E)(GLn_l(E)) is given by (V) = Vy, , the
module of N, -coinvariants of V.

o UT : RepW(E)(GLn,l(E)) — RepW(E)(Pn) is the functor that takes a
GL,_1-module V and extends the action of GL,_1 to P, by letting N,
act trivially.

o & : Repw@)(Pn) — Repy, 3, (Pn—1) is given by (V) =V, where Vy
is the largest quotient of V' on which N,, acts by ¥. (As P,_1 normalizes
¥, Vi is naturally a P,_1-module.)

o OF: Repyy ) (Pn—1) = Repyy, ) (Pn) is given by

OT(V)=c—Indpy_n V/,
where V' is the P,_1Ny,-module obtained from V by letting N,, act via ¥,
qnd ¢ — Ind denotes smooth induction with compact support.
o O : RepW(E)(Pn_l) — RepW(E)(P”) is given by
OT(V)=Indp_ V'

n

The natural surjections of V onto ¥~V and of V onto @~V are GL,,_1(F) and
P, _1-equivariant, respectively.

3.1.2. Remark. Note that these functors differ from the ones defined in [1] in that
they are not “normalized.” More precisely, the functors defined in [1] are twists of
the above functors by the square roots of certain modulus characters. This makes
them unsuitable for most of our purposes, as the descent arguments we make at
the end of this section do not apply to the twisted functors defined in [1]. We will
thus use the “non-normalized” functors defined above throughout the bulk of the
paper.

An unfortunate exception to this is in the proof of Proposition 4.3.2. While it
would in principle be possible to give a proof of Proposition 4.3.2 using the non-
normalized functors that we use elsewhere, the normalization of [1] simplifies the
combinatorics immensely. We have thus chosen to adopt this normalization for the
purposes of that proof only.

The arguments of [1, §3.2] carry over to this setting to show:

3.1.3. Proposition. (1) The functors U=, Ut &= & &F are exact.
(2) @7 is left adjoint to D=, U~ is left adjoint to ¥T, and ™ is left adjoint
to &+,
(3) U~ o+ = ot = 0.
(4) The composite functors U~ U+, =&+ and &~ DT are naturally isomorphic
to identity functors.
(5) One has an exact sequence of functors:

05 dTd" -5 1Id > 7T~ — 0.
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For our purposes, it will be necessary to have versions of these functors for rep-
resentations over W (k), rather than W (k). The key difficulty is that the character
¥ is not defined over W (k). Nonetheless, one has:

3.1.4. Proposition. The functors U=, 0+ &= &+, &T descend to functors defined
on representations over W (k). That is, one has a functor:

U™ : Repyy 1y (Pn) = Repyy 1y (GLn—1(E))
such that for any W (k)[P,]-module V', one has
T (V @y WE) = U (V) @ W(k),

and similarly for the remaining functors. Moreover, the statements of Proposi-
tion 3.1.3 apply to these functors.

Proof. For the functors ¥~ and ¥ this is clear, as the character 1) does not
intervene in their definition. We thus begin with the functor ®—.

Note that Gal(k/k) acts naturally on W (k), and fixes W (k). Moreover, W (k) is
faithfully flat over W (k). For o € Gal(k/k), let ¢ be the character o o ¢ of EX.
There exists a unique e, € O such that 17 (e) = ¢(es€e). The map o — e, is a
homomorphism from Gal(k/k) to OF.

Consider each e, as an element of P,,_; via the inclusions:

Of CE* C GL,_1(E) C P,_1.

If we consider ¢ as a character of N,,, we have 17 (u) = ¥ (e,ue, ') for all u € N,,.

Now let V be a smooth P,-representation over W (k), and let V be the represen-
tation V @y () W (k). Then we have a W (k)-semilinear action of Gal(k/k) on V,
that fixes V. By definition, ®V is the quotient of V by the W (k)[P,— 1J-submodule
generated by all vectors of the form wv — ¢ (u)v, for u€ Ny andve V.

The Galois action on V does not descend to ®~V, but a twist of it does. For
an clement [v] € ®~V, represented by an element v of V, define ofv] = [egov].
This is well-defined, since if v = uw — 1 (u)w for some w € V and u € N,,, we can
set w' = eyow, v = e,ue, !, and then e,ov = v'w' — (v )w'. We thus obtain a
W (k)-semilinear action of Gal(%/k) on ®~V; we define @~V to be the invariants
under this action. This is clearly functorial with the desired properties. (Note,
however, that the surjection V — @~V does not descend to a natural surjection of
V onto &~ V.)

Now let V' be a smooth P,_;-representation over W (k). Then otV and &V
can both be realized as spaces of functions: f: P, — ‘7, such that for any h € P,,_4
and any u in N,,, we have f(ghu) = ¢(u)hf(g). Define an action of Gal(k/k) on
the space of such functions by setting (of)(g) = e, 'of(g). This preserves the
identity f(ghu) = ¢(u)hf(g), and so defines a W (k)-semilinear action of Gal(k/k)
on ®TV and ®+V. We set @tV and +V to be the invariants of this action in
®+V and (I>+V respectively. Note that if V' is a smooth P, ,-representation, then
the natural maps: ®T®~V — V and V — &+ &~V are Gal(k/k)-equivariant, and
hence descend to V.

Using this, one easily verifies the adjointness property (2) of Proposition 3.1.3
for the functors over W (k). Properties (1), (3), (4), and (5) then follow by base

change and the fact that W (k) is faithfully flat over W (k). O
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Note that if A is a Noetherian W (k)-algebra, and V' is a smooth representation
of P"~! over A, then the modules ¥~V , ®~V obtained by treating V as a rep-
resentation of P"~! over W (k) and applying the appropriate functors inherit an
A-module structure. We can thus define the functors U=, ¥+ &~ etc. on suitable
categories of smooth representations over A. It is then clear that if B is a Noether-
ian A-algebra, one has U~ (V®4 B) = ¥~ (V)®4 B, and similarly for the remaining
functors.

Finally, observe that the functors ¥—, ¥+ & &+ &+ commute with tensor
products; that is, if M is an A-module, then ¥~ (V @4 M) = U~ (V) ®4 M, and
similarly for the other functors.

We now define the “derivatives” of a smooth P,-representation V. For 0 <r < n,
we set V(") = U~ (&) "1V; V(") is a representation of GL,_,.(E). If A is a W (k)-
algebra, then one has a GL,,_,(E)-equivariant surjection V — V(") (but this is not
true if A is only a W (k)-algebra.)

Note that V(") is simply an A-module. The adjointness properties of Proposition
3.1.3 give, for any V', maps:

V = (&) Det (v,
((I>+)n71\11+(v(n)) SV

The image of V in (&)~ Dw+ (V) is called the Kirillov model of V.
The exact sequence of Proposition 3.1.3 implies that the map

((I)+)n71\11+(v(n)) N V4
is injective; we denote its image by J(V). The space J(V) is often referred to as
the space of Schwartz functions in V.
3.1.5. Lemma. Let V be a smooth P,-module over A. Set A = ARw (k) W(E), and

let V.=V QW (k) W (k). The modules V and J(V) each contain an A-submodule

W such that W is isomorphic to V) and W @4 A maps isomorphically to v
under the surjection V. — V().

Proof. Tt suffices to show that J(V') contains such a submodule, as J(V) embeds in
V. We have

IV) = (@) etV = (@) W (R)] @y V.
Moreover, the map 3(‘7) — V™ arises from the surjection:
(@) 1wt W (k) — W (k)

by tensoring over W(%) with V(™. It thus suffices to construct a submodule W of
(@)~ WTW (k)] that is free of rank one over W (k) and such that W @y ) W (k)

maps isomorphically onto W (k) under the surjection
@H) Nt W (k) — W (k).
Thus amounts to simply choosing any element of (®)»~DWU+W (k) that maps to

an element of W (k) \ @W (k), where @ is the uniformizer of W (k). Such an element
clearly exists, as otherwise the image of the composition:

(@) W ()] @way W (k) = (@)W () — W (k)
would be contained in wW (k). O
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Over a field, the top derivatives are multiplicative with respect to parabolic
induction:

3.1.6. Proposition. Let V and W be admissible k-representations of GL,(E) and
GL,,(E), respectively. Let P C GLy 4 (E) be the parabolic subgroup of G given by:

P _{(g Z) | e GL,(E), deCL,(E)).

and consider V@ W as a representation of P by letting the unipotent radical of P
act trivially. Then

(Ind G By @ w)ntm) = y(n) g py7(m),

Proof. This is a special case of [12, Lem. 1.10]. Note that the derivative functors
used in [12] are normalized differently than ours; this normalization does not affect
the top derivative V(™ of a representation V of GL,,(E). O

We also have:

3.1.7. Theorem. Let V be an absolutely irreducible admissible representation of
GL,(E) over a field K that is a W(k)-algebra. Then V™ is either zero or a
one-dimensional K-vector space, and is one-dimensional if V is cuspidal.

Proof. This is [12, 1IL5.10], over F, or Q,; the same argument works over an
arbitrary field containing the ¢-power roots of unity. The general case follows by
extending scalars. [

3.1.8. Definition. We say that an absolutely irreducible admissible representation
V of GL,(E) over a field K that is a W(k)-algebra is generic if V™) is one-
dimensional over K.

We now turn to finiteness properties of the derivative.

3.1.9. Lemma. Let A be a Noetherian local ring, and suppose that M is a submodule
of a direct sum of finitely generated A-modules. If M/mM is finite dimensional,
then M is finitely generated.

Proof. Our assumption on M/mM allows us to choose a finitely generated submod-
ule N of M such that N +mM = M, or equivalently such that m(M/N) = M/N.
Nakayama’s Lemma then shows that any finitely generated quotient of M /N must
vanish. Since by assumption M embeds into a direct sum of finitely generated A-
modules, we may find a finitely generated A-module X, and an A-module Y which is
a direct sum of finitely generated A-modules, and an embedding M C X @Y, such
that N C X. On the one hand M /(M () X) is a quotient of M /N, and hence has no
non-vanishing finitely generated quotients. On the other, the projection of X @Y
onto Y induces an embedding of M /(M () X) into Y. Thus M/(M (N X) =0, and
so M C X is finitely generated. (I

We note for future reference the following corollary of the preceding lemma.

3.1.10. Corollary. Let A be a Noetherian local ring, and suppose that M is a
submodule of a direct sum of finitely generated A-modules. If M/mM vanishes,
then M itself vanishes.

Proof. The preceding result implies that M is finitely generated. The corollary
thus follows from Nakayama’s Lemma. O
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3.1.11. Theorem. Suppose that A is a Noetherian local W (k)-algebra with maximal
ideal m. Let V' be an admissible representation of GL,, over A, and suppose that
(V/mV)™) s finite dimensional over A/m. Then V™) is a finitely generated A-
module.

Proof. As derivatives commute with tensor products, we have
V) my ) = (v /my) ™),

On the other hand, we have already observed that J(V) (and hence V') contains
an A-submodule isomorphic to V(™. As V is a direct sum of finitely generated
A-modules, the result follows from Lemma 3.1.9. (]

3.1.12. Remark. In the setting of Theorem 3.1.11, if V/mV has finite length, then
(V/mV)(™) is finite dimensional over A/m by Theorem 3.1.7. Thus Theorem 3.1.11
applies to all admissible representations of GL,, over A such that V/mV has finite
length.

Theorem 3.1.11 allows us to establish the following extension of Proposition 3.1.6:

3.1.13. Corollary. Let A be a reduced Noetherian local W (k)-algebra with maximal
ideal m. Let V and W be admissible smooth A-representations of GL,(E) and
GL,,(E), and let P be the parabolic subgroup of GLy,+m(F) defined in the statement
of Proposition 3.1.6. Then, if V™) and W™ are free of rank one over A, so is the
A-module:

(IndgLner(E) Ve W)("+m).

Proof. For each minimal prime a of A, let x(a) be its residue field. Set V, =
V ®4 k(a) and W, = W ®4 x(a). We have isomorphisms:

(Ind G+ By @ W) @ 4 k(a) 5 (Ind S+ B v, @ W) (),

and the latter is one-dimensional by Proposition 3.1.6. Thus in particular the
annihilator of (IndgL“m(E) V @ W)("*t™) as an A-module is the zero ideal of A.

On the other hand, let V = V/mV and W = W/mW. Then we have isomor-
phisms:

(Ind G+ By @ w)ntm) @ o Ajm 2 (Ind G+ BV 7 @ ) (nbm),

and the latter is again one-dimensional by Proposition 3.1.6. Theorem 3.1.11 shows

that (IndIG,L"J”"(E) V @ W)™ is furthermore finitely generated over A, and thus

it follows by Nakayama’s lemma that (IndgL"“”(E) V @ W)m+m) s a cyclic A-

module, and hence (taking into account that it is faithful, as we proved above) is
free of rank one. U

We will also need a generalization of this machinery to a product of GL,(E;)
for various local fields E; of residue characteristics ¢;, all prime to the residue
characteristic of k. Fix a finite collection of such FE;, indexed by a set S, and let
G be the product of the groups GL,, (E;) for all i. Let P, be the product of the
subgroups P, (E;) of GL,,(E;).

Now if we fix for each i a character v; : N, (E;) — W(k)*, we can define
functors Ui, &= Ui i i as follows: if H is any topological group, and
V is a P,,(E;) x H-module, then ¥~*(V) is the GL,,_1(E;) x H-module defined by
applying ¥~ to V (considered as a P, (E;)-module,) and then taking the natural
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action of H on ¥~ (V). The other functors are defined similarly. Note that if V'
is a G-module over A (or even a module over the product of the P,(FE;),) then
Y=gV = I UV (here the equality denotes a natural isomorphism), and
the other functors have similar commutativity properties. If S’ is a subset of S,
the composition of functors U= for all ¢ € S’ is a thus a functor that takes an
A-module V over the product of the groups P, (E;) to an A-module with an action
of P,_1(F;) for each i € S" and of P, (E;) for each ¢ not in S’. This composition
is independent (up to natural isomorphism) of the order in which we compose the
functors; we denote it by g5 Similarly define <I>_’Sl, ‘Il+’sl, etc. Finally, if
V is an A[G]-module, define V(™5 to be the representation &5 (w5 )1y,
Note that the functors 5", W5 etc. satisfy analogues of properties (1)-(4) of
Proposition 3.1.3.

When it is clear from the context what S and E; we are working with, we will
denote &5, U5 ete. by &t, ¥t and so forth.

Similarly, if V' is an A[G]-module, we define J;(V) to be space of Schwartz
functions in V for the action of GL,,(F;) on V; this has an action of P,(E;) and of
GL,,(E;) for j not equal to i. Note that J;3;(V) = J;3:(V), so that we can define,
for any S’ C S, the functor Jg: to be the composition (in any order) of the functors
Ji for ¢ in S’. Then Jg/ (V) is the smallest A-submodule of V, stable under P, (E;)
for i in S" and GL,(E;) for i not in ', such that the map Jg(V)):5" — y().5
is an isomorphism. By construction, the functor Jg- is left adjoint to the functor
V — V5" (when the latter is considered as a functor from A[P,]-modules to
A-modules).

Now, precisely as in the proof of Theorem 3.1.11, we have:

3.1.14. Theorem. Let V be an admissible representation of G over a Noetherian
local W (k)-algebra A, and suppose that (V/mV)("™) is finite dimensional over A/mA.
Then V(") is a finitely generated A-module.

We also have an analogue of Theorem 3.1.7

3.1.15. Theorem. Let V' be an absolutely irreducible admissible representation of
G over k. Then V") is either zero or a one-dimensional k-vector space.

Proof. The representation V splits as a tensor product of absolutely irreducible
representations V; of GL;(E;) for all ¢ € I. It follows that V(") is the tensor product

of the Vi(n). Hence this result is an immediate consequence of Theorem 3.1.7. [

3.1.16. Proposition. Let V be an A[G)-module, and suppose that V™) is free of
rank one over A. Then the map A — Endp, (J(V)) is an isomorphism.

Proof. By the adjointness properties of the functors ¥+ and ®* we have natural
isomorphisms:

Endp, (3(V)) =5 Homu (V™ 0~ ()" 13(V)) = End (V™).
The result follows immediately. O

3.2. Essentially AIG representations. Let K be a field of characteristic differ-
ent from /.

3.2.1. Definition. We say that a smooth representation V of G := GL,(FE) is
essentially absolutely irreducible and generic (“essentially AIG” for short) if:
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(1) The G-socle soc(V) is absolutely irreducible and generic.

(2) The quotient V/soc(V') contains no generic Jordan-Hélder factors; equiv-
alently, (V/ soc(V))(n) = 0.

(3) The representation V is the sum (or equivalently, the union) of its finite
length submodules.

3.2.2. Lemma. (1) If V is an essentially AIG smooth representation of G,
and if x : E* — k* is a continuous character, then (x o det) ® V' is again
essentially AIG.

(2) If V is an essentially AIG smooth G-representation, and if U C V is a
non-zero smooth G-subrepresentation, then U is also essentially AIG, and
furthermore soc(U) = soc(V).

(3) If U and V are essentially AIG admissible smooth G-representations, then
restricting to socles induces an embedding

Homg (U, V) < Homg (soc(U),soc(V)).

ny non-zero G-equivariant homomorphism between essentially ad-
4) A G wariant h hism bet tially AIG ad
missible smooth G-representations is an embedding.

Proof. Claim (1) is clear.

If U C Visasin (2), then 0 # soc(U) C soc(V). Since the latter is absolutely
irreducible, we find that soc(U) = soc(V'), and so in particular soc(U) is absolutely
irreducible and generic. Furthermore, we see that U/soc(U) — V/soc(V). Since
the latter representation contains no generic Jordan—Holder factors, neither does
the former. Finally, every element of U is contained in a finite length submodule
of V; the intersection of this with U is also finite length. Thus U is the union of its
finite length submodules, and is therefore essentially AIG, proving (2).

Now suppose that ¢ : U — V is a map of essentially AIG representations, as
in (3). If ¢(soc(U)) = 0, then ¢ factors to induce a map U/soc(U) — V. But
the source of this map has no generic Jordan—Holder factors, while its target has
generic socle. Thus this map vanishes, and hence ¢ vanishes. This proves (3).

To prove (4), suppose given ¢ : U — V as above. If ker¢ # 0, then it has a
non-zero socle. As soc(U) is irreducible, we conclude that soc(U) C ker ¢. Part (3)
then implies that ¢ = 0. [

3.2.3. Lemma. IfV is an essentially AIG smooth representation of G over K, and
if U is a non-zero submodule of V, then Homg (U, V) is one-dimensional over K.
In particular, Endg (V) = K.

Proof. Part (2) of the preceding lemma shows that U is again essentially AIG and
that soc(U) = soc(V'). Part (3) of the same lemma shows that restriction to socles
induces an embedding

Homg (U, V) < Homg (soc(U),soc(V)) = Endg (soc(V)) = K

(where the first equality follows from the already noted equality of socles, and
the second equality following from the absolute irreducibility of soc(V)). Since
Homg (U, V) is non-zero (as U embeds into V' by assumption), it must therefore be
one-dimensional, as claimed. ([l

3.2.4. Lemma. IfV is an essentially AIG smooth representation of G over K, then
V' admits a central character.
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Proof. The preceding lemma shows that Autg (V) = K*. Since the centre Z of G
acts as automorphisms of V', the lemma follows. (]

3.2.5. Lemma. LetV and W be essentially AIG smooth representations of G over
K, and let K' be a finite separable extension of K. For any map f:V @k K' —
W @k K', there exists a scalar ¢ € (K')* such that c¢f descends uniquely to a map
V-W.

Proof. We may assume K’ is Galois over K, and that f is nonzero (and thus
injective). For o € Gal(K'/K), define f° by fo(z) = of(c~'z). Then f7 = ¢, f
for a scalar ¢, € (k’)*. The ¢, give a cocycle in H*(Gal(K'/K),(K')*) and are
therefore a coboundary; that is, there exists a ¢ € (K')* such that ¢, = = for all
o. Then cf is Galois-equivariant, and thus descends to K. [

3.2.6. Definition. If V is an essentially AIG admissible smooth G-representation,
then we say that a smooth representation W is an essentially AIG envelope of V if:

(1) W is itself essentially AIG.

(2) There is an G-equivariant embedding V' < W (which Lemma 3.2.3 shows
is then unique up to multiplication by a non-zero scalar).

(3) W is maximal with respect to properties (1) and (2), i.e. if V < Y is any
G-equivariant embedding with Y essentially AIG admissible smooth, then
there is a G-equivariant embedding Y — W.

3.2.7. Proposition. IfV is an essentially AIG admissible smooth G-representation,
then V' admits an essentially AIG envelope, which is unique up to isomorphism.

Proof. Let V' — I be an injective envelope of V' in the category of smooth repre-
sentations. Let U denote the subrepresentation of I/V obtained by taking the sum
of all the non-generic subrepresentations of I/V (so U is the maximal subrepresen-
tation of I/V for which U(™ = (), and define X to be the preimage of U in I. Let
W be the sum of all of the finite length submodules of X. By construction, the
socle of W is generic, (W/ SOC(W))(H) = 0, and W is the sum of its finite length
submodules, so W is essentially AIG.

If V< Y is an embedding as in (3), then (since I is injective) we may extend
the embedding of V into I to an embedding of Y into I. Since every Jordan—Hé&lder
constituent of Y/V is nongeneric, the image of Y lies in X. Moreover, Y is the sum
of its finite length submodules, so the image of Y lies in W. O

If V is an essentially AIG smooth G-representation, then we write env(V) to
denote the essentially AIG envelope of V' (which by the preceding proposition exists,
and is unique up to isomorphism).

3.2.8. Lemma. Let V be an essentially AIG admissible smooth G-representation.
If x : E* — K* is a continuous character, then there is an isomorphism

env((x odet) ® V) —» (x o det) @ env(V);
i.e. the formation of essentially AIG envelopes is compatible with twisting.
Proof. This is immediate from Lemma 3.2.2. (|

It seems likely that essentially AIG representations actually have finite length.
Unfortunately the techniques developed in this paper do not seem sufficient to
establish this in general, in the case when the characteristic of K is positive. In
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the case when K is of characteristic zero, this finiteness follows from Lemma 4.3.9
below, while in the case when n = 2, it is easy to establish for arbitrary K. (See
Proposition 3.2.18 below.) In the remainder of this section, we establish a weaker
finiteness result for essentially AIG representations that will suffice for our purposes.
The key tool will be the notion of supercuspidal support; we recall the definition
below.

Let {m,...,m} be a multiset of irreducible cuspidal representations of the
groups GL,,, (E),...,GL, (E), for ni,...,n, such that > n; =n.

3.2.9. Definition. An irreducible representation © of G over K has supercuspidal
support equal to {m1, ..., 7.} if each 7; is supercuspidal, and there exists a parabolic
subgroup P = MU of G, with M isomorphic to the product of the GL,,,, such that
is isomorphic to a Jordan—Hélder constituent of the normalized parabolic induction

Ind§m®---®m.

3.2.10. Definition. An irreducible representation © of G over k has cuspidal sup-
port equal to {my,...,m} if there exists a parabolic subgroup P = MU of G, with
M isomorphic to the product of the GL,,, such that w is isomorphic to a quotient
of the normalized parabolic induction

G
Indpm @ @7,
for some choice of ordering of 71,..., 7.

Both the cuspidal and supercuspidal support of 7 are uniquely determined (as
multisets of isomorphism classes of irreducible representations), by . Let scs(m)
(resp. cs(m)) denote the supercuspidal support (resp. cuspidal support) of w. The
following basic facts about cuspidal and supercuspidal support are standard, and
are easy consequences of Frobenius reciprocity.

3.2.11. Proposition. Let P = MU be a parabolic subgroup of G, with M isomor-
phic to [, GLy,. Then:
(1) Let m; be an irreducible admissible representation of GLy,, for alli. If 7 is
a Jordan—Hélder constituent of

Ind%m@---@m,

then scs(m) is the multiset sum of scs(m;) for all i.
(2) Let m; be an irreducible admissible representation of GLy, for alli. If 7 is
a submodule or quotient of

Indgﬂ1®-~-®7rr,

then cs(m) is the multiset sum of cs(m;) for all i.

(3) Let m be an irreducible admissible representation of G over k, and let
7 =m @@, be a Jordan—Hdlder constituent of Res& w. Then scs()
(resp. cs(m)) is the multiset sum of scs(m;) (resp. cs(m;)) for all i.

3.2.12. Proposition. Let {my,..., 7} be a multiset of supercuspidal representations
of GL,,, over K. There exists, up to isomorphism, exactly one irreducible generic
representation w of G over K with supercuspidal support equal to {my,..., 7. }.

Proof. A representation 7 with supercuspidal support {71, ..., 7.} is isomorphic to
a generic Jordan—Hoélder constituent of Indg m ® -+ ®me. By Theorem 3.1.7 and
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Proposition 3.1.6, the top derivative of (Ind% 7 ® - -+ ® 7,.) is one-dimensional, so
it has exactly one generic Jordan-Holder constituent. (]

We are now in a position to show:

3.2.13. Theorem. Let m, ' be irreducible admissible representations of G over
K, or more generally of a Levi subgroup M of G, and suppose that for some i,
Ext' (7, ") is nonzero. Then m and @' have the same supercuspidal support.

Proof. We first consider the case when 7 is cuspidal. Suppose 7’ is supercuspidal.
By [13, IV.6.2], the category of smooth representations of M factors as a product
of blocks; two irreducible representations of M are in the same block if, and only
if, their supercuspidal supports are inertially equivalent, that is, if and only if they
coincide up to twisting by unramified characters. Thus, if 7’ is supercuspidal and
Ext’(7, ') is nonzero, then = is a twist of #/ by an unramified character of M. In
this case, by the results of [13, IV.1], 7’ and 7 both contain a supercuspidal type
(K, p) for M. The Hecke algebra attached to (K, p) is of the form k[zi?, ... ]
and (because 7 and 7’ are supercuspidal), the block containing 7 and 7’ is equivalent
to the category of modules for this Hecke algebra. In particular, if m and m’ are the
maximal ideals of this Hecke algebra corresponding to 7 and 7', then Ext’(m, 7’) is
annihilated by both m and m’ and therefore vanishes unless m = m’. In this case
7 = 7' and the result is established.

Next suppose 7 is cuspidal and 7’ is not cuspidal. We proceed by induction on 1,
the case i = 0 being clear. Fix i, and assume Ext'~! (7, X) = 0 for any non-cuspidal
X whose supercuspidal support differs from that of . As 7’ is non-cuspidal, there
is a proper parabolic subgroup P’ = M'U’ of M, and a cuspidal representation
o of M', such that 7’ arises as a submodule of Ind% o. We thus have an exact
sequence:

0= —-Inddo—C—0,

where C' is the cokernel of the inclusion of 7’ in Ind% o. By Frobenius reciprocity
Ext’(r,Ind} o) = Ext?(Resh, m,0) for all j, and the latter vanishes because w
is cuspidal. Thus Ext’(m,7’) is isomorphic to Ext‘ *(x,C). By the inductive
hypothesis, the latter vanishes unless 7 and C' have the same supercuspidal support,
but 7’ and C also have the same supercuspidal support, so the result holds in this
case as well.

If 7 and 7’ are both cuspidal, we may assume 7’ is not supercuspidal as we
have already considered that case. Thus there is a proper parabolic subgroup
P’ = M'U’ of M, and a supercuspidal representation o of M’, such that 7’ is a
Jordan—Holder constituent of Ind% o. As cuspidal representations are generic, and
as Indj)g/[, o contains a unique cuspidal Jordan—Holder constituent, we see that 7’ is
the unique cuspidal Jordan—Holder constituent of Ind% o. Thus, if 7 and 7’ have
distinct supercuspidal support, the result of the previous paragraph shows that
Ext’(m, ') = Ext’(m,Ind¥ o). But by Frobenius reciprocity, Ext’(r, Ind¥, ) =
Exti(Resﬁ m,0) = 0.

We have thus established the result whenever 7 is cuspidal. By duality, it follows
that Ext’(w,7') = 0 whenever 7’ is cuspidal and scs(7) # scs(n’). Now assume 7
and 7’ are arbitrary and scs(m) # scs(n’). Choose a parabolic subgroup P’ =
M'U’ of M, and a cuspidal representation o of M’ such that «’ is isomorphic to a
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submodule of Ind}, 0. We have an exact sequence:
0= 7 - Inddo—C—0,

where C is the cokernel of the inclusion of 7’ in Ind% o. By Frobenius reciprocity
Ext’ (7, Ind}¥ o) = Ext’(Res}; 7, 0), and the latter vanishes because if 7 and 7’ have
different supercuspidal support, then so do Res]f;[ 7w and o, and o is cuspidal. [

3.2.14. Corollary. IfV is an essentially AIG representation of G over K, then all
the Jordan—Hélder constituents of V' have the same supercuspidal support.

Proof. Suppose otherwise. As V' is the sum of its finite length submodules, there
is then a finite length submodule W of V' that is minimal among submodules of V'
that have a Jordan-Holder constituent with supercuspidal support different from
that of soc(V'). Let W’ be the kernel of the map W — cosoc(W). The minimality of
W implies that cosoc(W) is irreducible and that every Jordan—-Holder constituent
of W’ has the same supercuspidal support as soc(V). Thus Ext‘(W’, cosoc(W))
vanishes for all 4, by the preceding theorem; in particular cosoc(W) is a direct
summand of W. This is impossible, since Lemma 3.2.3 implies that any essentially
AIG representation is indecomposable. O

3.2.15. Corollary. Let V be an essentially AIG representation of G over K. If V
is admissible, then V' has finite length.

Proof. By Corollary 3.2.14 there are only finitely many isomorphism classes of
Jordan—Holder constituents of V', and one can bound the number of times any given
Jordan—Holder constituent appears in terms of the dimension of the U-invariants
of V for a sufficiently small compact open subgroup U of G. O

Corollary 3.2.14 has additional finiteness implications for essentially AIG rep-
resentations. More precisely, for a smooth representation V' of G, define soc.(V)
inductively by setting socq (V) = soc(V'), and defining soc.(V') to be the preimage
of soc(V/soc.—1(V)) under the surjection

V = V/soce—1(V).
We then have:

3.2.16. Theorem. Let V be an essentially AIG representation of G over K. Then
soc.(V) has finite length for all c.

Proof. By induction it suffices to show that soc.(V)/soc.—1(V') has finite length
for all ¢ > 2. The space soc.(V)/soc.—1(V) is semisimple, and every irreducible
summand of soc.(V')/soc.—1(V) is an irreducible non-generic representation of G
with the same supercuspidal support as soc(V). There are finitely many isomor-
phism classes of such representations. It thus suffices to show, for every irreducible
non-generic representation 7 of G with the same supercuspidal support as soc(V'),
that Hom(7, soc.(V)/soc.—1(V)) is finite dimensional. We have an exact sequence:

0 — soce—1(V) = soc.(V) = soc.(V)/soc.—1(V) — 0.

As the socle of soc.(V) is generic, we have Hom(m, soc.(V)) = 0. We thus obtain
an injection:

Hom(m, soc.(V)/soc.—1(V)) — Extl(w, soc.—1(V)),
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and as soc._1 (V) has finite length by the induction hypothesis Ext! (,soc._1(V))
is finite dimensional. (]

3.2.17. Corollary. Let V be an essentially AIG representation of G, let ¢ be a
positive integer, and let V; be an arbitrary collection of submodules of V' of length
less than or equal to c¢. Then the sum of the V; has finite length.

Proof. Each V; is contained in soc.(V), so their sum is as well. The result thus
follows immediately from the theorem above. (|

We close this subsection with the following result treating essentially AIG rep-
resentations in the case n = 2.

3.2.18. Proposition. Any essentially AIG representation over GLo(E) is of finite
length.

Proof. Let V be an essentially AIG representation over GLo(E); we must show that
V has finite length. Clearly we may check this after making an extension of scalars,
and so without loss of generality we may and do assume that K = K.

If V/soc(V) is trivial then V = soc(V) is trivial, and we are done. Thus we
assume from now on that V/soc(V) is non-trivial. The quotient V/soc(V') contains
no generic constituent, hence its Jordan—Holder factors are all one-dimensional, and
so each is of the form y odet for some character xy. Moreover, if there exist Jordan—
Holder factors of V/soc(V') isomorphic to x odet and x’ odet, then Corollary 3.2.14
implies yodet and x’ odet have the same supercuspidal support. From this it is easy
to see that x? = (x)?. Replacing V by an appropriate twist, we may thus assume
that the center E* of V acts trivially on each Jordan-Hélder factor of V/soc(V).

Since V/soc(V') is the sum of its finite length subrepresentations (as V' is; this is
one of the conditions of being essentially AIG), and since each of its Jordan—-Hélder
factors is one-dimensional, we see that the action of GLy(FE) on V/soc(V) factors
through det, and in this way we regard V/soc(V) as a representation of E*. Since
V' admits a central character, by Lemma 3.2.4, and since the centre acts trivially on
each Jordan-Holder factor of V/soc(V'), we see that the centre must act trivially
on V. (This is where we use the non-triviality of V/soc(V).) Thus V/soc(V) is in
fact a representation of the group E* /(E*)2. Theorem 3.2.16 shows that the socle
of V/soc(V) is finite length, and it follows from the fact that E*/(E*)? is finite
that V/soc(V) itself is of finite length, as required. O

3.3. Invariant lattices. We now prove some results about the reduction of finite
length essentially AIG representations of GL,(E). Let O be a complete discrete
valuation ring, with field of fractions /C and residue field K of characteristic different
from ¢. Fix a uniformizer w of O.

If V is an integral admissible smooth representation of GL,,(E) of finite length,
then by the “Brauer-Nesbitt Theorem” of ([12, Ch. IL.5.11]), V is a good integral
representation in the sense of Definition 2.2.1, and hence Lemma 2.2.4 shows that
if V° is a GL,, (E)-invariant O-lattice in V, then (V°/wV°)® is independent of V°;
we denote it V.

3.3.1. Theorem. If V is an essentially AIG admissible smooth representation of
GL,,(E) which is integral and of finite length, then V> contains a unique irreducible
generic summand.
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Proof. Fix an invariant O-lattice V° in V. Then (V°)(") is a finitely generated
O-submodule of V(") and the latter is a one-dimensional K-vector space. Thus
(VO)(”) is free of rank one over O. As the derivative commutes with tensor products,
it follows that (VSS)(”) is a one-dimensional K-vector space; the result follows. [

3.3.2. Proposition. If V is an essentially AIG admissible smooth representation
of GL,(E) over K which is integral and of finite length, then V admits a w-
adically separated GL,,(E)-invariant lattice V° which is admissible as a GL,,(FE)-
representation, and such that V= Ve /wV*® is essentially AIG. Moreover, V° is
unique up to homothety.

Proof. We apply Lemma 2.2.6 to V, taking 7 to consist of all the nongeneric
Jordan—Holder factors. This yields an O-lattice V°, such that V° contains no non-
generic subrepresentations. As V' has only one irreducible generic submodule, this
submodule is the socle of V", and (V" / soc(VSS))(") = 0. If H is any open sub-
group of G, then (V°)# is w-adically separated, and its E-span coincides with V|
which is finite dimensional, since V is admissible. It follows that (V°)# is finitely
generated over O, and so V° is an admissible smooth representation of GL,,(E).
Thus V° is admissible smooth, and therefore essentially AIG.

Suppose now that V¢ is a second lattice in V satisfying the conditions of the
corollary. Scaling it appropriately, we may assume that V° C V°, but that the
induced map V° — V° is non-zero. Since both source and target are essentially
AIG, this map is necessarily injective by Lemma 3.2.2, and hence (since source and
target are of the same length) an isomorphism. |

4. THE LOCAL LANGLANDS CORRESPONDENCE IN CHARACTERISTIC ZERO

Let F be an algebraically closed field of characteristic zero. The local Langlands
correspondence for GL, (E) [7] establishes a certain bijection between the set of
isomorphism classes of irreducible admissible smooth representations of GL,,(E)
on F-vector spaces, and the set of isomorphism classes of n-dimensional Frobenius
semisimple Weil-Deligne representations over F' (as defined in [4, §8] or [11, §4]).

In fact there are various choices of correspondence, depending on the desired
normalization. The so-called unitary correspondence is uniquely determined by the
requirement that the local L- and e-factors attached to a pair of corresponding iso-
morphism classes should coincide. On the other hand, this correspondence depends
on the choice of a square root of ¢ in F, and (because of this) is not compatible
in general with change of coefficients (although a suitably chosen twist will be; we
refer the reader to 4.2 for details.)

However, even if we normalize the local Langlands correspondence to be com-
patible with change of coefficients, the correspondence as usually defined is not
suitable for the applications we have in mind. In particular, the usual local Lang-
lands correspondence fails to be compatible with specialization. More precisely, let
O be a complete discrete valuation ring containing Q,,, with field of fractions X’ and
residue field K, and let p : Gg — GL,(O) be a continuous Galois representation.
Then the local Langlands correspondence associates admissible representations
and 7 to the Weil-Deligne representations induced by p®e K and p®e K, but there
need not be a close relationship between 7 and the reduction of 7. (For example,
7 could be a character even if 7 is infinite-dimensional.)
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We therefore work with a modification of the usual local Langlands correspon-
dence, which we describe fully in 4.2. We denote this correspondence by p — 7(p),
where p is a continuous n-dimensional representation of Gg over an extension K
of Q,. The correspondence p — 7(p) is essentially the generic local Langlands
correspondence introduced by Breuil and Schneider in [2]. Unlike more standard
formulations of local Langlands, the representation m(p) of GL,(F) will in gen-
eral be reducible (in fact, it will be an essentially AIG representation of GL,,(E)).
The map p — m(p) will not be a bijection in any meaningful sense but simply a
map from isomorphism classes of n-dimensional representations of Gg over K to
indecomposable admissible representations of GL,(F) over K. The advantage of
this choice is that the map p — 7(p) will be compatible with change of coefficients
(in the sense that 7(p @ x K') will be isomorphic to 7(p) ® x K’ for an extension
K’ of K,) and also compatible with specialization (in the sense of Theorem 4.5.7
below.)

4.1. Galois representations and Weil-Deligne representations. In order to
give a precise description of the map p — 7(p), we first recall some basic facts about
Frobenius-semisimple Weil-Deligne representations. Recall that a Weil-Deligne
representation over a field K containing Q, is a pair (p/, N), where p' : Wg —
GL, (K) is a smooth representation of Wg with coefficients in K and N is a nilpo-
tent endomorphism of K™ satisfying p/(w)Np'(w)~! = |w|N. The representation
(p', N) is called Frobenius-semisimple if p’ is absolutely semisimple.

We first consider absolutely irreducible representations p’ : Wr — GL,(K).
Let Ig be the inertia subgroup of E. Then p'(Ig) is a finite group, and so all of
its irreducible representations are defined over a finite extension Ky of @p. After
replacing K with an algebraic extension we may assume K contains a subfield
isomorphic to K. Then the restriction of p’ to I splits as a direct sum of absolutely
irreducible representations 7; of Ig over Kj.

Let ® be a Frobenius element of Wg, and let V' be an Ig-stable subspace of
K" isomorphic to 7 ®x, K as an Ig-representation. Then Iz acts on ®V by the
conjugate 7* of 71. In fact, we have:

4.1.1. Lemma. Let r be the order of the orbit of 7 under the action of ® on the
set of isomorphism classes of absolutely irreducible representations of Iy over K.
Then we have a direct sum decomposition:

r—1
p,|IE = @T{bl Ok, K
i=0
and the action of ® on this decomposition permutes the summands.

Proof. As Ig is normal in Wg, this is a standard result in Clifford theory. (]

In particular, the vector space Homgr,1(11 ®k, K, p'|1;) is one-dimensional. If

we fix an isomorphism 71 — 7, then we get an endomorphism ¥ of this vector
space via:

i3 T ~
HomK[IE](Tl RKr, K, p/) — HOIHK[IE](T;I) K, K, p/) — HomK[IE](Tl K, K, p/).

The action of ¥ is given by a scalar A\ in K*.
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4.1.2. Lemma. For any A\ € K* there is a unique absolutely irreducible represen-
tation p' over K (up to isomorphism) such that p'|;, contains 1 @k, K and ¥ acts
on Homg r,)(11 @k, K, p') via .

Proof. If r = 1, then the restriction of p’ to Ig is given by 7 ®k, K, and so
to determine p’ it suffices to give an action of ® on the representation space of
71, compatible with the action of Ir. This amounts to giving an isomorphism
T Qr, K — (11 ®K, K)?. As we have already fixed an isomorphism 71 — 7,
such an isomorphism is determined by .

If r > 1, let E’ be the unramified extension of E of degree r. The restriction of
p' to Wg breaks up as a sum of irreducible representations pf, ..., p,._; such that

the restriction of p} to I is isomorphic to 71" Thus p} is determined by A and 71,
and p’ is isomorphic to Ind%i/ pi by Frobenius reciprocity. O

4.1.3. Lemma. Let K be a field containing Q,, and let p' be an absolutely irreducible
representation of Wg over K. Then there exists an unramified character x : Wg —

K™ such that the twist P ® x is defined over @p.

Proof. The representation 7 is defined over a finite extension of Q,, so it suffices
to show that after a twist we can take the scalar A to be in Q,. Twisting by an
unramified x changes A to x(®)"A, so this is clear. O

4.1.4. Definition. Let p’ be an absolutely irreducible smooth representation Wg —
GL,,(K), and let d be a positive integer. The special representation Sp,.q s the
pair

Spp/_’d =Vo® - ®Vy_1,N),
where Wg acts on V; by | |* p' and N maps V; isomorphically onto Viy1 for
0<i<d-2.

The representation Sp,, ;4 is well-defined up to isomorphism, and is an absolutely
indecomposable Weil-Deligne representation. If K is algebraically closed, then
every indecomposable Frobenius-semisimple Weil-Deligne representation has the
form Sp,, ; for a unique absolutely irreducible representation p of Wg over K.
Combining this with the previous lemma, we find:

4.1.5. Lemma. Let K be a field containing Q,, and let (p’, N') be an indecomposable
Frobenius-semisimple Weil-Deligne representation over K. Then there exists a

character x : Wi — K such that the twist (p' @ x,N) is defined over Q,.

In those situations in which we will apply the local Langlands correspondence,
we will be beginning not with Weil-Deligne representations, but with Galois rep-
resentations. Thus we recall the recipe of Deligne for associating a Weil-Deligne
representation to a continuous Galois representation, in a slightly broader context
than that in which it is usually considered.

Let A be a complete Noetherian local domain of residue characteristic p different
from ¢, maximal ideal m, and field of fractions IC of characteristic zero. Let R be
any subring of I containing A and %. (In most applications, R will equal either iC,
or else a complete discrete valuation ring O containing A and contained in K.)

For any n > 0, we say that a representation p : Gg — GL,(R) is continuous
if we can find a finitely generated A-submodule M of R™ that is invariant under
p(GE), spans R™ over R, and such that the induced G g-action on M is m-adically
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continuous. (Note that if R = K, and K is a finite extension of Q,, then this
coincides with the usual notion of continuity of a G g-representation.)

As in [11, (4.2)], we fix a non-zero homomorphism ¢, : Iz — Q,. (When com-
paring the present discussion with that of [11], note that the roles of ¢ and p are
reversed.) This homomorphism is uniquely determined up to scaling by an ele-
ment of QX. The following result then extends a theorem of Deligne [4, §8], [11,

P
Thm. (4.2.1)] (which treats the case when the coefficient field is a finite extension

of Qp).

4.1.6. Proposition. A continuous representation p : Gg — GL,(R) uniquely de-
termines the following data:

(1) a representation p' : Wg — GL,(R) that is continuous when the target is
equipped with its discrete topology;
(2) a nilpotent matriz N € M, (R);

subject to the following condition:
(3) p(@"0) = p'(®"0) exp(ty(o)N) for all o € Iy and r € Z.

Furthermore, as a Weil-Deligne representation, the pair (p’, N) is independent,
up to isomorphism, of the choice of t, and ®.

Proof. Let (p}, N1) and (ph, N2) be two Weil-Deligne representations satisfying the
condition of the proposition. Then there is an open subgroup of Ir on which both
py and pj, are trivial; we can thus find an element o of Ig for which p} (o) and ph (o)
are the identity but ¢,(o) is nonzero. Then Ny = M%) log p(0) = Na. The identity

p(2"0) = pi(®" o) exp(ty(o)Ni)

then forces p| = p.

It thus suffices to construct a (p’, N) as above. Choose a finitely-generated A-
submodule M of R™ that is preserved by p and spans R" over R. Then Gg acts
via p on M/m*TtM for all i, and these A-modules are discrete with respect to the
m-adic topology. In particular for each i the subgroup H; of Ig that acts trivially
on M/m‘M is a compact open subgroup of Ig.

The group of automorphisms of M /m**1 M that reduce to the identity in M /m’M
is an abelian p-group for all ¢ > 2. Thus the action of Hy on M factors through
the map t, : Ir — Qp. Let o be an element of Hs; the action of o on M yields
an element of o of End(M) that is congruent to the identity modulo m?. The
power series log(a) thus converges in the m-adic topology on End(M); set N =
tp(%) log(). Then any 7 € Hy acts on M via exp(t,(7)N). It follows that for all
7€ Gg, p(t)Np(t)~! = |7|N. In particular N must be nilpotent.

We can then set p/(®"c) = p(®"0) exp(t,(0)N)~! for all ¢ € Ig and r € Z; this
gives a well-defined p’ that is trivial on the compact open subgroup Hs of Wg. O

Let O be a discrete valuation ring containing A and contained in K, with residue
field K of characteristic zero and uniformizer ww. We will be interested in the
reduction mod w of both Galois representations and Weil-Deligne representations
over O. One has:

4.1.7. Lemma. Let p' : Wg — GL,,(O) be a representation of Wg over O such that
P ®o K is absolutely irreducible. Then p' := p' @0 K is also absolutely irreducible.
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Proof. By Lemma 4.1.1, over a finite extension of I, the restriction of p’ to I'x splits
as a direct sum of absolutely irreducible representations p; of Ig, each of which
factors through a finite quotient if /g and is defined over @p. The representations
p; are distinct and cyclically permuted by conjugation by ®. As K has characteristic
zero, the p} remain irreducible and distinct after “reduction mod w”.

Thus, over a finite extension of K, p’ splits as a direct sum of absolutely irre-
ducible representations p; which are distinct and cyclically permuted under conju-
gation by ®. It is thus clear that p’ is absolutely irreducible. O

It follows that if p’ : Wg — GL,(K) is absolutely irreducible and contains an
O-lattice L, then the mod w reduction of L is independent, up to isomorphism, of
the lattice L. We denote this reduction by p’.

The passage from Galois representations to Weil-Deligne representations com-
mutes with reduction modulo w:

4.1.8. Lemma. Let p: Gg — GL,(O) be a continuous Galois representation, with
mod w reduction p, and let (p', N) and (p', N) be the Weil-Deligne representations

attached to p and p, respectively. Then (p', N) is isomorphic to (p' @0 K, N ®0 K).
Proof. This follows immediately from the identities

p(®"c) = p'(®"0) exp(t,(o)N)

P07 a) = 7 (@) explty (o) N)
and the fact that the latter identity characterizes (', N) up to isomorphism. [

Given a Weil-Deligne representation (p’, N) over I, one can associate a natural
Frobenius-semisimple representation (p’, N)¥ =% (the Frobenius-semisimplification
of (p/, N).) We recall the definition; see [4, 8.5] for details.

The matrix p/(®) factors uniquely as a product su, with s and u elements of
GL,,(K) that are semisimple and unipotent, respectively, and commute with each
other. Moreover, if p'(®) lies in GL,,(O), then so do s and u. The element u then
commutes with N, and one defines (p')¥~5 to be the representation of Wy that
satisfies (p")¥=55(®"0) = u~"p/(®"c). Then (p')F~*° is a semisimple representation
of W over K, and the pair ((p')¥'=5%, N) is a Frobenius-semisimple Weil-Deligne
representation which we write (p’, N)¥ =55

It will be necessary for us to understand how Frobenius-semisimplification com-
mutes with reduction modulo w. Note that even if (p’, N) is a Frobenius-semisimple
Weil-Deligne representation over O, its reduction modulo @ need not be, as the
mod w reduction of a semisimple element of GL,,(O) need not be semisimple.

4.1.9. Lemma. Let (p', N) be a Weil-Deligne representation over O, and let (p', N)
be its reduction mod w. Then (p', N)¥=% is defined over O,yoreover, the reduction
mod w of (p', N)¥ =5 has Frobenius-semisimplification (p, N)¥ 5.

Proof. If p'(®) decomposes as su, with s and u as above, then s and  lie in GL,,(O),
so (p', N)F=5 is defined over O. Thus p'(®) = 3u, where 3 and u are the mod @
reductions of s and wu.

The element 5 decomposes uniquely as s'u’, where 5’ is semisimple and @’ is
unipotent and commutes with 5. As @ commutes with 3, 5 also decomposes as a
product of ws'w~! with ww'w!; the uniqueness of this decomposition shows that
these two decompositions coincide. That is, 7 commutes with 3" and @'.
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We have p'(®) = 5'u’n, and the unipotent element u'n commutes with 5. Thus
the Frobenius-semisimplification of (p’, N) sends ® to 5’. On the other hand, the
reduction of (p/, N)¥~5 takes ® to 3, which equals 3u’. Hence the Frobenius-

semisimplification of the reduction of (p’, N)¥~5 takes ® to 3, and therefore coin-
cides with (ﬁ',N/)F*SS. O

4.2. The generic local Langlands correspondence of Breuil and Schneider.
We are now in a position to describe the “generic local Langlands correspondence”
of Breuil and Schneider [2, pp. 162-164]. This is a map (p’, N) — 7 (p’, N) from
Frobenius-semisimple Weil-Deligne representations over a finite extension K of Q,
to indecomposable admissible representations of GL,,(F) over K. Fix a choice of £ 3
in @, (and thus a choice of square root of the character | | odet of GL,(E), as well
as a unitary local Langlands correspondence for representations over @p). With
this choice, the properties of this correspondence can be summarized as follows
(c.f. [2, 4.2)):
(1) For any character x : Wr — Q, one has 7(p' ® x, N) = 7(p', N) ® x.
(2) If K’ is a finite extension of K, then 7(p' ®x K',N) =7(p',N) ®x K'.
(3) If (p', N) is a direct sum of representations of the form Sp, , over Q,
then 7w (p’, N) is defined by the parabolic induction:
W(pl7 N) = (| | ° det)_% IndgLn(E) Stﬂ'1,n1 Q- @ Stﬂr,nm
where m; corresponds to p; under the unitary local Langlands correspon-
dence, Str, n, is the generalized Steinberg representation (and thus cor-
responds to Spphm under unitary local Langlands,) and @ is the upper
triangular parabolic subgroup of GL,, (F) whose Levi subgroup is block di-
agonal with block sizes (n; dim pf,...,n,dimp.). The symbol IndgL"(E)
denotes normalized parabolic induction. The representations St,, ., are
ordered so that the condition of [10, Def. 1.2.4] holds. (As long as this
condition is satisfied, the resulting parabolic induction is independent, up
to isomorphism, of the precise choice of ordering, as well as of the choice
the square root of £ needed to define (| | odet)z.)

These properties uniquely characterize the generic local Langlands correspon-
dence. We will need a slight extension of this correspondence to the case of coeffi-
cients in an arbitrary field extension K of Q,. Let (p’, N) be a Frobenius-semisimple
Weil-Deligne representation over K, and suppose that it decomposes over K as a
direct sum of representations of the form Sppg,ni' Then by Lemma 4.1.5, there

exist characters y; : Wg — K™ such that P ® x; is defined over @p For such
representations the unitary local Langlands correspondence is defined, and we can
take 7; to be the representation over K such that m; ® x; corresponds to p; ® x;
via the unitary local Langlands correspondence over @p.

Str, o, = Stﬂ@)ﬂ,m ® (Xi_l o det).

n—1

W(pl7 N) = (| | ° det)_ 2 1 IndgLn(E) St'mﬂn Q@ Stwr,nm

where the St ,,, are ordered as before. A priori, this is a representation of GL,,(E)
over K, but the argument of [2, Lem. 4.2] shows that 7(p’, N) is defined over K
itself. Moreover, 7(p’, N) is independent of the choices of x;.
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As was the case over finite extension of Q,, the map (p',N) — =(p’,N) is
compatible with twists, and also with arbitrary field extensions.

We extend this definition to a map from representations of Gg to admissible
representations of GL,,(E) as follows:

4.2.1. Definition. Let p be a continuous n-dimensional representation of Gg over
K, and let (p',N) be the corresponding Weil-Deligne representation. We define
7(p) to be w((p', N)¥—53).

4.3. Segments and the Zelevinski classification. Our next goal is to establish
key properties of the generic local Langlands correspondence (in particular, we will

show that w(p’, N) is essentially AIG).
Following [15], we define a segment to be a set of supercuspidal representations

of the form: [m, (| | odet)m,...,(] | OdetX_lﬂ'], where 7 is an irreducible su-
percuspidal representation of GL,,(F) over K. We think of the segment A given
by [r,(] | odet)m,...,(] | odet)"~l7] as corresponding to the generalized Stein-

berg representation St ,; this gives a bijection between segments and generalized
Steinberg representations. If St . corresponds to a segment A, we will often write
Sta for Str,. Similarly, we will write Sp, for the indecomposable Weil-Deligne
representation Sppw7 where p is the irreducible Weil-Deligne representation corre-
sponding to 7 under the unitary local Langlands correspondence.

Two segments A, A’ are said to be linked if neither contains the other, and if
A UA’ is a segment. The segment A precedes A’ if A and A’ are linked and A’
has the form [(| |odet)r,...,(] | odet)"~!7] for some 7 in A.

We consider the following condition on a sequence S of segments A;:

4.3.1. Condition. For all i < j, the segment A; does not precede the segment A;.

It is clear that any unordered collection of segments can be given an ordering
that satisfies Condition 4.3.1. If S is an unordered collection of segments, then we
let 7(S) denote the normalized parabolic induction

IndgLn(E) Sta, @ -+ ® Sta,,

where Ay, ..., A, are the segments in S, taken with multiplicities and ordered so
that Condition 4.3.1 holds. By [15, Prop. 6.4], the representation 7(S) does not
depend, up to isomorphism, on the order of the collection of segments in S (as
long as Condition 4.3.1 holds). Note that if (p/, V) is an n-dimensional Frobenius-
semisimple Weil-Deligne representation that decomposes as the direct sum of Sp A,
for A; € S, then 7(p’, N) is isomorphic to (| | Odet)*%w(S). By [10, 1.2.5], 7(S)
admits a unique irreducible quotient Q(S), and Q(S) is the irreducible representa-
tion corresponding to (p’, N) under the unitary local Langlands correspondence.

4.3.2. Proposition. If S is an unordered collection of segments, then every irre-
ducible submodule of w(S) is generic.

Proof. We will prove a stronger statement — namely, that every irreducible P,,-
submodule of the restriction 7(S)|p, is generic. (In other words, 7(S) embeds in its
Kirillov model.) Over the complex numbers this is a result of Jacquet-Shalika [9].
Their argument does not seem to adapt easily to other fields of characteristic zero.
One could reduce this proposition to their result by choosing an isomorphism of
K with C; we instead give an algebraic argument over K that is an adaptation of
the argument of [1, 4.15]. Their argument necessarily uses ¥+ and ®* functors
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that are normalized differently from ours, to avoid unpleasant combinatorial issues.
Therefore, for the purposes of this proof only we take the functors U+ and ®* to
be normalized as in [1], rather than as in section 3.1.

Let S be the collection (Ay, ..., A,), where A; does not precede A; for any j > i.
We can assume without loss of generality that the A; are ordered so that if A; =
(75, (| | odet)ms,...(] | odet)""~!m;], where m; is a supercuspidal representation
of GL,,(E), then (] | odet)™m; is not contained in any segment A; with j > i;
clearly for such an ordering A; never precedes a A; with j > 4. We proceed by
induction on the sum of the lengths of the segments A;. Note that the result is clear
for a single segment, as Sta, is absolutely irreducible and generic. Let S’ be the
collection (As,...,A,); by the induction hypothesis every irreducible submodule
of m(8’) is generic.

Suppose we have an irreducible, non-generic submodule w of 7(S)|p,. We have
w(8) = Sta, x m(S’), where “x” is the product defined in [1, 4.12]. By [1, 4.13a],
we have an exact sequence:

0— (StAl) — 0.

x (8 = 7(S)

P, — StAl X F(Sl)

Pryny Pacryny

xm(8') or Sta, x7(S')|p

n—ring "

x m(8'). By [15, 9.6, St'¢) is

In particular, w is a submodule of one of (Sta, )|p.

Timl

Suppose first that w is contained in (Sta,)|p,

T1im]

zero if k is not divisible by n;, whereas Stthi) is St where Agk) is the segment

Agk)’
[(| | odet)*m;,...,(] |odet)"1m]. It follows by [1, 4.13c], that, for i < ny,

(@) (@)™ (Staylp,, ., ) X 7(S') = (@7)™F(Sta, |p

riny

) x (87,

1m1

so that for such 4, ((®7)"1(Sta,|p,,,,) x 7(8)® = 0. For i = ny, [1, 4.13¢|
shows that the representation (®~)*+1m1(StA, |p,,,,) x m(S8') is instead a proper
submodule of (&)™ (@)1 (Sta,|p,,,,) X ©(S’)); the quotient of the latter by
the former is isomorphic to StA§k+1) X T(S) Py, -

1y X 7(S'), we have w® =0 for i < n,. As w
has at least one nonzero derivative it follows that (®~)™ ~1w is nonzero. On the
other hand, we have (&)™ ~'w C (&)™~ ((Sta,)|p,,,, X 7(S")); by [1, 4.13d] it
follows that (7)™ w is nonzero.

Then (®7)™w is a non-generic submodule of (®7)"1((Sta,)|p,,,, X 7(S8’)), and
is therefore a non-generic submodule of either (®7)"((Sta,)|p, ., ) x 7(S’), or
StAgl) x m(8") It is easy to rule out the latter case: by the inductive
hypothesis 7(S’)
StAgm X W(S/)|Pn7'r1n1 .

Thus (®7)™w is a non-generic submodule of (7)™ ((Sta,)|p,,,,) X 7(S’). In
particular ((®7)™w)® = 0 for i < ny; it follows as above that (®~)?™ 1w is
nonzero, and by [1, 4.13d], that (®#~)*"w is nonzero. Then (®~)?"'w is a nonzero
non-generic submodule of (®7)"1((®7)"*((Sta,)|p,,,,) X 7(S")), and hence (with
another use of the inductive hypothesis and [15, 5.3]), is a nonzero non-generic
submodule of (®7)2"1((Sta,)|p, x (8.

Proceeding in this fashion we find that (®~)*"w is a nonzero non-generic sub-
module of (CI)*)k"I((StAlﬂprlnl) x w(8") for all k, which is impossible since the
latter vanishes for large k.

Since w is contained in (Sta,)|p,

Pacryng -

P._,,n, has no non-generic submodules; by [15, 5.3] neither does

1”1)
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We have thus ruled out the possibility that w is contained in (Sta,)|p,,,,, X 7(S").
The other alternative is that w is contained in Sta, x 7(S")|p,_,,,, - Suppose this
were the case, and let k be the largest integer such that w®) is nonzero. Then
w®) is nonzero and embeds in the k-the derivative of Sta, x 7(S’) , which
is Sta, x w(S")®). It follows that the supercuspidal support of w(®) contains that
of Sta,; in particular it contains (] | odet)""!m. By [1, 4.7b], it follows that
(| | odet)"m is contained in the supercuspidal support of 7(S); this is impossible
by our choice of ordering on the A;. O

Paryn

4.3.3. Corollary. If w is an admissible representation of GL, over a field K of
characteristic zero, such that m @ K is isomorphic to m(S) for some S satisfy-
ing Condition 4.3.1, then 7 is essentially AIG. In particular, every representation
w(p', N) over a field K of characteristic zero is essentially AIG.

Proof. Tt suffices to show that ™ ®x K is essentially AIG, as then the socle of 7
must be absolutely irreducible and generic, and m must contain no other irreducible
generic subquotients. But 7 ® ¢ K has the form 7(S) for some S, so the previous
proposition shows that the socle of n(S) is a direct sum of irreducible generic
representations. It thus suffices to show that 7(S)(™ is one-dimensional; this follows
from the fact that Sta, is irreducible and generic, together with Theorem 3.1.7 and
Proposition 3.1.6. O

If S and S’ are two unordered collections of segments, we say S’ arises from S
by an elementary operation if S’ is obtained from S by replacing a pair of linked
segments A, A’ in § with the pair AUA’, AN A’. We say that &’ < S if & can
be obtained from S by a sequence of elementary operations. This partial order
contains information about the Jordan—-Holder constituents of a given 7(S). More
precisely:

4.3.4. Theorem. If S satisfies Condition 4.3.1, then every Jordan—Hélder con-
stituent of 7(8S) is isomorphic to Q(S’) for some S’ X S.

Proof. This follows by applying the Zelevinski involution to [15, 7.2]. O

In fact, the relationship between 7(S) and 7(S’) is considerably stronger than the
theorem above suggests. We will construct maps of 7(S’) into 7(S) for all S’ <X S,
and show that any nonzero such map is an embedding, and unique up to scaling.
Before we do so, however, we need a preliminary result about the partial order <.
Let S be an unordered collection of segments, and suppose that S’ is obtained from
S by a single elementary operation. We say this elementary operation is primitive
if there is no collection of segments §” with &’ < §” < S other than §” = S and
S§"=8"

4.3.5. Lemma. Let S be an unordered collection of segments, let A and A; be
two linked segments in S, such that A precedes A’. Suppose that the elementary
operation that replaces A and A’ with AN A, AUA’ is primitive. Then there
exists an ordering on S that satisfies Condition 4.3.1, and in which A’ and A
appear consecutively.

Proof. Choose an ordering on S that satisfies Condition 4.3.1, and that minimizes
the number of segments that appear between A’ and A. Suppose there is a segment
A" between A and A'.
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By our assumption on the chosen ordering, the ordering on & obtained by moving
A" after A fails to satisfy Condition 4.3.1. There must thus be a segment A"’ that
appears between A” and A in the chosen ordering, for which A"’ precedes A”.
Similarly, A” must precede a segment that appears between A’ and A’ in the
chosen ordering.

Applying these considerations repeatedly we obtain a chain:

A=Ay, AL, A=A

such that each A; precedes A;_1, and appears after A;_; in the chosen order on
S. Moreover, since A precedes A’, it follows that A precedes A;. The elementary
operation on S that replaces A and A’ with AN A’ and A U A’ then factors as:

(1) Replace A and A; with AUA; and ANA;.
(2) Replace A" and AU A; with AUA; UA" and A’N(AUA;). (Note that
AUA;UA is equal to AUA".)
(3) Replace A’N(AUA;) and ANA; with [A'N(AUA;)]UJANA;] (which
is equal to A1), and [A'N(AUA)]N[ANA,] (which is equal to ANA’)
In particular the elementary operation that replaces A and A’ with A N A’ and
AU A’ is not primitive, as required. O

4.3.6. Proposition. Suppose that S satisfies Condition 4.3.1, and that S < S.
Then Homg gy, (k) (w(8"),m(S)) is one-dimensional over K, and every nonzero
map 7(S") — w(S) is an embedding.

Proof. As w(S’) and 7(S) are essentially AIG, it suffices to show that there exists
a nonzero map w(S’) — w(S). Moreover, we may reduce to the case where S’
and S differ by a single, primitive, elementary operation. Let S’ differ from S by
replacing A, A’ with AU A, AN A/, where A’ precedes A. By the above lemma
we may choose an ordering on S that satisfies Condition 4.3.1 in which A and A’
are adjacent. We obtain from this ordering on S an ordering on &’ in which AN A’
replaces A and AU A’ replaces A’; this ordering also satisfies Condition 4.3.1. Let
So be the collection of segments that appear in S before A and A’ in this chosen
ordering, and let S; be the collection of segments that appear in S after A and A’.

By applying the Zelevinski involution to [15, Prop. 4.6], we find that 7(A U
A’ ANA') embeds in (A, A’). But 7(S’) is isomorphic to

mdS " 7(Sp) @ T(AUA,ANA) @ 7(S)),
and 7(S) is isomorphic to
IndSH 7(Sp) @ w(A, A') @ 7(Sy),
for a suitably chosen parabolic subgroup P of GL,,. The embedding of 7(AUA’, AN

A’) in w(A, A’) thus gives rise to a nonzero map of 7(S’) into 7(S), as required. O

Moreover, the embeddings of w(S”) into 7(S) constructed above descend to fields
of definition:

4.3.7. Proposition. Let m and 7' be admissible representations over K, and sup-
pose there are unordered collections of segments S and S8', with 8’ X S, such
that m @ K is isomorphic to m(S) and n' @k K is isomorphic to n(S’). Then
Homg gL, (z)) (7', 7) is one-dimensional over K, and every nonzero map ' — 7 is
an embedding.
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Proof. As m and 7’ are essentially AIG, Homggy,, gy (7', ) is either zero or one-
dimensional over K, and every nonzero map ' — w is an embedding. It thus
suffices to construct a nonzero map from 7’ to 7. Let ¢ : 7' g K — m @ K
be an embedding. By Lemma 3.2.5, a scalar multiple of ¢ descends to the desired
embedding of 7/ in 7. O

We immediately deduce:

4.3.8. Corollary. Let p be a continuous n-dimensional representation of Gg over K,
and let m be an admissible representation of GL,(E) over K, such that 7 @k K is
isomorphic to m(p @k K). Then w is isomorphic to m(p).

The above results allow us to establish some useful facts about essentially AIG
envelopes in characteristic zero, that will be useful in the proof of Proposition 6.2.8.

4.3.9. Lemma. Let w be an irreducible generic representation of GL,,(F) over an
algebraically closed field K of characteristic zero, and let 71, ..., 7, be the supercus-
pidal support of w, ordered so that Condition 4.3.1 holds (when the m; are treated
as one-element segments.) Then the parabolic induction

IndgL"(E) M Qmp

is an essentially AIG envelope of w. (Here P = MU is a suitably chosen parabolic
subgroup of GL,(E), with Levi subgroup M and unipotent radical U.)

Proof. By Corollary 4.3.3, the representation
IndgL"(E) MR Qm,

is essentially AIG. Its socle is thus an irreducible generic representation with the
same supercuspidal support as m, and is therefore isomorphic to m, by Proposi-
tion 3.2.12. It thus remains to show that any essentially AIG representation W
whose socle is isomorphic to m embeds in

IndgL"(E) TR QM.

Note that as any map of essentially AIG representations is injective, it suffices to
construct a map:
W —nds"® e @,

By Frobenius Reciprocity, this is equivalent to constructing a map:
ResgLn(E) W-oam@- - Q7.

As every Jordan—Holder constituent of W has supercuspidal support {7, ..., 7}
by Corollary 3.2.14, it follows that every Jordan-Holder constituent of ResgL"( W
is a supercuspidal representation of M, and at least one of these Jordan—Hdlder
constituents is isomorphic to 7 ® - -+ ® m.. By Theorem 3.2.13, 71 ® - - - ® m,- only
admits nontrivial extensions (as an M-representation) with irreducible representa-
tions isomorphic to 7 ® - - - ® m,.. Thus ResgLn( g) W admits a quotient isomorphic
to 11 ® -+ - ® 7, and the result follows. O

4.3.10. Corollary. Let W be an essentially AIG representation of GL,(E) over a
field K of characteristic zero. Then W has finite length.

Proof. Let W’ be the essentially AIG envelope of soc(W). By the preceding lemma,
W' @k K has finite length, so W’, and hence W, has finite length. O
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4.3.11. Corollary. Let W be an essentially AIG representation of GLo(E) or
GL3(E) over a field K of characteristic zero. Then no Jordan—Hélder constituent
of W appears with multiplicity greater than one.

Proof. Lemma 4.3.9 above shows that W embeds in some parabolic induction
IndIGDL"(E) ™M Qmp

with each m; cuspidal. Zelevinski’s computations of multiplicities of the Jordan—
Holder constituents of such inductions ([15, §11]) shows that when r < 3, each
Jordan—Holder constituent of such an induction occurs with multiplicity one. The
result follow immediately. O

4.3.12. Remark. In contrast to the preceding proposition, if n = 4, and if we
choose a Levi subgroup of the form (E*)* of GL4(E),

GL,(E
mdi"® | 2ol o] el
has a Jordan—Holder constituent that appears with multiplicity two.

4.4. Reduction of 7(S). We now turn to integrality considerations. We continue
to suppose that O is a discrete valuation ring, with residue field K of characteristic
zero, uniformizer w, and field of fractions K. We say an admissible representation
m over K is O-integral if it contains a w-adically separated O-lattice.

4.4.1. Lemma. Let m be an absolutely irreducible supercuspidal representation of
GL,,(E) over K. Then w is O-integral if and only if its central character takes
values in O*. In this case there is a w-adically separated GL,, (E)-stable O-lattice

w° in 7, unique up to homothety, such that the reduction mw°/wn® is absolutely
irreducible and supercuspidal.

Proof. Clearly if 7 is O-integral, then its central character takes values in O*. Let
K’ be a finite Galois extension of K, such that there exists a character x : E* — K*
whose nth power is the central character of 7. If the central character of 7 takes
values in O*, then x takes values in (O')*, where O’ is the integral closure of O
in K.

The central character of 7 ® x~! o det is trivial. By [12, I1.4.9], 7 ® x ! o det
is defined over a finite extension F' of Q,, contained in K’. That is, there exists an
admissible representation my over F' such that my® K’ is isomorphic to 7®x ! odet.
As O’ has residue characteristic zero, F' is contained in O0’. Thus 7° := (mo®@p O0’)®
(x odet) is a w’-adically separated O'-lattice in ™ @ K, where w’ is a uniformizer
of O'.

The reduction modulo w’ of 7° is (71 ®p K') ® (Y odet), where K’ is the residue
field of O and  is the reduction of x modulo @’. In particular 7°/wwn® is absolutely
irreducible and supercuspidal (and therefore 7° is unique up to homothety.) It
follows that 7° is stable under the action of Gal(K’'/K), and hence descends to a
GL, (E)-stable lattice in m (which must also be unique up to homothety.) (]

Given an O-integral absolutely irreducible supercuspidal representation 7 of
GL,,(F) over K, we can thus define 7 to be the reduction mod w of any w-adically
separated GL,, (E)-stable O-lattice in w. For a segment A = [m, (| | odet)m,...,(| |
odet)"~!7], let A be the segment [, (| | odet)7,...,(| | odet)""'7]. If Sis a
collection of integral segments, define S to be the collection containing the segments
A, for A; €S.
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4.4.2. Lemma. Let m be an O-integral, absolutely irreducible supercuspidal repre-
sentation of GLy,(E) over K, and let A be the segment [m, (] | odet)m,..., (] |
odet)"~!x]. There is a w-adically separated, GL,,(E)-stable O-lattice St in Sta,
unique up to homothety, and Stx /wStx is isomorphic to Stx.

Proof. This follows by precisely the same argument as in Lemma 4.4.1. O

If we want to consider the reduction mod w of representations of the form 7 (S),
then the situation is more complicated, as 7(S) typically contains more than one
homothety class of lattices. However, Proposition 3.3.2 allows us to single out a
preferred such homothety class.

4.4.3. Proposition. If S is an unordered collection of segments over K that are O-
integral, then there is an O-lattice w(8S)° in w(S), unique up to homothety, such that
7(8)° Jwm(8)° is essentially AIG. Moreover, 7(S)°/wm(S)° is isomorphic to w(S).
Proof. Proposition 3.3.2 shows that 7(S)° exists and is unique up to homothety.
Let Aq,...,A, be the segments in S, and fix for each ¢ a w-adically separated
O-lattice L; in Sta,. Then L;/wL; is isomorphic to StZi‘ Recall that

m(8) =Ind$ P Stn, @ -+ @ Sta,

and hence contains the integral induction IndgL"(E) L ® - ® L, as a lattice.

The mod w reduction of this lattice is clearly isomorphic to 7(S), which is es-
sentially AIG. Thus IndgL"(E) L; ® -+ ® L, is homothetic to (S)°, and hence

7(8)°/wn(S)° is indeed isomorphic to 7(S), as claimed. O

4.4.4. Corollary. Let K' be a finite Galois extension of K, and let O be the integral
closure of O in K'. Let w be an admissible representation of GL,(E) over K, and
let S be a collection of segments over K' that are O'-integral. Suppose that m Qi K'
is isomorphic to w(S). Then m is O-integral, and there is a w-adically separated
O-lattice ° in w, unique up to homothety, such that 7°/wn® is essentially AIG.
Moreover, 7°/wn® @k K' is isomorphic to nn(S).

Proof. Tt suffices to show that the lattice 7(S)° constructed in the previous propo-
sition is stable under the action of Gal(K'/KC). This is clear since 7(S)° is unique
up to homothety. O

4.5. Compatibility with specialization. We now use the results of the previ-
ous sections to understand the relationship between 7(p ®o K) and 7(p @0 K),
where p : Gg — GL,(0O) is a continuous Galois representation. The key idea is a
geometric interpretation of the partial order < on collections of segments, due to
Zelevinski [16].

Let V = ®,V; be a finite-dimensional vector space over a field F, “graded”
by the set of isomorphism classes of irreducible supercuspidal representations of
GL,,(E) over K, for all m. We denote the automorphisms of V' as a graded F-vector
space by Aut(V), and let End™ (V) denote the space of F-linear endomorphisms of
V that take Vi to V|| |odet)r for all . Let Ny be an element of End™(V); it is a
nilpotent endomorphism of V.

We construct a bijection between the set of isomorphism classes of pairs (V, Ny)
and the set of collections S of segments over K, as follows: For any segment
A = [r,(] | odet)m,...,(] | odet)""!x], let Va r be the vector space defined
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by (Va,p)r = F if 7’ is in A, and zero otherwise. We define an endomorphism
NA,F of VA,F that is an iSOHlOI‘phiSHl (VA,F)(| |o det)im — (VA,F)(| |odet)itisr for
0 <i < r—1, and zero otherwise.

For a collection S of segments, we define:

(Vs,r, Ns,r) = @(VA,FJVA,F)-
AeS
It is easy to see (for instance, by the structure theory of graded F[N]/n"-modules)
that the association S — (Vs r, Ns r) vields a bijection between collections of
segments and isomorphism classes of pairs (V, Ny).

4.5.1. Theorem ([16, §2]). Let S’ and S be collections of segments over K. Then
S§' < S if and only if Vs p is isomorphic to Vs p as a graded F-vector space, and
Ns,p is in the closure of the orbit of Ns/ p under the action of Aut(Vs r) on
Endt (Vs ).

As a result, if &’ X S, then, for all i, the rank of Ng,F is less than or equal to
that of Njg/’F. These ranks are equal for all 7 if, and only if, &' = S.
If (o', N) is a Frobenius-semisimple Weil-Deligne representation over K, and if
n—1

S is the collection of segments such that 7(S) = (| | odet) = m(p’, N), then the
pair (Vs %, Ng %) can be described easily in terms of (p, N). Indeed, one has:

4.5.2. Lemma. For any supercuspidal representation 7 of GL,,(E) over K, there
is a natural isomorphism:

(VSK)W - Homf[WE](p, ),
where p is the absolutely irreducible representation of Wg that corresponds to w
under the unitary local Langlands correspondence. Moreover, under these isomor-
phisms, the map
Nsz: (Vsi)r = (Vs )| |odet)r
is identified with the map

Homg 1 (0, p') — Homgpy (| | @p,0)
induced by N.

Proof. This is true by construction if (p’, N) is indecomposable, and extends to the
general case by taking direct sums. O

Zelevinski’s result strongly suggests a connection between the Zelevinski partial
order and reduction of Weil-Deligne representations. In order to make this con-
nection precise we need a compatibility between the reduction mod w and local
Langlands:

4.5.3. Lemma. If o' is absolutely irreducible, and ™ @) K corresponds to 0 R
KC under the unitary local Langlands correspondence, then T @ K and p' @x K
correspond under the unitary local Langlands correspondence.

Proof. We first translate this into a statement in terms of the generic local Lang-
lands correspondence. From this point of view the representation 7 (p’) is isomorphic
to (| | odet)” "= m, and we must show that 7(p') is isomorphic to (| | o det)™ "z 7.

There is a finite extension K’ of I, and a character x : Wgr — (K')*, such that
p' ® x is defined over Q,; as p’ is integral x takes values in (O')*, where O’ is
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the integral closure of O in K’. In particular, there is a finite extension Ky of Q,,
contained in X', and a representation pg : Wg — GL,, (K)p), such that po @k, K’ is
isomorphic to p’'®x. If we let K’ be the residue field of @', and let X be the reduction
mod @’ of the character x, then K| is contained in K’ and py ® i, K’ is isomorphic
to 7' ® y. It follows that 7(p') ® x is isomorphic to (| | odet)™ "= m(py) ® x.

Let mo = (] |o det)nT_lw(po). As the generic local Langlands correspondence is
compatible with twists and base change, the representation 7 ® x is isomorphic to
To® Kk, K'. Thus T®y is isomorphic to mo @k, K’, and hence to (| | o det)%w(ﬁ’)®
x. The result follows. O

If S is obtained from a collection of segments S by reduction mod @, the pairs
(Vs,rs Ns,r) and (Vs g, N3 ) are related by (Vg p)7 = @x(Vs,F)ar, where the
sum is over 7’ with 7 = 7.

Now let (p’, N) be a Weil-Deligne representation over O such that the restriction
of p' ®0 K to Ig is a direct sum of absolutely irreducible representations of Ix over
K, and such that p’ ® K is a direct sum of absolutely irreducible representations
pi of Wg. (We can always arrange this by replacing K with a finite extension.) Let
S be the segment associated to (p’, N) ®0 K; we have

(Vs i)z = Hompwg) (pis o' @0 K),

where m; corresponds to p; under unitary local Langlands. We also consider the
K-vector-space Vg .

Let (p’, N) be the Weil-Deligne representation (p’, N) ®o K, and let S’ be the
collection of segments associated to (7', N)¥=55. Our goal is to compare S’ to S;
we will do this by comparing Vg, to Vs k. The key difficulty is to construct
an O-lattice in ng x> stable under Ng )., whose reduction mod w is isomorphic to
Vs k-

By Lemma, 4.1.1 there is a finite extension Ky of Q, and representations 74, ..., T,
of I'p over Ky, each in its own orbit under conjugation by ®, such that the restriction
P ®o K is a direct sum of ®-conjugates of the 7;, each with multiplicity one. For
each 4, let L; be the O-module Homey,1(7: ®k, O, p').

For each j such that the restriction of ,0;- to I contains a copy of 7; ®k, I, the
restriction map

Homyg(yw ) (0, p') — Homg 1, (1 @K, K, p')

is an injection. We thus obtain an isomorphism:

Li ®0 K — Homyr,)(1: ®k, K, p') — @Homfc[WE](p;wP'%
J

where the latter sum is over those j such that the restriction of p;- to Ig contains a
copy of 7; ® g, K. Thus condition is satisfied if, and only if, the restriction of ﬁ; to
I contains a copy of 7; @, K. We can thus view L; as a sublattice of @j(Vg’K);j,
where the sum is over those j such that the restriction of ﬁ} to Ig contains a copy
of 7; ®p, K. For any such j, let Lz, be the intersection L; N (Vg,,c)fj.

In fact, this gives a direct sum decomposition of L;. To see this, first observe:

4.5.4. Lemma. Let M be a free O-module of finite rank, and ¥ is an O-linear
endomorphism of M that acts semisimply on M ®o K. Suppose that all of the
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eigenvalues of ¥ ®p IC lie in KC, and for each eigenvalue A of ¥ ®p K, let M5 be
the intersection of M with the A-eigenspace of ¥ @0 K. Then M decomposes as
M = & My,

where X runs over the eigenvalues of ¥ : M /wM — M/wM and My is the sum of
M5, for those A congruent to A modulo w. The endomorphism ® acts on My /w My
as the product of A\ with a unipotent endomorphism of My /wM,.

Proof. Let P(t) be the minimal polynomial of ¥, and consider M as an O[t]/P(¢)-
module on which ¢ acts by ¥. The connected components of Spec O[t]/P(t) are in
bijection with the roots A of the mod w reduction ¥ of ¥; these are the eigenvalues
of W. Thus, considered as a sheaf on Spec O[t]/P(t), M decomposes as a direct sum
of sheaves M), supported on each connected component. On each M), the minimal
polynomial of W is a power of t — \, so A~V is unipotent on M. O

4.5.5. Lemma. We have a direct sum decomposition: L; = &L=, where the sum
is over those j such that the restriction of ﬁ;- to Ig contains a copy of T, ®k, K.

Proof. Let r be the size of the orbit of 7; under the conjugation action of ®, and

. . ” ~ . . . . .
fix an isomorphism 7¥" =+ 7;. This isomorphism induces an endomorphism ¥ of

Homopyz,1 (7 ®k, O, p') via
o s ~
Homo(1,,) (i @K, O, p') = Homo(1,,) (777 @k, O, p') — Homoyr,(1; @k, O, p').

Let p; be an absolutely irreducible summand of p’ ®o K whose restriction to I

contains a copy of 7; ® g, K. This copy is unique, and yields a restriction map:
Homycpy 1 (0}, 0" @0 K) = Homy(y,) (73, 0" @0 K).
This restriction map is injective, and its image can be characterized in terms of .
In particular, the endomorphism:
H" r ~

Homy(7,, (7 ®k, K, ,0;) = Hom,qIE](Tf’ R, K, p;) — — Homy1,,1(7: ® K, K, P;)

is an endomorphism of one-dimensional K vector spaces and is thus given by a
scalar A; it follows by Lemma 4.1.2 that p;. is determined by A and 7;, and that the
image of the map:

Homyw (0}, ' @0 K) = Homg 1,1 (7i, o' @0 K)

is the \-eigenspace of W.

Now let p; be an absolutely irreducible summand of P ®o K whose restriction
to Ig contains a copy of 7; ®g, K, and let 7; be the corresponding admissible
representation. Then the endomorphism W of Homg{s,1(7 ® K, K, p;) is a scalar A,

and, by the same reasoning as above, (Vs )z, is the sum of the A-eigenspaces of

U for those A congruent to A modulo w. Thus, by the preceding lemma, Lz, is a
direct summand of L;. O

Let L be the lattice in V5 ;- defined by:
L = &xL~.
Note that as Ng ;- preserves each L;, it also preserves L.

4.5.6. Lemma. There is a natural isomorphism L/l Vs k. Moreover, the
endomorphism Nz - of L reduces to Ns/ i under this isomorphism.
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Proof. Recall that S’ is the collection of segments associated to (p’, N)¥ 5. Let p,
be any absolutely irreducible Jordan—Holder constituent p; of (p)*, corresponding
to an admissible representation 7; under unitary local Langlands. Then (Vs i)z,
is equal to Hom g y,1(p;, (7)%). It thus suffices to construct, for each i, a natural
isomorphism of (L/wL)z, with (Vs k)=,

Let 7 be an absolutely irreducible representation of Ig over Ky such that p;
contains 7 ® g, K; let r be the order of the orbit of 7 under conjugation by ®, and
fix an isomorphism of 7 with 7®". Let A € K* be the scalar giving the action of
®" on Homy7,)(T ®K, K, p;|1,;) under this identification.

We also have an action of ®" on Hom g 7,(T®x, K, (5')**|1,,); this yields a linear
endomorphism ¥ of Hom g (1,)(7 @K, K, (7')**|r,). The natural map

(Vs 1 )z, — Hompeyr,) (T @k, K, (7)1,

identifies (Vs x ), with the A-eigenspace of ¥ .

On the other hand, the previous lemma shows that Lz, is the sum of the M-
eigenspaces of ¥ on Hom O[Ig|(T ®xk, O, p'|1,); it follows that Lz, /cwlz, is the
A-generalized eigenspace of ¥/wW¥ on Hom K [Ig](T ®K, K,7'|1,)-

Finally, observe that T” is the semisimplification of ¥/wW¥, so that the A
generalized eigenspace of ¥/wV is equal to the A-eigenspace of @SS, and hence
to (Vs k). One verifies easily that these identifications are all compatible with the
monodromy operators. [

_ By Theorem 4.5.1 it follows that for S and S’ as in Lemma 4.5.6, we must have
S < &'. Moreover, we have equality if, and only if, the ranks of the operators Nfgy i
and Né,, x agree for all . We are thus finally in a position to prove:

4.5.7. Theorem. Let p: Gg — GL,(O) be a continuous Galois representation, and
(o', N) the Frobenius-semisimplification of the corresponding Weil-Deligne repre-
sentation. Then there is a w-adically separated O-lattice w(p)° in T(pRoK), unique
up to homothety, such that w(p)°/wn(p)° is essentially AIG, and an embedding

m(p)°/wm(p)® — =(p),
where p = p ®o K. This embedding is an isomorphism if, and only if, the K-rank
of N equals the K-rank of (N ®0 K)? for all i.

Proof. Let (p’, N) be the reduction mod w of (p/, N). Then, by Lemmas 4.1.8
and 4.1.9, (7', N)¥~% is the Frobenius-semisimplification of the Weil-Deligne rep-
resentation attached to p.

Over a finite extension K’ of K, we may assume that p’ splits as a direct sum of
absolutely irreducible representations of W, and similarly for its restriction to Ig.
The corresponding statements then hold for the semisimplification of p’.

Let O’ be the integral closure of O in K, and let K’ be its residue field. Let
S and &' be the segments associated to (p', N) ® O" and (p/, N)¥ = @, K'. We
have shown that S < S'.

On the other hand, we have 7(p ®¢ K') is isomorphic to (| | odet)™27(S); by
Corollary 4.4.4 there is, up to homothety, a unique lattice m(p)° in m(p ®o K) such
that 7(p)°/wn(p)° is essentially AIG; moreover one has an isomorphism

[7(p)° [wm(p)°] @K K' — 7(S).
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As 7(p ® K') is isomorphic to (| | odet)"27(S’), and S < &', we have an
embedding of [7(p)°/wn(p)°] ®x K’ in 7(p @k K'). This embedding descends to
K by Proposition 4.3.7.

Finally, this embedding is an isomorphism if, and only if, S is equal to S’. This
is true if, and only if, the ranks of N%’K and Ng,’K agree for all 4; it is easy to

see this is equivalent to requiring that the ranks of (N ®o K)* and N agree for
all 4. 0

4.5.8. Remark. An alternative approach to some of the above questions is given
in [3], particularly Proposition 3.11. Chenevier constructs, for each Bernstein com-
ponent B of the category of smooth representations of GL,,(F), a pseudocharacter
of Wg valued in the algebra of functions on B that “is compatible with the local
Langlands correspondence”, in the sense that if one specializes this pseudochar-
acter at any irreducible representation of GL,,(E) that lies in B, one obtains the
pseudocharacter of the semisimplification of the corresponding representation of
WEg. From our perspective, this result allows us to deduce that the supercuspidal
support of 7(p) is the reduction modulo w of the supercuspidal support of 7 (p),
but it does not contain any information about the monodromy operator.

In cases where the embedding arising in the previous proposition is an isomor-
phism, we say that p is a minimal lift of p. (Such lifts are lifts of p in which the
ramification arising from the monodromy operator is as small as possible.) We will
need this language in a broader context than that of representations over discrete
valuation rings:

4.5.9. Definition. Let A be a reduced complete Noetherian local ring with finite
residue field k of characteristic p, that is flat over W (k), and let p be a continuous
representation of Gg into GL,(A). Let (p',N) be the associated Weil-Deligne

representation over GL,, (A[=]). If p is a characteristic zero prime of A, and a is a

prime of A whose closure contains p, we say pq is a minimal lift of p, if, for all i,
the rank of (N ®4 k(a))® is equal to the rank of (N ®a4 r(p))*.

Note that, for any given a, the locus of p such that p, is a minimal lift of p, is

1
Zariski open in the closure of a in Spec A[—].
b

5. THE LOCAL LANGLANDS CORRESPONDENCE IN CHARACTERISTIC p

5.1. Definition and basic properties. We now construct an analogue of the
Breuil-Schneider local Langlands correspondence for representations of Gg over
finite fields of characteristic p. Such a correspondence should satisfy an analog
of Theorem 4.5.7 for representations over discrete valuation rings of characteristic
zero and residue characteristic p. Throughout this section we fix a finite field k& of
characteristic p, and let O denote a complete discrete valuation ring of characteristic
zero with field of fractions IC and finite residue field &’ containing k.

Our starting point is the semisimple mod p local Langlands correspondence of
Vigneras [14]. This is a map p — Tss(p) that associates to each m-dimensional
irreducible representation p : Wg — GLn(ED) an irreducible supercuspidal repre-

sentation 7ss(p) over F,. If ¢ denotes the order of the residue field of E, and if
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k' is a finite field of characteristic p containing a square root of ¢, then this cor-
respondence is defined over k'; that is, if p is defined over &/, then 7(p) descends
uniquely to a representation over k’. Moreover, the correspondence is compatible
with “reduction mod p” in the following sense:

5.1.1. Theorem ([14, Thm. 1.6]). Suppose that k' contains a square root of q. Let
(p,N) be an n-dimensional Frobenius-semisimple Weil-Deligne representation of
Wg over O, and let  be the irreducible representation of GL,(E) over K attached
to (p,N) ®o K by the unitary local Langlands correspondence. Let p = p @0 Fp,
and let
=09 ®P,

be a decomposition of p°° into irreducible representations of Wg over E,, Then w
is O-integral, and for any GL,(FE)-stable O-lattice L in 7, and any Jordan—Holder

constituent T of L ®o F),, one has:

scs(7) = {Tss(P1) - - Tss () }-
5.1.2. Corollary. Suppose that k' contains a square root of q. Letp : Gg — GL, (k)
be a Galois representation, and let p : Gg — GL,(O) be a lift of p @i k'. Then
m(p ®o K) is O-integral, and for any O-lattice L in w(p ®p K), the supercuspidal
support of any Jordan—Hdlder constituent T of L @0 E, depends only on p.

Proof. Let (p’, N) be the Frobenius-semisimple Weil-Deligne representation over
K attached to p. Then p’ is O-integral and the semisimplification of its reduction
mod p depends only on p. By the definition of the Breuil-Schneider local Langlands
correspondence, T(p ®o K) is (up to a twist by an integral character) a parabolic
induction of representations that correspond (via unitary local Langlands) to ir-
reducible summands of p’ ®o K. These summands are integral, so 7(p ®p K) is
as well, and so is 7(p ®o K). Moreover, (up to a twist by (| | odet)™=), every
Jordan—-Hélder constituent of 7(p ®o K) corresponds via unitary local Langlands
to a Weil-Deligne representation of the form (p’ ®o K, N’) for some choice of mon-
odromy operator N'.

Now if L is a lattice in 7(p ®0 K), and 7 is a Jordan-Holder constituent of
L®o F,, then there exists a Jordan-Hélder constituent of m(p®o K), and a lattice
L' in this constituent, such that 7 is a Jordan—Holder constituent of the mod p
reduction of L’. The result thus follows from Theorem 5.1.1. O

Let L be alattice in m(pRo ), where p : Gg — GL,,(O) is a lift of pRk’ for some
p:Gg — GL, (k). As L®oTF, has a unique generic Jordan—Hélder constituent, and
up to isomorphism there is only one irreducible generic representation of G' with
given supercuspidal support, the generic Jordan—Holder constituent of L ®¢ Fp
likewise depends only on p.

We will also need to control the length of L/wlL, for lattices L of the sort

appearing in the Corollary above. We first show:

5.1.3. Proposition. Let P = MU be a parabolic subgroup of GL,(E), and let
T=m Q- Qm be an irreducible representation of M. There exists an integer c,
depending only on n, such that the length of IndgL”(E) T ® -+ @7, is bounded

above by c.

Proof. In fact, we bound the length of this induction as a representation of P, (E),
by induction on n. Suppose we have a bound ¢’ on this length for representations
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of P,,(E), m < n. The length of a representation of P, (FE) is equal to the sum of
the lengths of all of its derivatives, as every irreducible representation of P, (E) has
a unique nonzero derivative. By the Leibniz rule for derivatives, each derivative of
P,(F) is a sum of parabolic inductions of proper subsets of {1, ... 7. }; there are
at most 2 — 1 such subsets, and each such parabolic induction has length at most
¢’. In particular, we can take ¢ = (2™ — 1)¢’ (although this is most likely far from
sharp). O

5.1.4. Proposition. Letp: Gg — GL, (k) be a Galois representation, let p : Gg —
GL,,(O) be a lift of p @y k', and let L be a GL,(E)-stable lattice in w(p @0 K).
There exists an integer ¢, depending only on n, such that the length of L/wL is
bounded above by c.

Proof. The length of L/wlL is independent of L. As 7(p ®o K) is a parabolic
induction of a tensor product of integral Steinberg representations, we can write

7T(p R0 IC) _ IndgLn(E) Stwl,nl R ® Stm,n“

where the 7; are integral cuspidal representations of GL,,. For each 4, St,, ,,, arises
as the normalized parabolic induction of a tensor product of the form:

P

(| lodet) ™ m - & (] |odet)™ = .

Thus there is a parabolic induction of a tensor product of irreducible, integral,
cuspidal representations 7 (all of which are twists of the ;) that maps surjectively
onto 7(p ®o K); if we choose a lattice L; inside each of the 77, the parabolic
induction of the tensor product of the L; maps into a lattice L in m(p®0 ). We then
have a surjection of the parabolic induction of the tensor product of L;/wL; onto
L/wL. As each ) is cuspidal, so is L; /wL;; as (Lj/wL;)™ is one-dimensional we
must have L, /wL; irreducible for all j. Thus the length of L/wL is bounded above
by the maximum length of a parabolic induction of an irreducible representation of
a Levi subgroup of GL,,(E), and the desired result follows by Proposition 5.1.3. O

We can now prove the main result of this subsection.

5.1.5. Theorem. There is a map p — T(p) from the set of isomorphism classes
of continuous representations Gy — GL, (k) to the set of isomorphism classes of
finite length admissible smooth GL,, (E)-representations on k-vector spaces, uniquely
determined by the following three conditions:

(1) For any p, the associated GL, (E)-representation T(p) is essentially AIG.

(2) IfK is a finite extension of Qp, with ring of integers O, uniformizer w, and
residue field k' containing k, p : Gg — GL,(O) is a continuous represen-
tation lifting p % k', and L is a GL,(E)-invariant O-lattice in 7(p) such
that L/wlL is essentially AIG, then there is a GL,(E)-equivariant embed-
ding L/wL — 7(p) @ k'. (Note that Proposition 3.3.2 shows that such an
L always exists, and that it is unique up to homethety.)

(3) The representation T(p) is minimal with respect to satisfying conditions (1)
and (2), i.e. given any continuous representation p : Gg — GL,(k), and
any representation T of GL, (E) satisfying these two conditions with respect
to p, there is a GL,,(E)-equivariant embedding 7(p) < 7.

Furthermore:
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(4) The formation of T™(p) is compatible with extending scalars, i.e. given p :
Gg — GL,(k), and a finite extension k' of k, one has

T(por k') =7(p) @x k.
(5) The formation of T(p) is compatible with twists, i.e. given p : Gg —
GL,,(k), and a continuous character X : Gg — k™, one has
mT(p@X) =7(p) ® (X o det).
(6) Endgr, ) (7(p)) = k- .

(7) The representation T(p) has central character equal to | | 2 (detp).
Suppose (p@y,k)* is the direct sum of irreducible representations py, ..., p,.-
Then every Jordan Holder constituent of w(p) has supercuspidal support

equal to | |* = {Tss(P1), -+ Tss(Pr) }

—
[0%¢)
~—

Proof. We first establish uniqueness: If T and 7 are two finite length admissible
smooth representations of GL, (E) that satisfy properties (1), (2), and (3) with
respect to p, then by property (3) we have embeddings of 7 in T and vice versa.
As both 7 and 7 have finite length these embeddings are isomorphisms.

We now turn to the construction of 7(p). Let p : Gg — GL,(O) be a lift of
P Qg k', for some O,k as in property 2, and suppose L is an O-lattice in m(p)
such that L/wL is essentially AIG. The socle V of L/wL is absolutely irreducible
and generic, and its supercuspidal support depends only on p and not the specific
lift p chosen. As there is a unique generic representation with given supercuspidal
support, V' depends only on p up to isomorphism. In particular V is defined over k,
as we can take O to have residue field k.

Let env(V%) be the essentially AIG envelope of V ®, k. For each lift p of p, and
each lattice L in 7(p) such that L/wL is essentially AIG, the socle of (L/wL)®y k
is isomorphic to V ®y, k. Hence (L/wL) ®j k embeds uniquely (up to the action of

EX) in env(Vg). Let (p)z be the sum, in env(V5), of the images of (L/wL) ® k
in env (V%) as p ranges over all lifts of p.

By construction, Gal(k/k) acts on env(V%). This action preserves 7(p)z, as it
permutes the images of L /w L for various O and p. Thus 7(p);; descends uniquely to
a submodule 7(p) of env(V'). Clearly, 7(p) satisfies properties (1) and (2). On the
other hand, if 7 is any other representation satisfying properties (1) and (2), then
the socle of T is isomorphic to V' and hence env(V') contains a unique submodule
isomorphic to 7. As T satisfies property (2), T ®j k contains the images of L/wL
in env(V%) for all lifts p of p, and thus contains 7(p) ®y k. It follows that 7 contains
7(p), so w(p) satisfies property (3). Finally, 7(p) is finite length by Proposition 5.1.4
and Corollary 3.2.17.

Now let k" be a finite extension of k. Then 7(p) ®j k' clearly satisfies properties
(1) and (2) with respect to p®y k', and thus admits an embedding of T(p®y k') that
is unique up to rescaling. The above construction shows that 7(p) ®; k and 7(p @
k') @4 k coincide as submodules of env(Vy), so this embedding is an isomorphism.

Similarly, if  is a character of E* with values in £*, we can choose a lift x of
X to a character with values in W (k)*. Then if p ® x is a lift of p ® (X o det) to a
representation over O, and L ® x is a lattice in m(p® x) with (L® (xodet))/w(L ®
(x o det)) essentially AIG, then L is a lattice in 7(p) with L/wL essentially AIG.
Thus L/wL embeds in 7(p) ®4 k', so (L/wL) ® (Y odet) embeds in 7(p) ® (3 o det).
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Thus 7(p) ® (X o det) has property (2) and hence contains T(p ® ). Conversely,
replacing p with p ® X, we find that 7(p ® ¥) ® (X! o det) contains 7(p). Thus
7(p) and 7(p ® X) have the same length, and so 7(p ® ) and 7(p) ® ( o det) are
isomorphic.

The endomorphisms of 7(p) are all scalar because 7(p) is essentially AIG. In
particular the center of GL, (F) acts on 7(p) (and hence on all of its submodules)
via a character. To compute this character, let p be any lift of p, and let L be
a lattice in 7(p) such that L/wlL is essentially AIG. The center of GL,(E) acts

n(n—1) .
= det p, and hence on L/wL via the character

on 7(p) via the character |
___n(n=1)
s
of 7(p).
As 7(p) is essentially AIG, every Jordan-Hoélder constituent of 7w(p) has the same
supercuspidal support. To determine this supercuspidal support, let p be any lift
of p, and let L be a lattice in m(p) such that L/wL is essentially AIG. The repre-
sentations | |*"771 7(p) and p then correspond under unitary local Langlands, and
so, by Theorem 5.1.1, the supercuspidal support of any Jordan—Hélder constituent

of | |7"%" L/wL is equal to {Tss(By), . .. Tes(B,)}- O

detp. As L/wL embeds in 7(p), this character is also the central character

5.2. The local Langlands correspondence for GLs in characteristic p. For
GL2(FE), at least in odd characteristic, the correspondence p — 7(p) can be made
fairly concrete. The first thing to observe is:

5.2.1. Proposition. Let p: Gg — GLa(F,) be a representation, and suppose that
P% is not a twist of 1® | |. Then T(p) is the unique representation of GLa(FE)
whose supercuspidal support is given by part (8) of Theorem 5.1.5.

Proof. Part (8) of Theorem 5.1.5, together with our hypothesis on p implies that
the supercuspidal support of any Jordan—Holder constituent of 7(p) is either a
single supercuspidal representation of GLy(FE), or a pair of characters of GL;(E)
that do not differ by a factor of | |. In either case, there is, up to isomorphism, a
unique irreducible representation 7T of GLo that has that particular supercuspidal
support; in particular 7 is generic. Thus every Jordan—Hélder constituent of env(7)
is isomorphic to T; as T is generic and env(7) is essentially AIG there is only one
such Jordan-Holder constituent. In particular @ = env(T). and so As 7 (p) is
contained in env(7), we must have w(p) = 7. O

When 5% is a twist of 1 | |, the situation is more complicated, as 7(p) will
typically not be irreducible. As the correspondence p — 7(p) is compatible with
twists, it suffices to describe 7(p) when 5 = 1& | |. In this case m(p) has
supercuspidal support {1,| [}. The details of this will be carried out in [8]; here
we content ourselves with summarizing the results.

First, assume that the order g of the residue field of E is not congruent to +1
modulo p. (This is the so-called banal situation.) Here there are two irreducible
representations of G with supercuspidal support {1,ﬁ}: the character 7|odet and
the twisted Steinberg representation St @ (| | o det). The latter representation is

generic, and its envelope is the unique nonsplit extension of | [odet by St®(] [odet).
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On the Galois side there is, up to isomorphism, a unique nonsplit p whose

semisimplification is 1& | |. Then 7(p) is equal to St ® (] | o det) if p is non-
split, and to the unique nonsplit extension of | | o det by St ® (] | o det) if 7 is
split.

Next, assume that p is odd and ¢ is congruent to —1 modulo p. In this case
there are three irreducible representations of G with supercuspidal support {1,] [}:
the trivial character, the character ﬁ o det, and a cuspidal generic representation
that Vigneras denotes by m(1) (see [12, II.2.5] for a discussion of this). Up to
isomorphism, there is a unique nonsplit extension of the trivial character by m(1)
and similarly a unique nonsplit extension of | |odet by 7(1). The envelope env(r(1))
is the unique extension of 1@ (| [odet) by m(1) that contains both of these nonsplit
extensions as submodules.

In this case 7(p) = env(w(1)) if p is split. If 5 is not split, it is either an extension

of | | by 1 or an extension of 1 by | |. In the first case, 7(7) is the nonsplit extension
of (| |odet) by 7(1); in the second case 7(5) is the nonsplit extension of the trivial
character by 7(1).

Finally, assume that p is odd and ¢ is congruent to 1 modulo p. In this case T
is the trivial character. The only irreducible representations of G with supercusp-
idal support {1,1} in this case are the Steinberg representation St and the trivial
representation. Moreover, Extl(l, St) is two-dimensional, and naturally isomorphic
to H'(Gg,1). The envelope env(St) is isomorphic to the universal extension of 1
by St, and thus has length three.

In this case 7(p) is equal to env(St) if 7 is split. On the other hand, the nonsplit
p with trivial semisimplification are in bijection with the one-dimensional subspaces
of H'(GE, 1), and hence in natural bijection with the one-dimensional subspaces
of Ext'(1,St). These in turn correspond to the nonsplit extensions of 1 by St. For
any nonsplit p, 7(p) is the corresponding extension of 1 by St.

6. THE LOCAL LANGLANDS CORRESPONDENCE IN FAMILIES

6.1. The set-up. Throughout this section we will be considering representations
over rings A satisfying the following condition:

6.1.1. Condition. A is a complete reduced Noetherian local ring, with finite residue
field k of characteristic p, which is flat over the ring of Witt vectors W (k).

We will typically write m for the maximal ideal of A. Note that the condition
of being flat over W (k) is equivalent to A being p-torsion free, or again (since A
is reduced), to each minimal prime of A being of residue characteristic 0. We will
write £(p) to denote the residue field of a prime ideal p of A; thus x(p) is the fraction

field of the complete local domain A/p. We write K(A) := H k(a) (where,

a minimal
as indicated, the product is taken over the finitely many minimal primes of A) for

the total quotient ring of A. Since A is reduced, the natural map A — K(A) is an
embedding.

6.2. Statement of the correspondence and related results. Now let E be a
number field. Let v be a non-archimedean place of E, and let p : Gg, — GL,,(A4) be
a continuous representation (when the target is equipped with its m-adic topology).
For each prime ideal p of A, let p, : Gg, = GL, (n(p)) denote the representation
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obtained from p by extending scalars from A to x(p). In the particular case of the
maximal ideal, we also write p := py. If p is a prime of A with residue characteristic
zero, we write 7(p,) for the smooth k(p)-dual of the representation 7(p,) defined
in Definition 4.2.1.

In the situations that we will consider below, we will have a finite S of non-
archimedean places of F, all prime to p, and for each v € S we will have a continuous
representation p, : Gg, — GLy(A).

We are now ready to describe the local Langlands correspondence for local Galois
representations over A.

6.2.1. Theorem. Let S denote a finite set of non-archimedean places of E, none
of which lie over p, and suppose for each v € S that we are given a representation
pv: Gg, = GLp(A). If we write G := [],c g GL,(E,), then there is (up to isomor-
phism) at most one admissible smooth representation V' of G over A satisfying the
following conditions:

(1) V is A-torsion free (i.e. all associated primes of V' are minimal primes
of A, or equivalently, the natural map V — K(A)®4 V is an embedding).

(2) For each minimal prime a of A, there is a G-equivariant isomorphism

Q7 (pa) = (@) @4 V.
veS
(3) The G-cosocle cosoc(V/mV') of V/mV is absolutely irreducible and generic,
while the kernel of the natural surjection V/mV — cosoc(V/mV) contains
no generic subrepresentations. (In other words, the smooth dual of V/mV
is essentially AIG.)

Any such V satisfies the following additional conditions:

(4) V is cyclic as an A[G]-module.
(5) EndA[G](V) = A.
We postpone the proof of the theorem to the following subsection.

6.2.2. Definition. If in the context of the preceding theorem an A[G]-module V/
satisfying conditions (1), (2), and (3) exists, then we write 7({py }ves) := V. (This
is justified by the uniqueness statement of the theorem.) If S consists of a single
place v then we write 7(p,) rather than 7({p, }ves)-

6.2.3. Remark. We don’t consider here the problem of proving in general that
a representation V' satisfying conditions (1), (2) and (3) of Theorem 6.2.1 exists,
although we conjecture that it does. (This is Conjecture 1.1.3 of the introduction.)
When n = 2 and p is odd, this conjecture is a result of the second author [8].

In the global applications considered in the work of the first author [5, 6], and
in subsequent applications, the problem that we will confront will rather be that of
having a smooth G-representation at hand (for a certain ring A), which we wish to
show satisfies the conditions to be 7({p, }ves) for an appropriate p. Thus one of our
goals in the following subsection is to establish a workable criterion for recognizing
T({pv}ves) (namely Theorem 6.2.14 below).

The following result shows that the existence of T({p,}ves) is equivalent to
the existence of the collection of representations 7(p, ), and explains the relation
between them. We postpone its proof to the following subsection.
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6.2.4. Proposition. In the context of Theorem 6.2.1, the A[G]|-module 7({p,}ves)
exists if and only if each of the individual A|GL,(Ey)]-modules T (p,) exist. Fur-
thermore, T({py}ves) s isomorphic to the mazimal torsion free quotient of the
tensor product (taken over A) @, cgT(pv)-

The following two theorems, whose proofs we again postpone, describe the sense
in which the representation 7({p, }) interpolates the Breuil-Schneider modified local

Langlands correspondence over Spec A[—].
p
1
6.2.5. Theorem. Let p be a prime of A[=], and suppose that p lies on exactly one
b
irreducible component of Spec A[=]. Then, assuming that T({p,}ves) exists, there
p
is a a Kk(p)-linear G-equivariant surjection
@) T(pop) = 50) @4 T({po}ves)-
veS

Moreover, if there exists a minimal prime a of A such that p, is a minimal lift
of pp, then this surjection is an isomorphism.

It seems likely that the above result holds even when p is contained in multiple
1
irreducible components of Spec A[—]. Nonetheless we are at present only able to
prove a somewhat weaker statement:

E

6.2.6. Theorem. Assume that T({py tves) exists, let p be a prime of Spec A[-], let

ay,...,a. be the minimal primes of A containing p, for each i = 1,...,r let V; be
the maximal A-torsion free quotient of T({py }ves) ®a A/a;, and denote by W the
image of the diagonal map

k(p) @a T({pv}ves) = H K(p) @a/a, Vi-

Then there is a a k(p)-linear G-equivariant surjection

® T(pu,p) = W.

veS

Moreover, if there exists a minimal prime a of A such that p, is a minimal lift
of pp, then this surjection is an isomorphism.

6.2.7. Conjecture. Under the hypotheses of Theorem 6.2.6, the map
£(p) ®a T({potves) = W
is an isomorphism. In particular the conclusion of Theorem 6.2.5 holds for all p.

Although this conjecture seems difficult to establish in general, we have the
following result for small n, which we prove in the next section.

6.2.8. Proposition. Conjecture 6.2.7 holds when n =2 orn = 3.

In a similar vein, we conjecture:
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6.2.9. Conjecture. Assuming that T({py}ves) exists, there is a G-equivariant k-
linear surjection:

R7(7) = k©aT({pu}oes):

veES

This conjecture is verified in [8] for n = 2 and p odd.

One can also describe the behavior of T({p,}ves) under base change. Suppose
that B is another ring satisfying Condition 6.1.1, and that f : A — B is a local
homomorphism. If we are given a Galois representation p, : Gg, — GL,(A) where
v does not lie over p, then we may then apply the preceding considerations to
the Galois representations B ® 4 p,. The following proposition relates 7(p,) and
T(B ®4 py). (We again postpone the proof to the following subsection.)

6.2.10. Proposition. Suppose that for every minimal prime of Spec B, its image p
in Spec A is contained in a minimal prime a of A such that p, o is a minimal lift of
Pu,p- (For example, suppose that each component of Spec B dominates a component
of Spec A.) Then if T({py}ves) exists, so does T({B @4 py}ves), and there is a
natural surjection: B @4 T({py}tves) = T({B ®4 pvtves)-

We now give some examples illustrating Definition 6.2.2.

6.2.11. Example. Suppose that A = O is the ring of integers in a finite extension
K of Q. If p: Gg, — GL,,(O) is continuous (for some place v of E that does not lie
over p), write pi := K®o p. Suppose that 7(px) is absolutely irreducible. Then 7(p)
exists, and is the smooth contragredient to the lattice m(px)° of Proposition 3.3.2.

6.2.12. Remark. Suppose given A as in Theorem 6.2.1, and a continuous repre-

1
sentation p : Gg, — GL2(A) for some £ # p. Consider a point p € Spec A[-]. If
p
pp is not of the form x@ | | x for some character x of Gq,, then for any minimal

prime a of A, containing p, p, is necessarily a minimal lift of p,, and so (assuming
that V := 7(p) exists), the surjection of Theorem 6.2.5 is an isomorphism; that is,
V, is isomorphic to 7(pp). On the other hand if p, does have the form x& | | x,
then there exist non-minimal lifts of p,, and so V}, need not a priori be isomorphic
to m(pp) We now give an example showing that it can indeed happen that V}, is not
isomorphic to 7(py).

6.2.13. Example. Suppose that ¢ and p are distinct, and that ¢ Z 1 mod p. If
A is as in Theorem 6.2.1, then Ext%p[G@e]ﬂ [,1) is free of rank 1 over A. Let ¢

denote a generator of this Ext'-module, and for any a € A, let p, : Gg, — GL2(A)
be the rank two representation underlying a - ¢. One checks that if a is a regular
element, then V := 7(p,) exists, and in fact is isomorphic to St4 (the Steinberg
representation of GLo(Qg) with coefficients in A); in particular, it is independent

1
of the regular element a. Note that if a € p € Spec A[—] (i.e. the regular function
p

associated to a vanishes at p), then p, , := £(p) ® p, is split and hence unramified,
and thus 7(pq,p) is a non-split extension of Steinberg by trivial. In particular, at
such a point p, V, fails to be isomorphic to (pq,p).

We conclude with a “recognition theorem” that is useful for verifying that a
given A[G]-module is isomorphic to T({py }ves). As with the other results of this
section, we defer its proof to the next subsection.
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6.2.14. Theorem. Let V be an admissible smooth A[G]-module, such that the
smooth dual of V/mV is essentially AIG, and suppose that there exists a Zariski

1
dense subset ¥ of Spec A[};] such that:

(1) Forallve S, and all p in 2, there exists a minimal prime a of A such that
Pu.a 15 a minimal lift of pyp.
(2) For each point p of ¥ there exists an isomorphism:

K(P) @4V =5 Q) F(pu.p)-

veES
(3) The diagonal map:
V= [T R 7(pun).
peS vES
18 an injection.
Then V satisfies conditions (1), (2), and (3) of Theorem 6.2.1; that is, T({py}ves)
exists and is isomorphic to V.

6.3. The proofs of Theorem 6.2.1 and some related results. We develop a
series of deductions involving the various conditions of Theorem 6.2.1. These will
be used not only to prove Theorem 6.2.1, and the other outstanding results from
the preceding subsection, but also to provide a criterion for verifying the conditions
of Theorem 6.2.1, which will be useful in applications.

If A is a local ring with residue field K, and V is a representation of F' over A,
we let V denote the representation V ®4 K.

6.3.1. Lemma. Let A be a Noetherian W (k)-algebra that is a local ring with residue

field K. If V is an admissible smooth representation of G over A, then V(n)
dimensional over K if and only if V" is a cyclic A-module.

is 1-

(n)

Proof. Theorem 3.1.14 shows that if V"' is one-dimensional then V(™) is a finitely
generated A-module, and so the lemma follows from Nakayama’s lemma together

with the isomorphism V(" @4 K 7. O

6.3.2. Lemma. Let A be a Noetherian W (k)-algebra that is a local ring with residue
field K in which all ¢; are invertible. If V is an admissible smooth representation
of G over A, then the following are equivalent:

(1) For any non-zero quotient K[G]-module W of V, one has w # 0.
(2) For any non-zero quotient A[G]-module W of V', one has W™ #£ 0.
(3) J(V) generates V over K[G].
4)

%
(4) J(V) generates V over A[G].

Proof. Tt is clear that (2) implies (1), as any quotient of V is also a quotient of V.

Suppose that (1) holds and that W is a quotient of V with W) = 0. Then
W(n) =0, and so (1) implies that W = 0. Then W = 0 by Nakayama’s Lemma, so
(1) implies (2).

If W is a quotient of V, then we have that W(n) is a quotient of V(n) since the

derivative functor is exact. If we let U denote the K[G]-submodule of V generated
by J(V), we see that W(n) vanishes if and only if W is a quotient of V /U. Thus (1)

and (3) are equivalent.
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Clearly (4) implies (3), since J(V) is the image of J(V') in V. Conversely, suppose
J(V) generates V over K[G]. Since J(V') maps surjectively onto J(V'), Lemma 2.1.7
implies that J(V') generates V over A[G]. O

6.3.3. Lemma. Let A be a local ring satisfying Condition 6.1.1. If V is an admis-
sible smooth representation of G over A, and if Va(n) s nonzero for each minimal
prime a of A, then if V" is a cyclic A-module, it is in fact free of rank 1 over A.
Proof. Since (V(™), = (Vo)™ we have that (V(), is nonzero for all a. Our
hypotheses on A imply that A injects into the product of the fields Aq; it follows
that the annihilator of V(™ in A is the zero ideal. The lemma follows. O

6.3.4. Proposition. Let A be a local ring satisfying Condition 6.1.1, let V' be an
admissible smooth representation of G over A, and suppose that (Vu)(”) 18 monzero
for each minimal prime a of A, that V(n) is one-dimensional, and that for any
non-zero quotient k|G]-module W of V', one has W(n) #0. Then:

(1) V™ is free of rank 1 over A.

(2) J(V) generates V over A[G].

(3) EHdA[G](V) = A.
Proof. The first claim follows immediately from Lemmas 6.3.1 and 6.3.3. The
second is a consequence of Lemma 6.3.2.

By Proposition 3.1.16, the natural map A — End4;p,(J(V)) is an isomorphism.
This latter map factors as the composition
A— EndA[G](V) — EndA[pn](S(V)),

and restriction of endomorphisms from V' to J(V) is injective because J(V') gener-
ates V. Thus End 4 (V) = A. O

The following result gives some equivalent formulations of the hypotheses on V'
appearing in the preceding proposition.
6.3.5. Lemma. Let K be a field in which all ¢; are invertible. If V is an admissible
smooth representation of G over K, then the following are equivalent:
(1) v s one-dimensional, and for any non-zero quotient K[G]-module W
of V, one has W(n) # 0 (and hence V(n) is isomorphic to W(n), so that
w ™ s again one-dimensional).
(2) v s one-dimensional, and J(V) generates V over K|[G].
(3) V is of finite length (and hence has a cosocle), cosoc(V') is absolutely irre-
ducible, and V(n) 18 1somorphic to (COSOC(V))(”), with both being non-zero.
(4) The smooth K-dual v’ of V is essentially AIG.
Proof. The equivalence of conditions (1) and (2) follows from Lemma 6.3.2 (applied
with A = K and V = V). If condition (2) holds, then V is finitely generated over
KI[G], and hence of finite length. Write cosoc(V) = B, W, where each W; is
irreducible. Condition (1) (which also holds, since it is equivalent to condition (2),

as we have already observed) shows that W(n)

;  1s one-dimensional for each j. Since
the composition:

vm (COSOC(V))(R) - @Wgn)
J
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is surjective (the derivative functor is exact), we see that in fact there is only one
summand, and hence that cosoc(V') is irreducible. Proposition 6.3.4 (applied with
A = K and V = W) then implies that Endg(cosoc(V))) = K, and hence that

cosoc(V) is in fact absolutely irreducible. Thus (2) implies (3).

If condition (3) holds, then by assumption (COSOC(V))(n) is nonzero. It is there-

fore one-dimensional by Theorem 3.1.15. Thus V(n) is one-dimensional, giving the
first half of condition (1). The second half of condition (1) follows from the fact

that cosoc(V) is irreducible, and satisfies (COSOC(V))(") # 0. Thus (3) implies (1).

Now consider the smooth dual V'. If V is finite length, the socle of V" is the
smooth dual of the cosocle of V. In particular SOC(VV) is absolutely irreducible
and generic if and only if cosoc(V) is. Moreover, the map (SOC(VV))(n) — (VV)(”)

is dual to the map V(n) — (COSOC(V))(H) so that one is an isomorphism if and only
if the other is. Thus (3) is equivalent to (4). O

6.3.6. Lemma. If A is a reduced Noetherian W (k)-algebra, and if V' be an admis-
sible A[G]-module, then the following are equivalent:
(1) V is A-torsion free, i.e. every associated prime of V is a minimal prime
of A.
(2) The natural map V- — V@4 K(A) is an injection, where K(A) is the product
over minimal primes a of A of the fields A,.
(3) The natural map

Vo [[(v/av)*

is injective, where a runs over the minimal primes of A and (V/aV)¥ is
the mazimal A/a-torsion free quotient of V/aV.

If these equivalent conditions hold, then for any Zariski dense set of primes 3 of
Spec A, the map
Vo [[Veanp)
peES

18 injective.

Proof. If x lies in the kernel of the map V' — V ® 4 K(A), then the annihilator of x
is not contained in any minimal prime of A. There then exists a multiple of z whose
annihilator is prime; this prime cannot be a minimal prime of A and is therefore
a non-minimal associated prime of V. Conversely, if there exists a non-minimal
associated prime p of V', there is an element = of V' whose annihilator is p; then z
maps to zero in V ®4 A/a for every minimal prime a of A. Thus (1) and (2) are
equivalent.

Note that the inclusion V' — V ®4 K(A) factors as the composite:

Vo [[(V/aV) = VeaKA) =]V ®ak(a),

and the second map is always injective. It thus follows that (2) and (3) are equiv-
alent.

Now let ¥ be a Zariski dense set of primes of A, suppose that the equivalent
conditions (1), (2), and (3) hold, and suppose that x is an element of V' that maps
to zero in V ®4 k(p) for all p € ¥. Choose a compact open subgroup U of G fixing
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x; then VY is finitely generated over A, and x maps to zero in VY ®4 x(p) for
all p in X. Tt follows that the support of  (considered as an element of VV) is
a closed subset of Spec A contained in the complement of . In particular that
the annihilator of x is not contained in any minimal prime of A, contradicting
condition (1). O

6.3.7. Lemma. Let A be a reduced Noetherian W (k)-algebra, and let Vi and Va be
two admissible smooth A[G]-modules such that:

(1) For each i, Vi(n) is free of rank one over A.
(2) For each i, V; is generated by J(V;) as an A[G]-module.
(3) There exists a Zariski dense set X of primes of A such that for allp € X,
(V1)p is isomorphic to (Va),, as Ay|G]-modules.
(4) The natural map:
Vi = [[ Vi®ar(p)
peES

is injective for each i. (This is automatic if V; is A-torsion free.)

Then there is an A-linear G-equivariant isomorphism Vi, — Va.

Proof. Let K' be the product over p € ¥ of the residue fields x(p). Condition 3)
gives us an isomorphism V; ® 4 K' —+ Vo ®4 K'. Moreover, by Condition (4), V;
embeds in V; ® 4 K’ for each i. We may thus regard V; and V5 as submodules of
Vi®a K.

By (1), (Vi ®4 K")("™ is free of rank one over K’, and Vi(n) is a free A-submodule
of (Vi ®a K')(™ for each i. There thus exists an element ¢ of (K')* such that
CVQ(") and Vl(n) coincide as submodules of (Vi ® 4 K')™. Tt follows that ¢J(V2) and
J(V1) coincide as submodules of J(V; ®4 K'). Since V; and V, are generated by
J(V1) and J(Va) over A[G], we must have V; = cVa; in particular V5 and V5 are
isomorphic. ([

We can now prove the uniqueness claim of Theorem 6.2.1.

6.3.8. Proposition. Let A be a local ring satisfying Condition 6.1.1, and let V1 and
Va be two admissible smooth A[G]-modules. Suppose that:

(1) The V; are A-torsion free.

(2) For each minimal prime a of A, (Vi)&n) is nonzero.

(3) For each i, V; satisfies the equivalent conditions of Lemma 6.3.5.

(4) For each minimal prime a of A, there is a G-equivariant isomorphism
(Vl)u L> (‘/2)1:1-

Then there is an A-linear G-equivariant isomorphism Vi =V, (which, by part (3) of

Proposition 6.3.4, is uniquely determined up to multiplication by an element of A*).

Proof. By part (1) of Proposition 6.3.4, we have that Vi(n) is free of rank 1 over
A for each i. As the minimal primes of A are dense in Spec A, it thus follows by
Lemma 6.3.7 that V7 is isomorphic over A[G] to Va. O

The purpose of our next collection of results, which are rather technical, is to
allow us to make a tensor factorization in the context of Theorem 6.2.1, and hence
work with one F, at a time.
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6.3.9. Proposition. Let K be a field in which all {; are invertible. If V is an
admissible smooth representation of G over K satisfying the equivalent conditions of
Lemma 6.3.5, there exist admissible smooth representations V,, of G,, (v € S), each
individually satisfying the equivalent conditions of Lemma 6.3.5 (with G replaced by
G.,), together with a G-equivariant surjection @, V., — V.

Proof. We proceed by induction on the cardinality s of S. In the case when s =1
there is nothing to prove, and so we assume that s > 1, and write S = vy, ..., vs,

G' =Gy, x---xG,_,sothat G = Gy, X G'. Since cosoc(V) is absolutely irreducible,
there is an isomorphism cosoc(V) — 7, ® 7, where 7,, (resp. 7) is a generic
absolutely irreducible representation of G,, (resp. G’).

Since V is of finite length, we may and do choose a quotient W of V which is
maximal with respect to the following property: there is a surjective map

¢:Vy 0V =W,

where V,, and V' each satisfy the equivalent conditions of Lemma 6.3.5 (with

respect to G,, and G’ respectively). Since cosoc(V) satisfies these conditions, we
see that W # 0. Thus cosoc(V) is a quotient of W, and hence V(n) is isomorphic
to W(nl as both are one-dimensional. B

Let U be the kernel of the quotient map V' — W, and suppose that U is non-zero.
Extending scalars if necessary, we then may find a non-zero absolutely irreducible
quotient 6, ®0 of U, where 0,, (resp. 9/) is an absolutely irreducible representation

of Gy, (resp. G'). If we let T denote the kernel of the quotient map U — 6, ® 7,
and if we write X := V /T, then there is a short exact sequence

(6.1) 00, ®0 X =W —0,

which we may pullback via ¢ to obtain a short exact sequence

(6.2) 050,20 Y >V, @V —0.

Applying the n-th derivative functor to (6.1), we find (recalling that the surjections
ANy el

— W( )) are in fact isomorphisms, we obtain an isomorphism:

1 @k (@) 5 @, 0k 8)™ =0,

V1

Hence either 51(:) =0 or (6)™ = 0. Also, we conclude that 8,, ® & cannot be a
quotient of V, and hence cannot be a quotient of X. Thus (6.1) is non-split, and
hence (6.2) is also non-split (since ¢ is surjective).

The non-split short exact sequence (6.2) corresponds to a non-trivial element of
Extg(V,, ® Vlﬁvl ® 5/)7 which by the Kiinneth formula admits the description

Extg(V,, @V, 8, 00)
— Homg,, (V.,,00,) ® Bxtf, (V',8) @ Bxtdy, (V.,,0,,) © Home (V',0).
Now by assumption, the nth derivative (as a GL,(E,, )-module) of any non-zero

quotient of V,, is a non-zero space, while the nth derivative (as a G’-module)

of any non-zero quotient of V' is a non-zero space. Thus if (6,,)™ = 0, then
Homg, (Vu,,64,) = 0, and thus Y corresponds to a non-trivial element of the tensor

product Extg;, (Va,,0,,) ® Homeg: (V/,gl). Concretely, this means we may form a
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non-trivial extension E; of V,, by 8,,, and find a non-zero map 1 : V' 50 (which
is then surjective, since 0 is irreducible), so that Y is obtained as the pushforward
of BT ® V/ via the map
iA@1Y 0, @V — 0, ©0.

Thus Y, and hence X, is a quotient of F; ® 7/7 contradicting the maximality of
W. If instead we had (51)(”) = 0, then we would similarly conclude that X may
be written as a quotient of V| ® Fs, for some non-trivial extension Es of v by 51,
again contradicting the maximality of W. - -

From these contradictions we conclude that in fact U = 0, and thus that V = W.
Thus we may write V as a quotient of V,, ® V' as above. Applying the inductive
hypothesis to V/, the proposition follows. (I

6.3.10. Corollary. If V is an admissible smooth representation of G over a lo-
cal ring A satisfying Condition 6.1.1, such that V := V/mV satisfies the equiv-
alent conditions of Lemma 6.3.5, and if S C S is any subset, then the Gg -
representation V(")’S\Sl/mV(”)’S\S/ satisfies the conditions of Lemma 6.3.5 (with
respect to A|Gg/]).

Proof. Choose a surjection &, .oV, — V satisfying the conditions of the preceding

veS

proposition. Since ijn) is one-dimensional for each v (and so in particular for each

V(n)vs\s/

v € S\ S, applying the exact functor V yields a surjection

® Vv, (®VU)(n)7S\S’ N V(n),S\S -~ V(n),S\S'/mV(n),S\S/.
veS’ veS
The lemma follows. O

We now return to the setting of the previous subsection. That is, for each v is S
we are given a representation p, : Gg, — GL,(A). The above results allow us to
establish Theorem 6.2.1 and Proposition 6.2.4 more or less immediately.

Proof of Theorem 6.2.1. Suppose we have V;, Vs satisfying conditions (1), (2),
and (3) of Theorem 6.2.1. Then for all minimal primes a of A, we have a k(a)-
linear G-equivariant isomorphism (V;), — (V2). Thus Vi and V; satisfy all of
the hypotheses of Proposition 6.3.8, and are therefore isomorphic. Moreover, V; is
cyclic as a A[G]-module by Lemma 6.3.1. Finally, End 4;¢(V1) is isomorphic to A
by Proposition 6.3.4. O

Proof of Proposition 6.2.4. Suppose that for each v, we have a representation 7(p,)
satisfying conditions (1), (2), and (3) of Theorem 6.2.1 for p,. Then it is clear that
the maximal A-torsion free part of the tensor product over all v of 7(p,) satisfies
the conditions of Theorem 6.2.1 for the collection {p, }.

Conversely, suppose we have a representation 7({p, }vecs) satisfying the hypothe-
ses of Theorem 6.2.1 for the collection {p,}. Then for any minimal prime a of A,
we have an isomorphism:

T({putves) @a w(a) = QT (pva)-
veS

Fixing a place v, and taking derivatives at all v’ # v, we obtain an isomorphism:

F{potoes) VN 5 T oy 0).
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Moreover (7({py }ves))™5\} is A-torsion free, and (by Corollary 6.3.10) satisfies
condition (3) of Theorem 6.2.1. Thus 7({p, }ves) ™ \M?} is isomorphic to 7(p,)
(so in particular the latter exists). O

We now turn to Theorems 6.2.5 and 6.2.6. Once we have established these,
Proposition 6.2.10 will be an easy consequence. We first need the following lemma:

6.3.11. Lemma. Let A be a normal Qp-algebra that is an integral domain with
field of fractions IC, and let (p', N) be a Frobenius-semisimple Weil-Deligne repre-
sentation over KC that splits (over K) as a direct sum of absolutely indecomposable
Weil-Deligne representations Sp,, ,,,. There exist characters x; : Wg — AX such
that p; @k Xi is defined over a finite extension Ky of Q, contained in A.

Proof. By Lemma 4.1.5 we know that such characters x; exist with values in K*;
it suffices to show that they take values in A*. Let O be the localization of A at a
height one prime. Then p’ ® 4 K is O-integral, so each p; is O-integral as well. Thus
det p; is a character with values in O*. Since this is true for all O, det p; takes
values in AX. Moreover, (det p;) ®x x; takes values in K, and Ky is contained
in A, so some power of x; takes values in A*. But then y; must take values in A*
as well since A is normal. (]

6.3.12. Lemma. Let A be a local ring satisfying Condition 6.1.1, let {p,} a collec-
tion of representations Gg, — GLy(A), and suppose that T({py }ves) exists. Then,
for each minimal prime a of A, the representation T({p, ®a A/a}yes) exists, and
is isomorphic to the mazimal A/a-torsion free part of T({py}ves) @4 A/a.

Proof. It is straightforward to see that m({p,}ves) ®4 A/a satisfies conditions (2)
and (3) of Theorem 6.2.1, so its maximal A/a-torsion free quotient does as well.
This quotient also satisfies condition (1) of Theorem 6.2.1 by construction. O

Proof of Theorem 6.2.5. By Proposition 6.2.4, it suffices to consider the case when S
has only one element v. By Lemma 6.3.12 we may assume A is a domain with field
of fractions K. Fix an algebraic extension K’ of K such that K’ contains a square
root of ¢, where ¢ is the residue characteristic of v, and such that the Frobenius-
semisimple Weil-Deligne representation associated to p, ®4 K’ splits as a direct
sum of absolutely indecomposable Weil-Deligne representations Sp,,, y, over K.
Let Ko be the maximal subfield of K’ that is algebraic over Q,.

Let A’ be the integral closure of A, in ', and let p’ be a prime ideal of A’ over p.
Then, by Lemma 6.3.11, there exist characters x;, with values in (A;,)X, such that
for each 7, p; ® x; is defined over K.

Let m; be the admissible representation of GL,(E,) over Ky that corresponds
to p; ® x; under the unitary local Langlands correspondence. Then for each ¢,
(Str; .n; @i, K')®(xi0det) corresponds to p; under unitary local Langlands. Without
loss of generality, we assume that the representations m; are ordered so that for all
i < J, (Str,n; ®x, £(0')) @ x; does not precede (Str, n; @i, £(p")) ® x;. (It is then
also true that (Str, », @i, K') ® x; does not precede (Str; », @k, L) @ x;.) Let M
be the smooth Aj-linear dual of the module:

_n—1 GL,(E,
(I [odet)™ "= Indg"" ™) R[(Strn; ®icy Ap) @ xi],
i
where @) is a suitable parabolic subgroup of GL,(F,). Then, by construction,
M ®4/, K" is isomorphic to 7(p ®4 K'). Moreover, because of our assumptions
p
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on the ordering of the m;, the smooth k(p’)-dual of M/p’M is essentially AIG by
Corollary 4.3.3, and hence J(M) generates M as an A’[G]-module. Moreover M (™)
is free of rank one over A by Corollary 3.1.13. Finally, M is A;,—torsion free by
construction (in fact, M is free over Aj,.) Thus by Lemma 6.3.7, M is isomorphic
to T(py) ®a Ay

The injection of Theorem 4.5.7 yields a surjection:

(oo ®a w(p') = M @a7, K(p)
that is an isomorphism if, and only if, p, ® 4 K is a minimal lift of p, ® 4 (p). This
descends to the desired surjection
T(po,p)) = T(pv) @ K(p).
O

Proof of Theorem 6.2.6. As above, it suffices by Proposition 6.2.4 to consider the
case when S has only one element v. By Lemma 6.3.12, for each minimal prime a
of A containing p we have a surjection:

T(pu) @4 K(p) = T(py @4 Afa) @4 K(p).
Then W is the image of 7(p,) ® 4 £(p) in the product

H%(pv ®4 Ala) @4 K(p).

By Theorem 6.2.5 we also have surjections:

fa 27 (pop) = T(po ®a Afa) @4 k()

for all minimal primes a of A containing p. This gives a diagonal map:

T(pop) = [[F(po @4 AJa) @4 k().

Let W’ be the image of this map. It suffices to show that W' is isomorphic to W.
The spaces W) and (W)™ are one-dimensional x(p)-subspaces of

H[?r(pv ®a Afa) @4 K(p)] ()
a
that project isomorphically onto each factor. There thus exists for each a a scalar
cq in K(p)* such that c¢(TW')™ coincides with W (™) as subspaces of

H[%(pv ®a Aja) @4 k(p] (n),
a
where ¢ is the automorphism of this product given by multiplication by ¢, on the
factor corresponding to a.
As the K-duals of W ®,p) K and W’ ®,.(,) K are essentially AIG, this implies
that W and ¢W’' coincide, and thus W and W’ are isomorphic. O

Proof of Proposition 6.2.8. As usual, we invoke Proposition 6.2.4 to reduce to the
case where S has a single element v. As in the proof of Theorem 6.2.6, let W be
the image of k(p) ®4 T(p,) under the diagonal map

K(p) ®a T(py) — HH(P) ®aya; Vi
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where ay,...,q; are the minimal primes of A containing p and, for each i, V; is the
maximal A-torsion free quotient of 7(p,) ®4 A/q;.

As 7(p,) embeds in the product of the V;, every Jordan-Holder constituent
of x(p) ®a 7(py) is isomorphic to a Jordan-Hélder constituent of s(p) ®4/q, Vi
for some ¢, and hence to a Jordan—Holder constituent of W. In particular, every
Jordan—Holder constituent of the kernel of the map

K(p) ®aT(py) = W

is a Jordan-Holder constituent of x(p) ®4 7(p,) that appears with multiplicity at
least two. Since the smooth dual of K(p)® 47 (p,) is essentially AIG, Corollary 4.3.11
above shows that no such Jordan-Holder constituent can exist whenn =2or 3. O

Proof of Proposition 6.2.10. By Proposition 6.2.4 we may assume S consists of
a single element. For any minimal prime b of B, we have by Theorem 6.2.6 a
surjection:

7/F(pv> XA H(f_1<b)) — %(p11,f*1(b))
and hence (after a base change) a surjection:

7(po) @a K(b) = T(py @4 K(D)).
Let V be the image of the composed map:

T(py) @a B = [[7(po) @4 5(6) = [[7(pv @4 k(b))
b b

One easily verifies that V' satisfies conditions (1), (2) and (3) of Theorem 6.2.1 for
the representation p, ® 4 B over B. U

We now turn to the proof of Theorem 6.2.14. This will require several preliminary
lemmas.

6.3.13. Lemma. Suppose that Theorem 6.2.14 holds when S has only one element.
Then Theorem 6.2.14 holds for an arbitrary finite set S.

Proof. Suppose we have established Theorem 6.2.14 in the case in which S has only
one element. We can then establish the general case as follows: suppose V satisfies
the conditions of Theorem 6.2.14 for the collection {p,}. If we fix a place v € S,
then V(")-S\{*} gsatisfies the conditions of Theorem 6.2.14 for the representation
pv. Thus V™-5\{} is isomorphic to 7(p,). It follows by Proposition 6.2.4 that
T({pv}ves) exists and is isomorphic to the maximal torsion-free quotient of the
tensor product of the representations V (7)-S\{v},
For any prime p of A lying over a prime of 3, we have an isomorphism:

V@anr(p) = RV @, k(p).
veES

It thus follows by Lemma 6.3.7 that V and 7({p, }ves) are isomorphic, as required.
(Il

6.3.14. Proposition. Let A be a local ring satisfying Condition 6.1.1, let p,, be an n-
dimensional representation of Gg, over A, and let V' be an admissible A|G]-module
such that:

(1) V is torsion free over A.

(2) The smooth dual of V/mV is essentially AIG.
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E

(3) There exists a Zariski dense set of primes 3 in Spec A[—] such that for each
p

prime p € X, V @4 k(p) is isomorphic to T(py,p),

Then V satisfies conditions (1), (2), and (3) of Theorem 6.2.1 with respect to py;
that is, m(p,) exists and is isomorphic to V.

Proof. Note that conditions (1) and (3) of Theorem 6.2.1 are immediate from the
hypotheses. It thus suffices to construct, for each minimal prime a of A, an isomor-
phism Vy, — T(py.a)-

Fix a minimal prime a of A. The map V — (V/aV)' becomes an isomorphism
after localizing at any prime p of A that contains a but no other minimal prime of
A. Thus, replacing V with (V/aV)¥, A with A/a, and ¥ with the set of p in X
that contain a but no other minimal prime of A, we reduce to the case where A is
a domain with field of fractions IC.

Let K’ be an algebraic extension of K such that K’ contains a square root of £,
where ¢ is the residue characteristic of v, and such that the Frobenius-semisimple
Weil-Deligne representation associated to p, ®4 K’ splits as a direct sum of abso-
lutely indecomposable Weil-Deligne representations Sp,,, y, over K'. Let Ky be the
maximal subfield of K’ that is algebraic over Q,,.

1
Let A’ be the integral closure of A[—] in K’. By Lemma 6.3.11, there exist
p

characters x;, with values in (A},)*, such that for each i, p; ® x; is defined over
Ko.

Let m; be the admissible representation of GL, (E,) over Ky that corresponds
to p; ® x; under the unitary local Langlands correspondence. Then for each i,
(St n: @1, K')@(x;0det) corresponds to p; under unitary local Langlands. Without
loss of generality, we assume that the representations 7; are ordered so that for all
i < J, (Str,n; @1y ') @ (xi 0 det) does not precede (Str; n; @i, ') ® (x; o det).
Then, for all p in an open dense subset U; of Spec A’, and all i < j, (Str, n, ®x,
K(p)) @ (x: o det) does not precede (Str, n; @i, £(P)) ® (x; o det).

Let M be the smooth A;J,-linear dual of the module:

(| [odet)™ = Indg" ") R)[(Str,.n, @0 Ap) ® Xi],

where @) is a suitable parabolic subgroup of GL,,(E,). Let Us be the open subset
of Spec A’ consisting of those p’ such that p, ® 4 K’ is a minimal lift of p, ® 4 k(p’).
Then for all p’ € Uy, M ® 4/ k(p') is isomorphic to 7(p, ®4 £(p')).

Now let M’ be the A’[G]-submodule of M generated by J(M). Then (M')(™)
is isomorphic to M, and the latter is locally free of rank one over A’ by Corol-
lary 3.1.13. The module M’ is A’-torsion free, as it is contained in the free A’-
module M. Moreover, for all p’ € Uy N Us, we have isomorphisms:

M @a k(p') = M @ K(p) = T(py @a K(p")).
Set
M// _ M/ Rar ((M/)(n))fl'
Then (M")("™ is free of rank one over A’.
Let ¥’ be the set of primes of A’ lying over primes in ¥. Then ¥’ NU; NU; is

dense in Spec A/, and we have isomorphisms: V ®4 k(p’) — M” ®a/ r(p’) for all
p’ € X' NU;NUs. Tt follows by Lemma 6.3.7 that V ® 4 A is isomorphic to M"”. In
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particular V ® 4 K’ is isomorphic to 7(p, ® 4 £'), and hence V ® 4 K is isomorphic
to m(p, ®4 K), as required. O

Proof of Theorem 6.2.14. By Lemma 6.3.13 it suffices to consider the case where
S has a single element. Let V' be the maximal A-torsion free quotient of V. As
V is a finitely generated A[G]-module, the kernel V" of the map V — V' is
also finitely generated over A[G]. In particular its support is a closed subset Z of
Spec A. Let U be the complement of Z in Spec A. Then for all p in X NU, we have
isomorphisms:

V@A k(p) =5V @4 k(D) =2 Fpup)-

It follows by Proposition 6.3.14 that V* satisfies conditions (1), (2), and (3) of
Theorem 6.2.1; in particular 7(p,) exists and is isomorphic to V*. Thus, by The-
orem 6.2.5, V* ®4 k(p) is isomorphic to 7(p, ®4 k(p)) for all p for which there
exists a minimal prime a of A such that p, q is a minimal lift of p, ;. In particular
this holds for all p in 3. Thus we have an isomorphism:

VY @4 k(p) =5V @4 k(p)

for all p € ¥; by Lemma 6.3.7 it follows that V is isomorphic to V*, and hence
that V satisfies conditions (1), (2), and (3) of Theorem 6.2.1. O
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