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ABSTRACT. Consider a standard representation 7s: of a quasi-split reductive
p-adic group G. The generalized injectivity conjecture, posed by Casselman—
Shahidi, asserts that any generic irreducible subquotient 7 of 74 is necessarily a
subrepresentation of ms;. We will prove this conjecture, improving on the verifi-
cation for many groups by Dijols.

In the process, we first replace it by a more general “standard submodule
conjecture”, where G does not have to be quasi-split and the genericity of 7 is
replaced by the condition that the Langlands parameter of 7 is open. (This means
that the nilpotent element from the L-parameter belongs to an appropriate open
orbit.)

We study this standard submodule conjecture via reduction to Hecke algebras.
It does not suffice to pass from G to an affine Hecke algebra, we further reduce
to graded Hecke algebras and from there to algebras defined in terms of certain
equivariant perverse sheaves. To achieve all these reduction steps one needs mild
conditions on the parameters of the involved Hecke algebras, which have been
verified for the large majority of reductive p-adic groups and are expected to hold
in general.

It is in the geometric setting of graded Hecke algebras from cuspidal local
systems on nilpotent orbits that we can finally put the “open” condition on L-
parameters to good use. The closure relations between the involved nilpotent
orbits provide useful insights in the internal structure of standard modules, which
highlight the representations associated with open L-parameters. In the same vein
we show that, in the parametrization of irreducible modules of geometric graded
Hecke algebras, generic modules always have “open L-parameters”.

This leads to a proof of our standard submodule conjecture for graded Hecke
algebras of geometric type, which is then transferred to reductive p-adic groups.
As a bonus, we obtain that the generalized injectivity conjecture also holds with
“tempered” or “essentially square-integrable” instead of generic.
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2 ON SUBMODULES OF STANDARD MODULES

INTRODUCTION

Let G be a connected reductive group defined over a non-archimedean local field
F. We will simply call G(F') a reductive p-adic group. All our G(F)-representations
will by default be smooth and on complex vector spaces.

Recall that any standard G(F')-representation arises in the following way. Start
with a parabolic subgroup P(F) = M(F)Up(F') of G(F') and an irreducible tempered
representation 7 of the Levi factor M(F). Let x € Hom(M(F'),R() be in positive
position with respect to P(F'), that is, in the cone spanned by the characters |a|p

with v a root associated to Lie(Up). Let Iggg be the normalized parabolic induction

functor. Then
_ 719(F)
n(P(F),7,x) = Ip(p)(T ® X)

is a standard G(F')-representation. Such representations are interesting for several
reasons:

e By the Langlands classification [Ren|, every standard representation has a
unique irreducible quotient. This yields a bijection from the set of standard
G(F')-representations (up to isomorphism) to Irr(G(F')), the set of irreducible
G(F')-representations up to isomorphism.

e Standard representations interpolate between Irr(G(F')) and the set of irre-
ducible tempered representations of Levi subgroups of G(F).

e Standard representations are often easier to handle than irreducible represen-
tations. For instance, one can vary x in m(P(F), 7, x) and then one obtains
a holomorphic family of G(F)-representations (even an algebraic family if we
forget about the positivity of x), which can all be defined on the same vector
space.

e There also exist standard representations (or modules) in related settings
like real reductive groups, semisimple or affine Lie algebras and affine Hecke
algebras. Especially for semisimple Lie algebras, the Jordan—Ho6lder content
of a standard module has interesting geometric interpretations. This goes
via the Kazhdan-Lusztig conjecture, we refer to [KaLul] and [Achl §7.3.10]
for more background.

Conjectures about standard modules and generic representations
A natural follow-up to the Langlands classification is the question: when is a stan-
dard G(F')-representation irreducible? Although they are almost always irreducible,
the cases where they are not are usually more interesting. For w(P(F), T, x) with
G(F') quasi-split and 7 generic, this was the subject of the standard module con-
jecture, posed by Casselman—Shahidi [CaSh| and proven in [HeMul, [HeOp]|. It says
that w(P(F'), T, x) is irreducible if and only if it is generic.

Next one may wonder: what are the irreducible subrepresentations, or more gen-
erally the irreducible subquotients of a standard representation? The multiplicities
with which irreducible G(F')-representations appear as constituents of a standard
representation are predicted by the Kazhdan—Lusztig conjecture, formulated for p-
adic groups by Vogan [Vog, Conjecture 8.11]. It is phrased in terms of the geometry
of Langlands parameters, and has been proven in many cases in [Sol9]. However,
that does not yet tell us which of these constituents occur as subrepresentations.
One aspect of that issue is:
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Conjecture A. (Generalized injectivity conjecture [CaShl)
Let G(F') be quasi-split and T generic. Then any generic irreducible subquotient of
the standard representation w(P(F), T, x) is a subrepresentation.

We remark that in this setting it is known that = (P(F'), T, x) has a unique generic
irreducible subquotient. Conjecture |A| has been verified whenever G(F) has no
simple factors of exceptional type (and for many Bernstein blocks for other groups
as well) by Dijols [Dij]. The proof is a tour de force with L-functions, root data and
combinatorics. Unfortunately, it did not give the author of these lines much feeling
for why Conjecture [A] should hold.

Based on comparisons with other known results and conjectures, we believe that
Conjecture[A] can be regarded as a special case of a more general conjecture. Before
formulating this bigger conjecture, we will discuss some of its background.

Let B be a minimal parabolic F-subgroup of G and let U be the unipotent radical
of B. Fix a character £ : U(F) — C* which is nondegenerate, that is, nontrivial
on every root subgroup U, (F) C U(F') for a simple root ov. We recall that a G(F)-
representation 7 is generic, or more precisely (U(F'),&)-generic, if Homy (7,§) is
nonzero. An equivalent condition is

F
Homg(py (r, Indg 1) (€)) # 0,
where Ind means smooth induction. Following [BuHe]
we call 7 simply generic if dim Homg g (, Indzgj((?) ©) =1

It has been known for a long time that every irreducible generic representation of
a quasi-split group is simply generic [Rod, [Shal]. In our view, this multiplicity
one property is the essence of genericity for quasi-split groups, for it enables the
normalization of several objects, in particular of intertwining operators between
parabolically induced representations. Therefore it does not come as a surprise that
many properties of generic representations of quasi-split groups also hold for simply
generic representations of arbitrary reductive p-adic groups.

The enhanced L-parameters of generic irreducible representations of quasi-split
groups are known (among others) for classical groups |Art], for unipotent represen-
tations [Ree] and for principal series representations [Soll0]. All these L-parameters
are open, in the following sense.

Consider a L-parameter for G(F") in Weil-Deligne form, so a pair (¢, N) with

e ¢: Wp — LG is a semisimple smooth homomorphism,
e N ¢ gV is nilpotent and belongs to

gy ={X €g”: Ad(¢(w))X = [|w]|X for all w € W}.

It is known from [KaLu2] that Zgv(¢) acts on the variety g;f with finitely many
orbits, of which one is Zariski-open. In this setup

(1) (¢, N) is called open when Ad(Zgv(¢))N is open in gg.

We encountered this terminology in [CFZ, §0.6], where it is mentioned that bounded
L-parameters are open. In the same vein, discrete L-parameters are open. The
proof of these claims will appear in [CDFZ]. In the current paper we prove the ana-
logous statement for “L-parameters” associated to graded Hecke algebras (Lemma
3.4). For the (conjectural) local Langlands correspondence, this means that the
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L-parameters of tempered representations and of essentially square-integrable rep-
resentations should be open.

Further, we recall that Shahidi [Shahl, Conjecture 9.4] has conjectured that every
tempered L-packet for a quasi-split group has a generic member. Based on the
above, on [GrRe, Conjecture 7.1.(3)] and on the results in this paper, we pose:

Conjecture B. Let m be an irreducible representation of a reductive p-adic group
G(F). Assume that a local Langlands correspondence exists for the Bernstein block
of Rep(G(F)) containing .

(a) If w is simply generic, then its L-parameter is open.

(b) Suppose that G(F') is quasi-split and that the local Langlands correspondence is
normalized with respect to the Whittaker datum (U(F),§). Then w is (U(F),E)-
generic if and only if its L-parameter is open and its enhancement is the trivial
representation of mo(Zgv (¢, N)).

Part (b), or very similar statements, has surely been known to several experts.
The authors of [CDEZ] have, independently from the current paper, arrived at the
same formulation. We remark that for irreducible representations of non-quasi-split
groups G(F), the trivial representation should never occur as the enhancement of a
Langlands parameter, because it should already correspond to a representation of
the quasi-split inner form of G(F).

It seems to us that the reason why Conjecture [A]should hold in larger generality is
not so much the genericity of 7, but rather that the L-parameter of 7 is open (as in
Conjecture . One can say that we replace the analytic motivation for Conjecture
from |CaSh|] by algebro-geometric motivation. Our expectations come together in
the next “standard submodule conjecture”.

Conjecture C. Let mg be a standard representation of a reductive p-adic group
G(F) and let m be an irreducible subquotient of wst. Suppose that (a), (b), (c) or (d)
holds:

(a) a local Langlands correspondence exists for the Bernstein block of Rep(G(F))
containing ms, and the L-parameter of  is open,

(b) m is tempered,

(¢) m is essentially square-integrable,

(d) m and wg are simply generic.

Then 7 is a subrepresentation of wg.

We note that part (d) of our standard submodule conjecture contains conjecture
As we mentioned before, it is expected that under either of the assumptions (b),
(c), (d), the L-parameter of 7 is open. Hence part (a) is the most general case of
Conjecture |[Cl On the other hand, it is not clear how to formulate assumption (a)
purely in terms of G(F)-representations, and even less so when no local Langlands
correspondence is known for the involved representations. That is an advantage of
parts (b), (c), (d) over part (a).

To state our main result, we focus on a Bernstein block Rep(G(F'))® with s =
[M(F),w]. It was shown in [Sol4, Corollary 9.4] that Rep(G(F))* is closely related
to the module category of a certain affine Hecke algebra Hs. Lusztig [Lus7] has
conjectured that the g-parameters of Hg are always of a special kind, namely they
are parameters that also arise from a Bernstein block of unipotent representations.
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Meanwhile, Lusztig’s conjecture has been verified in [Sol7], for all reductive p-adic
groups G(F) that do not have any simple factors of following kinds:

e Lie type E7,?E7 or Eg,

e isogenous to a special orthogonal or symplectic group of quaternionic type.

Theorem D. (see Theorems and
Consider a Bernstein block Rep(G(F))MUE)“] in the category of smooth complex
representations of a reductive p-adic group G(F). Suppose one of the following:

(a) Lusztig’s conjecture [Lus7] about Hecke algebra parameters holds for
Rep(G(F))MUI)«],

(b) G(F) is quasi-split and w 1is generic.

Then parts (b), (c), (d) of Conjecture (] hold.

In particular, Theorem [Dlb proves the generalized injectivity conjecture from
[CaSL]. To obtain results about Conjecture B|or Conjecture[Cla with our techniques,
we need to suppose that a good local Langlands correspondence, constructed via
Hecke algebras, is available. The precise assumptions are formulated in Condition
Currently this condition has been shown to hold in the following cases:

inner forms of general/special linear groups, [ABPS| and [AMS3], §5],

pure inner forms of quasi-split classical F-groups [Hei, MoRel, [AMS4],
principal series representations of quasi-split F-groups [Soll0],

unipotent representations (of arbitrary connected reductive groups over F)
[Lus5, Lus6l [Soldl [Sol6],

o G [AuXul.

Theorem E. (see Theorem [7.2)
Suppose that Condition holds for Rep(G(F))®, so for instance we are in one the
cases listed above.

(a) Suppose that w € Irr(G(F'))® is tempered or essentially square-integrable, or that
w (from s) is simply generic and w generic. Then the L-parameter of w is open.

(b) Suppose that w € Irt(G(F'))® has an open L-parameter and is a subquotient of a
standard G(F)-representation ms. Then m is a subrepresentation of me.

In particular Conjectures [Bl.a and[C] hold for Rep(G(F))*.

In the remainder of the introduction we discuss how we proved Theorems [D]and [E]

Reduction from p-adic groups to graded Hecke algebras
Firstly, one can reduce from Rep(G)® to the module category of some kind of affine
Hecke algebra. This has been achieved in full generality in [Sol4], but in the most
general case some technical difficulties remain, which entail that one does not exactly
obtain the module category of a (twisted) affine Hecke algebra. In Section@we check
that this procedure is still good enough to transfer parts (a),(b),(c) of Conjecture
to statements about modules of (twisted) affine Hecke algebras. When the ¢ from s
is simply generic, Rep(G)® is really equivalent to the module category of an extended
affine Hecke algebra H; x I's, and the equivalence of categories preserves genericity
[OpSo, Theorem E]J.

The next step is reduction from a twisted affine Hecke algebra Hs x C[Ls, ]
to a twisted graded Hecke algebra H, x C[['s,1,], as discussed in Section [5} The
procedure for that is known in general from [Lus3, [Sol2, [AMS3]|, and preserves all the
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relevant properties of representations. This translates Conjecture [C] to statements
about twisted graded Hecke algebras. In fact can also reduce directly from Rep(G)*®
to twisted graded Hecke algebras, skipping the slightly messy step with affine Hecke
algebras, that is done in [Sol4].

To proceed, we need that the graded Hecke algebra H, is geometric type, by
which we mean that it arises from a cuspidal local system on a nilpotent orbit as
in [Lus2l Lus4l [AMS2]. This puts a condition on the deformation parameters k, of
H,,, which can be retraced to a condition on the g-parameters of H;. That condition
is implied by Lusztig’s conjecture |[Lus7] on the g-parameters of Hs, but it allows a
wider choice of parameters than [Lus7]. In Theorem |6.6| we show that, when G(F) is
quasi-split and w is generic, all the ensuing extended graded Hecke algebras H, x IT',
have equal parameters, and in particular are of geometric type.

Representation theory of graded Hecke algebras of geometric type
Finally, we come to the topic of the largest paper of the paper: the standard sub-
module conjecture for twisted graded Hecke algebras. In Sections the setup is
quite different from above. We start with a complex reductive group G (not related
to G). In the body of the paper G may be disconnected, but in this introduction we
slightly simply the presentation by assuming that G is connected. Let M be a Levi
subgroup of GG and let £ be a M-equivariant cuspidal local system on a nilpotent
orbit CM in m. To these data Lusztig [Lus2} Lus4] associated a graded Hecke algebra
H(G, M,€&). As a vector space it is a tensor product of three subalgebras:

O(t) ® C[r] ® C[Wg], where t = Lie(T),T = Z(M),Wg = N (M) /M.

In the algebra H(G, M, ), r is central and the cross relations between O(t) and
C[W¢] are determined by parameters ko, for a« € R(G,T). The graded Hecke algebras
H, discussed above arise from H(G, M, £) by specializing r at some r € R.

The irreducible representations of H(G, M, £) are naturally parametrized by G-
conjugacy classes of “enhanced L-parameters for H(G, M, £)”. These are quadruples
(y,o,7,p) where r € C, y € g is nilpotent and o € g is semisimple such that
[0,y] = 2ry. Further p is an irreducible representation of 7y(Z¢(y, o)), subject to a
certain cuspidal support condition. We fix v € CM and we extend it to an sl-triple
in m, with semisimple element ,. The above conditions force ¢ € Ad(G)(t + roy),
so we may assume that o € t+ roy,.

For every parameter (y,o,r,p) there is a “geometric standard” module E, ;. ,,
constructed using equivariant perverse sheaves. It has an irreducible quotient M, ;.. ,,
which is unique if » # 0. In that sense the Langlands classification holds for
H(G,M,€&). 1t is preferable to pull back E, ., along the sign automorphism of
H(G, M, &), given by

sgn|oy = id, sgn(r) = —r, sgn(sa) = —s, for every root a.

When R(r) < 0, the modules sgn*E,, ,, are precisely the “analytic standard”
modules of H(G, M, &)/(r + r) in the sense of Langlands (Proposition [3.7).

The centre of H(G, M, €) is O(t)"¢ ® C|r|, so the space of central characters is
t/We xC. Then Z(H(G, M, £)) acts on sgn*Ey 5, , with o € t+ro, by the character
(Wg(o—roy), —r). Moreover, every irreducible H(G, M, £)-module with this central
character is of the form sgn* M, ., » for suitable (3, p'). This allows us to focus on
a fixed pair (o,7) € t@ C(oy, 1) in the remainder of the introduction. The nilpotent
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parameter y lies in
g% = {X € g nilpotent : [0, X| = 2rX}.

Analogous to (), we say that (y,o,7) is open if Ad(Zg(c))y is the unique open
orbit in g%
Let us consider the category Modg , —(H(G, M, £)) of finite dimensional

H(G, M, £)-modules all whose irreducible constituents admit the central character
(We(o—roy), —7r). According to [Lusdl [Sol9], this category is canonically equivalent
with

Modg o (Endpe

Zg(o

where Ky, is a certain Zg(o)-equivariant perverse sheaf on g?"\}r. With these
notations

>(97V’T)<KN7077“))7

Eyor = H*({y}.i\Knonr),
Eyorp = Homzy(zg(0y) (0 Eyor).
In this setting we deduce the crucial geometric step in our chain of arguments:

Proposition F. (see Propositions and
Let (y,o,r,p) be an enhanced L-parameter for H(G,M,E) and let L, be the local
system on Oy = Ad(Z¢g(0))y induced by p. For another parameter (y',o,r,p'):

HomH(G,M,S) (Sgn*Ey’,U,T,p’ ) Sgn*Ey,U,r,p) = HomH(G,M,S) (Ey’,cf,r,p’a Ey,a,r,p)
is nonzero if and only if O, C Oy and L, appears in IC(Oy, Ly)lo,-

Proposition |E quickly implies that the irreducible modules sgn*My ;. » with
(y,0,7) open occur as submodules of standard modules sgn*E, ., (Theorem .
In Lemma3.4Jand Theorem 3.5 (from [AMS2]), we check that irreducible H(G, M, &)-
modules which are tempered or essentially discrete series have open parameters.
That proves the larger part of the standard submodule conjecture for graded Hecke
algebras of geometric type.

The condition for a H(G, M, £)-module to be generic is derived from [OpSo], §6]:

V € Mod(H(G, M, E)) is generic if Resg(vci,;]}/[’g)v contains the sign representation.

In Proposition we show that every standard module sgn*E, ;. , has at most
one irreducible generic subquotient, like for standard representations of quasi-split
reductive p-adic groups. Hence generic for Hecke algebras corresponds to simply
generic for reductive p-adic groups. By reduction to the case r = 0, we prove:

Theorem G. (see Theorem {4.5)

(a) For fized (o,1) € t® C(0y,1), there is a unique (up to conjugacy) pair (yq, pg)
such that sgn*M,, o, is generic. Here (y4,0,7) i an open parameter.

(b) Suppose that (G, M,E) has equal parameters, e.g. it arises from a generic Bern-
stein block for a quasi-split reductive p-adic group. Then CM = {0}, &£ is the
trivial local system and py = triv.

Altogether the above results prove the version of Conjecture for (twisted) graded
Hecke algebras of geometric type. Theorem |D| applies that in the cases where the
reduction from Rep(G(F'))® to twisted graded Hecke algebras works well. Similarly,
Theorem [E] uses that when a nice LLC via graded Hecke algebras of geometric type
is available.
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1. GEOMETRIC CONSTRUCTION OF TWISTED GRADED HECKE ALGEBRAS

All the groups in Sections [IH5| will be complex linear algebraic groups. We mainly
work in the equivariant bounded derived categories of constructible sheaves from
[BeLu]. For a group H acting on a space X, this category will be denoted DY (X).

Let G be a complex reductive group, possibly disconnected. To construct a graded
Hecke algebra geometrically, we need a cuspidal quasi-support (M,CM, q¢&) for G
[AMST]. This consists of:

e a quasi-Levi subgroup M of GG, which means that M° is a Levi subgroup of
G° and M = Zg(Z(M°)°),

e CMis a Ad(M)-orbit in the nilpotent variety my in the Lie algebra m of M,

e ¢€ is a M-equivariant cuspidal local system on CM.

We write T'= Z(M)°, t = Lie(T") and
qu = StabNg(M)(qg)/M = NG(Ma qg)/Ma

which is a finite group. Let £ be an irreducible M °-equivariant local system on
CM* = CM contained in ¢€. Then

qu = Wg A Fqg,

where Wg is the Weyl group of a root system and Rye is the We-stabilizer of the
set of positive roots. To these data one associates a twisted graded Hecke algebra

(1.1) H(G, M, q€) = H(t, Wye, k,r,l4e),

see [Sol8l §2.1]. As vector space it is the tensor product of

e a polynomial algebra O(t® C) = O(t) ® Clr],

e a twisted group algebra C[We, ],
and there are nontrivial cross relations between these two subalgebras. The most
important cross relation comes from a simple root «. It comes with a simple reflec-
tion sq € W, a basis element N, of C[We] € C[Wye, h4e] and a parameter k, € C.
For f € O(%):

Nsof = (f 0 8a)Ns, = kar(f — f osa)/c.

For elements v € I'j¢ there is a simpler cross relation:

N,§ = (&o 'y_l)N,y.

Let gy be the nilpotent variety in the Lie algebra g of G. The algebra can be
realized in terms of suitable equivariant sheaves on g or gy. We let C* act on g
and gy by A- X = A72X. Then every M-equivariant local system on C}, and in
particular ¢&, is automatically M x C*-equivariant.

Let P° = M°U be the parabolic subgroup of G° with Levi factor M° and unipo-
tent radical U matching the aforementioned choice of positive roots. Then P = MU
is a “quasi-parabolic” subgroup of GG. Consider the varieties

d={(X,gP)egxG/P:Ad(g )X eCM @ tau},
gn =8N (gn x G/P).

We let G x C* act on these varieties by

(1.2) (91,2) - (X, gP) = (A\"?Ad(g1) X, g19P).
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By [Lus2, Proposition 4.2] there are natural isomorphisms of graded algebras
(1.3) Heox(8) = Heyox (9n) = O(t) ®@c Clrl.

Consider the maps

M (X, g egxG:AdlgHX eCM atau) g,

f1(X, g) = prea (Ad(g 1) X), fo(X,g9) = (X, gP).

Let ¢€ be the unique G x C*-equivariant local system on g such that f3 ¢€ = fid€.
Let pr; : g — g be the projection on the first coordinate and define

K = prL!qE € Dl()?xtcx (9).
Let ¢& n be the pullback of ¢€ to gy and put

(1.4)

Ky = Prl,N,!q;gN € Dbcxcx (an),

a semisimple complex isomorphic to the pullback of K to gy [Sol8, §2.2]. From
[Sol8l Theorem 2.2], based on [Lus2| [Lusdl [AMS2], we recall:

Theorem 1.1. There exist natural isomorphisms of graded algebras

H(G, M,q€) — EndDbGch (g)(K) — Emdpgx(CX (gN)(KN)‘
The irreducible modules and the standard modules of H(G, M, ¢€) have been
constructed and parametrized in [Lus2) Lus4, [AMS2]. The parameters consist of:

e a semisimple element o € g,

e rcC,

e a nilpotent element y € g such that [o,y] = 2ry,

e an irreducible representation p of mo(Zg«cx (y)), such that the quasi-cuspidal

support of (o, y, p) is G-conjugate to (M,CM ¢&).

We call (y,o0,r) an L-parameter for H(G, M,¢€) and (y,o,r,p) an enhanced L-
parameter for H(G, M, ¢€). The relation with Langlands parameters for reductive
p-adic groups is explained in [AMS2] §1].

Theorem 1.2. [AMS2, Theorem 4.6]

To each enhanced L-parameter for H(G, M, q€) there is associated a standard module

Eyorp, which has a distinguished (unique if r # 0) irreducible quotient My 5.r.,.
This yields a bijection between Irr(H(G, M, ¢€)) and G-association classes of en-

hanced L-parameters for H(G, M, ¢E).

The condition on p in enhanced L-parameters for H(G, M, ¢€) is rather subtle
and restrictive. Some instances can be made more explicit:

(1.5) the quasi-cuspidal support of (o, y, triv) is always of the form (L, {0}, triv),

where L is a minimal quasi-Levi subgroup of G, that is, the G-centralizer of a
maximal torus in G°. The reason is that quasi-cuspidal supports are unique up to
G-conjugation and that (y, triv) already appears in the Springer correspondence for
Z¢(00), which is based on the quasi-cuspidal support (L, {0},triv). In particular
p = triv can only appear in an enhanced L-parameter for H(G, M, ¢€) if ¢& is the
trivial equivariant local system on {0}.

The centre of H(G, M, ¢€) contains

(1.6) Ot C)"ee = O(t/Wye x C).
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Usually this is the entire centre, and therefore we will just call a character of ,
ie. an element (Wyeoo,r) € t/Wye x C, a central character of H(G, M, ¢€).

Not every (o,7) can be extended to an enhanced L-parameter for H(G, M, ¢£), the
existence of (y, p) already imposes conditions. We pick an algebraic homomorphism

Yo 1 SLa(C) = M with dv, (§3) =

and we put o, = dv, ((1) _01) € m. According to [Sol9, Lemma 2.1], in this setting
Ad(G)o — ro, intersects t in a unique Wyg-orbit. Therefore we may, and often will,
assume that

(1.7) the semisimple element (o, 7) lies in t® C(0y,,1) C m& C.

In this way (o,r) determines a central character of H(G, M,¢E). We denote the
completion of Z(H(G, M, ¢€)) with the respect to the powers the ideal

ker (eV(m.) cO(t® C)Wee — C)

by Z(H(G, M, ¢E))s.r.
The geometric counterpart of ([1.6]) is the commutative graded algebra
(1.8) Hyox (pt) = O(g @ €©)F,

which acts naturally on End,, (Kn). The completion of (1.8]) with respect

(an)

GxCX

to the maximal ideal determined by (Ad(G)o,r) is denoted H, Gxex (D)o
Fix (o,r) as above and write

gy ={X €g:[o,X]=2rX, X is nilpotent}.

a

When 7 # 0, the nilpotency is already guaranteed by the first condition, and g% is

a vector space. On the other hand, when r = 0, g?—\}r is the nilpotent cone in Zy(o).

In any case g is an irreducible variety. The group
C:=Zgycx(0) = Zg(o) x C*

acts on g3 like in (L.2):

(1.9) (g, \) - X = A2Ad(g)X.

This action has only finitely many orbits [KaLu2l §5.4], so by the aforementioned
irreducibility of g%

. . ol s Xd
(1.10) there is a unique open C-orbit in g%;".
We record the projection and inclusion maps

oo PILN .or —1/_ 07\ IN_ .
gy gy =pr; (gy ) = 9n-

With these we define
Knor= (prl,N)!j]*V(qEN) € Dg(gf\;").

It was checked in [Sol8, Lemma 2.8] that this is a semisimple complex. The commu-
tative graded algebra Hf(pt) acts naturally on Endpy, (gff)(K N,o,r), by the product
in equivariant cohomology.
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Theorem 1.3. [Sol9, Theorem 2.4]
There are natural algebra isomorphisms
Z(H(G, M, ¢€))sr  ®  H(G,M,q€) =
Z(H(G,M,q&))

~

ﬁéx@x (Pt)o,r ®  End, © (Ky) &

HZ, ox (pt) GxCX
H; (pt) ® End; (KN.or)-
A Cx o,r b o,r N,o,r
al7) HZG(a)xCx (pt) DZc(C’)XCX (@77) 7

These induce equivalences of categories

Modg o (H(G, M, ¢€)) = Modg 5 (End;bc CX(g)(

= MOdﬂ,U,r (End*Db X (gcr,'r) (KU,T)) )

Zg(o

K))

where fl, o, stands for finite length modules all whose irreducible subquotients admit
the central character given by (o,7).

2. THE INTERNAL STRUCTURE OF STANDARD MODULES

From Theorem one sees that all irreducible or standard H(G, M, ¢€)-modules
with central character (Wygo—ro,, r) arise in some way from the semisimple complex
Koy on gy . Forye gy we write

Cy = Zc(y) = (Za(o) x C°) N Zgxcex (y),
where G x C* acts as in ([1.9)). Let

Oy = Ad(Q)y C gy’

be the C-orbit of y. The equivalence of categories
(2.1) indg, : D¢, ({y}) = DE(0y)
transforms any representation p of mo(Cy) into a C-equivariant local system on O,.
We form the (equivariant) intersection cohomology complex ICc (g}, indgy (p), a
C-equivariant perverse sheaf on g%". In the literature this object is often denoted
ICc (0, indgy (p)), but we prefer a notation that specifies the variety on which it is
defined.
Theorem 2.1. [Sol9, Theorem 4.2]
Every simple direct summand of Ky, is (up to a degree shift) isomorphic to
ICo(g?\}r,indgy (p)). for (y,p) such that (y,o,r,p) is an enhanced L-parameter for
H(G, M, q€). Conversely, for every such (y,o,r,p), ICC(gy\}T,indgy (p)) is (up to a
degree shift) a direct summand of Ky o

Let iy : {y} — g% and ip, : Oy — g be the inclusions. From [Lus4), §10] and

[Sol9l §3.2] we see that one way to define the standard H(G, M, ¢€)-modules is:
Eyﬁﬂ“ = H*({y}’i;KN,a,r)a
Eyﬂ?ﬁp = Homﬂ—o(cy) (IO’ Ey,ffﬂ’) :
Here End,, (gg,r)(K N,or) acts via the natural homomorphism to
C\YN
EndZ, () (Z;/K N,or). We also need a description of the irreducible H(G, M, ¢&)-
Cy

modules derived from [Lus4, [AMS2].
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Lemma 2.2. The irreducible modules of Endy, (gg,r)(KNpﬂn) are
C\¥N

T C
Myorp= Hom%bc(g;fv,r) (ICC(Q?VT, 1ndcy (p))/, KNJ,T,),

where (y,o,r,p) is an enhanced L-parameter for H(G, M, ¢€). Here the prime indi-
cates a suitable degree shift, so that ICc (g}, indgy (p))’ becomes a direct summand
Of KN,U,T'

Proof. We use a modified version K fv o of Kngr. The only change is that for
every simple direct summand of Ky s, the degrees are shifted, so that it becomes
an actual perverse sheaf. Thus K, is a direct sum of simple perverse sheaves.
Then End%,é (gﬁr)(K N is naturally isomorphic to End%bc (QTV,T)(K Nor) as alge-
bras, only the gradings are different. Recall that

c/ce
(2.2) Endgy, (oo (Kl g) = Endp, @) ENor) /e,

N

70-77")

From [Lus4, §5] and we see that:
. End%bc(g;'\;’“)(Kjv,a,r) =0 for n <0,
* Cor Onz, (pt) Prezes End%bc(g;’f)(Kf\f,a,r) is the nilpotent radical of
Cor Omz, (pt) End%g(gifvvr)(Kf\/,a,r%
o End%g (QET)(K N.or) 18 finite dimensional and semisimple.
We conclude that the irreducible modules of EndZ, a,r)(K N,or) can be identified

ooy
with the irreducible modules of End%bc (g?\}r)(K N.or)- By Theorem those are the

Hom,, (o=, (ICc (g, indE, (0), KNy o),
where (y,0,7, p) is an enhanced L-parameter for H(G, M, ¢€). O

Let us denote equality in the Grothendieck of finite length End;')b (gm)(K Nor)-
C\YN
modules by =. Like in [Lus4] 10.3.(c)] we have

08 Fuer= @, H WICCE A, (1) © Myory.

where the sum runs over all enhanced L-parameters (y',o,r,p’) for H(G, M, ¢&).
The action of m9(Cy) on Ey ., corresponds to the natural action of m(Cy) on the
first tensor factors on the right hand side of .

Recall that Z;J = Diy D where D denotes the Verdier duality operator. For p €

Irr(mo(Cy)) C D%y({y}) we have Dp = pV, the contragredient representation. The
analogue of (2.3)) for E, ., involves the space

Hom, (¢, (o, H* (i,1Cc (a5, ndg,, (1)) =
Homyy(c,) (H* (15 DICc (g, indg , (6))), p") =
Homy o,y (H* (i31Cc(ay", indg , (0))). ).

The dimension of the latter space is the multiplicity of p* in 7; ICc(gy’, indcy, (»')),
or equivalently

(2.4) the multiplicity of indgy (p¥) in ip, ICc (oY, indcy/ (™).
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By [Lus4, §10.6] that equals
(2.5) the multiplicity u(y, p,y/, p') of indgy (p) in i*OyICC(gN ,11r1dC ().

Notice that (2.5 can only be nonzero if Oy C O,. As in [Lus4, Corollary 10.7] and
[Sol9, Proposition 5.1], (2.3)) and (2.5) determine the semisimplification of standard

modules, namely
(2.6) Ey srp = adirect sum of the My, », with multiplicities (2.5).
To arrive at (2.3) and (2.6)), Lusztig uses a filtration of E, ,, by submodules defined
in terms of the cohomological grading from K}, . [Lusdl §10.2]. That provides some
information about which constituents of E, ;. , appear as submodules or quotients,
but it is not yet explicit.
Proposition 2.3. Let y,y € g3
(a) [fr#0 and O, ¢ OL" then Homgy g a1,4e) (Ey o0 Eyo.r) = 0.
(b) Suppose that O, C O,. There is a homomorphism of H(G, M, ¢€)-modules
Jy’7y : Ey’,a,r — B ,O,T
canonical up to the action of mo(Cy ).
Proof. (a) As r # 0, by [AMS2, Theorems 3.20 and 4.6], every irreducible quotient
of Ey o, is isomorphic to My ;. for some enhancement p'. Let
¢ € Homycv,96) (Ey o, By o)
and suppose that ¢ # 0. Then ker(¢) is a proper submodule, so E, , ./ ker(¢) has
at least one quotient of the form M,/ ,, . Now ¢ induces an injection

Ey’,cr,r/ker((b) — Ey,o,m

which in particular maps the quotient My ;. » injectively to a subquotient of £, , ..
However, by , and the assumption, F, ,, does not have any subquotients
isomorphic to M,y ,,. This contradiction shows that ¢ # 0 is impossible.

(b) Let KX,,W, be the version of Ky ., obtained from ¢€" instead of gs. We need
to construct a homomorphism of End%bc (QET)(K N,o,r)-modules

H*({y'}, iy Kn o) = H* ({y} iy Ky o)

Via Verdier duality, this equivalent to the construction of a homomorphism of

End*@”c %) (KX o.-)-modules
(27) DJylVy : H*({y}7Z2KJ\<f’O—7T) - H*({yl}7iZ/K]\\/f,0,T).

Recall that K X, o 18 A bounded complex of C-equivariant constructible sheaves with
finite dimensional stalks on g%/". Since there are only finitely many C-orbits in g3}
[KaLu2, §5.4], there exists an open neighborhood U, of y in g%/ such that every
section of Ky . over Uy is completely determined by its stalk at y. From O, C (’)
we see that U ﬂ Oy is nonempty. Pick y1 € Uy, N Oy . Every element of the Stalk
*K]\/, o COMeS from a unique section over Uy, so it determmes an element of the
stalk ,i;;, K]\/, o That yield canonical maps

(28) KN, =iy KN, and H'({y}iyKN,,) = H ({pn} iy, KN o,)-
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Pick g1 € C with g1 - y1 = y. The action of ¢g; provides an isomorphism of
End%bc (ox") (KN 5, )-modules

(2.9) g H* (it iy, KN gp) = H ({y'} iy KN op)-
The composition of (2.8)) and (2.9) is the desired map ([2.7]).

It remains to analyse the dependence on the choices of Uy, y; and g;. Consider
different y, € U, and g2 € C with g - y2 = v/. Then

(210) 92_191 : H*({y1}7 iZ1K]\<7,J,r) - H*({yQ}’ Z‘ZQK]\\/[,U,T)
is an isomorphism, canonical up to multiplying g» on the right by elements of C,,.
The isomorphism

(211) g2 H*({y2}7 i;;gK]\\/f,U,r) - H*({y/}a iZ’KXCa,r)
is the canonical in the same sense. Equivalently, and are canonical up
to multiplying go on the left by elements of C,,. The constructibility of the involved
sheaves entails that this action of C, factors through my(Cyy).

From this we deduce that the choice of U, was inessential. For any alternative
Uy, the intersection U, N Uy contains an open neighborhood of y with the same
property. We can take yo in that smaller neighborhood, and by and ([2.11))

that is just as good as y1. Altogether the only non-canonicity of (2.7) comes from
the End;‘)b
C

(g;,\;r)(K]\\/,pvr)—linear action of 7(Cy/) on H*({y'}, a5 Ky, ). O

We note that at this point it is still possible that E, ,, = 0 or E ,, = 0, because
it may not be possible to extend (o,y) or (o,y’) to an enhanced L-parameter for
H(G, M, ¢€). To improve on that, we bring in enhanced L-parameters (y, 0,7, p) and
(v, 0,7, p'). We denote the vector space underlying p by V.

Proposition 2.4. (a) If the multiplicities (2.4]) and (2.5)) are zero and r # 0, then

HomH(G,M,qS) (Ey’,o,r,p’a Ey,o,r,p) =0.

uppose that the multiplicities u(y, p,y', p') and (2.4)) are nonzero, so in particu-

b) S hat th ltiplicities u(y, p,y', p') and (2.4 ' t1
lar Oy C Oy. Then Jyy , induces a nonzero H(G, M, ¢€)-module homomorphism
rom Vy QE, gry to V,QE, o0, (Wi , M, g&)-action only the second ten-

Vo @Ey grpy to VyQEy 5., (with H(G, M, ¢€)-acti ly th dt

sor factors).

(¢) Jy 4 gives rise to p(y, p,y', p') linearly independent H(G, M, ¢€)-homomorphisms
from EZ/:@"’:P/ tO Ey,a,r,p-

Proof. (a) This can be shown in the same way as Proposition [2.3|a.
(b) The map DJ,, , from (2.7)) sends the linear subspace

(2.12) H*({y},i;1Cc(% indg , (0))) € H*({y}, iy KX o)
to the linear subspace
(2.13) H*({y’},i;,IcC(gvaT,indgy, (PV) = o,

The map DJ,, from (2.12)) to (2.13)) is injective because
or . 1C VY O C A
ICC (gN ’ lndCy/ (p )) - IC(OZJ ) lndcy/ (p ))

has no subsheaves supported on O, \ O, [Ach, Lemma 3.3.3]. By assumption (2.12)
contains a copy of p¥, and DJy, , sends that nontrivially to p'V. In other words, Jy ,
sends p' C E, ,, nontrivially to a copy of p in Ey,,. Now we split Ey ., resp.
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Ey o, into isotypic component for the action of m(Cy), resp. of mo(Cy). We obtain
that via these splittings J,/ , restricts to a nonzero homomorphism from the p'-
isotypic component V,y @ Ey 5,y of Ey ;. to the p-isotypic component V,® £, 5,
of By s r.

(c) By the equality of and (2.F), the mo(Cy)-representation contains a
direct sum of u(y, p,y',p’) copies of p¥. As we observed in the proof of part (b),
DJy , injects that into pr. By duality, there are u(y, p,y’, p’) linearly independent
surjections of p' C Ey ., onto a copy of p is Ey .. To each of these we can apply
the argument from part (b), and that provides u(y,p,y’,p’) linearly independent
elements of Homp g ar,46) (Ey om0 By.orp)- O

3. OPEN PARAMETERS FOR TWISTED GRADED HECKE ALGEBRAS

We say that an L-parameter (y,o,7) or (y,o,r,p) for H(G, M, ¢€) is open if the
Zgxcex(0)-orbit of y is open in g3". We may also use Zg(o) instead of C' =
Zaxex(0) = Zg(o) x C*, for they have the same nilpotent orbits. Since there
is a unique open orbit in g3 , we could equivalently require that the C-orbit
of y is dense in g3

For r = 0 we can reformulate the above condition in easier terms:

(3.1) (y,0,0) is open if and only if y is regular nilpotent in Zy(o).

Lemma 3.1. Let (y,o,7,p) be an open enhanced L-parameter for H(G,M,qE).
Then Ey ;. , 18 irreducible and equals My g 5.

Proof. For connected G this is [Lus4, Corollary 10.9.c]. We spell out that argument
in general. Any constituent of Ey, ., is of the form M ,, », where O, C O,.
The “open” property of y forces O, = O,s. Next (2.6) shows that indgy (p) must

equal ind% (o), so that My orpy = Mygr, From (2.6) and (2.5) we see that
Y
M, o.rp appears with multiplicity one in £, ;. ,. We conclude that the two modules

coincide. O

The main result of this section is a quick consequence of the insights collected so
far.

Theorem 3.2. Let (y, 0,7, p) be an enhanced L-parameter for H(G, M, g€). Suppose
that (y',o,7,p'") is an open L-parameter for H(G, M, qE), such that My o, » occurs
as a subquotient of Ey oy ,-

(a) My o, is isomorphic to a submodule of Ey 5, ,.
very irreducible subquotient o orp somorphic to My o, o is a submodule
b) B irreducible subquotient of Ey gy, i hic to My gy @ bmodul
of Eyorp-

Proof. (a) From (2.6)) we see that the multiplicity is nonzero and that O, C O,.
By Proposition [2.4b there exists a nonzero H(G, M, ¢€)-module homomorphism
from Ey 5ry t0 Eygyr,. By Lemma Ey orp = My oy is irreducible, so this
homomorphism is injective.

(b) Proposition [2.4] enables us to apply the proof of part (a) in u(y, p,y/, p') linearly
independent ways. That produces a direct sum of u(y, p,y’, p’) copies of My ;.
as a submodule of £, ;. ,. By , this exhausts all occurences of M/ ., » as a
subquotient of Ey ;. ,. O

P
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The parameters (y, o, r, p) can also be presented in another way. By [KaLu2l §2.4]
we can find a homomorphism of algebraic groups

Yy : SL2(C) — G° such that:

(3-2) e dvy((§0)) =¥,

e g9 :=0—dy((§L-)) commutes with the image of dv,.

Moreover the G°-conjugacy class of (y,o,r) determines the G°-conjugacy class of
(y,00,7) and conversely. We recall from [AMS2, Lemma 3.6] that there is a na-
tural isomorphism my(Cy) = mo(Za(00,y)), and that the data (y,o,7,p) up to G-
association carry exactly the same information as (y, 0o, 7, p) up to G-association.

Lemma 3.3. Let (y,o0,r) be an L-parameter for H(G, M, ¢€), withr # 0. Equivalent
are:

(i) (y,0,7) is open,
(ii) g% equals {X € Z4(oy) : [0 — 09, X] = 2rX}

Proof. Since g3/ = g?v_la’l and Zgo(0) = Zgo(r~1o), we may replace (y,o,r) by
(y,r1o,1) and assume that r = 1.

(i) = (ii) Pick a maximal toral subalgebra t' of g containing o, and let R the root
system of (g,t). Then

0-71 —_—
v = @QER:Q(U):Q fa-

The open Zgo(c)-orbit in 97\}1 contains an element with nonzero parts in every root
subspace g, with a(o) = 2. Conjugating y by an element of Zge (o) if necessary,
we may assume that y has this property. Let R’ be the minimal parabolic root
subsystem of R containing {o € R : a(o) = 2}. It gives a Levi subalgebra

I_
g _t@@aeR/ga’

which contains y as a distinguished nilpotent element. Let G’ be the algebraic Lie
subgroup of G° with Lie algebra ¢/, and let 7, : SL2(C) — G’ be as in (3.2). As
Zy(00) is a Levi subalgebra of g’ containing y,

(3.3) the distinguishedness of y forces og € Z(g') C t'.

In particular any root o with (o) = 2 satisfies a(op) = 0 and a(o0 —o0p) = 2. Hence
(ii) holds for this specific og. Since oy is determined by (y, o, ) up to G°-conjugacy,
(ii) holds for all possible oy.
(ii) = (i) Notice that y,dv,((99)),dv,((§ 1)) is an sly-triple in Zg(op). It is
known from [Kos, Lemma 4.2.c] or [ChGi, Lemma 3.7.24] that the orbit of Zge(0g)N
Zgo (dfyy (6 _01) ) through ¥ is open in
(X € Zy(00) : [dyy((§ %)), X] = 2X} = {X € Zy(o0) : [0 — 00, X] = 2X } = g}
The group Zge (o) contains Zge (00) N Zge (dyy (§ Y1) ), so its orbit through y is also
open in g%’ O
An L-parameter (y,o,7) or (y,o00,7) (or with p included) is called bounded if
a G-conjugate of o lies in iR ®z X,.(T). We recall that by [Sol9, Lemma 2.2]
Ad(G)o intersects t = C ®7z X.(T') whenever there exists an enhanced L-parameter

for H(G, M, ¢€) with this 0. To explain the terminology, we note that exp(iR ®z
X, (T)) is the maximal compact subgroup of 7. Thus a parameter is bounded if and
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only if exp(op) lies in a bounded closed subgroup of G. More generally we say that
(y,0,7) is essentially bounded if a G-conjugate of og lies in Z(g) @ iR ®z X.(T).

The next result is a variation on a property of Langlands parameters for reductive
groups, announced in [CEZl §0.6].

Lemma 3.4. Let (y,o,7) be an L-parameter for H(G, M, ¢€).

(a) Ify is distinguished in g, then (y,o,r) is essentially bounded.
(b) If R(r) # 0 and (y,o0,7) is essentially bounded, then it is an open parameter.

Proof. (a) By the same reasons as for (3.3)), o¢ lies in Z(g).
(b) By [AMS3, Proposition 1.7] we may assume that 09,0 — ro, € t. Let T” be a
maximal torus of Zg(og) whose Lie algebra t’ contains t + Co = t + Co,. Then

o =oo+dv,((§2)) with og € Z(g) ®iR®zX.(T) and dv,((§ %)) € Roz X.(T").

In particular oy takes imaginary values on all roots of (g,t), while ¢ — oy =
dvy((52,)) takes values in 7R on all roots. As rRNiR = {0}, (ii) from Lemma
holds, and we conclude by applying Lemma |3.3} U

We warn that Lemmas 3.3 and [B.4lb are false for » = 0. Just take o = 0 and note
that (y,0,0) is a bounded parameter satisfying (ii), for any nilpotent element y.

Bounded parameters are related to H(G, M, ¢€)-modules which are tempered in
the sense of [AMS2| Definition 3.24]. The definition says that O(t)-weights of a
module must lie in a certain negative cone. In particular any subquotient of a
tempered module is again tempered.

Besides tempered representations, in an important role in harmonic analysis is
played by (essentially) discrete series representations. For graded Hecke algebras
they are also defined in [AMS2] Definition 3.24], it says that their weights must
belong to the interior of a suitable negative cone.

To see the connection between tempered representations and bounded parameters
best, we involve the sign automorphism of H(G, M, ¢€). Let det : Wye — {£1} be
the determinant of the action of Wye on X*(T'), an extension of the sign character
of the Weyl group W. Then sgn : H(G, M, q€) — H(G, M, ¢€) is defined by

sgn(Ny) = det(w) Ny, sgn(r) = —r,sgn(§) = ¢ we Wy, £ € O(taC).

Theorem 3.5. [AMS2, Theorem 3.25, Corollary 3.27, §4] and [Sol9, Theorem 3.5]

(a) Let (y,o,r,p) be an enhanced L-parameter for H(G, M, qE). The following are
equivalent when R(r) < 0:
e the parameter (o,y,r) is bounded,
o Eyorp is tempered,
o My s, is tempered.
When R(r) < 0, My o, is essentially discrete series if and only if y is distin-
guished nilpotent in g.
(b) Let (y,o0,—r,p) be an enhanced L-parameter for H(G, M, q€). The following are
equivalent when R(r) > 0:
e the parameter (o,y,—r) is bounded,
o sgn*kEy, , ., is tempered,
o sgn*My , ., 1s tempered.
When R(r) > 0, sgn*My 5 ., is essentially discrete series if and only if y is
distinguished nilpotent in g.
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(¢) When R(r) =0, H(G, M, ¢€) does not have nonzero essentially discrete modules
on which r acts as r.

We will refer to sgn*Ey , _, , as an analytic standard module. These are useful
because often r has to be specialized to a positive real number 7, and then Theorem
b yields tempered or essentially discrete H(G, M, g€)-modules on which r acts
as r. To emphasize the contrast, we will sometime call £, ;. , a geometric standard
module.

Theorem 3.6. Let E be a H(G, M, ¢€)-module on which r acts as r € C. Assume
that

e R(r) <0 and E is geometric standard, or
e R(r) >0 and FE is analytic standard, or
e r =0 and E is geometric or analytic standard.

Let V' be an irreducible subquotient of E, which is tempered or essentially discrete
series. Then V is a submodule of E.

Proof. First we suppose that $(r) > 0, and we write E = sgn*E, , _,,. In view
of [2.6), V = sgn*M ,_,  for some y/, p'. Theorem b says that (y/,o,—r) is
bounded or that 3/ is distinguished nilpotent in g. By Lemma (y/,o,—r) is an
open parameter. Now Theorem tells us that M/ , _, » is a submodule £, 5 ,,
so V is a submodule F.

The case R(r) < 0 is entirely analogous, only now using part (a) of Theorem

Let us consider the case r = 0. By [AMS2, Lemma 3.19], any geometric standard
module of H(G, M, ¢€)/(r) is completely reducible. Clearly, the same goes for any
analytic standard module. In particular this applies to E, which says that V is a
direct summand of F. O

There are yet other standard modules, namely those appearing in the Langlands
classification for graded Hecke algebras [Eve|]. To construct those one starts with an
irreducible tempered representation 7 of a parabolic subalgebra HY of H, twists it
by a character t in positive position with respect to the set of simple roots P, and
then induces to H.

This works when I' ¢ is trivial, when we include a nontrivial I'ye or C[I'y¢, fi4e] we
have to be careful because it might mess up the uniqueness of irreducible quotients
in the Langlands classification. A solution is provided by [Sol2, Corollary 2.2.5]
and [Sol4] (8.11)]: one must choose the subgroup of I'je that occurs in a parabolic
subalgebra of

H(G, M, q€) = H(t, Wye, k,r, hq:‘))
depending on the data 7,t. Namely, one takes the largest subgroup I'p; of I'ye
that stabilizes P and t. Next one replaces 7 to an irreducible representation 7’ of

H(t, WpI'py, k, 1, 4¢) whose restriction to HP contains 7, or equivalently an irre-
(t7WPFP,t»k7r7hq£)

(L Wpkor) 7. We call modules of the form

ducible direct summand of ind%

. H(EWee ke lge) !
(34) lndH(t,WiFP,t,k%rquE)(T ® t)

Langlands standard modules. With Clifford theory, in the version of [Solll, §11] and
[AMS3| §1], we can write

H(t,WpLp ¢ ,k,rlige)

/
H(t,WPFP,t,Tvk7r7hq5) (p ® T>

7 = ind
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for a suitable projective representation p of I'p; ». In that notation, (3.4) becomes

3 H(t7W £7k7r7h 5) _ H(t,W g7k‘7r7h g) . H(t,WgJ{I,I')
lndH(t,W;Fp)t’:k,r,qu)(p RTOL) = de(t,WZFP,t,:k,r,qu) (he® indy 'y (T®1)).

This shows that every Langlands standard module of H(t, Wye, k,r,b4¢) is an inde-
composable direct summand of

(3.5) B Wae kor fqe )

H(t,We ,k,r) 4

for some Langlands standard H(t, We, k, r)-module V', namely indgg’mw/i’i’?) (T®t)

above. If Q C G is the standard parabolic subgroup such that Wq% = WpRpy, then
H(Q) M? qg) - H(t7 WP]-_‘P,ta ka r, hq€)7

and the Langlands standard module (3.4) depends only on the data (Q,7',t) up
to G-conjugacy. The relations between the various kinds of standard H(G, M, ¢&)-
modules are as follows.

Proposition 3.7. Let r € C*.

(a) When R(r) > 0, the Langlands standard modules of H(G, M, q€) are precisely
the analytic standard modules.

(b) When R(r) < 0, the Langlands standard modules of H(G, M, q€) are precisely
the geometric standard modules.

(¢) The Langlands standard modules of H(G, M, q€)/(r) are precisely its irreducible
modules.

Proof. (a) This is shown in [Sol9, Proposition B.4].
(b) This can be shown in the same way as [Sol9, Proposition B.4], just apply sgn*
to all the modules in the proof of parts (c) and (d).

(c)Let V = indggg’%’ggM?me,p be a Langlands standard module of H(G, M, ¢€)/(r).

By the complete reducibility of E;’? 5.0, [AMS2, Lemma 3.19], V is a direct summand

H(G,M 4€)
H(Q,M q€)

H(G,Mq€) ,Q

Q
E H(Q7M7q5) y7U’0‘

of ind 4,0,0,p

and of ind

By [Sol9, Theorem B.2| the latter is isomorphic to E, ;0, which is also completely
reducible by [AMS2, Lemma 3.19]. Thus V is contained in a completely reducible
module, which means that V itself has that same property.

On the other hand, the Langlands classification in the version [Sol4l Proposi-
tion 8.5 and (8.11)] says that V has a unique irreducible quotient. Therefore V is
irreducible.

Finally, we note that every irreducible H(G, M, ¢€)/(r)-module occurs as a quo-
tient of a Langlands standard module, so is in fact itself a Langlands standard
module. g

4. GENERIC REPRESENTATIONS OF GRADED HECKE ALGEBRAS

In this section we assume that the 2-cocycle ¢ involved in H(G, M, ¢€) is trivial.

Then (1.1]) simplifies to
(4.1) H(G, M, q€) = H(G®, M°,E) x [,

see [AMS2| §4]. In other words, H(G, M, ¢€) is a graded Hecke algebra extended
with a finite group. The triviality of f4¢ is known when H(G, M, ¢€) arises:
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(i) from an extended affine Hecke algebra H x I' via localization, as in [Lus3),
Sol2l, [AMS3],
(ii) from a classical p-adic group [Hei, [AMS4],
(iii) from a Bernstein component of a reductive p-adic group, such that the un-
derlying supercuspidal representations are simply generic [OpSo, Theorem
A1)

In the references to (ii) and (iii) this is shown for the relevant extended affine Hecke
algebras, and then one can apply (i).

Recall that det : Wye — {£1} denotes the determinant of the action of Wye on
X*(T). It can also be regarded as a onedimensional representation of C[W,¢]. We
say that

(4.2) a H(G, M, ¢€)-module V is generic if Resg[(g/%’qg)v contains det.

This compares well with the definition of genericity for representations of extended
affine Hecke algebras, see Theorem Like for quasi-split reductive groups [Rod)
Shal|, there are multiplicity one properties for generic representations of extended
graded Hecke algebras.

Proposition 4.1. Let Q C G be a quasi-Levi subgroup containing M, so that
H(Q, M, ¢€) is a parabolic subalgebra of H(G, M, qE). Let (w,V) be a H(Q, M, q¢E)-

module.
T . H(G,M,qgE) . H(G,M,qE

(a) The multiplicity of det in ReSC[(qu B )( dHEQ,M,ngv

of det in V', as representations of the version W;é of Wee for (Q,M,q€). In

particular V' is generic if and only if indggg’%’ggv s generic.

) equals the multiplicity

(b) Suppose that (mw, V) is irreducible and generic. Then

(G,M,q&)

(Q7M7q€)V, det ) =1

dim Homgpy, (ind%

and indﬁgg:%:gg‘/ has a unique generic irreducible subquotient, appearing with

multiplicity one.
(¢) dim Homgey, . (sgn*(Ey,o.r,p), det) < 1 for every enhanced L-parameter (y, o, 7, p)
for H(G, M, ¢€).

Proof. (a) and (b) These can be shown in the same way as for extended affine Hecke
algebras, see [Soll0, Lemma 3.5] and [OpSol Lemma 7.2]. Alternatively, one can
apply [Sol10, Theorems 6.1 and 6.2] to [Soll0, Lemma 3.5].

(c) Conjugating the parameters by a suitable element of Ngo(7), we may assume
that R(o) lies in the closed positive cone in tg = R®yz X (T'). Alternatively, we can
maneuver R(—o) to the closed positive cone. Therefore we can arrange that we are
in one of the situations where [Sol9, Lemma B.3] applies, with Q = Zg(0p). It says
that e(o,r) # 0, which is needed to use [Sol9, Theorem B.2]. That result tells us

_ i qH(G M) 1Q
Ey,a,r,p - lndH(Q,M7q6) Y,0,7,p"

This remains valid upon applying sgn* on both sides, by the isomorphism
. JH(G,M,gE N (e JH(G,M,gE
indi( Gy ) (580" Blorp) = sen® (ndiyGr0e) Bory)

h®wv — sgn(h) ® v
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Now part (a) shows it suffices to prove that

(4.3) dim Homg, ., (sen*(EY,,.,),det ) < 1.

Notice that o9 € Z(q), so that (y,o,r) is an essentially bounded parameter for
H(Q, M, ¢€). Suppose for the moment that » # 0. Then Lemma b says that
(y,o,r) is an open parameter, and by Lemma m Eggmp is irreducible. In this case
part (b) proves (4.3]).

Recall from [AMS2, Lemma 3.6] that mo(Zg(or,y)) = mo(Zg(o0,y)) does not
depend on r, where o, = g + dv,((§ 2, )). Hence there is a family of H(Q, M, ¢&)-

modules sgn*Ey 5, . ,, parametrized by r € C. It follows from [Sol9, Theorem 3.2.b]
that the underlying family of C[Wg]—modules is constant. We already showed that
for r # 0 it contains det at most one time, so the same holds when r = 0. O

It is known, for unipotent representations of (adjoint) p-adic groups from [Ree] and
for principal series representations of quasi-split p-adic groups from [Sol10], that the
Langlands parameters of generic representations are precisely the open parameters,
with the trivial representation of a component group as enhancement. We intend to
prove an analogous statement for extended graded Hecke algebras.

Lemma 4.2. Fiz (o,7) = (00 + roy,r) € t® C(oy, 1).

(a) Every irreducible H(G, M, ¢€)-module with central character (Wygoo, ) is a sub-

. . JH(G,M,qE
quotient of lnd(’)((tEB(C)q )Cao,r-

(b) Up to Zg(o)-conjugacy, there exists precisely one enhanced L-parameter (y, o, 1, p)
for H(G, M, ¢€) such that sgn*(My ».r,) is generic.

Proof. (a) Any irreducible H(G, M, ¢€)-module V with central character (Wygo0, )
has an O(t @ C)-weight (o(,r) with o’ € Wyeop. Then

. JH(G,M,qE -~
HomH(QMﬂg) (lndO((téa(C)q )(CU(/)’T, V) = Homo(t@c)(Cgé’r, V) 7'5 0,
so V is a quotient of indg((?ég)’qg)@a&r. On the other hand, indﬂ({g((?ég)’qg)(:%m and

'ndg((?ég’qg)Cao7r have the same irreducible subquotients, with the same multiplici-

ties [Solll, Lemma 9.1.a].
(b) The group W;\g for H(M, M, q¢€) = O(t @ C) is trivial, so
HOIHC[W]\g] ((Co'07r7 det) =~ C.
q
By Proposition [.1]a also

.. H(G,M,q€E ~
(4.4) Homcyy, ) (mdo((t@@q )(Cgow,det) = C.

By [AMS2, Theorem 4.6] every irreducible H(G, M, ¢€)-module with central char-
acter (Wyeop, —r) is of the form sgn*(My +r,). By part (a) and , exactly one
of these modules is generic. That corresponds to a unique G-conjugacy class of
(y,0,p), and since (o,r) was fixed we find that (y, p) is unique up to Zg (o). O

The C[Wye]-module structure of My, ,, can be studied more easily in the case
r = 0, so we consider that first.

Proposition 4.3. Let (y,00,0) be an open L-parameter for H(G, M,qE), so y is
reqular in Zy(op).



22 ON SUBMODULES OF STANDARD MODULES

(a) There exists a unique enhancement py € Irr(mo(Zc(00,y))) such that
sgn* (My.q0,0,p0) 15 generic.

(b) Suppose that v =0 and that ¢€ is the trivial equivariant local system on CM =
{0}. Then pg = triv in part (a).

Proof. (a) The condition to be checked is equivalent with: Resg[(v(f,;g’qg)Mypmo,p

contains trivyy,.. First we consider the analogous question for H(G°, M°,€). To
avoid confusion, we endow modules for this algebra with a superscript o. Write
Q = Zg(0p) and q = Lie(Q). By [AMS2, (34)], for p° € Irr(Zge (00, y)):

H(G®,M° &)

o . Q°
(4.5) 9.:00,0,p° = de(QO,MO,.&‘)My,ao,O,pO'
The C[W¢]-module structure of (4.5) follows from [AMS2] (33)]:
H(G®,M°,€) » ro . C[We
(4.6) Res(c[wg] 900,000 = 1nd(c[Won]My7po7

where M, , comes from the generalized Springer correspondence [Lusl] for
(Q°,M°,E). By Frobenius reciprocity (4.6) contains trivyy, if and only if My s
contains triv o By [Lusll Theorem 9.2], the latter happens if and only if

£

Ad(Q*)y N (CM ©unq)is dense in C¥ puny.

This holds in our setting because (by assumption) Ad(Q°)y is the regular nilpotent
orbit in q = Z4(00) and CM @ (uNq) C q. From [Lusl, Theorem 9.2] we also obtain
that p° is unique.

Consider p € Irr(m(Zg(y))) whose restriction to mo(Zge(y)) contains p°. In the
notation from [AMS2, Lemma 3.18] we have p = p° x 7" where 7V where 7V is an
irreducible representation of the stabilizer Sy of p° in Zg(y)/Zg-(y). Then [AMS2,
(67)] says that

(4.7) My.0,0,0 = TMy 540,05

where the latter module is described explicitly in [AMS2, Lemma 3.16]. This de-
scription simplifies a bit in our setup, because the 2-cocycles in [AMS2, §3] are by
assumption trivial. Namely, the structure of (4.7) as C[Wyg]-module is

(4.8) indg%ﬂ (r®J)

for some extension J of trivyy, of Wég. Here We C Wég C Wye such that Wés JWe
is naturally isomorphic to S,e. This J comes from [AMS2, Proposition 3.15], and
it is only unique up a characters. As the underlying vector space of J is that of
trivyy,, we amy renormalize the operators J(y) with v € Wég, and arrange that J =
triv. Now it is clear that, if we take 7 = trivg ., then contains trivyy, .. Thus
po := p° x triv fulfills the requirements. By Lemma [£.2]a it is unique.

(b) Under these assumptions, the generalized Springer correspondence for (Q°, M°, ),
encountered in the proof of part (a), becomes the classical Springer correspondence
for Q°. Then contains trivyy, if and only y is regular nilpotent in q and
p° = triv. (Since these constructions are in the end based on [Lusl], we have to use
the normalization of the Springer correspondence from there.) Then pg in part (a)
reduces to triv,ro(ZQo(y)) XTIV = iV 24 (y))- O

With geometric arguments we will deduce a property of generic representations
for r # 0, which will enable us to rule out that their L-parameters are not open.
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Lemma 4.4. Let (y,o,r,p) be an enhanced L-parameter for H(G, M, q€), with r #
0. Let (y',0,7) be an open parameter with the same (o,r). If sgn* M, 5., is generic,
then sgn*Ey 5, » is generic for some enhancement p'.

* : .
Proof. As sgn*Ey .., is generic,

H(G,M,q€
Res(7 7Q)

C[Wie] Ey - contains trivy,.

Recall from Section |3[ that o = 0, = ¢ + dy,((§ % )). We can vary r in C and
obtain a family of H(G, M, ¢€)-modules Ey ;. .

From Lemma we know that o, = o — d'yy/((g o )) commutes with y € g%
That enables us to regard Ey 5,0 as a member of a family of H(G, M, ¢€)-modules
By to0+(1-t)oy,0 Parametrized by ¢ € C.

By [Sol9, Theorem 3.2.b], which is based on [Lus2], the two underlying families of
C[Wye]-modules are constant. All those modules, in particular E, 5, o and Ey o105
contain trivyy,.. From Lemma b and Proposition a we deduce that this is
only possible if Ey,a'(/),O has a constituent M, . o ,,, where y4 is regular nilpotent in

Z4(o()). From Theorem 3.2 and Proposition [2.3|b we see that
(49) My,a(’),O,po = Ey,a{),o,pg
The proof of (ii) = (i) in Lemma shows that not only Ad(Zg(o))y’, but also
Ad(Zge (0,0 —0())y’ is dense in g%/ . In particular Ad(Zge(0})))y’ contains y, which
shows that

)
A(Ze @)y C MZe- @)y C AdZar (o)l < 63"
From Proposition 2.3b we see that .J, , factors as

embeds in Ey 10 via Jy, .

g,

J /
Yg Y s
(4.10) Eyyor 0 =2 By o1 0 2% By o1 0

yng(/):
With we conclude that the module My, 510,00
both contain trivyy,,.

Consider the family of H(G, M, ¢€)-modules E,/ o/ ,, where o;. = o+dy, ((§ 2. ))
for r € C. Again by [Sol9, Theorem 3.2.b], as C[Wy¢]-modules they form a constant
family. In particular all members contain trivyy,.. We return to our initial r € C,
so that 0, = 0. As Ey 5, is a direct sum of modules Ey , y (with multiplicities),
H(G,M,¢€)
(C[qu}
is generic. O

is a constituent of Ey/ o, so

. / . . *
there exists a p’ such that Res Ey o contains trivy, .. Now sgn*Ey/ ;. »

We are ready to complete the analysis of the L-parameters of generic irreducible
H(G, M, g€)-modules.

Theorem 4.5. Consider an enhanced L-parameter (y,o,r,p) for H(G, M, ¢€).
(a) If (y,0,7) is not open, then sgn*(My o) is not generic.
(b) If (y,0,r) is open, then sgn*(My o) is generic for a unique enhancement p,

say pg.
(¢) If g€ is the trivial equivariant local system on CM = {0}, then p, = triv.

Proof. (a) Suppose that sgn*(My.,) is generic. By Lemma (or Proposition
a if r =0) Ey o, is generic for some open parameter (y', 0,7, p'). From Lemma
we know that My 5, v = Ey 5y, 50 sgn*(My ,r ) is generic for an enhanced
L-parameter with the same (o,7) as before. This contradicts Lemma [4.2]b.
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(b) This follows from Lemma [4.2]b and part (a).

(c) Under the current assumptions M is a minimal quasi-Levi subgroup L of G, see

(LB). Let (y,0,7, pg) be as in part (b) and write o, = o0 +dv,((§ . )). Recall from

[AMS2, Lemma 3.6] that mo(Zg(or,y)) = m0(Za(00,y)) does not depend on r.
Arguing with families of H(G, M, ¢€)-modules as in the proof of Lemma we

deduce that

(4.11) sgn*(Ey.o,.rp,) is generic for every r € C,

and in particular for » = 0. We can get some useful information from the proof of
Lemma with ¥’ = y. There we encountered the enhancement pg of (y,,00,0).

Proposition b says that py equals the trivial representation of mo(Zg(00,y)). In
view of (4.10) and (4.11)), we need to identify the unique enhancement p, of (y, 09, 0)
such that Jy, , induces a nonzero homomorphism

Myg,ao,ﬂ,triv = %riv & Eyg,ao,07triv ? ‘/;Jg ®FE ,00,0,09

Put Q = Zg(0p) and notice that mo(Zg(00,y)) = m0(Zg(y)). By compatibility of
standard modules with parabolic induction [Sol9, Theorem B.1]:

. JH(G,L,triv) -Q
Ey.60,0,05 = de(Q,L,triv) ¥,00,0,0g”

and similarly for Ey, 5, 0tiv. Hence it suffices to identify the p, so that J,, ,, induces
a nonzero homomorphism of H(Q, L, triv)-modules

Q Q
(4.12) E 000,05 ™ Eio0,0.05°

Now oy is central, so O(t @ C) acts via evaluation at (op,0) on both sides [AMS2]
(38)]. Therefore it suffices to consider the C[Wy¢]-modules underlying ({.12). These
are standard modules as appearing in the Springer correspondence for (possibly
disconnected) reductive group @ and its (possibly extended) Weyl group We.

Since ¢€& is trivial, so is the local system qE’ n used to construct K. With that
in mind, [Sol9, Proposition 3.6] says that

ES o =H.(PY?), PP =P ={gLecQ/L:Ad(g )y €unq}.

¥,00,0

The action of my(Zg(y)) on EyQ 0.0 18 induced by the left multiplication action of
Zg(y) on 7752 . The same holds with y, instead of y. By the regularity of y, in q:

PRAQL/L=L/L and P = Zq(y,)/Zg-(ys) = Q/Q°.
We obtain
(4.13)
= H, (P )00 = [y (Zq (yy)/ Zoo (y4)) 7% = Ho(Q/Q°)?,

Yg,00,0,triv

which has dimension one. The image of (4.13)) by J,, , is a subspace of HO(Pf;2 )

fixed by Zg(y), so it only appears in V,, ® E©

1.00,0,p4 when p, = triv. O

We conclude this section with a proof of the generalized injectivity conjecture for
geometric graded Hecke algebras.

Corollary 4.6. Let E be an analytic standard H(G, M, g€)-module and let M be a
generic irreducible subquotient of E. Then M 1is a submodule of E.
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Proof. Write E = sgn*E, ; ., Since M has the same central character as F,
it equals sgn*My .,y for some y',p’. By Theorem (4.5 (v/,0,r) is open. Now
sgn*M = My 5, is a subqotient of sgn*E = E, ;. ,, and Theorem says that it
is isomorphic to a submodule of sgn*E. We apply sgn* again to conclude that M is
isomorphic to a submodule of E. As E has a unique generic irreducible subquotient
(Proposition ¢), that must be a submodule and equal to M. O

5. TRANSFER TO AFFINE HECKE ALGEBRAS

We will show how the representation theoretic results from the previous sections
can be translated to suitable affine Hecke algebras. This section is largely based on
[Lus3, [Sol2l, [AMS3].

Let R = (X, R,Y, RV, A) be a based root datum and let W be the Weyl group of
R. Let \,\* : R — Z>¢ be W-invariant functions such that \*(a) = A(a) whenever
a¥ ¢ 2Y. Let q be an invertible indeterminate. To these data one can associate an
affine Hecke algebra

H=H(R,\ ' q),
as for instance in [Lus3},[Sol3]. The underlying vector space is C[X]®C[W]®Cl|q,q ']
and the quadratic relation for a simple reflection s, is

(Ts,, +1)(Ts, — q*M) = 0.

Let T" be a finite group acting on R and on 7' = Hom(X, C*) and assume that A and
M\* are T-invariant. For any 2-cocycle f : I'? — C* we can build the twisted affine
Hecke algebra

H x C[L, b =H(R, A\ A", q) x C[T, .
As a vector space it is the tensor product of its subalgebras H and C[I',f], and for
a standard basis element 7', of C[I', ] we have the cross relations

TVTwbe Ty =T, -17v(0:)  weW,ze€X.

We can specialize q to any ¢ € C*, and then we obtain Hecke algebras denoted
H(R, A A" q) and  H(R, A A", q) x C[I', 4.

In practice we will only specialize to ¢ € R+g.

When f is trivial, [OpSo}, §6 and (8.9)] provide a good notion of genericity for H xT'-
modules, as follows. The elements T, with w € W and v € I" form a C|[q, q!]-basis
of a subalgebra H (W, ¢*) x I'. The Steinberg representation of H(W,q) x I (with
q specialized to some chosen g € C*) has dimension one and is defined by

(5.1) St(Thy) = det(wy).

Here det denotes the determinant of the action of WT" on X. We say that a H x I'-
module V' is generic if q acts as multiplication by some ¢ € C* and Resg(”vl;qk)xrv
contains St.

The centre of H x CI[T', f] contains
(5.2) oM @ Clq,q7 ] = O(T/WT x C*).

Often we will analyse representations of H xC[I', j] via localization to suitable subsets
of T/WT x C*. That involves decomposing representations along their weights for
, which works well for finite length representations but does not always apply to
infinite dimensional representations. Therefore we will usually restrict our attention
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to the category Mod s (H xC[I, ]) of finite length (or equivalently finite dimensional)
modules.

There is a two-step reduction procedure which assigns to H x C[I',] a twisted
graded Hecke algebra that governs a well-defined part of its representation theory.
A suitable family of such twisted graded Hecke algebras covers the entire category
Modg(H x C[T, ]).

We write tg = R ®z X«(T) and Tr = exp(tg). We fix a unitary element u €
Hom(X,S') C T, and we want to study representations whose O(T)"!-weights are
close to WI'uTr in T/WT. There is a subroot system R, = {a € R : so(u) = u},
with a basis A, determined by A. These fit into a based root datum

Ry = (X,Ry,,Y, R, Ay).
The group (WT),, decomposes as
(WT)y = W(Ry,) x Ty,  Tyu={ye (WD), :v(A,) =A,}.

Let Ay, A} be the restrictions of A\, \* to R, and let f, be the restriction of f :
(WTI)2 — T2 — C* to I'2. Altogether these objects yield a new twisted affine Hecke
algebra

Hoy X C[Fua hu] = H(Rw Aus /\Z7q) X C[Fw hu]a
a subalgebra of HxC[I', i]. An advantage is that w is fixed by W (R,,), so a(u) € {£1}
for all & € Ry,. There is a (WT'),-equivariant map

exp, : t = T,exp,(0) = uexp(o).

It is a local diffeomorphism around tg and restricts to a diffeomorphism tg — uTRk.
Via this map we can pass from H,, x C[I'y, i,] to a twisted graded Hecke

Hu X C[PU7 hu] = H(ta (WF)U7 kua ra hu)
Here the parameter function k, : R, — Z is given by
(5.3) kuo = (AMa) + a(u)X*(a))/2.

The next theorem was proven in [AMS3| Theorems 2.5, 2.11 and Proposition 2.7],
based on similar results in [Lus3, §8-9] and [Sol2, §2.1]. The part about genericity
was checked in [Sol10, Theorems 6.1 and 6.2].

Theorem 5.1. The following three categories are canonically equivalent:

o finite dimensional H x C[I', g]-modules, all whose O(T/WT x C*)-weights
belong to WTl'ulgr x Rsg,

o finite dimensional H, X C[[y,iy]-modules, all whose O(T/(WT, x C*)-
weights belong to uIr X Ry,

e finite dimensional H,, xC[['y,, i,]-modules, all whose O(t/(WT),, x C)-weights
belong to tg x R.

The equivalences have the following features:

(i) They are compatible with parabolic induction and parabolic restriction.

(i) They respect temperedness.

(11i) They respect essentially discrete series when rk(R,,) = rk(R), and otherwise the
involved category of H x C[I', i]-modules does not contain essentially discrete
series representations.

(iv) They respect genericity whenever § is trivial.
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(v) Any O(t & C)-weight of a H,, x C[I'y, i,]-module is transformed into a
O(T x C*)-weight (exp,(0),exp(r)) for H, x C[I'y,b,] and into a collection of
O(T x C*)-weights (wexp,(0),exp(r)) for H x C[I', 4], where w runs through
a certain set of representatives for WI'/(WT),.

Langlands standard modules for twisted affine Hecke algebras can be defined like
for twisted graded Hecke algebras, see . This provides satisfactory collections of
standard modules in each of the three categories in Theorem [5.1] In each case they
are in bijection with the irreducible modules in that category, via taking irreducible
quotients of standard modules.

Lemma 5.2. The equivalences of categories in Theorem restrict to bijections
between the three sets of Langlands standard modules.

Proof. Theorem respects almost all the operations and properties involved in
(Langlands) standard modules, the only potential issue being the weights in part
(v). Between H,, x C[I'y, i,] and H,, x C[['y, i,], Theorem induces a bijection on
weights, so the equivalence of categories provides a bijection between the respective
sets of standard modules.

It may seem that Theorem does not necessarily match those two sets with
standard modules for H x C[I',f]. The problems lies in part (v) at the level of
parabolic subalgebras (associated to a set of simple roots P), which entails that a
positive character t for HZ x C[ypu, ,] may be moved by I'p even if it is fixed by
I'p¢. In such a situation the essentially tempered irreducible representation 7 ® ¢ of
is sent by Theorem [5.1] to

. HPXC[Tp,b ;s
dgp g, (7 ©1)
where 7 is the image of 7 via Theorem m for the appropriate subalgebras. The
standard H x C[I', j]-module associated to (P, 7',t) is
3 HNC[qu] /
ndye oy, (7 O 1)
In Theorem this is matched with the standard H, x C[T'y, f,]-module
o A HuXC[Cu o]
AP aClr il (T O )
Thus Theorem sends standard modules for H,, x C[I'y, ] to standard modules
for # x C[I', j]. Since we have an equivalence of categories and on both sides the
standard modules are canonically in bijection with the irreducible modules, the
equivalence is also bijective on standard modules. O

There are always classifications of irreducible H x C[I', f]-modules, see [Sol3|, but
in general these do not involve parameters like Langlands parameters for reductive
p-adic groups. To get the geometry from Sections into play, we need fairly
specific parameter functions A, A*, and the 2-cocycle fj cannot be arbitrary either.
Some twisted affine Hecke algebras that can be analysed geometrically feature in
[AMS3, §2], they are based on reductive complex groups and cuspidal local systems
like our graded Hecke algebras.

But the class of twisted affine Hecke algebras to which Sections can be ap-
plied is larger, we only need that for every fixed u Theorem yields a geometric
graded Hecke algebra. If we only want to transfer the results about submodules of
standard modules, the subalgebra C[I',] does not cause additional complications,
and a slightly more relaxed condition suffices:
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Condition 5.3. The twisted affine Hecke algebra H(R, A, \*,q) x C[I',f] is such
that, for each twisted graded Hecke algebra

H(t, (WT)y, ku, r, ) = Hy, x C[Ty, ]

involved in Theorem for some unitary element v € Hom(X,S') C T, there are
data (Gy, My, g€y, Ey) like in Section |I| and a Lie group isomorphism t x Wye, =
Lie(T,) x (WT), which induces an algebra isomorphism H,, = H(G?, M, E,).

Notice that Condition puts no restrictions on fj, which is good because often it
is difficult to make f explicit. That renders it largely irrelevant how I',, arises from
G, D G, In Condition we could simpy take G, of the form G}, x I', where the
action of I';, on G, preserves a pinning.

Theorem 5.4. Let H x C[T', 1] be a twisted affine Hecke algebra satisfying Condi-
tion[5.3. Let E be a Langlands standard H x C[T',f]-module on which q acts as
multiplication by ¢ € Rsg and let V' be an irreducible subquotient of E.

(a) If V is tempered or essentially discrete series, then it is a submodule of E.
(b) Suppose q > 1, is trivial and V is generic. Then V is a submodule of E.

Proof. Since E is standard, it admits a central character, say (WT't,q). Put u =
tlt|~! € Hom(X, S'), so that t € uTk. By Theorem the category Modg wr+q(H)
is equivalent with the category

Modg (), |¢],log g (Hu X C[Tu; bu)),

where H,, = H(G,, M, ¢&€,) by Condition By Lemma FE corresponds to
a Langlands standard module E, of H,, x C[I'y,t,], on which r acts as logq € R.

By ., FE, is a direct summand of de N(C[F"’h"]EO for some Langlands standard
H,-module E;. More concretely, the steps from (3.4)) to show that

. Hu C Fu7 u o
(5.4) E, = deu:&m ju}(pu ® E2),

where I, is the stabilizer of EY in I, and p, is a projective representation of I',.
By Proposition [3.7]

e [0 is analytic standard if ¢ > 1,

e [0 is geometric standard if ¢ < 1,

e [ is irreducible if ¢ = 1.
Via Theorem V' corresponds to an irreducible subquotient V,, of E,. By
Clifford theory, see for instance [RaRal Appendix]|, [Solll §11] and [AMS3l §1],

Re SH wxC[r “’h“]Vu is completely reducible, and all its irreducible summands are in
one F -orbit. Via a composition series of p, ® E; we see that V,, arises from a
subquotient of that, unique up to I'y. It follows that V, contains an irreducible
subquotient of E;, say V.7, and is generated by V.0 as C[I'y, i,]-module.

Clifford theory tells us that V,, is a direct summand of 1ndH“NC[F“’h“}V° The
action of T, on R, stabilizes A,, so preserve positivity and negatwlty of O(%)-
weights. Hence V,; is tempered if and only if de"XC[F"’h"] V., is tempered, if and only
if V,, is tempered. The same holds with essentlally discrete series instead of tempered.
If V, is generic and f,, is trivial, then |[OpSol (8.13)] says that V;, = det xV,? and V)
is generic. Thus, in both cases (a) and (b), V. has the same property as supposed
for V,,. Now Theorem [3.6in case (a) and Corollary [4.6]in case (b) prove the theorem

for the subquotient V,; of EJ.
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Let soc(E,) denote the socle of E,,, that is, the sum of all irreducible submodules.

H, ><(C[Fu)uu]

Since indy preserves completely reducibility [Solll, Theorem 11.2] and E,

_ . . HuxC[Cusbu
is a direct summand of deuN (-t ]EZ:

soc(Ey) = C[l'y, ] - soc(E}).

We already saw that V) is an irreducible submodule of E; which generates V,,, so
Vi C C[ly, by - soc(Ey). Thus V,, C soc(Ey), which means that it is a submodule.
We can go back to H x C[I, g]-modules via Theorem from which we conclude
that V' is a submodule of E. O

6. TRANSFER TO REDUCTIVE p-ADIC GROUPS

Let F' be a non-archimedean local field and let G a connected reductive F-group.
We will call G(F') a reductive p-adic group, although char(F') > 0 is allowed. We
warn that G is not related to G from Section

We are interested in smooth complex representations of G(F'), which form a cat-
egory Rep(G(F')). Let Rep(G(F))® be a Bernstein block in there, coming from a
unitary supercuspidal representation w of a Levi subgroup M(F) C G(F).

It is well-known that in many cases Rep(G(F'))® is closely related to the module
category of a (twisted) affine Hecke algebra. At the same time, it is known from
[Sol4] that one can increase the generality of such comparison results by using graded
instead of affine Hecke algebras.

Let Xy (M(F)) be the group of unramified characters of M(F), and let X, (M(F))
be the subgroup Hom(M(F),R~(). Recall that Rep(G(F))® consists of all smooth
G(F')-representations 7 such that every irreducible subquotient of 7 has cuspidal
support in (M(F), Xnr(M(F))w) up to G(F')-conjugacy. Let W, be the finite group
associated to s = [M(F),w| by Bernstein, and let W, be the subgroup that sta-
bilizes w. Let t be the Lie algebra of Xy, (M(F')), identified with the tangent space
to Xny(M(F))w at w. Since W, operates faithfully on Xy, (M(F))w [BeDe, §2.16],
W, acts faithfully on t.

We define a root system R, as in [Sol4l §6.1], where it is called ¥X,g,. Parameters
k¥ and a 2-cocycle b, of Ty, & W, /W (R,) (denoted ;! in [Sol4]) are constructed
in [Sol4l §7].

Theorem 6.1. [Sold, Theorems B and C and (8.2)]
There exists an equivalence between the following categories:

e finite length smooth G(F')-representations m, such that all irreducible sub-
quotients of m have cuspidal support in (M(F), X, L(M(F))w) up to G(F)-
conjugacy,

e finite dimensional modules of the twisted graded Hecke algebra

H(t, W o, k%, bw) = H(t, W(Ry), k) x C[Ly, ],
all whose O(t)-weights belong to tg = Lie(X;;(/\/l(F))).
This equivalence is canonical up to the choice of the 2-cocycle b, and it has the
following properties:

(i) compatibility with normalized parabolic induction and restriction,
(ii) respects temperedness,
(iii) sends essentially square-integrable G(F)-representations to essentially discrete
series H(t, Ws o, k¥, i,,)-modules (but not always conversely),
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(iv) compatibility for twisting G(F)-representations by elements of X .(M(F)) and
H(t, Wsw, k&, b,)-modules by elements of Lie(X}(G(F))) C tg.

Notice that there is no r in the graded Hecke algebras in Theorem [6.1] They
relate to Sections [TH4] by specializing r at some r > 0.

Let L(F) C G(F) be a Levi subgroup containing M(F) and let 7 € Irr(L(F))
be a tempered representation with cuspidal support in (M(F), X (M(F))w). Let
X € X;J.(L(F)) be in positive position with respect to a parabolic subgroup P(F) C
G(F) with Levi factor £(F'). Then Iggg (T ® x) is a standard representation as

in the Langlands classification for G(F'). Moreover every standard representation
G(F)-representation with cuspidal support in (M(F), X (M(F))w) (up to G(F)-
conjugation) is of this form.

Lemma 6.2. The equivalence in Theorem restricts to a bijection between the
sets of Langlands standard representations in both categories.

Proof. Let H(t, WX, k¥, 1,) be the parabolic subalgebra of H(, W0, k¥, ) deter-

S,w)
mined by £(F). The properties in Theorem imply that Ig%g (T ® x) is matched
with
(6.1) indyy % E) (e @ log (X)),
where 7y denotes the image of 7 under Theorem for L(F) and log(x) is fixed
by WE,. By assumption y is positive with respect to all roots of Z°(M)(F) in
Lie(P(F)/L(F)). The root system R, consists of scalar multiples of the roots of
Z°(M)(F) in Lie(G(F)), but some of those roots may be left out depending on w.
As a consequence the condition for a character of H(t, Wﬁfw, k¥, b.,) to be in positive
position may be weaker than the corresponding condition for X, (£(F')). Thus
log() is in positive position (but one cannot conclude that in opposite direction).
This shows that is a standard module in the traditional sense, and since wa
fixes log() it is also a Langlands standard module as in (3.4])).

Thus the equivalence of categories in Theorem sends standard representations
to Langlands standard modules. These two “standard” sets are canonically in bi-
jection with the irreducible representations in the respective categories. Hence the
equivalence of categories is bijective on standard representations. O

When w is simply generic [BuHe], one can improve on Theorem Let U be the
unipotent radical of a minimal parabolic F-subgroup B of G. For a nondegenerate
character ¢ of U(F'), the G(F)-orbit of the pair (U(F),§) is called a Whittaker
datum for G(F'). By conjugating with a suitable element of G, we may assume that
M contains a Levi factor of B. We recall that an M (F')-representation 7 is called
simply generic if Homy(pynaq(r) (7, §) has dimension one. Although this depends on
the choice of the Whittaker datum for G(F'), we suppress that in our terminology.

Theorem 6.3. [OpSo, Theorem E] and [Sol4, Theorem 10.9]

Assume that the supercuspidal unitary representation w € Irr(M(F)) is simply
generic. There exists an extended affine Hecke algebra Hs x I's whose module ca-
tegory is canonically equivalent with Rep(G(F))*. This Hs is constructed from the
following data:

o the complex torus Xn,(M(F))w C Irr(M(F)),
e a root system Ry such that W(Rg) x I's = W,
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o g-parameters in R>q as in [Sold, (3.7)] and A\, \* as in [Sold, (9.5)].
The equivalence of categories Rep(G(F'))® = Mod(Hs x I's):

(i) is compatible with normalized parabolic induction and restriction,
(ii) respects temperedness,
(iii) sends essentially square-integrable G(F)-representations to essentially discrete
series Hs X I's-modules and conversely,
(iv) preserves genericity.
(v) is compatible with twisting by unramified characters of G(F),

From Theorem one can obtain Theorem (when w is simply generic) by
applying a variation on Theorem to Hs x I's, that is essentially what happens
in [Soldl §6-7]. We need the version of Theorem proven in [Sol2, §2.1], with g
specialized to ¢ € Rsq, r specialized to € Rsy and A\, \*, k" real-valued (but not
necessarily integral). From Theorem iv and Theorem iv we deduce:

Corollary 6.4. If w is simply generic, then fi, = 1 and the equivalence of categories
in Theorem preserves genericity.

Like in Section [B] to apply our results from Sections we need the graded
Hecke algebras in Theorem[6.1]to be of geometric type, a condition on the parameter
functions k“. Lusztig [Lus7] has conjectured that it is valid in general.

Condition 6.5. Let G(F'), M(F),w and H(t, W(R,), k“) x C[I', i,] be as in The-
orem There must exist data (G, M, ¢€w, &) as in Section |1, » € Rs, and an
isomorphism t x W, = Lie(T},) X Wy, which induce an algebra isomorphism

H(t7 W(Rw)a kw) = H(Gz}? M:n gw)/(r - T)'

In [Sol7], it is shown that Condition holds when all simple factors G(F) of
G(F) satisfy:
e G(F) is not of type Er,2Ey, Fx,
e G(F) is not isogenous to a symplectic or special orthogonal group of quater-
nionic type.

Theorem 6.6. Assume that Condition holds for a unitary supercuspidal rep-

resentation w of a Levi subgroup M(F) C G(F). Let wy be a standard G(F)-

representation with cuspidal support in X,(M(F)) and let © be an irreducible sub-

quotient of wg.

(a) If w is tempered or essentially square-integrable, then it is a subrepresentation
of Tst.

(b) Suppose that w is simply generic and w is generic. Then 7 is a subrepresentation
of mst.

Proof. This can be shown exactly like in Theorem [5.4] using the results in Section
instead of those in Section [l O

For quasi-split groups, we will improve on Theorem by verifying Condition
The next result was already known for principal series representations [Soll0]
Lemma 6.4], and anticipated in [OpSo|, Appendix].

Theorem 6.7. Let G(F) be quasi-split and let w be a generic unitary supercuspidal
representation of M(F'). Then the twisted graded Hecke algebra H(t, W (Ry), k) »
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Clly, bw] from Theorem 1s isomorphic to an extended graded Hecke algebra with
equal parameters.

Proof. As observed in and before Corollary fo = 1 and H(t, W(R,),k”) x Ty,
can be obtained from the extended affine Hecke algebra H; x I's in Theorem by
applying the reduction procedure from [Sol2) §2.1]. The effect on the parameters is
given by (5.3)). In view of [Sol4l (95)], this works out to

(6.2) ko =log(qa)/log(qr) or log(gax)/log(qr),

with g4 and gq« as in Harish-Chandra’s py-function [Sol4, (3.7)]. Which of the options
from depends on w. We must use ¢, if a (as a function on X,;(M(F))w) takes
the same value at w and at the base point of Xy, (M (F'))w chosen in [Sol4l §3], and
we must use g« otherwise.

Thus k* agrees with the function k% (for o’ 2 w) from [OpSo, Proposition A.2],
except that the domain of k7 is obtained from the domain of k“ by omitting the «
with k2 = 0. Put

Ry ={a € Ry 1 k¥ # 0}
and let I',s be the stabilizer in W(R,,) of the set of positive roots in R,s. As in
[Sol10L Lemma 6.3], one checks that

H(t, W(R,,), k) % Ty 2 H(t, W(Ry), k%) X (Tgr x T).

The setup for H and H(t, W(R,,), k“) in [Sold, §3] entails that the roots in our
setting are the coroots in [OpSo, Appendix A]. More precisely, from [OpSo|, (A.4)
and (A.5)] one sees that o over there corresponds to h) from [Sol4], which is just
a € Rs in Theorem Consider an irreducible component R of Ry. Let a € R
be long and 5 € R be short. Then [OpSol Proposition A.2] says that kg := kgl/kg,
equals either 1 or the square of the ratio of the lengths of aw and # (which is 1, 2 or
3). If kg # 1, then we can divide all long roots in R by kg, and obtain a new root
system R’ with the same Weyl group. As observed in [Sol3, Example 5.4], this gives
rise to an algebra isomorphism

H(t, W(R), k) — H(t, W(R'), ¥,
which is the identity on O(t), such that &’ that the value kg/ € R+ on all roots in

R’. Rescaling the elements of R’ by a factor 2/ k:g, (still not touching t), we may
further assume that &’ = 2 on R’. We do this for all irreducible components R of
R’ and we obtain an algebra isomorphism

(6.3) H(t, W (Ror), k%) — H(t, W(RL,,), k)
which is the identity on O(t), and &’ = 2 on R.,. In (6.3) each root is scaled by a

factor that depends only on k°'. Since k7 = (o R,, 18 I'ys X I'y-invariant, the iso-
morphism (6.3)) is I'y» x I',,-equivariant. Hence it extends to an algebra isomorphism

H(t, W (Ry), k) x T, 2 H(t, W (Ry), k7 ) % (Dor x T)
— H(t, W(RL)), k") x (Tyr x T,). O
From Theorem we deduce that Condition 6.5 is automatic.

Lemma 6.8. In the setting of Theorem C’ondition holds with (M,CM ,q€) =
(T,{0}, triv).
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Proof. Let G° be a connected complex reductive group with a maximal torus 7', so
that R(G°,T) = R, and

t 3 W (Ry) = Lie(T) x W(G°,T).

By passing to a cover, we may assume that the derived group of G° is simply
connected. The action of I'y;y x Iy, on t X W(R,s) can be transferred to Lie(T") x
W(G°,T), and then (using the simply connectedness of G§, ) lifted to an action
on G° that preserves a pinning. In this way we build the complex reductive group
G=G°x(I'yy xT,).

Since W,, acts faithfully on t, Zg(T) = Zgo(T) = T. In particular T is a quasi-
Levi subgroup of G, and it admits a quasi-cuspidal support (T, {0}, triv). All the
parameters k, for (T, {0}, triv) are equal to 2 [Lus2 §0.3]. Moreover the 2-cocycle
Htriv 1S trivial because I'ys x I'y, acts naturally on all the relevant perverse sheaves
constructed from (T, {0}, triv). We conclude that

H(t, W(Ry), k) x Ty 2 H(t, W(Ry), k% ) % (T x Ty) 2 H(G, T, triv)/(r — 1). O
We are ready to prove the generalized injectivity conjecture from [CaSh].

Theorem 6.9. Let wg be a standard representation of a quasi-split reductive p-
adic group G(F). Let m be a generic irreducible subquotient of ws;. Then m is a
subrepresentation of mgt.

Proof. Let (M(F'),w') be the cuspidal support of m (and hence of 7s). The nor-
malized parabolic induction of a nongeneric irreducible representation is not generic
[BuHe], so w’ must be generic. More precisely, when we choose a representative
(U(F), &) for the Whittaker datum so that M N is a maximal unipotent subgroup
of M, then ' is (U(F) N M(F),&)-generic. Let |x| be the absolute value of the
central character of w’. Then |x| € X (M(F)) and w = o' ® |x|™! is unitary.
Twisting by unramified characters does not perturb the genericity of w’, so we are
in the setting of Theorem Condition [6.5 holds by Lemma so Theorem [6.6]b
yields the desired statement. O

7. RELATIONS WITH THE LOCAL LANGLANDS CORRESPONDENCE

To get actual Langlands parameters into play for a reductive p-adic group G(F),
we need to assume some reasonable form of the local Langlands correspondence
involving Hecke algebras. As in Section [6| we consider a Bernstein block Rep(G(F))*
determined by a unitary supercuspidal representation w of M(F'). We write

Lr(G(F))* = Irr(G(F)) N Rep(G(F))".

Condition 7.1. A local Langlands correspondence is known for Irr(G(F'))® and
Irr(M(F))®. Let (¢, p) be the enhanced L-parameter of w.
There is an isomorphism between the graded Hecke algebras of geometric type

o H(t, Ws o, k¥, ) from Theorem
e H(p,p,r)/(r—log(qr)/2) from [AMS3] §3.1] (obtained from H(¢y, v, ge, F) in
[AMS3] by specializing all r; to log(qr)/2)
induced by isomorphisms between (txW,, R,,) and the analogous data for H(¢, p, ).
The same holds if we twist w by a unitary unramified character of M(F').
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Furthermore, the local Langlands correspondence for Irr(G(F'))® can be con-
structed via Theorem the above isomorphisms (for all such twists of w) and
the parametrization of Irr (H(¢, p, r)/(r — log(gr)/2)) from [AMS3, Theorem 3.8].

We point out that Condition is stronger than Condition [6.5], and we refer to
[AMST] [AMS2, [AMS3] for more background. A list of cases in which Condition
has been verified can be found in [Sol9, Theorem 5.4] and in the introduction before
Theorem [E] We expect that Condition [7.1]is always fulfilled.

Theorem 7.2. Assume Condition and let m € Irr(G(F))*.

(a) If w is tempered or essentially square-integrable, then its L-parameter is open.

(b) Suppose that s = [M(F'),w] with w simply generic, and that 7 is generic. Then
the L-parameter of m is open.

(c) Suppose that the L-parameter of m is open and that m is a subquotient of a
standard G(F)-representation ms. Then m is a subrepresentation of ms.

Proof. (a) By the known properties of the LLC imposed by Condition or by
[AMS2, [AMS3], the L-parameter of 7 is bounded or discrete. As mentioned in [CEZ,
§0.6] and shown in [CDFZ|, such an L-parameter is open. Alternatively, that can
also be shown with Lemma [3.4] and the translation from L-parameters for H(¢, p,r)
to L-parameters for G(F') in [AMS3] §3].

(b) By T heoremand Corollary the associated H(¢, p, r)-module 7y is generic.
Then Theorem [4.5] says that the L-parameter of 7y is open, and the constructions
in [AMS3| §3] entail that the L-parameter of 7 € Irr(G(F)) is open.

(c) Condition and the comparison/reduction results in Sections |5 and |§| transfer
this to a statement about H(¢, p, r)-modules. That statement is proven in Theorem
3. 2) O

We note that Theorem b proves Conjecture a for all the cases listed in [Sol9)
Theorem 5.4] or just before Theorem |[E| Theorem also verifies Conjecture [C| in
all those instances.
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