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1. INTRODUCTION

Serre ([Ser75]) conjectured that every continuous, odd, irreducible repre-
sentation

p: Gal(@/Q) — GLs(F,)
is modular. That is, there should exist positive integers NV and k > 2, and
a modular form f # 0 (over IF,) of weight k and level I'y () which is an
eigenvector of all the Hecke operators such that
tr p(Frob; ') = 07(Ty),
det p(Frob, 1) = 0;(S)1,
for all primes [ t pN at which p is unramified. Here, Frob; is a geometric

Frobenius element at [ and, whenever T is a Hecke operator, 6(T") denotes
the eigenvalue of T on f. The representation p is said to be attached to f.
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Later Serre ([Ser87]) refined his conjecture, predicting which “minimal”
level N = N(p) prime to p and weight k = k(p) admit such an eigenform f.
He defined N(p) in terms of the ramification of p outside p (it is the Artin
conductor) and gave a combinatorial recipe for k(p) in terms of p|7, where I,
is the inertia group at p. Due to the work of a lot of people it is now known
that the original conjecture implies the refined form when p # 2. Until very
recently, the modularity of p was known only in very special cases. The
work of Khare and Khare-Wintenberger ([KWal, [Khal and [KWDH]) shows
that p is modular if either p is odd and p is unramified at 2 or p = 2 and

k(p) = 2.

1.1. Reformulation of Serre’s weight recipe. After Serre’s original pa-
pers, several people noticed that Serre’s original prescription of the weight
simplifies if a different notion of weight is used. A Serre weight is an isomor-
phism class of (absolutely) irreducible representations of GLy(F,) over F,,.
Let Y1(V)/Q be the affine modular curve associated to I'; (V) and Ly, the lo-
cally constant sheaf defined by the representation of 7y (Y1 (N)) on Sym*~2 F2
via m1(Y1(N)) = GL2(F,) (coming from an auxiliary full level p structure).
Given f as above, there is an eigenclass in HY,(Y1(NV )g: £x) with the same
Hecke eigenvalues 0. If {F1,..., Fy,} are the Jordan-Holder constituents of
Sym*~2 F? as GLy(F,)-representation, then it is not hard to see that the
existence of a Hecke eigenclass of type 0 in HL (Y1 (N )@, Ly) is equivalent
to the existence of a Hecke eigenclass of type 6 in Helt(Yl(N)@, Lp,) for
some i (it is essential that p is irreducible). Here, the Lp, are defined in the

same way as Ly.
Let N = N(p) and define

W(p) = {F : p is attached to an eigenclass in Helt(Yl(N)@, Lr)}.

Using that p is attached to an eigenform f of weight k if and only if F; €
W (p) for some i and that W (p®@w) = W (p) @ det, the original weight recipe
of Serre can be translated into a prediction Weenj(p) for W(p) (w is the
mod p cyclotomic character). For example, if p[7, ~ (Wi 1 ),

F(i—1,0), F(p — 2,4) ifl<i<p-—2,
Wooni(p) = F(p—2,0) if i =0,

F(0,0), F(p — 2,1), F(p — 1,0) if i = 1,

Fp—-3,0),F(p—2,p—2),F(2p—3,p—2) ifi=p—2.

where w is the mod p cyclotomic character and F(a,b) = Sym®? IFZZ) ® det?
0<a-b<p-1,0<b<p—1) If p[f, ~ (w“{) with * # 0, then
Weonj(p) is a subset of the above set of Serre weights (generically, it is a
proper subset). There is a similar recipe in case p|g, is irreducible, where
G) denotes the decomposition group at p (the “supersingular case”).
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1.2. A Serre-type conjecture for GLj;. We give a conjecture for the
weights in which a given three-dimensional Galois representations over [F,
can arise (Conjecture A) and present some theoretical evidence (Theorem B).
Ash, Sinnott, Doud and Pollack were the first to make a conjecture in this
setting (JASO0], [ADP02]). In contrast to the case of two-dimensional Galois
representations, it is essential to work with the second notion of weight. A
Serre weight now is an isomorphism class of (absolutely) irreducible repre-
sentations of GL3(F,) over F,. Serre weights are parametrised by triples
(a,b,c) of integers with 0 <a—b,b—c<p—1,0<c < p—1. The Serre
weight corresponding to (a, b, c) is denoted by F'(a, b, c).

If N is a positive integer, let I'i(NN) C SL3(Z) be the subgroup of ma-
trices with last row congruent to (0,0,1) modulo N. If, moreover, F' is
a Serre weight and e > 0 then I';(/V) acts on F' via reduction mod p and
H¢(I'1(N), F) inherits a Hecke action. A Hecke eigenclass a« € H¢(I'1(N), F')
is said to have attached Galois representation p : Gal(Q/Q) — GLs3(F,) if
for all primes [ { pN, p is unramified at [ and

3

D (=)D 2a(1,4) X = det(1 — p(Frob; ') X),

i=0
where the a(l,7) are the eigenvalues of Hecke operators at [ and p is assumed
to be continuous, semisimple, and odd (i.e., p(c) # £1 if p > 2 and c is a
complex conjugation). Note that these conditions determine p, if it exists.
Any eigenclass « is conjectured to have an attached Galois representation
(JAsh92]). Very little is known about this conjecture at present.

Conversely, start with an continuous, irreducible, and odd

p: Gal(Q/Q) — GLsy(F,).

The “minimal” level N(p) is again defined to be the Artin conductor of
p (in particular, it is prime to p). The weight set W(p) is defined to be
the set of Serre weights F' such that p is attached to a Hecke eigenclass in
He(I'1(N(p)), F) for some e. (Note that W (p) for two-dimensional p can be
defined analogously.)

From now on, suppose that p is tamely ramified at p, or equivalently, that
pl, is diagonalisable. It is important to understand this case first since it
is expected that W(p) C W(p') if pl7 = |1, (as in the example in §L.T]).
Under this assumption, p|;, is isomorphic to the sum of three characters,
which are permuted under the action of Frobenius. If the action is trivial, p
is said to be of niveau I; if Frobenius fixes precisely one character, p is said
to be of niveau 2; otherwise it is said to be of niveau 3.

There is a simple and natural way to associate to p a Deligne-Lusztig rep-
resentation V (p|7,) of GL3(Fp) over Q, (see definition 64). It only depends
on p|7,. For example, if p|f, is of niveau 1, then V'(p|7,) is the induction of
a character on the Borel subgroup of upper-triangular matrices. Reducing
a Zy-lattice in V(p|7,) modulo the maximal ideal of Z, and semisimplifying
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gives rise to a representation V(p|,) of GL3(F,) over F. It is independent
of the choice of lattice and isomorphic to the direct sum of a collection of
Serre weights (since all irreducible representations of GL3(F,) over F, can
be defined over F,).

A Serre weight F'(a, b, c) is called regular if a—b # p—1and b—c # p—1.
The set of regular Serre weights is denoted by W,..4. Define an operation on
the set of Serre weights by

(1.1) R :F(a,b,c) — F(c—2,b—1,a)yeg,

where the right-hand side denotes the unique regular Serre weight F'(z,y, z)
with (z,y,2) = (¢ —2,b—1,a) modulo p — 1.

In fact, by construction, F'(a,b,c) arises from a representation of the
algebraic group GLg3 of highest weight (a,b,c). Restricting to SL3, and
assuming a — b, b — ¢ < p — 1, the action of R on highest weights can be
visualised as a reflection inside the weight space of SLj:

Here, (a—b, b—c) indicates the restriction of the G Lz-weight (a, b, ¢) to SLs.

Conjecture A. Suppose that p : Gal(Q/Q) — GL3(F,) is continuous, irre-
ducible, odd, and tame at p. Then

Wi(p) N Wieg = R(JH(V(P’I,Q)))»
where JH (W) denotes the set of Jordan-Hélder constituents of W.

Conjecture A improves upon the conjecture of Ash, Doud, Pollack and
Sinnott—denoted by ADPS for brevity. Their weight conjecture consists
of a combinatorial recipe for the weights suggested by theoretical results,
heuristics, and computations (JAS00], [ADP02]). Conjecture A, however, is
conceptual in relating the weights of p with modular representation theory.
It predicts at least as many, and in many cases even more, weights in W4
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FI1cURE 1.1. The partial order on the six regions of G L.

than the ADPS conjecture. In all examples covered in [ADP02] with irre-
ducible, tame p, these extra weights were confirmed (up to Hecke eigenvalues
at | = 47) by calculations of D. Doud and D. Pollack. Here is a chart of
the generic numbers of weights F'(a, b, ¢) predicted with a — ¢ < p — 2 (resp.
a —c > p—2), depending on the niveau of p. Note that these two regions
correspond to the upper and lower gray triangles in the figure above.

‘ ADPS ‘ Conj. A

niveau 1 3/6 3/6
niveau 2 3/5 3/6
niveau 3 3/3* 3/6

(*Doud, in unpublished work, independently generalised the combinatorial
recipe of ADPS in the niveau 3 case so as to predict the same weights in
Wireg as Conjecture A.) In particular, as R switches the two regions, this
provides an explanation why an operator like R is needed in order to relate
the weight recipe to the decomposition of a characteristic zero representation
of GLg (Fp)

At present it is not completely clear what non-regular weights should
be predicted by the conjecture. Computational evidence suggests that the
answer is more involved. Note however that a proportion of (1 — 1/p)?
of the Serre weights are regular and thus covered by Conjecture A. The
ADPS conjecture does predict non-regular weights and covers p that are
not tame at p, but these predictions are based on little supporting evidence.
The computations mentioned show that their predictions outside W,., are
incomplete, even in the niveau 1 case.

1.3. Generalisation to GL,. The formalism of Conjecture A carries over
immediately to GL,. Yet the bigger n gets, the more complicated the mod-
ular representation theory of GL, becomes. For n = 4 it is still tractable.
Instead of the two regions discussed above, there are now (4 — 1)! = 6 and
there is a natural partial order on them (see figure [[T]).
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Using automorphic induction of Hecke characters over totally complex CM
quartic fields with Galois group Dg, we are able to produce many eigenclasses
in H¢(I'1(N),V) for some (N,p) = 1 and some e with attached Galois
representations p that are odd, irreducible, and tame at p. Here, V is a
GL4(Fp)-module which is not necessarily irreducible but of small length.

Even though the eigenclasses produced generally have prime-to-p level
bigger than N(p), it is still expected—in analogy with the G Lo-case—that
p can be attached only to eigenclasses in predicted weights. Thus the above
collection of eigenclasses can be considered as evidence that p should predict
one of the Jordan-Hoélder constituents of V. The result obtained can best
be stated if the conjecture is turned around, i.e., considered as predicting
which tame p|;, occur among p attached to an eigenclass in a given weight
F. It turns out that for F' lying sufficiently deep inside a region, all p|z,
obtained are predicted. The proportion of predicted p|;, found, depending
on the niveau, is summarised in the following table:

F' lies in region
0 1* 2% 3* 4* 5*
niveau 1 1 % 0 0 % %
niveau (2,2) 1 : 0 0 : i
niveau (2,1,1) | % i 0 0 L &
niveau 4 % % 0 0 % 2—14
niveau (3,1) 0 0 0 0 0 0

For F' outside region 0, the evidence is weaker in the sense that it depends
on assuming that the conjecture is correct in all regions below the one con-
taining F' (whence the “x”).

1.4. Serre’s Conjecture for Hilbert modular forms. In [BDJ] Buz-
zard, Diamond and Jarvis formulated a generalisation of Serre’s Conjecture
to Hilbert modular forms, a significant part of which was proved recently
by Gee, assuming residual modularity (|Gee]). Our next result shows that
their weight recipe, in the tame case, is indeed related to the modular rep-
resentation theory of GLy(F,), analogous to Conjecture A.

Suppose that K is a totally real field that is unramified at p (a neces-
sary assumption in [BDJ]). Pick a prime p|p of K of residue degree f and
residue field k,. A Serre weight at p is an isomorphism class of (absolutely)
irreducible representations of G Lo (ky) over ky. Suppose

p: Gal(K/K) — GLy(F,)

is continuous, irreducible and totally odd. In [BDJ], §3 a set Weon;jp(p)
of Serre weights at p is specified with respect to which p is conjectured
to be modular in some level prime to p. (Strictly speaking, to talk about
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modularity, a Serre weight F, needs to be fixed for each p|p, and p is said to
be modular if it occurs in the component cut out by ) F;, of the p-torsion
of the Jacobian of an appropriate Shimura curve. The weights at different p
are predicted independently of one another, and so we can focus on one p.)

From now on, suppose that p is tame at p. Again there is a simple
and natural way to associate to p a Deligne-Lusztig representation V,(p) of
GLs(ky) over Q, which only depends on plz, (see definition TAT). If p|g,
is reducible, then it is the induction of a character on the Borel subgroup
of upper-triangular matrices; otherwise it is a cuspidal representation. The
representation V,(p) has a well-defined semisimplified reduction V;(p) over
E, which is a direct sum of Serre weights at p (since all irreducible repre-
sentations of GLa(ky) over F, can be defined over ky).

Serre weights at p are parametrised by pairs (a, b) of integers with

Oga—bgpf—l, 0§b<pf—1.

The Serre weight corresponding to (a, b) is denoted by F'(a,b). In fact, if we
write a — b = Z{;()l mip’, b= Z{;& bip' with 0 < my;, b; <p — 1 then

~
—

F(a,b) = (X)(Sym™ kg ® det?) Oy, Fp

-
I
o

where ¢(x) = 2P. If m; # p — 1 for all i, then F'(a,b) is said to be a regular
Serre weight at p. The set of Serre weights at p (resp. regular Serre weights
at p) is denoted by Wgepy (resp. Wyegp). Define an operation on Wyeq, by

Ry : Fla,b) — F(b— 1700, a)reg,
where the right-hand side is the unique regular Serre weight F'(x,y) with
(z,y) = (b—zlfz_ol p',a) modulo pf —1. Observe the analogy with R in ()).

In particular, in the special case f = 1, which is Serre’s original conjecture,
Ry : F(a,b) — F(b—1,a),eg-

Theorem B. Suppose that p : Gal(K/K) — GLo(F,) is continuous, irre-
ducible, totally odd, and tame at .

(i) Wconj,p(:o) N Wiegp = Rp(JH(V;a(p)) N Wreg,p)'
(ii) There is a multi-valued function Reztp @ Wserp — Wseryp that
extends Ry such that

Wconj,p (p) = Rezt,p(JH(Vp(p)))'

A function Rezp as in (ii) is described on page It is bijective on
Wiegp, with the exception of taking two values on weights F' with R, (F)
one-dimensional. Note that it is not unique.

Diamond [Dia] found a different way of relating the predicted Serre weights
at p for p to the decomposition of a characteristic zero representation of
GLy(kp). In his case, the weight recipe is directly compared to the reduc-
tion of such a representation—a point of view that does not generalise to
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G L3 (as mentioned at the end of §I.2)). Another advantage of Theorem B is
that the characteristic zero representation V;(p) is very naturally defined in
terms of p|7,. In particular, if p is of niveau 1, then V,(p) is a “principal se-
ries” and if p is of niveau 2, then V,(p) is a cuspidal representation. For the
correspondence in [Dial, this is the case only if f is even, whereas the types
are switched if f is odd. Combining Theorem B with the theorem of [Dial
shows that R, (generically) maps the constituents of an irreducible G La(k)-
representation to the constituents of another such—an a priori unexpected
fact.

1.5. Decomposition of GL3(F,)-representations. In order to formu-
late Conjecture A, we required the decomposition of irreducible GL3(F))-
representations in characteristic zero when reduced modulo p. This is ap-
parently lacking in the literature.

Theorem C. The explicit determination of the constituents of V for any
irreducible representation V' of GL3(Fp) over Q.

The proof is an exercise, once the correct decomposition formulae are
spotted, in comparing the (known) characters of ordinary and modular ir-
reducible representations.

As we learnt later, Jantzen [Jan81] had already established the decompo-
sition of Deligne-Lusztig representations of G(F,) for G semisimple, simply
connected, defined and split over F,; in particular for SL3(F,). When asked
about GL3(F,), he generalised his result to G reductive with simply con-
nected derived group, defined and split over Fy ([Jan05]). This yields an
alternative proof of Theorem C, at least in the case of Deligne-Lusztig rep-
resentations.

1.6. Organisation of this paper. In sections B and @l we recall the ordi-
nary and modular representation theory of GL3(F,). These are combined
in section [Al to establish Theorem C. Conjecture A is stated in section [6} it
is compared with the ADPS conjecture in section [l The following section
lists some computational evidence supporting Conjecture A. Sections OHI3I
discuss the conjecture for GL,, obtaining in particular the results of §L.3l
Finally, Theorem B is proved in section [I4l

2. NOTATION
Throughout this thesis let p denote a prime number. Fix an algebraic
closure Q, of Q, and denote by [, its residue field. Fix an embedding
Q — Qp, and let G, (resp. I,) denote the corresponding decomposition
group (resp. inertia group) in Gg = Gal(Q/Q). Let ™ : ﬁ; — @; denote the
Teichmiiller lift and let x;, be its restriction to F.
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2.1. Cuspidal representations of GL,(F,). Fix ¢, a p-power.

Call a homomorphism from F;n into an abelian group primitive if it does
not factor through the norm map IF;” — F;m for any m|n, m # n. We have
a bijection for any n > 1:

cuspidal representations | = 1.1 | primitive characters q
= & x X, g~ /(x ~x%)
of GL,(FF,) over Q, Fon = Q,

2.1)  00ux%.-) — [x]

O(x, x4, ...) is characterized by demanding that it is cuspidal and has char-
acter value

(1" (x(@) + x(@)? + -+ x(@)”)
on matrices with eigenvalues a, ..., a?" (a € F such that Fy(a) = Fyn).
There is an alternative characterlsation An F -basis of Fy» determines
an algebra homomorphism ¢ : Fgn — M, (F,); on the other hand, any homo-
morphism Fyn — M, (F,) is a GL,(F,)-conjugate of i by the Skolem-Noether
theorem. Moreover, those 7 with a ﬁxed( iI)nage form a g-power orbit. Thus
GLy (I,
S
Fon

for any primitive x : qun — @; , Ind X) is well-defined up to isomor-

phism and only depends on the g-power orbit of x, where IFan is embedded
using any . Let St denote the Steinberg representation. It is an irreducible

constituent of IndGL&gq)(l) of dimension q(g) (Bn(Fy) is the subgroup of

upper-triangular matrices).
Then O(x, x4, ...) is characterised among cuspidal representations by

O(x,x%,...)®St=1In dGL"(Fq)(X)-

To see that this is equivalent to the previous description, use the character
of St (IDL76], §7) and prop. 7.3 in [DL76] together with lemma [[01] below
(note that even though that lemma is only stated for GL,(F,), it works
equally well for GL,(Fy)).

A proof of the above correspondence can be obtained from [Spr70a]. First
note that a character is in the discrete series in Springer’s nomenclature
([Spr70b], §4.3) if and only if it is cuspidal (see [Car85], cor. 9.1.2). Theo-
rems 8.6 and 7.12 in [S show that the cuspidal characters are precisely
the ones denoted there by x,(¢), for primitive characters ¢ : qun — @; (and
Fn embedded in GL,(F;) as above; this is denoted by T;, in Springer’s
notes), with x,(¢) = xn(¢') if and only if ¢ is in the g-power orbit of ¢'.
Combining thm. 7.12(i) and thm. 6.3(iii) in [Spr70a], we obtain the values
of these characters on qun. This establishes the correspondence above (with
¢=x).

It is interesting that there is a simple formula computing the character of
a cuspidal representation.

Lemma 2.1. The character of ©(x,x%,...) on g € GL,(F,) is zero unless
the characteristic polynomial of g is the power of an irreducible polynomial
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f € Fylz]. In that case, suppose that the elementary divisors of g are f™,
fr2, o, f o with (O-ni)(deg f) =n, and let a € F;n be a root of f. Then
the character of ©(x,x4,...) on g is

r—1

0" @ =1 (x(@) + x(@)7 + ... x(@)™™ ™),
i=1

Proof. In Springer’s notation, x,(¢) = (=1)""1x,(n;0), where 6 is an ex-
tension of ¢ to F; (see his proof of thm. 7.12; he incorrectly states that
can be chosen to be injective; but this does not seem to be relevant to his
argument). Now we claim that Springer’s character x,(d; #) of GL,(F,) (for
d|n) is isomorphic to Green’s character I¥[v] ([Gre55], thm. 5 on p. 419),
if we set v = n/d and k is any integer such that ¢(x) = Z* (then we can
also assume that 6(z) = Z¥). This can be seen by a tedious comparison
of Springer’s proof of thm. 7.16 and [Greb|, pp. 415-420. Note in partic-
ular the following errors in Springer’s proof. (i) The induction has to be
not just over n alone, but also over d. Thus, whenever it says “all v such
that sv(s, B) < n,” it should say instead “all v such that sv(s, B) < n and
v(s,B) < d.” (ii) In the third-last sentence in the proof “x,(d;€)” has to
be replaced by “x,(n/d;0)”.

Thus O(x, X%, ...) has character (—1)"~1I*[1]. Finally this is computed
in [Grebd], example (ii), p. 430f. O

2.2. Hecke pairs and Hecke algebras. We will use the same terminology
as Ash-Stevens ([AS86]), but prefer left actions for our modules. Thus a
Hecke pair is a pair (I',S) consisting of a subgroup I' and a subsemigroup
S of a fixed ambient group G such that

(i) ' cS.

(i) T and sI's~! are commensurable for all s € S.

The Hecke algebra H(T', S) consists of left I'-invariant elements in the free

abelian group of left cosets sI' (s € S), with the usual multiplication law:

Z CLZ'(SZ'P) Z bj (tjl“) = Z aibj(sith‘),

where a;, b; € Z, s;, t; € S. In particular, any double coset I'sI" = [, s;I"
(a finite disjoint union) becomes a Hecke operator in H(I',.S) in the natural
way; it is denoted by [I'sT'|. If M is a left S-module (over any ring), the group
cohomology modules H'(I', M) inherit a natural linear action of H(T",S).
This action is d-functorial, i.e., long exact sequences associated to short
exact sequences of S-modules are H(T', S)-equivariant. It is thus determined
by demanding that

[['sTm = Z sim

for all s € S, m € H°(I', M). It is also possible to explicitly describe the
action on cocyles in any degree (see [AS86], p. 194).
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A Hecke pair (T'g, Sp) is compatible with (I, S)if 'y C T, Sop C S, SoI' = S,
and I' N SSISO =T'g. In this case, it is easy to check that there is a natural
injection

H(T,S) — H(Ty, So)
induced by restriction from the map on left cosets sending sgI' — sgl'g
(80 € So)

3. REPRESENTATIONS OF GL3(F,;) IN CHARACTERISTIC ZERO

The irreducible finite-dimensional representations of GL3(F,) over C were
first determined by Steinberg in [Stebl]. The notations here are adapted
from his paper. Here is a list of (the Jordan normal forms of) representatives
of the conjugacy classes of GL3(F,):

a a 1 a 1 a
Al a s AQZ s A3 a 1 y A4Z a N
a a a b
a 1 a a «Q
A52 a , A6 : b y B1 : B 5 Cll al R
b c ok ad’

with a, b, ¢ running over F, 3 over IFqX2 \F, and o over IF;B \F; (the latter
two up to the action of the g-power map).

The character table that Steinberg calculated, with values in @p, can be
found in figure Bl The ranges of the superscripts are listed in figure
The representation space corresponding to any of these characters will be
denoted by V with the same sub- and superscript (strictly speaking, a choice
is made). For example, V} RN Q,(x" o det).

Finally define G3 = GL3(F,;) and denote by P3 and B3 two standard
“parabolic” subgroups:

* ok % * ok %
Ps=1x%x *x x|, B3=10 x =«
0 0 = 0 0 =

Proposition 3.1. (i) The “principal series” representation Indgg (X'®x ®
x*) (which is independent of the order of i, j, k € Z/(q — 1)) is isomorphic
to

videavt) evl ifi=j=k

(4,9) ) i L
Vet ® Vatgrer) fizi=k
(i.5,k)

(g+1)(g%+q+1) ifi, 7, k are distinct

(Adding up the corresponding entries in the character table shows that the
character of this induction has a uniform shape for all i, j, k.)
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X W, X
Al aSn (q2 + q)&:sn quBn
A2 a3n ann 0
Ay | a3 0 0
A4 d2nbn (q + 1)&2nbn qd2nbn
A5 aann aann 0
Ag | a™b"é 2a"b"e” arbnc”
B &HBH(‘H‘U 0 _d7LBn(Q+1)

C, | ama®+a+1)

(m,n)
¢?+q+1

_an@®+a+1)  gn(e®+q+1)

(m;n)

Xq(g2+q+1)

Al (q2 +q+ 1)C~lm+2n

4y | (g + Dam+2 gam 2
Az | amtn 0
Ag [ (g +1)am e +a2rb™ (g + 1D)amtrb + ga b
Ay | @ 4 genpm amnpn
Ag Z(a,b,c) ambret Z(a,b,c) ambrer
By | ampnlath) —g™mpnla+l)
Ci |0 0
(I,m,n) (m,n)
X(g+1)(g2+q+1) X(g=1)(¢2+g+1)

q(¢® + g+ Lyam+2n

(n)
X(g=1)2(g+1)

Ar | (g+1)(¢* + g + D)altm+n

Ay | (2¢ + Daltmtn —gmtn

A3 &l+m+n 7(~1m+n

Ay (q + 1) Z(l,m,g) attmpn (q _Nl)dnbm

A5 Z(l,m,n) élﬁ:mbn —gnpm

Ao | X tmom) alomen 0 o
By |0 —am(B™ + p"9)
Ci |0 0

(a—1)(¢* +q+ Damt

(¢ —1)*(g+1)a"
—(g—1a"

én

o O O O

an +ane + ane’

FIGURE 3.1. The character table of GL3(F,) with values in
@p. Here, Z(mb’ o) f(a,b,c) denotes the symmetric polyno-
mial in a, b, ¢ with typical term f(a,b,c). (So there are one,
two, three or six terms depending on the symmetries of f.)
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family range of the parameters

X nel/(g—1)

X neZ/(qg—1)

xff!) nez/(qg-1)

X m#n€Z/(q—1)

X m#neL/(qg—1)

XEZTf;L()q%qH) {l,m,n} C Z/(q — 1) distinct

X rarny | MEL/a—1), {nng} CZ/(¢* —1) = Z/(g—1)
X aeny {n,ng,ng*} C Z/(¢* = 1) —Z/(g — 1)

FIGURE 3.2. Parameter ranges for the characters in fig-
ure Bl  Writing {l,m,n} makes sense because the cor-
responding character only depends on this set. Similarly,
{n,nq} makes sense because (m,n) and (m,nq) index the
same character in the second-last line.

(ii) Ind%’(@(xgn, ™) @ xY) (g + 11m) is isomorphic to

(i,m)
(g—1)(g%4q+1)"

(iii) The cuspidal representation @(Xgn,xgm,xfm) (*+qg+11m)is
isomorphic to

(m)
Vig-1)2(g+1)°

Remark 3.2. Note that part (iii) is a special case of lemma [Z].

Proof. (i) In each case the dimensions agree on both sides, as Bs has index
(g +1)(¢®> + ¢+ 1), so it suffices to check that the (non-zero) multiplicities
on the right-hand side are correct. Suppose now that i, j, k are distinct
(the other cases follow in exactly the same way). By Frobenius reciprocity
it suffices to show

— (A B5F) i j k
1= <X(qil)( 24g41)0 X ®x? ®X")Bs
,5,k) i j —
= #B3) ™ D XTIy WO @ X @ X)),
heBs

The sum over Bj splits up into six parts depending on the G3-conjugacy
class of h (By, C1 cannot occur). The contribution of each is a polynomial
in ¢ (even each term is, in case of A;, Ay and A3), and counting (resp. trivial
estimates of the size of the terms) show that
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# of terms | each term
Al O(q) O(¢*)
Ay | O(g%) O(q)
Az | O(¢") O(1)
Ay O(gY) O(q)
As | O(q°) O(1)
As | O(¢% O(1)

As #B3 ~ ¢%, it follows that we only need to show that the sum over
the Ag terms is also asymptotically equivalent to ¢®. Explicitly this sum is
(with a, b, c € Fy)

¢ Y { 3 diéjék}&’ig’jé’k
a,b,c (4,9,k)
distinct
=¢ > (1 + @ T gk g kg
a,b,c
distinct

L giipk—igi—k o &kfil;ifjéjfk>
=¢°+0(¢")

as all the terms in the sum, except the first, only contribute O(q5) to the
total (it is essential that 4, j, k are distinct, because this implies ) a'~7 =0,
etc.).
(ii) It suffices to show
(i,m) i
<X(Zqin1)(q2+q+1)a O(xa", Xgm) ® X )Py = 1.

Here is the relevant table for the number of terms for each (GG3-conjugacy
class, and the estimate for each term, split up into the contribution of the
term on the left-hand side (resp. right-hand side) of the inner product:

# of terms | 1% factor | 2" factor
Ar | O(q) O(¢*) O(q)
Ay | O(q) o(1) O(q)
Az | O(¢) O(1) O(1)
Al O(q?) O(q) O(q)
ALl O(¢°) O(q) O(1) [even 0]
A5 | O(¢%) O(1) O(1)
A6 ~ %q’? 0 O(l)
Bi| ~3q" o(1) o(1)

Here A) denotes those matrices of type A4 whose top left 2 x 2 matrix is a
scalar, and AJ denotes the others.

Analogously to the proof of (i), it suffices to show that the contribution
of the By terms is asymptotically equivalent to ¢7. This follows easily, as in
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part (i), because ©(x5", x4™) ® x* has character —a*(3™ 4 3™9) on matrices
in P3 with eigenvalues a, 8, 57 (see (2.])). The point this time is that

~ J@—q ifi=0 (mod¢®-1),
2 5‘{0@

— otherwise.
BEF 5 \Fq

(iii) It is well-known that every character has to occur as constituent of
some “parabolic induction” ([Bum97], ex. 4.1.17). The first two parts thus
show that the irreducible characters of dimension (¢—1)?(q+1) are cuspidal.
The characterization of © in (2.]) completes the proof. O

4. REPRESENTATIONS OF GL3(F,) IN CHARACTERISTIC p

Let G be a connected split reductive group over the finite field F = F,
(g =p"). Let T C G be a maximal torus defined and split over F. Let
R C X(T) be the root system of G. Choose a set of positive roots R and
a corresponding Borel subgroup B D T'. Denote by B~ the opposite Borel.
Denote by W the Weyl group of (G, T') and by X (7);+ the dominant weights
with respect to this choice of positive roots.

It will be useful in the following to also use a modified action of the Weyl
group on X (7). Let p € X(T) ® Q be any weight in $ > cp+ a+ (X(T)®
Q)" and define

(4.1) w-A=wA+p)—p.

Of course, this is independent of the choice of p’. (In the literature, usually
p= %ZaeR+ a is used for p/, but in the case of G = GL, it will later be
convenient to fix a different choice of p.)

For A € X(T)4 the (dual) Weyl module W () is defined as algebraic
induced module:

W(A) = indG- (F(\))
= {f € Mors(G,F) : f(gb) = A(b)™" f(9)
VF-algebras A, g € G(A), be B~ (A)}.

This is in fact a finite-dimensional F-vector space, which becomes a left
G-module in the natural way:

(zf)(g9) = f(z7lg) forallF — A, fe W) ® A, g, z € G(A).
Define F(A) = socg W () (the socle of the Weyl module, as G-module).

Theorem 4.1. The set of simple G-modules is {F(\) : A\ € X(T)4+}. If
FA) 2 F(u) (A, p € X(T)y) then X = pu.

More generally, considered in the Grothendieck group of G-modules we
can extend the definition of Weyl module to all of X (7"), as an Euler char-
acteristic (see [Jan03], I1.5.7):

W) = 3 (-1 (R nd§ ) (F(N).

)
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(If X is dominant, only the i = 0 term is non-zero, so this agrees with the
previous definition.) The context should always make it clear whether W (\)
refers to a genuine representation (and A dominant) or to an element of the
Grothendieck group. The formal character is given by the Weyl character
formula ([Jan03], I11.5.10):

2wew detw - e(w(A + ')
2wew detw - e(w(p))

Here e(\) € Z[ X (T')] denotes the weight A considered in the group algebra.
In particular it follows that

(4.3) W(w - A) = det(w)W(A),

and in turn that W(A) = 0 if and only if A + p’ lies on the wall of a Weyl
chamber, whereas in all other cases, this formula allows to express W (\) as
+W(A4+) with Ay dominant.

Note also that the map

ch : {G-modules} — Z[X(T)]W

induces an isomorphism between the Grothendieck group of G-modules and
ZIX(T)W (see [Jan03], I11.5.8).

Definition 4.2.
X9T)={ e X(T): (\,a") =0 Vac R}

(4.2) chW(\) = e Z[x(T)".

The (r-)restricted region is defined to be:
X (T)={NeX(T):0< (\a)<qg=p" for all simple roots a}.

Remark 4.3.
(i) Note that X°(T) = X(T)V, by looking at the basic reflections s,
(o € R) generating W.
(ii) Note that if p € X(T)y, v € XO(T), then
Wp+v)=W(p) @ W(v), F(p+v) = F(u) @ F(v)

and W(v) = F(v) is a one-dimensional representation with charac-
ter e(v). This follows immediately from the Weyl character formula.

Proposition 4.4 (Brauer’s formula). If 3~ v 1) aue(p) € Z[X(T))W, then
for all N € X(T),
W) @ Z ape(p) = Z ayW(A+p)
peX(T) peX(T)
in the Grothendieck group of G-modules.
For the proof, see for example [Jan77], §2(1).
As G is split reductive over F, thm. 3.6.6 in Demazure’s thesis ([Dem65])

shows that G can be canonically defined over Z, in particular over [F,. In
particular, there is a Frobenius endomorphism F' : G — G. For any ¢ > 0
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and any G-module V', corresponding to a homomorphism r : G — GL(V),
define a new G-module V® which equals V abstractly but whose G-action
is obtained by composing 7 with F’. (Correction: not true that G is
canonically defined over Z—still have automorphisms. Better to fix a Z- or
even just F)-structure at the start.)

Theorem 4.5 (Steinberg). Suppose A = Y"1_ \ip" with \; € X1(T). Then
FO)2FX)@FO)WDe...0F\)".

For the proof, see for example [Jan03], cor. I11.3.17.
Now we can state the classification theorem for irreducible modular rep-
resentations of G(F), under a further condition on G.

Theorem 4.6 ([Jan05]). Suppose that G has simply connected derived group
(e.g., G =GLy).
() If X € X,(T), F(\) ® F is drreducible as representation of G(F).
Any irreducible representation of G(F) over F arises in this way.
(ii) FI\)®F = F(u)®F as representation of G(F) if and only if \—p €
(¢ = 1)XT).
Remark 4.7. In particular this result shows that F is a splitting field for

representations of G(F). Since Schur’s lemma together with Hilbert’s theo-
rem 90 shows that

F\) = F(u) <= F(\)@F=F(u) ®F,

isomorphism classes of representations of G(F) over F and over F (or over
any intermediate field) are in natural bijection with one another.

To apply these results to G = GL3/p,, let T be the diagonal matrices and

B the upper-triangular matrices. Then X (T) = Z3 naturally: for (a,b,c) €
73 let (a,b,c) denote the weight

t
( "t ) — 104515
t3

in X(T). Then X%T) = (1,1,1)Z, X1(T) = {(a,b,c) : 0 < a—b,b—c <
p—1}, (a,b, ¢) is dominant if and only if a > b > ¢, and choose p' = (2,1,0).

Corollary 4.8.

(i) The irreducible algebraic G Ls-modules are the F(a,b,c), a > b > c.

(i) The irreducible modular representations of GL3(Fy) are the F'(a,b, c),
0<a—-b,b—c<p-—1. Fla,bc) = F(d,V,d) if and only if
(a,b,c) — (a b, )e(p—1,p—1,p—1)Z.

It will be convenient to use the terminology of “alcoves” in the following.
They are the complements of a family of hyperplanes in weight space X (T)®
R. In the case of GLs, these hyperplanes are (for each n € Z)

{a—=b=np—1}, {b—c=np—1}, {a —c=np—2}.
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The corollary concerns precisely (the dominant weights in the closures of)
two alcoves: the lower alcove

{(a,b,c) ER®*: -1 <a—bb—c and a—c<p—2}
and the upper alcove
{(a,b,c) ER*:p—2<a—c and a—bb—c<p—1}
Proposition 4.9 (Jantzen). Suppose that (a,b,c) is in the restricted region
X1 (T).
(i) If (a,b,c) is in the upper alcove then there is an exact sequence
0— F(a,b,c) — W(a,b,c) = F(c+p—2,b,a—p+2) — 0.
(ii) Otherwise, i.e., if (a,b,c) is in the lower alcove or on the boundary
of the upper alcove, F(a,b,c) =W (a,b,c).
Notation: "(a,b,c¢) = (c+p—2,b,a —p+ 2).

Proof. (ii) follows from the strong linkage principle (Prop. I1.6.13 in [Jan03]).
(i) is a consequence of prop. I1.7.11 and lemma I1.7.15 (|Jan03]): Let A =
(a,b,c). Then "\ = (c+p —2,b,a — p+ 2) is the unique weight which is
strictly smaller than A in the f-ordering of X (7"). Pick a weight u in the
upper closure of the lower alcove, but not in the lower alcove itself (e.g.
p = (p—2,0,0)), and apply the translation functor T} to the identity of
formal characters

chW(A\) =ch F(A) +mch F(")\),

which holds for some integer m by the strong linkage principle, to deduce
that m = 1. O

5. DECOMPOSITION OF G L3(F,)-REPRESENTATIONS

Suppose that V/@p is a finite-dimensional representation of a finite group
G. Then we can define the (semisimplified) reduction of V' “modulo p” to be
V=M /mZpM )% for any G-stable Z,-lattice M C V. This is a semisimple

representation over Eg which, by the Brauer-Nesbitt theorem, is independent
of the choice of M.

Theorem 5.1. The following identities hold in the Grothendieck group of
representations of GL3(F)) over F):

*(2)
p2+p

Vv

w

W(i,i,7)
( 1+Z,’L,Z)+W( —1+2,p—1+l,l)

W2p—-2+4+i,p—1+1,1)

()
p3

(
V(Z{QPH W(i,j,§) + W(p—1+44,p—1+4,3) + F(p—1+7,i,5)
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0<i—j<p-—1)

Vitesptny = WP =24 4,4, 5 + 1) + W(p =1+ j,4,j)

(0<i—j<p-—1)

—(4,5,k .. . .
Vgpil))(p2+p+l) = W(Z’j’ k) =+ W(p —1 + JP— 1 + k’ 7’)

+Wp—-1+ip—1+4+kj)+W(p—1+j,1,k)
(i>j>ki—k<p-—2)
yibIte) = W(i,j—Lk+1)+W(p—2+kij+1)
(p—=1)(P*+p+1) — »J ’ p b
+Wp—-1+ip—14+kj)+W2p—-2+k,p—1+7,1)
(i>j>k,i—k<p-—1)
—(i+jp+kp? . . ..
Vgp—]lng(pii) =W(@E—-2,j+1L,k+1)+W(p—-2+k,i,j+1)
+Wlp—2+4p+ki)+W(2p—2+kp—1+j1)
+Whp—-1+4i-1k+1)+Wp—-2+ip—1+kj+1)

Remark 5.2. (i) The identities hold for all integers i, j, k, as long as the
left-hand side is defined (see fig.[3.2). The ranges listed in brackets beneath
the formulae (modulo ~ defined below) are chosen so as to cover all possible
cases exactly once while at the same time (in all but a few exceptional cases)
keeping the highest weights of the Weyl modules in the restricted region.
The equivalence relation ~ is generated by the relations (depending on the
family):

(,,5,k) ~(i+p—1,j+p—1k+p—1), (all cases)
.. .o i,k

(17.77 k) ~ (k +p— 17 17.7)7 (Xgp-]i-l))(pQ-‘r-p-i-l))
(ihj’ k) ~ (k+p,l - 17j)7

( (i+jp+kp?) )
resp. (ivjv k) ~ (jvk - 177;+p)'

Xp-12(+1)
In the stated ranges, zero Weyl modules occur only in the last two decompo-
sition formulae, and Weyl modules outside the closures of lower and upper

alcove can only appear in the last (i.e., cuspidal) decomposition formula, in
which case one has to keep in mind that W(a,b,c) = —W (b —1,a + 1,¢)

Remark (Nov 2010):
when i < j<k,k—i<p
the highest weights don’t
generally stay inside the
restricted region. The
easiest way to obtain a
nice formula in this case
is to dualise the formula
for:i>j>k,i—k<p.
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(use if a—b=—=2) and W(a,b,c) = =W (a,c—1,b+1) (use if b—c = —=2);
(ii) Decomposing Weyl modules in the upper alcove into its two irreducible

constituents (proposition[{.9) shows that generically there are the following

number of irreducible constituents in each family (if p is not too small):

dimension of rep. | # of constituents
1 1

P +p

p3

p’+p+1
p(p*+p+1)
p+1@P*+p+1)
P-D@P*+p+1)
(p—1)*(p+1) 9

Proof. It suffices to check that, in each case, the Brauer character on the
right-hand side agrees with the character on the left-hand side on semisimple
conjugacy classes. The Brauer character of a Weyl module W (a1, as,as)
is computed in the following way (see [Jan87]). Each semisimple element
g € GL3(F,) is diagonalisable, hence is conjugate (over F,) to an element ¢ of
a fixed maximal torus T' C GL3. If the formal character of the G Lz-module

W(ai,az,as) is
> mp)p
peX(T)
then the Brauer character evaluated at g equals

O O TtWwW N

> muu(t)

neX(T)
(Here ~ denotes the Teichmiiller lift again.) Finally, the formal character of
W (ay,as,a3) is obtained from ([2): it is the Schur polynomial

det(z}’ +o )

S(ara2,a5) (L1, 22, 23) = det(xs_j)
1

t
where x; is the weight ( "t , ) — t; (denoted above by (0,...,1,...,0)

3
with a 1 in the i-th position) considered as element of Z[X (T')].
By proposition .9, we also know the Brauer character of F'(aq,as,as) if
0<ai—ag a2—az<p-—1.
To check the claim for ng)’ note that
S(i,i,i)(x7yaz) = (wyz)l
Thus the Brauer character of W (i,,4) on the semisimple conjugacy classes,

as listed above, equals @% on Ay, a2b' on A4, a'b'ét on Ag, @'5“PtY) on By
~ (2 . .
and &P +P+1) on O, precisely as claimed.
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(@)

5> We can calculate

Similarly for x

4 C(x z:xzi(xp*yp)(ﬁp*fzp)(ypfzp)
S(2p—2+ip—1+i) (1, 2) = (2Y2) (z—y)(z—y)(y—=2)

So the Brauer character of W(2p — 2 4+ i,p — 1 + ¢,1) is again immediately
evaluated, and agrees with the ordinary character on semisimple conjugacy
classes.

For XEW )

Papt1)’ the Brauer character of

is computed by evaluating

(5.1) 8(i,j.4) T S(p-143p=1454) T S(p—147d) ~ S(+p-2,i.j+1)
on eigenvalues. For matrices of type A; note first that in general
2012 rian €
(a+ 2)xott (b+1)z? cx!
(a+2)(a+1Da® (b+1ba*"t cle— 1)z 2
S(a,b,c)(x7x7$) = 2
[ |
2t 1 0
2 00

1
= 5(@ —b+1)(b—c+1)(a—c+2)z2t0Fe

where the first equality follows from two applications of de I’'Hopital’s rule.
(Observe that this recovers the Weyl dimension formula for G L3, which we
could have used alternatively.)

Thus (5.1)) evaluated at (@, @, @) becomes (p? +p-+1)a‘+? after a few lines
of calculation.

For matrices of type A4 again de 'Hopital gives in general

a+2 b+1 c

x x x
(a+2)xz*t (b+1)ab cax!
ya+2 yb+1 yc
s x,T,y) =
(a,b,c)( y) 2 =z 1
2 1 0
v oy 1

Evaluating (5.1) at (&, @, b) yields a common denominator —(a — b)? and
a numerator

git+2 gt aJ al gJ+2 ai+1
(i+2)a™ (G+1D)al ja |+ i@t (G+p+Datt (j+pal|+

pit+2 pi+l B bi bhi+2 pitl

qitl al it Gitl aJ+1 g+l

(i+1a jal=' (G+p+Dadt —|i+Da G+Dad (j+p)dd
5z’+1 l;j gj+2 gz‘+1 Bj—i—l l;j+1
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by cyclically permuting the columns. Note that we can subtract integer
multiples of @~! times the first row from the second row. By taking out
scalars from rows, moreover, and letting n =i — j we get

ant? a 1 a1 a 1
a¥ { |[(n+2)a" 1 0| +a%|(n—pa~2 1 0
prt2 b 1 pr—1 b 1

antt 1 a? a» 1 1

+a|l(n+Da"t 0 p+1l—abna® 0 p—1

prtl 1 v o1

which expands out to the desired answer (keeping in mind the denominator
from before)

—(@—0)*((p+ Va Y + ).

For type Ag, evaluate (B.1)) at (a, b, ¢), noting that one of the terms van-
ishes. The numerator equals

ai+2 dj+1 aj dz &j+2 dj+1 &i+1 &j aj+2
R /A I 1 R A I /(e A A
6i+2 6j+1 éj 61 Ej+2 EjJrl é‘i+1 Ej 5j+2

Expanding the matrices (with 7 running through the permutations of a,
b, ¢) this becomes:

> (1w (@'t & (@%b + b + &a))
= { > n(aiéjéf)}(a% + b2 + Pa — ab® — bé® — ca?)

T even

which is as required, since the second factor is the denominator.
For type By, evaluate (B.1) at (a, 8, 5P) which gives a numerator of

qit2 gt gl at aJt+2 a1
5”2 5j+1 5]’ 4 5@' 5j+p+1 5j+p
o g g g z. T
51p+ D 5Jp+p ﬁ]p ﬁlp 5Jp+p+ 5Jp+
diJrl flj dj+2 &i+1 ajJrl &jJrl

+ ~Bz+1 ?] ~ﬁﬁerrl _ ?H‘l pﬁrl l~3]+p
5ip+p ij 5jp+p+1 5ip+p 5jp+p ﬂijrl

Note that the negative terms in these determinants (i.e., those involving an
odd permutation) are, up to sign, the conjugates over F, of the positive
ones. So, denoting by >’ A the difference A — A of A and its conjugate A
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we get
=3 [+ 2 e - )
+al P (B2 — ap?) + (ap"! - a*p)
(@28 - ) — @t —ap?)|
= @P @ - B)a— )G - )
as required (the product again being the denominator).
For type C, evaluate (5.1) at (&, &, 7). Here again is the numerator:

&2 Gi+1 & & Gitp+1 aJitr
&irt2p aiPte GIP | | gt airtpP+p i+’
a2’ gint+p? §ip? air® it +pP+l gipP+l
&it1 &d aitr+1 &1 &It &ITP
4| givtr  gip giptPttr | _ | girte  girte  girtr?|
qirHr®  Gipt GIrtHPiHll |gwt+p? qirtHpt gipttl

Observe then that as the rows in each determinant are mutual conjugates
over [, each of the four terms is the trace of just two terms (one even, one
odd). We obtain:

= trp 4 p, {di+j(p+p2) ((@+2 — @p2+2) n (dp2+p+1 _ &2p2+1)

+ (dp2+2 _ dp2+p+1) — (@t - d2p2+1))}
=0,

as we needed.
This completes the proof for the decomposition of the characters of di-
mension p? +p + 1.

Claim: It remains to check that Indgg (X' ® x7 ® x*) equals
Wi, jk)+W(p—1+4,p—14+k,i)
(5.2) +Wp—1+ki,j)+W2p—-2+4+k,p—1+7,i)
+Wp—-1+ip—1+4+k,j)+W(p—1+31,k)
(in the Grothendieck group, for all i, j, k) and to prove the decomposition for
the families of characters of dimensions (p—1)(p?+p+1) and (p—1)%(p+1).

The claim holds simply by proposition [3.] together with the decomposi-
tions we have already checked.

There are two ways to proceed:

Method 1: Continue along the same lines, in each case evaluating the
Brauer character of the sum of Weyl modules in question. Note that in the
case of (0.2) the character of the induction is uniformly of the same shape



24 FLORIAN HERZIG

for all values of 7, j, k—as observed in proposition 3.1l The calculations are
lengthier, but not more difficult, than the ones above.

Method 2: It is a simple consequence of Jantzen’s result (thm. [10.3)
on the decomposition of Deligne-Lusztig representations—we will use the
notation of section [I0l In the case of GL3, Jantzen’s result becomes (again
in the Grothendieck group):

Ry(i,j, k) = W((i,j +1,k+2) —w(0,1,2))
+W((j+p—1,i,k+1)—(12)w(0,0,1))
W((i+p—1k+p,j+1)—(23)w(0,1,1))
W(k+p—14,j+1)—(123)w(0,1,0))
W(G+p—1,k+p,i+1)—(132)w(l,0,1))
+W({(k+2p—2,74+p—1,i)).
Set now p = (i,7,k). fw=1,T, =T C B. By lemmas [[0.T] and 0.2}
Ry(i,j,k) = Ind5 (x' @ X7 ® x").
If w=(23)and p+ 11t j+ pk, the same two lemmas together with
prop. Bl give
.. (4,5+pk)
R(2 3)(7'7.77]{3) V(p 1)(p2+p+1)°
If w= (123) and p?> + p+11ti+pj+p?k, lemma 0T and prop. Bl yield

(1403 +°K)
R(l 23) (Z ]a k) - ‘/( p)] (;)4_1)

Finally just plug these into Jantzen’s formula. ]

6. STATEMENT OF A CONJECTURE FOR GGLj

Definition 6.1. A Serre weight is an isomorphism class of irreducible repre-

sentations of GL3(F),) overIF, (note that by remark[{.7 we could equally well

replace the base field by F,). Let W, denote the set of all Serre weights:
Wser = {F(a,b,c):0<a—bb—c<p-—1}.

A regular Serre weight is an element of

WTeg:{F(%b,c):0§a—b,b—c<p—1}CWSer-

Note that #Wser = p(p — 1), #Wieg = (p — 1)3.
Define a surjective map R : Wge, — Wiey by

(6.1) F(a,b,c) = F(c+2(p—2),b+ (p—2),a)req,

where F(x1,2,23)req is the regular Serre weight F(z, 25, 25) with 2} = z;
(mod p — 1) for all 7 (note that this is well defined, even though the z/ are
not). On regular Serre weights, the subscript “reg” can be omitted in the
definition.
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Fix for now a continuous Galois representation p : Gg — GL3(F,) that
is irreducible and odd (i.e., if p > 2, p(c) # =1 for any complex conjugation
c).

For any positive integer N which is prime to p, define I'g(IV) to be the
group of matrices in SL3(Z) with last row congruent to (0,0, *) modulo
N. Also let So(N) be the group of matrices in GL;(Z(N)) with last row
congruent to (0,0, x) modulo N and let S{(N) = So(N)NGL3 (Z(ny)). Here
Z(ny is the ring of rational numbers with denominators prime to V.

Then (To(N), SH(N)), (To(N), So(N)) are Hecke pairs (see §2.2]). The cor-
responding Hecke algebras over the integers are denoted by H(,(N), Ho(N);
clearly H{(N) C Ho(N). Whenever M is an F,[S)(N)]-module and for any
e, Ho(N) acts on the group cohomology group H¢(I'g(N), M).

For primes [ { N and 0 < k < 3 define the Hecke operator T;; =

[Co(V) <l 1>F0(N)] in Ho(V) (k entries equal [). Note that:

Ho(N) = Z[T11, Ty, T3, Ty L1 N]
U
Ho(N) = Zm,hﬂg,ﬂ,:sﬂ}}} 11 Np]

We say that p is attached to an H{(N)-eigenvector a € H¢(T'o(N), M) if for
all [ 1 Np, p is unramified at [ and

3
(6.2) > (1)1 2a(1,4) X' = det(1 — p(Frob, 1) X),
=0

where a(l,i) € F, is the eigenvalue of T}; on «, and Frob; € Gg is any
geometric Frobenius element at .

If Fis a GL3(F,)-representation and € as above, then let F(e) = F®@ F,(e
with S{(N) acting on the first factor via reduction modulo p (SH(N) —
GL3(Fp)), and on the second factor via reduction modulo N of the (3,3)-
entry (S{(N) — (Z/N)*).

The given Galois representation p has an associated level N = N(p),
prime to p, defined in terms of the ramification of p away from p, and
nebentype € = €(p), defined in terms of the determinant of p, much as in
Serre’s original conjecture (see [ADP02]).

Definition 6.2. Let W (p) be the set of all GL3(F,)-representations F such
that p is attached to a non-zero element of H¢(Io(N), F(€)) (for some e)
with N = N(p) and € = €(p).

Remark 6.3. As discussed in [ADPO2], rk. 3.2, e can be replaced with 3 in
this definition.

Definition 6.4.
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If pl1, ~ (w wi k) then
w
V(pls,) = Ind (x' @ X7 @ x*).

wm
pr|1p~< ’ whm _>,p+1fmthen
w'L

Viplz,) = nd% (O3 x5™) @ x').
wlp
If pl1, ~ ( wh™ me), p? +p+14m then
Wy

m 2m
V(IO‘IP) = G(X?J@, 7X§ )

Remark 6.5. p is tamely ramified at p if and only if p|1, is diagonalisable.
Because of the Frobenius action on p|1,, only the above three cases occur in
this case.

Conjecture 6.6. Suppose that p : Gg — GL3(F,) (as above) is tamely
ramified at p. Then

W(p) N Wieg = R(JH(V (pl,)))-

7. COMPARISON WITH THE ADPS CONJECTURE

The framework of the conjecture as stated here differs slightly from that
of [ADP02], so here is how to translate between them. Let I'{(N) be the ma-
trices with first row congruent to (%,0,0) mod N, and Sj(NN) the matrices
in GLF (Z(yyp)) with first row congruent to (x,0,0) mod N. Then H{(N) is
the Hecke algebra defined by this Hecke pair, but now it is the subgroup of
the free abelian group on all right cosets I'y(N)s (s € Si(N)) that are right
invariant under I'y(V), with corresponding multiplication. 77, is defined
as Tj,; with T'o(N) replaced by I'((N). Let F'(a,b,c) be the simple right
GLs-module with highest weight (a, b, c) over F,,.

Lemma 7.1. Under the natural isomorphism
HB(FO(N)a F(CL, b7 C)) = He(F()(N)a F,(_Ca _ba _a))a

if an eigenclass on the left has the Galois representation p attached, then
the corresponding eigenclass on the right has p¥ ® w? attached.

Proof. Let n = (1 ! ) Note that g — "g~! defines isomorphisms I'y(N) —

Lo(N), S{H(N) — So(N). Let M = F(a,b,c), and let M’ be the right S{(N)-
module whose underlying vector space is M and if s € Sj(NN) then ms =
Ts7Im. So we get a natural isomorphism H¢(To(N), M) = H¢(TH(N), M’)
such that the action of [I'g(/N)sT'o(N)] on the left corresponds to that of
L (N)7s7ITH(N)] under it. So for an eigenclass the T}, eigenvalues a(l, 1)
on the left give Tl’ﬂ- eigenvalues a(l,3 —i)/a(l,3) on the right. This easily
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implies the statement about the attached Galois representations. Finally,
looking at the torus action, we see that M’ = F'(—c,—b, —a). O

Remark 7.2. Note that the conjecture for the weights formally looks the
same in both formulations.

Proposition 7.3. Suppose that p is as above. Consider the set A of all
F(z' =2,y — 1,2 )peqg where (2',y',2') is a restricted weight (i.e., 0 < 2’ —
v,y — 2 < p—1) that has a permutation (z,y,z) satisfying the following
conditions.

UM@N(

x=i, y=j, z=k (modp-—1).

w?t

wm
pr\lpm< ’ wh™ ),p—klj(mthen
x=1i (modp-—1),

y+pz=m (mod p?—1).
wg*
]fp\[,,fv( wh™ p2m>,p2+p+1fmthen
w3

z+py+p’z=m (mod p® —1).
Then
Wireg.conj(p) = AU{F("X) : F(\) € A, X in the lower alcove}.

Recall that the reflection " arose in the context of decomposing Weyl
modules into simples (p. [I8). For simplicity, we will also use the notation
"F(A) = F("\) if A and "\ are both dominant (equivalently, F'()) is a regular
Serre weight). The proof of the proposition depends on the following lemma.

Lemma 7.4. (i) Leti>j >k, i —k <p— 1. Suppose that (z',3/,7') € Z>
is a restricted weight and has a permutation (x,y, z) satisfying
x=i, y=j, z=k (modp-—1).
Then, modulo (p —1,p—1,p—1)Z, (2',y',2) is among
(4,4 k), G, ki —p+1), (k+p—1,4,5),
(G+p—1,4,k),(t,k,j—p+1),(k+p—1,5,i—p+1).

All of these do occur.
(i) Let i > j >k, i —k < p—1. Suppose that (z',y,2") € 72 is a
restricted weight and has a permutation (x,y, z) satisfying

x=1 (modp—1),
y+pz=7j+pk (modp®—1).
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Then, modulo (p — 1,p—1,p— 1V)Z, (2',y,2') is among
(4,4,k), (G, k,i—p+1),(k+p,i,5 — 1),
(j+pik—1),(,k+1,j—p),(k+p,j—1i—p+1),
(i+p—1,4,k), (4, k,i —2p+ 2).
All of these that are restricted do occur.

(iii) Leti > j >k, i — k < p. Suppose that (z',y,2') € Z3 is a restricted
weight and has a permutation (x,y, z) satisfying

z+py+pz=i+pj+p’k (modp®—1).
Then, modulo (p — 1,p— 1,p — V)Z, (2',y,2') is among
(4,5,k), G + 1, ki —p), (k+p,i—1,7),
(j+pik—=1),(t,k+1,j—p),(k+p,j+1,i—p—1).
All of these that are restricted do occur.

Proof. (i) Note that lemma is invariant under the coordinate change
0:(z,y,24,4,k) = (z,2,y:k + p— 1,4, j).

Case 1: i, 7, k are distinct modulo p—1: Without loss of generality (using
0),r>y>zorx<y<z and y=j. In the first case («/,¢/,2") = (4,4, k),
as it is restricted. Similarly, (2/,y/,2') = (k+p—1,7,i—p+1) in the second
case.

Case 2: Precisely two of i, j, k are congruent modulo p—1: Without loss
of generality, j = k. It follows that j = k and 0 < i—j < p— 1. Then it is
easily seen that, modulo (p—1,p—1,p—1)Z, the only solutions for (2, 1/, )
are (17]7])7 (.77.771 —p+ 1)7 (]7]7Z —p+ 1)7 (.] +p— 17i7j)7 (’57]7] —p+ 1)7
(j+p—1,4,i—p+1), as claimed.

Case 3: i = j = k: Without loss of generality, i = j = k. It is easily
seen that, modulo (p — 1,p — 1,p — 1)Z, the only solutions for (z/,y’, 2’) are
(i,1,7), (4,9, —p+1), (i +p—1,4,4), (1 +p—1,i,i — p+ 1), as claimed.

(ii) Without loss of generality, y+pz = j+ pk. Note that |y —z| < 2p—2.
Thus (y, z) = (4, k) + n(p, —1) with =2 <n < 1.

Ifn=-2:since j—2p <i—2p+2<i—p+1< k+2, this can’t happen.

If n = —1: at most the possibilities (i+p—1,k+1,7—p), (i,k+1,j—p),
(k+1ai_p+17j_p) and (k+17j_pai_2p+2)? (k+1>j_pai_3p+3)
can arise. But note that the first and last can never be restricted, so will
not occur.

Ifn= 07 at most (iaja k)7 (2+p_ 17j7 k)> (]a k,Z —p+ 1)? (]a ]€7Z - 2p+2)
arise.

If n = 1, the only possibility is (j+p,i,k—1), since (j+p)—(k—1) > p—1
and j+p>i>k—1.

(iii) The lemma is invariant under the coordinate change

(‘T’yyz;ivjvk) = (Zam,ka"‘P,i - 1)])
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So, without loss of generality, either x >y >z or x < y < z.
In the first case, (z/,y/,2') = (x,y,2). Without loss of generality, A +
pB +p?’C =0, with A=2 —i, B=y —j, C = 2z — k. Noting that

A= C|=|(z —z)— (i k)|
S max(p, 2p - 3) S 2p - 27
|IB-C|<p-—1,
it follows that
(1+p+p))C|=[(A=C)+p(B-C)| <p*+p—2.
Thus C' =0, and A 4+ pB = 0 implies
(1+p)Bl=|A-B|<p

and hence B= A =0. So, ifx >y >z, («/,vy,7) = (4,4, k).
In the second case, (z',y/,2') = (z,y,z). Letting A = 2 — (i — p — 1),
B=y—(j+1),C=2z—(k+p), note that

C—-Al<2p-2, [C-Bl<p-1,
so that again C' = 0. Also, |B — A| < p once more, so that A = B =0 and
(', 2)=(k+pj+1i—p—1). O
Proof of Prop.[7.3 First note that, for A a restricted weight,
R(JH(W (X))

consists of F' = R(F(N)) and, if the highest weight of F' lies in the lower
alcove, also TFT

If plg, ~ <w wl k>, without loss of generality, i > j >k, i —k <p— 1.
w

Now combine the above observation with the lemma and thm. 5.1l
Wy
If pl;, ~ wg™ ), we can write m = j + pk (mod p? — 1) with

w?

i>j>k,i—k <p—1 (replacing m with mp if necessary). The argument is
only slightly more complicated than the previous one. Note on the one hand
that the last two triples in the lemma, part (ii) do not contribute to A (e. g.,
for (i+p—1, j, k) to occur we need ¢ = j in which case F\(i+p—3,j—1,k)reqg =
F(i—2,5—1,k)peg). On the other hand, of the remaining six triples in the
lemma, only the fourth through the sixth can fail to be restricted. In each
case the failure is caused by two consecutive coordinates differing by p. But
this happens, in each instance, if and only if the corresponding Weyl module
in thm. 51l vanishes, so we are done.

wg®
If p|g, ~ ( wi™ o, ), assume first that there are i > j >k, 1 —k <p
wb ™
such that m =i +pj + p*k (mod p* —1) (up to replacing m by mp or mp?).
We know from the previous case that no problem arises if two consecutive
coordinates in a triple differ by p. But this time, the fourth through sixth
triple of the lemma can fail to be restricted by having their second and third
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coordinate differ by p+ 1. This happens, respectively, when i = k+p, j = k,
i = j+1. Using the cyclic symmetry exploited in the lemma, we may assume
without loss of generality that i = k+p and ¢ # j + 1 (because not all three
equalities can hold simultaneously).

Observe first that (i,k + 1,7 — p) from the lemma fails to be restricted
iff j—k<1if W({+p—2,k+p,i) =0 in thm. 5T (by (£3))). The only
other triple which can (and does) have this coordinate difference of p + 1 is
(j +p,i,k —1). The corresponding Weyl module in thm. b1 equals

which cancels the second irreducible constituent of W (j+p—1,i—1,k+1). It
remains to check that the loss of this constituent does not affect Wi.cg conj(p)-
Indeed, just note that

R(F(i_lak+p_1aj+1)):F(j+p_2ak;+p_2ai_p)reg
=R(F(Gi+p—2k+p—1,7+1)).

Finally, the remaining half of p of niveau 3 are duals of the above. It thus
suffices to show that

(7.1) Wiegeoni(p?) = {FY @det ™ : F € Wyeg.conj(p)}
and
(7.2) A(pY) ={F' @det™: F € A(p)},

and that " and ¥ commute when applied to a regular Serre weight F' (here ¥
denotes the dual). First note that F(a,b,c)Y = F(—c,—b,—a)ifa>b>c
(consider the highest weight) which also implies the last claim. Equa-
tion (7)) holds because the characteristic zero representations associated
to p and pY are dual to each other (for example by the character ta-
ble), hence have dual constituents after reduction mod p and R(FY) =
R(F)Y @ det™2. On the other hand, in prop. [[3 each (z/,%/,2') can be
replaced by (—z', —y’, —2’) when passing from p to its dual. This demon-

strates ([2). O

Theorem 7.5. Suppose that p is as above.
(i) If p is of niveau 1, the regqular Serre weights predicted in [ADP02] agree
exactly with the ones here.

wm
(ii) If p is of niveau 2, we can write p|r, ~ ( ’ wh™ >, with m = j+ pk
wi

(mod p?> —1) and i > j >k, i —k < p— 1. Then the reqular Serre weights
predicted in [ADPO2] are precisely the ones given by proposition [7.3 and
lemma [7Z)(ii), with (j +p,i,k — 1) excluded from the list.
(iii) If p is of niveau 3, then (up to taking a dual) we can write p|y, ~
wz*
( wim > with m = i+pj+p?k (mod p>—1) andi > j >k, i—k < p.

p-m
w3

Then the regular Serre weights predicted in [ADPO2] are precisely the ones
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given by proposition [7.3 when the following weights are removed from the
list in lemma [74)13): the last three and those among the first three of the
form (', 4, 2") with 2’ — 2 =p and 2’ — 1 > y' > 2.

Proof. (i) This is obvious.

(ii) Note that according to [ADP02] we write m = j + pk (note that 0 <
j—k <p-1)and mp = (k+p)+p(j—1) (note that 0 < (k+p)—(j—1) < p-—1
unless j = k + 1, in which case mp cannot be so expressed). So the regular
weights predicted there are F/(i—2, j—1,k)yeq, F'(j—2,i—1,k)req, F(j—2, k—
1,i)peg and, if j # k+1, F(i—2,k+p—1,5—1)reg, Flk+p—2,i—1,5—1)peq,
F(k+p—2,j —2,i)req together with the reflections "F' for any F' in this
list that is in the lower alcove. Since F(k + p — 2,5 — 1,5 — 1) lies in the
lower alcove, and applying " gives F(j — 2,i — 1,k)peq, the latter weight
can be omitted whenever j # k + 1. But if j = k 4+ 1, these two weights
coincide. Also, j # k + 1 is precisely the condition for (i,k + 1,7 — p) and
(k+p,j—1,i—p+1) to be restricted. Now put all this together and compare
with lemma [T.4((ii).

(iii) Using the cyclic symmetry employed in the proof of lemma [74)(iii),
this is straightforward. O

Remark 7.6. Doud independently extended the conjecture of [ADP02] to
include the remaining weights in niveau 3 predicted here (see [Dou] ).

8. COMPUTATIONAL EVIDENCE FOR THE CONJECTURE

In [ADP02], Ash, Doud and Pollack verify the ADPS conjecture for some
irreducible, odd p that are tame at p and have small Artin conductor N(p).
In particular, they considered seven examples of such p of niveau 2, in which
case conjecture 6.6 predicts one further weight F' than the ADPS conjecture.
There is one further such example in [Dou02], §3. Upon my request, Doud
and Pollack verified with their computer programs that there is indeed an
eigenclass in H3(T'o(N), F(¢)) which appears to have attached Galois repre-
sentation p in the sense that (6.2]) is satisfied for all [ < 47 (except in the
one case of level N = 144, which was too large for their programs).

To summarise, here is a table of the further weight confirmed in each case:

D level(s) N pl1, weight

w8
5 | 73, 83, 89, 151, 157 (Z;a) F(6,3,0)
1

wl?
7 67 ( w3 ) F(13,8,3)
UJS

w0
11 17 ( w30> F(16,9,2)
1

The image of p in these cases is either Sy (N = 17, 67, 73), A5 (N = 89,
151, 157) or a suitable semi-direct product (Z/3 x Z/3) x S3 when N = 83
([ADP02], [Dou2)).
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9. REPRESENTATIONS OF GL,(F,) IN CHARACTERISTIC p

We keep the notations from section @l Consider G = GLyp, or G =
SLyr,. Now define

1 W
p=(—1n-2..10)¢€; §+a+(X(T)®Q) .

As before, let T be the diagonal matrices and B the upper-triangular ma-
trices. Denote by ¢; € X(T') the character

t1
t
? t. '_)tia
tn

and we identify X (7) with Z", also writing (a1, as, ..., ay) for > a;e;. Then
R = {e¢; — ¢ : i # j} and the simple roots are given by a; = €; — €;41 for
1 <4 <n—1. The coroots (¢ — €;)¥ for i # j then sends ¢ to a diagonal
matrix whose only entries are 1’s except for a t in the (i, 7)-entry and a ¢~
in the (j,j)-entry. We will identify W with S, so that w(e;) = €,(;)-

Consider the following collection of hyperplanes in X (7) ® R for n € Z,
a€ RT:

A (A +p,a¥) =np}.

Definition 9.1. An alcove is a connected component of the complement of
these hyperplanes.

Thus each alcove is determined by a collection of inequalities
nep < A+ p,a”) < (ng+1)p Va€ R’
for some n,, € Z. In particular there is the lowest alcove
Co:0<(A+p,a’)<p VacRT.

In fact, this is an open n-simplex (times R if G = GL,/r,) determined by
the n 4 1 inequalities

0< (A+p,a)f) Vi A+ p, (61— €n)Y) < p.

The affine Weyl group W), = ZR x W is defined with respect to the
natural action of W on ZR. It acts faithfully on X (7') ® R as follows, using
the notation introduced in (@.1]):

(v,w) : X — w- X+ pr.

Often we will identify W, with its image in the group of affine linear auto-
morphisms of X(7T') ® R.

It is easy to check that W, preserves the set of hyperplanes above, and
hence maps alcoves to alcoves. (This is also true for the translations pX (7),
a fact that will be used in the sequel.) Moreover, it is an important (basic)
fact that an alcove is a fundamental domain for the W),-action.
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Definition 9.2. An alcove C is restricted if it is contained in
(9.1) Apes ={N:0< A+ p,0f) <p Vi}.

An alcove C' is dominant if it is contained in

IA:0< A+p,a)f) Vil
Note that A,.s compares with the restricted region (def. 4.2) as follows:
X(T)N Apes C X1(T) C X(T) N Apes.
Also, it is clear from the definition that A, is a union of closures of alcoves.
kook ok

Let us now describe the relation between the representation theory for
GL, and SL,. For the remainder of this section, G = GL,p, and its
derived group G' = SL, r,. Let Ty = T NG’ be the subgroup of diagonal
matrices in G’. Then the restriction map X (7T') — X (71) is surjective and
has kernel X°(T). Every irreducible G-module yields, by restriction to G,
an irreducible G’-module (see [Jan03], I1.2.10(2)). Thus by thm. every
irreducible G’-module arises by restriction from an irreducible G-module.
Also, two irreducible G-modules F(u1), F(u2) restrict to isomorphic G'-
modules if and only if p; — us € X°(T).

We can identify root systems, Weyl groups and affine Weyl groups of G,
G'. Then X(T) — X(T1) is equivariant for the actions of W, W,. Also,
X(T)®R — X(T1) ® R projects alcoves of G to alcoves G’ and induces a
bijection between them.

* k%

For G = GLyp, (equivalently, for G’ = SLyp ), we will need an explicit
list of the following dominant alcoves, consisting of all (a, b, ¢,d)—p € X (T)®
R satisfying respectively:

Co: O0<a—b,b—c, c—d; a—d<p,

Ci: O<b—c p<a—d;a—c b—d<p,

Cy: O<c—d;p<a—c;a—b b—d<p,

Cs3: O0<a—-bp<b-—d; c—d, a—c<p,

Ci: p<a—c, b—d; b—c<p; a—d<2p,

Cs: 2p<a—d;a—0b, b—c, c—d<p,

Cy: O0<b—c,c—d;p<a—b; a—d<2p,

Coyr: O0<a—=-b b—cp<c—d; a—d<2p.
C; will also be called alcove i. As Cy is the lowest alcove, the notation is
compatible with the above.

The first six alcoves in this list are all the restricted ones. In general there
is a partial ordering of weights and of alcoves, denoted by 1 (see [Jan03],
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FIGURE 9.1. The T-relation for certain alcoves of G L.

§11.6.4, §11.6.5). In particular,
AMMp=A<pand A€ W, pu
and if A € C, p € C’ (two alcoves), then
A = C1C.

We will say that alcove C lies below alcove C’ and C" above C if C' 1 C’. The
T-ordering on the above eight alcoves of G L4 is visualised in figure the
partial order is generated by 7 1 j whenever alcoves ¢ and j are connected by
a line and j lies above 7. In fact, alcoves 0/, 0” are the only non-restricted,
dominant alcoves lying below a restricted alcove.

Proposition 9.3 ([Jan74]). Suppose that Ao lies in alcove 0 and for each
alcove i, denote by \; the unique Wpy-translate of Ao in alcove i. Then in the
Grothendieck group of G-modules,

W (A1) = F(A\1) + F(No),
W(A2) = F(X2) + F(\),
W(A3) = F(A3) + F(\),
W) = F(\) + F(A3) + F(A2) + F(A) + F(o),
W(As) = F(As) + F(Ay) + F(Aor) + F'(\4)
+ F(X3) + F(X\2) + F(\).

Remark 9.4. Note that it is a general phemomenon, called the “linkage
principle” that all constituents F(v) of W () satisfy v 1 u. That the mul-
tiplicities are independent of p for (p not too small) is by now understood
to some extent (there is a general conjecture due to Lusztig on these, which
was proved for p > 0 using quantum groups; see [Jan03], §8.22).
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If p > 3 it follows from results of Jantzen how all W (u) with p lying on
the boundary of a restricted alcove decompose (see [Jan03] prop. I1.7.11 and
lemma I1.7.15). For p < 3, when alcoves are devoid of weights, the decom-
position formulas were shown to be compatible with the ones for general p
n [Jan74].

It will also be useful to write down explicitly certain elements of the affine
Weyl group. Let us denote by r;; the unique element of W, mapping alcove 4
to alcove j. It is easy to check that:

ro1 : A= (14)-A+p(1,0,0,-1),

(9.2) 13 =724 = o5 2 A= (24) - A+ p(0,1,0, —1),
T2 =734 =75 A— (13) - A+ p(1,0,-1,0),
T45:)\|—>(14)-)\+p(200 —2).

Moreover all of these are reflections.

10. DECOMPOSITION OF GL,,(F,)-REPRESENTATIONS

We keep the notation from last section; in particular, G = GL,/r, and
G' = SL, JF,- In either G or G’, let wy denote the longest Weyl group
element: it is the unique element sending positive roots to negative roots.
Concretely, wo(i) =n+1 — 1.

Consider for now only G’. As G’ is semisimple, there is a fundamental
weight w, € X (T}) for each simple root . It is determined by (wq,3Y) =
dap for all simple roots «, . (Note that wo, = €1 + -+ +¢.) Hence,
Apes, defined in (@), is a fundamental domain for the translation action of
pX(T1) on X(T1) ® R. Thus, for any o € W there is a unique p, € X (71)
such that o - Cy + pps is a restricted alcove. A simple lemma shows that

(10.1) po= D ws

« simple
o 1(a)<0

([Jan77], lemma 1). Also let ¢, = 0~ !p, and define
W1:{O'EWZO'-C()+ppa:CQ}.

W acts on the set of alcoves modulo translations by elements of pX (77) (this
set is in natural bijection with the set of restricted alcoves). The stabiliser
of Cy is Wi, and we see that the number of restricted alcoves is (W : 7).
It is not hard to see that W7 is generated by (12 ... n) (with the notations
of section [@)), so that there are (n — 1)! restricted alcoves. (More generally,
for a root system of a simply connected group, W is isomorphic to the root
lattice modulo the weight lattice; see |[Jan77], lemmas 3 and 2.)

Now consider again G. For each simple root «, choose a lift w/, € X(T)
of wy, and define p/. by ([I0J]) with w, replaced by w!,. Let e/, = 0_1 pL and
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let (compatibly with notation of section M),

P =lu= Y wéeé Y a+(X(T)eQW.

a simple a€RT

It is known, due to a theorem of Hulsurkar, that the matrix
(det(7) ch W(_*?;uoa + 5; - Pl))G,TeW

with entries in Z[X (T)]" is upper triangular with respect to some ordering
of W (not the Bruhat ordering!). It is easy to see that its diagonal entries
are invertible, as the highest weight of the Weyl module is in X°(T) if o = 7.
Denote by (75, ,)o,rew the inverse matrix. It depends on the choice of the
w!. By restriction to X (71) (or by the analogous definition), we also get
Yor € ZIX(Ty)]V.

Not very much seems to be known about the v, ; for n < 3 this matrix is
diagonal, but this is no longer true when n = 4 (see the proof of lemma [I2.17]
below).

Let F' : G — G be the (absolute) Frobenius morphism, and also denote
by F' its base change to GFP' We will now use the language of classical

algebraic geometry for varieties over Fp, as is common in the representation
theory of algebraic groups. For every F-stable maximal torus 77 C Gﬁp

F

and every character 6 : (T")" — @; , Deligne and Lusztig define a virtual

representation R%, (see [DL76]). These can also be parametrised by elements
of W x X(T)(see [Jan81], §3.1 or [Jan05], §4.1): Suppose that (w,p) in
W x X(T). Let n,, € N(TED) be a representative of w € W = N(TFP)/TFP.
By Lang’s theorem it is possible to find a g, € GE, such that g!- F(gy) =
nw. Then the maximal torus Ty, = ngFpg;1 is F-stable. Recalling that ~
denotes the Teichmiiller lift, we let

X
0, : TF - Q,
bw — ﬁ(gz;ltwgw)-
With these notations,

n— w 9
Ry(p) = ()" N R

where N (w) is the number of orbits of w in its action on {1,2,...,n} (which
also equals the Fj-rank of T},). This virtual representation has the property
that its character at 1 is positive. It is moreover independent of the choice
of g, and n,.

With the natural action of W on X(T') form the semi-direct product
X(T) x W: thatis, (11, 01)(v2, 02) = (11+01v2,0102). The group X (T) x W
acts on W x X(T) as follows:

) w, 1) = (owo™ o+ (p — owo ™).
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We will also use the notation (w, ) ~ (w’, p’) if these elements are conjugate
under the above action. Then

(Ru(1), R (1)) = #{(v.0) € X(T) % W : %) (w, ) = (u/, )}.

(see |Jan05], §A.7-9 for the deduction from Deligne-Lusztig’s results). In
particular,

Ry(p) = Rw’(:u/) if (w, p) ~ (wla H,)v
(Ry(1), Ry (1)) =0 otherwise.

The following two lemmas will be useful.

(10.2)

Lemma 10.1. Suppose w = (12...n), p = (i1,...,in) and iy +pig +--- +
p"Li,, is not divisible by iﬁ—j for alldln, 0 < d # n. Then

Ru(p) 2 O (i Pt i ),

(This lemma thus explicitly identifies all cuspidal representations of GL,,(F,)
as Deligne-Lusztig representations.)

Proof. To see this, note that T, is not contained in any proper F-stable
parabolic subgroup. Also, no non-trivial element of (N (7T},)/Tw)" (a cyclic
group of order n) fixes 6,,, because of the condition imposed on x. Thm. 8.3
of [DL76] then shows that R, (u) is cuspidal. Finally, cor. 7.2 of [DL76]
allows the computation of the character value of this representation on

[0
( "'ap"1> for all @ € . such that Fp(a) = Fyn, and a comparison
with the definition of © in (ZI]) completes the proof of the lemma. O

Lemma 10.2. Suppose there is a partition X\ :ny > --- > n, >0 of n such
that

’LU=<12 nl)(nl—i—l n1+n2)~-- .
Write i = (a1, ...,ayn). Then

~ 11 dCln -
Rw(/") = Inde . <® R(l 2 - my) (Mz))a
i=1

where Py is the standard “parabolic” subgroup of type A and p; is the weight
for GL,, given by

i = (a’n1+"'+ni—1+17 R an1+-~~+ni)'
Proof. This follows from prop. 8.2 of [DL76] together with the Kiinneth

formula. U

Theorem 10.3 ([Jan05], Cor. 4.8). In the Grothendieck group of G Ly, (Fp)-
modules,

Ry(p) = D AorW(o(u—wely,) + poy — p).
o,7eEW

This theorem holds, in fact, for G as in theorem
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Remark 10.4. Jantzen had in fact proved the analogue of this theorem
in the case of simply-connected semisimple groups, defined and split over a
finite field (in particular for SL, g ); this is the main theorem of [Jan03|.
In fact, there is a unique lifting, modulo (p—1)X°(T), of each highest weight
in X (Th) occurring in Jantzen’s formula for Ry, (u) over SLy(Fy) to X(T')
which is, for fived w, a polynomial over Z in p and the coordinates of L.
(For: the central character of any Weyl module that occurs has to agree with
that of Ry(w); the lifts of 11 € X(Th) to v € X(T) with a fized central
character differ by an element in p—;lXO(T). In particular, the choice of lift
is even forced in case ged(p — 1,n) = 1.) The content of the above theorem
is that when all highest weights in Jantzen’s formula for SL, are lifted to
GL, in this natural way, the correct decomposition formula is obtained.

Let us analyse the statement of Jantzen’s formula a little. Notice first
that a typical highest weight appearing, o(u — wel, ;) + ppj, — ¢, is a small
perturbation of o-u+ppl. If p lies in alcove C, the latter weight is contained
in alcove o-C'+ppl.. This alcove is automatically restricted if C' = Cj, which
can always be achieved, up to a small error, by varying (w, i) in its orbit
(see lemma [[2.1(ii)).

To use Jantzen’s formula to find the complete decomposition of Ry, (u)
into irreducible GL,(F))-modules, we use Brauer’s formula (prop. €.4) to
express each 7, W ()) as a linear combination of Weyl modules, thus

Ry, (p) = Za,,W(l/), some a, € Z.

There is a small neighbourhood of the restricted region which contains all
v occurring in this expression. Any non-dominant W (v) can be converted
into a dominant one using (4.3]). Next, we decompose each W(v) as GL,-
module. This is a difficult problem which has not been solved in general
(see however [Jan03], 11.8.22).

For this, let us assume for simplicity that n = 3 or 4 and that v lies in
one of the restricted alcoves (this will be true if p is sufficiently deep inside
Cp). Then we can use prop. or prop.

Finally it can happen (for n > 4) that a constituent of a restricted W (v)
lies outside the restricted region, e.g., for n = 4 a Weyl module in alcove 5
has constituents in alcoves 0/, 0” (see prop. [0.3). To decompose these over
GLy(Fp), use the Steinberg tensor product theorem, thm. .5l noting that
the Frobenius endomorphism is trivial on GL,(F,). For example, if v and
v+e€ (1 <i<4)alllie in alcove 0/, then v/ = v — pe; and V' + ¢; lie in
alcove 0 and

F(v)=F(@{/ +per) = F(V') @ Fle)
4
(10.3) =W @) e
i=1

=F0/ +e)+F +e)+F +e)+ FV +e).
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We used Brauer’s formula (prop. d4]), the fact that W(A) = F(X) if A is in
alcove 0, and that ch W(ey) = > ¢;.

11. THE CONJECTURE FOR G L,

For (w,pu) € W x X(T'), p = Y_ a;€;, define p(w, ) to be the following
tame n-dimensional Galois representation of I, which extends to G,. Let I
be a set of representatives for the orbits with respect to the action of (the
powers of) w on {1,2,...,n}. For each 1 <k < mn, let nj be the size of the
orbit of k. Then

Z'mo n (aw‘ -pi+j)
(111) p(w’M) — @ @ wnkj dng \Twl (k) .
kel imodny

It is easy to check that p(w, u) only depends on the orbit of (w, p).

Definition 11.1. (w, u) € W x X(T) is said to be good if for all1 < k < mn,
D auigyp’ £0 (mod “5—)

jmodny

for all d|ng, d # ny.

Intuitively this means that we cannot express p(w, u) in terms of tame
fundamental characters of level smaller than ny in (IT]). It is easy to check
that this property only depends on the orbit of (w, u).

For example, if n =4, w = (12)(34), u = (a,b,c,d) then

w;-&-pb
_ *k
p(w7 ,u) - c+pd )
Wy
*%

where “xx” stands for the p-th power of the previous diagonal matrix entry.
Also, (w, u) is good if and only if p+ 1 does not divide either of a — b, ¢ —d.

Definition 11.2. A representation V' of GLy(F),) is said to be a parabolic
induction if it is of the form

(11.2) Vemdi" ™o e, 20,

where P is a standard “parabolic” subgroup of type (di,...,d,) and o; is a
cuspidal representation of GLg,(IF}).

That is, Y d; = n, P consists of matrices with d; x d; square blocks along
the diagonal (in that order) with arbitrary entries above the blocks and
zeroes below, and o; is considered as representation of P via projection to
the i-th square block.

We have the following bijections:
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good X (T) x W- orblts
on W x X(T

p(——) R_(-)

>~

tame 7 : I, — GL,(F)p) ~ parabohc 1nduct10ns
that extend to G /= of GL,(F,) over Qp

The map on the right is injective by (I0.2]) and surjective by (2.1]) and
lemmas[T0.T], As for the other map, note first that a parabolic induction
V arises from a unique set of {o;} as in (IL.Z), and the order of the o; is
irrelevant (this follows e.g. from [Bum97], ex. 4.1.19). Thus domain and
codomain of the map have the same cardinality, as both are in bijection with

sets of primitive characters {F — @; }, F; a finite field of characteristic
p and ) ,[F; : Fp] = n (this uses ([2.10)). That the map is a bijection now
follows from (2.1)) and lemmas [10.1]

Suppose p : Gg — GLn(Fp) is continuous, irreducible, and tamely rami-
fied at p. We also require it to be odd: that is, either p=2or [n; —n_| <1
where ny (resp. n_) is the number of eigenvalues 1 (resp. —1) of a complex
conjugation in Gg.

Definition 11.3. As p|7, is tame, we can write p|r, = p(w, p) for a good
(w, p) (unique up to X (T') x W-action). Then let

V(pl1,) = Ru(p)

be the parabolic induction defined above.

We define R both as operator on weights and as an operation on Serre
weights.

Definition 11.4. If p € X(T) define
R(u) = wo - pt — pwop.

In particular, R preserves alcoves and sends restricted alcoves to restricted
alcoves. FExplicitly,

Rlat, .. an) = (an+ (n=1)(p—2),..., a2+ (p — 2),a1).
With the obvious generalisation of Freq from (6.)) define for p € X1(T),
R(F(M)) = F(R(U))rey

The notions of p being attached to an eigenclass in H¢(I'o(N), M) for a
GL,(Fp)-module M and of the predicted weight set W (p) will be the obvious
generalisations from section [6
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Conjecture 11.5. Suppose p : Gg — GL,(Fp) is continuous, odd, irre-
ducible, and tamely ramified at p. Then

Wi(p) N Wieg = R(JH(V(P’IP)))-

In case F' € R(JH(V(p|1,))), it will be convenient to say both that p|z,
predicts ' and that F' predicts p|z,.

12. ANALYSING THE CONJECTURE FOR G4

Lemma 12.1.

(i) Every orbit on W x X(T) contains an element (w, ) with p re-
stricted.

(ii) Ewvery orbit on W x X (T) contains an element (w, u) with p close
to the lowest alcove. That is, there is a 6 > 0, independent of p,
such that p can be chosen with

—§<{u+pa’y<p+d VaeRT.

Proof. Suppose (w,u) € W x X(T') and g = Y a;e;. Its span is span(u) =
max; j |a; — a;|. Suppose that span(p) > p. Let S = {i : a; > min; a; + p},
v=—3cs€ Then “Y(w,u) = (w,pu+ (p— w)v). By definition of S,
span(u + pr) = span(u) — p, hence span(p + (p — w)v) < span(p) — p + 1.
Thus, using the (X (7') x W)-action, we can always achieve span(u) < p.
Finally, using the action of (0,w) € X(T) x W, we can also assume that

a; > -++ > ay. Moreover, a; — a, < p — 1. Thus on the one hand p is
restricted, which proves (i). On the other hand, (ii) follows from
1<{(u+pa’)y<p+n—-2 VaecR". O

Definition 12.2. u € X(T) (or (w,u) € W x X(T)) is said to lie 6-deep
in a restricted alcove C' for some § > 0 if

(12.1) nep+0 < {u+p,a’)<(ng+1)p—30 VYaeR"
where C' is the alcove determined by putting § = 0 in these inequalities.

A statement in which p varies is said to be true for all p sufficiently deep in
some alcove C' if there is a § > 0, independent of p, such that the statement
is true for all d-deep p € C.

Lemma 12.3. Suppose that C, C' are restricted alcoves and o-C +pv = C’
(v,0) € X(T) x W). Then if (w, p) is sufficiently deep inside C, *7) (w, 1)
lies as deep inside C' as we like.

Proof. Recall that “?)(w, u) = (w',ou + (p — w')v) with v’ = cws™'. By
making (w, ) lie sufficiently deep inside C, we can certainly achieve that
o-u+pv =o(u+p)—p+pv lies as deep inside C” as we like. It thus suffices
to consider the difference of this weight and op + (p — w')v. But clearly,
|(w'v + op — p,aV)] is bounded for all @ € RT, independent of p. O
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Lemma 12.4. Suppose (w, ) lies sufficiently deep in a restricted alcove. If
WD (w, u) = (W', 1) is restricted, then v € X°(T). In particular, F(u) =
F(u') as representations of GLy(Fp).

Proof. Take any § > n — 1 and assume that
§<{(u+pa)y<p—98 Vi

(i.e., we don’t even assume that p necessarily lies in an alcove, just that it
lies sufficiently deep inside the restricted region). Suppose now that (w', 1)
is restricted:
0<(u+@-wv+pal)<p Vi
Then [{(p — w)v,a)| < p— ¢ for all i. Writing v = Y b;¢;, this yields
Ip(bi — bit1) = (by-13) — buw-1341))| <p—0 Vi

Let m = max; |b; —b;+1| and assume the maximum is achieved when ¢ = j.

Then we find
(p—n+1)m < [{(p—wv,af)| <p—3;

so by our choice of §, m = 0 and v € X°(T).
The last part follows by thm. as W acts trivially on X°(T). O

For p =" aje;, define its norm to be [|u|| = > |ai]. Also let ||(w, p)|| =
Irgis

Lemma 12.5. Given 6 > 0 and suppose that (w,u) lies sufficiently deep
in a restricted alcove. Then ) (w, ) = (W', 1) with || — /|| < & implies
(v,0) = (0,1). In particular, # Stabx (ry.w (w, p) = 1.

Proof. Without loss of generality, we may assume that p € Cy. For suppose
C' is the alcove containing p and that oq - C' + pry = Cp. Then #0:90) (1, 11)
can be assumed to lie in the lowest alcove (by lemma [I2.3]). Also,

029) (w, 1) — 000w, )| = o (s~ 1) — o0(w — ') o

< § + max|jog(w — w')og v |
w,w’

is bounded independent of p. So if we replace ((w, ), (w’, 1)) by (0:70) (w, ), “0:70) (w/ | ;"))
we are reduced to the lowest alcove. Note that the new (v, o) is a conjugate
of the original one.

Now suppose p € Cy. Letting w’ = cwo ™!

, we have
(12.2) (p—wv=p —op.
Write p/ —op =3 ¢ie;. Given 6’ > 1. If p lies sufficiently deep in the lowest
alcove,

leil <0+ [(u—op)i| <p—0'
for all . Suppose that v =) bje;. Let m = max; |b;| and suppose m = |b;|.
Then, looking at the j-th coordinate in (I2:2]) shows that

(p — 1)m < !pbj - b(w/)fl(j)| <p-— 5.
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Hence m =0, v = 0, ¢/ = op. This implies 0 = 1 if p lies sufficiently deep
in the lowest alcove (even if p lies just one layer inside the lowest alcove, it
will be inside the (open) dominant Weyl chamber and thus not fixed by any
element of the Weyl group). U

Definition 12.6. (w, ) € W x X(T) is special if u € C, a restricted alcove
and for all (v,0) € X(T) x W,

W) (w, ) = (W', 1) with i’ restricted

& o -C+ pr is a restricted alcove.
Moreover, in each such case we demand that (W', p') € o - C + pv.

It is easy to check that this property only depends on the orbit of (w, )
(in the sense that it doesn’t matter for which (w’, ') in the orbit with p’
restricted the above condition is checked; by lemma [[2.] there always is such
a (w',u)). Note that for each o € W there is a unique v, € X(T') (modulo
XO(T)) such that o - C + pv, is a restricted alcove (see p. B5).

Lemma 12.7.

(i) If (w, p) lies sufficiently deep in a restricted alcove then it is good.

(ii) If (w, ) lies sufficiently deep in a restricted alcove then it is special.

(iii) If (w,p) lies sufficiently deep in a restricted alcove then R,(p) is
irreducible.

(iv) If u lies sufficiently deep in a restricted alcove then F(u — p) is not
predicted by any non-special or non-good p(w, ).

Proof. (i) By lemma [[2.3] we may assume without loss of generality that
(w,pt) is in the lowest alcove. If u = >~ a;e;, note that >°7_, a;;e; is in the
lowest alcove for GL, whenever 1 <11 < --- < 1, <n. We are thus reduced
to the case when w is an n-cycle. We need to show that if p is sufficiently
deep in the lowest alcove,

n—1

(12.3) ;awi(l)pi #Z0 (mod ];d : i)
for all d|n, d # n. Fix n = de with d < n. Using
pt—1 ezi d&j
1 jzop ;
equation (I23)) becomes
d(e—1)—1 e—1
(12.4) > (e *Cd<e_1)+d{5})pi #0 (mod » p%),
i=0 j=0
where ¢; = a1y and {z} € [0,1) denotes the fractional part of a real

number x. As p is in the lowest alcove, |¢; — ¢j| < p—1for all 4, j. Soif p
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lies sufficiently deep in the lowest alcove then ¢; # ¢; for all i # j and (I12.4)
is automatic as (p — 1)(1 +p+--- + p*) < p'*! for all 4.

(ii) Suppose p lies in alcove C. For each o € W, fix a choice of v, €
X(T) as above. By lemma [I2.3] we can certainly achieve that if p lies
sufficiently deep in C, “»9) (w, 1) lies as deep as we wish in the restricted
alcove o - C' 4 pu, for all o. Moreover, suppose that () (w, 1) is restricted.
Applying lemma [12.4] to

(vo,0) (w, ,u) — (vo—1) ((MU) (’LU, M))a

we see that v, — v € X°(T). Thus o - C + pv is a restricted alcove, as
required.

(iii) By (i), we may assume (w, i) to be good. By lemma we may
assume that # Stabx(ry.w(w, ) = 1. Thus the claim follows by (I0.2)).
(Alternatively, by [Bum97], ex. 4.1.19, for example, a parabolic induction is
irreducible if and only if it is induced from a collection of distinct cuspidal
representations. This easily leads to a more elementary proof.)

(iv) A weight p is said to lie §-close to an alcove boundary for some § > 0
if (I21)) does not hold for any alcove (not necessarily restricted). If moreover

nep — 0 < {pp+p,a’y < (ng+1)p+8§ Va€ R,

where C is the alcove determined by putting § = 0, then p is said to lie
d-close to the boundary of C.

It suffices to show that all constituents of R,,(p) for (w, u) non-special or
non-good can be made to lie d-close to an alcove boundary for some § > 0.
Note that it makes sense to talk about a simple module F' of GL,(F),) lying
in an alcove (or being d-close to an alcove boundary) as F = F(v) for a
restricted weight v which is uniquely determined up to (p — 1)X°(T) (see
thm. A.6)).

We may assume that p satisfies the conclusion of lemma I2I](ii). By
increasing ¢ if necessary, u lies d-close to the boundary of the lowest alcove
(otherwise it would be good/special by parts (i), (ii)). Now consider any
term in Jantzen’s formula for R,,(u):

VoW (o (1 — wey,-) +poly — ).
Note that

o(p —weyyr) +ppl — p = (0 p+ppy) — (0(p + wely,,))
where the first term is d-close to the boundary of the restricted alcove o -
Co + ppl,, whereas the second term is bounded independent of p. Also, 'y(’,,T
is bounded independent of p. The result is a consequence of the following
facts:

o Brauer’s formula (prop. [£4]) for decomposing tensor products.

o Equation (€3] for Weyl modules with non-dominant highest weights.

o All constituents of a Weyl module W (u) (as GL,-representation)
are of the form F(v) with v related to o by the affine Weyl group
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and lie in lower alcoves (see prop. for n = 4 and p restricted;
in general see [Jan03], 11.6.13). Thus if px is d-close to an alcove
boundary, then so is any of the v.

o Steinberg’s tensor product formula, prop. £5 for decomposing a
non-restricted F(v) over GLy(F)).

(Compare with the discussion after thm. [10.3]) O

Definition 12.8.

(i) Suppose that (w,p) is good and special. Using the X(T') x W -
action, we may assume that p is in the lowest alcove. Then the
diagonal predictions for p(w, u) is the set of all

R(Vy o F(o(p — weryy) + pply — ')
= R(F(o(p— wey,y,) + (p—1)p + pwopry,e))-

(ii) Suppose that F is a regular Serre weight which is not predicted by
any non-special or non-good p(w, ) (this can be achieved by requir-
ing F to lie sufficiently deep in a restricted alcove; see lemmal[I2.7(iv)).
Then the diagonal predictions for F' is the set of all good, special
p(w, u) such that F is a diagonal prediction of p(w, ).

Remark 12.9. (i) We need to check in part (i) of the definition that the set
of diagonal predictions is independent of the choice of (X (T') x W)-translate
lying in the lowest alcove. This is an exercise using rk. [{.3 and (12.35]).

(ii) The reason for the terminology is as follows. Given p(w,u) as in
part (i) of the lemma, with p lying in the lowest alcove. Then the Jantzen
formula (thm.[I0.3) contains the following “diagonal” terms (i.e., o = T):

Z V(IJ',O'W(U(:U - wgiuoa) +pp:7 - p/>'
oceW

These Weyl modules will decompose further, and the off-diagonal terms
might cancel some of the resulting simple modules. But in generic cases,
at least all v, ,F(0(p — wey,y,) + pol, — p') will survive as constituents of
Ry(u); thus applying R to this collection will give a subset of the predicted
weights for p(w, u).

Proposition 12.10. Suppose that (w, 1) is good and special (e.g., p is suf-
ficiently deep in a restricted alcove). Then the set of diagonal predictions

for p(w, p) is
{F(' = p): (W) ~ (w,p), p' restricted}.

There are #W = n! diagonal predictions, #W1 = n in each restricted alcove.
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Proof. As (w, u) is special, we may assume without loss of generality that
it lies in the lowest alcove. For ¢ € W consider

R(F(o(p — wey,,e) + (0 — 1)p" + pwopiy,s))

/

= F(woo (1 — weyy,) + (p — Dwop' + ppuys + (9 — 2)p))
= Flwoop + (p — ') prype — P)
where w' = woow(woo) ™1, using that wep’ + p € X°(T). Now note that

(Prugowo0) (w, p) = (W', woou + (p — w/)p;uoa)'

The first claim of the proposition follows by observing that A — 7 - A 4+ pv
sends Cj to a restricted alcove if and only if v = p/. (mod X°(T)).

The proof of lemma shows that # Stabx ). (w,u) = 1 for all
special (w, ). This implies the second claim. O

Lemma 12.11. Suppose that n = 4. If i is sufficiently deep in a restricted
alcove, the off-diagonal elements in Jantzen’s formula are irrelevant in the
following sense: an irreducible representation of GLy(Fp) occurs in Ry ()
if and only if it occurs in one of the diagonal terms of Jantzen’s formula for
this representation.

Proof. For the reason discussed in remark [10.4] it will be enough to show this
result for SL,,(IF,)-representations. Throughout this proof, w will denote
an arbitrary element of Wj.
The following formulae will be useful, which are easily verified from the
definition of p, (or see [Jan77], lemma 2).
1

=0pw + Po; €ow = Ew + W &g,
(125) pow pw pO’ ow w g VO’ E W

Yow,rw = Vo,r

Note that 7, , = 1 for all 0 € W. It will be necessary to know when 7, » # 0
for o # 7. It can be checked (by hand) that the only such cases are given
by

Voo, (1243)w = — 1, Y1 4)w,(12)34)w = 1.
The corresponding off-diagonal terms in these cases are, respectively,

_W(w(:u — WEyy(124 3)w) + PPw — p)>
W((14)w(p— WE (1 2)(3 4)w) + PP 4)yw — p).

The corresponding highest weights are contained in alcove 0, respectively
alcove 1. By prop. [@3] the first Weyl module is irreducible whereas the
second has another irreducible constituents in alcove 0. Using 191 € W,
from (9.2]) and simplifying with the help of (IZ.5]) these become, respectively,
(12.6a) —F(@wp+ ppo — mw@ (P + Ewe1243)) — P);

(12.6b) F((1 4)w(p — wew(1 2)(3 4)w) + PP 1) — P)
(12.6¢) +F(wp + ppo — www (0o + Eug(12)3 4)) — P)-
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To prove the proposition, it will in fact suffice to analyse the diagonal
terms in Jantzen’s formula whose highest weight is in alcove 5. Since C5 =
(24) - Co + pp(2 4y, these terms are W (v) with

v=(24)w(t — wewy(2 4)w) T PP2 1) — P-

By prop. and using ry5 from ([@0.2), the irreducible constituent of W (v)
in alcove 0 has highest weight

(24)-v+p(0,1,0,—1).

This constituent decomposes further over SL4(F,) by Steinberg’s tensor
product theorem, yielding four irreducible constituents in alcove 0 (1 < i <
4):

F((2 4) v +p(_17 17 Oa _1) + Ei)
(see the discussion after thm. [I0.3]). Plugging in v, using (I2.5]) and the fact
that p(p 4) = (1,1,0,—1), this becomes

(12.7) F(wp+ ppe — www ™ (pm +€1432) — p+ €)-

Using instead the irreducible constituent of W (v) in alcove 0" we get the
following constituents in alcove 0 instead (1 <17 < 4):

(12.8) F(wp+ ppw — www (pe + E(1234)) — P — €)-

Finally we need to consider the constituent of W (v) in alcove 1. Since
we can also write Cs = (1 2)(3 4) - Co + pp(1 2)(3 4), the diagonal terms in
alcove 5 are also given by Weyl modules with highest weights

/

V= (12)3 4)w(p — wewy1 2)(3 4)w) + PP(1 2)(3 1) — P-

(Replacing w by (1 2 3 4)w with (12 3 4) € W1, we recover v.) It can easily
be checked that the unique element of W), sending alcove 5 to alcove 1 is
given by

V= (1243)-V +p(1,-1,1,-1).
Using that (1, 1,1, 1) = p 4y — (1 4)e(1 2)(3 4) and ([I2.5), the irreducible

constituent of W (2/) in alcove 1 is the representation in (I2.6h]).
To finish the proof of the proposition, notice that

€(1432) — €2 = Euy(12)(34) €(1234) T €3 = Eyy(12)(34)>
€(1432) — €3 = Ewp(1243) €(1234) T €2 = Ewy(1243)-

and compare representations (I2.7), (IZ8) for the appropriate choice of 4

with representations (I2.6al), (I2.6d). O
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When n =4 and p = (a, b, c,d), define
,uoz(abcd)
= (a—p,b,c,d+p),
=(a—p,b,c+p,d),
= (a,b—p,c,d+p),
u4—(a—p,b p.c+p,d+p),
= (a—2p,b,c,d + 2p),
uw—(a—2p,bc+p,d+p)
por = (a —p,b—p,c,d+2p).

Proposition 12.12. Suppose that (w, i) lies sufficiently deep in a restricted
alcove.

(i) The set of diagonal predictions for F(u — p) is

{p(w,p) :we W}
There are #W = n! diagonal predictions.
(ii) Suppose that n = 4. The set of predictions for F(u — p) in alcove ¢
18
{p(w, pi) :weW, itch
There are #W - #{i : i 1 ¢} predictions.

Remark 12.13. Note that the labelling of the p; (especially for i =0/, 0")
is purely to simplify the statement of the proposition. It is unclear whether
even the number of the weights predicted in the generic case will behave in
the same way for n > 4.

As an example, let us consider only predictions of niveau 1 for n = 4.
Then for p = (a,b,c,d) sufficiently deep in alcove 2, F/(u — p) predicts the
following tame, inertial Galois representations:

w wa— 1 wa.fl
Wb wh w?
W€ ) w€ ) wc+1 .
wd watt wd

Proof. (i) By lemma[I2.7(iv), we may assume that F'(uu— p) is not predicted
by any non-good or non-special p(w, ). Then we are done immediately by

prop. [2.10] and lemma [[Z.5]
(ii) For any weight v that lies in a restricted alcove define

M;(v) = {\ restricted : v 1 A},
M, (v) = {\ restricted : A 1 v}.
By abuse of notation, also set My(F(v)) = My(v), M (F(v)) = M (v).
Let FF = F(u — p). By lemma [[27(iv) we may assume that F' is not
predicted by any non-good or non-special p(w, ). Consider vy = R~ (u—p).
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If ¢ # 5 (so that vy does not lie in the lowest alcove) we claim that the
set of predicted tame inertial representations for F is the set of diagonal
predictions for all F(v), v € M (u — p). By lemma 0211 F will be a
predicted weight for some p(w, p) if and only if Fy is a constituent of a Weyl
module appearing as diagonal term in Jantzen’s formula for Ry, (u).

Suppose F'is predicted for p(w, ) so, by assumption, p(w, ) is good and
special. As vy does not lie in the lowest alcove, the highest weights of the
Weyl modules in the restricted region which contain F'(v4) as constituent
are precisely M;(vq) (see prop. [@3]). Take v € M;(vg) such that W(v) is
diagonal term in Jantzen’s formula for Ry, (u). Thus F(R(v)) = R(F(v))
is a diagonal prediction for p(w, u), by definition, and note that R(v) €
M| (p — p), as required. The converse follows by reversing the argument.

To find the predictions for F' explicitly, we use the reflections in W), of (9.2))
to find M (u — p) and then apply part (i). Let p = (a,b,c,d).

If ¢ = 0, everything is clear.

If ¢ = 1, applying the reflection rg; to u — p in alcove 1 we get

(d+ p,b,c,a—p) — p.
If ¢ = 2, applying to p — p in alcove 2 successively ri2, 701, We get
(c+p,ba—p,d)—p, (d+p,b,a—p,c)—p.
If ¢ = 3, analogously we get
(a,d+p,e,b—p) —p, (b,d+p,c,a—Dp)—p.
If ¢ = 4, we get respectively in alcoves 3, 2, 1, 0:

(C+pabaa_p7d) - P (avd—i_p?va_p)_pa
(C+pad+p7a_pab_p)7 (b,d+p,a—p,c) - p-

If ¢ = 5 (so that vy is in the lowest alcove), the argument changes in that
F(v4) can occur as constituent only in Weyl modules of alcoves 1, 4 and 5.
The way it occurs in the latter is as follows: if v is in alcove 5, then W (v),
as representation of G Ly, has no constituent in alcove 0 (see prop. [0.3)),
but its constituents in alcoves 0’, 0” each decompose into four irreducible
constituents in the closure of alcove 0 over GL4(F,) (they might be zero if
they land on one of the three non-dominant alcove walls). See the discussion
after thm. 0.3

The highest weights of the Weyl modules in alcove 5 which contain F'(v,)
as GLy4(Fp)-constituent are the W-translates of vy + pe; — ¢; in alcove 0
and vg — peg + € in alcove 07 (1 < i < 4). (We assume here that p lies
sufficiently deep in alcove 5, so that these eight weights do not land on the
alcove boundary.) Explicitly,

Vd:(d+3pac+2pab+p7a)_p7
Vd+p61_6i:(d+4pac+2pab+p7a)_6i_p'
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Its W,-translate into alcove 5 is:
vV =(d+4p,a+p,b+pc+p) —€¢ —p
and
R(V') = (c+p,ba—p,d+p)—ex — p.
In the same way, going via alcove 0" gives:

R(V") = (a—p,d+p,c;b—p)+ex —p.
Finally, the W)-translates of ;1 — p into alcoves 4 and 1 are
(d+2p,b,c,a—2p) —p, (c+p,a—p,d+p,b—p)—p.
The result follows from (i) by noticing that

(12.9) p(w,(c+p,b,a—p,d+p) — €)
= p(w, (c+p,b,a—p,d+p) —pey,—14y) Vk

and similarly in the other case.

It is an interesting fact that, even though F'(v4) does not occur as GLg4-
constituent of a Weyl module in alcoves 2, 3, 5, pretending that it does, yields
no further p. That is, no matter what ¢, the set of diagonal predictions for
all F(v), v € M (n— p) is always a subset of the predicted tame inertial
representations of F(u — p).

The claim about the number of predictions follows using lemma [[2Z.5] once
we have used the analogue of (I29) to convert all p’s in the p; into 1’s
(depending on w). O

13. THEORETICAL EVIDENCE FOR THE CONJECTURE

In this section we will assume that n > 1.

Define I'i (V) to be the subgroup of those v € I'g(N) with v,, = 1
(mod N), and let S1(IN) be the subgroup of s € Sy(N) with s,, = 1
(mod N). Then (I'1(IV),S1(IN)) is a Hecke pair, and the corresponding
Hecke algebra is denoted by H1(N). For I 1 N let

T, = [n(zv)(lw. l)mnwn,

with ¢ entries [ on the diagonal (the order is irrelevant). Here wy(l) is any
element of 'o(N) such that lwy(l)(n) =1 (mod N), and wy(l) stands for
wn (1) if the diagonal matrix has an [ as its (n,n)-entry and for 1 otherwise
(note that the choice of wy (1) is irrelevant).
Define
Uy(N) = {g € GL,(Z) : last row = (0,...,0,%) (mod N)},
El(N) = {g € GLn(AOO) 1 gN € Ul(N)},



THE WEIGHT IN SERRE’S CONJECTURE FOR GL, 51

where gy = [y g1- Then (U1(IV),X1(IV)) is a Hecke pair, and we denote
by H‘%(N ) the Hecke algebra associated to it.

Lemma 13.1. There is an isomorphism of Hecke algebras
HE(N) = Hi(N)
determined by requiring that
[U1(N)sUL(N)] — [[1(N) sy (V)]
for all s € S1(N).

Proof. First we will show that (I'y(N), S1(V)) C (U1(N),%X1(N)) are com-
patible as Hecke pairs (see §2.2). To see that S1(N)U1(N) = X1(N), note
that by strong approximation

GLn(Q)UL(N) = G(A®) > 51 (N),

so for 0 € Xi(N) write 0 = yu (y € GL,(Q), v € U;(N)). W.lo.g.,
dety > 0. Then it follows immediately that v € S1(N). Next, U;(N) N
S1(N)'S1(N) = I'1(N) is obvious. Thus the Hecke pairs are indeed com-
patible, and we get an injection H4'(N) — H1(N) sending sU; (N) to sT'1(N)
(s € S1(N)).

We claim that Uy (N)sU;(N) = I'1(N)sUi(N) for all s € S;(N). It suf-
fices to show that Uj(N) = T'1(N)(Ui(N) N *UL(N)). As sy € Ui(N)
and U (N) is compact open, Uy(N) N*Uy(N) D Ui (N)NU(M) for some
(M,Np) = 1, where UM) = {g € GL,(Z) : g = 1 (mod M)}. Since
I'(N) - SL,(Z/M), it follows that

{u e Ui(N):detu=1 (mod M)} CT'1(N)(Ur(N)N*Ui(N)).

The desired equality follows by noting that the determinant of the right-
hand side is Z*, which can be seen by using the theorem on elementary
divisors for all I| M.

The lemma now follows by noting that if s € S1(N) and Uy (N)sU;(N) =
[1s:iUi(N), then I'1(N)sI'1(N) = [ [ s:'1 (V) (intersect with S1(IN) and use
the properties established above). O

~

Remark 13.2. In a completely analogous way it follows that Ho(N) —
H1(N), sending [Lo(N)sLo(N)] to [T1(N)sT'1(N)] for s € Si(N). In par-
ticular, Ty ; is sent to Ty ; for I{ N.

Proposition 13.3. Suppose that 7 is a cuspidal automorphic representation
of GLy(Ag) of conductor N. Suppose moreover that for some integers

Cl >Cy >+ > Cp,
Too corresponds, under the Local Langlands Correspondence, to a represen-
tation of Wg sending z € C* to
L2 enga ezt Y@ (22) " D/2 € GL,(C)

diag(z~“1z™
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and j to an element of determinant (—1)2%+"/21 (in particular, 7 is reg-
ular algebraic; c.f. [Clo90], def. 1.8 and def. 3.12). Let r be the irreducible
representation of G L, c with highest weight (c1—(n—1),ca—(n—2),...,¢x).
Then there is an Hi(N)-equivariant injection

(7)) — HY(Ty(N), 7)
for any e in the range

n?—1

4

2
ces (3

Remark 13.4.

(i) As N is the conductor of =, (7>°)V'(N) is one-dimensional. Thus
we get a Hecke eigenclass in group cohomology.

(i) It is known that T'1(N) has virtual cohomological dimension n(n —
1)/2. In particular, H*(T'1(N),r) = 0 for e > n(n —1)/2. (see
[Ser71], p. 132 and the remark on p. 101).

Proof. Let G = GLyg, A = Ag. For any open compact subgroup U C
G(A>), define

Xy = G(R)/O(n) x G(A>®)/U
and

Xy = G\ (G(R)/O(n) x G(A™)/U).

and denote by my : Xy — Xy the natural projection. Then Xy and Xy
are real manifolds of dimension (";rl) (Xy is not necessarily connected). If
U is sufficiently small, G(Q) will act properly discontinuously on the total
space in brackets and the constant sheaf on Xy with fibre 7 gives rise to a
local system on the quotient X7, which will be denoted by L£,: for any open

subset Z C Xy, L,(Z) is the set of locally constant functions

(13.1) {f 751 (2) = v+ fyx) = 7f(2) Vv € G(Q), v € Z}.

Notice that r" is the representation of G associated to 7 defined in [Clo90],
pp. 112-113 (where it is denoted by 7). By [Clo90], lemma 3.15 there is a
G (A™)-equivariant injection

P E(stn, O(n); e @ 1) @ TI® > lim H*(X v, L)
I v
where II runs through all cuspidal automorphic representations of G(Aq)
whose central character agrees with that of rV on R, and the limit is over
all (sufficiently small) compact open subgroups V' C G(A*). The G(A>)-
action on the right-hand side is as in sublemma [[3.5(ii) below. Here sl,
denotes the complexified Lie algebra of SL,(R).
When n is even, lemma 3.14 in [Clo90] shows that

He(sl,,0(n); oo @ 1) = A2 /4 cr/2-1

(by the remark on p. 120 in the same reference, there is no quadratic char-
acter appearing on the left-hand side).
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When n is odd, the condition on the determinant of j made above implies
that m is the induction, using a parabolic subgroup of type (2,2,...,2,1),
of 01 ®09®- - ®0(,_1)2®X (keeping Clozel’s notation), where o; is the dis-
crete series representation of central character |.| ¢ ~¢n+1-itn=1 ggpcitenti—itl
and lowest weight ¢; —cpp1—i+1 and y = |.|~Cm+02t(=10/2ggncmin/2 | This
has the consequence that the character considered in [Clo90], p. 120 is even
and again we get (without quadratic character on the left-hand side):

He(sl,,O(n); moo @ 1) = Ae—(?=1)/4 ¢(n—1)/2
Thus we get an H;1(N)-equivariant homomorphism

Ui (N

(ﬂ_oo)U1(N) N (h_IQHe(XU,ﬁr)) (N)
U

for any e in the range claimed above. It remains to identify the right-hand
side with the appropriate group cohomology group.

Let H*(X, £;) = lim , H*(Xy, £;) to simplify notations (X itself will not
have any meaning). The following sublemma, whose simple proof we omit,
will be useful.

Sublemma 13.5. Suppose that U, V are sufficiently small compact open
subgroups of G(A*) and e > 0 arbitrary.

(i) If U C V consider the natural projection map f : Xy — Xy. Then
f Ly =2 L, (canonically) and the induced map f* : H¢( Xy, L,) —
H¢(Xy, L) is an injection.

(i) If g € G(A®) and U C gVg~', denote by [g] the natural map
Xy — Xy given by multiplication on the right by g. Again there
is a canonical isomorphism [g]*L, = L, and an induced map [g]* :
He¢(Xvy,L,) — H( Xy, L,). It is compatible with the maps defined
in (1) and yields a smooth left action of G(A™) on the direct limit
He(X,L,).

(iii) The image of the natural map H¢(Xy, Ly) — H(X, L,), which is
an injection by (1), is precisely the subspace of U-invariants.

Choose an auxiliary prime ¢ { 2N, and let
U={geU(N):g=1 (mod q)} < Ui(N).

The projection of U to G(Qg) contains no elements of finite order, which
implies that U is sufficiently small in the above sense, so that £, is defined
on Xy. By the sublemma, H¢(X, £,)V'N) = H¢(Xy, £,) V1 (N/U,

For now, we allow r to be any C[G(Q)]-module. Let I' = G(Q) N U1 (N),
an arithmetic subgroup of G.

Claim: H¢(Xy, L,)V*MN)/U and H®(T',r) are universal d-functors, and
they are canonically isomorphic.

First note that if H < K are two groups and V is an injective K-module
(over C, say), then Vg is an injective H-module. The reason is that the
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left adjoint of the forgetful functor K-mod — H-mod is CK ®cy —, which
is exact. By putting H =T, K = G(Q), we see that H¢(I',r) is a universal
d-functor.

As for the first sequence of functors, note that it is at least a d-functor:
Ui(N)/U is a finite group so that taking U;(NN)/U-invariants is an exact
functor (we are in characteristic zero!). To demonstrate universality, it suf-
fices to show that H¢(Xy, L,) = 0 if e > 0 and r is an injective C[G(Q)]-
module. By the strong approximation theorem,

HG )giUG(R)

for some g; € G(A>). This 1rnphes that

U ]_[ ) N%U)N\G(R)/O(n).

Under this isomorphism, ET Corresponds to a local system on each space in
the disjoint union. It is easy to see that on the i-th piece it is the one induced
by the constant sheaf on G(R)/O(n) with fibre r under the (G(Q) N 9%U)-
action (as in (I3:1)). It will be denoted by £, as well. By [Mum70], appendix
to §1.2, for example, H¢((G(Q) N %U)\G(R)/O(n),L,) = 0 if e > 0 and
r injective as (G(Q) N %U)-module; in particular if r is injective as G(Q)-
module. (Note that for the constant sheaf r, H(G(R)/O(n),r) = 0 fori > 0
since G(R)/O(n) is contractible; see [Bre97], thm. ITI.1.1 for the comparison
of sheaf cohomology with singular cohomology).

To check that the two universal J-functors above are canonically isomor-
phic, it is enough to identify them in degree 0. By (I3.1), H*(Xy, £,.)Vr (/U
is the set of locally constant, G(Q)-invariant functions f : G(A) /U1 (N)O(n) —
r. By the strong approximation theorem, using that det U;(N) = ix, such
a function is determined by its values on G(R); by local constancy it is even
determined by f(1) € r. It follows easily that the set of possibly values of
f(1) is precisely r'' = HY(T', 7). This establishes the claim.

res

Claim: The map of d-functors H¢(I',r) — H¢(I'1(N), ) is a (canonically
split) injection.

As (T : I'1(N)) = 2, this is clear: % cores provides the splitting, where
cores is the corestriction map.

Claim: The above canonical injection
HYX, £,)"" ™) — HYTy(N), )
of o-functors is H{(N) = H1(N)-equivariant.

Note that the Hecke action on the left is defined through the G(A>)-
action of sublemma [[3.5] whereas the one on the right is the usual one
on group cohomology (see §2.2)). Both Hecke actions are clearly maps of 4-
functors, so again it suffices to check the claim in degree 0. Given s € S1(N),
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we know by lemma [[3.1] that the Hecke operator Ts = [['1(IV)sI'1(N)] €
H1(N) corresponds to Ty = [Uy(N)sUy(N)] € H{(N). Moreover, the same
lemma shows that if s; € S1(V) (1 < i < n) are chosen such that

Ty (N)sTy(N) = [ ] s:Tw (),
then also
Uy (N)sUL(N) = [ s:Uh (V).
An element of H°(X, £,)V* (™) is a locally constant, G(Q)-invariant function
[ GA)/ULN)O(n) —r

which is determined by f(1) € ' c #I"(™). By the sublemma, T,(f) is
the function sending g € G(A) to > f(gs;); in particular, the image of 1 is
Sf(si) = > sif(1) = Ts(f(1)) (we used that f is locally constant). This
verifies the Hecke equivariance. O

Fix an isomorphism ¢ : C — Q,,.

Proposition 13.6. Suppose p > 2. Given integers a > b > ¢ > d with a +
d=0b+c. Let T be any of the following tame inertial Galois representations
7: I, — GLy(F)p):

we w;+pd w;-ﬂab
wP *k *%
we® p ’ wg-&-pc ’ wg-!—pd ’
w *k *ok
waerC a+pd b+pc
2 Wy Wy
ek *ok *k
le)-&-pd ) wb ) w® . )
Kok we€ w
a+tpbtp2d+pie a+tpetp2d+pih
Wy Wy
*ok s *ok .
*% *%
*% *%

Then there is an integer N prime to p, a continuous, irreducible, odd Ga-
lois representation p : Gg — GL4(IF,) with p|z, = 7 and a Hecke eigenclass
m

H(T'1(N), F)
with attached Galois representation p for some e and for some Jordan-Hélder
constituent F' of W(a —3,b—2,c—1,d).

Note that the symbol “xx” stands for the p-th power of the previous
diagonal matrix entry. Part (iii) of the following lemma will be needed in
the proof, whose proof is given on p.

Lemma 13.7. Given a prime p.
(i) The Galois group of a quartic (totally complex) CM field can be
either of /2 x 7./2, 7./4 or Dg.
(ii) There is a quartic (totally complex) CM field K with Galois group
Z]2 x 72, unramified at p such that Frob, is (a) trivial, (b) the
complex conjugation, or (c) another element of order 2.
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(iii) There is a cyclic quartic (totally complex) CM field K, unramified
at p such that Frob, is (a) trivial, (b) the complex conjugation, or
(¢) an element of order 4.

(iv) There is a quartic (totally complex) CM field K with Galois group
G = Dg, unramified at p such that Frob, € G is (a) trivial, (b)
the complex conjugation, (c¢) a (non-central) element of order 2 not
firing KT, (d) a non-central element of order 2 firing K™, or (e)
an element of order 4.

Note that if K is a CM field, we have denoted its totally real subfield
by KT, so that [K : KT] < 2. Also note that the above cases (ii)(a)—(c)
(iii)(a)—(c) and (iv)(a)-(e) exhaust the respective Galois group.

For both the proof of the proposition and the lemma it will be very useful
to keep a diagram of the subgroup lattice of Dg at hand, together with
explicit generators of each subgroup.

Proof of prop. 13.8. By lemma [I3.7 choose a quartic totally complex CM
field K/Q, unramified at p, with Galois group G dihedral of order 8. We
will fix the conjugacy class of Frob,, later. Let p(K') be the torsion subgroup
of OF and let w(K) be its order; denote by L the Galois closure of K/Q
and let ¢ € G denote the complex conjugation (which is centrall).

We now want to make a careful choice of a Hecke character x over K that
is unramified outside /. For this recall:

Sublemma 13.8. There is a bijection between Hecke characters x over
K and 4-tuples (f,¢€, €5, €00), where § <1 Ok, € : I;( — C* (I;( being the
ideals prime to f), €5 : (O /f)* — C* primitive (i.e., not factoring through
(Ok /f1)* for any proper divisor fi|f), €0 : K3 — C* continuous such that
for all x € K*, x prime to f,

(13.2) e((2)) = () oo ().
(By weak approximation, € and ex, are determined by (f,€).) The conductor
of x is §. The bijection is determined by demanding that
X(@) = (1) " ea(wa0) Me((2))
for all x € Aj that are prime to f.

Fix for each 0 : K — C an integer n, with the property that n, +nys. = w
for all o (some w). These will be pinned down further on. Let e : KX —
C* be given by exo(z) = |2|732[], o(x)". (Here, for x € A%, |z is the
norm on A % and o (z) means o(z,) for the unique place v|oco which is induced
by ¢ on K.)

Claim: ex(Og) C pruw(r)r:x](C)-

Fix an embedding j : L — C and for 7 € G let m; = nj; k. In particular,
my +mr. = w for all 7. It will suffice to show that [[_7(—)™" acts trivially
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on (OF )tor— free- For, this group contains (O )ior— free as subgroup and on
it, § [, 7(—)™ = [, o(—)l5)

By the unit theorem, (O] )tor— free — Map(Ss, R)o as G-module, where
Soo is the set of archimedean places of L and the subscript “0” denotes
the subspace of f : Soo — R with >, f(v) = 0. As G acts transitively
on S with stabiliser (¢}, Map(Se, R)o = R[G/(c)]o as RG-module, where
the subscript “0” now refers to » /(. Agg With 3 ¢y Ag = 0 (ie., the
augmentation ideal). It will suffice to show that for 7 € G/{c), the action
of ) am,7(—) on v € R[G/(c)] is independent of 7. Indeed,

ZmTﬂ?: Z (m,7 4+ (w —m;)Tc)v = w Z TV =w Z T

TeG T7€G/{c) Te€G/{c) T7€G/{c)

is independent of ¥. This proves the claim.

So far, the argument only depended on K being a CM field. Note now
that in our situation (K being quartic totally complex CM with dihedral
Galois group), L does not have any abelian totally complex CM subfields.
Thus w(L) = 2 and by the claim ex(O%) C pa(C).

Choose now distinct rational primes ¢; 1 2p (1 < i < ¢, any t > 3) that
stay inert in K (equivalently, Frob,, € G has order 4). This can be achieved
by the Cebotarev density theorem. Denote by g; the prime of K lying above
qi-

If @« =1 (mod [[g;) then in particular e (o) = 1 (mod ¢q1) (in the
subring Z C C). But ex(a) € us(C) by above and hence it is 1 (as ¢; odd).
Therefore €| oy can be written as

elox : Ok = (Ox/ [Ja)* A,

where 6 is not uniquely determined! Letting A be the image of Oy in
(Or/I1ai)*, we see that 6 is determined by €5, on A but nowhere else (the
characters of (Og/[]q:)*/A separate points).

Let B, be the p-Sylow subgroup of (O /[[qi)*. Observe that

t

[Tk /a))% " ¢ A-B,.

i=1

This is because the size of the 2-torsion on the left-hand side is exactly
2t > 8, whereas on the right it is bounded above by 4 due to the unit
theorem. Therefore we can assume, without loss of generality, that 6 is non-
trivial on H;Zl((OK/qi)X)q?_l while being of order prime to p (simply first
extend the given map on A to A - B, by making it trivial on B,).

Let f = [[q; and ¢; = 6! (if necessary, some of the g;’s need to be removed
from f to make ¢ primitive). Writing € = [] €5, (with the obvious meaning),
we see that €;, has order not dividing q? — 1 for some i. By permuting the
i, let us assume that this happens when ¢ = 1 and set q = q1, ¢ = q1.



58 FLORIAN HERZIG

By construction, €jeq is trivial on OF. Now e can be defined by ([I3:2)
on the finite index subgroup of IE( generated by (z) with z € K* prime

to f and extended arbitrarily to IIX. The above sublemma yields a Hecke
character x over K; we record here some of its properties:

o Xoo() = [z T], o (x) ™",
o x has conductor []g; (prime to p),

(13.3) o Xq\olx{q has order dividing ¢* — 1 but not dividing ¢ — 1,

o X(Ilpoo Of,) has order prime to p.

By [AC89|, §II1.6 we can consider the automorphic induction 7 = Ind(% X,
which is obtained in two stages: first inducing along the cyclic extension
K/Kt: I = Ind%jL X; then inducing along the cyclic extension K /Q:
™= Ind% + 1L

Suppose now that the n, above are a permutation of {a, b, ¢, d} (note that
there are only 8 possible choices due to the restriction ny +ny,. = w Vo made
above).

Claim: 7 is a cuspidal automorphic representation of GL4(Ag) of conduc-
tor prime to p to which prop. [[33] applies with (c1, 2, ¢3,¢4) = (a, b, ¢, d).

Note the following facts about Arthur-Clozel’s cyclic automorphic induc-
tions: (i) they construct them using cyclic base change (JAC89], thm. I11.6.2),
(ii) global cyclic base change is compatible with local base change at all
(finite or infinite) places (see [AC89], thm. IIL.5.1), (iii) local cyclic base
change is compatible with restriction under the Local Langlands Correspon-
dence (see [AC89|, p. 71 in the archimedean case and [HT01], thm. VIL.2.6
in the non-archimedean case).

As x 2 x° (look at the either of the infinite components), II is cuspidal
and is determined by

BCK T2 x @ X,

where BC denotes base change (JAC89], bottom of p. 216). In particular,
under the Local Langlands Correspondence the infinite components of 11
correspond to the representations sending

2 |z diag(z7%2~%, 2792 %), resp.
2 |22 diag(z7%27¢,27¢27?),
for z € W = C*. Repeating the argument shows that 7 is cuspidal and
that under the Local Langlands Correspondence 7, corresponds to a rep-
resentation sending

2z |z diag(z7%27%, 27927, 27027¢, 27z 7Y)
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for z € Wg. As a # d and b # ¢, by the classification of representations of
Wr (see e.g. [Tat79], (2.2.2)), this representation is the direct sum of

3 Z*(lg*d
2 a -

i (e )

and the same with (a, d) replaced by (b, c). This shows that (c1,c2,c3,c4) =
(a,b,c,d) in the notation of prop. 133l

Let S be the set of primes [ that either ramify in K or divide a prime
where y is ramified. For | € S, m; is an unramified principal series which
corresponds to

(13.4) o1 = @ Indyy! xa
Al

under the Local Langlands Correspondence (see [AC89], p. 214f). In partic-
ular, the conductor N of 7 is prime to p.

Let ¥ = Indy, 2 y. Since

S, 2 P (ln)?
imod 4
Y is irreducible (this uses (I3.3])). The previous paragraph shows that ¥, and
my correspond to each other under the unramified Langlands Correspondence
for almost all places v. Therefore we can use corollary 4.5 of [Hen86] to see
that at all finite places v, the L-factors (and even the e-factors) of ¥, and
m, agree. In particular, 3 and 7 are ramified at the same set of finite places
(namely those finite primes at which the L-factor has degree less than 4;
for 7 this characterisation follows from [Jac79], §3). It follows that S is
precisely the set of prime divisors of V.
This establishes the claim. We get, for e as in the sublemma, an #;(V)-
equivariant injection

(13.5) (7)1 (N) — JHE(Dy(N), )

with r of highest weight (a — 3,b —2,¢ — 1,d).
For I { N, let t;; (1 < j < 4) denote the eigenvalues of o;(Frob;). It is

!
a standard (and easy) fact that [G(Zﬂ( )G(ZZ)] (¢ times [) has eigen-
1

value s;(t;1, ... )I"=/2 on 7rlG(Zl)

l
metric function. Therefore [U; (N )( '

, where s; denotes the i-th elementary sym-

> U1(N)] has the same eigenvalue
1/1

on (7)V1(N) " Since this Hecke operator corresponds to T, € Hi(N), equa-
tion (I3.5) gives a Hecke eigenclass in H¢(I'1(N),r) whose T ;-eigenvalue
is si(t1,...) - 1{4=9/2 (vl N, Vi). Equivalently, there is an eigenclass in
He¢(T'1(N),r®c, Q,) with T} ;-eigenvalue ¢(s;(t1,1, - . . ) JHASD2) (YIE N, V).
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Claim: There is a Hecke eigenclass in H(I'1 (), F'(X)) with T ;-eigenvalue
L(Si(tlyl, A ) : li(4_i)/2)
(VI t Np, Vi) for some Jordan-Holder constituent F'(\) of W(a—3,b—2,¢c—
Ld) (A€ X(T).).
It is a classical fact that every representation r of the algebraic group
GL,, over C can be defined over Q (e.g., it follows from [FHII1], §15.3; or
see [Jan03] 11.2.7, I1.5.6, I1.5.10 in the much more general context of con-

nected, split reductive groups over a field of characteristic zero). By [Jan03]
1.10.4 it has a model M even over Z, (a representation of the reductive

group scheme GL,, /Z(p))~ Let M denote its reduction modulo p, a represen-
tation of GL,, over F,. By [Jan03] 1.2.11(3) (or I1.1.1(2) over Z), M has a
weight space decomposition which has to be compatible with that of » and
M so that each weight occurs with the same multiplicity in each of r, M,
M.

By [SerTl], §2.4, thm. 4, I';(N) is of type (WFL). In particular, for any
noetherian ring A, H¢(I'y(N), P) is a finite A-module whenever P is a finite
A-module with commuting I'; (N)-action (see [Ser71], rk. on p. 101).

Consider now only the Hecke operators 7;; with [ t Np. For any Lp)-
algebra R, let rp = M ©gz, R. Note that r7 is a G Ly (Zp))-invariant

Zp—lattice in g, =r®c, Qp Since
He(rl(N)v T@p) = He(rl(N)7 r@p) ®@p @p

(Hecke equivariantly) and this space is finite-dimensional over @p, the si-
multaneous generalised eigenspaces for 7;; with [ { Np can be defined over
some finite extension £/Q,. Thus the above set of Hecke eigenvalues also
occurs in H¢(I'1(N), rg). Consider the following Hecke equivariant map:

He(rl(N)yr(’)E)tor—f’/‘ee — He(rl(N)7TE)'

The image of the map is a lattice in H¢(I';(NV), rg); this follows by looking
at the long exact sequence associated to 0 — rp, — rg — rg/ro, — 0. By
scaling the Hecke eigenclass in H¢(I'1(N), rg), we may assume it lies in this
sublattice and has non-zero reduction in H¢(I't(N), 70, )tor— free ®0p KE-
Consider the Hecke equivariant map:

HB(F1<N)771(9E) ®0E kE - HC(FI(N)yr(’)E)torffree ®OE kE

By the Ash-Stevens lifting lemma ([AS86], prop. 1.2.2), by enlarging E if
necessary, we can lift the system of Hecke eigenvalues to H¢(I'1(N), 70, )®0
kg. That is, there is an eigenclass in it with the same system of Hecke
eigenvalues, although this eigenclass does not necessarily lift the eigenclass
we had in H(T'1(N), 70, )tor— free @0y kE-

Finally, the long exact sequence associated to 0 — rp, — ro, — i, — 0
yields a Hecke equivariant injection

HY(T'1(N),r05) ®0g kg — H(L'1(N),rky) — H(T'1(N),rg).
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Thus there is an eigenclass in H¢(I'; (IV), ’I“Fp) with T} ;-eigenvalue ¢(s;(t;1, -
(VI1 N, Yi).

Note that the G L4-representations R, = M ®@p,Fp and W(a—3,b—2,c—
1,d) have the same formal character: by above, M has the same formal
character as r, and both » and W (a—3,b—2,c—1,d) have formal character

given by the Weyl character formula for the highest weight (a —3,b—2,¢ —
1,d) ([Jan03] I1.5.10). Now by [Jan03] I1.2.7 and IL.5.8, rg, and W(a—3,b—

2,c—1,d) have isomorphic semisimplifications (as G Ls-modules). Using the
Ash-Stevens lifting lemma ([AS86], prop. 1.2.2), the same system of Hecke
eigenvalues obtained in He(Fl(N),er) also occurs in H¢(I'1(N), FI(\)) for
some Jordan-Holder constituent F'(A) of W(a—3,b—2,c—1,d) (A € X(T)4).
This establishes the claim.

The Hecke character n = xy \.]3/ 2 is algebraic with algebraic infinity type
Noo(x) = [[o(z)™. Recall the definition of the associated p-adic Galois
character 7(P) (using the global Artin map; see e.g. [HT01], p. 20f):

n® G = KXKL \Ajk —Q,
(13.6) zm@®) [ rlap) o,
m:K—-Q,
Here, the convention is that o(z,) means o(x,) for the unique v|p induced
by o on K. In particular, n®) |GKA = Lxgl under the local Artin map for all
Al 11 Np.
Claim: The Galois representation
p = Indg ()

is attached to the eigenclass in H¢(I'1(N), FI(\)) constructed above. It it
continuous, irreducible, odd and its ramification outside p occurs precisely
at all I| V.

Clearly, p is continuous. By Mackey’s formula, using the local Artin map,

for any prime [,
IO‘]Z = @ @ Indll/\ ([’X)\ |§A)7
Al geCal(K9/Q))

where Kg is the maximal unramified subextension of K /Q;. By Frobenius
reciprocity, I; acts trivially on the direct summand corresponding to the
index (A,g) if and only if Iy = I; and 7x|;, = 1. Thus the claim about
ramification outside p follows from (I3.3]) and the fact that S is the set of
primes dividing N. Specialising now to [ = ¢ we even get:

p|Iq = @ (Wq|lq)_qz'
imod 4

Note that even 7x,|s, has order not dividing ¢*> — 1, by (I3.3). Hence p]GQq
is irreducible; a fortiori, so is p.

.. ) . li(4—i)/2)
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For [ 1 Np,
~ Go, ()
Plag, = D mdg,! (1Pley,).
Al
We know by above that this is unramified. Using an explicit basis, we see
that p(Frob;) has characteristic polynomial

X[K)JQZ] — m

on the A-direct summand. A similar consideration applied to o; in (I3.4)
shows that the eigenvalues of p(Frob;) are L(tl_jll—3/ 2) (recall that the t; ; are

the eigenvalues of o;(Frob;) and that 77(1))|GKA = L(X;1].|§’\/ 2)) Incidentally,
p(Frob;) is not semisimple in case p|[K) : Q.

By the following simple computation, and the fact that S is the set of
prime divisors of IV, we see that p is attached to the eigenclass constructed
above: for all [t Np,

4 4
S D ) X = [0 (B - X).
i=0 j=1

Finally, note that
~ Gr 1y ) P2
plo = (IndE (1))
which has eigenvalues 1 and —1 twice each on complex conjugation. Thus

p is odd and the claim is established.
To determine p|;,, note that

pl, %@ @ Wﬁz

plp imod fy

where f, is the inertial degree. Also, as x is unramified at all p[p we get

from (I34),

n® :x, — H T(xp) M)
T:Kﬁ@p

for zp € [y, le(p. Fix for each p an embedding 7, : K — @, which induces
the place p on K and denote by ¢ : Q)" — Q)" the arithmetic Frobenius.
Recall that the composite I, — (’)IX<lg — k:pX, where the first map is induced
by local class field theory and the second is z, — Iy, is the fundamental
tame character 6, of level f, (see [Ser72|, prop. 3 with L = K; in Serre’s
notation; notice the different sign convention for the local Artin map). We
get, _
for z,, € le(p.

Now we let the n, vary through the 8 allowed permutations of {a, b, c,d}
(recall that ny +nge = w Vo has to hold). To see which p|;, can be obtained
for a fixed conjugacy class of Frob, € G, it thus only matters how complex
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conjugation acts on the set of p|p, and what f, is in each case. In the
notation of lemma [I3.7(iv) we can obtain all of the following;:

wa
W e in case (a),
w

a+pd
WZ *kk 3
bt pe in case (b),
Wy
kok

wg+pb w¢21+PC
ok kok :
1m case (C
w;+pd ) wl21+pd ( )7
kok Kk
wt21+pd wgﬂw
Kk *k i
b , a in case (d),
w* w
wa+pb+p2d+p3c wa+p0+p2d+p3b
4 4 .
*ok s *k 1n case (e)
*x *k
ok Kk

as claimed.
O

Theorem 13.9. Generically, proposition[I3.8 is compatible with the conjec-
ture. That is, suppose given v = (a,b,c,d) — p with a+d = b+ ¢ sufficiently
deep in a restricted alcove C' for GLy (in particular, a > b > ¢ > d). Then
whenever prop. produces a Hecke eigenclass in

@  HTUN)F)

e>0

FeJH(W (v))

with attached Galois representation p, p|r, is actually predicted by the con-
jecture for some F € JH(W (v)).

Assume moreover that the conjecture correctly predicts tame p|g, for all
weights in all alcoves strictly below C, at least for all §-deep weights, some
0 >0. Say

JHW(v)) = {F()} U {Fy :a € I},
where all Fy, lie in alcoves strictly below C'. Then in the above situation if Fy,
does not predict p|r, for any a and v lies sufficiently deep in C, we obtain
evidence for F(v) predicting p|,. This happens for a certain proportion of
the predicted tame p|1,; see table 1.

Remark 13.10. We hope to verify that prop. is compatible with the
conjecture in every case. We have so far done this in the case of niveau 1
and assuming that all constituents of W(u — p) are reqular Serre weights.

Proof. Note first that, in the notation of prop. [@.3] all tame inertial Galois
representations produced by prop. are of the form p(w, pg).

Suppose first C # C5. Let W = W(u — p) and F = F(u — p). Then
by the proof of prop. [2.12(ii), the predictions for F' are the union of the
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alcove
0 1* 2* 3 4 5
niveau 1 1 % 0 0 % %
niveau (2,2) 1 i 0 0 : :
niveau (2,1,1) | % i 0 0 L &
niveau 4 i & 0 0 £ %
niveau (3,1) 0 0 0 0 0 0

TABLE 1. The proportion of predicted tame p|z, of a given
niveau produced by prop. for all sufficiently deep weights
in a given alcove. The * indicates that this is conditional on
the conjecture being correct in all lower alcoves.

diagonal predictions for all F((v), v € M (u — p). Thus, taking into account
prop. 03] we see that, if all predictions in lower alcoves are correct, F' has
to predict p(w, ug) for all w € W.

Now suppose C = Cs5. As u — p is sufficiently deep inside C5, W has
13 irreducible constituents over GL4(F,), 8 of which are in alcove 0 (use
prop. and the comments after thm. [[0.3] to decompose irreducible G Ly-
representations in alcoves 0/, 0 over GL4(F,)). Let us determine all tame
inertial representations predicted by F' but not by any of the other con-
stituents of W.

The W)-translates of u — p in alcoves 04 have respective highest weights

(b,a—p,d+p,c)—p,
(c+p,a—p,d+p,b—p)—p, (d+2p,a—p,c,b—p)—p,
(c+p,b,d+p,a—2p)—p, (d+2p,b,c,a—2p) — p.

Combining this with prop.[I2.12] we see that the constituents of W in alcoves
1-4 predict precisely all p(w, ;) for w € W, i € {1,4,0',0",5}.

By ([@2), (I03), the GL4-constituent of W in alcove 0/ decomposes into
the following four weights in alcove O:

F((a—p,d+p,c,b—p)+e—p), 1 <i<A4,

Prop. together with the observation of (I2.9) shows that these con-
stituents of W predict precisely all p(w, u;) for w € Wi € {1,3,4,0"}.
Similarly (or by dualising), the constituents of W that arise through al-
cove 0" predict precisely all p(w, p;) for w € W, i € {1,2,4,0'}. The upshot
is, once again, that if all predictions in lower alcoves are correct, F' has to
predict p(w, pp) for all w € W. O
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Proof of lemma[I5.7 (i) Choose o € Gg inducing the non-trivial automor-
phism of K*/Q. Then the compositum L = K - ¢(K) is the normal closure
over K/Q. We are done if K = ¢(K), so assume the contrary. Then the
Galois group is a transitive permutation group on four letters which has a
central element of order 2 (as L is CM). The result follows by considering
the centralisers of a 2-cycle (it is the Klein 4-group) and of a permutation
of cycle type (2,2) (it is dihedral of order 8).

(ii) Such a K contains three quadratic subextensions that are unramified
at p, precisely one of which is totally real; conversely any such K is obtained
as the compositum of two quadratic fields that are unramified at p, precisely
one of which is totally real. It is easy to see that the three cases correspond
respectively to: (a) all three quadratic fields are split at p, (b) only the totally
real quadratic field is split it p, (c) only one of the imaginary quadratic fields
is split at p. The claim is now obvious.

(iii) Here is one way of doing it, obtaining a K which is ramified at at most
two rational primes. A proof as in part (iv) would also work. Suppose first
that p > 2. Using Dirichlet’s theorem on primes in arithmetic progressions,
we find primes [, I’ such that [ =5 (mod 8), I’ =1 (mod 8) and both are
quadratic non-residues mod p. Choose generators w of F;* and w’ of F};. For
any integer a consider the following map

o2 =]z; —z/4
(ng) — log,(7;) + alog,, (7)) mod 4.

Note that ¢(—1) # 0. Thus by “class field theory”, ker ¢ corresponds to
a cyclic degree 4 CM field. The choice of a controls whether it is of type
(a), (b) or (c). For p =2, it is not hard to see that there is unique such K

with (a) K C Q(us17), (b) K € Q(ura7), (¢) K = Q(us). (Explicitly, in
(a), K = Q(y/3(~17 +4V17), and in (b), K = Q(4/7(~17 + 4V/T7).)

(iv) Consider K = Q(V a + bv/d) with integers a, b, d, with normal closure
(over Q) denoted by L. Suppose that a < 0 and that d > 0 and a® — b*d > 0
lie in different (non-trivial) square classes of Q*. In that case K is a quartic
CM field with dihedral Galois group. For, K is a totally complex quadratic
extension of Q(v/d), a totally real quadratic field. Moreover, K/Q is not
Galois, as it would otherwise contain a square root of (a4 bv/d)(a — bvd) =
a® — b%d > 0, which is ruled out by the assumptions.

Note that cases (c¢) and (d) are equivalent, upon interchanging K and
7(K), where 7 is any element in the Galois group of order 4.

First suppose that p is odd. In addition to requiring a < 0, a® — b?d > 0
and d > 1 with d square-free, also impose that:

oca=d=1,b=0 (mod p) and dta in case (a),
o (%) =-1,d=1,b=0 (mod p) and d 1 a in case (b),
o (%) =-1,d=1,b=a—1 (mod p) in case (c),
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o (9) = (M) = —1 and d{a in case (e).

p P
In the first three cases it is easy to choose a, b, d (d could always taken to
be prime, for example). In the fourth case, choose d first with (g) = -1,

(%) =1. Thena=d, b=1 (mod p) will work.

Clearly, the conditions ensure that a? — b>d and d lie in different non-
trivial square classes. The corresponding CM field K is unramified at p,
as d and a® — b?d are prime to p. In the first two cases, LT is split at p,

as (4) = (M) = 1. Moreover Q,(Va + b/d) = Qp in the first, but not

P P
the second, case as the reduction mod p of a 4+ bv/d is a square, resp. a
non-square, in FS. Thus K is as required in the first two cases. In the third

case, KT is split at p whereas the other two quadratic subfields of L are
inert at p, establishing that K is as in (c). The fourth case is similar with
Q(y/d(a? — b%d)) split at p and the other two quadratic subfields of L inert
at p, once we see that the quadratic field just mentioned is indeed the one
fixed by the elements of order 4 in G. As L = Q(a, /) with a = Va + bV/d,
o =+Va—bVd, any element of G is determined by its action on « and «'.
The conjugates of « are S = {+a, +a’}. Given s1, s3 € S, $1 # +59 there is
a 7 € G such that 7(«) = s1 and 7(a’) = s3 (as #G = 8). Thus an element
of order 4 in G is given by 7 with 7(a) = ¢/, 7(¢/) = —a. In particular,
T(\/E) = —+/d and hence 7 fixes aa’V/d, as required.
If p = 2, it is not hard to check that the following work instead:

oca=d=1,b=0 (mod 8), dta in case (a),

oca=5d=1,0=0 (mod 8), dfa in case (b),

o aodd, b=2 (mod 4),d =1 (mod 8) in case (c),

o aodd, b=2 (mod 4),d=5 (mod 8), d{a in case (e),
in addition to requiring a < 0, a®>—b*d > 0 and d > 1 with d square-free. [0

14. WEIGHTS IN SERRE’S CONJECTURE FOR HILBERT MODULAR FORMS

In [BDJ], Buzzard, Diamond and Jarvis formulate a version of Serre’s
conjecture for Hilbert modular forms. Theorem below will show that
their weight conjecture in the tame case is related, via an operation on the
Serre weights analogous to R in section[6], to the decomposition of irreducible
representations of GLa(F) over @, when reduced mod p (where F is a finite
field of characteristic p).

Suppose that K is a totally real number field unramified at p and p :
Gk — GLs(F,) is a (continuous) irreducible, totally odd representation. A
Serre weight in this context is an isomorphism class of irreducible repre-
sentations of GL2(Ok /p) = [, GLa2(kp) over F, where k, is the residue
field of K at p. Any such representation is isomorphic to ®p|p Wy with W,
an irreducible representation of GLa(ky). The weight conjecture in [BD.J]
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defines these components independently of one another in terms of p|z,. Let
us therefore restrict our attention to a single prime dividing p.

Fix an embedding K — @p, determining a place p|p of K. Let I, denote
the corresponding inertia subgroup. Let k; be the quadratic intermediate
field of k, — Fp. Then there are canonical fundamental tame characters
Vi Iy — ky and @' Iy — (ky)*.

Let f = [k : ). For i € Z/f, let \; be the pi~th power of ky — F,
induced by the embedding above and for i € Z/2f let Ay be the p’-th power
of (ky)* — F; induced by the above embedding.

Also let ©; = A\;j ot (resp. ¥y = Ay 09)') be the fundamental tame level f
(resp. 2f) characters of I,.

To describe the set Wge,, of isomorphism classes of irreducible represen-
tations of GLa(ky) over ky (Serre weights at p), note first that theorem
together with remark .7 show that

Wesery = {F(a,b): 0<a—b<pl —1,0<b<p’ —1}.

If we write a — b = Z{:_Ol mip’, b= Zlf:_ol bp' with 0 < m;, b; < p— 1 then
by the Steinberg tensor product theorem (thm. 4.5,

f-1 _
F(a,b) = X) F (b + mi, b;) 7).
=0

Since F'(b; +m;, b;) = Sym" ® det?,
=1
F(a,b) = ®(Symmi kg ® det?) Oyt Kp
i=0
where ¢ is the Frobenius element. This representation will also be denoted
by Fﬁ B

Suppose that p : Gx — GLo(F,) is (continuous) irreducible, totally odd
and assume that it is tame at p. Then we can write p|z, = x1 ® x2. We say

fo
that p|z, is of niveau 1 if x¥ "= 1 (i =1, 2) and of niveau 2 otherwise.
Let us recall the definition of the conjectured set of weights from [BD.J] in
the tame case. If pl, is of niveau 1 then Weonjp(p) consists of all F_ - such
that

m;+1
(14.1) plr, ~ (H‘] vi I ¢mi+1> [T

for some J C Z/f. If p|z, is of niveau 2 then Weonjp(p) consists of all F_. »

m7
such that "
(s b
i ~ (HJ T e )
C i/

for some J C Z/2f projecting bijectively onto Z/f (under the natural map).
Here we are abusing notation: m; = m;med f and b; = b;mod f-
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Associated to each p|;, define a representation Vj(plz,) of GLz2(ky) over
@p. The Teichmiiller lift will again be denoted by ~. For characters y; :

kpX — @; , I(x1,x2) will denote the induction from the Borel subgroup of
upper-triangular matrices to G'La(kp) of x1 ® X2, whereas for a character

X i (kp)* — @; which does not factor through the norm (k;)* — k;‘, the
cuspidal representation ©(x) of GLa(ky) was defined in §2.Tk

Definition 14.1.
() If plz, ~ (H Vi Hlﬁm) [T4;" is of niveau 1,

Volplr,) = I(TT AT TINY) @ [T A
[Tv)"

[1os ™

Valplr,) = O(TTAZ) @ [T A

Note that in (ii), in the products involving v or Ay, i runs over Z/2f,
whereas in the other products i runs through Z/f. In particular, V,(p|z, ®

(ii) If pl1, ~ ( ) [1%;" is of niveau 2,

(x o)) = Vp(pl1,) ® x for any character x : k' — ?;.

A regular Serre weight at p is any Serre weight F_ - with 0 <m; <p—1
for all i. The set of regular Serre weights at p is denoted by W4 . Define
RP : Wreg,p — Wreg,p by

Rp(F(a, ) = F(b+ (0 —2)Lgp',a),
(compare this with (6.I)) on page 24]in the G L3-case).

Theorem 14.2. Suppose that p : G — GLo(F,) is continuous, irreducible,
totally odd, and tame at p.

(1) Weonjip(p) N Wregp = Rp(JH (Vi(pl1,)) N Wregyp)-
(ii) There is a multi-valued function Reztp @ Wserp — Wserp that
extends Ry such that

Wconj,P (P) = Rext,p(‘]H(V;J(p’Ip)»'

The following definition of Ry will be shown to satisfy part (ii) of the
theorem. Suppose F' = F(a,b), 0 < a —b < p/ — 1. Express a — b as
Z{:_OI mip' (0 < m; < p—1). Define a collection S(F) of subsets of Z/f by:
S € S(F) if and only if for all s € S, ms # 0 and there is an ¢ such that
mi=p—1,mig1=--=mg_1=p—2and {i,i+1,...,s—1} NS =2a.
Then Reqip(F') is defined to be

{F(a/,b/):ElSES(F),a/Eb—Zpi, b'Ea—Zpi (mod p/ —1)}.
iZS ics
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In particular, for this choice of Reytyp, if F'is a regular Serre weight then
S(F) = {2} and Ry(F) = Reutp(F) unless F is a twist of F((p—2) " p',0)
in which case Restp(F') contains one more weight.

The proof will require several lemmas, proved below.

Lemma 14.3. Suppose that 0 <m; <p—1 (i € Z/f).
(i) Suppose that p|y, is of niveau 1. Then F 5 is a constituent of Va(plr,)
if and only if

p—1—m;
P|Ip ~ (HJC wz ijplrm) Hl/}zmﬁ_bz

for some J C Z/f.
(ii) Suppose that p|1, is of niveau 2. Then F 5 is a constituent of Vo(pl1,)
if and only if

C@Z)pflin% i+bi
i

for some J C Z/2f projecting bijectively onto Z/ f.

Let me explain the idea of the proof of the theorem. The above lemma is
the key tool that lets us relate the conjectured weight set Weonjp(p) with the

decomposition of V,(p|z,). This works perfectly for regular Serre weights.

In general the problem is that the number of constituents of Vj(p[z,) might

be a lot smaller than #W,on;p(p). This suggests looking for a multi-valued

function extending R. In view of lemma [I4.3] we have to find rules to

convert an expression of the form

(HJ wa (9)
(2

plr, ~

HJC wa(z)) X

for some J C Z/f, 0 < a(i) < p—1 and some character x into an expression

of the form
B(i
P|I ~ (HL wz (l) /3(‘)) X/
7
’ 1z ¥
for some L C Z/f, 1 < B(i) < p and some character x’ in such a way that
the map
(e, x) = (B, X)
does not depend on J and works equally well for the analogous expressions
of niveau 2. The theorem shows, roughly speaking, that there are enough
such rules to explain all of Weonjp(p)-
To make this principle concrete, consider f =3 and & = (0,1,p — 1) and
x = 1. It is very instructive to check that there are such rules giving rise to
the following pairs (8, x):

((pvpvp_2)71)’ ((p72ap_1)7¢;1)’ ((pvpap)ﬂ/};l)'
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For example, here are two instances of the second rule:

U1 Wi 1
i) T gt

(wl,wg,—l 1) N <zp§,¢%, b 1)
Yarl o VavE

In the end, these rules consist of multiple uses of the identity
-1 -1
Wit = PPYP g

when a(i) = -+ = a(j) = 0 (a(i) = 1 is allowed if 1; is itself to be expanded
in this manner!). Of course this works equally well for ¢ ;),. To compare

with the formalism below, let us indicate in each case the corresponding
choice of Z:

and

Pt

&7&7]?_17 &Jrl? p_lv &7L+p_1

Note that the last of these is not covered by the Rz we defined above. In
fact, it is not hard to see that axiom A4 below could be weakened to:

A4’ If an Z-interval is positive, its successor does not lie in any Z-
interval.

This corresponds to removing the condition mg # 0 in the definition of
Reatp above. If we denote this modified version of Reytp by R’emp then it
is clear that any multi-valued function between Reqztp and Ry, , (i-e., such

that there is a containment pointwise) satisfies thm. [[4.2](ii).

ko ok %

For our purposes, an interval in Z/f is any stretch of numbers [i, j] =
{i,i+1,...,7} in Z/f. That is, the start and end points are remembered.
For example, [0,p — 1] # [1,0], even though the underlying sets are the
same. The successor of an interval [, j] is j + 1.

Suppose that « is a function Z/f — {0,1,...,p— 1}, and suppose that Z
a collection of disjoint intervals I in Z/ f, each labelled with a sign (thought
of as pertaining to the entry following that interval). Define the set Liop-1]
to consist of all («,Z) which satisfy the following rules:

A1 For each interval I € Z, o(I) C {0,1}.

A2 Ifi € |Z then a(i) = 1 if and only if 7 is start point of an Z-interval
and i —1¢e|JZ.

A3 Ifi¢|JZ and a(i) =0, theni— 1€ JZ.

A4 If an Z-interval is positive, its successor does not lie in any Z-interval
and has a-value in [0,p — 2].

A5 If an Z-interval is negative, its successor lies in another Z-interval
or has a-value in [2,p — 1].

Note that every function « : Z/f — {0,1,...,p — 1} can be equipped
with intervals and signs satisfying these rules.
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Similarly, suppose that g is a function Z/f — {1,2,...,p}, and suppose
that Z a collection of disjoint intervals in Z/f, each labelled with a sign
(thought of as pertaining to the entry following that interval). Define the
set L[y p) to consist of all (3,Z) which satisfy the following rules:

B1 For each interval I € Z, B(I) C {p — 1,p}.

B2 The set of start points of Z-intervals is 51 (p).

B3 If an Z-interval is positive, its successor does not lie in any Z-interval
and has S-value in [1,p — 1].

B4 If an Z-interval is negative, its successor lies in another Z-interval
or has f-value in [1,p — 2].

Note that every function 8 : Z/f — {1,2,...,p} can be equipped with
intervals and signs satisfying these rules.

To define a map ¢ : Ljg,—1] — L1 ), represent « as the string of numbers
a(0), (1), ..., a(f—1); underline each Z-interval and put the corresponding
sign just after the last entry of the interval. In this way the function ¢ has
the following effect on each interval and its successor (it leaves all other
entries unchanged):

(1),0,...,0,ia,...Hp,pfl,...,pfl,ia:tl,...

...,0,0, 1,0,...—~...,p—1,p—1, p,p—1,...

Lemma 14.4. The map ¢ is well defined and in fact a bijection.

Lemma 14.5. Suppose that o : Z/f — {0,1,...,p—1}. Then the following
are equivalent for a subset S C Z/f:
(i) S € S(F; 1 55 for some &.
(i) S € S(Fy 1_gz) for all 2.
(iii) S is the set of successors of positive intervals in I for some I with
(Oz,I) € ‘C[O,p—l]'

Proof of the theorem. (i) This is a straightforward application of lemmal[l4.3]
First consider the niveau 1 case. Suppose F' € Weopnjp(p) and F' regular.
By twisting, we can assume without loss of generality that F = Fj

(1<b;<p-—1)and

-1,0

b;
v g, )
[Le i
for some J C Z/f. By lemma [I43] the regular Serre weight Fﬁ—T—E,E is a
Reversing the argu-

plr, ~

constituent of V;(pls,). Applying R, produces Fj
ment yields the other inclusion.
The niveau 2 case works exactly the same way.

(ii) Step 1: Show that Rextp(F) C Weonjp(p) if F is a constituent of

Vo(plr,)-
Without loss of generality (twisting p and F') we may assume that F' =

Fa5(0<m; <p-—1). If p[s, has niveau 1, then by lemma [4.3 we can

1o
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write

p—1—m;
(142) p|Ip ~ (HJ wl HJC wgz—l—rm) qu;’nz

for some subset J C Z/f. Definea: Z/f — {0,1,...,p—1},i— p—1—m;.
Given S € S(F), we can by lemma choose a collection Z of signed
intervals such that (a,Z) € Lpp—1) and S is the set of successors of positive
Z-intervals. Let J4 (resp. J_) denote those elements of J that succeed
positive (resp. negative) intervals of Z. Similarly define J§ and J¢. Let
Jo (resp. J§) denote those elements of J (resp. J¢) that do not lie in any
interval of Z. Note that S = J, U J¢. Then

(14.3) plr, ~ <X1 X2> e v
S 7

where
xi=ler " TT ® I1 w@" ] wbern ot
Jy Jo\(JLUJ_) JonJ— JH1ET_UJS
[s,51ex

and y» is obtained by interchanging the roles of J and J¢. Note that each
1); appears with non-zero exponent in precisely one of x1, x2 (the way they
are expressed here); call this non-zero exponent 3(i). It is not hard to see
that ¢(a,Z) = (B,Z). Thus

xi=[T077, xe ="
L Le

for some L C Z/ f and all exponents /3(i) are in [1, p|, so (I43)]) gives rise to a
Serre weight F(A, B) € Weon;p(p) (by (IZ1]). Combining equations (IZ4.2)
and (I4.3]) we find that
—my -3 myp i)—2-15(3))p*
det(ply, - [T ™) = wy =7 = 2 FO-21s@0'
Using this, we easily see that F'(A, B) satisfies

= —Zpi, BEZmipi—Zpi (mod pf —1).
Se S

We are done except for showing that any other weight F(A’, B') satisfying
these congruences is in the conjectured weight set. But these congruences
determine F(A, B) except for the pairs {F(x,z), F(z + pf — 1,2)} and for
all 7, F(z,2) € Weonjp(p) if and only if F(x +p/ — 1,2) € Weonjp(p) (this
follows directly from the definition). Therefore Restp(F) C Weonjp(p)-

If p|1, has niveau 2, then

p—1—m;
O G U

for some J C Z/2f projecting bijectively onto Z/f. The argument is now
formally identical to the niveau 1 case provided we replace each v; by
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and “[i,j] € Z” in the subscript of the right-most product in the expression
for x1 by “[i,j] € Z”, where T is the set of intervals in Z/2f which project
bijectively onto the Z-intervals in Z/ f.

Step 2: Show that all weights F in Weonjp(p) are obtained in this way.
If p|7, has niveau 1, then we can twist by characters and assume without
loss of generality that F' = Fy 15 (1 < B(i) < p) and

B(i)

for some L C Z/f. Define a collection Z of disjoint signed intervals in Z/ f
which is in bijection with 371(p), as follows. Whenever 3(i) = p and i € L
(resp. L¢) choose j such that all numbers in 5([i, j]—{i}) € {p—1}, [;,j] C L
(resp. L°) and j is maximal with respect to these properties (i.e., j cannot
be replaced by j + 1). In that case [, j] is the Z-interval corresponding to
i € B71(p). We let it be negative if and only if 8(j + 1) =por j+1 € L
(resp. L°). Observe that (8,Z) € L)

Let X7, (resp. Xc) be the set of successors of Z-intervals contained in L
(resp. L¢). The notations Lo, L§ have the same meaning as in the previous
part. Note that S =X, N L§U X e N Lo is the set of successors of positive
Z-intervals. We see that

(14.5) plr, ~ <X1 X2> 1;[1/11-

where

a= [T " I &9 I &7 11w

LoNXpe Lo\(ELUELc) LoNnXy, EL\(L[)ULS)

and yo is obtained by interchanging the roles of L and L¢. Every ; occurs
with a non-zero exponent in at most one of xi, x2 (the way they are ex-
pressed here); call this exponent «(i) € {0,1,...,p—1}. By lemmal[l4.3] tak-
ing into account the twist, this decomposition shows that F’ = Fﬁfff FE+TS
is a constituent of V,(p[z,) (here 1g is the characteristic function of .S).

It is not hard to see that ¢~1(3,Z) = (o, ). In particular, by lemma [Z.5]

S € S(F'). Equations (I4.4)), (I4.5) yield
det(plz,) = ¢§(a(i)+2'13(i))Pi _ 1/)02 B

We see that the weight in Reqp(F') corresponding to S € S(F”) is Fz 15
F', and we are done.

If p|1, has niveau 2, the argument is completely analogous (as in Step 1).
O
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Proof of lemma[I.3 (i) First let us show the implication “=". Without
loss of generality,
n;
p‘lr' ~ (H v 1>

for some 0 < n; < p—1. By [Dial, prop. 1.1, the constituents of V,(p|s,) are
the F,  where J C Z/]f and

P ni+5J(i)—1 ifiedJ
T N p—1 - —8s0) itigJ

0 itieJ
dji = N
’ ni+0y(t) ifigJ

where d; is the characteristic function of {i+1 : ¢ € J}. Also, the convention
is that F, 7 = (0)if ¢j; = —1 for some i. Now note that

n;+67(7)
Cwi o ni+05(1)—1 —1
e P ) (s |
z J

JC
Conversely, suppose without loss of generality that p|;, is as in the state-
ment of the lemma with b = 0. Note that whenever m; = p—1 it is irrelevant
whether ¢ € J or not. Thus for all such ¢ we can prescribe whether or not
1 € J. There is a unique way to alter J in this manner such that for all ¢
with m; =p—1,i€ J < i—1 € J (the latter is equivalent to d;(i) = 1).
Note that

Volplr,) = I TN P ) @ [T A [T A ™
Je J 7

IO e [T T
Je J J

12

By our choice of J, all exponents of the first character in the induction are
contained in {0, 1,...,p—1}. It follows from [Dia], prop. 1.1 (using the same
subset J) that F . 5 is a constituent of Vj(plz,), as required.

(ii) This works 7completely analogously, it is only more cumbersome to
write out. Note that we can assume 17 # p — 1 as on the one hand

dim Fy, ¢y =p’ >pl =1 =dimVy(pls,)

and on the other hand p|;, cannot be unramified up to twist (being of
niveau 2). O

Proof of lemma[I7.4. This is straightforward. O

Proof of lemma[I4.5 Note that the first two statements are equivalent, by
the definition of S(F'), to

(') For all s € S,
(a) a(s) £p—1.
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(b) There is an i € Z/ f such that [i,s — 1] NS = @ and a(i) =0,
a(i+1)=--=a(s—1)=1.
We will now show that (i') < (iii).

First suppose that (a,Z) € Ljg,_1) and let S be the set of successors of
positive intervals. Then by property A4 (see p.[), a(s) #p—1if s € S.
Moreover, a(s —1) € {0,1} and s —1 € S (as s — 1 is in an interval). If it is
1, by property A2 the preceding entry lies in a different (negative) interval
and iterating this process gives the desired interval [i, s — 1]. Note that the
process has to stop (i.e., eventually we hit a 0) because s € S cannot itself
lie in an interval (by A4).

Conversely, suppose given S satisfying (i) and (ii). Here is a way to
define Z having S as set of successors of positive intervals and such that
(a,Z) € Ljgp—y) (in fact it is the unique way). It is easier to define (JZ
first: we let i € |JZ if and only if there is a j such that [7,7] C S¢ and
a(j) =0, a(j +1) =--- = (i) = 1 (in particular, this whole interval will
be contained in (JZ). We let i € (JZ be start point of an Z-interval if and
onlyifi—1¢JZori—1¢€|JZ and (i) = 1. We let an Z-interval be
positive if and only if its successor is in S.

It is straightforward to see that (a,Z) € Lig;,—1); by definition S is the
set of successors of positive intervals. O
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