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1. LECTURE 1

1.1. Overview. By class field theory, for F' a global field we have the artin map
FX\AF — I'2b | identifying I'% with the maximal totally disconnected quotient of
F*\A% = GL1(F)\ GL1(Ap). This suggests that one-dimensional representations
of I'p are closely related to GLq(F)\ GL1(Ar). The Langlands conjectures suggest
that n-dimensional representations of I'r are closely related to GL, (F)\ GL,(Ar).
Similarly, generalizing local class field theory, n-dimensional representations of Wg
(or rather Weil-Deligne representations) are closely related to GLy,(F').

To make these ideas precise, we need the notion of automorphic representations
of G in the global case. Here G is a reductive group over a global field F. We
will define a space A(G) of automorphic forms on G, which are certain functions on
G(F)\G(AF). Roughly speaking, an automorphic representation is an irreducible
subquotient representation of the G(Ap)-representation on A(G) given by right
translation. In the local case, the role of automorphic representations is played by
all irreducible (smooth) representations of G(F), for F' a local field. The global and
local theories are related, in a way similar to how global and local class field theories
are related.

The Langlands program concerns, in both the global and local case, how these
representations are related to the Galois side, and how these representations for
different reductive groups G are related with each other. In the global case, these
two questions are referred to as “reciprocity” and “functoriality”.

The following two cases are the neatest to state and have been proven:

Theorem 1.1.1 (Local Langlands Correspondence for GL,,. Laumon—Rapoport—S-
tuhler for positive characteristic, Henniart, Harris—Taylor, and Scholze for character-
istic zero). Let F' be a local field. There is a canonical bijection between isomorphism
classes of irreducible smooth representations of GL,(F') and isomorphism classes of
n-dimensional Frobenius semi-simple Weil-Deligne representations.

Theorem 1.1.2 (Global Langlands Correspondence for GL,, over a function field.
Drinfeld for n = 2, L. Lafforgue for general n). Let F be a global function field.
Let ¢ be a prime unequal to char(F'). There is a canonical bijection between isomor-
phism classes of cuspidal automorphic representations of GL,(Ar) and isomorphism
classes of n-dimensional irreducible Qg-representations of I'p.

The situation becomes much more complicated when F' is a number field, or when
G is a more general reductive group.

e For F'local and G general, one only expects a finite-to-one map from the set
of irreducible G(F)-representations to the set of certain Galois-theoretic data
called L-parameters. When G is a classical group and char(F) = 0, there
have been various classical approaches (including global methods). Recently,
such a map has been constructed unconditionally for all G, by Genestier—
V. Lafforgue for positive characteristic local fields and by Fargues—Scholze
for all local fields (but the latter work only constructs a weakened version,
namely L-parameters are replaced by their semi-simplifications).
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e For F' a global function field and G general, the “automorphic-to-Galois”
direction has been established by V. Lafforgue.

e The remaining case of a number field is perhaps the most profound part of
the Langlands program!

The goal of the course is to discuss the fundamental concepts related
to automorphic representations, state the main conjectures in the Lang-
lands program, and survey the current status of these conjectures, mostly
focusing on characteristic zero local and global fields. We will only consider
the so-called arithmetic or classical Langlands program. The following topics are
important in current research but will not be discussed:

e geometric Langlands in various settings (including the Fargues—Scholze set-
ting, over the Fargues—Fontaine curve).
e mod p or p-adic local Langlands.

The main reference for the course is [1]. Another useful source is [3].

1.2. Linear algebraic groups. We formally develop the theory only over charac-
teristic zero, and occasionally comment on some subtleties over positive character-
istic.

Let k be a field of characteristic zero. A linear algebraic group over k is an affine
k-variety G (i.e. an affine scheme of finite type over k which is geometrically reduced)
equipped with morphisms m : G x; G — G, e : Speck — G, i : G — G satisfying
the usual axioms for the multiplication, identity, and inversion in a group. For any
k-algebra R, the set G(R) is a group under these operations, and this defines a
functor from k-algebras to groups.

Remark 1.2.1. In fact, over k£ of characteristic zero, every affine scheme of finite
type equipped with a group structure is automatically geometrically reduced, thus a
linear algebraic group. It is also automatically smooth. Over arbitrary k, geometric
reducedness is an important axiom in the theory of linear algebraic groups, and it
implies smoothness.

Example 1.2.2. G = GL,, = {(gi;,t) € AP | det(gsj) -t = 1}. We write G, for
GL1, so G, (R) = (R, ).

Example 1.2.3. G =G, = A!, G(R) = (R, +).

Example 1.2.4. If [/k is a finite extension and G is a linear algebraic group over
[, then there is a linear algebraic group Res;/, G over [, called the Weil restriction
of scalars of G, characterized by (Res;/, G)(R) = G(R ®y, 1) for any k-algebra R.

In the sequel, by a subgroup we always mean a closed subvariety (re-
quired to be geometrically reduced) which is also a subgroup.

By a finite dimensional linear representation of G' (or simply a representation of
G), we mean a homomorphism ¢ : G — GL(V) = GL,, for some finite dimensional
k-vector space V. It is called faithful if ¢ is a closed immersion.

Fact 1.2.5. Any linear algebraic group G admits a faithful representation, i.e., it
can be realized as a subgroup of GL,, for some n.
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The tangent space of G at the neutral element e has the structure of a Lie algebra
over k of dimension equal to dim G. Denote it by Lie G. The construction G — Lie G
is functorial. Moreover, it induces an injection (but not bijection) from the set of
connected subgroups of G to the set of Lie subalgebras of LieG. See [2] §IL.3,
especially Prop. 3.22, for a discussion.

There is a natural adjoint representation G — GL(Lie G).

Let ¢ : G — H be a homomorphism of linear algebraic groups. Then there
is a normal subgroup K = ker(¢) of G such that K(R) is the kernel of ¢(R) :
G(R) — H(R) for any k-algebra R. However, even if ¢ is surjective (equivalently
(k) : G(k) — H(k) is surjective), it does not follow that ¢(k) : G(k) — H(k) is
surjective.

For any normal subgroup N of G (where normal means that N(R) is normal
in G(R) for all k-algebras R), one can form the quotient group G/N such that
G — G/N is surjective with kernel N. For instance, the center Zg of G is a normal
subgroup, characterized as the unique subgroup such that Zg(k) is the center of
G(k). The quotient G /Zg is denoted by G, called the adjoint group. For another
example, the neutral connected component G° is always a normal subgroup, and

G/GY is denoted by mo(G).
1.3. Solvable and unipotent groups.

Definition 1.3.1. Let G be a linear algebraic group. The derived subgroup Gge, is
the intersection of the kernels of all homomorphisms from G to commutative linear
algebraic groups. (In fact G/Gger is a commutative linear algebraic group.) We say
G is solvable, if taking successive derived subgroups of G leads to the trivial group
after finitely many steps.

Let G be a linear algebraic group and g € G(k). There is a canonical de-
composition ¢ = su = us with s,u € G(k) such that under every representation
¢ : G — GL,, (defined over k), ¢(s) is semi-simple and ¢(u) is unipotent (meaning
that ¢(u) — I, is a nilpotent matrix). This is called the Jordan decomposition. If

g = s then we call g semi-simple, and if g = u then we call g unipotent.

Definition 1.3.2. A linear algebraic group G is called unipotent if every element
of G(k) is unipotent.

Fact 1.3.3. Let U, be the subgroup of GL,, consisting of upper triangular matrices
with 1’s on the diagonal. Then a linear algebraic group is unipotent if and only if it
is isomorphic (over k or over k) to a subgroup of U, for some n. Note that U, is
solvable, so every unipotent group is solvable.

1.4. Reductive groups. Let G be a connected linear algebraic group. Suppose &
is a property of subgroups of GG, such as being normal in G or being solvable. Then
by dimension considerations we know that every subgroup satisfying & is contained
in a maximal subgroup satisfying &, and contains a minimal subgroup satisfying

2.

Definition-Proposition 1.4.1. There is a unique maximal subgroup of G which is
normal, connected, and solvable (resp. unipotent), called the radical (resp. unipotent
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radical), denoted by R(G) (resp. R,(G)). We call G semi-simple (resp. reductive)
if R(G) =1 (resp. Ry(G) = 1).

We have R, (G) C R(G), so semi-simple implies reductive. We have R, (G); =
R, (G%) (which is not true for non-perfect k), so G is reductive if and only if Gy, is
reductive. (Over positive characteristic, R, (G)z can be smaller than R,(G%). One
defines G to be reductive if and only if R,(Gg) = 1.)

Fact 1.4.2. If G is reductive, then R(G) = Z(GQ)°.

Theorem 1.4.3. Let G be a connected linear algebraic group. Then G is reductive
if and only if every (equivalently, one faithful) finite dimensional representation of
G is semi-simple. (Warning: not true over positive characteristic.)

Theorem 1.4.4 (See (2, I1.4.1, 4.2]). Let G be a connected linear algebraic group.
Then G is semi-simple if and only if Lie G is a semi-simple Lie algebra. (Not true
for “semi-simple” replaced by “reductive”.)

Example 1.4.5. Examples of reductive groups: GL,,, SL,,, PGL,, = GL& Sp(V,v) =
Spy, for a symplectic space (V) over k, SO(V, 1) for a quadratic space (V,v) over
k, U(V,4) for a hermitian space (V) over a quadratic extension {/k.

For any (finite dimensional) simple algebra D over k, we also have a reductive

group G such that G(R) = (D ®; R)*. One often denotes G by D*. Note that if
[ is the center of D (thus [ is a finite degree field extension of k) and dim; D = n?,
then

Devk= ] Deek=]] M),

oc€Homy (1,k)
and so Gf = [[, GLj,.

Example 1.4.6. The Weil restriction of scalars of a reductive group is again reduc-
tive.

Example 1.4.7. Let B,, be the subgroup of GL,, consisting of upper triangular
matrices. Then R,(B,) = R,(U,) = U,, and so B,, and U,, are not reductive if
n > 1.

1.5. Tori.

Definition 1.5.1. A linear algebraic group 7' is called a torus, if T = G . for
some n. If we have T'= G}, for some n, then we say 7T is a split torus.

Example 1.5.2. Every torus is reductive.
Definition 1.5.3. For a linear algebraic group G, define the sets
X*(G) = Hom(G,G,,), X«(G)=Hom(G,,,G).

(Here the base field k is implicit, and we only consider k-homomorphisms.) The
first is always a Z-module, and the second is a Z-module if G is commutative.

Note that X*(G}) is a discrete Z[I'y]-module, and X*(Gg)' * = X*(G).
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Fact 1.5.4. The functor T — X*(1}) is an anti-equivalence from the category of
tori over k to the category of discrete Z[I'y]-modules which are finite free over Z.
The dimension of T is equal to the Z-rank of X*(1%). We have T is split if and
only if the T'g-action on X*(1T%) is trivial.

By the last assertion, we see that every torus over k splits over a finite extension
of k.

Example 1.5.5. Let [/k be a finite extension. Then T' = [* is a reductive group,
since Ty = GLEH (see Example 1.4.5). The I';-module X*(7%) is identified with

r
Ind{f} Z.

Fact 1.5.6. All maximal split tori in a connected linear algebraic group G are con-
Jugate by elements of G(F).

In particular, they are all isomorphic to Gj,, for a common r. We call r the rank
of G.

Fact 1.5.7. For each mazimal torus T in a connected linear algebraic group G, T},
is a mazximal torus in Gy,.

In other words, the maximal tori in G are exactly those maximal tori in G5 which
are “defined over k”. In particular, they all have the same dimension equal to the
rank of Gy, (called the absolute rank of G). However, the maximal tori in G' need
not be isomorphic to each other, as shown by the following example.

Example 1.5.8. In GL,,, the diagonal subgroup is a maximal torus and it is split.
For any degree n field extension [/k, we have a torus {* (see Example 1.5.5) and a
faithful representation ¢ : I* — GL, by considering the multiplication action of {*
on [ = k™. The image T of ¢ is also a maximal torus in GL,, since it has dimension

n equal to the rank of GL,,, but it is not split.

2. LECTURE 2

2.1. The Weyl group.

Definition 2.1.1. Let G be a reductive group over k and T" C G a torus. Define
the Weyl group W(G,T) = Ng(T)/Cq(T). Here Ng(T) and Cq(T') are the nor-
malizer and centralizer of T in G, characterized as the unique subgroups of G such

that Ng(T)(k) and Cq(T)(k) are the normalizer and centralizer of T'(k) in G(k)
respectively.

Fact 2.1.2. A torus T C G is mazimal if and only if Cq(T) = T. (Clearly we
always have T C T' C C(T) for any mazimal torus T' containing T'.)

Remark 2.1.3. The above fact crucially depends on that G is reductive. For
instance, G = G,, x G, is not reductive, as its unipotent radical is 1 x G,. Then
T = G, x 1 is the unique maximal torus in G, but Cg(T') = G.
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Fact 2.1.4. The group W(G,T) is finite étale. If T' is a maximal split torus, then
W(G,T) is constant, in the sense that there exists an abstract group I' such that
for any k-algebra R we have W(G,T)(R) = the group of locally constant func-
tions Spec R — T' (with the group structure given by I'). Thus T' = W(G,T)(k) =
W(G,T)(k). Moreover, in this case we have W(G,T)(k) = Ng(T)(k)/Cq(T)(k).
(In general, the surjection Ng(T) — W(G,T) may not induce a surjection on k-
points.) In this case we identify W(G,T) with the abstract group W(G,T)(k).

For T' a maximal split torus, we have a natural action of W(G,T)(k) on T,
i.e. a homomorphism of abstract groups W(G,T)(k) — Auty(T). In particular,
W (G, T)(k) also acts on X*(T") and X, (T).

2.2. Root data, split case.

Definition 2.2.1. A reductive group G over k is called split, if it contains a maximal
torus which is split (equivalently, every maximal split torus is a maximal torus, and
equivalently, there exists a split maximal torus).

Example 2.2.2. The groups GLy,, SLy,, PGLy, Spy, are split. For a simple k-algebra
D, the group D* is split if and only if D = M, (k), in which case D* = GL,,.

Let G be a split reductive group over k, and let 7" be a maximal split torus. Thus
T is a split maximal torus. Since T' = G}, any representation of 7" decomposes
into a direct sum of one-dimensional representations, i.e., a direct sum of characters
in X*(T) = Hom(T,G,,). Consider the adjoint representation G — GL(Lie Q)

restricted to T'.

Definition 2.2.3. The non-trivial characters in X*(7") that appear in the T-representation
Lie G are called roots. The set of them is denoted by ® = ®(G,T) C X*(T) — {0}.

Note that the trivial character 0 € X*(T'), namely T — G™, z — 1, also appears,
since T acts trivially on LieT C LieG. In fact, LieT is precisely the eigenspace for
the trivial character. Thus we have

g=LieG =LieT ® P ga
acd

where g, is the eigenspace corresponding to «, on which T" acts via o : T' — Gy, It
turns out that each g, has dimension 1, i.e., every non-trivial character of T" appears
in g with multiplicity at most 1.

The pair (V = X*(T) ®z R,® C V) is a root system. Recall that this means,
among other things, that there exists a Euclidean space structure (-,-) on V' such
that for each a € ®, the reflection along «

(z, @)

Sa:VoaVrer—zr—2
(a,a)

(which is the unique linear map sending « to —« and fixing the orthogonal com-
plement of «) stabilizes the set ®. The Euclidean structure is not canonical, but
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there is a canonical way to define s, : V. — V as follows. It even comes from an
automorphism s, : X*(T) — X*(T). Let

Go = Ca(ker(a)).

This is a reductive subgroup of G containing 7', and 7" is a maximal torus in G, (so
G, is split). We have W (G, T) = Z/2Z, and the action of the non-trivial element
on X*(T) is our desired s,. Clearly s = 1.

Fact 2.2.4. The action map W(G,T) — Aut(T) = Aut(X*(T)) is injective, and
its image 1s generated by so, 0 € P.

Since T is split, there is perfect pairing (,) : X*(T) x X«(T) — Z, sending (A, p)
to the integer n such that the homomorphism Ao pu: G, — Gy, is z — 2"

Definition-Proposition 2.2.5. For each a € ®, there exists a unique element
aV € X, (T) — {0} such that

sa(z) =2 — (r,0"), Vz € X*(T).

This is called the coroot corresponding to a. The set of coroots is denoted by
dV = ®V(G, T), and the map a — oV is a bijection & — ®V.

Fact 2.2.6. The quadruple (X,®,Y,®") = (X*(T),®(G,T), X.(T),®"V(G,T)), to-
gether with the perfect pairing X xY — Z and the bijection ® — &V, a — aV, is
a root datum, characterized by the following axioms:

e For each a € ®, we have (o, ") = 2.
e For each a € ®, define sq : X — X,z — = — (r,a ), and sov : Y —
Y,y —y—(a,y)a". Then

54(®) C @, s,v(PY) C DY,
(Note that s, and s,v are involutions, so we have equalities.)

Moreover, this root datum is reduced, in the sense that for each o € ® the only
multiples of o in ® are £a. (Note that —a = sq(a) € ©.)

We write ¥(G,T') for the root datum arising from (G,T). Since W(G,T) is
identified with the subgroup of Aut(X*(T')) generated by the s,’s, it is completely
determined by ¥(G,T) in a combinatorial way. For fixed G, the different choices of

T are conjugate by G(k), and so the isomorphism class of ¥(G,T') depends only on
G.

Theorem 2.2.7 (Chevalley, Demazur). We have a bijection from the set of isomor-
phism classes of split reductive groups over k to the set of isomorphism classes of
reduced root data. (Note that the latter set does not depend on k.)

Remark 2.2.8. One can ask whether there is an equivalence of categories from
pairs (G, T) to reduced root data. This cannot be done a naive way. Firstly, the
natural map Aut(G,T) — Aut(¥(G,T))° is not an isomorphism. It is surjective,
and the kernel consists of those automorphisms of G induced by conjugation by
elements of (T'/Zg)(k). Secondly, it is not easy to capture all homomorphisms
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(G,T) — (G',T') by the root data, although one can (partially) capture central
isogenies (G,T) — (G',T"), i.e., surjective homomorphisms with finite kernels, by
certain morphisms between root data.

Example 2.2.9. Consider G = GL,,. It is split, and a maximal split torus is given

by the diagonal subgroup 7' = {("*.)}. We have X*(T) = Z" = @', Ze;, where

t1
e T — Gy, — ;.
tn
Also X*(T) =2 Z"™ = @], Ze;, where
1
ef Gy — T, zr~ z (i-th)

The pairing (-,-) : X*(T) x X«(T) — Z is given by (ej,ef) = d;;. We have g =
Lie G = M, (k), and the adjoint action of G on g is given by the usual conjugation
action. (More generally, for any linear algebraic group G, the adjoint representation
of G on Lie G can be deduced from this case by embedding G into some GL,,.) The
roots are
B(G,T) = {ei ;| i # 4.

The coroot corresponding to o = e; —e; is oV = eiv — ejv». The reflection s, permutes
the ey’s by the transposition (ij) € S,,. The Weyl group is identified with S,,.

2.3. Borel subgroups and quasi-splitness. Let G be a non-trivial reductive
group over k.

Definition 2.3.1. A maximal connected solvable subgroup of G, is called a Borel
subgroup. A subgroup of G is called Borel, if its base change to k is a Borel subgroup
of GE

For dimension reasons, Gy always contains a Borel subgroup B, and B C G},
since B = R, B is not reductive. In fact, we also always have B # 1. However, a
Borel subgroup of G5, may not be defined over k, so G may not contain any Borel
subgroup.

Definition 2.3.2. If a Borel subgroup of GG exists, then we call G quasi-split.

Over k, or more generally in the split case, Borel subgroups are classified as
follows.

Fact 2.3.3. If G is split then it is quasi-split. In this case every Borel subgroup
contains a maximal split torus in G, and conversely for every mazximal split torus
T in G, the set of Borel subgroups B of G containing T is non-empty and a torsor
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under W (G, T). This set is in bijection with the set of choices of positive roots in
O(G,T). (A choice of positive roots is a subset ®T C ® such that ® = ¢+ 1 —dT
and such that Vo, 3 € ®T,a+ B € ® = a+ B € ®T.) The bijection {B} + {®*}
1s characterized by

LieB=LieT & P go.

acdt

Fact 2.3.4. The reductive group G is quasi-split if and only if for one (hence any)
mazximal split torus S, C(S) is a mazimal torus (or equivalently, a torus). Assume
this is the case. We call Ci(S) a Cartan torus. Every Borel subgroup of G contains a
Cartan torus. Conversely, given a Cartan torus T' = Cg(S), a Borel subgroup of G,
containing Ty, is defined over k if and only if the corresponding set of positive roots
O+ C ®(Gy, ;) is stable under the Ty-action on X*(T}). This condition is always
satisfied by some ®T. Thus the (non-empty) set of Borel subgroups of G containing
T is in bijection with the set of I'p-stable sets of positive roots in ®(Gg, T%).

Example 2.3.5. If G is split, then every maximal split torus S is a maximal torus,
and hence Cg(S) = S. Therefore G is quasi-split. In general, a maximal split torus
S is always contained in a maximal torus 7', and hence C;(S) D T. Thus asking
Cc(S) is a maximal torus amounts to asking that “S is not too small”.

Example 2.3.6. Let G = GL,, and T be the diagonal torus. Then T is a split
maximal torus. The I'y-action on X*(T}) is trivial, so the Borel subgroups con-
taining T correspond to choices of positive roots in ®(G,T'). One such choice is
@t = {e; —e; | i < j}. The corresponding Borel subgroup is the upper triangular
subgroup B,,.

By a based root datum, we mean a root datum together with a choice of positive
roots. By a I'p-action on a based root datum, we mean a continuous action on the
root datum stabilizing the set of positive roots.

Theorem 2.3.7. The isomorphism classes of quasi-split reductive groups over k are
in bijection with the isomorphism classes of reduced based root data with I'-action.

Quasi-split reductive groups play a special role in the classification of all reductive
groups, by the following fact.

Fact 2.3.8. For any reductive group G over k, there is a quasi-split reductive group
G* over k which is an inner form of G, i.e., there is an isomorphism ¢ : Gy — G%
such that for each o € Ty, the automorphism o(¢~) o : G — Gy, is inner, that is,
of the form Int(g) : x + gxg~" for some g € G(k). For fived G*, the pairs (G, ¢) as
above modulo a suitable equivalence relation are classified by the Galois cohomology
set H'(k, (H*)2d).

Example 2.3.9. Let D be a central simple algebra over k of dimension n?. Then
the reductive group D* over k is an inner form of GL,,.
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3. LECTURE 3
3.1. Parabolic subgroups. Let G be a reductive group over k.

Fact 3.1.1 (Relative root datum). Let S be a mazimal split torus in G and let
My := Cg(S). (Caution: My may not be a torus.) Let ®(G,S) be the non-trivial
characters of S appearing in the S-representation g = Lie G. Then we have

g = Lie My @ @ Jas
ac®(G,S)

where g, s the a-eigenspace (whose dimension may be > 1). The triple (X*(S), ®(G, S), X«(S))
canonically extends to a (possibly non-reduced) root datum (X*(S), ®(G, S), X(S), ®Y(G, S)).

The root datum (X*(S), ®(G, S), X.(S), ®V(G, S)) can be constructed from (G, 1)
where T is a maximal torus in G containing .5, essentially by considering the re-
striction from T to S. Thus it is sometimes called the restricted root datum, or the
relative root datum, for (G, S).

Definition 3.1.2. A subgroup P of G is called parabolic, if P contains a Borel
subgroup of Gy,.

Clearly G is a parabolic subgroup of G, but there may not exist a proper parabolic
subgroup. Since G is noetherian, there exist minimal parabolic subgroups, and every
parabolic subgroup contains a minimal one.

Fact 3.1.3. The minimal parabolic subgroups in G are all conjugate by G(k). Each
of them contains Cg(S) for some mazimal split torus S in G. For a fized S, the
set of minimal parabolic subgroups Py containing My = Cg(S) is in bijection with
the set of choices of positive roots ®+ C ®(G, S). The bijection is characterized by:
Py < ®F if and only if

Lie Py = Lie Mo & P ga.

acdt

From now on we fix Py D My = Cg(S) as above. We call parabolic subgroups
containing Py standard. It follows that every parabolic subgroup is conjugate under
G(k) to a standard one.

Let A be the set of non-decomposable elements of ®* (called simple roots). Then
A is a root basis for ®(G,S), i.e., it is linearly independent in X*(S) and every
element of ®(G,5) is either a Z>¢-linear or Z<p-linear combination of A. In fact,
choosing a set of positive roots is equivalent to choosing a root basis.

Theorem 3.1.4. There is an inclusion-preserving bijection J — Pj between the set
of subsets of A and the set of standard parabolic subgroups, characterized as follows.
Let ®(J) = ®(G,S) N SpanyJ. Then

LiePy=LieMy® P  ga
aEDTUB(])

Example 3.1.5. Py = Py, PA =G.
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Remark 3.1.6. We have A = {) if and only if (G, S) = 0 if and only if S is central.
In this case, My = Py = G, and G does not have proper parabolic subgroups. We
say that G is anisotropic-mod-center.

Definition 3.1.7. Let H be a connected linear algebraic group over k (of char-
acteristic zero). By a Levi component of H, we mean a subgroup L such that
H =L x R H. In particular, L is reductive.

Theorem 3.1.8 (Levi decomposition). The group Pj; admits a Levi component
My satisfying Lie My = Lie My @ ®a6¢(J) go. Moreover, My is the unique Levi
component of Py which contains M.

Write Ny for R,Py. We have

LeN;= @ go
a€dt ,agd(J)

Example 3.1.9. In G = GL,,, choose Py = B,, and My = T = the diagonal torus.
Then

A={a1=e1—ez, a0 =e€2—€3,"+ ,0p_1 = €p_1 — €n}.
A subset J C A corresponds to an ordered partition A = (A, -+, \g) of n (i.e., an
ordered tuple such that >  A\; = n) by the relation

J=Aa; i ¢{ M, M+ A, A+ F A

For example the partition (2,1,2,3) of n = 8 corresponds to J = {aq, ay, ag, ar}.
Then Pj consists of the invertible block upper triangular matrices where the diagonal
block sizes are A1, -+, Ag. The group M consists of the invertible block diagonal
matrices and so M; = GL), x--- x GLy,, and N; consists of the block upper
triangular matrices with identity matrices on the block diagonal.

3.2. The analytic topology. Let F' be a local or global field (of characteristic
zero). Let R be an F-algebra which is a Hausdorff locally compact topological ring.
In applications, in the local case we take R = F, and in the global case we take
R = A} (the adeles away from S) for a finite set S of places of F.

Fact 3.2.1. Let X be an affine variety over F. Equip X(R) with the coarsest
topology such that for every morphism ¢ from X to the affine line (i.e. element
¢ € Ox(X)), the resulting map ¢(R) : X(R) — R is continuous. Then X(R)
1s Hausdorff and locally compact. If X — Y is any morphism of varieties, then
X(R) — Y(R) is continuous. If X =Y is a closed immersion, then X(R) — Y (R)
is a closed embedding (i.e. homeomorphism onto the image and the image is closed).
If G is a linear algebraic group over F, then G(R) is a Hausdorff locally compact
topological group.

Example 3.2.2. For a linear algebraic group G over F', we can choose closed immer-
sions G — GL,, — A%QH (the (n? + 1)-dimensional affine space over F'), where the
second map is g — (gij,det g~ ). Then G(R) has the subspace topology inherited
from R"°+1

Example 3.2.3. If F =R or C, then G(F) is a Lie group over R or C.
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Example 3.2.4. Let E/F be a finite extension of local fields. Let G be a linear
algebraic group over E, and let H = Resg/pG. Then the natural isomorphism
H(F) =2 G(E) is also a topological isomorphism. Similarly, in the global case,
H(Ar) = G(Ag) is a topological isomorphism.

Definition 3.2.5. A locally profinite group is a Hausdorff and locally compact
topological group such that the compact open subgroups form a neighborhood basis
of 1.

Remark 3.2.6. In a Hausdorff space, every compact set is closed. Hence every
compact open set is a union of connected components. If G is a locally profinite
group, then for every g € G the set {g} is a connected component. (However G may
not have the discrete topology, and {g} may not be open.) This property is called
totally disconnected.

Proposition 3.2.7. Let F' be a local non-archimedean field, and let G be a linear
algebraic group over F. Then G(F') is locally profinite.

Proof. Note that any closed subgroup of a locally profinite topological group is
locally profinite. Hence we may assume that G = GL,,. Let w € F' be a uniformizer.
Then for each positive integer k, the subset I, + M, (OF) is a compact open
subgroup of GL,,(F') (called the k-th principal congruence subgroup), and for all k
they form a neighborhood basis. O

Let F' be global and G a linear algebraic group over F. Fix a faithful rep-
resentation ¢ : G — GL,. For each non-archimedean place v of F, let K, =
G(F,) N ¢ Y(GL,(OF,)). This is a compact open subgroup of G(F,). If we change
¢, then K, will change for only finitely many v.

Fact 3.2.8. Let S be a finite set of places of F. The natural map G(A3) —
[logs G(Fv), where v runs over all places of F outside S, identifies G(Ap) with
the restricted product with respect to K,’s

/
H G(F,) ={(gv) € H G(Fy) | gv € Ky for almost all v}.
vgS vgS

Moreover, it is a topological isomorphism, where the restricted product topology is
defined to be generated by open sets of the form [[, U, where each U, is an open set
in G(Fy,) and U, = K, for almost all v.

Recall that on any Hausdorff locally compact group H, there exists a left Haar
measure, i.e., a positive Radon measure (= Borel measure which is finite on compact
sets, outer regular, and inner regular for open sets) invariant under left translation.
It is unique up to a positive scalar. Similarly for right Haar measure. If one (and
hence every) left Haar measure is right Haar, then we say the group is unimodular.
In general, there is a canonical homomorphism, called the modulus character

5H:H—>R>O
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such that for any right Haar measure d.h on H, we have
dr(hoh) = (SH(ho)dr(h), Vhy € H.
Thus H is unimodular if and only if dz is trivial.

Fact 3.2.9. Let G be a reductive group over a local or global field F. Then G(F)
in the local case and G(Afp) in the global case is unimodular.

In fact, there is a way of obtaining a Haar measure on G(A?%.) from Haar measures

on G(F,), by a certain product process. The unimodularity of G(A%.) follows from
that of G(Fy).

3.3. The automorphic quotient. Let F' be a number field and G a reductive
group over F.

Fact 3.3.1. The subgroup G(F') in G(Af) is discrete and hence closed.

Generalizing the idele class group GL1(F)\ GL1(Afr), we would like to consider
the quotient G(F)\G(Afr). Recall that the idele class group is not compact, but
we can shrink it to the unit idele class group F X\A;’l, which is compact. Here we
define the idelic norm

‘-’A:A;HR>0, xl—>H]a:\v
v
where each |- |, is the canonically normalized absolute value on F), (so that d(xy) =
|z|,dy for a Haar measure dy on F),), and
ARt ={(w) € AL | Jola = 1}.
Similarly, we need to modify G(F)\G(AF).
Definition 3.3.2. Let

G(Ap)' == (] ker <G(AF) 5 A% e, R>0>.
XEX*(G)

This is a closed subgroup of G(Ar), and hence is itself a Hausdorff locally compact
group. In general it is not the A p-points of an algebraic group. Note that

G(F) c G(Ap)',
since for any g € G(F') and x € X*(G) we have x(g) € F* C A;’l.

Lemma 3.3.3. There is a closed central subgroup Ag of G(Ar) such that G(Ap) =
Ag x G(Ap)t. The group G(Ap)! is unimodular.

Proof. The second assertion follows from the first and the unimodularity of G(Ar)
and Ag (which is abelian). To prove the first assertion, if we set G’ = Resp/q G,
then G'(Ag) = G(Ap) and G'(Ag)! = G(Ap)!. Thus we may assume F = Q. Let
2 be the maximal split torus in Z¢g (over Q), and let Az be the identity component
(for the analytic topology) of @7z (R).
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Note that 275 = GF,, so @o(R) = (R*)* and so Ag = (Rso)*. To prove that
G(A) = Ag x G(A)', we use the fact that the restriction map X*(G) — X*()
induces an isomorphism X*(G) ®z7 Q — X*(o;) ®z Q. Thus for every coordinate
projection y; : Ag = (Rsg)® — Rs, there exists an integer n; such that Xit s
induced by some ¢; € X*(G). For g € AgNG(A)!, we have | X[ (g)|co = |6i(9)|a = 1,
and it follows that x;(g) = 1 and so ¢ = 1. On the other hand, for any g € G(A),
by the fact we know that g € G(A)! if and only if |¢;(g)[a = 1 for each i. For

general g, let z = (|¢1(g) 11&/"1, < or(9) 11&/"'“) € Ag. Then 27 1g € G(A)'. Hence
G(A) = Ag x G(A)L. 0

Definition 3.3.4. Let [G] = G(F)\G(Ar)! = (G(F)Ag)\G(Ar). This is called
the automorphic quotient for G.

4. LECTURE 4

4.1. The automorphic spectrum. Fix a Haar measure dg on G(Afr)!, and equip
[G] = G(F)\G(Ar)! with the quotient measure of dg by the counting measure on
G(F'). This is the unique Radon measure dg on [G] characterized by

/{q( )3 J00)ds - | rta)is

v7€G(Q

for all compactly supported continuous functions f on G. (The existence depends
on the fact that G(Ar)! and G(F) are both unimodular.) Clearly dg is invariant
under the right translation action by G(Ag)!.

Fact 4.1.1. The space [G] has finite volume under dg. It is compact if and only if
G is anisotropic-mod-center, i.e., G does not contain any proper parabolic subgroup,
or equivalently, every split torus in G is central.

Consider L?([G]), the space of square integrable functions [G] — C defined with
respect to dg (and completed with respect to the L?-norm). This is a Hilbert space,
and G(Ar)' acts on it by right translation:

r(f)(@) = f(zg), Vg€ G(Ap)'. fe L*([G]),z € [G].

Definition 4.1.2. Let H be a topological group.

(1) By a Hilbert representation of H, we mean a continuous linear representation
H xV — V on a Hilbert space V (over C, having a countable Hilbert basis).
We often write 7 for the map H — GL(V'), and denote the representation
by the pair (m, V).

(2) A Hilbert representation is called unitary, if 7(g) is a unitary operator for
each g € H.

(3) A Hilbert representation is called irreducible, if there is no proper closed
H-stable subspace.

(4) Isomorphisms between Hilbert representations are by definition topologi-
cal vector space isomorphisms preserving the H-actions. They are not re-
quired to be isometries. For two unitary representations, we are interested
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in whether we can find an isomorphism between them which is an isometry.
When this is the case we say that they are unitarily equivalent.

(5) Denote by H the set of unitary equivalence classes of irreducible unitary
representations of H, called the unitary dual of H.

Proposition 4.1.3. The G(Ar)'-action on L*([G]) is a unitary representation.

Proof. Write H for G(Af)!. Clearly each g € H acts by a unitary operator, so only
the continuity of the action is not obvious. Here, knowing that each group element
acts by a unitary operator, the continuity is equivalent to the following condition

e For each fixed f € L?([G]), the map H — L*([G]), g + ryf is continuous.

By rather general considerations, we know that the space C.([G]) of compactly
supported functions on [G] is dense in L?([G]). Using this, we reduce to checking
that for each fixed f € C.([G]), we have ||ryf — fll2 = 0 when g — 1 in H. Let U
be a relatively compact open neighborhood of 1 in H. Then there exists a compact
subset W of [G] containing supp(f) - U. For g € U~!, the function rgf — f is
supported inside W, and so

79 = fll2 < vol(W)"/ max |y f — f].

It remains to prove that maxy [rgf — f| = 1 as U= !3g— 1. Let € > 0. For each
x € W, there exists an open neighborhood V,, of 1 in U~! such that V-V, c U~!
and such that the variance of f on x -V, -V, is less than e. Extract from the open
covering W C |J ey Ve a finite subcovering W C (J;_; #;iV,,. Let V. = (O, V4,
which is an open neighborhood of 1 in U~!. Now let g € V and € W be arbitrary.
We have z € z;V;, for some i. Then x and xg are both in z; -V, - V,,, and hence

[f(zg) — f(z)| <e.
This shows that maxyy |[rgf — f| <e. O

Definition 4.1.4. By a discrete automorphic representation, we mean an irreducible
unitary representation of G(Ar)! that is unitarily equivalent to a closed irreducible
sub-representation of L?([G]).

Example 4.1.5. The S'-representation L?(S') is a Hilbert direct sum of its irre-
ducible sub-representations:

2/ al g/\
L (S ) B @nezxm

where Y, is the one-dimensional unitary representation S' — S c C*,z — 2"
This isomorphism sends a function on S! to the coefficients of its Fourier series.

Example 4.1.6. The R-representation L?(R) is not a Hilbert direct sum of its irre-
ducible sub-representations. In fact, it does not have any irreducible sub-representation
other than 0! To see this, note that R = {x¢ |t € R} 2R, where x; : R — St 2+
e™. One checks that for each t € R, there does not exist f € L?(R) such that

f(z+y) = xi(2)f(y) for all z,y € R.
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The correct way to decompose L?(R) is to express it as a direct integral of the
x¢'s. Let C; = C be the space of the representation y;. Let dt be the Lebesgue
measure on R 2 R. Define

_Cydt
teR
to be the L2-space of L2-functions R — C (with respect to the measure dt). We can
then define a R-action on ft Cydt by “letting it act on each C; via x;”. Namely, for
g€ Rand f:R — Cinside [, Cidt, define

gf :R—C, txlg)f(t) =" [(1).
This is easily checked to be a unitary representation of R on ft Cidt. By Fourier
transform, this is unitarily equivalent to the natural R-representation on L?(R).

Example 4.1.7. More generally, let H be a Hausdorff locally compact abelian
group. Then the unitary dual Hisin fact nothing but the Pontryagin dual Homeon (H, S*).
Thus H is naturally a Hausdorff locally compact abelian group. Define the H-
representation fx cii Cxdx in the same way as for H = R, using a Haar measure dx on

H. Then the natural H -representation L?(H) is unitarily equivalent to [ _= C,dx.
x€H —X
As the above examples show, each C,, may or may not be isomorphic to an actual
sub-representation of L?(H).

For the so-called type I topological groups, there is a general result on decompos-
ing an arbitrary unitary representation into a direct integral of irreducible unitary
representations. For F' local (resp. global) of characteristic zero and G a reductive
group over F, the group G(F) (resp. G(Ap), G(Ap)!) is of type L

Theorem 4.1.8. Let H be of type I. There is a canonical topology on the unitary
dual I;T, called Fell topology. For every unitary representation Vo of G admitting a
countable Hilbert basis, there exists a Borel measurable function m : H — Z>o and
a positive Borel measure du on H such that Vo is unitarily equivalent to

VeH

The theorem can be applied to the G(A)!-representation L?([G]). However, this
theorem is an abstract existence theorem and does not give explicit formulas for
computing du. There is a much deeper theorem by Langlands, describing the direct
integral decomposition of L?([G]) explicitly in terms of discrete automorphic repre-
sentations of G and those of the Levi components of standard parabolic subgroups
of G.

In the rest of the course, we will only consider the number field Q and
the local fields R and Q,. The other cases are treated by Weil restriction
of scalars.

If V is a discrete automorphic representation of (G, then it is also a representation
of G(R) and G(Q)) by restriction. We now discuss basic representation theory of
G(R) and G(Qp).
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4.2. Archimedean representation theory. Let G be a reductive group over R.

Fact 4.2.1. The topological group G(R) is a Lie group with finitely many connected
components. Fvery compact subgroup is contained in a maximal compact subgroup.
All mazximal compact subgroups are conjugate by G(R)°. Every mazimal compact
subgroup meets every connected component of G(R).

Lemma 4.2.2. Let K be a compact Hausdorff group. FEvery irreducible Hilbert
representation of K is finite dimensional. FEvery Hilbert representation of K is
isomorphic to a unitary representation, and every unitary representation is a Hilbert
direct sum of some of its irreducible sub-representations.

By the lemma and by Schur’s lemma, the unitary dual K is identified with the set
of isomorphism classes of finite dimensional irreducible continuous representations
of K. Here one uses Schur’s lemma to show that on a finite dimensional irreducible
continuous representation of K there is up to scalar a unique Hilbert inner product
invariant under K.

Suppose V' is any representation of K (with or without topology). For each
ce kK , we have

{veV |SpanKv=o} = Z w,
WcV,Wo
and this is a sub-representation of V. Denote it by V (o), called the o-isotypic part
of V.

Definition-Proposition 4.2.3. Let V be any representation of K (with or without
topology). Define Vg, to be the subspace of V' given by

Vin = {v € V | dim SpanKv < oo} = @ V(o).
UEI?

(Here the direct sum is algebraic direct sum.) This is a K-stable subspace of V,
called the K-finite part of V.

From now on, we fix a maximal compact open subgroup K of G(R).

Definition 4.2.4. For any Hilbert representation (m,V) of G(R), define Vg, =
@D,z V(o) CV by restricting the representation to K. We call (7, V) admissible,

if dim V(o) < oo for each o € K.

Theorem 4.2.5 (Harish-Chandra). Fvery irreducible unitary representation of G(R)
s admissible.

The irreducible admissible representations of G(R) are much easier to study and
classify than irreducible unitary representations. However, the “correct” notion of
equivalence between them turns out to be the so-called infinitesimal equivalence,
which is weaker than the usual notion of isomorphism of Hilbert representations.
We now explain this.

Recall that G(R) is a Lie group. In fact, there is a canonical smooth structure:
For any faithful representation ¢ : G — GL,, we have a closed embedding ¢(R) :
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G(R) — GL,(R). The image of ¢(R) is a smooth submanifold of GL,(R) (where
GL,(R) is open in R™ and has standard smooth structure). We require that ¢(R)
is a diffeomorphism onto its image. The Lie algebra of the algebraic group G is
canonically identified with the Lie algebra of the Lie group G(R). Denote it by g.

We have the exponential map exp : g — G(R). For GL,, this is the usual expo-
nential of matrices. In general this is defined either by general theory of Lie groups,
or by fixing a faithful representation G — GL,, and inheriting from GL,,.

Definition 4.2.6. Let (m,V) be a Hilbert representation of G(R). For any X € g
and v € V, we define the derivative of v along X to be

d tX))v —
7(X)v = Xv 1= —|=om(exp(tX))v = lim m(exp(tX))v = v eV,
dt t—0 t
if the limit exists. We say v € V' is smooth, if for every sequence X1, -+ , Xi € g, the

successive derivative X1 --- Xpv € V exists. Let Vi, be the subspace of V' consisting
of smooth vectors.

For v € Vi, X € g,9 € G(R), we have X - (gv) exists and

X - (gv) = g- (Ad(g)(X)) - v,
Similarly, arbitrary successive derivatives of gv exist. Hence Vg, is a G(R)-stable
subspace of V.

Remark 4.2.7. There is a general notion of smooth maps G(R) — V. A vector
v € V is smooth if and only if the map G(R) — V, g — 7(g)v is smooth.

Fact 4.2.8. The natural action of g on Vi, is a Lie algebra representation (without
any continuity conditions). (Here g is a Lie algebra over R, and when considering
the g-representation Vi we think of the C-vector space Vi as an R-vector space.
Alternatively, one can consider the gc = g ®r C-action on Vi,.)

Proposition 4.2.9 ([1] Prop. 4.4.7). For any admissible Hilbert representation
(m, V) of G(R), we have Vi C Vam. Moreover, Vi, is stable under the g-action.

Note that Vg, is not G(R)-stable, but K-stable. Hence it carries two structures:
the K-action and the g-action. The compatibility between the two structures is
captured in the following definition.

Definition 4.2.10. A (g, K)-module is a C-vector space W (with no topology)
together with a linear representation by K and a Lie algebra representation by g
(again, we consider W has an R-vector space in order to talk about g-representation
on W; alternatively one could consider a gc-representation on W), satisfying the
following conditions:

(1) As a K-representation, we have W = Wy,,.

(2) For any finite dimensional K-stable subspace W; C W, the K-action on
W1 is continuous and smooth, in the sense that every vector in Wi is a
smooth vector. (Here W is equipped with the canonical topology on a finite
dimensional vector space.) Moreover, the resulting Lie K-action on Wj by
differentiating the K-action agrees with the restriction of the g-action on W.
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(3) Forallke K, X € gw € W, we have k- X - k=1 - w = (Ad(k)(X)) - w.
We say that W is admissible, if W (o) is finite dimensional for each o € w.

Remark 4.2.11. In [1], a condition stronger than (1) is imposed, namely that W
is a countable direct sum of finite dimensional K-stable subspaces. The definition
here seems to be more standard in the literature, see for instance [5] Chapter 2.
For admissible (g, K)-modules, the two definitions agree. In fact, we have W =
Win = @,z W(o). If W(o) is finite dimensional for each o, then this is already
a decomposition of W into a countable direct sum of finite-dimensional K-stable
subspaces; the point is that K is a countable set, which can be proved using the
second countability of K and the Peter—Weyl theorem.

Theorem 4.2.12. For any admissible Hilbert representation (m,V) of G(R), Van
is an admissible (g, K)-module. Moreover, V is irreducible if and only if Vg, is
irreducible as a (g, K)-module.

Theorem 4.2.13 (Harish-Chandra, see [4] Theorem 4.15 or [5] Theorem 2.15).
Every irreducible (g, K)-module is automatically admissible, and it is isomorphic to

the (g, K)-module Vg, for an irreducible admissible Hilbert representation (m,V') of
G(R).

Definition 4.2.14. We say two admissible Hilbert representations of G(R) are
infinitesimally equivalent, if their associated (g, K)-modules are isomorphic.

Corollary 4.2.15. The set of irreducible admissible Hilbert representations of G(R)
modulo infinitesimal equivalence, is in bijection with the set of irreducible (admis-

sible) (g, K)-modules modulo isomorphism. We call either of these two sets the
admissible dual of G(R).

In general, infinitesimal equivalence is weaker than actual isomorphism. Thus
there exist non-isomorphic irreducible admissible Hilbert representations whose as-
sociated (g, K)-modules are isomorphic. Nevertheless, we have the following:

Theorem 4.2.16. Any two infinitesimally equivalent irreducible unitary represen-
tations of G(R) are unitarily equivalent.

Thus the unitary dual of G(R) injects into the admissible dual of G(R).

Remark 4.2.17 (The problem of globalization). One can consider continuous rep-
resentations of G(R) on more general locally convex topological vector spaces than
Hilbert spaces. From such representations one can similarly produce (g, K )-modules.
A very subtle problem is to find a suitable subcategory of such representations such
that the functor from this category to the category of (g, K)-modules has nice prop-
erties (e.g., an equivalence of categories). For a discussion see [1, §4.4] and [4, §4].

5. LECTURE 5

5.1. Non-archimedean representation theory. Let G be a locally profinite
group.
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Definition 5.1.1. A smooth representation of G is a linear representation (7, V')
of G (with no topology) such that for v € V, the stabilizer of v in G is an open

subgroup. Equivalently, V' = Jx VE where K runs over compact open subgroups
of G.

Clearly all sub-representations and quotient representations of a smooth repre-
sentation are smooth. The category of smooth representations (where morphisms
are G-linear maps) is abelian.

Definition 5.1.2. Let C2°(G) be the C-vector space of compactly supported locally
constant functions G — C. For each compact open subgroup K of G, let C°(G//K)
be the subspace consisting of functions that are left and right invariant by K.

Lemma 5.1.3 (Easy). We have C°(G) = U CF°(G//K). For each K, the C-
vector space C°(G//K) has a basis {1kg,x}, where {g;} C G is a set of represen-
tatives of K\G/K.

Fix a right Haar measure d,g on G. For fi, fo € C2°(G), define their convolution
product to be the function fi * fo : G — C given by

gr— /Gfl(gh_l)fg(h)drh.
Using the lemma, it is easily seen that fi x fo € C°(G).

Proposition 5.1.4. The convolution product * makes C°(G) an associative C-
algebra (without unit), called the Hecke algebra. For each K, C*(G//K) is a sub-
algebra, and it has its own unit exr = vol(K) 1. Moreover, we have C°(G//K) =
ex * CX(G) x ek, and e is an idempotent (i.e., ex x ex = ex ).

Let (m,V) be a smooth representation of G. For f € C°(G) and v € V, define

(o= /G f(9)m(g)vdrg.

Here the integrand is a compactly supported locally constant function G — V (since
v is fixed by an open subgroup), and the integral is a finite linear combination of
elements in the G-orbit of v. More concretely, let K C G be an open compact
subgroup fixing v and such that f is right K-invariant. Then f = >"" | a;1,,x for
gi € G,a; € C. We have

m(flv = Z a; vol(g; K)m(g;)v.

Note that if G is unimodular, the above formula simplifies as vol(g; K) = vol(K).
This action of C°(G) on V is an algebra representation, i.e., it makes V' a (left)
module over C2°(G). For each compact open subgroup K of G, one checks that

VE = n(ek)V.

Thus we have V = C°(G) - V since V = [Jx VE. In general, we call a C(G)-
module V non-degenerate if V = C°(G)V.
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Proposition 5.1.5. We have an equivalence of categories between smooth G-representations
and non-degenerate C2°(G)-modules.

Since VX = 7(e )V and since e is idempotent, VE is a module over C°(G//K) =
ex * C°(G) * ex. Moreover, it is a unital module in the sense that the unit
e € CX(G//K) acts on VE as the identity. We say that (, V) is K-unramified if
VE £o.

Theorem 5.1.6. A smooth G-representation V is irreducible if and only if for each
compact open subgroup K of G, VX is either zero or a simple unital C*(G//K)-
module. For a non-zero irreducible V, let K be such that VX # 0. Then the isomor-
phism class of V is determined by the isomorphism class of the C°(G//K)-module
VE. More precisely, we have a bijection from isomorphism classes of irreducible
G(F)-representations which are K-unramified to isomorphism classes of non-zero
simple unital C°(G//K)-modules.

Analogous to the archimedean case, we need a notion of admissibility.

Definition 5.1.7. A smooth representation (7, V) of G is called admissible, if V¥
is finite dimensional for each compact open subgroup K of G.

This condition is closely related to a notion of duality for smooth representations.
For any smooth representation (m, V'), let V* = Hom¢(V,C). Then V* is a linear
representation of G' by

(90)(v) = @lg™v), YgeG.peViveV.
This representation may not be smooth, but if we let VV be the subspace of V*
consisting of smooth vectors (i.e., those vectors whose stabilizers in G are open), then
V"V is a smooth representation. The natural map V — (V*)* induces a morphism
of smooth G-representations V' — (V).

Proposition 5.1.8. A smooth representation V' of G is admissible if and only if
the map V- — (VY)Y is an isomorphism. In this case, V"V is also admissible.

The proof boils down to the following fact: For a C-vector space W, the natural
map W — (W*)* is an isomorphism if and only if dim W < oc.

Recall that for a reductive group G over R, the irreducible unitary Hilbert repre-
sentations of G(R) are admissible, and their unitary equivalence classes are deter-
mined by the isomorphism classes of the associated (g, K )-modules.

We now change notation and let G be a reductive group over a non-archimedean
local field F. For a Hilbert representation V' of G(F'), we can take the smooth
vectors Vs, = {v € V | v has open stabilizer in G(F')}. Then Vg, is a smooth
representation of G(F'). The functor V' — Vg, is analogous to taking the associated
(g, K)-module in the archimedean case.

Theorem 5.1.9. Let G be a reductive group over a non-archimedean local field I,
and let V' be an unitary Hilbert representation of G(F'). Then V is irreducible if and
only if the smooth G(F)-representation Vg is irreducible. When this is the case,
Vam 18 admissible. Moreover, the unitary equivalence class of V is determined by the
isomorphism class of the smooth G(F)-representation Viy,.
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The implication “irreducible = admissible” is true for an arbitrary smooth rep-
resentation of G(F), just as for (g, K)-modules.

Theorem 5.1.10. Every irreducible smooth representation of G(F) is admissible.

Here the structure theory of reductive groups is crucial, as the proof relies on
parabolic induction.

Definition 5.1.11. A reductive group G over F' is unramified, if it is quasi-split
and there exists a finite unramified extension F’/F such that G is split.

When G is unramified, there is an especially important class of compact open sub-
groups of G(F), called hyperspecial subgroups. They naturally arise from Bruhat—
Tits theory, but can also be abstractly characterized as follows.

Definition-Proposition 5.1.12. A reductive group G over F' is unramified if and
only if there exists a smooth affine group scheme G over O whose generic fiber
is G and special fiber is a reductive group over the residue field of F. (We call
G a reductive model of G.) When this is the case, for any choice of G, the group
G(OF) is a maximal compact open subgroup of G(F'), and we call it a hyperspecial
subgroup.

Remark 5.1.13. A reductive group G over F' is unramified if and only if there
exist hyperspecial points in the Bruhat—Tits building of G(F'). In this case, the
reductive models G are precisely the Bruhat—Tits group schemes associated with
the hyperspecial points, and the hyperspecial subgroups of G(F') are precisely the
stabilizers of the hyperspecial points.

Fact 5.1.14. When G is unramified, all hyperspecial subgroups of G(F') are conju-
gate by G*(F) (but not necessarily by G(F)). They all have the same volume, and
are precisely the compact subgroups of G(F) having maximal volume.

Example 5.1.15. The subgroup GL,,(OF) of GL,(F) is hyperspecial, and all hy-
perspecial subgroups of GL,(F') are GL,(F)-conjugate to this one. (Note that
GL,(F) surjects onto PGL, (F) = GL2(F).)

Let G over F' be unramified, and fix a hyperspecial subgroup K.

Fact 5.1.16 (Consequence of Satake isomorphism). The convolution algebra C°(G//K)
18 commutative.

In particular, every non-zero simple unital C¢°(G//K)-module is one-dimensional.

Corollary 5.1.17. For every irreducible K -unramified smooth representation (mw, V)
of G(F), the space VX is one-dimensional. The isomorphism classes of such repre-
sentations are classified by characters (i.e., algebra homomorphisms preserving the

unit) C=(G//K) — C.

5.2. Restricted tensor product. Let G be a reductive group over a global field
F. Let Vg be the set of places of F', and let S C Vg be a finite subset containing
all archimedean places. Let ¢ : G — GL,, be a faithful representation over F. For
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each non-archimedean place v, let K, = ¢~ GL,(OF,), a compact open subgroup
of G(Fy). Recall that

/
Gap) = [ GF)
veEVER—S
where the restricted direct product is taken with respect to the K,’s.

Fact 5.2.1. For almost all v, K, is a hyperspecial subgroup of G(F).

Definition 5.2.2. Suppose for each v € Vg — S we have a C-vector space V.
Suppose for almost all v we fix an element h, € V,,. Let T' C T” be two finite subsets
of Vp — S such that h, is defined for all v ¢ T'. Define the transition map

® Vv — ® V;); ®v€va = (®v€va) ® (®v€T’—Thv)‘
veT veT”’
Define the restricted tensor product

& i @

vEVE—S TCVr—S veT
finite

The isomorphism class of this depends only on the lines Ch, C V,, for almost all v.

Since G(F,) is locally profinite for each v € Vr — S, the group G(A%) is clearly
locally profinite. On each G(F,) we fix a Haar measure normalized in such a way
that the volume of K, is 1 for almost all v. We then normalize the Haar measure
on G(A%) by requiring that

vol(K) = H vol(K,),
veEVR—S
for K =[],ey, s Ky (Which is a compact open subgroup of G(A%)). We use these
Haar measures to define the convolution product on C2°(G(A%)) and C°(G(F,)).

Lemma 5.2.3. We have a natural vector space isomorphism

CE(GAR) = Q) CF(G(R)),
S

vEVE—
where the restricted tensor product is with respect to the elements
ex, = vol(K,) 'k, € CZ(G(F,)).
Moreover, the direct limit defining the right hand side is a direct limit of (non-unital)

C-algebras, and the above isomorphism is an isomorphism of C-algebras.

Suppose for each v € Vg — S we have a smooth admissible representation V,,
of G(F,). Suppose V, is K,-unramified for almost all v, and for such v choose
h, € V.Xv. Define the restricted product

!
V:®Vv

vEVER—S
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with respect to the h,’s. By Lemma 5.2.3, the C°(G(F,))-module structures on V,,
for all v give rise to a C2°(G(A%))-module structure on V, since for almost all v the
element ex, € C°(G(F,)) acts as identity on h,. Thus V' is a smooth representation
of G(A%). The isomorphism class of V' is independent of the choices of h,’s since
V.Kv is one-dimensional for almost all v by Corollary 5.1.17 and Fact 5.2.1.

Theorem 5.2.4 (Flach). The G(A32) representation V is admissible. It is irre-
ducible if and only if V, is irreducible as a G(F),)-representation, for eachv € Vp—S.
In this case the isomorphism classes of all V,,’s are uniquely determined by the iso-
morphism class of V. Every irreducible admissible representation of G(A%) arises
in this way.

The upshot is that giving an irreducible admissible representation of G(Af;) is
equivalent to giving an irreducible admissible (or equivalently, irreducible) represen-
tation of G(Fy) for each v € Vp — S which is K,-unramified for almost all v.

6. LECTURE 6

6.1. Automorphic representations. Let G be a reductive group over Q. Write
Ay for A®°.

Definition 6.1.1. Let C*°(G(A)) = C*(G(R)) ®c C*(G(Af)) where the first
factor consists of the usual smooth functions on the Lie group G(R) and the second
factor consists of locally constant functions.

Note that for ¢ € C*°(G(A)), we can differentiate the archimedean component
with respect to any X € g = Lie G, and obtain X¢ € C*(G(A)). Thus C*(G(A))
is a g-module. Let U(g) be the universal enveloping algebra of Lie Gg, and let Z(g)
be the center of U(g). Then C*°(G(A)) is a U(g)-module.

Definition 6.1.2. Fix a faithful representation ¢« : G — GL, over Q. For g =
(gv)v € G(A) define

lgll == [ T max(le(g0)islos le(gs M ilo).

Here t(gy), (g, ') € GL,(Q,). A function ¢ : G(A) — C is of moderate growth, if
lp(g)| < c|lg||" for constants ¢ > 0,7 € R. A function ¢ € C*°(G(A)) is of uniform
moderate growth, if there exists 7 € R and for each X € Lie Gy there exists cx > 0
such that [(X¢)(g)| < ex]lgll”

Fix a maximal compact subgroup K of G(R).

Definition 6.1.3. An automorphic form on G (with respect to the choice K) is
a function ¢ € C°°(G(A)) satisfying:
(1) ¢ is left G(Q)-invariant.
(2) ¢ is of uniform moderate growth.
(3) For one (hence any) compact open subgroup Ky C G(Ay), the right Ko X
K s-translates of ¢ span a finite dimensional subspace of C*°(G(A)). (We
say that ¢ is Ko x K s-finite.)



26 YIHANG ZHU

(4) The Z(g)-module generated by ¢ is a finite dimensional subspace of C*°(G(A)).
Let A(G) be the space of all automorphic forms on G.

Definition 6.1.4. By a (g, Ko) X G(Af)-module, we mean a C-vector space which
is simultaneously a (g, K )-module and a smooth G(A f)-representation, satisfying
the obvious compatibility condition. Such a module V is called admissible if for
every compact open subgroup K; C G(Ay), the (g, K )-module VX7 is admissible.

Lemma 6.1.5. Every irreducible admissible (g, Ko) x G(Ay)-module factorizes as
a tensor product of an irreducible admissible (g, K~ )-module and an irreducible ad-
missible G(Ay)-representation, and the isomorphism classes of the latter two are
uniquely determined.

Note that A(G) is a (g, Koo) X G(Af)-module.

Definition 6.1.6. An automorphic representation for G is an irreducible admissible
(9, Ks) x G(Ay)-module which is isomorphic to a subquotient of A(G).

Theorem 6.1.7 (Harish-Chandra). For each ideal J C Z(g), let A(G,J) be the sub-
space of A(G) annihilated by J. If dimg Z(g)/J < oo, then A(G, J) is an admissible
(9, Koo) X G(Ay)-module.

Proposition 6.1.8. Let (7, V) C L?([G]) be an irreducible G(A)!-subrepresentation.
Let Vi, be the subspace of V' consisting of f € V' (viewed as a function G(Af) — C)
that are Ko x K¢-finite for one (hence any) compact open subgroup Ky C G(Ay).
Then Vi, C A(G), and Vi, is an irreducible admissible (g, K ) x G(Af)-submodule.
Hence Viy, is an automorphic representation. The unitary equivalence class of (mw, V)

as a unitary Hilbert representation of G(A)! is determined by the isomorphism class
of Van as a (g, Koo) X G(Ay)-module.

Definition 6.1.9. An automorphic form ¢ € A(G) is cuspidal if for every proper
parabolic subgroup P of G with unipotent radical N, we have

[
N(Q)\N(A)

for all g € G(A). Let A(G)cusp be the space of cuspidal automorphic forms, which
is a (g, Ks) x G(Ag)-submodule of A(G). If an automorphic representation is
isomorphic to a subquotient of A(G)cusp, then we call it cuspidal. Similarly, define
the G(A)!-subrepresentation L2 ([G]) C L*([G)).

cusp

Theorem 6.1.10 (Gelfand and Piatetski-Shapiro, see [1] Theorem 9.2). The G(A)?-
representation Lgusp([G]) decomposes into a Hilbert direct sum of irreducible unitary
representations.

Exercise 6.1.11. Let G = GLg, and Ko, = O(2) C GLa(R). Let f : H ={z € C|
Imz > 0} — C be a classical cuspidal modular form of weight k, level I'o(N), and
trivial nebentypus (for simplicity). Then one attaches to f a cuspidal automorphic
form ¢ € Acusp(G). The form f is Hecke-eigen if and only if the (g, Koo) x G(Af)-
submodule 7 of Acusp(G) generated by ¢ is irreducible and admissible (hence an
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automorphic representation). In this case, when we factorize 7 = 7o ® ®p Tps
the (g, Ko)-module 7o, is determined by the weight k, and for p /N the G(Q))-
representation 7, is unramified and determined by the Hecke-eigenvalue of f at p.
More precisely, T is the discrete series of weight k if £ > 2 and is the limit discrete
series if £k = 1. The Ramanujan conjecture, which gives a bound on the Hecke
eigenvalues, is translated to the assertion that m, is tempered for all p.

Similarly, Maass forms also give rise to automorphic representations for G. This
time 7o is always a principal series (depending on a continuous parameter, which
is essentially the Laplace-eigenvalue of the Maass form). The famous Selberg 1/4
Conjecture (or Eigenvalue Conjecture) asserts a certain restriction on 7y (i.e., not
belonging to the complementary series).

6.2. The Satake isomorphism, split case. Let G be a split reductive group over
a local non-archimedean field F.

Definition-Proposition 6.2.1. Let K = G(Op) be a hyperspecial subgroup of
G(F'), where G is a reductive model of G over Op. There exists a maximal split torus
T in GG such that T extends to a closed subgroup scheme of G which is isomorphic
to G We say that T is compatible with K.

m,Op*
Example 6.2.2. G = GL,, T = the diagonal torus, K = GL,(Op). Then T and
K are compatible.

Remark 6.2.3. The condition that T" is compatible with K is equivalent to asking
that the hyperspecial point in the Bruhat—Tits building whose stabilizer is K lies in
the apartment belong to 7.

Let K and T be compatible. Then K7 := T(F) N K is a hyperspecial subgroup
of T(F), and it is in fact the unique maximal compact open subgroup of T'(F').
(Note that T'(F) = (F*)™ has a unique maximal compact open subgroup (Oy)".)
We normalize Haar measures dg and dt on G(F) and T'(F') such that volgy(K) =1
and volg (K1) = 1. Let B be a Borel subgroup of G containing 7. Let N be the
unipotent radical of B. We have the Levi decomposition B =T x N. Fix the Haar
measure dn on N (F') such that volg,(N(F) N K) = 1. Define the Satake transform

S:CF(G(F)//K) — CZ(T(F)//KT)
fs (£ 642) / £(tn)dn).
N(F)

This map is independent of the choice of B.

The Weyl group W (G, T) = W(G,T)(F) = W(G,T)(F) acts on T by F-automorphisms.
Hence it acts on T'(F') by topological automorphisms. Since K7 is the unique max-
imal compact open subgroup, it is stabilized by W(G,T). Hence W(G,T) acts
on C(T(F)//Kr). This action preserves the structure of C°(T(F)//Kr) as a
C-algebra (with the convolution product).

Theorem 6.2.4 (Satake). The map S factors through a unital ring isomorphism
(for the convolution products)

C&(G(F)/[K) == C2(T(F)//Kr)V D).
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In particular, C(G(F)//K) is commutative.

Definition 6.2.5. Let V(G,T) = (X*(T),®, X.(T),®") be the root datum asso-
ciated with (G,T). The Langlands dual group of G is a reductive group G over C
together with a choice of maximal torus T c G and an isomorphism of root data
(G, T) 5 W(G,T) := (X.(T), 8, X*(T), ®).

Lemma 6.2.6. The algebra CX(T(F)//Kr) (where multiplication is convolution
product) is naturally isomorphic to the algebra of reqular functions on T invariant

under W(@,f) (with usual multiplication of functions). The set of characters on
either of them (i.e., unital C-algebra homomorphisms to C) is in natural bijection

with the set of @((C)—conjugacy classes of semi-simple elements of @((C), and in
natural bijection with T(C)/W (G, T).

To simplify notation, we denote the last two sets by Gls / G and f/ W. We also
write W for W(G,T). (In fact, W(G,T) = W(G,T).)

Example 6.2.7. For G = GL,,, we have G = GL, c, and the set @SS/@ is in
bijection with the set of unordered n-tuples in C*.

Corollary 6.2.8. The set of isomorphism classes of irreducible K-unramified rep-
resentations m of G(F) is in natural bijection with Gss/G. We call the element of
Gss/G corresponding to  the Satake parameter of m.

7. LECTURE 7

7.1. Unramified principal series, split case. We now describe the inverse map
of the bijection in Corollary 6.2.8, sending an element x of @ss/é =~ f/W to an
irreducible K-unramified G(F)-representation .

If we fix an isomorphism 7' = G}, then we obtain trivializations X*(T") = Z"
and X,(T) = Z", and in turn an isomorphism T = G”,. The element z is thus
represented by an element (¢~*!,--- ,¢7*") € (C*)", with (z1,--- ,zy,) € C". Here
q is the residue cardinality of F'. Define

X T(F) = (F)" —C*, (yr,oyn) = [alE - lynlE
Then y is a smooth character, in the sense that it has open kernel, or equivalently

that it is a one-dimensional smooth representation of T'(F'). One checks that the
W-orbit of y depends only on x, not on the other choices.

Lemma 7.1.1. The character x is unramified in the sense that x =1 on Kr. Up
to the W-action, every unramified character on T'(F') arises in this way.

Remark 7.1.2. If G = T, then x — x is our desired inverse map, i.e., x is the
irreducible Kp-unramified representation of T'(F') corresponding to x.

Definition 7.1.3. Let ¢ : T(F) — C* be an arbitrary smooth character. Extend it
to a smooth character on B(F) = T(F') x N(F) trivially across N(F), still denoted
by 1. Let Ind% 1 be the space of functions f : G(F) — C satisfying

f(bg) = 65(b)*)(b) f(g), Vbe B(F),g€ G(F),
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and such that f is right invariant under some compact open subgroup of G(F).
Let G(F) at on Ind%+ by right translation. Thus Ind% v is a smooth G(F)-
representation, . (It is the smooth part of the usual induction from B(F) to G(F')

of the character 5119/2 1))

Theorem 7.1.4. The smooth G(F)-representation Indgx is of finite length, and
its semi-simplification depends on x only via the W-orbit of x. Among the Jordan—
Hélder factors, there is a unique one which is K-unramified. Moreover, this K-
unramified representation is the one whose Satake parameter is x.

7.2. The general unramified case. For an arbitrary reductive group G over a
field k (of characteristic zero), one still defines a reductive group G over C, and it is
equipped with an action of Galy via C-algebraic group automorphisms. The action
factors through Gal(l/k) whenever [/k is a finite Galois extension such that G splits
over [. We define

LG .= G« Galy.
Sometimes it is also convenient to define

LG = G x Gal(l/k).

If G is split, then the Galg-action on G is trivial, and for all practical purposes one
can replace “G by G.

Now let G be an unramified reductive group over a non-archimedean local field
F. The Galp-action on G factors through Gal(F" /F). Let

Lguw = G x Gal(F™/F).

For all practical purposes this serves as “G.
We call an element of G(C) x Fr semi-simple, if its G(C)-conjugacy class, i.e. its
orbit under the conjugation action by G(C), is Zariski closed.

Theorem 7.2.1. Fiz a hyperspecial subgroup K C G(F). There is a natural bi-
jection betuieen isomorphism classes of irreducible K -unmmiﬁid representations of
G(F) and G(C)-conjugacy classes of semi-simple elements of G(C) x Fr.

Now let G be a reductive group over Q. Let m = moo ® ®; mp be an automorphic
representation for G. If we fix a faithful representation of GG, then we obtain a
compact open subgroup K, of G(Qp) for all primes p. For almost all p, K, is
hyperspecial, 7, is K,-unramified, and therefore m, gives rise to a Satake parameter
xp, which is a G(C)-conjugacy class of semi-simple elements of © (Gg,)™ x Frp. If
we change the faithful representation, then x, changes for only finitely many p.

Conjecture 7.2.2 (Weak form of Langlands functoriality). Let H,G be reductive
groups over Q. Let ¢ : “H — LG be an L-morphism (not defined here). For each
automorphic representation T for H, there exits an automorphic representation m
for G, such that if (x,), are the Satake parameters defined by T (defined only for
almost all p), then the Satake parameters of m are equal to ¢(x,) for almost all p.

Remark 7.2.3. As stated the conjecture is too rough and may be false.
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7.3. The significance of parabolic induction. Let G be a reductive group over
a non-archimedean local field F.

Definition 7.3.1. For any parabolic subgroup P of G with Levi component M
and unipotent radical N, and any smooth representation (mw, V') of M(F), we view
(m, V) as a smooth representation of P(F') via M (F) = P(F)/N. We then define the
smooth G(F)-representation Ind% V consisting of functions f : G(F) — V which
are right invariant under some open subgroup of G(F), and satisfying f(pg) =
5p(p)'/?m(p)f(g) for all p € P(F),g € G(F). The action of G(F) on Ind$ V is via
right translation. This representation is called the parabolic induction from P to G
of the representation V.

Definition 7.3.2. Let (0, W) be an irreducible representation of G(F'). For each
pair (w,w’) € W x WY, we obtain the function my, v : G(F) = C, g — (', o(g)w),
called a matrix coefficient for o.

Let

Definition 7.3.3. We call an irreducible representation of G(F') square integrable,
resp. essentially square integrable, resp. tempered, if its matrix coefficients lie in
L?*(G(F)), resp. restrict to functions in L*(G(F)!), resp. lie in L?>T¢(G(F)) for all
e > 0.

Theorem 7.3.4. Let (o,W) be an irreducible representation of G(F). Then W
is not isomorphic to any sub-representation of any properly parabolically induced
representation if and only if its matrix coefficients are compactly supported modulo
Za(F). When these conditions are satisfied we call (o, W) supercuspidal. In general,
there exists a parabolic subgroup P (possibly equal to G ), a Levi component M, and
an admissible representation (w, V) of M(F') such that W is isomorphic to a sub-
representation of Indg V.

7.4. Isobaric sum for general linear groups, local case. For G = GL,, every
Levi component of a parabolic subgroup is isomorphic to a product of GL,,’s. There
is an explicit classification, by Bernstein—Zelevinsky, of all irreducible representa-
tions of GL,(F) in terms of irreducible supercuspidal representations of GL,,(F')
(for m < n) and parabolic induction.

For any smooth representation 7 of GL,,(F) and A € C, we write 7(A) for the
tensor product of m with the one-dimensional representation GL,,(F) — C*,g —
| det |}

Theorem 7.4.1. Let a be a factor of n, and let o be an irreducible supercuspidal

representation of GLy, /o(F). Consider the representation

(a) _ _a—l _a—3 a—1
oW =o(-L ) eo(-10) wa(t )

of
M = M(n/a,n/a,m,n/a) = GLn/a(F) X GLn/a(F)
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(with a copies). Let P = Pinja, mjay $0 P is a standard parabolic of GLy, and M is
its standard Levi component. The representation IndgL" @ has a unique irreducible

quotient Q(a(“)). The representation Q(a(“)) is essentially square integrable, and
every irreducible essentially square integrable representation of GLy(F) arises in
this way, for a unique pair (a,o).

Let @w € F be a uniformizer and let ¢ be the residue cardinality. For any irre-
ducible representation 7 of GL,,(F'), Schur’s lemma applies and the center acts by
a character. In particular m(wl,;,) € C*. Define A(7) € C such that

m(wly) = ¢ ™,

Let n =n1+---+ni and 7; be an irreducible essentially square integrable represen-
tation of GLy, (F'). Permute the indexing set to get a new partition n = mj+- - -+my
and representations o; of GL,,, (F') such that

R(A(01)) = - = R(A(ok))-

Theorem 7.4.2. The representation Indgi:" 01 ® -+ ® o has a unique irreducible

quotient. This irreducible representation depends only on the unordered k-tuple
((n1,m1),- - (ng, 7)), not on the choice of permutation. Denote this representa-
tion by

m BBy,

called the isobaric sum of w1, , 7. Every irreducible representation of GLy,(F')
arises in this way, for a unique k and unique unordered k-tuple ((ny,m1), - - (ng, 7x)).

Remark 7.4.3. There is an archimedean analogue of the theorem. See [1, §10.7]

Definition 7.4.4. Let # = 71 8- - -B7y be an irreducible representation of GL,. (F'),
and ¢ = o1 B --- B o; be an irreducible representation of GL;(F"). Define the
irreducible representation

THeo:=mB.---BHm,BoiBH---Ho
OfGLr_t,_t(F).

Finally, isobaric sum is related to unramified representations as follows. Let
T = G}, be the diagonal torus, and B be the upper triangular Bore subgroup of
GL,,. Recall that for an unramified character x = x1®---®xy, : T(F) — C* (where
each x; : F* — F*/O; — C* is an unramified character), the representation
Ind% x has a unique GL, (OF)-unramified irreducible subquotient. Moreover, every
GL,,(Op)-unramified irreducible representation of GL, (F) arises in this way.

Theorem 7.4.5. The unique GL, (Op)-unramified irreducible subquotient of Indg X
18 isomorphic to x1 B ---H x,.
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7.5. Isobaric automorphic representations for general linear groups. Let
G be a reductive group over QQ. Recall that a cuspidal automorphic representation
is an irreducible admissible (g, Ko ) x G(Af)-module isomorphic to a subquotient
of Aeusp(G). Also recall that the G(A)!-representation L2, (|G]) decomposes into
a Hilbert direct sum of irreducible closed sub-representations. For each closed ir-
reducible sub-representation V' of L2, ([G]), we view it as a G(A)-representation
by G(A)! = G(A)/Ag. Then the space of K-finite vectors Vg, is a cuspidal au-
tomorphic representation. We shall call either V' or Vg, a cuspidal automorphic
representation of G(A)/Agq.

We now discuss the case of G = GL, over Q. The discussion also applies to
Resp g GLy, for a number field F'.

Let n = ny+- - -+ny, and let m; be a cuspidal automorphic representation for GL,,,,
for each 7. Write m; = ®; ;. For almost all p, the representation 7y, B --- Hmy ),

is GLy(Op)-unramified. Thus we can form the (g, Ko ) X G(A)-module
/
m B -Hm ::®7717UHH~-EB7T;W.
v

Theorem 7.5.1. The (g, Ks) X G(Af)-module 7y B --- B 1, is an automorphic
representation.

We call any automorphic representation of the above form isobaric. We define
the operation HH among isobaric automorphic representations by

(mB---Br)B(nB---Bo)=mB---Br,BoB---Hoy

for all m;, o cuspidal.

The following theorem is the global analogue of Theorem 7.4.2.
Theorem 7.5.2 (Moeglin—Waldspurger). Ewvery irreducible sub-representation of
L*([GL,]) (i.e. every discrete automorphic representation) is isomorphic to

1
a -+ —i)

for a unique pair (a,o0), where a is a factor of n, and o is a cuspidal automorphic
representation of GLn/a(A)/AGLn/a. Here we write

B o(

o(\) == X ov @ | det ()]

(suitably interpreted for v = 00), and this is a cuspidal automorphic representation

Jor GL,, /4.
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