AN INTRODUCTION TO AUTOMORPHIC REPRESENTATIONS

ABSTRACT. These are notes from courses on automorphic representations given by Jayce R. Getz.
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INTRODUCTION

The goal of this course is to introduce and study automorphic representations. Given a
global field F' and a reductive algebraic group G over F', then an automorphic representation of GG
is a (g, K) x G(A%)-module which is isomorphic to a subquotient of L*(G(F)\G(Ar)). The first
part of the course is dedicated to explicating the objects in this definition. The next goal is to state a
rough version of the Langlands functoriality conjecture, motivated by the description of unramified
admissible representations of reductive groups over nonarchimedian local fields. The discussion of
unramified representations is complemented by a discussion of supercuspidal representations. Next
we recall the notion of distinguished representations in global and local settings; this has emerged
as an important concept, especially in relation to arithmetic-geometric applications of automorphic
forms. The trace formula in simple settings is then desribed and proved. Finally, we end the course
with a discussion of the relationship between automorphic representations and the cohomology of
locally symmetric spaces.

The author thanks Francesc Castella, Andrew Fiori and Cameron Franc for typsetting the first
draft of these notes, and thanks B. Conrad, M. Kim, L. Saper, and C. Schoen for many useful
corrections and comments. The errors that remain are of course due to the author.

1. BACKGROUND ON ADELE RINGS

1.1. Adeles. The arithmetic objects of interest in this course are constructed using global fields.
They can be defined axiomatically, but we take a more pedestrian approach. For more information
consult chapter 5 of [RV99].

Definition 1.1. A global field F' is a field which is a finite extension of Q or of F,(¢) for some
prime power ¢ = p". Global fields over QQ are called number fields while global fields over F(t)
are called function fields.

To each global field F' one can associate an adele ring Ar. Before defining this ring, we recall
the related notions of a valuation a place of a global field.

Definition 1.2. Let F' be a global field. A (non-archimedian) valuation on F' is a map
v:F—RUOo0

such that for all a,b € F
e v(a) = oo if and only if a = 0.
e v(a)+v(b) = v(ab).
e v(a+b) > min(v(a),v(b)).
These axioms are designed so that if one picks 0 < o < 1 then
(1.1.1) | |0 F— Ry
z — @

is a non-archimedian absolute value on F, in other words, it is a map to R>( satisfying the
following axioms:

(1) |a], =0 if and only if a = 0
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(2) ‘ab|v = |a|v|b|v

(3) |a + bl, < max(|al,, |b],) (the non-archimedian triangle inequality).

A function | - | : FF—>R5( that does not satisfy (3), but satisfies (1-2) and the following
weakening of (3):
(3") |a +bl, <lal, + |bl, (the usual triangle inequality)

is known as an archimedian absolute value. These absolute values all induce metrics on F', the
metric induced by | - |, is known as the v-adic metric. The completion of F' with respect to this
metric is denoted F,,.

Definition 1.3. A place of a global field F' is an equivalence class of absolute values, where
two absolute values are said to be equivalent if they induce the same topology on F. A place is
(non)archimedian if it consists of (non)archimedian absolute values.

The places of a global field F' fall into two categories: the finite and infinite places. In the
function field case these are all nonarchimedian. If F'is a number field then the finite places are
in bijection with the prime ideals of its ring of integers Op; these are all non-archimedian. The
infinite primes of a number field are in bijection with the embeddings F' < C up to complex
conjugation; these are all archimedian.

The place v associated to a prime w, of O is the equivalence class of a absolute value attached
to the valuation

v(r) ;= max{k € Z:z € w'Op}.

and the place v associated to an embedding ¢ : ' — C is the equivalence class of the absolute

value
|LZL‘| [L(F):R].

In the first case by convention we define |z|, := ¢~®) where ¢ := |Or/w|, and in the second

||, := || LRI,

If v is finite, then the ring of integers of F), is
Op, :={z €F,:|z|, <1}
it is a local ring with maximal ideal
wp, ={x € F, :|z|, <1}

denotes the unique mazimal ideal of Op,. We will often write O, and w, for Op, and wg,,
respectively.

Example 1.4. If F = Q and p € Z is a finite prime, then completing Q at the p-adic absolute
value gives the local field Q,. Its ring of integers is Z, and the maximal ideal is pZ,. The residue
field is Z,/pZ, = Z/pZ = F,,.

Definition 1.5. Let F' be a global field. The ring of adeles of F', denoted Ap, is the restricted
direct product of the completions F, with respect to the rings of integers O,:

Ap = {(mv) € H F, : x, € O, for all but finitely many places v} )

(2

The restricted product is usually denoted by a prime:

Ar=T] F.
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Note that the adeles are a subring of the full product [[, F,. If S is a finite set of places of F

then we write .
I&SI: I]:f%, PEIZZI%ESIZ I]}FL
vgS ves
We endow Ay with the restricted product topology. This is defined by stipulating that open
sets are sets of the form
L@;X II(OU

vgS
where S is a finite set of places of F' including the infinite places and Ug C Fy is an open set.
This is not the same as the topology induced on Ap by regarding it as a subset of the direct
product [[, F,,. While [, F, is not locally compact, for Ap one has the following:

Proposition 1.6. The adeles Ar of a global field F are a locally compact hausdorff topological
Ting.

Proof. We argue that Ap is locally compact and leave the other details to the reader. For any
finite set of places S, the subset
I]:PL X I]:Ch

veS veES
is an open subring of Ap for which the induced topology coincides with the product topology. The
above subring is thus locally compact. Every x € Ap is contained in some such subring, which
shows that Ap is locally compact. 0

There is a natural diagonal embedding ' — Ap.

Lemma 1.7. The subspace topology on F arising from the embedding F' — Ap is the discrete
topology.
Proof. Let x € F*. For each finite place v of F' let n, = v(z), so that € @™ but x € w™ ™! for

all v. Note that n, = 0 for all but finitely many places. For each infinite place v let U, C F, be
the open ball of radius [],___ |#|," about 2. Consider the open subset of Ay defined by

v=]Jv. x [ =

U|OO V<00

v<oo

Of course x € U by construction; suppose y € F'is also contained in U. Recall that the product
formula from algebraic number theory says that for any global field F' and any z € F'*,

I]MZL;::l'

v

Apply this to x — y; note that |z — y|, < |z|, for all finite places v. Thus
[Tz =yl < I 12l < [T 1= —vl, <1
v v<00 v]oo

since y € U,. The product formula thus shows that we must have z—y = 0, and hence FNU = {x}.
This shows that [’ obtains the discrete topology from Ap. ([l

We often identify F' with its image in Ap.

Theorem 1.8 (Approximation). For every global field F, one has a decomposition

Ap=Fo+ [[O.+F

<0

Proof. See Theorem 5-8 of [RV99]. O
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Claim 1.9. For every global field F,

(FOOJF HOv) NF = 0Op.

<00

Proof. One inclusion is obvious. For the other, if z € F satisfies x € O, for all finite places v then
2O is a proper ideal of O, and not just fractional, since

2O0p = H w'@,

V<0

Thus x € Op, which concludes the proof. O

Remark 1.10. The fact that Ag is a topological ring for the adelic topology relies on the fact that
the local rings O, are one dimensional. In higher dimensional settings, say for function fields of
algebraic surfaces, one must be more creative when defining appropriate analogues of the adeles.

1.2. Adelic points of affine schemes. Let Ring denote the category of commutative rings with
identity. If R € Ring then we obtain a functor

(1.2.1) Spec(R) : Ring — Set
Ar— HOIIlRing(R, A)

A affine scheme is can be defined to be a functor of this form, although alternate definitions are
possible and often desirable. Thus the category of affine schemes is anti-equivalent to the category
of rings. If S is a functor then we say it is representable by a ring R if S = Spec(R). In this
case we write

O(S) := R.

If R € Ring, then an R-scheme is a scheme S with a map S — Spec(R). A morphism S; — S
is a morphism commuting with the maps to R. An R-scheme S = Spec(A) is of finite type if it is
finitely generated as an R-algebra.

We state the following theorem on topologizing the points of affine schemes points of schemes
of finite type over a topological ring R.

Theorem 1.11. Let R be a topological ring and let X be an affine scheme of finite type over R.
Then there ezists a unique way to topologize X (R) such that:

(1) the topology is functorial in X ; that is if X — Y is a morphism of affine schemes of finite
type over R, then the induced map on points X (R) — Y (R) is continuous;

(2) the topology is compatible with fibre products; this means that if X — Z and Y — Z are
morphisms of affine schemes, all of finite type over R, then the topology on X Xz Y (R) is
exactly the fibre product topology;

(3) closed immersions of schemes X — Y correspond to topological embeddings X (R) — Y (R);

(4) if X = Spec(R[T]) then X(R) is homeomorphic with R under the natural identification
X(R) = R.

Ezplicitly, if A =T(X,0x) then X(R) = Homp_ag(A, R) can be embedded in the product R™.
Give X(R) the topology induced by the product topology on RA.
If R is Hausdorff or locally compact, then so is X(R).

Proof. See Conrad’s note [Con] for the proof. The basic idea is to verify the statement in the case
where X = A* and then reduce to this case. 0
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2. ALGEBRAIC GROUPS

2.1. Group schemes. For a nice introduction to affine group schemes, consult Waterhouse’s book
[Wat79]. The notes [Mil12] handle more general situations. Fix a commutative ring k.

Definition 2.1. An affine group scheme over k is a functor
k-algebra — Group

representable by a k-algebra. A morphism of affine group schemes H — (G is a natural trans-
formation of functors from H to G.

In these notes we will only be interested in affine group schemes (as opposed to, say, elliptic curves),
so we will often omit the word “affine.”
Concretely, a natural transformation H — G is just a collection of group homomorphisms

H(R)— G(R)

for all k-algebras R such that if " — R is a k-algebra homomorphism then the following diagram
commutes:

H(R') —— G(R))
H(R) —— G(R)

Example 2.2. The additive group G, is the functor assigning to each k-algebra R its additive
group, G,(R) = (R, +). It is representable by the polynomial algebra k[X]:

Homy, (k[ X], R) = R.

Example 2.3. The multiplicative group G,, is the functor assigning to each each k-algebra R its
multiplicative group, G,,(R) = R*. It is representable by k[X,Y]/(XY —1).

Example 2.4. The general linear group GL, for n > 1 is the functor taking a k-algebra R to the
group of invertible matrices with coefficients in R. It is an affine group scheme represented by the
k-algebra k[X;; : 1 <i,j <n][Y]/(det(X;;)-Y —1). Note that GL; = G,,.

Example 2.5. If one wishes to be coordinate free, then for any finite rank free k-module V' one
can define

GLy(R) := { R-module automorphisms V" — V'}.

A choice of isomorphism V = k™ induces an isomorphism GLy = GL,,.
It is useful to have a isolate a few types of morphisms:

Definition 2.6. A morphism H — G is injective or an embedding if O(G) — O(H) is surjec-
tive.

More concretely, this means that H = Spec(R), where
R=0(G)/I
for some ideal I < O(G).

Remark 2.7. If H — G is injective, then H(R) — G(R) is injective for all k-algebras R (this
is an easy exercise). However, the converse is not true in general. It is true over a field [Mill2,
Proposition 2.2].

We isolate a particularly important class of morphisms with the following definition:
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Definition 2.8. A representation of an affine group G is a morphism G — GLy . It is faithful
if it is an injection

Definition 2.9. A group scheme G is said to be linear if it admits a faithful representation
G — GLy for some V.

We will usually be concerned with linear algebraic groups. We shall see below in Theorem 2.13
that this is not much loss of generality if k£ is a field.

2.2. Extension and restriction of scalars. Let £k — £’ be a homomorphism of k-algebras.
Given a k-algebra R, one obtains a k-algebra R ®; k’. Moreover, given a k' algebra R’, one can
view it as a k-algebra in the tautological manner. This gives rise to a pair of functors

@ik’ : k-alg — k'-alg
K'-alg — k-alg

known as base change and restriction of scalars, respectively.
Analogously, we have a base change functor

[N AffSChk — AHSChk/

given by Xk/(R/) = X(R/)
Under certain circumstances we also have a (Weil) restriction of scalars functor

Resk//k : AffSChk/ — AffSChk
given by
Resk//kX’(R) = X’(k, (S R)

For example, it is enough to assume that &’/ is finite and locally free [BLR90, Theorem 4, §7.6].

These constructions allow us to change the base ring k, and are quite useful. We note that the
reason for care in the case of restriction of scalars is that it is not always the case that if X is an
affine scheme then Res; /X is again an affine scheme.

Example 2.10. The Deligne torus is
S = RGSC/R GL1 .

We have S(R) = C* and S(C) = C* x C*. Let V be a real vector space. To give a representation
S — GL(V) is equivalent to giving a Hodge structure on V.

Example 2.11. Let d be a square free integer and L = Q(\/E) Taking the regular representation

of L acting on L with basis {1, Vd} we see that Res,x(G,,)(Q) = {( Z Cib ) lab — db? # 0}.

For a good reference see for example [BLRI0)].

2.3. Algebraic groups over a field. We now assume that k is a field and let £ < k be a
separable (resp. algebraic) closure of k. Much of the theory simplifies in this case.
One has the following definition:

Definition 2.12. An (affine) algebraic group over k is an affine group scheme of finite type over
k.

Concretely, G is algebraic if G is represented by a quotient of k[z1,. .., x,] for some n.
One manner in which the theory simplifies in this case is exhibited by the following:

Theorem 2.13. An algebraic group over k admits a faithful representation, and hence is linear.
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Proof. [Mil12, Theorem 9.1]. O

We now discuss the Jordan decomposition.

Definition 2.14. Let k be a perfect field. An element z € M, (k) is said to be:

e semi-simple if there exists g € GL, (k) such that g~'xg is diagonal

e nilpotent if there exists n € N such that 2" =0

e unipotent if (x — id) is nilpotent
For an arbitrary linear group we say that an element g € G is semi-simple, (resp nilpotent, resp
unipotent) if ¢(g) is so for some (any) faithful representation ¢ : G — GL,.

Theorem 2.15. (Jordan decom]_aosition) Let G be an algebraic group over a perfect field k. Given

x € G(k) there exist xs,x, € G(k) such that x4 is semi-simple, x, is unipotent, T = TsTy = TyTs.
Moreover, this decomposition is unique.

Proof. [Mil12, Theorem 2.8]. O

We should point out that, in the theorem above, even though x may be a k point, neither z, nor
x,, need be.

At this point it is useful to introduce another condition on our algebraic groups, namely that of
smoothness. Rather than take a digression to define this, we will use the following theorem to
give an ad-hoc definition:

Theorem 2.16. An algebraic group G over a field k is smooth if it is geometrically reduced, that
is, if O(G) ®y k has no nilpotent elements.

Proof. [Mil12, Proposition 8.3]. O
We will also require the notion of connectedness:

Definition 2.17. An affine scheme X is connected if the only idempotents in O(X) are 0 and 1.
A group scheme is connected if its underlying affine scheme is connected.

If £ =Q, then G is connected if and only if G(C) is connected as a topological space.

Definition 2.18. Let k be a perfect field and let G be a smooth algebraic group. The unipotent

radical R,(G) of G is the maximal connected normal subgroup of G such that G(k) consists of
unipotent elements. The (solvable) radical is the maximal connected normal subgroup of Gj,

such that G(k) is solvable.
We remark that since a unipotent subgroup is always solvable we always have R,(G) C R(G).

Remark 2.19. If k is not perfect then these definitions must be modified. See [Mil12] or [CGP10].
In fact, even if k is perfect, there are alternate, and perhaps better, definitions (see [Mil12]).

Definition 2.20. A smooth connected algebraic group G over a perfect field k is said to be
reductive if R,(G) = {id} and semi-simple if R(G) = {id}.

Example 2.21.

e GL, is reductive but not semi-simple since its center is normal.

e SL,, is semi-simple (which implies reductive)

e The group of upper triangular matrices in GL,, is not reductive (as it is solvable). We
remark that unipotent groups are always upper-triangularizable (as groups) [Bor91, 1.4.8].
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Suppose that k is a perfect field and G is a reductive group over k. Then
G = ZGGder

where Zg < G is its center and G4 < @ is the derived subgroup of G. It is the algebraic
subgroup such that
G (k) = {wya~ 'yt w,y € G(R)}
We note that since G is reductive, G is semisimple. One can alternately define G4 as the
intersection of all normal subgroups N < G such that G/N is commutative. We also note that
Ze NG

is the (finite) center of G9°* [Mil12, XVIL5].

2.4. Lie Algebras. Now that we have defined reductive groups, we could ask for a classification
of them, or more generally for a classification of morphisms H — G of reductive groups. The first
step in this process is to linearize the problem using objects known as Lie algebras.

Definition 2.22. Let k be aring. A Lie algebra (over k) is a k-module g together with a pairing,
called the Lie bracket
[]axg—g

which satisfies the following:

(1) [-,+] is bilinear.

(2) [z,x] =0 for all z € g.

(3) [+, -] satisfies the Jacobi-identity, that is [[z,y], 2] + [[y, 2], ] + [[2, z],y] = 0 for all z,y, z € g
Morphisms of Lie algebras are simply k-module maps preserving |-, -].

Remark 2.23. If k' is a k-algebra then g ®; k' inherits a Lie algebra structure in a natural manner.

Let LAGy denote the category of linear algebraic groups over k£ and let LieAlg, denote the
category of Lie algebras over k.

There exists a functor

Lie : LAG, — LieAlg,
defined by:
Lie(Q) = ker(G(k[t]/t*) — G(k))

where the map G(k[t]/t*) — G(k) is induced by the map k[t]/t* — k sending ¢ to 0. We will define
the bracket operation shortly. Usually one uses gothic German letters to denote Lie algebras, e.g.

g := Lie(G).

Example 2.24. The kernel of the map GL,,(k[t]/t*) — GL, (k) is easily seen to be id +tA where
A e M,(k). Thus

gl, = Lie(GL,) ~ M,,.
One can define the bracket in an ad-hoc manner as

(X, Y] =XY -YX.

We define the bracket in an ad-hoc manner for any linear algebraic group G by choosing a
faithful representation

G — GL,
and hence a map
Lie(G) — gl,
and defining the bracket on Lie(G) to be the restriction of the bracket on gl,. This is of course an
unsatisfactory definition as it is not intrinsic to g, but it will do for our purposes.
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Example 2.25.

e The special linear group SL,, has lie algebra sl, = {X € M, |Tr(X) = 0}.
e Let k be a field of characteristic not equal to 2 and let SO, ,, be the orthogonal group whose
points in a k-algebra R are given by

SO (R) = {g € GL,(R) : ¢'Sg = S}
0 id
id 0
500, = {X € M,|X'S + SX = 0}

where S is the symmetric matrix < ) has Lie algebra

2.5. Tori. Throughout this subsection we assume that k is a field.

Definition 2.26. An algebraic torus is a linear algebraic group 7" such that Tysr = G}, for
some n. The integer n is called the rank of the torus.

Definition 2.27. A character of an algebraic group G is an element of X*(G) = Hom(G, G,,).
A co-character or one parameter subgroup is an element of X,(G) = Hom(G,,, G).

For k-algebras k' one usually abbreviates X*(G)y := X*(Gy), etc.
One indication of the utility of the notion of characters is the following theorem:

Theorem 2.28. The association
T 'H X* (T)ksep

defines a contravariant equivalence of categories between the category of algebraic tori defined over
k and finite dimensional Z-torsion free Z|Gal(k*? /k)]-modules.

Example 2.29.
e We define a special orthogonal group SO, by stipulating that for (Q-algebras R one has

SOQ(R):{< _ab Z):a,bERanda2+b2:1}

Over any field containing a square root of —1 we can diagonalize this via:

1/1 4 a b 1 =i\ [a—b 0
o\ i 1 —b a - 1 ) 0 a+bi
In other words, SOaq(;) = Gyy.

o If L/k is any (separable) field extension then Resy/x(G,,) is an algebraic torus. Moreover
one can show that:

X*(Resp/k(Gm)) L @ Z,

where the summation runs over the embeddings 7 : L — k of L into an algebraic closure
of k; this has a natural Galois action. In particular this example illustrates the connection
between the “descent data” for etale algebras and that for the tori coming from their
multiplicative group (see [BLRI0], for example, for the definition of descent data).

e Let L/k be a separable extension and let

NL/k : RQSL/ka — Gm

be the norm map; it is given on points by = +— HreHomk(L,E) 7(x). Then the kernel of Ny,
is an algebraic torus. When L = Q(i) and k£ = Q this torus is isomorphic to the group SO,
constructed above.
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In the above examples we see that though an algebraic torus 7' satisfies Tjser = G}, it may not
be the case that "= GJ},. The following definitions are therefore useful.

Definition 2.30. An algebraic torus 7" over a field £ is said to be split if 7" ~ G, over k or if
equivalently X*(T); = Z*"XT)  An algebraic torus 7 is said to be anisotropic if X*(T); = {id}.

Any torus T can be decomposed as T' = T TPl where T < T is the maximal split subtorus,
T2 < T is the maximal anisotropic subtorus, and 7% N T*P! is finite.

2.6. Maximal tori in reductive groups. Let GG be a reductive group over a perfect field k. It is a
remarkable fact, known informally as Cartan-Weyl or highest weight theory, that the representation
theory of GG can be recovered by restricting representations to large abelian subgroups of G, namely
maximal tori:

Definition 2.31. A torus 7' < (G is maximal if 7} is maximal among all tori of Gf.

We will not discuss the highest weight theory, but the principle of studying representations of GG
by restricting various objects to maximal tori will play a role in what follows. We will also recall
in the following subsection how one can recover G from a maximal torus in G along with certain
auxilliary data (see Theorem 2.42).

Theorem 2.32. Every reductive group over has a mazimal torus [Spr09, CH2 3.1.1]. All mazimal
tori in G(k) are conjugate under G(k) [Bor91, IV.11.3].

In view of the second assertion of Theorem 2.32, the rank of a maximal torus of GG is an invariant
of G; it is known as the rank of G.
For the remainder of lecture GG is a connected reductive group and 7' < (G is a maximal torus.

Definition 2.33. The Weyl Group of T'in G is W(G,T) := Ng(T')/Zc(T), where Ng(T') is the
normalizer of 7' in G and Zg(T) is the centralizer of 7' in G.

Remark 2.34. The group Ng(T'), Zg(T) < G are algebraic subgroups. The Weyl group is a finite
group scheme in the sense that W(G,T)(k) = Ng(T)(k)/Za(T)(k) is finite.

Example 2.35.

e One maximal torus in GL, is the torus of diagonal matrices. In this case we have that
W(G,T) = S,; it acts on the torus of diagonal matrices by by permuting the entries.

o If F'/k is an etale k-algebra of rank n (for example a field extension of degree n) then
choosing a basis for k£ we obtain an embedding

RGSF/ka — GLn .

In this case W(GL,,, T')(k) = Aut(F/k). Every maximal torus in GL,, arises in this manner
for some F/k.

2.7. Root data. Let GG be a reductive group over a perfect field k£ and let T' < G be a maximal
torus. Our next goal is to associate to such a pair (G,7T) a root datum V(G,T) = (X, V, D, ")
that will characterize Gf.

Let g denote the Lie algebra of G. The natural action of G on g is known as the adjoint
representation of G on g:

Ad: G — GL(g)

For example, when G' = GL,, ;. this is the usual action of GL,, on M, by conjugation.

If G contains a maximal torus that is split we say that G is split. Assume that G is split.
Then Ad(T) consists of commuting semisimple elements, and therefore the action of T on g is
diagonalizable. For a character a € X*(T'), let

(2.7.1) 0o ={X eg|Ad(t)X = a(t)X forall t € T'(k)}.
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Definition 2.36. The nonzero oo € X*(7T') such that g, # 0 are called the roots of T in G. We let
®(G,T) be the (finite) set of all such roots «, and call the corresponding g, 100t spaces.

Theorem 2.37. Let T C G be as above, and let t = Lie(T'). Then
9=to D o
ae®(G,T)

Furthermore, each of the root spaces is one-dimensional [Spr09, Corollary 8.1.2].

Let V' be the real vector space (®) ®z R, where () C X*(T")(k) denote the (Z-linear) span of
® = &(G,T). Then the pair (®,V) is a root system, according to the following:

Definition 2.38. Let V be a finite dimensional R-vector space, and ® a subset of V. We say that
(®,V) is a root system if the following three conditions are satisfied:
(R1) @ is finite, does not contain 0, and spans V/;
(R2) For each a € ® there exists a reflection s, relative to « (i.e. an involution s, of V with
Sqo(a) = —a and restricting to the identity on a subspace of V' of codimension 1) such that
So(P) = P;
(R3) For every a, 5 € @, s,(5) — [ is an integer multiple of «.
A root system (P, V) is said to be of rank dimgV', and to be reduced if for each o € ®, £« are the
only multiples of o in ®. The Weyl group of (®,V) is the subgroup of GL(V') generated by the
reflections s,:

W(D, V) := (s :a € ®) CGL(V).

Remark 2.39. If (®,V) is the root system associated with the split torus 7' < G then (®,V) is
reduced and
W(@,V)=W(G,T)(k).

Let (®,V) be the root system associated with 7' C G. There exists a pairing
(,):VxV-=C

for which the elements in the Weyl group become orthogonal transformations. Thus if o € ® there
exists a unique a¥ € X,(7T) such that

2(—,q)

— v = v — = ’

()= at() = T8

as maps X*(T) — C. Let &V :={a" | a € ®}, and V" := (?V) @z R.

Lemma 2.40. The pair (P¥, V") is a root system. O

A fundamental result to be stated below is that the quadruple ¥ = (X*(T), X.(T), ®, ®")
attached to T' C GG contains enough information to characterize GG, at least over k.

Definition 2.41. A root datum is a quadruple (X,Y,®, ®Y) consisting of a pair of free abelian
groups X, Y with a perfect pairing ( , ) : X x Y — Z, together with finite subsets ® C X, &V C Y
in 1-to-1 correspondence (® > a <> ¥ € ®V) such that
¢ <C¥, av> =2
e If for each a € @, we let s, : X — X be defined by s,(z) =z — (z,a¥)a, then s,(P) C P,
and the group (s, | @ € ®) generated by {s,} is finite.

We say that a root datum is reduced if o € ® only if 2a ¢ O.

~

An isomorphism of root data (X,Y,®,®V) = (X', Y’ & (¥')V), is a group isomorphism X —
X" inducing dual isomorphisms sending ® to ® and ®¥ to (®')Y, respectively.
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Theorem 2.42 (Chevalley, Demazure). Assume k = k. The map

connected reductive groups

over k

isomorphism classes of
— { reduced root data

1somorphism classes of}

induced by G — V(G,T) := (X*(T), X.(T), P, D) is bijective.

If (X,Y,®,®Y) is a root datum, then so is (Y, X, ®", ®). The associated reductive algebraic

group over C is denoted G and is called the complex dual of G. We note that there is an
isomorphism

(2.7.2) W(G,T);—W (G, T)(C)
Soq /> SqV-

Remark 2.43. Our original attributions for the above thereom were incorrect. Brian Conrad cor-
rected us as follows: “Demazure introduced the notion of root datum so as to systematically keep
track of a nontrivial central torus in the theory, but over an algebraically closed field all of the
nontrivial content for the existence and isomorphism parts of the story is in the semisimple case,
which is entirely due to Chevalley [Cheb8]. Demazure’s contribution in [DG74, Expose XXII] was
to solve the Existence and Isomorphism problems over Z (and so over any scheme). Actually,
Chevalley did make constructions of everything over Z, but without an intrinsic characterization
of what he was doing (and without an Isomorphism Theorem) — this was the initial motivation for
Demazure’s work, to figure out the intrinsic significance of Chevalley’s constructon over Z.”

One might ask if one could define in a natural way a morphism of root data, and thereby use root
data to classify morphisms between reductive groups. If such a definition exists, we do not know
it. However, it is the case that a great deal of information about morphisms between reductive
groups can be deduced by considering root data. A systematic account of this for classical groups
is given in Dynkin’s work [Dyn52].

Example 2.44. G = GL,. The group of diagonal matrices

T(R) — {(t t) |tieRX}

is a maximal torus in GG. The groups of characters and of cocharacters of T are both isomorphic

to Z™ via .
(kl,...,kn)+—><( )»—)t’f1~--tﬁ">
tn

(k1y. .. kn) — (tn—> (tkl >>,

respectively. Note that with these identifications, the natural pairing (, ) : X*(T) x X.(T) — Z
corresponds to the standard “inner product” in Z". The roots of G relative to T" are the characters

t1
€45 ( ) — tztj_l
in

for every pair of integers (4,7) € {1,...,n}? with i # j, and the corresponding root spaces Oloe,,
are the linear span of the n x n matrix with all entries zero except the (i, j)-th component. The
coroot, 629 associated with e;; is the map sending ¢ to the diagonal matrix with ¢ in the ith entry
and ¢! in the jth entry and 1 in all other entries.

and
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Example 2.45. G = Sp,,,. These are the split symplectic groups, whose R-valued points are given
by

G(R) ={g € GLow(R) | 9" Jung = Jun},
1
where J, ,, is the block matrix (—Jn In ), with J, being the n X n matrix <1 / ) We discuss Sp,.
Its Lie algebra is
5P, = {X € 9[4 ‘XtJQQ + JQ’QX = 0}

The group of diagonal matrices

t1
T(R) = {x(tlﬂb) = ( " 7! ) | t1,10 € RX}
!

is a maximal torus in G = Sp,. Consider the characters ey : x(t1,t) — t1 and eq : z(t1,ts) — to.
Then the set of roots of G relative to T is

O(G,T) = {£(e; —ea), £(e1 + e2), £2(e1 + €2), 2e5}.
The corresponding root spaces are easily computed. For example:
Pper—e, = () [A=("), A =(")}
5Pyge, ={( ) | B=(")}
Pyerre, ={(7) [ B=1(c)}

tﬂ
The coroots are given by (ae; + beg)Y(t) = ( i b ) We thus have
t*a

@m0 ) ewo=(Fn ),

Remark 2.46. There is a complete classification of all the possible reduced irreducible root systems.
This is one of the main outcomes of the Weyl-Cartan theory. The exhaustive list is A, (¢ > 1), By
(£>1),Cy (¢ >3)and D, (¢ > 4), corresponding to SLgyq, SOgs11, Spy, and SOsy, respectively,
and the exceptional Eg, E7, Eg, Fy and Gs.

etc.

2.8. Borel subgroups. We assume in this subsection that G is a reductive group over a perfect
field k.

Definition 2.47. A closed subgroup B < G is a Borel subgroup if B < Gy, is a maximal connected
solvable subgroup. A closed subgroup P C G is a parabolic subgroup if it contains a Borel subgroup.

Example 2.48. Conjugacy classes of parabolic subgroups of GL,, are parametrized by partitions
of n.

Theorem 2.49. A closed subgroup P C G is parabolic if and only if the quotient G /P is repre-
sentable by a projective scheme.

Example 2.50. If B < SL, is the subgroup of upper triangular matrices, then for k-algebras R
one has an isomorphism

SL, /B(R) —s PL(R)
(¢5)—[a:d]
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Parabolics always admit a Levi decomposition
P=MN
where N is the unipotent radical of P and M < P is a reductive subgroup.

Remark 2.51. The group Gf, trivially has Borel subgroups, but G need not have Borel subgroups.
For example, if B is a division algebra over k£ and G is the algebraic group defined by

G(R) = (B®x R),
then G does not have a Borel subgroup.

Definition 2.52. A reductive group G is said to be split if there exists a maximal split torus
T C G (over k); it is said to be quasi-split if it contains a Borel subgroup.

Note that G is split only if it is quasi-split, but that the converse is not true, as evidenced by
the following:

Example 2.53. Take G = U(1,1), that is
GR)={g€GLa(C®z R) : g (., ") g=(1"")}

Then the subgroup of upper triangular matrices in G is a Borel subgroup of G. Thus G is quasi-
split. It is not, however, split.

3. AUTOMORPHIC REPRESENTATIONS

In this section we give the definitions of admissible and automorphic representations. At this
point the definitions will undoubtably seems opaque and unmotivated to the uninitiated, but we
will spend considerable time in the following sections elaborating on them. We recall that if R is
a Hausdorf, locally compact topological ring and X an affine scheme of finite type over R then
X(R) is endowed with a canonical Hausdorf, locally compact topology by Theorem 1.11; it is the
same as the toplogy obtained by choosing a closed immersion X — A* and giving X(R) — R*
the subspace topology.

3.1. Haar measures. If G is a locally compact group (for example GL,,(Ar)) then there exists a
positive regular borel measure dyg on G that is left invariant under the action of G. :

/ f(zg)drg = / flg)drg for all z € G.
G G

Moreover, this measure is unique up to scalars. A left Haar measure is a choice of such a
measure. There is also a right invariant positive borel measure drg = dz (¢ '), again unique up to
scalars. Such a measure is known as a right Haar measure.

Definition 3.1. A locally compact group G is unimodular if there is a (nonzero) constant C
such that drg = Cdpg.

Example 3.2. All abelian groups, reductive groups and unipotent groups are uni-modular.
The points of Borel subgroups are, in general, not unimodular. For example, if B < GLs is the
Borel subgroup of upper triangular matrices then we can write

B(R) = {(g 2) (350é ”;y ) € GLn(]R)}

With respect to this decomposition one can take dpg = % and drg =

dxdydu
ylul

For the remainder of this section we fix a Haar measure dg on G(Ap). Some of the constructions
below depend on this choice, but only up to a scalar multiple.
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3.2. Non-archimedian Hecke algebras. For the remainder of this section we let G be an affine
group scheme of finite type over the ring of integers O of a global field F' such that G is reductive.

Definition 3.3. Let S be a set of nonarchimedian places of F. A function f on G(Fs) is smooth
if it is locally constant. Similarly, if S' contains all archimedian places of F', then a function on
G(A?) is smooth if it is locally constant.

With this definition in mind we can define as usual the space C2°(G(Fs)) of smooth, compactly
supported functions on G(Fys), etc. In particular, if ' is a number field we define

H® = C(G(AF)
and if F' is a function field we define
H = CX(G(AR)).

These are algebras under convolution of functions:
(3.2.1) Fhlg) = / F@)h(z—g)dz.
G(AF)

In the number field case, H*> is known as the non-archimedian Hecke algebra or the Hecke
algebra away from infinity. In the function field case, H is known as the Hecke algebra. If
S is a set of nonarchimedian places of F' then we let

Hs = C°(G(Fs)).
Let 1y denote the characteristic function of a set Y. In the number field case one has
(3.2.2) C(G(AR)) = lim CF(G(Fs)) @ugsus Leo,) -
SPoo

where the limit is over all finite sets of places of F' not containing the infinite places, partially
ordered by inclusion. In the function field case the analogous statement is true, though in this
case there is no need to exclude the infinite places.

For the following definition, assume we are in the number field case:

Definition 3.4. A representation (m, V') of H> is admissible if it is nondegenerate and for all
compact open subgroups K < G(A%) the space VE™ = 1(1g«)V is finite dimensional.

Here an A-module M is nondegenerate if any element of M can be written as
aymy + - -+ + apmy

for a; € A and m; € M. Of course, this would be trivial if H*> had an identity element, but it
does not. It does however, admit approximations to the identity (see §7.3).

We make the analogous definition in the function field case, and also in the local case, i.e. where
A% is replaced by F, for some non-archimedian place v of F'.

3.3. Archimedian Hecke algebras. Assume for the moment that F' is a number field. Then
G(R®q F) is a real reductive Lie group (in other words, the real points of a reductive group over

R). We let
Ko <GR®qF)

be a maximal compact subgroup.

Example 3.5. If G = GL; any maximal compact subgroup is conjugate to K., = Oz(R).
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Let
(3.3.1) Hoo ' = H(GR®g F), K)

be the convolution algebra of distributions of G(R ®¢ F') supported on K. It is known as the
archimedian Hecke algebra or the Hecke algebra at infinity.

Definition 3.6. A fundamental idempotent in H, is an element of the form

1, = Xod K,

d(o)meas(K )
where 0 : Ko — Aut(V) is a representation of degree d(o) < oo, X, is its character, and dK
denotes a Haar measure giving unit volume to K.

The convolution of f € CX(G(R)) with a fundamental idempotent &, € H., is given by the
formula

[*& = ; f(K)s(k)d(o)  dK .

Definition 3.7. A continuous representation m of G(F) on a Hilbert space V' is admissible if
for all irreducible representations ¢ of K the space 7(1,)V is finite dimensional.

3.4. Global Hecke algebras. In the function field case, the global Hecke algebra is simply H,
defined as above. In the number field case, the global Hecke algebra is

Hi=Ho @H™.

In the number field case, a representation (m,V’) of H evidently decomposes as an exterior ten-
sor product of representations (7., Voo) of Hoo and H™. Such a representation (w,V) is called
admissible if (7, V) and (7°°,V>°) are admissible.

In the number field case, let

(3.4.1) Ag < Za(F)

denote the identity component of the real points of the greatest Q-split torus in Resp/g(Z¢g). In
the function field case!, choose a single infinite place ooy of F and let

AG = Zg(FOOO).
Example 3.8. If G = GLy/g then Ag = RZ,I, where I is the identity matrix.
Consider the space L*(G(F)Ag\G(Ar)), where the Hermitian pairing is given by

(f1, f2) :/ fl(g)mdg-
G(F)AG\G(AF)

Here the measure is induced by a Haar measure on Ag\G(Ar); we will see later that G(F') acts
properly discontinuously on Ag\G(Ar) and hence we obtain a measure on G(F)Ac\G(AFr) by
choosing a fundamental domain for the action of G(F).

Remark 3.9. The reason for introducing Ag is that G(F)Ag\G(Ar) has finite volume, whereas
G(F)\G(Ap) has finite volume if and only if the center of G is anisotropic.

The space L*(G(F)Ag\G(AF)) carries a natural action R of H by convolution:
R:H x L*(G(F)Ag\G(AF)) — L*(G(F)Ac\G(Ar))

(f, ) — (g — /G(AF) qb(gh)f(h)dh)

Lthere are perhaps better ways to define A¢ in the function field case
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Here we regard ¢ as a function on G(Ap) trivial on Ag.

An important theorem of Harish-Chandra states that for any ¢ € L*(G(F)Ac\G(AF)), the
(dense) subspace of K -finite vectors in R(G(Ar))g is admissible. Here the closure is taken with
respect to the Hilbert space topology. We will return to this point, and the definition of K -finite,
in later sections.

In any case, we can finally formally state the following definition:

Definition 3.10. An automorphic representation of G(Ap) is an admissible representation of H
which is isomorphic to a subquotient of L?(G(F)Ac\G(AF)).

Remark 3.11. One might ask why we restrict our attention to reductive groups G when defining
automorphic representations. To explain this let us recall that a general algebraic group G over
a number field ' (not necessarily affine) has a unique linear algebraic subgroup G¢// < G such
that G4 := G/G%/ is an abelian variety by a famous theorem of Chevalley. Moreover, G* is the
semidirect product of its unipotent radical U and its maximal reductive quotient. Thus we might
as well start by exploring what one might mean by an automorphic representation of a unipotent
group and an abelian variety.

Consider an abelian variety A. In [Con] one finds a proof of a result of Weil stating that A(Ag)
can still be defined as a topological space. Moreover A(F') < A(Ap) is still a discrete subgroup.
However, it fails to be closed as soon as it is infinite [Con, Theorem 4.4] because A is proper over F.
Thus the quotient A(F)\A(Ar) is not Hausdorff, and dealing with such an object would probably
be complicated.

Regarding unipotent groups, they can be thought of as a group obtained by extending the trivial
group by copies of G,, the additive group. Let’s consider the adelic quotient G,(F)\G,(Ar). The
irreducible representations of this group are all characters, and if we choose one nontrivial character
1 then via Pontryagin duality one sees that they are in bijection with F"

F-3F\Ar
m+— (x — (mx)).

More interesting representations can be obtained by considering, for example, the Heisenburg
group, which plays a role in the theta correspondence, an important tool in automorphic repre-
sentation theory that we unfortunately do not cover in these notes. It may be that there is no
fundamental reason for concentrating on the reductive case rather than the affine case, although
one might expect by comparison with the theory of actions of algebraic groups that certain things
become harder if we try to work with general groups.?

4. NONARCHIMEDIAN HECKE ALGEBRAS

In §3.2 we defined the nonarchimedian Hecke algebra F'. In this section we discuss this algebra
in more detail.

In this section we assume that F' is a number field for notational simplicity; our discussion
goes over with only notational changes in the function field case. In the number field case the
nonarchimedian Hecke algebra was defined to be

H>* = CZ(G(AF)),

where the subscript ¢ indicates functions of compact support and the superscript oo indicates
smooth functions. In this context, smooth means locally constant.

2M. Kim (personal communication, 10/2014) had the following interesting comment: “ One justification for
concentrating on the reductive case is that the groups arising as images of motivic Galois representations are
conjectured to be reductive, but this is just for *pure* motives. Part of the difficulty with mixed motives could well
be the lack of a uniform automorphic theory.”
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Lemma 4.1. Any element f € CX(G(AY)) can be expressed as a finite linear combination of
characteristic functions
f = ZCi ﬂ_KooaiKoo
i

for K= C G(AY) a compact open subgroup, a; € G(Ar) and ¢; € C. O
Example 4.2. All compact open subgroups of GL,(Ag) are of the form

Ks ] GL.(Z,)
pgS
for S a finite set of finite primes and Kg is a compact open subgroup of GL,(Qgs). The subgroup
GLn(i) = ]I, GL.(Z,) < GL,(Ag) is a maximal compact open subgroup, and all maximal com-
pact open subgroups are conjugate to this maximal compact open subgroup [Ser06, Chapter IV,

Appendix 1]. Examples of nonmaximal compact open subgroups are given by the kernel of the
reduction map

GL,(Z) — GL,(Z/m)

for integers m.

If a € G(AY), then a € G(@?;) for some finite set of place S. If K> < G(A¥) is a compact

open subgroup, then, upon enlarging S we can assume that K° = G(@g) For such a choice of S
we have

I goare = Ligagks @ Lis
for some finite set of finite places S. This reduces the study of nonarchimedian Hecke algebras to
the study of the local Hecke algebras

CE(G(F))

as v varies over nonarchimedian places v of F'.
4.1. Convolution. As in (3.2.1) above, if f,h € C°(G(F,)), then
frhlg)i= [ fa)h(a g
G(Fy)
Assume that v is nonarchimedian. In this case the convolution admits a purely combinatory
definition. To state it, fix a compact open subgroup K < G(F),). Then for v € G(F,) we write

IL’Y = ]]-K’YK .
We then have

lo* 15 = > Caprly,
KyKeK\G(Fy,)/K

where the ¢, 5, are defined as follows: put K, = aKa™' N K, which is compact and open. It is
thus of finite index in K. So we can write

K =[] xiK,
i
for some finite number of x; € K. Similarly write

K =[] viBKs
J

Then ¢, g is the number of pairs (7, j) such that ya;ay; 8 € K. For this see [Shi94, Chapter 3 §1].
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4.2. The spherical Hecke algebra. Let G be a reductive group over F,, where v is a nonar-
chimedian place of F'. In general there can be several conjugacy classes of maimal compact open
subgroups of G(F,). For example, in Sp, there are two conjugacy classes.

Definition 4.3. A reductive group G over F,, is unramified if it is quasi-split and splits over an
unramified extension of Fj,.

If G is unramified then there is a there exists a canonical conjugacy class of maximal compact
open subgroups of G(F,): the class consisting of hyperspecial maximal compact subgroups. The
hyperspecial maximal compact subgroup is of the form G(Og,) where G is a flat, linear group
scheme such that G, = G and G, /=, are both reductive and have the same “type.” See [Tit79]
and [Yu].

If G is unramified and K < G(F,) is a hyperspecial subgroup, then

CZ(G(F)//K)
is known as the spherical Hecke algebra.
Example 4.4. Let G = GLs. The spherical Hecke algebra in this case is
CZ(GLa(Qy) /f GLa(Zy)).

Here the double slash means that these functions are invariant under the left and right actions of
GLy(Z,). Examples of functions in the spherical Hecke algebra are given by characteristic functions
of compact open subgroups. Let

1(n,d) =1 pn 0
0 d
As n and d vary, these span the spherical Hecke algebra.

GL2(Zp) ( ) GL2(Zyp)

Example 4.5. Let G = GL,,. The spherical Hecke algebra in this case is
C2(GLa(Qy) /f GLa(Zy))

and a basis is given by
{16L0 @A) CLAZ) A= (01 A A 22,
where
(AL, ..., ) (p) = diag(p™, ..., p*).
The Smith normal form for matrices over Q,, from the theory of elementary divisors, gives the
decomposition

GLn(Qp) = GLn<Zp)T(Qp> GLn(Zp>
and it follows from this that the set above is a basis for the spherical Hecke algebra.

5. A BIT OF ARCHIMEDIAN REPRESENTATION THEORY

Let (m, V) be a representation of G(F,,) where V' is assumed to be a Hilbert space. The example
that one should keep in mind is the space

L*(G(F)\G(AF)).

The fact that this is not a space of smooth functions is often inconvenient. We now indicate
how one can start with such a Hilbert space and end up with a space of smooth functions that
essentially determines the original space and has the virtue that it can be described algebraically.
The first step is to study smooth vectors in V', and the second is to combine this with the action of
a maximal compact subgroup K, < G(F), thus passing from the analytic notion of an admissible
representation to the algebraic notion of a (Lie(G(F)), K« )-module.
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With the exception of §5.5 in this section G is a reductive group over an archimedian local field
F (i.e. Ror C) and K < G(F) is a maximal compact subgroup. Moreover

g := Lie(Resp/rG)

is the Lie algebra of Resc/rG(R) = G(F). Here the restriction of scalars is employed so that g is
a Lie algebra over R if F' = C, if F' = R then this construction just returns Lie(Gf). Finally 7 is
a (continuous) representation of G(F') on a Hilbert space V'; we do not assume that 7 is unitary.
Our basic reference for this section is [Bum97, Chapter 2].

5.1. Smooth vectors. In this subsection we define and discuss smooth vectors. Recall that there
exists an exponential map

exp: g — G(F).

Example 5.1. For GL,, the Lie algebra gl, is the collection of n x n matrices. The exponential
is simply the matrix exponential in this case.

Given ¢ € V we write
d
m(X)p = Ew(exp(tX))qﬁh:O

whenever this makes sense. We will sometimes simply write X ¢ for 7(X)¢. We say that a vector
¢ € Vis Clif for all X € g, the derivative 7(X)¢ is defined. We define C* inductively by
stipulating that ¢ € V is C¥ if ¢ is C*~' and X¢ is C¥~! for all X € g. A vector ¢ € V is C= if
it is C* for all k& > 1.

Definition 5.2. A vector ¢ € V is said to be smooth if ¢ is C*°. The subspace of smooth vectors
is denoted by V> < V.

Note that we can differentiate in V°°:

Lemma 5.3. The space V™° is invariant under G(F).

Proof. Let g € G(F) and let X € g. Then

X(n(9)9) = lim (x(exp(tX)g)6 — 7(g)o)

t—0
=7(g) }g% %(w(exp(t Ad(g™H)X)p — ¢)

where Ad(¢g71)X = g7 'Xg. The limit exists if ¢ is C'. This implies that m(g)¢ is C'. One shows that
7(g)¢ is CF for all k if ¢ is so by induction. O

Lemma 5.4. Let (7,V) be a Hilbert space representation of G(F'). Then the action of g defined
above 1s a Lie algebra representation.

Proof. We will prove this assuming as known that C°°(G(F)) is a representation of the Lie algebra where
the action is given by sending X € g to dX, that is, differentiation in the direction of X. We show how
to reduce the lemma to this case.

Let ¢g € V. We claim that

Lo(g) = (m(9)9, do)

defines a g-equivariant map
L:V® = C*(G(F)).

To prove that L is an intertwining map it suffices to verify that

(dX o L)¢(g) = (Lo X)p(g)-
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For this we compute:

“(L0) (g exp (X)) iz = % ((g)m(exp(X))6, dodleco

= (7(9)X ¢, ¢0)
= (Lo X)¢(g)-

Since we are assuming that ¢ is smooth, we see that this function is smooth as well.
In order to verify that VV°° is a representation of g, we must check that

X(Y¢)-Y(Xo)=[X,Y]o
for all X,Y € g and all ¢ € V°°. By duality, it suffices to prove that
LX(Y¢)) - L(Y(X¢)) = L([X,Y]¢)
for all ¢, but this is a consequence of the fact that C*°(G(F)) is a representation of g as explained at

the beginning of the proof.
O

Thus V> affords a representation of the Lie algebra. Note that so far we don’t even know if
V° is nonzero; it ought to be large in order for this notion to be useful. Fortunately, it is indeed
large. To make this precise, if f € C°(G(F')) then define

m(f)o = f(g)m(g)ody.
G(F)
Proposition 5.5.
(1) If f e CX(G(F)) and ¢ € V then n(f)p € V™.
(2) The space V> is dense in V.

Proof. Let
X x f(g) == (d/dt) f(exp(—tXg)|t=0-
Then

/ X+ f(9)m(9)dg
G(F)
d

= dt/@(p) fexp(—tX)g)m(g)pdgli=o

=S [ Famexp(tX)g)odsli—o
G(F)

= %w(exp(tX))ﬂ'(f)Qﬂt:O

= Xn(f)o.

By induction we see that 7(f)¢ € V.

For the second claim let ¢ > 0. The map G x V. — V given by (g,¢) — 7(g)¢ is continuous. This
implies that there exists a neighbourhood U C G(F) of the identity such that |7(g)¢ — ¢| < e for all
g€ U. Take f € C°(G(F)) to be nonnegative with support in U and such that

/ f(g)dg = 1.
G(F)
Then

(F)b— 9| = ' /G 1 1000 = s

< / (@) [r(9)é — dldg <
G(F)
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which implies that 7(f)¢ is as close to ¢ as we wish. Hence V> is dense. O

5.2. Restriction to compact subgroups. The representation theory of compact groups is much

simpler than the representation theory of noncompact groups. For example, any irreducible rep-

resentation of a compact group is unitarizable and finite-dimensional (see Theorem 5.9 below). A

profitable strategy in the representation theory of general Lie groups is to analyze the restriction

of a given representation to maximal compact subgroups. We discuss this in this section, starting

by recalling the results from the representation theory of compact groups that we require.
Throughout K C G(F') is a maximal compact subgroup.

Lemma 5.6. Let (m, V') be a continuous representation of G(F) on a Hilbert space V. There ezists
a Hermitian inner product (—, —) : V- x V. — C which gives the same topology as the given pairing
on'V on V' but with respect to which |k is unitary, i.e.

(m(k)p1, m(k)p2) = (91, P2)
forallk € K and ¢1,¢2 € V.

In particular, taking G(F') to be compact we see that any representation of a compact Lie group
is unitarizable.

Proof. Let (-,-) denote the original Hilbert space pairing and | - | the original norm. Define

(61,03) = [ (=)0, m(k)n)ak
K

By construction it is K-invariant so we need only check the claim about the topology. For fixed
¢ € V, the map

K—C

k— (n(k)o, m(k)o)
is continuous with compact domain, and hence has bounded image. Thus by the uniform bound-
edness principle the operator norm of 7(k) is bounded independently of k. In particular there is

some C' > 0 such that |7(k)¢| < C|¢| for all ¢ € V. We can likewise find a similar bound for
7(k™1) and so there exists some C' > 0 such that

C7H ol < [m(k)el < Clol
for all € V. From this we find that

0= [ (506, 7(k)6)
K
satisfies
C *meas(K) |¢| < \¢|iew < C?meas(K) |¢| .
This implies the result. [

We now prepare for a proof of the Peter-Weyl theorem, which says that all of the representation
theory of a compact Lie group K is contained in L?(K).

Definition 5.7. Let (7, V) be a continuous representation of a group G on a Hermitian vector
space V. A matrix coefficient of 7 is a function of the form

m:G—C

g — (m(g)d1, 2)
for some ¢1, ¢ € V.
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Proposition 5.8. Suppose K is a compact Lie group and (w1, V1) and (ma, Vo) are two represen-
tations of K with o unitary. If there exist matrixz coefficients my, mo for my, my respectively that
are not orthogonal in L*(K) then there exists a non-trivial intertwining operator L : Vi — V5.

Proof. Write (-, -); for the Hermitian pairing on V;. Let x1,y; € V; and xs,ys € V5 be such that:

[ @) s o 0
Let
L(¢) = / (m1 (K)o, 91)17T2(k_1>(92)dk-
We claim that L gives an intertwining glap
L:V,— V.
Indeed,

ma(g) 0 L($) = /K (10 (k)6, 1) ma( gk (y)dk

If we change variables k +— kg this becomes L o m1(g)¢ and so L is an intertwining operator. We
now verify that it is nonzero. One has

(L{z1).22)2 = ( /K (o (k) )ik Yyadk, @),

:/K(?H(k’)xuyl)l(ﬂz(k’_l)yz,@)zdk

= /K<7Tl<k)$1,y1)1(7T2(k)iU2,y2)2d/<7 (V4 is unitary)
# 0.

Thus L is nonzero.
O

Theorem 5.9 (Peter-Weyl Theorem). Let K C GL,(C) be a compact Lie group.

(1) The matriz coefficients of finite dimensional unitary representations of K are dense in
C(K) and LP(K) for all 1 < p < oc.

(2) Any irreducible unitary representation of K is finite dimensional.

(3) If (w,V) is a unitary representation of K, then V' decomposes into a Hilbert space direct
sum of irreducible unitary subrepresentations.

Proof. We may regard K as a subset of M, (R) for some n. We shall further identify this with R™.
We call a function on K polynomial if it is the restriction of a polynomial in R™ to K.

We claim that every polynomial function ¢ is a matrix coefficient for some finite dimensional
representation. Indeed, let r € Z-y and let p, be the representation of K on the polynomials
of degree less than r via right multiplication (so p,(g)¢(z) = ¢(zg)). By Lemma 5.6 we can
find a hermitian metric on the space of p, making this representation unitary. By the Riesz
representation theorem there exists some ¢p in the space of p, such that ¢(1) = (¢, ¢o). We then
have that ¢(g) = p(9)o(1) = (p(g)¢, ¢¢). This implies the claim. The first assertion of the theorem
then follows from the Stone-Weierstrass theorem (density of polynomials in LP(K)).

We now claim that if (7, V) is a non-zero unitary representation of K then V' admits a non-zero
finite-dimensional invariant subspace. Let ¥(g) = (7(g)z,z) be a non-zero matrix coefficient. We
can approximate ¢ by polynomials. This implies there exists a polynomial not orthogonal to v
in L?(K), say of degree r. Letting p, be the representation in the previous paragraph we obtain
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a non-zero intertwining map L : p, — V which implies we have a finite-dimensional invariant
subrepresentation of V' as claimed. Since (7, V') is unitary, this finite dimensional subspace admits
a complement if it is not the whole space V', proving the section assertion of the theorem.

For assertion 3 we use Zorn’s Lemma to construct a maximal subspace which is a direct sum
of finite subrepresentations. It then follows from 2 that this is the whole space as the orthogonal
complement has finite subrepresentations. 0]

5.3. (g, K)-modules. Let (7, V') be a representation of G(F') on a Hilbert space and let K < G(F)
be a maximal compact subgroup. We assume without loss of generality that 7|k is unitary. For
each equivalence class of irreducible representation o of K we write:

V(o) ={veV:(ngv) = o}

This is the o-isotypic subspace. A vector in V' (resp. a subspace) of V' is said to have K-type
o if it is an element (resp. a subspace) of V(o). We note that V' is admissible if and only if
dim(V (o)) < oo for all o.

Definition 5.10. The algebraic direct sum
vfm = @UEI/EV(O—)
is the space of K-finite vectors in V.

In the definition we have used the useful notation & ; it denotes the set of all equivalence classes
of irreducible representations of K. Since all of these representations are unitarizable, the set K
is also refered to as the unitary dual of K.

Remark 5.11. We will later show in Proposition 5.15 that V;, is dense in V', and hence V' is the
Hilbert space direct sum of the V(o).

We record the following proposition [Bum97, §2.4].

Proposition 5.12. Let ¢t = Lie(K). The following are equivalent:
(1) The vector ¢ € V is K finite.
(2) The space (m(k)plk € K) is finite dimensional.
If ¢ is smooth, then this is equivalent to
(3) The space (m(x)p|x € €) is finite dimensional.
Thus K-finiteness can be detected using the Lie algebra of K.
Remark 5.13. We show in Proposition 5.15 that K-finite vectors are always smooth.

Definition 5.14. A (g, K)-module is a vector space V with a representation of 7 of g and K
which satisfy the following:

(1) The space V' is a countable algebraic direct sum V' = @&;V; with each V; a finite dimensional

K-invariant vector space.
(2) For X € £ and ¢ € V we have:

d 1
7(X)6 = X = % exp(tX)gluco = lim —(w(exp(tX)6) — 6)
—0 t
(3) For k € K and X € g we have 7(k)m(X)m(k™!)¢ = n(Ad(k)X)o.
We say that the (g, K)-module is admissible if we can choose the V; to have have distinct K-types.

We prove in the following proposition that an admissible representation of G(F') on a Hilbert
space gives us a (g, K)-module:

Proposition 5.15. Let (7, V') be an admissible Hilbert space representation of G(F'). Then:
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e The K-finite vectors are smooth.
e The space of K-vectors Vg, <V is dense and invariant under the action of g.

Thus the space of K-finite vectors in an admissible Hilbert space representation of G(F') is in a
natural manner an admissible (g, K')-module.

Remark 5.16. The K-finite vectors are even real analytic in the sense that if ¢ € V(o) for some
irreducible representation o, then g — m(g)¢ is a real analytic function of g [HC53].

We say that two Hilbert space representations are infinitesimally equivalent if their underly-
ing (g, K)-modules are isomorphic. The notion of infinitesimal equivalence is strictly coarser than
that of equivalence [Bum97, Exercise 2.6.1].

Proof. We assume without loss of generality that 7| is unitary. Write V; := V> n V/in,
We first prove that V4 is dense in V. Let U be a neighborhood of 1 in G(F') and let ¢ > 0.
Suppose that f is a smooth function on G(F') with support in KU such that

(5.3.1) / L g =1 ana / L Mg <=

By making U and ¢ sufficiently small we can make 7(f)¢ as close as we like to ¢ for all ¢ in V
(see the proof of Proposition 5.5).

It therefore suffices to show that for arbitrary U and ¢ > 0 we can choose an f satisfying
(5.3.1) such that 7(f)¢ is K-finite. To construct such an f, let let U; C G(F) and W C K be
neighborhoods of 1 such that WU, C U, and let f; be a nonnegative smooth function supported
in U; such that f G(F (9)dg = 1. By the Peter-Weyl theorem, there exists a matrix coefficient f

of a finite dlmensmnal representatlon of K such that [ fo(k)dk =1and [, |fo(k)|dk < e. Let

>=Aﬁ®ﬂk@%

Clearly, f has support contained in KU; C KU. Moreover, since WU, C U, if k € K is such
that there exists ¢ € G(F) ~ U with fi(k7'g) # 0 then k& & W (since otherwise would have
g=k(k7'g) € WU, C U). Therefore:

/G’(F)\U|f<g)|dg = /F)\U/|f0 | fi(kg)|dkdg
R R
G(F)-U JK~W
< [l [ pe e
K=w G(F)

= / folk)dk < e.
K-W

Thus f satisfies (5.3.1).
We now show that m(f)¢ is K-finite. Let p be a finite dimensional unitary representation of
which fy is a matrix coefficient. Thus fo(k) = (p(k)&, () for some &, in the space of p. Then if
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ki€ K:
flitg) = [ Sl AR g)ak
K
= [ o0 0k )
K
= [ ol o006 O ik )
K
= [ (o) kO ok )k
K
Therefore the linear span of the functions f(kj'g), is contained in the linear span of the functions
g [ (p(k)&, C) fi(k~ g)dk for varying &, ¢ in the space of p, and this space is ﬁmte dlmensmnal
Thus the space spanned by the vectors 7(ky)w(f)p = fG(F m(k1g)pdg = fG ) (g)pdg

as ky varies over K is finite dimensional, so 7T( flo € Vi, Moreover w(f)o is smooth for any
vector ¢ by Proposition 5.5. It follows that Vj is dense in V°°, which is dense in V.

We now prove that V/™ < V. First observe that V; is K-invariant since V> is by Proposition
5.12. Let o be an irreducible unitary representation of K. Then Vy(o) < V(o). Since Vi, is an
algebraic direct sum of the V(o) it suffices to show that V(o) = V(o).

Since V(o) is finite-dimensional by admissibility, V(o) admits a well-defined orthogonal com-
plement in V(o) (this is the only part of the proof where admissibility is used). If ¢ is in this
orthogonal complement then ¢ is orthogonal to all of Vj, because it is orthogonal to V(7) for
every 7 # 0. Therefore ¢ = 0, since Vj is dense. This establishes that Vy(o) = V(o), and hence

Finally, must show that Vy;, is invariant under g. Let ¢ € Vy;y,, let R be the span of ¢ under K,
and let

Ry :=(Y¢|Y €gand ¢ € R),
which is clearly finite dimensional. We claim that R; is fixed by K.

Indeed, if X € ¢ = Lie(K), and Y¢ € Ry, then X (Y¢) = [X, Y]+ Y (X¢), which is an element
in R;. Therefore the elements of R; are K-finite by Proposition 5.12, and hence Y ¢ is K-finite for
allY € g.

O

Remark 5.17. One motivation for introducing (g, K)-modules is that they can be classified, and,
at least in special cases, the action of g and K can be given explicitly. This gives important
information on automorphic representations, our primary object of study. We refer the reader to
§6.5 for a statement of the classification in the case of GL(2).

5.4. The archimedian Hecke algebra. Recall that H., denotes the algebra of distributions on
G(F) with (compact) support contained in K. Let

U(tc) and U(gc)

denote the universal enveloping algebras of the complexifications ¢¢ := ¢®g C (resp. gc := g®Qr C)
of € (resp. g). Here we regard the Lie algebra g as a Lie algebra over the real numbers via the
canonical identification g = Lie((Resg/gG)r). Since £ < g is a subalgebra, it inherits the structure
of a real Lie algebra.

Let Hy denote the convolution algebra of finite measures on K. One has an isomorphism

H = Hi Queee) Ulge)

The category of admissible (g, K')-modules and the category of admissible H.,-modules are equiv-
alent.
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5.5. An alternate definition. Let GG be a connected reductive group over a number field F'.
Recall that if ¢ € L?*(G(F)Ac\G(AF)), then R(G(AFr))p is a G(F,,)-representation, and it is a
result due to Harish-Chandra that the K-vectors in this space form an admissible Ho, X G(AY)-
module.
Therefore, the K-finite vectors in R(G(Ar))p form an admissible (g, K) x G(AY)-module.
Thus an alternate formulation of the definition of an automorphic representation is the following:

Definition 5.18. An automorphic representation of G(Ar) is an admissible (g, Ko) X G(AY)-
module isomorphic to a subquotient of L*(G(F)Ag\G(AF)).

Here, of course, an admissible representation of (g, K) x G(A%) is an exterior tensor product of
an admissible representation of (g, K,) and G(AY).

6. AUTOMORPHIC FORMS

In this section we explain how automorphic representations relate to automorphic forms on
locally symmetric spaces.

6.1. Approximation. We assume throughout this section that F' is a number field. The appro-
priate analogues hold in the function field case, but they require different proofs.

Let G be a connected linear algebraic group (so we do not assume G to be reductive). Recall
that F'* embeds into A} diagonally as a discrete subspace with non-compact quotient. In other
words G Ly (F)\GL1(Ar) is non-compact, and actually it has infinite volume with respect to the
Haar measure. An analogous phenomenon occurs for other groups, and this motivates the following
definition:

G(Ap)' == (] ker(|-|ox:G(Ap) = RX).
X€EX*(G)
Here |z| := |z|a, =[], |z|o- Note that G(F) is contained G(Ar)! in virtue of the product formula.
Moreover, G(Q) is discrete in G(Ap)! (this follows from the fact that G admits an embedding into
affine space together with Lemma 1.7).
As above, let Ag be the identity component of the R-points of the greatest Q-split torus in
Resp/gZa. Then
AcG(AR)' = G(Ap),
and the product is direct. We now discuss the topological features of the quotient
G(F)\G(Ar)".

For a proof of the following two theorems see [Bor63].

Theorem 6.1 (Borel). The group G(Ap)' is unimodular. The quotient G(F)\G(Ar)' has finite
volume with respect to the measure induced by a Haar measure on G(Ap)', and G(F)\G(Ar)' is
compact if and only if every unipotent element of G(F') belongs to the radical of G.

The following refinement of this result goes by the name of weak approximation:
Theorem 6.2 (Borel). The set G(F)\G(Ar)/K> is finite.

Remark 6.3. In the special case G = GL;, K*® = (/9\1? the set above can be identified with the
class group of F', and hence the theorem implies the finiteness of the class group.

Let
h:=h(K*) =|G(F)\G(AF)/K™|,
let t1,...,t, denote a set of representatives for G(F)\G(Ap)/K>, and let
[i(K™®) = G(F) Nt Ag\G(Fo ) K> ;1
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We then have a homeomorphism
h

(6.1.1) [T 1K) A\G(Fa) — G(F)A\G(Ap) /K™
i=1

given on the ith factor by
Li(K=)g — G(Q)(g,t:) K.
Notice that the I';(K>°) are discrete subgroups of G(F); they are moreover arithmetic in the

following sense:

Definition 6.4. Let G < GL, be a linear algebraic group. A subgroup I' < G(F) is arithmetic
if it is commensurable with G(OF), where G is the schematic closure of G in GL,,,0,..

Remark 6.5. One can show that the notion of arithmeticity does not depend on the choice of
representation G < GL,,.

~

Example 6.6. Consider G = GLy/q. Then K> = GLy(Z) is a maximal compact open subgroup,
where Z = Hp Z,, is the profinite completion of Z. Moreover, if we denote by

Ko(N): = {(#4) € GLy(Z) : Nie)
Fo(N) : = Ko(N) N GLy(Z)
then
Po(N)\ GLy(R) = GL3(Q)\ GLa(Ag)/ Ko(N).
Thus if ¢ is a complex function on the double coset space GL2(Q)\ GL2(Ag)/Ko(IV), then it gives
rise to a complex function on the quotient I'y(N)\ GL2(R), and viceversa.

If we let Ko, = SO2(R) then :
Fo(N\(C = R)= GL2(Q)\ GL2(Ag)/Ko(N) Koo = GL2(Q)\(C — R) x GLa(Ag)/Ko(N).
where on the left I'g(NV) acts via Mobius transformations.

6.2. Classical automorphic forms. In the previous subsection we discussed a homeomorphism

GF)ANG(Ar) /K=~ [ Ti(K™) A\ G(Fu).

for certain (discrete) arithmetic subgroups I' < G(F'). Clearly automorphic representations are
related to functions on the left side. Automorphic forms, classically, were defined to be certain
classes of functions on the right. We recall the definition in this section. In the next section
we recast this definition adelically and show how automorphic forms give rise to automorphic
representations.

Definition 6.7. A norm ||-|| on G(F) is a function of the form

lgll = tx(a(g)*o(g)"?
where 0: G(F) — GL(F) is a finite dimensional representation with finite kernel such that o|x_,

is unitary with respect to some Hermitian inner product. Here * denotes the adjoint with respect
to the given inner product.

Definition 6.8. A function ¢: G(F,) — C is said to be slowly increasing if there exists a norm
|||, a constant C' and a positive integer r such that

|f(@)] < Cllz||”
for all z € G(Fx).
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The definition is independent of the choice of norm. Note somewhat paradoxically that a rapidly
decreasing function is also slowly increasing.

Definition 6.9. Let I' C G(F) be an arithmetic subgroup. A function ¢: G(F) — C is an
automorphic form for I' if

(1) ¢ is smooth;

(2) ¢ is slowly increasing;

(3) ¢(yx) = ¢(x) for all z € G(F), v € T

(4) there exists an elementary idempotent { € H,, such that {¢ = ¢. (This says ¢ has a
particular K-type and is K-finite);

(5) there exists an ideal J C Z(gc) of finite codimension such that X¢ = 0 for all X € J.

Here Z(gc) is the center of the universal enveloping algebra U(gc), where g = Lie((Resp/oG)r)-
We denote the space of automorphic forms, with notations as above, by
AT, E, ).
We will also put
AT, J) = AT, €, )

which is a (g, K )-modules.
Theorem 6.10. [HC68| The space A(TL',.J) is an admissible (g, K )-module and hence

AT, €, J) is finite dimensional for each & O
Remark 6.11. Automorphic forms in A(T', §) define sections of vector bundles over I'\G(FL.)/ K
defined using the representation attached to £ [?]. At least for certain & these sections can be

viewed as differential forms with coefficients in vector bundles, and this explains why they are
called “forms.”

6.3. Automorphic forms on adele groups. The adelic definition of an automorphic form is
analogous to the classical one:

Definition 6.12. An automorphic form on G(Ap) is a function ¢: G(Ar) — C such that

(1) for all y € G(Ap), © — ¢(zy) is slowly increasing and smooth;
(2) ¢(yx) = ¢(x) for all v € G(F) and for all x € G(Ap);

(3) There exists a fundamental idempotent £ such that ¢ = ¢;

(4) there exists an ideal J C Z(g) such that X¢ = 0 for all X € J;
(5) ¢(ag) = ¢(g) for all a € Ag and g € G(AFp).

We let
A&, J)

be the space of functions satisfying the assumptions above.
If £ =& ® &g then one has a bijection

(6.3.1) Aboo ® Ereoe, J) = Biz1 ATi(K>), 6o, J)
with notation as in (6.1.1).

Definition 6.13. An automorphic form ¢ is said to be cuspidal if

| otng)in=0
N(AF)

for all parabolic subgroups P C GG with Levi decomposition P = M N, and for all g € G(Ap).
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Let A%(&,J) C A(&,J) denote the subspace of cuspical automorphic forms. Analogously, the
cuspidal subspace

Ly(G(F)AG\G(Ap)) C L*(G(F)Ac\G(AR)).
is the space of functions ¢ such that [ N(Ap) ¢(ng)dn = 0 for almost every g € G(Ap).

Remark 6.14. The space of smooth vectors in L3(G(F)Ag\G(AF)) subspace is preserved by g.

Definition 6.15. A cuspidal automorphic representation is an automorphic representation equiv-
alent to a subrepresentation of L3(G(F)Ag\G(AF)).

Note that we do mean subrepresentation above, and not just subquotient as we had for auto-
morphic representations.
One has

JAE J) € L§(G(F)AG\G(Ar))
&J

and this subspace is dense.

6.4. From modular forms to automorphic forms. We make the constructions above more
explicit in a special case when G = GlLgg. Let I' C GLy(Z) be a congruence subgroup. For
example, we could set I' equal to

(6.4.1) Lo(N):={(2t) € GLa(Z) : N|c}.

Recall the following definition:

Definition 6.16. Let k € Z~( The space of weight k& modular forms for I" is the space My (T")
of functions f: $ — C satisfying the following conditions:

(1) f(v2) = (cz + d)*f(2) for all y = ( Z Z ) € I'NSLy(Z);

(2) f is holomorphic;
(3) f extends holomorphically to the cusps (see [Shi94] for details).
If f additionally vanishes at the cusps (see loc. cit.) we say that f is a cusp form. The space of

weight k cusp forms is denoted Si(I'o(N)).

Remark 6.17. If k is even, My (") can be identified with a subspace of the space of holomorphic
differential forms H°(I'\$,Q®*/2). Likewise, the space Si(I') can be identified with the space
HO(T'\$, Q%#/2) where the bar denotes the Baily-Borel compactification.

We now relate the space My (I'o(V)) to a space of automorphic forms. The idea is to pull back
an automorphic form on h along the quotient map

here Ag is the collection of matrices ( " S ) with » > 0 and $) is the complex upper half plane.

0
We set
j(g,z) = det(g)""*(cz + d)

for ( Z 2 ) = g € GLy(R)*. This is an example of an automorphy factor (see [?] for details).

Set
¢5(9) = j(g9,1) " f(gi): GLy(R)" —C
where g acts on ¢ by fractional linear transformations. This will give us an automorphic form, but
to specify the type we require further notation.
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Let & € Ho be the elementary idempotent attached to the induction of the representation

cosf) —sinf omikd
(6.4.2) ( sinf cosd ) e

of SO5 to Oy. For the remainder of this section, set

dc = 9[2 Or C.

Lemma 6.18. One has Z(gc) = (CA, Z) where Z = ( (1) (1) ) and

A= (1/4)(H? +2XY +2Y X)

where

Proof. [Bum97, §2.5]. O
The element A is called the Casimir element.

Lemma 6.19. For each integer k > 1 the C-linear map f — ¢y induces an isomorphism

() — AT, &, (A — i(k@ ~1),2))
fr—= s
Remark 6.20. Let -
Ko(N) i=To(N) = {(¢}) € GLy(Z) : N|c}

where the ~ denote profinite completion. Composing the isomorphism of Lemma 6.19 with (6.3.1)
we obtain an isomorphism

Sk(T) — A% (& ® Exeovy, (A — };(’“2 -1)))

Proof. One computes that

(1) ¢(vg) = ¢(g) for all g € GLy(R)* and v € T}

(2) o(gws) = e™(g) for ws = (524 ory’).
These immediately imply that ¢ is K-finite, I'-invariant and Ag-invariant. One also computes
that A¢g = (1/4)(k? — 1)¢ for ¢ as above using the fact that ¢ is holomorphic. So ¢ is annihilated
by

J=(A—-(1/4)(kK* - 1)id, Z).
O

6.5. Digression: (g, K )-modules. In this subsection we discuss the classification of (g, K )-
modules when

g := gl, and K, := O2(R).

All irreducible admissible (g, K, )-modules are isomorphic to exactly one of the types described in
the following three subsections.

Finite dimensional representations. Every finite-dimensional irreducible representation of GLa(R)
affords an irreducible admissible (g, K, )-module
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Discrete series and limits of discrete series. Suppose k > 1 and p € R. Then one has a (g, K )-
module 7, whose space is
Vk = @ (CU[

[|>k, ¢=k (mod 2)
with the following action:

me(we)vy = vy and (1] _01 >Ue =v_y

)
(2) Xue= 3((+ Dueya)
(3) Ye = 5((k — )ve—a),
(4) Yop =0, Xv_ = 0,
(5) AU@ = k(k4—2)ve,
(6) Zvp = py.

Then 7 is an irreducible admissible (g, K, )-module. If & > 2 then these modules are known
as the discrete series of weight k& and when k£ = 1 they are known as the limit of discrete
series. Any irreducible sub-(g, K )-module of AT, &, (A — 1(k* — 1))) is equivalent to Dy(0).

Principal series. Let s1,s5 € C and let € € {0,1}. Let
1
§:= 5(81 —sy+1), A:=s(1—3s), and p=s;+ so.

and suppose that there is no k = ¢ (mod 2) such that A = (k/2)(1 — k/2). Consider the space of
functions

i s1 So
s W )9) =i 22 (g) and

Lo 21 )9) =07

This is certainly a smooth representation of GL2(R), and hence affords a (g, K )-module. Tt is
irreducible and admissible and is known as the principal series. One can compute that A acts
by —A/4 and Z acts by p. The SO(R)-types are the characters corresponding to the integers
congruent to ¢ (mod 2).

7. FACTORIZATION

We have already studied automorphic representations (even defined them) as tensor products
of representations of objects at the infinite places and at the finite places. It is useful to push
this idea further. In fact, if 7 is an admissible representation of H., x H* one can write 7 as a
restricted direct product:

/
T = Too Qyppoe Mo

where the 7, are irreducible admissible representations of G(F,). We now explain what this means.

7.1. Restricted tensor products of modules. We start by defining a restricted direct product
of vector spaces. Let = be a countable set, let =y C = be a finite subset, let

{W,:vez}

be a family of C-vector spaces and for each v € = — =¢ let ¢y, € W, — 0. For all sets
= CSC=

of finite cardinality set Wy := Hve ¢ Wy If S C 5’ there is a map

(7.1.1) Wy — Wy
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defined by
RuesWy > DuesWy @ Qpes/—5Poy-
Consider the vector space
W =W, = ligWg
S

where the transition maps are given by (7.1.1). This is is the restricted tensor product of the
W, with respect to the ¢q,. Thus W is the set of sequences

(wv)UEE S ®’UW’U

such that w, = ¢q, for all but finitely many v € =. We note that if we are given for each v € = a
C-linear map
B, W,— W,
such that B,¢g, = ¢g, for all but finitely many v € = then this gives a map B = ®,B,: W — W
defined by
B(@wv) - ®B'uw1)'

We now define a restricted directed product of algebras. Suppose we are given C-algebras (not
necessarily with unit) {4, : v € Z} and idempotents ag, € A, for all v € = — E,. If S C 5’ there
is a map

(712) AS —)AS/

defined by
Qvesty 7 Qpesty @ Dues/—s00y-
Consider the algebra
A=A, = @AS
s

where the transition maps are given by (7.1.2). This is the restricted tensor product of the A,
with respect to the ag,. Finally, if W, is an A,-module for all v € = such that ag,¢9, = g, for
almost all v, then ® W, is an A-module.

Remark 7.1. The isomorphism class of W as an A-module in general depends on the choice of {¢g, }.
However, if we replace the ¢, by nonzero scalar multiples we obtain isomorphic A-modules.

Example 7.2. The ring C[X, Xs,...] = ®,C[X;] with ay; the identity in C[X].

Example 7.3. One has

CZ(G(AF)) = &'CF(G(F))
with respect to the idemponts ey, := m 1k, where K, is a (choice of) hyperspecial subgroup.
Implicit in this statement is the result that hyperspecial subgroups exist for almost all places (see

[Tit79] for a precise statement).

7.2. Flath’s theorem. Let = be a finite set of places of F' including the infinite places. Enlarging
= if necessary we assume that if v € =, then G, is unramified. If v & Zy we let K, < G(F},) be
a choice of hyperspecial subgroup; it is unique up to conjugacy [Tit79].

Definition 7.4. A C°(G(A¥))-module W is factorizable if we can write
(7.2.1) W = @, W,

where the restricted direct product is with respect to elements ¢g, € WEv dim(WX+) = 1, and
the isomorphism (7.2.1) intertwines the action of C°(G(AY)) with the action of ®! C>®(G(F,)),
the restricted direct product being with respect to the idempotents e, .
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In view of the assumption that dim(WX+) = 1 the module ®’ W, only depends on the choice of
the ¢g, up to isomorphism. Note that in this case W is admissible and irreducible if and only if
the W, are for all v.

Theorem 7.5 (Flath). Every admissible irreducible representation W of C°(G(AY)) is factoriz-
able.

We will prove Flath’s theorem below. The most interesting part is proving that dim(Wv) = 1
for almost all v; this is accomplished via Gelfand’s lemma. We postpone discussion of Gelfand’s
lemma until §8 below.

7.3. Proof of Flath’s theorem. For the remainder of this section we let GG be a locally compact
totally disconnected group. The basic example of interest to us is the case where G is the points
of a reductive group in a local nonarchimedian field.

Definition 7.6. A representation of G on a complex vector space V' is smooth if the stabilizer
of any vector in V' is open in G.

Equivalently, V' is smooth if and only if V' = |J <G VE where the union is over all compact
open subgroups K < G.

Remark 7.7. In this definition we do not assume that the representation V is continuous, or for
that matter even give a topology on V. In fact, V' is smooth if and only if the representation is
continuous if we give G(F’) its usual topology and V' the discrete topology.

The Hecke algebra
C(G)
is the convolution algebra of compactly supported smooth functions on G this is consistent with
our earlier definition in the case where G is the points of a reductive group in a local nonarchimedian
field.
Recall the notion of a non-degenerate C2°(G)-module from after Definition 3.4. For the following
lemma, see [Car79):

Lemma 7.8. There is an equivalence of categories between non-degenerate C°(G)-modules and
smooth representations of G. O

Using this equivalence we prove the following irreducibility criterion:

Proposition 7.9. A smooth G-module V is irreducible if and only if VE is an irreducible C*(G//K)-
module for all compact open subgroups K < G.

To prove the proposition we recall some properties of C°(G). As mentioned after (3.4), the
condition of non-degeneracy has content because C2°(G) has no identity element. However, it has
approximate identities in the following sense. For each compact open subgroup K < G let

1

= —1k.
K meas(K) "

Then ey acts as the identity on
C(G//K) = exCZ(Gex
and on V& := exV. This observation is in fact the key to proving Lemma 7.8.
Proof of Proposition 7.9. Suppose W = W; & W, as C2°(G)-modules. Then
Wk =wkaowk
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as C®(G//K)-modules for some compact open K < G by smoothness. Conversely, if W& =
WE @ WE for some compact open K < G then

(CE(GW)E = exCF(G)Wh = exCZ(GexexWh = CF(G/ | K)W # W
hence C*(G)W; # W. O

An admissible representation of C2°(G) is a nondegenerate C'2°(G)-module V' such that exV
is finite dimensional for all compact open subgroups K < G (this is consistent with the definition
of §3.4. In view of Lemma 7.8 there ought to be a way to phrase this condition in the context of
the associated smooth G-module. This is accomplished by the following definition:

Definition 7.10. A representation V of G is admissible if it is smooth and V¥ is finite dimen-
sional for every compact open subgroup K < G.

It is immediate that a representation V of G is admissible if and only if its associated C°(G)-
module is admissible.
We are now in a position to prove a weak version of Theorem 7.5:

Theorem 7.11. Let Gy, Gy be locally compact totally disconnected groups and let G = G X Gb.

(1) If V; is an admissible irreducible representation of G; for 1 < i < 2 then V} ® V, is an
admissible irreducible representation of G.

(2) If V is an admissible irreducible representation of G' then there exists admissible irreducible
representations V; of G; for 1 < i < 2 such that V =V} ® V,. Moreover the isomorphism
classes of the V; are uniquely determined by V.

Proof. We first prove (1). By the irreducibility criterion Proposition 7.9 for every compact open
subgroup K; x Ky < G x Gy the representation V;** @ V2 of C®(G,//K,) x C®(Gy//Ky) is
irreduble. But

(1) C*(Gy x Go) = C¥(Gh) x CX(Gh),

(2) C?(Gl X GQ // Kl X KQ) = CCOO(Gl // Kl) X CSO(GQ // KQ), and

(3) (Vi@ V) = VI @ V2,
so this implies that V; ® Vj; is admissible and irreducible.

Conversely, let W be an admissible G-module. Choose K = K; x K, such that W% # 0 (this
is possible by smoothness). Then since WX is finite dimensional there exists finite-dimensional
C>(G,;//K;)-modules W;(K;) and an isomorphism of C>*(G//K) modules W& — Wi(K;) ®
Ws(Ks). Varying K, we obtain a decomposition

W =W, W,
as C°(G) = C(Gy x Gg)-modules, where
W1 = thl(Kl) and W2 = thQ(KQ)
K1 K2

O

Proof of Theorem 7.5. For each finite set of finite places S containing the (finite) set of places v
where G, is ramified let K% := [], K, < G(A?) be a fixed compact open subgroup with K,
hyperspecial for every v.

Choose an isomorphism

(7.3.1) C(G(AR)) = &,C(G(F)
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where the restricted direct product is constructed using the idempotents ey, for hyperspecial
K, < G(F,). Use (7.3.1) to identify these two algebras for the remainder of the proof. We then
have a well-defined subalgebra

Ag = CP(G(FY)) ® exs < CX(G(AY)),

m 1xs (see Example 7.3). By corollary 8.9 below and Theorem

7.11 above, as a representation of Ag we have an isomorphism

WE =~ g, oW, @ WS

where exs = Qunser, is

where W* is a one-dimensional C-vector space on which egs acts trivially. Hence, by admissibility,

(7.3.2) W =W = lim @,eW, @ WS
S S

with respect to the obvious transition maps (compare §7.1). On the other hand, (7.3.1) induces
an identification

(73.3) CE(GAF)) = As = lim As
S S

where the direct limit is taken with respect to the obvious transition maps (again, compare §7.1),
and it is clear that (7.3.2) is equivariant with respect to (7.3.3). O

8. GELFAND PAIRS

In the proof of Theorem 7.5 above we used without proof the fact that if G is a connected
reductive group over a nonarchimedian local field F', V' is an irreducible admissible representation
of G(F) and K < G(F) is a hyperspecial subgroup then dim(V*) = 1. This important result is
proven via an application of Gelfand’s lemma (see Corollary 8.9), which is a lemma used to establish
the existence of so-called Gelfand pairs. Since this notion is incredibly useful in representation
theory, we devote this section to it. Throughout G is a totally disconnected locally compact

group.

Definition 8.1. If V' is a representation of GG, then the contragredient representation V'V is
the representation afforded by all linear forms V' — C that are fixed by some open subgroup in G.

Note that the contragredient of an admissible representation is admissible.

Definition 8.2. Suppose H C G is a closed subgroup. The pair (G, H) is a Gelfand pair if for all
irreducible admissible representations V' of G we have that dim Homy (V, C) dim Homg (VY,C) < 1.

Studying representations of GG by studying their restrictions to subgroups H is often a profitable
strategy in representation theory. If (G, H) is Gelfand, this is especially true. One can think of
the multiplicity one property as an analogue of Schur’s lemma in a sense we now explain. Since
we have not proven Schur’s lemma in the context of admissible representations, we provide a proof
now:

Lemma 8.3 (Schur’s lemma, extended to smooth irreducibles by Jacquet). Let (7w, V') be a smooth
wrreducible representation of G. Assume that the topology of G has a countable basis. Then any
endomorphism of V' commuting with 7 is necessarily scalar.

Remark 8.4. The hypothesis on G is valid if G is the F-points of a reductive group over a local
nonarchimedian field F'.
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Proof. Let T : V — V be a nonzero intertwining map. Assume for the sake of a contradiction that
T # M1d for all A € C. Then for all A\ € C, the map T'— AId : V' — V is a nonzero intertwining
map since it is nonzero and 7 is irreducible. Let Ry = (T'— AId)~!. Then we claim that the R)
are linearly independent over C as A varies. Indeed, suppose Ay,..., A\, € C are distinct and let
ai,...,a, € C*. The linear combination ) a;R,, decomposes as a product

ZaiR,\i = (H R>\2> P(T),

where P(X) = >, a; [[;,(X — Aj). Factor P(X) = a][;(X —m;) for a € C* and m; € C. Then
since P(T) is invertible each T' — m; Id is invertible. Thus »_ a;R,, is invertible, and the R,, are
thus linearly independent. This proves the claim, which implies that the endomorphisms of 7 form
a C-vector space of uncountable dimension.

Now let ¢ € V — {0}, so that V is generated by ¢. Thus V is generated by {n(g)¢ : g € G} over
C. By smoothness, ¢ is stabilized by a compact open subgroup stabilizer K < G. Since G/K is
countable by assumption, it follows that V' has countable dimension.

On the other hand there is an injective map from the C-algebra of intertwining maps 7' : V. — V
to V given by T+ T(¢). Thus the C-algebra of intertwining maps 7" : V' — V has countable
dimension. This contradiction implies the proposition. 0

As an easy corollary, we have that if the topology of G has a countable basis and 7 is an
irreducible admissible representation of GG, then there is a quasi-character w : Zg — C* such that
7(2) acts via multiplication by w,(2) for z € Z5. The character w; is called the central character
of m. As another application, we have the following lemma:

Lemma 8.5. Regard G as a subgroup of G x G wvia the diagonal embedding. Then (G x G,G) is a
Gelfand pair if and only if for all irreducible admissible representations (w, V') of G any intertwining
map V — V is a scalar.

This explains our earlier claim that the Gelfand property can be thought of as an analogue of
Schur’s lemma. It is in fact a generalization of this property.
In order to give the proof, we observe that for any representation V' of GG the space

End(V) := Hom(V, V)

is naturally a G x G-module, where one copy of GG acts via precomposition and the other via
postcomposition. Let

End,,,, (V) < End(V)

denote the subspace consisting of smooth endomorphisms, that is, endomorphisms that are left
and right invariant by a compact open subgroup K < G.

Proof. The space of Endg,,, (V) isomorphic as a representation of G x G to V@V, and the subspace
of intertwining maps V' — V' is naturally isomorphic to

(Ve v,
where here we regard GG as embedded diagonally in G x G. O
One important characterization of Gelfand pairs in a special case is the following:

Proposition 8.6. If K C G is compact and open then (G, K) is a Gelfand pair if and only if
C>*(G//K) is commutative.

For an application of this proposition, see §9.1 below.
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Proof. If C*(G//K) is commutative then dim(V%) = 1 for all irreducible admissible represen-
tations V' by Proposition 7.9 so (G, K) is a Gelfand pair. Conversely, note that we have an
equivalence of categories

{reps V of G generated by V¥} —{C>(G//K)-modules}
Vi VR

which sends irreducible representations to irreducible representations. Moreover, one can check
that any representation of G that is generated by V¥ is in fact admissible since we are in a
nonarchimedian setting. If (G, K) is Gelfand, then dim VX = 1 for all irreducible admissible
representations V', and hence every irreducible representation of C°(G//K) is one-dimensional.
It follows that C°(G//K) is commutative. O

Gelfand’s lemma gives a method for proving that a given pair is Gelfand. To state it we use the
following definition:

Definition 8.7. The space of distributions D'(G) on G is the linear dual of C°(G).

Note that in contrast to the archimedian case we place no conditions of continuity on the linear
functions. We have that G x G acts on D'(G) via its left and right actions on functions of C2°(G).

Lemma 8.8 (Gelfand’s Lemma). Assume the topology of G has a countable basis and let H < G
be a closed subgroup. If there is an involution ¢ of G which stabilizes H and acts trivially on

D'(GYH*H then (G, H) is a Gelfand pair.

Proof. Assume that the topology of G has a countable basis and let V' be an irreducible represen-
tation of G, and let £ : V' — C and m : V'V — C be nonzero H-invariant linear forms. Define linear
maps

F, ¢ CCOO (G) — VY

F,:C*(G)—V

F(f)(v) = /G £(9)t(gv)dg
Fn(H)0") = /G F(g)m(gv")dg

respectively. Since V'V and V are irreducible, by Schur’s lemma [Car79, §1.4(c)] these maps are
determined up to scaling by their kernels. We consider the composite map:

B:C®(G) x C2(G) Lty v v L ¢

where ( , ) is the tautological (G-invariant) pairing. Note that B(fi, fa) = m(F,(f1 * f2)). Ex-
tending linearly B defines a distribution on G x G right invariant under H x H and left invariant
under G (embedded diagonally). For f € C°(G), define f := f(u(g7")). Since f — m(Fy(f)) is
bi- H-invariant, it is fixed by . Thus m(F,(f)) = m(F,(f)). We now take f = f; * fo, and we have
f = fy* f1, since ¢ is an involution. Thus we see that B(f1, f2) = B(fs, f1), so the left kernel of
B determines the right kernel of B. Hence m determines ker(F;), and therefore determines ¢ up

to scaling. But since m was arbitrary, we must have dimyHom(V,C) < 1. A symmetric argument
implies that dimpHom(VY,C) < 1. O

We close this section with the application of Gelfand’s lemma that motivated our discussion in
the first place:
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Corollary 8.9. If F' is a nonarchimedian local field, G a connected reductive F-group, and K <
G(F) a hyperspecial subgroup, then (G(F), K) is a Gelfand pair. More generally, if G is a connected
reductive group over a global field F unramified outside of S and K° = vas < G(A}) is a

subgroup with K, < G(F,) hyperspecial for all v, then (G(A%), K®) is a Gelfand pair.

Proof. In [Car79, Theorem 4.1] one finds a sketch of a proof that C2°(G(F)//K) is commutative,
which implies the first statement by Proposition 8.6.
For the adelic statement we note that

C(G(AD) /1K) = ®4sC(G(F) [/ K.y)

so the algebra C>°(G(A%)//K®) is commutative, hence the pair (G(A%), K°) is Gelfand.

In the special case of G = GL,(F), K = GL,(OF), recall that any double coset K¢gK is equal
to KaK with a a diagonal matrix by the structure theorem for finitely generated modules over a
principal ideal domain. Thus we can show that (G, K) is Gelfand using Gelfand’s lemma. 0J

9. UNRAMIFIED REPRESENTATIONS
By Flath’s theorem, if 7 is an automorphic representation of G(Ar), then
T T,

where for almost every v the representation 7, is unramified in the sense that it contains a (unique)
vector fixed under a hyperspecial subgroup K < G(F,). In this section we discuss the classification
of unramified representations. It turns out that they can be explicitly parametrized in terms of
conjugacy classes in the dual group of G (see Theorem 9.3). This fundamental fact will later be
used in §10 to formally state the Langlands functoriality conjecture.

In this section we let G be a connected reductive group over a nonarchimedian local field F'.

9.1. Unramified representations. Our purpose here is to study unramified representations.

Recall that G is unramified if GG is quasi-split and split over an unramified extension of F.

Definition 9.1. An admissible irreducible representation (m, V') of G(F') is called unramified or
spherical if G is unramified and VE # 0 for some (any) hyperspecial subgroup K < G(F).

Let K < G(F') be a hyperspecial subgroup. Then the subalgebra
CE(G(F)//K) < CF(G(F))

is known as the spherical Hecke algebra of G(F) (with respect to K). Let f € C*(G(F)//K)
and let 7 be unramified. Then 7(f) acts via a scalar on V& and hence on all of V. Tt is sensible
to denote the scalar by tr(7(f)). The map

C(GF)//K)—C
[ tr(x(f))

is called the Hecke character of .

Proposition 9.2. An unramified representation m is determined up to isomorphism by its Hecke
character.

Proof. Recall that a smooth representation of G(F) generated by V¥ is determined by the action
of C*(G(F)//K) on VE (compare the proof of Proposition 8.6). O
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9.2. The Satake isomorphism. If we don’t know anything about C°(G(F')//K), then we could
hardly count this result as useful. However, it turns out that C2°(G(F")//K) has a simple descrip-
tion:

Theorem 9.3 (Satake). Assume that G is split. There is an isomorphism of algebras
S: CX(G(F)//K) — C[TVEDE

where G is the complex connected reductive algebraic group with root datum dual to that of G and
T < G is a maximal torus. O

Remark 9.4. A similar, but more complicated statement is true for any unramified group G, see
[Car79, §4.2].

To have a feeling for this result, let us consider the special case of GL,, following [Tam63]. The
Hecke algebra C2°(GL,(F)// GL,(OF)), as a C-module, has a basis given by
wi‘l
]1,\ = GLn(OF> GLn(OF)
@
with A := (Ay,...,\,) € Z™, Ny > Ny for all 1 <4 < n —1 (this follows from the theory of
elementary divisors). As a C-algebra it is generated by 1,y with A(r) = (1,...,1,0,...,0) (r ones

and n —r zeros) for 1 <r <nand A\ = (—1,...,-1).
On the generating set above the Satake isomorphism is given by
(921) S(]l)(@) = qr("_r)ﬂtr (/\T(Cn)

where C" is the tautological representation of GL,(C) and tr (A"C") is the trace of a diagonal
matrix in GL,(C) acting on the given representation.
We now record the following consequence of Proposition 9.2 and Theorem 9.3:

Corollary 9.5. Assume that G is split. There is a bijection

semi-simple 1somorphism classes
conjugacy classes y < < of irreducible unramified
in G(C) representations of G(F')

Proof. We have

Home qigebras (C[T]V (@O C) = T(C)/W (G, T)(C)
On the other hand every semisimple conjugacy class in G(C) intersects T(C) and two elements of
T'(C) are conjugate in G if and only if they are in the same W (G, T')(C)-orbit. O

This result is our first example of a functorial correspondence in the sense of Langlands. We will
return to functorial correspondences in §10 below. By way of terminology the semisimple conjugacy
class attached to an isomorphism class of unramified representations is called its Langlands class.
The eigenvalues of a representative of the conjugacy class are called its Satake parameters.

9.3. Principal series. We now explain how to explicitly realize unramified representations. Let
P C G is a parabolic subgroup, M C P is its Levi subgroup, and N its unipotent radical, so that
we have P = M N.
Letting
n := Lie(N)
we obtain a representation

Ad, : M(F) — GL(n)
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by restricting the adjoint action of G(F') on Lie(G). The modular character
(9.3.1) =0p: M(F)—C
is defined by
d(m) := | det(Ad(m))|.
Let (0,V') be a smooth irreducible representation of M (F'). Using the modular character we define

the induced representation (o) := Ind%(c) to be the (smooth) representation of G(F) on the
space of functions

f(mng) = 6(m)?a(m)f(g) for all (m,n,g) € M x N x G(F),
f:GF)—V: and there exists a compact open K < G
such that f(gk) = f(g) for all g € G(F)

Here G acts via right translation:
1(a)(9)f(x) = f(zg).
This is an example of an induced representation. The factor of 6'/2 is present so that if o is
unitarizable then (o) is also unitarizable (see Lemma 9.6). We note that this procedure yields a
functor
Ind% : SmRepM (F) ~» SmRepG(F),

from smooth representations of M (F') to smooth representations of G(F).

Lemma 9.6.

(1) If o is admissible then (o) is admissible.
(2) One has I(0)Y = I(d")

(3) If o is unitary then I(o) is unitarizable.
Proof. There is a compact open subgroup K < G(F') such that
G(F) = KP(F)
by the Iwasawa decomposition [Tit79, §3.3.2]. Thus G(F')/P(F) is compact and (1) follows.
Let V' denote the space of I(c), W the space of 1(51/2) Define a map

[ C(G(F) —

fr—>/ / f(mg)dmdn.

It is surjective and intertwines the natural action of G( ) on C*(G(F)) by right translation with
the action of I(d). Consider assertion (2). For ¢y € V, o € VY choose f such that II(f) = ¢1¢, €
W. One can check that the pairing

(9.3.2) (f1,02) = f(g)dg

G(F)
is well-defined. It is trivially G(F')-invariant and nondegenerate, and this realizes I(c") as the
contragredient of I(o). This proves assertion (3). The proof of assertion (3) is similar; one
assumes that ¢, ¢y € V' and replaces ¢1¢o with ¢1¢y, where the ¢5 denotes the dual vector with
respect to the given Hermitian pairing. U

We now isolate a particular case of the construction above. Let A < GG be a maximal split torus,
let M = Cg(A) be its centralizer, and let P < G be a minimal parabolic containing M. There is
a map

ordy : M(F) — X.(M)
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defined by

{ordas(m), x) = |x(m)].
where | - | is the norm on F. Denote by A(M) C X,.(M) the image of ordy, and let M (F)° be the
group fitting into the exact sequence:
(9.3.3) 1= M(F)°— M(F)— AM) — 1.
By definition, m € M (F)° if and only if A(m) € OF for all A € X*(M). Thus M(F)° is open.
Definition 9.7. A quasi-character x : M (F) — C is said to be unramified if x| (r)o is trivial.

Definition 9.8 (Unramified principal series). Assume that G is unramified and that y is an
unramified character of M. Then the representation

I(x) = Ind§(x)

is an unramified principal series representation.

Remark 9.9. Of course, we have not checked that I(x) is unramified, or even irreducible. In fact,
it is sometimes reducible. When I(x) is irreducible it is indeed the case that () is unramified.

Let
W = N(A)(F)/M(F)
It acts on X, (M) and leaves X,(A) C X,.(M) and A(M) invariant. For w € W, define the character
XY by x¥(m) := x(z,'mx,), where z,, represents w in V(A). We say that x is regular if y* = x
only when w = 1. One has the following fundamental theorem:

Theorem 9.10. The following hold:

(1) The representations I(x) and 1(x™) are isomorphic for all w € W, and these account for
all the possible isomorphisms among the I(x).
(2) Every unramified representation is isomorphic to a unique subquotient of a unique I1(x).

Consider now the following concrete instance of the above construction. Let x1,x2 : Q; — C*
be characters (not-necessarily unitary). Then I(x1, x2) is the space of locally constant functions

f:GLy(Q,) — C
‘al‘l/Z

with f((“ 4)9) = Xl(al)xz(ag)mf(g). Note that xi, x2 are unramified if and only if they
restrict trivially to Z, in which case they are completely determined by the value at a uniformizer
w, thus by the complex number s; such that y;(w) = ¢ (i = 1,2). By part (1) of Theorem
9.10, the parameters (s1, $2) and (sg, s1) correspond to the same representation, so by part (2) of

Theorem 9.10, we obtain a bijection

semi-simple isomorphism classes
conjugacy classes < ¢ of irreducible unramified
in GLy(C) = GL,(C) representations of GL3(Q,)

We are led to ask if this is the same bijection as that given by Corollary 9.5. This is indeed the
case. We will not prove it is the same bijection, but we will describe how to set up the bijection
using principal series instead of Hecke characters.

Assume for simplicity that G is split. We wish to construct another bijection between the two
sets in Corollary 9.5.

Recall the exact sequence (9.3.3), and consider the complex torus

T := Spec(C[A(T))).
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Thus T(C) = Hom(A(T),C). Let X° denote the set of unramified characters of M(F). Thus any

A~

element of X° is a character of M (F)/M(F)? = A(M), and hence defines a point in T'(C). If two

characters are conjugate under W, then the two points are conjugate under W(@ , T )(C), where G
is the dual group of G (see §2.7). Using Theorem 9.10 we therefore obtain a bijection

isomorphism classes R R semi-simple
(9.3.4) of irreducible unramified » — T'(C)/W(G,T)(C) = { conjugacy classes
representations of G(F') in G(C)

sending x to the corresponding point of T (C). To check that this is the same bijection as that
of Corollary 9.5, one must compute the effect of an element of the spherical Hecke algebra on an
unramified representation, but we will not go into this here.

10. STATEMENT OF THE LANGLANDS CONJECTURES AND FUNCTORIALITY

Let G be a connected reductive group which is unramified over a nonarchimedian local field F,,.
In Corollary 9.5 we set up a bijection

{semisimple conjugacy class in G(C)} «+—s {isom. classes of unramified reps of G(F,)}.

In this section we describe the (mostly conjectural) generalization of this, first to ramified rep-
resentations and second to global fields. These generalizations are what is known as Langlands
functoriality.

10.1. The Weil group. Let I be a global or local field, let ' be an algebraic closure of F and
let

Galp := Gal(F/F)
be the absolute Galois group of F. It is endowed with the profinite topology.

A continuous homomorphism Galp — GL,(C) necessarily has finite image. On the other hand,
there are many continuous homomorphisms Galp — GL, (Q,) with infinite image.

Example 10.1. If F is an elliptic curve over Q without CM, then the Tate module of E gives
give a representation with image containing SLy(Zy) for almost every ¢ [Ser72].

Example 10.2. A more elementary example is given by the cyclotomic character, it is the char-
acter

xe - Galg — Zf
defined as follows. If o € Galg and (, is a primitive £"th root of unity then o(¢,) = (,”" for some
Uyn € (Z/0")*. We then define

XZ(O-) - rglaa,n'
One can check that if p # ¢ then y,(Frob,) = p.

It would be nice to view all of these examples as complex-valued representations of a single
group. Weil and later Deligne introduced refinements of the Galois group to do just this. The
definitions we now give are taken from [Tat79]

Definition 10.3. Let F' be a local or global field. Then a Weil group for F'is a tuple (Wg, ¢, {rr})
where W is a topological group,

¢: Wp — Gal(F/F)
is a continuous homomorphism with dense image, and, for each finite extension E/F,

Wg = ¢ *(Galp),
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and
(1011) o CE—>ng
is an isomorphism, where

O E>* if F is local
) EX\AY i F is global.

These data are required to satisfy the following assumptions:

(1) For each finite extension E/F the composite

TE p induced by ¢ b
Cp 2 g Ddwced Vo qypat

is the reciprocity map of class field theory.
(2) Let w € Wp and 0 = ¢(w) € Galp. For each E the following diagram is commutative:

TE
Cp — 25 Wab

|

ab
CE" ? W o

commutes.
(3) For E' C E
"E ab
Cp — W4
inclusion L Ltransfer
ab
commutes.

(4) Finally, the map

is an isomorphism, where Wg/p = Wg/ e the bar denoting closure.
If the Weil group exists, it is unique up to isomorphism.

Example 10.4. Let F be a local field and for all finite extensions E/F let kg be the residue field
of E and ¢p the cardinality of kg. Put k = |J g kg. Then in this case W is the dense subgroup of
Galp generated by the o € Galp such that on k, o acts as x ~ 2% for some n € Z. Then rg(a)
acts as « — /% on k.

Example 10.5. In the global function field case, the Weil group is defined as in the previous
example, but one replaces the residue field above with the constant field.

Example 10.6. For ' = C, then Wr = C*, ¢ is the trivial map and rp = id.

Example 10.7. For F' = R, then Wy = F* UjFX where j2 = —1 and jcj~! = €. Here ¢ takes
F” to1and jE" to the nontrivial element of Gal(C/R).

For number fields one doesn’t have a nice intrinsic description like in the above examples.
Almost by definition of the Weil group, one obtains the following correspondence:
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Theorem 10.8 (The Langlands correspondence for GLy). There is a bijection between
{isomorphism classes of irreducible automorphic representations of GLi(Ap)}
and

{continuous representations x : Wr — GL{(C)}

Proof. An irreducible automorphic representation of GL;(Af) can be identified with a character
of F*\A%, which is isomorphic to W& by definition of the Weil group. O

Example 10.9. Under this correspondence the cyclotomic character y, corresponds to the char-
acter | - | (the inverse of the idelic norm), provided that rg is normalized so that uniformizers of
prime ideals are sent to the inverse of the corresponding Frobenius element.

10.2. The Weil-Deligne group. For better or worse the Weil group is still not big enough; we
will make this precise later. The correct enlargement of Wr when F' is a number field should be
the as yet hypothetical Langlands group. On the other hand, the correct enlargement of Wr when
F' is a nonarchimedian local field is known, so in this subsection we restrict to this case.

When F'is a local field the Weil-Deligne group is

We now prepare to define a representation of Wj.. Let k be the residue field of F, k a choice
of algebraic closure, and Gal, := Gal(k/k). The action of Galy preserves the ring of integers and
the (unique) prime ideal of the ring of integers of any finite extension field E/F contained in F.
There is thus an exact sequence

1 — I — Galp — Gal(k/k) — 1.

where Ir is the inertia subgroup, which can be defined as the kernel of the map Galp — Galy.
The Weil group Wr is a subgroup of Gal(F'/F) (compare Example 10.4) and contains [r. We
thus have an exact sequence

11— Ip — Wp— Gal(k/k).

Remark 10.10. The last map is not surjective. Its image is isomorphic to Z, whereas Gal(k/k) is
isomorphic to Z, the profinite completion of Z.

Again using Example 10.4 we see that
WF = ]F X <Fl”>

where Fr is a Frobenius element.
Let G be a reductive group over C.

Definition 10.11. A representation of W} into G(C) is a homomorphism
¢ Wp— G(C)

such that ¢ is trivial on an open subgroup of I, ¢(Fr) is semisimple, and ¢|gi,(c) is induced by a
morphism of algebraic groups SLy — G.

By a representation of W we mean a representation of Wy, into GL,,(C) for some integer n.

Remark 10.12. There are various equivalent definitions of a representation of the Weil-Deligne
group in the literature, see [GR10].
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10.3. Local Langlands for the general linear group. Let F' be a nonarchimedian local field.
The local Langlands conjecture for GL, (F), now a theorem, can be stated vaguely as follows:

Theorem 10.13 (Local Langlands correspondence). There is a bijection, satisfying certain de-
sirata, between representations of Wi into GL,(C) and irreducible admissible representations of

QL. (F).

When n = 1 this is essentially local class field theory. The theorem was proved by Harris-Taylor
first [HTO1], then a simplified proof was found by Henniart [Hen00]. One can find a precise
statement of the theorem in either of these references. The bijections are required to preserve L
and ¢ factors

Remark 10.14. In the archimedian case there is a bijection between representations of Wr into
GL,(C) and irreducible admissible representations of GL,,(F); there is no need for a Weil-Deligne
group in this case.

10.4. The Langlands dual. In Corollary 9.5 we saw that we need to introduce the complex dual
G (C) of a reductive group G in order to classify representations of G(F') To obtain analogues of
Theorem 10.13 for other groups, it is necessary to develop the notion of the Langlands dual group,
which is an extension of G (C) by a Galois group. In Theorem 10.13 this wasn’t necessary because
GL,, is split and (/}in = GL,(C).

For the moment, let G be a connected reductive group over a global or local field F' and
let T < G a maximal torus. To these data we associated in §2.7 a root datum V(G,T) =
(X*(T), X.(T),®,®Y). If G is split, then we set

LG = Gal(F/F) x G(C)

where G is the complex dual group defined as in §2.7.

In the nonsplit case the definition of the Langlands dual is somewhat complicated. However, it
uses some notions that appear in a variety of contexts, so we will give the full definition. For the
moment, let G be a connected reductive group over C.

Definition 10.15. A set of positive roots & C ® is a set of roots such that

(1) For all elements a € ® exactly one of & and —a is an element of ®.
(2) For «, 8 € @t the sum a+ € .

A simple root in @ is a root in ®* that cannot be written as a sum of two elements of ®*.

The set of roots dual to ®* in ®V forms a set of positive roots in ®". We denote by A C ® the
set of simple roots with respect to some set of positive roots. The set of dual roots AY C ®Y is a
maximal set of simple roots with respect to the dual set of positive roots. The sets A, AV span ®
and ®V, respectively, as Z-modules and thus determine ® and ®V. A tuple

(X,Y,A,AY)

is called a based root datum if (XY, ® ®V) is a root datum, A C & is a maximal set of simple
roots (with respect to some set of positive roots) and AY is the dual set. There is an obvious
notion of isomorphism of root data; it is simply a pair of linear isomorphisms on the first two
factors preserving the pairing and the sets of simple roots.

We let Uo(G, B, T) := (X*(T), X.(T), A, AY) be a choice of based root datum, and U(G,T') the
root datum it defines. The reason for the B in this notation is the following lemma:

Lemma 10.16. The choice of a set of simple roots A C ® is equivalent to the choice of a Borel
subgroup B < G containing T .
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Before giving the proof we recall that for each o € ® there exists a unique homomorphism
exp,: 8o — G(C)
such that texp, (z)t™! = exp(a(t)r) and Lie(exp,) is the natural inclusion g, < g.
For example if G = GL,, and a = ¢;; in the notation of (2.44) then

= A

n>0

We denote by
U, := Im(exp,).

Proof. Given a choice of a set of simple roots A the group

(10.4.1) B = (T, {Us}aea)
is a Borel subgroup, and conversely given a a Borel there exists a unique maximal set of simple
roots A such that such that (10.4.1) is true. O

Definition 10.17. A pinning of G is a tuple
(Bu T7 {ua}a€A>

where T" < B < (G is a maximal torus and a Borel subgroup, respectively, A is the set of simple
roots with respect to this Borel, and u, € U, — 1 for all a.

We let Aut((B, T, {uqs}aca) be the group of automorphisms of G that preserve B and T and
the set u,. Then it is a fact that restriction defines an isomorphism
Aut((B, T, {ta}aca)) = Aut(Vo(G, B, T))
where we use A to define Vo(G, B, T).
One has a split exact sequence
(10.4.2) 1 —Inn(G) — Aut(G) — Aut(¥o(G, B, T)) — 1.

Splittings of this sequence are in bijection with pinnings.

We now assume that G is a connected reductive group over a local or global field F'. To simplify
matters we assume that G is quasi-split, and so has a Borel subgroup B < G and a maximal torus
T < B < (G. We obtain a based root datum

\IJO(Gv B7 T) = \IIO(G(Cv B(Ca TC)

and since B and T are defined over F there is an action of Gal(F/F) on ¥o(G, B, T) := (X*(T), X.(T), A, AY).
We note that (X.(7), X*(T),AY,A) is the based root datum of some tuple G > B > T, that

is, it is equal to Wo(G, B, T). We therefore obtain an action of Gal(F/F) on Uo(G, B, T).
Via a choice of pinning of G we obtain a section of the map

Aut(G) = Aut(¥o(G, B, T))

and hence a map Gal(F/F) —>Aut(@). We define the Langland dual group of G to be the
semidirect product

LG = G(C) x Gal(F/F)
with respect to this action. More colloquially, any group of this form is said to be an L-group. A
morphism of L-groups
g —1ta
is simply a homomorphism commuting with the projections to Gal(F'/F) such that its restriction
to the neutral components is induced by a map of algebraic groups H—G.
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10.5. L-parameters. Let GG be a reductive group over a local field F'.

Definition 10.18. An L-parameter is a representation of W into L@ that commutes with the
projections to Gal(F'/F). Two L-parameters are equivalent if they are conjugate by an element of

G(C).
We note that given an L-parameter ¢ : W}, — “H and an L-map
g —ta
we obtain an L-parameter ¢ : W, — LG.

10.6. The local Langlands correspondence and functoriality. There is a conjectural parti-
tion of the set of equivalence classes of irreducible representations of G(F) into disjoint sets called
L-packets. In the case G = GL, the L-packets are singletons, that is, an L-packet is just the
equivalence class of a given irreducible admissible representation.

The analogue of the Langlands correspondence for general groups over local fields is the following
vaguely stated conjectural statement:

Conjecture 10.19 (Local Langlands correspondence). There is a bijection between L-packets and
equivalence classes of L-parameters satisfying various desiderata.

In the last subsection we saw that an L-map induces a map
{L-parameters W}, — “H} —{L-parameters W}, — “G}.
Local Langlands functoriality is the statement that there is a corresponding map of L-packets:

Conjecture 10.20 (Local Langlands functoriality). Given an L-map “H — LG there is a corre-
sponding transfer of L-packets compatible with the local Langlands correspondence.

Given these two conjectures, together with the fact that the local Langlands correspondence is
a theorem for GL,,, one can often construct an ad-hoc definition of L-packets. More specifically, if
we have an L-map

g —*tgL,

that is injective, and we find a natural way to associate to equivalence classes of admissible rep-
resentations of H(F') equivalence classes of admissible representations of GL,(F). One can then
define an L-packet on H to be the set of equivalence classes of admissible representations of H(F')
that map to a given admissible representation of GL,,(F’) (remember, L-packets on GL,, are defined
to be equivalence classes of irreducible admissible representations). This is the approach taken in
forthcoming work of Arthur and Mok.

10.7. Global Langlands functoriality. Let F' be a global field. In the global case, it is not
known what group (if any) parametrizes L-packets of (irreducible) automorphic representations,
in analogy with how L-parameters conjecturally parametrize L-packets of admissible representa-
tions in the local setting as in Conjecture 10.19. However, the local functorial correspondence of
Conjecture 10.20 has a natural analogue. Namely, one conjectures the existence of a partition of
equivalence classes of admissible automorphic representations of G(Ap) into disjoint sets called
L-packets such that the following conjecture holds:

Conjecture 10.21. Given an L-map
R:"H—"G

there is a corresponding transfer of L-packets of automorphic representations that is compatible
with the local correspondence at all places.
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We leave it to the reader to formulate the appropriate notion of compatibility here.

Remark 10.22. For some applications, both local and global, it may not be the case that L-packets
provide the most natural manner of organizing automorphic representations. For nontempered
representations (a term we have not defined) Arthur packets or A-packets are more appropriate.
For real groups, it also seems that the notion of a Vogan packet is often useful. We will not discuss
these notions here; indeed, even our treatment of L-packets is rather vague.

As a special case, assume that H and G are split at a nonarchimedian place v. In this case it is
expected that if 7 = ®,m, is an element of an L-packet of automorphic representations of H and
7, is unramified, then every element of the L-packet is unramified, and hence the corresponding
local L-packet at v is nothing but the representation trivial on I, and SLy(C) sending Fr to the
Langlands class A(m,) € H(C) of m,. Then any transfer of the L-packet of 7 should also be
unramified at v and have Langlands class R(A(m,)).

10.8. L-functions. It has been said that the reason for studying automorphic representations in
the first place was because of their relation to the theory of L-functions. Unfortunately we will
not be giving adequate space to this subject, in part because there are already useful surveys of
the theory available [?]. W

At least for GL,,, there are two ways of associating an L-function to an automorphic represen-
tation. One essentially goes back to Hecke, and was generalized to GL, by Jacquet, Shalika and
Piatetskii-Shapiro (see loc. cit.). There is another way to associate L-functions to automorphic
representations, essentially using the local Langlands correspondence. Part of the content of the
local Langlands conjectures is that these two constructions give the same answer.

To start, we suppose v is a place of F and that we are given an L-parameter ¢ : W, — L@ and
a representation

r:*Gp, — GL(V)
we associate an L-function as follows:

(10.8.1) L(s,r o) := det (1 — Fr,q,*|V™) ™"

We also define an ¢ factor. If ¢ : F, — C* is an additive character, dz* = |z|~'dz is a Haar
measure on £, and r o ¢ is a quasi-character y, i.e. a homomorphism

X : Wp— GL;(C),
then we define £(s, x, v, dz) to be the nonzero complex number such that
S F@)x (@) || da )fpvx f()x(z)dz™
L(S—LX*l) L(SaX)
where f(y} = [ P (x)yY(xy)dz is the Fourier transform of f. Langlands and Deligne defined in
general a e-factor €(s, ¢ or, 1, dx) that is invariant under induction.

If an L-packet of an admissible representation m, of G(F,) corresponds to an L-parameter
¢ : Wi — LGp, we define

(10.8.2)

= 8(8’ X7 w? dx

L(s,my,r) :=L(s,por) and &(s,m,r0,dr)=c(s,por 1, dr).

Remark 10.23. Note that admissible representations in the same L-packet necessarily have the
same L and e-functions. This is the reason for the terminology “L-packet.” Sometimes one says
that elements in the same L-packet are L-indistinguishable.
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If r was the localization of an L-map 7 : “G — GL,(C) then we set

L(s,m,r) = HL(S,WU,T) and  e(s,m, 1) = H&?(s,m,r, y, dz,)

where dx = [], dx,, ¢ = [, ¥, fF\AF dr = 1 and ¥|p = 1. As the notation indicates, the
global e-factor does not depend on the choice of ¢, and dz,. The basic conjectures regarding these
L-functions are as follows:

Conjecture 10.24. The L-function L(s,m,r) is meromorphic as a function of s, is bounded in
vertical strips, and salisfies the functional equation L(s,m,r) =e(s,m,r)L(1 — s, 7", rY).

When r is the tensor product map from * GL,, x GL,, to GLyn (C) then this theorem is known
(see [Cog07] for a survey). There are now other cases known due to work on converse theory; some
are surveyed in loc. cit. , some fall under the general heading of the Langlands-Shahidi method
(see [CKMO04] for a survey). If r : ' GL,, x GL,, — GL,,,(C) is the tensor product representation
then we set

L(s,m X mg) := L(s,m X mg,7) and &(s,m X my) 1= &(s,m X 7o, 7).
These are known as Rankin-Selberg L-functions.

Example 10.25. Assume that G = GL,, and that 7 is a cuspidal automorphic representation of
GL,(AFp). For almost every place v of F' the local factor 7, is unramified (see Theorem 7.5). Let

ay
A(my,) =
a’n

be its Langlands class (see Corollary 9.5). In this case one has

L(s,p0) = [ J(1 = aigy) ™

(2

In the case where G = GL,,, the local parameters of a cuspidal automorphic representation at
the unramified places determine the representation [JS81b] [JS81a]:

Theorem 10.26 (Jacquet and Shalika). If m, 7 are cuspidal automorphic representations of
GL,(AFr) such that m, ~ w9, for all but finitely many v then m ~ .

This theorem is known as strong multiplicity one, although it does not imply that a cuspidal
automorphic representation of GL,(Ar) occurs with multiplicity one in the cuspidal subspace of
L*(GL,(F)\' GL,(AF)), though this latter statement is also true.

For a beautiful generalization of this work we refer the reader to forthcoming work of Dinakar
Ramakrishnan on automorphic analogues of the Chebatarev density theorem.

Remark 10.27. Theorem 10.26 is false for essentially every group that is not a general linear group.

10.9. Nonarchimedian representation theory. For the moment let F' be a global field. In
Theorem 7.5 we showed that an admissible representation of G(Ap) factors as a restricted direct
product:

T QL T,.
This provides us with a link between automorphic representations and admissible representations
of G(F') as v varies; automorphic representations are simply products of admissible representations

Remark 10.28. Not every product of admissible representations gives rise to an automorphic rep-
resentation (compare Theorem 10.26).
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It therefore makes sense to study admissible representations place by place. The archimedian
case is better understood from the viewpoint of, e.g. functoriality. We will concentrate on the
nonarchimedian case. Thus for the remainder of this section we let F' be a local nonarchimedian
field and G a connected reductive F-group.

11. THE PHILOSOPHY OF CUSP FORMS

Let P < (G be a parabolic subgroup and let M N = P be its Levi decomposition. We have shown
in §9.3 how to construct a functor

Ind§; := Ind$ : SmRep(M (F)) — SmRep(G(F))

from the category of smooth representations of M (F) to the category of smooth representations of
G(F) (recall that smooth representations are those representations such that every vector is fixed
by an open subgroup). The functor maps irreducibles to irreducibles and unitary representations
to unitary representations by Lemma 9.6.

One is immediately led to ask what subset of the set of irreducible representations of G(F') are
induced. The answer is part of what Harish-Chandra calls the philosophy of cusp forms. To
state it vaguely, we recall the following definition:

Definition 11.1. A supercuspidal (resp. quasicuspidal) representation of G(F’) is an admis-
sible (resp. smooth) representation such that all matrix coefficients of the representation are com-
pactly supported modulo Zg(F).

The philosophy of cusp forms states that the only irreducible admissible representations of G(F')
that are not induced are the so-called supercuspidal representations, and every other representation
is induced from a supercuspidal representation of the Levi-subgroup of some parabolic P < G.

Remark 11.2. One should think of supercuspidal representations as being analogous to cuspidal
representations in the global setting; the corresponding statement in that setting was proven
by Langlands in his important and notoriously difficult work [Lan76]. In passing we note that
Langlands has stated that he came to his conjectures on functoriality while working on loc. cit.

We will develop a few basic functors useful for working with representations of reductive groups
over nonarchimedian fields and state a result that makes the philosophy of cusp forms mentioned
above precise in Corollary 11.9 below. We will also discuss the notion of a trace of an admissible
representation, and in addition develop some of the basic properties of supercuspidal representa-
tions, including the fact that they admit coefficients (see Proposition ??), a fact that we will later
use in our treatment of simple trace formulae.

The basic reference for this subject seems to be an unpublished paper of Casselman avail-
able at http://www.math.ubc.ca/ cass/research/pdf/p-adic-book.pdf. The paper [Car79] contains
sketches of proofs and refers to this manuscript for the details.

11.1. Jacquet functors. There are other ways of defining a supercuspidal representation; in order
to describe them we need to describe left-adjoints to the functors Ind§;. We define a restriction
functor or Jacquet functor

(11.1.1) Res% : SmRep(G(F)) — SmRep(G(F))
by assigning to a representation (7, V')
(xlp ® 852, V/V(NV))

where
V(N):=(r(n)¢ —¢: ¢ €V,ne€ N(F))

The following is easy to verify:
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Proposition 11.3. Induction and restriction are exact and transitive. O
The following is a version of Frobenius reciprocity:
Proposition 11.4. Restriction is left adjoint to induction; in other words
Homg(ry(V, IndE(W)) = Homyy(py(ResS(V), W).

Proof. There is a G(F)-equivariant map

A IndG(W) — W

fr—f)
where 1 € G(F)) is the identity; it is clearly surjective. Thus we have a G(F)-equivariant map
Ao () : Homg ) (V, IndE(W)) — Homs(ry (ResS(V), W)

given by composition with A. Here we are using the fact that N acts trivially on IndJGD(W) and
thus any G(F)-equivariant map V — Ind%(W) factors through Res% (V). To construct the inverse,
suppose we are given an M (F)-intertwining map f : Res%(V) — W. We define ® : V' — Ind$ (W)

to be
P4(g) = flg- 0).
O

One would hope that the functor ResIGD takes admissible representations to admissible represen-
tations, and this is indeed the case:

Theorem 11.5 (Jacquet). The restriction functor Res$ takes admissible representations to ad-
missible representations.

Jacquet also proved the following elegant characterization of supercuspidal representations using
these functors:

Theorem 11.6 (Jacquet). A smooth representation © of G(F) is quasi-cuspidal if and only if
ResG(m) = 0 for all parabolic subgroups P < G.

Remark 11.7. It is because of these theorems that the restriction maps are often called Jacquet
functors.

We will not prove this result because the reductive group structure theory required is somewhat
notationally intricate. However we will prove some corollaries.
We have the following proposition, whose proof we defer for a moment:

Proposition 11.8. A quasi-cuspidal irreducible representation is supercuspidal.

Jacquet’s results above allow us to deduce the following concrete manifestation of the philosophy
of cusp forms:

Corollary 11.9. If 7 is a smooth irreducible representation of G(F) then

(1) There exists a parabolic subgroup P = MN < G, a supercuspidal representation o of M(F)
and an embedding m — Ind%(o).
(2) The representation 7 is admissible.

Proof. The first assertion implies the second, as induction preserves admissibility by Lemma 9.6.
For the first, we proceed by induction on the dimension of G (as an F-algebraic group, say). If G
has dimension 1 then it is a torus, and so the result is trivial.

Assume that for all proper parabolic subgroups P there is no embedding 7 < Ind%(o) where
o is a smooth irreducible representation of M (F'). This is equivalent to the statement that there
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is no nonzero G(F)-map m — Ind%(o) by the irreducibility of 7. Applying Frobenius reciprocity
(Proposition 11.4) we see that

Hom sz (Res@(7),0) = 0

for all parabolic subgroups P = M N and all smooth representations o of M (F), which implies 7
is supercuspidal by Theorem 11.6.

Now assume that there is a proper parabolic subgroup P such that 7 — Indg(a). By the
exactness of restriction we obtain an injection

Res%(m) < o,

so we can apply our inductive hypothesis.

We now prove Proposition 11.8.
Proof of Proposition 11.8. Fix ¢ € V' — {0}. For all compact open subgroups K < G(F’) one has
VE =z(ex)V = (m(ex)m(g)v : g € G(F)).

We must show this space is finite dimensional. Assume to the contrary that there exists (g )nez-, C

G(F), all inequivalent modulo Zg(F'), such that w(ex)m(g,)¢ are linearly independent. Let W C
VE be an arbitrary C-vector space such that

VE =W @ (m(ep)m(gn)v : n € Zsg).
As V = VE @ kern(eg), we can define ¢¥ € Hom(V, C) such that
(¢¥, m(er)m(hy)v) = n
for all n and ¢"|weker(ex) = 0. Thus ¢ is fixed by K and hence an element of VY. On the other

hand, by construction the support of the matrix coefficient (v, 7(g)v) is not compact modulo the

center. This implies the claim.
O

11.2. Traces, characters, coefficients. Let © be an admissible representation of G(F'). Then
for all f € C°(G(F)) one has an operator

w(f):V—W

There is a compact open subgroup K < G(F') such that f € C*(G(F)//K), and hence 7(f)
induces an operator

w(f): W—W
for any finite dimensional subspace VX < W < V. We define the trace of 7(f) by
(11.2.1) tr(r(f)) = tr(r(f) )

for any such W. This defines a distribution
0 :=tr(m): C(G(F)) — C

called the character of m. Of course this depends on a choice of Haar measure. Let G™9 < G
denote the subscheme consisting of regular semsimple elements; this is the subscheme such that

G"™(R) :={y € G(R) : C; < G is a maximal torus}.
The following is a fundamental and deep result (see [HC99]):

Theorem 11.10 (Harish-Chandra). The distribution 0, is represented by a locally constant func-
tion with support in G™9(F). O
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In other words there is a locally constant function 6, on G™9(F) such that

tr(f) = /G EOHOL

for all f € C°(G(F)). This result tells us that we can almost regard 6, as a function.
In most settings, there is a version of linear independence of characters, and this is no exception:

Proposition 11.11 (Linear independence of characters). If 7y, ..., m, is a finite set of admissible
irreducible representations, such that m; = m; implies i = j, then the distributions 0., are linearly
independent.

Proof. As usual, we use compact open subgroups to reduce to a finite dimensional situation. Fix a
compact open subgroup K < G(F) such that V;X = 0 for all 5. This implies that {V:*} is a finite
family of finite dimensional C-vector spaces with an action of C°(G(F)//K). They are all simple,
that is irreducible, for this action. Moreover, they are pairwise nonisomorphic as Hecke-modules.
Let A be the image of C°(G(F)//K) in |[; Endc(V,/ ). Then A is a finite-dimensional C-algebra
and the VX are a finite family of finite-dimensional nonisomorphic simple A-modules. Hence the
traces Or,|coo(c(r)//K) are linearly independent (this follows from a standard argument using the
Jacobson density theorem). O

Thus traces can be used to distinguish between a finite set of representations. In particular,
if {m,...,m,} is a finite set of pairwise nonisomorphic irreducible representations then linear
independence of characters implies that we can find an f € C2°(G(F')) such that

tr(m;(f)) = 0 if and only if ¢ # 1,

for example.

One can ask for more. Let m be an admissible irreducible representation. A coefficient of
7 is a smooth function f, € C®(G(F)) such that trw(f;) # 0 and trm(f,) = 0 for m % 7.
If Z5(F) is noncompact, we can weaken the last condition to m 2% 7 ® x for some character
x: G(F) — C*. Thus if a coefficient for 7 exists, we can use it to isolate 7 among any set of
irreducible admissible representations, finite or not. For general 7, it is not necessarily true that
such f exist. In the archimedian setting, it is good to think of this in terms of the Heizenberg
uncertainty principle, namely that the Fourier transform of a compactly support smooth function
cannot again be compactly supported, so we cannot isolate a particular phase using a compactly
supported function. However, in special cases this principle fails, in particular in the archimedian
case for so-called discrete series representations, and in the nonarchimedian case for supercuspidal
representations, as the following proposition shows:

Proposition 11.12. Assume that Zg(F) is compact, and let m be a cuspidal representation of
G(F). Then for all f € CX(G(F)) there exists a unique fr, € C°(G(F)) such that

m(fx) =7(f) and
7T1(f7r) =0 if m # .

Note that, as an immediate consequence, we see that coefficients exist for supercuspidals.
We require some preparation before giving the proof. Given a smooth representation (m, V') of
G(F), we have a smooth representation o of G(F') x G(F') on

Endy,, (V) < End(V),
the space of smooth endomorphisms (see below Lemma 8.3). It is given explicitly by

o(91,92)¢ = (g5 ") 0 o m(qn).
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There is an isomorphism of G(F) x G(F')-representations
a: VYoV — (Endgy,(7),0)
given by
a(¢” @ ¢)(d1) = (", ¢1)¢,

Assume that 7 is admssible. Then Endy,, (V) is again admissible, since for any compact sub-
groups K1, Ky C G(F'), we can find a compact K C G(F) with K x K C K; x K,, and therefore

End,,, (1)K 52 = End,,, (V> K2) =2 VE o (V)2 c VE @ (1)K

is of finite dimension.
One also has a map

B (Endgm(m), 0) — (CF(G(F)), p)
given by
B()(g) := tr(m(g) © 9),
where p acts via p(g1, 92)(f)(h) = f(g1 " hga).

Proof of Proposition 11.12. Since Zg(F') is compact by assumption and 7 is supercuspidal, we
have S(End, (7)) < C®(G(F)). Since there are ¢ € V and ¢" € V'V such that

(07, 0) = (8", m(1)o) # 0,

we have that « o 8 is not identically zero, hence S is not identically zero. It follows from the
irreducibility of 7¥ x 7 that £ is an embedding.
Since VY ® V is an irreducible representation of G(F') x G(F'), 5 is an embedding. Consider

(11.2.2) B (CE(G(F)), p) — (End(m)™, 0)
fr—=7(f).
Then f'o 3 is an endomorphism of the irreducible representation Ends,, () of G(F) x G(F'). Hence

B’ o 3 is scalar by Schur’s lemma, say 5 o § = Ald for some A € C. We will now show that \ # 0
and that we can take

f7r = )‘715 © Bl(f)
First,
w(BoB(f) =B oBoB(f) = A'(f) = A(f).
To show that A # 0, note that we can find f € C°(G(F')) such that 7(f) # 0 (take, for example,
f to be the characteristic function of a sufficiently small compact open subgroup). Thus f'(f) =
7(f) # 0, and since § is an embedding, we deduce that § o §'(f) # 0.

Second, let (71, V1) be a smooth irreducible representation of G(F), and let ¢; € V; be a non-zero
vector. Let

(11.2.3) Y1 (CE(G(F)), olixar)) — (Vi,m)
fr—m(f)or.

As a representation of G(F') one has that End,,(7)]1xq(r) isomorphic to a direct sum of copies
of 7, and thus the same is true of v (8(Ends,(7), 0|ixer)). Thus 71 (B(Endsy,(m))) = 0 unless
m = m (since whenever the former is nonzero we obtain an intertwining operator between m; and
7). It follows that 7 (f,) = 0 if m; 2 m. This completes the proof of the proposition. O
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12. SIMPLE TRACE FORMULAE AND RELATIVE TRACE FORMULAE

In this section, let G be a connected reductive group over a number field F' and let H < G
be a connected reductive subgroup. In the previous section we encountered traces of admissi-
ble representations of G(F,) for nonarchimedian representations. We saw in Proposition 11.11
that the trace of a representation determines the representation, just as in the familiar case of
representations of finite groups.

In this section we explore a powerful tool for studying traces in the global adelic setting, namely
the trace formula. We will simultaneously study the relative trace formula, which has emerged as
an important generalization of the usual trace formula.

12.1. Distinction. We require some notation. Let
T<GP=MNZ>T

denote a maximal F-split torus in G and and a choice of minimal parabolic containing it. We set
7y :=7NH. The choice of parabolic P (resp. Py) is equivalent to a set of simple roots A (resp. Ag)
in the roots of T in G (resp. Ty in H). In the case where G is quasi-split, this correspondence is
recalled in §10.4, for the general case a nice brief survey is given in [Mur05, §7].

Set

A% = Resp/oT(R)?/Ag

where the 0 denotes the connected component in the real topology. For any positive real number
r we set

AS = {t € A% :t* > r for all a € A}

Definition 12.1. A function

is rapidly decreasing if it is smooth and for all compact subsets Q@ C G(F)As\G(Ar) and
r € Ry there is a constant C' such that one has

¢(tz)] < Ct*
for all t € AY and o € A.
For ease of notation, let
L7 == LAG(F)AG\G(AR)) and L3 := L3(G(F)A\G(Ar))

respectively. Let x : H(Arp) — C be a quasi-character trivial on (Ag N H(Ap)).H(F). The
following proposition appears in [AGR93].

Proposition 12.2. Then for all rapidly decreasing (smooth) functions ¢ € L?, the period integral

Py(6) = / 6(9)x(9)dg
(AgNH(AF)).H(F)\H(AF)

15 absolutely convergent.

We will prove this in a moment.
Let (7, V') be a cuspidal automorphic representation of A¢\G(Ar) and let

L2,cusp (71')

be the m-isotypic subspace. We recall the following basic theorem (see ?7):



AN INTRODUCTION TO AUTOMORPHIC REPRESENTATIONS 59
Theorem 12.3. If ¢ € L**P and f € C°(Ac\G(AF)) then one has an estimate

[R(f)o(tz)] < Cpt®?l[o]]

for all t € AS and o € A, where the constant C; is independent of ¢. In particular, R(f)¢ is
rapidly decreasing.
O

As a corollary, we obtain the following;:

Corollary 12.4. In particular, if ¢ is an automorphic form (that is, K -finite and Z(gc)-finite)
then ¢ is rapidly decreasing. U

In view of this theorem, the following definition is reasonable.

Definition 12.5. A cuspidal automorphic representation 7 of Ag\G(Ap) is said to be (H,x)-
distinguished if P, (¢) # 0 for some smooth ¢ € L*““*P(7r). When (H, x) is understood, or irrele-
vant, we simply say that it is distinguished.

Example 12.6.

(1) Consider the diagonal embedding A : H — H x H. We ask ourselves which representations
7w of H x H(Ap) are H-distinguished. Any such representation 7 can be decomposed as
m X my with (71, V1), (mg, V) representations of H(Ar). As a map

Vi x Vo — C(¢1, p2) — P(1 @ ¢2)

the period integral is invariant under AH(Ap). Thus 7 = m X 7y is distinguished if and
only if m; & 7). That is, the representations 7 of the form 7 x 7V for 7 a representation of
H(Ap) are the only distinguished representations of AH.

(2) Take G = GLy/g and H = Resg/g GL; for a quadratic extension K/Q. This data corre-
sponds to an embedding K < GL2(Q). Then the notion of distinction is related to Heegner
points. We note that Ag N H(Ap).H(F)\H(A)/Ky is a finite number of points for every
Ky C H(Ar) compact subgroup.

(3) For K/Q areal quadratic extension take G = Resg/q and H = GLy/q. Studying distinction
in this case amounts to studying modular curves in Hilbert modular surfaces. It was
the study of this case that led Harder, Langlands, and Rapoport to define the notion of
distinction in [HLRS6].

Proof of Proposition 12.2. By reduction theory, there is an 0 < r < 1 such that
H(Ap) = Ag N H(Fy)H(F)APwK;

where w is relatively compact subgroup of Ngy(Arp)Mpy(Ap) and Ky < H(Ap) is a maximal
compact subgroup (combine [Bor(07, §5.2] and strong approximation).
Thus, since x is unitary, the integral P, (¢) converges absolutely provided that

/ |p(anm)|dadndm
AHNG My

converges. But this follows easily from the definition of a rapidly decreasing function. ([l

12.2. Studying traces and distinction. We now explain a fundamental idea first applied to the
study of automorphic forms by Selberg. Let

L? .= L*(AqG(F)\G(AF)).
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For f € C*(Ac\G(AF)) consider the integral operator
R(f): L* — L?
¢ fx)¢(gz)da.

Ac\G(Ar)
Just manipulating formally for the moment, we see that

R(f)o(z) = / o TR

- / F(@)é(xy)dy
Ag\G(AF)

_ / F(a ) é(y)dy
Ac\G(AFr)

> T y)ély)dy.

/AGG(F)\G(AF) VEG(F)

In other words, R(f) is an integral operator with kernel

Ky(z,y) : Zf:r 7Y)-

YEG(F

This is the geometric expansion of the kernel. Let
Ql X QQ C Ag\G(AF) X AG\G(AF>

be compact subsets. If
(LL' ) y) € Q1 X QQ
then the only nonzero summands in Ky(x,y) correspond to vy satisfying v € Q1 Supp(f)€,. Thus
K¢(x,y) is smooth as a function of x and y separately, and using this observation the formal
manipulations above can be justified.
There is also a spectral expansion of the kernel, which we explain after recalling some basic
definitions regarding integral operators.

Definition 12.7. Let V' be a Hilbert space. An operator A : V — V is Hilbert-Schmidt if A(V)
has a countable basis (¢;)2, consisting of eigenvectors for A, say A(¢;) = A\;¢;, such that

Z [Aif?
i=1
is finite. The operator A : V' — V is of trace class if it is Hilbert-Schmidt and in the notation
above .
D il < o0
i=0

If A is Hilbert-Schmidt we let .
Al =|Algs =Y |\f
i=1
this is known as the Hilbert-Schmidt norm of A. If A is trace class we define its trace to be

=D 1Al
=1

These notions are independent of the choice of basis.
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If G is not anisotropic, then R(f) is in general not of trace class. However, if we denote by
Rcusp(f) N L2,cusp — LQ,cusp

its restriction to the cuspidal subspace, this is of trace class [Don82|. In fact even the restriction
of R(f) to the discrete spectrum is of trace class [?]

Thus we can write
) =Y m(m)tr(r

where the sum is over equivalence classes of cuspidal automorphic representations of G(Ar) that
are trivial on Ag (or, more briefly, cuspidal automorphic representations of A¢\G(Ar)) and m(r)
is the (finite) multiplicity of m. Thus Ry(f) has kernel

Kc“Spa: ) ZK

where

Kop(@,y) = KB (zy) = D w(f)d(@)o(y)

peB(m)

for B(7) an orthonormal basis of LZ(r), the m-isotypical subspace of L2,

Remark 12.8. Note that 7(f)B(m) need not be finite dimensional in general, but it is if f is
K -finite by admissibility.

As defined, K (s)(x,y) is only a function in the L* sense; it may not make sense to evaluate it at
any point. But integrating Ky (z,y) along A : Ac\G(Ap) = Ac\G(Ar) x Ac\G(Ar) is always

well-defined, as
(x,y)dz = m(m)tr(mw
S >

because (¢1, ¢2) — fAGG(F)\G(AF) $1(9)P2(g)dg is the pairing defining the metric on L2

Selberg’s idea was to use the two different expressions for K(z,y) to give a geometric expansion
of

tr(R“P(f)) = / Kz, z)dx
AG\G(AF)

in the case G = SLy/q and use it to give estimates on the number of automorphic forms satisfying
certain properties. Motivated by the work of Langlands on Eisenstein series [Lan76], Arthur has
spent most of his career making this idea work for arbitrary GG despite the formidable complications
due to the fact that since G(F)Ag\G(Ar) is not compact it is only K" (z,y), and not Ky(z,y),
that is integrable along the diagonal. In our treatment we will always make additional restrictive
assumptions that make an appeal to Arthur’s work unnecessary. Of course, to remove the assump-
tions requires Arthur’s work. Moreover, since we will treat relative trace formula simultaneously,
there is removing these assumptions in general would require more than what is currently known.

12.3. The trace formula for compact quotient. We now give an example of a trace formula
in the simplest possible case, that is, when G%" is anisotropic. For F-algebras R and v € G(R)
let

G(R):={g€ G(R): 979" =}
be the centralizer of v. One has an absolutely convergent orbital integral

_ dg
(12.3.1) @m_wawﬂxw%
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and a volume term
(12.3.2) 7(GY) = measqy (AcGS (F)\G5 (Ar))

When dt is chosen appropriately this is a Tamagawa number, which can be regarded as a
generalized class number.
One has the following theorem:

Theorem 12.9. If G is anisotropic

S mate(n(f) = 3 7G04 (f)

o

where the sum on the left is over isomorphism classes of automorphic representations of Aq\G(AF)
and the sum on the right is over G(F)-conjugacy classes of v € G(F).

Proof. The quotient AcG(F)\G(AF) is compact. General results in functional analysis imply that
R(f) is therefore a trace-class operator and

= mate(n(f)) = /A o, KrE )

On the other hand, manipulating integrals formally for the moment,

/ Kf(a:,:v)dx:/ Z fz  ya)de
G(F) AG\GlAr) GF)A\G(AR) L EG e

= / Z Z fx™ 1o yox)dx
G(F)Ac\G(AF)

v/~ BEGS(F)\G(F)

= Z/ f(z yz)dx
AcGS(FN\G(AF)

¥/~
d
:Z/ / Fla e oyt dt 2
2 Jastrnesar) Jas(arn\Giar) dt
0 dg
= Zmeasdt OGS (Ar)) flatya)— e
N/~ GS(Ap)\G(AF)

where the ~ denotes the equivalence relation of G(F')-conjugacy. These formal manipulations can
be justified using the fact that A¢G(F)\G(AFr) is compact. O

12.4. Relative traces. In this subsection we introduce a generalization of the notion of a trace
that is due to Jacquet.

Let 7 be a cuspidal automorphic representation of A¢\G(Ar). Let H < G x G be a connected
reductive subgroup and let x : H(Ar) — C* be a character trivial on H(F)Ag x A N H(Fy). If
f is K -finite let

(1241) I‘tr(ﬂ'(f)) = I‘tI‘X<7T(f>> L= Kﬂf)(hg, hT)X(hg, hr>dhghr

/ R(f)p(he)d(hy)dheh,
Uy H(F) Agx AgnH (Fa)\H (AF) [lol]

/H(F)AGxAGmeoo)\H(AF)

peB

Py(R X ¢
g s

peB(m)



AN INTRODUCTION TO AUTOMORPHIC REPRESENTATIONS 63

Any function ¢ contributing to this sum is necessarily K.-finite and hence smooth (even real
analytic, since it is also Z(gc)-finite). Using Theorem 12.3 we can also show that it is rapidly de-
creasing. Moreover, since f is K -finite the sum over ¢ has only finitely many nonzero summands.
We conclude that the integral defining rtr(7(f)) is absolutely convergent. We refer to rtr(7(f)) as
a relative trace.

12.5. A simple relative trace formula. Motivated by the computation in §12.3 we will now
give a relative trace formula that is valid under restrictive assumptions on f € C2°(G(AF)) even if
the quotient G(F)Ag\G(Ar) is noncompact. It is a slight generalization of the main theorem of
[Hah09] which in turn follows the tradition of the simple trace formula of Deligne and Kazhdan.
Let H < G x G be a reductive subgroup and let x : Ag x Ag N H(Fx)\H(Ar) — C* be a unitary
character trivial on H(F).

We will first state the main theorem and then define the new terminology in the coming sections.

Theorem 12.10. Let vy,vy be places of F' (not necessarily distinct). Let f = fyu, @ 77 €
CX(G(AF)) be a Koo-finite function such that R(f) has cuspidal image and

(1) fo, is supported on relatively elliptic elements.
(2) fu, is supported on relatively connected semisimple elements.

Then:

> T(H)RO,(f) =) rtr(w(f))

vy m

where the sum on 7y 1s over relatively connected semisimple relevant classes and the sum on 7 is
over isomorphism classes of cuspidal automorphic representations of Ag\G(AFr).

Here we say that a cuspidal automorphic representation of G(Ap) is a cuspidal automorphic
representation of Ag\G(Ar) if its central character is trivial on Ag.

12.6. Functions with cuspidal image. Lindenstrauss and Venkatesh have defined a large class

of functions with purely cuspidal image that essentially have no kernel when restricted to the

cuspidal spectrum [LV07]. Before their work, there was a standard example of such functions that

was used to good effect in studying local factors of automorphic representations. We recall it now.
Let v be a finite place of F'.

Definition 12.11. A function f, € C°(G(F),)) is said to be F'-supercuspidal if fN(FU) f(gnh)dn =
0 for all proper parabolic subgroups P = M N of G defined over F' and all g,h € G(F,).

Lemma 12.12. If f € C*(Ac\G(AF)) is F-supercuspidal at some place v then R(f) has cuspidal
mage.
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Proof. For ¢ € L?, R(f)p is smooth and hence can be integrated over any compact subset. Let
P = MN be a proper F-rational parabolic. For all z € Ag\G(Ar) we have

/ R(f)p(nx)dn = / / f(g)e(nzg)dgdn
N(F)\N(Ap) N(F)\N(Ar) JA\G(AR)

fa™'n " g)p(g)dgdn

Il
S~

N(F)\N(AF) /AG\G(AF)

flz™'n""0g)p(g)dgdn
AF) seN(F)

(F)\N(AF) /AGN(F)\G(

fa™'n" g)e(g)dgdn

— S

(F)\N(AFp) /AGN(F)\G(AF) SEN(F)

fa™'n " g)p(g)dndg

I
—

AgN(F)\G(AF) /N(F)\N(AF) yeN(F)

/ f@ ' g)p(g)dndg
AgN(F)\G(AF) N(AF)

Il
o

Essentially all examples of supercuspidal functions are obtained using the following lemma:

Lemma 12.13. Assume that Zg(F,) is compact for some v and that (m,, V') is a supercuspidal
representation of G(F,). If f, is a matriz coefficient of m, then f, is F-supercuspidal.

Remark 12.14. The assumption that Zg(F,) is compact is not essential; compare the discussion of
truncated matrix coefficients in [HLO4].

Proof. Let P = MN be a proper parabolic subgroup of G. If fN(F,,) f(gnh)dn # 0 for some

g,h € G(F,) then upon realizing V' as a subspace of C°(G(F,)) as in the proof of Proposition
11.12 we obtain a nonzero map

V7Tv — VWU/VWU(N)

Oy <g > /N(F ) f(gnh)dn)

contradicting the supercuspidality of .

0

12.7. Orbits and stabilizers. For this subsection only let F' be an arbitrary field of characteristic
zero and let G/F be a reductive group. For H C G x G we have a natural action of H on G via:

(12.7.1) (he, hy) - g := hegh; t.

We assume for simplicity that H is connected and reductive.
If R is an F-algebra and v € G(R) we let H, be the stabilizer of . It is a linear algebraic group
over R [MFKO94]. Moreover denote by O() the orbit of v under this action. Finally let

A:G—GxG
denote the diagonal embedding.

Definition 12.15. An element v € G(R) is said to be:
e relatively semisimple if O(y) is closed (this implies H, is reductive [BR85]).



AN INTRODUCTION TO AUTOMORPHIC REPRESENTATIONS 65

e relatively elliptic if H, is anisotropic modulo Zy N A(Zg).
e relatively regular if O() has maximal dimension among all v € G(F)).
e relatively connected semisimple if v is semisimple and H, is connected.

Definition 12.16. Let R be an F-algebra. A relative class, or simply a class, is an element of
I'(R) = H(R)\G(R).
A geometric relative class, or simply a geometric class, is an element of
[P (R) = Im(G(R) — (H\G)(R)).

As an important special case, consider the situation when G = H x H and H is viewed as the
diagonal subgroup of G. We refer to this as the group case. In this case O(7) is the conjugacy
class of 7 and G, is the centralizer of . In this case all of the notions above reduce to the usual
notions of semisimplicity, and regularity as explained in the classic paper [Ste65]. In this case we
usually omit the adjective “relatively” from the definitions above.

Example 12.17. Assume that we are in the group case with H = GL,,. In this case if v is regular
semisimple, then it is elliptic if and only if Q[v]/Q is a division algebra. In this case the map

[ (F)—T.(F)
is injective. For most H this is false, and this is what leads to the theory of endoscopy.
12.8. Relative Orbital Integrals. We now revert back to the global setting. Let H and G be

connected reductive F-groups with H < G x G and let x : H(Ap) — C* be a quasi-character
trivial on H(F)Ag X Ag N H(F).

Definition 12.18. A relatively semisimple element v, € G(F,) is relevant if y, is trivial on
HY(F,). An element v € G(A) is relevant if v, is relevant for all v.

The point of this definition is that irrelevant elements will not end up contributing to the trace
formula. We note that if y is trivial then all relatively semisimple elements are relevant.

Definition 12.19. Let v be a place of F. For f, € C>(F,) and 7, relevant we define the relative
orbital integral:

) d(hy, h,
RO ()= | el ) o ) A0 )
HO(F,)\H(F,) Y

We remark that d(hy, h,) is Haar measure on H (F,) and dt., is Haar measure on H., so the resulting
measure is a Radon measure (inner regular and locally finite).

Proposition 12.20. If v is relevant relatively semisimple then the integral RO.(f) is absolutely
convergent.

Proof. Since the measure d(hy, h,)/t, is a Radon measure on HY(F,)\H(F,), to show the integral
is well-defined and absolutely convergent it is enough to construct a pull-back map

C(G(F,)) — O (HJ(F)\H (F,))
attached to the natural map
HY(F,)\H(F,) — G(F,).

We claim that the image of this map is closed. The orbit of v in the sense of the algebraic group
action of H on G is closed in the Zariski topology by assumption, and it follows that H(F,) - is
also closed in the v-adic topology [RR96, §2, below B.]. On the other hand,
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is not only a bijection but also a homeomorphism [Ser06, §I1.5]. The existence of the pull-back
follows.

O

12.9. Relative orbital integrals are 1 at almost all places. Let

F =TT/ € C2(GAR).

We have shown that ROX(f,) is well-defined for each v. This, together with the following propo-
sition, shows that the global relative orbital integral ROX(f) is well-defined:

Proposition 12.21. Suppose that v € G(F) is relevant and relatively connected semisimple. Then
for almost every v,

ROX(1k,) = / d(he, hy)/dt, =1,

Hy(Fy)NKy x Ko\ H(Fy)NK, x Ko,

where K, = G(Op,) is hyperspecial and the Haar measures gives volume 1 to the interesction with
K, x K,.

Remarks.
(1) The set of v for which ROX(1g,) = 1 depends on 7.
(2) The author does not know how to prove the analogue of this proposition when H., is not
connected. In the group case one uses the theory of z-extensions, but the analogue in this setting
is not known, or at least is not in the literature.

We require the following two important results:

Theorem 12.22 (Lang). If G is a connected linear algebraic group over a finite field F then
HY(Gal(F/F),G) is a singleton.

(see [Lanb6]).
The following is a general analogue of Hensel’s lemma.

Theorem 12.23. Let v be a nonarchimedian place of F' and F,, the residue field of Op,. If X/Op,
is a smooth scheme of finite type, then X(Op,) — X (F,) is surjective.

(see [BLRI0, §2.3]).

Corollary 12.24. If X is a homogeneous space for a connected group scheme G over O, then
X (Op,) is nonempty.

Proof. By Theorem 12.23 it suffices to show that X(IF,) is nonempty. Since Xp, is a homoge-
neous space for Gr,, it is nonempty if and only if the corresponding class in the pointed set
H'(Gal(F/F),G) is the trivial class. Thus we conclude by Theorem 12.22. O

Proof of Proposition 12.21. Let S be a finite set of nonarchimedian places of F. Let G — GL,
be a faithful representation for some n and let G be the schematic closure of G in GL,,ps. Define
‘H similarly. Upon enlarging S if necessary we can and do assume that H < G are smooth and
H(OF,), G(Op,) are hyperspecial for all v ¢ S (see [Tit79]). Let v € G(O%) be a relatively
connected semisimple element. We let H., be the schematic closure of H, in H. Upon enlarging
S if necessary we can assume that H, is smooth and is the stabilizer of v in the scheme-theoretic
sense. We can even assume that

H(Op,) = H(F) NG x G(OF,) < H(F,)
Hy(Op,) = Hy(F,) N H(OF,) < Hy(F,)
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are hyperspecial subgroups [Tit79].
Let O(v)/O% be the set-theoretic image of the morphism
Hxy—G
given by the action of H on ~. It is a constructible subset of (the underlying topological space of)
G. The set
7 = {s € Spec(03%) : O(y), is closed }
is a constructible subset of Spec(O7) [GW10, §E.1]. In other words it is a finite union of subsets of
Spec(0%) of the form UNV where U is open and V is closed. Since O(v) is closed by assumption
Z contains the generic point 1 € Spec(0%), there is an open set U and a closed set V in Spec(O%)
such that
neUnV.
On the other hand, the only closed set containing 7 is the whole of Spec(0%). We conclude that
Z contains an open set. Thus, upon enlarging S if necessary, we can assume that O(7) is closed
and hence equal to its schematic closure.
Since H is dense in ‘H the orbit O() can also be described as the Zariski closure of O(7) in G.
Since O(v)r is homogeneous under the action of H, upon enlarging S again if necessary we can

assume that O(7) is smooth over O% and that the map H — O(v) is also smooth.
Thus for v ¢ S

O()(OF,) = O()(F) N G(OF,).
It therefore suffices to show that if v € O(y)(OpF,) then it is in the H(Op,)-orbit of v. Let
v € O(7)(Op,) and consider the Op, -scheme whose points in an Op,-algebra R are

X(R) := {(hs,h,) € H(R) : b ' vh, = +'}.

We claim that there is some (hy, h,) € X(OF ), where OF is the ring of integers of the maxi-
mal unramified extension of F,. Indeed, X may be identified with the fiber of the smooth map
H — O(7) over 7', and hence X is a smooth subscheme of H. The map

X(@Fu) — X(]Fv)

is therefore surjective by Theorem 12.23. On the other hand, X (F,) is nonempty since the map
H — O(v) is surjective, and we conclude that X (Of) is nonempty as claimed.
Thus we have a map

Hyou (R) — Xow (R)
t > (the, thy)

which realizes X as a trivial H,ouw -torsor. Since X was originally defined over OF, we conclude
that X is a H,-torsor and apply Corollary 12.24 to deduce the proposition. O

12.10. The geometric side. In view of Proposition 12.20 and Proposition 12.21 for f € C°(G(AF))
and relevant relatively connected semisimple v € G(F) the global relative orbital integral

(12.10.1) ROX(f) = / X(he, 1) f(h;lfyhr)%
Hy(Ap)\H(AF) v
is absolutely convergent. Let
(12102) AG,H = AH N AG X AG
A:=AgNA(Ag)

where A : G — G x G is the diagonal embedding. Fix Haar measures dag on Ag, d(as, a,) on
Ag p and da on A.
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We note that A < H,(F) for all v € G(F'), and
(12.10.3) T(HY) 1= measy, (HS(F)A\HS(Ar))
is finite if v is relatively elliptic.

We fix Haar measures on A and define

(12.10.4) fl(x)::/A » /A)f(ax)d-a

fz): = f(ax)dag

Ag
Here we are abusing notation and viewing Ag /A as a subgroup of Ag via the map
Agu/A— A
(ag, a,) — azlar
Recall our assumption that H < G x G is connected. The following theorem is roughly half of
Theorem 12.10:

Theorem 12.25. Assume that there exist places vi and vy of F' such that f,, is supported on
relatively elliptic elements and f,, is supported on relatively connected semisimple elements. Then

S (H)ROX(/) = / s ) IS o (s (s ).
(F)Am,c\H(AF)

[v]er(F)
Moreover, the sum on the left is finite and the integral on the right is absolutely convergent.

In the theorem we use the notation [7] for the class of v; we will continue to use this convention.
To prove the theorem it is convenient to first prove the following proposition:

Proposition 12.26. Let C' C G(Afr) be a compact subset such that C, is hyperspecial for almost
all v. Then there exist only finitely many [vy] € T'.(F) with ~ relatively connected semi-simple and

We will first assume this proposition and prove the previous theorem:

Proof of Theorem 12.25. Suppose that v € G(F) is relevant and relatively connected semi-simple.
Then

[ROX(f)| < o0

and |7(H,)| < oo as observed earlier in this subsection. It is easy to see that this implies that
|ROX(f')| < oo as well. Let C' be the closure of the support of f, so C' C G(Ap). Then by
Proposition 12.26 the sum

> r(H)ROY()

H(F)y
is finite, hence convergent. This implies that

(12.10.5)
ST HH)ROX(f) = Y r(H,) / s Bo) £ (B (e, )
! bler (F) (Ae,m/A)Hy(Ar)\H(Ar)

X(he, he) fO(hy *vhe)d(he, hy) /it

:ZTH

] /AG,HHw(AF)\H(AF))
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where the sums are over relevant relatively connected semisimple classes in T',.(F') that are also
relatively elliptic. Notice that

/ \Ches h) £O(h (s ) fd, = 0
H(F)Ag,u\H(AF)

if v is not relevant, because in this case

/ \(hes B )d(he, ) = 0.
AL (F)\H, (A )
Thus (12.10.5) is equal to
/ (e ) £ (e, )
[’Y}EFT(F) H'Y(F)AG,H\H(AF)
-/ xlhe by Z 1Oy (e, )
Ac,mH(F)\H(AF) ~EG(F
:/ X(hg,hT)KJm(hg,hT)d(hghr).
Ag,uH(F)\H(AF)

Now we must prove the proposition:

Proof of Proposition 12.26. Let
B:G—X

where X is the categorical quotient of G by H with respect to the action (12.7.1). Note that if
v,7 € G(F) are relatively semisimple then B(y) = B(%') if and only if 7 and 7 are in the same
geometric relative class. Let C' C G(Ar) be a compact such that C, is hyperspecial for almost all
v. Then B(C) N X(F) is a finite set, because X (F) C X(Ap) is discrete. Thus there are only
finitely many relatively semisimple classes in [y] € ['Y°°(F) such that H(F,)y, N C, # 0 for all v.

Assume that v is relatively connected semisimple and that H(F,)y, N C, # 0 for all v. There
exists a finite set of places S such that if v ¢ S, then v, € C, and if 7/ is in the geometric class
of v, and its class intersects C,, then H(F,) -y, = H(F,) - 7,, that is, v, and 7/ define the same
class in T'.(F,). This can be deduced from the proof of Proposition 12.21.

On the other hand, Galois cohomology implies that there are only finitely many semisimple
elements of T',(F,) in a given geometric class, that is, elements of I',.(F,).

In sum, there exists finitely many [y'] € I',(Ar) such that H(Ap)y N C # 0 and v, € H(F,)7,
for all v.

We have a natural map

[(F)—T,.(Ap).
The fiber of this map over a relatively connected semisimple element injects into a group
¢(H,, H,Ap/F)

by [Lab99, Proposition 1.8.4] which is finite by [Lab99, Lemma 1.8.5]. O
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12.11. The spectral side. As above let f € C°(G(AF)) and let

P@) = [ flwa)da

Ag
As above, let
L2 1= L2 AGG(FN\Glar).
For any f € C*(G(Ar)) as above we let

Rcusp(fO) . L2,cusp — L2,cusp

denote the operator given by convolution by f°. We write
Reusp fO Zm

where the sum is over equivalence classes of cuspidal automorphic representations of Ag\G(Ar)
and m(7) is the multiplicity of 7 in L*““*P. Thus, if we let L>“**P(7r) denote the m-isotypic subspace
of L% the restriction m(f°) of RP(f°) to L**“P (1) is

7T(f0) . L2,cusp<7_[_) —>L2’CUSp(7T>.

We let B(r) be an orthonormal basis of L*“*P(7r) with respect to the pairing

(61,00 = | 01(9)32(a)ds.
G(F)Ac\G(AF)
Then m(m)w(f°) has kernel
Kago(w,y) = Y (w(f)9)(@)e(y)-
peB(r)

A priori, this expression only converges in L2, but Arthur proves as a very special case of [Art83,
Lemma 4.5 and 4.8] that there is a unique square-integrable function smooth in x and y separately
that represents K f0y; henceforth we let K sy be this function.

In the special case where f is K*>-finite we defined the relative trace rtr(w(fY)) in (12.4.1)
above. In general we define

(1211.1)  rtr(a(f2) == rtrgp (7 (f9)) == X(he, hR) En 1y (e, B )d(he, ).

/H(F)AG,H\H(AF)
We will check in the course of the proof of Proposition 12.28 that this is absolutely convergent.
Remark 12.27. Notice that if rtr(7(f°)) # 0 then 7 x 7V is (H, x)-distinguished.

We now prove the following proposition:

Proposition 12.28. Let f € C°(G(Ar)), and assume that R(f") has image in L. Then

/ X(he, hy) K g0 (he, by )d(he, By Z rtr(m
H(F)Am,c\H(AF)

Moreover, the integral on the left and the sum on the right are absolutely convergent.
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Proof. By assumption, R(f°) has image in the cuspidal spectrum, and hence the operator R(f")
is of trace class by a result of Donnelly [Don82]. We therefore have the convergent L?-expansion

(12.11.2) Kpo(z,y) Z Z ||¢||2 #4)

T peB(n)

) ()6 (y)
> Z Hd)W

T ¢eB(m)

By the Dixmier-Malliavin lemma [DM78] we can write
fO=fix fax fs
for fi, fa, f3 € C°(Ac\G(AF)). Letting
fi(g):=flg™)

we note that

R )¢
T (R(f)¢)(z)d(y)

o HW

¢(2)(R(fV)9)(y)
2 ||cl5||2 ’
PEB()

because they both represent the same kernel.
Thus the kernel (12.11.2) becomes

(12.11.3) 3 Z fl*f2|T¢J|”T2)¢)( ) (y)
T peB(T
R(fo * £3)9)(@)(R(}})$)(v)
‘%g? IZE
)()d(y)
R(fs) XRf1 5
Z; ( |¢r| )

In the notation before (12.2), Theorem 12.3 implies that for all compact subsets Q C (G(F)Ag\G(Ar))?
and r € R. one has

(12.114) |R(fs) < R(A) | Y. D ( tzm)d)(tly)) < (t1, t2)” Ztr w(fs % f2))

2
o I

for all t € AS*Y and o € A. Note that tr(w(fs x f3)) > 0 and > _tr(7(fs * f7)) < oo since
the operator R(fs * f5) is of trace class by the result of Donnelly cited above. This implies the
proposition.

OJ
12.12. Some specializations.

Products of reductive subgroups. Assume that H = H; x Hy < G x G and y = 1. Then the
spectral side of the simple relative trace formula can be used to study automorphic representations
distinguished by H;, and Hs.
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The simple trace formula. Let

Cy(R) ={g € G(R) : gvg™" =~}
be the centralizer of ~.
Assume that H = diag(G). Then

rtr(n(f)) = m(m)tr(z(f))
and RO,(f) = O,(f) where for each place v of F

0, (f) = / F(g9)ds.
CS(F\G(Fy)

The simple twisted trace formula. Let o be an automorphism of G. Let
H(R) :={(9,"9) € G x G(R) : g € G(R)}.
In this case
rtr(w(f)) = m(m)tr(x(f o))
and
RO,(H) =T0,(N) = [ Flo~"v9)d
(C9)°(Ap)\G(AF)
where

CI(R):={g€G(R):g "vg=n1}

Remark 12.29. The theory of twisted endoscopy deals with the comparison of twisted trace formulae
and trace formulae and, at present, is the primary tool that has been used to establish instances
of Langlands functoriality. The last few sections of [Art05] contain a survey.

13. APPLICATIONS OF THE SIMPLE RELATIVE TRACE FORMULA AND RELATED ISSUES IN
DISTINCTION

In this section we discuss applications of the simple relative trace formula to problems in the
theory of distinguished representations. We restrict ourselves to existence results, which are the
easiest thing to prove using these formulae.

13.1. Applications of the simple trace formula. The least refined application of the relative
trace formula (which is still nontrivial) is the following proposition:

Proposition 13.1. Let G be a (connected) reductive group with Zg(F,,) compact for vy, ..., v,,
and let py,,...,pys, be a collection of supercuspidal representations. Then there exists a cuspidal
automorphic representation © of G(Ar) such that p,, = m,, for all i.

We will prove Proposition 13.1 as a special case of 7?7 below, at least in the case where the
centralizer C, ¢ is connected for all semisimple v € G(F'), though this assumption is unnecessary.

13.2. Globalizations of distinguished representations. Proposition 77 implies in particular
that cuspidal automorphic representations always exist. If we fix a reductive group H and a
quasi-character x : H(F)Aq g \H(Ar) — C* we can also ask if there exists cuspidal automorphic
representations that are (H, x)-distinguished. That this is a more subtle point is illustrated by the
following theorem [AGR93]

Theorem 13.2 (Ash, Ginzburg and Rallis). If (G, H) is one of the following pairs of groups over
Q then no H-distinguished cuspidal automorphic representations of G(Ag) exist.

(1) (GLyyk, SLy, x SLy) forn # k.

(2) (GLQn or GL2n+17 szn)
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(3) (SO(n,n),SL,) for n odd.

(4) (Sp2(n+k)7 SPa,, X SPay,)-

(5) (Sp2n7 Sp2(n—l)) with 41 < n.

(6) (0(Q),0(Q))) where Q = Q;® Qi with 2dim(Q7) less than the Witt index (i.e. dimension

of the maximal isotropic subspace) of Q.

Remark 13.3. In the setting of the theorem, there may still be distinquished automorphic repre-
sentations, just not cuspidal ones.

13.3. The local analogue of distinction. Interestingly, despite Theorem 13.2, one can still
obtain a conditional analogue of Proposition 13.1. To state it, we recall the local version of the
notion of distinction. Thus let v be a nonarchimedian place of F', let Hp, < G, be an algebraic
subgroup, and let x, : H(F,) — C* be a quasi-character.

Definition 13.4. An admissible representation (m,, V) of G(F},) is (H(F,), x.)-distinguished if
there is a linear functional A : V' — C* such that

Ah - ¢) = x, " (R)A(9)
for all h € H(F,).

Assume now that G = GL,, and H is reductive a reductive F-subgroup of GL,,. Assume moreover
that x : H(Ap) — C* is a (unitary) character trivial on H(F).

Theorem 13.5. Let G be a (connected) reductive group with Zg(F,,) compact for vy, ..., v,, and
let py,, ..., pu, be a collection of supercuspidal representations.

Assume that 7, is supercuspidal and (H(F,), x.)-distinguished. Then there is an (H, x)-distinguished
cuspidal automorphic representation o of G(Afr) such that o, = 7.

Proof. See [HMO02]. O

14. MORE ON DISTINCTION

Let H < G be a connected reductive subgroup of a connected reductive group G over a number
field F'. We would like to make some comments on the problem of understanding automorphic
representations of G(Ar) distinguished by (H, x). Currently even a conjectural understaning of this
problem seems out of reach. However, given recent (submitted) work of Sakellardis and Venkatesh
special classes of examples seem to be more tractable. We recall the following definition:

Definition 14.1. An algebraic subgroup H < G is said to be spherical if Homy(V, V},;,) is at
most one dimensional for all algebraic finite irreducible p: G — V. Here V,,;, denotes the trivial
representations.

Notice that this says nothing a-priori about the multiplicity of H(Ap)-invariant functionals
on automorphic representations of Ag\G(AF), although it seems to be the case that when H is
spherical these multiplicities can be controlled.

14.1. Symmetric subgroups. We will actually restrict our attention still further. Let o0 : G — G
be an automorphism of order 2 and let

G7(R) :={g € G(R) : ¢° = g}

be the subgroup fixed by o. Finally let H = (G?)°. In this case we refer to G/H as a symmetric
space and H as a symmetric subgroup. We have the following theorem of Vust [Vus90]:

Theorem 14.2 (Vust). If G/H is a symmetric space then it is a spherical variety.

We now give a list of examples of involutions ¢ and G°.



74 AN INTRODUCTION TO AUTOMORPHIC REPRESENTATIONS
Example 14.3.

. . I,
e We can take o to be conjugation by an element of order two. For example by ( 0 _OI )

gives GL;, ., = GL,, X GL,, where I}, is the k by k identity matrix.
e o(g) :== g~ gives the orthogonal group (this represents the unique outer isomorphism of
GL,, over the algebraic closure)).
0 I,
-1, O

e Let M/F be a quadratic extension and let ~ be the nontrivial Galois element then have:

Im 0 \_y( Ln O

There is a great deal of helpful geometry available in this special case that allows us to make
our earlier definitions of relative classes concrete. The set of relative classes I',.(R) with respect to
the subgroup

e Composition of conjugation by ( with g — g~ gives Sps,,.

HxH<GxG
is
H(R\G(R)/H(R).
and the set of geometric relative classes becomes
[7(R) = Im(G(R) — H\G/H(R))
To study these classes it is useful to introduce the moment map
B,:G—@G

given on points by g — gg~?. We denote by () the scheme-theoretic image of B,. Thus we have
an isomorphism

(14.1.1) B, : H\G/G° — H\Q
and the natural map H\G/H — H\G/G" is étale. Here H acts on @) via conjugation since
B, (highs) = hi By (g)hy

for h; € G7(R) and g € G(R). It is not hard to check that projection to the first factor of H x H
induces an isomorphism

(14.1.2) Hy—Cyop

where the latter group is the intersection of the centralizer in G of yvy~7 with H.
We have the following proposition:

Proposition 14.4. An element v € G(F) is relatively semisimple if and only if By(7) is semisim-
ple. An elementy € G(F) is relatively ? if B,(y) is ¢, where 7 € {ellipticsemisimple, semisimple}.

Proof. The first statement is proven in [Ric82], and the secon statement is clear from (14.1.1) and
(14.1.2). 0

We have seen that the notion of a maximal torus in a reductive group is absolutely crucial. In
the case of symmetric varieties, the following definition constitutes a substitute:

Definition 14.5. A torus 7' C G is said to be o-split if for all F-algebras R and all ¢t € T'(R) one
has t71 = t7.

Remark 14.6. Beware that in [Ric82] a o-split torus is called a “o-anisotropic torus.”
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It is not hard to see that if T"is any o-split torus then 7" < @). Indeed, every element of ¢ is in
the image of the isogeny t +— t2 = tt=°. Moreover, o-split tori exist. If T' is any o-stable torus then

T=T,T°

where T, NT7 is a finite group scheme consisting of elements of order 2. Note that T, N7T7 is a
finite group scheme consisting of elements of order 2. We have a Weyl group attahced to this torus

W(Tm H) = NH(TU)/CH<TU)7
sometimes called the little Weyl group. We have the following theorem [Ric82]:

Theorem 14.7 (Richardson). Let T, C G be a mazximal o-split torus. The inclusion T, — Q
mduces an isomorphism

T,/W(T,, H) = H\Q.

Remark 14.8. Take G = H x H and 0: G — G to be the map (hy, hy) — (ha, hy). In this special
case the theorem above reduces to the Chevalley restriction theorem.

In the same paper [Ric82], Richardson proves the following result: given ¢ € Q(F), it admits
a Jordan decomposition ¢ = g,q, with ¢, ¢, € Q(F) with ¢, and ¢, commuting, ¢, is semisimple
and ¢, is unipotent. The orbit Hg, is the unique closed orbit in the Zariski closure of Hg and Hq
is closed if and only if ¢ = ¢,. Thus we have a fairly explicit description of relatively semisimple
elements in the case of symmetric varieties.

14.2. Cases when one can characterize distinction. Using the exact sequence (10.4.2), one
can classify the involutory automorphisms of a given reductive algebraic group, and hence the
symmetric subgroups. In the case where the group G is GL,r the symmetric subgroups that can
be obtained are all isomorphic over an algebraic closure of F' to one of the following:

e GL,, x GL,,, where ny + ny = n,

e O,, and

e Sp,,.
If the group G is Resy pGL, for a quadratic extension M/F one can also obtain inner forms of
the unitary group and GL,. Due to a great deal of work spearheaded by Jacquet one now has a
fairly complete understanding of each of these cases with the exception of O,; this will be recalled
in this subsection.

Remark 14.9. If the group G is not a general linear group or restriction of scalars of such a
group, much less is known. However, the author and Wambach have outlined a program to
relate distinction of automorphic representations of classical groups to distinction of automorphic
representations of general linear groups. The paper will appear in AJM.

Jacquet originally developed the relative trace formula to prove the following theorem [Jac04],

[Jac05]:

Theorem 14.10 (Jacquet). Let M/F be a quadratic extension, let G = Resyp GLy,, and let H be a
quasi-split unitary group. Then a cuspidal automorphic representation © of G(Ar) is distinguished

by H if and only if 7 = 7, where (o) = Gal(M/F).

Remark 14.11. The condition that # = 77 is equivalent to the statement that Note that the
condition in the theorem above is equivalent to 7 being a lift from GL,(Ar), by work of Arthur
and Clozel [AC89].

Similarly, in [FZ95] one finds the following theorem:
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Theorem 14.12. If M/ F is a quadratic extension, then an automorphic respresentation of Resyr/p GLy (Ap)
is distinguished by GL,,(Ar) if and only if the Asai L-function has a pole at s = 1.

Remark 14.13. It should follow from recent work of Mok following work of Arthur that automorphic
representations Resyy/p GL,(Ar) whose Asai L-function has a pole at s = 1 are precisely those
that are (stable or unstable) lifts from a unitary group.

For another example, take H = GL,, x GL,, € GLg, to be the the fixed points of ( 1;)" _OI )

We have a character
Xso - H(AF) — CX
given by the formula

0 s0-
( 0 @ ) > |det 1/ det g, ™" x(det g1 / det go)(det gs),

where x and 7 are characters of Ap. In this setting Jacquet and Friedberg [FJ93] prove the
following:

Theorem 14.14 (Friedberg-Jacquet). A cuspidal automorphic representation m on G(Ap) is
(H, ps)-distinguished if and only if L(s, A>T ®n) has a pole at s =1 and L(so, 7 ® x) # 0.

We have actually already dealt with the case GL,, x GL,, < GL,, ,, where ny # ngo, see
Theorem 13.2.

Ash and Ginzburg use Theorem 14.14 to construct p-adic L-functions under a technical hypoth-
esis, see [AG94].

Remark 14.15. If n = 1 and 7 has trivial central character, the condition that L(s, A*r) has a
pole at s = 1 is equivalent to the statement that 7 is a lift of an automorphic representation of
SOgp11(Ap) [CKPSS04], [GRSO01].

Here is another case when we can characterize distinction [JR92].

Theorem 14.16 (Jacquet-Rallis). There are no cuspidal automorphic representations on GLg,
which are distinguished by Sp,,,.

It is not clear to the author what is known in the case where G = O,, and G = GL,,. In the
case n = 2 one has a complete result in [Jac86]. In general those representations of GL,(Ar)
distinguished by O,, should be functorial lifts from a metaplectic group.

14.3. The relationship between distinguished representations and functorial lifts. In
each of the cases discussed in the previous subsection, the cuspidal representations of a group G
distinguished by a symmetric subgroup H = (G7)°, if they existed, were those that were functorial
lifts from another group G’ (or metaplectic group) perhaps satisfying some addition desiderata. To
the author’s knowledge there is no exact conjectural recipe for the description of the other group
or the additional desiderata, although it may be contained in forthcoming work of Sakellaridis and
Venkatesh. However, in [JLR93] one finds a rough heuristic for what G’ should be. We close our
discussion of distinction with an explanation of this heuristic.

Assume for simplicity that G is semisimple and simply connected and let T, < ) denote a
maximal o-split torus. Let &y denote the reduced root system attached to the set of roots of T,¢
in G¢. Then

(X*(Tyc), o)
is a reduced root system and hence is the reduced root system of a semisimple group over F.
Jacquet conjectures that the group G’ should be a form of this group, although what one means
by form should be interpetted somewhat broadly.
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15. THE COHOMOLOGY OF LOCALLY SYMMETRIC SPACES

The topic in this last section is the automorphic description of the cohomology of arithmetic
locally symmetric spaces. In the following subsection we discuss the geometry of locally symmetric
spaces. We then discuss local systems on these spaces in §15.2. One reference for this material,
and its generalization to various compactifications of locally symmetric spaces is [Get12]. The
special case of Shimura varieties is mentioned in §15.4.

We then briefly introduce (g, K )-cohomology in §?? and show how it and automorphic rep-
resentations can be used to give a complete description of the cohomology of locally symmetric
spaces with coefficients in local systems as a module under Hecke-correspondences in §?77. We
close by describing some applications of this theory.

In this section we set

A = A@
to ease notation. Unless otherwise specified G is an affine group scheme flat of finite type over Z
such that G is connected and reductive (in other words we fix a model of G over Z).

Moreover we let K < G(A*) is a compact-open subgroup, K., < G(R) is a compact subgroup

containing the maximal connected compact subgroup K (in the real topology) and

Ag < G(R)

is the identity component in the real topology of the maximal Q-split torus in the center of G.
Finally we set
X = AcGR)/Kw.

15.1. Locally symmetric spaces. With the notation from above, any connected component of
X is a symmetric space; one can essentially take this to be the definition of a symmetric space,
although it is not the most natural definition. We let

(15.1.1) Sh' := Sh(G, X)X := G(Q)\X x G(A®)/K

and refer to it as a Shimura manifold. As explained in (6.1.1) this is a finite union of locally sym-
metric spaces. Indeed, if we take a set of representatives (g;);es for the finite set G(Q)\G(A*)/K;;
then

(15.1.2) []r\x—sn*
el

Fix — G(Q)(z,9:) K

where T; = g; 'K g; N G(Q).
It is useful to have in mind the following definitions:

Definition 15.1. A subgroup I' < G(Q) is arithmetic if it is commensurable with G(Z), and
congruence if it is of the form G(Q) N K for some compact open subgroup K < G(A™).

Remark 15.2. The famous congruence subgroup problem asks whether every arithmetic subgroup
is congruence. The answer is in general no, but the groups G for which an arithmetic subgroup
can be noncongruence are quite limited.

A useful assumption on a subgroup I' < G(Q) is that it is torsion-free. Unfortunately, the
property of being torsion free is not preserved under certain contstructions, such as intersecting
with a parabolic subgroup and mapping to the Levi quotient. A more robust condition is that of
being neat.

An element g € GL,(Q) is neat if the subgroup of Q* generated by its eigenvalues is torsion-free.
An arithmetic subgroup I' C G(Q) is neat if given any (equivalently, one faithful) representation
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p: G — GL,, p(g) is neat for all ¢ € I'. Clearly, if I is neat, then all its subgroups and
homomorphic images are neat.

Lemma 15.3. Any congruence subgroup I' < G(Q) contains a congruence subgroup of finite index
that is neat.

Proof. When G = GL,,, we can take the neat subgroup to be of the form
{9€GL,(Z):g=1 mod N}

for a sufficiently divisible integer V. The general case follows from this case. OJ
Definition 15.4. A compact open subgroup K < G(A™) is neat if
G@Qng 'Ky

is neat for all g € G(A™).

In fact, one only has to check this condition for all ¢ € G(Q)\G(A*)/K, which is a finite set.
An elaboration of the proof of Lemma 15.3 implies the following:

Lemma 15.5. If K < G(A™), then K contains a neat subgroup of finite inde. O
Our motivation for introducing this notion is the following:
Lemma 15.6. If K is neat, the Sh* is a smooth manifold.

In fact the conclusion of the lemma is valid under the weaker assumption that ¢~'Kg N G(Q)
is torsion-free for all ¢ € G(A*). The proof is a consequence of basic results on discrete group
actions on manifolds.

In §3.4 we defined Hecke operators attached to elements of C2°(G(A)). We recall that these
functions are finite linear combinations of characteristic functions of double cosets K¢gK for com-
pact open subgroups K < G(A*® and g € G(A*). We now explain how these operators can be
realized geometrically as correspondences. Let K, K’ < G(A*) be compact open subgroups, and
g € G(A®) be such that K’ C gKg~'. The we have a map

(15.1.3) T, : Sh*" — sh¥
G(Q)(z,hK") — G(Q)(z, hgK)
On the other hand, if ',V C G(Q) are arithmetic subgroups, and v € G(Q) is such that IV C
ATy~ we also have
T, : T\X — T\X
given by Iz +— 'y~ 'x; these are a finite étale maps.

The geometric realization of the characteristic function of the double coset KgK is the corre-
spondence

1

(15.1.4) ShiNoKe™!
Sh* Sh%

It acts on functions via pullback along 77 followed by pushforward along 7},. In other words, if we
set

(15.1.5) T(g) =Ty o1y
then for any function ¢ : Sh® — C,
(15.1.6) T(9)p = R(Licgi ).
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15.2. Local systems. A well-known classical fact is that if I' is a congruence subgroup of GLag
contained in the subgroup of matrices with positive determinant and § is the upper half-plane
then the cohomology group

H'(I'\$,C)

can be decomposed as a direct sum of three summands, one isomorphic to the vector space Ss(I)
of §6.4, one isomorphic to the space

{7(2): f € S(I)}

of antiholomorphic forms, and one isomorphic to a certain space of Fisenstein series. In order
to give a geometric interpretation of modular forms of weight bigger than 2, it is necessary to
introduce local systems. We now recall their construction in the case at hand.

Until further notice I' < G(Q) is a neat arithmetic subgroup. Let V' be a left G(Q)-module
equipped with the discrete topology, and form the quotient

(15.2.1) V=V'=T\(V x X)
by the diagonal action of I' on the product. We say that the diagram given by the natural projection
(15.2.2) V=V'—T\X

is a local system. For example, if V' is a representation of I' over C, then this is the total space
of a locally constant sheaf of C-vector spaces. For each open set U C I'\ X we let

(15.2.3) Ve ={s:U—V}
be the abelian group of sections of the map (15.2.2). Then the functor
(15.2.4) {UCT\X}— Ab

Ur—V|y

from the category of open sets of I'\X with morphisms given by inclusions to the category of
abelian groups is a sheaf. It is called the sheaf of sections of V. It’s sheaf cohomology is
denoted

(15.2.5) H*(T\X,V) := H*(T\X, V")

We now turn to the adelic setting. As above, let V' be a representation of G. For K C G(A*)
compact open, define

YV =VE =GQ)\V x X x G(A®)/K,

where for v € G(Q), y(v,z,gK) = (y.v,7.2,79K). We thus have a natural map VX — Sh’.
This is again a local system, and we define the associated sheaf of sections as above.

The relationship between the two constructions given above can be described as follows. Fix
g € G(A®), and let T' = gK¢g~ ' N G(Q). We then have an embedding

(15.2.6) v : T\ X — Sh*
e — G(Q)(z,9)K

and on the corresponding local systems, if V' is a representation of G(Q), then (*V& =PI’
For g € G(A™®), and K, K’ with K’ C gKg~!, we have an isomorphism of sheaves

(15.2.7) 0 VX STVE = GQ)\V x X x G(A)/K xgx Sh
(v, (z, hK)) — (v, (zhgK, xhK)).
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This isomorphism is called a lift of the correspondence. The reason for this is that the isomor-
phism allows us to define a diagram

1

(15.2.8) s
>
VK VK

and a map of sheaves T'(g) := T, 0§ o w}. This induces maps
T(g) : H*(Sh™,V) — H*(Sh" V).

15.3. A classical example. We return to the example at the beginning of the previous subsection.
Let G = GLQ’Q,

Ko(e): ={g€GLy(Z) : g=(*2) (mod c)}
Lo(c) : = G(Q) N Ko(c)
For k > 2 the Shimura isomorphism yields an injection
(15.3.1) w: Si(To(c)) <25 H*(Sh™ V)
Here
w(f) = f(2) (=X + 2Y)F2dz)
o(f) = f(2)(—=X + z2Y)" 24z

where V is the sheaf attached to the dual of the (k — 2)st symmetric power of the standard
representation C2, which we can regard as homogeneous polynomials of degree k—2 in two variables.
The cokernel can be explained in terms of Eisenstein series. As we have explained, the right hand
side is a module under Hecke correspondences. There are also “classical Hecke operators” indexed
by

e {ge My(Z)NGLo(Q): g = (51) (mod o)}

defined by
(15.3.2) T(7) : Sp(To(c)) — Sk(To(c))
fr— > flivi
~ilo(c)€lg(c)yTo(c)
where

i (24) (2) := det()"?(cz + d) 7" f(2)
Then the operator T'(7) on the left of (15.3.1) is intertwined with the operator T'((7°°) ™! det(7s))
on the right. The reason for the inverse is that the Eichler-Shimura isomorphism transforms
invariance properties of a function under the left action of I'y(c) to invariance properties of a
function under the right action of Ky(c). For more details see [?].

15.4. Shimura data. Recall the definition of Deligne torus
(1541) S = RGSC/R(Gm).
Note that S(R) = C*. The following definition is due to Deligne.

Definition 15.7. Let G be a connected reductive group and let X be a G(R)-conjugacy class of
homomorphisms h : S — Gg The pair (G, X) is a Shimura datum if

(SV1) For h € X, the characters z/z, 1, and z/z occur in the representation of S on Lie(G*®)¢
defined by h (where G* := G/Zg is the adjoint group);
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(SV2) ad(h(y/—1)) is a Cartan involution of G9;
(SV3) G* has no Q-factors on which the projection of A is trivial.

The condition (SV2) is equivalent to the statement that
GHOR) = {9 € GM(C) < 9= 0(0)}

is compact. Conditions (SV1) and (SV2) together imply that X is a Hermitian symmetric space
for G.

Since Sh™ is a complex manifold in this case, a natural question is whether Sh(G, X)X can be
realized as the complex points of some variety. This is indeed the case by a basic theorem of Baily
and Borel which states that if K is neat then Sh(G, X)X can be given the structure of the complex
points of smooth quasi-projective scheme over C in a canonical manner. One can say even more.

For each z € X, we have a cocharacter

Uz (2) = hyo(2, 1),
where z¢ denotes be base change of x to C. This certainly defines an element of
G\Hom(G,, — G)(C)

where the implied action is via conjugation. Let F(G,X) C C be the field of definition of u,. It
is a number field, independent of the choice of x € X. It is called the reflex field of (G, X).

Theorem 15.8. For each neat K < G(A™) there exists a smooth quasi-projective variety M (G, X )%
defined over the reflex field E of (G, X) such that

Sh(G, X)* = M(G, X)¥(C).

and all the correspondence T'(g) are defined over E(G, X). Furthermore, there is a canonical such
model, characterized by the Galois action on certain special points.

Definition 15.9. The Shimura variety attached to (G, X) is the projective limit
M = M(G,X) = lim M(G, X)"
K

of the canonical models of Sh = Sh(G, X)¥.

Definition 15.10. A morphism of Shimura data, (G, X) — (G’, X’), is a morphism of algebraic
groups G — G’ (over Q) sending X to X'.

Definition 15.11. A morphism of Shimura varieties, Sh(G, X)¥ — Sh(G’, X")%, is an inverse
system of regular maps compatible with the action of Hecke correspondences.

Theorem 15.12. A morphism of Shimura data induce a morphism of Shimura varieties over the
compositum E(G, X)E(G', X'). Moreover, it is a closed immersion if G — G’ is injective.

We end with some examples of Shimura data
(1) G = GLag; hla+bv/—1) = (2 %).
(2) G = Respjg GLy; for example, for F/Q totally real, h = ], (% % ). The associated
Shimura varieties are known as Hilbert modular varieties.

(3) G = GSp,,,, where
GSp,,(R) = {g € GLa,(R) : ¢'Jg = c(g)J for some c(g) € R*}

for J = <1 / ' >; h(a+byv/—1) = (% _al}‘]). The associated Shimura varieties are known as

Siegel modular varieties.
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15.5. (g, K )-cohomology. As above let V' be a finite-dimensional representation of G. A fun-
damental tool for describing H*(Sh’, V) as a Hecke module is (g, K )-cohomology. We explain
its definition in this section. The basic reference is [BW00a].

Now, let g > ¢ be the complexifications of the Lie algebras of Gg and K, respectively. Let A
be a g-module (not necessarily of finite dimension). Let

C*(g, A) = Hom(A®g, A) = \*g” &c A.
We define a differential on the complex by:
(df) (o, ..., xg) = Y _(=1)'a- f(zo,...,4 g)+ > (=1 f([wi, 2], w0, Fa )
1<j
We then let H*(g,.A) denote the cohomology of this complex:
H.(g7 A) = H.(C.(g’ A)v d)
Consider
C*(g,8, A) ={f€C(g,V)|taf =0,f =0Vx € £}

where ¢, and 6, are the interior product and derivative respectively. In other words

(15.5.1) (Lo f) (@1, 2g1) = flo, 21,0, Ty—1)
and
(15.5.2) O:f)(xq,.. . 2 Zf T1,. . [T, ) Faf(x, .., 1)

This implies that
c* (ga Ea -’4) = HOHIE(A. (g/é)v A)

Notice that one has 6, = dot,+t,0d for x € g and thus this new complex is d stable. Consequently
we can take the cohomology of this complex. This cohomology is called the (g, €)-cohomology of
A; it is denoted by H*(g, ¢ .A).

Because of the fact that Lie K, = Lie KI this cohomology is insensitive to the connected
components of K. It is therefore desirable to refine it.

Assume now that A is a (g, K )-module. The group K, acts in a natural manner on C'(g, ¢, .4)
via the action of K, on A and the adjoint action on g. For this action define

C*(g, Kooy A) = C* (g, 8, A)F
Denote by H*(g, K;.A) the cohomology of this complex.
Definition 15.13. The (g, K )-cohomology of the (g, K )-module A is H*(g, K«;.A).

15.6. The relationship between (g, K. )-cohomology and the cohomology of Shimura
manifolds. Let V be a finite dimensional representation of G. We now relate (g, K, )-cohomology
and the cohomology of Sh’ with coefficients in V
Fix a basis w', 1 <1 < m := dimg(X) of left invariant 1-forms on Ag\G(R)/K. For
I'={iy,....i,0 C{1,...,m}
with ¢; <4, for j < n set
wh =W A AW

Then any differential g-form 7 on 'A\G(R) can be written as

n= ijwl
1
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with f; € C*°(T'Ac\G(R)). Let
A= CP(GQN\G(A)/K™).

Let
A?(Sh*, V)
denote the space of differential g-forms on Sh” with coefficients in V. Any element of A?(Sh’, V)

can be written as
n= E f IWI
J;

with f; € A® V. This yields an identification

(15.6.1) A*(Sh V) = C*(g, Koo; A)

commuting with the differentials, which in turn yields an isomorphism
H*(Sh V) = H*(g, K, A)

This gives an explicit link between cohomology and automorphic representations. We remark that
this map is Hecke equivaraiant in the sense that for g € G(A>) the action of the correspondence
T(g) is intertwined with the action of 1k k.

This whole construction motivates the following definition:

Definition 15.14. A vector ¢ € C*(G(Q)As\G(A))¥ is cohomological if there exists a repre-
sentation V of G, v € V and w! on G(R) such that

ow' @ v € C*(g,t; C™(G(QAGNG(A) @ V)
defines a non-zero class in H*(g, K, C®(G(Q)As\G(A)))~.

If we wish to specify the representation V' we could speak of a V-cohomological vector instead.
Now C*(G(Q)As\G(A)) is naturally a (g, K) X G(A*)-module. Let us decompose it under
the action of G(A>).
Let {7} be a set of representatives for equivalence classes of cuspidal automorphic representations
of Ac\G(A). Letting
L2 = [*P(G(Q)Ac\G(A))

L2,cusp — @ﬂ,@m(ﬂ')
where m(m) is the multiplity of 7 in L*““*P. Hence
(15.6.2) H*(Sh",V) > H,,,(Sh¥, V) = H*(g, Koo; (AN L>P) @ V))&
— P (H*(g, Koo 7@ V) )T

as usual we have

The group H, gusp(ShK ,V) is known as the cuspidal cohomology. Its complement is described
in terms of so-called Eisenstein cohomology; for some information about the decomposition of the
whole of the cohomology see [BLS96]. It follows that, as a module under C°(G(A*) // K), one
has

2, (SH¥ V) = @, (H(g, Koo e ® V) @ (7))
We refer to
(156:3) H (S V) (1) 1= @ s, (H(8, Koo e ® V) © (7))

as the m-isotypic component of the cohomology.

m(m)
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Definition 15.15. A cuspidal automorphic representation m of Az\G(A) is cohomological if
there is a representation V' of G such that H*(g, Ko, Teo ® V') # 0. A vector ¢ in the space of 7 is
cohomological if there exists an embedding © — L*““*? such that the image of ¢ is cohomological.

Thus if there is a vector in the space of 7w that is cohomological, then 7 itself is cohomological.

15.7. The relation to distinction. Usually in the literature one finds references to cohomo-
logical representations but no references to cohomological vectors. Despite this, the notion of a
cohomological vector is of great importance.

Suppose that H < G are connected reductive Q-groups and that their corresponding symmetric
spaces are chosen so that Xy < X. Then there is an embedding

Sh(H, X p)5HAE™) <, Sh(@, X)K.

Assume that one can define a cohomology class attached to this subset (if Sh(G, X)¥ is compact
this is always possible). Assume that 7 is a cohomological representation. One would like an
answer to the following question:

If 7 is H-distinguished, then is there a cohomological vector ¢ in the space of 7 such that
Pu(¢) # 07

For many reasons, including investigation of the Tate conjecture for Shimura varieties, one would
like to know an answer to this question. Indeed, a positive answer to this question allows us to
construct an explicit nonzero cycle in the 7>-isotypic component of H¢,,,(Sh™, V).

In general, the answer to the question is no; for example, there could be no cycles of the
appropriate dimension. However, in special cases it can be answered in the affirmative.

Remark 15.16. Suppose H x H = G. If we take A(H) to be the diagonal copy of H, then a
cohomological representation of G(A) that is distinguished by A(H) has a cohomological vector
¢ in its space such that Pg(¢) # 0. The proof of this statement is essentially an application of
Schur’s lemma.

15.8. More on (g, K )-cohomology. We have seen that the question of whether or not a given
automorphic representation contributes to the cohomology of a Shimura manifold with coefficients
in a local system is completely determined by the (g, K )-cohomology of its factor at infinity.
One thing that makes this remark so useful is the fact that (g, K., )-cohomology is a very pleasant
object with which to work. In this subsection we list some properties of these groups; the canonical
reference is [BWOOD].

Suppose that g = g1 @ go as Lie algebras and K, = K; x Ky, V =V} ® V;, (exterior tensor
product). Then one has a Kiinneth forumla:

Theorem 15.17 (Kiinneth formula). One has natural isomorphisms

Hk(g,KOO,V) = @ Hp(gvib‘/l) @Hq(g%KZ?‘/Z)'

p+a=k
One also has a version of Poincare duality:
Theorem 15.18 (Poincare duality). If m = dim X, then letting a := Lie(Ag) ®r C one has
Hi(a\g, Koo; 7@ V) = H™ (a\g, Koo; 72 @ VY)Y,

Thus, in particular, to compute the (g, K )-cohomology of a (g, K. )-module it suffices to
understand the case where g is simple over R and when ¢ < dim X/2.
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15.9. The Vogan-Zuckerman classification. Vogan and Zuckerman have provided a classifica-
tion of all (g, K )-modules with nonzero cohomology. We briefly recall this result. For simplicity
assume that g is simple and let K, is connected. We let

ég = Lle(Koo)

Since K is compact, the adjoint operator Ad(x) acting on g is diagonalizable for all x € ¢y, with
real eigenvalues, and complex conjugation switches positive and negative eigenvalues. Let q denote
the sum of the non-negative eigenspaces, let u be the sum of the positive eigenspaces, and let [ be
the sum of the zero eigenspaces. Then q C g is a parabolic subalgebra and
q=I[4+u.

There is an involutory automorphism 6 of g, called the Cartan involution, such that £ is the
fixed points of 6. It will preserve a parabolic subalgebra as above. It is convenient to call such a g
simply a #-stable parabolic subalgebra, though not all parabolic subalgebras stable under 6 arise
in this way.

Suppose that V' is a representation of g such that the highest weight with respect to a f-stable
Borel subalgebra is fixed by 6. Attached to this data Vogan and Zuckerman define a (g, K )-
module A4(V) (in the notation of [BWO00b, VL.5]), and explicitly compute its (g, K )-cohomology.
They then prove the following result:

Theorem 15.19 (Vogan-Zuckerman). If o, is an irreducible admissible (g, K, )-module and
H* (g, Koo; Moo @ V) # 0,
then o = Aq(V).
(see [BWOODb] and [VZ84]).

15.10. Cohomology in low degree. For motivation, we state the Lefschetz theorem from al-
gebraic geometry. Let X be a smooth projective n-dimensional variety over C, and let Y C X
denotes a hyperplane section such that X — Y is smooth (this will hold generically). One has the
following result:

Theorem 15.20 (Lefschetz). The induced map on cohomology
18 an isomorphism for k < n — 1 and injective for k =n — 1.

The moral of this theorem is that in low degree, all of the cohomology of a variety comes from a
subvariety of lower dimension in a precise sense. Bergeron and Clozel have proven similar results
for locally symmetric spaces, even which are not of hermitian type. We refer the reader to [BC05]
and more recent work of Bergeron.

In this section we will recall a much more elementary result that state that in low degrees the

cohomology of locally symmetric varieties is very simple. We refer to [BWO0O0b] for the proofs. Let
P < g denote the —1 eigenspace of the Cartan involution 6.

Proposition 15.21. If V is an irreducible finite-rank representation of G then

R _J 0 of V' is nontrivial,
H*(9, Koo, V) = { (AR if V is trivial. }

Now suppose that G is semisimple. Then we have injective maps
j: H(g, Ko, C) — H?(Sh" C)

These classes represent somewhat trivial parts of the cohomology. In [Bor74] one finds a definition
of an integer m(g) related to the curvature of X and a proof of the following theorem:
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Theorem 15.22 (Matsushima). The map j above is bijective for k < m(g). Moreover if ¢ < m(g)
then every harmonic form in H(Sh™) is invariant under G(R).

Remark 15.23. Moreover, the assumption that the coefficients are C is also not necessary at the
expense of complicating the statement of the theorem, and in fact nontrivial coefficients tend to
have more vanishing cohomology groups in low degrees (see [BWO0Ob, §I1.10, Theorem)]).

15.11. Galois representations. Let Sh(G, X) be a Shimura variety. Since it is defined over
a number field, its étale cohomology provides a vital link between automorphic representations
and Galois representations. This link has been exploited notably by R. Taylor, his collaborators,
and students, to prove spectacular results attaching Galois representations to important classes of
automorphic representations and conversely establishing the modularity of Galois representations.
In fact the field is evolving so quickly that we will not attempt to provide references, but instead
invite the reader to search them out for him or herself.
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