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By a Hecke Algebra we will usually mean an Iwahori Hecke algebra. We
will now explain what these are. A Coxeter group consist of data (W, I') where
W is a group and I = {sy,---,s,} of elements of order 2 which generate W,
subject to a certain condition, which we will now explain. If 1 < 4,7 < r and
i # j let m(i, j) be the order of s;s;. Since s; and s; have order 2, we have

8555885 = 5j5;58; " (].)

where there are m(i, j) factors on both sides. For example, if m(i,j) = 2,
this means s;s; = s;s;, so that s; and s; commute. If m(s, s’) = 3, then

Sisjsi = SjSZ‘Sj

which is Artin’s braid relation. In general we will refer to (1) as the braid rela-
tion satisfied by s; and s;. In order for W to be a Cozeter group it is required
that the given set of relations between elements of I give a presentation of
w.

Informally, this means that any relation between generators in I can be
deduced from the fact that the s € ¥ have order 2 and the braid relations.
Formally, it means the following. More formally, it means that W is isomor-
phic to the free group on r generators oy, - - - , g, modulo the smallest normal
subgroup containing o? and (o;0;)™®9).

For example, the symmetric group S, is a Coxeter group with generators
s;i = (1,1 4+ 1). If r = 2, we have a presentation in generators and relations:
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Weyl groups (both finite and affine) are important examples of Coxeter
groups. Finite Weyl groups arise in the theory of Lie groups; there is one for
every Cartan type. There is also an affine Weyl group which is infinite.



Given a Coxeter group W as above, there is an algebra called the Twahori
Hecke algebra which we now describe. The ground field F' is assumed to
contain a quantity ¢ which might be an indeterminate or (for some purposes)
an integer prime power or (for other purposes) a root of unity. So we will
denote the algebra H,(W). It has generators 11, - - - , T, subject to relations
which we now state. First, it must satisfy the braid relations:

TITy - =TTy (2)

where there are m(z, j) factors on both sides. Second, instead of the relation
s? = 1, it satisfies a quadratic relation

T} =(q— DT +q.

Note that if ¢ = 1, this becomes T? = 1, so H;(W) is isomorphic to the
group algebra C[W]. In general, H,(W) may be thought of as a deformation
of C[W].

How do Iwahori Hecke algebras arise in nature? As it turns out, they are

quite important.

e If G is a group of Lie type over a finite field, and W is its Weyl group,
then H,(WW) can be embedded in C[G(F,)], and this helps us under-
stand the representation theory of G(F,). For example, if G = GL,
then we gain insight into the representation theory of GL,(F,).

e Let I’ be a nonarchimedean local field such as Q,, and let [F, be the
residue field. Let W,g be the affine Weyl group. It is an infinite Coxeter
group containing W as a finite subgroup. Then Iwahori and Matsumoto
showed that H,(Wag) can be realized as a convolution ring of functions
on G(F). This turns out to be very important, and we will spend quite
a bit of time explaining it, in the process getting a good start on the
representation theory of G(F), needed for the theory of automorphic
forms.

But Iwahori Hecke algebras appear in other ways, too, seemingly unrelated
to the representation theory of p-adic groups.

e Kazhdan and Lusztig used them to define Kazhdan-Lusztig polynomi-
als. These appear in different seemingly unrelated contexts, such as the
theory of singularities of Schubert varieties, and in the decomposition
of Verma modules of Lie algebras.
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Jimbo showed that Iwahori Hecke algebras appear in a duality theory
for quantum groups. This is a deformation of Frobenius-Schur duality,
which is an important relationship between representations of symmet-
ric groups and of GL,(C).

The Iwahori Hecke algebra is closely related to the Temperly-Lieb alge-
bras which arise in both statistical physics and quantum physics. The
related examples were key in the discovery of quantum groups.

Iwahori Hecke algebras were used in Vaughn Jones’ first paper defining
the Jones polynomial.

They appear in Dipper and James’ important papers on modular rep-
resentations of finite groups of Lie type.

Thus Iwahori Hecke algebras are involved in many diverse problems.

1 Hecke Algebras reduce infinite dimensional
problems to finite-dimensional ones

In this section, we will not give proofs, but explain some “facts of life” about
representations of p-adic groups to orient the reader. We will come back to
these matters more rigorously later. In the next sections, we will give analogs
of these facts of life for finite groups, with proofs. Later we will return to the
p-adic case giving proofs.

Let F' be a nonarchimedean local field, and let o be its ring of integers.
Thus we could take F' = Q, and 0 = Z,. Let p be the maximal ideal of the
discrete valuation ring o. Then o/p is a finite field F,,.

Let G = GL(n, F'). This group is totally disconnected: its topology has
a neighborhood basis at the identity consisting of open subgroups. Thus let
K° = GL(n,0). This is a maximal compact subgroup. If N is any positive
integer, let K(N) = {g € K°|g = 1 mod p"}. Then K(N) are a family of
open subgroups forming a basis of neighborhoods of the identity.

A representation m : G — GL(V'), where V' is a complex vector space is
called smooth if when 0 # v € V the stabilizer {k € G|r(k)v = v} is open.
It is called admissible if furthermore given any open subgroup K the vector
subspace V¥ is finite-dimensional. The admissible representations contain
the ones that are needed in the theory of automorphic forms. For example,



if 7 : G — GL(H) is any unitary representation on a Hilbert space, then
H contains a dense subspace V on which G acts, and 7 : G — GL(V) is
admissible. In the theory of automorphic forms one often works mainly with
admissible representations.

The space V is usually infinite-dimensional. It is very useful to know
that we may capture the representation in a finite-dimensional subspace V'
as follows. Let K be an open subgroup, and let Hx be the vector space of
all compactly supported functions ¢ on G such that ¢(kgk’) = ¢(g) when
k., k" € K. We make K into a ring as follows:

(6% 9)(g) = /G Bga"Yb(z) da.

Now if ¢ € Hgx and v € V| where (7, V) is any smooth representation,
we may define 7(¢) € End(V) by

w0 = [ sla)elgd 3)
It is easy to check that

m(¢x ) =m(¢) om(¥).

The spherical Hecke algebra H o is commutative.

On the other hand, let J be the subgroup of k& € K° = GL(n,0) such
that k is upper triangular, where k& € GL(n,F,) is the image under the
homomorphism GL(n,0) — GL(n,F,). This subgroup J is the Iwahori
subgroup. The algebra H; is nonabelian, but it has a beautiful structure.
It has generators Tp,---,T,—; and t such that T; and 7; commute unless
1 = 7 = 1 mod n, with the braid relations

LT, =Tin T,
where we interpret ¢ + 1 as 0 if ¢ = n — 1. Moreover
T} =(q— DT +q

Thus Ty, - - - , T, generate an Iwahori Hecke algebra. The Coxeter group is the
(infinite) affine Weyl group of type Aszl. The extra element ¢ has the effect
tTit~! = T;,,, where we again interpret things mod n, so tT},_t~ = Tj.



Returning to the general case of an arbitrary open subgroup K, if ¢ € Hg
then 7(¢) projects V onto the finite-dimensional subspace VX. We make VE
into an H g-module with the multiplication ¢-v = m(¢)v for ¢ € Hy, v € VE.
We assume that V' is admissible and that K is chosen to be small enough
that V¥ is nonzero.

Theorem 1 (i) If (7, V) is an irreducible admissible representation and VE
is nonzero, then VE is an irreducible (i.e. simple) H-module.

(i) If (m,V) and (o,W) are irreducible admissible representations, and
if VE =2 WE as Hyg-modules, then © and o are equivalent representations.

The proof will be given later in Section 3.

Thus the representation theory finite-dimensional of Hy faithfully cap-
tures the representation theory of G, provided we limit ourselves to the rep-
resentations of G that have a nonzero subspace of K-fixed vectors.

We will be mainly interested in Iwahori Hecke algebras, so we will mainly
be interested in representations that have Iwahori fixed vectors. This ex-
cludes, for example, supercuspidal representations. Nevertheless, this class
of representations is large enough for many purposes. It includes the spher-
ical representations, that is, those that have K°-fixed vectors. If 7 = ®@m,
is an automorphic cuspidal representation of the adele group A of a number
field F', written as a restricted tensor product over the places of F', then 7,
is spherical for all but finitely many places v.

Then why not just restrict to the spherical Hecke algebra Hgo instead
of the larger, nonabelian Iwahori Hecke algebra? The answer is that even if
one is only concerned with spherical representations, their theory naturally
leads to the Iwahori subgroup and the Iwahori Hecke algebra. We will see
why later.

2 Hecke Algebras of Finite Groups

Even for finite groups, the theory of Hecke algebras has nontrivial important
content, which we turn to now.

Let G be a finite group.

If (m,V) is a representation, let (7, V) be the contragredient represen-
tation. Thus V = V* is the dual space of V. If ¢ € V then 9 is a linear
functional on V. We will use the notation (v, 0) instead of 0(v). The repre-



sentation 7(g) is defined by the condition

(m(g)v,0) = (v, 7(g7")0).

If ¢, are functions on G, the convolution ¢ x 1 is defined by

1 a1 .
<¢*w><g>=@2¢<x>w<x g)—@mew«c ).

zeG zeG

The space H of all functions on G with convolution as multiplication is a ring

isomorphic to the group algebra. Namely, if ¢ € H let ¢/ = ﬁ > gec ®(9) g-

Lemma 1 ¢ — ¢ is a ring isomorphism H — C|G].

Proof The coefficient of g in ¢'¢) = ﬁ > o(x)(y)xy is ﬁ(ﬁb *1)(g). O

Suppose that 7 : G — GL(V) is a representation of G on a complex
vector space and that ¢ € H. Define w(¢) € End(V') by

1
m(8) = a7 > olg)w(g)v.

geG

Lemma 2 If ¢,1p € H then w(¢ x ) = w(¢) o w(v).
Proof We leave the proof of this to the reader. O

Let K be a subgroup of G. We define the Hecke algebra Hy to be the
vector space of K-biinvariant functions on G, that is, functions ¢ : G — C
such that ¢(kgk') = ¢(g) for k, k' € K. It too is a ring under convolution.

Suppose that (7, V) is a representation of G. Let

VE = {veV|r(k)v=uvforall k € K}

be the space of K-fixed vectors. Then if ¢ € H, m(¢) maps V into VE. We
then make VE into an Hx-module with the multiplication ¢ - v = 7(¢)v for
peHgandveV.

Lemma 3 Let [ : VE — C be any linear functional. Then there exists a
vector © € VE such that 1(v) = (v, ).



Proof We extend [ to a linear functional 0y on V. Let © = ﬁ Y ke T(k)vo.

Then © agrees with 6y on V¥ since if v € VE we have

) 1 o ) 1 1 )
(0,9) = 7 S F K)o} = 0,0) = xS (wk™ ).} = 7 > v )

keK keK keK

because v € VXK. 0

Proposition 1 If VE £ 0 then VE #£ 0.

Proof This is immediate from the Lemma. O

Proposition 2 Let R be an algebra over a field F and let My, My be simple
R-modules which are finite-dimensional vector spaces over F. Assume there
exist linear functionals L; : M; — F and m; € M; such that L;(m;) # 0
and Li(rmy) = Lo(rmy) for all v € R. Then My = My as R-modules.

In the next Proposition, we will apply this when R is a group algebra. In
that case, we could equally well use Schur orthogonality of matrix coefficients
for irreducible representations of finite groups. However the statement at
hand will be useful later.

Proof Let M be a simple R-module. If m € M and L is in the dual space
M* let us define ¢, 1 € Endp(M) and f,, . : R — F by

Om.(x) = L(x)m,  fur(r) = L(rm).

Let Rys be the ring of functions on R which are finite linear combinations of
the functions f,, . Then the maps (m, L) — ¢, 1 and (m, L) — f,, 1, are
bilinear, hence there are linear maps M @ M* — Endp(M) and M @ M* —
R sending m ® L to ¢y, 1, and f,, 1 respectively. The first map is a vector
space isomorphism and so there exists a linear A : Endp(M) — Ry such
that A¢m,L = fm,L-

We define left R-module structures on Endg(M) and on Ry, as follows.
If p € Endp(M) and r € R then r¢ is the endomorphism (r¢)(m) = r¢(m).
On the other hand, if f € Ry and r € R we define rf : R — F by
rf(s) = f(sr) for s € R. To see that rf € Ry we may assume that
f = fm., in which case we easily check that rf,, 1 = frmr. We also have
T®Om,, = @rm, 1, and it follows that the map A is an R-module homomorphism
with these structures.



Now as an R-module Endg(M) decomposes as a direct sum of d copies
of M, where d = dimp(M). Since this R-module contains only copies of this
one isomorphism class of simple modules, and since A : Endp(M) — Ry
is a surjection, it follows that any simple R-submodule of R is isomorphic
to M.

Because R, and Ry, have a nonzero element in common, it follows that
M; and M, are isomorphic. O

If (7, V) is an irreducible representation of G we call any function of the
form (m(g)v,0) a matriz coefficient of V. Applying Proposition 2 to the
group algebra, we see that two irreducible representations are equivalent if
they have a matrix coefficient in common. The next result shows that the
H x-module VE contains complete information about V, even though it may
be much smaller, provided V& # 0. This is the analog of Theorem 1, which
we have not yet proved.

Theorem 2 (i) Suppose that (w,V) is an irreducible representation of G
such that VX is nonzero. Then VE is an irreducible Hy submodule.

(ii) If (o, W) is another irreducible representation of G such that VX and
WE are both nonzero, and VX = WX as Hy-modules. Then 7 and o are
equivalent representations.

Proof Let us prove (i). Suppose that U C VX is a nonzero submodule. We
wish to show that U = VK. Let 0 # uw € U. It is sufficient to show that
Hyxu = VE. Therefore let v € V. We will show that there is ¢ € Hx such
that 7(¢)u = v.

Since V' is irreducible, and since Hu is a G-submodule of V', we have
Hu = V. Therefore let ) € H such that m(¢)u = v. Let

> lkgh').

kK €K

Clearly ¢ € Hi. Now we have
1 1 ,
m(6hu =1z 2 1ay 2 Y kek ()
kkek ! gea
Make the variable change g — k~*g(k")~! to obtain
1 1
m(P)u = NE > €] > w(g)m(k) " w(g)m () u.

kkeK geG
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Now we may drop the summation over &’ since u € V¥, and interchanging
the summation write this as

3 S wlgm (k) g = T S (R ()
K1 22161 % [P
Since 7(¢)u = v, this equals ‘71| > wer m(k71)v and since v € V| this equals
v. Thus v € Hu and Hu = V. This proves (i).

To prove (ii), suppose that V& and W are isomorphic as H g-modules,
with V and W irreducible G-modules. Let A : VX — WX be an isomor-
phism. Pick a nonzero linear functional [ : WX — C. By the Lemma
there exist © € VX and @ € W such that [(A(v)) = (v,9) for v € VE and
(w,w) = l(w) for w € WE,

Since \ is an H g-module homomorphism, if ¢ € Hx we have, for v € VX

(0(@)A(v), ) = (Am(P)v), w) = I(A7(P)v)) = (m(d)v, D). (4)

Since [ is nonzero we may pick wy € W such that (wg, @) = I(wg) # 0.
Since A is an isomorphism, there exists vy € V¥ such that A(vy) = wg. Then
(4) implies that

(o (P)wo, w) = (m(¢)vo, V) (5)
for ¢ € Hx. Now we claim that (5) is true for all ¢ € H. Indeed, if ¢ € H,
we project it into H by defining

br(g) = ez S (kgh).
K] k k€K

Clearly ¢ € Hxi. On the other hand

. 1 , .
(o(ér)wo, @) = W< S o(k)o(@)o(k >wo,w> -

kK€K

ﬁ S (o(@)o W ywo, 5k~ i) = {o(6)wo, )

k€K

since wy € WX and @ € WX, Similarly ((¢x)vg, 0) = (w(¢)vg, 0), and so
(5) for ¢ € Hy implies (5) for ¢ € H.
Now let g € G. Take ¢ = ¢, where

00 ={ 17 e

otherwise.



Then 7(¢,) = 7(g), and so (5) implies that

(o(g)wo, w) = (m(g)vo, D).

We see that the representations m and o have a matrix coefficient in common,
and it follows from Proposition 2 that the two representations are isomorphic.
([l

Let G be a finite group, H a subgroup and (m, V') a representation of H.
We will define V¢ to be the vector space of all functions f : G — V such
that f(hx) = w(h)f(z) when h € H and x € G. Define, for g € G

(m%(9) f)(@) = f(zg).
Thus g acts on V¢ by right translation. The representation (7%, V%) is the
duced representation.

Exercise 1 Check that if f € V¥ and g € G then 7%(g)f € V&. Also check that

WG(glgz) = 7TG(91)7TG(92),

so that (7%, V%) is a representation of G.

Theorem 3 (Frobenius reciprocity) Let (w, V') be a representation of H
and let (o, W) be a representation of G. We have a vector space isomorphism

Home (W, VY) =2 Hompy (W, V).

In this isomorphism the G-module homomorphism ® : W — V& corre-
sponds to the H-module homomorphism ¢ : W — V| where we may express
® in terms of ¢ and ¢ in terms of ® by the following formulae.

p(w) = ®(w)(1),  (w)(g) = ¢(a(g)w).

Proof We first check that if ® : W — V& is a G-module homomorphism,
then ¢(w) = ®(w)(1) defines an H-module homomorphism. Indeed, we have,
forhe H

$lo(hjw) = @(o(h)w)(1) = (7°(h)®(w))(1) = S(w)(1-h) = S(w)(h-1) = m(h)P(w)(1),

where we have used the definition of ¢, the assumption that ® is a G-module
homomorphism, the definition of ®%, the identity 1-h = h -1, and the
assumption that ®(w) € V. This equals m(h)¢(w), so ¢ is an H-module
homomorphism.

We leave the reader to complete the proof (Exercise 2). a
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Exercise 2 Complete the above proof as follows.

(a) Show that if ¢ : W — V is an H-module homomorphism then ®(w)(g) =
#(o(g)w) defines an element of V&, and that ® : W — V& is a G-module
homomorphism.

(b) Show that the two constructions ¢ —— ® and ® — ¢ are inverse maps
between Homg (W, VY) and Homg (W, V).

Let us explain why this Theorem 3 is called Frobenius reciprocity. Frobe-
nius considered characters before representation theory was properly under-
stood. For him, induction was an operation on characters that was adjoint
to restriction. If H is a subgroup of G and y is a character of H then the
induced character Y“ of G is characterized by the adjointness property

<XGa 9>G = <X> 9>H

where (, ), is the inner product on L*(G). It follows from the following
statement that the induced character ¢ is the character of V¢,

Proposition 3 Let G be a finite group, (m,V) and (o, W) two representa-
tions. Let x, and x, be their characters. Then

<X7r> XU>G = dim HOHI(C[G](‘/, W)

Proof Both sides are bilinear in the sense that if 7 = 7 @ my for repre-
sentations (m;, V;) then (xr, Xo) = (Xx1» Xo) + (Xres Xo) and Hom(V, W) =
Hom(Vy, W) @ Hom(V,, W), and similarly for W. Hence we are reduced to
the case where m and o are irreducible. Then

1 ifv=w

<X7T7XO'> = { 0 ifV =~ W } = dim HomC[G}(Va W)

by Schur orthogonality of characters and Schur’s Lemma. a

Mackey theory asks the following question: if H; and Hs are subgroups
of G and V; and V5, are modules for H; and H, respectively, then what is
Home (VE, VE)?

Mackey theory answers this and related questions. For simplicity, we will
limit ourselves to the special case where V; and V5 are one-dimensional, which
makes for a minor simplification, and is already enough for some important
examples.

We recall that H is the space of all functions on G. As we explained
earlier, it is a ring under convolution, isomorphic to the group algebra.
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We recall the right regular representation p : G — End(H) is the action
(p(9)f)(x) = flzg).

Lemma 4 Let T : H — H be a linear transformation that commutes with
p(g); that is, T(p(g)f) = p(g)T(f). Then there exists a unique A € H such
that T(f) = A« f.

Proof Define dy(g) = |G| if g =1, and 0 if g # 1. Then Jy is the unit in the
convolution ring H, that is, dgx f = fxdy = f for all f € H. If X exists such
that T'(f) = Ax f for all f, then A\ = A% 09 = T'(dp). Hence it is unique, and
it remains to be shown that A = T'(§y) works. We claim that if f € H then

Zf (6)

gEG

Indeed, applying the right-hand side to x € G gives

61 2000l e) = 73 S0t

geG geG

Only one term contributes, which is ¢ = x, and that term equals f(x). This
proves (6).
Now applying T" to (6) gives

|Zf p(g)do) = |Zf |Zf

geG geG geq

Thus

Tf(r) = ﬁ S (olg N (@) (g) = ﬁ S Mag Y f(g) = (A x f)(x).

9 g
O

If H is a group, a one-dimensional representation is basically the same
thing as a linear character, that is, a homomorphism ¢ : H — C*. That
is, if (m, V) is a representation of H and dim(V') = 1 then there is a linear
character 1 such that m(g)v = ¥(g)v for all g € G. We will sometimes write
Y% instead of V¢ for the induced representation. Identifying V = C this
is the representation of G on the space of functions f : G — C such that
f(hg) = ¥(h)f(g) for h € H. The action of G is by right translation, that
is, from the right regular representation p acting on functions by p(g)f(x) =

f(zg).
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Theorem 4 (Geometric form of Mackey’s Theorem) Let Hy, Hy be sub-
groups of the finite group G, and let ¢; be a linear character of H;. Let
A € Homg (¥, 4§). Then there exists a function A : G — C such that

A(haghy) = 12(h2) A(g)Y1(ha), h; € H;, (7)

and Af = Ax f for all f € ¢¥¥. The map A — A is a vector space
isomorphism of Homg (¢§, ¢S with the space of all functions satisfying (7).

Proof Given A satisfying (7), it is straightforward to check that Ax f € ¥
for any f € H. In particular, this is true if f € 1. Moreover, left convolution
commutes with right translation, so p(g)(A * f) = A % p(g)f. This means
that the map Af = A * f is an intertwining operator in Homg (¢, 15).

Let us consider, conversely, how to start with A and produce A. Let
Y1 : G —> C be the function

¢1<g>:{ 19 (g) if g € H,,

0 otherwise.

Thus for any function f we have

(1 f)(9) = Z Ui(h) f(h™tg).

|H1| heH;

It is easy to check that the map p : H — H defined by p(f) = 1 = f is a
projection with image 1¢. This means that p? = p, for any f € H we have
p(f) € ¥§ and that p(f) = f if f € ¥¥. We define T : H — H to be Aop.

Then since A is a G-module homomorphism, we have Ao p(g) = p(g) o A.
It is also true that p(g) o p = p o p(g) since p is left convolution with )y,
and left convolution commutes with right translation. Therefore T' satisfies
Top(g) =p(g)oT. By Lemma 4 we have T'f = A % f for some unique A.
Let us check that A has the property (7). This can be separated into two
statements,

A(gh) = A(g)¥1 (M), hy € Hy, (8)

and
A(hag) = a(h2)A(g),  ho € Ha. (9)
For (8) we note that if f € H we have

Axyx f=T(p(f)) = AP*(f)) = Ap(f)) = A f.

13



Since this is true for every f, we have A = A x¢y. Since ¢y (gh)) =
U1 (g)r(hy) for g € G and hy € Hy, we obtain (8). We leave (9) to the
reader, with the hint that it follows from the fact that the image of T is
contained in 1§

We leave the reader to check that the two maps A — A and A — A
described above are inverses of each other. O

Exercise 3 Fill out the details in the proof of Theorem 4.

Exercise 4 Let G be a finite group and V, W vector spaces. Let C(G, V) be the
space of maps G — V. There is a representation py : G — End(C(G,V)) by
right translation:

(pV(g)f)(x) = f(xg)v g9,% € G7 f € C(G7 V)
Let T : C(G,V) — C(G,W) be a linear map that commutes with this action,

ie.

T(pv(9)f) = pw(9)T(f), g€ G feC(G,V).
Prove that there is a map A : G — Hom(V, W) such that T'(f) = A * f, where
the convolution is

(A () = ,—(1;, S AM9)f(g71). (10)

geG

Exercise 5 In Theorem 4 we assumed that the two modules were one-dimensional.
This exercise removes that restriction. Let G be a finite group, Hy and Hs sub-
groups and (7, V;) an H;-module for i = 1,2. Let A € Homg(V,¢,V,¥). Prove
that there exists a function A : G — Homg(V4, V2) such that

A(hgghl) :WQ(hQ)OA(g)Oﬂ'l(hl), h; € H;, (11)

and Af = A f for all f € V¥, with the convolution defined by (10). The map
A — A is a vector space isomorphism of Homg(le, VQG) with the space of all
functions satisfying (11). Hint: Use Exercise 4 in place of Lemma 4.

A G-module homomorphism is sometimes called an intertwining opera-
tor. We see that intertwining operators between induced representations are
obtained by convolution with functions A such as in the geometric form of
Mackey’s theorem. This geometric interpretation of intertwining operators
is one reason for the remarkable usefulness of Mackey’s theorem.

Now let Hy, Hy, Hs three subgroups, with linear characters v; of H;. Let
A € Homg (v8,9§) and A’ € Homg (S, 19§). Let A and A’ be the functions
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on G corresponding to these two intertwining operators by Mackey theory.
Since A is convolution with A and A’ is convolution with A’ we see that
AN o A € Homg (¢, S is convolution with A’ * A.

A special case is when H; = Hy = H3 = H. If ¢ is a linear character of H
we will write /¢ for the corresponding induced representation, suppressing
the underlying one-dimensional vector space.

Proposition 4 Let H be a subgroup of G and let i be a linear character
of H. Then the ring Endg(¢%) is isomorphic as a ring to the convolution
ring Hy, which is the space of functions A : G — C such that A(hgh') =
w(h)A(g)Y (W) when h,h' € H.

This is a Hecke algebra in the sense that we have already considered when
P =1.

Proof This is clear from the above discussion. O

A representation of G is called multiplicity free if it is a direct sum of
nonisomorphic irreducible representations, each appearing at most once.

Proposition 5 Let H be a subgroup of G and let i be a linear character of
H. The following conditions are equivalent:

(i) The induced representation Y is multiplicity free;

(ii) For every irreducible representation m of G, 7|y contains at most one
invariant subspace isomorphic to 1;

(111) The Hecke algebra H., is commutative.

Proof The equivalence if (ii) and (iii) is clear from Frobenius reciprocity.
We show that (i) is equivalent to (iii). Indeed, H, = Endg(¢%), so we
consider when this is commutative. Write 9@ = P d;m; as a direct sum of
distinct irreducibles with multiplicities. Then Endg (%) = @ Mat(d;, C).
This is commutative if and only if all d; < 1. O

If H C G is such that 1§ is multiplity-free then H is called a Gelfand
subgroup. We see that a necessary and sufficient condition is that the Hecke
algebra Hy be commutative. We now discuss Gelfand’s method for proving
such commutativity.

By involution of a group G we will mean a map ¢ : G — G of order 2 that
is anticommutative:

L(9192) ="'g2"01.
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Similarly an wnwvolution of a ring R is an additive map of order 2 that is
anticommutative for the ring multiplication.

Theorem 5 Let H be a subgroup of the finite group G, and suppose that G
admits an involution fixing H, such that every double coset of H is invariant:
HgH = H'gH. Then H is a Gelfand subgroup.

Proof The ring Hy is just the convolution ring of H-bi-invariant functions
on GG. We have an involution on this ring:

It is easy to check that
L(Al * Ag) =" AQ x* Al-

On the other hand, each A is constant on each double coset, and these are
invariant under ¢ by hypothesis. So ¢ is the identity map. This proves that
H is commutative, so (G, H) is a Gelfand pair. O

Here is an example of Gelfand’s method. Let S, denote the symmetric
group. We can embed S, x S,, — S,1,n by letting S, act on the first n
elements of the set {1,2,3,---,n + m}, and letting S,, act on the last m
elements.

Proposition 6 The subgroup S, X Sy, is a Gelfand subgroup of Syim-

Proof Let H = S, x5, and G = S,,,. We take the involution ¢ in
Theorem 5 to be the inverse map ¢ — ¢~ !. We must check that each
double coset is t-stable.

It will be convenient to represent elements of S,,, by permutation ma-
trices. We will show that each double coset HgH has a representative of the

form
I, 0 0 0

0 On—r 0 [n—r
0 0 Inpir O
0 —[n—r 0 OTL—T

Here I,, and 0,, are the n x n identity and zero matrices, and the remaining
0 matrices are rectangular blocks.

(12)
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We write g in block form:

(cp)

where A, B, C' and D are matrices with only 1’s and 0’s, and with at most
one nonzero entry in each row and column. Here A is n xn and D is m X m.
Let r be the rank of A. Then clearly B and C' both must have rank n — r,
and so D has rank m —n +r.

Multiplying A on the left by an element of S,, we may arrange its rows so
that its nonzero entries lie in the first r rows, then multiplying on the right
by an element of S, we may put these in the upper left corner. Similarly
we may arrange it so that D has its nonzero entries in the upper left corner.
Now the form of the matrix is

T, 0 0 0
0 Ouyp 0 U,
0 0 Vi O
0 Woy 0 0,

where the sizes of the square blocks are indicated by subscripts. The ma-
trices T, U, V and W are permutation matrices. Left multiplication by
element of S, X S, X Sy_nir X S, can now replace these four matrices
by identity matrices. This proves that (12) is a complete set of double coset
representatives.

Since these double coset representatives are all invariant under the invo-
lution, by Theorem 5 it follows that S,, x .S,, is a Gelfand subgroup. a

3 Proof of Theorem 1

If GG is totally disconnected and locally compact, then its topology has a basis
of neighborhoods of the identity consisting of open and compact subgroups.

Proposition 7 Let K be a compact totally disconnected group. Then K has
a neighborhood basis at the identity consisting of open and compact subgroups
which are normal in K.

Proof If K’ is an open subgroup of K then K’ has an open subgroup K”
that is normal in K. Indeed, K’ has only finitely many conjugates since it
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is of finite index, and we may take K” to be the intersection of these. Now
given any neighborhood base consisting of open subgroups, we may replace
each by a smaller open subgroup which is normal in K, and obtain another
neighborhood base. O

Proposition 8 Let K be a totally disconnected compact group and p : K —
GL(V) a finite-dimensional complex representation. Then K has a normal
subgroup K' of finite index such that K' C ker(p). Therefore p is actually a
representation of the finite group K/K'.

Proof Let € be an open neighborhood of the identity in GL(V') that does
not contain any subgroup of GL(V). Then p~1(Q) is an open neighborhood
of the identity in K. Since K is totally disconnected and compact, it has a
neighborhood base at the identity consisting of compact open normal sub-
groups. Therefore there is some compact open normal subgroup K’ of K
contained in p~1(€2). Since p(K’) C 2 we have K’ C ker(p). The quotient
K/K' is finite since K is compact and K’ open. O

Let G be a totally disconnected locally compact group and K° a compact
open subgroup, which we may take to be maximal. Let (7, V) be a smooth
representation. We have already defined V' to be admissible if V¥ is finite-
dimensional for every compact open subgroup K, but there is another way
of thinking of this. If p is any irreducible representation of K, then the
Peter-Weyl theorem guarantees that p is finite-dimensional, that is, one of
the representations in Proposition 8. Let V, be the p-isotypic subspace, that
is, the direct sum of all K°-invariant subspaces of V' that are isomorphic to
p as K°-modules.

Proposition 9 Let (m, V') be a smooth representation of G. Then

V= @ v, (algebraic direct sum)
p

where p runs through the finite-dimensional irreducible representations of
K°. The representation V is admissible if and only if every V, is finite-
dimensional.

Proof Since V' is smooth, every vector v € V is invariant under some open
subgroup K, which may be assumed normal by Proposition 7. Now there are
a finite number of irreducible representations that factor through the finite
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group K°/K, and one of these, say p, has finite multiplicity in V' if and only
if V, is finite-dimensional. O

Now let us consider the contragredient of an admissible representation.
A linear functional L on V is called smooth if there exists an open subgroup
K of G such that L(m(k)v) = L(v) for all v € V and k € K. Let V be the
space of smooth linear functionals. Also, let Vp be the dual space of the finite
dimensional vector space V.

Proposition 10 Assume that V s admissible. Then

= @ v, (algebraic direct sum,).

Proof If v is a smooth linear functional, then ¢ is invariant under an open
subgroup K that is normal in K°. This means that ¢ annihilates V,, for all p
that do not factor through K°/K. Therefore ¢ lies in the finite direct sum
of those VP that do factor through K°/K, and so lies in the algebraic direct

sum (P, v, O

IfveVandd e V, we will write (v,?) instead of d(v). We have a
representation 7 on V defined by (v, 7(g)) = (m(g~')v,0). Then (7, V) is the
contragredient representation.

Proposition 11 If (7,V) is an admissible representation then so is (7, V),
and m 1s isomorphic to the contragredient of 7.

Proof This follows immediately from Propositions 9 and 10, because each
V), is finite dimensional, and so therefore is Vp, and V, is the dual space of V
O

Let H be the space of all locally constant compactly supported functions
on GG. It is easy to see that a compactly supported function is locally constant
if and only if it is constant on the cosets some open subgroup K. Therefore

H=|JHx

where K runs through the open compact subgroups of G; we may choose any
cofinal family of subsets, for example the normal open subgroups of K° for
some fixed maximal compact subgroup K°.
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Although H is a ring under convolution, it does not have a unit. Rather
it is an idempotented algebra, which is a ring with a family of idempotents
that substitutes for the unit. Let us explain this point.

If R is a ring and e an idempotent, then eRe is a 2-sided ideal in which
e serves as a unit. Let R be a ring and let E be a set of idempotents on R.
We may define a partial order on E by writing e > f if f € eRe. We assume
that F is a directed set with this order and that

R = U eRe.

eeE

Then we call R an idempotented ring. 1t is clear that H is an idempotented
algebra, and we give another example in the following exercises.

Exercise 6 Let G be a compact group, and let (7, V) be a finite-dimensional
irreducible representation. Recall that a matriz coefficient of 7 is a function of the
form g — (7(g)v, o) with v € V and © € V. Prove Schur orthogonality for matrix
coefficients in the form

. _ . 1 . .
/G(W(g)v,v><7r(g Dw, ) dg = Tm(V) (v, W) (w, D),

where Haar measure is normalized so that G has total volume 1.

Hint: With 0, w fixed defineamap T :V — V by
7(a) = [ (rl)a,0)mts™ oy

Show that T'(7(g)z) = 7(g)T'(x) and deduce that there is some scalar ¢ such that

/ (m(g)z, Bym(g Y dg = c(w, b}z
G

for all v € V. The integral is c(w,v)(v,w). But it is also ¢(v,w)(w, ). Thus
c(w,v) = ¢{w,0) for some constant c¢. To evaluate ¢, let vy,--- ,v4 be a basis
of V and let &,--- ,04 be the dual basis of V. Note that the trace of m(g) is
> i(m(g)vi, 05), and compute [, tr(g) tr(g~!) dg in two different ways.

Exercise 7 Let R, be the space of matrix coefficients of an irreducible represen-
tation (m,V) of the compact group G and let d = dim(V). We have a bilinear
maps V x V — End¢(V) and V x V — R, as follows. The first map sends
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v ® ¥ to the rank one linear transformation f,; € End(V) and the second maps
v ® ¥ to the matrix coefficient ¢, ;(g), where

fv,@(x) = E<$,@>U, ¢v,ﬁ(g) = <7T(g)’l),?§>.

Show that
1 R 1 R
fv,f} o fw,u? = E(wy U>fv,11}7 gbw,u? * ¢v,f} = E(wy U>¢v,u§-
Conclude that R is isomorphic to the opposite ring of End(V).

Exercise 8 Let G be any compact group. Let f € C(G). Show that the following
are equivalent:

(i) The space of left translates of f spans a finite-dimensional vector space.

(ii) The space of right translates of f spans a finite-dimensional vector space.

(iii) There exists a finite-dimensional representation (7,V’) of G with a vector
vg € V and a linear functional L on V such that f(g) = L(7(g)vo).

Hint: To prove (i) = (iii), we may take V' to be the space of functions spanned
by left-translates of f with the action 7(g)v(x) = v(g~'x) with vg = f and L(v) =
v(1).

Now let R be the space of functions that satisfy (i),(ii) and (iii). It is an algebra
under convolution. Show that

R = @ Rx (algebraic direct sum),

where 7 runs through the irreducible representations of G. Show that R is an
idempotented algebra.

If K is a compact open subgroup, let ex be m times the characteristic

function of K. Then the set of such {ex} forms a directed set of idempotents
and R is an idempotented ring.
Recall that if (7, V') is a smooth representation of G and ¢ € H then

w(g)o = [ dlonl)e dy.
el
This integral reduces to a finite sum for the following reason. We may find
an open subgroup K € V&, and we may choose K such that ¢ is constant

on the cosets vK. Choosing representatives 71, - - - , vy for the finite number
of cosets such that ¢(yK) # 0, the integral equals

vol(K) Z o(yi)m(vi)v.
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We now may give the proof of Theorem 1, whose statement we recall.

Theorem 1. (i) If (w,V) is an irreducible representation and VX = 0, then
VE is a simple H-module.

(ii) If (m,V) and (o,W) are irreducible admissible representations and
VE 2 WE as Hyg-modules, and VE # 0, then m and o are equivalent repre-
sentations.

Proof The proof is the same as that of Theorem 2.

We prove (i). If V is irreducible and 0 # U C V¥ is a nonzero submodule,
we claim U = VE. It is sufficient to show Hxu = VE for a given nonzero
u € Hg. Let v € VE. Since V is irreducible, we may find ¢ € H such that
m(¥)u = v; indeed, {m(¢¥)u|tp € H} is a nonzero invariant subspace, hence
all of V. Now consider ¢ = ex * ¢ *x ex € Hyi. We have m(ex)u = u and
m(ex)v = v since u,v € VE. Now

m(@)u = m(ex)m()m(ex)u = m(ex)m(Y)u = m(ex)v = v,

proving that v € Hxu.

We prove (ii). Suppose that VE and W are isomorphic as H g-modules,
with V' and W irreducible G-modules.

Let A : VK — W¥ denote an isomorphism. Let [ : WX — C be a
nonzero linear functional and let w € WX be a vector such that I(w) # 0.
We claim that there exists @ € WX such that [(z) = (z, 1) when z € WX,
Indeed, we extend the functional [ to an arbitrary smooth functional w,, then
take w = 6(cg), and if z € W then

(2, ) = VOJK) /K (2, 6 (k)wy) dk = VO&K) /K (o k), wy) dk = 1(z).

Similarly we may find & € VX such that [(A(z)) = (z,0) for z € VK. Let
v € VE be the unique vector such that A\(v) = w. We will show that if ¢ € H
then

(m(@)v,0) = (o(P)w, w). (13)
If € Hg, then we have

(m(@)v,0) = I(A(m(¢)v)) = (o (¢)A(v)) = l(a(P)w) = (o (P)w, w).

The general case follows from the following consideration. Let ¢ € H and let
¢ = ek *d*ecg. Then

(m(¢")v,0) = (w(ex)m(P)m(ex)v, 0) = (m(d)7(ex)v, 7 (ex)D) = (m()v, D),
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and similarly (o(¢')w,w) = (o(¢)w,w). Thus the general case of (13) follows
from the special case that is already proved.

Now let L C K be a smaller compact open subgroup. Since VI and
W are finite-dimensional simple H-modules we may apply Proposition 2
and conclude that, then V¥ = W% as H;-modules. This isomorphism \j,
is uniquely determined up; it is determined up to scalar by Schur’s Lemma,
and the scalar is determined if we require that the isomorphism agree with
Aon VE c VI Now if L' is another compact open subgroup of K, then the
isomorphism A, and A;, must agree on VX N VY because they agree with
Ainp on VENE 5 VEA VL Therefore these isomorphisms may be patched
together to get an H-module isomorphism V. — W. It is a G-module
isomorphism since 7(g)v = w(¢)v agrees with 7w(¢)v if ¢ is any function
supported on a sufficiently small neighborhood of v such that fG ¢ =1, so
the action of H determines the action of G on any admissible module. O

4 Root Systems and Weyl Groups

Before we can discuss more interesting Hecke algebras, we need a portion
of the theory of roots systems, and the theory of Coxeter groups. A root
system and its Weyl group may be found in any group of Lie type. In this
section, we will study the Weyl group by its action on the roots, and finally
prove that the Weyl group is a Coxeter group. Many of the facts that we
prove along the way are standard, useful properties of Weyl groups and root
systems.

Let V be a Euclidean space, that is, a real vector space with an inner
product (, ) that is symmetric and positive definite. If 0 # o € V is a
nonzero vector, then the reflection in the hyperplane perpendicular to « is
the map r, : V — V given by

2<a,x>a
(o, @)

ro(z) =2 — (14)

By a root system we mean a nonempty finite set ® C V' of nonzero vectors
such that if « € ® then r,(P) = @, and such that if o, 5 € ® then —2<°"B>> cZ.

(a,c
Note that if & € ® then —a = r, (), so the axioms imply that —a € .
If a, 8 € ® and a = A\ for A € R implies that A = £1, then ® is called

reduced. We will mainly deal with reduced root systems.
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We do not assume that V is spanned by the roots. Let Vj be the vector
subspace spanned by ®. Then dim(V}) is called the rank of ®.

The root system is called reducible if we can write V = V; @& V5, an
orthogonal direct sum, such that & = ®; U &5, with &; and P, root systems
in V;. The irreducible root systems were classified by Cartan, and lie in
four infinite families A,, B,., C,., D, with five exceptional root systems Gs, Fy,
FEg, E7, Es. The subscript in every case is the rank.

If the vectors are all of the same length, then ® is called simply-laced.
The simply-laced Cartan types are A,, D, and E,. A reduced irreducible
root system that is not simply-laced always has roots of exactly two different
lengths.

If V=RFand 1 < i <k let e; denote the i-th standard basis vector
(0,-++,1,---,0) with the 1 in the i-th position.

Example 1 Let V = R and let ® consist of the r(r + 1) vectors o, ; =
e; — e; with i # j. For example if = 2 then

¢ ={(1,-1,0),(0,1,-1),(1,0,-1),(—1,1,0),(0,—1,1),(—=1,0,1)}.

This is the root system of Cartan type A,. As a variant, we may take V' to
be the hyperplane consisting of all x € R™™! such that z = (21, ,2,41)
and > z; = 0, with the same root system ®.

Example 2 Let V = R", and let ® consist of 2r? vectors to be described.
The long roots are the vectors

:l:el-:l:ej, 1 #]

The short roots are the vectors
:l:e,-.

This Cartan type is called B,. In this example it is assumed that r > 2.

Example 3 Let V = R", and let ® consist of 2r? vectors to be described.
The short roots are the vectors

:l:ei:i:ej, 7 7é]

The long roots are the vectors
:E:Qe,-.

This Cartan type is called C,.. In this example it is assumed that r > 2.
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Example 4 Let V = R" and let ® consist of the 2r(r — 1) vectors
:l:ei + €;, 1 7£ ]
This is the Cartan type D,.

We will not describe the exceptional Cartan types, but you may get access
to any information you want about them if you are running Sage.

Let V be a Euclidean space, ® C V' a reduced root system. Since & is a
finite set of nonzero vectors, we may choose py € V such that («, pg) # 0 for
all « € ®. Let T be the set of roots a such that (v, pg) > 0. This consists of
exactly half the roots, since evidently a root a € &7 if and only if —a ¢ ®T.
Elements of ®* are called positive roots. Elements of set @~ = & — d+ are
called negative roots.

If a, € & and a + S € P, then evidently o + 3 € ®*. Let X be the
set of elements in ® that cannot be expressed as a sum of other elements
of ®T. If a € X, then we call a a simple positive root, and we will denote r,,
as S, in this case. We will reserve the notation s, for the case where « is a
simple positive root. If a € X we call s, a simple reflection.

Proposition 12 (i) The elements of ¥ are linearly independent.
(it) If « € ¥ and B € T then either B = « or s,(f) € OT.
(iii) If o and B are distinct elements of ¥ then («, §) < 0.

(iv) Every element o € ® can be expressed uniquely as a linear combination

a:an-ﬁ

BeX

in which each ng € Z, and either all ng > 0 (if 5 € @) or all ng < 0 (if
ged).

Proof Let X' be a subset of @ that is minimal with respect to the property
that every element of ®* is a linear combination with nonnegative coefficients
of elements of ¥’. (Subsets with this property clearly exists, for example >
itself.) We will eventually show that ¥ = ¥.

First we show that if « € X and 8 € ®7, then either 8 = aor r,(5) € O+.
If not, then —r,(8) € ®*, and
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(8, )
(o, @)
is a sum of two positive roots § and —r,(5). Both g and —r,(5) can be
expressed as linear combinations of the elements of ¥’ with nonnegative co-
efficients, and therefore

2

a=pf+(-ra(B))

QEQZZ;QZZRV.% ny = 0.

yex/

Write

(%ij_mga: S on

yey
Y #F o

Because 5 # «, and because ® is assumed to be reduced, £ is not a multiple
of a. Therefore at least one of the coefficients n, with v # « is positive.
Taking the inner product with py shows that the coefficient on the left is
strictly positive; dividing by this positive constant, we see that a may be
expressed as a linear combination of the elements v € ¥’ distinct from «,
and so « may be omitted from ', contradicting its assumed minimality.
This contradiction shows that r,(8) € ®*.

Next we show that if a and § are distinct elements of >’ then («a, 8) < 0.
We have already shown that r,(8) € ®*. If (o, 8) > 0, then write

(8.0)

(o, a) (15)

B =r.B)+2

Writing 7,(5) as a linear combination with nonnegative coefficients of the
elements of ', and noting that the coefficient of a on the right side of (15)
is strictly positive, we may write

B=2 nn
yeX!
where n, > 0. We rewrite this
(1—mng)-f= Z My 7

vy ey
v #B
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At least one coefficient, n, > 0 on the right, so taking the take the inner
product with py we see that 1 —ng > 0. Thus 8 is a linear combination
with nonnegative coefficients of other elements of ¥/, hence may be omitted,
contradicting the minimality of 3.

Now let us show that the elements of ¥’ are R-linearly independent. In a
relation of algebraic dependence we move all the negative coefficients to the
other side of the identity, and obtain a relation of the form

an-a:ng-ﬂ, (16)

acd BEL,

where 3, and ¥, are disjoint subsets of ¥', and the coefficients ¢,, ds are all
positive. Call this vector v. We have

(o) = > cadsla, B) <0.
a €3
B € X2

since we have already shown that the inner products («, $) < 0. Therefore
v = 0. Now taking the inner product of the left side in (16) with p, gives

0= Z Ca<Oé,p0>,

a€Yq

and since («, po) > 0, ¢, > 0, this is a contradiction. This proves the linear
independence of the elements of Y.

Next let us show that every element of ® may be expressed as a linear
combination of elements of ¥/ with integer coefficients. We define a function
h from ®* to the positive real numbers as follows. If & € & we may write

a:an~ﬁ, TLQZO

Bex’

The coefficients ng are uniquely determined since the elements of ¥’ are
linearly independent. We define

h(a) = ZTLB. (17)

Evidently h(a) > 0. We want to show that the coefficients ng are integers.
Assume a counterexample with h(a) minimal. Evidently a ¢ ', since if
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a € ¥, then n, = 1 while all other ng = 0, so such an « has all ng € Z.

Since
0 < (a,a) =2 nsla,p) (18)

Bex’!
it is impossible that («, 8) < 0 for all § € 3. Thus there exists v € ' such
that («,) > 0. Then by what we have already proved, o = r,(a) € ®7,
and by (14) we see that
o = Z n/ﬁ . B7

Bex
where
o if 5 # 7;
P ny— 28 B =y
Since (7, a) > 0, we have
h(a') < h(a)

so by induction we have njy € Z. Since ® is a root system, 2(v, @) /{a, o) € Z,
so ng € Z for all § € ¥'. This is a contradiction.

Finally, let us show that ¥ = Y.

If a € ¥, then by definition of ¥, a cannot be expressed as a linear
combination with integer coefficients of other elements of ®*. Hence o cannot
be omitted from Y. Thus ¥ C ¥'.

On the other hand if @ € ¥/, then we claim that o € ¥. If not, then we
may write « =+ with 8, v € ®*, and § and 7 may both be written as
linear combinations of elements of >’ with positive integer coefficients, and
thus h(8), h(y) = 1; so h(a) = h(B) + h(y) > 1. But evidently h(a) =1
since a € ¥'. This contradiction shows that ¥’ C X. O

Let W be the Weyl group generated by the simple reflections s, with
a € X. Our goal is to show that W and the set of simple reflections form a
Coxeter group. We will show that the r, with a € ® are all conjugates of
the s, with o« € X.

We now introduce the important length function on W. We will give two
definitions, and eventually show they are the same.

If w e W, let the length I(w) be defined to be the smallest k such that
w admits a factorization w = s - - - 55 into simple reflections, or I(w) = 0 if
w = 1. Let I'(w) be the number of a € ®* such that w(a) € . We will
eventually show that the functions [ and [’ are the same.
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Proposition 13 Let s = s, (o € 3) be a simple reflection and let w € W,
Then o) fu-1(0) .

, _J Hw)+1 ifw () € P

Hsw) = { Fw) -1 ifwi(a) € o (19)

and

, U'w)+1 ifw(a) e dt;
Hws) = { w)—1 ifw(a) € o (20)

Proof By Proposition 12, s(®7) is obtained from ®~ by deleting —« and
adding . So (sw)™'®~ = w™!(s®") is obtained from w™'®~ by deleting
—w™ ) and adding w=(«). Since I'(w) is the cardinality of @ Nw =1~
we obtain (19). To prove (20), we note that I'(ws) is the cardinality of ®* N
(ws)~™1®~, which equals the cardinality of s(®TN(ws)™1®~) = sdTNw 1P,
and since s® is obtained from ®* by deleting the element o and adjoining
—a, (20) is evident. O

If w is any orthogonal linear endomorphism of V', then evidently wr,w ™"

is the reflection in the hyperplane perpendicular to w(a):
wrow ! = Tw(a)- (21)

We now come to the famous exchange property, which is a fundamental
property of Coxeter groups.

Proposition 14 (Exchange Property) Suppose that si,--- , s, and s are
simple reflections. Let w = sy ---s, and suppose that l(ws) < l(w). Then
there exists a 1 < j < k such that

$1Sg -+ Sk = S1S2- 8+ SkSa, (22)

where the “hat” on the right signifies the omission of s;.

Although we only prove this for Weyl groups, see Humphreys, Reflection
Groups and Coxeter Groups, Section 5.8 for general Coxeter groups.
Proof Let s = s, where o € ¥. By Proposition 13 s1---sp(a) € &~
Thus there is a minimal 1 < j < & such that s;4; - - si(a) € ®*. Therefore
$;Sj+1 -+ sk(a) € 7. Since « is the unique element of ®* mapped into ¢~
by s;, we have
sjy1 - si(@) = ay,
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and by (21) we have

(85417 sk)Salsjr1 - s8) ™' = 55,
or
Sj41° " SkS = 8;Sj41° " " Sk.
This implies (22). O
Proposition 15 Suppose that aq,- - , oy are elements of ¥ and let s; = s,,.

Suppose that I'(s18y -+ s;) < k. Then there exist 1 <1i < j < k such that
8152"'8k:8152"'<§i"'3j"'8k7 (23)
where the “hats” on the right signify omission of the elements s; and s;.
Proof Evidently there is a first j such that I'(sys2---s;) < j, and (since
I'(s;) = 1) we have j > 1. Then l'(sys9---sj_1) = j — 1, and by Propo-
sition 13, we have sys9---s;_1(e;) € ®~. The existence of i satisfying

S1--+8j_1 = S1---5;---5j_15; now follows from Proposition 14, which im-
plies (23). O

We can now prove that the two definitions of the length function agree.
Proposition 16 Ifw € W then l(w) = I'(w).
Proof The inequality
(w) < l(w)

follows from Proposition 14 because we may write w = sw; where s is a
simple reflection and I(w;) = l(w) — 1, and by induction on [(w;) we may
assume that I'(wy) < l(wy), so U'(w) < U(wy) +1 < l(wy) + 1 =1(w).
Let us show that
I'(w) = l(w).

Indeed, let w = s1---s; be a counterexample with [(w) = k, where each
Si = Sa; With a; € 3. Thus I'(s1 -+ s,) < k. Then by Proposition 15 there
exist ¢ and j such that

w:‘91$2"'8i"'8j"'8k~

This expression for w as a product of k — 2 simple reflections contradicts our
assumption that [(w) = k. O
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Proposition 17 The function w — (—1)®) is a character of W.

Proof A reflection, as an endomorphism of V', has eigenvalue —1 with
multiplicity 1 and eigenvalue 1 with multiplicity dim(V') — 1. Therefore

det(r,) = —1 for every reflection. In particular, det(s,) = —1 for every
simple reflection. Writing w € W as a product of I(w) simple reflections, we
see that det(w) = (—1)"®), and so this is a character. O

Proposition 18 If w(®") = &t then w = 1.
Proof If w(®*)= &, then l'(w) =0, so [(w) = 0, that is, w = 1. O

Proposition 19 If a € @, there exists an element w € W such that w(a) €
.

Proof First assume that a € ®*. We will argue by induction on h(«), which
is defined by (17). In view of Proposition 12 (iv), we know that h(«) is a
positive integer, and if a ¢ ¥ (which we may as well assume) then h(a) > 1.
As in the proof of Proposition 12, (18) implies that («,3) > 0 for some
p € X, and then with o/ = sz(a) we have h(a’) < h(a). On the other hand
o' € 1 since o # 3, by Proposition 12 (ii). By our inductive hypothesis,
w'(a’) € X for some w' € W. Then w(a) = w'(a/) with w = w’sz € W. This
shows that if & € ®T then there exists w € W such that w(a) € X.

If on the other hand o € ®~, then —a € ®* so we may find w; € W such
that wy(—a) € X, so if wy(—a) = 3, then w(a) = f with w = sgw;.

In both cases w(«a) € ¥ for some w € W. O

Proposition 20 The group W contains r, for every a € ®.

Proof Indeed, w(a) € X for some w € W, 50 7y() € W, and 7, is conjugate
in W to Sy(a) by (21). Therefore r, € W. O

Proposition 21 The group W is finite.

Proof By Proposition 18, w € W is determined by w(®*) C ®. Since & is
finite, W is finite. O
Proposition 22 Suppose that w € W such that l(w) = k. Write w =

51+ Sk, where s; = s,,, aq,--- , 0 € X. Then

{a € D w(a) € D~} = {ag, su(r_1), Sksk_1(Qr_2),*+ , SkSk_1 - - s2(1) }.
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Proof By Proposition 16, the cardinality of {« € & |w(«) € &~} is k, so the
result will be established if we show that the described elements are distinct
and in the set. Let w = syw; where wy = sy - - s, so that l(w;) = l[(w) — 1.
By induction we have

{a € @M wi(a) € D7} = {ou, se(ar—1), sese—1(ar—2), -, SkSk—1- - 53(2) },
and the elements on the right are distinct. We claim that
{a € T |wi(a) € P} C {a € P |sywi(a) € P} (24)

If not, let @ € ®* such that wi(a) € ®~ while syw(a) € ®F. Let § =
—wi(a). Then 5 € ®F while s;(8) € ® . By Proposition 12 (ii), this
implies that f = «a;. Therefore @ = —w;*(a;). By Proposition 13, since
I(sywy) = k = l(w1) + 1, we have —a = w; (a;) € ®F. This contradiction
proves (24).

We will be done if we show that the last remaining element sy, - - - so( )
is in {a € & |sywi(a) € ~} but not {a € ¢F|wy (o) € ™}, since that will
guarantee that it is distinct from the other elements listed. This is clear since
if @ = sp---s9(aq), we have wi(a) = oy ¢ &, while sjwi(a) = —ag € O~

O

Our goal is to show that T is a Coxeter group with I = {s,|a € £}. We
will work with a larger (usually infinite) group B, the braid group. If a, B € X,
let n(c, B) be the order of s,s. Then B is the group with generators u, and
braid relations

UqUBULUB "+ = UBUQUAU * * *

where there are m(a, ) factors on each side. (This differs from W since it
is not true that u2 = 1.)

The braid relations are satisfied in W so there exists a homomorphism
B — W in which u, — s,. Let G be the group generated by elements ¢,
subject to the braid relations

tatgtals - = tatatste -

and also the relations t2 = 1. Thus we have homomorphisms B — G — W
such that u, — t, — s,. We want to show that the last homomorphism
G — W is an isomorphism, which will show that W satisfies the definition
of a Coxeter group.
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Proposition 23 (Tits) Let w € W such that l(w) = k. Let s1---5s, =
s+ -8} be two decompositions of w into products of simple reflections, where
S; = Sa, and s; = sg,, for simple roots o; and B;. Let u; = u,, and u; =
ug, be the corresponding elements of B, and let t; = t, and t; = tg be
the corresponding elements of G. Then uy---up = u}---uy, and ty-- -t =
t/l .. 't;g'

Proof The proof is identical for the braid group and the Coxeter group.
We prove this for the braid group.

Let us assume that we have a counterexample of shortest length. Thus
l(s1++-sx) =k and

Sp-c Sp =818, but wy---u, £ ulug (25)
We will show that
S983 ¢+ SESp = 818 but  uguz- - upu) F# ug - Ug. (26)

Before we prove this let us explain how it implies the Proposition. The W
element in (26) is w and thus has length k, so we may repeat the process,
obtaining

$384 - SpSpSk = So83+ ¢+ SkS,  bubt  uzuy - - upU UL F UgUz - - URUY.
Repeating the process, we eventually obtain
S SESESE =+ SESLSES)  but - ujuguug # - upug gy (27)

Moving all the s’s on the left together (ss;)® = 1, so k is a multiple of
n(sk, si). Now (27) contradicts the braid relation.

It remains to prove (26). Note that ws) = s} ---s)_, has length k —1, so
by Proposition 13 we have w(fy) € ®~. Now by Proposition 14, we have

51"'5k:$1"'§i"'3k5;g (28)

for some 1 < i < k, where the hat denotes an omitted element. Using (25)

~

/ /
51"‘5i"‘5k:51"‘5k_1,

and this element of W has length &£ —1. (If it had shorter length, multiplying
on the right by s) would contradict the assumption that I(w) = k). By the
minimality of the counterexample, we have

~

Up e Uy U = Uy U (29)
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We now claim that i = 1. Suppose ¢ > 1. Cancel s; - --s;_; in (28) to obtain
Si"'Sk:3i+1"'8k8;€

and since ¢ > 1, this has length £k — i + 1 < k. By the minimality of the
counterexample (25) we have

!/
uzuk):ul-i-lukUk

We can multiply this identity on the left by wu; - - - u;_1, then use (29) to obtain
a contradiction to (25). This proves that ¢ = 1.

Now (28) proves the first part of (26). As for the second part, suppose
Ug -+~ Ug—1U), = U - - - up. Then multiplying (29) on the right by u), gives a
contradiction to (25) and (26) is proved. O

Theorem 6 Let W be the Weyl group of the root system ®, and let I be the
set of simple reflections in W. Then (W, I) is a Cozeter group.

Proof We have to show that the homomorphism G — W is injective.
Suppose that t;---t, is in the kernel, where ¢; = t,, for simple roots «;.
We will denote s; = s,,. We have s;---s, = 1, and we will show that
ty---t, = 1.

It follows from Proposition 17 that n is even. Let n = 2r. Letting s] = s,
Sy = Sp_1, etc. and similarly ¢, = t;}rl_i when 1 <7 < r we have

51"'3r:=5’1"'3r

and we want to show that ¢;---t, =t} ---t/.. Suppose not; then
troty At (30)

We assume this counterexample minimizes r. By Proposition 23, we already
have a contradiction unless I(s;---s,) < r. It follows from Proposition 15
that

51"'57"'57""&281"'$r=8,1"'$ (31)

for some i and j. Moving s/ to the other side,

A~ A r_
sl .« .. SZ .« .. sj .« .. STST — 81 . e 87-_19
and by the minimality of r we therefore have

tl...fi...{j...trt’:t’l...t;_l’ SO bpooctioeotyoety =1t

T - T
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It follows from (30) that

boodie oyt E ot (32)

S1+v8i 8 8.8 =81 Sp_1 but tl"‘fi"'fj"‘trtr%tl"‘tr—l,

where there are r — 1 terms on both sides, again contradicting the minimality
of r. O

A connected component of the complement of the union of the hyper-

planes
{z € V|{(z,a) =0 for all & € O}.

is called an open Weyl chamber. The closure of an open Weyl chamber is
called a Weyl chamber. For example Cy = {z € V|(z,a) > Oforalla € X}
is called the positive Weyl chamber. Since every element of @7 is a linear
combination of elements of C with positive coefficients, C; = {x € V|[{x,a) >
Oforallaw € ®*}. The interior

C: ={z e V[{z,a) > 0foralla € £} = {z € V|(z,a) > Oforalla € ¥}

is an open Weyl chamber.
If y € Vlet W(y) be the stabilizer {w € W|w(y) = y}.

Proposition 24 Suppose that w € W such that l(w) = k. Write w =
S1-- -8k, where s; = s,,, aq,---,0p € XN. Assume that x € C such that
wx € Cy also.

(i) We have (x,a;) =0 for 1 <1< k.
(ii) Each s; € W(x).

(i) We have w(x) = x.

Proof If « € &7 and wa € &~ then we have (x, ) = 0. Indeed, (x,a) >0
since « € @t and x € C,, and (z,a) = (wxr,wa) < 0 since wx € C, and
wa € P
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The elements of {« € &F|wa € &~} are listed in Proposition 22. Since
ay is in this set, we have si(z) = x — (2(z, ag)/{ag, ax))ar = x. Thus
sy € W(x). Now since sg(ay—1) € {a € ®T|lwa € O}, we have 0 =

(x,sp(ag-1)) = (sk(z),ax_1) = (x,ag_1), which implies sx_1(z) = = —
2(x, 1) [{ag_1,00-1) = x. Proceeding in this way we prove (i) and (ii)
simultaneously. Of course (ii) implies (iii). O

Theorem 7 The set Cy is a fundamental domain for the action of W on V.
More precisely, let x € V.

(i) There ezists w € W such that w(x) € Cs..
(11) If w,w' € W and w(z) € Ci,w'(x) € C§ then w = w'.

(iii) If w,w" € W and w(z) € C,w'(z) € Cy then w(zx) = w'(x).

Proof Let w € W be chosen so that the cardinality of S = {a €
Ot |(w(x),a) < 0} is as small as possible. We claim that S is empty. If
not, then there exists an element of 5 € ¥ N .S. We have (w(z),—3) > 0,
and since sz preserves ®* except for [, which it maps to —f, the set
S" = {a € d*|(w(x),ss(a)) < 0} is smaller than S by one. Since §' =
{a € T|(spw(x),a) < 0} this contradicts the minimality of |S|. Clearly
w(x) € C4. This proves (i).

We prove (ii). We may assume that w’ =1, so « € C3. Since (z,a) > 0
for all « € @1 we have @t = {a € ®|(x,a) > 0} = {a € ®|{x, @) > 0}. Since
w'(z) € Cy, if @ € P we have (w™ ), z) = (o, w(z)) = 0so w(a) € DT,
By Proposition 18 this implies that w™! = 1, whence (ii).

Part (iii) follows from Proposition 24 (iii). O

5 Dynkin Diagrams and Coxeter Groups

It is worth knowing that we can read off the Coxeter group presentation of
the Weyl group from the Dynkin diagram.

The Dynkin diagram has vertices in bijection with the simple roots. The
following labeling convention is used: two vertices ¢ and j are linked with an
edge if the corresponding simple roots «; and o are not orthogonal. If these
make an angle of 27/3, then ¢ and j are linked with an edge, which is drawn
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as a single bond. In this case the roots o; and «; have the same length. If
they make an angle of 37/4, the edge is drawn with a double bond and an
arrow from the long root to the short root. This arises with the Cartan types
B,,C, and F,. Finally (for Gy) if they make an angle of 57/6, the edge is
drawn with a triple bond and an arrow from the long root to the short root.
As to the labeling of the nodes, there are two conventions, Dynkin’s and
Bourbaki’s. The Bourbaki conventions are used by most authors, an impor-
tant exception being Kac’ book Infinite-dimensional Lie algebras, which fol-
lows Dynkin. The Appendices at the end of Bourbaki’s Groupes et Alg/fl/bres
de Lie Ch 4,5,6 give the conventions. Sage follows Bourbaki’s convention.

aq Qg 0‘3 Oy Qs Type A5
o & & N Type Bs
Pl & o ¥ Type Cs
Qs
aq [6%) s Oy
¢ Type Ds
Qg

Table 1: The Dynkin diagrams of the classical Cartan types.

From the Dynkin diagram we can view the braid relations for the Coxeter
group presentation of the Weyl group. If ¢ and j are not joined by an edge,
then s; and s; commute. If 7 and j are joined by a single edge, then (s;s;)* =
1, or s;5;8; = sj5;5;, which is Artin’s braid relation. If they are joined by an
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—— Type G,
@ &9 Type F}
(e5)]
I Type Eg
[ ° ° ®
a a3 Q4 Qs (675
Qs
I Type Er
° ° ° ° )
a7 a3 Q4 Qs Qg [0%¢
Qs
I Type E3
° ° ° ° ° ®
aq a3 Qg Qs (e73) arm ag

Table 2: The Dynkin diagrams of the exceptional Cartan types.

double edge, then (s;s;)* = 1, and if they are joined by a triple edge, then
(SZ‘S]')G =1.

6 Root Systems in GL, . ; and other algebraic
groups

We wish to show how root systems arise in practice. Let us start with the
case of G = GL, ;.
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A Lie algebra g is a vector space over a field F' with a bracket operation
X,Y —— [X,Y] that is bilinear, skew-symmetric and satisfies the Jacobi
identity

(X, [Y, 2]+ [V, [2, X]| + [Z,[X, Y]] = 0.

As an example, if A is any associative algebra then A has a Lie group struc-
ture with the bracket operation [z,y] = zy — yx for z,y € A. We will
denote this Lie algebra as Lie(A). In particular, if A = End(V) where V
is a finite-dimensional vector space, then we will denote this Lie algebra as
gl(V). Equivalently, if A = Mat,,(F) for F' any field, we will use the no-
tation gl,.41(F") for Lie(A). These notations will be justified when we show
that gl,.. is Lie algebra is the Lie algebra of GL, ;.

A representation of g is a linear map p : g — End(V) where V is a
vector space is a map that satisfies p([X,Y]) = p(X)p(Y) — p(Y)p(X). In
other words,

P([X,Y]) = [p(X), p(Y)] (33)
where the second bracket operation is in gl(V).

As an example, we have a representation ad : g — gl(g), the so-called
adjoint representation, defined by

ad(X)Y = [X,Y].

Then (33) follows from the Jacobi identity.

The adjoint representation of GL,; which we have described is a special
case of a more general situation. In general, if G is an algebraic group over a
field F' and if g is the tangent space at the identity, then g has a Lie algebra
structure. As a particular case, suppose that G = GL(V). Then G is a
Zariski-open subset of the vector space End(V'), so the tangent space to G
at the identity may be identified with the ambient space End(V). It may be
shown that Lie algebra structure we obtain on End(V') this way is the same
as that described above, so gl(V) is indeed the Lie algebra of GL(V).

Suppose that p : G — GL(V) is a homomorphism. Then there is
induced a map of tangent spaces at the identity, which is a Lie algebra
homomorphism dp : g — gl(V).

As a special case, G acts on itself by conjugation, fixing the identity, and
so there is a representation Ad : G(F') — GL(g). If p = Ad then dp = ad.

Restricting ourselves to GL,;; has the advantage that we may see features
of the general situation without developing very much machinery. So we will
look at this example first.
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Let T be the diagonal torus consisting of diagonal entries in G. Let B be
the Borel subgroup of upper triangular elements. We write B = TU where
U is the group of upper triangular unipotent matrices. These are algebraic
groups. We will write B(E), T(E) or U(FE) for the group of elements with
entries in £, when F is any field (or commutative algebra) containing F'. We
have

* ok .- % 1

*

Now if 1 <4,j7 <r+1let E;; be the matrix having 1 in the ¢, j position
and 0’s elsewhere. The E; ; form a basis of g.

Let X*(T') be the group of rational characters of T'. These are the homo-
morphisms

21 r+1
_ . A Ai A= (\ A Zr-i-l
z = t. 2z = 2 _(17"'7 7“—1—1)E .

Zr41

We will identify X*(T) with Z™"! by this parametrization. Elements of
X*(T) will be called weights, and we will also denote X*(T') = A, the weight
lattice. We will embed A in V =R™ =R®Z™! = R® X*(T). We make
R"™*! into a Euclidean space with the usual inner product.

Let T'(F) act on g by the adjoint representation as above. Then we can
decompose g into invariant subspaces that are eigenspaces of weights:

1=@Pu,  o={XecglAd=)X=2"X for z e T(F)}.
A

If A =0, then g¢ is the span of the E;;, which is the Lie algebra of 7. On
the other hand if A # 0 then each g, that appears is one-dimensional, and is
the span of the E; ; with ¢ # j. The corresponding characters «; ; are exactly
the roots of the root system ® of Type A, listed in Example 1.

Let N(T') be the normalizer of T". It consists of monomial matrices, that
is, matrices with exactly one nonzero entry in every row and column. The
quotient N(T")/T is isomorphic to the symmetric group S,.1. It acts on T'
and hence on X*(T') by conjugation.

40

1



We note that this is the Weyl group associated with the root system & as
developed in the previous section. The simple roots X are a; = o ;41. The
simple reflection s,, is realized as in N(T')/T as the coset with representative

)

O =

Ir—i

All of this generalizes to other root systems. The classical Cartan types
B,, C, and D, can be realized in algebraic groups SO(2r + 1), Sp(2r) and
SO(2r) respectively, where SO(n) and Sp(2n) are the special orthogonal and
symplectic groups. The exceptional groups give rise to the exceptional root
systems.

* * *

We will next summarize (without proof) how root systems arise in alge-
braic groups in general. We will not give proofs, for which see Borel, Linear
Algebraic Groups, especially Chapter 4 Section 14. For each of the classical
Cartan types the existence of a root system and Weyl group structure on
N/T may be verified independent of the general theory, as we have done for
GL, 1 above.

An algebraic group is an algebraic variety G defined over some field F
with morphisms m : G Xx G — G and inv : G — G which become the
multiplication and inverse maps on G(FE) making the group G(E) of E-
rational points into a group when E is any commutative F-algebra. We will
only consider affine algebraic groups, that is, G will be an affine variety. An
example is the multiplicative group G, with G(E) = E*, or more generally
G - GLT+1.

A torus is a group T that is isomorphic to G¥ for some k. If the iso-
morphism is defined over F' we say T is split (over F'). For example, the

group
K:{(_ab 2)|a2+52:1}

over R is not split since K(R) is compact. But K(C) = C* and indeed

b

K = Gy, via the isomorphism ( — a + bi. The isomorphism is

a
—b
defined over C but not over R.
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Let G be an affine algebraic group over F'. By a representation we mean
a morphism p : G — GL,, for some n such that p : G(F) — GL,(E) is
a group homomorphism for any commutative F-algebra E. Suppose that
p is a faithful representation and g € G(F). Then the condition that
p(9) € GL,(F) is semisimple (diagonalizable over F') or unipotent (hav-
ing only eigenvalue 1) is independent of p. Therefore elements of G(F') may
be classified as semisimple or unipotent. The group G is called unipotent if
every element is unipotent. The group G has a maximal normal unipotent
subgroup U, called the unipotent radical. If the unipotent radical is trivial,
then G is called reductive. If it is reductive and has no nontrivial normal
tori, it is called semisimple. The group

a b

{6 2))
1 =z

1
group SL,, is semisimple. The group GL,, is reductive but not semisimple.

If G is any smooth variety of dimension d defined over a field F', and if «
is a point in G(F'), then there is defined at = the Zariski tangent space T, G,
which is a vector space of dimension d. If G is an algebraic group, then G
is smooth and so the tangent space g = T1(G) at the identity has dimension
equal d. It may be given the structure of a Lie algebra. Since GG acts on itself
by conjugation, with the identity as a fixed point, it acts on g, and this is
the adjoint representation Ad : G(F') — End(g).

Let G be a reductive group. If G has a maximal torus that is split over
F, then G is called F-split.

All maximal tori in G(F') are conjugate if F' is algebraically closed. Let
G be an semisimple algebraic group, and let T" be a maximal torus, that is,
a subgroup as large as possible such that T is a product of multiplicative
groups. We assume that 7" is split over F. If such a T exists, then G is called
F-split.

We assume that GG is an F-split reductive group and that 7" is an F-split
maximal torus. Let N be the normalizer of T. Then N/T is a Weyl group
Ww.

To realize W as a Weyl group, we must introduce a vector space V' and
a root system ® in V. Let A = X*(T) be the group of rational characters
of T, that is, algebraic homomorphisms from T to the multiplicative group

is not reductive since {( is a normal unipotent subgroup. The
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G, and let V =R ® X*(T'). The elements of A are called weights, and are
thus embedded as a lattice in the ambient real vector space V. We may give
V' a Euclidean structure (real inner product) that is W invariant.

We write
g= @ gx
A

where for a weight A, the space g, is {X € g| Ad(t)X = \(t)X fort € T(F)}.
If A = 0 then g is the Lie algebra of T. If o # 0 and g, # 0 then g, is
one-dimensional, and in this case « is called a root.

Theorem 8 The roots in a split reductive algebraic group form a root system.

Proof See Borel, Linear Algebraic Groups, Chapter 4, Section 14. a

Let ® be this root system. We may partition the roots ® into positive
and negative ones. If ®* are the positive roots then

P oo

acdt

is the root system of a unipotent subgroup U that is normalized by T, and
B = TU is the positive Borel subgroup. It is a maximal subgroup of G and
G /B is a projective algebraic variety, the flag variety.

7 The Bruhat Decomposition

The Bruhat decomposition is a basic fact about Lie groups. Remarkably
for something so basic, it went undiscovered for a long time. It originated
in Ehresmann’s study of flag manifolds, but was not really articulated until
Bruhat’s work in the 1950s.

Tits found axioms, which were slightly generalized later by Iwahori and
Matsumoto. Let G be a group and B, N subgroups. It is assumed that
T = NN B isnormal in N. The group W = N/T will be a Weyl group.
If w € W, then w is actually a coset wT', but we will write wB, Bw and
BwB to denote the cosets and double coset wB, Bw and BwB. These do
not depend on the representative w since 7' C B.

Axiom TS1. The group T'= B N N is normal in N;
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Axiom TS2. There is specified a set I of generators of the group W = N/T
such that if s € I then s* = 1;

Axiom TS3. Letw e W and s € I. Then
wBs C BwsB U BwB; (34)

Axiom TS4. Let s € I. Then sBs™! # B;
Axiom TS5. The group G is generated by N and B.

Then we say that (B, N, I) is a Tits’ system.
We will be particularly concerned with the double cosets C(w) = BwB
with w € W. Then Axiom TS3 can be rewritten

C(w) C(s) C C(w) UC(ws),
which is obviously equivalent to (34). Taking inverses, this is equivalent to
C(s) C(w) C C(w) UC(sw). (35)

Theorem 9 Let (B, N,I) be a Tits’ system within a group G, and let W be
the corresponding Weyl group. Then

G= ] BuwB, (36)

weW
and this union is disjoint.

Proof Let us show that J,.y C(w) is a group. It is clearly closed under
inverses. We must show that it is closed under multiplication.

So let us consider C(w;) - C(wsy), where wy, wy € W. We will denote
by I(w) the length of a shortest decomposition of w € W into a product
of elements of /. We show by induction on [(ws) that this is contained in
a union of double cosets. If I(ws) = 0, then wy = 1 and the assertion is
obvious. If [(wy) > 0, write wy = sw) where s € I and [(w}) < [(wy). Then
by Axiom TS3, we have

C(wy) - C(wy) = BwyBswyB C Bw;BwyB U Bw,sBw,B,

and by induction, this is contained in a union of double cosets.
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We have shown that the right side of (36) is a group, and since it clearly
contains B and N, it must be all of G by Axiom TS5.

It remains to be shown that the union (36) is disjoint. Of course two
double cosets are either disjoint or equal. So assume that C(w) = C(w’)
where w, w' € W. We will show that w = w'.

Without loss of generality, we may assume that [(w) < [(w’), and we
proceed by induction on [(w). If [(w) = 0, then w = 1, and so B = C(w').
Thus in N/T a representative for w’ will lie in B. Since BN N = T, this
means that w’ = 1, and we are done in this case. Assume therefore that
l(w) > 0, and that whenever C(w;) = C(w}) with I(w;) < l(w) we have
wy = wi.

Write w = w”s where s € I and [(w”) < [(w). Thus w”s € C(w’), and
since s has order 2, we have

w"” € C(w')s C C(w')UC(w's)

by Axiom TS3. Since two double cosets are either disjoint or equal, this
means that either

C(w")y=Cw') or Cw")=C(w's).

Our induction hypothesis implies that either w” = w’ or w” = w’s. The first
case is impossible since I(w”) < I(w) < [(w'). Therefore so w” = w's. Hence
w=w"s = w', as required. a

As a first example, let G = GL(r + 1, F'), where F' is any field. As in the
last section, let B be the Borel subgroup of upper triangular matrices in G,
let T" be the standard maximal torus of all diagonal elements, and let N be
the normalizer in G of T'. The group N consists of the monomial matrices,
that is, matrices having exactly one nonzero entry in each row and column.

Our goal is to show that N and B form a Tits system.

If &« = ; ; with ¢ # jis aroot, let z, : F¥ — G(F') be the homomorphism
zo(a) = 14 aE;; where E;; is (as in the last section) the matrix with 1 in
the 7, 7 position and 0 elsewhere.

The positive roots are a; ; with ¢ < j, and the simple roots are o; = ; ;41
with 1 < ¢ < r. Suppose that a = «; is a simple root. The corresponding
simple reflection is
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S; =

— O
O =

In—l—i
More precisely, the coset of this matrix in N/T is s;. Let T,, C T be the kernel
of a. Let M, be the centralizer of T, and let P, be the “parabolic subgroup”
generated by B and M,. We have a semidirect product decomposition P, =
M,U,, where U, is the group generated by the z5(\) with 5 € &* — {a}.
For example if n = 4 and a = a9 = a3 then

’
tl *

* X X %
—_

where * indicates an arbitrary value.

Lemma 5 Let G = GL(n, F) for any field F, and let other notations be as
above. If s is a simple reflection then B UC(s) is a subgroup of G.

Proof First let us check this when n = 2. In this case there is only one
simple root s, where o = 5. We check easily that

C(sa):BsaB:{<Z Z) EGL(2,F)|C7£O},

so C(sy) UB =G,

In the general case, both C(s,) and B are subsets of P,. We claim that
their union is all of P,. Both double cosets are right-invariant by U,, since
U, C B. So it is sufficient to show that C(s,) U B D M,. Passing to the
quotient in P, /U, & M, = GL(2) x (F*)"~2, this reduces to the case n = 2
just considered. O

The action of W on T by conjugation induces the action of W on ®. This

action is such that if w € N represents the Weyl group element w € W, we
have

wTa(Nw ™ € Zuy(a) (F). (37)
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Lemma 6 Let G = GL(n, F) for any field F, and let other notations be
as above. If « is a simple root and w € W such that w(a) € @1 then

C(w)C(s) = C(ws).
Proof We will show that

wBs C BwsB.

If this is known, then multiplying right and left by B gives C(w)C(s) =
BwBsB C BwsB = C(ws). The other inclusion is obvious, so this is suffi-
cient. Let w and o be representatives of w and s as cosets in N/T = W, and
let b € B. We may write b = tx,(A)u where t € T, A € F and u € U,. Then

whbo = wtw ™t wra(Nw two.oc lue.
We have wtw™ € T C B since w € N = N(T). We have wz,(\)w™! €
Ty(e)(F) C B, using (37) and the fact that w(a) € ®*. We have 0 luo €
U, C B since M, normalizes U, and o € M,. We see that wboc € BwsB as
required. O

Proposition 25 Let G = GL(n, F') for any field F, and let other notations
be as above. If w,w" € W are such that [(ww') = l(w) + l(w'), then

C(ww") = C(w) - C(w').

Proof It is sufficient to show that if [(w) = r, and if w = s;---s, be a
decomposition into simple reflections, then

C(w) =C(s1)---C(sy). (38)

Indeed, assuming we know this fact, let w’ = s - - - s/, be a decomposition into
simple reflections with " = [(r"). Then s;---s,s]---s., is a decomposition
of ww' into simple reflections with [(ww’) = r + 1/, so

Clww") =C(s1)---C(s,)C(s})---C(s.,) = C(w)C(w).

To prove (38), let s, = s,, and let w; = s7---s,_1. Then l(wys,) =
l(wy) + 1, so by Proposition 13 we have w'(a) € ®*. Thus Lemma 6 is
applicable and C(w) = C(w;)C(s,). By induction on r, we have C(w;) =
C(s1)---C(sy—1) and so we are done. O
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Theorem 10 With G = GL(n, F') and B, N, I as above, (B, N, 1) is a Tits’
system in G.

Proof Only Axiom TS3 requires proof; the others can be safely left to the
reader. Let o € ¥ such that s = s,.

First, suppose that w(a) € ®*. In this case, it follows from Lemma 6
that wBs C BwsB.

Next suppose that w(a) € ®*. Then ws,(a) = w(—a) = —w(a) € T,
so we may apply the case just considered, with ws, replacing w, to see that

wsBs C Bws’B = BwB. (39)

By Lemma 5, BU BsB is a group containing a representative of the coset of
s € N/T,so BUBsB = sBUsBsB and thus

Bs C sBUsBsB.
Using (39),
wBs C wsBUwsBsB C BwsBU BwB.
This proves Axiom TS3. O

Similarly, if G is any split reductive group, 7" a maximal split torus, B
a Borel subgroup containing G and N the normalizer of 7', then B(F') and
N(F) are a Tits system and so we have a Bruhat decomposition. For proofs,
see Borel’s book Linear Algebraic Groups.

8 Finite Field Iwahori Hecke algebras

Let W be a Coxeter group and let F' be a field containing an element ¢q. Let
I = {s1,---,s} be the set of simple reflections. We recall that we defined
the Iwahori Hecke algebra H,(W') has basis T, - -, T, subject to the braid
relations

where the number of terms is the order of s;s;, and
T} =(q— DT +q.

Proposition 26 For any Cozeter group W, if ¢ =1 then H, (W) is isomor-
phic to the group algebra C[W].
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Proof This is because the relations between the T; become exactly the braid
relations and T = 1, which are a presentation of W. O

We will assume that W is the Weyl group of a root system ®. In this
case, we defined a braid group B with generators u; subject to the braid
relations

uiujuiuj v = ujuiujui e

Clearly there is a homomorphism B — H,(W)* such that u; — T;.

We recall that if w € W then the length I(w) is the smallest & such that
we may write w as a product of k simple reflections. An such representation
w = s;, -+ 8;, into a minimal number of simple reflections will be called a
reduced decomposition.

Proposition 27 Assume that W is the Weyl group of a root system ®. Then
for every w € W there exists an element T,, of H,(W') such that if w = s; is
a simple reflection then T, = T;, and if l(ww') = l(w) + (w") then Ty =
T Ty . If s is a simple reflection then

| Ty if l(sw) > l(w),
Tolw = { (¢ = )T + qTow if l(sw) < L(w).

The T,, span H,(W') as a vector space, so dim H, (W) < |W]|.

Proof Let w = s;, ---s;, be a reduced decomposition of w into a product
of simple reflections, where k = {(w). Then we will define T, = T}, --- T}, .
We must show this is well-defined.

If w = sj, - - - sj, is another reduced decomposition, then by Proposition 23
we have wu;, - --u;, = u;, ---uj, in the braid group. Therefore applying the
homomorphism w; — T; we have T;, ---T;, = Tj, ---Tj,, and so T, is well-
defined.

It is clear that T, = T;. Moreover if [(ww') = [(w) + l[(w") then Ty =
T, T, since we may obtain a reduced decomposition of ww’ by concatenating
reduced decompositions of w and w’.

If [(sw) > l(w) we have [(sw) = I(w)+1 = I(s)+l(w) and T, T;, = T§,,. On
the other hand if [(sw) < I(w) we may write w = sw’ and l[(w) = I(s) + [(w’)
so T, = T,T,y. Now using T? = (¢ — 1)T, + q we obtain T,T,, = T?T,, =
(¢q— VTTyw + qTw = (¢ — )Ty + T

Now it follows that the linear span of the T, is closed under multiplication
by the generators 7T}, and so this linear span is all of H,(WV). O
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Let F be a field. We will denote by U the group of upper triangular
unipotent matrices in GL(r + 1, F).

Proposition 28 Suppose that S is any subset of ® such that if « € S then
—a ¢S, and ifo, € S and o+ € @, then o+ € S. Let Ug be the
set of g = (gi;) in GL(r + 1, F') such that g; = 1, and if i # j then g;; =0
unless o;; € S. Then Ug is a group.

Proof Let S be the set of (i,7) such that the root a;; € S. Translating the
hypothesis on S into a statement about S, if (i,j) € S we have i < j, and

if both (i,7) and (j, k) are in S then i # k and (i,k) € S. (40)

From this it is easy to see that if g and h are in Ug then so are g~! and gh.
O

As a particular case, if w € W then S = ®TNw®d~ satisfies the hypothesis
of Proposition 28, and we denote

Uq>+qu>7 == U;
Similarly S = ®* N w®" meets this hypothesis, and we denote
Uq>+nwc1>+ == U;

Lemma 7 We have |2 Nwd~| = I(w).

Proof We gave two definitions of the length function [, which were proved
equivalent by Proposition 16. One of them was the number of positive roots
a such that w(a) € @71, in other words, the cardinality of S = ®TNw™1®~.
From the other definition as the length of a reduced decomposition, it is clear
that [(w) = [(w™!) and so |®T Nwd~| = I(w). 0

Proposition 29 Let I' =, be finite, and let w € W. Then and
Uy | = ¢'™.

Proof This follows from the Lemma. O

Proposition 30 Let w € W. The multiplication map U} x U, — U is
bijective.
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Proof We will prove this if F' is finite, the only case we need. In this case
Ul nU, = {1} by definition, since the sets ®* Nwd~ and ®* N wdP* are
disjoint. Thus if ufu; = ufuy with v € UE, then (ug)'uf = uy (uy) ™' €
Ut NU; so ui = ui. Therefore the multiplication map U} x U, — U is
injective. To see that it is surjective, note that

Ual = g™ ™) U = g,

so the order of U} x Uy is ¢/®'l = |U|, and the surjectivity is now clear. O

We are interested in the size of the double coset BwB. In geometric terms,
G /B can be identified with the space of F-rational points of a projective
algebraic variety, and the closure of BwB/B is an algebraic subvariety in
which BwB/B is an open subset; the dimension of this “Schubert cell” turns
out to be [(w).

If F' =T, an equally good measure of the size of BwB is its cardinality.
It can of course be decomposed into right cosets of B, and its cardinality will
be the order of B times the cardinality of the quotient BwB/B.

Proposition 31 Let F' = F, be finite, and let w € W. The order of BuB/B
o Al(w)
is g\,

Proof We will show that v~ —— u~wB is a bijection U, — BwB/B.
The result then follows from Proposition 29.

Note that every right coset in BwB/B is of the form bwB for some
b € B. Using Proposition 30 we may write b € B uniquely in the form v~ u™*t
with vt € U and ¢t € T. Now w™'uTtw = wuTw.w™tw € B, because
wluTw € U and w™tw € T. Therefore bwB = u~wB.

It is now clear that the map u~ — u~wB is surjective. We must show
that it is injective, in other words if u; wB = uywB for u; € U, then u; =
uy . Indeed, if v~ = (uy)'u; then w'u~w € B from the equality of the
double cosets. On the other hand w~'u~w is lower triangular by definition
of U, . It is both upper triangular and lower triangular, and unipotent, so
u- = 1. O

With r and ¢ fixed, let H be the convolution ring of B-bi-invariant func-
tions on G. The dimension of H equals the cardinality of B\G/B, which is
|[W| = (r 4+ 1)! by the Bruhat decomposition. A basis of H consists of the
functions ¢,, (w € W), where ¢,, is the characteristic function of the double
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coset C(w) = BwB. We normalize the convolution as follows:
(fi f2)(g |B|Zf1 ) fo(x ") |B|Zf1 gz) fo(x ™).
zeG zeCG

With this normalization, the characteristic function f; of B serves as a unit
in the ring.
The ring H is a normed ring with the L' norm. That is, we have

|frx fo| <AL fo,

If] = |Z\f

zeG

where

There is also an augmentation map, that is, a C-algebra homomorphism

€ : H — C given by
Zf

xEG

By Proposition 31 we have

e(dw) = q'™. (41)

Proposition 32 Let w,w’ € W such that [(ww') = l(w) + [(w'). Then

¢ww’ = ¢w * ¢w’-

Proof By Proposition 25, we have C(ww’) = C(w)C(w'). Therefore ¢,,*¢,, is
supported in C(ww') is a constant multiple of ¢y.,. Writing @y, * pur = Py
and applying the augmentation € and using (41), we see that ¢ = 1. O

Proposition 33 Let s € W be a simple reflection. Then

G5 % 05 = qd1 + (¢ — 1)s.

Proof By (34) we have C(s)C(s) C C(1) UC(s). Therefore there exist
constants A\ and p such that ¢4 * ¢, = Ap; + ugs. Evaluating both sides
at the identity gives A = ¢. Now applying the augmentation and using the
special cases €(¢,) = q, e(f1) =1 of (41) we have ¢> =X\ - 1+ pu-q = q+ uq,
sopu=gq—1. O
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Theorem 11 (Iwahori) The algebra H is isomorphic to Ho(W') under a
homomorphism such that ¢, — T,,.

Proof By Propositions 32 and 33 the ¢,, satisfy the defining relations of T;
and so there is a homomorphism #H,(W) — H such that T,, — ¢,,. The
homomorphism is surjective since the ¢, generate H. We have dim #,(W) <
|W| = dim H so this homomorphism is an isomorphism. O

9 The Spherical Hecke algebra for GL(n)

This section is optional. Omitting it will not cause any problems of conti-
nuity.

Let G = GL,(F') where F' is a nonarchimedean local field, and let K° =
GL,;1(0) be its maximal compact subgroup. There is a homomorphism
K° — GL,41(F,), where F, = o/p is the residue field. The preimage J
of the Borel subgroup B(F,) is the Iwahori subgroup.

The Iwahori Hecke algebra H; is our main object of study. However the
spherical Hecke algebra H° = H ko is worth first considering. It is commuta-
tive, hence a Gelfand subgroup. It is not a subring of H; (since it does not
contain the unit of H;). It is an ideal. Moreover H° does not play an im-
portant role in the theory of H;, which contains other commutative subrings
that take its place — the center, and a larger commutative subring.

We now describe a method of distinguishing the double cosets K°\G/K°.
If g € G, let ged(g) be the fractional ideal of o generated by the entries in
g. Evidently ged(g) is invariant under both left and right multiplication by
K°. We may refine this invariant of the double coset K°gK* as follows: if
1<k <n,let

AR GL(n, F) — GL ((Z) : F)

be the k-th exterior power representation; the matrix entries A*g are the
k x k minors of g. Then ged(AFg) is the fractional ideal generated by these
minors. Clearly A*(K°) € GL((}),0), so ged(AFg) is also invariant under
left and right multiplication by K°.

Proposition 34 (The Elementary Divisor Theorem) Let R be a prin-
cipal ideal domain, let M be a free R-module of rank n, and let N be a
submodule of M which is also free of rank n. Then there exists an R-basis
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&1, & of M and nonzero elements Dy, -+, D, of R such that each D;yq
divides D; (i=1,---,n—1) and D&, -+, Dy, is a R-basis of N.

Proof See Theorem II1.7.8 of Lang’s Algebra. a

Proposition 35 (The p-adic Cartan Decomposition) Every double coset
in K°\G/K"° has a unique representative of the form

wM

Proof We show first that if g € GG, then there exist elements k1, ks € K°
such that kjgko is diagonal. If we know this for elements g € Mat,,(0), then
we can deduce it for all g, since we can multiply g by a scalar to put it in
Mat,,(0). Hence there is no loss of generality in assuming g € Mat,,(0). We
apply the Elementary Divisor Theorem with R = o, M = 0", and N the
submodule generated by the columns of g. Let &,---,&, and D; be such
that &, -+, &, generate 0" and D1&y, -+, D&, generate the same o-module
as the columns of g, there exists ko € K° such that

(Dlgh o 7Dn£n) == gH2-
We may rewrite this

Dy

(&1, . 6n) = gka,
D,

and the first matrix on the left is an element of K°, so we have shown that

D,
e K°gK”.
D,

We may clearly adjust the D;’s by units, proving that every coset has a
representative of the form (42).

It remains to be shown the matrices (42) lie in distinct double cosets.
Indeed, the invariants gcd(A*g) determine Ay, - - -, \,, since clearly if g equals
the matrix (42) we have ged(g) = \,, ged(A?g) = A1\, and so forth. O

o4



Theorem 12 (i) The spherical Hecke algebra H° is commutative.
(i) If (w, V') is an irreducible admissible representation of GL(n, F'), then
the space VE® of K°-fized vectors in V is at most one-dimensional.

Proposition 5 shows that it is expected that commutativity of the Hecke
algebra will have dim(V%") < 1 as a consequence. The following “involu-
tion” method of proof is due to Gelfand. The second assertion is sometimes
expressed by the statement that K° is a Gelfand subgroup of GL(n, F).
Proof Define a map ¢ : H° — H° by (¢f)(g) = f(*g). Since K° is stable
under transposition, this is a well-defined transformation of H°, and because
transposition is an anti-automorphism of G, it is easy to see that ¢ is an
anti-automorphism of H°:

L fr* f2) = o(fa) * L(f1).

On the other hand, ¢ is just the identity map, since every double coset has a
representative which is diagonal, hence stable under transposition, by Propo-
sition 35. We see that the identity map is an anti-automorphism of H°. This

means that H° is commutative.
For the second statement, V° if nonzero, is a finite-dimensional simple
module over the commutative C-algebra H°. It is therefore one-dimensional.
([

We call an irreducible admissible representation (mw, V') spherical if it has
a K°-fixed vector. The commutative Hecke algebra H° is called the spherical
Hecke algebra. We recall the partial order on partitions, in which py < v
means that
e T o R i e L

for each r. Now let us study the product of two double cosets.

Proposition 36 Suppose that A\ and p are partitions of k and [, respectively,
of length < n. for each 1 < r < n. We will denote by X\ + p the partition
{M + 1, A+t of K+ 1. Let

w“l
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where Ay = -+ = X\, and py = -+ = fp. Suppose that (K°gK°)(K°hK®)
contains a double coset

K° KO’ ]/12...

\Y
S

(43)

Then v s a partition of k+1, and v < X\ + p.

Proof Since g and h € Mat,(0), we have K°gK°hK°® C Mat,(0) and so
the v; are nonnegative integers. Comparing determinants, v is a partition of
k + 1. To prove that v < A + pu, it is sufficient to check the inequalities

Vn = An + fn, (44)

Vn—-1 + Un 2 >\n—1 + Hn—1 + )\n + M, (45>

etc. since subtracting these inequalities from the equality
V1++Vn:k5+l:)\l+,ul+)\n+,un

will give v < A+ p. The matrix entries of an element of K°gK° have greatest
common divisor equal to p**, and the matrix entries of an element of K°hK°
have greatest common divisor p#”; it is evident that the matrix entries of an
element of (K°gK°)(K°hK®) lie in the ideal p**#» and therefore we have
(44). Repeating this argument with A%g and A?h replacing g and h gives
(45), and so forth. O

For 1 <r < n, let 0, be q_”("_r)/ 2 times the characteristic function of the
double coset

K°7,K°, n:(“” I ) (46)

Of these “Hecke operators” the last one, 6, is invertible, having as its in-
verse the characteristic function of the double coset K°r 1K°. Also, if
A = {\,---, A} is a sequence of integers satisfying Ay > ... > \,, let
0y equal

q%((1—n)>\1+(3—n)>\2+...+(n—1))\n)

times the characteristic function of the double coset (42). By the p-adic
Cartan decomposition, these form a Z-basis of H°.
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Proposition 37 (Tamagawa, Satake) The ring H° is a polynomial ring
over in 0y, -+ ,0, and 0;*:

H° = C[ela e aen—laenaerjl]-

This structure theorem is a special case of the Satake isomorphism de-
scribing the structure of the spherical Hecke algebra of a reductive p-adic
group.

Proof Let us show that ) lies in the C-algebra generated by 6,,--- ,6,,60. ",

where A = {\q,--- ,\,} is a sequence of integers satisfying A\; > ... > \,.
Clearly 0" * 0\ = 0/, where

N={A—r- =1

and so we may assume that A\, = 0. Then the \; > 0, and X is a partition,
so (42) lies in Mat,(0). With this assumption, we will prove that 6, is a
polynomial in 6y,---,6,. (0, is not needed if the \; > 0.)

If the \; are all equal zero, then #, = 1 and there is nothing to prove,
so assume that Ay > 0. Let 1 < k£ < n — 1 be the largest integer such that
A # 0, and let

pw={M—-1,---, A —1,0,---,0}.

By induction, 6, lies in the C-algebra generated by 6, - -- ,6,. We ask which
double cosets occur in the support of 6 * 6,. Evidently the double coset
of (42) occurs, and every other double coset is of the form (43) with v a
partition of |\|, which strictly preceeds A in the partial order. By induction,
the characteristic of each such double coset is a polynomial in 6,,--- ,6,. We
see that 6 x 0, lies in the C-algebra generated by 6,,--- ,0,, and it differs
from a nonzero multiple of #, by a sum of elements 8, which lie in this ring;
hence 6, is a polynomial in 6y, - ,8,.

We must also show that the 6; are algebraically independent. We note
that 0; is the characteristic function of a set supported on the matrices of
determinant equal to @’ times a unit, so we may grade the ring H° by degree,
; having degree i. Given relation of algebraic dependence, we may clearly
separate out the part which is homogeneous of given degree and obtain a
homogeneous relation

> a(h) oo T =0, (47)
A=k
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The point is that the homogeneous degree of the monomial

O G gy (48)
is
()\1—)\2)+2()\2—)\3)+---+n)\n:)\1+...+)\n: |)\|

Now let us expand this out in terms of the 6y, which are a Z-basis of H°. It
is a consequence of Proposition 36 that when (48) is expanded out, 6, will
occur, together with terms of the form 6,, where v runs through partitions
of k strictly preceeding A in the partial order. Thus if A is minimal in the
partial ordering subject to the condition that a(\) # 0, it is clear that the
coefficient of 6, in the expansion of (47) is nonzero. Thus (47) does not
vanish. This contradiction shows that the 6; are algebraically independent,
and we have proved that H° is a polynomial ring C[0y,- -+ ,0,_1,60,,0,1]. O

Proposition 38 (Iwasawa decomposition) Let B(F') be the Borel sub-
group of upper triangular matrices in G = GL(n, F'), and let K° = GL(n,0).
Then G = B(F) K°.

Proof See Bump, Automorphic Forms and Representations, Proposition
4.5.2. O

Now let us construct representations of G = GL(n, ') which have a
K°-fixed vector. These are the spherical principal series representations.
We recall that a quasicharacter of a locally compact group is a continuous
homomorphism into C*; a quasicharacter of F'* is called nonramified if it is
trivial on o*.

The modular quasicharacter a topological group H is the quasicharacter
0y : H — C such that if dph and dgrh denote left and right Haar measures,
respectively, on H, then dgh = dy(h) dph. The the modular quasicharacter
of B(F) is

Yy x ... x
Y2 * n— n— -n
0 =l el
Yn
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Fix quasicharacters xi,---,xn, of F’*. Then we have a quasicharacter y :
B(F) — C* given by

Y1 X . x
Y2 *

X o = xal) s xalun)-
Yn

Let V.=V(x1, -+, Xxn) be the space of locally constant functions f : G — C
such that

f(bg) = x(b) 8%(b) f(9)- (49)
We define an action m = 7(x1, -, xn) of G on V by right translation:

(m(h)f)(g) = f(gh).

It is easily verified that m(h) f € V with this definition, and since the functions
f are locally constant, the stabilizer of any particular f is open, so this is
a smooth representation. We may see that it is admissible as follows: If
K is any open subgroup, we want to show that V¥ is finite. This is a
subspace of VENK® 5o without loss of generality K C K°. The index of K
in K° is finite, and if 1, -+ ,xy are a complete set of coset representatives,
so K° = |Jx;K, then we claim that f € V¥ is completely determined by
the values f(z;). Indeed, since f is right K-invariant, knowledge of these
values determines f on K° and by (49) and the Iwasawa decomposition, f
is therefore completely known. We see that V¥ is finite-dimensional, so this
representation is admissible.

Proposition 39 Assume that the quasicharacters x; are nonramified. The
space of K°-fixed vectors in the representation w(x1,+ - , Xn) @S one-dimensional.

Proof We will show that the space of K°-fixed vectors is spanned by the
function f° defined by

fo(bk) = x(b) 6Y%(b),  be B(F), k€ K°. (50)

It is called the standard spherical vector. It is a consequence of the Iwasawa
decomposition that every element of G can be written as bk as in (50), so
the definition (50) makes sense provided the right-hand side is well-defined,
independent of the decomposition of g as bk. This is true on our assumption
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that xi,---,x» are nonramified, since if bk = V'k’ where b, i’ € B(F') and
k, k¥ € K°, then b='¥ € B(F) N K° is upper triangular with units on the
diagonal, and so x(b~'0') = 6(b='¥) = 1. Thus f° is well defined. Tt is
clear from the Iwasawa decomposition that a K°-fixed vector is a constant
multiple of this f°, so VX" is exactly one-dimensional. O

Proposition 40 Assume that the quasicharacters x; are nonramified, and
let f° be the K°-fized vector (50). Then

erfo :6r(tla"' atn) foa (51)
where e, is the r-th elementary symmetric polynomial, and t; = x;(w).

Proof It is clear that 6, * f € VE® for any f since 0, is K°-bi-invariant,
and so 0, x f° = ¢f° for some constant c¢. Evidently ¢ = (6, * f°)(1), so we
must show that

(97“ * fo)(l) = 67’(t1> e ,tn).

Since K°7,K° is the continuous image of K° x K° under the map (ky, ks) —
kq7,k9, it is compact; and since K° is open, there are a finite number of right
cosets in K°7,.K°/K°. Let A be a complete set of coset representatives for
these, so that
K°rK° = | | BK°, (52)
BEA

Since K°7,.K° C Mat,(0), the matrix entries in 3 are all integers. It follows
from the Iwasawa decomposition that we may chose the representatives § to
be upper triangular, and we have the freedom to change them by an element
of K°N B(F) on the right. We may then arrange that the diagonal entries
of 3 are all powers of 7. In order to lie in the same double coset as 7,, it is
necessary that ged(A*7,.) and ged(AFB3) agree. The implications of this are
as follows: of the diagonal entries of 3, there are exactly r w’s and exactly
n —r 1’s. Moreover, if S is the set (of cardinality r) of 1 < ¢ < n such that
Bii = w, and if ¢, j are distinct elements of S, then §;; must lie in p. If these
conditions are not satisfied, then g will not lie in the same double coset as
7. Given that we have the freedom to change  on the right by an upper
triangular unipotent element of K, we may change each f;; (i < j) by any
multiple of ;. If 4,5 € S then p|f;; while §; = w, and so we may assume
that 5;; = 0. On the other hand if ¢ ¢ S, then f5; € 0* while §;; € 0, and so
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again we may assume that 3;; = 0. On the other hand, if i € S and j ¢ S,
then 3;; may be any element of o modulo p.

With this in mind, let us fix S = {1, -+, A}, where Ay < A < -+- < A,
We ask how many [ there are in the decomposition (52) whose diagonal
entries equal to w are f; with ¢ € S. We have just shown that if ¢ < j with
i€ Sand j ¢S, then f5;; can be chosen to be an arbitrary element of o/p;
and all other entries above the diagonal can be assumed to be zero. If i = Ay,
there are n —r — Ay 4+ 1 values of j such that j > i and j € S, so there are
n —r — A + 1 elements to be chosen inthe \; row, and similarly, there are
n —r — Ay + 2 entries to be chosen in the Ay row, and so forth; the total
number of elements to be chosen is

T

;(n—r—)\i—i-i):r(n—r—%)—Zﬁ;ki,

and so the total number of 3 for this choice of S is

1 s X
”_T_i)_ i=1 >‘1‘

¢
For such a 3, we have
Fo(B) = 6"2(8) x(B) = ¢ " TVEFRA gy Lty

Recalling that 6, is ¢7""~")/2 times the characteristic function of the double
coset K°1,.K°, we see that (6,f°)(1) equals

_r(n=r) _r=1\_§5r . _(ntDr )
q 2 E qr(n 2 ) i1 N q 2 2o t)\l .. .t)\r
A< <Ar

= 67’(t1> e atr)>

as required. O

10 The Affine Weyl Group

We may extend the Weyl group by a group of translations, and obtain the
so-called affine Weyl group.

Let @ be a root system in the vector space V, and let W = W (®) be
the Weyl group. We give V' a W-invariant inner product ( , ). If « € ® and
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k € Z let P, be the hyperplane P, = {v € V|(o,v) = k}. A connected
component of

is called an open alcove. They are relatively compact open subsets of V. The
closure of an open alcove is called an alcove.
Let C* be the positive Weyl chamber, so that

={veVl{a,v)20(1<i<r)}

where {a1, -, .} are the simple roots. There is a unique alcove in C*
which contains the origin. This is the fundamental alcove §. Our immediate
goal is to describe it more explicitly.

There is a partial order on V' in which v > 0 if v = Zczaz with ¢; > 0.
We call a root a highest if o/ > « for o/ € ® implies that o/ = a. We will
see that if ® is irreducible, this implies more: that actually o > o' for every
root o’ € ®.

Exercise 9 Let a, 8 € ® be linearly independent. and let U be the two-dimensional
space spanned by « and 3. Show that U N ® is a root system in U.

Exercise 10 Assume that ® is reduced and that «, 8 are distinct elements of ®.
Show that if (o, ) > 0 then a — § € ®. (One way: you may use the previous
exercise to reduce to the rank two case, and check this for the four rank two root
systems A; x Aj, Ay, By and Ga.)

Proposition 41 Suppose that ® is irreducible. Then there is a unique root
—ay that is highest with respect to the partial order. If o is any positive root,
then o < —a and (a, —ag) = 0. If o is any root then {a, —ap) < (g, ap)
with equality if and only if o = —ay.

It is most useful to use the notation «q for the negative of the highest
root, since then it will play a role exactly analogous to the simple roots
{aq,--+, .} in certain situations.

Proof Suppose that [ is a highest root. Since > —f, ( is positive.

We claim that (8,a;) > 0. If not, then s;(8) = f — ((gj’(f a; = B,
contradicting the assumption that [ is a highest root.

Write 8 = > k. Clearly any highest root is positive, so k; > 0. We
will show that k; > 0. Otherwise, let ¥ = ¥; U Xy, where ¥y = {ay|k; > 0}
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and Xy = {a4]k; = 0}. Because ® is irreducible, the simple roots may not
be partitioned into two disjoint mutually orthogonal sets. Therefore there is
a; € ¥y and a; € ¥, such that (o, o) < 0. Now

ﬁ Oéj <Z ]fOéZ,OéJ> = Z ]fi<042‘,0(j>.

a;€EX a;€X

All terms on the right are non-positive since k; > 0, and one term (i = [) is
negative. This contradicts the fact that (5, «;) > 0, proving that all k; > 0.

Now let v be another highest weight. Consider (5,7v) = > ki{a;,v). We
have (a;,y) = 0 with strict inequality for some i, and k; > 0, so (3,7) > 0. It
follows from Exercise 10 that 5 —+ is a root. Either §—~ € ®*, in which case
S =~4 (8 —7), contradicting the maximality of v, or § —~ € ®~, in which
case v = 5+ (v — ), contradicting the maximality of 5. This contradiction
shows that the highest root is unique. (We are therefore justified in naming
it, and we call it —ay.)

Now suppose that « is any positive root. We can write @ = > n;«; with
n; > 0, and (B8, a) = > ni(B,a;) > 0. By Exercise 10, 5 — a is a root. It
cannot be a negative root, since then o = 8 + (o — [3) would contradict the
maximality of 5. Since § — « is a positive root, we have § > «a.

Next we show that if y is any root then (v, 5) < (53, 5) with equality only
in the case v = 5. We embed v and [ in a rank two root system &, = dNV,
where Vj is the vector space they span. Then ®g is one of A; x A; or A,,
By or Gy. Except in the first case [ is the unique highest weight vector,
and in every case, the assertion may be checked by inspection. We leave the
verification to the reader. O

Let ap be the negative of the highest root. We see that
(i, aj) =20 if a;,a; € {ag, 1, o}, 1 # J.

Indeed, this is part of Proposition 12 if «;, o; € 3 and Proposition 41 if one
of «; is ay.

Proposition 42 The fundamental alcove § is defined by the inequalities
(oj,v) 20 (1<i<r), (g, v) = —1. (53)

Proof It is clear that the fundamental alcove is determined by the inequal-
ities (ay,v) > 0 and (a,v) < 1 as a runs through the positive roots. We
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have to show that the inequalities (a,v) < 1 all follow from the inequality
(—ap,v) < 1, which is equivalent to the assumed inequality (ag,v) > —1.
Indeed, if a is any positive root, then a < —ag, so we may write a =
—ap — Y ko with k; > 0. Then (o, v) = (—ag, v) — > ki, v). However if
« is already assumed to satisfy he first inequalities in (53), then (a;,v) > 0,
so {(a,v) < (—ag,v). Hence the inequality (—ap,v) < 1 is sufficient to imply
(o, v) < 1 for all positive roots «, and thus the fundamental alcove is indeed
determined by the given inequalities. O

If « € ® and k € Z we consider the reflection 7, in the hyperplane P, j.
This is the map

Tor =0 — (@', v)a+ka" =v— (a,v)a" + ka".

We have P, = P and r_o_ = Tap. Let s; = 14,0 (1 < i < 1)
and sy = rq,,—1. These are the reflections in the hyperplanes bounding the
fundamental alcove.

Proposition 43 The group Wag is generated by the s;.

Proof Let w € W,g. Then wg is an alcove. We consider a path p from an
interior vertex of § to an interior vertex of wg. Let §o =3§,81, * , 8k = WF
be the series of alcoves through which p passes. Each pair §;, ;11 is separated
by a POC,]Q.

Since §; is adjacent to §y = §, by Proposition 42 we have §; = s;,§ for
some 0 < 7; < r. Now §» is adjacent to §1, so 55132 is adjacent to 85131 =F.
Thus si_ll% = 5;,8 for some 0 < 7o < 7, and so §F2 = s;,5;,5. Continuing

this way we obtain a sequence ii,1g,--- such that §; = s;, ---s;,§. Now
w§ = 8;, - -+ 8,5 implies that w = s;, - -+ 5;,, proving that Wag is generated
by the s;. O
Theorem 13 W,g is a Coxeter group with generators {sg, S1, -+ , Sy}

Proof Let us suppose that
Siy " Sy = Sji S

are two words representing the same element w € W,g. Let GG be the group
with generators oy, - - -0, and relations 0? = 1 and (0;0;)™%7) = 1, where
m(i, j) is the order of s;s;. We want to show that oy, ---0;, = 0j, - -0y,
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Ift=1,23,---let S; be the set of all affine subspaces M of V that
are the interesection of ¢ or more hyperplanes P, (o € ®, k € Z) such
that dim(M) = dim(V) —¢t. Thus S; consists of the set of hyperplanes
P, ) themselves. Observe that @ = V — S5 is simply-connected since
the removed sets consists of closed affine spaces of codimenion 3 with no
accumulation point.

The alcove s;,F is adjacent to §, separated by a hyperplane. Also, s;,§
is adjacent to § so s;, s;,§ is adjacent to s;,§. We therefore get a sequence of
alcoves:

3’7 Si1{§’7 8i18i2{§’7 crr 84Sk Sik',S = 3’073’17 e 73’]4:-

We take a path p from a point u in the interior of § to a point v in the
interior of §; = wg§, passing through these alcoves in order. Similarly we
have another path p’ from u to v passing through the alcoves §, &, - - , &,
where §}, = s;, - - - 5;, 8, with §, = §o and §; = §r = w§. The paths p and p/
both lie in the simply connected space (2.

We deform p into p’ and observe how the set of alcoves changes as we
make this deformation. We stay within ) at every stage. We are allowed to
cross elements of Sy but not S3. We arrange so that we cross elements of
Sy one at a time and observe how the word s;, - - - s;, representing w changes
when we do. We will see that each such change corresponds to a use of the
braid relation.

Since we may never pass through a space M in S, the only types of
transitions that can occur have the path move across a subset M in S5. We
may visualize this by taking a cross section in a 2-dimensional affine space
perpendicular to M, and projecting the path onto that path. The homotopy
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thus moves py = p, one segment of which might look like this:

3{15—‘,—1

St+2 %t

to an equivalent path p;, whose corresponding segment looks like this:

gt—i—Z &

B

‘S/
! t+1
Si43

!
Sit2

Now if we have §; = s, - -+ 5,8, St1 = Siy " " Siy1 B Stz = Siy *** Siund- ON
the other hand (in this example)

/ —_
St—i—l = Si Sits'it+23:7
/ —_—
St+2 = Sipc Sitsit+28it+1gv
t+3 11 1214221412142V
/ _ _
$t+3 = Si Sitsit+28it+1sit+28it+13 - 3t+2'
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So this homotopy replaces the word s;, - - - s;, by
Si1Si1 * " SiySipyoSisy1SitgoSiig1Sirys T Sig-
In this example, the order of s;,s;,.,, is 3, so (0y,04,,,)* = 1 and
0441104, = 0441104, 04,1045

Thus this homotopy crossing the affine subspace M of codimension 2 replaces
i, -0y, by
04104 " 04104410404, .1 04,04y " " Oy

but these are equal in the group GG. Continuing in this way, we eventually
get oy, -0, = 0j, - 0j,.

We have done just one example of crossing an element M of S5 but clearly
any such crossing amounts to an application of a braid relation. We see thus
that W,g is a Coxeter group. O

We wish to have analogs of the roots. These will be the affine roots,
which in our interpretation are affine-linear functions on V' that vanish on
the hyperplanes P, j.

Remark 1 Our definition of the affine roots is that given by Macdonald.
However in view of the work of Kac and of Moody on infinite-dimensional
Lie algebras, the affine roots of Macdonald should be supplemented by other
“imaginary” roots. We will ignore the imaginary roots since they play no
role for us.
Ifae®let
v 200
a = ———.
(@, a)
The " are called coroots, and the set ® of coroots is called the dual root
system. If o« € ® and k € Z let L,y : V — R be the linear functional

Loi(v) = (a,v) — k.

Then L, vanishes on P, , as does L_, _ = —Lq -

The Weyl group acts on the roots by wL(v) = L(w™'v).

We note that a root L never vanishes on an alcove. Let us say that an
affine root L is positive (resp. negative) if its values are positive (negative)
on the fundamental alcove §. Let @/ be the positive affine roots and @4 be
the negative ones. If 1 <i < rlet Ly = Ly, 0 and P, = Py, . Let Lo = Lgy -1
and Py = Py, 1.
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Proposition 44 Let 0 < i < r and let L be a positive root. Then s;(L) € &~
if and only of L = L;.

Proof If L = L, then s;(L) is a negative root if and only if L(s;v) < 0,
where v € §F. Since L(v) > 0, v and s;(v) must lie on opposite sides of the
hyperplane L, . But the only hyperplane among the P, that separates v
and s;(v) is P, and so P, = P,. Since L is a positive root, L = L;. O

Let QY be the lattice generated by the coroots. If A € Q¥ let 7(\) : V —
V' be the map 7(A)v = v+ X\. We may identify @)V with its image under 7 as
a group of translations.

Proposition 45 The subgroup Q¥ is normal in Wog and Weg is the semidi-
rect product Q¥ x W.

Proof Translation by o moves P, to P,; where [ =k + (o), ) so l € Z
if k € Z. Thus translation by an element of the coroot lattice permutes the
alcoves, and corresponds to an element of Wg.

The coroot lattice Q¥ is invariant under Wag, since the reflection in P,
moves any vector v to v + (k — (@, v))a"; it sends a coroot 5Y to Y + (k —
(ar, 8Y))aY which is also in the coroot lattice. If & is any alcove, then & = w§F
for some w € Weg, so & contains A = w(0) which we see is an element of Q.
Therefore 7(—A)w is an element of Wg that fixes 0, hence is an element of
W . This shows that Wog = QVIV. O

We will prove results about the length function that are analogous to
those for the ordinary Weyl group in Section 4. As in that section, there are
two definitions that are eventually shown to be equivalent.

As with the ordinary Weyl group the first definition makes [ : Wog — Z
the minimal length of a decomposition w = s;, - - - s;,. The second definition,

temporarily denoted [’ until we prove that they are the same, is the number
of L € &% such that w(L) € ™.

Lemma 8 I'(w) is the number of hyperplanes P, that lie between § and
w!§F.

Proof If L = L, € ®T, then w(L) € &~ if and only if L(w™'v) < 0 for
v € §. This means that P, is a hyperplane between § and w™'g. O

From the Lemma, I'(w) < oo.
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Proposition 46 Let w € Wag and let s = s;, L = L; for 0 <@ < r. Then

[ Pw)+1 ifw(L) € ot
Fws) = { V(w)—1 ifw(L) e d

Proof We have I'(w) = [®TNw™'®~|. Therefore I'(ws) = |®TNs lw™1d|.
Applying s replaces this set with one of equal cardinality, so I'(ws) = [s®T N
w~'®~|. Now by Proposition 44, s® is obtained from ®* by removing L =
L; and replacing it by its negative. From this it is clear that I'(ws) = I'(w)+1
if L € w™'®T, that is, if wL € &, and I'(w) — 1 otherwise. O

Theorem 14 The Ezchange property (Propositions 14 and 15) is true for
the affine Weyl group. The two definitions of the length function are the
same: | =1". Tits’ Theorem 23 remains true.

Tits” Theorem, in this context, says the following. Let B be the braid
group with generators wg,uy,--- ,u, subject to the same braid relations
satisfied by the s;. Then if w € W,g has two reduced representations
w = 8; S = S; ---5j, as products of simple reflections with k£ = [(w),
then Ugy " Ugy, = WUjp = Uy -

Proof The proofs of Section 4 go through without much change. We leave
the details to the reader. (One also gets another proof that W,g is a Coxeter
group.) a

Proposition 47 (Iwahori and Matsumoto) Let d € QY and w € W.
Let L = L; where 1 <1< r. Then

(T(d)w)+1 ifw(a;) € T and (w(ay),d) <0,
I(r(d)ws;) = or w(ay) € ¢~ and (w(wy),d) < 0.
TSI =N 1(r(dw) =1 if w(ew) € & and (w(ay),d) > 0,
or w(ey) € @~ and (w(w;),d) > 0.
Moreover
l(r(d)w)+1 if w(ag) € <I>+_ and (w(ap),d) < 1,
I(r(dywso) = or w(ag) € ¢~ and (w(ap),d) < 1,

yd) <

),d) <
I(r(d)w) —1 if w(ag) € DT and (w(w),d) > 1

), d) =
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Proof Let 1 < i < r. By Proposition 46, a necessary and sufficient condition
for I(7(d)ws;) = I(T(d)w) + 1 is that 7(d)w(L;) € ®*. This means that for
v € § we need ((1(d)w) (v),q;) > 0, that is, (v — d,w(a;)) > 0. We may
take v near the origin. Then (v, w(«a;)) will be small, while (—d, w(«;)) €
Z. If (w(w;),d) is nonzero, then (v — d, w(e;)) > 0 depending on whether
(w(a;),d) < 0 or > 0. On the other hand, if (w(«a;),d) = 0, then (v —
d, w(a;)) > 0 or < 0 depending on whether w(q;) is a positive or negative
root, because v is in the positive Weyl chamber. This proves the first case.
We leave the second one (with ¢ = 0) to the reader, but similar considerations
suffice. O

Let us say that w € Wag is dominant if w(§) is contained in the positive
Weyl chamber. If d € QY then clearly d is dominant in this sense if and only
if it is dominant in the usual sense: (a,d) > 0 for all a € ®.

Proposition 48 Suppose d € QY and that d is dominant. Then

I(d) = (a,d) = (2p,d).

acdt

Here p= 3> . is the Weyl vector.

Proof The length I(d) is equal to the number of hyperplanes H, j between
§ and 7(d)F. The hyperplane H, j lies between § and 7(d)§ if and only if
0 < k < (a,d). There are {(«, d) of this, and summing over «, the statement
follows. a

11 Extended Dynkin Diagrams and Coxeter
Groups

Beyond the Dynkin diagram, there is also an extended Dynkin diagram for
each Cartan type. These too are tabulated by Bourbaki. The weights have a
partial order in which A > p if A —pu =" k;«;; where «; are the simple roots
and k; > 0. There is a unique highest root with respect to this order. Let
ap be the negative root such that —ay is this highest root. Then we adjoin
ap to the set {ay, -+, .} of simple positive roots, and draw the extended
Dynkin diagram by the same recipe as before based on the angle between
two (extended) roots: no edge between i and j if a; and «; are orthogonal,

70



double edge if they make an angle of 27/3, and so forth

extended Dynkin diagram.

. This results in the

Qo
e _
Type A,
a7 ap a3 Q2
L *— s J&7%
Qo
®
|
|
| Type B,
|
aq Qo Qs Q2 -
[ . —;—.ﬁ:‘
(67 (5] [(65) asg Qp_2
==x--9 . y Type C,
O[oQ
\
\
\
\
(5] [9%) Qs
1 - Type D,

Table 3: Extended Dynkin diagrams of the classical Cartan types.

Given the extended Dynkin diagram, we may make a Coxeter group using
the same recipe that we used for the ordinary Weyl group. That is, it has

71



" 8 Type Gy

ae--o &9 ‘o Type Fy
040?
“ Type Eg

(&%)

a Type E7
RSN JR: ARG /RS ARNY: ARG &

o
% Type E3

aq Qs Qg Qs (673 aq ag

Table 4: Extended Dynkin diagrams of the exceptional Cartan types.

one generator s; for each node ¢ in the diagram, with the braid relations:

5i8; = 5;8; if 7 and j are not joined by an edge,
5i8;S; = 5j5;5; if 7, 7 are joined by a single edge,
5i5;8iSj = 5;8;5j5; if 7, j are joined by a double edge,

5i5;5i5;8;5; = 5;5;5;5;5;5; if 1, are joined by a triple edge.

We have already seen that this is the affine Weyl group, and it is denoted
A,(nl), B,gl), Cﬁl), -+« in the notation of Kac, Infinite-dimensional Lie algebras.
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12 Roots and Coroots

If G is a semisimple algebraic group, there are two root systems ¢ and o
associated with G, which are in duality: there is a bijection &« — & from
the roots in ® to the coroots in ®. The Weyl groups W are isomorphic, but
long roots in ® correspond to short roots in d.

For many purposes it is useful to put the roots and coroots in the same
vector space V', so that we can write (as we have been writing)

av = 29 (54)
{a,q)
However ® and & arise differently, and in this section we will describe them
as living in different vector spaces, V' and its dual space V*. The reason we
may put them together is that the ambient space V of ® has a W-invariant
inner product, so we may identify it with V*. But let us keep them separated
for the moment.

Let T" be a maximal torus of GG, which we will assume to be defined and
split over F'. Thus T' = G for some r, the rank of G. We will denote by
X.(T) =2 Z" the group of one-parameter subgroups, that is, algebraic homo-
morphisms G, — T, and by X*(T") = Z" the group of rational characters,
that is, algebraic homomorphisms 7" — G,,. There is a dual pairing be-
tween these groups, since given a one parameter subgroup i : G,, — 71" and
a character A : T'— G, the composition is an endomorphism of G, of the
form x — 2%, so (i, \) — k gives a pairing X, (T) x X*(T) — Z. We will
denote this by (, ).

Let V = R® X*(T) and V* = R® X.(T). The roots ¢ will live in
V', and the coroots ® will live in V*. The roots, as we have mentioned,
are the nonzero elements of X*(7T') that occur in the adjoint representation
Ad : G — End(g), where g is the Lie algebra of G. The coroots are elements
of the dual module of X*(7T") that implement the simple reflections. That
is, we have for every root a a simple reflection s, : X*(T') — X*(T), and
there is a unique element o of the dual module X, (T") of X*(7T) such that
for A € X*(T") we have

sa(A) =X = (N, a¥)a.

Then oV is a coroot.
If G and G’ are connected algebraic groups, an isogeny is a morphism
f : G — G’ that is a finite covering map. The map f will be surjective in
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the sense of algebraic groups. However the induced map G(F) — G'(F)
may not be surjective if the ground field F' is not algebraically closed. For
example if F' is a finite field, G(F") and G'(F') will have the same number of
elements. Given ¢’ € G'(F) there exists g € G(F) such that f(g) = ¢', but g
may not be rational over F'. For semisimple algebraic groups, the kernel of
an isogeny f will always be a subgroup of the finite center.

The semisimple group G is simply-connected if there are no nontrivial
isogenies G’ — G. If the ground field is C, this is equivalent to G(C) being
simply-connected in the topological sense. We say G is adjoint-type if there
are no nontrivial isogenies G — G’. This means that the center of G is
trivial.

Given a Cartan type, there is a unique simply connected group in the
corresponding isogeny class, which we will denote Gg. It has a finite cen-
ter, and we will denote Gy./Z(Gs.) as Gaq, the adjoint form. The group
1 (Gaq) = Z(Gy) is a finite abelian group. It may be shown that it is iso-
morphic to P/ where @ is the root lattice (spanned by the roots in V') and
P is the weight lattice (consisting of A € V such that (\,a") € Z for all
coroots V). It is given in the following table for the simple Cartan types.

Cartan Type 71 (Gaa)

Ar ZT+1

B, 7

C, 7

D { Zy r odd

" Zy X Zy T even (Z, = Z/nZ)

E6 Z3

E7 Z2

Eg 1

Fy 1

Gy 1

Table 5: Fundamental groups of simple groups of Lie type.

Let Ty, and T,q be split maximal tori in Gy and G,.q, arranged so the
isogeny Gy, — Goq maps Ty, — T,q. The fundamental group of G4 is the
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center of Gg.. We have maps:

X, (Tsc) X*<Tsc)

| | (55)

Xi(Toa) X*(Tia)

They are of course all injective. It is useful to bear in mind that the roots
span X*(T,q) and that the coroots span X, (7).

It is useful to have embeddings SL, — G which have good integrality
properties. One way to do this is to realize the Lie algebra gr = F ®z gz
where gz is a Lie algebra defined over Z. It was proved by Chevalley, Sur
certains groupes simples, TAthoku Math. J. (2), 7:14-66, 1955, that every
semisimple complex Lie algebra g¢ had such a basis. By tensoring this with
an arbitrary field F', one obtains a Lie algebra gr, and the Lie algebras of
semisimple split reductive groups can all be obtained this way.

To give a bit more detail, the semisimple Lie algebra g = gr decomposes
via the adjoint representation as

g:t@@gaa

where t is the Lie algebra of T" and g, is the root eigenspace. Chevalley
showed that we may choose elements X, of g, such that [X,, Xg| = £(p +
1)Xo4p when o, 8 € ® are such that o + 3 is a root, where p is the greatest
integer such that § — pa € ®. Moreover, if H, = [X,, X_,] then H, € t,
and [H,, Xs] = (6,a")Xs. Thus the H, € t themselves form a root system
isomorphic to <f>, and sometimes the H, are called coroots, though we will
use that term differently.

The group G,q may then be taken to be the group of inner automorphisms
of g. The group G may be taken to be the universal covering group of G,q.

For every a € ®, the elements X,, X_, and H, satisfy

[Hom Xa] = 2Xa,, [Hom X—oz] = _2X—on [Xom X—a] = H,.

These are the defining relations of the SLy Lie algebra. Since SL, is simply
connected, it follows that there is a homomorphism i, : SLy — G such that
the induced map di, on Lie algebras that satisfies

. 1 . 0 1 . 00
dza< _1)—Ha, dza<0 0)—Xa, dza(l O)_X_O"
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As elements of X,(T'), the coroots are the homomorphisms oV : Gy, — T

defined by
L — 1o < t -1 ) .

It would be correct but potentially confusing to write this as a”(t) so we will
write instead

hov (1) = i < t - ) . (56)

We will also make use of homomorphism z,, : FF — G(F') defined for o € ¢

N vo(u) = i ( b ) . (57)

x_a(u):z'a<i 1).

Proposition 49 Ift,u € F and t # 0 then for o, € ® we have
hov (£)5(u)hov (1) = 2t P u). (58)

Then

If we W then
whav (t)w‘l = hw(a)v (:i:t). (59)

Proof Equation (58) is an exponentiated version of the formula
Ad(hav (1)) X5 = @A X4,

which is what we will verify. Since X spans a root eigenspace and ¢, -1

there is some integer k such that Ad (ia < t 1 )) X5 =t*X;. To deter-

mine k, we remember how to pass from an action of the Lie group to the Lie
algebra: we differentiate and set ¢ = 0. In other words, if p : G — GL(V)
is a representation and X € g, v € V' then

d
dp(X)v = — exp(tX)v]i=o.

If p = Ad then dp = ad. Thus

d d d

t
ad(Ha)XB = — Ad(tHa)X5|t:0 = — Ad (’ia ( € 6_1 ) Xﬁ) |t:0 - —€ktXB|t:0 = k‘Xﬁ.

dt dt dt
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On the other hand, ad(H,)Xs = [Ha, Xs] = (8,a")Xs. Therefore k =

(B,a”).
The action of W on T'(F') and hence on X, (T'(F)) is by conjugation, and
so (59) is also true. O

Let us consider an example. Let G = Sp,. This group is simply-
connected. It is the group of g € SL4 such that

—1

Then g is the Lie algebra of matrices of trace 0 satisfying XJ + J*X = 0.
Let T be the diagonal torus

ty?
tt

The simple roots a; and ao are the characters ¢t L and t%. The Chevalley
generators include

0 1 0 1
0 10 —1
XOél = 0 _1 9 X—a1 = 0 9 Hal =
0 -1 0
0 0 0
0 1 0 1
Xazz 0 ) XOQ: 1 O 9 H(Jzz:
0 0
We have
a b 1
; a b\ c d ; a b\ a b
T\ c d a —b |’ 2\ c d c d
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So the the coroots, as elements of X,(7"), are the homomorphisms G, — T
given by

t~1 1

The differentials of these maps send the unit vector to H,, and H,,, respec-
tively. We have

1 u 1
1 1 u
Zlfal (U) = 1 —u 9 xoc2 (u) = 1 9
1 1
1 U 1 u
1 U 1
Lag+az (u) = 1 ) T201 +a (u) = 1
1 1

The x_,(u) with a € ®* are the transposes of these matrices.

Exercise 11 Check (58) for various oV and 3.

To get started on the exercise, suppose a¥ = oy and f = a3 + az. To
calculate the inner product (o, 5), we embed the root system in Euclidean
space by the usual type C embedding (Example 3). In this embedding

] = €] — €y = (1,—1), a2:262:(0,2).

Although we have been avoiding using (54) we use it now for the purpose of
computing inner products, and find that

ol =(1,-1), o) =(0,1).

Therefore 8 = a;+ay = (1,1) and (o, ) = 0. Indeed, hqyy (t) and Ta, 4, (u)
commute, confirming (58).
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13 The Affine Weyl group in a p-adic group

Let G be a split, simply-connected, semisimple affine algebraic group over a
nonarchimedean local field F'. Let other notations be as in the last section.
We have already seen that N (T'(F))/T(F') is isomorphic to the ordinary Weyl
group. In this section we will show that N(T'(F'))/T (o) is isomorphic to the
affine Weyl group.

The Lie algebra g = gp is a finite-dimensional vector space over F'. The
Lie subring g, = 0 ® gz is a lattice, that is, a compact open o-submodule of
this F-vector space. The stabilizer of g, in GL(g) is a compact open subgroup
of GL(g), and so the stabilizer of g, in the adjoint representation of G(F)
on g is a compact open subgroup of G(F'), which we will denote by G(o0). It
contains, and is generated by, the groups z,(0) as o runs through the roots
of G.

With z, as in (57), let

U(F) = (zo(F)la € &),  U_(F) = (zo(F)lac®),  B(F)=T(F)U(F).

We will denote by T'(0) the intersection of G(0) and T'(F), and similarly for
the groups U, U_ and B.

Before we consider the general case let us consider the case G = SL, ;.
In this case, we recall the affine Dynkin diagram is as follows:

Qo

~®_

So what we are claiming is that N(T'(F'))/T (o) has generators sy, - - , s, and
sg subject to the relations

2 _
s; = 1
S$iSi+1Si =  Si4+15iSi+1
5i8; = 5;8; ifj=4+i+1modr

where the indices are taken modulo 7, so that in the second relation (7,74 1)
can be (0,1) or (r,0). Due to the cyclic symmetry of the diagram, there is
an automorphism 7 such that 7(s;) = s;41.
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Representatives for the s; may be taken as follows:

Ii 4

0 1 :
s; = 10 , (1<i<r) (60)
IT’—Z
and
o1

So = Ir—l ) (61>

(_1)r+1w

where w is a prime element. It is understood that these are actually cosets
of T(o) in N(T(F))/T (o). It is straightforward to see that these generators
satisfy the given relations.

Exercise 12 Check this.

To obtain an explicit isomorphism of N(T'(F'))/T (o) with the group gen-
erated by (sg, s1, s2) let us consider the action of G on F"*! by matrix multi-
plication. This induces a map of N(T(F)) on F"! /o™t = Z™+1 Tt preserves
the subgroup M of v = (v;) such that > v; = 0. We extend this to a vector
space V' =R ® M. Then s; (1 < i < r) acts by the usual Weyl group action.
On the other hand sq is the affine transformation that sends

(%1 Upy1 + 1
V2 V2
v = —
Ury1 vy — 1

Since ag = (—1,0,---,0, 1), this is the reflection in the hyperplane (ag,v) =
—1, as required.

Turning next to the general case, we have already explained how the
coroot lattice QY is isomorphic to X, (7). In the case where F' is an nonar-
chimedean local field, this gives an isomorphism QY = T'(F')/T (o). Indeed,
if @ € ® we map o' to hov(w™). Since we are dividing by T'(o) this
does not depend on the choice of prime element w. We extend this map
to Q¥ — T(F)/T (o) by linearity, and denote the image of d € QV by w=.

Theorem 15 Assuming that G is semisimple, split and simply-connected,
there exists an isomorphism Wog — N(T(F))/T(0). In this isomorphism,
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the image of Q¥ is T(F)/T(0) More precisely, the translation 7(d) € Wag
for d € QV is mapped to ™%, and the reflections s; are mapped to elements
with the representatives

. 1 : . w !
Si:Zai(_l ) (Z:].,"',T'), SOZZ—a()(_w )

By abuse of notation we will use the same notation for these elements of
N(T(F))/T(o0) as for the corresponding elements of the affine Weyl group.
Proof We must check that these embeddings are compatible, that is, that
w @ = wowdw! for d € Q¥ and w € W. This follows from (59). We
conclude that the advertised isomorphism exists.

Now we need to check that s; corresponds to the right reflection in the
affine Weyl group. This is clear for sy, -, s,. As for sg, we write

: ot . ot : 1 aV - 1
lmao | _ = 1_qy S = w0 i_q, 1 .

This corresponds to 7(—ay )7a, i Wag, which is the reflection in the hyper-
plane (ap,v) = —1, as required. (We are using the notation r,, to denote
the reflection determined by r,, in W.) O

Proposition . If d € QY we have

w i, (u)w? = x4 (w™ BYy). (62)

Proof This follows from (58). O

Exercise 13 Suppose that G = SLo. Show that with this identification of N(T'(F'))/T (o)
with the affine Weyl group, the length function is

l<p —a>:|2a|7 l< a p_ >:|2a—1|.
p p

This concludes our discussion of the case where G is semisimple and
simply-connected. Let us indicate what happens if these conditions are re-
laxed.

Without the assumption that G is semisimple and simply connected, we
may construct a homomorphism of @Y into T'(F')/T (o) as above. However
in general the map is not surjective.
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First consider the case where G = GL,,;. In this case, the affine Weyl
group must be enlarged. The generators sg, sy, - , s, defined by (60) and
(61) must be supplemented with another one:

-1

Since the determinant is not in 0, the coset of t in N(T'(F'))/T(0) has infinite
order. It may be checked that

1
tsit™" = Sit1,

where the elements are taken to be periodic, i.e. s,..1 = so. Therefore
N(T(F))/T(0) is a semidirect product of the Coxeter group W,g generated
by the s; by an infinite cyclic group: N(T'(F))/T(0) = Wag % Z.

If we are working over PGL,, 1, which is semisimple, the story will be the
same, but ¢"*! is a scalar matrix, and is in the center, so ¢ has finite order
7+ 1. In this case, N(T'(F))/T(0) = Wag x Q, where 2 is the cyclic group
(t) of order r + 1.

This is typical of the general semisimple case. If G is a split semisimple
group that is not simply-connected, then the fundamental group m(G) is a
finite abelian group which acts on the extended Dynkin diagram. It therefore
has an action on the affine Weyl group, and N(T'(F))/T (o) is the semidirect
product Wog x m(G).

14 The Iwahori-Bruhat Decomposition

After the Bruhat decomposition was found in the 1950’s, it was extended
in generality by Chevalley and Borel. Tits gave a fully axiomatic approach
(1962). A completely unexpected instance of Bruhat’s axioms was found
by Iwahori and Matsumoto, in a p-adic group. The (noncompact) Borel
subgroup B is replaced by the (compact) Iwahori subgroup, and the (finite)
Weyl group W is replaced by the (infinite) affine Weyl group Wg.

Let G be a split, simply-connected semisimple affine algebraic group over
the nonarchimedean local field F'. Notations will be as in the preceding
section. The Iwahori subgroup J, we have noted, consists of k € G(0) such
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that the image of k in G(IF,) lies in the Borel subgroup B(F,). Let I =
{50, 81, , 8.} be the set of simple reflections, together with the “affine”
reflection sg.

Theorem 16 (Iwahori and Matsumoto) Let G be a split, simply-connected
semisimple affine algebraic group over the nonarchimedean local field F'. The
data (J,N(T(F),Io) are a Tits” system. Therefore

G(F) = U JwJ (disjoint).

The proof will occupy the present section. The main thing to be verified
is Axiom TS3 (Section 7).

Let us consider how this will change if G is not simply-connected. In
this case, we have already explained, there is still a homomorphism from
the coroot lattice QY to T'(F')/T (o), but this homomorphism is no longer
surjective. It must be supplemented by another subgroup Q of N(T'(F')), as
at the end of the last section. If GG is semisimple, then €2 is isomorphic to the
fundamental group m1(G), which can be viewed as a group of automorphisms
of the extended Dynkin diagram.

The general case where G is reductive was considered by Bruhat and Tits.

For the rest of the section we will assume that G is split, semisimple and
simply-connected.

Let U be the unipotent algebraic subgroup generated by the x,(u) with
a € ®F. Let U_ be the unipotent subgroup generated by the x,(u) with
a € . If a is any fractional ideal let U(a) be the group generated by ()
with u € &+ and « € a, and similarly for U_(a).

The following fact is very important.

Proposition 50 (Iwahori Factorization) We have
J =U_(p)U(0)T (o).

That is, the multiplication map U_(p) x U(o) x T(0) — J is bijective. The
three factors can be written in any order.

Proof Rather than prove this in general we prove it for SL3 in order to
make the ideas clear. Let

1 up uso
g=| vi t2 wug e J
Vg Vs tg
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We will show that g € U_(p)B(0). The u; € 0, v; € p and since g is invertible,
the t; are units. Now we may multiply on the left by

1
I—al—az(_v2tl_1) = 1
— 1
which is in U_(p); this annihilates v,. For the purpose of showing that g €
U_(p)B(0), we see that we may assume vy = 0. Next we may multiply on the
left by x_q, (—vit;") and arrange that v; = 0. Finally, we use z_q,(—vst; ")
to arrange that vz = 0.

Now we know that J = U_(p)B(0), we may use the fact that B(o) =
T(0)U(o) = U(o)T'(0) to see that J = U_(p)T'(0)U(0) = U_(p)U(0)T (o).
We also have U_(p)T(0) = T'(0)U_(p), a semidirect product with U_(p)
normal. This allows us to put the U_(p) in the middle if we want. We see
that the factors may be in any order.

This same proof works for general G, and we leave this to the reader. See
Lemma 11 for a similar situation. O

Lemma 9 Ifu € U_(p) and w € W then wuw™ € J. Ift € T(o) then
wtw™! € J.

There is an abuse of notation here, since w is actually a coset of N(T'(F'))/T (o).
The truth of wtw=! € J is independent of the choice of w.
Proof We may assume that u = z,(v) with v € p. Then wuw ™" = zy(q)(ev)
where ¢ is a unit. If w(a) € & then this is in U(0). If w(a) € &~ it is in
U_(p). Either way it is in J. Also wT(o)w™' = T(0) since we chose the
representatives w of W to be in the normalizer of T'(0) in G(o0). O

Lemma 10 Suppose that o € ®, o # . Suppose that u = x,(v) where
either « € @+ and v € 0 or a € ®~ and v € p. Then sy usy € J.

O5\/, 1 _ O5\/
Sop = w Oz_a()(_l )—w Tap-

Proof We write

Then



By abuse of notation we are using the notation r,, to denote both the reflec-
. . . o 1.
tion r,, in W and its representative i_,, ( 1 ) in T'(F)/T(o).

First assume that o € ®* and v € 0. Since —ag is the highest root,
(g, &) < 0 by Proposition 41. If (o, @) < 0 then this is in J by Lemma 9.
On the other hand if (a,) = 0 then ry)(a) = a since ap and « are
orthogonal roots, and so sy usy = u € J.

Next assume that o« € ®~ and that a # «y. In this case we are also
assuming that v € p. Then (ay,a) > 0 by Proposition 41. Indeed, by
Proposition 41 and our assumption that o # ag we have (o, @) < (o, ) =
2. Since (o, ) is an integer, (ay, @) < 1. if (ay, @) < 0 then w6y € p
and SouSy = Tr, (a) (wted-2)y) € J by Lemma 9. We are left with the case
(o ;@) = 1. In this case @~ (@0:%y € 0. Moreover r,,(a) = a — (ay, a)og =
a — «p. This cannot be a negative root since —ay is the highest root, and so
Lo (o) (@™ (@0 0) € U(o) C J. O

Iwahori and Matsumoto showed that the Iwahori subgroup satisfies Bruhat’s
axioms, giving rise to a Bruhat decomposition based on the affine Weyl group.
The next result is a first step towards this goal.

Proposition 51 If w € Wy and l(ws;) = l(w) + 1 then wJs; C Jws;J.

Proof First assume that 1 <7 < r.

Using the Iwahori factorization, we may write an element of wJs; as
wuyu_ts; where u_ € U_(p), t € T(0o) and uy € U(o). By Lemma 9
u_ts; € s;J, so we may assume that the element is of the form wu,s;. Now
we write uy as a product of elements of the form z,(v) with v € 0. If @ # ;
we have s; ', (v)s; = T5,(0)(v) and s;(a) € ®T, so this is in J. Therefore we
may handle all the z,(v) this way except only one root o = «;. It is thus
sufficient to show that wz,,(v)w™ € Jw.

We may write w = w9’ where w’ € W and d € Q. By (62) we have
W, (V)W = T (0 (V)T = Tyy(ay) (@7 @D)y). By Proposition 47
we have either (w'(e;),d) < 0 or (w'(e;),d) = 0 and w'(e;) € . Assume
first that (w(a,),d) < 0. Then w4 (@))y € p and Ty (a;) ("¢ @) € J
regardless of whether w’(«;) is a positive or negative root. On the other hand
if (w'(;),d) =0, we are guaranteed that w'(a)) € ®*. In the second case we
also have (o) (@ " @) = 2,10, (V) € J.

It remains for us to treat the case ¢ = 0. We may use the Iwahori
factorization again to write an element of wJsy as wu_u,tsy where u_ €
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U_(p),t € T(o) and uy € Uy(0). We have, as before tsy € soJ, and we may
write u_ and uy as products of factors z,(v) where either o € ®* and v € o
or « € &~ and v € p. In every case except a = oy we have u,s¢ € soJ by
Lemma 10.

We are therefore left to show that wx,, (v)w™ € J. We write w = w ™%’
where w’ € W and d € QY. By Proposition 47 we have either (w'(ayg),d) <
1 or (w'(ap),d) = 1 and w(ag) € ®". Now consider wz,,(v)w™ =
Tt (a) (0 "E@0)0) . Since v € p if (w'(ap),d) < 0, then wl=dw'(@y ¢ p
and s0 WTy, (v)w™ € J by Lemma 9. On the other hand if (w'(ap),d) = 1
and w'(ap) € ®F then wl=dw' @)y € o, and in this case wr,,(v)w™ €
U(o) C J. O

d

Proposition 52 If0 < s; < r then s;Js; € JU Js;J.

Proof First assume that 1 < i < r. We may write an arbitrary element
of J as a product of factors of the form ¢t € T" and x,(v) where either v € o
and o € ®F or v € p and o € ®~. Except in the case o = «; we have
87 ' (V)8 = Ts(a)(v) € J, because if a € @+ and o # o then s;(a) € ®F,
while if & € ®~ then v € p and so s; 'z,(v)s; € J by Lemma 9. Also
s;'ts; € T(0) € J. In conclusion, every one of the factors except one may be
moved across s;. We are left with showing that s;xz,(v)s; € J U Js;J. We
have v € 0. If v € p then we may use Lemma 9. Therefore we assume that
v € 0*. We make use of the identity

GO =) =0 ) D)0

Applying i,,, this leads to

- _ : v
S 00, (0)Sa; = Tay (—07 1) 50440, ( -1 ) € Jsq, .

This concludes the proof when 1 <7 < r.

Next assume that i = 0. We leave it to the reader to check that if o £
and either v € 0 and o € ®F or v € p and @ € &7, then s; 'z, (v)sy € J.
This leaves us to consider the case where o = oy and v € p. It may also be
checked that if v € p? then sy x4, (v)sg € J. Therefore we may assume that
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v = we where € is a unit. Now we use the identity

<w _w_l)<wlg 1)(—w w_l) B
(e )= 705 =)

Applying i_,, shows that sy 'z, (we)sy € C(so). O

Exercise 14 Verify the claim in the above proof that if ¢ = 0 and o # ag and
either v € 0 and o € ®* or v € p and @ € &, then so_la:a(v)so e J.

We will use the notation JwJ = C(w) as in Section 7. Then the content
of Proposition 51 may be written C'(w)C(s;) = C(ws;) if l(ws;) = l(w) + 1,
and Proposition 52 may be written C(s;)C(s;) C C(1) U C(s;).

Theorem 17 Ifw € Wog and 0 < i < r then
wds; C Jws;J U JwlJ.

Proof This may be written C(w)C(s;) € C(ws;) U C(w). If l(ws;) =
[(w) 4 1, this follows from Proposition 51.

Therefore we assume that [(ws;) = [(w)—1. Let w’ = ws;. Then [(w's;) =
[(w") + 1 and so by Proposition 51 we have C(w')C(s;) = C(w's;) = C(w).
Therefore

C(w)C(s;) = C(w")C(s:)C(s;).
By Proposition 52 this is contained in
C(w)C(s;)) UC(W")C(1) = C(w) UC(w') = C(w) U C(ws;),

as required. O

This gives us Axiom TS3. The other axioms we leave to the reader.

Exercise 15 Verify the remaining axioms of a Tits System. Hint: For Ax-
iom TS5, you must show that G is generated by J and N(T(F')). Show that
conjugates of U(o) by elements of T'(F) contain all of U(F), and so the group
generated by J and N(T'(F')) contains B(F).

This concludes the proof of Theorem 16.
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Lemma 11 Ifu € U_(F) then u € G(0)B(F).

Proof We write
U= H Zo(Uq), Uy € F.
acd—

We order the roots so that if S comes after a in the product, then either
f — « is not a root or  — a € ®T. We may accomplish this by taking the
negative roots « such that the inner products (—p, ) are in nonincreasing
order.

Now we modify u by left multiplications by elements of G(0) and right
multiplication by elements of B(F') so that until all u, are 0. Let o be the
first root such that x,(u,) # 0. If u, € 0, we left multiply by x,(—u,). If

1 ) We have
-1 wu,

i_a< ;) ula )za(u) i, ( “ ul_l ) € B(F).

Conjugating the remaining zz(ug) by this element of B(F') produces com-
mutators that are in B(F') by the way we have ordered the roots. In either
case, we are able to replace u, by 0. Continuing, eventually all u, are zero.

U, € 0 then we left multiply by i_,, (

Theorem 18 (Iwasawa Decomposition) We have G(F) = G(0)B(F) =
B(F)G(o).

Proof Using the Iwahori-Bruhat decomposition, it is sufficient to show that
JwJ C G(0)B(F), where w € W,g may be written w = w't with w’ € W
and t € T. Now Juw' € G(0) so what we must show is that tJ C G(0)B(F).
Using the Iwahori factorization, we write a typical element of J as u_b with
u_ € U_(p) and b € B(o). Now tu_t™' € G(0)B(F) by the Lemma, so
tu_b = (tu_t=1)tb € G(0) B(F). O

The following decomposition is called the Cartan decomposition by anal-
ogy with the corresponding decomposition in Lie groups. However in this
p-adic context the result is actually due to Bruhat.

We will say that an element of d € QY or its ambient vector space is
dominant if (d,a) > 0 for all &« € ®*. Then (because we are assuming G
to be simply-connected) the @? with d € Q¥ dominant form a fundamental
domain for the action of W on T'(F)/T (o).

88



Theorem 19 (Cartan Decomposition) We have

GF)= |J G)='Gle) (disjoint).

de QY
d dominant

Proof We have

U Jwi= |J Juwz'J

wEWag de Qv
weW

where w™¢ € T(F) and w € G(0). This shows that G(F) = Jyeov G(0)@w G o).
Since G(0) contains representatives for W, we may conjugate @? by W and
assume that d is dominant.

We will omit the proof that these double cosets are disjoint. For GL,,, we
proved it in Proposition 35. For the general case, see Bruhat, Sur une classe

du sous-groupes compacts maximaux des groupes de Chevalley sur un corps
p-adique. (French) Inst. Hautes ALtudes Sci. Publ. Math. No. 23 1964
45-74, ThAlorAlm 12.2. O

15 The Iwahori Hecke algebra

We continue to assume that G is semisimple, split and simply connected and
following Iwahori and Matsumoto we consider the structure of the Iwahori
Hecke algebra.

It will be convenient to normalize the Haar measure so that J has volume
1. Then H; is the ring of J-bi-invariant functions. The convolution is then
normalized thus:

(¢1 % 2)(g /¢19h )¢a(h) dg
Since we have a set of J double cosets in the affine, let ¢,, be the characteristic

function of BwB for w € Wg.
We have an augmentation map € : H — C defined by

:me@
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Lemma 12 We have €(¢1 * ¢2) = (d1)e(d2).

Proof Indeed e(¢1%¢2) = [ [ d1(gh™") ¢2(h) dh dg. Interchanging the or-
der of integration and substituting g — gh, the integral factors as required.
O

Lemma 13 Let G be a group, H a subgroup, and x € G. Then the cardi-
nality of the coset space HxH/H is [H : HNxHx ™.

Proof Now if K and H are arbitrary subgroups of G then the inclusion of
K into K H induces a bijection K/(H N K) — KH/H. (The coset spaces
here are not groups since we are not assuming that H is normal.) Indeed, the
composition K — KH — KH/H is certainly surjective, and two cosets
kH = k'H with k, k' € K are equal if and only if k'’ € H; since k~'k’ € K,
this is equivalent to k and &’ having the same image in K/(H N K).

Left multiplication by 27! commutes with right multiplication by ele-
ments of H, hence induces a bijection HvH/H — v 'HxH/H = KH/K,
where K = 2 'Hxz. Therefore HxH/H is in bijection with x='Hz/(H N
x~'Hzx). Now conjugating by x, this is equivalently in bijection with H/(xHz =N
H). O

Proposition 53 Let w € W. Then
e(pp) = |[JwJ/J| = [JNwJw™"].

Proof Since ¢, is the characteristic function of Jw.J, it is clear that (¢,,)
is the volume of this double coset. This equals the number of right cosets in
JwJ/J since each of those cosets has volume 1. a

We will say that an element of d € QY or its ambient vector space is
dominant if (d,«) > 0 for all & € ®*, and antidominant if —d is dominant.
More generally, if w € W,g, we say that w is dominant if wg§ is contained in
the positive Weyl chamber C, and antidominant if wg is contained in —C.

Lemma 14 Suppose that d € QV is dominant, and let w = w?. Then

e(¢w) = ¢'*).

Note that w? is antidominant, since the embedding of Theorem 15 sends
7(d) to w~? Thus w actually corresponds to —d.
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Proof We note that wU(o)w™' C U(o) while wU_(p)w™ D U_(p). Indeed,
by (62) and our assumption that d is dominant, we have wx,(0)w™" C z,(0)
if « € &, while wz,(p)w™ D z4(p) if a € .

Both groups J and wJw™! have Iwahori factorizations, J = U_(p)T(0)U (o)
and

wJw™ = (wU_(p)w )T (o)(wU(0)w™).
It follows that
JNwJw™ = U_(p)T(0)wU (o)w™*

Indeed, it is clear that the right-hand side is contained in the left-hand side.
For the other inclusion, if we have an element g of J and write it as ¢ = u_tu
with u_ € U_(p), t € T(0) and v € U(o), and if it also equals ' t'v’ with
' € wU_(p)~Y, ¢ € T(0) and v/ € wU(o)w™!, then u='u’ = tu(t'u')~' €
U_(F) N B(F). The intersection of these two groups is trivial, so u_ = u’,
and so g = v/ tu is in U_(p)T (0)wU (o)w™".

We see that [J : J NwJw ] = [U(0) : wU(0o)w™"]. This index is, again
by (62)

H [24(0) : wag(0)w™t] = H [24(0) : wra(p')w ] = H glo)

By Proposition 48, this equals ¢!, O

Proposition 54 Let 0 < i < r. Then e(¢s,) = q.

Proof We leave it to the reader to check that if 1 < i < r then siJsi_l =
U_(p)T(0)U;(0) where

o) =TT { 8 o

o | Za (0) otherwise.
aE

The index in J equals [U(o) : U;(0)] = ¢q. Similarly if i = 0 then s;Js; " =
U’ (p)T(0)U (o) where

b ro(p?) if a = ay,
U-(p) = H { To(p)  otherwise,
acd—
and again the index is q. O
Now let G be a group and H a subgroup. We will assume for all z € G
that i(z) < oo, where i(x) = |[HzH/H| = [H : HNzHz™'].
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Lemma 15 Let G be a group and H a subgroup. Define i(x) = H N xHz™!
for x € G. Suppose that z,y € G. Then i(zxy) < i(x)i(y).

Proof We have i(y) = [H : HNyHy '] and conjugating by z, i(y) =
[xHz™' . xHx~' N (zy)H(zy)~']. Intersecting with H can only decrease the
index, so

[HNxHz ' HNaHz ' 0 (zy)H(xy) ™Y <iy).
Now

i(ry) = [H : H N (xy)H(zy) "]
[H:HnaHz ' N (zy)H(zy)™Y] =
[H:HNzHz [HNzHz™ : HNaHz ' N (xy)H(zy) ™"

N

N
.
—
8
=
—
<
~—

Theorem 20 Let w € Wog. Then (¢,,) = ¢'™).

Iwahori and Matsumoto deduce this quickly from Proposition 54. It seems
to me that there is a gap in their proof, which I fill using Lemma 14.
Proof By Proposition 53 and Lemma 15 we have £(¢ww) < €(Gw)e(Gur).
Using this fact and Proposition 54 it follows that £(¢,,) < ¢'), after factoring
w into a product of simple reflections.

We claim that for every w € W,g there exists a w’ € W,g such that
l(w'w) = 1(w) + [(w') and (dyrp) = ¢ ). By Lemma 14 it is sufficient
to find w’ such that w'w € QVY, with w'w an antidominant element of QY. Tt
is easy to see geometrically that we may find a path from wg to the negative
Weyl chamber that does not cross any of the hyperplanes H, ybetween § and
wg, and we may arrange that the path ends in an alcove w'w§ that is a
QV-translate of §. Since the path does not recross any hyperplane that it
has already crossed, [(w'w) = l(w') 4+ l(w).

Now we have

¢ = £(Gun) < (b )e(du) < ¢e(00),

50 £(¢w) = ¢'™). We have proved both inequalities and the statement follows.
O

Corollary 1 If l(ww') = l(w) + (W) then ¢yuw = Pu * Py
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Proof In the integral
(Pw * Pu)(g) = / ¢w(gh_1>¢uﬂ(h) dg,
G

the integrand vanishes unless gh~! € Jw.J and h € Jw'J, which implies that
g=gh ' -hisin JwJ' - Jw'J. But by Proposition 51 we have JwJ - Jw'J =
Jww'J. Thus the convolution is supported on a single double coset and so
Ouw * Oyt = CPuyy for some constant c. We apply € and apply the Theorem to
get ql(w)—i-l(w’) — qu(w)—i-l(w’)7 soc=1. O

Now we need to know the quadratic relations. We will leave some of the
work to the reader.

Exercise 16 Show that if 0 < ¢ < r then JU Js;J is a group. Hint: if ¢ # 0 then
this is ‘ ‘

U (p) ia;(SL(2,0))U" (o)
where

Ul—(p) = H xa(p)v UZ(O) = H xa(o)'

acd- a€ ot
a# —a; a# o

Show that this is closed under multiplication because i, (SL(2, 0)) normalizes the
two unipotent groups.

Proposition 55 Let 0 < i < r. Then

¢2 = (q—1)¢s, +q.

Proof Since the support of ¢; is contained in J U Js;J, which is a group,
¢? is a linear combination of ¢y (the identity element in H ;) and ¢,,. Thus
gbi = ags, + bpy for some a and b. To compute b, evaluate at the identity.
We have ¢1(1) =1 and ¢, (1) = 0, while

(636000 = [ oMot ah= [ an=175/11=q

by Proposition 54. Therefore b = q. We apply the homomorphism e : H; —
C such that e(¢,,) = 1 and obtain the relation ¢*> = ag + b and since b = ¢
we get a =q— 1. O

Taking W to be the Coxeter group W, we have an Iwahori Hecke algebra
H,(Wag), with generators 7; in bijection with the s;, subject to the quadratic
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relations and the braid relations. Using Tits’ Theorem (see Theorem 14) we
may define elements T, for w € Weog by T, = T;, - - - T}, where s;, ---s;, = w
is a reduced decomposition for any w € Weg with [(w) = k. It is easy to see
that the T, span H,(Wag).

Theorem 21 We have an isomorphism H; — H,(Wag) in which ¢s, —
T;.

Proof We have checked that the ¢; satisfy the quadratic relations in Propo-
sition 55. The braid relations follow from Corollary 1. For example, suppose
that the order n(i, j) of s;s; is 3; then s;s;s; = s;5;5;. Let w denote s;s;s;.
Then l(w) = I(s;) + I(s;) + I(si) and so ¢y, = @, * @5, * ¢s,. Similarly
buw = @s; * Gs; x ¢s,, and so the braid relation is satisfied. Hence there is a
homomorphism H,(W,g) — H; in which T; — ¢,.

Since the Ti, span H,(W,g), and their images ¢,, are a basis of H, it
follows that this homomorphism is a vector space isomorphism. O

16 Bernstein-Zelevinsky Presentation

An important presentation was described by Bernstein in lectures but never
published by him. He proved it in collaboration with Zelevinsky, but they
did not publish the proof. The first proof was published in

e Lusztig, Affine Hecke algebras and their graded version. J. Amer.
Math. Soc. 2 (1989), no. 3, 599-635.

Another proof, for GL,, only, is found in:

e Howe, Affine-like Hecke algebras and p-adic representation theory. Iwahori-
Hecke algebras and their representation theory (Martina-Franca, 1999),
27-69, Lecture Notes in Math., 1804, Springer, Berlin, 2002.

Another proof is found in:

e Thomas J. Haines, Robert E. Kottwitz, and Amritanshu Prasad. Iwahori-
Hecke algebras. http://arziv.org/abs/math/0309168, 2003.

The latter proof is less difficult than Lusztig’s but starts with different
premises since it does not begin with the abstract Hecke algebra given by the
Iwahori-Matsumoto presentation.
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We start with a root system ® in a vector space V. Assume that ® spans
V. We recall that Q" is the coweight lattice, and PV be the coweight lattice.
This is the set of AY € V¥V =R ® @V such that (\Y,«) € Z for all « € O.

We recall that the affine Weyl group W,g is the group generated by the
simple reflections {sg, s1, -, 8.} in the walls of the fundamental alcove §.
If d € QY we denote by 7(d) the translation v — v + d. If we identify Q"
with its image under 7, then W,g is the semidirect product W x QV.

It is easy to see that translations by elements of PV also permute the
alcoves, though these are generally not contained in W,g. The extended
affine Weyl group Wag is group generated by 7(PY) and Wag. The whole
group W, then acts on V'V, permuting the alcoves, extending the action of
Weag in which Q¥ acts by translations.

Remark 2 The extended affine Weyl group arises as follows. As we have
seen, if GG is a split semisimple group over a local field F' that is simply
connected then N(T'(F))/T(0) = Wag. If G is not simply-connected the
group N(T'(F))/T (o) is larger than W,g. In the extreme case where G is of
adjoint type, then N(T(F))/T(0) = Wag.

There is a difference between the actions of Q¥ and P on the alcoves. If
AV € PY but AV ¢ @V, the translate § + AY is an alcove, so it agrees with w§
for some w € W,g. However since AV ¢ QV, 7(A\Y) ¢ Wag. Thus the transfor-
mations v — v + A and v — wv are not the same. Both transformations
take § to the same alcove, but in a different spatial orientation. This leads
to the following Proposition.

Proposition 56 The finite abelian group PY/QV is isomorphic to the finite
group Q of affine linear maps in Wag that stabilize §. Since {sq,--- ,s,} are
the reflections in the walls of §, this means that if t € Q then s; — ts;t~!
is a permutation of {sg, - ,s.}. The group W is the semidirect product
Wag X (PY/QY) by this finite group of autormorphisms.

Any automorphism of the Coxeter group W,s that permutes the gener-
ators must preserve the braid relations, which are encoded in the extended
Dynkin diagram. The group PY/QY can therefore be interpreted as a sub-
group of the group of automorphisms of the extended Dynkin diagram.
Proof Conjugation by an element of the subgroup Q of W,g that stabilizes
§ permutes the reflections {sg, - - , s,.} in the walls of §, and so it normalizes
the group W, that they generate. If \Y € PY then 7(\Y)§ = §F + AV is
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an alcove, so there exists a unique w € Weg such that wr(AY)§F = §. Now
wr(\Y) € Q. Hence Wy - Q contains W,g and PY with W,g as a normal
subgroup, and since these generate W,g, we have Wog = Wog x (2. O

We extend the length function on Weg by writing l(wt) = [(w) when
t € Q). Therefore elements of €2 have length zero.

Proposition 57 If w € W,g then l(w) is the number of hyperplanes H,
between § and wg§.

Proof If w € Wag then this follows from Lemma 8 and Theorem 14. For
general w € Wg, there is w’ € W, and t € € such that w = w't. Now
wF = w'F and l(w) = l(w'), and the statement follows. O

We say that AV € PV is dominant if (c;, \Y) > 0fori=1,--- r.

Proposition 58 Let AV is a dominant element of P¥. Then with 1 <i <r

we have
oy S UTY) +1if (o, AY) =0,
H(r(AT)si) —{ FOV) =1 if {an AY) > 0.

Proof Let w = 7(\Y)s;. Suppose that (a;, \¥) = 0. Then every hyperplane
H, . that separates § from § + AV also separates § from s;§ + A", and there
is one more that lies between § and s;§ + AV, namely the hyperplane H,, o,
which is a wall of the positive Weyl chamber. Thus I(7(\Y)s;) = I[(7(AY))+1.

On the other hand, suppose that (a;, AY) > 0. Let us count the hyper-
planes between § and s;§ as follows. Let v € § be very close to the wall
L; = H,,p. Then s;v + AV lies in s,§ + AV and is close to v and we follow
a straight line from an interior point of § to the two points v and s;v + V.
These intersect the same hyperplanes except that the path to s;§ + AV does
not intersect H,, o+ AY. Therefore I(7(\Y)s;) = I(T7(\Y)) — 1. 0

Let H,(Wag) be an Iwahori Hecke algebra associated with W,g. That is,
it has generators Ty, 11, -+, T, with the usual relations, determined by the
extended Dynkin diagram of an irreducible root system ®. The parameter g
can be an indeterminate, for the ring is described in terms of generators and
relations. We will eventually need both ¢ and /g to be in the ground field.

The relations satisfied by the T} are the braid relations, and the quadratic
relations T? = (¢ — 1)T; + q. The ring H,(W,g) has a basis consisting of

elements T, (w € Wag) where T,, = T}, ---T;, when w = s;,---s;, is a
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reduced decomposition of w into a product of simple reflections. This is
well-defined by Tits’ theorem (Theorem 14).

Let Hq(Wag) be the algebra with basis T}, where w € W,g, with the
following description. It has generators T; with i € {0,1,--- 7} subject to
the braid and quadratic relations, with additional generators T; (¢t € ),
subject to the conditions that T;T, = T;, when t,u € €2, and the additional
relations 1} T, = Ti-11; when t € Q and w € Wg.

Proposition 59 If w,w’ € W,y and l(ww') = l(w) + l(w') then T,T,y =
Tww’-

Proof First consider the case where w,w’ € Wag. Let w = s;---s,
and w' = sj, ---s;, be reduced decompositions, so k = [(w) and [ = [(w').
Then ww' = s;, 8,55, ---5j is a reduced decomposition, and Ti,, =
Ty T, Ty - Tj, = Ty T

Now we turn to the general case. Write w = wyt and w’ = w)t’ where
t,t' € Q. Let w), = twit™" € W,g. It has the same length as wj}, since
conjugation by t simply permutes the generators. Now ww’ = wywhtt’ and
Hwywy) = Hwy) + H(wh). Thus Ty, = T, Ty We have

!

Tw = Twlirta Tw’ = TwﬁT‘t’a
SO

Tww’ = Twlwétt’ = Twlwé,—rtt’ = TwlTwéﬂﬂ’ = TwlﬂTw’lﬂ’ = TwTw’-

Lemma 16 T, is invertible. Indeed, if w = s;, ---s;, then

T =TT T =g 4 (- g7, (63)
Proof It follows from the quadratic relation T? + (¢ — 1)T; + ¢ = 0 that
¢ 'T; + (1 — ¢7') is an inverse to T;. The rest is immediate. a

The Bernstein-Zelevinsky presentation is related to the realization of the
affine Weyl group as a semidirect product Wos = W x PY. It realizes the
algebra H,(Wag) as the amalgamation of two subalgebras, namely H, (W)
and an abelian subalgebra isomorphic to the group algebra of PY.
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We have a map PY — H,(Wag)™ defined by d +— T,. But this map is
not a homomorphism. Indeed, by Proposition 59 T,,T, = Ty if [(ww') =
[(w) 4+ {(w") though not generally otherwise. Therefore

However we may obtain a proper homomorphism PY — H,(Wag)* as
follows. Let Py  be the set of dominant weights in the coroot lattice. Thus
de Py ifd e PY and (d,a) > 0 for every root .

Lemma 17 Ifd,d € Py then l(dd") =1(d) + (d") and so Tyw = TyTy.

Proof We use the characterization that [(d) is the number of hyperplanes
H,  that lie between the fundamental alcove § and § + d. Let Hy,---, Hy
be the hyperplanes between § and § +d, and Hi, - -, H] be the hyperplanes
between § and F+d'. The k+1 hyperplanes Hy,--- , Hy, H{+d,--- , H/+d lie
between § and §+d+d'. Indeed, Each of the hyperplanes H; is perpendicular
to « for some positive root a.. Since (d,a) > 0, we may take a straight-line
path from v € § to v + d, and follow that by a straight-line path from v + d
to v+d+d" and it will cross each of the advertised hyperplanes exactly once.

The last statement follows by Proposition 59. O

Now we have a monoid homomorphism 6 : Py~ — H,(W,g)™ defined by
0(d) = ¢~"D/2T;. The group PV is the Grothendieck group of this monoid.
That is, it is universal for homomorphisms of the monoid Py,  into groups.

Therefore we obtain a homomorphism 6 : P¥ — Hx(W,g) such that 0(d) =

q¢ ' 92T,; when d is dominant. In general, if we have d € PV we may write
d = d; — dy with d; and dy dominant, and 6(d) = q(l(d2)_l(d1))/2Td1TC;1.

The group homomorphism 6 : PY — Hx(W,g)" extends to a ring ho-

momorphism from the group algebra C[PY] — H*(W,g). The image © of
this map is the vector space spanned by the elements 6(d) with d € PY. This
is an abelian subalgebra © isomorphic to the group algebra of PV. We wish

to consider H,(W,g) as an amalgam of this commutative ring © and H,(W).
Let wy, - ,w) be the fundamental coweights, defined by the formula

(anwl) =65, (i=1,-- 7). (64)

Lemma 18 Let \Y € Py, . Then l(T(\Y)) = (2p, \Y) where

p=5 > a

acdt
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Proof The proof of Proposition 48 goes through without much change. Let
w € Wag such that wF = 7(AY)F. Then 7(A\Y) = wt for some t € Q, so
I(t(AY)) = l(w). This is the number of hyperplanes H, between § and
§ + AV, and the number of these is counted as in Proposition 48. O

Lemma 19 We have

wy + sk(wy) =Y (—lag, o))y
ik

This is an element of Py, . Moreover

> (o, ai(r(w)) =1 <T (Z( - (%%ﬁ)) wjv) Sk) —1 =2I(7(wy))—2.

i#k i#k
(65)

Proof We have
se(wy) = wy — (ap, wy)ay = wy —ay.

Now expanding oy = ) c;e}, using (64) we have ¢; = (a;, ay).

T

wl\f/ + Sk(wl\€/> = 2wl\€/ - al\f/ = 2wl\c/ - Z<O&j,0&,\€/>u)}/ - - Z<aj7a;f/>w;'/7 (66>
=1 jk

since (ag, @) = 2. The coefficients —(o;, )/) are all nonnegative, so this is
in Py . By Lemma 17

> (o, a)Ur(w))) =1 (Z—@»%ﬁﬁ(wﬁ) :

%k i#k

Now «y, is orthogonal to wjv when k # j, and it follows from Proposition 58

that
! (T (Z ( — (aj,aZ)> wjv> sk> =1 (Z —<ozj,aZ)T(wjv)> + 1.
J#k J#k
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It is well-known that p is the sum of the fundamental weights w; defined by
(o ,wj) = d;5, 50 (p, ) = 1. (Bump, Lie Groups, Proposition 21.16.) Using
Lemma 18,

<Z —<aj,az>r<wjv>) = (20,0} + se(w))) = (29,20 — ) =
J#k
202p,0)) = 2(p.a)) = 2A(r(w))) 2.

O

Lemma 20 If \Y € PY is orthogonal to oy, then Tj, and T.(nvy commute.

Proof We may write A as the difference of two dominant coweights that
are orthogonal to ay and hence reduce to the case where AV is dominant.
By Proposition 58 we have I(7(\Y)sy) = I(T(A\Y)) + 1. Since sx(A\Y) = AV —
(a, \V)a)! = AV we have

skT(A)s !t = 7(sp(AY)) = T(\Y)

so T(AY)sp = sp7(AY), and U(sp7(AY)) = {(T(AY)sk) = A(7(AY)) + 1 also.
Therefore by Proposition 59 we have

TkTT()\\/) = TskTT()\\/) = TSkT()\\/) = TT()\V)TSk = TT()\V)Tk.

Lemma 21 We have
—<aj,av>
Tr s Tr(wy) = Tk ( Ty ) : (67)
J#k
Proof By Lemma 19

T(wy)skm(wy)sy ' = T(w)T(sk(wy)) = 7 (Z ( — (o, OKZ>)%V>
J#k
(W) )siT(w)) =7 (Z( — (aj,aZ))wjv> Sk (68)

i#k
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By Lemma 19

l <T (Z < - <aj,a,g>> w}’) sk) = 20(r(w))) — 1. (69)
J#k

Furthermore by Proposition 59 we have

_ _ —(aj,ap)
TT(Zj¢k(_<aj’aX>)wa'v)5k - TT(Z#k(—@‘ijCX”“JV)TSk — <-7ék TT(WJ'V) ) .
j

We have used the fact that 7T’ T(WJ.V)Tk =TT (w)) when j # k by Lemma 20 to
move the T} across the product.
On the other hand by Proposition 58 we have

I(7(w))se) = U(T(wy)) — 1.
By (69) the length of (68) is 2{(7(wg)) — 1, so Proposition 59 implies that
TT(w,\c/)skT(w]\c/) = TT(wk)skTr(wZ)-

Invoking (68) one more time gives (67). O

Theorem 22 Letd € PY and let 1 < k < r. Then 0(d) — 0(skd) is divisible
by 1 —0(—ay) in the ring © and

0(d) — (s(d)

0(d)Ty — Tyt (54() = Tub(d) ~ O(su(@)Ti = g = =T (70)
Proof It is enough to show
AT, ~ Tib(s(@) = (g - ALV ()

1—0(=qy)

Indeed, if this is known, then replacing d by si(d) and multiplying both sides
by —1 gives another expression for the right-hand side, namely T,0(d) —
First suppose that (71) is true for d and d’. Then since 6 is a homomor-

phism from P to H(W,g)* we have

0(d+d)T — Tif(sp(d + d) =
O(d)(6(d)Th = Ty(si(d)] + [0(d) Ty, = Tib(51(d)]8(s4(d))-
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Substituting (71) and simplifying we see that it is true for (d+d’). A similar
argument shows that (71) for d implies the same formula for —d. Therefore
we are reduced to the case where d is chosen from a basis of PV.

We have

\/ \/ . .

w, —af fi=k
\Y V \Y \Y k k ?

spw, = w, — {og, w, Yo, = e

ks i~ o, wi)oy {0 if i #k.

Therefore

O(w)) = O(siwy’) [ O(wy) ifi=Fk,
1-6(—ay) L0 if i # k.
We must therefore show that

0w \Ti — Tif(s1(w))) = { g(w,ﬁ) iz ; IZ’ (72)

Let us first consider the case where i # k. In this case six(w;’) = w,’, by
Lemma 20 T and 6(w,”) commute, so (72) is satisfied.
Next let us conmder the case where ¢ = k. We will prove

T (si(w))) = ¢ " “PT (s, (73)

By Lemma 19 s (w)) = (— > il a%)w,}’) —w)/ is expressed as a difference
between two dominant elements of PV. Therefore

Q(Sk(wl\;)) _ H(q_l(w;/)/qu—(w]Y))_<aj7ak> (wk)/QTT—(wk)
J#k

The factors on the right-hand side commute with each other since the image
of 7(PY) is commutative. (See Lemma 17.) Using Lemma 19 we may rewrite

this
0(s(wr)) COPTTT ™ Ty,
J#k
Using (67) we obtain (73).
Now by Proposition 58 we have I(7(w))sx) = I(T(w))) — 1 and so by
Proposition 59 we have TwV,ska =T, Wy - Therefore (using

Tke(sk(wk)) 1 l(wk)/2T( )T_ 1 l(wk)/2T( )( _lTk I (1 B q_l))'

Thus
Tif(sk(wy ) — O(wi) Tk = (¢ — 1)f(wy),
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proving (72) when i = k. O

Now we may describe the Bernstein-Zelevinsky presentation as follows: it
is generated by the finite Hecke algebra #,(W), which is a |W|-dimensional
algebra over C, and by an algebra © which is isomorphic to the group algebra
of PV under a homomorphism 6 : P¥ — ©. These two algebras are subject
to the relation (70).

This is a very convenient presentation of Hq(Waff). Of course it gives rise
to a presentation of H,(W,g) in which we restrict ourselves to the subalgebra
of © generated by the image of QV.

17 The Center of H;

The Bruhat order is an order on a Coxeter group. We will explain it for the
Weyl group W with simple reflections {sq, -, s.}. We recall that if a« € &+
is a positive root then there is a reflection r,, in the hyperplane perpendicular
to a.

Lemma 22 Let v = s;,---s;, be a reduced decomposition of v € W, so
k =1(v). Then there exists a j such that

if and only if there exists a € @ such that v(a) € D~ and u = v.r,.

The “hat” denotes the omission of the factor s;;. We note that (74) may
not be a reduced decomposition.
Proof The a € &% such that v(a) € & are listed in Proposition 22. Such a
aisoneof sy s;, -+ 55, (qi;). Thenrg = si,55, - 8i,,,56 (85,55, "+ Sijps)
and so (74) is valid. O

Lemma 23 Suppose thatv = s;, - - - s;, 15 a reduced decomposition of v € W,
so k = l(v). Suppose there ezists a subsequence {j1,--- , 51} of {i1, - ,ix}
such that

—~

u:sil...sjl...sjz ...... Sik'
Then there ezists another subsequence {ji, js, -} such that
UISMSJ{SJQ ...... Sik7

and such that the latter decomposition is reduced.
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Proof Using repeated applications of Proposition 15 we may further dis-
card pairs of elements of the sequence of simple reflections until we obtain a
reduced word. O

Let us say that u < v in the Bruhat partial order if the following condition
is satisfied. There must be a sequence 71, - - ,r; of reflections such that

l(v) > l(vry) > l(vrirg) > - > l(vry - -+ 1p)
and w = vry -7y

Proposition 60 Let u,v € W and let v = s;, - - - s;, be a reduced decompo-
sition. Then u < v if and only if there exists a subsequence {j1,--+ ,5i} of
{i1, -+ ik} such that

u:sil...Sjl...8j2......8ik'

If so, we may assume that this decomposition is reduced.

It is a remarkable fact that this criterion does not depend on the choice
of a reduced decomposition of v.
Proof This follows Lemmas 22 and 23. a

Using affine roots, the Bruhat order may defined for affine Weyl groups,
and Proposition 60 remains valid.
If we W and

Lemma 24 Letw € W and let d € P¥. Then 6(d)T,, — T,0(w~"'(d)) lies in

the ©-submodule of Hy(Wag) spanned by v € W with u < w in the Bruhat
order.

Proof Write w = s;, ---s;,, a reduced decomposition. Then writing w; =

Si, *++8; We may write

k
0(d)T,—Tu0(w™'d) =Y Ty, 0(w \d)T;, -+ T, —T,
=1

1719(Tizwl—1d)Tiz+1 o le

Using the Bernstein relation (70) the [-th term is in

T, ---T;, ©

-1

il+1"'Tik'

This is contained in the ©-submodule of H,(W,s) spanned by u € W with
u < w. O
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Theorem 23 The center Z of Hq(Waﬁ‘) equals OV, the space of elements
of © that are invariant under conjugation by W.

Proof First let us show that the center Z is contained in ©. Let us write

an element as
> c(w, d)wh(d).

weW
dec PV

Let w be maximal with respect to the Bruhat order such that some coefficient
c(w,d) # 0. If \Y € PY then

OO )wd(d)IAY) ™ = wd(d — w I (\Y) + \Y)

module the ©-submodule of H,(W,q) spanned by u € W with v < w. Since

AV is arbitrary, d —w™'(\Y) + AV can take on an infinite number of values,

which is a contradiction since only finitely many ¢(w, d) can be nonzero.
Therefore Z C ©. We must show that an elemen

¢= ) c(d)f(d)

of © is central if and only if ¢(d) is constant on W-orbits. We have

T, ( > c(d)(%d)) - ( > c(sk<d>>9<d>> Tj, = % > le(d)—c(sxd)]6(d).

dePV dePV

From this, it is clear that if ¢(d) is constant on W-orbits then ¢ is cen-
tral. Conversely, suppose that ¢ is central. Then with n = > ,_pv[c(d) —
c(sk(d))]0(d) we have

q—1
Tin = ———n.
T 0(—a))"
Since © NT,O = 0 we get n = 0. Therefore ( is invariant under s;. Since
this is true for every simple reflection, ( € @W. O

18 Principal Series Representations: Finite
Field

Let G be a split reductive group over F' = F,. Let B be a Borel subgroup.
Write B = T'U where T is a split maximal torus, and U its unipotent radical.
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We have functors:

Representations — Representations
of T(F) — of G(F)

These are parabolic induction and its adjoint, the Jacquet functor. Since F'is
finite, we may restrict ourselves to finite-dimensional representations of these
finite groups.

To define parabolic induction, begin with a module V' of T'(F'). Extend
it to a character of B(F') by letting U(F') be in the kernel, and induce this
module to G(F). We will denote this induced module Ind%(V')

Let W be a module of G(F'). The Jacquet module in this case may be
defined to be WY the space of U(F)-invariants. Since 7 normalizes U,
this is a U-submodule. We will denote the Jacquet module by J(T').

The Jacquet module will have to be defined differently when F' is a local.
We could alternatively have defined it to be the quotient W/Wy where Wy,
is the vector subspace of V' generated by elements of the form v — 7 (u)v with
v €V and u € U(F). This definition is correct for local fields F. But if F' is
finite, then W splits as a direct sum Wy @ WU so the two definitions are
equivalent.

Proposition 61 Let W be a G(F)-module and V' a T(F')-module. Then
Homg(ry (W, Ind$ (V) 2 Homygy(J (W), V).
Proof By ordinary Frobenius reciprocity, we have
Homg(py (W, Ind$(V)) = Homp e (W, V).

Since U(F) acts trivially on W, any B(F')-equivariant map W — V' anni-
hilates an element of the form v — 7w (u)v, hence factors through the canonical
map W — J(W). O

Since T'(F') is abelian, its irreducible modules are one-dimensional. Let
x be a character of T(F). An important question is when Ind%(y) is irre-
ducible. They Weyl group W = N(T'(F))/T(F) acts on T'(F') and hence on

its characters by conjugation. Let us say that x is regular if its stabilizer in
W is trivial.
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For example, if G = GL,, then T may be taken to be the diagonal torus,

and there exist characters yq,-- -, x» such that
tl n
X - = H Xi(ti)-
t, i=1

Then y is regular if the y; are distinct.

Proposition 62 Let x and 0 be characters of T(F'). Then the dimension of
Homg(r (Ind%(x), Ind%(6))

is the number of w € W such that § = "x.

Proof By Mackey theory, the dimension is the dimension of the space of A
such that
A(bgt') = 0(b)A(g)x(¥), bV € B(F).

Such a function is determined on its values on the B(F")-double cosets, which
have representatives in N(F'), one for each Weyl group element w € W.
Chosing a representative w in N(7'(F')) of W, we must have

Alw) = Altw(w Hw)™) = 0(1) - Aw) - “y(#) ™", t € T(F).

Thus we must have § = “y, or else A vanishes identically on the double
coset. Conversely if this is true, then it is easy to see that the double coset
B(F)wB(F') does support such a function A. O

Theorem 24 A necessary and sufficient condition for Ind§(x) to be irre-
ducible is that x be regqular.

This is not correct if F'is a local field. For G = GL,,, if F' is local, the
condition that Ind%(x) be irreducible is that no x;(t) = x;(¢)[t|*'. This is a
major difference between the finite and nonarchimedean local cases.

Proof A necessary and sufficient condition is that Endgs) (Ind%(x)) is one-
dimensional, and by Proposition 62 this is true if and only if y has trivial
stabilizer in W, that is, is regular. O

Theorem 25 If x is reqular, then Ind$(x) is isomorphic to Ind§(“x) for
any w € W.
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Proof This follows from the existence of an intertwining operator, a conse-
quence of Proposition 62. O

We may construct an explicit intertwining operator M (w) : Ind%(x) —
Ind%(*“y) as follows. Interpret Ind%(x) as the space of functions G(F) — C
such that

f(bg) = x(b)f(g).
Let
M(w)f(g) = > fw™"ug). (75)

ueU(F)NwU_(F)w—?!

Theorem 26 If f € Ind%(x) then M(w)f € IndG(“x). The map M(w)
commutes with the action of G(F).

Proof To check that M(w)f € Ind%(*x), note that if t € T(F) then since
t normalizes U N wU_w™" we have

M(w)f(tg) = > flw tw-w  ug) ="“x(t)M(w)f(g).

ueUNwU_w—1

We need to check that M(w)f(ug) = M(w)f(g) for u € U(F'). To this end,
we note that U(F) = (U(F) N wU_(F)w)(U(F) N wU(F)w™") by Proposi-
tion 30. The value of f(w™'ug) is unchanged if we alter u on the left by an
element of U(F) NwU(F)w™". Thus we could also write

M(w)f(g) = > f(w™ug). (76)

we(U(F)NwU (F)w=)\U(F)
From this it is clear that M (w)f is left U(F')-invariant. O
Lemma 25 Assume [(wyws) = l(wy) + l(ws). We have
{a € ot (wwy) ta € @} = {a € dTw;'a € &~ }U{w;(a) € dT|w,'a € &7}
The union s disjoint. Multiplication induces a bijection

w1 (U N wpU_wy Hw x (U N wU_wt) — U N (wywy)U_ (wiwsy) ™.

108



Proof The first part we leave to the reader. The first assertion in (ii) follows
from (i) since
UnwU_w™' = H Zo(F).

{aedt w1 (a)ed}

That is, the multiplication map from the Cartesian product on the right to
U NwU_w™" is bijection, and the product may be taken in any fixed order.

My, f(9) = Z f((wlw2)_1u9) =

uweUN(wiw2)U— (wiw2) "t

> > flwy 'witupug) =

uleUﬂuuU,w;l uz€w1(Uﬂw2U7w51)w1’1

Z Z fwy oy wugwy fung) =

uleUﬂwlUfwfl quUﬂng,wgl

Z Z f(w§1u2w1_1u1g) = Mwl © wa(g)-

u1€Uﬂw1U7wf1 quUﬂng,wgl

Theorem 27 If [(ww') = l(w) + [(w') then M(wy) o M(ws) = M (wyws).

Proof Using the Lemma,

Mw1w2f(g) = Z f((w1w2)_1ug) =

ueUN(wiw2)U_ (wiwz)~1

Z Z fwy oy tugurg) =

uleUﬂuuU,w;l uz€w1(Uﬂw2U7w;1)w;1

Z Z Flwy 'wi  wiuswy fuyg) =

uleUﬂwlU,wfl uzGUﬂsz,wgl

> > fwytuwwitug) = My, 0 My, f(g).

u1€Uﬂw1U7w;1 uQGUﬂsz,wgl

Exercise 17 Suppose that x is regular. Show that

Jmd§() = @ “x.

weWw
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19 The L-group

References for the notion of the L-group:

e Langlands, Problems in the theory of automorphic forms and related
papers, available at http://publications.ias.edu/rpl/series.php?series=51

e Borel, A. Automorphic L-functions. Automorphic forms, representa-
tions and L-functions (Proc. Sympos. Pure Math., Oregon State Univ.,
Corvallis, Ore., 1977), Part 2, pp. 27-61, Proc. Sympos. Pure Math.,
XXXIII, Amer. Math. Soc., Providence, R.I., 1979.

References for root data and reductive groups:

e Springer, T. A. Reductive groups. Automorphic forms, representations
and L-functions (Proc. Sympos. Pure Math., Oregon State Univ.,
Corvallis, Ore., 1977), Part 1, pp. 3-27, Proc. Sympos. Pure Math.,
XXXIII, Amer. Math. Soc., Providence, R.I., 1979.

e Demazure, Groupes Réductifs : Déploiements, Sous-Groupes, Groupes-
Quotients, Springer Lecture Notes in Mathematics vol. 153 (1970).

e Borel, and Tits, Groupes rAlductifs. Inst. Hautes ALtudes Sci. Publ.
Math. No. 27 1965 55-150.

What data are needed to describe a reductive group?

Let us first ignore rationality issues and consider a reductive group G over
an algebraically closed field. Then if 7" is a maximal torus, the root system
® lives in L = X*(T), which is a lattice in the vector space V =R ® X*(T).

Discarding the lattice and just considering the root system in V' loses
some information. For example, if G is semisimple, then knowledge of ® in L
determines the fundamental group, which is isomorphic to P/L, where P is
the weight lattice, and the center of G, which is isomorphic to L/Q, where Q)
is the root lattice. If we simply regard ® as living in the ambient Euclidean
space V =R ® L, this information is lost.

These considerations lead to the following definition of root data, due to
Demazure and Grothendieck. Let L be a lattice, that is, a free Z-module
of finite rank, and let LY be its dual module, defined by a dual pairing
(,):Lx LY — Z that identifies LY with Hom(L, Z). Let there be given in
L and LY finite sets ® and ®" of vectors with a bijection o — o¥ of ® to ®V
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subject to conditions that we now describe. If & € ® then s, : LY — LV is
the reflection s,(v) = v — (@, v)a" and s, : L —> L is defined by s,(v) =
v— (v,a”)a. It is assumed that (a, 8Y) € Z and that (o, ") = 2.

If these conditions are satisfied, then (L, ®, LY, ®Y) are called root data.
For example, taking L = X*(T) and L = X,(T) the roots and coroots
give root data, and this is exactly the information needed to reconstruct the
group GG. More data would be needed to construct G over a field F' that is
not algebraically closed, but since we are restricting ourselves to split groups,
this is sufficient.

The definition of root data is symmetric, so (LY, ®Y, L, @) are also root
data, and correspond to a reductive group G.

If the ground field is not algebraically closed, then further data is needed
to describe GG. Since the scope of this course is only split groups, we will
ignore these issues. The group G (C) is only the connected component of the
identity in the L-group “G, but when G is F-split, it is sufficient for many
purposes.

If G is F-split, the group G(C) is defined as above, and it controls the
representation theory of G(F). The strongest statement in this direction
is the local Langlands correspondence, and this is outside the scope of this
notes. An important special case is that the spherical representations of G(F)
are parametrized by the semisimple conjugacy classes of G(C), a statement
closely related to the Satake isomorphism computing the structure of the
spherical Hecke algebra. We will come to this later. At the moment, we will
content ourselves with showing that the unramified quasicharacters of T'(F)
are parametrized by elements of T/(C).

If T is a group, a quasicharacter of T is a homomorphism y : T — C*. If
X is unitary, then y is called a character. If T is an abelian locally compact
group, it has a unique maximal compact subgroup K, and it is normal.
If T is furthermore totally disconnected, then K is open. In this case we
will call x unramified if it is trivial on that subgroup. Thus an unramified
quasicharacter of F* is a character that factors through F* /o> = Z.

Given a torus 1" over a nonarchimedean local field F', there is a torus T
over C such that the unramified characters of T'(F") are parametrized by the
elements or T(C). For example if

t
T —

tr-‘,—l
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is the diagonal torus in GL,,1, then we may take T also to be the diagonal

torus in GL,;. If t € T and 2z € T we may write ¢t = (t1,---,t,) and
z=(z, -+ ,2,) instead of
1 21
t: s z = ,
tn Zn

for notational convenience. If z € 7' then we have a quasicharacter y, of
T(F) defined by x,(t) = []2"""). Every unramified quasicharacter is of
this sort.

In general, let X*(7") be the group of rational characters of T', and X, (T")
the group of one-parameter subgroups. As we explained in Section 12, both
groups are isomorphic to Z" and come equipped with a dual pairing X*(7") x
X.(T) — Z that makes V = R® X*(T) and V* = R ® X,(7T) into dual
spaces.

The exercises below will show that the torus 7T may be chosen so that
X,(T) = X*(T) and X*(T) = X,(T). Let X™(T(F)) denote the group of
unramified characters of T'(F).

Exercise 18 Show that there is a natural isomorphism Hom (X, (T'),C*) = X" (T'(F)).
Indeed, given y € X™(T(F)) associate with y the homomorphism X, (7) — C*

be the map that sends the one-parameter subgroup i : Gy, — T to x(i(w)) for
prime element .

Exercise 19 Show that there is a natural isomorphism Hom(X™* (AT), C*) = T(C).
Indeed, give z € T'(C), associate with z the homomorphism X*(7") — C* be the

~

map that sends the rational character n € X*(T') to n(z) € C*.

Since X,(T) and X*(T) are identified, it is clear that the unramified
characters of T'(F') are parametrized by the elements of 7'(C).

20 Intertwining integrals: nonarchimedean fields

The intertwining integrals appear very naturally in the theory of Eisenstein
series. They were introduced into the theory of induced representations of
Lie and p-adic groups by Bruhat around 1956.

Some results, particularly on analytic continuation of the integrals will
be stated without proof. References:
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e Casselman, Introduction to Admissible Representations of p-adic Groups,
linked from the class web page. Section 6.4 contains the fundamental
results about the intertwining operators.

e (Casselman, The unramified principal series of p-adic groups. I. The
spherical function. Compositio Mathematica, 40 no. 3 (1980), p. 387-
406.

e Bump, Automorphic Forms and Representations only treats GLy com-
pletely, but many of the important ideas can be understood from that
special case.

Let F' be a nonarchimedean local field. Let G be a F-split reductive group.
Let T be a maximal F-split torus, and let B be a Borel subgroup containing
T. The derived group G’ is semisimple, and we may let x, : G,, — G’ be
as in Section 16. We will denote by K° = G’(0) the group generated by the
zq(0). It is a maximal compact subgroup of G(F'). We have the Iwasawa
decomposition

G(F) = B(F)G(o).

We still have functors of parabolic induction and the Jacquet module.
However parabolic induction requires a “shift” by §'/2, where § is the modular
quasicharacter of B(F). Thus § : B(F') — C is defined so that if dur(b) is
a left Haar-measure then 0(b) duy () is a right Haar-measure. We have

S(tuy = T 1,  teT(F), ucUF).

acdt

For example, for G = GL(3),

i1
123

ta
i3

1

S{ 0t | =g e = t
3

i3

= |£3t57.

Now let x be an unramified quasicharacter of T'(F'). We define V' (x) to be
the space of smooth (locally constant) functions f : G(F¥) — C that satisfy

fbg) = (8"2x)(0)f(9), b€ B(F). (77)
The group G acts on V(x) by right translation:
m(9)f(x) = f(zg). (78)

113



The condition that f is smooth is equivalent to assuming that w(k)f = f for
k in some open subgroup of G(F'). Thus

Voo =JVvoo®

as K runs through the open subgroups of G(F). We recall that V(x)* is a
‘H-module, where H g is the convolution ring of K-biinvariant functions.
In view of (3) and (78), if ¢ € H; and f € V(x)¥ then

(6 )(x) = 7(6)f(z) = / o(9) 1 (x9) dg. (79)

We will be particularly interested in V' (x)” where J is the Iwahori subgroup.
One reason for including the factor §'/2 in the definition of the induced
representation is that if y is unitary, then () is a unitary representation.

Indeed if IndG(Fg(é) is the space of functions that satisfy

B(F
f(bg) =0(b)f(9g)

then by Lemma 2.6.1 of Bump, Automorphic Forms and Representations
we may define a linear functional I on Indgg; (0) that is invariant under
right-translation by

1= [ s

Thus if f1, f» € V(x), and if x is unitary, then f; f; is in the space Indgg;(@
and so

(f1, f2) = i f1(k) fo(k) dk

is an inner product, making the representation V() unitary. It is possible for
V(x) to be unitary even if x is not, owing to the existence of complementary
series.

Another reason for the normalization factor is so that the intertwining
integrals map V(x) — V(*x). The intertwining integrals may be defined
by the analogs of either (75) or (76). That is:

Mw)fo) = | F(wtug)du =
U(F)NwU_(F)w—1

/ f(w™tug) du. (80)
(U(F)nwU (FYw—\U(F)
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The two formulas are equivalent due to the fact that
UF) = (UF) NwU_(F)w)(U(F) NwU(F)w™)
by Proposition 30.

Proposition 63 The integral (80) is convergent if

(7))o

for all positive roots o such that w™a € ®~. If l(ww') = l(w) + I(w') then
M(ww') = M(w) o M(w').

Proof The statement that l(ww') = l[(w) + [(w’) then M(ww') = M(w) o
M (w") is formally similar to the finite field case: one simply replaces the sum-
mations by integrations. Using this, the convergence statement reduces to
the case where w = s,, for a simple root a.. In that case, U(F)NwU(F)w™ =
io(F'), and the integral is

frlon( D)) e, )

If v # 0, then

0D )
P () (7 (1)) -
frae( (1))

The factor |v|~! is from 6'/2. If v is sufficiently large, the value of f is constant
since f is locally constant. Therefore absolute convergence depends on the

convergence of
-1
Lo (a7 ,)] e
lv|>C v
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where C' is a nonzero constant. The absolute value of x is constant on the
sets @ *0*, which have volume ¢*(1 — ¢=!). The factor |v|™* = ¢=* on this
set, so we need the convergence of

= h(-(7 )

lg*|>C
The convergence of this geometric series follows from (81). O

k

Lemma 26 Ift € T(F) andw € W then the Jacobian of the transformation
u — tut™!

of U(F) NwU_(F)w™" is
51/2(t)
2 (w—tw)
Proof We have
UF)nuwU_(Flw™ = J[  zalP).

a€gdt
wl(a) € -

We have tz,(v)t™! = z,(t*v), so the Jacobian in question is

I 1 (82)

o € ot
wl(a) € @~
Now
3w tw) = I lw™tw) =TT 1= I 1 [
acdt acdt o€ dt a€ P~
wla € T wla € T

Thus

0 cor 1]

§Y2 (wtw) = voec? ;
H a € ot |ta|
wla e =
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while 0'/2(t) = [H oc ot |t°‘\] : [H oot |t°‘|] and it follows that

“lac ot “laecd-

§1/2 (t)
81/2 (w—1tw)

equals (82). O

Proposition 64 If M(w)f is convergent, then M(w)f € V(“x).

Proof In order to show that one proceeds as follows. If t € T'(F') we can
write

M(w)f(tg) = / Fw™tutg)du =

U(F)nwU_(F)w—1

/ flw™tw - w™ (¢ ut)g) du =
U(F)NwU_(F)w—1

62 (w™tw) ~wx(t)/ fw™(t tut)g) du.

U(F)nwU_(F)w—1

We make a variable change u + tut~! and by the Lemma the Jacobian of
this map is 6'/2(¢) /82 (w'tw). Therefore we obtain (6*/2-*x)(t)M (w)f(g),
as required. O

Although the intertwining integrals are not convergent for all y, even
when they are not convergent we may make sense of the integrals more gen-
erally as follows. Let us organize the quasicharacters of T'(F") into a complex
analytic manifold X as follows. First, the unramified characters, we have
seen, are, by Exercise 18, X™(T'(F)) = Hom(X*(7"), C*) which is a product
of copies of C*. This is thus a connected complex manifold X". If we fix
a (not necessarily unramified) character xo, then we may consider xxo with
X € X™(T(F)) to vary though a copy of X". Thus X is a union (over cosets
of the unramified characters) of copies of X", and is therefore a complex
analytic manifold.

Let X,es be the set of regular characters in X. It is an open set, the regular
set. The complement Xy, is the singular set.

Now we may consider the disjoint union

v={J V.

By a section we mean a function X — U, to be denoted x +— f, such that
if x € X then f, € V(x). We would like to define the notion of an analytic
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section. First, let us say that the section is flat if f,|K*° is constant on each
connected component of X. The flat sections are analytic. Moreover since X
is a complex analytic manifold, we have a notion of analytic and meromorphic
functions on X. We say that a section is analytic (resp. meromorphic) if it
is a linear combination of flat sections with analytic coefficients.

The intertwining operators do not necessarily take flat sections to flat
sections, but they do take analytic sections to meromorphic sections. The
poles in the complement of the regular set: that is, if f, is an analytic section,
then M(w)f, is meromorphic, and analytic on X,e.

We now come to a major difference between the finite field case and the
local field case. Whereas in the finite field case, the reducible places of the
principal series were when y was not regular, regularity in the local field case
happens at shifts of the singular set. Nevertheless something interesting does
happen where regularity fails.

Let us see this at work when GG = GL,. Let

X < . Yo ) = x1(y1)x2(y2)

and consider the intertwining integral M (wy) : V(x) — V(“x), where wy =

1 is the long Weyl group element. If y; = yo, then M(wg) has a

pole. In this case, V(x) = V(*x), and this module is irreducible. There is
only one intertwining operator V(x) — V(“x) = V(x), and this is M(1).
If both M (wg) and M (1) were analytic, there would be two, and one is “not
needed” so it has a pole.

However the Jacquet module at this special value shows some interesting

behavior. The Jacquet module J(V') of a smooth G(F)-module V is
J(V)=V/Vy, Vo = (v—m(u)v|v e V,u € UF)).

It is an T'(F)-module, and if V' = V(x) where x is regular, then
JV(0)) = P 3 “x.
weW

The Jacquet module is an exact functor and is an important tool in the rep-
resentation theory of p-adic groups. We refer to the references of Casselman
and Bump for further information.
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In the GLs case, if y is regular, the last formula reduces to
J(V(x) =02 x @ 8'/% oy

When y = "0y, the Jacquet module V(x) becomes indecomposable. It has
two isomorphic composition factors, both 6/?y, and sits in a short exact
sequence:

0 — 62y — J(V(x)) — 03¢y — 0.

However the irreducible submodule is not a direct summand, and this exact
sequence does not split.

The reducibility of the principal series is when x1x5 *(t) = [t| or x1x5 ' (1) =
.

In the general case, V() will be reducible if y(hov(w)) = ¢! for some
coroot oV, and will be maximally reducible if y is in the W-orbit of §'/2.

21 The Formula of Gindikin and Karpelevich

The original formula of Gindikin and Karpelevich was for the archimedean
case. The nonarchimedean case (which is our concern here) is actually due
to Langlands. A convenient reference is the paper of Casselman cited below.

e S. Gindikin and F. Karpelevich, Plancherel measure for symmetric
Riemannian spaces of non-positive curvature. (Russian) Dokl. Akad.

Nauk SSSR 145 1962 252-255.

e R. Langlands, Euler products. A James K. Whittemore Lecture in
Mathematics given at Yale University, 1967. Yale University (1971).

e (Casselman, The unramified principal series of p-adic groups. I. The
spherical function. Compositio Math. 40 (1980), no. 3, 387-406.

With notations as in the previous section, we assume that x is an unramified
regular character of T'(F'). Let z € T(C) such that y = x..
Let ¢° = X¢° be the standard spherical vector in V(). Thus

¢°(bk) = (6%x)(bk),  be B(F), k € G(o).

Theorem 28 We have



where .

CulX) = H Hfiza.

1— 2z«
a€dt
w(a) € &~

Proof [Sketch] We know that M (w)¢° is a spherical vector in V/(“x). It is
thus a constant multiple of “X¢°. To determine the constant it is sufficient
to evaluate at the identity. Therefore it is sufficient to prove

M(w)*¢°(1) = cw(X)-

Using the fact that M(w)M(w') = M(ww') when l(ww') = l(w) + l(w'), we
reduce to the case where w = s, is a simple reflection. Thus we must show

of . -1\. (1 =z C1—g 2
for (el 7 ) (D)) et

when « is a simple reflection. This computation takes place entirely in the
subgroup i, SLy(F), and so we reduce to the rank one case.

If z € o then i, ( 1 -1 ) T ( L ‘f ) € G(o) and the integrand equals

1. Thus we have a contribution of 1.
If 2 € olet x € @ %0*. Then

D)=

. : 1
Since i, ( a1 ) € G(o0) we have

s e D)) (e

Thus we obtain a contribution of

“hX) = - koo _ 1 #
Zq 27" vol(w =(1—-q* Zz (1—q~ )l—za'

Hence the integral is

1+ (1—q¢")

1—za: 1— 2z
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22 Casselman’s proof of the Macdonald for-
mula

Two fundamental papers are

e (Casselman, The unramified principal series of p-adic groups. I. The
spherical function. Compositio Math. 40 (1980), no. 3, 387-406.

e (Casselman and Shalika, The unramified principal series of p-adic groups.
II. The Whittaker function. Compositio Math. 41 (1980), no. 2, 207—
231.

These make use of the intertwining operators and Iwahori fixed vectors
to prove two fundamental formulas in the representation theory of p-adic
groups: the Macdonald formula for the spherical function, and the Shintani-
Casselman-Shalika formula for the spherical Whittaker function.

We will sketch the proof of the Macdonald formula. Some statements such
as the linear independence of the linear functionals built from the intertwining
integrals will not be verified. For these, see Casselman’s original paper.

We let G be as in the last section. In this section we will denote by K°
the maximal compact subgroup G(o).

Suppose that (7, V') is an irreducible admissible representation that has
a K°-fixed vector. Using the Bruhat-Cartan decomposition (Theorem 19)
and an involution based on the Chevalley basis, the argument in Theorem 12
may be generalized to show that the spherical Hecke Hgo is commutative.
Alternatively, this may be deduced from the structure of the Iwahori-Hecke
algebra H ;. The commutativity of H o implies that that V° = VE® is at
most one-dimensional. If this is true, then we say that V' is spherical.

Proposition 65 If (7, V) is spherical so is (#,V).

Proof If VE° is one-dimensional, then so is V° = V& since we may
construct a K°-invariant linear functional on V' by taking a linear functional
that is nonzero on VX° but which vanishes on every other K°-isotypic part.
(See Proposition 9.) 0

If (m, V) is any irreducible admissible representation, and if v € V| 0 € 1%
then the function o(g) = ((g)v,?) is called a matriz coefficient. If v° and
0° are spherical vectors (that is, elements of V° and V°) then

[r(g) = (m(g)v°,0°)
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is called the spherical function. It is determined up to constant multiple, and
we want to normalize it so that I';(1) = 1.

It may be shown that every spherical representation is a subquotient of
V(x) for some unramfied quasicharacter x of T'(F). If V(x) is irreducible,
then it is spherical, for it contains the vector

¢°(bk) = (6Y%x)(b), be B(F), ke K°.

Proposition 66 Suppose that m = V(x) where x is unramified, and that
V(x) is irreducible. Then

B 1

~ vol(K°)
With this normalization, I';(1) = 1.

Proof Define a linear functional on V() by

B 1
~ vol(K°)

I'2(9) . ¢°(kg) dk. (83)

L(¢)

o (k) dk.
Ko

This functional is clearly K°-invariant, and L(mw(g)¢°) is the described func-
tion. O

For the rest of this section, we will assume that y is unramified and
regular, and that V() is irreducible.

We call t € T(F) dominant if for every positive root o we have t* € p.
It is sufficient to check this when « is a simple root. For example, suppose
that G = GL,, and that

Then the condition is that ¢;/t;11 € o.
The dimension of V(x)” is |IW|. We may exhibit a basis as follows.

Lemma 27 Choose a set of representatives for w for W = N(T(F))/T(F)
that are in K°. Then

G(F)=|JB(F)wJ  (disjoint).
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Proof We have K° = |JJwJ (disjoint). Using the Iwahori factorization
U = B(o)U_(p). The statement follows since B(0) C B(F') while U_(p)w C
wd. O

Proposition 67 The dimension of V(x)” is |W|. A basis consists of the

functions
 Px(w) ifk e JwtT
Du(bk) = { 0 otherwise,

when b € B(F), k€ K°.

Proof This is clear from the previous Lemma. O
If w € W, define a linear functional on V' (x)? by A, (¢) = M(w)é(1).

Proposition 68 (Casselman) The linear functionals A, are linearly inde-
pendent.

Proof We will not prove this, but refer to the first of Casselman’s papers
cited above (discussion before Proposition 3.7). 0

By the last two propositions we may find a basis f,, of V() indexed by
w € W such that Ay, fu = 6y (Kronecker §). This is the Casselman basis.
The Casselman basis is generally difficult to compute; that is, if we write
fu as a linear combination of the ¢, the transition matrix will be upper
triangular in the Bruhat order, and but some of the coefficients will be very
complicated. However Casselman observed that one element of the basis is
computable, and remarkably, this gives enough information for applications.

We will denote by wq the long element of W.

Lemma 28 (Casselman) We have fu, = ¢uw,-

Proof Using the Iwahori factorization, the support B(F)wgJ of ¢, is
contained in the big Bruhat cell B(F)woB(F'). If v € W then

ANyuy = / gbwo(v_lu) du.
U(F)nwU_(F)v—1

If v # wy then v™'u € B(F)v™'B(F) is never in the big cell B(F)wyB(F).
Therefore Ay¢,, = 0. On the other hand if u = wy, then v™'u = wou €
B(F)wyJ if and only if u € U(o). We are normalizing the Haar measure on
U(F) so that the volume of U(o) is 1, and therefore A, ¢, = 1. We see
that Ayduw, = 0pw, and SO Gy = fug- O
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Proposition 69 Lett be dominant, and define

Fi(g) = / Ll

Then F, € V(x)”.

Proof Since the function g — ¢°(gut) is in V(x) for every u, t it is sufficient
to show that this function is fixed by J. We show that

Fi(g) = / ¢°(ght) d. (34)

Indeed, we may use the Iwahori factorization and write

/(bo(gkt) dk = / / / ¢°(guu_at) du_ da du.
J U(o) JT(0) JU-(p)

Since ¢ is dominant, if @ € T(0) and u_ € U_(p) we have tlau_t €
T(0)U_(p) C K° and so we may discard the integrals over u_(p) and 7'(o).
This proves (84), and the statement follows. O

Proposition 70 We have
Fo=Y" cw(t) (8- X)(t) fur (85)
weW

Proof Since F; is an Iwahori-fixed vector, there exist constants R(w,t) such
that

Fy =) R(w,t) fu.

By definition of the f, we may compute R(w,t) by applying M(w) and
evaluating at 1. Thus

R(w,t) = M(w)Fy(1) = /

U(F)nw=1U_(F

/ ¢°(w s t) duy du.
yw JU(o)

Interchanging the order of integration and making a variable change, we may
eliminate the u; integration and we find that

R(w,t) = / ¢°(w™ut) du = M(w)¢®(t) = cu(t) (82 - “X)(t)
U(F)Nw—-1U_(F)w

by the formula of Gindikin and Karpelevich. O
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Theorem 29 (Macdonald) Let Q = >, '), and let m = V(x). If
t € T(F) is dominant, we have

Fx(t) = é D w ( 11 %W - “’OX)(t)) - (86)

weW acdt

/KO Fy(k) dk::/o/U(o) ¢° (kut) du dk.

Interchanging he order of integration and making a variable change eliminates
the u integration, so by (83) we have

Proof We have

L) = [ FRdE= Y a0 @00 (57)

weWw

where the constants

w0 = b [ futh) a

In general these are not directly computable due to the complexity of f,,
but if w = wy then f,,, = ¢, by Lemma 28

Cwo(X) . 1-— q_lza VOI(J’LUQJ)
G () = vol(K°) /Ko Guo () dk = ( H 11—z ) vol(K°)

acdt

We recall that the volume of Jw.J is ¢!™). Since K° is the disjoint union
of the JwJ, we have

1(K°)
1 JwaJ) = I(wo) 1(K°) = I(w) _volia ) _ la@—Kw@.
VO( Wo ) q ) VO( ) wezvvq ) VOI(JUJOJ) wezvvq
If w' = wow ™" then I(w) — I(wo) = —I(w'), so L = Q. We have proved
vol(Jwo J)
that X X X
_ 1 —q =
acdt

In order to conclude the proof, we note that as a rational function in z,
[',(t) must be invariant under the action of W. This is because if z is in
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general position, then 7 = V() is irreducible and isomorphic to 7’ = V(¥

Therefore m and 7’ have the same spherical function.
This means that a,(x)(6Y2 - “x)(¢) is invariant under the action of W,
and since we know one of these factors, we know them all. Now (86) follows.
O

X)-

23 Intertwining Operators and H,(W,g)

We consider now the case where G is semisimple and F-split. Let y denote
an unramified quasicharacter of T'(F'), and let other notations be as in the
last section. We will always assume that y is regular, so that M (w) is defined
on V(x).

If w e W, we will also denote by w an element of N(T'(F)) N G(o)
representing the coset of win W = N(T'(F'))/T(F), and by abuse of notation,
we will also denote that representative as w.

Because we will be working with V(x) where the character x of T'(F) is
unramified, none of our formulas will depend on the choice of representative.
This is because the representative is determined by an element of T'(0), where
X is trivial. We will denote by B(o), U(0), T'(0), etc. the intersections of
B(F), U(o), T(0) with G(o).

Proposition 71 The dimension V (x)’ is equal to |W|. It has a basis con-
sisting of the vectors ¢, defined by

(8Y2x)(b) if k € B(F)w™J,

Ou(bk) = { 0 otherwise (88)

forw e W, when k € G(o) and b € B(F).

Proof An element of V(x)’ is an element of V() that is right invari-
ant by J. By (77) an element of V(x)’ is determined by its restriction to
a set of representatives for B(F)\G(F')/J. Using the Iwasawa decomposi-
tion, the representatives may be chosen G(0), so we want representatives for
B(0)\G(0)/J. We recall that a set of representatives for J\G(0)/J may be
chosen from W, that is, from 7'(0)\(N(T'(F)) N G(o0)); this fact follows by
pulling the Bruhat decomposition for G(F,) back to G(0) under the canonical
map G(o) — G(F,).
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Let w~! be such a representative. Using the Iwahori factorization, J =
B(0)U_(p), and by Lemma 9 we have wU_(p)w™" € J, so

Jw™J = Blo)w™'J.

There is therefore a unique element of V() supported on B(F)w='J. O

It was shown in

e J. D. Rogawski. On modules over the Hecke algebra of a p-adic group.
Invent. Math., 79(3):443-465, 1985.

that one may use the Iwahori Hecke algebra to work with the intertwining
integrals. From Rogawski’s remarks, I believe this idea is due to Bernstein.
As we will see, the Bernstein presentation is particularly useful for this. The
same idea is used elsewhere in the literature, for example:

e Mark Reeder. On certain Iwahori invariants in the unramified principal
series. Pacific J. Math., 153(2):313-342, 1992.

e Thomas J. Haines, Robert E. Kottwitz, and Amritanshu Prasad. Iwahori-
Hecke algebras. http://arziv.org/abs/math/0309168, 2003.

e Bump and Nakasuji, Casselman’s Basis of Iwahori Vectors and the
Bruhat Order, http://arxiv.org/abs/1002.2996, 2010.

If G is simply-connected, we have seen that N(T'(F))/T(0) = Wag. In
general, N(T'(F))/T (o) may be slightly larger. If G is of adjoint type, it
is Wog. In general, there is a lattice L such that Q¥ C L C PV and
N(T(F))/T(o0) is the semidirect product of L by W. Then L/Q is the
fundamental group 7 (G). We will write Wk for N(T(F))/T (o). We will
denote by ©F the image of L in Wag

The algebra H ; is the convolution ring of compactly supported J-biinvariant
functions. Then V(x)7 is a module for H;. We will denote by H (W) the
subring of functions with support in G(0). These are supported on the dou-
ble cosets JwJ with w € W, so this may be identified with the finite-field
Hecke algebra with generators {sq,--- ,s,}.

Proposition 72 Let a: V(x)? — H(W) be the map that sends f € V(x)”
to the function o(f) € H(W) where

a(f)(g) = { F(g_l) if g € G(o),

0 otherwise.
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Then « is an isomorphism of left H(W')-modules.

Proof By Proposition 71 the map « is a vector space isomorphism. The
action of H(W) on itself is by left multiplication (convolution). The action
on V(x)” is by (79). We have, for f € V(x)? and ¢ € H(W)

a6 F)lg) = (6 g™ = / o(h)f(g~"h) dh = /G o(gh) f(h) dh

if g € G(0). Since g € G(o0) and ¢ is supported on G(0) we may restrict the
domain of integration to G(o0) and make the variable change h — h~1. The
integral is

/K o(gh™") f(h) dg = /K B(gh Vo f)(h) dh = /G o(gh™V)a(f)(h) dh

using the fact that a(f) is supported on G(0). This is ¢ - «(f)(g) where now
the - is left convolution. Thus a(¢ - f) and ¢ - a(f) agree on G(o0). It is easy
to check that both vanish off G(o). O

Now let w € W and define a map M,, = M,, . : H(W) — H(W) by
requiring the diagram:

<

Vi), — V(“x)
Jo() Jo(x
HW) 2 Hqw)

to be commutative.

If we W let us define p(x, w) = My(ly,) € H(W), where 14, is the
unit element in H;, that is, the characteristic function of J. We note that
under the map «, 14, corresponds to the

Proposition 73 We have
Moy (h) = h - p(x, w)
for all h € H(W).
Proof M, is a homomorphism of left #(1/)-modules. Therefore
Mu(h) = My(h-1) = hMw(1) = h - p(x, w).
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Lemma 29 If [(wiwy) = l(wy) + l(ws) then

:u(Xa w1w2) = :U“(X> w2):u(w2X> wl)'

Proof By Proposition 63 we have M (wyws) = M(wy) o M(wsy). Therefore
this follows from the commutativity of the diagram:

Vg S vy Y v ey

a(x) Ja(*2x) Ja(r2x)
oy Moy M oy
O

Lemma 30 Let w € W and o = oy, where 1 < k < r. Then for u € F let
us write
spto(u)w = puw'k
with 8 € B(F), w' € W and k € J. Then if u € 0* and w™(a) € ®F or if
u € p we have
w' = spw, 52\ (B) =1,

while if u € 0* and w™(a) € ®~ or if u & o we have
w = w, 51/2X(5) — |u|—1z0rd(u’1)o¢‘

Here x = X, is an unramified quasicharacter of T(F), with z € T(C).
There is an abuse of notation in writing w’ € W. When we write Sw'k we
are chosing a representative in N(7'(F)) N G(o) of the Weyl group element
w’. This choice is unimportant because the character x is unramified, so the
value of 6'/2x(f3) is independent of this choice of representative.

Proof First suppose that u € p or u € 0* and w™(a) € ®*. Then

wlza(—u)w € J
and spZq(u)w is in the same double coset as spxq(u)w - W txy(—u)w = spw.
We may take 8 =1 in this case.
On the other hand suppose that u € 0 or u € 0* and w™'(a) € ®~. Then

w e _o(—uHw € J.
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and sy, (u)w is in the same double coset as
spTo(u)w - w o (—u Hw.

We have the matrix identity

() )= )

Applying i, we see that sgz,(u)z_o(—u~) € B, so the double coset is

-1
B(F)wJ in this case. In this case we may take 5 = i, ( “ i ) O

Proposition 74 (Casselman) Ifw = sy, is a simple reflection, then pu(x,w) =
—Tk +(1- —) 2 where z € T(C) corresponds to x as in Section 19.

1—2z% 7

Proof Since 1y, and T}, € H(W) correspond to ¢, and ¢, defined by (88)
under the map «, this is equivalent to the formula

1 1 zZOk
M(Sk)(bl = 5¢Sk -+ (1 — &) 1 _ 2on ¢17

which we will prove. It is sufficient to compare the values of both sides at
w € W, so what we need to prove is that

(1-1) 22 tw=1
(M(se)on)(w) =4 1 T
0 otherwise.

We may assume that (81) is satisfied so that the integral is convergent; oth-
erwise, the result is still true by analytic continuation. Therefore |z,,| < 1.
Note that

M (si)r (w /<f>1 Sklay, (W) w) du (89)
The integrand is evaluated in Lemma 30. If w ¢ {1, s;} then sz, (u)w is

never in B(F')J, so M(sg)¢1(w) = 0. If w = 1, then by the Lemma (since
w™(a) € &~ cannot occur)

D1 (85T (1)) = { l)u|

otherwise.



The contribution from the region where ord(u) = —n withn > 0is ¢"(1—¢™!)
(the volume of the domain) times ¢~" times z"*. Thus we obtain

07

(M(si)én)(1) = (1= ¢! sz— (1-q >

1—za

If w = s, then by the Lemma (since w™!(a) € ®* cannot occur)

1 ifuep
0 otherwise,

on(owzn (1)) = {
and in this case the contribution is

(M(sg)¢1)(sk) = vol(p) = ¢~ .

24 Whittaker functions and Whittaker mod-
els

Let F be a field that may be finite or nonarchimedean. The case where F' = R
or C is similar, but some statements must be more carefully formulated.
Let G be a split reductive group over F', and let U(F'), T(F), etc. be as
in previous sections.
If a, 8 € ®* then the commutator of two one-parameter unipotent sub-
groups is computed as follows:

. [L’OH_B(F) ifa+ﬁ€<1>,
[ma(F)vxﬁ(F)] - { 1 if o + 3 is not a root.

Therefore the commutator subgroup U(F')’ of U(F’) is the subgroup generated
by the one parameter subgroups z,(F’) for the roots a € ®* that are not
simple, and the abelianization U(F)* = U(F)/U(F)" is isomorphic to the
abelian group

HF, (Ua|a € 3) — [H To(Ua)

aEX a€l]
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Here X is the set of simple roots.

The characters of U(F) factor through this abelianization. Therefore
each character 1 is determined by its restriction to the groups x,(F') with «
simple, and these restrictions can be arbitrary characters. The character
is called nondegenerate if these restrictions are nontrivial.

Theorem 30 (Gelfand-Graev) Let F' be a finite field, and let ¢ be a non-
degenerate character of U(F). Then Ind$(v) is multiplicity-free.

We will prove this for G = GL(n) only. In general, it depends on an
involution that was constructed by Steinberg.
Proof [GL(n) only] The group T'(F') acts transitively on the nondegenerate
characters of U(F) by conjugation so the representations Ind{i(¢)) are the
same for every nondegenerate character. Therefore we may assume

1w --- Unp—1,n

1 :
P _ =o(x12 + oz + ... + Ty_1,)

Unp—1,n

1

where ) is any fixed nontrivial character of F. To show that W = Ind$(v))
is multiplicity-free, we note that Proposition 5 it is sufficient to show that
H, is abelian, where H,, is the convolution ring of functions f on G(F) that
satisfy f(ugu') = ¢(u) f(g)y ().

Let 0 : G(F') — G(F) be the involution

0(g)=J-"'g-J,  J

1

The map 60 sends U(F') to itself and stabilizes the character 1. But it is an
anti-automorphism: 6(gg’) = 0(¢')0(g). Therefore ©(f) = f o 6 defines an
anti-automorphism © of M, namely O(f* f') = O(f")*O(f). If we can show
that this map is the identity, then it will follow that H, is commutative.

Lemma 31 Let m € N(T(F)). Then either 0(m) = m or there exists an
element v € U(F) such that ¥(v) # (mom™).

Proof Let w be the Weyl group element corresponding to m. We may
consider the action of w on roots. First we show that if o € ¥ and if
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w(a) € ¢ then w(w) € X. If not, then let v € X, such that ¢(v) # 1. Then
mom™! € Ty (F) C U(F) but ¢ (mvm™') = 1 since w(«) is not a simple
root.

Let @ be the set

Now consider m~=t6(m). O

Now suppose that f € H,. We will show that O(f) = f; as we have
already noted, this will prove the theorem. Suppose that f(g) # 0. Then
we will show f(g) = f(6(g)). By the Bruhat decomposition we may write
g = umu’ for u,u’ € U(F) and m € N(T(F)). It is sufficient to show that
6(m) = m because then

F(g) = ¥(u) f(m)d(u) = () f(O(m))¢(u) = f(u'O(m)u) = f(0(9))-

If (m) # m then by the Lemma there exists v € U(f) such that ¥ (v) #
Y(mvm™'). Now

f(m) = f(mom™" -m-v™") = ¥(mom™") f(m)p(v) .
This is a contradiction since f(m) = ¥ (u)~Lf(g)y(u/)~t # 0. O

Let (7, V') be an irreducible admissible representation

25 The Casselman-Shalika formula

The lattice PV is the coweight lattice of G but it is also the weight lattice of
G. Let AY € PY be dominant. Then \Y is
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