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1. INTRODUCTION

This is the rest of the letter I promised. After making the necessary apologies for its length,
the style in which it is written, and the delay in sending it let me tell you what is in it and
what is not in it. There are also one or two matters about which you should be concerned.

Of course the goal is to extend the theorem of your paper to all number fields and to
function fields. If I have made no mistakes such an extension is obtained in paragraph [7]
(Although I am not really at home with function fields I do not think I made any blunders.)
Moreover as I said I do have to assume the existence of an Euler product.

If you want to see quickly what the basic idea of the proof is you should probably concentrate
on function fields. For these only paragraphs [6] and [7] are necessary. Indeed in this letter
the only difference between a number field and a function field is that a function field has
no archimedean primes. The reason that so much space is devoted to archimedean fields
is that, at the moment, I know more about the representations of GL(2, K') for such fields.
As soon as I understand the representation theory of GL(2, K) for non-archimedean fields I
should be able to avoid the assumption, which appears in both the letter and your paper,
about the character y. Of course ignorance of the representation theory of GL(2, K) for a
non-archimedean field is not fatal. The same ignorance for an archimedean field would be.

Perhaps it will help when you read paragraph [7]if I give some idea of the relation between
the notation of the letter and your paper. Associate to the function I' of your paper the

function "
~ (ad —be) at+b _(a b
Fo(g) = Gty Flod 9=\, 4) €CL:(2.R).

If K = Q, as we now assume, the divisor D of the letter is just the number A of your paper.
Let € be the € of your paper and let § be a character modulo A. If (‘; Z) lies in U }gp set

6 (Z Z) _ ¢(a)6(ad)

Date: 1967.
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if p|D and set

if pt D. Then, for (¢%) in U

for v in Gx N Grpe X UP, dety > 0. Define a function ¢ on G by

2(19) = ¢(9) = Fo (900) [T & (95)

p|D

if v belongs to Gx N GX, g belongs to G, x UP, and det (gs) > 0. ¢ is well-defined and
is the ¢ of my letter. If we want to indicate its independence on § we should write p = 5.
Now let me show that the assumption

Flw(A) =C'i*F

implies that @ = % {Hp|D €p ((1) —(1))} @es. Since (€)% =1

€ (CCL Z) =¢€'(a)d(ad) = €(a)('0)(ad)
if p|D. If g belongs to Gk, x U and det goo > 0

V) () e ) TTa e (T4 (5 )
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(5 2)

the representation m, _ is the infinite-dimensional quasi-simple irreducible representation
deducible from 7. ¢, will have to lie in L (époo, Wpoo) .- & will of course be the character

JZ) — 6271'7@00 | | 6—27szp‘
p

Let x’ be one of the x of your paper. x’ determines a homomorphism of Hp|m O, into C*.
m is of course the conductor of x. Let y’ also denote the character of K*\I which satisfies

Hﬁp =x' (] %

plm

if By, >0 and B, € O) for p # poo. Then x = (€'6x )~! is one of the characters of the letter.

If g is
1 L
IXH 0 ”ip
pP#Poo

the value of the integral of Lemma 7.3 is, in your notationﬂ

1 —/ / ch 27rzn tf— s—l—k dt

gp(m a mod m

D00 (s ) S 2 (54,

On the other hand it is equal to the product of Z(s, x) and the expression @ on page 7.2(ﬂ
If .. is suitably normalized then, for the g chosen, this expression equals

eI ()P

peER

If

E=1
o ? k
— (sgn am) ay, as € RF
&%)

This equals

This is equal to

1 g(x)
(2m)st2 p(m)
Thus .
o\ *t2
=(s,x) = (%) AY (S + —)
Moreover

[

) =2 (T (0 ) (2) e (++)

IThe second formula from the bottom on p. 150 of your paper does not look correct.
2Added—this is pagination of the original letter.
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The letter and the paper will be consistent if

(=) Ao B ()

m

is equal to
u 1 0 o\ Tt (—A, 0
% Hep((o —1)) (Eﬂ) HCP(( 0 1))
p|D p|D

Xe (Cpoogpoo7 Trpoo) H € (gp, fp,wp)

ptD
PFPoo

This is a consequence of the following relations.

I+ 1)) -

1< ((‘S‘ i ?)) =11¢" ((‘5‘*’ ?)) = X(4)5 (~1) (-1)F A~

pID
€ (CPOOSPOO”/HJOO)
€ (¢ &pomp) =1ifptDandptm
)

LG e gw)pl'l@((o —mﬁ))

plm

[T () = LR () Lo (o) TLil

pim plm plm plm

plm plm

— He’ (my) Hx' <—m§> m=2
ptm pfm

=€ (m)x (—=1)m .

Of course all these formulae will be meaningless to you until you have read the letter.

For lemmas 2.4 and 4.3 I have referred to a paper of Harish-Chandra. These lemmas are
not stated explicitly in that paper. It has been a long time since I looked at that paper and I
should read it again to see that the lemmas are really implicit in it. I will do so as soon as
possible. The appendix to paragraph [7] is not relevant to the rest of the paper. You should
not read it. I include it only because the footnotes contain corrections to paragraph [5

With so many formulae there are bound to be some small errors. They should show up as
soon as one starts to apply the theorem.
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2. REPRESENTATIONS OF GL(2,R)

In this paragraph the next Gg will be GL(2, R) and G% will be the group of matrices in Ggr
with determinant +1. U will be O(2,R) and U° will be SO(2,R). g will be the Lie algebra of
Gr and gc its complexification. g° will be the Lie algebra of G% and g2 its complexification.
2 and 2(° will be the universal enveloping algebras of gc and g respectively. Since neither
GRr nor G% is connected it is not sufficient for us to study representations of 2l or 2°. Let

)

A representation m of {0,2(} on a vector space W assigns to each X in 2 a linear trans-
formation m(X) of W. It also assigns to o a linear transformation m(c). We demand

not only that X — 7(X) be a representation of 2 but also that (7r(c7))2 = I, and

m(o)m(X)m (07') = 7 (ado(X)) for all X in A. A representation of {o,2°} is defined

in a similar manner. If 7 is a representation of {o, A}, 7° will denote its restriction to {a, %0}
Two bases of gg are

=00 =00 2= )
o=(Ve) v=(0h) w(4 )

U is contained in the Lie algebra of the one-dimensional group U. If 7 is a representation of
{o,%} on W let W,, = {w € W | 7(U)w = inw}. We shall always assume that W, = {0} if
n is not an integer. The representation 7 will be called quasi—simpleﬂ if W=>" W, and
7(Z) is a scalar for all Z in the centre of 2. If 7, and 7y are two representations of {o, 2}
on Wi and W5 respectively mo will be said to be deducible from 7 if there are two invariant
subspaces W3 D W, of W; and 75 is equivalent to the representation of {o, A} on W5/Wj.
Similar notions can be introduced for representations of {0, QLO}.

If Z lies in the centre of 2 then ad o(Z) = Z. The centre of A" is generated by

and

1 1 1
D:XY+YX+§Z2:2YX+Z+§Z2:2XY—Z+§Z2.

The centre of 2 is generated by D and J = (}9).

If G is any Lie group and X lies in its Lie algebra p(X) is the left-invariant vector field
defined by p(X)p(g) = Lp(gexpta)|i—o and A(X) is the right-invariant vector field defined
by A(X)e(g) = %o (exp (=tX) g) [;—o. The maps X — p(X) and X — A(X) extend to
representations of the complex universal enveloping algebra.

Let w be a continuous homomorphism of Ag, the group of diagonal matrices in Gg, into C*.
Let w; and wy be the homomorphisms of R* into C* defined by

s=2((5 1))

31 use the expression in a slightly different sense than Harish-Chandra.
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wa(t) = (((1) 2))

m;
) ,m; =0or 1, and set s = s; — 9, m = m; — moy. If Ng is the group

(b 1)

let L(w) be the space of all infinitely differentiable U-finite functions on Ng\Ggr satisfying

)
0 [6%)

in Ar. If ¢ belongs to L(w) and X belongs to 2 then p(X)p also belongs to L(w). Of

course p(c)p which is defined by (p(0)¢) (g9) = ¢(go) also belongs to L(w) and we obtain a

representation 7, of {o, A} on L(w).

Because of the Iwasawa decomposition Gr = NgrArUY, the functions in L(w) are de-
termined by their restrictions to U°. The functions ¢, with 25™ € Z, which are defined

by

and

s [ L

Let w;(t) = |t 0
of all matrices of the form

a1
a2

2
©(g) for all

p(ag) = w(a)

1/2

(03] .
emﬂ

(%)

ifg=(4%)a (72;’;3 jg;g) and a = (4 ), form a basis of L(w).

en(9) = w(a)

(
(i1) 7(U)n = ing,
(#40) mo(V)pn = (s +14+n)@nio
(iv) T (W)epn N (s+1=n)p,
(v) mo(D) = =3+1

() 7AJ) = (51 + 50) T

The relations (i), (ii), and (vi) are clear. To prove (iv) we observe that p(D) = A(D) and
that if ¢ € L(w),

A(D)so:A(ZM%A(ZQ)w: e+ G?fo= T2t

2 2
Since [U,V] = 2iV and [U, W] = 2iW, 7,(V)p, is a multiple of ¢, s and m,(W)p, is a
multiple of ¢, 5. It is easily seen that (m,(V)¢,) (1) = (s + 14+ n) and (m,(W)g,) (1) =
(s +1—n). The relations (ii) and (iii) follow.
Corollary.

(i) If s —m is not an even integer the restriction of 7, to A° is irreducible.
(71) If s —m is an odd integer and s > 0 the only subspaces of L(w) invariant under A°

Ml(w) = Z Cgpm MZ(W) = Z Cgpm

n>s+1 n<—(s+1)
%EZ n;m cZ
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and M(w) = M;(w) + My(w). The spaces M(w), Ma(w), and L(w)/M(w) are
irreducible under A°. The only subspace invariant under {a, 2[0} is M(w). The
representations of {o, A%} on M(w) and L(w)/M(w) are irreducible.

(i) If s —m is an odd integer and s < 0 the only subspaces of L(w) invariant under A°

Ml(w) = Z Con, MQ(W) - Z Con,

n>s+1 n<—(s+1)
n—m —
€z LM

and M(w) = M;(w) N Ma(w). The only subspace invariant under {o,A°} is M(w)
and the representations of A° on M(w) and L(w)/M(w) are irreducible.

This follows immediately from the lemma and the observation that an invariant subspace
of L(w) is spanned by the ¢, it contains.

If 7 is a quasi-simple representation of {o,2°} on H then n(V)H, C H,.> and 7(W)H, C
H, 5. Consequently H° = H, and H' = .4 H, are invariant subspaces of H.

n even

We shall say that 7 is of type 0 if H' = {0} and that 7 as of type 1 if H* = {0}.

Lemma 2.2. Suppose 7 is a quasi-simple irreducible representation of {0, Qlo} on H which

is of type m. Suppose moreover that w(D) = %[ and s —m s not an odd integer. If n >0
let A,, be the restriction of
m(o)m(W)"
Zq’:_ol (s+2k—(n—1))
to H,. If n <0 let A, be the restriction of
m(o)m (V)"

Lﬂgl (3 + 2k — (\n\ — 1)>

to H,. Then A2 =1 for alln. Let A(r) be the operator H whose restriction to H, is A,.
A(r) commutes with (o) and with 7(X) if X is in A°.

Using the relations Z = VJgW, 2X=U —z'(V_W), 2Y = -U— z@ one shows easily that
vw  wv U?* VW U vz wv I U?
= — _— = — 7 —_——_—= — — 1 _— —
4 4 2 2 2 2 2

Thus, if ¢ lies in H,,
TV)a(W)p =7 (2D -2iU+U?*) p=(s"—1+2n—n*)p=[s*— (n—1)*] ¢
TWn(V)e=m(2D+2iU +U*) p=(s*—1-2n—n*)p=[s° — (n+1)*] ¢.
In particular if 0 < j < |n| and ¢ € W,
(VYT r(W) e = [s* = (n—2j — 1)%] ( Y ifn>0
(WY (VY e = |5~ ( mwaj—UQ
Since w(o)m(W)n(o) = n(V) and 7(o)n(V)7 (o) = W(W) it follows that

s B[ (=2 - 1]

i { 5! (5426 = (In| - 1))}

P =
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It is easy to see that A(m) commutes with m(c) and w(U). Thus to prove the last
assertion of the lemma we need only show that it commutes with 7(V') and 7(W) or that
Apiom (V) =m(V)A,, and A,,_on(W) = 7(W)A,. We must study various cases separately.

Suppose that n > 0 and ¢ belongs to H,.

1
An+277(v)90 ———

wlo)mT TL+27T

(V) (52— (n 2\ (o) n
o) & (D) AR
=7(V)Anp.
Ifn>2
1
T(W)A,o = T Whm(o)m(W)H"
(V)40 = oy TR
(o) 2 2 n—1
Z:é (s+2k— (n—1)) <S — () >7T(W) 7
= Anam(W)g
Ifn=1
K(IV)Adup = (W )n(o)a(W)p = ~(o)m(V)r(W)p = Apom(W)p.
Ifn=20
Auam(W)p = = m(o)n(VVr(V)g
= T o)V ) (W) = m(Wm(o) = (W) A

There is no need to discuss the case n < 0 because w(0)Aymw(0) = A_p, w(o)m(W)n(o) =
7(V), and w(o)n(V)m (o) = m(W).

Lemma 2.3. A quasi-simple representation m of {0, 2} is irreducible if and only if 7° is
irreducible. If w is an irreducible quasi-simple representation of {o,2} on H there are two
possibilities.
(i) The restriction T of m to A is irreducible and the two representations X — w(X) and
X = 7(ado(X)) are equivalent.
(i) H is the direct sum of two subspaces Hy and Hs invariant under A. The repre-

sentations ™ and 7o of A on Hy and Hsy are inequivalent but 7o is equivalent to
X =7 (ado(X)) and w(0)Hy = Hs.

The first assertion is a matter of definition. Suppose 7 is irreducible. Either H is irreducible
under 2, when the first possibility occurs, or it is not. Suppose it is not. Let H; be a proper
subspace of H invariant under 2 and let Hy = w(o)H;. Since Hy + Hs and H; N H, are
invariant under {o,2A}, Hy N Hy = {0} and H = H, & H,. If H| were a proper subspace of H;
invariant under 2( then Hj & H), with H) = 7(0)H}, would be a proper invariant subspace of
H. 75 is certainly equivalent to X — 7, (ad o(X )) To complete the proof of the lemma we
have merely to show that 7, and X — 7 (ad o(X )) are not equivalent. To do this we use
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the following lemma which is a special case of a theorem of Harish-Chandra (Representations
of semi-simple Lie groups, 11, T.A.M.S. v. 16, 1954).

Lemma 2.4. Let @ be an irreducible quasi-simple representation of A on W. There is at least
one continuous homomorphism w of Ar into C* such that & is of type |m| and a(D) = 527_1[
and G (J) = (s1+ s2) I. Moreover if w is any such homomorphism, & is deducible from T,
the restriction of m, to 2.

As usual wi(t) = w((§9)), wo(t) = w((§9)), wilt) = ]

m = my—msy. Although the adjectives of the lemma have only been defined for representations
of {o, A} their meaning for representations of 2 is clear. The lemma implies that W, is of
dimension at most 1. Consequently any linear transformation leaving W,, invariant has an
eigenvector and any linear transformation commuting with 7(X) for all X in 2 is a scalar.

If 71 and X — 7 (ado (X)) were equivalent there would be an operator A such that

A7 (X)A =7, (ado(X)) for all X. Thus A7 (X)A~2 = A (m (ada<X))> A =7 (X)

and A? is a scalar. We may suppose that A2 = I. If x lies in H; and X lies in 2 then
T(X) (z @ 7w(0)Az) =y @ 7(0)7(A)y if y = 7(X)z and 7(0) (z ® 7(0)Az) =y & 7(0) Ay if
y = Az so that {:U D W(U)ASL’} is a proper invariant subspace.

m;
) , § = S1 — S9, and

Lemma 2.5. Suppose 7 is an irreducible quasi-simple representation of {o, A} on H. There
is a continuous homomorphism w of Ar into C* such that w is of type |m|, m(D) = 32;11,
7w(J) = (s1+ s2) [ and, if s —m is not an odd integer, A(w) = (—=1)" 1. If w is any such
homomorphism and 7 is infinite-dimensional then w is deducible from .

Choose s so that (D) = 527—1] and define s; and sg by s1 — s9 = s and 7(J) = (s1 + s2) I.
Choose my to be 0 or 1 and define m,, which is 0 or 1, by the condition that 7 is of type
|m| if m = my — mgy. If s —m is not an odd integer A(r) is defined and commutes with 7(o)
and all 7(X). By the previous two lemmas H,, is finite-dimensional. Consequently A(7) is a
scalar. Since A%(1) = I, A(w) = 1. Choose my so that A(7) = (=1)"*I. If s — m is an
odd integer mo may be chosen to be either 0 or 1. It follows from Lemma 2.1 that if s —m is
not an odd integer then A (m,) = (—=1)"*I.

Suppose first that s — m is not an odd integer. Lemmas 2.3, 2.4 and the corollary to
Lemma 2.1 imply that 7, the restriction of m to 2, is irreducible and equivalent to 7.
Let B be a map from H to L(w) such that Br(X) = 7,(X)B for all X. I claim that
Br(o) = m,(0)B. It is enough to verify that Brw(c)r = m,(c)Bz for x in H,. Clearly
BA(w) = A(m,) B. Since A*(1) = I, Br(c)r = Br(0)A*x. It n >0

BW( JA(m)7 (o) m(W)"z

Brlo)e = (s + 2k — (n—1))
_ bA@rW)a
(s + 2k — (n — ))
A( w) Tw(W)" Bz

w(
(s + 2k — (n—1))
= 7Tw(O')BCL’
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and if n <0
Br(o)A(r)m(o)m (V)
T R (s (1)
BA(m)m(V)"g
I (s 2k - (Inl - 1)
A(m,) 7o (V)" Bz
o' (s +2k = (Inl - 1))
— 7.,(0)Bua.

If s —m is an odd integer and 7 is infinite-dimensional it follows from Lemmas 2.3, 2.4 and
the corollary to Lemma 2.1 that H = Hy @ Hs. Let V/ O V" be subspaces of L(w) invariant
under 2 such that 7; is equivalent to the representation of 2 on V'/V”. Let W’ be the
intersection of all subspaces of L(w) which contain V' and are invariant under {o,}. Let
W” be the union of all subspaces of L(w) which are contained in V" and are invariant under
{o,}. By the corollary to Lemma 2.1 the representation 7, of {o,A} on W = W'/W"
is irreducible. By Lemma 2.3, W is the direct sum of two subspaces W; and W, invariant
under 2. We may suppose that the representation of 2 on W; is equivalent to 7. Let By be
a map of H; to Wy such that Byn(X) = 7,(X)B; for X in 2. Let By = 7,(0)By7(0) and
set B = By & By. It is immediate that Bw(o) = 7,(0)B and Bn(X) = 7,(X)B for all X.

It is not difficult to see that every finite-dimensional representation of {o,} is deducible
from some 7,. As a consequence A(7) can be defined by the formulae of Lemma 2.6. If 7 is
deducible from 7, then A(r) = (—1)" 1.

Corollary. Suppose A\(D), A(J), and m, which is to be 0 or 1, are given numbers. Let \(D) =
E If s —m is not an odd integer there are two irreducible quasi-simple representations m
of {o, A} of type m for which m(D) = X(D)I and w(J) = X(J) = A(J)I. For one A(m) =1
and for the other A(w) = —I. If s —m is an odd integer there are three such representations.

One is infinite-dimensional. The other two are finite-dimensional. For one of these A(m) =1
and for the other A(m) = —1I.

Since s is not unambiguously determined neither is A(7). However once a representation m,,
from which 7 is deducible is specified s can be taken to be s; — s5. Such a choice was implicit
at various places in the preceding paragraph.

3. THE LOCAL FUNCTIONAL EQUATION FOR GL(2,R)

If 7 is an irreducible quasi-simple representation of {o,2(} and 7, is a representation of
{o,2A} on W we shall say that 7 is contained in 7y if there is an invariant subspace V' of W
such that the restriction of m; to V is equivalent to w. We shall say that 7 is contained at
most once in m; if there is at most one such subspace. If VV’ were another such subspace
either VN V' = {0} or V= V’; thus to show that 7 is contained at most once in m; one has
merely to show that two such subspaces must have a non-zero element in common. Similar
notions can be introduced for representations of {a, Q(O}.

If n is a continuous homomorphism of Ag into C* let L(n) be the space of all infinitely
differentiable U-finite functions on Gg satisfying ¢(ag) = n(a)p(g) for all a in Ag. If ¢ lies
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in L(n) so does p(c)¢ and p(X)p for X in 2. Thus we have a representation p(n) of {o, 2}
on L(n).

Lemma 3.1. No irreducible quasi-simple representation of {o, 2} is contained more than
once in p(n).

Let m be an irreducible quasi-simple representation of {o, 2} and let 7¥ be its restriction to
{a, 2[0}. Suppose 7 is deducible from 7. Let L°(n) be the space of infinitely differentiable
U-finite functions on G% satisfying p(ag) = n(a)¢(g) for all a in Ag N G and let p°(n) be
the representation of {o,2°} on L°(n). It is enough to show that 7° is contained at most
once in p°(n).

Suppose H C L%(n) and the restriction of p°(n) to H is equivalent to 7°. The integers n
for which H,, # {0} are determined by 7. To prove the lemma we need only show that, for
some such n, H, is uniquely determined by m. Let i (t) =7 ((§9)), m2(t) =n (($?)), and

4;
let n;(t) = |t|™ (%) with ¢; = 0 or 1. If ¢ lies in H,, set ¢(z) = ¢ ((§%)); then
p(g) = n(a)(z)e™

_ 1 =z cosf sind
g9=% 0 1 —sinf cos@

with a in Ag N G%. Consequently ¢ is uniquely determined by . Let o1 = p(V)ep,
wo = p(W)ep, and let ¢y and 15 be the corresponding functions on R. Since

if

e (5 7)) =imv

o) (5 ”{) — (o) - 2022

p(X)p (é f) _

dz
and
V=Z4+2X—1U
W=27-2iX+U
one has
d
wl(x):—Q(x—i)£+(r+n)¢
d
wg(x):—2(x+i)£+(r—n)w.

Moreover p(D)y = p <@ —iU — U;) @ corresponds to the function

d* ody (r—1)2-1
2(x?2+1) — + (4o — 2rx — 2in) — + ———~2 4.
(l’+)dx2+(l’ re m)dx+ 5 "
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Consequently

2 d )2 _ g2

(A) 2(:E2+1)d—;ﬁ+(4:p—2rx—2m)£+ Y ; al
Finally p(c)p corresponds to (—1) ¢ (—z).

There are a number of separate cases to consider. If s —m is an odd integer and 7 is

infinite-dimensional take ng = |s| + 1. Then H,,, # {0} and p(W )¢ =0 if ¢ € H,,. Thus

¥ =0.

—2(x+i)%+(r—no)w—0.

This equation determines ¥ up to a scalar factor.

If s —m is not an odd integer or 7 is finite-dimensional and if m = 0 then Hy # {0}. If
¢ lies in Hy then ¢ must satisfy equation and the condition ¢ (—z) = (=1)2"" ()
because A (7°) = (—1)™ I. Thus 1 is determined up to a scalar factor.

If s —m is not an odd integer or 7 is finite-dimensional and if |m| = 1 then H; # {0}.
Referring to the definition of A(7) in Lemma 2.2 we see that ¢ satisfies equation and
the equation

dyp

—2(z+i) -+ (r = Di(2) = (—1)*"™ s¢p (—x) .

This equation implies a non-trivial linear relation between the values of 1 and its first
derivative at x = 0. Thus % is determined up to a scalar factor.

If £(z) = €™, with u # 0, is a non-trivial character of R let L(£) be the space of all
infinitely differentiable U-finite functions on Gr satisfying

(i) ¢ (((1) f) g) = {(z)p(g) for all z in R,

(ii) if g belongs to Gr and X belongs to 2 there is a constant M such that
X th 0 < M M M
p(X)p g || <M al™ + [t
0 t
for ’t1| 2 ‘tg‘

Let p(§) be the representation of {o, 2} on L(§).

Lemma 3.2. No irreducible quasi-simple representation of {o,} is contained more than
once in p(§).

Let  be such a representation and let m be deducible from 7. Let L°(£) be the space of
all infinitely differentiable U-finite functions on G% satisfying

i) ¢ ((3 ) g) = £(x)el9).

(i) if g lies in G% and X lies in 2A° there is a constant M such that

t2 0
p(X)p (O t—1/2>g < MM

for t > 1.
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Let p°(€) be the representation of {o,A°} on L°(§). It is enough to show that 7° is
contained at most once in p°(n). The proof of this will be similar to the proof of the previous
lemma.

Suppose H is an invariant subspace of L°(£) and the restriction of p°(¢) to H is equivalent
to w0, If ¢ lies in H,, set

L 0
Y(t) = <'t'0/ 1) . teRX~.

\t|1/2

(1 =z \t|+/2 0 cosf siné
9=\o 1 0 lt‘}Q —siné coséd

7
the function ¢ is determined by 1. Let ¢ = p(V)@, w2 = p(W)p, and let ¢, and 1)y be the
corresponding functions on R*. Since

Ly 0
p(U)g ('” ) = iny(t)
7z 0 dvp
[t/ — 94
p(Z)¢ ( 1 ) _2tdt

p(X)p ('tf” ?) = quty)(t)

~

|t|1/2

one has
d
U (t) = 2td—@f — (2ut —n)
o) = Qtfi—qf + (2ut — n) 1.

Moreover p(D)¢ corresponds to 2t4 (t%) —2t% 4 (2nut — 2u?t?) 1 so that

d ( dy dyp 9.9 s2—1

B 20— (t— ) — 2t— 2nut — 2u“t = .
(B) dt(dt) g TRt = 208) ) = ——y
Finally p(o)¢ corresponds to (—1)" ¢ (—t).

Suppose that s —m is an odd integer and 7 is infinite-dimensional. Take ng = |s| + 1.
Then H,, # {0} and p(W)p = 0 if ¢ belongs to H,,. Consequently

d
2td—@f + (2ut — ng) ¥ = 0.

If v is to satisfy this equation and the growth condition it must vanish for ut < 0 and be a
multiple of |t|"0/2¢~%* for ut > 0. Thus it is determined up to a scalar factor.
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Before discussing the remaining cases we should comment on equation . It may be

written as

d*y , , nu (1-=5°)

i — L Ty =0.
72 +< u” + ; + Y

Dropping the terms in % and t% we obtain the equation % —u?p = 0. As a consequence the

original equation has one solution on the positive real axis of the form t#e~I"!* (1 + 0 (%)) and
one of the form t”el"/* (1 + 0 (%)) Only the first will satisfy the growth conditions. On the

negative real axis it has solutions of the forms t*el“* (14 O (%)) and ¥ e~ lult (1 +0 (%))
Only the first satisfies the required growth conditions. Thus the space of solutions of
equation (B]) which satisfy the growth conditions has dimension two.

If s —m is not an odd integer or 7 is finite-dimensional and if m = 0 then Hy # {0}. If ¢
belongs to Hy then ¢ (—t) = (—1)"2(t) because A (7°) = (—1)" I. This supplementary
condition will determine v up to a scalar factor.

If s —m is not an odd integer or 7 is finite-dimensional and if |m| = 1 then H; # {0}. If ¢
belongs to H; then

dvp

2t + (2ut — 1) (t) = (= 1)) sy (1) .

This supplementary condition determines v up to a scalar factor.
Suppose ¥ (t) satisfies equation (Bf) with n =1 and

o0 =3 e { (- @y e o |
Then

_1\ma2+1 /
D™ {_gt%
s dt

() — Qut + 1)/ <—t>}

(1" ], d

= O Lol (o ) - w1y -0}

which equals

2 e [ty s ] - D [ e o]}

Simplifying we obtain

o [ d [ dy i) - 1
iy ) Vil (k) I Vil iy () Qut + ~
32{tdt<tdt> tdt—l—( ut+ut+2w

which is just ¢ itself.

Corollary. Let m be an irreducible quasi-simple representation of {o,A}. 7 is contained in
p(&) if and only if w is infinite-dimensional.
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It is enough to show that 7° is contained in 7%(¢) if and only if 7¥ is infinite-dimensional.
Suppose H is a non-trivial finite-dimensional subspace of L°(¢). Let 7 be the representation
of {o,A} on H and let 7 be the contragredient representation. If

0 x
%= (0 %)

the only eigenvalue of 7(X,) is zero because 7 is finite-dimensional. Let ¢ be the element in
the dual of H defined by ¢(¢) = ¢(1). ¢ is not zero and

(F(X2)?) (9) = =2 (1(Xo)e) = — (1(Xa)) (1) = —iup(1)
so —iu is an eigenvalue of 7(X,). This is a contradiction.
Suppose 7 is infinite-dimensional and deducible from m,. Let L°(&,s) be the space of
(&, 8), is two. Let

functions in L%(€) satisfying p(D)p = 522—1
Lo s,m) = > L, )n

n—m
nSmeE

and let p°(£,s,m) be the representation of {o, 2} on L°(&, s, m).

Suppose Wy 2 W, are two invariant subspaces of LO(&,s,m) and W = Wy /W,. The
representation of {o, A} on W is quasi-simple. Choose n so that W,, is not empty. The
dimension of W, is at most two. Among all the non-zero subspaces of W,, obtained by
intersecting W,, with an invariant subspace of W there is a minimal one W?. Let T’ be the
intersection of all invariant subspaces containing W and let W” be the sum of all invariant
subspaces of W’ which do not contain W?. W” does not contain W? and the representation
of {o,2} on V = W'/W" is irreducible.

If s—m is not an odd integer Lemma 2.1 and Lemma 2.5 and its corollary imply that
V,, # {0} if 5™ is an integer. Because the dimension of L°(¢, s),, is two we conclude that there
is no chain LO (&, 5,m) 2 Wy 2 Wy 2 {0} of invariant subspaces. The operator A ( 0(¢, s, m))

is defined and L°(&,s,m) is the direct sum of Lt = {gp ‘ A(p°(& s,m)) o = go} and L~ =

{(,0 ) A ( 0(¢, s, m)) Q= —90}. We have seen that neither of these is empty. Consequently

they are both irreducible and the corollary to Lemma 2.5 implies that the restriction of
p°(&, s,m) to one of them is equivalent to 7°.

If s — m is an odd integer the same kind of argument shows that there is no chain
L&, s,m) 2 Wy 2 Wy 2 Ws 2 Wy 2 {0} of invariant subspaces. As a consequence
LO(&,5,m) must contain an invariant 1rredu01ble subspace. The restriction of p°(¢, s, m)
to this subspace will be equivalent to 7° which is the only infinite-dimensional irreducible
representation deducible from 0.

We return to the study of the functions ¢ (¢). The Mellin transforms

0t (z) = | vt dt
RX

07(2) = . W(t)(sgnt)|t[*~ dt
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are defined for Re z sufficiently large. Equations are equivalent to the difference equations
(224 1)? = s*] 67 (2) + dnubd™ (2 + 1) — 4’0" (2 +2) =0
(22 4+ 1)? = *] 67 (2) + 4nub™ (2 + 1) — 44’0~ (2 + 2) = 0.

If, as before, 1 corresponds to ¢, ¥, corresponds to ¢1 = p(V)p, and 1y corresponds to
o = p(W)p let 6 and ;" be the Mellin transforms of ;. Then

07 (2) = —2207(2) —2uf~ (2 + 1) + nf*(2)
0, (2) = =220 (2) —2uft (2 + 1) + nb (2)
© 03 (2) = =220 (2) + 2ub~ (2 + 1) — nb*(2)
0, (2) = =220 (2) +2ubt (z + 1) — nb = (2).
If ¢ is replaced by p(o)p then 6%(z) is replaced by (—1)"6%(z) and 6 (z) is replaced

by (=1)"" 67 ().
If 7 is an infinite-dimensional irreducible quasi-simple representation of {o, A} let L°(&, )
be the unique subspace of L°(¢) which transforms according to 7.

Lemma 3.3. Suppose 7w is an infinite-dimensional irreducible quasi-simple representation
of {o, A} which is deducible from 7. If L°(&,m), # 0 let 0 (z) and 6, (2) be the Mellin
transforms corresponding to some non-zero element in L°(&, m),,.

(i) If s —m is not an odd integer, m = 0, and my = 0, then

2\” z2+14s z4+ i -2
Qg(z)zao(m)l“< ; 2)F< ; 2)

0y (2) =0

z 348 )
05 (z )—2alsgnu<| ’) F(%)F(H—2>

(i) If s —m is not an odd integer, m =0, and my = 1, then
0y () =0

z 14 s 1 _ s
- (2) r(E4) r (40)
z 3 _ s
0F (= )—25gsgnu<‘ ’> F(%)F(%)
z 1, s 1_ s
92_(2)251(%) 2F<—2+;+2)F<—Z+; 2).
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(#1) If s —m is not an odd integer, |m| =1, and my = 0 then

0 (2) = 7 (%)Zr<z+2+ ) <Z+__§>
o)

(v) If s — m is not an odd integer, |m| =1, and my = 1 then

2\° [z+i+2 z+3-¢
T(z) = 2\ 2 "2\ 2 2
ot = (i) ( 2 ) ( 2 )
B 2\" z+%+§ z+%—§
07 (z) =y sgnu Tl r — r — |

(v) If s —m is an odd integer and ng = |s| + 1 then

5
O = et ( Tt |2’)

do
0,,(2) = s sgnul’ <z+ 5 + |2|)

The letters ag, aq, Bo, B1, Yo, V1,00 denote constants.

If s —m is not an odd integer and m = 0 the supplementary conditions on 7 (2) and 6 ()
corresponding to A (7°) = (=1)™ I are 6§ (2) = (=1)™ 07 (2), 05 (2) = (—=1)"*"" 05 (2). The
first and second functions in parts (i) and (ii) of the lemma satisfy these conditlons as well
as the difference equations. Taking the inverse Mellin transform we obtain a function v (t)
which satisfies the growth condition as well as the differential equation . The function

defined by ¢(g) = {(2)i(t) if

(1 =z m+/z 0 cosf sinf
- \0 1 0 M}/Q —siné cos#

will lie in L°(, s,m)o. Moreover A (p°(&,s,m)) ¢ will equal (—1)" ¢ so that ¢ will lie in
L°(&, 7). Thus the first two equations of parts (i) and (ii) are valid. The last two can be
obtained from the first two by applying relations .

In the first four cases 7 is equivalent to m,. It follows from Lemma 2.5 that 7 is equivalent

0 7 if a}((og) (32)>=°J<(062 3))

Replacing w by w interchanges cases (iii) and (iv) so we need discuss case (iii) alone.

Substituting the function <l)z r (z+gi;> r (Z+ 3F2> (taking only all the upper signs

|ul 2

or all the lower signs) into the expression [(2z + 1)? — s%] 6(z) — 4u* (z + 2) one obtains

(2241)% — 5? 3 1 2\ fe+3Es z+1Fxs
— 2 ~+ = =) |22 |r(—22
5 z—|—2 s z—|—2:F5 |ul ™ 5 5
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which equals

z+1 1 s 3 s
4 las 43
—4u sgnu(| |) F<<Z+ );2 2>p<(z+ >2+2¢2>

Consequently the functions of part (iii) satisfy the difference equations. The supplementary
conditions on 67 (z) and 67 (2) corresponding to the relation A(w) = I are

sOF (2) = 220 (2) — 2ub; (2 + 1) + 6/ (2)
—s07 (2) = 2207 (2) — 2ubf (z + 1) + 07 (2).
These will be satisfied by the functions of part (iii) because

2\ [z+iF¢ z4+ 2+
9 1 = r{— -2 \|\pf—2—2
@179 () ( 2 )( 2 )
z+1 1 s 3 S
)4 Las 1)+ 2532
—2usgnu(| ‘> F<(z+ );2 2>F<(z+ )2 2:F2>.

The formulae of part (iii) can now be proved in the same way as those of parts (i) and (ii).
The simplest way to prove part (v) is to appeal to the explicit form for the corresponding
function ¢ (t) found during the proof of Lemma 3.2.

Lemma 3.4. Suppose ¢ (t) corresponds to ¢ in LY(€, ), and 7 is deducible from m,,.
(i) If s —m is not an integer, m = 0, my = 0 then, in a neighbourhood of 0, ¥(t) has a
convergent expansion of the form

Itz Zaptp Zb .

(i) If s —m is an even integer, m =0, and msy = 0 then, in a neighbourhood of 0, ¥(t)
has a convergent expansion of the form

_‘ i Zaptp (log |t])t Zb tP.

(#ii) If s —m is not an mteger, m =0, and my = 1 then, in a neighbourhood of 0, 1 (t)
has a convergent expansion of the form

o0

(sgnt)]t] 5D ayt” + (sgnt)ft| = Zb ),

p=0

(iv) If s —m is an even integer, m =0, and my = 1, then, in a neighbourhood of 0, ¥(t)
has a convergent expansion of the form

(sgnt) \t] Zaptp (sgnt) ]t\ = log]t\Zb tP.

p=0
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(v) If s —m is not an integer, |m| =1, and my = 0 then, in a neighbourhood of 0, 1(t)
has a convergent expansion of the form

(sgnt)[t| = 2 Zaptp Zb tP.
p=0

(vi) If s —m is an even integer, |m| =1, and mg =0 then, in a neighbourhood of 0, ¥(t)
has a convergent expansion of the form

- o0
175 apt? + (s e log |1 Y b,t?
p=0 -

if s is positive and one of the farm

(sgnt)[t| = 3 Zaptp
p=0

2" log |t] Z b,t?

if s is negative.
(vit) If s —m is not an integer, |m| = 1, and my = 1, then, in a neighbourhood of 0, ¥ (t)
has a convergent expansion of the form

75> apt? + (sgn o)t =2 thf’
p=0

(viid) If s —m is an even integer, |m| =1, and ms = 1 then, in a neighbourhood of 0, ¥(t)
has a convergent expansion of the form

(sgnt)[t| =z Zattp +[¢*F log |t] Zb tP

if s is positive and one of the form

Itz Zaptp (sgnt)|t| 2 log|t|th”

if s 1s negative.
(iz) If s —m is an odd integer then 1 (t) is zero unless nut > 0 and in this region 1(t) has
a convergent expansion of the form

o0

|t| \3\2-0—1 Z attp.

p=0

th}_yi_ k(r;(;\;v _tlr;a)t chz)pr(rte)s corlziesponds to ¢ thenft% - £2ut —n) 1 corresponds to p(V)e,
7 ponds to p(W)e, and (—1)" 1) (—t) corresponds to p(c)p. Because
each of these operations take a function with an expansion of one of the given forms to a
function with an expansion of the same form and 7 is irreducible it will be enough to show
that there is at least one n for which the lemma is valid. If s —m is not an odd integer we
shall take n = |m/| and if s —m is an odd integer we shall take n = |s| + 1.
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The indicial equation of the equation does not depend on n. It is (2A — 1)2 —52=0

and has the roots \; = %, Ao = %“ with difference \; — Ay = s. If n = 0 the series

thi Z;io cpt?, t > 0 satisfies the equation if and only if
[(2 (N +p) — 1)2 - 52} c, = du’c, ».

Thus if s is not an integer 1 (¢) has an expansion of the form

o o0
15 Z agpt2p + 5 Z b2pt2p
p=0 p=0

valid for ¢ positive and close to 0. If s is an even integer one of the two linearly independent
solutions given by the method of Frobenius must contain a logarithmic term because it will
not be possible to solve these equations recursively when J; is the smaller of the roots. Since
the equation is invariant under the substitution t — —t the logarithmic solution must be of

the form . .
—ls|+1 2 [s|+1 9
£ Y et At 2 logt ) dopt™

p=0 p=0

and 1 (t) has an expansion of the form

sl Is| >
5 apt® 177 logt Y byt

p=0 p=0

valid for ¢ positive and close to 0. Cases (i) to (iv) of the lemma follow immediately because,
since n = 0, 1(t) is even in the first two and odd in the second two.

Just as in the previous lemma, (vii) and (viii) are redundant since they are covered already
by (v) and (vi) which we now treat. If n =1, ¢ 2" > oo Cpt?s t > 0, satisfies equation (B) if
and only if

[(£s +2p)* — 5%] ¢ + 2ucy—1 — 2u°cys =0

N —

or
(:I:st + 2p2) cp + 2uc,—1 — 2u20p_2 =0.

For convenience let ¢, = 0 if p < 0. If s is not an integer choose cg and define c;,t inductively

by (£s +2p) ¢ + 2uc;,t_1 = &5 (—1)" ¢y or, equivalently, (£s + p) ¢, + uc?f_l = 0 when p is

odd and pc;oIE + ucp{1 = 0 when p is even. This equation will be satisfied for all p if c;t =0

when p is negative. If p is odd

(£ps + p°) c;,t + uc;t_1 - uzc;t_2 = —u [(p — 1)c;f_1 + uc;t_z] =0

and if p is even

(£ps + p°) c;t + uc;'E_1 — uzc;:_2 = —u [(j:s +(p— 1))0;5_1 + uclf_g] = 0.

Thus, if s is not an integer, ¥ (¢) will have an expansion of the form

[e.9]

o0
5 S et + =2 S et
p=0

p=0
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valid for ¢ positive and close to zero. Since mqy =0

—s (—t) = Qt% + (2ut — 1) ().

The expression

d S o S e
2 QTN G (ut— 1)t Y et
p=0 p=0

dt
is equal to
75 Z [(jzs +2p)c, + 2uc;t_1} = dst 2 Z cy (—t)".
p=0 p=0
Case (v) of the lemma for n = 1 follows immediately.
Since
d dA
— (logtA(t)) =t—1 A
tdt(ogt (1)) t—logt + (t)
d (. d d [ dA dA
t— | t— (logtA(t =t— (t— 2t—
dt(dt(og ())) dt(dt)+ dt
the series

a1 sl =
Y ot T logty dytt, >0,
p=0 p=0
will satisfy equation (B|) when s is an odd integer and n = 1 if and only if

[(Is] +2p)° — 5]
2

dp + 2udy,—1 — 2u*d, 5 =0
or
(Islp + p*) dyp + udy—1 — v’dy_5 =0
and
(=Islp+p*) ep + ucp1 — uPcpz + (=[s| + 2p) dp-j) = 0.
Choose ¢ and ¢, and define the other coefficients by (|s| + 2p) d,, + 2ud,—, = (—1)" |s|d, or
pdy, + ud,—y = 0'if p is even and (|s| + p) d, + ud,—; = 0 if p is odd and

(=Isl + 2p) cp + 2ucp_1 + 2d,— s = (—1)P* 5|,
or
pep +ucy—1 +dp_1s =0
if p is even and
(=lsl+p) cp + ucy—1 + dpjsy =0
if p is odd. Take ¢, and d, to be 0 if p is negative. These equations are consistent and
determine the remaining ¢, and all d, uniquely. We have already seen that the coefficients d,
will satisfy
(Islp+p?) dp + ud,—y — u’d, 5 =
If p is even
(—lslp +p2) Cp - ucy 1 —ulcy o+ (=Is| +2p) dpyy
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equals
(sl = (0 = 1)] ey 1 = w2y + pdy iy = wdy 1 + (Is]+ (p = |s]) ) dyiy) = 0
and if p is odd
(_|3‘p —|—p2) Cp + ucp1 — u’cy g + (_’3‘ + 2p) dps|
equals
—u[(p = 1)ep-1 + ucy—1] + (p = I5]) dp-js) = udp—js-1 + (p = [5]) dp—js) = 0.

Thus if ¢y and ¢, are suitably chosen

[o.¢] o
—s| Is|
W)=t et ts logty dyt?
p=0 p=0
for ¢ positive and close to 0.
Since my =0

—stp (—t) = Zt% + (2ut — 1) 7).

The right hand side is equal to

Nty A
p=0 p=0
with
c;, = (—|3| + Qp) cp+ 2ucy_1 + 2d,_ = —|s| (=1)" ¢,
&, = (|s| + 2p) dp + 2ud,—y = (—1)"|s|d,.

Case (vi) of the lemma follows.
The assertion for case (ix) with n = |s| + 1 was established while proving Lemma 3.2.
If ¢ () is the function of the lemma and x is a real number the functions

0-0— — itx t z—ld
)= [ e ar

0 (z,2) = / e () [t|F " sgnt dt
RX
are defined for Re z sufficiently large.

Lemma 3.5. 0*(z, 1) are meromorphic in the whole complex plane and bounded in regions
of the form |Reu| < constant, | Imwu| > constant > 0

. . . + Z,T
(i) If s — m is not an odd integer, m = 0, and ms = 0 then (Z+%+9§ (2, )Z+l_§ and
o) ()
0~ (z,z) . .
r(”%*%)r(”%’%) are entire functions of z.
.. B . . _ _ 0+ (2,2)
(i) If s —m is not an odd integer, m = 0, and mg = 1 then F(”%%)F(”%’%) and

F(”%*%)r(”%_%) are entire functions of z.
2 2
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. . _ o 9+(Z,I)
(ii) If s —m is not an odd integer, |m| = 1 and mqy = 0 then r(”;*%)r(”%’%) and
2

0~ (z,z)

E2E

S
2

roltes

) are entire functions of z.

— —~ are entire functions of z.
e

(v) If s —m is an odd integer then F(zi(ff)s

) are entire functions of z.
2 2

Let m(t) be an infinitely differentiable function with compact support on the line which is
even and equal to 1 in a neighbourhood of 0. 6%(z, z) is the sum of

0+ (2, 2) = / et (t) |t (sgnt) 2 m(t) dt
RX
and
/R X ()t (sgnt) = (1 —m(t)) dt.

The second integral is an entire function of z which is bounded in vertical strips. Thus it
is enough to prove the lemma with 0= (2, x) replaced by 6*(z,z). The function e (t) +

1+1 .
(—1)2 e "¢h(—t) is, for t > 0, a linear combination of convergent series of the form

t*(logt)? Z cpt?
p=0

where « is or %“ and (3 is 0 or 1. Given a series of this form and a real number ¢ there

is a P such that
/ t*(logt)? < Y " cpt? o 7 m(t) dt
0

p=P

s+1

is analytic for Re z > ¢ and bounded in vertical strips of finite width contained in this region.
The first assertion of the lemma is a consequence of the relations

oo -1 00
/ ta+p+zflm(t) dt = —/ ta+p+z ( )dt
0 0

a+p+z
00 -1 c0
/ Pt og tm(t) dt = ———— / [(a+p+ 2)t* P logt — t*TPH=] ! (t) dt
0 (a+p+2)

and the condition that m/(¢) vanish near zero. To prove the remaining assertions one shows
that the zeros of the denominator on the right are cancelled by the poles of the I'-factor.
This is easy but the various cases of Lemma 3.4 must be examined separately. I leave it to
the reader to do so.

If 1 is any homomorphism of Ag into C* then 7 will be the homomorphism defined by

(5 )-((5 0)
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If ¢ is a homomorphism of A into C* such that

(69)-(65)

and z and ¢ are defined by

with £ = 0 or 1, then ( is determined by z and ¢ and we shall sometimes write ¢ = ((z, ¢).

Lemma 3.6. Suppose m is an infinite-dimensional representation of {o, A} and m is deducible
from m,. Let L(§, ) be the unique subspace of L(£) which transforms according to w. If ¢
belongs to L(&,m) and ( = ((z,{) the function

@(g,c,w>:Axw<(é (f)g)c((f) ?)) -

is defined for Re z sufficiently large.
(i) If s —m is not an odd integer set

®(g,¢, ¢)
(g, ¢, ) = — :
( ) r <z+|m1£+;+;) r (z+|m25|+§;)

2 2

(i) If s —m is an odd integer set

@/(97 g7 ()0) — (I)(g7C7 (10)

F<z+%+§)

Then @' (g9,((z,€),¢) is an entire function of z and ® (g,((z,0), ¢) is bounded in regions
of the form |Rez| < constant, |Im z| > constant > 0. Moreover if s —m is not an odd

nteger
(3)2 P ( 0 1) C _ (i)|m1—é|+|mg—é\(s Ilu,)m (£>Z CI)/( g )
‘U/’ —1 0 9,6, ¢ g ‘u’ 9,6, ¥

and if s —m is an odd integer

(1) (2 Do) - () v

It is enough to prove the lemma for ¢ in L(,7),. If @ is the restriction of ¢ to G% let
¥ (t) be the function on R* corresponding to ¢. Then, if

_(t1 O 1 =z cosf sin6
9=\ o ta) \0 1 —sinf cosf)’
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t 0 . 1t
vl \lg 1)9])isequalto

il |tt1ts]'/? sgnty 0 1\ ing
er v ( 0 |tt1t2|1/2sgnt2 ¢ t2 <
t 0 ¢ t 0

Z\\o 1)7 0 1

1 tl 0 eittt—luw ttt_l ttT2|1/2 0 tt_l iné

and ® (g, ¢(z,0), go) is equal to

¢! ((%1 t())) 0" (2, uzx)e™, if £ =0,
2

¢t ((% ?)) 0~ (z,uzx)e™, if ¢ =1.
2

All assertions of the lemma except the functional equations follow immediately from Lemma 3.5.

If n = ¢! the maps

Thus

is equal to

0= (g9,¢0),

p— @ ((_? (1)) 9, C,p>

are {0, 2} invariant maps of L(&, 7) into L(n). According to Lemma 3.1 one must be a scalar
multiple of the other. To see what the multiple is we choose g = 1 so that ®(g, (, ) is equal
to O (—z) if £ — |m| = 0 and is equal to 0, (—z) if |¢ — |m|| = 1 and choose n in such a way

that Lemma 3.3 can be applied.
01

is equal to ()"0} (z) if £ =0 and to (i)"0, (z) is £ = 1. In the first column below we write
the values of ®'(1, (, ) for the values of n and ¢ in the last column; in the second column we

write the values of @’ (( 9 (1]) ¢, go). Comparing them we obtain the lemma. In all but the
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last line s — m is not an odd integer.

P(L.¢p) ¥ ((_? é) ,C,so>

Qp <‘—12L|)_Z Qo (li—‘>z =0, m=0, my=0,n=
2alsgnu(%)_z —2alsgnu(%)z (=1, m=0, m=0,n=
261sgnu<‘—z|>_z —201sgnu ‘—12”)2 (=0,m=0 m=1n=2

ﬁo<|—3|)_z Bo (%)Z (=1,m=0 m=1n=
fyosgnu(%>_z Yo (l—f”)z (=0,ml =1 my=0,n=1.

Yo (ﬁ)_z ifyosgnu<|i—‘>z (=1,|ml=1 my=0,n=1.
’ylsgnu<|3—‘>_z i <|72|)Z (=0,ml=1 my=1,n=1.

" <ﬁ>_z i’ylsgnu(i—‘y (=1,ml=1 my=1,n=1.

If s —m is an odd integer the two values are
do (ﬁ) B (sgnu)t (i)l (%)ZM/Q (sgnu)® n=|s|+1, m=0.
oo () G @ () e 0= Jo 1ol = 1

4. REPRESENTATIONS OF GL(2,C)

In this paragraph and the next G¢ will be GL(2,C) and G will be SL(2,C). U will be
the group of unitary matrices in G¢ and U° will be U N GY. Gc and G will be considered
as real Lie groups. The Lie algebra of G¢ is

= D=

its complexification is

The Lie algebra of G is

its complexification is

o a b a v
9c = ¢ d) T\ a
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The Lie algebra of U is

its complexification is

w10 0)e (5 )}

Finally u® = un g% and ug = uc N g%. When there is no risk of confusion an element of uc
will be identified by giving its first component. N
Let V,, be the space of binary forms of degree n and let V,, be its dual. We write the

elements of V,, as
Ylay) = Y Prasthysh

|k|<n
5—keZ

Y* will be called the kth component of . If |k| > 5 let Y* = 0. Let o, be the representation
of UY on V,, defined by

On (i Z) Y(z,y) =Y (ax + cy, br + dy) .

Denote the corresponding representation of ul by o, also. If 11 = o, (99) then ¥ =
(2 + k)" = cpp* where ¢ # 0 for =2 < k < 2 and if ¢y = 0, ()% then PRt =
(% — k:) YF = dyap* where dj, # 0 for -5 <k<3.

Let 2 be the universal enveloping algebra of gc and 2A° that of g&. If 7 is a representation
of 2 on a vector space W then 7° will be the restriction of 7 to A°. Let W,, be the set of all
vectors in W which transform under ug according to o,. m will be called quasi—simpldﬂ if

() W=, Wy

(ii) If Z lies in the centre of 2 then w(Z) is a scalar. Suppose m; and 7 are two
representations of 2 on W; and W, respectively. mo will be said to be deducible
from 7 if there are two invariant subspaces W3 and Wy of W, with W3 2 W, and m
is equivalent to the representation of 2 on W3/W,. The same notions will be used for
representations of A°.

Set
0 1 00 10
(o) =00 26 )
The centre of the universal enveloping algebra 2A° is generated by

D:(X@O)(Y@O)+(Y@O)(X@O)+%(Z@O)Q
:Z(Y@O)(X@O)JrZEBOJr%(Z@O)Q
:2(X@O)(Y®O)—Z@O+%(Z@O)2

41 use the expression in a different way than Harish-Chandra.
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and
1
D=0aX)0aY) +(O@Y)(O€BX)+§(O@Z)2
1

:2(0@Y)(OEBX)+(O@Z)+2(0@2)2
:2(0@){)(0@91/)—(O@Z)Jr%(O@Z)?.

The centre of 2 is generated by D, D', J = ({{)®0,and J =08 (}9).
Let w be a continuous homomorphism of the group Ac of diagonal matrices into C*. If
Ng is the group of matrices of the form (%) let L(w) be the space of infinitely differentiable

U-finite functions on N¢\Gc¢ satisfying ¢ (ag) = ‘3—; w(a)e(g) if a= (% o) isin Ac. The
restriction of p to L(w) defines a representation m, of 2 on L(w). Define w; and wy on
C* by wi(t) = w ((§9)) and wa(t) = w ((§79)). Let w;(t) = [¢]* (L> " and set s = nzs2

[t
mi—mso

m =

Lemma 4.1. L(w), # {0} if and only if § — |m| is a non-negative integer and then L(w)y,
is irreducible under uy. Moreover

ww(D):%], () = {51232 —%@)}I
(D) = %1, T J) = {31 ; 2 4 (@) } I.

The first assertion is an immediate consequence of the Iwasawa decomposition and the
Frobenius reciprocity law. Set

10 10 i 0 —i 0
2=l )6 ) 2= %) (i 0)

01 01 0 2 0 —2
5= (0 0) 2 (0 o) (5 0)e (0 o).
00 00 00 0 O
=1 0)= (i ). (i o)e (% o)
0 —1 0 —1 0 1 0 —i
=i To)e () wa= (5 o) (% 7).
Then
Z1— 17 7 7.
Z@oleZ?, O@Z:#,
X; —1X X X
X@0— 121 27 0m X — 1—22 2’
yaoo— -t Voy = 2t
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It is clear that p(D) = A(D), that p(D") = A(D') and that A\(X;)p = 0 if ¢ belongs to L(w).
Thus

p(D)p = \NZ @ 0)p + %A (Z®0)%) ¢

p(DNo =A\0® Z)p + %A (08 2)%) .

Combining this with the relations A(Z;)p = —2 (s + 1) ¢ and A(Z2)p = —2imyp one obtains
the asserted values for m,(D) and 7, (D). The other two relations of the lemma are very
simple to verify.

Lemma 4.2. If neither —s — 1 — |m| nor s — 1 — |m| is a non-negative integer then w,, is
irreducible. If —s —1 —|m| = " — |m| is a non-negative integer then

Y. Lwh=Mw)
Im|<n<no
5—|m|€Z
is invariant and the representations of A on M(w) and L(w)/M(w) are irreducible. If
s —1—|m| =% — |m| is a non-negative integer then

> Lwh = M(w)
n>ngo
2 _|m|eZ
is invariant and the representations of 2 on M(w) and L(w)/M(w) are irreducible.

Set
U+:X@—Y, U=7&—Z7, U =Y ®—-X,
V+:XEBY, V=27Z&"Z, V- =Y o X.

These six elements form a basis of g&. UT,U, and U~ form a basis of ug. The space
pc spanned by V.V, and V™ is invariant under the adjoint action of ug and the map
VT — 22V — —2zy, V- — —y? extends to a ug-invariant map of pc to V3. The map
W®ep = m,(W)p, W € pc, ¢ € L(w), extends to a ug invariant map of pc ® L(w),
into L(w). It follows from the existence of the Clebsch-Gordan series that the image lies
in L(w)p—2 + L(w)n + L(w)ni+2. To prove the lemma all we need do is show that the image
contains a non-zero element in L(w),4» if and only if s # — (£ + 1) and that if 2 > |m| it
contains a non-zero element in L(w), s if and only if s # 3.

Let 2 —k € Z. If [k| < 2 let §(z,y) = 2 tFy2 =% and if k] > 2 let 6y (z,y) = 0. If |k| < 2

let v, be the element of ¥, such that 7 (zj W’ﬁﬂ'ﬁﬂ') = ks if k] > 2 let y, = 0. If

g=(§%)auwitha= (% o) in Ac and u in U° set

aq

w(@)ymon(u)de k| <
(&%)

Pn,k (g) =

|3

The functions ¢, ; form a basis of L(w),.
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Using the method described on pp. 129-130 of Weyl’s book on quantum mechanics to
decompose pc ® V,, or V5 ® V,, into a direct sum of irreducible subspaces one finds that

(g + k) <g +k+ 1) p(VF) Pnia
- (g +k+ 1) (g —k+ 1> p(V)nn

_ (g _ k) (g —k+ 1) p (V™) onps

(g +k+ 1)! <g —k+ 1> la(n, w)Yniok

is equal to

and
n n
P (V+) Onk—1+ p(V)onr —p (Vf) On k1 = (§ + k — 1)! <§ — k- 1) b(n, w)pn—ak

if |[k| < § — 1. The image contains a non-zero element in L(w),1 if and only if a(n,w) # 0

and a non-zero element in L(w),—s if and only if b(n,w) # 0. Since ,12m(1) = 1 and
Yn-2m(l) = 1if § > |m] all we need do to find a(n,w) and b(n,w) is to take k = m and
evaluate the left sides of the above expressions at 1.

Now V= 2, Vi = (X, + %) —i (- ), and V- = (X, +25) i (3, - 12).

Since

2
p(Xl)QOn,k<1) = p<X2)90n,k(1) =0,

one has p(V)pn(L) = 2 (s + 1) s and

01 - 00
p (V1) @nk(1) = —ymon (o 0) % 2 (V7) onall) = Imern <1 0) g

Thus

is equal to

— (ngm) (g+m+1> <g—m+1> (g+m+1) (g—erl) (s+1)



LETTER TO ANDRE WEIL, PART 2—1967 31

2
(g + 1) —m?
and

(g+m—1)!(g—m—1>!b(n,w):—(g—m+1) Y 2(s+1) - <g+m+1>
zz(s—g).

Lemma 4.3. Suppose 7 is an irreducible quasi-simple representation of A on the vector
space H. There is at least one continuous homomorphism w of A§ into C* such that

which equals

-2

n
—+1
{s—kz—i— ],

(s +m)” —1 s1+sy (Mg +my)
w(p) =210, W(J)—{ e }I,
n (s=m)—1 , s1+ 5y . (my 4 my)
woy = 2y w() = {2p il

and such that Hy,, # 0 for at least one ng with % — |m| a non-negative integer. If w is any
such homomorphism then m is deducible from m,,.

The lemma is a special case of a theorem of Harish-Chandra ( Representations of semi-simple
Lie groups, 11, T.A.M.S., v. 76, 1954). It implies that H,, is irreducible under ug. A similar
assertion is valid for 2°.

Lemma 4.4. Suppose A\(D), \(D'), A(J), and \(J') are four given numbers. Apart from
equivalence there are at most two quasi-simple irreducible representations of 2 satisfying

7(D)=XD)I, =(D")=XD"Y, =(J)=XJ), =(J)=XJ)I.
If there are two, then one of them is finite-dimensional.

If there is one such representation there is an w such that A\(D) = %, AND') = (3—2)2—17

MJ) = 51;52 — i(mlng), ANJ) = 51332 +i(m1;m2). If &’ is such that these representations are

. sh+sh, m/+mb .
satisfied by s, s, m}, mh, one must have =352 = 2722 and mtme — 272 I particular

m—m' = mlgmﬁ — m2;m/2 = my —m/, is integral. The relations (s +m)* = (s’ +m/)* and
(s —m)? = (&' —m/)” are satisfied if and only if one of the following holds.

i) s=4¢ m =m' (i) s=m' m=s

(i) s=-—¢ m=—-m' (iv) s=-m' m=—s.

If s—m is not integral only the first two are possible. 7, and 7, are irreducible by Lemma 4.2
and equivalent by Lemma 4.3. If s — m is integral one can choose w so that s > |m|. It
follows from Lemma 4.3 that every quasi-simple irreducible representation deducible from
7 is deducible from 7,,. There are only two such representations deducible from 7, and one
of them is finite-dimensional. It is clear that Lemma 4.4 could also be formulated for A°.
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5. THE LOCAL FUNCTIONAL EQUATION FOR GL(2,C)

If n is a continuous homomorphism of Ac into C* let L(n) be the space of all U-finite
infinitely differentiable functions on G satisfying

plag) = nla)p(g)
for all @ in Ac. If  lies in L(n) and X lies in A then p(X)y lies in L(n) so that we have a
representation p(n) of A on L(n).

Lemma 5.1. No irreducible, quasi-simple representation is contained more than once in p(n).

Let m be an irreducible, quasi-simple representation. Suppose it is deducible from 7,
and suppose its restriction to u contains o,. If 7 occurs in L(n) then nn, = wiw, and for
the proof we may as well assume that this is the case. Let L%(n) be the space of infinitely
differentiable U°-finite functions on G satisfying p(ag) = n(a)p(g) for a in AL and let p°(n)
be the representation of 2° on L°(n). We have to show that 7° is contained at most once
in p°(n).

Let H C L%(n) be 2A%invariant and suppose that the restriction of p°(n) to H is equivalent
to 0. There is a map ¢ — ® of H, to V,, and a function ¥(g) on G with values in \7n such

that ¢(g) = ¥(g)® and ¥(gk) = W(g)m(k). Let wi(t) = [t (ﬁ)m wy(t) = [t (ﬁ)m

31 fz
nﬂo:um(ﬁ),may:mwG@ CIf 2 = a4y let ¥(z) = W ((§7)). ¥ is uniquely
determined by 1. Let us rewrite the equations

2
(s1—52)+(m1—my)
<1 221 2)_1\11 (S+m)2—1

D) = _ o
p(D) 5 5 :
2
((81—82)—(m1—m2)> 1 9
—m)? -1
p(D) = ’ 5 g8 ";) ¥

in terms of v¥». D may be written as

) X, —iXo\ (Y] —iYs 71— iZs +1 71 —iZs\ 2
2 9 9 2 2

(X1 —iXo) (Xq +iXo)  (Xy —iXo) (Wi —iWa)  (Z1—iZs) (21 —iZs)°
+ - +
2 2 2 8
and D' may be written as

oK1+ iXe) Vi +Ya)  (ZitiZe) L (Z+iZ5\
2 2 2 2 2
(X0 X)) (X —iXy) | (X +iXe) (Wh +iWe)  (Zy +iZs) N (Zy +iZ,)°
2 2 2 8 '

It is easily seen that

2 ) 1 ya . 82770 821/) o 82¢
P(Xl +X2)\I] ((0 1)) T 92 ™ y? _432,35

9 _1(o 19\ 9 _1
0z 2 \0x 10y z 2
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)) =51 o)
)=
)

0 0
(2r¢ — Qwa—i — 2y ((;5)

and that r = ©572 and / = —21562.

p ((Xy —iXy) (W — iW,)) © i

O =

O =
— N

p(Z1)V

— N

(
p (X1 4+ iXs) (W, + W) @ (
(

1
0

p(Zy) U <(1) i) = (22’61& — ng—i} - 2352—15) .

Putting everything together one obtains the equations
2

2
282¢_+28—¢an(0 0)—1—1{(7”4—6—1)4—222} p=8rm

020% 0z 10 2 0z 2
2y o (0 1\ 1 01%  (s—m)’
26282—25071 (0 0) +§ [( 6—1)+22$] @Z)——Q 1.

There is an auxiliary equation corresponding to the relation

" (emz) o <e;9 eg@) — 2l (2).

_2yg—w + Zxaw + Yo, ( _OZ) = 2ilr)

Lo aw oyl L (1 o>
‘92 27 \0 —1) (-

Since 1(z) is an analytic function of  and y it can be expanded in a power series

It is

or

o0

Z 2PZ%)p 4.

p,q=0
According to the auxiliary equation,

(p - Q) 7v/}p,q = ¢p,q {El - %Un ((1) _(1)> } .

Thus @b;f’q = 0 unless p — ¢ = ¢ — k. Substituting in the first two equations one obtains
2

1 (s 4+ m)
2(p+q+2) quH—i—Qck p+1q—|—§[(7’—|—£— 1) + 2p)? g}q i w;q
1 (s —m)?
2 (p + q + 2) wp+1 q+1 2dk¢kq+l +35 2 [(T — (- 1) + QQ]2¢£,(1 = 9 wﬁ,q'
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2
determine the numbers 17, inductively. Then the first can be used to determine the numbers

Yr for k< 2.

Let £(2) = e'Re(?) with w # 0 be a character of C and let L(€) be the space of all infinitely
differentiable U-finite functions on G¢ satisfying

i) ¢ ((; ) g> — £(2)el).

(ii) If X € A and g € G there is a constant M such that

t; O
® ((01 ’ >9> <M <’t1|M+ |t2\M>
2
if [t1] > |ta.

Let p(§) be the representation of 2 on L(&).

Here 4] = 0if |j| > % and ¢, # 0 if =% < k < 4. The second equation can be used to

Lemma 5.2. Every quasi-simple irreducible representation of U is contained at most once

Let 7 be such a representation. Suppose 7 is deducible from 7, and the restriction of 7 to
u contains ,. Let L°(£) be the space of all infinitely differentiable U°-finite functions on G
such that

(1) # ((61)9) = £(2)e(9)-

(ii) If X € A% and g € GY there is a constant M such that

12 0 M
p(X)p 0 12]9 < MtY fort > 1

Let p°(€) be the representation of A% on L°(¢). Tt is enough to show that 7° is contained
at most once in p°(€).
Suppose H C L°(§) is invariant and the restriction of p°(¢) to H is equivalent to 7°. There

is a function ¥(g) on G with values in V,, such that H, is the set of functions of the form
U(g)®, ® € V,. U(gu) = V(g)o,(u) if u € U°. Let o(t) =T ((%2 t—?”)) fort > 0. ¥is

2
completely determined by . It is necessary to write the equations p(D)¥ = %\D and
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p(D¥ = w\lf in terms of 1. It is easy to verify that
2 2 t2 0 2], 12
p (Xl + Xl) v 0 t-1/2 = —t"w[*P(t)
. . t1/2 . 00
p (X1 —iXo) (W) —iWa)) ¥ 0 1/2 = 2tiw(t)oy, 10
. , 20 _ 01
p (X1 +iXy) (W +iW,)) ¥ 0 1/2> = —2tiw(t)o, <O 0)
t1/2 0 af(/}
p(Z1)V 0 1/2> QtE
20 i 0
o(Za) ( . 1/2> = vt (5 )
Thus
1.d [ dy dy 1 1 0 1
2 (422 - ol —
22ﬁ<ﬂﬁ> tdt{ f%(O—J)}+2¢{ )}
ﬂ|2 0 0\ (s+m)
- b+ tiwgo, (1 —77—W
1 A\ dy 10 1 N
2ci<c#> (ﬁ{ +20<0-4)}+2w{ +20<0-4)}
Plo* (0 -1\ _ (s=m)’
- Y + tiwo, 0o o)~ T@D

In terms of components these equations are

1 2 2

(S +2m)2 wk’
(4) 1[ d 2 ﬁmP (s —m)?
—P%—w }whujfwﬁ—@mwﬁlz—j?—wh

35

where ¢/ = 0 if [j| > %. Since ¢z # 0 for =% < k < % and di # 0 for —% < k < % these

2
equations allow one to solve for all ¢* in terms of ¥z or ¢~ 2

For k = % the second equation is
2
1 [ d n ] oi 2w/

-2
2 |"ar 2 2

2

(s —m)*

2

N3

)7 =

(4
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which may be written as

1d%)s 1 1dys 2
1 w2+< 2)_£+ _ ]

2 dt? 22

(2+1)°
t dt 2 * 2t?

Dropping the terms in % and t% one obtains an equation with the solutions e, Thus

the given equation has one solution of the form ¢t eIl (1 +0 (%)) and one of the form

tvelwlt (1 +0 (%)) Since ¢3(t) = O (tM) as t — oo it must be a multiple of the first

solution. The lemma follows.
To find i we examine the formal solution

o
PE(t) =t Fe Y "a e,
n=0

If a_y = a_y = 0 the first derivative is

e lwlt {Z — (Jwlan + (p+n—1)ay_1) t_"_“}

n=0

and the second derivative is

e lwlt {Z (|wlan + [w] (2u+2n = 1) ap1 + (p+n—1) (L +n —2) ay_s) t_”_“} :

n=0
Substituting into the equation, dividing by e~*I*, and equating coefficients of t*~! we obtain
p+5=0.
For k = —7 the first of the equations is

n 2
td¢_§ n 1] wig . t2|w|2 (S + m)2 n

vEsTy v

N —

2

This is the equation just discussed except that —m is replaced by m. Thus if |k| = 5 then
YF(t) = thkle=lvlt (1 +0 (%)) as t — 00.

During the preceding discussion we have assumed the existence of H and thus the existence
of solutions of equations which satisfy the required growth condition. We continue with

our discussion of this assumption. Since 0 is a singular point of the first kind for the first
equations of there is an N such that, for all k, ¢*(t) = O (th) as t — 0. Thus

0% (u) = / YRt adt
0
is defined for Reu sufficiently large. These functions satisfy the difference equations
w[26% (u +2) = [(u kA1) - (s+ m)ﬂ 0% (u) + 2icywdt (u+ 1)

w[26F (u +2) = [(u b E41)? - (s— m)ﬂ 0% (1) — 2idym0" (u 4 1).
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Lemma 5.3. If |k| = 2 then 6 (u) is a multiple of

2 UI‘ u+1+s+|k—m)| r u+1—s+|k+m|
lw| 2 2 '

Since § > |m/| the second of the difference equations is, when k = %, just

hﬂ%kw+ﬂ)—<u+1+s+wg—n4><u+1—s+E;+mDGWm

which is an equation satisfied by the function of the lemma. Thus the inverse Mellin
transform of that function, which is bounded by a power of ¢, satisfies the differential equation

determining ¥? and must be a multiple of /2. A similar argument proves the lemma when
k=-%.
2

Lemma 5.4. If |/m| = § the functions
0 () = 2" (iw ki%F u+1+ s+ |k—m| r u+1—s+|k+m|
wl|* \ |w] 2 2

satisfy the difference equations. They are the only solutions of the equations for which

Hog(u) 2“P(u—kl—l—s—l—‘i—m!)F(u—i—l—s—i—}g—i-m‘).

" Jwl 2 2

The uniqueness is evident from the form of the equations. It is convenient to treat the

cases m = 5 and m = —7 separately when verifying that they satisfy the equations. If m = 3

2
then |w|208 (u + 2) — 2icewdi™ (u+ 1) is equal to
2u (iw)k_g
Jw]* \ [w]
X {(u%—l—i—s—i—%—k) (u+1—s+g+k3) —2(%—1—16) (u+1+s+g—k)}

XF(u+1+z+§—k)r(u+1—;+§+k>

:<u+1+s+g—k> <u+1—s—g—k)9§(u)

and |w|?0F (u + 2) + 2d, w05 ™ (u + 1) is equal to
2t (z'w)k‘?
w|* \ |w]
X {<u+1+s+g—k> <u+1—s+g+k> —2(%—](;) <u+1+s+g—k>}

XF<u+1+;+§—k)r<u+1—z+§+k)
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or
<u+1—s+g+k> <u+1+s—g+k‘> 0% (u).
It is not necessary to treat the case m = —% because the equations are not changed if o is

replaced by 8%, m by —m, and w by —w.

Corollary. The quasi-simple irreducible representation 7 is contained in p(§) if and only if
7 18 infinite-dimensional.

It is enough to show that 7% is contained in p°(¢) if and only if 7% is infinite-dimensional.
Suppose H is a finite-dimensional invariant subspace of L°(£). Let 7 be the restriction of
p°(€) to LO(€) and let T be the representation contragredient to 7. If X, = (§ ) lies in ¢° all
the eigenvalues of 7(X,) must be zero because T is finite-dimensional. On the other hand if

¢ is the element of H, the dual space of H, defined by ©(¢) = ¢(1), ¢ € H, then

(F(X2)P) () = =2 (T(X2)¢) = —p(X.)p(1) = —izwp(1)
so that —izw is an eigenvalue of X,. This is a contradiction.
Suppose 7 is deducible from 7. Let W be the set of all functions in L°(€) satisfying p(D)p =

s+m)3— s—m)?— _ m

et p(D)p = C L, and ¢ (9 (75 9)) = (<1 e(g). 100 = {n | Wo £ {0}}
then W = % _, W,. Combining the results of the previous lemma with the arguments
used to prove Lemma 5.3 one sees that when § = |m| the equations have a solution

satisfying the desired growth conditions. Thus W), is not zero for n = |%|. Although it is not
important at present, I observe that if s —m is integral then W)y is also not zero. The proof
of Lemma 5.2 shows that W, is irreducible under u°, the Lie algebra of U°. Consequently
every invariant subspace is of the form W (o) = > _ W, where ¢ is a subset of 6. Suppose
oL 2 o3 and W (0g) and W (03) are invariant. Let ng € 0g, ng ¢ o3. There is a minimal
element in {a ‘ W (o) is invariant, o3 C 0 C 0q, ng € 01}; let it be oq. There is a maximal
element in {0 | W(o) is invariant, 05 C o C 01, ng ¢ o}; let it be 05. The representation
of A% on W (1) /W (05) is irreducible. Thus there is an irreducible representation deducible
from the representation of A° on W (o) /W (03). Suppose W itself is not irreducible and
let W (01) be a proper invariant subspace. If W (o1) were not irreducible there would be a
proper invariant subspace W (o3). No two of the irreducible representations deduced from
the representations on W/W (o), W (a1) /W (02), W (02) could be equivalent because the
restrictions to ug would not be equivalent. This would contradict Lemma 4.4. For the
same reason the representation on W/W (07) is irreducible. Thus either W is irreducible
or W contains a proper invariant irreducible subspace Wj such that W/W; is irreducible.
Combining Lemma 4.4 with the earlier observations about finite-dimensional representations
one sees that if 7 is infinite-dimensional the representation of 2% on W is equivalent to 7° if
W is irreducible and that if W is not irreducible the representation of 2° on W, is equivalent
to mY.
We return to the study of the functions 1*(¢).

Lemma 5.5. If s —m is not an integer then, near 0, *(t) can be expanded in a series of
the form

¢k(t) _ t\kfmlJrlJrs Z al;t2p + 75|k+m|+1—s Z bl;t2p'
p=0 p=0
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If s —m is an integer t and |k +m| — s > |k —m|+ s then

YF(t) = ittt N = kg2 g gk tmir = jog £y bk
p=0 p=0

but if |k +m| —s < |k—m|+ s then

k _ 4lk—m|+1+s k42 k+m|+1—s k42
YF(t) = T log £y a4 gy Sk,
p=0 p=0

the second equation of is

(3 P T 0
|

As before when k£ =

3
1
2 2 2

The indicial equation % A—3 — 1}2 = % has the roots Ay = § +1 — s+ m and

Ao =2+4+1+s—mand A\; — Ay = 2(m — s). The series t* > _peo apt? will satisfy the equation

if and only if
2
{ {)\i +p— g — 1] — (s — m)Q} cp = |wl’c, .

Since ’g + m| = 4 *m the assertion of the lemma for £ = & follows from an application of
the method of Frobenius.
To prove the lemma for general k£ we use induction and the equation

1 2
—cpiw* T (t) = = ti +hk—1] F = (s+m)*F — w2} .
2t dt
The symbol A(t) will stand for a convergent series of the form )7 % ja,t*” and B(t) will stand

for a convergent series of the form Z;il byt?. The series represented by these symbols will
vary but not within a given formula. One has

1 d ?
o { {ta he 1} (IR A(r) — (s 4 m)? RFTIRA() - t?\wFA(t)}

1
2t
If K > 4+m so that |k — 1 Fm| = |k F m| — 1, this is of the form tF=1Fmi+1Es A(¢). TIf
k < +m then |k Fm| = +m —k and (|k Fm| —|—kj:s)2— (s 4+m)® = 0 and it is of the form
tk=1FmI+1%s B (t) because |k — 1 Fm| = |k Fm| + 1. The first statement of the lemma follows

immediately.
If F(t) is any function

{ |:<’/€ - m| k4 8)2 _ (8 + m)2i| aot\k$m|+lis + tk¥m|+1isB(t)} .

[t% k- 11 logtF(t) = F(t) + logt [t% k- 1} F(t)

and

d 2 d d ?
— — 1| logtF(t) =2 |t— —1| F 1 — — 1| F(t).
|:tdt+/€ ] og tF(t) {tdtﬂc } (t) + Ogt[tdt—i-k: } (t)
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Thus

L2 g P 2 tFFmIHIES og ¢ A(t)
ot | | dt

— (s 4 m)* tFFmFEs Jog t A(t) — 12w 2 FFmIFEs Jog tA(t)}
is equal to the sum of a term of the form t*=1¥m+1%+s 100t A(t) and
(B) % {(|k Fom| s+ k) R 4 t‘”m'HﬂB(t)}

Suppose s —m is an integer and the assertions of the lemma are true for a given k. Let
|k Fm| £ s > |k £ m|F s (Either all the top signs or all the bottom signs are taken). If
(|kFm|Es)—(|k£m|Fs), which is an integer, is at least two then |kFm|ts > |k—1+tm|+1Fs
and the expression is of the form ¢*=1#mI+1Fs  Since |k — 1 F m| £ s will still be greater
than or equal to |k — 1 & m| F s the induction goes through.

The remaining possibility is |kFm|£s = |k£m|Fs. If k > Fm then |k—1+m| = [k£m|—1
so that |k —1Fm|+s > |k —1+m|F s and the expression (B]) is of the form t/F=1EmI+1Fs A(#),
If k> +mthen |k —1Fm|=|kFm|—1sothat |k —1+m|Fs>|k—1Fm|+s and the
expression (B)) is of the form ¢k=1Fml+1Es A(3).

Thus we have only to treat the case that k < Fm, k < £m and |k Fm|Lts=|k+tm|Fs.
Then |k Fm|=+tm—kand [k+tm|=Fm—-ksodtm—-kts=Fm—kFsorm+s=0
and |k Fm|ts+k=x(m+s)=0. Thus [k —1Fm|+s=|k—1+m|Fs and the
expression is of the form t*F—1EmI+1Fs 4 (1),

Let t(t) be the function with components ¥*(t). If 2¢ is an integer and z is a fixed complex
number set

00 1 r " % 0
Q(U,g, Z) = / / eltRe(el Z)w(t)an (6 _w) €_i€6 do tu_l dt.
0 0

dr 0 e 2

The integral converges for Rewu sufficiently large. The kth component of 0(u, ¢; z) is

o] 1 A ) ; '
0" (u, ; 2) =/ {—/ it Re(e72) itk d@}wk(t)t“_l dt.
0 41 0

Lemma 5.6. For each ¢ and z the function
0% (u, 0; 2)
u+14s+[0—m)| u+1—s+[0+m)|
o e L G

is an entire function of u. Moreover 8%(u, (; z) is bounded in any region of the form |Reu| <
constant, | Imu| > constant > 0.

Let m(t) be an infinitely differentiable function with compact support on the real line
which is 1 in a neighbourhood of 0. Then 6*(u, £; 2) is the sum of

oo 1 dw ; )
é%(u7€7 Z) — / _/ eztRe(e 92>ez(kf£) do wk(t)tuflm(t> dt
0 4 Jo
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/oo {i /47l' 6itRe(ei9Z)6i(k—Z) d@} wk(t)tu_l (1 _ m(t)) dt.
0 0

The second integral defines an entire function of u which is bounded on vertical strips so it
will be enough to prove the lemma with 6% (u, £; z) replaced by é\’“(u,ﬁ; ).
The inner integral is equal to

< Gt 1 [T, ONT
Z _(22 )' gy / (ezez + 6_102> k=09 g9,
rlo4m J,

r=0

and

It is zero if k — ¢ is not integral. If k — ¢ is integral let A be the set of integers r satisfying (i)

r > |k — (| and (ii) =% is integral. Then this expression equals

(Zt)r ZT—l—f—k ET+]<77Z

Z 2r <r+§—k>|<r+§—z);'

reA

If a real number c is given there is an R such that

00 )" r+l—k >r+k—{
0 27 r+l—k \| [ r+k=L )

reA 2 . 92 .

r>R

is analytic and bounded for Reu > ¢. We need only study the analytic properties of

/Oo PP () dt e € A,
0

The same observation when combined with Lemma 5.5 shows that when s — m is not an
integer we need only study

/ thkEmIFstriut2p g, 1) qt rel peZ, p=0
0
and that when s — m is integral and |k F m| £ s > |k & m| F s we need only study
/ tiEmFstr+ut2om (1) dt relA peZ p=0
0

and 00
/ tEFmEstriut2ey, () logtdt  re A, pEeZ, p=0.
0

The second assertion of the lemma is going to be obvious and only the first will have to be
dealt with explicitly. The first is going to follow from the observation that if s — m is not an
integer the denominator in the lemma has poles of order 1 at —1 Fs— [{ Fm|— 2, ¢ € Z,
¢ = 0 and no zeros and that if s —m is an integer and |[¢ Fm|+ s > |¢ & m| F s it has poles
of order at least one at —1+ s — |¢ £ m| — 2¢g and poles of order two at —1 F s — [ Fm| — 2q,
q€2,q=0.
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It has to be shown that these poles cancel the singularities of the numerator.

oo _1 oo
/ tm(t) dt = ———— / trutim!(t) dt
0 at+u+1)/

o0 _1 o0
t 4 og tm(t) dt = —/ a—+u—+ Dt ogt — 2T !/ (t) dt.
| eomtm ot = s [ (e et g ] (1)

Since m/(t) vanishes near 0 the first integral has at most a pole of order one at — (a + 1) and
no other singularities while the second has at most a pole of order two at — (a + 1).

If s —m is not an integer the lemma will follow if it is shown that, for r € A, |k £m|+r =
|0 £ m|+2q, ¢ € Z, ¢ > 0. This is so because r = |k — ¢| +2p, p € Z, p > 0 and
|k £ m| + |k — ¢| — |[¢ £ m] is a non-negative even integer. If s —m is an integer one has to
show in addition that if [¢ Fm| — | £m|£2s > 0 and |k £ m| — |k Fm|F2s > 0 (either all
upper or all lower signs are taken so there are only two possibilities) then

lktm|Fs+ k-l =[{Fm|E£s+2q q€Z, q¢=>0.
The left side is
kFm|ts+|k—L+ {|k£m|—|kFm|F2s}.
The expression in brackets, which is a non-negative integer, is by assumption positive.

If 7 is an infinite-dimensional irreducible quasi-simple representation of 2 let L(&, w) be
the unique subspace of L(§) such that the restriction of p(§) to L(&,7) is equivalent to 7.
It follows from the proof of Lemma 4.4 that there is an w such that 7 is equivalent to m,.
As usual let wi(a) =w ((§9)), wa(e) =w ((§9)) for @ € C* and let w; (te™) = tie™™? for
t>0.

If n is any character of A then 7 is the character defined by 7 <(°‘1 0 )) =7 ((“2 0 ))

0 a 0 a1

If ¢ is a character of A& such that ¢ ((§2))w ((§2)) = 1 and u and ¢ are defined by
¢ ((tl/QSiG/Q tl/Qgim)) = t“¢" then ( is uniquely determined by u and ¢ and we shall
occasionally write ¢ = ((u, ¢).

Lemma 5.7. Suppose ¢ ((§9))w ((§2)) =1. If ¢ € L(&,7) and { = ((u,l) the function

00 2m i0 0 d
<I>(97C790)=/0 %/0 w((t% (1)>g><<(t% ?)) do Tt

1s defined for Rew sufficiently large. Set

'(g,¢,¢) = 2g.C.0)

1 L—stle—m|\ "
T (u-‘r +s;—|€+m\> T (u+ s;—\é m\)

Then @ (g, ¢(u,0), 90) is an entire function of u and ® (g, ¢(u, 0), go) is bounded in regions of
the form | Reu| < constant, |Imu| > constant > 0. Moreover

() @ (( 0) 0.6 so) o (1) 7 (2wt

if y(t;m) = (=1 for |¢] > |m| and 4(¢,m) = (=1)""** for €] < |m].
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It is enough to prove the lemma for ¢ in L({,7),. There is a ® in V, such that if
g=a(}?)u with a = (“60191 t2§92) and u in U then ¢ ((teoie 9) g) ¢ ((t%” 9)) is equal to
the product of

6% Re(ei(9+91*92)wz>w \/Mei(9+91+92) 0 C tew O
0 Tt taei0F01102) 0 1

and
i(6+401-62)
tty ez 0
V|| on i(0y—0—0y) | U P
ta 0 e~ 2

which equals the product of

i(9+01*92)
C_l <(t16i01 0 )) ei% Re(ei(9+91+92)wz)c \/ %6 : 0
0 £oei02 [+, (02=0=63)
2 0 ﬁe 2

t (i) 0
¢ - Un (91_9_92) u @.

0 e’ 2

and

Consequently ¢ (g, C(u, 0), gp) is equal to

¢ ((h%i@l t2((3)i92)) 0 (u, —l,wz) o, (u)d.

The first two assertions of the lemma follow immediately.

If n = (! the maps
Y — (I)/(ga Za 90)7

p— @ ((_(1) (1)) g,C,s0>

are easily seen to be -invariant maps of L(&, 7) into L(n). It follows from Lemma 5.1 that
one is a multiple of the other. To see what the multiple is choose g = 1 and ¢ as above with
® = §,. Then
~ 0t (—u
'(1,¢,9) = (=)
T (—u+1+s+|€—m|> I (—u—l—l—s—l—\f—‘rm\)

2 2

-0 () ()

if the functions #‘(u) are normalized as in the appendix.
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Since o, (_98) de = (=1)2 "6y,

)it g
' <(—(1) (1)> G @> " (wu%ei) Fg<u(+u1)s+zm>

2

Taking § = |m/| if |¢| < |m| and § = |{| if [¢| > m we see that

(2) (2 ) rem () (3 oeo

because as is shown in the Appendix, fi»(u) =1 and, as is shown in Lemma 5.4, fi(u) =1
if 2 =|m|.
2

Appendix. Unfortunately the preliminary material of this paragraph was not sufficient to
give the constant occurring in the functional equation. A little more information about the
functions 6% (u) is necessary. Normalize them by setting

0%(u): (%)“F<u+1+82~|—%—m>r(u+1—82+§+m).
w

It is an immediate consequence of the difference equations that none of the functions 6*(u),
k| < %, § —k €Z, can vanish identically.

Lemma A. Let oy, = min {2 — |k|, 2 — |m|}. Then 6*(u) is of the form

2\ (iw\" 2 fut+1+s+|k—m u+1—s+|k+m|
wo () () r () e ()

where fr(u) is a polynomial in u of degree cy,. Its coefficients are polynomials in s which do
not depend on w.

We shall show that if 6% (u) is of this form with a polynomial of degree §;, the same is true
of 0*~1(u) with a polynomial of degree 3,_; where 8y_1 — B < a1 — . This is enough
to prove the lemma because Sz = az = 0 and if By, were less than ay, for some ko then Jj
would be less than oy, for all succeeding k. Since a_» = 0 this is impossible.

|w|u+1

-\ 5 (k—1)
The first difference equations show that 2c; S <“") ’ 0% =1(u + 1) is the product of

[w]
%fk(u—i—2) [u+14+s+]k—m|] [u+1—s+]|k+m|]

—%fk(u)[u—k+1+s+m][u—k+1—s—m]

F(u+1+s+yk—m\)F(u+1—s+yk+m\)
2 2 '

If k> |m| then a1 = ap + 1, |k — 1 £ m| = |k £ m| — 1, the second factor is

F((u+1)+s+|k’—1—m|)r((u+1)+1—s+|k—1+m|>
2 2 ’

and
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and the first factor is a polynomial in u and s of degree at most Gy + 1 in u.
Suppose |m| > k > —|m/|, such that ax = ag_1. Let £m > 0. The first factor is the

u+1+stm—k)
2

product of ( and

frw+2)[u+1Fs+kFm|] — filw)|u—k+1FsFm]
which is a polynomial of degree at most ;. Moreover |k —1+m| = |k£tm|—1, |k—1Fm| =
|k Fm|+ 1, and |k £ m| = £m — k; so the product of “HEEm"=k and the second factor is
r (u+1)+14+s+]k—1—m| r (u+1)+1—slk—1+m)|
2 2 ‘
If —lm| > k> % then |k—m|=m—Fk m+kl=-m—-k |[k—1-m|=|k—-—m|+
I, k=14 m| = |k+m|+1, and a1 = ar — 1. The first factor is the product of

ufk+12+s+m> (ufkﬂgfsfm) and 2 (fi, (u+ 2) — fr(u)) which is either zero or a polynomial of

degree at most S, — 1. Moreover the product of <“_k+12+5+m> (“_Hl{s—m) and the second
factor is
F((u+1)+1+s+y/lc—l—m\)F((u+1)+1—s+\k—1+m|)
2 2
It follows from the corollary to Lemma 5.4 that the equations and thus the difference
equations have a solution at least when s —m is not an integer. We could have used the same
ideas to show that they had a solution for all s and m. This also follows from the above lemma.

To indicate explicitly the dependence of fi(u) on s and m we write fi(u) = fr(u,s,m). The
function f_=(u,s,m) is independent of w.

Lemma B.
fon(u,s,m) = 1.

For the proof we observe that the functions

0 (u) = fo1 (u, 5, —m) (&) <_er>

XF<u+1+32+|k—m|>F<u+1—52+\k+m|>

also satisfy the difference equations. From uniqueness and the relation

2 0) = 15 (wsmm) (—0) 03w

|w]

w[3

we conclude that

Fortsmm) (_E> ~ I G =) flsym) (1) (ﬂ)

f—k (U, S5, _m) = f—% (U, S, _m) fk<u7 S7m)'
Choosing k = —7 we see that

or

f—% (U,, S, _m) f_%(U,S,m) =1
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Since both terms on the right are polynomials in s they must be independent of s and
_n(u,s,m) = €(m).
When s = 0 the difference equations do not change when m is replaced by —m. Consequently
fr (u,0,—m) = fr(u,0,m) and
f*k(u7 07 m) = €(m>fk<u7 07 m)
If m is an integer we can take k = 0 and conclude that e(m) = 1. If m is a half-integer take
k= % Then ¢, = ”T“ We have just seen that if £m > 0,

(n+1)f7% (u+1,0,m):f% (u+2,0,m) {u—l—lim—i—ﬂ —f%(u,O,m) [u+1—%q:m}

= |f1 (w+2,0,m) —f%(u,O,m)] [+ 1] + [f% (u+2,0,m)+f%(u,0,m)] [|m| +%] .

The degree of both sides is § — [m|. Let a be the coefficient of w2~ in f%(u, 0,m). The

coefficient of 42"l in the polynomial on the left is (n + 1)e(m)a. The coefficient of = ~!™!
in the polynomial on the right is 2 (2 — |m|) a4+ 2 (|m|+ 3) @ = (n + 1)a. Thus e(m) = 1.
6. THE LOCAL FUNCTIONAL EQUATION AT A NON-ARCHIMEDEAN PRIME

Let K be a non-archimedean local field, let O be the ring of integers in K, and let 7 be a
generator of the prime ideal in O. Let G = GL(2, K) and let Go = GL(2,0). If A is the
group of diagonal matrices and N the group of matrices of the form

o

then the Haar measure on GGx may be so normalized that

. flg)dg = /AK/AO B da/NK dn/GO dk f(nak)

st 0
a=1{, )
The Hecke algebra H is just the algebra, under convolution, of functions on Gx which have

compact support and are bi-invariant under Gp. Let H be the algebra, under convolution, of
functions with compact support on Agx /Ao which satisfy

fla) = f(@).
-5
a= (%2 0?1) .

aq

(8%

If

then
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Lemma 6.1. If f € H and a € Ak set

1/2
O./l/

f(an) dn.

Ng

fla) =

(8%

The map f — f 1s an isomorphism of H with H.

To show that f lies in H one has to show that f(a) = f(@). This is clear if a = @, so
suppose a # a. Since a is conjugate to @ in G the integrals

/ f (g ag) dg
Ar\Gk
/ f (9~ 'ag) dg
Ar\GK
are equal if they exist. But

/AK\GK f (97 ag) dg = /NK dn /GO ke (f (k0 ank) )
= /N Kf (a(a'ntan)) dn.

A simple change of variables shows that the last integral equals
1/2

and

2

aq

1 — 22
az

f(a).

Combining this with the relation
1/2
(o5
a2

1— @
ai

|22 |1/2
a1

1 — @2
az

one sees that f(a) = f(a).
If f=f1* fythen

Foy = |2

1/2 B
2 /N K{ [ hma)sa (o )dg} do.

The Haar measure has been so normalized that this equals
3 1/2 -1

i / da/ du/ dv < fi(bvua) fo (a_lu_l) )

Ba Ax /Ao Ni Ny

Simple manipulation shows that this equals

1/2 -~
P / da{ fi(bav) dv} {/ fo (a7 ) du} = f1* fa(b).
Ak /Ao Ng Nk

Ba

Qg

&%)
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Gk is the disjoint union of the double cosets

Go (ﬂo 7?”) Go = Goa(m,n)Go m < n.

The characteristic function of such a double coset will be denoted by f, . If a(m’,n’)Ng
meets Goa(m,n)Go then m +n = m' +n' and m < m’; moreover

a(m,n)Ng N Goa(m,n)Go = a(m,n) (Go N Nk) .

Thus fon (a(m/,n’)) = 0 unless m +n =m’ +n’ and m < m! Moreover

fmm (a(m,n)) =1.

It follows readily that the map f — fvis an isomorphism. Consequently every homomorphism
of H into C is of the form

ol f) = / T do

where w is a homomorphism of Ay /Ap into C*.
If n is a homomorphism of Ag into C* let 7; and 7y be the functions on K* defined by

771(@)=77<((g ?)) 772(602?7(((1) g))

Lemma 6.2. Let n be a homomorphism of Ak into C* and w a homomorphism of Ay /Ao
into C*. There is up to a scalar factor at most one function p on Gk satisfying

((_?; plag) =n(a)p(g) for all a in A,

/G e(gh) f(h) dh = x.(f)e(9)
forall f in H. )

If there is any non-zero solution of this equation then 77, = wiws so that 1, and 7y have
the same conductor. Let it be (7%). ¢ is determined by its restriction to Ng. If y € O* then

o (e)-e)
w= (3 1)) =+ ((5 ) -#(( 7))

If v = 7% and b < a there is an o in O* such that & =1 (mod 7°) and 7;(a) # 1. Then

e (3 5)) = ((6 7 47)) = (6 2)

so that
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To prove the lemma we need only show that if

then

for b > a. If O is the disjoint union | J!_, ; + (7) then Gpa(0,1)Go is the disjoint union

q
™ X 1 0
L_Jl(o 1>GOU<O 7T)GO.

Thusif b >

o) ((g )2 (G ) (6 )
() e (7))

)

= m(m)e ((g ”‘T”)) + ) ((g ”‘f‘”))

because 1, (1 -+ be) =1

Lemma 6.3. Let £ be a non-trivial character of K and w a homomorphism of Ak /Ao
into C*. Apart from a scalar factor there is exactly one function ¢ on G which satisfies

(i)
; ((}) ) g) ~ £(2)el9)

/Gso(gh)f(h) dh = xu(f)w(9)

(i)

forall f in H.

Suppose ¢ satisfies these relations. Take an Ax and set ¢'(g) = ¢(ag). The function ¢’
satisfies (ii). Moreover

¢ (((1] T) g) = <((1] “ Xla’;l) a9> = { (o xay") (g);

thus if ¢'(z) = £ (1 x ay') it satisfies (i) with & replaced by &. Assume then for simplicity
that O is the largest ideal on which ¢ is trivial.
If ¢ is to satisfy (i) it must be of the form

; ((3 ) k) - £(x)®(a)
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with ® a function on Ax/Ap. The function ¢ is well-defined if and only if (x)®(a) = P(a)
when a; ' x ay is in O. Thus ®(a) = 0 unless aja, ' is in O. The relations (i) will be satisfied
if and only if

™) ! <<3‘ °) ) = (@)esla)(a)

(B) /G o(gh) for (1) dh = o (fon) 0l9).

We can satisfy and the previous conditions while specifying in an arbitrary manner the
value of ® at a = (7 9), a > 0. will be satisfied for all g if it is satisfied for g = (7 )
when it becomes

So (5 7)) +e (5 2) = amre (3 9))

If « < —1 all terms on both sides are zero. If a = —1 the right side is 0 and the left side is

s (69)-
If o > 0 the left side is

qy ((Wogl ?)) + w1 (7)ws () ((7%_1 2)) .

Some simple algebra then shows that (ii) will be satisfied if and only if

(X) > e ((Wo ?)) e —wl(n)x)l(l “nma) (G (1))) |

n=—oo

The lemma follows.
If (7°) is the largest ideal of K on which ¢ is trivial let (g, w, &) be that solution of (i)

and (ii) which takes the value 1 at (7' 9). If ¢'(z) = ¢(Bz) then

plgw, &) = ¢ ((g (1)> g,w,S) :

Let ¢ be a character of Ax such that (;¢; = w;'w;y ' Set (i (a) = (o(a)|al® where (y(7) = 1.
¢ is uniquely determined by s and ¢y and we shall sometimes write ¢ = ( (s, (o).

Lemma 6.4. Let ¢ be a homomorphism of Ag into C* such that (1o = wy'wy'. If
¢ =C((s,¢o) the function

@(Q,C;w,f)—/l{xso«g (1)> g;%é)(((g ?))dxa

1s defined for Res sufficiently large. If (o = 1 then

o0 101 (1-280) (120600 g g
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is, for each g, a polynomial in q¢° and q—° and if (71'_5) 15 the largest ideal on which & is trivial

then
G (n) @ ((_? (1]) g,c;w,5> =G () #(9.Cw,9)
where Z((Cg Oi)) = ((062 aol)). If 6 =0 then

(1, (Gw,§) = 1.
If the conductor of (y is (77), v > 0, and

9(&:7) Z/Oxé(ﬁi(;) i) d*a

then ®(g,(;w, &) is a polynomial in ¢° and q¢—° and

G (01, e) e @) g 2
0 @((_1 O)Q,C,w,i) =G (-1 JE7) d(g,C,w,&).

If ¢'(z) = & (7Pz) then

. @(g,é;w,f’)Z/Kﬂ((ﬂga ?) g;%f)(((g g)) d*a

=G (%) (9. G, )

and ¢g(&,¢) = g(&, (); so it is enough to prove the lemma for 6 = 0.
Ifg=a({7)kwitha= (% o) in Ax and k in Go then

0 as

is oqual to /sz0<<3‘ ?)9%%><<<3 ?)) .
Al L6006 D)) e

Because ¢ ((3 DY) ;w,ﬁ) = &(ax)yp ((8‘ 95w, 5) the function

(I ESEI(HED

has, for a given x, compact support on K *. Since the integral

(6 D)6 D=)e(@ )
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exists for Re s sufficiently large so does that of the lemma. Moreover the difference between
®(g, (;w, &) and this expression is a polynomial in ¢° and ¢~*. If {; = 1 the expression equals

()G )
<1<<O{; OZ)) > <1(7r”)30<<% ?)) N <1w<>c<§)0<1>w<>c<>>

n=-00 q172 4172

and if the conductor is (77) and > 0 it equals zero. All assertions of the lemma except the
functional equations follow.

Let 7 = CL. If ¢y = 1 then @ ((_?3)g, C;w,f) and @'(g,C:w, &) both satisfy the
assumptions of Lemma 6.2. Since they both take the value 1 at g = 1 they are equal. If the
conductor of (j is (77) and v > 0 then

@((}, ”?),Z;m) :/[(Xg(aw—v)go((‘g })w,&)c((‘g ?)) o,

The last integral is easily seen to equal g(, (). Since

(o) )= 0 )6 )5 )

the value of ® (( 146),Gw, 5) is ¢ (77) 51_1 (777) ¢ (=1) g(&,¢). The functional equation
again follows from Lemma 6.2.

7. THE MAIN THEOREM

Let k be either the rational number field or the field of rational functions in one variable
over a finite field and let K be a finite separable extension of k. Let S, be the set of
archimedean primes of K. Let A be the adele ring of K and let I be the group of ideles.

If R is any commutative ring with unit let G be the group of 2 x 2 matrices from R which
have a determinant which is a unit of R. Ag will be the group of diagonal matrices in Gg. If
p is a non-archimedean prime let Uk, be Go,, where O, is the ring of integers in K, and if p
is an archimedean prime let Uy, be the group of unitary matrices which lie in G, .

Lemma 7.1. E| There is a constant cy such that if g belongs to Ga there is a v in Gq such
that max {|c[, |d|} < co| det g|'/? if vy = (2}).

Fix a measure on A. This determines a measure on A ¢ A. K @ K is a discrete subgroup
of A® A and the quotient A & A/K @ K has finite measure ¢;. The lattice Lg = (K @ K)g,
is discrete and the quotient A & A /Lg has measure c¢;| det g|. The non-zero elements of Lg
are, for all practical purposes, the last rows of the matrices 7,4, v € Gq. There is a positive

constant ¢y such that the measure of {(3:, y) | max {|z|,|y|} < do} is at least cod?.

5(1998) As observed in the comments this lemma is not what is needed. Indeed, neither it nor its proof
make much sense. The correct lemma, which there is at this stage no need to state, would replace max
{lel,|d|} by 11, max {|c|p, |d|p }. See Lemma 5.1 of the following letter. (This long letter to Hervé Jacquet:

https://publications.ias.edu/rpl/paper/55.)
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Let ¢ be any number larger than 2\/% . If Lg contained no non-zero (¢, d) with
max {|c|,|d|} < co|det g|/?

the measure of the projection of {(x, ) ‘ max { |z, |y|} < 2|det g|1/2} on A& A/Lg would
be greater than c¢;| det g|.
£ will be the space of functions ¢ on G \Ga satisfying conditions (i), (ii), and (iii) below
(i) fU = Hp Uk, then ¢ is U-finite on the right.
(ii) If p is an archimedean prime the function ¢(hg), g € Gk, , is infinitely differentiable.
If p is any such prime let %I, be the universal enveloping of G'x,. If, for each p, X, belongs

to 2, the function {Hp p (Xp)} @ is defined.

(iii) If ¢; is any constant there are constants M; and M, such that

1 | det g|/?
<
E[p(Xp) p(9)| < M {|detg|+|detg|}{maX{|C|a|d|}

on the set max {|c|,|d|} < ci]det g|"/2.

If p is a non-archimedean prime the group G, operates on £. If p is a complex prime 2,
acts on £. If p is a real prime let o, be the element ((1) fl)) of G,; the pair {ap,le} acts
on £.

If p is a non-archimedean prime, a representation of Gg, on a vector space H, will be
called quasi-simple if the isotropy group of every vector in H, is an open subgroup of G, . It
follows from Lemma 6.1 that the space of vectors whose isotropy group contains U, has
dimension at most 1 if the presentation is irreducible.

Suppose that for every prime p we are given a quasi-simple irreducible representation of
either Gg,, %Ay, or {ap,le}, according to the nature of the prime, on a vector space H,.
Suppose there is a finite set Sy of primes which contains S, such that if p is not in Sy there is
a non-zero vector in H, which is fixed by U,. For each p not in Sy choose such a vector Xpo. If
S contains Sy let Hg = Q),.g Hy. If So O 51 D 5 let dg, s, be the injection of Hg, into Hg,
which sends ), X, to

pes
peSL

Ku|e|l & X

peEST peS2—51
and let H be the injective limit of the spaces Hg. Let 2 be the system consisting of all the
Gk,, p not in Sy, %Ay, p complex, and {ap,le}, p real. The system 2 acts on H.

For our purposes a divisor D is just a function p — m, from the non-archimedean primes
to the non-negative integers such that m, = 0 for almost all p. p|D means that m, > 0 and
p {1 D means that m, =0 or p € Sw. If p is not in S let U}gp be the set of (‘CL 3) in Ug, for
which ¢ = 0 (mod p™) and let UP = [Togs.. U}?p. Let [7[% be the set of (¢%) in U}?p for
which a =d =1 (mod p™) and let UP = [Togs.. (7[%. UP is in the normalizer of U

Lemma 7.2. There is a D such that HP = {x ‘ m(u)x =z for all u in ﬁD} contains a

non-zero vector. Moreover HP is the sum of one-dimensional subspaces invariant under UP.
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Although we have not troubled to be explicit it is clear how HW s.. Gk, operates on H.

Given any divisor D let UR K, be the set of ( ) in Uk, which are congruent to I modulo p™»
and let UP Hp¢ S UR Kk, Given x # 0 in H there is a D’ such that U U is contained in the
isotropy group of x. Choose for each non-archimedean prime an «, so that (ap) = p™ and
set g = HP¢S ( ) Then, if m, = 2m; and D is the divisor {mp} gUD is contained
in UP" and UP is contained in the 1sotr0py group of m ( ) x. The second assertion of the

lemma is immediate because UP/UP is a finite abelian group.
If € is any homomorphism of UP into C* which sends U” to 1, let

HP = {x ‘ m(u)z = e(u)z for all u in UD}.

€

€ is determined by its restriction to the diagonal matrices. Let € be the homomorphism

(69)-(¢)

If g is any matrix in G5 such that g, = I,ifp € S or p { D and g, = (O?p (1)) with (ap) =p"™
if p|D then gUPg™' = UP and 7(g)HP = HP.

Let $ be a subspace of £ such that the representation of 2l on $) is equivalent to that on H.
We want to study some of the Dirichlet series associated to . Let 5’)? be the subspace of $
corresponding to H”. We suppose that H is not {0}.

Choose a non-trivial character ¢ of A which is trivial on K. If ¢ belongs to £ set

o(g) = measur; N /K " (((1) f) g) dz,
wi(g) = measuri( A /K W (((1) 916) g) {(z)dx

By the Fourier inversion formula

olg) = polg) + ) —¢1 ((g ?) g) -

ace KX

Let G be the set of all g in G such that g, € U if p|D. Since Ga = GG, any function
in £ is determined by its restriction to G§.

If p is a non-archimedean prime which does not divide D and ¢ belongs to $” then ¢
must be an eigenfunction of the corresponding Hecke operators. Let it be an eigenfunction
corresponding to the homomorphism w,. Varying ¢ in H” does not change wy,. It follows
from Lemmas 3.2, 5.2, and 6.3 that $P is spanned by functions ¢ for which

1 ((g (1)> g) = o pg[m #p ((06” (1)) gp> pg i (( >gp,wp,§p> €(9p)

for g in G%. a, is a constant which depends on « and «, is the image of a in K,. gp is the
projection of G on HMD Gk, & is the restriction of £ to K}, and ¢, p € S, is a function



LETTER TO ANDRE WEIL, PART 21967 55

in L (&,7,) determined solely by ¢. Let I” = {v € I } |to| = 1if p|D}. If B lies in K* N 1P
then ags =€ (($9)) aa-

We shall only consider those ¢ for which the functions ¢y ((§9) g) are of the above form.
©(g) is the sum of py(g) and

S w X ST a (% 0)a) { TT((%7 )t

a€KX/KXNIP  BeK*NIP | pESw p¢Seo
ptD
0
X € ((%0 1) QD)

if Bp is the projection of 8 on Hp| p K, In an appendix to this paragraph we shall discuss
the form of the function ¢y. Lemma E of the appendix will eventually be used to show that
© is the sum of a cusp form and a function which is represented by an Eisenstein series. For
the present we consider only the case that ¢g(g) = 0.

Then ¢(g) is a cusp form. Let n be the homomorphism of K*\I into C* defined by

¥ ((3 2) g) = n(@)p(g).

It is no real restriction to assume that |(a)| = 1 and we shall do so. It then follows from the
general theory of automorphic forms that ¢ is bounded.

If My = sup,eq, l#(g)| and

M, = sup H Pp (gp) H 90<gpawpafp) le(gp)]

9€eGR PESeo PZSco
ptD

then
My
My’
If ¢ # 0, as we certainly suppose, Ms is not zero. Of course it is not co either for then all
the a, would be zero. In any case a, is a bounded function.

If the number M5 is finite the function ¢ (gp, Wy, §p) is bounded. Appealing to the formulaﬂ
at the top of p. 6.10 we see that the inequalities

(A) wpa (O] < [ Jwpa(m)] < ] 72

must be satisfied.

If K is the real or complex field, 7 a quasi-simple irreducible representation of {7, 2(} or
2 respectively, and ( a homomorphism of Ag into C* satisfying the condition of Lemma
3.6 or 5.7, let I'((, ) be the function defined by

(¢, m)® (g, 0) = 2(g,¢ ),  we L ).

6(1998) labeled in this version in which the pagination differs from that of the manuscript.

|aa| <
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®(g,¢, ) and P'(g,(, ) are the functions introduced in Lemmas 3.6 and 5. 7[Z] (¢, ) also
depends on ¢ but we do not take this into account explicitly.
Let x be a character of K* N IP\IP. If s is a complex number define ¢ = (s, x) by

C((g g)) = (BB~ P x (B ™).

Let ¢, be the restriction of ¢ to Ag,.
Lemma 7.3. The integral

Lo (G D))< (G5 0))

converges absolutely for Re s sufficiently large and G in GX. It is equal to zero if

(D)< )

is not identically 1 in O,°. There is a constant M > 0 such that a, = 0 if || > M for some

p|D. Consequently the series
ap, 0
> al]l6 ((op 1))

aEKX/KXNID  p|D

converges absolutely for Re s sufficiently large. Let R be the set of non-archimedean primes
which do not divide D for which G, is not trivial on Ao,. The product

1
11 (1 = wp 1 ()G ()7[112) (1 = wy (7)o (m) [ [1/2)

pE€ScUR
ptD

also converges absolutely for Re s sufficiently large. The integral is the product of the above
two expressions with

H F Cp77Tp gvapaSOp) H (I)/ (gp7Cp7Wp7£p) H(I) (gp7Cp>wp;£p) 6(91))'
PESso pEScUR peER
ptD
According to Lemma 6.4 only a finite number of terms in the last product are different

from 1. The absolute convergence of the other infinite product follows immediately from
the inequalities . For each p the character &, is non-trivial. If p|D, z € Oy, o € K., and

e w((g tl))g):sm((g e 9)

If

In the digressions to establish notation we allow ourselves to use, in a new sense, symbols whose meaning
has otherwise been fixed for the course of this paragraph.
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o1 (é ?) <g ?)g =& (2?%) %((8‘ [1)) g)-

Thus if a, is not zero, o must lie in the largest ideal of K, on which &, is trivial. The existence
of the constant M follows immediately.
Recalling that, for almost all p, ¢ (gp, Wy, f,,) equals 1 if g, lies in Ug,, we see that

()< )

is at most the sum over K*/K* N I? of the product of

||H/ ((aﬂp ) ><p(<0 3) .
I, <(%% ) g"""p’fp) CP((Z)’“ ?)) Dy

p%‘S

this equals

and

Changing variables in the integral and recalling the product formula we see that the sum is

the product of
E ()
pg / g0”((0 1)9P> Cp((o ?)) Gt
0L Yol )

The first term is certamly finite for Re s sufficiently large. The convergence of the integrals
over KX, p € S, was proved in Lemmas 3.6 and 5.7. It remains to show that if Res
is sufficiently large each of the integrals in the infinite product is finite and the product
converges. It was proved in Lemma 6.4 that for a given p the integral is finite if Res is
sufficiently large. Thus we can, in our considerations, drop any finite set of terms from the
product.

and

and
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The first formulaﬁ on the top of p. 6.10 shows that if g, is a unit and O, is the largest ideal
on which &, is trivial then

/KX @((,83 (1)) gp,wp,€p> Gp ((’ép ?)) dry,

1
(L =1Iml*) (1 =Im]*)

if Res > 0. The infinite product converges if Re s > 1.
Thus the integral is finite. A simple formal manipulation which is now justified shows that

it is the product of
a, 0
> wTle((3 )

a€KX/K*NIP p|D

1s at most

and
lg/xe ((Y)p ?) 9;:) Cp ((zf ?)) dYyp
p p
and
pg /KpX Pp (<’83 ?) gp) Cp ((’gj ?)) dp
and
g /KX<P<(7()p (1)> gpawpa§p> Cp ((z; ?)) dp-
p o P
ptD

The remaining statements of the lemma are now just a matter of definition.

We shall be able to state the next lemma more succinctly if we first introduce some notation.
First let K be the real or complex field and let © be a quasi-simple irreducible representation
of {o,2A} or A respectively. Let £ be a character of K and { a continuous homomorphism
of Ak into C* which satisfies the condition of Lemma 3.6 or 5.7. Define €((,&,7) by the

relation
v ((—? (1)) 9., ¢) = €((, 6P (9, (,0):

The exact form of the factor is given in Lemmas 3.6 and 5.7. If K is a non-archimedean field,
w a homomorphism of Ax /Ao into C*, ¢ a continuous homomorphism of Ax into C* which
satisfies the condition of Lemma 6.4, and & a character of K define ¢(¢, &, 7) by the relation

(I)/ <(_(1) 8) gvng7£> = 6(<,€,W>‘I)/(g,<,w,£)

if ¢ is trivial on Ap and by the relation
0 1 ~
(p <(_1 0) g7C7w7£> :6<C7€7w>®<g7<=7w7€)

8(1998) Labeled for convenience.
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if it is not. The form of this factor is given in Lemma 6.4.
Choose A in K* so that (Ay) = p™ if p|D and set

Plg) = ¢ gH(XP é)

p|D

$ lies in $HP. If ¢ is the homomorphism of A, into C* introduced in Lemma 7.3, let Z(z, x)
be the product of

3 aaH<p<(O{f ?)) 11 ™)

aeKX/K*NIP p|D PESco

and

1

p¢£[u3 (1 = ap 1 (m)Goa(m)[7[1/2) (1 = wya(m)Gp 2 () 7] /2)
ptD

Given ¢ the functions ¢, are determined only up to a scalar factor. Thus there is an

undetermined constant in the numbers a,, and hence in the function =(s, x). However we can

certainly suppose that, for p archimedean, @,, the function associated to @, is the same as

¢p. This assumption is implicit in the statement and proof of the following lemma.

Lemma 7.4. =(s,x) is an entire function of s. It satisfies the functional equatiorﬂ

Z(s,x) = H<p<(_64 “ 9) 11 €(G&m) 1 e(Gn)

plD PESoo ptD

RN

(=, (e ™).

The integral in Lemma 7.3 is the sum of

. Lo (6 2)2)<(G D)
Lo (G )< 1)

The latter integral is equal to

)
) Lo (@) G o) (1)
o L6 D6 Yme )G 9)e

If the first integral converges for Re s sufficiently large, as it does, it must converge for all s.
The resulting function of s is entire. Since the substitution of —s for s, (yn)™! for x, @ for ¢,

o= (—s, (Xn)’l) is the function obtained on replacing ¢ by @.
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and (21 (1)) g Hmp>0 <(1] Ag 1) for g interchanges the integrals and , the latter integral
is also an entire function.
We conclude that the product of Z(s, x) and

(D) Hq)/(gpvcp:%) H @' (Gps Gos W &) Hq’(gpv@vav@) e(9p)

PESe p¢SoUR PER
ptD

is an entire function of s.

It is clear that if p is an archimedean prime the function =(s,x) is not changed if ¢ is
replaced by a non-zero linear combination of functions obtained from ¢ by operations of
{ap, Q(p} or 2,, according to the nature of the prime. Thus to prove the lemma we can choose
the functions ¢, in any way convenient. I claim that these functions and g in G§ can be so
chosen that almost all of the factors in (D] are 1 and the rest are of the form ae® with a # 0.
It will follow that =(s, x) is entire.

gp may as well be taken to be I. If we take g, = I for p ¢ RU S, p 1 D then according
to Lemma 6.4 and the formul at the top of p. 6.12 each of the functions @’ (gp, Cp> Wy, §p)
is of this form and all but a finite number are identically 1. If p € R then, according to the
formulae at the top of p. 6.12 and the bottom of p. 6.13[12]

® (((1) 7T_lvp) ’Cp’wpv§p>

will be of this form for a suitable choice of v,. For a real prime choose g, = I and ¢, so that
the formulae on p. 3.37@ can be applied. For a complex prime choose g, = I and ¢, as on
pp. 5.28 and 5.29/F

Now let us see what happens to the expression @ when the substitution mentioned above

is performed. The substitution replaces ¢ by ¢ and e by €. The factor €(gp) is not changed.
The functions occurring in the other factors are not changed but some of the variables are.

gy 1is replaced by < Xp (1)> gp and ¢, is replaced by Ep. Thus the expression @ is multiplied by

e (3 %)) H I com L IT o

ptD peS p#Soo
ptD

19(1998) Labeled (Y).

12023 ed.) Just before the start of section

121998, updated 2023 by ed.) The formulae in the table on p. [26] after “In all but the last line s — m is
not an odd integer.”

13(1998) At the very end of the chapter, just before the appendix.

(2023 ed.) P. Page 5.28 starts at “If n = Efl the maps...”.
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which equals

116 ((_(1)4'g (1)>> I € (6.6.m) I € (6 & )

p|D PESw pESco
ptD

The lemma follows.

We want to prove a converse to this lemma. Suppose we are given the divisor D and hence
UP, a homomorphism ¢ of UP/ UP into C*, and a non-trivial character £ of A/K. Suppose
that we are given bounded functions a, and @, on K* such that

@) oo 0)

if 8 lies in K* N I”. Suppose moreover that a, = 0 if, for some p dividing D, o, does not
lie in the largest ideal of K, on which &, is trivial. We will also have to be given, for each
archimedean prime p, an irreducible quasi-simple representation of {ap, le} or 2, according
to the nature of the prime and, for each non-archimedean prime which does not divide D, a
character w, of Ag,/Ap, which satisfies

’—1/2 1/2.

|wp ()] < |7 |wp 2(m)] < |7

If p is archimedean let 7, be deducible from m,,,. We shall also suppose that the homomorphism
. ap, 0 ap, 0 ap, 0
(o) = T w <<0 ap)) I « ((0 ap>) 1] ((o ap
ptD
of IP into C* is trivial on K* N IP.

Lemma 7.5. Choose for each archimedean prime a function ¢, in L (ép,ﬂp). If g € GR the

(g{:x ae§ I #» ((%p (1)) 9p> II ¢ ((ﬁ‘{ (1)) gp,wp,§p> e(9p)

ptD

converges absolutely. Moreover the convergence is uniform on compact subsets of GX. Let
©(g) be its sum. If x belongs to K and x, lies in O, for p|D then ¢ ((§%)9) = ¢(g) and, if

a, B lie in K*NIP, ¢ ((%2)9) = ¢(9)-

Choose a compact subset C of G¥. According to the discussionE] on p. 6.8 there is for
each non-archimedean prime p which does not divide D a number M, such that if g € O

2 ((Og ?) gpawpafp> =0

141998) Now following Lemma 6.3.
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if || > M,. Moreover almost all of the numbers M, can be taken to be 1. Because of the
assumption on the function {a,} the sum in the lemma can be replaced by a sum over a
finite set if K is a function field and by a sum over a lattice in K if K is a number field. If
K is a function field the first two assertions of the lemma are immediate. Suppose K is a
number field.

Combining the formuld™ at the top of p. 6.10 with our assumption on the magnitude
of the numbers w, () and wy2(7m) we see that there is a positive constant b and for each
non-archimedean prime p which do not divide D a constant C, such that

a, 0 _
S0((013 1)910:%:5;@) < Cplay|™

if g is in C. For all but a finite number of primes C, can be taken to be 1.
Because of the product formula we are reduced to considering the sum

S e (5 9) )
PES—

over the non-zero points of a lattice in K. On pagesEGI 3.9 and 5.9 we have discussed the

behaviour of the functions ¥ (t) and ¢ (g) as |t| — oo. The first of the equations (A]) on

p. 5.8 can be used to determine the asymptotic behaviour of all the functions *(¢). In

Lemmas 3.4 and 5.4 we have discussed the behaviour of these functions as |t| — 0. Putting

all the information together we see that these are positive constants ¢ and d and a constant ()

such that
Q 0 —c _ —d|a
o ((o" 1) 9p> < Qlo| eI

if g is archimedean and g lies in C'. The absolute and uniform convergence of the sum follows.
The last two statements of the lemma can be proved for both types of field simultaneously.
If 2 € K and z, € O, for p|D and a, # 0 then, by assumption, & (apzy) =1 if pt D. Thus

pr (ap%) =1
ptD
The product

T3 )6 1)) I D6 1)) (6 7))

152023 ed.) Labeled (X).
6Between Lemma 3.2 and its corollary and just before Lemma 5.3.
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is equal to
a, 0 a, 0 1 =z
ng (O‘Pxp) H Qpp (( O}J 1) gp) H ¥ (( OP 1) gp7wp7§p> € <(0 ]_D> gD) .
ptD pESeo Péﬁjoo
p

Since ¢ ((1 o) gD> = e(gp) the relation ¢ ((§%)g) = ¢(g) follows.
The relation ¢ ((5 0) g) = ¢(g) for B € K*NIP is, essentially, one of the assumptions.

To complete the proof of the lemma we need only show that ¢ <( 8 0) g> = ¢(g) when [ lies

in KX NIP. After replacing g by (0 1) g in the sum defining ¢ we can change variables in
the summation, replacing o by a8~!. The sum becomes

S (o) I (G )5 9))

pes. p¢5

The relation ¢ ((g (1)) g) = ¢(g) is thus a consequence of the assumption

U316 <<%D (1))) = Uq.

With the same choice of functions ¢, the function {a,} determines a function @. Of course €
must be replaced by €.
Let y be a character of K> N IP\I” such that

X (ay) € ((08’ ?)) =1

for p|D and «, in OF. If s is a complex number define ( = ((s, x) as before by
b P

<(<o 5)) o8 (7).

The function Z(s, x) given as the product of

> wlle(( 1)) T

a€KX/K*NIP p|D PESeo

and

1
pgél;j[UR( — wp,1 (1) o1 (1) |7 1/2) (1 = wy 2 () G2 () | [1/2)

ptD
is defined for Res sufﬁciently large. If {a,} is replaced by {a,} and x by x~'n~! we can
define a similar function = (s, x"'n7").
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Lemma 7.6. If there is an A in K* with (Ap) = p"™ for p|D and if, for all possible choices

of X, Z(s,x) is an entire function of s which is bounded in vertical strips and satisfies the
functional equation

E(s,x) = HCP <(_64p ?)) H € (Gos & ) H € (Cos &pyp) g(_S’anq)

ptD

then, for all g in G§,
~ 0 1 0 Al
? (A O)QH(l i ) = ¢(9)-
pID

Let ¢1(g) be the function on the left side of this equation and let IP be the ideles of norm 1
in IP?. We have to show that for each g in G}

(69) (6 )

for all o in 1. Since both sides are continuous functions on K* N I[P\ which is compact,
we just have to compare Fourier coefficients. Any character of IP” N K*\IP is obtained by
restricting a character x of K* N IP to IP. Set

p(x: 9) = /KWD\I(? @ ((g (1)) g) x(a) da,
m(x, 9) = /KWD\I(? ©1 ((g (1)) g) x(a) da.

1(x, g) and 41 (x, g) are both identically zero if x (ay) € ((06" ?)) # 1 for some p|D and some

ap in Oy, Thus we need only consider the x satisfying the conditions of the lemma.

The functions
a 0
x(a)p (x7 (0 1) g)

x(@)m (x, (g (1)> 9)

are continuous functions on IP\I” which is isomorphic to R* if K is a number field and
to Z if K is a function field. As in the proof of Lemma 6.3, the Mellin transform

AR O B [y MRt (G B () %

is defined for Re s sufficiently large and the Mellin transform

a 0 s
/ x(@)m (x, (0 1) g) |af* da
IAAVES
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which equals

[ ? (6 D G0 %) )2((5 1))

is defined for Re s sufficiently small.

To prove the lemma in the case of a function field we need only verify that both the Mellin
transforms are entire functions of s and that they are equal. In the case of a number field we
must show in addition that they are bounded in each vertical strip of finite WidthE]

As in Lemma 7.3 the first integral is the product of Z(s, x) and

(E) Hq)/(g!’?Cp"pP’) H Q’(gp,Cp,wp,ﬁp) H(I)<gp><pywp7€p) G(QD)-

PESso PESoUR pPER
ptD

R is the set of non-archimedean primes which do not divide D such that ¢ is not trivial
on Ap,. According to Lemmas 3.6, 5.7, and 6.4 each of the functions occurring in the product
is an entire function of s and all but finitely many are identically 1. Thus the first Mellin
transform is an entire function of s. The second is the product of = (—s, X_ln_l) and the

factors
H aa_l (((1) _?4p>> o' ((_(1) é) 91:7537%)

pPESs

T (6 5))# (5 ) mems)

ptD

gf;l ((é _Zp)>‘b ((_(1) (1]) gpvamwmgp) e(9p)-

It is also an entire function of s and, by the definitions of the factors e (Cp,gp,wp) and
€ (Cp, &, wp) together with the functional equation satisfied by the function Z(s, x), equal to
the first Mellin transform.

One of the Mellin transforms is bounded in vertical strips of a right half-plane, the other
is bounded in vertical strips of a left half-plane. Thus to show they are bounded we can

apply the Phragmen-Lindelof theorem for strips. The function =———, a real, grows no

I'(as+b)”’
faster than an exponential in vertical strips so it is enough to shox(lv th?at we can multiply
the Mellin transforms by a product of functions of the form I" (as + b), a real, and obtain a
function which is bounded in regions of the form Re s < constant, | Im s| > 0. By assumption
®(s,y) is bounded in such regions. The factors in the product corresponding to the
non-archimedean primes were shown in Lemma 6.4 to be bounded in vertical strips of finite

width. If p is an archimedean prime I' (Cp, 7Tp) is a function of this form and
I (Gor ) @ (ps Gor 5) = © (G, G #0)

ITThis seems to be the simplest condition which allows the application of an inversion theorem to establish
the identity of the original functions.
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was shown in Lemmas 3.6 and 5.7 to be bounded in regions of the form | Re s| < constant,
| Im s| > 0.

Theorem 7.7. If the assumptions of Lemma 7.6 are satisfied, the function ¢ is a function
on G NGR\GX.

The set of all (¢%) in Gx N GR which satisfy

’ (( ) g> = (o)

is a subgroup of Gx N GX. By Lemma 7.5 it contains all those matrices for which ¢ = 0. If
b =0 then
a 0 [ (0 1\ (a O 0 Al
_ p
A D)o E D)
myp>0
| (d % 0 1 1 At
— A p
—Y <0 a><A 0>9H<1 0)
myp>0

Applying Lemma 7.5 to @ we see that the last expression is equal to
~ 0 1 0 Al
P _
myp>0
The theorem is a consequence of the following lemma.

Lemma 7.8. G NGY is generated by the matrices in it of the form (&%) and (29).

Indeed
a by (a O 12
¢c d) \c d=%)\0 1)°
If the matrix on the left is in Gx N GX so are both the matrices on the right.

Appendix. Some preliminary remarks are necessary before the nature of the function yg(g)
can be determined. It is convenient to treat the various types of fields separately.

We consider the real field first and use the notation of paragraphs [2] and [3] Let L be the
space of infinitely differentiable functions on Ng\Ggr which are U-finite on the right.

Lemma A. Let w be the infinite-dimensional irreducible quasi-simple representation of
{o,2}. Suppose 7 is deducible from w,,. Let H be a subspace of L which transforms according
to .
(i) If s—m is not an odd integer and s # 0 then w # w and H is contained in L(w)+ L(w).
(i) If s =0 and m = 0 let L'(w) be the space spanned by the functions

, 1 z\ (o O cosf sin6
Pn 0 1 0 o —sinf cosf
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defined as
5

1/2 a0 1 -
“ (o Ozz) tog +k22k—1 c

% € Z. L'(w) is an invariant irreducible subspace of L and the representation of {o, 2}
on L'(w) is equivalent to w. H is contained in L(w) 4+ L'(w).
(ii) If s —m is an odd integer suppose, as we may, that s > 0. Define w' by

W' ((061 0?2)> = sgn (apa) w ((%1 (32)) .

Then H is contained in L(w) + L(w’).

a

Q9

&3]
%)

w' is of course defined for any w. In Paragraph 2 we saw that if s —m is not an odd integer
and s # 0 then 7 is equivalent to the representation of {o, 2} on L(w) and L(w) but is not
contained in the representation of {o,2} on L(w’) or L(w’). We also saw that if s —m is an
odd integer and s # 0 the representation 7 is contained once in the representation of {o, 2}
on L(w) and L(w') but is not contained in the representation of {o,2} on L(w) or L(&').
Thus if s # 0 we need only show that H is contained in L(w) + L(w) + L(w") + L(&).

Suppose s = 0 and m = 0. It is clear that

10 .
p(o)e, =w <(0 _1)> Py P(I)pn = (s1+s2) ¢, p(U)gl, = ing,.

On the other hand taking u = 0 in the formulae{igl on pp. 3.7 and 3.8 we see that

(V) 1 2\ (fa; O cosf sinf
PV )P 0 1 0 o —sinf cosf

is equal to
|51
Z_; 1/2 ((061 o?2>> (n+1)log Z—: +1+(n+1) :1 2k:1— : pi(n+2)0
and that
s (69 (3 2) (5 20))
is equal to
oy i

2
o 1 o
1 i 1 i(n 2)6"
- +14(—n+ );1%_1 e

1/2w<(061 OZ)) (—n +1)log

Thus p(V)¢!, = (n+ 1)), 5 and p(W)el, = (—n+ 1) ¢!,_,. It follows from Lemma 2.1 that
the representation on L'(w) is equivalent to 7, and hence to m. The representations of {o, A}
on L(w') and L'(w’) are not equivalent to m. Again we need only show that H is contained in

L(w) + L'(w) + L(w') + L'().

181998, updated 2023 by ed.) t; on p.

%) 2
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Suppose ¢ lies in H. There are functions ¢, (a1, as) on R* x R*, only a finite number of
which do not vanish identically, such that for as > 0.

L z) (a1 0 cosf sinf\\) y
S0<<0 1><O 042) (—Sin9 cose>>_290n(al,oé2)e :

Moreover there are functions 1, (t) on R* such that

. |CY1(J(2|1/2 0 %
Pn (a17a2) =w ( 0 ‘a1a2’1/2 wn s .

Since ¢ is in L, p(D)p = N Z)p + 21X (Z?%) ¢ and the equation p(D)p = 822_190 reduces to the

equations
A, d ( diy, 52 —1
—2t—— + 2t— = n
tdt+tdt(tdt) 7 v
or )
d 1
41t——= = s%,,.

If s # 0 four linearly independent solutions of this are (sgn t)a|t|%, a=0orlandifs=0
four linearly independent solutions of this are (sgnt)?[¢|*/? and (sgnt)?|t|*/?log |t|, a = 0 or 1.
The lemma follows for all representations except the one for which s = 0 and |m| = 1.

If s =0 and |m| = 1 the space H; contains a non-zero vector. If o lies in H; the function v,
is zero if n # 1. According to the first formula on p. 3.@ the equation p(W)p = 0 is equivalent

to )
Qtd—tl — i (t) = 0.
Thus 1 (t) is a linear combination of |t|'/? and (sgnt)|t|"/?. Thus H meets L(w) + L(w').
Since H is irreducible, H is contained in L(w) + L(w').
For the complex field we use the notation of paragraphs [d and [l Let L be the space of

infinitely differentiable functions on Ng\G¢ which are U-finite on the right.

Lemma B. Let 7 be an infinite-dimensional irreducible quasi-simple representation of 2.
Suppose m is deducible from m,. Let H be a subspace of L which transforms according to .
(i) If s —m is not integral then w # w and H is contained in L(w) + L(W). If s —m is
integral define w' by
11+ma

m m m1+m2_
w’ A 0 = ‘a o ’@ & ’
0 ay 12 |y

+s < o > 3 s
[e3Y '
7 1s deducible from 7, Tz, Ty, and T .
(i) If |s| > |m| we can assume with no loss of generality that s > |m)|.
Then H is contained in L(w) + L(w") + L(&").
(ii) If |s| = |m| and s # 0 either w = W' or w = &'. In this case H is contained in
L(w) + L(w).

a1

&%)

192023 ed.) The first formula on p. 3.8 is 5 (not 1) on page
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(iv) If s =0 and m = 0 define vy and 0y as o A p. 4.8 and let ¢, = 25:1% ifn is a
non-negative even integer. If t > 0 set 1, (t) = logt + ¢,. Let L'(w) be the space
spanned by the functions

(6 )G 2 =((5 2)

with § € Z, =k € Z, and |k| < 5. L'(w) is an irreducible invariant subspace of L
and the representation of 2 on L'(w) is equivalent to w. The space H must lie in
L(w) + L'(w).

The most complicated part of the lemma to verify is the assertion that L'(w) is invariant
and irreducible so we verify that first.

For convenience set ¥, x(g) = 0if k € Z and |k| > 3. Just aﬂ in Paragraph 4 the existence
of the Clebsch-Gordan series allows us to assert that the function

" 1 z a; 0 u
90n+2,k 01 0 Qo
which equals
(g +k+ 1) (g + k:) p(VF) Bogr — (g +k+ 1) (g . 1) p(V) P

- (g —k) <g By 1) p (V") Bk
(%+k+1>!(g—k+1)!w<(og 0?2)> !

Lz ( ) Y0012 (),
(&%)
that the function

n o~
909L,k = (_ + k> p (V+) Pnk—1 T kP(V)SDn kTt <— - k) QOn k+1

is of the form
1 2\ [fan O n n
0 1
ul=|=+k|!'l=—Fk)lw
20(1998) Just after Lemma 4.2.
2lThe right hand sides of the formula on p. 4.9 (2023 ed.: p. [30| here) are not correct. They should be

and that the function
(107:—2,k =p (VJr) S/O\n,kfl + p(v)g/o\n,k —p (Vi) @n,kJrl
(;L + k+ 1>! (Z —k+ 1) la(n,w)pnt2.k
<T2L + k- 1>! (Z — k- 1) b(n, w)Pn—2k

a7 03]

o[

2

%)

) Y00 (u) O

is of the form

aq

(8%

) W/OO-TL(U)&W

and
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is of the form

e (0 1) (5 2)1)
_ (g Y- 1)! (g k- 1) I ((%1 52)) - ) Yo0n—2(w)d.

In these three formulae Jy, is respectively xz T1thyz 1=k 54k 53—k and 2 th-1yz—+-1 and
7o lies in the dual of V.5, V;,, and V,,_5 respectively.

To show that L'(w) is invariant we need only verify that ¢\, , is a multiple of ¢, 2, that
Y0 is a multiple of 1, and that ¢, is a multiple of ¥, 5. If n = 0 only ¢, is defined.

n+2
2
Evaluating ¢, at (tlé2 t_g/z) we see tha [(% + 1)!} tr 1 (t) is equal to

n n 0 -1
(5 + 1) (§> t (logt+ cn) Yoon (O O) 0_1

2
n d
-2 <§ + 1> t% (tlogt + c,t)

n n 00
- (5) (5 + 1> t (logt + cn) Yo0n <1 O) d1,
which equals (cf. p. 4.2)

2 3
n n 1 n
-2 =+1 —+1 | =-2(=+1 .
(2+ ) (2+ )t(ogt—l—cn+%+1> <2+ ) thn1o(t)

In the same way we see that (%!)2 t0(t) is equal to

()5 0) s (3 ) crmeen
FE G (6

Finally [(g - 1)!] : th, _5(t) is equal to

651 (651

o

&%)

which equals

(tlogt+ cnt) =0.

01 0 0 d
[—%Un (0 0) d_1 — Y0y (1 O) 51] (tlogt + cut) + 275% (tlogt + cut)

22The formula at the top of p. 4.10 (2023 ed.: p. is not correct. It should be

v (x5 i (- 2).
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which equals

2

t
—-n (t logt + c,t — g> = —nt,_o(t).

If the functions ¢, are defined as on p. 4.@ then, as we have seenlﬂ when s = 0 and
m=0

(g 4 k) (g +k+ 1) p (V") onr
_(g+k+1><g—k+1>mvm%k
— (g - k) <g —k+ 1> p (V™) bupnt

is equal to )
(2+k+1)1 (2 —k+1)! /n
TG0 Gy (2 ! 1) sk
and
p (VY enp1 4+ p(V)onk =0 (V") @npsa
is equal to

(2+k—1) (2 —k—1)
CRITNCES A
Moreover one shows readily that

(g + k:) p (V) enger + kp(V)ons + <g - ’f) p (V") @nsn

is equal to zero. It follows immediately that the representation on L'(w) is equivalent to the
representation on L(w).

The remarks of the lemma can now be verified rather easily. Choose n so that H,, # 0. There
is a function ¥(g) on G¢ with values in ‘A/n such that H,, is the set of functions of the form
U(g)®, ® € V,. Moreover ¥(gu) = ®(g)o,(u) if u € U and ¥ ((§9)g) =w ((§2)) (g).

Let ¢(t) = ¥ ((tl/z 0 >), U is determined by . According to the formula on p. 5.8

0 t71/2

the equations p(D)W¥ = %\I’ and p(D")V = %\If reduce to

ti+k—1 2w’f:(erﬂ”L)Wk
dt

R
dt '

If either (s +m) # 0 or (s —m) # 0 these equations imply that each ¥* is a power of .
Thus H,, and hence H, is contained in a space of the form )., L (w;) for some wy, ..., w,.

232023 ed.) P.

24According to a remark in a previous footnote the left hand sides of the equation on p. 4.10 (2023 ed.:
p. [30) should be (2 +m +1)! (2 —m + 1)la(n,w) and (2 +m — 1)1 (2 —m — 1)!b(n,w).
(1998) Between Lemmas 5.2 and 5.3.
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Parts (i), (ii) and (iii) of the lemma follow from Lemma 4.2 and the proof of Lemma 4.4.
If s+m=0and s —m = 0 then s = m = 0. Then ¢* = 0 if k¥ # 0 and ¥°(¢) is a linear
combination of ¢ and tlogt. Part (iv) of the lemma also follows.

For a non-archimedean local field we use the notation of paragraph [0 If w is a homomor-
phism of Ax /Ao into C* define the function ¢, by

1/2
1 =« a; 0 _ a; 0
gpw(<0 1)(0 a2)u>— w((o a2)> u € Go.
If w# w then ¢, # pz. If w=w define ¢/, by
p 1 2\ [fag O B V2 a; 0 1
Zello 1) 0 a)") ™ “AN0 ) )8

Lemma C. Suppose ¢ is a function on Nx\Gg which satisfies p(gu) = ¢(g) for u in Go
and suppose that for all f in H

/G o(gh) F(h) dh = xu(f)e(9).

If w# ©, @ is a linear combination of v, and pg and, if w = W, ¢ is a linear combination of
@., and ¢,
Choosing f to be the characteristic function of a(1,1)Go and Goa(0,1)Go we obtain the

@ ) )
o (6 2)) e (5 ) =1 (G ) (9] = ( (5 2)):

It is easy to see that these relations are satisfied by ¢, ¢z and, if w = w, by /. If

w# @ then @, ((§9)) = vz ((§9)) #0but ¢, ((59)) # vz ((§9)). Subtracting from ¢ a
suitable linear combination of ¢, and ¢z we obtain a function ¢ which satisfies the relations
and vanishes at (§{) and (79). If w = o’ then ¢, ((§9)) # w but ¢, ((§9)) = 0 while
¢, ((59)) # 0. We can again subtract from ¢ a suitable linear combination of ¢, and ¢/, and
obtain a function ¢ which satisfies these relations and vanishes at (9) and (7 ?). To prove
that, in either case, ¢ vanishes identically we need only show that it vanishes at the matrices
(7™ 9.). The first relation implies this is so if n = 0 or 1. Taking (¢ ») = (5" %) and
substituting in the second relation we see that if this is so if for all m and n = ng and ng + 1
it is true for all m and n = ny — 1 and that if this is so for all m and n = ng and ny — 1 it is
true for all m and n = ng + 1. The lemma follows by induction.

Let S be a finite set of primes containing the archimedean primes and the primes which
divide D. Let Is = {v | ¢, is a unit if p ¢ S}. We suppose S is so large that I” (K> N IP) I
if IP=1TsN1IP. Let Gg = [lyes G, x [lpes Go, and let GL = GR N Gg. According to the
previous three lemmas the restriction of ¢y to G5 is a linear combination of functions of the

Qg

&%)

aq

(8%

aq

%)
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form29]

o[ ) (% 5)m Tl | -

pes pgS

1/2

H%

pes P

H(o 5,,) [T | I e[

pes pesS pEST

Here (™) (08“ 8, ) up lies in U if p|D, 7 is a homomorphism of the group of diagonal

matrices with entries from 72 into C* such that n (( 0 B )> =1ifp ¢ Sand oy, 5, liein Oy,

and S is a subset of S. If v and § belong to K* N I then ¢, <(7 0) g) = ¢o(g). Moreover

> pes 10g || = 0 is the only linear relation satisfied by all the vectors {log Y] ‘ pe S} as vy

varies over K* N IP. A simple argument then shows that the restriction of ¢y to GE is of
the form

1 =« a
w6 ) (5 5)mp |-
Opl;[g01 0 B,

o ap, 0 i i -
[0S (T 3) ) 4o (T ) +o (T ) S|
pes i=1 pes r pes pes pes P
The homomorphisms n™™, ..., 7" are to be distinct and for each i either C{Z) or CQ(i) is to be

different from zero. If a and 8 lie in K* N IZ then n® <HP€S (06'“ 50,, )) =1.

Each 1 determines a homomorphism of the diagonal matrices with entries from I”

into C*. This homomorphism, which will be 1 on the matrices with entries from K* N I”
Xp

we again call n@. The value of ¢, at Hp ((1) :""lp) < 0 B, >up is the same as its value at

{Hpes (Oép 6p> “p} {Hpgs <06p By )} which is

1/2Y
S (s ) e (1) e (1) el
=1 p

pesS pesS

H%

pﬂp

Define 7V by

0 H(O(é)p 5p) _ 0 H(op ap)
p p

Lemma D. Ifi # j then nt) =7,

26Ty this formula and the similar ones following the absolute value at the complex primes is the square of
the usual absolute value.
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"W”m«g 2)) :|ar“\5\”x<(g g))
77@177@((3 2)) —|arcm|dx'<(g‘ g))

for a, 8 in I”. Here a,b,c,d are real numbers and y and Y’ are characters in the usual
sense. Lemma C implies that if p ¢ S the restriction of either n® 'nl) or 70 'yl to

ap 0

0 ﬁp
that @ £ 0 or b # 0. Then ¢ = d = 0 and 7 "9 is an ordinary character. It is known
that the values 7 'nU) takes on the matrices (OE)" ;p), ap, By € K, p ¢ S are dense in

Let

ap, By € pr} is trivial. This can only happen if a = b =0 or ¢ = d = 0. Suppose

the set of values which 77 "n) takes on. It follows that n = 7. In the same way we
show that if ¢ # 0 or d # 0 then ¥ = nU). This is of course excluded. It remains to treat
the case a = b = ¢ = d = 0. In this case the values taken by the vector-valued function

(n(i)fln(j),ﬁ(i)fln(j)) on the matrices (Oé” gop> ,ap, By € K, p ¢ S are dense in the set of all
values it assumes. It follows from Lemma C that <1 —n® "y m) (1 - ﬁ(i)fln(j)) vanishes
identically. If ) # V) there is an (§ 5) such that 770~ n@ <(°‘ g )) # 1. Then, necessarily

n@ = @) ((0 5)) = 1. Since 7 # nU) there is a (gg) such that n® 'y (( )) # 1.
Then 7" n) ((g 5)) = 1. One sees immediately that (1 — n(i)_ln(j)> (1 — g7 ) ) will

not vanish at <067 ;5>. This is a contradiction.

Lemma E. There are two possible forms for the function ¢q.

(i) There is a homomorphism w of the diagonal matrices with entries from IP into C*,
which is 1 on the matrices with entries from K* N IP, such that w # @ and two

functions ¢ and ¢ on [[,cg Uk, such that if g =], (o) <°6" 5 ) uy lies in G& then
©o(9) equals

IIJ3

(1) There is a homomorphism w of the diagonal matrices with entries from I¥ into C*,
which is 1 on the matrices with entries from K* N IP, such that w = @ and two

functions ¢ and (" on Hpes Uk, such that if g = Hp (é ml") (%" 5 ) uy, lies in GB then
polg) equals

1/2
11
p

v H(o ﬁp) Tw| +o H(Og ﬁp> T

peSs peS

i

By

w 1:[(083 60,,> T | +¢ (T w Zlog

pes peS pes
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