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1 Introduction

Let G be a unimodular locally compact topological group and I' a discrete
subgroup of G. We take a Haar measure dg on G and form the Hilbert space of
square integrable complex valued functions,

IA(T\G) = {f :T\G - C: / Fg)? dg < oo} ,
T

\G

which affords a representation R of G via right translation, i.e. for ¢ € L?(T'\G)
and z,g € G,

(R(9)¢)(x) = p(zg).

Our goal is to understand this representation of G. We shall be interested in
the case that G is a real Lie group and T is a lattice in G (e.g. G = R and
I'=7,or G=SL(2,R) and T = SL(2,Z)) or G is a reductive algebraic group
over Q and G = G(Aq) and I' = G(Q).

For example, if G is a compact topological group and T' = {1} then the
Peter-Weyl theorem asserts that

L*(G) = @(dimc )T

ﬂ'EG

When studying representations it is natural to study the trace of R(g), this
works well for finite groups but of course doesn’t make sense if the quotient I'\G
is infinite. Instead we can view L?(T'\G) as a representation for the algebra
C.(G) of compactly supported functions on G. Let f € C.(G) then we get a
representation R(f) by right convolution, i.e. if ¢ € L?(I'\G) and x € G, then,

(R()¢)() = /G F()o(zy) dy.



The trace formula attempts to compute tr R(f). This need not make sense in
general, tr R(f) may only make sense when restricted to a subspace of L?(I'\G);
e.g. the space of cuspidal functions. However if the quotient is compact then it
does.

Note that we can write

Thus, R(f) is an integral operator with kernel
y)=>_ fl@ ).
~yel
Hence the trace can be computed as
trR(f) = K¢(z,x) de.
G

Let {T'} denote the set of representatives of conjugacy classes in I" and for
v €I we set

I,={0eTl:6 "=~}
Gy={9eG:g97vg=1}.
We now compute,

wR() = [ ) e

yel

:/F\GZ > famte o) da

ye{l'} 6\’

= Z / 7107 o) dr
r

~e{r} /IN\G ser, \F

= Z /F\Gf(xl’ya:) dz

ye{l'}
= Z vol(FW\Gv)/ fz™ ) d.
ve{r} GG



On the other hand if we write

L*(N\G) = @ mar

re@@

then,

trR(f) =Y _ matrr(f).

re@

The trace formula is then the equality of these two expressions,

Z vol(I‘,,\GV)/ . fla™tyx) doe = Zm,r tr(f).

ve{r} G\G e

The left hand side is called the geometric expansion of the trace formula, the
right hand side the spectral side. One should think of the left hand side as an
explicit expression and the right hand side as the mysterious but interesting side
of the trace formula.

What’s this expression good for? Applications of the trace formula usually
fall into one of two categories.

1. Using the trace formula in isolation. One can attempt to compute the
geometric expansion of the trace formula for suitable test functions f.
This leads to,

(a) dimension formulas for spaces of automorphic forms,
(b) closed formulas for traces of Hecke operators,
(c) Existence of cusp forms, Weyl’s law.
2. Comparing the trace formula as one varies the group G. One can perhaps

imagine trying to match up the geometric sides of the trace formula for
different groups. This leads to,

(a) Langlands’ functorialities, e.g. the Jacquet-Langlands correspon-
dence,

(b) decomposition of the L-function of a Shimura variety into products
of automorphic L-functions when the trace formula is compared with
the Lefschetz fixed point formula.

1.1 Plan for the course

February: Detailed proof of the trace formula in the case of a compact quo-
tient. Applications to Weyl’s law and some simple cases of functoriality.

March: Derivation of the trace formula for GL(2, Aq) and application to the
Jacquet-Langlands correspondence.

April: Stabilization of the SL(2) trace formula. Work of Labesse-Langlands.



May: The trace formula in general.

References will be given each lecture. More details can be found on the
course webpage with links to online references where available. As you’ll see
this turned out to be far too ambitious for a one semester course!

1.2 Acknowledgements

It’s a pleasure to thank Kevin Buzzard for his numerous comments on an earlier
draft of these notes.

2 Trace formula for finite groups

Much of this section is taken from [Joy].
Let G be a finite group and I' a subgroup of G. We consider the space

Ve ={p:G— C:p(vg) =p(g) forally €T, g € G}.

Clearly the group G acts on this space by right translation, i.e. for g, € G and
p eV,
(R(g9)p)(x) = ¢(zg).

R is the representation of G obtained by induction from the trivial represen-
tation of I'. Let G denote the finite set of isomorphism classes of irreducible
representations of G. We can decompose

r
R = EB M,
el

with m, € NU{0}.
Let m be a representation of G on a vector space V. Let f : G — C, we
define a linear map 7(f): V — V by

(fo =3 flg)(g)v,

forveV.
We shall now compute the trace of R(f) for any function f : G — C. We
note that tr 7 (f) depends only on the isomorphism class of 7, hence we have,

trR(f) =Y mktrr(f).
WEG

We note that we have, by definition, for f: G — C, ¢ € Vr and z € G,

(R(Ne) (@) = F)elxy).

yeG



After making the change of variables y — x 1y,

(R(Ne)a) =Y fa " y)ely),

yeG

we can rewrite this as the double sum

(R(HP) )= > > fla y)e(ry).

yel\G el

We now use the fact that the function ¢ € Vr is left I' invariant to deduce that

(R(N)p) (@)= > (Zf(xlvy)) e(y)-

yel'\G \~€er
We define
Ke(,y) =Y fla""yw)
yel
so that

(R(Ne)@) = Y Kilw,y)ely).

yel'\G
Let T'z € T\G, we define or, € V1 by

Sra () = 1, ifzelz
=277 0, otherwise.

Then we can take a basis for Vr to be
B ={or,:TzeT'\G}.

From above we have, for I'z € I'\G and = € G,

(R(f)ors)(@) = D Kylz,y)ora(y) = Ky(x, 2).

yel\G

Hence,

R(f)or-= > Kg(x,2)dr,.

zel'\G
Thus,
rR(f) = Y Ki(z2).

zel'\G
We now wish to compute tr R(f) using this expression.

trR(f)= Y Kf(x,z)

zel\G

= > > fa ).

2€D\G yel



Before continuing we introduce the following notation.
{T'} = { set of representatives for the conjugacy classes in I" }
For v € I' we set
I,={6eTl:0 =7}
G,={9eG:g g =1}
We have,

trR(f)= > > fla"'yz)

zel'\Gyer

Y OY Y et

z€l\G ve{l'} 6, \I'

= > Y > fate o)

ye{T'} xeT\G 6T, \T

S> flamla)

ye{l'} zel\@

#Gy 1
= > T > fa ).

ye{r} 7 zeG\G

Theorem 2.1. (The trace formula for finite groups) With notation as above,
for f: G — C we have,

S mba(f) = k()= Y LS e,

el ve{r}y "7 zeG,\G

For comparison with the trace formula given above we can write this more
suggestively using integration notation. We take all measures on finite groups
to give points volume 1. Then,

tr R(f) = Z VOI(F’Y\GW)/G \Gf(:r_lfyx) dx.

ve{T} v

As an application of the trace formula we have just developed we prove
Frobenius reciprocity for the representation R.

Theorem 2.2. (Frobenius reciprocity) For m € G, mbl = dim7", where 7'

denotes the subspace of (the space of ) m fized by T.

Before giving the proof we recall that for a finite dimensional representation
7 of G we have,

Z trm(g) = #G dim 7%,

geG



Note furthermore that

tI‘ﬂ'

Swato - Y 2

geG ge{G}

#Gy

where {G} denotes a set of representatives for the conjugacy classes in G. Hence,

trm(g) = dim 7%,

1
#Gy

9€{G}

Proof. We fix an irreducible representation o € G. We set f, equal to the

complex conjugate of the character of o. Thus, f,(g9) = tro(g).

Recall that,

m(fo) i m—mive Y folg)mlgv =Y tro(g)r(g)v

geG geG

Hence,

tr(fs) = Ztra Ytra(g

geaG

Thus, by character orthogonality,

() ={ B

0, otherwise.

Hence we deduce that
tr R(f,) = Z m trw(fy) #G.ml;.
re@

On the other hand we have, by the trace formula,

tI‘R fa’ Z #G Z fox 756

'yE{F} a:EGﬁ,\G
#Gy #G
#Ly #Gy

tro(y)

ye{T}
= #G Z
WE{F} Ly

= #Gdimo?’.

trU

The proof is now complete.

Let 7 € G.

O

Exercise 2.3. Derive the trace formula for the representation of G induced
from an arbitrary representation of I'. Use it to deduce Frobenius reciprocity.



3 Trace formula for compact quotient

Much of this section is taken from notes produced by Jacquet for a course on
the trace formula taught at Columbia University in 2004.

In this section we will derive the trace formula for a compact quotient T'\G.

For example one could take G = R and I' = Z. For a non-abelian example
one could take D to be a quaternion division algebra over Q and consider
G = D*/Z(D*) as an algebraic group over Q. Then, G(Q)\G(Aq) is compact.
More explicitly, consider D to be a quaternion division algebra over Q such that
D ®q R = M3(R). Let O be an order in D and consider the subgroup I' of
PGL(2,R) give as the image of O* under the map,

0% — D* — GL(2,R) - PGL(2,R).

Then the quotient I'\ PGL(2, R) is compact.

3.1 Some functional analysis

Let H be a complex Hilbert space. We let (, ) denote the inner product on H.
Then
[l := (v, v)

is a norm on H. The space H is complete for || ||. Equivalently there is a total
orthonormal system {e; : ¢ € I}. This means that

(eirej) = 6ij

and every vector v € H can be expanded in a sum

v= Z(uei)ei

i€l

> lwedf?

el

with

finite. We shall assume throughout that H is separable so that the set I is
countable. We have for v,w € H,

(v,0) = 3 (v,e0) ez w)
iel

and

loll® = v, e)|*.

il
A linear operator A : H — H is called bounded if

sup || Av||
loll=1



is finite!. We recall that A is bounded if and only if it is continuous. One sets

[A[] = sup. | Av]].

lvll=
Then clearly for any v € H,
([ Av]| < [[Allf|v]]-

If A is a bounded operator then the adjoint of A is the bounded operator
A* . H — H such that
<A*’l)1, ’UQ> = <’U1, AUQ>

for all vy,vo € H.

An operator A : H — H is said to be compact if the set {Av : ||v|| < 1}
is relatively compact, i.e. its closure is compact. It amounts to the same to
demand that every for every bounded sequence of vectors {v,} the sequence
{Av,} has a convergent subsequence. For example, any operator of finite rank
is compact.

Lemma 3.1. Let A, : H — H be a sequence of compact operators which
converge to an operator A in the norm topology (i.e. |A—A,|| — 0 asn — o0).
Then A is compact.

Proof. Proof left as an exercise. See, for example, [RS80, Theorem VI.12]. O

Lemma 3.2. Let A: H — H be a bounded operator. Let B be an orthonormal
basis for H. The quantity
> l14b)

beB

is independent of the choice of B. If this sum is finite we set

1Az = > 114b]2
beB

and we say that A is Hilbert-Schmidt. Furthermore we note that || A|| < ||A]l2
and [|Allz = [|A*[]2-

Proof. Suppose we chose another orthonormal basis B’. Let b € B. Then we

can write
Ab= " (Ab V).
b eB’

and hence,

14> = D I1(Ab,0)|*.

b'eB’

1The supremum here should be taken in R0 so that the zero map between zero dimen-
sional vector spaces is bounded.

10



Thus,

DoIAbE =" I(Ab, )

beB beB b eB’

DD e A

beBbv eB’

= > > AP

b'eB’ beB

> ATy

b'en’

First by taking B’ = B we note that

Do IAblE = AP,

beB beB

for any orthonormal basis B of V. Hence from above,

DolAbE =D AT = DAY

beB veB’ veB’

Finally we note that if v € H is a unit vector then we can find an orthonormal
basis {e;} with e; = v and hence,

1Av]* < Y Aeill* = || All2.

Thus since, by definition,
Al = sup. [ Av]|

lloll=

we see that || Al < ||4]2- O
Lemma 3.3. Let A be a Hilbert-Schmidt operator. Then A is compact.

Proof. Let {e;} be an orthonormal basis of H. Then,
1A =D ll4es])? < co.
Given n > 1 there exists N, such that,

1
D |l Ae|? < -

>Ny,

Let A,, be the operator defined by

Apv = Z (Av, e;)e;.

i<N,

11



Since A, is of finite rank it is compact. We have,
1
1A= Anllz =Y Aeil® < ot
>Ny,
Hence,
1

Thus A is the limit of the A, in the uniform norm. Hence A is compact by
Lemma 3.1. O

We now come to the notion of the trace of a bounded operator. For a more
complete discussion of trace class operators see [RS80, Section VI.6].

Definition 3.4. Let A : H — H be a bounded operator. We say that A is of

trace class if
> [(Ab,b)]
beB

converges for every orthonormal basis B of H.
We remark that the condition that
> 1{4b,b)]
beB

converge for every orthonormal basis BB of H is important. For example consider
the following operator on ¢?(N). Let {e; : i € N} denote the standard basis of
(2(N). We define A : 2(N) — ¢2(N) by,
Ae, = { €it1s 1fz is odd;
ei_1, ifiis even.

Clearly we have, (Ae;,e;) = 0 for all i. On the other hand if we choose the basis
B = {b; : i € N} where

b — (e; +eiy1)/V2, ifiis odd;
! (e; —ei—1)/V?2, ifiiseven.

Then,
bi/V?2, ifiis odd;
Ab; = .
—b;/V/2, ifiis even.

Hence,
[(Ab;, b;)| = —
Dbl =3 g =
Lemma 3.5. Let A: H — H be of trace class. Then,

> (Ab, b)

beB

1s absolutely convergent and independent of the choice of orthonormal basis B.

12



Proof. By definition the sum is absolutely convergent. A proof of the indepen-
dence of the sum can be found in [RS80, Theorem VI.24]. In the proof of the
next Proposition we will show that the trace is independent of the basis when A
is the composition of two Hilbert-Schmidt operators. It will turn out that we’ll
only be interested in this case. O

We can now define the trace of a trace class operator.

Definition 3.6. Let A: H — H be of trace class. We define the trace of A to

be
TrA=> (Abb)
beB

where B is any orthonormal basis for H.
Proposition 3.7. 1. Any trace class operator is Hilbert-Schmidt.

2. If A and B are Hilbert-Schmidt operators then AB is of trace class and
Tr AB = Tr BA.

3. | Tr AB| < || All2|| Bl|2-
4. If A is of trace class then A* is also of trace class and Tr A* = Tr A.

Proof. The first part follows from [RS80, Theorem VI.21] and [RS80, Theorem
VI1.22(e)]. Suppose now A and B are Hilbert-Schmidt operators. Let B be any
orthonormal basis for H. We have,

> [{A(BY),b)| =) |{Bb, A™b)]

beB beB
<> IBb][Ab|
beB
< [|Bll2llA"[l2
= [IBll2[lAll2,

which is finite since A and B are assumed to be Hilbert Schmidt. We check
here also that Tr AB is independent of the choice of basis. Let B’ be another
orthonormal basis for H. Then,

(A(BD),b) = (Bb, A*b) = > (Bb,V)(t/, A*b).
b eB’
Hence,

> (A(Bb),b) =Y Y (Bb,V){A*b,Y).

beB beB b eB’

13



We wish to apply Fubini’s theorem to change the order of summation. We note
that,

o> UBLY){AB ) <D (Z (B, b'>l2> (Z |<A*b,b’>l2>

beB b eB’ beB \bv'eB’ beB’

= II1BbllfA%]

beB

< (Z IIBb||2>% <Z ||z4*b||2>é

beB beB
= [ Bll2/|All2-

Thus we can apply Fubini’s theorem to yield,

> (A(BY),b) = > Y (BbY ), AD)

beB beB’ beB

DD (AV, b) (b, B*Y)

v eB’ beB
= > (AV,B*V)
beB’

= > (B(AV),V).

beB’

Thus, first by taking B = B’ we see that, for any orthonormal basis 5,

> _{A(Bb),b) = Y (B(Ab).b).
beB beB
And hence that for any bases B and B’ we have,
D (A(BY),b) = Y (B(AV), V) = > (A(BV),V).
beB beB’ beB’

The third part of the Proposition now follows as well.
For the fourth part of the Proposition we note that if A : H — H is of trace
class and B is an orthonormal basis of H then

> (Abb) = (b, Ab) = > (A*b,b)

beB beB beB
from which the fourth part of the Proposition follows. O

We remark that by [RS80, Theorem VI1.22(h)] any trace class operator is the
composition of two Hilbert-Schmidt operators.

14



3.1.1 Integral operators

We now take a locally compact measure space (X, u) and set H = L?(X, )
with inner product

(o fo) = /X h(@) (@) de

We assume that H is separable. We set || f|l2 = (f, f)2. Let K(z,y) € L*(X x
X, 1 ® p). The integral operator Ax : H — H with kernel K is defined by

(A f)(x / K(z,y)f(y) dy,
for f € L?(X) and z € X. Note that if f1, fo € L?(X, u) then

/X (Ax f1) (@) o) di = /X /X K(x.y)f1(5)Fola) da dy

converges absolutely, with absolute value bounded by || K]||2]| f1||2]|f2||2. Hence

the function
o [ K@r) dy

is in L?(X, p). Furthermore since

(A f1; f2)| < 1Kl f1ll2ll f2ll2
we see that Ak is bounded, and in fact ||Ax|| < || K]|2.
Proposition 3.8. Ak is Hilbert-Schmidt, and in fact | Ak|l2 = || K]|2-

Proof. Let B be an orthonormal basis of L?(X). We have,

1Axl3 =D KAxfi, f2)

f1,f2€8B

//Kwyfl o) do dy]

f1,f2€B

- Z (K (z,9), f1(2) f2 (1)) L2 (x x|

f1,f2€8B

Since the functions (z,y) — fi(z) f2(y) for fi1, fo € B form an orthonormal basis
of L?(X x X) so,

Yo KK (@), fil@) fa ) 2o P = 1K (2, 9) 3.

f1,f2€8B

Hence, ||Ak|2 = ||K]|2- -

15



3.2 Aside on Haar measure

For more details see [KL06, Chapter 7]. Let G be a locally compact topological
group. A left Haar measure on G is a measure p such that

1. u(A) = p(zA) for all x € G and all measureable sets A, and
2. u(U) > 0 for all non-empty open sets U of G.

It is a fundamental fact that any locally compact topological group has a Haar
measure and such a measure is unique up to scaling. One can define a right
Haar measure similarly. We say G is unimodular if left and right Haar measures
agree. Abelian groups, discrete groups and compact groups are all unimodular;
see [KL06, Proposition 7.7].

We now take H to be a closed unimodular subgroup of a unimodular group
G with Haar measure dg. The quotient space H\G is locally compact and
Hausdorff. Let dh be a Haar measure on H. Then there exists a unique measure
dg on H\G such that for all f € C.(G),

|- [ . ( | fta) dh) ag.

Furthermore the measure dg is right G-invariant, and positive on non-empty
open sets. For the proof we refer to [KL06, Theorem 7.10]. Throughout these
notes we will frequently write dg for dg, with the dependence on a choice of
Haar measure on H being understood.

We note that if H; is a closed unimodular subgroup of H then,

/Hl\Gf(g) dg—/H\H1 </H1\Gf(hg) dh) dg.

See [KLO6].

3.3 The geometric side of the trace formula

Let G be a unimodular locally compact topological group and I' a discrete
subgroup of G, e.g. G = R and I' = Z. We fix a Haar measure dg on G and
take the counting measure on I'. We form the space L?(I'\G) which affords a
representation R of G via right translation, i.e.

(R(g)p)(z) = p(z9).

Let C.(G) denote the space of continuous compactly supported functions on G.
We recall that C.(G) is an algebra under convolution, i.e. for f1, fo € C.(G),

(% f2)(g) = /G Fi(gh=") fah) dh.

16



Let f € C.(G), a continuous function with compact support. Then f defines
an operator R(f) on L?(T'\G) by right convolution. That is if ¢ € L*(T'\G) and

z € G then
(R(f)¢) (@) = /G F()pla) d.

We wish to realize R(f) as an integral operator. Making the change of
variables y = xz in the definition of (R(f)¢)(x) yields,

Thus R(f) is an integral operator with kernel
=> fl@ ).
yel’

We note that since f is compactly supported, for z and y fixed there are only
finitely many ~ that contribute to the sum. Hence K(x,y) is a continuous
function on the compact space I'\G and so is square integrable. Hence R(f) is
a Hilbert-Schmidt operator on L?(T'\G).

Lemma 3.9. For f = f1 % fo with f1, fa € C.(G),

R(f) = R(f1) o R(f2).

Hence R(f), being the composition of two Hilbert-Schmidt operators, is of trace
class. Furthermore,

Kf(‘r7y) = Kf1($az)Kf2(Z7y) dz.
aYe

Proof. Let ¢ € L?>(I'\G) and x € G, then

- / Fw)eley) dy
/ / fily Jo(wy) dz dy
Z/ fily (/ f2(2)p(xyz) ) dy

/f1 Jo)(xy) dy
(R(f1)R(f2)p)(z).

17



For the second part we note that,

R(H)(R / K}, (2, 2) (R(f2)9) (2) d

- Ky, (x,z)/ KfQ(z,y)go(y) dy dz
neG NG

:/ ( Ky (z,2)Kp,(2,9) d2> o(y) dy.
e \Jrn\a

O

Lemma 3.10. Let f1, fo € C.(G) and set f = f1x fa then R(f) is of trace class
and,

tr R(f) = o Ky¢(z,z) de.

Proof. We now take f = f1 x fo € C.(G). Let B be an orthonormal basis for
L?(T\G). Then,

tr R(f) = tr(R(f, =3 (R(f2)b, V)V, R(f1)"D)
beBbV EB

=D D (R(2)b V) R(1)7D, ).
beBbv B

Now R(f1)* is the operator defined by the kernel

Kﬁl (x’y) = Kfl (yal‘)

Note also that,

(R(f2)b.V) = / SEEDEE) de

- / Ky (2, y)b)0@) dy do
G Jr\a
= <Kf27b ® 5’>7

with the inner product taken in L2(I'\G x T'\G).

18



Thus,
rR(f) = > (R(f2)b,0'){R(}1)7b, V)

beBbv eB

=> > (Kp b V) (K;bal)
beBb eB
= <Kf27K;1>

:/ Kp, (2, y) K}, (z,y) dy dx

NG Jr\e

=/ Ky, (2, 9) Ky, (y, @) dy du
NG Jr\ae

= K¢(z,x) de.
naG

O
We will now make this expression for the trace of R(f) more explicit and give

the geometric side of the trace formula. Let {I'} denote a set of representatives
for the conjugacy classes in I'. For v € I we define,

I,={0el:6 "=~}
Gy={9€G:g9 vg =1}

Proposition 3.11. (The geometric side of the trace formula) Let f = f1 * fa
with f1, fa € Cc(G). Then, R(f) is of trace class and

tr R(f) = Z / f(z™ yx) da.
ye(ry T\
If, furthermore, G., is unimodular for each v € I', then,

tr R(f) = Z vol(FA,\GW)/G . flz™ ) da.

ve{T'} v

Proof. We begin by grouping terms in K¢ (z,z) into conjugacy classes,
Ky(x,x) Zf ) Z Z flz7t5 o).
~yer vye{l'} e \I'
Now we have,

Ky(x,x) dx:/ Z Z fz™ 6 yox) do

MG e(r} ser\r

Z/ Z fz7 67 o) dx

~e(r} /NG ser AT

> / f(zyz) da.

ve{ry T\G

ne
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If we assume that each G, is unimodular, then,
tr R(f) = Z VOI(FW\GW)/ flz™ yx) da.
ve{l} G\
O

We remark that if G = G(Ap) for a reductive algebraic group G over a
number field F' then G, (Ar) is unimodular for each v € G(F). In fact, further-
more, if G(F)\G(AF) is compact then each v € G(F') is semisimple, hence G,
is reductive and G (Ar) is unimodular.

Fact 3.12. If GG is a Lie group or the adelic points of a reductive algebraic
group then any C'*° function of compact support is a finite sum of convolutions
of continuous functions of compact support; see [DL71].

3.4 Spectral theory of compact operators

We return to the setting of a Hilbert space H and a bounded operator A of H.
Recall that A is called Hermitian or self-adjoint if A = A*. That is,

(Av,w) = (v, Aw)
for all v,w € H.

Proposition 3.13. Let A # 0 be a compact and self-adjoint operator. Then
there exists a real non-zero number \ such that the eigenspace

HAN) ={ve H:Av =)}
is non-zero. Moreover, dim H () is finite.

We begin with a Lemma.

Lemma 3.14. If A is self-adjoint, then

[Al = sup [(Av,v)].

llv]|=1
Proof. Recall that, by definition,

Al = sup ||Av|| = sup (Av,Avﬁ.

llvll=1 lloll=1

Set
k= sup |(Av,v)|.

llvll=1

Now,
[{Av, v)] < [|A]l]]v]*.
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Hence, k < ||A||. To prove the reverse inequality it suffices to check that for all
v,w € H with ||v]], ||w|| <1 that,

[{(Av, w)| < k.
It suffices to check this for v, w such that (Av,w) is real. Now,
4({Av,w) = (A(v+w), v+w)—(A(v—w), v—w)+i ({(A(v + iw), v + (w) — (A(v —iw), v — (w)).
Since the bracketed terms are imaginary, this reduces to,
4(Av,w) = (A(v + w), v+ w) — (Alv — w),v — w)

< k(lv + wlf* + [lv — wl]])

= kQ@I]* + [[w]?)

< 4k.
The lemma now follows. O

Proof of Proposition 3.13. We now prove the Proposition. Let (v,,) be a sequence
of unit vectors such that,

lim |(Av,,v,)| = ||A]l.
n—oo
After passing to a subsequence if necessary we may assume further that,

lim (Av,,v,) = «a,
n—oo

exists. Then, |a| = ||A||. By the compactness of A, passing to a subsequence,
we may assume that,
Av,, — v.

Then,
| Avy, — avn||? = (Avy, Avp, ) — 20(Avy,, vy) + & (U, )

because (Av,,v,) is real. But,
(Av,, Avy) < ||A|? = o2,

Hence,
| Av, — av,||? < o — 2a(Av,,v,) +a® — 0

as n — oo. Hence Av, — av, — 0. Since Av, — v we have v, — v/a and
hence v € V(a)). Moreover v # 0 for otherwise (Av,,v,) — 0, hence a = 0 and
so ||A|| = 0. Finally, dim H(«) is finite since the restriction of A to H(«) is a
compact scalar operator. O

An immediate corollary of the proposition,
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Corollary 3.15. Let A be compact and self-adjoint. Then one has an orthog-
onal decomposition,
H = H(0) ©xes H(N),

where the H(\), for A € S, have finite dimension.

In particular if A is the product of two Hilbert-Schmidt operators then the
trace of A is well defined and,

trA =" dimH(\).\
Aes

3.5 The spectral side of the trace formula

We again take G to be a locally compact unimodular group. Let H be a Hilbert
space and let U(H) denote the group of unitary operators on H; i.e. operators
A: H — H such that,

(Av, Aw) = (v, w)

for all v,w € H. A unitary representation 7 of G on H is a homomorphism
m: G — U(H) such that for all v € H the function g — 7(g)v is continuous.
The representation 7 is called irreducible if H contains no non-trivial closed
invariant subspaces. Suppose (m, H) is a unitary representation of G, then we
obtain a homomorphism 7 : C.(G) — End(H) by defining,

(o = /G f(g)(g)o dg.

We note that if, for f € C.(G) we define f* € C.(G) by f*(g) = f(g~!) then
7(f)* = m(f*). We let G denote the set of equivalence classes of irreducible
representations of G.

We again take T' to be a discrete subgroup of G such that T'\G is compact.
We assume that C.(G) contains approximations of unity.? We take R to be the
representation of G on L?(I'\G) via right translation. In this section we will
prove the following.

Theorem 3.16. As a representation of G,
L*(T\G) = @ MyT
e
with the multiplicities m, being finite.
We begin with a lemma.

Lemma 3.17. Let H be a non-zero closed G-invariant subspace of L*(T'\G).
Then H contains a closed irreducible subspace.

2In fact it seems this assumption is unnecessary as it follows from Urysohn’s Lemma for
locally compact Hausdorff spaces.
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Proof. We follow [Bum97, Lemma 2.3.2]. We begin by finding a function f €
C.(G) such that R(f) is self-adjoint and R(f) is non-zero when restricted to H.
We take 0 # v € H to be a unit vector. Since the map g — 7(g)v is continuous
we can find an open neighborhood of the identity in G such that,

1
IR — ol < 5

forall g € U. Let f be areal-valued non-negative function with compact support
contained in U such that,
[ ) dg=1.
G

Then we have,
IR(f)o — vl = H [ 1t6)@a0 -0 dgH < [ s@lrtg - vl g < 5.

Clearly we could make the further assumption that f(g) = f(g~!) so that R(f)
is self-adjoint.

Recall that R(f) is a Hilbert-Schmidt operator on H. By Proposition 3.13
we can take A to be a non-zero eigenvalue of R(f) on H. We let H()) denote
the corresponding eigenspace which is finite dimensional by Proposition 3.13.
Among all invariant subspaces M of H we choose one such that dim M () is
positive but minimal. Let v € M () be a non-zero vector. Let E be the closed
invariant subspace generated by v. Then we have,

M=E&FE"
The space E* is also closed and invariant and,
M) =E\) @ E+(\).

By the minimality of the dimension of M()\) we have E+(\) = {0}. Thus,
M(X) = E(\). Thus we may as well replace M by E. Now suppose Ej is a closed
invariant subspace of E. Then we again have an orthogonal decomposition,

E =E, @ Ef,
and
E(\) = E1(A) @ B (V).
By the minimality of the decomposition we have E(\) = E;(\) or E(\) =

Ei()\). In particular v € E; or v € Ef. This implies that By = E or Ff =
E. O

Proof of Theorem 3.16. By Zorn’s lemma, let S be a maximal set of orthogonal
closed irreducible subspaces. Let H = @, .gV. If H is proper, applying
Lemma 3.17 to its orthogonal complement contradicts the maximality of S.
The finiteness of the multiplicities m, follows from the fact that R(f) is
Hilbert-Schmidt for any f € C.(G). O

Before writing down the trace formula we make the following observation.
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Lemma 3.18. Let m be a representation of G on a Hilbert space H. For f €
C.(G) we define,

w(p):H—Hso [ o do

If n(f) is of trace class then trw(f) depends only on the isomorphism class of
7 and the Haar measure dg.

Corollary 3.19. (The spectral side of the trace formula) As a representation

of G, we have,
L*(I\G) = @ My

reC
with each my > 0. Hence for R(f) of trace class,

wR() = m ten(f)
71'661'

Proof. By definition,
tr R(f) = > (R(f)b,b)

beB

where B is any orthonormal basis for L?(T'\G). We form an orthonormal ba-
sis for L?(I'\G) by taking an orthonormal basis for each subrepresentation of
L?(I'\G). The Corollary now follows. O

Combining Proposition 3.11 and Corollary 3.19 yields the following.

Theorem 3.20. (The trace formula) Assume that f = f1 % fo with f1, fo €
C.(G). Then R(f) is of trace class and,

> matra(f) =trR(f) = ) VOI(FW\G'Y)/ flg7"v9) dg.
eG ve{T} Gi\G
3.6 Example: Poisson Summation

We now give an explicit example of the trace formula. Suppose G = R and
I' = Z. For each integer n let x,, be the character of R given by

Xn ‘R — CX :x»—>62ﬂinm,
Then the theory of Fourier series tells us that,

Z\R @ Ce%mna:
nez
Hence as a representation of R we have,

L*(Z\R) = ) xn-

neZ
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Let f € C°(R). Then we have,

trR(f) =Y trxa(f)-

neZ

To compute tr x,,(f) we note that if v is in the space of x,, then, have,

oo = /R F ()X (w0 dy
= ( /R fly)e®™ dy) v,

trxa(f) = /R Fw)e*™m dy = f(—n),

Thus,

where f denotes the Fourier transform of f. Hence,
trR(f)=>_ f(n).
neZ

On the other hand from the geometric expansion for the trace formula we
have,

trR(f) = f(n).

nezZ
Thus we obtain,

Theorem 3.21. (Poisson summation formula) Let f € C(R). Then,

St =3 fm).

neZz neZ

4 Weyl’s law

References for this section [Bum97, Section 2.3] and [BumO03]|. One can also see
the books of Iwaniec [Iwa97] and [Iwa02] for further details.

Let © be a bounded region in the plane R? with smooth boundary 9.
Consider the Euclidean Laplacian,

0? 02
A= E) + o2
One looks for solutions to the partial differential equation,
Ap+rp=0
with boundary condition ¢|sq = 0. We note that A > 0 and we let N(T)
denote the number of linearly independent solutions with A < T'. Weyl proved,

area(2) T
4

No(T) ~
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as T — oo. More generally one may consider a compact Riemannian manifold
(M, g) of dimension d and its Laplacian A = div grad. Let Ny (7T') denote the
number of eigenfunctions for A with A < T. Then Weyl’s law in this context is,
vol(M)
(4m)iT (g + 1)

4
2

N (T) ~ T

as T — oo.

Selberg originally developed the trace formula to extend Weyl’s law to certain
non-compact spaces of the form I'\H where I' is a congruence subgroup of
SL(2,R), i.e. a subgroup of SL(2,Z) containing

V) =4 (% %) eSL2,2):a,d=1mod N, b,c=0mod N
c d

for some N.

In this section we will explain how the trace formula can be used to prove
Weyl’s law for compact quotients of the upper half plane which includes the
case of any compact Riemann surface of genus at least 2.

4.1 About SL(2,R)

We now fix a Haar measure on G. We set,

A= {a(u) — (60 ef’g) cue R}
N:{n(x)z ((1) ff) :xeR}
K = {k(e) = (C‘;isfa Z:;Z) 0 € [0,271']}.

On each of these groups we take Lebesgue measure on R and pull it back to the
group. Using the Iwasawa decomposition, G = AN K, we define a measure on
G by,

1
dg = — du dx df.
27

That is, if f € C.(G), then,

/G f(g) dg = % /[07%] /R /R f(a(u)n(z)k(0)) du dz db.

Lemma 4.1. The measure dg defined above is a left and right Haar measure
on G.

We also recall the Cartan decomposition G = KAK.
We recall the well known classification of motions. Let g € G\ {£I}. Then,

1. g is called parabolic if |tr(g)| = 2,
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2. g is called hyperbolic if | tr(g)| > 2, and
3. g is called elliptic if |tr(g)] < 2.
Equivalently,
1. g is parabolic if g is conjugate to an element in £,
2. g is hyperbolic if g is conjugate to an element in +A, and

3. g is elliptic if g is conjugate to an element in K.

4.2 Maass forms

For more information see [Mil97, Chapter 2] or the extended online version of
[Bum03], especially Sections 1 and 8.
We take
H={z=zx2+iy:z€ R,y € Roo}

to be the upper half plane. We take the metric on H to be,

ds® = y~2(dz* + dy?).
For z,w € H we let p(z,w) denote the distance between z and w with respect
to this metric. The hyperbolic measure on H given by,

dx dy

dz = e

The non-Euclidean Laplacian is given by,

o? 0?
A=y ==+ =
4 (8x2 * 3y2>
and acts on the space C*°(H) of smooth functions on H.
We recall that the group SL(2,R) acts on H on the left by Mobius transfor-

mation, i.e.
a b . az+b
A .
c d cz+d

It will be convenient to think of H < C = C U {oc} and to extend the action
of SL(2,R) to C. One can readily check that for g € SL(2,R) \ {1},

1. g is parabolic if g has one fixed point on R,
2. g is hyperbolic if ¢ has two distinct fixed points on R, and
3. g is elliptic if g has one fixed point in H (and one in H).

One can easily check,
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Lemma 4.2. The metric ds and measure dz are invariant under SL(2,R). The
non-Euclidean Laplacian is invariant under SL(2,R) in the sense that,

A(fog)(z) = (Af)(g2)
for all f € C*(H) and g € SL(2,R).

We note that SL(2,R) acts transitively on H and the stabilizer of ¢ is,

30(2):{(“b 2) :a2+b2:1}.

This yields a homeomorphism,
SL(2,R)/SO(2) —H : v+ ~(i).

Note that if we take f € C.(H) then,

Lmﬂﬁ@mwmzﬂfwdz

Let T be a discrete subgroup of H. The group I' acts on H discontinuously,
i.e. for each z € H the orbit I'z has no limit point in H. We restrict our interest
to discrete groups I' such that the quotient I'\’H has finite volume (these are
the Fuchsian groups of the first kind), equivalently such that I'\ SL(2,R) has
finite volume. For example, SL(2,Z) is a Fuchsian group of the first kind, but

1 z
{(0 1>.xez}
isn’t.

A connected open set F' C ‘H is called a fundamental domain for I if,
1. distinct points in F' are inequivalent mod I', and
2. any orbit of I' in H contains a point in F.

We note that,

area(T'\H) :/dz
F

is independent of the choice of fundamental domain F'.

For Fuchsian groups of the first kind fundamental domains exist and can be
constructed as follows: Pick a point w € H such that vz = z for all v € I" and
take,

D(w) ={z € H: p(z,w) < p(z, pw) for all v € T'}.

Lemma 4.3. (/Bum03, Proposition 1]) Withw as above, D(w) is a fundamental
domain for T'. Furthermore the boundary of D(w) consists of pairs of geodesic
arcs {a,vi(a;)} with v; € T such that if the boundary of D(w) is traversed
counterclockwise then the arcs a; and y;(«;) are traversed in opposite directions.
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Let F' be a fundamental domain of I', a Fuchsian group of the first kind.
We view H C C so that 9H = R = R U {oc}. A cusp for F is a point on
OH NF. Let Sp denote the set of cusps of F. We note that the fundamental
domain is compact if and only if Sp = (). One can arrange F so that all cusps
in Sp are inequivalent modulo I" (see Section 8 of the online extended version
of [Bum03]). We assume that F' is chosen so that this is the case. Furthermore
any cusp of F is fixed by a parabolic element of I' and, furthermore, when all
cusps of F' are inequivalent modulo F' we have a bijection,

Sp «— I'\{z € R : yz = x for some parabolic v € I'}.
Thus we have,

Lemma 4.4. Let T be a Fuchsian group of the first kind. Then T\'H is compact
if and only if I' contains no parabolic elements.

We set, A(I'\'H) equal to the space of smooth functions on I'\H which can
be identified with

AT\H) = {p € C°(H) : p(vz) = ¢(z) for all v € T'}.
By Lemma 4.2 A acts on the space A(T'\'H). We define,
C(T\H) = {¢ € A(T\'H) : ¢ vanishes at the cusps},

and
B(I\H) = {¢ € AT\H) : ¢ is bounded},

and
D(T\H) ={p € B(T\H) : Ap € B(T\H)}.
We note that C(I'\'H) C B(I'\'H).
We take the inner product { , ) on B(I'\'H) defined by,

(@1,p2) = /F\H v1(2)pa(z) dz.

This can be computed as,

(o1, p2) = /F o1(2)p2(2) d,

where F' is any fundamental domain for I'.

Lemma 4.5. ([Bum03, Proposition 2] when I'\'H is compact or [Twa02, Chapter
4] in general) The Laplacian A acts on C(T'\'H) and satisfies,

1. (Ap1,p2) = (p1, Apa) for all 1,2 € D(I'\H), and
2. (Ap,p) <0 for all p € D(T'\H)
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Proof. For the first part we need to prove that,

(A1, p2) — (p1, Apa) = 0.

Taking a fundamental domain F' as in Lemma 4.3 this equals,
2o 0% gy | ¢
= — de dy= [ d
/FQ”?(W i 8y2) “’1((%2 i ay>> vy | do

8@2 ({9952 _ 8@1 _ 8@1
= —p1—=d 24 L dy — gy da.
w 901833 Y+ o1 dy x-i—sﬁzax Y — P2 dy x

/dw:/ w.
F OF

But by Lemma 4.3 the contributions of the boundary arcs cancel in pairs. The
second part of the Lemma also follows from Stokes’ theorem; see the cited
references. O

where

By Stokes’ theorem,

Definition 4.6. An function ¢ € A(T\'H) is called an automorphic form if,
Ap+App=0

for some A, € R and has polynomial growth at the cusps. We say that ¢ is a
cusp form if @ vanishes at the cusps.

We note that if ¢ is a cusp form then ¢ € D(I'\'H) and by Lemma 4.5 A\, > 0.
Furthermore if T'\'H is compact then any automorphic form is automatically a
cusp form.

A natural analogue of Weyl’s law for the not necessarily compact surfaces
I'\'H would be the following: For T' > 0 let,

Np(T) = #{ linearly independent cusp forms ¢ : A, < T'}.

Then,
N (T) ~ area(F\H)T

4
as T — 0.

In this generality Weyl’s law is monstrously false. In fact for a generic
Fuchsian group of the first kind it seems that the number of cusp forms is
likely to be finite; see [PS92]. Selberg established Weyl’s law in the case of a
congruence subgroup of SL(2,Z). We will establish Weyl’s law in the case of
a cocompact lattice I' over the next few sections using the trace formula for
L?(T'\ SL(2,R)) as established above.
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4.3 Connection between Maass forms and representation
theory

We continue with T' a discrete subgroup of SL(2,R) such that T'\ SL(2,R) is
compact. We will explain the connection between the representation of SL(2, R)
on L*(T\ SL(2,R)) and Maass forms. By Theorem 3.16 we have,

L*(P\SL(2,R)) = @ m.
we@
The goal of this section is to prove the following.

Theorem 4.7. Let H be a closed SL(2,R)-invariant irreducible subspace of
L*(T\SL(2,R)). Then HX is at most one-dimensional. Suppose 0 # ¢ € H¥.
Then p € C*(T'\SL(2,R)) and, as a function on T\'H,

Ap+rp=0
for some A € R which depends only on the isomorphism class of H.

For more complete proofs see [Bum97, Chapter 2]
We let C°(G//K) denote the algebra (under convolution) of bi-K-invariant
functions on G.

Lemma 4.8. Let f € C*(G//K). Then,

forall g e G.

Proof. We recall the Cartan decomposition,
G=KAK

where A is the diagonal torus in G. Thus we can write any g € G in the form,

a 0
g = kl (O a_1> k2.

0
tg = tk‘g (COL a1> tk‘l.

Note that ‘kq,%ks € K. Thus, for f € C°(G//K) and g € G, f(*g) = f(g9). O

Thus, taking transpose,

Lemma 4.9. The algebra C°(G//K) is commutative.
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Proof. We take f1, fo € C°(G) and g € G, then,
(s £)(0) = [ flah™)pa(h) d
= [ nentg) fatn) an

— [ ALl dh.
G

Finally we make the change of variables h + 'h which preserves the Haar
measure to obtain,

/flch*l) g'h) dh = /f1 Y fa(tgh) dh
G

= (f2% f1)('9)
= (fo* f1)(9)-

This completes the proof. O

More generally, let x be a character of K. We define,

CE(G//K, x) = {f € OF(G) : f(kigha) = x(k1)x(k2) f(9)} -

Then one can show that C°(G//K, x) is also commutative; see [Bum97, Propo-
sition 2.2.8].

Lemma 4.10. ([Bum97, Lemma 2.3.2]) Let © be a unitary representation of
G. Let v be a non-zero vector in the space of m such that,

for all k € K. Then there exists f € C*(G//K,x™ ') such that w(f) is self-
adjoint and 7(f)v # 0.

Proof. We will prove this Lemma in the case that x is trivial, leaving the general
case to the reader. We let U C G be an open neighborhood of the identity such
that,

1
In(g) — vl < 5

for all g € U. We next seek an open neighborhood V' of the identity such that
kEVE=! C U for all k € K. We note that the map,

a:GxK—G:(gk)— kgk™*

is continuous. Hence a~!(U) is open in G x K. Furthermore for each k € K,
(1,k) € a=1(U). Hence for each k € K we can find open sets Vi, and Wy such
that,

(1,k) € Viy x Wi, € a~ 1 (U).
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The open sets W} cover K, hence by compactness we can find a finite set
{k1,...,k-} C K such that,

Wi, U...UW, =K.

Let V.=V, N...N Vi, then V has the necessary property.
We now take f; to be a smooth function positive function supported in V'
such that f(g) = f(g~!) for all g € G. We define, fo € C°(G) by,

falg) = /K Flkgk™) dk.

Then f; is supported in U. After scaling we can assume [, f2(g) dg = 1 and
then one can check, as in the proof of Lemma 3.17, that,

w(f2)v # 0.
Finally if we define f € C2°(G) b

y
flg) = /K falgk) dk

then f € C(G//K), f(g7") = f(g) and 7 (f)v = 7(fa)v # 0. O
Definition 4.11. Let 7 be a representation of G on a Hilbert space H. We call
7w admissible if,
i = @ myp
pef(

with m, < oo.
Fact 4.12. Any irreducible unitary representation of G is admissible.

We are only interested in those irreducible unitary representations = which
appear in L?(I'\G), and for those we can prove this fact directly.

Proposition 4.13. Let m be an irreducible unitary representation of G ap-
pearing in L*(T\G). Then 7 is admissible and, furthermore, ™% is at most
one-dimensional.

Let 7 be an irreducible representation of SL(2,R). Then, m becomes a
representation of C'°(G) by defining,

(= /G f(g)m(g)o dg.

We note that if f(kg) = f(g) for all g € G and k € K then n(f)v € 7. Hence,
7K is a representation of C°(G//K).
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Proof. We need to show that for each character y of K,

{vern:mk)v=xk)v}

is finite dimensional.

We will verify this for the trivial character x leaving the general case as an
exercise.

We may as well assume 7% # {0}. We first show that C>*(G//K) acts
irreducibly on 7%. Suppose L C ¥ is a non-zero closed C2°(G//K)-invariant
subspace of 7. We take v € 7% and will show that v € L. We fix £ > 0. Since
7 is irreducible the closure of 7(C2°(G))L is the whole of 7. Hence there exists
f€CX(G) and w € L such that ||7(f)w —v| <e. We set v1 = 7(f)w and let,

Vg :/ m(k)vy dk.
K

Here dk is the Haar measure on K normalized to give K volume one. Then
vy € 7K and,

[lve —v| = H/ Y(v1 — v dkH / |7 (k) (vy — )| dk—/ [lvy —v|| dk < e.

Since w is K-fixed, so

w(k)r(£)r(K Yo = m(l)m(Hw = w(k)or
for all k, k" € K. Integrating over k and k' we get w(fo)w = vy where fy €

C*(G//K) is defined by,
:/ / Flkgk') dk dk’
K JK

Since L is invariant under C>°(G//K) we see that vy € L. Hence v € 7% can be
arbitrarily closely approximated by elements of L. Since L is closed so v € L.
Thus L = 7.

Let 0 # v € 7. We can find by Lemma 4.10 a function f € C>*(G//K)
such that 7 (f) = 7(f)* and 7(f)v # 0. Now we use the fact that m appears in
L*(T\G) to deduce that 7(f) is compact. (We note that 7(f) is the restriction
of R(f) to a subspace and since R(f) is Hilbert-Schmidt so is 7(f), hence 7(f)
is compact.) Now by Proposition 3.13 7(f) has a non-zero eigenvalue on 7%, \
say, and the eigenspace,

™) ={ver® n(flv= v}

is finite dimensional. Now since C2°(G//K) is commutative the space 7% (\)
is preserved by C°(G//K). Hence 7 ()\) is a C2°(G//K)-invariant subspace
of 7% and since it’s finite dimensional it’s closed. Thus we see that 7% =
75 () is finite dimensional. Finally we note that 7% is an irreducible finite
dimensional representation for the commutative algebra C°(G//K), hence it’s
one-dimensional. O
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We can now prove the first part of Theorem 4.7. Let H be an irreducible sub-
representation of L2(T'\G). So far we know that H¥ is at most one-dimensional.
Suppose 0 # ¢ € HX. From Lemma 4.10 we can find f € C>(G//K) such
that R(f)p # 0. We note that since R(f) preserves H so R(f)ep = Ay for
some non-zero A. By definition, R(f)e is the convolution of ¢ with f which is
a smooth function of compact support, hence R(f)y is smooth and so too is .

In order to finish the proof of the theorem we need to give a representation
theoretic definition of the Laplacian.

Let g denote the Lie algebra of G, i.e.

g={XeM2,R): trX =0}

with Lie bracket,
[X,)Y]=XY -YX.

Let U(g) denote the universal enveloping algebra which is an associative ring
constructed in the following way from g. Consider,

o0
SvE
k=0
with multiplication coming from the obvious map,
@Fg x ®lg — @F g,
Let I denote the ideal generated by the elements,

XY -Y®X-[X,Y]

with X,Y € g. We define,

Ul(g) = (é ®’“g> /1.
k=0

We recall that G acts on C*°(G) by right translation. The Lie algebra acts
on C*°(G) in the usual way,

(@Xp)(9) = 5 Flgexp(tX)

t=0
giving a representation of g, i.e. d: g — End(C*(QG)) such that for all XY € g,
dX odY —dY odX = d[X,Y].
This representation may therefore be extended to of U(g) by defining,
AX1®...0 Xp)p=d(X1)o...0d(X,)p,
noting that since 7 is a representation of g this is well defined on U(g). This

representation is faithful and in this way U(g) may be realized as the space of
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left-invariant differential operators on G. The center Z(U(g)) of the universal
enveloping algebra may then be realized as the space of left and right invariant
differential operators on G; see [Bum97, Proposition 2.2.4]

Consider the following basis of g,

01 0 0 1 0
(o 0) =) =6 5
We define the element in U(g),

1
C=-,(HoH+2R®L+2LOR).

Lemma 4.14. ([Bum97, Theorem 2.2.1]) The element C' defined above lies in
the center of U(g).
Proof. Easy to check by straightforward calculation. O

Let 7 be a representation of G on a Hilbert space H. Let v € H. We call v
Clif for all X € g,

d
m(X)v = —7(exp(tX))v ,
dt t=0
exists. We say v is C¥ if v is C! and for all X € g, 7(X)v is C*~1. Finally,
v is called smooth if v is C* for all k. We denote by H> the space of smooth
vectors in H. We note that G preserves H.

Lemma 4.15. ([Bum97, Lemma 2.4.2]) For the representation of G on L*(T'\G)
we have ¢ € L2(T'\G)> if and only if ¢ € C>®(I'\G).

Lemma 4.16. ([Bum97, Proposition 2.4.1]) Let w be a representation of G on
a Hilbert space H. The space H* affords a Lie algebra representation of g, i.e.
7 : g — End(H®) such that for allv € H>® and X,Y € g,

m(X)n(Y)v — n(Y)n(X)v = 7n([X,Y])v.
Furthermore for ge G, X € g andv € H*®,
m(g)m(X)m(9) " v = w(Ad(g) X )v.
Hence for g € G and D € Z(U(g)),
m(g) o m(D) = (D) o m(g)
on H*>.

Lemma 4.17. ([Bum97, Proposition 2.2.5]) Let G act on the space C*(G) by
right translation. Let ¢ € C*°(G) be right invariant under K. Then we can
consider ¢ as a function on H and with this identification we have,

ASO = _0907

where A denotes the non-FEuclidean Laplacian on C*°(H).
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Proof. If one uses the coordinates,

(1 =z yz 0 cosf sind
9=\0 1 0 yz)\—sinf cosf)’
with y € Rso, € R, 0 € R, coming from the Iwasawa decomposition for G,

then,
dR =y cos(29)2 + ysim(%‘)2 + sin? (9)%

Ox dy
dL = ycos(2¢9)8%U + ysin(?@)(‘% - cos%@)%
dH = —2y sin(QO)% +2y COS(29)% + sin(ZH)%.
Now one can compute the action of C' on ¢ and check the statement of the
lemma. O

We can now finally finish the proof of Theorem 4.7. We again take H to
be a closed irreducible subspace of L?(I'\G). As we have already observed H*
is at most one-dimensional. If there exists 0 # ¢ € HX then we have already
observed that ¢ is smooth, by Lemma 4.16 we have C'p = Ay for some A € C
and by Lemma 4.17 if we view ¢ as an element of A(T'\'H) then Ay + Ap = 0.

4.4 Spherical representations of SL(2,R)

For more details see [Bum97, Sections 2.5 & 2.6].

With a view to returning to the trace formula we wish to enumerate the
irreducible unitary representations 7 of SL(2, R) such that 7% # {0}. Further-
more we wish to determine the action of the Casimir operator on 7% and give
an expression for tr7(f) for any f € C°(G//K).

We recall the construction of the principal series representations. We set,

B= {<g aﬁ) € SL(2,R)} — £AN

equal to the upper triangular Borel subgroup of G. Let s € C and consider the
character

wip—ots (o ) o
Let dp be the character,

0p:B— C*: (8 a91> — |al?.

We consider the representation of G (unitarily) induced from this character.
That is we consider G acting by right translation on the space of functions,

Vo={:G = Ciplbg) = x;(0)65(0) plg) for all be B}
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We note that a function ¢ in this space is determined completely, by the Iwasawa
decomposition, by its restriction to K. We set,

Hy={p€eV,:plg € L*(K)}.

We note that given ¢ € L?(K) there exists a function ¢ € V such that p|x = v
if and only if ¢ (k(—0)) = ¥ (k(0)) for all k() € K.
We let G act on H; by right translation.

Theorem 4.18. The action of G on H, yields an admissible representation
of G with dim HX = 1. This representation has a unique irreducible subquo-
tient wy with ©X # {0}. In fact H, is irreducible unless s is an odd integer in
which case mg = Symls‘f1 V' where V denotes the standard 2-dimensional rep-
resentation of G. Up to infinitesimal equivalence every irreducible admissible
representation ™ of G with 7 # {0} appears in this way. Furthermore 75 and
e are infinitesimally equivalent if and only if s = +s'.

We note that up to infinitesimal equivalence every irreducible admissible
representation of G is a subquotient of a representation induced from the Borel
subgroup. One can also consider the representation induced from characters of
the form,

B—C*: (8 ab1> — sgn(a)|al®.

However since these characters are non-trivial on the element —I € SL(2,R)
none of the induced representations will have a K-fixed vector.

We are of course only interested in those representations 7, which are uni-
tary. Suppose @1 € H,, and @y € H,, then we can consider

(p1,2) = /le(k)wg(k) dk.

This is clearly a K-invariant Hermitian pairing on Hy, x H,, and is G-invariant
precisely when so = —3§;. Thus when s € iR this defines a G-invariant inner
product on H;. When s is real one can construct an intertwining map M(s) :
H, — H_, (strictly speaking this is only defined on the smooth vectors) defined
by analytic continuation of,

wrae = [ () (5 7)9)

for ¢ € H,. (The integral is absolutely convergent only if Rs > 0.) One then
obtains a G-invariant Hermitian product on H; by,

ren) = [ eI di
for 1, p2 € Hs. This pairing is positive definite if and only if s € (—1,1). Thus

s is unitary if s € iR U[—1, 1] and in fact these are all the irreducible unitary
representations of G which posses a K-fixed vector.

38



Finally we compute the action of the Casimir element. We take ¢ €
which we normalize by taking ¢(k) = 1. Then we have,

(5 1)) o

If we think of the function ¢ as a function on the upper half plane then,

platiy)=y=.

From Lemma 4.17 the Casimir operator acts as —A on functions on the upper
half plane and we have,

0% s+ls—1 s sP—1

A = .
¥ y? 1 7

oz~ 2 2
Theorem 4.19. Let I' be a cocompact discrete subgroup of G. We write,

L*(P\G) = €P ma.

‘n'eé

For s € C we set \s = 1152. Then,
dim{p € AT\H) : Ap + Aso = 0} = My,
(Of course my, =0 unless s € iRU[-1,1].)

In order to use the trace formula we need to write down trmy(f) for f €
C*(G//K). We note the following,

Lemma 4.20. Let s € C and f € C°(G//K). Then,

trms(f) Z/ / f (602 6xg> e du dr.

Proof. Since 7 is one-dimensional we have tr 74 (f) equal to the scalar by which

7s(f) acts on a non-zero vector in 7X. We again take ¢ € 7X normalized so
that ¢(I) = 1. Then,

(D) = [ )eto) do
- | [ atim@ie)statunie) duds do
~ [ [ taton@)etatint) du ds
:/_O;/_Zf<eo Z_“”)e‘“ du de
/O;/O:of<60 65”)6 du dz.
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4.5 Bi-K-invariant functions

We will now endeavor to explicate the trace formula for L?(T"\ SL(2, R)) when
the test function f lies in C°(G//K). In this section we give a concrete real-
ization of C2°(G//K) and recast the terms in the trace formula in terms of this
realization.

We recall that we have set,

A:{(S agl):aEij}.

Let f € C*(G//K), we define its Harish-Chandra transform Hf € CS°(A)

ol 20 D)
(s ) e
(6 ) e

Let W = Ng(A)/ £ A be the Weyl group of A which has representatives
modulo the diagonal torus,

vl 1) (o))

We let w denote the non-trivial element in W. We note that

N P a”t 0
0 a! -2 a
Thus since w € K,

a x a”l 0 a”l -z
)=o) = (o )
by Lemma 4.8. Hence we see that Hf € C°(A)W.

Theorem 4.21. The map H : C*(G//K) — C*(A)W is an isomorphism of
algebras.

o

We leave as an exercise the verification that the map is a homomorphism
(see [Lan85, Chapter V, Theorem 2]), we will check that the map is bijective.
Before we begin we record the following lemma,

Lemma 4.22. Let f € C®(Rxq) such that f(z) = f(z71) for all z € Rxyg.

Define F' on R>1 by,
a’+a?
P(E57) g
Then F € C°(R>1).
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Proof. By definition, for a > 1,

F(a) = f(a+va?—1).

Hence we see that F' is smooth at every point except possibly a = 1. We define
g € CX(R) by g(x) = f(e®). Hence g(x) = g(—z). Then we have,

F(a) = g(log(a+ va? —1)).

We write a = b+ 1 so that,

F(b) = g(log(b+ 1+ v/ b? + 2b)).

But now,
(Vb+Vb+2)2=2(b+1) + 22 + 2b,
hence
Fb)=g (log (;(\/B-i- M)Q))
_y (zlog (%mwam)) .
One has,

log (\}5(\/3+ vb+2)> = iakb%;l.
k=0

Hence when we substitute this expression into the smooth even function g we
obtain a function of b which has continuous derivatives of all orders at b=0. [

Lemma 4.23. Let f € C°(G//K) then there exists Fy € C2°(R>1) such that,
Lo
flg)=Fr(5trgg).

Conversely given F € C°(Rx1) the function f defined by f(g) = F (3 trg'g)
lies in C*(G//K).

Proof. We recall that by the Cartan decomposition (G = KAK) we can write
any g € G as g = kyaks and we have,

gtg == k‘lak/’gtkgtatkl = k‘lanfl.

If we write,

with a > 0, then



and hence f depends only on a4+ a~!. We have,

a? 0 _
g'g=h (O a2> ky!

Hence, since f depends only on a+a~! it also depends only on a? +a =2 = tr(g-
tg). Thus there exists a function Fy on [1,00) such that

flg)=Fy <;trgt9>

for all g € G. By Lemma 4.22 we have F; € C°(R>1).
Conversely given F' € C°(R) we note that if we define f(g) = F(1/2tr g'g)
then for ky,ks € K and a € A,

f(kraky) = F (;tr(k1a2k11)> =F <;tr a2) = f(a).

If we write,

= 3

then tr(gtg) = a® + b® + ¢® + d*. Hence we have,

a b a’® + 0% +c* + d?
(o))

as(e )= Jo (6 5) e
a2+a—2 .132

Lemma 4.24. Let F € C°(R>1) and define, for a > 1,

Thus,

H(a) = /RF(a—&—xQ/Z) dx.

Then H € C(R>1) and

F(a) = —%/RH’(a—l—f/Q) d.

The converse also holds.
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Proof. Differentiating under the integral sign gives,

H'(a):/RF’(a—f—f/Q) dx

Hence,
/H’a+y/2)dy—/ / F'(a+ (2® +y%)/2) dx dy
2w
/ / F'(a+72/2)r dr df
= 27r/ F'(a+x)
= —27F(a
The converse follows in the same way. O

Proof of Theorem 4.21. We can now complete the proof of Theorem 4.21. We
note that given H € C°(A)W we can write

a 0 a’+a?
G 2 (5)

for a unique h € C°(R>1). Then by Lemma 4.24 there exists a unique F' €

C°(R>1) such that,
2
h(a):/ F(a—i—x) dx
R 2

H (8 a01> =Hf (8 a01>

flg9)=F @trgtg) :

Which completes the proof. O

for all @ > 1. Hence,

where,

We now want to cast all the terms in the trace formula in terms of the
Harish-Chandra transform H f. From above if we write,

2, -2
() -G )

then,



To save on notation we define, for f € C°(G//K), gy € C°(R)*"™, by

st =11 (05 ) =ns (S5 ) = hyteoshiw).

Hence,
gy (u) = hs(cosh(u)) sinh(u).

Thus,

2 0 _ _ i / 2
f < 0 “;> = Fy(coshu) = —27T/Rhf(coshu+x /2) dx.

We begin with the geometric terms.

Theorem 4.25. (Plancherel Formula) Let f € C°(G//K), then

1 [
f <(1) (1)) = g/o gr(u)utanh(mu) du.
where,
gr(u) :/ gr(v)e™ dv
R
is the Fourier transform of gs.
Proof. We wish to compute,

1

f() = —%/Rh’f(uxz/m da.

We write 2 = e — e~ 2 = 2sinh(t/2). Then dx = cosh(t/2) dt and,
1
f) = —2—/ W (1 + 2sinh?(¢/2)) cosh(t/2) dt
TR

_ _% /R W (cosh(t)) cosh(t/2) dt

1 , .~ cosh(t/2)
T oom Rgf( ) sinh(t)

1 L(t
:_i/ BON
2T R €2 —e

Since gy is even g} is odd and we have by the Fourier inversion theorem,

dt

[SEY

1 [ ,
00 == [ gt
T Jo
and -
G0 = [ ugp)e ™ du
f LT 0 ! '
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Hence,

7'Lut
= du dt
271'2 / / Ugf 62 —e % Y

efzut
- " gy (w) / L dt du
0 —o0 € 2

271’2 2 —e

Finally we use that,

0 e—zut
/ ——— dt = —mitanh(7u)

—c0 €2 — € %
(which can be established by moving the line of integration into the lower half
plane and counting residues) to deduce that,

1

f(n = Py /000 g (u)utanh(mu) du.

For v € G we set,

I(%f):/ Gf(g’lvg) dg.

_fa O
Y= 0 a—l

with a # +1 then G, = £A. We take the Lebesgue measure du on,

A:{(eo2 69;):u€R},

and use this to define a measure on G.

Lemma 4.26. Let f € CX(G//K). Foru # 0,

(A

with the measure on G, = A chosen as above.

Note that if,

Proof. For the first part we note that for u # 0 if we set

then G, = £ A. Hence,



We have written the measure dg on G as dg = da dn dk hence,

flog) dg =g [~ [ 1000 (o) M ama)ie) ab o

= [ o) a,

since f € C*°(G//K). We write this out explicitly as,

[y @)

Hence making the change of variables = — (e% — e~%) "1 gives,

s [ )

= |e" — e |gs(2u).

A\G

We now look at the spectral terms,

Lemma 4.27. For f € C*(G//K) and r € C,

~

gf(T) =tr 7T2ir(f)'

Proof. From Lemma 4.20,

tr 7T5

8 8
/—\
w\:
)
I8
NS
N———
QU
<
ISH
S

g
!

+(s/2i).

4.6 Explication of the trace formula

We again take a discrete cocompact subgroup I' of SL(2, R). We know (Lemma
4.4) that I doesn’t contain any parabolic elements and we will assume further
that T is hyperbolic and contains —1I, i.e. all elements v € "\ {1} are hyper-
bolic. For example if X is a compact Riemann surface of genus at least 2 then
the universal cover of X is H, I' = m1(X) acts on H with quotient X and is a

hyperbolic group.
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Suppose v # +1 is an element of I". Then, + is conjugate in G to an element

of the form,
0
+ (e _t> ’
0 e 2

with t > 0. Let’s assume, for the sake of convenience, that in fact,

76% 0
T o et)

Then «y acts on H by z — elz. Its fixed points on R are 0 and co. The geodesic in
‘H between these fixed points is the imaginary axis in H. The distance between
1 and i is equal to ¢, hence also the distance between the points z and vz for
any points on the geodesic. The image of this geodesic in T'\'H will close on
itself forming a closed geodesic in I'\'H (which may wind around itself several
times) of length £(y) = ¢ . We note that 71 and 5 give rise to the same geodesic
if and only if they are conjugate in I'. In this way the conjugacy classes in I'
correspond to the closed geodesics in I'\H. We note that for each v € T'\ {£]}
the centralizer of v in IT" is of the form,

I, ={+:keZ}

for some element vy € T' called primitive. (Note that I'; is a discrete subgroup
of G, = {£1} x R of infinite order.) We have vol(I',\G,) = log £(~y). We also
have vol(I'\G) = 1 vol(T'\H).

Theorem 4.28. Let T' be a cocompact hyperbolic subgroup of SL(2,R) con-
taining —I. Let {)\;} denote the eigenvalues (appearing with multiplicity) of A
acting on A(T'\'H) ordered such that 0 = Ao < A1 < Ao < .... We write each
Aj =1 +r? withr; € Ry U0, 5]i. Then, for any g € C°(R)“e",

oo

i) = = [Tt dr 5 5 0 gle(),
=0

o' ()

J ve(ry ¢ ? 7€

This is just the trace formula rewritten using the results above. The trace
formula gave us,

3 metra(f) = O\ QS+l OGS 3 vl [ a9 do

el YE{T}y#+T Gy

The equality of the left hand sides follows from Theorem 4.19 and Lemma 4.27,
the identity elements come from the Plancherel formula, Theorem 4.25 and the
non-central elements come from Lemma 4.26.

4.7 Proof of Weyl’s law

Theorem 4.29. (Weyl’s law) Let T be a discrete cocompact hyperbolic subgroup
of SL(2,R). Let 0 = X\g < A1 < Ao < ... denote the eigenvalues of A (appearing
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with multiplicity) acting on A(T\'H). For T' > 0 we set,
Np(T)=#{j: N\ <T}.

Then,
area(I'\'H)

Ne(T) ~ 4

T
as T — oo.
Our proof of Theorem 4.29 follows [LVO07, Section 5.1].

Lemma 4.30. Let 0 < e < 1. Then there exists g € C°(R)V*™ such that,

1. g(s) =g(—s) for all s € C,

2. g(s) is real and non-negative for s € RUIR,

3. g(s) <1 for all s € R,

4. g(s) > 1 — ¢ whenever s € R with 0 < |s]? <1 —¢,
5. for t sufficiently small,

oo
1
t2/ g(tu)u tanh(mu) du — 3 <eg,
0

sup(1 +7)%[g(r)| < e.
r>1

Proof. Let x be the characteristic function of [—1,1] on R. There exists a
non-empty open set of Schwartz functions ¢ on R such that,

1. 0 <9(x) < 1for |z| <1,
2. YP(x) >V1—ceif |z| <V1—¢,
3. supjy>1 (1 + |z|)3]w(z)] < e/2, and

4 [glv(@) = x(2)|(1 + [2]) do < e/2.

We recall that the Fourier transform is an isomorphism of the Schwartz space
onto itself and the space CS°(R) is dense in the Schwartz space. Hence we
can find 9 satisfying these conditions whose Fourier transform is compactly
supported. Furthermore we can assume (by replacing ¢ by %(w(z) + ¢(—2x)))
that ¥ (x) = ¥ (—x).

Since the Fourier transform of 1 is compactly supported it follows that
extends to a holomorphic function on C. Hence as a function on C we see
that 1(s) depends only on s2. Furthermore we note that for ¢ sufficiently small
conditions 1 and 3 ensure that sup,cg |[¢(r)| < 1.
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There exists g; € C°(R)’°" such that g3 = . We set g = g1 *g;. Then
g(s) = ()1 () hence we obtain claim 2. Since for s € R we have g(s) = [1(s)|?
we obtain 1, 3, 4 and 6. Finally we check claim 5.

We note that |tanh(u)| < 1 and

T 2
T

/ wtanh(mru) du ~ —
0 2

as T — oo.
Thus,
o) 1 e8] tt
lim sup t2/ g(tu)utanh(ru) du — 2‘ = lim sup t2/ g(tu)u tanh(ru) du — t2/ uwtanh(mu) du
t—0 0 t—0 0 0
= lim sup / (t*g(tu) — t*x(ut))u tanh(ru) du
t—0 0

< lim sup/ [t2G(tu) — t2x(tw)|(1 + u)du
t—0 0

= lim sup /000 [9(u) — x(w)|(t + w)du

t—0
oo
< lim sup/ lg(v) — x(u)|(1 + u)du.
t—0 0

We recall that,

sup [1h(r)] < 1
reR

so that |g(u) — x(u)| < 2| (u) — x(uw)| for u € R. Using the fact that

/ () — x(@)|(1 + |]) da < /2

we see that for ¢ sufficiently small,

o 1
t2/ g(tu)u tanh(mu) du — 3 <e.
0

O

Proof of Theorem 4.29. Fix € > 0 and let g € C®(R)®"*" given by Lemma
4.30. For 0 < t < 1 let g € CX(R)®"*" such that g:(s) = g(ts). Thus,
gt(u) = t7tg(ut~t). Then as t — 0 the support of g; shrinks to 0. Hence for ¢
sufficiently small, the trace formula gives us,

th ;) area(F\H)/O g¢(vw)utanh(mru) du,

2w

which is the same as,

Zg = M/ g(tu)utanh(mu) du,
0

2w
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By construction,

o
1
t2/ gt(w)u tanh(mu) du — 3 <e,
0

hence for ¢ sufficiently small,

Zﬁ(ﬂ“j) _area(I'\H) <
=0

4mt2 =

We note that for but finitely many j we have r; € R>o (i.e. those j such that
Aj < i) and hence g(tr;) < 1. Furthermore for all j, g(¢r;) is real, non-negative,
and uniformly bounded for ¢t € (0,1]. From (4) of Lemma 4.30 we have,

1—e<g(s)
for any real number s with 0 < 52 <1 —¢. Hence,

area(I'\'H)
472

(I—e)#{j:0<r; <t 'VI-e} <

Thus for ¢ (¢ — ty/1 — ¢) sufficiently small,
area(I'\'H) €
drt?(1—¢€)?2  (1—¢)
area(I'\'H)
< T V)
4mt?
On the other hand applying this together with (6) of Lemma 4.30 gives,

DGl <> Y Gy,

jirj>t—1 n=0 j:tr;€[2n,2n+1]

#{j:0<r; <t} <

(1+¢).

Now by (6) we have, for j such that tr; € [27,2" 1]

9
1+42m7)3"

g(trj) < ( < (

3
1 + tTj)S

On the other hand, from above, we see that for ¢ sufficiently small,

F H 22n
#{jtrye 202 S #{j i < (1277 < %
Thus,
~ e area(I'\'H)2%"
Z g(trj) S n)3 2 ’
. (1+2m) omt
Hence,
R carea(l\H) o 22n area(I'\'H)
tr;) < T e
‘ 2_19( rj) < 2712 Z:O (1+ 27)3 Ce A2
jir; "
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for some constant C' which doesn’t depends on € or ¢ (provided ¢ is sufficiently
small).
Now we use that g(u) <1 for u € R,

#ry <t RGN =1/4+0] <14+ Y Gltry)

j:OS’I'j <t—1
> constant + Zﬁ(trj) - Z g(try)
7=0 jiry>t—1
area(I'\'H)
=25 V(1 - ).
4rt? (1-0Ce)
This completes the proof of Theorem 4.29. O

Remarks:

1. One could ask for a remainder term in Theorem 4.29, the correct remain-
der is O(V/T); see [Lap08, Section 6].

2. One can also find in [LV07, Section 5.1] a proof of the general case of
compact quotient.

3. More generally one can consider the following setup. Let G be a semisim-
ple group over Q and let K be a maximal compact subgroup of G(R). The
space G(R)/ K is a symmetric space and one may consider quotients of it of
the form M =T\G(R)/K with I' C G(Q) a congruence subgroup. In this case
let N(T) denote the number of cuspidal eigenfunctions of the Laplacian with
eigenvalue < T'. Sarnak conjectured,

dim (M)
2

N(T) ~ e(M)T

for some explicit constant ¢(M) involving the volume of M. In the case of
SL(2,R) this was proven by Selberg and was his original reason for developing
the trace formula. For G a split adjoint group over Q Weyl’s law was proven
by Lindenstrauss and Venkatesh [LV07]. We set X = G(R)/K when I'\G(R)
is not compact one has a decomposition,
L2 (F\G) = Lgusp(F\G) D LQEisen (F\G)

The trace formula in the noncompact setting (which we will develop in the case
of GL(2) later in the course), gives an expression,

tr Rewsp(f) +tr Rpis(f) = tr R(f) = Z orbital integrals of f.
ve{l'}

(In the non-compact case tr R(f) doesn’t make sense, but the trace formula in
this case gives an expression as suggested above, and on the cuspidal part of the
spectrum it is the trace of R(f).) One can play the same game as above, and pick
test functions which only see the identity orbital integral on the geometric side.
However, now to prove Weyl’s law one needs to know that the Eisenstein terms
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don’t dominate the spectral side of the trace formula. In general this is a very
tricky issue. Instead Lindenstrauss and Venkatesh construct test functions f
which kill the Eisenstein series without losing too much of the cuspidal spectrum
(it has been known for a while that one can do this, but the usual method of
killing the Eisenstein series kills far too much of the cuspidal spectrum to be of
use in proving Weyl’s law). The geometric side of the trace formula for these test
functions will not just consist of the identity orbital integrals but the analysis
of the geometric side is manageable. One caveat, the work of Lindenstrauss and
Venkatesh doesn’t give an error term to Weyl’s law.

4. Weyl’s law proved by localizing the geometric side of the trace formula,
can do similar thing on the spectral side, localizing to the zero eigenvalue cor-
responding to the constant functions. In this way obtain asymptotics for the
lengths of primitive closed geodesics on I'\'H which are very similar to the dis-
tribution of prime numbers; see [Iwa02].

5. Other applications of the trace formula in isolation: use pseudo-coefficients
of discrete series to get formulas for dimensions of the space of automorphic
forms, throw in a Hecke operator to get formulas for the trace of Hecke opera-
tors acting on spaces of modular forms.

5 A case of functoriality

The previous section described an application of the trace formula used in iso-
lation. We computed the geometric side of the trace formula for particular test
functions in order to derive information about the spectrum of the Laplace op-
erator A. In this section we will study a comparison of trace formulas. The aim
of this section will be to prove the following.

Let F' be a number field with ring of integers Op and let A r denote the ring
of adeles of F'. We recall that, Ap = H; F,, with the product taken over all
places v of F' and with the prime denoting that A consists of all tuples (z,)
with z,, € F, for all v and =, € Op, for almost all (non archimedean) v. If G
is an algebraic group over F' then we can consider its adelic points G(Ar). We
note that we can identify G(Ar) with [[, G(F,) with the prime denoting that
we consider tuples (g,) with g, € G(F,) for all v and g, € G(Op,) for almost
all v. For a finite set of places S of F we let A% denote the ring of adeles away
from S and Aps = [],cg Fv- The group G(Ar) has a natural topology coming
from that of A, a basis of open sets for G(Ap) is given by open sets of the
form [], U, with U, open in G(F,) for all v and with U, = G(OF,) for almost
all v.

Let D and D’ be central division algebras of prime degree p (i.e. dimp D =
p?) over a number field D. We assume that D and D’ are ramified at precisely
the same set of places of F' which we denote by S; i.e v € S if and only if
D, = D®rF, and D) = D'®pF, are division algebras. Welet G = D> /Z(D*)
and G' = D'*/Z(D’*) which we view as algebraic groups over F. If v ¢ S
we have D, = D! = M(p, F,) we fix an isomorphism «, : D, — D! which
is well defined up to conjugation and which we can assume is defined over
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OpF, for almost all v ¢ S. Patching together the «, gives an isomorphism
a:G(A) =5 G'(AR).

The group G(F) embeds discretely in G(A%) and G'(F) embeds discretely
in G’(A7). We let R denote the representation of G(A%) on L?(G(F)\G(AF))
and R’ denote the representation of G'(A%) on L*(G(F)\G(A%)). The goal of
this section is to prove the following Theorem.

Theorem 5.1. With notation as above the representations R and R’ o a of
G(A%) on L2(G(F)\G(A%)) and L*(G'(F)\G'(A%)) are isomorphic.

We will often choose to identify L?(G(F)\G(A%)) with the subspace of
L*(G(F)\G(AF)) which is invariant under G(Ars) and similarly with G'.
Since D and D’ are division algebras the quotients G(F)\G(AFr) and G'(F)\G'(AF)
are compact.

Equivalently, suppose we decompose,

L*(G(F)\G(AF)) = @ mar

el

and
( ( )\G/ AF @ mﬁl’/T

el

Let m be an irreducible admissible representation of G(Ar). We can write
T = ®,7, with 7, an irreducible admissible representation of G(F,) which is
unramified for almost all v. Suppose 7, is the trivial representation for all
v € S. We define 7’ = ®,7, in the following way. For a place v € S we set
7l = 1,, the trivial representation of G'(F,), and for v € S we transport m,
to a representation 7 of G'(F,) via the isomorphism G(F,) = G'(F,). Then
Theorem 5.1 tells us that m, = m,.

We note that if p = 2 then if D and D’ are ramified at the same set of
places then D = D’ hence G and G’ are isomorphic over F' and the statement
of the Theorem is trivial. If p > 2 then the set of ramification does not uniquely
determine the division algebra.

Here’s a concrete consequence of Theorem 5.1. Suppose F' = Q and p > 2
so that the set S does not contain the real place of Q. Let K be a compact
open subgroup of G(Ag) of the form,

K =[] K x [] G(Qp),
PES peS

with K, a compact open subgroup of G(Q,) for all p ¢ S and with K, = G(Z,)
for almost all p. We let K’ denote the corresponding compact open subgroup
of G'(Ag).

By strong approximation G(A) = G(Q)G(R)K and hence,

G(Q)\G(A)/K 2T"\G(R) 2T\ PGL(p,R)
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where I' = K N G(Q) and similarly
G'(Q\G'(A)/K' =T"\G'(R) =T"\ PGL(p, R)

where I'Y = K' N G'(Q). The Theorem tells us that the representations of
PGL(p,R) on

LX(G(Q)\G(A)/K) = L*(G(Q)\G(A)" = L*(I'\ PGL(p, R))
and
L*(G'(Q)\G'(A)/K') = L*(G'(Q)\G'(A))X = L*(I"\ PGL(p, R))

are isomorphic.

Let Ko be a maximal compact subgroup of G(R) and let K. denote the
corresponding subgroup of G'(R). Welet X = G(R)/K and X' = G(R)/ K.,
these are symmetric spaces. The spaces I'\ X and I'\ X’ are compact Riemannian
manifolds. The eigenvalues of the Laplace operator acting on these spaces are
related to the representations appearing in L?(I'\G(R)) and L?(I"\G'(R)) as in
the case of p = 2 discussed in Section 4. Hence as a consequence of the Theorem
we see that these spaces are isospectral, i.e. they have the same eigenvalues for
the Laplace operator, however they won’t (in general) be isomorphic.

How might we prove Theorem 5.17

The quotients G(F)\G(A) and G'(F)\G'(A) are compact. So if we decom-
pose,

L(GF\GA) = P mar
m€G(A)
then the trace formula tells us that, for f € C®(G(A)) (at least if f is the
convolution of two continuous functions of compact support),

Y. metrw(f)=wR(f)= Y vol(G,(F)\G,(A)) flgvg) dg

T€G(A) YeT(G(F)) Gy (ANG(A)

and for [/ € C(G(A)) (at least if f is the convolution of two continuous
functions),

Y meur(F)=uR()= > wlG NG @) [ 7'~ 'g) dg.

' eG(A) v/ el (G (F)) G, (ANG'(A)

To ease notation we’ll write,

I(v, f) = / flg™ vg) dg
G, (A\G(A)

and

I, ) = / (g7 g) dg.
Gl (AN\G'(A)
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We want to be able to compare the two geometric sides of the trace formulas
for G and G’. In order to do this we’ll need to write down a bijection,

a:T(G(F)) =T(G'(F))
and a map on functions,
B:CZ(G(A)) = CZ(G'(A))
such that for all v € G(F) and f € C°(G(A)),

vol(G (F)\G (A)) = vol(Gly ) (F)\ Gl (A))

a(y) a(v)

and
I(v, f) = I(a(v), B(f))-

Then we’ll get, via the trace formula that,

Y matra(f) =wR(f) =twRB() = Y mwtra'(B(f)),
WE@ ﬂ,leé\/
out of which we’ll hope to be able to establish Theorem 5.1.
Before we start the proof of Theorem 5.1 we’ll prove the following Theorem

which tells us that an identity of the form tr R(f) = tr R'(6(f)) is sufficient in
order to be able to extract data about the representations R and R’.

Theorem 5.2. Let G be a topological group and let w1 and wo be unitary rep-
resentations of G. Assume that w1 (f) and ma(f) are Hilbert-Schmidt operators
for all f € C.(G). For f € C.(G) let f* € C.(G) be defined by f*(g) = f(g~1).

Then mo is isomorphic to a subrepresentation of w1 if and only if,

trma(f* f*) <trm(f x f7)

for all f € C.(G).

Clearly if m; is isomorphic to a subrepresentation of w5 then we have such
an inequality. We need to prove the converse. We begin with a Lemma.

Lemma 5.3. Suppose H = @ H,, is a unitary representation of G with each
H, irreducible. Let xo € H, be a given vector such that

Y lImalf)zall?

is finite for all f € C.(G). Let (1, H;) be an irreducible unitary representation
of G which is not isomorphic to any (7, Hy). Then for each y € H, and any
e > 0 there exists f € C.(G) such that,

Do lmi(hzal® < elr(Hyl®.
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Proof. Suppose this is not the case. Then there exists € > 0 such that for every
f € C.(G) we have,

D lImi(Hzal® = ellr()yl*-

Let H' be closure in H of,

span{@ﬂ'a(f)xa :f e C’C(G)} .
We define a map A’ from H' to H;, by,

@ Ta(f)za = 7(f)y.

We note that this map is well defined (if 7o (f)zq = 0 for all « then 7(f)y =0
by the inequality above) and originally only defined on a dense subset of H’
but since it is bounded it extends to a map from H' to H,. Furthermore it is
a G-map and is non-zero. Let A be the map from H to H, which is A’ on H’
and zero on its orthogonal complement. Since each 7, is irreducible and not
isomorphic to 7 so Ay, must be zero for each « yielding a contradiction. [

Proof of Theorem 5.2. We now prove the Theorem. Since m;(f) is Hilbert-
Schmidt for all f € C.(G) we can write,

m=Pma m=Pms
< B

(One can apply the same proof as in Theorem 3.16 which proved that L?(T'\G)
decomposes discretely when the quotient I'\G is compact.) It suffices to prove
the Theorem when no 77 g is isomorphic to a 7 , in which case we need to show
that w5 is zero. Equivalently we may as well assume that m, is irreducible and
derive a contradiction. We choose a function h € C.(G) such that ma(h) is non-
zero and set f = h*x h*. Then mo(f) = ma(h)ma(h)* is a non-zero compact self
adjoint map w5 — 7y and so has only non-negative eigenvalues. After scaling
we may as well assume that the largest eigenvalue is 1; c¢f Proposition 3.13. We
choose a unit vector xy € w2 such that m(f)xo = z¢. On the other hand 7y (f)
is also a compact self-adjoint map and we let A denote the largest eigenvalue of
it. Since trmy(f) > trmo(f) we have A > 0. For each « let {z, } be a basis of
eigenvectors for m o(f). Then we have,

Do Imi(fzanl® < oo.
@,y

for all f' € C,(G). We apply the previous Lemma to the representation @4 7q
to deduce the existence of f; € C.(G) such that,

1
S salfi)zaq | < syl (fwl®

oLy

96



Now we compute

tr(my(f1 o+ f)m(for* £)°) = te(ma(fr* f) * (f1+ £)7).

This can be computed as,

Z Hﬂl,a(fl)wl,a(f)xa,ﬂ||2 <\? Z Hﬂl,a(fl)xaﬁHQ

o,y o,y

< %‘|7T2(f1)$0||2
= mama( el
_ %Hm(fl # f)aol?

5 rlmalfi = P 7).

IN

Hence we have,

i (fo % N £)7) < 5 rlmalfi = Pl ),

which yields a contradiction. O

Corollary 5.4. Let G be a topological group and let w1 and m be unitary
representations of G as in Theorem 5.2. Then w1 and wo are isomorphic if and
only if,

trmy (f o« f*) =trma(f * f*)

for all f € C.(G).

5.1 Central simple algebras

The goal of this section will be, in the setting of the previous section, to describe
a bijection I'(G(F)) « I'(G'(F)). For more details including proofs see [Mil08,
Chapter IV].

Definition 5.5. A simple algebra over a field F is a finite dimensional F-
algebra A which contains no non-trivial two sided ideals. A is called central if

Z(D) = F.

For us F' will either be a number field or a local field. The obvious example
of a central simple algebra is M,,(F') the algebra of n x n matrices over F'. More
generally one can take a division algebra D over F' with Z(D) = F and consider
M, (D). In fact any central simple algebra over F is isomorphic to M, (D) for
some integer n and a division algebra D. (Take a minimal left ideal S of A and
consider the map A — Endp(S). Let D be the centralizer of A in Endp(S).
The centralizer of D in Endp(S) is 4, i.e. A =Endp(S). Schur’s lemma implies
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that D is a division algebra and therefore S is a free D-module, say S = D",
hence A = Endp(S) = M, (D°PP).)

Let D be a central simple algebra over F', the degree of D is defined as
v/dimpg D. Note that D ®p F is a central simple algebra over F and hence
isomorphic to M, (F) for some n. Thus,

dimp D = dim#D @p F = dimgz M, (F) = n®

hence the degree is an integer.
We recall,

Theorem 5.6. (Skolem-Noether theorem) Let f,g: A — B be homomorphisms
from an F-algebra A to an F-algebra B. If A is simple and B is central simple
then there exists an invertible element b € B such that f(a) = bg(a)b=! for all
a€ A

Proof. First consider the case that B = M,,(F'). Using f and g we may consider
F™ as an A-module in two ways. Any two modules over A of the same dimension
are isomorphic, but an isomorphism F™ — F"™ is simply an invertible element of
M, (F). In general consider the induced maps, f ® 1 and g ® 1 from A @ p B°PP
to B®p B°PP. Then B ®p B°PP is a matrix algebra. Hence from the first part
of the proof f®1 and g ® 1 are conjugate by an element of b € B ®pr B°PP from
which it follows that f and g are conjugate in B.s O

We recall the definition of the Brauer group Br(F'). Let A and B be cental
simple algebras over F. We define an equivalence relation on central simple
algebras by A ~ B if and only if there exist integers m and n such that A Qg
M, (F) 2 B®p M,,(F) for some integers m and n. For equivalence classes [A]
and [B] we define,

[A].[B] = [A®F B].

We note that [A] =1 = [A°PP], where A°PP is the algebra with the same underlying
set as A but with the multiplication reversed. We note that the class [M,,(F)]
(for any n) is the identity in Br(F).

We recall that the Brauer group has a natural interpretation in terms of
Galois cohomology. We have A®@p F = M(n, F). Having fixed such an isomor-
phism we have two actions of the absolute Galois group Gal(F/F) on M (F,F)
coming from the two Galois actions. By the Skolem-Noether theorem these
two actions differ by conjugation. Thus for each o € Gal(F/F) there exists
go € GL(n, F) such that,

oa(9) = 900(9)9, "

for all g € M(n, F), where o4 denotes the action on M(n, F) coming from the
isomorphism. In this way we get a well defined element (g,) € H'(F,PGL(n)).
The short exact sequence,

1 — GL(1) — GL(n) —» PGL(n) — 1
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gives a map H!(F,PGL(n,F)) — H? F,FX). This gives an identification of
the Brauer group Br(F) with H?(F,F").
For a local field F we have,

Q/Z, if F is non-archimedean;
17/Z, if F=R;
Z)Z, ifF=C.

2

Br(F)

Suppose F' is a non-archimedean local field and D is a central simple algebra of
degree n. Then in Br(F), [A] = & for some ¢ with 0 < ¢ < n —1. We write
2= g in lowest terms with n = ef. Then A = M;(A) with A a central division
algebra of rank d. Hence, up to isomorphism, there are ¢(n) non-isomorphic
central division algebras of rank n over F. If F' = R the non-trivial element of
Br(R) is the usual Hamilton quaternion algebra.

If F' is a number field then the Brauer group of F' fits into a short exact
sequence,

0 — Br(F) — P Br(F,) — Q/Z — 0.

The first map comes from the maps,
Br(F) — Br(F,) : [A] = [A®p F,]

for each place v of F' and the second is given by summation inside Q/Z.

Suppose now D is a central division algebra over F. If we take 7 € D then
F[r] is a field extension of F' (it’s an integral domain of finite degree over F)). In
order to understand conjugacy classes in D* we need to understand which fields
embed in D. First we note that if D is a central simple algebra of degree n over
F then if L — D then [L : F] divides n. This is a general fact, however we're
only interested in the case that n = p is prime. In this case it’s obvious, since
D is a vector space over L that [L : F| must divide p?. But if [L : F] = p? then
D = L which is commutative and hence Z(D) = L yielding a contradiction.

Lemma 5.7. Let L/F be an extension of degree n which embeds in a central
simple algebra D of degree n over F. Then the centralizer of L in D is equal to
L.

Proof. 1f we let C'(L) denote the centralizer of L then we have,
n?=[D:F]=[L:F|C(L):F]=n[C(L): F]

by [Mil08, Chapter IV, Theorem 3.1]. Hence [C(L) : F] = n and since C(L) D L
so we must have C(L) = L. O

Theorem 5.8. Let D be a central division algebra over F of degree n. Then
an extension L of degree n over F embeds in D if and only if D splits over L
(i.e. D®p L= M,(L)).

Proof. See [Mil08, Chapter IV, Corollary 3.7]. O
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Theorem 5.9. Let A be a central simple algebra over a number field F of
degree n. Then an extension L/F of degree n embeds in A if and only if L, =
L®p F, — A, for all places v of F.

Proof. Use the injectivity of Br(F) — &, Br(F,) together with Theorem 5.8
applied to F' and F,. O

Theorem 5.10. Let A be a central simple algebra over a local field F of degree
n. Then every field extension L/F of degree n embeds in D.

Proof. We may as well assume that F' is p-adic. Under the identification of
Br(F) and Br(L) with Q/Z the map Br(F) — Br(L) : [4] — [A ®F L] is
multiplication by n. Since the class of a central simple algebra of degree n over
F in Br(F) is of the form £ it follows that [A] lies in the kernel of this map. [

Suppose now D is a division algebra of prime degree p over a number field
F. Let S denote the set of places where D is ramified, i.e. the places v of F' such
that D, is a division algebra. Let L be an extension of degree p over F. Then
L — D if and only if L, — D, for all v by the previous Theorem. Clearly if
v & S then D, = M(p, F,,) and L, — D,,. On the other hand if v € S then D,
is a division algebra and L, = lev L., embeds in D, if and only if L, is a field.
Thus, an extension L of degree p over F' embeds in D if and only if the extension
is inert at all places of F' in S. Let X (S,p) denote a set of representatives for
the isomorphism classes of field extensions of F' which are of degree p and inert
at the places inside S.

Let v be a non-zero element of D. Then < is invertible and generates a
subfield F[y] of D. If v is non-central then the extension F'[vy] will be of degree
p. Suppose now that L € X(S,p) so L is an extension of F' of degree p which
embeds in D. Then any two embeddings of L into D differ by conjugation by
an element of D* by the Noether-Skolem Theorem (Theorem 5.6). Hence each
non-zero v € L gives a well defined conjugacy class in D*. Furthermore two
elements 1,72 € L yield the same conjugacy class in D* if and only if there
is an automorphism of L over F' mapping -1 to 2. Thus we get a well defined
bijection,

H {L\F modulo F-automorphisms} «— { conjugacy classes of non-central elements in D* }.
LeX(S.p)
Of course,

F* «— { conjugacy classes of central elements in D* }.

Suppose now that D and D’ are division algebras of prime degree p over F
which ramify at the same set of places S of F. Then we have a well defined
bijection,

B:T(D*) «— T'(D"™).
Given an element v € D* we consider the field extension F[y] of F. We pick
an embedding ¢ : F[y] — D’. Then ((v) is defined to be the conjugacy class of
(). This is well defined.
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For each place v € S we have D,, =2 D! = M (p, F,)). We fix an isomorphism
a, : D, — D! which is unique up to conjugation by the Skolem-Noether theo-
rem. Patching the v, together gives us an isomorphism « : D(A%) — D’(A%).
Suppose that v € D* then we obtain a conjugacy class G(y) in D'*.

Lemma 5.11. Let v € D*. Then a(y) € D'*(A%) is conjugate in D'*(A%Z)
to 5()-

Proof. By the Skolem-Noether theorem we see that a(y) and 3(+) when viewed
as elements of D’ (A%.) are conjugate under [L,gs D" (Fy). In order to deduce

that they are actually conjugate in D’ x (A%.) one can use [Kot86, Proposition
7.2] which applies for almost all v & S. O

5.2 Facts about reductive groups

Let F be a field and G/F a reductive algebraic group over F. (G is reductive if
the unipotent radical R, (G), the maximal connected unipotent normal subgroup
of G, is trivial.) For an algebraic group G we let X(G) denote the group of
characters of G, i.e. homomorphisms of algebraic groups x : G — GL(1). Let
X (G)F denote the group of characters defined over F.

Definition 5.12. Let T be a torus defined over F. We say that T is F-
anisotropic if X(T)p = {0}, i.e. the only character of T defined over F is
the trivial character. Let G be a reductive algebraic group over F. We say
G is F-anisotropic over if every (mazimal) torus in G defined over F is F-
anisotropic.

We note that if G is F-anisotropic then G(F') contains only semisimple
elements.

Lemma 5.13. Let D be a central division algebra over F. The group G =
D*/Z(D*) is F-anisotropic.

Proof. Let n denote the degree of D. The maximal tori in D* correspond to the
degree n field extensions L of F' which embed in D. Let L be a field extension
of F of degree n and let T be the corresponding torus. Then,

T(F)=(LerF)*= ][ F
ceX

with the product taken over the embeddings ¢ : L — F over F. The action of
Gal(F/F) is by permuting the factors, i.e. if 7 € Gal(F/F) and (z,) € [], F*
then 7(x,) = (2,). The characters of T'(F') are of the form,

(20) — [J a2

with n, € Z. The characters of T" defined over F' are precisely those which are
left invariant under Gal(F/F'). Since the absolute Galois group permutes the
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F™ factors we see that such a character is defined over F if and only if n, =n
for all 0.

We now consider the group G = D*/Z(D*) the maximal tori are of the
form L*/F* with L/F a field extension of degree n. Then we have,

T(F)= [[ F*/AF"
oeX

where AT denotes the image of F- diagonally embedded in the product.
We note that the characters of T(F) are as before with the condition that
> wcx Mo = 0. Hence we see that the only character defined over F' is the
trivial character. O

Suppose now F' is a local field. Let G be an algebraic group over F. The
group of F-points G(F') inherits a topology from that of F'. One can realize G
as a closed subgroup of GL(n) and then G(F) inherits the topology from that
of GL(n, F).

Theorem 5.14. ([PRY/, Theorem 3.1]) Let F be a local field and G a reductive
algebraic group defined over F. Then G(F) is compact if and only if G is F-
anisotropic.

We leave the proof to the cited reference. We give the following example of
an anisotropic group. Let D be a division algebra of degree 2 over a local field
F. We can realize D in the following way. Let E/F be a quadratic extension
and let ¢ € F* \ Ng,pE*. Then,

DZ{(g Eaﬁ):a,BEE}.

One can then readily check that the group G = D*/Z(D*) is compact.

Suppose now F' is a number field. Let G be an algebraic group over F. The
adelic points of G, G(Ap) inherits a topology from that of Ar. The group
G(Apr) is a locally compact topological group and hence has a Haar measure,
if G is reductive then G(Ap) is unimodular. The group of F-rational points
G(F) embeds discretely in G(Ar) and so the quotient G(F)\G(AF) possesses
a right G(A r) invariant measure, unique up to scaling.

Theorem 5.15. ([PRY4, Theorem 5.5]) Let F' be a number field and G a re-
ductive algebraic group defined over F. Then G(F)\G(AFr) is compact if and
only if G is F-anisotropic and G(F)\G(A ) has finite volume if and only if the
center of G is F-anisotropic.

We leave the proof to the cited reference which relies on reduction theory to
construct a fundamental domain for G(F)\G(Ar). When G = GL(2) we will
touch on this later in the term.
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In general if G is reductive and K is a compact open subgroup of G(AFr, fin)
then

]_[G )2 KG(Ap,)

with z; € G(AF, fin) and k < oo; see [PR94, Theorem 5.1]. (When G = GL(1)
this is equivalent to the statement that the class group of F' is finite.) Hence,
projection onto G(Ap ) yields a homeomorphism,

G(F)\G(Ar) = [[T\G(AFo)

=1

where I'; = G(F) Nx;Kz;'. Hence G(F)\G(AF) is compact if and only if
I''\G(A F ) is compact for all i. If G is F-anisotropic then G(F') contains only
semisimple elements. In the case of G = SL(2) we showed (Lemma 4.4) that a
finite volume quotient T'\ SL(2,R) is compact if and only if ' doesn’t contain
parabolic (i.e. unipotent) elements.

5.3 Comparison of trace formulas

We now fix a number field F' and denote by A the ring of adeles of F'. Again
we take D and D’ to be division algebras of prime degree p over a number
field F such that S = Ram(D) = Ram(D’). We let G = D*/Z(D*) and G’ =
D’ /Z(D'*) which we view as algebraic groups over F. For each v ¢ S we fix an
isomorphism «,, : D, — D! which is unique up to conjugation by the Skolem-
Noether theorem. This clearly yields an isomorphism «, : G(F,) — G'(F,)
which we denote with the same notation. Furthermore we can ensure, after
conjugating the map a,, that for almost all v the map a, maps G(Op,) into
G'(Op,). Thus taking together all the o, we get an isomorphism,

a:G(A%) = G(A9)

which is well defined up to conjugation.

The trace formula involves choices of measures. For each place v &€ S we fix
a Haar measure dg, on G(F,) and transport it to a measure on G'(F,,) via the
isomorphism «, : G(F,) — G'(F,). We assume that the measures are chosen
so that G(Op,) is given volume one for almost all v. At the places inside S
we take the Haar measures on G(F,) and G'(F,) to give these groups volumes
one (which is okay since by Theorem 5.14 they are compact). We take the
product of these measures to give the Haar measures on G(A) and G'(A). Let
~v € G(F). In writing down the trace formula we also need to choose measures
on Gy(Ap). If v = e then G, = G and we have already chosen our measures. If
~v € G(F) is non-trivial then F'[y] is an extension of F' of degree p inside D and
G, = F[7]*/F* by Lemma 5.7. We fix a Haar measure on G (A). We recall
that G(7y) is defined up to conjugacy by picking an embedding F'[y] — D’ which
gives an isomorphism G, = Gg() defined over F'. We use this to transport the
measure on G, to one on Gg(,). With this choice we have,

vol(GH (F)\G4(A)) = vol(Gy () (F)\Gly() (A))-
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We denote by R the representation of G(A) on L?(G(F)\G(A)) and by R’
the representation of G'(A) on L?(G'(F)\G'(A)). Let f € C®(G(A%)). We
view f as a function on G(A) by composing f with the projection G(A) —
G(A®). We note that since G(Ag) is compact so f, as a function on G(A), i
still compactly supported.

Theorem 5.16. For all f € C°(G(AY)),

tr R(f) = tr(R o a)(f).

Proof. We note that tr(R' o a)(f) =tr R'(foa™1!).
By the trace formula,

trR(f) = vol GIFNGA) fle)+ D vol(Go(FNG,(ADI(y, f)

YEDL(G(F)) v#e

and

tr R (f') = vol(G'(F)\G'(A)) f'(¢") + > vol(GL (F)\G(ANI(', f)

v EL(G/(F)) ' #¢

We note that for f € C°(G(A%)),

)= H vol(G (Fy)\G(F,

vES

/ f(g~ vg) dg.
G- (AS)\G(AS)

We recall the bijection,
B:T(G(F) —T(G'(F)).

Let v € G(F) be a non-identity element. Then 3(7) is conjugate in G'(A%) to
a(7), hence with our choice of measures,

/ f(g™g) dg = / foat (g a(y)g) dg
G (AS)\G(AS) Gy (AFNG'(AT)
:/ foa (g7 B(y)g) dg,
) (AS\G(A9)

the second equality coming from Lemma 5.11. We also have,

[ vol( G (EN\G(R) = [] vol(G,(F)\G'(F)).

veS veS

Thus for all v € T(G(F)), I(7, f) = I(3(3), f o a™1).

As discussed above if v is a non-trivial element of G(F') then,

vol(G (F)\G4(A)) = vol(Gy () (F)\Gly() (A)).-
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Hence we see that,
trR(f) - tr R (f oat) = (vol(G(F)\G(A)) — vol(G'(F)\G'(A)) f(e).
It remains to show that,
vol(G(F)\G(A)) = vol(G'(F)\G'(A)).

We note that this equality is not clear since the groups G and G’ are not
isomorphic over F'.
The identity above can be written in the form,

> netrr(f) = (vol(G(F)\G(A)) — vol(G'(F)\G'(A))) f(e)
eG(A)

T

with n, € Z. Fix a place u € S (either p-adic or archimedean) and functions
fo € CZ(G(Fy)) for v # S U {u} with f,(e) # 0 and f, = 1g(o,, ) for almost
all v. Taking f = f.[], 4y Jv we can then treat this identity as an identity of
distributions on G(F,). The identity above is of the form,

Z Cr, bty (fu) = Cfule)

Wuec’(/(_ﬁ)
for some constant C. The Plancherel formula gives an explicit expression for
fu(e) as a sum of integrals of trm,(f,) for m, tempered against a continuous
measure. For example in the case of SL(2,R) and f € C°(SL(2,R)//S0O(2))
we have from Theorem 4.25 and Lemma 4.27

10 1 [~
f (0 1) = E/ﬂ)() tr oy (f )u tanh(7u) du.
An argument of Langlands then concludes that C' = 0. Hence vol(G(F)\G(A)) =
vol(G'(F)\G'(A)) and tr R(f) = tr(R' o a)(f) for all f € C®(G(A%)).. O
Applying Corollary 5.4 yields,
Corollary 5.17. The representations of G(A) on L?(G(F)G(As)\G(A)) and
L*(G'(F)G'(As)\G'(A)) are isomorphic.
As a consequence of the proof of Theorem 5.16,
Corollary 5.18. vol(G(F)\G(A)) = vol(G'(F)\G'(A)).

Remarks:

1. One could relax the condition that the division algebras be of prime
degree. Instead one could work with division algebras D and D’ of composite
degree n. One would then need to demand that at any place where the division
algebras are not isomorphic that they both be division algebras. One could also
allow a central character.
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2. In fact Corollary 5.18 is true in great generality. Kottwitz [Kot88] proved,
via the trace formula, that if G and G’ are inner forms then with respect to the
Tamagawa measure vol(G(F)\G(AFr)) = vol(G'(F)\G'(AF)).

3. Extend Corollary 5.17 to a correspondence between full automorphic
spectra. The result above applies to automorphic representations m = ®m, of
G(A) such that m, is the trivial representation of G(F,) for all v € S. We
established a correspondence between conjugacy classes,

B:T(G(F) —T(G'(F)).
In order to match up the trace formulas one needed to establish a map,
0:CZ(G(A)) — CZ(G'(A))

such that,
I(’Yv f) = I(ﬂ(’)/), 6(f))

We could handle this for functions f € C°(A®)) by using the isomorphism o :
G(A®) — G'(A®). In order to obtain a correspondence between all automorphic
representations one would need to extend this map to all of C°(G(A)). However
this is now a more delicate issue at the places outside of S the groups G(F,)
and G'(F,) are not isomorphic.

4. Extend to a correspondence between all inner forms of GL(n). We took D
and D’ to be division algebras in order to ensure that the quotients G(F)\G(A)
and G'(F)\G'(A) were compact so we could apply the trace formula we have
developed above. However it would be natural to consider any central simple
algebra of degree p. Note that if we have D and D’ two central simple algebras
of degree p then we have an injection,

[(D*) = TI(D™)

if and only if Ram(D’) C Ram(D). In particular if we take D’ = M(p, F') so
that D* = GL(p) then
I'(D*) — I'(GL(p))

The quotient PGL(p, F)\ PGL(p, Ar) is no longer compact although it does
have finite volume by Theorem 5.15.

6 Problems when I'\G is not compact

Suppose we take G to be a unimodular topological group and I' a discrete
subgroup of G. As before the quotient T'\G possesses a (unique up to scaling)
right G invariant measure and we can consider the space L*(T'\G) of square
integrable functions on the quotient. This space admits a representation R of
G by right translation and one of C.(G) by,

(R()¢)(x) = /G F)o(zy) dy.
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This is an integral operator with kernel,

Kp(w,y) =Y fla~'yy) € C(T\G x T\G).
yel’
In the case that the quotient I'\G is compact we showed that R(f) is Hilbert-
Schmidt and hence if f = f1x fo then R(f) = R(f1)R(f2), being the composition
of two Hilbert-Schmidt operators, is of trace class and

tr R(f) = K¢(z,x) de.
G
Interchanging summation and integration gave us the geometric side of the trace
formula,

rR(f)= V01<F7\Gv)/ Flg~ vg) dg.
ve{T} GN\G

We then used the fact that the operators R(f) are Hilbert-Schmidt, and hence
compact, to prove that as a representation of G the space L?(T'\G) decomposed
into a (Hilbert space) direct sum of irreducible representations each appearing
with finite multiplicities (Theorem 3.16). This gave us the spectral side of the
trace formula,

trR(f) =Y matrr(f).
red
Now, R(f) is Hilbert-Schmidt if and only if,

K(z,y) € L*(I\G x I'\G).

Of course if I'\G is compact then this is automatic since we know that K(z,y)
is continuous. However if I'\G is not compact then this need not be the case.

How do this lack of compactness manifest itself in the trace formula?

On the spectral side of the trace formula the fact that the operators R(f)
are Hilbert-Schmidt allowed us to prove that L?(I'\G) decomposed as a (Hilbert
space) direct sum of irreducible representations. This will no longer be the case
if the quotient is not compact. For example consider the case that G = R.
If we take I' = Z then the theory of Fourier series tells us that any function
f € L*(Z\R) can be written uniquely as,

f@) =3 fmpemine,
neZ
Hence as a representation of R we have,
L*(Z\R) = P Ce*™.
neZ

On the other hand if I' = {0} then the theory of the Fourier transform tells us
that each f € L?(R) can be written as,

flx) = %/Rf(y)ei” dy.
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Hence as a representation of R the space L?(R) is a direct integral of the
irreducible unitary characters x — e’¥® of R.

What goes wrong on the geometric side of the trace formula? Suppose now
we work with G = PGL(2)/Q. In this case the quotient PGL(2,Q)\ PGL(2, A)
is not compact although does have finite volume by Theorem 5.15. The geo-
metric side of the trace formula in the compact case would give us,

vol G “I~g) dg.
Wep%@) (G, (Q\G,(A)) /G o J07 119 s

Which of this terms no longer converge? If G were anisotropic over Q then every
element in G(Q) would lie in a Q-anisotropic torus. In PGL(2, Q) we have two
types of element which are not present in the anisotropic case. Namely, diagonal

elements,
a 0
0 b

which lie in a split torus, and unipotent elements,

i

In the first case if we take,
with a # b, then

Hence,
vol(G+(Q)\G+(A)) = vol(Q*\A™) = oo

On the other hand suppose we take a unipotent element,

(0 3)
=16 I}

Since the quotient Q\A is compact so vol(G.(Q)\G~(A)) < co. On the other
hand suppose we take f =[], f, € C(G(A )) then,

/ flg™"vg) dg—H/ Folgy " vgo) dge.
G, (A\G(A) (Qu\G(Qw)

For almost all finite p we have f, = 1pgr(2,z,)- The Iwasawa decomposition
gives us

with « # 0. Then,

PGL(2,Qp) = N(Qp)M(Q,) PGL(2,Zy)
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where,

v={ 1))
we{lo )

Using this decomposition we can write the Haar measure on PGL(2,Q,,) as

and

dg = || da d* B dk

where do denotes an additive Haar measure on Q,,, d* 5 a multiplicative Haar
measure on Q¢ and dk a Haar measure on the compact group PGL(2,Z;,). Now
we have,

-1 -1 5_1 0 6 0 1 %
G (Qp)\G(Qp) PGL(2,Z,) J Q)

If we take f, = lpaL(2,z,) then this integral is equal to,

1 B!t _
/QX 1pcL(2,z,) (0 g 1 x) 13|71 d* .

P

For almost all p we have z will lie in Z; and hence this integral becomes

1 1 1
/ B B=1+=-4+5+...= —.
g€z, p p 1-p

Thus we have,

1
“lyg) dg=C = 00.
/G oo [0 Ao = [ =0

p

Thus elements of PGL(2, Q) which lie in the Borel subgroup give us divergent
terms in the trace formula, in the case of semisimple elements we get infinite
volumes and in the case of unipotent elements we get infinite orbital integrals.

How to rectify this? We’ll work with G = PGL(2) over a number field F' and
consider the quotient G(F)\G(A) which has finite volume. We consider again
L*(G(F)\G(A)). We define the space of cuspidal functions L2, (G(F)\G(A))
to be those functions ¢ € L?(G(F)\G(A)) such that,

Jrar (o 1)) =0

for (almost) all g € G(A). We note that L2, (G(F)\G(A)) is a closed G(A)-

cusp
invariant subspace of L?(G(F)\G(A)). Thus we will have an orthogonal de-
composition,

L*(G(F)\G(A)) = L, (GIF)\G(A)) & L (G(F)\G(A)).

69



We will see that if f € C°°(G(A)) then the restriction of R(f) to L2, (G(F)\G(A))

cusp

is Hilbert-Schmidt and hence that,

R (GIENGA) = @D man
TrGCT(—AT)

with m, < oo (in fact m, € {0,1}). On the other hand the theory of Eisenstein
series gives an explicit decomposition for L, (G(F)\G(A)) in terms of contin-
uous integrals involving Eisenstein series. We shall see that for f € C°(G(A))
the kernel has a spectral expansion,

Kf(.%‘,y) = Kf,cusp(xay) + KﬁEis(-xvy)

which describes the action of R(f) on L2,.,(G(F)\G(A)) and L; (G(F)\G(A))
respectively.

One way is to write down a trace formula is to restrict the choice of test func-
tions f. One can consider functions f which avoid the problems on the geometric
side, by being supported on the regular elliptic elements, and on the spectral
side by killing the Eisenstein series. Suppose we take f =[], f, € C*(G(A))
such that f,, is the matrix coefficient of some supercuspdial representation of
G(F,,) and f,, is supported on the elliptic regular elements in G(F,,). In this
case the image of R(f) will lie in L2, (G(F)\G(A)) and hence will be of trace
class. One can then compute the trace of R(f) and one will obtain the following
trace formula,

tr R(f) = Z mytr(f).

7 cuspidal

and

tr R(f) = > vol(G (F)\G~(A)) flg~tvg) dg
YED(G(F)),ell. reg. G (AN\G(A)

This simple trace formula has many applications, for example to obtaining cases
of functoriality, however it’s clear that one will be losing information. For
example one will always kill representations which are everywhere unramified.
In particular this simple trace formula will be of no use in trying to establish
Weyl’s law, say for SL(2, Z)\'H.

Following Arthur we will consider a truncation of the kernel K?(m,y) de-
pending on a truncation parameter T >> 0 such that,

JT(f) = / K1(z,2) du
G(F)\G(A)

is absolutely integrable. Of course this integral no longer represents the trace
of anything. However, the truncation we define will not affect the cuspidal part
of the kernel and so,

JT(f) = tr Reusp(f) +/ K}jEiS(m,x) dx,
G(F)\G(A)
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where, Reusp(f) denotes the restriction of R(f) to L2, (G(F)\G(A)).
Similarly using the geometric expansion for Ky(z,y) we will obtain a geo-

metric expansion for

K (z,z)de="Y JI(f).
/G<F>\G<A> o) de=, Ji)

I3

Here the sum is over equivalence classes O of elements v € G(F') defined in the
following way. Given v1,v2 € G(F) we write 71 = 71,5714 and y2 = Y2,5Y2, i
their Jordan decompositions. We define an equivalence relation by v; ~ vy if
and only if v, s and 72 s are conjugate. The terms JT(f) will involve weighted
orbital integrals. By analogy with the spectral side of the trace formula some
terms will be untouched by the truncation. Suppose v € G(F) is a regular
elliptic element then the equivalence class of v is the same as its conjugacy class
and,
Iy (f) = vol(G,(F)\G,(A)) flg~"g) dg.
Gy (ANG(A)

On the geometric side the truncation will affect only those elements which are
conjugate to elements in the Borel subgroup.

Thus the trace formula we will develop will have an expansion of the form,

Je(f) + Jpar(F) = JT(f) = Jeusp(f) + TEis (F)-

Where J;;(f) looks like the geometric side of the trace formula for compact quo-
tient, and Jeysp(f) looks like the spectral side of the trace formula for compact
quotient. If one wishes this can be written as,

Jéusp(f):::Jé”(f)‘+’Jg;r(f)‘4'Jg¥s(f)a

which computes the trace of R(f) on L2, (G(F)\G(A)), although now the

cusp
right hand side contains both geometric and spectral terms.

7 Geometric side of the trace formula for GL(2)

The main references for this section are [GJ79] and [Gel96].

We fix the following notation throughout this section. We take F' to be a
number field with ring of adeles A. We set G = GL(2) which we view as an
algebraic group over F'. We define the following F-subgroups of G,

e D) 216 D) {6 ) {6 )

For each place v of F' we fix a maximal compact subgroup K, of GL(2, F,). For
v p-adic we take,
K, =GL(2,0F,)
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where OF, denotes the ring of integers in F,. For v real we set,
K, =0(2)
and for v complex we take,
We set,
K =]] K., c G(A).

v

The Iwasawa decomposition gives us,
G(A) =B(A)K.
The Bruhat decomposition gives us,

G =Bl BwB

w_<_01 é)

For z = (x,) € A* we define,

|lz| = H |Zolo-

v

where,

The local | |, are normalized in the usual way so that,
|| = H 2|y =1
v

for any z € F'*. We let,
Al ={ze A" |z|=1}.

7.1 Geometry of G(F)\G(A)
We define, Hy; : M(A) — R by,

a 0 o —1
HM<0 d)log|ad |

We extend Hjps to a map H : G(A) — R by using the Iwasawa decomposition
G(A) = N(A)M(A)K and defining,

H(nmk) = Hpy(m).

We note that

H(g) = ZHv(gv)

72



where H, denotes the corresponding height function on G(F,).
It’s perhaps worth illustrating what this map does for elements in G(R).
Suppose g € G(R) and we write

6906 Y-
9= o 2)\0o 1

with b € B(R) with det b > 0. Recalling that G(R) acts on H then ¢(i) = b+|ali
and H(g) = log|al is the logarithm of the height of g(i) above the z-axis. (More
correctly on H U H ™, the union of the upper and lower half planes, but after
modding out by complex conjugation we get an action of G(R) on H.)

We now introduce the notion of a Siegel domain which will play the role of
a fundamental domain for G(F)\G(A). We write elements g € G(A) in the
following way using the Iwasawa decomposition,

g = znhymgk

with z € Z(A), n € N(A), hy = (ht,»,) € M(A) such that,

10
haw = (0 1)

for each finite v, and

at each infinite place v,

_fa O
Ma=10 1
with a € Al and k € K.

Let C; be a compact subset of N(A) and let Cs be a compact subset of Al.
Given ¢ > 0 we define a Siegel set &, to be the set of all g € G(A) of the form

g = znhymgk
as above, with n € C1, a € Cy, and t > 5. Note that,
S. C{ge GL(2,A): H(g) > c}.
Theorem 7.1. (/Gel96, Lecture I, Facts 1 & 2]) For any ¢ > 0, S.N~S. #
for only finitely many v € GL(2, F) modulo Z(F). If 6. is sufficiently large (i.e.
if C1 and Cy are sufficiently large, and c is sufficiently small), then G(A) =
G(F)6&,.

This theorem is due to Godement. We’ll explain how one can see this theo-
rem in the case of GL(2)/Q. First we claim that,

G(A) = G(Q)G(R)Kiin.-
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Note that by the Iwasawa decomposition it suffices to verify this for v € B(Agy).
It suffices to show that

B(Afin) = B(Q)(B(Agin) N Kein).-
Which follows from the fact that,
P
which is equivalent to the assertion that Q has class number one, and

Apin =Q+ ][] 2,
p

Using G(A) = G(Q)G(R)Ksy we see that projection onto G(R) yields a home-
omorphism,

G(Q)\G(A)/Kgn — Kgn N G(Q)\G(R) = GL(2,Z)\ GL(2, R).

We will translate the assertions of the Theorem into questions about GL(2, R).
We now choose compact sets C; and Cs. We take,

C = {((1) T) 1xp € Ly, € [—ma]}

for some fixed o > 0, and we take,
Cy = H Zx.
P

Suppose we have g = znh;mk € G.. We will separate out these elements of
G(A) into their finite and infinite parts. We have,

et (G060 (6 -6 ) -6 D)oo

which equals

e () 6 ) e

By our choice of C7 and C5 we see that,

e

Hence after changing k; we can rewrite g as,

B 1 2o\ (€ 0
(b 1) 2
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with 200 € [~a,a] and t > §. We write 6. = G fin X G¢ 00, 50 Gcfin =
Z(Afin)Ksn. Suppose v € G(Q) is such that &, NS, # 0. Since Y&, fn N
Gein # 0 so v € G(Q) N Z(Agn)Kan = Z(Q)G(Z). If we now project S,
onto H = Z(R)\G(R)/K« then we see that the image of &, « is,

{r+iye H:z € [—a,a]l,y > e}

And hence there are only finitely many v € G(Z) such that 7S, . N G o # 0.
As is well known if a > 1 and ¢ < log(v/32) then G(R) = G(Z)&, . We claim
that then also G(A) = G(Q)&.. Suppose g = (9f,9s) € G(A). Then we know
we can write g; = vky with v € G(Q) and k; € Kg,. Hence,

9= (vks, 17 gs0).
Now 77 1goe = 62 With 2o € S, o and § € G(Z) = G(Q) N Kgy,. Hence,
9= (vks,70%00) = (v6,70)(0” " kp, 700) € G(Q)E.
Theorem 7.2. The space Z(A)G(F)\G(A) has finite volume.
Using the decomposition,
g = znhymgk

we can write the Haar measure of G(A) in the following way,

/ dg—// / / f(nhymk)e™2 dt d*a dn dk.
Z(A\G(A Al

Thus we see that for a suitable Siegel domain &,

vol(Z(A)G(F)\G(A)) < /Z(A)\GC dg = /K/C /C /COO e 2 dt d*a dn dk,

which is finite since K, C; and Cs are all compact.

7.2 Truncation operator

Let ¢ € C(G(F)\G(A)). We define its constant term along N to be the function
oy € C(M(F)N(A)\G(F)) defined by,

on(g) = / ©(ng) dg.
N(F)\N(A)

We take the measure on N(A) to be such that vol(N(F)\N(A)) = 1. By
definition ¢ is cuspidal if and only if oy = 0. Let 7 be the characteristic
function on R of the interval (0,00). Let 7' > 0. We obtain a function on

B(F)N(A)\G(A),
on(g)T(H(g) = T).
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In order to obtain a function on G(F)\G(A) we need to average over B(F)\G(F).
We define ATy on G(F)\G(A) by,

Ao(g)=9lg)— >, on(dg)T(H(dg) - T).
SEB(F)\G(F)
The sum on the right hand side is always finite. In fact more is true.

Lemma 7.3. Let &, be a Siegel domain for G and let T € R. Then the set of
v € G(F) such that H(vyg) > T for some g € &, is finite modulo B(F).

We’ll prove this lemma for F' = Q and functions f on SL(2,Z)\'H provided
T is sufficiently large. We use the homeomorphism,

Z(A)G(Q\G(A)/K —SL(2, Z)\H

to pull f back to a function ¢ on G(Q)\G(A) which is right K invariant. Since
G(A) = G(Q)B(R)K so ¢ is completely determined by its values on B(R) and
we have,

” <“5° bf) = Flboo + oo

for ass € Rsg, b € R. Furthermore,

1
©N (a8° bi") :/o (x4 ased) de.

Suppose now we look at,
T Qoo boo _ Qoo boo Qoo boo Ao
w5 )= (5 ) 2, e (5 ) (5
S€B(F)\G(F)

When § € B(F) the term in the sum above is 0 if |ax| < €T and if |as| > €T
then it is

/1 flx+ axt) dz.
0

On the other hand suppose we take b, + G to lie in the usual fundamental
domain,
F={z=zx+iyeH:xzec[-1/2,1/2],|z] > 1},

for the action of SL(2,Z) on H. Suppose § € G(F') \ B(F) is such that,

(s 7)) =

i.e. assume that
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Note that,
H(o(% ")) =S my )+ H (5% U
0 1 o p o0 0 1 '
P
Using the Iwasawa decomposition we can assume

0 1
(5—wn—(1 t)'

Then, (see [KL06, Lemma 7.19]),
H,(6) = —log max{1, \t|127},

(05 7)) e (o)

Thus we need,
a, + (b +1)?

|a00‘

and

[[maxfa, 12} < e
p

and hence,

e —€
aZ + (bo +8)2° T T VB

since by + Gt € F and hence ao > @ Thus if T is sufficiently large then we

see that we must have t € Z. But then we have,
Qoo boo o [£29%) bOO
w55 7)) - (05 7)),
which is the logarithm of the height of the point,

(5 (“30 bf)) (i) = 6(boo + itce)

above the z-axis. But now since by, + 7a, is constrained to lie in F' we see that

for T > 0,
Qoo boo T
HOO((S(O 1)>>e

only if § € B(Z) which gives a contradiction. Thus only § € B(Q) contribute
to the sum and we have, for by, + ias € F,

AT(P (ago b?) = f(boo + aoi),

2
Hmax{l, t]2} < — do e TcgleT< -T
P

if boo < €T, and
T (oo boo . ! .
Ay 0 1 = f(boo + a0ot) — | f(x+ anoi) dx
0
if boo > T
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7.3 Geometric side of the trace formula
We now take f € C°(Z(A)\G(A)) and let,

Ki(wy)= >, fla'w)

YEZ(F)\G(F)

denote the corresponding kernel function. We define Kf (z,y) = A3 Ky (z,y)
where Al" denotes that the truncation is taken in the second variable. Thus,

Kf(z,y)=Ks(z,y)— > Kpnla,dy)r(H(Sy) —T)
SEB(F)\G(F)
- Y setw- Y|/ ST e yndy) dn | T(H @) - T).
VEZ(F\G(F) seB(P\G(F) \" NENNR) yez(p)\G(P)

Our goal in this section is to prove that,

/ Kf(a:, x) dx
Z(A)G(F\G(A)

is absolutely convergent and to provide a geometric expansion for this integral.
If the quotient Z(A)G(F)\G(A) were compact then in order to write down
the geometric side of the trace formula we would write,

K¢(z,x) = Z Z fla™ox)

YEL(Z(F)\G(F)) 6€G~ (FI\G(F)

and then interchange integration over Z(A)G(F)\G(A) with the summation
over v € I'(Z(F)\G(F)) which is legitimate since,

x Z f(z™tox)

S€C, (F\G(F)

is a function on Z(A)G(F)\G(A).
In the same way we would like to write out a geometric expansion for
K7 (z,z). Note that,

T = x yz)— x tyndx) dn | T x)—1").
K@) = Y fato- 3 /N(F)\N(A) ST faYynez) dn | T(H(E)-T)

YEG(F) S€B(F)\G(F) VEZ(F)\G(F)

We note that we need to be more careful here because of the integral over
N(F)\N(A). The naive geometric expansion for K]?(a:,a:) could yield terms
which are not well defined on N(F)\N(A).

We define the following equivalence on elements of G(F). Let y1,v2 € G(F).
We write v1 = 71,5714 and 2 = 72,572, in their Jordan decompositions. We
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define y; ~ 9 if and only if v; s and ;s are conjugate. We let © denote the
set of equivalence classes with respect to this equivalence relation.

Let v € G(F). If ~ is regular elliptic (i.e. its eigenvalues don’t lie in F') then
v is automatically semisimple and the equivalence class of 7 is just the conjugacy
class of 7. If 7 is not regular elliptic then it is conjugate to an element of B(F').

We may assume,
_f(a b
T=\o )

If a # d then the equivalence class of y is the same as the conjugacy class of ~,
which is the same as the conjugacy class of,

(62

On the other hand if a = d then the equivalence class of 7 is equal to the union

of the conjugacy classes of,
a 0 a 1
0 a/’\0 a)

Ki(z,z) = Z Koz, x)

0eO

We write,

where,

Koz, x) = Zf(xil'yz).

Y€

We want to write,

K?(m, x) = Z Kfc (z,x).
LIS

The following lemma tells us that if T is sufficiently large then many of the
terms in

Z / Z fx= 6 yndx) dn | 7(H(0z) — T)
seB(FN\G(F) \"NUINNA) Sez(mp\a(r)

vanish.

Lemma 7.4. ([Gel96, Lecture II, Lemma 2.2]) Suppose Q@ C G(A) is compact
modulo Z(A). Then there exists dg > 0 with the following property: if v € G(F)
is such that,

g tyng € Q

for some n € N(A) and g € G(A) with H(g) > dq, then v € B(F).
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Before giving a proof we’ll motivate the lemma by considering the real case.
We take  C G(R) to be a compact set modulo Z(R). Clearly we are free to
replace Q by K QK. We may as well then assume that g € B(R). We write,

_f(a b

9=\0 d
50 Hoo(g) = log lad™!|. Recall that g acts on H by,
g(2) = bd™" + |ad ™!z

Suppose g~ 1yng € Q with v € G(Z), n € G(R). We project © onto a compact
subset of H which we again denote by 2. Then we have,

(g7 'yng)(i) € Q.

Or equivalently, (yng)(i) € g(Q). If Hy(g) = log |ad—?| is sufficiently large all
elements in ¢g(€2) will have imaginary part larger than 1. But also g(¢) has large
imaginary part, equal to |ad~!| which we can assume if larger than 1. We recall
N(R) acts by translation and hence doesn’t effect the imaginary part of g(2).
Then since v € G(Z) we know that the imaginary part of (yng)(i) will be less
than 1 unless v € B(Z).

Proof. We follow the proof from [Gel96, Lecture 11, Lemma 2.2]. Let V denote
the space of 2 x 2 trace zero matrices and consider the adjoint representation,

p:G— GL(V)

defined by,
p(9)X = gXg~".
We fix the basis,

(0 1 /10 (0 0
=10 0/ o —1)°27 -1 0

of V. Let,

Then we have,
for all a € M,
for all n € N, and

For £ € V(A) we define,

el =Tl
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where, for v finite,
llaoeo + arer + azez|l, = max{|aolv, |ailv, laz|v},

and for v infinite we define || ||, via the Hilbert space structure that makes
{ep, €1, e2} into an orthonormal basis.
Suppose, with the notation of the lemma, we have,

g tyng € Q.

We write ¢ = njak using the Iwasawa decomposition. So that H(g) = H(a)
and,
ailnflvnnla € KQK.

Since the map g — p(g)eo is continuous with respect to the norm || || and p is
trivial on Z(A) so there exists dy such that,

lp(a™"ny ynnya)eo|| < e*®.

Suppose now that v ¢ B(F'). Then by Bruhat’s decomposition we can write
g = bowny
with by = nimo € B(F') and ng € N(F'). For any b € B(A) and g € G(A),

Ip(gb)eoll = e ®|p(g)eqll,
and

Ip(gb)ez]l = e~ p(g)ezll,
We now compute,

1nf1b0wn0nn1a)eo||

lp(a™ g tymnia)eol| = [|p(a™
= [lp((a™ 'y tbow)nonmia)eo |
= e p(a™ ny bow)eo|
= 2D p(a™ nT 'nhaa" bm0)es ||

= 21 | p(a= ny e
We note that,

0 1
and hence that ||p(n’)ez|| > |le2|| =1 for all n’ € N(A). Hence,

1
P ( x) e = —ae + TE1 + €2

1 2H(a)

lp(a"ny ymmga)eol| > €2H(®).

Hence the lemma, follows if we take do > dp. O
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Applying this lemma to the support of f we see that if T is sufficiently large,
then

H = z lyz)— 0 tyndz) dn | T x
K@) = S fa - 3 /N(F)\N(A) ST f 6 ynda) dn | T(H(60)

YEZ(F)\G(F) SEB(FN\G(F) YEZ(F)\B(F)

Since we have B(F) = N(F)M(F) we can exchange the sum and integral to
give,

Kf(wo)= > fa'ya)- > /N i f(z= 10" "ynéa) dn | 7(H(6x)—T).

YEZ(F)O\G(F) SeB(FI\G(F) \yeZ(F)\M(F)

For each equivalence class 0 € O we define,

Kfo x,x) Zf (z ya)— Z Z /N(A) fx= 6 yndz) dn | 7(H(0z)—T)

€0 S€EB(F)\G(F) \v€Z(F)\M(F)No
so that for T sufficiently large with respect to the support of f,
Kf z,x) Z Kf o(x, 1)
o€
We want to prove the following,

Theorem 7.5. Let f € C°(Z(A)\G(A)). Then for T sufficiently large (with
respect to the support of f),

Z/ K] (2, 2)| do < oo.
A

oo T Z(A)G(I\G(A)

We begin with the elliptic conjugacy classes. By Lemma 7.4 if T is sufficiently
large,

Kfe”xx Z Kfax:c Z Kyo(z,z) = Ky enlz, x).

o€ o€
elliptic elliptic

Proposition 7.6. The function Ky .(x,x) is absolutely integrable over Z(A)G(F)\G(A).

Furthermore,

/ Krawo)yde= Y vol(Z(A)G(F)\G(A) flg™"29) do.
Z(A)G(F)\G(A) D (Z NG G, (AN\G(A)

elliptic
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Proof. Tt suffices to prove the first assertion. We note that Ky y(z,z) is a
smooth function on Z(A)G(F)\G(A) and we will show that it is compactly
supported on Z(A)G(F)\G(A). Recall,

Kpeu(z,z) = > fla™ ).
YET(Z(F)\G(F))
elliptic

By Lemma 7.4 there exists d such that,
Kf7ell(a:, a:) = 0

for all z € G(A) with H(z) > d. We take a Siegel domain &, for G such that
G(F)6,. = G(A). Recall, that in the notation above,

S, = {znhymyk : z € Z(A),n € C1,t > c,a € Cy,k € K}.
Hence on &., Ky cy(z,x) is supported on,
S, = {znhymak :z€ Z(A),n € C,c<t<d,a € Co,k € K}.

Thus K¢ ¢ (x, x) is compactly supported on Z(A)\&. and hence also on Z(A)G(F)\G(A).
O

We now consider the non-elliptic terms. Let o be a non-elliptic equivalence
class. Then, by definition,

K}?o(l‘,x) = Z fla™ ) Z Z / fx= 6 yndx) dn | 7(H(0z)-T).
v€o SEB(F\G(F) \veZ(F)\M(F)no’ N (A)

We define, Fy € C°(A) by,

Ff(a):/Kf<k1 (é i‘) k) dk.

Before continuing we recall some details from Tate’s Thesis; see [Bum97,
Section3.1]. Let f € C°(A). One defines a zeta integral,

249 = [ f@lat @

This defines an analytic function of s provided Jts > 1 and has a meromorphic
continuation to C. This is obtained by writing,

259= [ 3 feaa ato

aEFX

which we then break up as, the sum of

/||>1 Z f(aa)|al® d*a

EFX
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and

/||<1 Z f(aa)lal® d*a.

acFXx

The first integral defines an analytic function on C. For the second we obtain
the meromorphic continuation by using Poisson summation. We fix a non-trivial
additive character ¢ : F\A — C* and define,

Fo) = [ swyitan) d.
Then Poisson summation gives us, for an appropriate choice of measure,
Yo He)=> f@
aEF acF
or more generally, for a € A*,
Y~ flaa) + f(0) = la]™" Y Fla™'a) + |a| "5 0).
aeFx aEFX

Hence the second integral above is equal to,

‘/||<1 <|a|_1 Z f(a_la) + |a|_1f(0) _ f(o)) la|® d*a,

aeFX
which is equal to,
/ S Fla el + F(0)alt — £(0)]al* d"a.
|a|§1 aEFX

The first part of the integral defines an analytic function of C. The second and
third are equal to,

-~ vol(F*\A') vol(F*\ A1)
Fo) AR ) R,
Thus we see that, .
2(4,9) + §(0) )

is analytic at s = 1. We denote the value of this function at s =1 as,

f.p~5:1(Z(f7 8))

Proposition 7.7. Let o be the equivalence class of the identity. Then K}jo (z,x)
is absolutely integrable over Z(A)G(F)\G(A) and,

/ K}jo (z,z) dx
Z(A)G(F)\G(A)
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1$ equal to,

vol(Z(A)G(F\G(A)) () + f.p-s=1(Z(Ff, 5)) +Tv01(FX\A1)/AFf(y) dy.

We remark that Z(Fy,1) is equal to the orbital integral of f at a unipotent
element.

Proof. We have,

o:{((l) ?)}U{&—l(é 0‘)5 o F,6eB(F )\G(F)}.

Thus we have,

Kﬁa(x,x)zf((l) (1))+ 3 Zf( ~1g-1 ((1) ff) 535)

S§€EB(F)\G(F) acF
- Z (/ fz™to " nox) dn) T(H(6x) = T).
seB(F\GF) \7NV(A)

The first term gives the first contribution to our integral. For the second
part we can replace our integral over Z(A)G(F)\G(A) by an integral over

Z(A)B(F)\G(A) of

> f( (1 {f) m) _ </N(A)f(x_1mc) dn> H(H(z) - T).

acF

We again use the Iwasawa decomposition G(A) = N(A)M(A)K to write,

(Y

and we can decompose the Haar measure dg on G(A) as dg = |b|~'da d*b dk.
The measure da is chosen so that vol(F\A) = 1. Note that in this notation, we
have H(x) = log |b| and

1 « -1 1 b_lOé
e Y EE e

We see that the integral of

5 f< <1 ?> z) - </N(A)f(x1n:c) dn> 7(H(z) — T).

aEF

over Z(A)B(F)\G(A) is equal to,

/FX\AX (Z Ff(b_la)—/AFf(b_la) da 7(log |b| —T)) [b|=* d*b

aEF'>x
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which equals,

- - a) aa |bjT(lo — -1 gx
fo (ngf@ @)= [ Fyta) da pir(iog T)) oI~ b

after making a change of variables in the integral over A.
We can rewrite our integral as,

> Fr(b~a) — Fp(0)[blr(log [b| = T) | [b]~* d*b.
FX\AX

aEFX

which we break up as, the sum of,

—1 -1 jx
/|b<1 < > Fy(b a)) b|= d*b

acFXx

and

>

Fy(b™'a) = Fy(0)[b|7(log [b| - T)) (b= d*b.
acFXx

We apply Poisson summation,
> Frb7la) + Fp(0) = [l Y Fy(ba) + [b|Fr(0)
aeF'x aEFX

to the second integral to yield,

[.(z

Fy(ba) = Fy(0)[b| " + Fy(0)(1 — (log [b] - T))) d*b.
aeFXx

Summing up gives the integral as,
/ Y Frba)lpl+ D Fp(ba) = Fr(0)[b|~* + Fy(0)(1—7(log [b| = T)) d*b.
bI21 e px aEFX

This proves the absolute convergence of the integral and we see that it is equal
to,
£p.=1(Z(F,9)) + Tvol(F*\ANF (0).

O

We now look at the contributions from non-identity elements lying in a split
torus.

Proposition 7.8. Let o be the equivalence class of a non-identity element v €
M(F). Then K7 ,(x,x) is absolutely integrable over Z(A)G(F)\G(A) and,

/ K}jo (z,z) dx
Z(A)G(F)\G(A)
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1$ equal to,

2T vol(F*\A}) /
Gy (ANG(A) Gy (ANG(A)
if w € o and is equal to % of this is w € o.

Proof. We take the absolute convergence of the integral for granted, see [Gel96,
Lecture II, Section 4] for a proof along the same lines as the one above. We will
instead derive the formula given in the Proposition.

We now take a semisimple element of the form,

- )

o= {5—1 (‘8‘ (1)> 55 e M(F)\G(F)} .

with o # 1. Then,

We note that since we are working mod the center if « = —1 then as § runs
through M (F)\G(F') each element of o is counted twice. We will assume
throughout that o # —1, otherwise one should insert % in appropriate places.
We recall,

Kl (wz) = Y )f(:c—la—l(g‘ ?)&:)

SEM(F\G(F
- Z (/ f (m_1§_1 (g ?) n5x> dn) T(H(6x) = T)
seB(F\G(F) \"V(A)
-1
_ Z (/ f (mlél <a0 (1)) ném) dn) T(H(6z) = T).
SeB(F\G(F) \/N(A)

We rewrite the first sum as,

D f(xlélyl (g (1)) V5£>.

S€B(F)\G(F) vEN(F)

We make the change of variables,

}_}O[_l(),lOZO
" o 1" o 1)"

in the first integral to yield,

»/N(A) f (zlélnl (g (1)> ”595) dn> T(H(6z) —T)
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and we make a similar change in the second to yield,

2 (Lo (3 9 ) -

SEB(F)\G(F)

We again replace our integral over Z(A)G(F)\G(A) with one over Z(A)B(F)\G(A)

of
VG;(F) (x_lu_l (3 ?) m)
_ ( /N N, (x_ln_l (3‘ (1)) nx) dn> 7(H(z) - T)
~ (/N(A)f (x_ln_l (“; ‘D nx) dn> T(H(z) - T).
ﬁ?ﬁiﬁiﬁi 1‘51;171; by 7ﬁrst integrating over N (F)\N(A) and then over Z(A)N(A)M(F)\G(A).
/. (A)f<x1n1 (‘g ‘f) nx) dn
_ < /N ", (x_ln_l (3‘ (1)) mc) dn> 7(H(z) - T)
- (/N(A) f (;v_ln_l (0‘61 ?) nx) dn) T(H(z) - T).

The integral over Z(A)N(A)M(F)\G(A) of this function is the same as the
integral over Z(A)M (F)\G(A) of,

! (m_l (‘g ?) x) _f (x_l (‘g ?) x) +(H(z)=T)—f (x—l (“0 1 g’) x) 7(H(x)=T),
which equals the integral over Z(A)M(F)\G(A) of,

s <x1 <‘g ?) x> (1= 7(H(z) = T) — 7(H(wz) — T)).

We again use the Iwasawa decomposition G(A) = M(A)N(A)K to write our

elements in the form,
(b 0 1 a k
9=Vo 1)\o 1

so that H(g) = log|b| and we decompose the measure on G(A) as,

dg = d*b da dk.
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The integral becomes,

/K/N(A)f (k_ln_l (3‘ (D nk:) dn dk’/FX\AX(l—T(log|b—T)_T(H(um)_logbl_T))dxb.

We note that the integrand in the integral over F*\ A is zero unless H(wn) —
T < log|b| < T in which case it is one. Hence our integral is equal to,

% 4 1 ({a O
2T vol(F \A};)/K/N(A)f (k‘ tn~t (O 1) nk) dn dk
—vol(F*\AL) /K /N N f(k—ln—l (g 2) nk) H(wn) dn dk.

Finally we finish the proof of Theorem 7.5. We have,
K¥ 7 (z,z) Z K¥ folzT)
o€

Propositions 7.6, 7.7 and 7.8 tells us that each K ,(x, x) is absolutely integrable
over Z(A)G(F)\G(A). It remains to observe that for non elliptic o the functions
K JT (z,x) are identically zero except for finitely many o. For this we note that
if @ C G(A) is compact modulo Z(A) then,

1e—1 [C 0 1e—1 [C 0
0 <O 1)6z,z 6 <O 1)7159},

belong to () for only finitely many «.
Putting everything together we have,

Theorem 7.9. For T sufficiently large with respect to the support of f,

/ K?(x, x) dx
Z(A)G(F)\G(A)

18 absolutely integrable, and is equal to the sum of the following terms,

vol(Z(A)G(F)\G(A)) f(I)+ > vol(G (F)\G~(A)) flg™"vg) dg
’YEF(SZ”(,FZQ;,;(F)) G~ (ANG(A)
fp-=1(Z(Fy, s ))**VolF VORY / flg™ v9)H (wg) dg
YEM(F
T vol(F*\ Al “1vg) dg + T vol(F*\A! F d
(FX\ >7§m /M(A)\G(A)f(g 19) dg-+ Tvol(F\AY) [ Fy(o) dy
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8 Spectral side of the trace formula for GL(2)

We will now derive a spectral expansion for,

/ KfT(x, x) dx.
Z(A)G(F)\G(A)

8.1 The space of cusp forms

We recall that in the case of a compact quotient we used the fact that the
operators R(f) were Hilbert-Schmidt to deduce that,

LA(Z(A)G(F)\G(A)) = P mar

with the multiplicities m, being finite. We then had,

tr R(f) = Zmﬂ trw(f).

Recall we have defined, o .
L2, (G(F)\G(A))

cusp

to be the closed G(A)-invariant subspace of L?(G(F)\G(A)) of functions ¢ €
L?(G(F)\G(A)) such that,

/ p(ng) dn = 0.
N(F)\N(A)

Theorem 8.1. As a representation of G(A),

Lgusp(Z(A)G(F)\G(A)) = @ ez
ﬂGCT(!?)

with finite multiplicities m .

This will follow as in Theorem 3.16 if we can prove that the operators R(f)
when restricted to L2, (G) are Hilbert-Schmidt.

cusp

We again take f € C°(G(A)). Let ¢ € L*(G(F)\G(A)) then we have,

(R(f)e)(x) = /

[ fw)etey) dy= / Hy (2, 9)oly) dy
G(a)

N(F)\G(A)

where we define

He(w,y)= > flz ')
YEN(F)
We set,
Hywy) = Hyley) ~ [ fa™ny) dn.
N(A)
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(Again taking the measure on N(A) such that vol(N(F)\N(A)) = 1.) Then
for p € L2 . (G(F)\G(A)),

cusp

<Mﬁmm=/ HY (. 9)oly) dy.

N(FN\G(A)

For this it suffices to note that for ¢ € L2, (G(F)\G(A)),

/ 4,¢@/ fw%mmwz/ - ﬂfm/ p(n~y) dn dy = 0.
N(F)\G(A) N(A) N(AN\G(A) N(F)\N(A)

We now need to estimate the size of H(z,y). We again take a Siegel domain,
G = {znhtmak 2€Z(A)neCrac Cot> gk € K}

such that G(F)6& = G(A). Here C; and Cs are suitable compact subsets of
N(A) and A! respectively. We recall that,

_fa O
me={q 1)

For t € R we set x; = (2¢,) € A such that z;, = 1 if v is finite and x;, = e’ if
v is infinite. Then,
Tt 0
hy = Z1 ).
' <0 Tt 1)

We identify & with its image in N(F)\G(A) and we denote by L?(&) the
Hilbert space of functions f : Z(A)N(F)\& — C such that,

/ 7(0)P? dg < oo.
N(F)Z(A\G
We note that restricting a function

¢ € L*(G(F)\G(A))

to Z(A)N(F)\G allows us to identify, L?(G(F)\G(A) with a closed subspace
of L?(&). Furthermore since &N~y& # () for only finitely many v € Z(F)\G(F)
so the inclusion map,

L*(G(F)\G(A)) — L*(6)
and the orthogonal projection
L*(6) — L*(G(F)\G(A))

are bounded operators.

Let ©f denote a subset of G(A) which is compact modulo Z(A) and such
that f is supported on Q. Suppose z € & and y € G(A) are such that
N'(z,y) # 0. Then there exists n’ € N(A) such that,

z 'y € Q.
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We write x = znmgh:k so that we have,
y € (n) 1oy = z(n) TnmahikQy.

Enlarging € if needs be we can assume that,

y € (n) 2y = 2(n)) tnmah Q.

Using the Iwasawa decomposition we have Qy C CK with C C B(A) which is
compact modulo Z(A). Using this we see that there exists a Siegel set &’ such
that once we identify &’ with its image in Z(A)N(F)\G(A) so H'(z,y) # 0
implies that y lies in &’. Again after enlarging &’ if needs be we may assume
that G(F)& = G(A).

We wish to show that,

/ / |Hy(z, )| do dy < .
N(F)Z(A)\& JN(F)Z(A)\&’

Having fixed f € C°(G(A)) we let Q¢ be a compact subset of G(A) such
that the support of f is contained in Z(A)Q;.
For 2,y € G(A) and a € A we define,

st 1 (= (5 )2

Then @, , € C°(A). The Fourier transform of ¢, is defined by,
Brae) = [ sy (@iea) da.
F\A

Here 1) : F\A — C* is a character such that the measure da on A which gives
F\A volume one is self-dual with respect to 1. We have,

Hi(z,y) = @oyla) — 0ay(0).
a€cF

Hence after applying Poisson summation we have,

Hi(w,y) = Y @pyla).

acFXx
We write,
1 n
T=z (O f) mghik € &
and

y::z/<é éf)?nwhykle &'
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Then we have,

B0 = 7 (k70 (07T k).

Thus,

C/I;m,y(a) = / f (k—lhtlmgl ((1) b - n?l + ny) ma’ht/k,) w(ba) db.
A

We make a change of variables in b to give,

~

2(0) = vlatns =) [ 1 (k7 tmg (G ) mahe) wioa) a

which equals,

—-1_.—1
f <k1 <(1) a T% b> mg/alht’—tk/) ¥(ba) db.

We make another change of variables to yield,

8..(0) = v(a(n. —n,)) |

A

B, (@) = Y(a(ng —ny))|z) /Af (k_1 ((1) i) ma/alht/tkl> P(aazyc) de.

Forac€ A, tc R, k€ K and k' € K we define,

Fr gt (D) = f (kl ((1) l{) mahtk') € CZ(A).

Thus we have,

B,y () = Y(alng — ny))|a2e By a1ar, o (aazar).

We note that since f is compactly supported modulo Z(A) so there exist com-
pact subsets Q; C A and Q3 C R such that, if

Frirat(b) #0

for some b and any k, k' then a € Q; and b € Q.
We have,

|H}(I7y)| < ‘x2t| Z |Fk,k’,a*1a’,7t+t’(aath)‘7
acFXx

where ﬁk’k/,aﬁt(y) is a Schwartz function of y, depending continuously on k,
k', a and t and vanishing identically unless (k, k', a,t) lie in the compact set
K x K x 7 x Qy. Thus given N > 0 there exists a constant C'y such that,

|H)(2,y)| < Cye ™.
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We recall that using the Iwasawa decomposition, g = znmgh¢k we can write
the measure on G(A) as,

dg = |x_o¢| dt d*a dn dk.

Using this, together with the bound on |HY(z,y)| provided above we see that,
/ / |H (z,y)” dz dy < oo.
Z(A)N(F)\& J Z(A)N(F)\&
Hence H'(z,y) is the kernel of a Hilbert-Schmidt operator,
B: L*(&) — L*(&).
Thus we can realize R(f), on L2, (G(F)\G(A)) as the composition of the

cusp
maps,

Lwp(GFN\G(A)) = L*(6) — L*(6') = L, (G(F)\G(A)).

cusp cusp

Hence we see that R(f) is a Hilbert-Schmidt operator on L2, (G(F)\G(A)).

cusp

Corollary 8.2. Let f € C°(G(A)) then (at least if f = fixf2) if we decompose,
L (Z(A)G(P)\G(A)) = ) mar
weG(A)

we have
R, @rneay = D, metra(f).
~€G(A)

8.2 The orthogonal complement of the cusp forms
The main reference for this section is [GJ79, Sections 3, 4 & 5]. o -
We want to give an explicit construction of the space orthogonal to L2, (G(F)\G(A)).
Let f be a function on G(A) such that,
f(nvzg) = f(9)
for all n € N(A), vy € B(F), z € Z(A) and g € G(A). We form the series,
Flg)= >,  f(.

YEB(I\G(F)

Recall from Lemma 7.3 that if © is a Siegel set and T' € R then the set of
v € G(F) such that H(vg) > T for some g € & is finite modulo B(F'). Thus if
f is supported in,
{g9€G(A): H(g) > T}
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for some T € R then the series defining F(g) is finite. In particular if f is
compactly supported modulo N(A)Z(A)B(F) then the series defining F' is finite
and moreover F will be compactly supported modulo Z(A)G(F), this follows
from the fact that if H(g) is large then H(vyg) is small for all v € G(F) \ B(F).
Suppose ¢ € L?(G(F)\G(A)). Then,

(%F):/ ©(9)F(g) dg
GP\G(A)

f(vg) d
/ e, PO > O dg

YEB(IM\G(F)

> el f(rg) dg

YEB(F\G(F)

/ ©(9)f(g) dg

(A)B(F)\G(A)

/Z(A JG(FN\G(A)

N

/ / o(ng)F(ng) dn dg
Z(A)N(A)B(F)\G(A) JN(F)\N(A)

/ 79 / o(ng) dn dg
Z(A)N(A)B(F)\G(A) N(F)\N(A)

on(9)f(g) dg.

/Z(A)N(A)B(F)\G(A)

Thus we see that if ¢ is cuspidal then ¢ is orthogonal to F'. Conversely if ¢ is
orthogonal to all series F' coming from f which are compactly supported modulo
Z(A)N(A)B(F) then ¢ is cuspidal. Thus the series associated to compactly
supported f span a dense subspace of the complement of L2, (G(F)\G(A)).

Suppose now we have two series F; and F; associated to f; and fo. We now
compute,

(', F2) = Fin(9)F2(g) dg.

/Z(A)N(A)B(F)\G(A)

For a series F' we have,

Fn(g) = / F(ng) dn
N(F)\N(A)

- ¥ dn.
/N<F>\N<A> 2 (ma) dn

YEB(F)\G(F)
From the Bruhat decomposition we have,
G(F)= B(F)II B(F)wN(F).

Hence,

Flg) =1+ >, [f(wyg).

YEN(F)
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Thus,
fmmz/ fmmm+/ S f(wyng) dn.
N(F)\N(A) NENNA) L

As usual we normalize the measure on N(A) so that vol(N(F)\N(A)) = L.
Thus,

Fn(g) = f(g9)+ f'(9)

where,

Thus,

(mjw:/’ £1(9)To(g) dg+ F1(9)Talg) do.
Z(A)N(A)B(F)\G(A)

/Z(A)N(A)B(F)\G(A)

These manipulations are valid if f; and fo are compactly supported modulo
Z(A)N(A)M(F), although note that f{ need not be compactly supported.
We fix measures such that,

/G(A)f(g) dg:/K/AX /N<A>f(<f1> ‘f) (g ‘f) k) la| ™! do d*a dk.

We define,
F;:{ItGAX Zt€R>0}

where @y = (24,,) is such that, x;, = 1 if v is finite and x; , = t if v is infinite.
For s € C we consider functions ¢ : G(A) — C such that,

aau T u
v 0 PBav g 7’;

foralla,3 € F*, x € A, a € AX and u,v € Ff. By the Iwasawa decomposition
these functions are determined by their restriction to elements of the form,

a O
1= (5 1)

with @ € A! and k € K. We set H(s) equal to the space of such ¢ for which,

Jedron (G 3))

We have a representation 75 of G(A) on H(s) via right translation.
We note that we can identify each space H(s) with H(0). For ¢ € H(0) we
obtain an element ¢, of H(s) by defining,

es(g) = e Dp(g).

s+%
v(9)

2
da dk < 0.
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We think of H(s) as a fibre bundle over C. We note that this bundle is trivial
since every ¢ € H(0) defines a section of the bundle via,

(9:8) = s(g)-
We define a pairing on H(s) x H(—5) by,

(<P1MP2):/FX\A1/K<P1 ((8 (1)) k) @2((8 ?) k> da dk.

We note that, for all g € G(A),

(ms(g)p1, T—5(9)p2) = (1, p2)-

(See [Bum97, Lemma 2.6.1].)
We recall the Mellin transform. Suppose f € C.(R~g), one defines for s € C,

o) = [ s

This defines a holomorphic function of s and one can recover f from ¢ via,
1 ct100
f@ =g [ el ds
T Je—ico
for any ¢ € R. One also has the Plancherel formula,
ct+ioo

/000 f1(t) f2(t) fracdtt = 1 ©1(8)p2(—5) ds.

2mi c—100

More generally consider functions f on R which vanish for x sufficiently
large and are O(z") as u — 0. In this case the Mellin transform,

o) = [ st

is well defined for s > —u. The inversion formula

c+ioo
fla) = - / r(s) ds

210 Jolioo

will also hold provided ¢ > —u.
Let f be a function on G(A) such that,

f(znyg) = f(9)

for all n € N(A), v € B(F), z € Z(A) and g € G(A). We can assume further
that f is smooth and compactly supported modulo Z(A)N(A)B(F). We define
the Mellin transform of f by,

flg.s) = /F+ f ((8 ?) 9) [t~ dt,
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which gives a section of the bundle H(s). The Haar measure is chosen so that,

1 r+100 .

flg) = / Flg.s) ds.

2mi T —100

We again take compactly supported functions f; and fy on Z(A)N(A)M(F)\G(A)
which give rise to the series F; and F5. From above we have,

(mwwz/’ ﬁ@bwww/‘ F1(9)Falg) da.
Z(A)N(A)B(F)\G(A) Z(A)N(A)B(F)\G(A)

Since f; and fy are compactly supported so their Mellin transforms fl(s) and
f2(s) are defined for all s € C. We have,

filg) = /N " fi(wng) dn.

Now f{ is left invariant under Z(A)N(A)M (F') however it need not be com-
pactly supported modulo this group. In particular the Mellin transform f{(s)
is only defined if s < 0.

For the first part of the expression for (F3, F») we have,

falg) dg = at 0)k><<at0)k> 1 0%t da dk
/Z(A)N(A)B(F)\G(A) fi{9)f2(a) dg /K/FX\Al /F; h <(0 1 f2 0 1 2] t da
1 e ¢ a 0 7 a O _
- 2mi T—i00 /K /FX\Al h ((0 1) k78) fa <<0 1) k, _S) da dk ds

1 r+100 . .
= omi 4 (f1(s), f2(=5)) ds.
r—100
This expression is valid for any z € R. In the same way the second part of the
expression for (Fp, Fy) is equal to,

1 T+100 N

o - (Fi(=s), f2(3)) ds.

2mi T —100

Here we need to integrate over a line where f/(—s) is defined by a convergent
integral, i.e. we must have x > %
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Furthermore we compute, for s > %,

o= [ (5 3)o)urta
(o G
:/F+|t|s+%dxt/A (( ) <
()
LU (G D)6 3)a)er dxg i
LI )

We define an operator M(s) : H(s) — H(—s) (at least on the smooth vectors)
by,

g

(M(s)¢)(g) = / H(wng) dn.

N(A)

This integral converges when Rs > % and in this range we have,

Fl(=s) = M(s)](s).

Proposition 8.3. ([GJ79, (3.19)]) Let F1 and Fy be the series associated to fy

and fo which are assumed to be compactly supported modulo Z(A)N(A)B(F).
Then,

1

Fy, F:
(F1, ) = 2mmi

[ fat-9) s+ o [(s)fi). ) s

The integrals are taken over any vertical lines with Rs > %

We wish to move these integrals to the imaginary axis. To begin with we
analytically continue M (s) to the whole complex plane.

Theorem 8.4. (/GJ79, Theorem 4.19]) The operator M(s) has a meromorphic
continuation to C and satisfies the functional equation,

M(—s)M(s) = Id.

Its only pole in the half-plane Rs > 0 is at s = % and the residue there is such
that,

(Res,—y M(5)/1(1/2), f2(1/2)) = ¢ Y (f1(1/2),x 0 det)(fo(1/2), x o det)

x:x?=1

for some constant c.
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We refer to the reference for the proof and just make some vague comments
here. Recall that the group F*\A! is compact and so the space H(s) decom-
poses as a Hilbert space direct sum,

H(s) = D H(s)x

taken over the characters x : F*\A! — C* and where H(s), consists of func-
tions ¢ : G(A) — C such that,

o((6 a)) =l (@)oo

Here we view y as a character of A* by using the decomposition AX = Al x FF
and making y trivial on 5. The operator M (s) then maps H(s)y to H(—s),-1.
We now note that everything factors. The space H(s), is spanned by functions

of the form,
¥ = H Po

with ¢, € Hy(s)y, (defined in the obvious fashion as functions on G(F,)) and
such that ¢, is invariant under K, and ¢,(I) =1 for almost all v. In the same
way the intertwining operator M (s) factors as a product of local intertwining
operators defined by,

o) = [ etmmayan= [ o (O 5) (5 7)9) @

for ¢, € Hy(s)y,. We take a section,

Ps = H‘Ps,v € H(S)X

Consider a partition of unity of the form,

p1(z) +p2(27h) =1

with 1, p2 smooth and compactly supported. So we have,

oo = [ o (4 0) (6 1)) @i [ e (% 6) (o

The first integral converges for ¢, , € H(s)y, for any s. For the second we note

T - - D Y

Hence,

Psw ((01 é) ((1) f) g) = Qs ((_36_1 1:1:) (Ill ?) g) = |z, X () s ((I
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Thus the second integral is equal to,

Lo (2 9) o) eae el o) 2 do

which equals, after the change of variables z — 7!,

/v Pow <<916 (1)> 9) ©2()]22°  x (2)? da.

This is equal to a zeta integral of the type considered by Tate and is equal to
a holomorphic multiple of L(2s,x2). Thus we see that the local intertwining
operators M (s), have meromorphic continuation to C with a pole at s = 0 if
X2 = 1. Furthermore if v is a non-archimedean place such that y, is unramified,
dx is unramified and ¢, , = @271} is the spherical vector in H,(s),, such that
@sw(I) =1 then,
L(2s, XQ) 0
L(2s+1,x?) Psw

where ¢'° 5.0 is the spherical vector in H,(s) -1 such that 0 so(I) = 1. One
defines normalized intertwining operators R >(( . by,

My(s)y, = L(25 x,) R(s)u.

C T L(2s + 1,x2)e(25, X2, ¥0)

Then R,(s)y, are holomorphic on C and at an unramified place,

M, (S)Xv 902,1; =

Rv (S)Xv (10(5),1/ = 9085,'0'

Globally we take R(s), = [[, Ru(s)y, then R(s) : H(s), — H(—s),-1 is well
defined and holomorphic for all s. Since,

L(2s,x?)

M = Tas 41,2251

R(s)

we see that M (s) is holomorphic if x? # 1 and if x? = 1 then it has a pole at
s = 3. Furthermore one obtains the functional equation for M(s), from the
functional equation,

L(l - S7X2)5(87X2) - L(Sa X2)

and the local functional equations Ry (s)y, Rv(—$),-1 = 1.

Finally it remains to analyze the poles of the intertwining operators M(s),.
It’s clear that if Rs > 0 then the only pole of M(s), will occur when s = % and
x? = 1. In this case we see that,

Res,_

1
-2

M(s)y = cR(1/2);.

Now we need to examine,

R(1/2), = @R (1/2),,
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Recall,
R, (1/2)Xv cH,(1/2)y, — Hv<—1/2>X;1.

Now the representations H,(1/2)y, and H,(—1/2), -1 are reducible. The space
H,(1/2),, contains an irreducible subspace of codimension one,

{chHv(l/2)Xv :/Fvgo<w ((1) f)) dsz}.

Thus R,(1/2)y, is trivial on this subspace. Similarly the space H,(—1/2) -1
contains an irreducible 1-dimensional subspace generated by the function y, ! o
det.

Thus given f; and fo with compact support giving rise to the series F; and

F5 we have,

(Fue) = o [ () atin) + (i) G Fo(=i9))) drte 3 (Fo1/2),xodet)(Fa(1/2), o det).

Given f we define, the section ay of H(s) over iR by,

asliy) = 5 (Fliy) + M(=ig)f(~iy)) .

Then,
M(—iy)as(—iy) = ay(iy).

Hence,

= [ (). atin) + (1)) fa=i0))) dy = [ (g (). anliv)) d

2 — 00 T J_co

Furthermore we note that,

(f1(1/2),xodet)/FX\Al/Kf1 ((g ?) ké) y(adetk) d*a dk

/ // f1<<%t ?)k)x(adetk)dxtdxadk
FX\A' JK JF%

f1(g)x(det g) dg

/Z(A)N(A)M(F)\G(A)

> flvg) | x(detg) dg

/Z<A>G<F>\G<A> YEB(F)\G(F)

- / Fi(g)x(detg) dg
Z(A)G(F)\G(A)

= (Fy, x o det).
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Hence we have,
I .
(FF) =+ [ (ap i) an i) dy +e 3 (Fioxodet)(xo det, ).
. =

Note that for g € G(A), R(g)F is the series obtained from R(g)f given by
translating f on the right by g and we have,

ar(g) £ (iy) = miy(g)ay(iy).

We define L to be the Hilbert space of square integrable sections a : iR — H
such that M (—iy)a(—iy) = a(iy). We define the inner product,

(@a) = = [ (@) aaliv) dy

on £. We obtain a unitary representation m of G(A) on £ by defining,
(m(g)a)(iy) = miy(g)(aliy))-

Theorem 8.5. The map, R
F — (ay, f(1/2))

yields an isomorphism,

L (GIPN\GA) " Lo P x

as representations of G(A).
Thus we have a further decomposition,
L*(G(F)\G(A)) = Lo, (G(P)\G(A)) D Lis (G(F)\G(A)) B Lt (G(F)\G(A))

where

and
Lot (G(F)\G(A)) = L.

We now want to write down the kernel of R(f) restricted to

We see that
c Z (Fy, x odet)(x o det Fy)

x*=1
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is the scalar product of the orthogonal projections of F; and F onto L2 (G(F)\G(A)).

Therefore,
1

~ vl@ENC(A)
Furthermore the kernel for R(f) restricted to L2 (G(F)\G(A)) is given by,

res

1
vol(G(F)\G(A))

Kires(z,y) = Z x(det x)x(det y) /G(A) f(g)x(det g) dg.

x?=1

We now wish to write down the kernel for R(f) restricted to L2,
using the isomorphism of this space with £. We denote by,

(G(F\G(A))

S:L*(G(F)\G(A)) — L

cusp

Then 5*S is equal to the projection of L?(G(F)\G(A)) onto L2, (G(F)
For f € C°(G(A)) we have,

given by extending the map defined above to be zero on L2, (G(F)\G(A)).
G(F)\G :

S*SR(f)S*S = S*n(f)S.

If K¢ cont(z,y) denotes the kernel of R(f) restricted to L2,
then,

(G(M\G(A))

(S*SR()S*SFy, Fy) = /
G(F)\G(A)

/, _ Kycont(w,9)F1(2)Fa(y) do dy.
G(F)\G(A)
We want to find an expression for K cont(z, y).
For series F1 and F5 coming from f; and fo we wish to compute,
(S*SR(f)S*SFl, F2) = (S*ﬂ'(f)SFl, Fg) = (Tl'(f)SF1, SFQ)

By definition of the inner product on L,

— 00

We take an orthonormal basis {¢,} for H(0) which we extend to a constant
section of our fiber bundle by defining,

Pals,g) = e Do, (g).

We note that for y € R, {¢n(iy)} is an orthonormal basis of H(iy). Then we
have,

(r()SFLSE) = [ 5w DSF): i) (palin), SFaliv) dy

- i/_z > (SFi(iy), 75, () ea(iv))(paliy), SFa(iy)) dy
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Thus we need an expression for
(h, SF (iy))

with h € H(iy).
We now need to introduce Eisenstein series. Let ¢ be a holomorphic section
of the bundle H(s). Then we define an Eisenstein series,

E(p(s),9)= >, @99

YEBIM\G(F)

This series converges for Rs > 1 (see [Bum97, Proposition 3.7.2]) and defines a
holomorphic function there.
Suppose we take f as usual to be a function on

Z(A)N(A)M(F)\G(A)

of compact support. We let f(g,s) be the section of H(s) defined as usual.

Then we have,
1 x+100 R
o) =5 [ Faas

2mi T —100

Hence,

Flg)= Y, f(wg)

YEB(FN\G(F

1 xr+100 A
=— Z / f(vg,s) ds

2mi YEB(F)\G(F) ico
1 xr+100 R
= omi ‘ Z f(vg,s) ds
T yeB(F)\G(F)
1 x+4100 .
= — E(f(s),g) ds
2mi T—100
provided x > %
As before we want to analytically continue this integral to one over the imag-
inary axis. In order to do this we need to analytically continue the Eisenstein
series.

Theorem 8.6. Let ©(s) be a holomorphic section of H(s). Then the Eisenstein
series E(p(s),g) has a meromorphic continuation with the only poles in Rs > 0
appearing at s = % and satisfies the functional equation,

E(p(s),9) = E(M(s)¢(s), 9)-

For the case when ¢(s) is a flat section see [Bum97, Theorem 3.7.1]. We say
a few words here relating the analytic continuation of the Eisenstein series to
the analytic continuation of the intertwining operator M(s).
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We will use the truncation operator to obtain the analytic continuation of
E(¢(s),9). We write

E(p(s),9) = ATE(e(s),9) + Y. En(g(s),79)7(H(vg) = T).
YEB(F)\G(F)

We can compute the constant term En(¢(s), g) as before by the formula,

En(¢(s),9) = ¢(g,s) + /N(A) p(wng,s) dn = ¢(s)(g) + (M(s)p(s))(9)-

Thus we see that,

Y. En(p(s),79)7(H(v9) ~T)
2VEBF\G(F)

has meromorphic continuation to C with singularities at most those of M(s).
On the other hand,

ATE(p(s), 9)
is square integrable and one can analytically continue it as a square integrable

function to all of C (see [GJ79, Section 5]). For the functional equation we note
that,

EN(M(S)QO(S)MQ) = EN(@(‘S)v g)
which follows from the functional equation M (s)M (—s) = Id. Hence,

E(p(s),9) = E(M(s)¢(s),9)

has zero constant term, i.e. it is a cuspidal function. On the other hand it we
know that it is orthogonal to all cuspidal functions. Hence we deduce that,

E(p(s),9) — E(M(s)p(s),g) = 0.

See [GJ79, Section 5.C] for more details.
We return to the formula,

x4100 .
F(g)zi/ E(f(s),9) ds.

2m% )y ioo

We have,

ves,_y B(f(s), g) = res,_; M(s)/(1/2).

Proposition 8.7. Let h € H(0) and F a series associated to a compactly
supported function f as usual. Then,

(hliy). SFGy) =5 [ Elh(in).9)FTg) do

G(FN\G(A)
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Proof. Suppose we take f; and fo compactly supported giving rise to the series
Fy and Fy. Then,

1 r+100 .
(Fi.F) = /a oo, (i [ P00 ) TG do

r+100
f1(s), 9)Fa(g) dg ds
27” T—1i00 /(F)\G(A)

provided x > % We now shift the integral to the imaginary axis to obtain,

1 [ N
(ur) =5 [ [ B0 Fale) dete 3 (Fioxedet)(xedet, F).
T J—0o JG(F)\G(A)

x?=1

Now we use that,

and the definition,

af, (iy) =
To deduce that,
1 o
(Fy, F3) = —/ /7 _ E(ay, (iy), 9)F»(g) dg dy+c Z (Fy, xodet)(yodet, Fb).
27 G(F)\G(A) el

On the other hand we have,

1 oo
(£, F2) = ;/ (ag, (i), ap, (iy)) dy + ¢ Y (F1, x o det)(x o det, Fy).
_ =

Since the space of ay, is dense in £ we conclude that,

[t sray ay=5 [~ [ patin) o) do

for any a € £. Taking a(iy) = c(y)h(iy) with c¢(y) a constant function in L?(R)
gives

/ " (y) (i), SF(iy)) / / o B, 9] dy dy

from which we can conclude, by varying c(y), that

o) SEG) =3 [ B, 9 F) do.
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We now make the further assumption that f € C°(Z(A)\G(A)) is right and
left K-finite and we pick our orthonormal basis {¢,} of H(0) to be K-finite.
Applying this Proposition we see that,

1 [ _ . _ .
((HsFsE) = - [ (Z Lo R@Em(Dealinsg) dg [ FalbElpali)h) dh) dy
T J—oo \ JGUM\G(A) G(F)\G(A)
Interchanging summation and integration yields,
_ 1 > . = . .
a(nsrsE) = [ [ (R dgdn <Z4 / E<%<zy>,h>E<my<f>goa<zy>,g>dy>.
G(F\G(A) JG(F)\G(A) o M J-co

Thus the kernel for the restriction of R(f) to L?

cont

GPN\G(A)) i,
Kpeomliog) = =3 [ Blealin) B, (Dpaliv) o)y
Note that we have,
Ty (H)ea = > _ (15, (Feali), 0a(iy))ps(iy)

B

and so we can rewrite

Kpeon(.9) = 1= 3 [ (000l 2a(i0) Bealin): WECos(iv) ) dg
a,B YT

8.3 Spectral side of the trace formula

In the previous section we have written down the kernel Ky cont(z,y) for the
map, o o B o
PcontR(f)Pcont : LZ(G(F)\G(A)) - L2(G<F)\G(A))

where Py denotes the orthogonal projection,
Poont : LH(G(F)\G(A)) — Lo (G(F)\G(A)).

We can also write down the kernels for PeyspR(f)Peusp and PYCER( ) Pres
where P.usp and Pres denote the orthogonal projections of L?(G(F)\G(A)) on
to the cuspidal and residual spaces respectively. We recall the following lemma,

Lemma 8.8. Let A : L?>(X) — L%*(X) be a Hilbert-Schmidt operator and let
{pi} be an orthonormal basis of L?(X), then the function,

Ka(z,y) =Y (Api)(@)pily) € L*(X x X)

K2

and is a kernel for A,
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Thus we have,

1 -
Kfres(z,y) = ol GFNCA)) X;Fxé;ﬁcx x(det x)x(dety)/ f(g)x(det g) dg.

x*=1

G(A)

We note that for a fixed function f the sum over y is finite, since such a function
f will be invariant under translation by a compact open subgroup of G(Agy,).
If we decompose,

Lip(GENG(A) = D mam.
n€G(A)

We set -
Acusp(G) = {7? cG(A) :my > o}

and for each m € Acysp(G) let B(m) denote an orthonormal basis of the 7-isotypic
subspace of L2 (G(F)\G(A)). Then since R(f) is a Hilbert-Schmidt operator

cusp

when restricted to L2, (G(F)\G(A)) so,

cusp

Krewp(my) = D> > (R (@)e).
7€ Acusp (G) EB()
We now have obtained the spectral decomposition of the kernel,
K¢(z,y) = Kfcusp(T,y) + Kpres(2,y) + Kf cont (2, 9).
We recall that we defined,

K (z,y) = A3 Kf(z,y)

=Kf(z,y)— Y. Kpn(z,6y)r(H(Gy) - T)
SEB(F)\G(F)
where,
Kf,N(xay) :/ Kf(xany) dn.
N(F)\N(A)

Thus we have,

K?(J?, y) = K;:cusp(xa Z/) + K}:res(x’ y) + K}:cont(x? y)

One now wants to prove that each term is absolutely integrable over the diagonal
and provide an expression for each integral. We will largely ignore the problem
of absolute convergence for which we refer to [Gel96, Lecture III] instead we’ll
focus on computing the integrals.

Before doing so we recall that we know from our geometric calculations that,

[ B K?(x,x) dx

GIM\G(A)
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is a polynomial in T. In particular we need only compute each term in the
spectral expansion up to terms which vanish as T' — oo.
To begin with we see that,

K]%:Cusp (l‘, y) = Kf,CuSP (.I‘, y)
We denote by Reusp(f) the restriction of R(f) to
Liusp(GE)\G(A)).

cusp

Then we have, from the results of Section 8.1,

Proposition 8.9. Let f € C°(G(A)) then

[  Kycusp(z,z) do
G(F)\G(A)

1s absolutely integrable and is equal to,

tr Reusp(f)-

We now deal with the residual terms. We recall,

1 -
Kfres(2,y) = —=—= x(det z)x(dety / f(g)x(det g) dg
) = Gy A M) [ fo
x:F*\A*—-C
x*=1
and hence K| . (x,y) is equal to,
1 -
L > xdeton@ery) [ fodetg)dg (1- Y r(HE) - 1)
vol(G(F)\G(A)) YFX\AX CX G(A) s€B(F)\G(F)
x*=1
Proposition 8.10. As T — oo,
L B K?res(x,x) dr — | Kjfres(w,2) do = tr Rues(f).
G(FO\G(A) G(FO\G(A)
Proof. We note that
1
Kl 0) = —— > [ fondetgydg (1- 3 r(HEn) - 1)
fires\*» __
vol(G(F)\G(A)) X \AX C* G(A) SEB(F)\G(F)
x°=1

Thus we need to show that,

L B Z T(H(6x) = T) de — 0
G(FN\G(A)

deB(F)\G(F)
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as T — oco. We note that this integral is equal to,

/ T(H(z) = T) dx.
Z(F)B(F)\G(A)

We again use the Iwasawa decomposition to write,

at 0
T=n (0 1) k
with n € N(A), a € A, t € Ff and k € K. Then the integral is equal to,

vol(F*\ A" vol(K) /+ 7(log [t| — T)|t| " d*t.

oo

This integral is equal to,
o dt _
C — =Ce

or 12

which tends to zero as T — oo. O

Finally we deal with the continuous spectrum. We recall,
1 o . . . —
Kpaons(hi9) = 3= 3 | (ma (i) 9alin) E(ain), ) EGpali) o) do.
a,B Y T
Hence,

Kl on9) = 35 [ (ma (10000 00 (09) ). WET o3 ) .
a,3 YV T

Taking absolute convergence for granted we have,

1 * . . e
Lo Ka)do= 5 [ meatimeati) | [ Elealin) ) ET(oali).g) dy )
GP\G(A) Am = J oo G(P\G(A)
Lemma 8.11. We have, for y # 0,
/7 _ E(pa(iy), 9) BT (ps(iy), 9) dg
G(P\G(A)
equal to

. . , i . —2i 1
2o 90)T=(M(=iy)M'(iy)¢a, 05)+((Pas M(iy)on)e™™" = (M(iy)pa, pa)e ") oo
Proof. Recall that ¢, € H(0) and we define ¢, (s) € H(s) by,

Pa(s,9) =T D, (g).
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By definition,

E(pals),9)= > @als,79)-

YEB(F)\G(F)
By definition,
E"(pa(s),9) = E(0a(s),9) = Y. En(¢als),69)7(H(dg) = T)
SEB(F)\G(F)
and
En(pa(s),9) = vals)(g) + (M(s)ea(s))(9)-
Hence,
E"(¢a(s),9) = Y. @als,99)— D (pals,09) + (M(s)pa(s))(59)) T(H(5g) — T)
YEB(F)\G(F) SEB(F)\G(F)
= Y Gals—THAg) -+ Y. (M(s)pal(s))(vg)T(H(vg) — T).
YEB(F)\G(F) YEB(F)\G(F)

Thus, since ET (pa(s),g) is a P-series so we have (E(pa(s1)), ET (p5(52))
equal to,

/ En(pa(s1),9)(¢p(52,9)(1 = 7(H(9) = T)) = (M(52)¢5(52))(9)7(H (9) = T)) dg
Z(A)N(A)M(F)\G(A)

which equals

/ (Pa(s1,9)+(M(s1)0a(s1))(9))(ps(52, 9)(1 = T(H(g) = T)) = (M(52)05(52))(9)7(H (g) — 1
Z(A)N(A)M(F)\G(A)

We use the Iwasawa decomposition to write g € Z(A)N(A)M(F)\G(A) as

at 0
o= (i 9)
with a € F*\A', t € F{ and k € K so that we can decompose the measure as,
dg = |t|7'd*a d*t dk.

Recall that for g written in this form we have,

Pals,9) = 1" 2 pa ((g ?) k)

H(g) = log |t].
We also recall the pairing on H(0) x H(0) defined by,

and

(hlahz)—/Fx\Al/Khl <(8 (1)) k> ha (<g (1)> k) d*a dk.
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Thus we see that (E(pa(s1)), BT (¢s(52)) is equal to the integral of

(Pa @)t 452 (L=r(log |t|=T)) —(M (s1)pa(s1), M (52)p5(52))[t| 1 F*2)r(log |t -T)
plus

—(pa M(52)pp)[t]* 7 (log [t| = T) + (M (s1)¢as @) [t~ *2 (L= 7(log [t - T))

with respect to d*t which equals,

1

((Par @)l H07 — (M(51)pa(s1), M(52)p5(52))e 1 +27)
S1 + So
plus

1

51*52'

(9o M(52)ip)e 52T = (M(s51) 0, pa)e™ =7
From the functional equation for M(s) and the fact that,

(M(s)p1,92) = (p1, M(5)p2)

one sees that this expression is meromorphic in s with singularities at most
those of M (s). Furthermore we can rewrite this as,

1

((soa, 03)e T — (M(52) M (s1)@as soﬁ)ef(Sl*Sz)T) —
S1+ So
plus

1

§1 — 82

(6o M(52)p3)e™ =T — (M(s1)0a, pa)e™ (7T

Specializing to the case that s; = —sy = s # 0 we see that the second term

is equal to,
1

((Pas M(=5)pp)e™T = (M(s)pas pp)e ) 5.

while applying L’Hopital’s rule the first term is equal to,

2(¢a 08)T — (M(=8)M'(s)a, )

From this lemma we see that,

/7 _ K}:cont(g7g) dg
GI\G(A)

is equal to the sum of

L3 [ e ea)(pas s) do
a,B YT
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_% Z/Oo ('/Tiy(f)ﬁpﬁ, (pa)(M(—’iy)M/(iy)goa, Soﬁ) dy
a3’ T
and

— dy.

ﬁ ;/_Z(wiy(f)wm%) ((Pas M (iy) )™ — (M (iy)pa, pp)e” >¥T) 2y

After interchanging summation and integration we see that the first term is
equal to,

;T/mz[;(my(f)%a%)(%,m) dy = ;/m;(my(f)%,%) dy

T o0
= tl"my(f) dy.

=5 -

Lemma 8.12. We have,
tr iy (f) :Vol(FX\Al)/ / /
K JN(A) JFE

Proof. Let ¢ € H(iy). Thus ¢ : G(A) — C such that,

e (6 1)a) =tatreto

fora € F*Ff, r € A and g € G(A). We recall that by the Iwasawa decompo-
sition we can identify the space H (iy) with square integrable functions,

(69

with @ € F*\A! and k € K. In order to compute the trace of m;,(f) we will
realize this operator, via this identification of H (iy), as an integral operator and
then compute the trace by integrating the kernel over the diagonal.

By definition,

S <k1 (tg (1)) nk> t|2 % d*¢t dn dk.

aEFXx

G(A)

() Y

with z € A, a € A, t € F{ and k € K and we decompose the measure as,

<wmww:/ f@wm@:[,ﬂw@wm@

G(A)

As usual we write,

dg = |t|7" dx d*a d*t dk.
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Then we have,

ERN S NRIGC
S NRIC

(Wiy (N

—_

D90
SIGRIDR(E

—_

) (“t O) k) 17! de da d¥t dk

) >|t| Y dy d%a d*t dk

s (L B0 66 )i 99 o

acFx

Thus, 7, (f) is an integral operator on F*\A! x K with kernel,

o= [ [ 5 D e

acFx

Hence we have,

a6 96 99

tr iy

S USAR Y IO [ e
<

S R Cl (R [ ¢
Lo L S e

F aEFX

1,141 .
)(1 cet x)k) o5 @t de d%a dk

1) ) [t d*t do d*a dk

— vol( FX\Al/// 3 f(k‘ (O‘t O) (0 1) >|t iy g%y dg dk.

acFx

Thus we have,
T [~ vol(FX \A1
o = T >y B i
aEFX
We apply the Mellin inversion formula to give,
T o)
o | tI‘TFW(f) dy = T vol(F*\A")

N(A) aeFX

O

(to‘ (1)) nk) 0|3 3%t dy dn dk.

> (e (5 §) ) anar

For the second term after interchanging summation and integration we have,

= > (0o ) (M )
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and we note that,
Z(ﬂy(f)‘ﬂﬁv @a)(M(—iy)M’(iZ/)@m SDB) = Z(ﬂ'iy(f)(pﬁ, 9004)(90@, (M(_iy)M/(iy))*Qﬂﬁ)
a3 o,
= (miy(Nes, (M(=ig)M'(iy))"pp)
B

— Z(M(—iy)M’(iy)ﬂw(f)@ﬂy ©8)
3

— (M (—iy) M (ig)msy ().

Hence the second term is equal to

L (M (i) M () (£) d.

I -

Finally the third term is,
1 & . i . — 211, 1
o Z/ (miy (s 0a) ((Par M(iy)pp)e®™¥ " — (M (iy)ea, pp)e>¥") 2y W
a,B Y T
which equals,
L[ : 2iyT , “2iyTy L
o > iy (s, M(iy)ps)e™ ™ — (miy(fles, M(—iy)pg)e ") 5y
—0 5

which equals,

1% (M (—iy)miy (f) eV — (M (iy)miy (f))e 2T
i J_ 2ty

dy.

In order to compute this we note the following,

Lemma 8.13. Let &1 and ®5 be continuous, integrable functions on R which
are differentiable at zero. Suppose further that,

®1(0) = ©5(0).

Then,
) 2iyT _ P —2iyT
lim 1(y)e 2(y)e

T— o0 s Yy

dy = 2mi®1(0).

Proof. We break up the integral as the sum of,

/ > (@1(y) — Paly))e*” dy+ /°° Dy (y)(e*WT — e720T)
o Y e y

dy = 2mi®1(0).

For the first term we note that,

Dy (y) — Pa2(y)
y
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is continuous and integrable on R, hence the term

/°° (P1(y) — Pa(y))e*¥ ™

—00 )

dy

being the Fourier transform of an integrable function goes to zero as T' — oo.
For the second term we define,

G(T) =/_O; 220 Zyy —) gy

Then G(0) =0, and

G(T) = 2i / b By (y) (2T + e 2T dy = 2i(Do(T /) + Bo(—T/70)).

Hence,
T A~ A
G(T) = 2 / (&(T /) + Bs(~T)) dT
0
T A~
= Qi/ &y (T/7) dT
-T
Hence as T — oo, G(T') tends to 2mi®5(0). O

Lemma 8.14. The functions,

y = tr(M(=iy)miy (f))

and
y > tr(M (iy)miy (f))

are integrable over R.
Proof. See [Gel75]. O

Thus we see that as T' — oo,

1% M iy ()T = (M (iy)m, (e
Am ) oo 2iy

tends to,

1t MO)mo(f).

Proposition 8.15. We have,

/7 _ K}:cont(xvx) d‘r
G(FI\G(A)
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equal to the sum of

o [ )M Gy (1) dy + S Ol ).
and T 0
%VOI(FX\Al)/K/N(A) Z f (k;l <0 1) nkj) dn dk.

acFXx

and a term which tends to 0 as T — oo.

We can now write down the spectral side of the trace formula. We note that
from our calculation of,

/7 B K?(x, x) dx
G(F)\G(A)

using the geometric expansion for the truncated kernel that this is a linear
polynomial in 7. Hence from the calculations above we conclude,

Theorem 8.16. (Spectral side of the trace formula) We have,

L B K;‘cp(x, x) dz
G(F)\G(A)

equal to the sum of

tr Reusp (f)+tr Rres(f) L /OO tr(M (—iy) M (iy)miy (f)) dy—&-itr(M(O)ﬂo(f))

i -

T
— vol(F* Al//
5 (F7\ )KN(A)

9 The trace formula for GL(2)

We can now finally give the statement of the trace formula for GL(2) which is
given by equating the constant terms of

L B K};(x,x) dz.
G(FI\G(A)

Theorem 9.1. (The trace formula for GL(2)) Let f € C°(G(A)). Then, the
sum of

and

Sr (k:—l <8‘ (1)) nk) dn dk.

acFXx

vol(Z(A)G(F)\G(A))f(I)+ > vol(G(F)\G,(A)) flg~"v9) dg
'yel"(gl(er\gG(F)) G (ANG(A)
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£ (2(Fp9) - ol F\al) S [ F(g~ 29)H(wg) dg

~veM(F) Y MANG(A)
s equal to

1

b Reusp (f) +t0 Rres (f) = /jo tr(M (—iy) M (iy)miy (f)) dy+1tf(M(0)7fo(f))~

4

9.1 Simpler form of the trace formula

For our application to the Jacquet-Langlands correspondence we record the
following simpler version of the trace formula. Suppose we now take a function
f =TI, fo € C*(G(A)) such that for two distinct places v; and vo and any
v € M(F,,)\ Z(Fy,), we have,

/ foi(g7 vg) dg.
M(Fy, \G(F.,)

We begin with the geometric side of the trace formula. We recall for g =
(90) € G(A),
= Z H,(gv)-

Thus we have for f =[], f, and v € M(F),

d = -1 H, d
/M(A)\G(A)f(g H(wg) dg = Z/ v9)H,(wg) dg

A)\G(A)

= ) v v d’U /
Z/ M(F.)\G(F.)) Folas g wg) dao 1]

vt I M(EO\G(FL))

=0.

For the unipotent term we recall that we defined, Fy € C2°(A) by

Ff(a):/Kf<k_1 (é ‘f) k) dk.

fp.s1(Z(Fy,s))
is defined to be the finite part of the zeta integral

Then,

2(Fy.9) = [ Fr(@a d*a
AX
which converges provided $ts > 1. We note that for a factorizable function f

we have,
Fr =] Fr.
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where

Fy,(a) = /K o <k1 <(1) ‘f) k> dk.

And we have, for s > 1,

Ff, H/ Ffv ‘Cl|s dxa.

We define,
4 (F fo S)
O(F =—=
U = T1e)
which is holomorphic at s = 1. We define,
Z(Fy,, )
O(F = =
F5?) = Te1e)
so that
0(Ff,s) H 0(Fy,, s)
Almost all factors in this product are identically one and so,
0(Fy, s) H 0(Fy,,s)

We expand L(s,1p) in its Laurent expansion around s = 1 as,

a_
L(s,lp):i—i—ao—l—al(s—l)—&—....

Then we have
£.p.o—1(Z(Ff,s)) = a_10'(Ff, 1) + agf(Fy, 1).

We have,
F’f7 ZHQFJC S X@(Ff S)

v uFv
Now we note that,

o ]. _1 1 a X
"(Ff“’”‘L(le/F,,x /K U (k (0 1) ’“) lal dk d”a
_1f{a O 11 a0 x
L Lm0 (60 (0 1) (s 5k e aa
(11
=C/ fv<gl<0 1)9) dg.
Z(F)N(FO\G(F,)

But now we note that,

VR
[an}

[ (o1 O D LTy A (el O
Z(Fy)N(F,)\G(Fy) a—l M(F,)\G(Fy)
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Thus at the places v € {v1,v2} we have
G(Ffm 1) =0

and hence,
£p.oe(Z(F},5)) = 0.

Thus under the assumptions above the geometric side of the trace formula re-
duces to,

vol(Z(A)G(F)\G(A))f(I)+ > vol(GL(F)\G(A)) flg~vg) dg.
'yeF(CZH('Fr)C\gC.J(F)) G (ANG(A)

We now consider the spectral side of the trace formula for functions f satis-
fying the condition above at the places v; and vo. We begin with a lemma,

Lemma 9.2. Suppose f € C2°(G(F,)) is such that,

/ flg™"vg) dg=0
M(F,\G(F,)

for ally € M(F,)\ Z(F,). Then for all characters x : Z(F,)\M (F,) — C* we
have,
trm, (f) =0

where m, is the representation of G(F,) induced from x.

Proof. Via the Iwasawa decomposition we identify the space of m, with a closed
subspace of L?(K). Suppose ¢ € T,. Then by definition,

G(F,) G(Fy)

(m(F)e)() = / Fw)plzy) dy = / fa y)ey) dy.

We use the Iwasawa decomposition and write,

=606 )

and decompose the Haar measure on G(F,) as,

dy = d*a db dk.

R I T DR (A I R D T
/K</F/Ff (‘*_1 (3 (1)) (3 l{) k) lal *x(a) d*adb) (k) dk
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Thus map ,(f) is given by the kernel,

Kf(%y):/FvX /va<y‘1 (g (1)) (3 Zl’) x) (@lal* d*a db.

After a change of variables this is equal to

=[5 D) Y6 ot

We can compute the trace by integrating Kr(x,y) over the diagonal to yield,

—_ -1 (@ 0 d |(1— 1| d><
trm(f) /F (/M(Fv)\G(Fv)f<g (0 1) g> g) x(a) g e

which is zero by hypothesis. O

To begin with we claim that,
tr(M(0)mo( f)) = 0.
We recall that we can decompose,
Ty = @ 0, x

x:FX\Al Cx

by considering the left action of M(A) on my. We recall that the intertwining
operator M (0) maps 7,y into 7y ,-1. Hence,

tr(MO)mo(f) = Y tr(My(0)mo.x (£))-

For each such x the representation 7 ,, is irreducible and hence M (0) must act
on mo by a scalar ¢,. Thus we have,

tr(M(0)mo(f)) = Y extrmo(f)-
x:x2=1
But now trmo(f) = [[, tr 70,x, (fv) = 0 by Lemma 8.12.

We now consider the term

/ (M (i) M iy () dy.

— 00

Again we can decompose,

my= D T

x:FX\Al Cx
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so that our term becomes

S e () d

X:FX\Al—-CX* "™

We recall that when we established the meromorphic continuation of the inter-
twining operators M, (s) we wrote them in the form,
L(2s,x?)
M(s), = g R(s).
(b = Tt 1)

with R(s), anormalized intertwining operator which was defined as the product
of local normalized intertwining operators R, (s)y, . For ease of notation we write
this in the form

M(s)x = m(s)xR(s)y-
We apply the product rule to obtain,
M'(s)y = m'(s) R(s)y +m(s) R (s)y
= m/(s)x R(s)y +m(s)y Z Ry (8)x, Durv Ro(8)x,-

Using the functional equation M (—s),-1M(s), = Id and R(—s),-1R(s)y we
see that,
: . m’ (iy . .
M- (—zy)M;((ly) - m((iy))XId + Z Rv(ly)xvflR;(lwxv Duztv Lo,x,
X v

where
Lyt Hy(s)x, — Ho(s)x,

denotes the identity. Thus, for a factorizable function f =[], f.,

O, (i) M 0 o (1) = o 07 (143 R i) i) i) LT 6 (1)
X v uFv

Now at the places v € {v1,v2} we have,

tr iy, (fo) =0

by Lemma 9.2. Hence we conclude that for such functions f we have

/ " (M (—ig) M (i) ()) dy = 0.

— 00

Theorem 9.3. Let f € C2°(G(A)) satisfy the condition above. Then,

vol(Z(A)G(FNGA)F(D+ Y VOI(GV(F)\G'y(A))/ Flg™ v9) dg
wer(ez”(.Fzgg(';(F)) G (ANG(A)
18 equal to

tr Rcusp(f) + tr Rres(f)'
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10 The Jacquet-Langlands correspondence

We now take D to be a quaternion division algebra over F. We denote by S
the set (finite and of even cardinality) of places v such that D, = D ®p F,, is
a division algebra. We set Gp = D* which we view as an algebraic group over
F. We let Zp denote the center of Gp and we set Gp = Zp\Gp. Since the
quotient Gp(F)\Gp(A) is compact so

L*(Gp(F)\Gp(A)) = P meor”

as a Hilbert direct sum of irreducible representations of Gp(A). We define,
A(Gp) = {xP : mp > 0}}.
We write,

Lo (GIFN\G(A)) = L2, (GIFN\G(A)) & Lo (G(F\G(A)) = P man

and define
Aaisc(G) = {7 : m; > 0}}.

For each place v € S we fix an isomorphism,
ay : Dy — M(2,F,)

which is well defined, by the Skolem-Noether theorem, up to conjugacy. This
induces,
a, : Gp(F,) = G(F,)

and we assume that for almost all v,
Ay L GD(OFU) ; G(Opv)

A weak form of the Jacquet-Langlands correspondence is given by the fol-
lowing,

Theorem 10.1. Let 7P € A(Gp). We write 7° = ®,7P. Then there exists
T = ®uTy € Adisc(G) such that for allv € S,

Ty = 7T£) o a;l.

The stronger version of the Jacquet-Langlands correspondence determines
the representation 7, at the places v € S, asserts that the representations appear
with the same multiplicity and determines the image of A(Gp) in A(G). This
stronger version can also be obtained via the trace formula but requires more
local inputs.
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The trace formula in the compact quotient case tells us that for f € C>°(Gp(A)),

S meowa?(f) = 3 vol(@pn ()G (A, f),

v€T'(Gp)

where we have set,

-1

I(v, f) = vg) dg.

/7 [l
Gp,y(AN\GD(A)
Furthermore if f =[], f, then,

1(v.5) =100 1),

Our goal is to compare the geometric side of the trace formula for Gp with
the geometric side of the trace formula for G. We begin by establishing a map,

t:T(Gp(F)) — T(G(F)).
Since all quadratic extensions of F embed in M (2, F') we can pick an embedding,
B:Fhy]— M(2,F)

of F-algebras. By the Skolem-Noether theorem such a map is well defined up to
conjugacy and hence the conjugacy class of 3() in G(F) is well defined. Thus
we get a well defined map,

L T(Gp(F)) = T(G(F)).
Similarly if v € S then we have maps

L N(Gp(Fy)) = D(G(Fy))
and for places v € S we have maps,

w: D(Gp(Fy)) — T(G(F))
given by the isomorphism «, : D, — M (2, F,,).

Lemma 10.2. Let v € G(F). Then v € «(I'(Gp(F))) if and only if v €
Lo (D(Gp(Fy))) for all places v € S.

Proof. Tt suffices to recall that a quadratic extension F of F embeds in D if and
only if F, embeds in D,, for all places v of F'. O

Suppose v € D\ F. Then «(7) is defined by picking an embedding
B:F[]— M(@2,F).
Thus (8 induces an isomorphism
B:Gpy— Gpy

of algebraic groups over F'. This allows us to relate the measure on Gp ~ and
Gg(~) which are implicit in the statement of the trace formula.
Next time we will establish the following,
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Theorem 10.3. Let v € S and f, € C®(Gp(F,)). Then there exists f, €

C(G(Fy)) such that for all v € Gp(F,)

I(v, fo) = 1(to(7), f1)-

Furthermore if § is a semisimple element of G(F,) which doesn’t lie in the image
of the map 1, then,
1(6, f;) = 0.

We will take this result for granted for the moment and use it to prove
Theorem 10.1. Implicit in the statement of the theorem is a choice of Haar
measure on G(F,) and Gp(F,). At the places v ¢ S we fix a Haar measure
on G(F,) and use the isomorphism «, to transport it to a Haar measure on
Gp(Fy).

Let f =1], fo € C(Gp(A)). For each place v we define f;, € C*(G(A))
in the following way. If v € S we define,

f{;:fvoa;17

for places v € S we take f, as in Theorem 10.3. Thus if we take v € I'(Gp(F'))
then
I(v, /) = [T 10w £2) = TT1C0), £2) = 1), 1)

Furthermore if § € G(F) does not lie in the image of ¢ then, by Lemma 10.2
there exists a place v € S such that v doesn’t lie in the image of ¢,. Thus,

I1(6, f,) =0
and hence 1(6, f) = 0. We can apply Theorem 9.3 to f’ to deduce that,

tr Raisc(f) = vol(G(F)\G(A)) f'(I) + Z vol(Gs(F)\Gs(A)I (6, f')

S€D(G(F))
ell. reg.

=volGIFNGA) () + Y vol(Gpy(F)\Gpy(A)I(, f).

V€L (Gp(F))
ell. reg.

Thus we see that,
tr Raisc(f') — tr R(f) = vol(G(F)\G(A)) — vol(Gp(F)\Gp(A))f(I).
Now one fixes a place u ¢ S and functions f, for v # u and considers this an iden-
tity of distributions on C°(Gp(Fy)) = CX(G(F,)). Applying the Plancherel

formula allows on to deduce that,

vol(G(F)\G(A)) = vol(Gp(F)\Gp(A))
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and hence that,
tr Raisc (f') = tr R(f).

Suppose now that we are given o = Qo, € A(Gp). For each place v € S
the group Gp(F,) is compact and hence o, is finite dimensional. For each
place v € S we let f, be a matrix coefficient of ¢,. Then if 7 is an irreducible
representation of Gp(F,) we have,

tr7(f,) =0

unless 7 = g,,. Thus,

tr R(f) = Z myp tral(f) = tros(fs) Z mp tr w5 (f5).
7P eA(Gp) P e A(Gp)

D
Tg =os

On the other hand we have,
tr Raisc (f') = Z mqtrm(f) = Z Mg tr g (f5) tra® (f79)
mEAdise(G) TE€Adisc(G)
= > metrrg(fe) tr(m® 0 a®)(f7).

7T€~Adisc (G)

Thus the distribution on C& (G p(A%)),

Ftros(fe) 3 maptenPS(5) = S e trms(f5) tr(mSoa®) ()

P eA(Gp) mE Agisc (G)

D
g =os

is identically zero. We can rewrite this as

Z (Js(fs)mgs(gwas — Zmﬂs®wD,soa71 trﬂs(fév)> tr WD,S(fS)'

nD,Ss TS
Applying linear independence of characters [JL70, Lemma 16.1.1] we deduce

that for every representation 77 of Gp(A®) we have,

Us(fs)m(,s@ﬂD,s — Zmﬂps®7rD,soO[—1 trﬂs(fé).
TS

Applying this identity to 7% = o we see that there exists 7 € Agjsc(G) such

that 7° = 0% o @~ ! and m, > 0. This concludes the proof of Theorem 10.1

10.1 On the proof of Theorem 10.3
For complete results see [Lan80, Chapter 6] and [Lan73, Section 6].
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We now switch to the local setting. We take F' to be a local field (for us
we'll restrict to the case that F is nonarchimedean) and D to be the quaternion
division algebra over F'. We take,

L T(Gp(F)) — D(G(F)).

In order to establish the existence of a function f’ on G(F) matching f we
need to a classification theorem for functions on G(F') which arise as orbital
integrals of smooth compactly supported functions on G(F).

Suppose we fix a set of representatives {T'} for the tori in G(F). Let f
be a smooth compactly supported function on G(F). For a regular element
v € T(F),ie. for vy € T(F)\ Z(F) we define normalized orbital integrals by,

FT(7, f) = A() / flg~ ") dg.

TIN\G(F)

where if 77 and 7, are the eigenvalues of «y then,

1

2

) =[5

Of course these integrals depends on a choice of measure on T'(F') which we
suppress from our notations.

Suppose we have a collection of functions {a”} for each T defined on the
regular elements T'(F'). We need to determine when such a family comes from
the orbital integrals of a smooth function of compact support.

In order for such a collection of functions to come from orbital integrals we
need to have some compatibility condition as the regular elements v € T'(F)
approach other tori, i.e. as v — Z(F).

We begin with T being the diagonal torus M in G. Then for a regular

element
y = (‘8‘ g) e M(F)

we have,
/M(F)\G(F)f(glvg) dg/N(F)/Kf(klnlmk) dk dn
_/F/Kf<k1 <(1J _1m> (;“ g) <(1) ”f)k dk dx
G ) e
ZM/IU/I(f(k_l (g ?;) ((1) ‘f) k) dk dz.

S G DG ) e
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as a function on M7 (F'), is locally constant and compactly supported. Fur-
thermore if v is sufficiently close to

then,
= [ 5 96 7)) e
L L6 D6 D Y
L (6 )G ) e
L L (D6 D6 D9 fas
oo (6 5)
where,

r [z 1
T=\o 2)°

Suppose now that 7' is a non-split torus in G. In this case again F7(y) is
locally constant and compactly supported on T'(F). In this case for z € Z(F)
there is a neighborhood U of z such that if ¢t € T"°9(F') then,

T _ 1 (% 1 -
FT(1) = /QWAE»\G<F>f (g (0 Z) g) dg — erf(2)

where cr is a constant depending on T'; see [JL70, Section 7].

This is a special case of a general phenomenon, the Shalika germ expansion.
Let G be a connected reductive algebraic group over a nonarchimedean field
F and let Oq,..., O, be the unipotent conjugacy classes in G(F'). Let T be a
maximal torus defined over F. Then there exist functions I'y, ..., ', on T7¢9(F)
such that: for every f € C°(G(F)) there exists an open neighborhood of 1 such
that for all v € T"°9(F) N Uy,

05() = Y mil L)

where p;(f) denotes the orbital integral of f over O;.

However, the Shalika germ expansion doesn’t determine the functions I';. In
[JL70, Lemma 7.3.1] the orbital integrals of the characteristic function of G(Op)
are computed which is then sufficient to determine the functions I';.

Conversely given a family of functions {a’} such that each a’ is a smooth
function on T7%9(F') and is compactly supported function on T(F'). Then there
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exists a smooth compactly supported function f on G(F) such that {a’} =
{FT} if and only if there exists locally constant functions of compact support
¢ and £ on Z(F) such that

1. a™(y) = £(2) if 7y is a regular element in M (F) close to z € Z(F), and

2. a’(y) = £(2) — er((2), for T a non-split torus and 7 a regular element in
T(F) close to Z(F).

Given functions ¢ and ¢ Langlands explicitly constructs a smooth compactly
supported function f = fc ¢ € C2°(G(F)) such that the associated family {FT'}
satisfies the above conditions for that particular choice of ¢ and . Thus it
suffices to establish the claim for families {a”} which vanish near Z(F).

Thus it suffices to prove that a family {a’} which vanishes near elements of
Z(F) arises as the orbital integrals of a smooth compactly supported function
on G(F).

One has a similar result for orbital integrals on D*, although now there
is no non-split torus to worry about. The point is that the constants cp that
appear are the same for D*. Thus given a function f € C°(Gp(F)) we form
a family a”} on G by setting a’ equal to the normalized orbital integral of f
and set a™ = 0. Then this family of functions arises from the orbital integrals
of a function f’ € C°(G(F)).
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