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Theoretical Aspects of the Trace Formula for GL(2)

A. W. Knapp

The Selberg-Arthur trace formula is one of the tools available for approaching the
conjecture of global functoriality in the Langlands program. Global functoriality
is described within this volume in [Kn2]. We start with reductive groups G and
H, say over the rationals Q for simplicity. We assume that G is quasisplit, and
we suppose that we are given an L homomorphism v : “H — LG. From an
automorphic representation of the adeles of H, we use ¥ to construct, place-by-
place from the Local Langlands Conjecture (or at almost every place without the
conjecture), an irreducible representation of the adeles of G. The question of global
functoriality is whether the latter representation is automorphic (or, in the case
that it is defined only at almost every place, whether it can be completed to an
automorphic representation). If it is automorphic, then we want to know also what
conditions ensure that a cuspidal representation of the adeles of H yields a cuspidal
representation of the adeles of G under this process. It is known that these questions
capture various deep conjectures in classical algebraic number theory, arithmetic
algebraic geometry, and representation theory and that they unify and generalize
such conjectures significantly.

The trace formula for the reductive group G gives information about the multi-
plicity of the occurrence of an irreducible representation of the adeles of G in the
cuspidal spectrum. If Z denotes the center of G, the quotient Z(A)G(Q)\G(A)
is almost compact in the sense that it has finite volume.! If Z(A)G(Q)\G(A)
is actually compact and if R denotes the right regular representation of G(A)
on L?(Z(A)G(Q)\G(A)), then the trace formula will assert the equality of two
expressions for Tr(R(y)) on this L? space, ¢ being a suitably regular function of
compact support on G(A). In the notation of [Ar4], the formula in the compact

case has the shape
D Jale) =D Iyle), (0.1)
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in which the left side, called the geometric side, consists of terms that are integrals
of ¢ over conjugacy classes, suitably normalized by volume factors. The right
side, called the spectral side, is a sum of expressions m,Tr7(p), m, being the
multiplicity of an irreducible representation 7 in R.

When the quotient Z(A)G(Q)\G(A) is noncompact, R(p) is not of trace class
on all of L?(Z(A)G(Q)\G(A)) but is of trace class on the cuspidal part. The
computation of Tr(Reusp(¢)) is done with a “truncation parameter” T, 0 < T < o0,
in place, and the result has the shape

Tr(Reusp(9) = D _Ja ()= > i (o), (0.2)

o€ XEX—-X(G)

with Tr(Reusp(¢)) being regarded as the sum of the terms J7 () with x € X(G),
each of which is constant in 7. The ingredients in (0.2) are more complicated than
in (0.1): The set O now involves various kinds of conjugacy classes, and the terms
J;f involve Eisenstein series relative to proper parabolic subgroups of G. One can
pass to the limit in (0.2) as T — +o0, taking into account various cancellations,
and the result can be written in the qualitative form (0.1), but the interpretation
of each side as a trace is lost.

In any event the trace formula does carry in it the multiplicity of each irreducible
representation of the adeles of G in the cuspidal spectrum of the L? space, and the
formula may therefore be expected to give some information toward answering the
above functoriality question. In practice it is normally a comparison of the trace
formulas for G and H that gives useful information, but this point will not concern
us at this time.

In this paper we shall discuss aspects of the background and derivation of the
trace formula for G = G'Ly when the number field is Q, including a precise statement
of the result. We shall treat also the case that G is a quaternion division algebra.
Another article [Kn-Ro] in this volume gives some applications of the trace formula
for various groups.

Although our interest in the trace formula will ultimately be in an adelic setting,
it is helpful to keep in mind a certain classical setting, because the analysis there
is more transparent and suggests approaches to the analysis in the adelic setting.
Historically the trace formula was introduced by Selberg in [Sel] and [Se2]. Sel-
berg worked initially in the context of a transitive group action on a Riemannian
manifold in which the space of invariant differential operators is commutative, and
he considered the analysis of the space of functions transforming suitably under
a discrete subgroup that acts properly discontinuously. The case of the action of
SLs(R) on the upper half plane, with SLo(Z) as the discrete subgroup, was of
particular interest, and we may think in terms of an analysis of

L?(SL3(Z)\SL2(R)). (0.3)

Let G = SL2(R) and I' = SLy(Z). It is an elementary fact, which we prove as
Theorem 1.3 below, that the right regular representation R of G on L?(T'\G) splits
as an orthogonal direct sum

L2 (F\G) = Lgusp(F\G) @ Lgont (F\G) @ (C,

where the members of L2 (I'\G) are functions satisfying a cuspidal condition of

cusp
the kind discussed in [Kn2, §7] and where the members of L2, (I'\G) are essentially

cont
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generated by summing the left translates by I' of nice functions on G that have
integral 0. The space C is the space of constant functions. The space L2 (I'\G)
is the continuous part of the decomposition, and the known complete analysis of
this space will be given in Theorem 1.4 and §2 in terms of Eisenstein series. Our
analysis specializes the ones of Langlands ([Lgl1], [Lgl2], and [HC]); a different proof
appears in [Gol]. See also [Lanl].
The space L2, (I'\G) is the “cuspidal part” of the decomposition. It splits into
a discrete sum of irreducible representations with finite multiplicities, as is shown
in Theorem 1.5 and §3. Our proof specializes the one in [Go2].

Although the cuspidal part of the decomposition at first appears less complicated
than the continuous part, little is known about what specific irreducible represen-
tations occur and what multiplicities they have. That is where the trace formula

comes in. If ¢ is in C3 (G), then the operator

com

R(g)f(x) = /G fay)e(y) dy

is of trace class on L2, (I'\G). The trace formula implies the equality of two

expressions for the trace of R(¢) on L2, (P\G). If

cusp

Lgusp(F\G) = @mﬂﬂ'

is the decomposition into irreducible constituents with multiplicities, then one of the
expressions for the trace is simply > m;Trm(p). The other expression comes from
realizing R(yp) on L2, (I'\G) as an integral operator on I'\G and is the integral
of the kernel of this operator over the diagonal; the trace works out to be a sum
of terms encoding conjugacy class information about ¢ and spectral information
about the action of R(¢) on the noncuspidal part of L?(I'\G). The equality of
the two expressions therefore gives information about multiplicities of irreducible
representations in Lgusp(l"\G) in terms of geometric information about G. We shall
indicate in §4 what computation has to be made for the trace formula, but we shall
omit an explicit statement of the formula in the context (0.3). See [Hel], [He2],
and [Ef] for a statement of this kind. For our purposes the trace formula is better
understood in an adelic context, and we shall give in §7 a precise statement of that
kind.

The trace formula in the classical setting does not lend itself to the kind of
comparison of traces from different groups useful for global functoriality, but it
does have some direct applications. One such is that it gives a formula for the trace
of each Hecke operator on each space of classical cusp forms; the resulting theorem
is called the Eichler-Selberg trace formula and is discussed in [Lanl] and [Mi, Ch.
6]. A degenerate case of this argument yields a proof of the dimension formula for
spaces of classical cusp forms without appealing to the Riemann-Roch Theorem.

Let us now be more specific about the adelic context. The reductive group
under study will largely be GLs, and we regard it as defined over the rationals
Q. The places v of Q are oo and all the primes, and Q, is correspondingly the
field of reals R if v = oo and is the field of p-adics Q, if v is a prime p. If the
restricted direct product A =[], @, denotes the adeles of Q, the problem of global
functoriality typically leads one to representations of GLa(A) = [[, GL2(Q,) of
the form 7 = [[, m, with 7, an irreducible admissible representation of G L2(Q,)
for each v. Roughly speaking, 7 is automorphic if 7 is involved in analysis of
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the quotient Z(A)GL2(Q)\GL2(A), where Z(A) denotes the subgroup of scalar
matrices. More particularly, the question is likely to be whether 7 occurs in the
cuspidal part of the discrete spectrum of

L*(Z(A)GL2(Q)\GLz(A)). (0.4)

The question is therefore answered by knowing whether the multiplicity of 7 in
the cuspidal spectrum is zero or is positive, and the trace formula gives subtle
information about this multiplicity.

As is noted in [Kn2, §6], the space (0.3) is a prototype for (0.4). The functions in
L*(Z(A)GL2(Q)\GL2(A)) that are invariant under the right action by [, GL2(Z,)
may be regarded as functions in L?(SLy(Z)\SL2(R)). Thus (0.3) may be analyzed
by specializing results about (0.4) to results about (0.3). On the other hand, the
techniques that are used in studying (0.3) often suggest techniques for studying
(0.4).

The first people to consider the decomposition of the adelic setting (0.4) were
Gelfand, Graev, and Piatetski-Shapiro in 1964, and an exposition is in [Gf-Gr-P].
Later expositions are the ones by Jacquet-Langlands [Ja-Lgl], Duflo-Labesse [Du-
Lab], Gelbart [Gbl], Gelbart-Jacquet [Gb-Ja], Rogawski [Ro], and Gelbart [Gb2].
The treatment [Gb1] specializes work of Arthur [Arl], and [Gb2] specializes later
work of Arthur.

In §5 we obtain the trace formula for L?(Z(A)G(Q)\G(A)) when G is the multi-
plicative group of a quaternion division algebra over Q. This space splits discretely
with finite multiplicities and is considerably easier to understand than (0.4).

In §6 we give aspects of the decomposition of (0.4) into a continuous part and
a discrete part, as well as aspects of the analysis of the continuous part using
adelic Eisenstein series. The same section shows how some of the concepts used in
studying (0.3) are adapted to yield an analysis of (0.4). For background material
on adeles and automorphic representations, see [Kn2].

Finally in §7 we discuss the trace formula in the adelic setting (0.4). We relate
aspects of Arthur’s proof using truncation operators [Ar3], and we state the final
formula and an important special case. The seven sections of this paper are thus
as follows.

. Overview of Decomposition of L2(SL2(Z)\SL2(R))
Decomposition of the Continuous Part

. Discrete Decomposition of the Cuspidal Part
Introduction to the Trace Formula

. Digression on Quaternion Algebras

. Adelic Eisenstein Series

. Adelic Trace Formula

Arthur has extended the theory of the trace formula well beyond GLs. For the
theorem in “Q rank one,” see [Arl], and for a theorem about general reductive G,
see [Ar2] and [Ar3]. Labesse [Lab] gives a status report as of 1990, and Gelbart
[Gb2] gives an exposition of Arthur’s work.

1. Overview of Decomposition of L?(SLy(Z)\SL2(R))
We use the following notation: G = SL(2,R), I' = SLy(Z), N = {(é ’1‘)},
', =TNN, A= {(T 0 )}, and K = SO(2). Let L}(T'\G) be the space of

0rt
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functions on G, up to equality almost everywhere, that are left invariant under I"
and are square integrable modulo I'. We are interested in the decomposition of the
regular representation of G on L?(T'\G). References are [Gbl], [Gol], [Go2], [HC],
[Lgll], and [Lgl2].

If H is a closed subgroup of G, let D(H\G) be the space of complex-valued
smooth functions on G that are compactly supported modulo H.

Lemma 1.1. If ¢ is in D(N\G), then the function ¢ defined by ¢(g) =
2oner.or @(19) is in is in D(I'\G).

PROOF. Since I'o,\ NV is compact, the support of ¢ is contained in I's,C' for some
compact set C' C G. Thus ¢(vg) # 0 only for vg € I'wC. If g ranges through a
compact set, then the ’s such that ¢(yg) # 0 are those in a set T'C’ with C”
compact, and these form a finite subset of ', \I'. Hence only finitely many terms
in the sum defining (E contribute on any compact set of g’s, and therefore 8 is
smooth. Finally the support of ¢(v-) is contained in v~ 'I's,C, and the support of

~

¢ is contained in I'T'C' = I'C. The latter set is compact modulo T'.

If F' is any locally square integrable function on G that is left invariant under
I', we define the constant term of F to be the function Fj on G given by

Folg) = / L Fong)di (11)

where dn has total mass 1. Since F' is locally square integrable on G, Fubini’s
Theorem shows that F(-g) is locally square integrable on N for almost every g.
Since I'oo\V is compact, it follows for these g’s that F(-g) is in L?(I's,\N) and
hence also is in L' (', \N). Thus Fy is defined almost everywhere.

The name “constant term” comes from the classical theory of modular forms.
If the analytic function f on the upper half plane is a classical modular form of
weight k relative to SLo(Z), then f has a Fourier expansion f(z) = > oo ¢,e?™"?,
and the constant term c¢g of this series is given by

1/2

co = / f(z +iy) dx.
—-1/2

When f is lifted as in [Kn2, §7] to an automorphic form ¢ on G relative to ' by

means of the formula

o(g) = f(9(0))j(g.1)", (1.2)

‘Z 2), we find that the constant term ¢g in the

sense of (1.1) is given by ¢o(g) = coj(g,i)*.

in which j(g,2) = cz+d when g = (

Lemma 1.2. Let ¢ be a measurable function on G left invariant under N,
and let F be a measurable function on G left invariant under I'. Define ¢(g) =

2ver.or 2(79). If@ and F are in L?(T\G), then

(6, F)2m\e) = (6, Fo) L2 (n\@)» (1.3)

the indicated integrals converging.
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Proor. Formally we have

(6, F) 2y = / o X ST 4 = | s@FE .

T I'oo\G

This computation is rigorous if ¢ and F are replaced by |¢| and |F|, and the
hypotheses say that the left side is finite in this case. Then the right side is finite,
and we see that the following continuation of the above computation is justified:

:/ / F(ng)¢(g) dndg = (¢, Fo)L2(n\G)-
N\G JT\N

This completes the proof.

Lemma 1.1 implies that ¢ is in L?(I\QG) if ¢ is in D(N\G). Using Lemma 1.2,
we obtain a characterization of the closure of the subspace of all such ¢.

Theorem 1.3. The space L>(T\G) is the orthogonal direct sum of G invariant
subspaces
L*(T\G) = L2, (T\G) & L%, (T\G) © C,

cusp cont

where Lgusp(I‘\G) is the subspace of functions whose constant terms are 0 almost ev-

erywhere on G, L2 (T\G) is the closure of the subspace of all o with ¢ € D(N\G)

cont
of integral 0, and C is the space of constant functions.

PROOF. If F is in L3(I'\G) and ¢ is in D(N\G), we shall use the formula (1.3)
of Lemma 1.2. If F is in L2 (F\G), then Fy = 0 almost everywhere, and (1.3)

cusp
shows that ¢ is orthogonal to F'. Conversely if ¢ is orthogonal to F' for all ¢, then
(1.3) shows that Fjy is orthogonal to D(N\G) and is 0 almost everywhere. Thus
L2, (T\G) is the orthogonal complement of the closure of the subspace of all ¢.

cusp

Taking F' = 1 in (1.3), we see that L2

Zont (I\G) is a closed invariant subspace of

codimension 1 in the closure of the subspace of all ¢. Since G acts unitarily, the
orthogonal complement of L2 (T'\G) is a G invariant one-dimensional subspace,
necessarily C. The theorem follows.

We shall now describe the representation of G on L2 (T'\G). The group G acts

cont
on the upper half plane by linear fractional transformations, with

az+b . fa b
g(z)_cz—l—d ifg= (c d>' (1.4)
Moreover,
Im z
I = —. 1.5
mo2) = [ (15)

Let G = NAK be the usual Iwasawa decomposition of G. We write the K
component of g € G as k(g). If k is in K, then

(é 916) (ylo/2 y01/2> k(i) = @ + iy. (1.6)

Thus we can read off the N and A components of g from the real and imaginary
parts of g(i). We write y(g) = Img(i) for the imaginary part. If y > 0, define
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0 y71/2
decomposition.
We need to normalize Haar measures. We normalize dn on N to be compatible
with counting measure on I'y, and the measure of total mass 1 on I'y\N, we

1/2
aly) = (y 0 ) Then a(y(g)) is the A component of g in the Iwasawa

d
normalize da on A to correspond to Y on (0, 00) when y = y(a) and a = a(y), and
we normalize dk on K to have total mass 1. If g = nak is the Iwasawa decomposition
of an element g € G, we define

L dy

dg = dndky(a) (1.7)

Then dg is a Haar measure on G.

A function F on G or K will be called even if F (1: <_(1) 7?)) = F(x), odd if

F (ac (_(1) 7?)) = —F(z). For s complex, let P*¢ be the spherical principal series
representation of G defined as follows: PT* acts initially in the space

{even F € C=(G) | F(nag) = y(a)? "+ F(g)} (1.8)

by the right regular representation with norm squared given by [, |F(k)|* dk, and
then it is completed to a representation in a Hilbert space. The subspace of C'*°
vectors is exactly (1.8), and the representation is unitary if Res = 0. If f is a
smooth even function on K, then f extends to a member f; of (1.8) by the rule

fs(nak) = y(a) 2+ £ (k).

For each t, P™ is irreducible and is unitarily equivalent with PT~%. Thus
there exists a unique-up-to-scalar bounded linear operator intertwining P and
P~ We denote a particular normalization of this operator by M (t); M(t) will
be defined explicitly in (2.13), and it will be unitary with M (—it) as inverse.

We shall describe a certain direct integral of the unitary representations P¥#.
The underlying Hilbert space, which is denoted ZQ(E), is the set of measurable
functions

F : iR — {even functions in L? (K)}

(modulo null functions) such that
M (it)F (it) = F(—it)

and such that the expression
2 L[ N
1 ey = 35 | I @I dt

is finite. We make this into a representation space for G' by having P™% act on
F(it);. More concretely, if U is to be the representation, we let

(U(9)F)(at) = (PT"(g)(F(it)ir)) | x-

The main theorem about L2, (T'\G) is as follows.
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Theorem 1.4. There exists a G equivariant unitary mapping E of L2, (T'\G)
onto L*(E).

This theorem will be proved in §2 by constructing the mapping F explicitly with
the aid of Eisenstein series.

We come to the representation of G on L2, (T'\G). Knowledge of how this
representation decomposes remains far from complete. But we can say the following.

Theorem 1.5. L2, (T'\G) is the orthogonal Hilbert-space direct sum of irre-

cusp
ducible representations, each occurring with finite multiplicity.

The tool for proving Theorem 1.5 is Theorem 1.6 below, which will be proved
in §3. Let ¢ be in D(G), and define a bounded operator R(p) on L*(I'\G) by
R(p)f(z) = [, f(zy)p(y)dy. This carries any closed G invariant subspace of
L?(I'\G) into itself.

Theorem 1.6. For each ¢ in D(G), the operator
R(p) : L21p(T\G) = L2y (T\G)

cusp

is Hilbert-Schmidt, hence compact.

PROOF THAT THEOREM 1.6 IMPLIES THEOREM 1.5. In order to obtain the
discrete decomposition into irreducible closed invariant subspaces, it is enough, by
Zorn’s Lemma, to prove that any nonzero invariant closed subspace S of Lgusp(F\G)
contains an irreducible invariant subspace. The operator R(p) is self adjoint on
S if @(z~') = @(x), and it is nonzero if ¢ is nonzero and ¢ is supported in a
sufficiently small neighborhood of the identity. By Theorem 1.6 it is compact.
Therefore it has a nonzero eigenvalue A, and that eigenvalue has finite multiplicity.
Let f be a nonzero eigenvector belonging to A, and let A have multiplicity n.
Let T be the closed invariant subspace generated by f. If T is the orthogonal
sum of n 4+ 1 closed invariant subspaces and if Pi,..., P,1 are the orthogonal
projections, then R(y) has eigenvalue A on the independent vectors Py f, ..., Pyy1f,
contradiction. It follows that 7" decomposes fully into at most n irreducible closed
invariant subspaces. Any one of these subspaces is the required irreducible subspace
of S.

Thus we can write L2, (I\G) as the orthogonal Hilbert-space direct sum of
irreducible subspaces. Let S be such a subspace. As in the previous paragraph,
we can choose ¢ with p(z71) = ¢(x) so that R(p) is nonzero on S. Since R(yp) is
compact self adjoint on S, R(y) has a nonzero eigenvalue A on a nonzero subspace
of S. On each irreducible summand of L2, (T\G) that is equivalent with S, R(¢)
must act with A\ as an eigenvalue on the corresponding subspace. If S occurs with
infinite multiplicity, then A occurs with infinite multiplicity as an eigenvalue of
R(p). But this contradicts the compactness of the self adjoint operator R(¢) on

Lgusp (F\G) .

2. Decomposition of the Continuous Part

In this section we shall prove Theorem 1.4, giving an explicit decomposition of
L2, .(T\G) when G = SLy(R) and T’ = SLy(Z). We continue with notation as in
§1. We shall proceed somewhat along the lines of Appendix IV of [Lgl2] and then
[Gbl]. For a different argument leading to a conclusion that is stated differently,
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see [Gol]. The technique of proof will involve Eisenstein series, which we now
introduce.
If f is an even function in C*°(K), we recall that fs : G — C is defined for s € C
by
fe(nak) = y(a)> ) £ (k) (2.1)
when n € N, a € A, and k € K. This satisfies the functional equation

fs(nag) = y(a)20+2) f,(g)

and hence is a member of the representation space for the spherical principal series
pts,

Fix a finite-dimensional representation 7 of K, and let W (7) denote the space of
complex-valued even functions on K with the property that k — f(kok), for each
ko € K, is a linear combination of matrix coefficients of the constituents of 7. If f
is in W (7), the corresponding Eisenstein series E(g, f, s) is defined formally by

E(g.f.s)= Y fg)= > ylv9)? " f(s(vg)) (2:2)

FET o \I' YET oo \T'

for g € G and s € C.

We can understand ', \I" with the help of the right action of G on row vectors.
In this action the orbit under I of the row vector (0 1) is all row vectors (¢ d)
with ¢ and d integers such that GCD(¢,d) = 1. The isotropy subgroup at (0 1) is
I, and thus I'o,\I' may be identified with the set of relatively prime pairs (¢, d).
Evidently if I'ooy corresponds to (¢, d), then ¢ and d form the bottom row of ~.

For an example let us take 7 = 1 and f = 1. If we put g(i) = z = = + iy, then
(1.5) shows that (2.2) becomes

y%(lJrs)

GCD(c,d)=1

Taking into account that every nonzero (m,n) in Z? is uniquely the product of a
positive integer and a relatively prime pair, we obtain
y%(1+s)

) [mz 4 nftte’

C(1+s)E(g,1,s) = Z

(m,n)#(0,0

(2.3b)

where () is the Riemann ¢ function.
The original Eisenstein series historically were series of the form

Z (mz }i— n)k’ (24)

(m,n)#(0,0)

as well as certain variants. The series is absolutely convergent if £ > 2. In order
to make sense out of the series (2.4) when k = 2, Hecke considered the analytic
continuation in s of expressions of the form

1
) . 2.5)
k 25 (
(mrE(0.0) (mz + n)k|mz + n|

In [Mi] these are called “Eisenstein series with parameter s,” and (2.3b) is an
instance of (2.5). If we take 7 to be a nontrivial character of K and reinterpret



364 A. W. KNAPP

E(g, f,s) on the upper half plane by reversing the formula (1.2) for lifting modular
forms to G, we obtain the other instances of (2.5).

Lemma 2.1. E(g, f,s) is absolutely convergent for Res > 1, and the conver-
gence is uniform for g and s in compact sets.

PROOF. It is enough to estimate >° . \p y(vg)2(HRes)  This is written ex-

plicitly in (2.3a), and the larger series in (2.3b) is known to converge for Res > 1.

Lemma 2.2. For any € > 0, there is a constant C. such that

1

[E(g. f3)| < C:(sup |])y(9)? (1+Res)

whenever y(g) > % and 1+e<Res<1+e 1.

ProOF. Without loss of generality, we may take f =1 on K. Write z = z+iy =
g(i) and ¢ = Res. Applying (2.3a), we see that we are to estimate

>

GCD(e,d)=1

y%(1+a)

((cx + d)? + chQ)%(H“’) ’

So it is enough to show that
ST ((cr+d)? + y?)"2 040 (2.6)
(¢,d)#(0,0)

is bounded above for y > % and 1+e<o<1+4+e L

Fix ¢ # 0. At most two d’s give |cx + d| < 1. The contribution to (2.6) from
such pairs (¢, d) is therefore <Y 2¢™(H)y=0F0) < @) y=(F9),

For the remaining terms, we can replace cx + d by the nonzero integer

sgn(cz + d)[|cz + d|].

Then the contribution to (2.6) from the remaining terms is

1
< < 9lto -
Y e <27 T G

(emn),
n7$0 n#0

and the result follows.

An automorphic form on G relative to I' is a smooth function f with the
following properties:

(a) f(vg) = f(g) forally el

(b) f is right K finite

(¢) fis Z(g) finite, where Z(g) is the center of the universal enveloping algebra
of the complexified Lie algebra of G

(d) f satisfies the slow growth condition |f(g)| < Cy(g)" for some C and N
and all g with y(g) > %

(See [Kn2, §7] and [Gb1, p. 28].)

Proposition 2.3. For any f € W(7), E(-, f,s) is an automorphic form on G
relative to T if Res > 1.
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PROOF. Properties (a) and (b) are clear from the definitions, and (d) follows
from Lemma 2.2. For (c), we observe that the function g — f(x(g))y(g)z*) is in
the space of the principal series P7*. The Casimir operator Q acts in P™° by a
scalar ¢(s) depending on s. Since € is central, it acts on every term of (2.2) by ¢(s),
and it acts on E(-, f,s) by ¢(s). The element {2 generates Z(g), and (c) follows.

Although E(-, f,s) is an automorphic form, it need not be in L?(I'\G). In fact,
let us check that E(-, f,s) is not in L2(I'\G) if f = 1 and s is real. In this case
we can see that E(g,1,s) is bounded below, as well as above, by a multiple of
y(g)%(HS). The invariant measure on I'\G' amounts to y~2 dz dy on the standard
fundamental domain

S={z|Imz>0,|2| > 1,[Rez| < 3}

1/2

1Ja=—1/2 y ! drdy,

for T', and the integral of |E(g,1,5s)|? is of the order of fyoi
which is infinite for s > 1 (not to mention s > 0).

Although an individual E( -, f, s) is not in L?, it turns out that suitable averages
in the s variable are in L2. Here is the construction.

Let D(N\G, T) be the subspace of all ¢ € D(N\G) such that k — ¢(gk) is in
W (r) for each g € G. For ¢ € D(N\G, 7), define the Fourier-Laplace transform

of ¢ by

[eS) B N ) d
Blg.5) = [ olaln) M0 L, (2.7)
0
This function satisfies
®(nag, s) = y(a)?F0(g, 5). (2.8)
If we write s = o + it and y = €2, then we have
Bg.o+it) = [ 20(a(e) Ig)er T da,

and Fourier inversion gives
1 [ .
2¢(a(e*®) " 1g)er1+o) = 5 / ®(g,0 + it)e "t dt.
a —0o0
Taking = 0 thus shows that
1 1
o) =1 [ Sasdil =1 [ @) s (29

As a function of s, ®(g, s) is a Schwartz function of Im s uniformly in any vertical
strip of s and any compact set of g. The restriction ®|x (s} is a member of W(7)
for each s, and we shall usually abbreviate ®|x (5} as ®(s).

Recall from Lemma 1.1 that the function

dg)= > v
YET o \I'
is in D(T'\G). Substituting from (2.9), we obtain
0= X ([ w0 8(n().) disl

YEL o\
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By Lemma 2.2, 7 ly(vg)2(19)| is bounded as a function of Im s, and ®(k(vg), )

is a Schwartz function of Ims. Therefore the expression for $(g) converges with
absolute values inserted, and the sum and integral may be interchanged. The result
is that 1
o0) =4 [ Elg.a(s).)ds. (210)
T JRe s=c
It is in this sense that suitable averages of Eisenstein series are in L2(I'\G).
Now we identify the constant term of an Eisenstein series. Recall from §1 that

constant terms are indicated by a subscript 0. Let w denote the matrix w = ((1) _é ) .

Lemma 2.4. For Res > 0 and for even functions f € C®(K), the integral
[ fs(wng) dn is convergent, and the formula

A(s)f(g) = /N fs(wng) dn forge G (2.11)

defines a G intertwining operator A(s) : Pt — Pt=5. As an operator from the
space of even functions in C*°(K) to itself, A(s) has the following properties:

(a) it varies analytically in s

(b) it is uniformly bounded for Res > 1+¢

(c) its adjoint relative to L*(K) is A(5).

REFERENCE. This result is elementary, and A(s) is known as a standard in-
tertwining operator. See Donley’s lecture [Do|, Moeglin’s lecture [Mo], and also
[Knl, Ch. VII].

Since A(s) is a G intertwining operator, it is in particular a K intertwining
operator and therefore carries W (7) to itself.

Lemma 2.5. As an operator from W () to itself, the operator A(s), initially
defined for Re s > 0, continues to a meromorphic function of s € C. The continued
family of operators has the following properties:

(a) the only possible poles are at s =0,—2,—4,... and are simple

(b) for f € W(r), A(s)f vanishes at s = 1 if T does not contain the trivial
representation of K

(¢) apart from the poles, A(s) is of at most polynomial growth in Ims in any
vertical strip

(d) the operator A(—s)A(s) is a meromorphic scalar depending on s.

REFERENCE. This result is more subtle than Lemma 2.4 but is still not difficult.
See [Do], [Mo], and also [Knl1, Ch. VII].

Proposition 2.6. If Res > 1 and if f is in W(7), then the constant term of
the Fisenstein series for f is given by

Eo(+, f,8) =2fs +2(M(s) f)-s, (2.12)
where M(s) is the operator

¢(s)

MO = ta+9

A(s), (2.13)
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A(s) being the operator in Lemma 2.4 and ¢ being the Riemann ¢ function. Here

(a) M(s) is analytic for Res > 0 except at s = 1, where it has at most a simple
pole

(b) M(s) is analytic at s = 1 if T does not contain the trivial representation of
K

(c) the residue of M(s) at s=114s6/m if T =1

(d) the adjoint of M(s) relative to the L*(K) norm on W(r) is M(5)

(e) apart from the possible pole at s = 1, M(s) is of at most polynomial growth
in Im s uniformly for 0 < Res < o

(f) M(—s)M(s) =1 as an identily of meromorphic functions.

REMARK. Lemma 101 of [HC] shows in (e) that M(s) is actually uniformly
bounded in this strip, apart from the pole.

PrROOF. Let H be the diagonal subgroup of G. We have seen that the coset of
in Too\I' is characterized by the relatively prime pair (¢, d) of entries of its bottom

row. If ¢ = 0, we obtain the cosets of £1. When ¢ # 0, v = (a Z
decomposed according to NHwN as

G D6 D6 )
- D0 D6

and the member v = ((1) )of T' has
oy (L SFZY (Tt 0 (0 -1\ (1 &+x
=10 1 0 ¢J\1 o)\o 1 )

Thus we see that all the cosets I'ooyv, as v varies, are distinct and that the number
of double cosets Ty, corresponding to a given c¢ is ¢(|c|), where ¢ is Euler’s ¢
function.

‘We compute

Eo(gafas):/r

by separating the terms v = 1 from the terms with v € NHwN. If we write
v = 7(c,d), this expression is

= 2/1“00\N fs(ng)dn +

=2fs(g) + 11,

) may be uniquely

Then

E(ng, f,s)dn = Z/ <(yng)d

oo\ 1" \1" oo\N

/ fs(y(e, d)ng) dn
oo\ N

(e, d)€T o\,
c#0
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where

Il = Z /\N v(¢, d)ng) dn

GCD(c a)=1

-y 3 Z/ +e, d -+ ckyng) din

c#0 dmode, k=—o0 oo \N

GCD(c, d) 1
SDOND SN O RN ACEUZIIT
c#0 dmode, veEly Foo\N
GCD(e,d)=1
- ¥ [ rotednga
c#0 dmode,
GCD(c,d)=1

rite y(c, € wiN as y(c, = n'(c, c)wn’(c,d), noting that h(c) =
Wri d NHwN d "(e,d)h "(c,d i hat h
(C;I 2), independently of d. Then the above expression is

= Z Z / fs(n/ (e, d)h(c)wn” (c,d)ng) dn

c#0 dmode,
GCD(c, d) 1

- Y [ Reunga

c#0 dmodec,
GCD(e, d) 1

by the change of variables n”(¢,d)n +— n. In turn this is

= 3 —(1+s) A d
23 ole) | ftwng)an

Easy computation using Euler products shows that o0 ¢(c)e™(1+%) = c (i(j_)s)
Therefore
2¢(s)
= s(wng)dn = A(8)f)_s
ks [ rtomgyan = (410
in the notation of Lemma 2.4, and we conclude that
1 _ ¢(s)

This proves (2.12) with M(s) as in (2.13).

Conclusions (a) and (b) are immediate from Lemma 2.5, and (d) is immediate
from Lemma 2.4c, (2.13), and analytic continuation. Before proving (c), we need
an identity. The operator A(s) carries 15 to a multiple of 1_g since A(s) carries
W(1) = C to itself. To compute the multiple, we calculate

(A1) = [ 1uwnydn= [ gm0 an
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The measure dn is to be normalized consistently with the measure of total mass
1 on I'u,\NN and the counting measure on I'o,. Thus if n = ((1) 915), then dn is
Lebesgue measure dx. Since

B I R P B R
S \1 0 0 1) i+ax 2241’
we have y(wn) = Imwn(i) = (2? + 1)~1. Thus

(A(s)1)—s(1) = / (a2 + 1) 3049 g,

Consequently a trick of Euler’s yields

T(A(1+s))(a? +1)"20+9) = / (22 4 1)72 (o) (14s) ot dt
4
0

_ /wt%<1+s)e—t<x2+1) % _ /wt%(ws)e—te—mz dt
0 0

4
and then
L(i(1+5)) /Z(xQ +1)7 20 gy = /OOO té(lﬂ)et(/o:o ot dx)%
Y R O G R N AP AY.
—/()t1+et(/7006 tdr)t
= \/%/000155/26_’5%
— VFI(3),
Hence - JRT(2
- 2 —30+4s) g - VT15)
(A(s)1)_4(1) = /_oc(x +1) dx T +s) (2.14)
To prove (c), we use (2.13) and (2.14) to write
_G(s) _ AW

where A(s) = 7T_S/2F(§)C(s). Therefore
_ Res,—1{A(s)} 7 1/?T(3)Res,—1{((s)} 6

Ress:1{(M(8)1)—s}

A(2) B /6
For (f), we combine Lemma 2.5d, (2.13), and (2.15) to obtain
M(—s)M(s) = &) A=)

Al—s) A(1+s)’

and (f) follows from the functional equation A(1 — s) = A(s) of the ¢ function.

Finally to prove (e), we use (2.13). Lemma 2.5c tells us that A(s) is of at most
polynomial growth in Im s, apart from the pole at s = 0, for 0 < Res < ¢. Also
((s) is bounded in any vertical strip, apart from its pole. And |¢(14s)|~! is known
to be at most polynomial growth in Im s uniformly for 0 < Re s < o see [Ti, p. 44].
Thus (e) follows.
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Corollary 2.7. Let ¢ and 1) be members of D(N\G, 7), and let ® and U be the
Fourier-Laplace transforms of ¢ and v. Then

- 1
(0, V) 2m\a) = o Joeo ((®(5), U(=3)) L2 (k) + (M(5)D(5), U(5)) £2(k)) d|5]
for any o > 1.
PRrOOF. By (2.10), we have
1
= Baee.9ds.

Taking the constant term of both sides and applying Proposition 2.6, we obtain

é(g) =

~ 1
oola) = 3= [ Fulo.0(s).5)dls
1
=5 (@(5)s(9) + (M(s)®(5))-s(9)) dls|-
2m Re s=o
. 1 dy
If we write g = na(y)k, then Haar measure dg decomposes as y~'dndk —

according to (1.7). Thus the invariant measure on N\G is y~!dk Y Lemma
)

1.2 therefore gives

-~

(6, D)2\

¢>0, )L2(N\@)

5[ | (9) + (M()2()) o (9) 9] dls g
N\G JRe s=c
-1 / / (4(9) 09D (x(g), ) + y(9) 21~ (M (5)8(5)) (s (9))
T JN\G JRe s=c
x 1(g) d|s| dg
-5 / (2 F (0, 5) + 50 (M (5)2(5)) )

Hahy Y ks

1

= on ((@(s), U(=5)) r2(x) + (M(5)®(s), ¥(5)) L2(x) ) dls-

Re s=co

This completes the proof.

Now we move the line of integration in Corollary 2.7 to Re s = 0. The integrand is
meromorphic, the functions ®(s) and ¥(s) are Schwartz functions of Im z uniformly
in vertical strips, and the growth of M(s) is controlled by Proposition 2.6e. Thus
we can move the line of integration by the Cauchy Integral Formula, picking up a
residue term from s = 1. The result is

-~

(6, V) 2r\@) = —/ W(it)) 2 i) + (M (it) @ (it), W(—it)) 12 (x)) dt

+RGSS:1{ @(S),\I/(g»LZ(K)} (216)
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By Proposition 2.6, parts (b) and (e), the second term is

= 2 ifr=
Resooa {91209, 08 s} = { 10 P00

0 if 1 is not in 7.

We can simplify the right side of the residue term since
Bk 1) = [ ooty )y = [ olabiy(a) ! da
0

When 7 = 1, this expression is constant in k& and yields fN\G #(g)dg. When 1 is
not in 7, the integral of this expression over k € K is 0. We conclude that

Resuca (M), 900} = 1 ([ o) ([ vtoras) e

™

for all 7.

Corollary 2.8. Let ¢ and ¥ be members of D(N\G, ), and let & and ¥ be the
Fourier-Laplace transforms of ¢ and 1. Then

(6, )12r\@) = % [ - (®(it) + M (—it)(—it), U(it) + M (—it)U(—it)) (k) dt

6
+ =

=y v(g)dg).

N\G

é(g)dg ) (

PROOF. Averaging the effect of leaving alone the first term on the right side of
(2.16) and replacing ¢ by —t, we obtain

(6. 72)\>L2(F\G) = i /700 ((®(it), W(it)) L2 (xy + (M (it)D(it), ¥(—it)) 12 (k)
+<‘I)(—it), \I/(—it)>L2(K) +<M(—it)¢’(—it), ‘I’(it)>L2(K)) dt
+ (residue term). (2.18)

It follows from Proposition 2.6, parts (d) and (f), that M (it) is unitary with inverse
M (—it). Therefore

(M (it)®(it), W(—it)) r2(x) = (®(it), M (—it) VU (—it)) L2 (k)
and (@(—it), W(—it)) L2 (x) = (M (=it)®(—it), M (—it)¥(=it)) L2(k)-

Substituting in (2.18) for the second and third terms of the integrand, we obtain
the t integral of the corollary. The residue term has been evaluated in (2.17).

Corollary 2.9. Let ¢ be in D(N\G,7), and let ® be its Fourier-Laplace trans-
form. Then ¢ = 0 if and only if fN\G #(g)dg = 0 and ®(it) = —M (—it)®(—it) for
—00 <t < 00.
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PRrOOF. This is immediate from Corollary 2.8 with ¢ = ¢.

From these results we obtain the analysis of L2, (I'\G). In fact, let PW(7) be

cont

the space of Fourier transforms of the space CS3, (iR, W (7)) of compactly supported

com
smooth functions on iR with values in W (7). The Fourier-Laplace transform ¢ — &

is a one-one map of D(N\G, T) onto PW(r). For & € PW(7), define
Py (it) = D(it) + M (—it)D(—it).

The map ® — @, is a linear map of PW(r) into the subspace L2(E, ) of functions
h in L2(iR, W (7)) such that M (it)h(it) = h(—it), and Corollary 2.9 says that the
composition ¢ — & — Py descends to a map $ — ®;. Let us call this descended
map ET, writing it as

E,:{$| ¢ e D(N\G,7)} — L*(E, 7).

By Lemma 1.2 with F' =1, (E has integral 0 over I'\G if and only if ¢ has integral
0 over N\G. Let us restrict E; to a map

E,:{¢| ¢ € D(N\G,7) and /N\G ¢(g)dg =0} — L*(E, ). (2.19a)

Corollary 2.9 shows that F., is one-one, and Corollary 2.8 shows that F, is actually
isometric apart from a factor 1/4x. Let L2 (T'\G, 7) be the subspace of functions
h € L2, (T\G) such that k — h(T'gk) is in W(7) for all g € G. Theorem 1.3 shows
that E, extends to an isometric map

E,: L2 . (T\G,7) — L*(E,7). (2.19D)

cont

Meanwhile, consideration of Fourier transforms shows that PW(r) is dense in
L2(iR, W (7)), and so is the subspace where ®(1) = 0 (corresponding to ¢ of integral
0). Hence the image under ¢ — ® +— ®; of functions of integral 0 is dense in
L2(E, 7). Thus the map (2.19a) has dense image. Since (2.19a) is isometric, (2.19b)
is onto. We may summarize as follows.

Theorem 2.10. Let ¢ € D(N\G, 1) have integral 0, let ® be its Fourier-Laplace
transform, and define

Oy (it) = D(it) + M(—it)D(—it).

The composition of the linear maps ¢ — ® — @1 descends to a well defined linear
map ¢ — ®1, which extends to a bounded linear map E, of L2 ,(T\G,T) onto
L?(E,T) such that

~ 1 [ .
ol = g | 19100 .

The map E; has an equivariance property. Since D(N\G, 7) is not closed under
translation by G, we cannot hope for G equivariance. But we can hope for as much
equivariance as 7 permits. Thus let R be the right regular representation of G on

D(N\G), and define
R(f)é(x) = /G o(29)f(9) dg
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for all f € C25,(G) such that k — f(k7'lg) is in W(r) for all g € G. If ¢

is in D(N\G, ), then a change of variables shows that R(f)¢ is in D(N\G, 7).

Let ®,(g,s) be the Fourier-Laplace transform of ¢. Remembering from (2.8) that
5)

D4(-,s) is in the space for P*%, we readily check that

PTE(f) @y (2, 8) = Pripyg(, s).

Passing from ® to ®; and using the intertwining property of M (—it) implicit in
Lemma 2.4 and analytic continuation, we obtain, in obvious notation,

PE(F)(@1)g (@, it) = (P1) Resyo(it).

Consequently F; is equivariant with respect to the operation of all members f of
C2 (G) such that k — f(k='x) is in W(r) for all z € G.

Now we pass to the limit, in effect taking the union over all 7. Let Ez(E) be
the set of all square integrable functions h from iR into the even functions on
K such that M(it)h(it) = h(—it). The union E of the E. gives us an isometric
map (apart from the factor 1/4m) of a dense subspace of L2 (I'\G) onto a dense
subspace of L2( ), and this is equivariant with respect to all members f of C3, (G)
such that k — f(k~'z) is in a common W(r) for all z € G. Such f’s form an
approximate identity, and therefore E extends to an isometry of L2, .(T\G) onto

LZ(E) equivariant with respect to G. This proves Theorem 1.4.

3. Discrete Decomposition of the Cuspidal Part

In this section we shall prove Theorem 1.6, giving Godement’s variation [Go2] of
a proof of Langlands [Lgl2]. We continue to let G = SLa(R) and I' = SLo(Z), and
we use other notation as in §1 Fix ¢ in D(G). Our objective is to show that the
operator R(¢ fG y) dy is Hilbert-Schmidt (hence compact) on the
subspace Lcusp(l"\G) of L? (I‘\G) The main step is to prove the following lemma.

Lemma 3.1. For any integer M > 0, there exists a constant C'(p, M) such that

[R(9)f(9)] < Clo, M)y(g) ™| fllz2r\c)

for all f € L2, ,(T\G) and for all g € G such that g(i) is in the standard funda-

mental domain
S={z|Imz>0,|z[ > 1,|Rez| < }}
for T,

REMARK. We need this estimate only for M = 0, but the estimate for general
M 1is no harder.

Proor. Writing

= | fly)e)dy= | fly)ela'y)dy = ()p(zyy) dy
I, frw /

oo\G ’YGF

shows that R(p)f(x) = / . K, (z,y)f(y) dy,

where Ky(z,y) = Z ez yy).
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Define functions n: R — N and ¢ : N — R by n(t) = (éi) andt(é”l”) = x. The
1

function ¢, ,(t) = (7 'n(t)y) is in Cg,, (R), and the Poisson summation formula

gives
Y. eey(m)= D Pay(m

m=—0o0 m=—0o0

where
Brals) = [ a0 .
Thus the kernel defining R(p) on L*(T'\G) is given by
Z Py (m
m=—oo

The contribution to R(¢)f from m = 0 is the main term in the sense that we
shall use the hypothesis that f is in L2, (P\G) to handle it. The contribution
from the other terms will be treated as an error term. The term for m = 0 gives

/ Dy y)dy = / / ) f(y) dt dy
oo \G oo \G
/ / / " sy) f(sy) dt ds dy
N\G JseT o \N eN

- / / / ol ty) f(sy) ds dt dy
N\G JteN Jsero\N

after a change of variables, and the right side is 0 since f is in L2, (T\G).

Now we consider the contribution to R(p)f from m # 0. Let C be the support
of ¢, and write the Iwasawa decomposition of x € G relative to G = NAK as
T = Ngazk,. Since K and C' are compact, we have KC' C NQ 4K for some compact
subset Q4 of A. If p(z 7 n(t)y) # 0, then 2~ n(t)y is in C. Hence k; ‘a;n n(t)y
is in C, and y is in n(—t)nga,k,C C NazNQaK C Na,QaK. In other words,
ay = agw, for some wy € Qa. If §; (m) # 0, we therefore have

Bralm) = [ plan(e)e > di
= /R W(kgla;lngln(t)”yayky)672mtm dt
= e2mit(ng ny)m /]R ga(k;1a;1n(t)azw14ky)e*2mtm dt
= e2mit(ng "ny)m /R go(k;ln(y(x)*lt)wAky)efzmtm dt
— 2mit(ng 'ny)m /R go(k;1n(t)wAky)e*Q”iy("”)tmy(x) dt.
As k and K’ vary through K and a varies through € 4, the functions ¢t — p(kn(t)ak’)

vary in a compact family in D(R) and therefore satisfy uniform estimates. Thus
we obtain

|@au(m)] < Corpy(@)ly(x)m| ™™ = Carpy(a)' ™M m| =™

for every positive integer M and all z and y in G.
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Since we have seen that the m = 0 term gives 0, we obtain

R(9)f(z)] < / S 1By ()1 ()] dy

YETo\G, yENa Qu K g

g/ S G () 1£(9)| dy
ye”[*i’a]

a QA K m#£0
</ S Chrg(@) =M m| = £ ()| dy
yeEn[— 2,2]aLQAK m£0
< Cpy(x)' =M |f(y)| dy,

yen[— % ) %]amQAK

with the last inequality valid for M > 2. By the Schwarz inequality this is

1/2 1/2
< Coy (| w) ([ PP dy)
yen[—3%,3]asQa K yen[—3,3]acQa K

Since n| —1 %

Lo

| has N measure 1 and K has total measure 1, we see that

b= [ y@ da=ya) [ ye)da
a: QA K a€a,2a acQp
Also if y(z) >

> 3, then the set n[—3,1]a;QaK is covered by finitely many T
translates of the fundamental domain S. If the number of such translates is g,
then

1
2

1= wh—

F@)Pdy < g / P dy = all f 22

ZJETL[—§7§]GJQAK y(i)eS
Putting these facts together, we find that
3_
[R(¢)f(2)] < CLy(@)= "M flr2rve) (3.1)
if y(z) > 3 and M > 2. Here ClLis Colq fo, v da) 2, If x(z) is in S, then
y(z) > 1. When y(z) > 3, the mequahty (3.1) for all exponents 3 — M with M > 2

implies the inequality for all integer exponents and a constant dependlng on the
exponent. This proves the lemma.

PRrROOF OF THEOREM 1.6. We take M = 0 in Lemma 3.1. The lemma says that,
for each g € T\G, f — R(¢)f(g) is a bounded linear functional on L2 (T'\G).

cusp
Hence there exists a function K, in L%, (I'\G) such that

cus (
P

Rlp)flg) = |~ Ky(x)f(x)dz
G
for all f € L2, (P\G). Moreover, ||Ky|[2ra) < C(e,0) for all g € I\G. Put
K(g,z) = Kg(x). If K(-, -) is jointly measurable, then

[ Kgardrdg< [ Clo0pdg < oo
D\GxI'\G r\G

since I'\@ has finite volume, and R(¢) is exhibited as the restriction to L2, (T'\G)
of a Hilbert-Schmidt operator on L?(I'\G) that leaves L2, (I'\G) stable. Hence
R(¢p) is Hilbert-Schmidt on L2 (T\G).

cusp
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To complete the proof, we need to address the joint measurability of the kernel.
If X is a left invariant first-order derivative, then X (R(¢)f) = —R(X¢)f. Applying
the lemma to X ¢, we conclude that sup | X (R(¢)f)| < C|fllz2(r\q)- If € and I'g are
given, it follows that |R(y)f(¢") — R(p)f(g)| < €||f||L2(F\G) for all f € L2,.,(T\G)
and for all ¢’ sufficiently close to g. Therefore g — K, is continuous as a map
of T'\G into L2,.,(T\G), and we saw above that it is bounded. It is a general
fact that if M is in L2(I'\G x I'\G) and My(z) = M(g,z), then g — M, is in
L*(T\G, L*(T'\G)). Thus we can use {K,} to define a continuous linear functional
on L?(I'\G x I'\G) by

MH/ (Mg, Kq)r2(r\c) 49
gel\G

This linear functional must be given by the complex conjugate of a (jointly measur-
able) member K’ of L?(I'\G x I'\G). We can replace K (-, -) by K'(-, ) above,
have the required joint measurability, and still have R(p)f = fr\G K'(-,2)f(x)dz
almost everywhere for each f € L2, (T\G).

4. Introduction to the Trace Formula

A first insight into what to look for in a trace formula comes from the compact
quotient case. Let G be a unimodular Lie group, let I' be a discrete subgroup
such that T\G is compact, and let R be the right regular representation of G on
L?(T\G).

Let ¢ be in CZ., (G), and define R(¢ =[.f y) dy. The computation

=/ﬂw @—/f :ry@—/ p(a™ yy) dy
€] ne ﬂ/er
shows that
0= [ K.
NG
where K(z,y) =3 cr @(z~1yy). This sum is locally finite, and it follows that K
is in C*°(T'\G x I'\G). Thus we can apply the following lemma.

Lemma 4.1. Let X be a compact C'*° manifold, and let dxr be a measure on X
that is a smooth function times Lebesgue measure in each coordinate neighborhood.
Let K be in C"’O(X x X), and define a bounded operator B on L*(X,dx) by Bf(z) =
Jx K ¥ (y)dy. Then B is of trace class, and its trace is

Tr B :/ K(z,z)dx.
b's

REFERENCE. [Knl, p. 341].

By the lemma, R((p) is of trace class. Referring to the proof in §1 that Theorem
1.6 implies Theorem 1.5, we see that L?(I'\G) decomposes into the direct sum of
irreducible representations of G, each occurring with finite multiplicity. Let us write

L*(T\G) = P mam (4.1)

re@
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The lemma also gives us a formula for the trace of R(y), namely

Tr R(p) = o K(z,z)dr = /F\G Z o(x yz) da. (4.2)
yeT

We can refine the right side of (4.2) by lumping terms whose elements v are
conjugate in GG. For a group U, let U” be the centralizer of v in U. From each
conjugacy class o of elements in I', we select a representative. Say that v is a
representative of 0,. Then o, consists of all §~'v8, where § varies through I'"\I'.
Thus

/F\GZSO(UC_ yx)de = Z Z /F\G o™ 6" o) dx

~yerl oy S€\I

= Z/ oz yz) do
o, JT\G

= Z/ / oz y  yye) dy da
o Jana Jrngn

= ZVOI(F’Y\GV)/ o(x " tyx) de. (4.3)
o GN\G

We arrive at the following result.

Theorem 4.2. Let G be a unimodular Lie group, let T' be a discrete subgroup
such that T\G is compact, let R be the right reqular representation of G on L*(T'\G),
and let ¢ be in C9. (G). Then R(yp) is of trace class, and

com

Tr R(p) = ZVOI(FV\G’Y) /G’Y\G o(x tyz) da. (4.4a)

Consequently if the decomposition of L?(T\G) into irreducible representations of G
is as in (4.1), then

Z myTrm(p) = ;VOI(F’Y\G’Y) /G’Y\G oz yz) de. (4.4b)

Treé

Let us consider two examples. The first example is the case that G is compact
and I' = {1}. If dz is normalized to have total mass 1, then (4.4b) gives

p(1) = 3 meTr (o), (4.5)

‘n'GC:'

which is the Fourier inversion formula for G. It is typical of the trace formula that
we can get information about the multiplicities m, by specializing . Indeed, if
in (4.5) we take ¢ to be the complex conjugate of the character of m, the Schur
orthogonality relations tell us that m, equals the degree of 7.

The second example with compact quotient is the case that G =R and I' = Z.
Assuming that the measure on Z\R has total mass one, we find that the right
side of (4.4b) is just Y07 ¢(n), while the left side is .2 @(n) if §(n) =
fZ\R o(z)e~?™% . Formula (4.4b) is therefore the Poisson summation formula
for smooth functions ¢ of compact support.
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The example that we have been studying in this paper has G = SLy(R) and
I' = SLy(Z). For this case, I'\G is noncompact and (4.4b) is not directly applicable.
Indeed, we saw in §3 that L?(I'\G) has a continuous part to its decomposition, and
R(p) cannot always be of trace class. What we know from Theorem 1.5 is that
R(¢p) is Hilbert-Schmidt on L2, (T\G) if ¢ is in C5,,(G). Since the composition of

two Hilbert-Schmidt operators is of trace class, R(y) is of trace class on L2 . (I'\G)

cusp

if ¢ is a finite sum of convolutions of pairs of members of CSS.(G). A theorem of
Dixmier and Malliavin [Di-Ma] says that this is always the case on a Lie group, and

we arrive at the following theorem.

Theorem 4.3. For G = SL3(R) and T' = SL2(Z), R(p) is of trace class on
Ly (D\G) if ¢ is in CZ5,,(G).

Following the line of argument in the compact quotient case, we want to obtain a
formula for Tr R(¢) on L2, (I'\G) by integrating a kernel on its diagonal. Although
the computation at the beginning of this section shows that R(y) is given by the
kernel

K(z,y) =Y ol@ ),
yel’
this kernel reflects the action of R(¢) on all of L?(T'\G). It is necessary to subtract
terms to account for the contributions of L2 (I'\G) and the constant functions.
On the constant functions, R(y) acts as the scalar [, ¢(x)dz, and this scalar is
the trace. Thus we need to know the kernel Kcont(x,y) for the action of R(p) on
Lgont (F\G)

The derivation of a formula for Kcon(x,y) is a little complicated, and we shall
carry out only the formal argument, omitting the justification for some interchanges
of limits. Also we shall assume that ¢ is two-sided K finite. See [Gb-Ja] for more
details. The argument requires knowing that there is a meromorphic continuation
for an Eisenstein series E(g, f,s) itself (with f in some W (r), say), not just for
its constant term. Moreover, the only poles for the continued Eisenstein series
are simple and coincide with the poles of the constant term, and the continued
FEisenstein series satisfies growth estimates in Im s in any strip 0 < Res < o. For a
proof of these facts, see [Gol] or Appendix IV of [Lgl2]. These facts have an analog
in the adelic setting (0.4), and the paper [Ja] in this volume discusses this analog.

Lemma 4.4. Let ¢ be a K finite even function in D(N\G), and let ® be
its Fourier-Laplace transform. Then the analytically continued Fisenstein series
satisfies

E(g, M(s)®(s), —s) = E(g, ®(s), ). (4.6)

PrOOF. The constant term of the right side is 2®(s)s + 2(M(s)P(s))_s when
Res > 1, and it is this at all points where there is no pole, by analytic continuation.
Similarly the constant term of the left side is 2(M (s)®(s))_s+2(M(—s)M (5)®(s))s
when Res < —1, and it is this at all points where there is no pole. Since
M(—s)M(s) = 1 by Proposition 2.6f, the two sides of (4.6) have equal constant
terms.

For fixed s = sg, let b(g) be the difference of the two sides of (4.6). Then
b(g) has constant term 0, and Lemma 1.2 shows that b(g) is orthogonal to any
L? function of the form ¢. Thus b(g) is orthogonal to E(g,®(s), s) in the region
of convergence Res > 1 and then, by analytic continuation, for all s where there
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is no pole. Similarly b(g) is orthogonal to E(g, M(s)®(s), —s) in the region of
convergence Res < —1 and then for all s where there is no pole. Therefore b(g) is
orthogonal to itself, and b(g) = 0.

Let H be the space of even functions in L?(K). As in §2, we introduce
L*(E) = {F € L*(iR, H) | M(it)F(it) = F(—it)}.

Recall that the construction in §2 started from an even K finite ¢ € D(N\G) of
integral 0 and gave a map ¢ — ® — ®; with ®; € L?(E), and this map descended

to be a well defined linear map S carrying ¢ to ®;. Theorem 2.10 shows that S
preserves norms, in the sense that

-~

@D = 32 | (@it Valit) e dt (47)

and S has dense image in 22(E) Hence S completes to a unitary mapping of
L2 .(T\G) onto L*(E).

Lemma 4.5. Let ¢ € D(N\G) be K finite of integral 0, and let h be a K finite
member of the space H of even functions in L?>(K). Then

—~ 1 =

PROOF. Since ¢ has integral 0 over N\G, ®(1) has integral 0 over K. Thus
M (s)®(s) has no pole at s = 1, and E(g, ®(s), s) has no pole at s = 1. For o > 1,
it follows that

() 12m\0)
1 -
=0 e [/Res:a E(g,®(s),s)¢(g) d|s|} dg by (2.10)
1 - |
T A Jre ey [/F\G E(g, ®(s), s)¥(9g) dg] d|s| by interchange

1 E(g, ®(it), it)0(g) dg} dt by moving the (4.8)

A Jim—oo [ e line of integration

since there is no pole at s = 1.
In (4.8), Lemma 4.4 and the change of variables ¢ — —t allow us to replace ®(it)
by M(—it)®(—it). Averaging the two results yields

oo RN

Govee=5 | [ Boe.indgd]a @9
t=—o00 MG
Comparing (4.7) and (4.9), we see that
/ (1 (it), W1 (i1)) 12 ) dt = L / [ [ Bo. @), i)dlg)da] dr. (4.10)
—00 t=—00 "\G

On each side of (4.10), we write the integral as a sum of integrals over (0,00)
and (—o00,0) and in the (—o0,0) integral replace ¢ by —t and then ®;(—it) by
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M (it)®q(it). Finally on the left side we replace Wy (—it) by M (it)¥;(it), and on
the right side we substitute from Lemma 4.4. The result is that

/OOO<<I>1(it),\Ifl(it)>L2(K) dt = %/t

=0

o0

[ EBeeG.ini@d] . (@)
G

The functions ¢t — ®;(it) are dense in L?((0,00), H), and we can pass to the
limit in the Eisenstein series if we stick to a K finite function in L2((0,00), H).
Thus (4.11) persists if ®;(it) is replace by any K finite function in L2((0,00), H).
Let us use a function of the form c¢(t)h, where h is a K finite member of H and
c¢(+)is in L?((0,00),C). Then we obtain

| et vt =4 [

=0

o0

c(t) [ E(g, h,it)d(g) dg] dt

NG
Since c(t) is arbitrary, the integrands are equal at every point of continuity, i.e.,

everywhere. This proves the lemma.

Proposition 4.6. Let {f,} be an orthonormal basis of K finite functions in H,
and let ¢ be two-sided K finite in C5, (G). Then R(yp) is given on L2 . (T\G) by
the kernel

Keont(2,9) 16#2/ P+ Zt (©)fs: fa) Bz, fayit)E (y fp,it) dt

PROOF. Extend the linear map S to all of L?(T'\G) by setting S equal to 0 on
L2,.,(T\G) and C. For ¢ and 1 of integral 0, we have

<¢ ,(/]>L2(F\G <S¢a Sw>L2(E)’

and it follows that S*S is the orthogonal projection of L?(I'\G) on L% ,(T'\G).
Since S is an intertwining operator, we have

S*SR(¢)S*S = S*P* ()8,
where PT " is the representation on 22(E) Consequently
(S*SR()S" S, v) 12(
= (P ()54, 1P> 2(I\G)
= <P+"(‘P)S¢7 S¢>i2(E)

- i B <P+7it(90)5$(it)aS&(it»L?(K) dt

= [ TP St ) 0y o ST 100

— iﬂ/ Z<P+,it(90)*foz,Sa(it)>L2(K)<fa7S'(Z(it»Iﬂ(K) dt

16ﬁ/ Z /F\G (9, P T(@) o i)0(0) do | | / B, fasit)(g) dg'| dt

by Lemma 4.5
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= [ 67 | B PR T B forit) ] 0)50') dg '

Therefore S*SR()S*S is given by the kernel

1
167

o0
Kcont(glvg) = / ZE(g’P+7it(<p)*fouit)E(g/afouit) dt.
—o0
If we expand P™"(p)* fo = 3 5(PY" ()" fa, f5) f5, then we get the result of the
proposition.

As a consequence of Proposition 4.6, the kernel of R(¢) on Lzusp (I\G)&C along
the diagonal is K (z,x) — Kcont(x,x). This difference is integrable over I'\G, but
the separate terms are not. Some process of truncation needs to be used to avoid
0o — oo as integral, and we shall not pursue the details in this setting. See [He2]
and [Ef] for further information about the classical trace formula. Actually the
mechanism of the trace formula is more understandable in the adelic setting, where
the interplay between characters and conjugacy classes is fairly clear, than in the
setting of SLo(Z)\SL2(R), where the complicated nature of SLy(Z)’s conjugacy
classes obscures matters. In addition, significant applications require having the
formula for two different algebraic groups, and it is therefore appropriate to have
a derivation that can be generalized to groups other than SLy or GLs. We shall
therefore proceed directly to the adelic setting.

5. Digression on Quaternion Algebras

This section is the first of three sections in which we discuss the trace formula
in the setting of adeles. The base number field will be Q, and the adeles of Q will
be denoted A. For background on adeles and reductive algebraic groups, see the
exposition [Kn2].

Before treating G = GLs, we consider the case that G’ is the multiplicative
group of a quaternion algebra over Q. By definition a quaternion algebra over
a field F is a central simple algebra over F' that has dimension 4 and is not equal
to the full matrix algebra My (F'). Since any central simple algebra over F' is a full
matrix algebra over a division algebra over F, it follows that a quaternion algebra
over F'is a division algebra.

Let us see how to make G’ into a linear algebraic group. Thus let D be a
quaternion algebra over Q. It is known that there exist integers m and n such that
m, n, and mn are not squares in Q and such that D has a Q basis {1, u, v, w} with
w = uv and

Furthermore
UV = —VU, UW = —wWu, VW = —wW.
We may associate 2-by-2 matrices to the members of this Q basis by
10 vm 0 0 vn 0 'mn
to(or): e (W m) v (B9) e (L)

These matrices may also be chosen to be defined over a quadratic extension of Q
rather than a quartic extension, for example by taking

1o (59): w0 m)s ve(e) e (W)
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In either case if we identify D with its effect under left multiplication on this basis,
then G’ is realized as an algebraic subgroup of G L4 defined over Q.
The determinant of the 2-by-2 matrix corresponding to

= al + bu + cv + dw

is a® — b®>m — c®n + d?>mn, and the determinant of the 4-by-4 matrix describing
left multiplication by z is the square of this expression. For v € {oo, primes}, we
see that D ®g Q, =& M>(Q,) if and only if a® — b*m — ¢*n + d*mn = 0 is solvable
nontrivially in Q,. Exactly in this case, G'(Q,) = GL2(Q,) and we say that G’ is
unramified or split at v. If v is an odd prime p, this always happens if p { m and
p 1 n, according to Corollaries 1 and 2 of [Bv-Sh, p. 50].

Let A be the adeles of Q. The center Z’ of G', namely the subgroup of scalar
multiples of 1, has positive dimension, and consequently the quotient space
G'(Q)\G'(A) has infinite volume. Thus instead of studying the right regular rep-
resentation of G'(A) on L?(G'(Q)\G'(A)), we begin by studying the right regular
representation on L?(Z'(A)G'(Q)\G’(A)). The quotient space Z’'(A)G'(Q)\G'(A)
is compact as a consequence of the general theorem quoted as Theorem 6.2 in
[Kn2] or a direct calculation that may be found in [Gf-Gr-P, pp. 115-119] or [We,
pp. 74-75]. Despite the fact that this quotient is not a manifold, we shall see that
Theorem 4.2 is still valid for it with suitable interpretations.

We study functions on Z'(A)G'(Q)\G'(A) by studying functions on G'(A)
that are left invariant under Z’'(A) and G’(Q). But we can investigate more of
G'(Q)\G'(A) if we consider further functions on G’(A). Thus for each (unitary)
character w of Z'(Q)\Z’(A), we define L?(Z'(A)G'(Q)\G'(A),w) to be the set of f
on G’(A) such that

flvg) =w(z)f(g)  forze Z'(A), v € G'(Q), g € G'(A) (5.1)

and such that | f| is square integrable on Z’(A)G'(Q)\G'(A). We denote by R,, the
right regular representation of G’(A) on this space. We put G =27 \G’, so that
we can identify Z'(A)G'(Q)\G'(A) with EI(Q)\E/(A).

Let us write G'(A) = G, x G'(Ay) for the decomposition of G'(A) according
to the infinite and finite places. Recall from §7 of [Kn2] that a complex-valued
function f on G’(A) is smooth if it is continuous and, when viewed as a function
of two arguments (z,y) € G, x G'(Ay), it is smooth in z for each fixed y and is
locally constant of compact support in y for each fixed x.

We define C5, (G'(A),w™1) to be the space of smooth functions on G’(A) such
that

pzg) =w(2)Te(g)  forz € Z'(A), g € G'(A). (52)
If fisin L2(Z'(A)G'(Q)\G'(A),w) and ¢ is in C9, (G'(A),w™1), then the function
fxy)p(y) on G'(A) x G'(A) descends to a function on G'(A) x @/(A), and it makes
sense to consider

Ru(p)f(x) = / flxy)e(y) dy (5.3)

G'(Q\G'(8)
as a member of L?(Z'(A)G'(Q)\G'(A),w). Since w(Z'(Q)) = 1, the function vy —
o(z7 yy) on G'(Q) descends to a well defined function on 6/((@). Thus we can
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imitate the computation at the beginning of §4 and write

Ru(p)f(x) = / fxy)e(y) dy

G'(8)

— [ twela ) ay
T (A)

:/ (@\G'(A) Z fWe ) dy

7eG' (@

Therefore
Ro(@)f@) = [ Ko ) dy, (5.4)
G (QO\G'(4)
where K(z,y) = Zyeé/(Q) o(z7'yy). The function K(z,y) is defined on
G'(A) x G'(A), is left invariant under G’(Q) in each variable, and satisfies

K(z12, 20y) = w(z1)w(z0) " K (2, %) for z; and 29 in Z'(A).

Let K7 be the open compact subgroup [[, G'(O,) of G'(Ay). The function ¢ is
left and right invariant under some open compact subgroup Ko of K;, and conse-
quently the function K(x,y) is right invariant under K5 in each variable. The right
invariance in y implies that R, (¢)f(z) depends only on the function f#(yKj) =
vol(K3)~ fK (yko) dko defined on G'(Q)\G'(A)/K,. The right invariance in z
implies that R, (¢)f(z) = (R,(v)f)#(xKz). Thus we can regard R, (p) as an
operator from functions on G'(Q)\G'(A)/ K, transforming under w to functions on
the same space. By (6.3) of [Kn2], the compact space Z'(A)G'(Q)\G'(A)/K> is
a (possibly disconnected) manifold. If w = 1, Lemma 4.1 is directly applicable.
If w # 1, then Lemma 4.1 is indirectly applicable with the aid of a compactly
supported function h on G'(Q)\G’(A)/K> such that fZ,(A) h(zz)dz = 1 for all

x € G'(A). The result for any w is as follows.

Lemma 5.1. If ¢ is in C22,(G'(A),w™!), then the operator R, (¢) defined by

com

(5.3) is of trace class on L*(Z'(A)G'(Q)\G'(A),w), and its trace is

TrR,(p) = K(x,x)dz,
G (Q\G'(4)

where K(z,2) =32, ca(g) Pz~ ')

The proof that Lemma 4.1 implies Theorem 4.2 may be adjusted to show that
Lemma 5.1 implies the following result, which gives the trace formula for the
multiplicative group of a quaternion algebra over Q.

Theorem 5.2. Let G’ be the multiplicative group of a quaternion algebra over
Q, let Z' be the center, let G = Z’\@/, let R,, be the right regular representation
of G'(A) on L*(Z'(A)G'(Q)\G'(A),w), and let ¢ be in C, (G'(A),w™1). Then
R, () is of trace class, and

= 2@ @G (4 / oo~ ) d,
G ()G (A)
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the sum being taken over conjugacy classes in 6’(@), Consequently if the decom-
position of L*(Z'(A)G'(Q)\G'(A),w™1) into irreducible representations of G'(A) is
as in (4.1), then

Z mxTr (e ZVOI W\G( )Y )/ o(x tyx) de.
G'(A)\G'(8)

G (A)

6. Adelic Eisenstein Series

Now we turn our attention to the group G = GL5. For this group we seek
an understanding of functions on G(Q)\G(A), where A denotes the adeles of Q.
References are [Gf-Gr-P], [Ja-Lgl], [Du-La], [Arl], [Gb1], [Gb-Ja], and [Ar4]. This
quotient space does not have finite volume, and some adjustment has to be made.
The same difficulty arose in §5 with the multiplicative group G’ of a quaternion
algebra: The quotient G'(Q)\G’(A) has infinite volume, and we in effect chose to
study only functions that could be related to Z'(A)G'(Q)\G'(A), where Z’ is the
center. For G’, we took advantage of the fact that Z'(A)G’(Q)\G'(A) is compact.

In the literature an adjustment for GG is made in either of two equivalent ways.
One possible adjustment, analogous to what we did for G’ in §5, is to study functions
that can be related to Z(A)G(Q)\G(A), where Z is the center consisting of scalar
matrices. This quotient space is not compact, but it does have finite volume, as we
shall see in a moment. Specifically for each character w of Z(Q)\Z(A), we define
L*(Z(A)G(Q)\G(A),w) to be the set of f on G(A) such that

f(zv9) =w(2)f(g)  forz€ Z(A), v € G(Q), g € G(A) (6.1a)

and such that |f] is square integrable on Z(A)G(Q)\G(A). We shall be interested
in the right regular representation R, of G(A) on this space. We put G = Z\G, so
that we can identify Z(A)G(Q)\G(A) with G(Q)\G(A).

The other possible adjustment uses the subgroup G!' = G(A)! of elements
g € G(A) such that | det g|[p = 1. The discrete subgroup G(Q) of G(A) lies in G* by
the Artin product formula (Theorem 3.3 of [Kn2]), and the quotient space G(Q)\G*
is noncompact of finite volume, by the theorem of Borel and Harish-Chandra quoted
as Theorem 6.2 of [Kn2]. In this approach the objective is to understand the
decomposition of the right regular representation of G' on L?(G(Q)\G'). The
group G has center Z' = G'NZ(A). If (A*)! denotes the group of ideles of module
1, then the members of Z!' have both diagonal entries equal to the same member
of (A*)!. From Theorem 3.5 of [Kn2], we know that the abelian group Q*\(A*)!
is compact. Its characters are in one-one correspondence with the characters of Z!
that are trivial on Z! NG(Q), hence with the irreducible representations of Z1G(Q)
that are trivial on G(Q). The formalism

1 . 1 . 1
LX(GQ\G") = ind§(g)1 = indFs (g indg g @1

therefore leads to the conclusion that L?(G(Q)\G') decomposes as a Hilbert space
orthogonal sum

LA(GQ\G") = Y LZ'GQ\Gw),

wo €(QX\(AX)1)"
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where wy is regarded as a character of Z!G(Q) that is trivial on G(Q). Here
L*(Z'G(Q))\G',wp) is the set of f on G such that

flzvg) =wo(2)f(g) forzeZ',veG(Q), geG' (6.1Db)

and such that |f| is square integrable on Z'G(Q)\G!. Invariant integration on
Z'G(Q)\G" can be achieved by pulling functions back to G(Q)\G! and integrating
there, and hence Z'G(Q)\G! has finite volume.

The inclusion of G' into G(A) yields a map of G! into the quotient space
Z(A)G(Q)\G(A), and this is onto since every member of G(A) is the product
of a member of G' and a positive scalar matrix at the infinite place. The map
descends to a map of Z'G(Q)\G! onto Z(A)G(Q)\G(A), and the result is one-one
since G* N Z(A) = Z'. Thus we may identify

Z(A)GQ\G(A) = Z'GQ)\G.

When a character is taken into account, matters are a little more complicated.
Let w be a character of Z(A) trivial on Z(Q), and let L*(Z(A)G(Q)\G(A),w) be
as in (6.1a). By the second isomorphism theorem, Z(Q)\Z(A) is isomorphic to
G(Q)\Z(A)G(Q), and thus w can be regarded as a character of Z(A)G(Q) trivial
on G(Q). We can restrict w to a character wg of Z1G(Q) that is trivial on G(Q),
and then we obtain an identification of the function spaces

LA (Z(A)G(Q\G(A),w) = L*(Z'G(Q)\G",wp). (6.2)

Conversely when a character wg of Z'G(Q) that is trivial on G(Q) is given, we can
extend w to a unitary character w of Z(A)G(Q) that is trivial on G(Q), and we
again obtain (6.2). The complication is that the extension of wy to w is not unique.

By imposing a further condition on w, we can get around this nonuniqueness.
Let QL be the group of ideles that are trivial at all finite places and are positive at
the infinite place, and let Z, be the subgroup of Z(A) whose diagonal entries are
in Q%. Then Z(A) = Z! x Z,, and Z(A)G(Q) = Z'G(Q) X Zs. Hence a character
wo of Z'G(Q) trivial on G(Q) extends uniquely to a character of Z(A)G(Q) trivial
on G(Q) if we impose the condition that w is trivial on Z..

We choose to study the left side of (6.2) rather than the right side. Working with
the right side would make the proof of the trace formula considerably more elegant.
But as we shall see in [Kn-Ro], working with the left side makes it much easier to
use the trace formula in applications. It will not simplify matters to assume that
w is trivial on Z,, and thus we do not assume this triviality.

Henceforth we therefore fix w as a character of Z(A) that is trivial on Z(Q); by
extracting the upper left entry of a scalar matrix, we may regard w alternatively
as a character of Q*\A*. We consider the space L*(Z(A)G(Q)\G(A),w) and the

right regular representation R, of G(A) on this space.
Let N = ((1) i) and M = (; S) as algebraic subgroups of G, and put P = M N.
If fisin L3(Z(A)G(Q)\G(A),w), we define the constant term of f (along P) to

be
)= [ £((31)9) o

where dz has total mass one. This function is left invariant under N(A) and P(Q),
the latter because the Artin product formula shows that conjugation by a member
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of P(Q) does not change dz. Let L2, (w) be the closed subspace of functions f

cusp

such that fp(g) is 0 almost everywhere. This subspace is invariant under R,,(G(4)).

Theorem 6.1. If ¢ is in C (G(A),w™1), then R,(p) is Hilbert-Schmidt,

com
2
hence compact, on L2, (w).

REFERENCE FOR SKETCH. [Gb-Ja, pp. 217-218].

Corollary 6.2. Lgusp (w) decomposes discretely into irreducible representations

having finite multiplicity.
PROOF. The argument is the same as the proof that Theorem 1.6 implies
Theorem 1.5.

Corollary 6.3. If ¢ is in C2° (G(A),w™), then R,(p) is of trace class on
L2 (w).

cusp

PROOF. We can write p(z) = fZ(A (zx)w(z) dz for some smooth function ¢ of
compact support on G(A). Then # is a finite sum of functions ¥ X ¥ay, where ¥
is smooth of compact support at the place oo and g, is locally constant of compact
support at the finite places. Form ¢, and ¢g, from 1. and g, by integrating
over the appropriate components of Z(A), so that v X ¢, is in C, (G(A),w™1).
A theorem of Dixmier and Malliavin [Di-Ma] shows that each 1 is a sum of terms
that are each the convolution of two compactly supported smooth functions. Also
each g, is the convolution of g, with the characteristic function of some open
compact subgroup. Consequently ¢ X ¢y, is the finite sum of convolutions of pairs
of members of C22_ (G(A),w™1). Then it follows from Theorem 6.1 that R, () is a

com
finite sum of products of two Hilbert-Schmidt operators and hence is of trace class.

The next step is to identify the orthogonal complement of the subspace Lgusp (w)

of L?(Z(A)G(Q)\G(A),w) in a fashion analogous to Theorem 1.3. The dictionary
for comparing subgroups of SLy(R) and G(A) is that I' < G(Q), N < N(A), and
I < P(Q). The condition in §§1—4 that functions be even is analogous to the
condition now that functions transform under w. The proof of Lemma 1.1 used
that T € N and that I's,\ IV is compact, but it would have worked as well under
the condition that T'so\NT s, is compact. We therefore obtain an adelic analog of
that lemma: If ¢ is a continuous function on G(A) satisfying

¢(2n79) = w(2)6(9) (6.3)
for z € Z(A), n € N(A), and v € P(Q) and having compact support modulo
N(A)P(Q), then R

d9)= >, () (6.4)

TEP(Q\G(Q)
is a locally finite sum and defines a continuous function on G(A) satisfying (6.1b)
and having compact support modulo Z(A)G(Q).

Lemma 6.4. Let ¢ be a measurable function on G(A) left invariant under
N(A)P(Q) and transforming under w, and let F' be a measurable function on G(A)

as in (6.1b). If |¢| is square integrable modulo Z(A)G(Q)\G(A) and if F is in
L2(Z(A)G(Q)\G(A), w), then

(b, F) L2 zan)yc@\aa) = (& FP)12(2(8) N(4) P@Q\G(A)) (6.5)
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the indicated integrals converging.

REMARKS. This is proved in the same way as Lemma 1.2. When an integral over
Z(A)P(Q)\G(A) is written as an iterated integral over (Z(A)N(A)P(Q))\G(A) and
(Z(A)PQ)\(Z(A)N(A)P(Q)), the inner integral is rewritten over N(Q)\N(A) by
the second isomorphism theorem. The equality (6.5) depends on normalizations of
Haar measures, but we postpone this detail until after the proof of Lemma 6.7
below.

Theorem 6.5. Within L*(Z(A)G(Q)\G(A),w), the orthogonal complement of
L2,p(w) is the closure of the space of all ¢ with ¢ continuous on G(A), left invariant

under N(A)P(Q), transforming under Z(A) by w, and having compact support
modulo Z(A)N(A)P(Q).

PrROOF. Same as for Theorem 1.3.

Fisenstein series are used in the analysis of this orthocomplement. Let K be the
maximal compact subgroup O2(R) x [[, G(Z,) of G(A), so that G(A) = P(A)K.
If an element g is decomposed as g = (g i) k with k € K, we define

a|l/2

hg) =[], (6.6)
This is well defined since h(g) = 1 for any element g of P(A) N K. To be able to
compute with the function h(-), we identify A? with row vectors and introduce
a kind of norm on A% If v, = (z, vy,) is a row vector over Q,, we define
lopllp, = max{|zp|p, |yplp}. A little computation shows that |vpkpll, = ||vpll, for
kp in GLo(Zy). If voo = (Too Yoo ) I8 a row vector over R, we define |[vo|co =
Va2 +y2,. Then of course, |[vookoo|loo = [[Vooloo fOr koo in Oa(R). If v € A? is
decomposed as v = voo X [Jvp, we let [[v][a = [[vac|loc X T, [[vpllp, and this norm is
preserved under right multiplication by K.

Lemma 6.6. The function h(-) defined in (6.6) is given on G(A) by

10 Dygla
| det g[}/?

h(g)

PROOF. Since K preserves norms, it is sufficient to consider g € P(A). If g =
( g i )7 then

10 Dyglla 110 b)]la _ oIy

1/2 1/2 - 1/2°
| det g/ jab]/ jal/

and the result follows.

The square h(-)? is an adelic analog of the function y(-) in §§1-4. For example,
Haar measure on G(A) may be expressed in terms of h in analogy with (1.7). If
g = pk is a decomposition of an element relative to G(A) = P(A)K, then we have

dg = dipdk = h(p)~%d,pdk, (6.7)

where djp and d,p are left and right Haar measures on P(A). Normalizations of
Haar measures will be discussed in more detail after the proof of Lemma 6.7 below.
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The analog of summing over I';,\I' will be summing over P(Q)\G(Q). By the

Bruhat decomposition we can take as representatives v of the cosets P(Q)y the
elements 1 and w ((1) f) with £ in Q, where w = (2 é)

The next lemma will reduce several estimates about h(-) to estimates in the
setting of §§1—4.

yu TU

Lemma 6.7. Let g = (%' "") vary through a compact subset X of P(A), and
let v vary through matrices of the form v = w ((1) f) with & € Q. Write £ = d/c
with GCD(c,d) = 1, and write also x = x50 [ [,y and y = yoo [ [, yp- Then there

exists a constant B such that

B

< - -
h(vg) < 1 d

forall g € X and all £ € Q, where 2zoo = Too + Yoo as a member of C.

PRrROOF. We have

n =100 gl =10 (] ) (%) s

= (yu w@z+&))lla=lulall(y z+&)la

= Jula | (ey cx+d) s =lulalezoe +d [T (cyp cap+d) .
p

Thus it is enough to bound
H [ (eyp  cxp+d)lp = H max(|cyp|p, [cxp + dlp)
P P

below. We do so by making repeated use of the inequality
max(a1b1, azbe) > max(a, az) min(by, ba)

valid for positive reals. There are three cases. First suppose that |d|, < [c[p|2p|p-
Then

maX(\yp\p, |$p|p)

max(|cyply, lczp +dlp) = |clp max(|yply, [2plp) > |d, ||
plp

b

and hence

max(|y,|p, |xp|p))
‘xp|p
max(|y,|p, |xp‘p)>

[Zplp

max(|cyplps ey + dlp) = max (lely max(lyp|ps [7,1,), d]

> max(|cly, |dl,) min ( max(|yply, [7,1).

max(|yp|p, |xp‘p))

:min(max(\yp\pa |$p|p)7 |2, |
plp

since max(|c|p, |d|,) = 1. Second suppose that |d|, > |c|p|zp|p. Then

max(lcyplpv ez, + dlp) = max(|c|p\yp\p, |d|p)

> max(|clp, |d]p) min(|yy|p, 1) = min(|y,[p, 1).
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Third suppose that |d|, = |c|p|zp|p. Then

|Ypl
(et e+ ) = el = 2.
pip
and hence
Yol
max(|cyp|p, |cxp + d|p) > max <|c|p\yp\p7 |d|p ‘xp |p>
pip

|yp|p)

2 masx(lelps ) min (Jup 127
pip

|yp|p)

= min <|yp|;l)7 |.’E |
pip

Combining the three cases, we see that

max(|eyylp, lezy + dlp) = min (lyplp, 1, 'y”"’). (6.8)
|Zplp

We claim that the product over p of (6.8) is bounded below for g € X. For a single
g, this is obvious since |z, |, < 1 and |y, |, = 1 for all but finitely many p, so that the
right side of (6.8) is 1 for all but finitely many p. If a sequence g(™ « (2(™), y(™)
has the product tending to 0, we can choose a convergent subsequence, say with
limit ¢(© « (29, y(©)). The convergence has to take place in one of the product
spaces of which G(A) is a union, and therefore there are only finitely many p for
which we do not have |x]()") | <1and \yz(,") |, = 1 for all n. For all but finitely many
p, (6.8) is therefore 1 for all n, and we have convergence for the remaining p. Thus
(6.8) cannot be tending to 0, and the proof is complete.

Now let us discuss normalizations of Haar measures. Discrete groups get the
counting measure, and the compact group Q\A gets the measure of total mass one.
However, it will not be convenient to assume that Q*\(A*)! has total mass one.
Instead we proceed as follows: We fix any Haar measure on A* and give Q*\A*
the quotient measure. The group QX of ideles that are trivial at all finite places
and are positive at the infinite place is isomorphic to the group R’ of positive reals
by t — [t|a, and we transport dz/z on R to a Haar measure on QZ. Then we can
use the isomorphism Q*\A* = QI x Q*\(AX)! to determine a Haar measure on
Qx \(AX )1 .

For the parabolic P(A), we have P(A) = N(A)M(A) with

M(A):{(gg) ’u,veAX}. (6.9a)

We identify N(A) with A and define Haar measure on N(A) accordingly. Next
we identify Z(A) with A* by (g 2) — u, and then Haar measure is determined

on Z(A). The equality M(A) = {(g ?)}Z (A) follows from the decomposition

u 0 _ uv71 0 v 0 . . ~
(0 U) = ( ) 1) (0 U), and thus we have an isomorphism M (A) = A*Z(A).

This isomorphism allows us to fix Haar measure on M (A). In the notation of (6.9a),
Haar measure on M (A) is nothing more than du dv, where du and dv indicate Haar
measure on A,
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Next the decomposition P(A) = N(A)M(A) allows us to use the measures dn
on N(A) and dm on M(A) to determine left and right Haar measures d;p and d,p
on P(A) by

d.p=dndm and di(p)=d.(p~'). (6.9b)
We pick any Haar measure on K, not insisting that it have total mass one, and
then we use (6.7) to determine Haar measure on G(A). Finally we require that
invariant measures on closed subgroups and quotients are to be compatible with
the measure on the whole group. In particular this requirement fixes the measures
on the quotients of G(A) in (6.5). It also fixes Haar measure on Z(A)G(Q) since

Z(ANZ(A)G(Q) = Z(Q\G(Q).

For the remainder of this section we largely follow [Gb-Ja]. For each s € C, we
introduce a Hilbert space H(s) of functions F : G(A) — C with

(7 )+ ((5 8) (5 1)) o

for ¢; and g2 in Q%, @ and b in QL, u and v in (AX)!, x in A, and g in G(A). Such
functions depend on u and v only as members of Q*\(A*)!, and the norm squared

is taken to be
v 0 2
‘F k ‘ du dk. (6.11)
(@\(A)1)x K 01

If F satisfies (6.10), then F' is completely determined by its values on elements

(16 (1)> k with u € (A*)! and k € K since G(A) = P(A)K and since the part

(aou li}) of the matrix in (6.10) is the most general member of P(A).
Conversely let H be the Hilbert space of all f on (A*)! x K such that

(i) f is left invariant under Q* in the first variable
. _ v 0 vO0Y\ . - 1
(i) f(uv,k)=f (u, (0 1) k) whenever (0 1) isin (A*)'NK
(iii) f is square integrable on (Q*\(A*)!) x K.
If fis in H, then we can extend f uniquely to a function F' = fs in H(s) by

fs((aou b%) ((1) f)k):h((g 2>)l+sw(bv)f(uv_1,k). (6.12)

The group G(A) operates on H(s) via the right regular representation, which we
denote P“:°. This representation is unitary if s is imaginary.

To postpone technical difficulties until the end, fix a finite-dimensional rep-
resentation 7 of the compact abelian group Q*\(A*)! and a finite-dimensional
representation 7 of the compact group K. Both n and 7 are to be thought of as
large (and therefore reducible). Let W (7, 7) be the subspace of f € H such that
u +— f(uug, ko), for each (ug, ko), is a linear combination of matrix coefficients of
the constituents of n and such that k — f(uo, kok), for each (ug, ko), is a linear
combination of matrix coefficients of the constituents of 7. Let 7 = wn®, where n°
denotes the contragredient of n; 77 will play the role of a Weyl group transform of 7.
Possibly by replacing n by n® 7, we may assume that 77 = 7, i.e., that n = wn®. We
make this assumption in what follows. It will cause us no loss of generality since
our interest is in what happens as 7 gets large.
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If f is in W(n, 7), the Eisenstein series F(g, f, s) corresponding to f is defined
formally by

E(gafvs): Z fs(ﬁyg) (613)

YEP(@\G(Q)
for g € G(A) and s € C. If a member g of G(A) is decomposed according to

G(A) = P(A)K as
o= (3 2) (3 1)

with a and b in Q}, and with v and v in (AX)!, let us write b(g), u(g), v(g), and
k(g) for b, u, v, and k. Then we can rewrite (6.13) as

E(g,f,9)= Y. h(v9)" P wb(rg)o(v9) f (ulyg)v(vg) ", k(vg)).
YEP(@Q\G(Q)

The functions w and f are bounded. By Lemma 6.7 and the convergence of the
series 3 |cz +d|~(+%) for Res > 1, the series for E(g, f, s) is absolutely convergent
if Res > 1, and the convergence is uniform for g and s in compact sets. By Lemmas
6.7 and 2.2, there is a constant C(e,b) such that

(g, f,5)] < C(e, ) (sup [ fDh(g)t e

whenever h(g) > band 1+¢ < Res < 14+&~ 1. As a function of g € G(A), E(g, f, s)
is an automorphic form on G(A) is the sense of the definition before Theorem 7.1
of [Kn2].

Let C,((Z(A)N(A)P(Q))\G(A), (n,7)) be the set of continuous functions on
G(A) transforming as in (6.3), having compact support modulo Z(A)N(A)P(Q),

and satisfying the condition that ¢ ((g ?) (g ?) k) is in W(n, 1) for fixed r € QL

and is smooth for r € QX when u and k are fixed, with uniform estimates on the
smoothness as v and k vary. We define the Fourier-Laplace transform of such
a function ¢ by
o d
Bg.5)= [ dlaly) gyt L. (6.14)
0 Y
The function ®(-,s) on G(A) is in H(s) for each s, and the restriction to the
subgroup (Q*\(A*)!) x K is in H. We write ®(s) for the restriction. Just as in
(2.9), Fourier inversion gives

oo) =3 [ ela.s)dls

_ i h(g)'*w(v(g))® ((u(g)vo(g)1 (1)> H(g)’s> s (6.15)

Re s=c

for any real . With g/ﬁ\ defined as in (6.4), we obtain, as in (2.10),

~ 1

o) =3 [ B8 dls (6.16)

for o > 1.
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Proposition 6.8. IfRes > 1 and if f is in W(n, ), then the constant term of
the Fisenstein series for f is given by

EP('vfas):fs+(M(3)f)—s (6.17)

for an operator M(s) : W(n,7) — W(n,T) given by

(M(s)f)-s(g9) = / fs(wng) dn.

PROOF. We start from

Bg.f.5) = f(9) + Y fo (v (5) 9)-

£eQ

Replacing g by ng and integrating for n € N(Q)\N(A) gives

Er(f.9.5) = L)+ [ S (w0 (1€) ng) dn

N@\N(A) £

— f.(g) + /N B dn.

as required. An easy change of variables shows that M (s) carries W(n, ) to itself
because n =17, i.e., n = wn°.

Corollary 6.9. Let ¢ and ¢ be members of C,((Z(A)N(A)P(Q)\G(A), (n,7)),
and let ® and ¥ be the Fourier-Laplace transforms of ¢ and 1. Then

(9, V) L2(z(8)G(@\G(8))
1

" ar

((®(s), U(—5)) L2((@x\(a%)1) x K)

Re s=o

+ <M(S)@(S),\If(§)>L2((Qx\(A><)1)XK)) d|8|
for any o > 1.

The proof of Corollary 6.9 is almost the same as for Corollary 2.7. Two comments
are in order. One is that the constant 1/27 in Corollary 2.7 has become 1/47 here
because the formula for the constant term of an Eisenstein series no longer involves a
factor of 2. The other comment concerns normalizations of Haar measure. Suppose
that z, y, r1, and ro are positive reals viewed as ideles at the infinite place such

that

z 0\ [(y/? 0 _(rm 0

0 = 0 y 27 \0 r)°
dxdy_drldrg

rire
right side of this identity is what was defined as Haar measure for the infinite
place of M(A), and therefore dy/y is Haar measure for the subgroup of all a(y) =

1/2
(y 0 ) Representatives of the cosets of Z(A)\G(A) are the matrices

The

A little computation with Jacobian determinants shows that

0 y71/2

(é f) a(y) (70‘ (1)> kwithy >0, ue (AX), z € A, and k € K, and it follows
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d
that Haar measure on Z(A)\G(A) is y =t dz du dk Y The invariant measure to use
d
on Z(A)N(A)\G(A) is therefore y~t du dk i
Y

Theorem 6.10. The family of operators M(s), initially given as an analytic
family M(s) : W(n,7) — W (n, 1), extends to be meromorphic for s € C. The only
possible pole for Res > 0 is at s = 1 and is at most simple. As a function of
Ims, M(s) is uniformly at most of polynomial growth, apart from the pole, in any
vertical strip 0 < Res < 0. The continued operators satisfy M(—s)M(s) =1 as a
meromorphic function of s.

REFERENCE. See [Gb-Ja] and also Jacquet’s article [Ja] in this volume.

Now we move the line of integration in Corollary 6.9 to Res = 0, just as in §2.
The integrand is meromorphic, the functions ®(s) and ¥(s) are Schwartz functions
of Im z uniformly in vertical strips, and the growth of M (z) is controlled by Theorem
6.10. We can move the line of integration by the Cauchy Integral Formula and an
easy passage to the limit, picking up a residue term from s = 1. The result is

(6, ) L2(zm)G@\G(A))
1 [ . .
= ey (<<I)(’Lt),\I/(Zt)>L2((Q><\(A><)1)><K)

+ (M (i) D(it), U (—it)) L2 (@ \ (ax )y x i) ) At

+ % lim{(s — 1)M (s)®(1), \Ij(l»Lz((QX\(AX)l)XK) (6.18)

S—

for ¢ and v as in Corollary 6.9.
Next we simplify this expression, using that 77 = 7. The residue term, to which
we return shortly, may be shown to be

¢ Z Xodet)Lz((Qx\(AX)I)xK)WLz((QX\(AX)1)><K)’

x2=w

where ¢ is a known positive constant. (See [Gb-Ja, p. 227].) For the integral term
on the right side of (6.18), the first step is to check from the definitions that 77 =7
implies M (s)* = M(5) for Res > 1. Then this relation persists for all s by analytic
continuation. Since M(—s)M(s) = 1 by Theorem 6.10, it follows that M (it) is
unitary with inverse M (—it). Then (6.18) may be rewritten by the techniques of
Corollary 2.8 as

() L2(z(a)c@\G(A))
- —/ (it) + M(—it)®(—it), W(it) + M(—it)W(—it)) 2(@x\(ax)1)x k) dl

+c Z 7XOdet>L2((@X\(AX)1)><K)<\I}(1))XOdet>L2((QX\(AX)1)XK)'( )
6.19

With this formula in place, the kind of analysis in §2, in view of Theorem 6.5,
shows that L2, (w)* is the sum of a direct integral of the representations H(s),
together with a discrete contribution from the residues at s = 1. This is the

adelic analog of Theorem 1.4. For details, see [Gb-Ja, §4]. We denote the direct
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integral term by L2,
decomposition may be summarized as

L(Z(8)G(Q\G(A),w) = Lysp(w) @ L (w) ® Ligs(w). (6.20)

cusp cont

(w) and the term for the various residues by L2 (w). The

The residues come from one-dimensional representations of G(A), necessarily of
the form g — x(detg). The corresponding members of L2 (w) are the functions
f(g) = x(detg). Since f is to be left invariant under G(Q), x is a character of
Q*\AX. Since f is to transform by w under Z(A), x*> = w. Thus the decomposition

of L?.,(w) is a Hilbert space direct sum

L?es(w) = @ (Cxodet- (621)
X

2,

7. Adelic Trace Formula

We continue with notation as in §6. In the decomposition (6.20) the difficult
term to understand is L2, (w). The operator R, (¢)f(z) = fé(A) f(zy)e(y) dy, for

¢ € CF(G(A),w™"), acts on L*(Z(A)G(Q)\G(A),w) and leaves L2 (w) stable.
It is of trace class on this subspace, by Corollary 6.3. The adelic trace formula gives
an explicit expression for the trace of this operator on the subspace L2, (w). The
final formula is stated in [Gf-Gr-P], [Ja-Lgl|, [Du-Lal, [Arl], [Gbl], [Gb-Ja], and
[Ard], and we shall follow [Gb-Ja.

The idea is that R, () is given by manageable integral operators on the whole
space and on the subspaces L% (w) and L2 (w). Let kernels for these integral

operators be K(z,y), Keont(#,y), and Kyes(z,y). Then the operator on L2, (w)
must be given by the kernel

Kcusp(xay) = K(%y) - Kcont(xay) - Kres(x7y)7 (71)

and the trace in question ought to be the integral of Kusp(z, ) over the quotient
Z(A)G(Q\G(A).

These kernels are not uniquely defined as functions on G(A) x G(A) without
some further restriction. In the case of K(x,y), the same derivation as for (5.4)
leads to the formula

K(x,y)= Y ol ). (7.2)
YEG(Q)
Then K(x,y) is left invariant in each variable under G(Q) and satisfies

K (212, 20y) = w(z1)w(z0) 'K (z,y) for z1,20 € Z(A). (7.3)

It is this condition that determines K (x,y) uniquely.

Similarly to determine the kernels Koont(2,y) and Kies(,y) uniquely, we insist
that they satisfy the same invariance properties as K(z,y). Then K.ont(z,y) and
Kies(x,y) can be written down fairly explicitly. The techniques for Kcont(x,y)
are the same as for Proposition 4.6. To get at Kcont(2,y), we need to know that
the Eisenstein series themselves, not just their constant terms, admit meromorphic
continuations.

Theorem 7.1. If f is in a subspace W(n,7) of H, then the function s
E(g, f,s), initially given as an analytic function for Res > 1, extends to be mero-
morphic in C. Its constant term is given by the analytic continuation of Ep(g, f, s),
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and E(g, f,s) has the same poles as Ep(g,f,s). Also E(g,f,s) is at most of
polynomial growth in Im s in any vertical strip 0 < Res < o.

REFERENCE. For a discussion of this theorem, see [Ja] in this volume.

To obtain an expression for Kcont (2, y), we proceed as in Proposition 4.6. We can
choose an orthonormal basis {f,} of H such that each f, is in some W (n, 7). Theo-
rem 7.1 shows that E(z, f.,it) is meaningful. If P“* is the unitary representation
of G(A) on H(it), then calculations in [Gb-Ja, pp. 232-234] show that?

1 o T
Keont(#,9) = o= ) / (P () f3, fa) B, fa, i) E(y, fa,it)dt.  (7.4)
o,V T
Moreover, an easy computation with (6.21) shows that

X2=w G(A) (75)
A direct attempt to integrate Kcusp (2, ) with the aid of formulas (7.1) through
(7.5) leads to oo — oo, and a more subtle approach is needed. Selberg [Sel] already
saw the need for truncation in the classical setting (0.3), but his method was
adapted to a fundamental domain for SLs(Z) in the upper half plane. We shall
use the truncation operator of Arthur [Ar3], which does not require a fundamental
domain for its definition. Expositions of this operator appear in [Gb-Ja] and [Mo-
Wal.

Recall that w = (? é) When w is embedded in A*, we regard it as embedded

Kia(z,) = (0l Z)G@\G(A) Y x(det ox@ety) | olg)x(detg) dy

diagonally.

Lemma 7.2. For any n € N(A) and g € G(A), h(wng) < h(g)~!.

PROOF. Let us write g = n’ak with n’ € N(A), a diagonal, and k € K. Then
wng = wnn'ak = (waw™)(wn"w=1)k. It follows from Lemma 6.6 that h (i ?) <

1, and therefore

h(wng) = h(waw ™Y h(wn"w™) = h(g) " h(wnw™) < h(g)~L.

Corollary 7.3. If h(yog) > 1 for some vo € P(Q)\G(Q), then h(vg) < 1 for
all other v € P(Q)\G(Q).

REMARK. Since h(p) =1 for p € P(Q) by Artin’s product formula, h(vyg) is well
defined as a function of v in P(Q)\G(Q).

Proor. We may assume that 79 = 1. By the Bruhat decomposition, v =

w (é f) for some £ € Q. Then v = wn for some n € N(A), and Lemma 7.2 gives

h(vg) = h(wng) < h(g)~" < 1.

Fix T € R with T' > 0, and let I be the characteristic function of the set
[T, +00). For T > 0, the Arthur truncation operator AT is defined on all

2The formula (5.20) in [Gb-Ja] for Kcont has a coefficient 1/47. The reason for this apparent
discrepancy is that dy = % dt.
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locally integrable complex-valued functions f on G(A) that are left invariant under
G(Q) by
Af@=Ff - >, fr(vo)Ir(h(vg)). (7.6)
YEP(Q\G(Q)
The sum? in (7.6) has at most one nonzero term, by Corollary 7.3, and fp(yg)
depends only on the coset of v in P(Q)\G(Q). Thus AT f(g) is well defined. It is
clearly left invariant under G(Q). If f is cuspidal in the sense that fp = 0, then

ATF =}
Corollary 7.4. If T > 0, then (AT f)p(g) = 0 unless I7(h(g)) = 0.

PROOF. Assume that IT(h(g)) = 1. Lemma 7.2 shows that Ir(h(wng)) = 0 for
all n € N(A). Hence

AT f(ng) = f(ng) — fr(ng)Ir(h(ng)) = > fr (w (§§) ng) Ir (h (w (§§) ng))
£eQ
= f(ng) — fr(9).

Integrating over n € N(Q)\N(A) therefore gives
(AT F)p(9) = frlg) — fr(9) =

Corollary 7.5. If T > 0, then AT(ATf) = AT f.

PROOF. We have

AT(ATF)(g) = (AT £)(9) = D (AT F)p(v9) Iz (h(7g))-

If I7(h(~g)) # 0, then Corollary 7.4 shows that (AT f)p(vg) = 0. Hence every term
in the sum is 0.

Proposition 7.6. If T > 0, then AT is a Hermitian operator on the space
L*(Z(A)G(Q\G(A),w).
REFERENCE. [Gb-Ja, p. 230] or [Ar3, pp. 91-92].

Because of Corollary 7.5 and Proposition 7.6, AT is an orthogonal projection
on L*(Z(A)G(Q)\G(A),w), and we know that its image contains L2, (w). Note,
however, that the truncation operator does not commute with the action of G(A),
and its image is not G(A) invariant.

In order to obtain more subtle properties of the truncation operator, it is helpful
to understand more of the geometry of the action of G(Q) on G(A). Recall that

products from N(A) x M(A) x K cover G(A). Let
My = {m € M(A) | diagonal entries of m are in Q% }
M' = {m € M(A) | diagonal entries of m are in (AX)'}.

Here M, is the direct product of Zo = My NZ(A) and A = {a(y) | y € QL }.
Then M (A) = My, M?*, and hence products from N(A)x My, x M*'x K cover G(A).

3Instead of using I, Arthur uses a function #p and incorporates T into its argument. Arthur’s
notation is especially suited to higher rank groups.
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A Siegel set S is a subset of G(A) consisting of all nrmk with n in a compact
subset of N(A), r in M, with h(r) > ¢ > 0, m in a compact subset of M, and k
in K. The set S is the product of Z,, and the set S' = SN G'. The set S' may
be viewed as an adelic analog of a rectangular set in the upper half plane that is
unbounded above but is bounded on the other three sides.

Lemma 7.7. Let ¢ > 0. On any compact set of elements g € G(A), there are
only finitely many v € P(Q)\G(Q) such that h(~vg) > ¢’ for some g in the compact
set.

PROOF. By the Bruhat decomposition we can take as coset representatives -y

the elements 1 and w (é f) with £ € Q. Thus it is enough to consider h(vg) for

v =w ((1) ’i) = ((1) 2) Since right translation by K does not affect h(g), we may
assume that ¢ is in P(A). Write g = (you “") with 2 = 240 [, zp and y = yoo [, yp:
and put £ = d/c with GCD(¢,d) = 1. If h(yg) > ¢ for some g in the given compact
set, then Lemma 6.7 gives

B Yezoo +d| < h(vg) "t <7

where zoo = Zoo + Yoo This can happen for only finitely many pairs (¢, d) if
(oo, Yoo ) lies in a compact subset of the upper half plane, and the lemma follows.

Proposition 7.8. Let S be a Siegel set, and let ¢ > 0. Then there are only
finitely many v € P(Q)\G(Q) such that h(yg) > ¢ for some g € S.

PROOF. Write S = Z,,S* with St € G'. The subset of g € S! with ¢/ < h(g) <
1 is compact and is handled by Lemma 7.7. For z € Z.,, we have h(yzo09) = h(v9),
and therefore there are only finitely many v € P(Q)\G(Q) have h(yg) > ¢ for some
g € S. To complete the proof, consider the subset of g € S with h(g) > 1. For such
g, Corollary 7.3 shows that h(vg) < 1 whenever + is nontrivial in P(Q)\G(Q).

Corollary 7.9. Let S be a Siegel set. Then there are only finitely many
v € G(Q) such that vS meets S.

PROOF. Say that h(g) > ¢’ for g € S. According to Proposition 7.8, the elements
v in G(Q) for which vS meets S lie in finitely many cosets of P(Q)\G(Q). If there
are infinitely many such elements v, then there is some o € G(Q) such that €;7,S
meets S for infinitely many ¢; in P(Q).

Suppose that the coset of vq is trivial. Then we may take 9 = 1, so that £;S
meets S for infinitely many ;. Since ¢; is in G, ;8! meets S* for infinitely many
g;. Since h(e;s) = h(s) and since S! is compact in all other directions, we obtain
a contradiction to the discreteness of P(Q).

Thus we may suppose that the coset of vy in P(Q)\G(Q) is nontrivial. If ;7S
meets S, then £;7S' meets S'. If s is in S, then h(e;v0s) = h(y0s). When
h(s) > 1, Corollary 7.3 shows that h(vps) < 1. And the part of S! where h(s) <1
is compact. Hence h is bounded on €;7S* uniformly in j. Since €;7S* meets St
the points of intersection lie in a compact subset of S', and we may assume that
these points of intersection €;vs; = s’; converge, say to sj. Applying h shows that

J
h(v0sj) — h(s}). Let s; = nja;k; with n; € N(A), a; € M(A) NG, and k; € K.
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Since 7 is nontrivial, we may assume that vy = wn’ with n’ € N(A). Then
h(y0s;) = h(wn'nja;k;) = h((waw™")(wa; 'n'nja;w™")(wk;))

= h(wa;w™ ") h(wa; 'n'nja;w™")

and hence

h(y0s5)h(s;) = h(wa; 'n'nja;w™").
Since n'n; is bounded within N (A) while h(a;) is bounded below, wa]-_ln'njajw_l
lies in a compact subset of G'. Therefore h is bounded away from 0 and +oco on it.
Consequently h(s;) is bounded away from 0 and 4+o0o. We may therefore assume
that s; converges within G, say to so. Then lim s}ls{) = 0S¢ exists in G, and ¢;
converges. This is a contradiction since P(Q) is discrete.

Proposition 7.10. If S is a sufficiently large Siegel set, then G(Q)S = G(A).

REMARK. Corollary 7.9 and Proposition 7.10 together show that Siegel sets for
many purposes are adequate substitutes for fundamental domains for the action of
G(Q) on G(A). For a generalization to all reductive groups, see [Bo].

PROOF. It is known [Lan2, p. 140] that D = [-1, 1) x 1, Zy is a fundamen-
tal domain for Q\A. Then D = {(é T) ‘x € D} is a fundamental domain for

N(Q)\N(A). Let Co be the compact subset {1} x [],Z of (AX): the set Co has
the property that Q*Coy = (A*)!. Let C be the subset of M! whose diagonal entries
are in Cp, and define

S:ﬁxZoox{a(y)ero\yzg}xCxK.

Given g € G(A), we are to left-translate g into S via G(Q). Lemma 7.7 shows
that we may assume that h(yg) < h(g) for all v € G(Q). Write g = nak with
n € N(A), a € M(A), and k € K. Left translating by a member of M (Q), we may
assume that a is in Mo.C. Left translating further by N(Q), we may assume that
n is in D.

We have

h(wnak) = h((waw™ ) (wa™ naw ™ wk) = h(waw ™) h(wa™ naw™"),

and therefore
h(wa™*naw™') = h(wg)h(g) < h(g)?. (7.7)
We can decompose n and a according to the infinite and finite places as n =

(é w“ff‘“) and a = a(y)ag,. Taking into account the form of D and C, we see that

wa tnaw !t is (y ! 0) at the place oo and is (;, (IJ) with 2’ € [[Z, at the finite

71100 1

places. By Lemma 6.6

Yy
Vy?+al
Since h(g) = h(a) = h(a(y)) = y'/?, comparison of (7.7) and (7.8) shows that

v/ Y+ 2% <y, ie., y? + 22 > 1. Since |2oo| < 3, y? > 3. Thus our particular
left translate of g via G(Q) is in S.

h(wa  naw™t) = (1 4y 222)" Y2 = (7.8)



THEORETICAL ASPECTS OF THE TRACE FORMULA FOR GL(2) 399

Now let us return to A”. Suppose that T > Ty > 0. If Q is a compact subset
of G(A), then only finitely many terms in the sum for A” f(g) can be nonzero for
some g € Q, by Lemma 7.7. Taking T large enough, we can make It (h(vg)) =0
for each such term. Thus we obtain the following result.

Proposition 7.11. AT f converges to f uniformly on compact subsets of G(A).

Under some mild restrictions on f, AT f is small at infinity in a certain sense.
To make this idea precise, we shall use Siegel sets. If S is a Siegel set, again write
S = Zo,S! with 8t € G. Then the part of S' where h(g) < 1 is compact. For
h(g) > 1, Corollary 7.3 shows that

AT f(g) = f(g9) — fr(9)Ir(h(g)).

Thus if the S' component of a member g of S is far enough out, we obtain

AT f(g) = f(9) — frlg)-

To get an idea why this difference is small in favorable circumstances, suppose that
f = F x1 with F bounded and left invariant under G(Q) and with ¢ continuous
of compact support on G(A). Then

£(9) — frlg) = / / F@)b(a'g) — bz ng) dndz.  (79)
G(A) JN(Q)\N(A)

It is easy to check that as ¢ tends to oo through S, g~*

n in any compact subset of N(A). Therefore

ng tends uniformly to 1 for

| et v tnglde = [ e - wle g g de
G(A) G(A)
tends to 0 as the S' component of g € S tends to oo, and (7.9) has limit 0.

Let us state a general result. A function f on G(A) that is left invariant under
G(Q) is said to be slowly increasing if, for each Siegel set S, there are constants
C and N such that

If(9)| < Ch(g)™ forall g € S. (7.10)

Because of Proposition 7.10, this condition controls the global growth of f at infinity
for G(A). The function f is said to be rapidly decreasing if, for each Siegel set
S and integer — N, there is a constant C' such that

1f(9)] < Ch(g)™™ forall g € S. (7.11)

Let G(Afn) be the part of G(A) corresponding to the finite places, and let K
be an open compact subgroup of G(Agy,). If the above function f is right invariant
under Ky, then f may be viewed as a function on the space G(Q)\G(A)/ Ky, which
is a smooth manifold. Let us say that f is smooth if this descended function is
smooth.

Proposition 7.12. Let K be an open subgroup of G(Agy). Suppose that f is a
function on G(A) that is left invariant under G(Q), right invariant under Ko, and
smooth. If f and all its left invariant derivatives are slowly increasing, then AT f
is rapidly decreasing.
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REFERENCE. [Ar3, Lemma 1.4].

Finally we can return to the formula (7.1) for Keusp(z, y). We follow [Gb-Ja]. Let
Pysp be the orthogonal projection on Lcusp(Q). It is not hard to see that Keusp (2, y)
is in qugp (w™1) as a function of the second variable. When we therefore apply the

truncation operator AZ in the second variable, we obtain
Kcusp(x7 y) = AgK(-T7 y) - AgKC()nt(xa y) - AgKres(xa y)

It turns out that each term on the right side is now integrable over the diagonal
and that

Tr(PeuspRew (9) Peusp) = /AgK(x,x) dx —/AQTKcont(z,x) dx —/AQTKres(x,:c) dx
(7.12)

with the integrals extending over G(Q)\G(A).
In place of (7.2) we have the formula

A K (z,2)
=Y o) - Y / S pla ) I (h(e))) dn
+EG(Q) ceP@)\G(Q) W N@\WA 760(@)

For T large enough, the right side may be shown to be

= > el - > > elam ¢ unga) In(h(x)) dn

1EG(Q) eeP@\G@ "YW ez (q) (7.13)

We group these terms according to the type of v or u. We say that v is elliptic
if its eigenvalues are not in Q, hyperbolic regular if its eigenvalues are distinct
rationals, singular if 7y is the product of a scalar matrix and a unipotent matrix.

From ~ elliptic we get
> plam ).
~ elliptic
in G(Q)
From ~ and g hyperbolic regular, we get

Y et - Y S (e una) I (h(gx)) dn

7 hyperbolic ceP@\G@ " V®) Leni(),
regular in G(Q) n#l
From ~ and p singular we get
S (e - | el g I () dn
vEG(Q), £EP(@)\G(Q win

unipotent

The term with the elliptic elements is handled just as in (4.3): From each
conjugacy class o of elliptic elements in G(Q), we select a representative. Say
that v is a representative of 0,. Then o, consists of all §71v§, where § varies
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through G(Q)"\G(Q). Upon integration over z € G(Q)\G(A), the term with the
elliptic elements gives

x” ) Vol Q)"\G(A)” 7 yx) de.
/G(@)\G( > el ) de = Y vl @@NGW) [ el )

) ~ elliptic o, elliptic G(A)N\G(A)

A more complicated computation shows that the contribution to the x integral
from the hyperbolic regular elements is of the form

Z vol(G(Q)"\G(A)Y )/G(A)W\G( )go(xilfym)(—logh(ww))dx—l—(T)(constant).

0., hyperbolic
regular

Without loss of generality, we can take v = (g 2) with ¢ € Q*. Then G(A)Y =
M(A) and G(Q)" = M(Q), so that M(Q)\M(A) = Q*\(AX)!. Since (q 0) and

01
((1) 2) lie in the same conjugacy class when projected to G(A), indexing the ¥’s by

q counts each class twice. Thus the part of the above expression not involving T’
simplifies to

= Ivol(@\(A)") ¥ /KXNcp(k 1n*1( )nk) (— log h(wnk)) dn dk.
a#1’

The term with v = 1 is just (1), and the integral is vol(G(Q)\G(A))p(1). There
is also a contribution from the terms with + unipotent but not the identity; this
result has a constant term and a T term, but we shall not write these terms out.

This much deals with the integral of A2 K (x, ). Next we consider the integral
of AY Keont(z,7). Referring to (7.4), we see that we should compute the inner
product of a truncated Eisenstein series with an untruncated Eisenstein series—or,
what comes to the same thing, of two truncated Eisenstein series.

Proposition 7.13. For f1 and fo in W(n, 1),
(ATE(-, f1,5), ATE(-, f2,=5)) = 4(f1, f2) T + 2(M (=5)M'(s) f1, f2)
U M9 )T — (M(9)fi, fa)e™ T,

REMARK. The proof will show the importance of the particular form of Arthur’s
truncation operator.

SKETCH OF PROOF. For Res > 1, we start from the identities E(g, f,s) =

>, fs(vg) and Ep(-, f,s) = fs + (M(s)f)—s, the latter given by Proposition 6.8.
Then we have

ATE(gafv )_ g fv ZEP 79, f’ )IT( ( ))

= () (1 = In(h(v9))) = Y (M(s)f)—s(v9)Tr(h(g)).

~
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Let Res; > Resy > 1. Substituting from above and writing f and f’ in place of
f1 and f> to simplify the notation, we obtain

(ATE(-, f,51), E(+, [',52)) 12 (qonaay)

- /a N S (91— Ir(h(r))(M(51) ) s, (v9) I (h(79))

\G(A) ep@\G@
x E(g, f',52)dg

— [ C (Fa (@)1 = Ir(h(9))) — (M(52)F)—es (9) I (h(9))) B, 7. 52) dg
P(Q)\G(A)

(fs:(9)(A—=I7(h(9))) — (M(s1)f) s, (9) I (h(9))) Ep(g, f', 52) dg

by Lemma 6.4

/M@N(A)\ém)

(a6 = Tr((9) — (M50, (0) ()
M(Q)N(M\G(A)

x (f4,(9) + (M(52) f')-5,(9)) dyg.

Now we substitute for g, reducing each function by its transformation rules to a
function on (A*X)! x K. The set of integration reduces to A, x ((A*)! x K). The
A integration can be done explicitly, and the (AX)! x K integration gives inner
products in the Hilbert space H. The result of this computation, initially valid for
Res; > Resy > 1, extends by analytic continuation to be valid for all s; and s
where there is no singularity. We then put sy = s and s; = s+ h. Taking the limit
as h tends to 0, we obtain the formula of the proposition.

We return to (7.4). Interchanging the order of integration yields

/ Angnt(x, x)dx
G(Q\G(A)

1 e . -
- < Pw’lt « E ) oc,‘ ATE 9 7‘ d dt.
i [ @t [ B g TG F ) ]

The Hermitian property of AT in Proposition 7.6 extends to this integral, and we
can substitute from Proposition 7.13. Easy computation gives

/ Achont(xax) dx
G(Q\G(A)

[ ma i ) - AT 0)mo(9))

:E .

+ (T)(constant) + (term tending to 0 as T — 00).

Finally the integral of AT K. (x,z) is just
/ AL Koos(z, ) do — Kios(z,x) dax = Z / o(x)x(det x) du.
G(Q\G(») GQ\G(4) 2w G(A)

If we substitute all these results into (7.12), we obtain an equality for all T. Some
terms have a coefficient T', and these all cancel (but not in an obvious way). The
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other terms tend to a finite limit as T tends to co. In the limit as T tends to oo,
we obtain the adelic form of the trace formula, as follows.

Theorem 7.14. If p is in C2 (G(A),w™1), then
Tr(PcuspR ( ) cusp)
(i) = vol(G(Q)\G(A))¢(1)

(ii) + Z vol(G 'Y\G(A)'Y)/ oz yx) do

o elliptic G(A)\G(A)
(iii) +f.p./ oz (t1) z) de
NAN\G(A) ( (‘”) )
(iv) + Lvol(@\(A%)1) 3 /

@ (k7 'n™ (29) nk) (—log h(wnk)) dn dk
7€Q KxN

(v) +—/ Tr(M(—it) M’ (it) P () dt

(vi) - 1TIV(M(O)P‘“’O( )
(vii) — ;w/G x(det z) dx,

where the f.p. term is computed as the value at s =1 of

{/A K (k ' ( ) )|G|A d*adk — (principal part at s = 1)}
* X

when Haar measures are normalized as in (6.7) and the remarks following Lemma
6.7.

On the right side of the trace formula above, the terms arise as follows. The
first four come from K(z,z), the next two come from Kont(z, ), and the last one
comes from Kies(x, ). The first four we may regard as geometric terms, and the
others are spectral terms. Of the first four, (i) is from v = 1, (ii) is from elliptic
7, (iii) is from nontrivial unipotent v, and (iv) is from hyperbolic regular .

There is an important special case in which the formula simplifies considerably.

Corollary 7.15. Suppose that ¢ € C (G(A),w™1) decomposes into a product

com

o(g) =11, ¢v(gv). If there are two places v such that

/M(Qu)\G((@v) oo (gf1 (o g) ) dr =0

whenever « and B are distinct members of Q,,, then terms (iii) through (vi) vanish
in the trace formula, so that

Tr(Peusp Rus () Peusp) = vol(G(Q\G(A))(1)

+ Z vol(G(Q)"\G(A)Y )/E(A)w\gm)go(x_ ~yx)dx

o0 elliptic

— Z/G x(det x) dz.
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REFERENCE. [Gb-Ja, §7].

PROOF OF VANISHING OF (iv). Without loss of generality, we may take Haar
measure on K and N(A) to be products of Haar measures from each place.

Let v; and v9 be the places in question, let v = (g (1)), and write k =[], k, and

n =1, . Lemma 6.6 shows that h(wnk) is a product [T, h(wnyky). Then
/ @(kilnflfynk) log h(wnk) dn dk
KxN(A)
- ~/K><N(A) 1:[ (@v(kganIan;ku)> (;bg h(wnvkv)> 1:[ dn., dk,
- Z ( H / oo (ky 'ng tyngky,) dn, d/%)
K, xN(Qy)

u vFEU

X (/ gpu(kljlnglynuku) log h(wnyky) dny, dku).
K,xN(Qu)

Consider the u'" term of the sum on the right side. In the product over v # u,
either v1 or vy must be one of the v’s, and then the corresponding factor is 0 because
of the hypothesis. Hence the u* term is 0, and this happens for each wu.
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