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A short introduction to the trace formula

Pierre-Henri Chaudouard

1 Introduction

The aim of this note is to give a quick introduction to the Arthur-Selberg trace for-
mula through the case of GL(2). First we recall the “cocompact case” which is easy
and serves as a model. Then we introduce Arthur’s truncation operator (section 4). The
“truncated” regular representation of the group of adelic points GL(2, A)! on the space
L*(GL(2,Q)\GL(2,A)') is of trace class. Its trace has two expressions : the first one of spec-
tral nature is given by Langlands’ spectral decomposition of the space L?(GL(2,Q)\GL(2, A)')
(cf. section 5) and the second one of geometric nature is related to conjugacy classes in
GL(2,Q) (sections 6, 7 and 8) : this is roughly the trace formula. In section 11, we sketch
an application of the trace formula to the Jacquet-Langlands correspondence. In the final
section, we give some bibliographical references and give the state of the art of the stable
trace formula.

During the text, we often refer the reader to the introductions [21] by Knapp and [19]
by Gelbart to Arthur’s work. We recommend the nice reports [26] and [27] of Labesse and
the synthesis [13] that Arthur made himself of his work.

2 The cocompact case

Let G be a Lie group and I' a discrete subgroup such that the quotient I'\G is compact.
Let us consider the space

IX(I\G) = {$:T\G — C | / o0 dy < <),

where dg is a Haar measure on G and dg is the quotient measure on I'\G. The group
G acts on L*(T'\G) via the right regular representation R and the algebra C°(G) of
smooth and compactly supported functions on G acts on L*(T'\G) by right convolution :
for ¢ € L*(T\G) and f € C>°(@G), the function R(f)¢ € L*(T'\G) is defined by

R(f)élx) = /G owy) () dy,

for z € I'\G.



One can see that R(f) is an integral operator i.e. one can write

R(f)p(x) = K(z,y)p(y) dy

G

with the kernel
K(z,y) = EKp(z,y) =Y flz ')

yel’

Since f is compactly supported, it is easy to see that for each (x,y) the sum over ~ is of
finite support and that the kernel K is a continuous function on I'\G' x I'\G. Thus K is
square-integrable and R(f) is a Hilbert-Schmidt operator. Moreover, the Hilbert-Schmidt
norm of R(f) is nothing else than the L?-norm of K. Thanks to a theorem of Dixmier-
Malliavin [18], we can write f as a finite sum of convolution products of functions f; and

f:Zfi*hi

As a consequence, R(f) is a finite sum of products of Hilbert-Schmidt operators and thus
it is a trace class operator. The trace of R(f) is the finite sum of the Hilbert-Schmidt scalar
products of R(h;) and R(f;)*. We denote by a x the adjoint operator. It is easy to see that
R(f;)* = R(f) where f is defined by fY(x) = f;(z~1) for any € G. One can show that
it is also the integral of the kernel K over the diagonal :

trace(R(f)) = K(z,x)di.
NG

Then one can expand the kernel K according to the set O of conjugacy classes in I'. For
v €T, let G, and I', be the centralizers of v in G and I' respectively. We get

trace(R(f)) = Z (g vg) dg.

ve0 Y TH\G

Let v € I'. Let us choose a Haar measure on G,. We denote dg the quotient measure on
G,\G. Let us introduce the coefficient

ar(y) = vol(I,\G5)
and the orbital integral
L= [ stag)ds
G, \G

The geometric expansion of the trace formula is given (in the cocompact case) by

(2.1) trace(R(f)) = Y ar(y) J(f)-

yeO

For the spectral expansion, we need the following proposition.
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Proposition 2.1. — The reqular representation R is isomorphic to the completion of a
discrete sum of unitary irreducible representations of G

(2.2) L*(I\G) = EB (e

Tell(G)

where I1(G) is the set of equivalence classes of unitary irreducible representations (mw,Vy)
of G. Moreover, the multiplicity mr () of m in L*(T'\G) is finite.

Proof. — (Sketch) It relies on some elementary facts about the spectral theory of com-
pact adjoint operators in Hilbert spaces : a non-zero compact adjoint operator in a Hilbert
space has always a non-zero eigenvalue. Moreover, the associated eigenvector space is finite
dimensional. To prove the existence of the discrete decomposition, it suffices to show that
any closed and G-invariant subspace V' admits an irreducible closed and G-invariant sub-
space (the irreducibility is taken in the topological sense). One can approximate the Dirac
measure supported in {1} by a suitable f € C2°(G) such that f¥Y = f. In particular, R(f)
induces on V' a compact (since Hilbert-Schmidt) self-adjoint (since f¥ = f) and non-zero
(provided that f is enough close to the Dirac measure). So we have an eigenvector, say
¢ €V, associated to a non-zero eigenvalue of R(f). Then we can replace V' by V' the clo-
sure of the space generated (under G) by ¢. Now, by using orthogonal projectors, one can
see that any orthogonal decomposition of V' has at most d non-zero summands where d is
the (finite) dimension of the eigenvector space which contains ¢. Thus, any component of
a maximal orthogonal decomposition of V' is irreducible. In the same manner, one proves
that the multiplicities are finite (for more details, see e.g. the proof of theorem 1.5 of [21]).
O

From the proposition, we get the spectral expansion of the trace formula

trace(R(f)) = Y mr(w)trace(w(f)).

mell(G)

In conclusion, the trace formula in the cocompact case is the identity for all f € C°(G)

Zap(v) Z my () trace(m(f)).

~veO Tell(G

It is a generalization for non-abelian groups of the Poisson summation formula (take
G = R and I' = Z). A fundamental problem is to obtain some informations about the
multiplicities mp (7). The trace formula is one of the most powerful tool to study them :
the trace formula “converts” spectral data into (more concrete) geometric data.

3 The GL(2) case

In the previous section, we studied the cocompact case but this setting is too restrictive :
for example, if G = GL(2,R) and I" is GL(2,Z) or more generally a congruence subgroup
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the quotient I'\G is not compact. From now on, we will work in an adélic setting : on the
one hand, the literature on the Arthur-Selberg trace formula is written for adélic groups
and on the other hand it is more convenient to consider GL(2, Q)-conjugacy classes rather
than G L(2,Z)-conjugacy classes.

Let A be the ring of adeéles of Q (more generally of a number field), A* the multiplicative
group of ideles and A' the subgroup of ideles of adélic norm 1

Al ={r e A||z|]y =1}

These groups carry a natural topology for which they are locally compact. Moreover, Q,
resp. Q% is a discrete subgroup of A, resp. A, and the quotient Q\A, resp. Q*\Al!, is
compact.

Let us denote G = GL(2,A) and I' = GL(2,Q). The topology on A induces a topology
on G for which G is locally compact. Thus G carry a Haar measure dg. Moreover I is a
discrete subgroup of G but the quotient I'\G is not compact : it is not even of finite volume
(for the quotient measure). One can improve this by considering the subgroup G*' defined
by

G'={g € G| |det(g)|s =1}

It is well-known that T'\G" is of finite volume (cf. [16]) : nevertheless it is still not compact.

Let Ky be an open compact subgroup of the group GL(2,Ay) of finite adeles. The
quotient Ko\G'/Kj is a discrete union of countably many copies of GL(2, R)! = GL(2,R)N
G' which is a Lie group. We can therefore define the space C*(K,\G'/K;) of smooth
functions on K¢\G'/Ky. Let C*(G') be the direct limit

(@) = lim C¥(K\G'/K0)

where the limit is taken over all open compact subgroups Ky of GL(2,A;). Let C°(G!)
be the subspace of smooth and compactly supported functions on G'. As in the previous
section, the group G! acts by the right regular representation R on the space L?(I'\G"')
and for f € C2°(G"), the operator R(f) is an integral operator with kernel

K(z,y)=>_ fla"yy)

vyer

with x,y € T\G'. Unlike the cocompact case, the kernel K is not square-integrable on
I\G' xT'\G". It is not even integrable on the diagonal. Let 7 € T. Let G be the centralizer
of v in G*. It is easy to see that the coefficient

ar(7) = vol(L\G)

is infinite for v diagonal and non central and that the orbital integral
L= [ fle9dg
GI\G!
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is generally infinite for 7 a non-trivial unipotent element. So the geometric expansion (2.1)
does not have any sense. What is worse is that the discrete spectral decomposition (2.2)
is no longer true and R(f) is not a trace class operator. At first glance, there seems to
be no hope to have a trace. But, as we shall see, what can be computed is the trace of a
truncated avatar of R(f) which still has a rich spectral decomposition.

4 Arthur’s truncation operator

4.1. Constant term. — Let B be the subgroup of upper triangular matrices in G. Let
N be the subgroup of unipotent matrices in B. The quotient N N I'\ NV is isomorphic to
Q\A and therefore is compact.

For any ¢ € L*(I'\G"'). By Fubini’s theorem, the function

ne€ NNI\N — ¢(nz)

belongs to L*(N NT\N) for almost all z € G* and thus also to L'(N N T\ N).
The constant term of ¢ (“along” B) is the function ¢ defined for almost all g € G* by

op(x) :/ o(nx) dn.
NAD\N
We shall say that ¢ is cuspidal if ¢ = 0 (almost everywhere). Let

Lowp(T\GY) = {6 € L*(T\G") | ¢5 =0 (ae.)}

be the closed subspace of L?(I'\G') generated by cuspidal functions. Note that this sub-
space is stable by R(f).

4.2. The H-function. — Let T be the subgroup of diagonal matrices in B. Let

QO=0R) [[ GL2%,).

p prime

This is a maximal compact subgroup. Then we have the Iwasawa decomposition
G =BK = NTQQ.

We define a function H from 7" to R by

(@) m(( Gy )= grul e

for all a,b € A*. For any g € G, the Iwasawa decomposition enables us to write g = ntk
withn € N, t € T and k € 2. We extend the function H to all G by the formula

(4.2) H(g) = H(1).



We thus obtain a function on G which is invariant on the left by N(7'NI") and on the right

by Q.
(01
Y=l -1 o0

Let
be (a representative) of the non-trivial element of the Weyl group of the diagonal torus.
We have the following “positivity lemma”.

Lemma 4.1. — For any g € G, the inequality

—H(g) — H(wg) =0

15 true.
Proof. — It is a simple (local) computation which is left to the reader. (cf. e.g. the
computation of the function H in lemma 6.6 of [21]). O

4.3. Reduction theory. — For any X € R, let 7x be the characteristic function of the
set

(4.3) {ge G| H(g) > X}.

Let T, be the group of diagonal matrices (a,b) with a,b € R. Let T* be the subgroup
of T of diagonal matrices (a,b) with a and b in Al. In particular, T = T'T,.
Let w C NT! be a compact subset. Let X; € R. We define the Siegel set

S=8Xj,w)={z=ptkeG|pew, teTy, ke, 7x,(z)=1}.
The relevance of Siegel sets comes in part from the following lemma. (cf. e.g. proposition
7.10 of [21))
Lemma 4.2. — If S is sufficiently large then G =T'S.

Let w and X; < 0 be such that the conclusion of the previous lemma is true. Let X € R
and
S(X, Xq,w) ={z € S(Xj,w) |rx(z) = 0}.

It is clear that S(X, X;,w) NG is compact. Let FE(., X) be the characteristic function of
the projection of S(X, Xi,w) on I'\G.

Lemma 4.3. — For any g € G, the sum

Z 7x(dg)

seBNT\T

is finite. If X > | Xy| then for all g € G we have

Fg.X)+ > 7x(dg) =1

s§eBNT\I'
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Proof. — We will not prove the first assertion (however cf. e.g. lemma 7.7 in [21]).
The Bruhat decomposition gives the disjoint union

'=BNT)uUBNHwBNT).

Thus the union of {1} and w(/N NT) is a set of representatives of the quotient B N T'\T'.
Since the second assertion only depends on the class I'g, we have to consider only two
cases : either 7x(g) = 1 or 7x(dg) = 0 for all 6 € I'. In the first case, by the positivity
lemma 4.1, we have for any n € N

H(wng) < —H(ng) = —H(g) < —X < X.

Thus 7x(6g) = 0 if § ¢ BN T. Moreover it is clear that F%(g, X) = 0.
In the second case, by lemma 4.2, there exists 6 € I" such that dg € S. Since 7x(dg) =0
we have F%(g, X) = 1.
0

4.4. Arthur’s truncation operator — It is denoted by A¥ and it depends on a real
parameter X. It is defined for any ¢ € L*(TI'\G"') or ¢ € C=(T'\G") by the formula

AMo(r) =gx) = Y 7x(67)dp(0x)

seBNT\T

for x € G*.

Remark. — Thanks to lemma 4.3, we see that the sum over § can be taken over a fi-
nite set and that the constant function 1 satisfies A* (1) = F¢(., X) if X is sufficiently large.

Here are the main properties of the truncation operator. (for some details see e.g. [21]
§7, for more complete proofs see [2] and perhaps also [32]).

Proposition 4.4. — For any ¢ € L*(T'\G"), we have AX¢ € L*(I\G'). Moreover, the
following assertions are true :
1. A¥¢ = ¢ forall ¢ € L, (T\G") ;
2. AX = AX o AX;
3. AX transforms smooth functions of “uniform moderate growth” into “rapidly decrea-
sing” ones;

4. (M), Y) = (¢, AXY) for ¢ and b € CX(G') ;
5. AX extends to a bounded operator on L*(T\G') which a orthogonal projector.

Let us denote AX K, resp. KAX, the action of AX on the first variable of the kernel
K, resp. the second variable. It is easy to check that the operator AX o R(f) acting on
L*(T'\G") is integrable with kernel A* K. But thanks to the property 3 of the proposition
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above, one can show that the kernel A* K is square-integrable on T\G* x T'\G' (see for
example the upper bounds for AX K in the proof of proposition 3.5 of [19]). We deduce the
following theorem.

Theorem 4.5. — For any f € C°(G'), the operator A~ o R(f), acting on L*(T\G?) is a
Hilbert-Schmidt operator.

That theorem has the same consequences as in the cocompact case. Before stating them,
let us introduce the discrete part of L*(T'\G') that is the closed subspace L3 (I'\G')

generated by the irreducible subrepresentations of G' in L*(T\G'). This is the part of
L*(T\G") whose spectral decomposition looks like the decomposition (2.2).

Corollary 4.6. — We have the inclusion
L(Q:usp(F\Gl) - L(Qiisc(F\Gl)'
2

More precisely, the space LCUSP(F\GI) is the Hilbert sum of unitary irreducible representa-
tions of G' with finite multiplicities.

Proof. — (Sketch) Let R, be the regular representation of G' on L2, (T\G'). By

cusp
property 1 of the proposition 4.4, the operator Rc,s, is the restriction of the Hilbert-
Schmidt operator A* o R(f) to the closed subspace L2, (I'\G"). It is also a Hilbert-Schmidt
operator. Then the proof is the same as in the cocompact case. (cf. the proof of proposition

2.1 and for more details, see e.g. the proof of theorem 1.5 of [21]). u

Remark. — The irreducible components (and their multiplicities) of L2, (I'\G') are
in the heart of the Langlands’ program. In our case and more generally for GL(n) the

multiplicities are 0 or 1 (cf. [34]).

Corollary 4.7. — The operator AX R(f)AX is an integral operator with kernel AX KAX.
Moreover it is of trace class and its trace is the integral over the diagonal over its kernel

(4.4) trace(AXR(f)AY) = / A KA (2, 2) d.
r\G!
Proof. — The first assertion is easy. For the second, the Dixmier-Malliavin’s factorization

theorem (cf. section 1) enables us to write AX R(f)AX as a sum of products of the type
AXR(g)R(h)A* with g and h in C2°(G!). We have just to remark that the adjoint operator
of R(R)A* is AXR(hY) with hY(z) = h(z~1) for x € G'. Thus AXR(f)A¥ is a sum of
products of Hilbert-Schmidt operators. Hence it is of trace class and its trace is the sum of
the Hilbert-Schmidt scalar products of the operators R(h)AX and (A*R(g))* which gives

the last statement by an easy computation. U

We have dramatically improve the situation : we have now a trace class operator
AXR(f)AYX. Tts trace is the integral of its kernel AX KAX over the diagonal. Moreover,
this trace “includes” the trace of the operator R..s,(f) which carries interesting arithme-
tic informations. As in the cocompact case, one can hope to get eventually a geometric
decomposition of the integral of AX KAX. But we still need a full spectral decomposition
of L*(T\G") that we shall now review.



5 Langlands’ spectral decomposition of L*(I'\G!)

Let Ay be the group of diagonal matrices (a,a™') with a € RY. Let us recall that 7"
is the subgroup of T' of diagonal matrices (a,b) with a and b in A'.
The space ‘H of measurable functions

¢: N(TNT)ALNG! — C
such that for any € G the function
t €T v ¢(tz)

belongs to L*((T'NT)\T!) and such that

ol = [ [ JoteP it < oo
K J(Tnr)\T!
is a Hilbert space.

For any s € C, we define an induced action R, of G! on H by the formula

Ry(y)¢(x) = exp(—(s + 1) H(z))ds(2y)

where
¢s(x) = ¢(x) exp((s + 1)(H (x))

for any z,y € G!. The function H has been defined in the previous section. This is a
unitary representation of G' if s € iR.
For any ¢ € H, x € G! and s in a suitable subset of C, we define the Eisenstein series

E(z,¢,5)= Y ¢.(0x)

seBNI'\I'

and the intertwining operator

(M(s)¢)(x) = exp((s — 1) H (x)) /Ncﬁs(wm) dn.

Note that formally
E(xy, ¢,5) = E(z, Ry(y)9, s)

and



Theorem 5.1. — (Langlands’ decomposition)

1. The series and the integral that define respectively E(x, ¢, s) and M (s) are convergent
and analytic for Re(s) > 1. Moreover, they admit a meromorphic continuation to the
whole complex plane, which is analytic on iR. They satisfy the functional equations

E(x,M(s)p,—s) = E(x,,s)

and
M(—s)M(s) = 1.

2. Let F the Hilbert space of functions
F: iR—H

which satisfy

and

1
IFI? =5 [ IFG)Ids < o0

The map defined over a dense subspace of F by

1
F 5/ E(x,F(s),s)ds

extends to an isometry from F onto the orthogonal complement denoted L%, (T\G")
of L%, .(T\G') in L*(T\G").

Recall that L2 (T\G') C L% . (T\G"). Let L2 (T\G") be the orthogonal complement

disc

cusp res
of L2,,(T\G") in L (T\G"). This is the so-called residual spectrum (because it is even-

tually obtained from residues of Eisenstein series). In fact, in our situation, the residual
spectrum admits a very explicit description

L2 (D\G") = @Xodet

X

where y belongs to the group of continuous characters of Q\A®.
We have an orthogonal decomposition

LZ(P\G1> = F\G ) ® Lfes(F\Gl) ® cont(F\G )

Let f € C2°(G"). Each term in the above decomposition is stable by the operator R(f).
By restriction, we obtain integrable operators Reusp(f), Rres(f), and Reont(f) with kernels
respectively denoted by Kcusp, Kres, and Keons.

Let B be an orthonormal basis of H. The Langlands’ decomposition gives the following

expression
Contxy / ZE:ER )E(yv¢7$)d8
R geB

cus (
P
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for any x,y € G'.
We have already shown that AXR(f)AX is of trace class (cf. corollary 4.7). Its kernel
AXKAX satisfies

AYEKAX ($, y) = Kcusp(ma y) + AXKresAX($7 y)
1 -
+3 | A B R0,y 6.5) ds

R gen
The trace of AX R(f)AY is the integral of its kernel over the diagonal hence

trace(AX R(f)AX) = trace(Reusp(f)) + trace(A™ Ryues(f)AY)

/ / A E(z, Ry(f)$, s)ANXE(z, ¢, s) dx ds.

peB JI\G!
Note that the inner integral is nothing else than the scalar product of two trunca-
ted Eisenstein series, which is not difficult to compute (cf. [21] proposition 7.13). After
integration we obtain :

TS

= 2/iRtrace(M(s)1M’(S)Rs(f))ds+X/iRtrace(Rs(f)))ds

/ e AXE(x R(f)o,s)ANXE(x, ¢, s)dxds

oeB

1
—l—Ztrace(M(O)Ro(f)) +r(X)
where the last term r(X) vanishes at infinity

Xl—lg—loo r(X)=0.

Finally, we also have

lim trace(AX Res(f)A™) = trace(Ries(f))

X——+o0
In conclusion, we obtain the theorem.

Theorem 5.2. —For any f € C=(G'),
trace( AN R(f)AY) = trace(Raisc(f)) + itraee(M(O)Ro(f))

43 [ trace(M(s) MR ds + X [ trace(Ru( ) ds + =(X)

with

A e(x) =

Remarks. —
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— Besides the trace of R(f) in the discrete spectrum denoted by trace(Rais.(f)), we have
an other discrete contribution namely trace(M (0)Ro(f)) which comes from Eisenstein
series.

— The continuous contribution [, trace(M(s)~'M’'(s)R,(f)) ds is built upon the so-
called weighted characters trace(M (s) ' M'(s)R,(f)) which are not invariant by conju-
gacy by G.

— the coefficient of X is an invariant distribution : it is the integral of the trace of
representations induced from 7.

6 The geometric side : the cut-off kernel

As in the cocompact case, we can expect the trace of the operator AX R(f)AX

trace(AX RAX(f)) = / A KA (z,2) d
r\G!
to have a geometric decomposition according to conjugacy classes in I'. In this section, it
is our task to provide such a decomposition. Unfortunately, the fact that the truncation
operator A% does not act diagonally on the kernel K makes our task harder.
According to Arthur, it is more convenient to introduce before another truncated kernel

whose geometric decomposition is more tractable.
Let f € C(G"). Let Rp the right regular action of G' on

L*(N(T NnT)\GY)

As before, one defines a convolution operator Rz (f) which is an integral operator which a
kernel denoted Kp. We have the following explicit expression for this kernel

Kp(z,y) :/N > fa T yny) dn.
yeT NI’

for  and y € G*. Then we can introduce what we call the “cut-off” kernel (to distinguish
it from the truncated kernel A% K)

¥ (2, f) = K(x,2) — Y 7x(62)Kp(dz, 6x).

seBNI\I'

The function 7 was defined in (4.3). Again, by lemma 4.3, the sum over § can be taken
over a finite set.
7 Characteristic polynomials

Instead of conjugacy classes, we are going to expand the cut-off kernel according to
characteristic polynomials. Let X be the set of characteristic polynomials of elements of I'.
For any v € I', we denote by x, the characteristic polynomial of ~.

12



For any x € X, =,y € G*, we set

K(zy)= >  fla ')

{7€l| xy=x}

and
Kpy(2,9) / > flayny) dn.
{veTnT| x»=x}
Thus we have the expansion

=Y k(e f

xeX

We can now state the first theorem.

Theorem 7.1. — For large X, we have

Z/r |k‘XJ:f|dx<oo

XEX \Gl

(For a sketch of the proof see [19] lecture II, theorem 4.3)

Thanks to the previous theorem, we can set, for all y € X, and for large X

Rn= [ K

For applications, it is important to find more explicit expressions for the distributions
J)i( (f) and to understand their behaviour in X. Before considering this problem, we need a
coarse classification of characteristic polynomials. We introduce the subsets Xq of elliptic
characteristic polynomials, Xp,, of parabolic ones and Xy, of singular ones. By definition,
we have

1. Xy is the subset of irreducible polynomials (over Q) in X ;
2. Xpar is the subset of polynomials in X which have two distincts roots in Q;
3. Xging 1s the subset of polynomials in X which have one double root in Q.

So we have a disjoint union
X = xell U %par U xsing-

Let 7,7 be elements of I'. Assume that x, belongs to Xe; U X, Then v is semi-simple
and regular. Here regular semi-simple just means diagonalizable over an algebraic closure
of Q with two distinct eigenvalues. Moreover x., = x. if and only if v and ' are conjugate
in I'. In that sense, we can identify the set Xy U Xy with the set of conjugacy classes of
semi-simple regular elements in I'.

On the other hand, x, belongs to X, if and only the semi-simple part of v in the
Jordan decomposition is central (in other terms a scalar matrix). Moreover ., = x if and
only if v and 7/ have the same semi-simple part.

13



We will now describe the distributions
X
Je (f)

according to those subsets of X.

8 Weighted orbital integrals

8.1. Elliptic polynomials — Let v € I' such that x = x, belongs to X¢. In that case,
we have obviously v € T'NT'. Thus the x-part of the cut-off kernel reduces to the y-part
of the kernel :

ky (@, f) = Ky (z,2)
does not depend on X. As a consequence, for the elliptic part of the cut-off kernel, we can

perform the same calculations as in the cocompact case. Let us state the result.

Proposition 8.1. — For any v € I' such that x = x, belongs to X1, we have

JX(f) = vol(GL A T\GY) / (g~ ) dg

G\G
where G, resp. G, is the centralizer of v in G, resp. G'.

Remark. — The centralizer of v in GL(2) is a torus. The quotient G} NT\G! is in fact
compact. So its volume is indeed finite.

8.2. Parabolic polynomials — For elliptic polynomials, we have got orbital integrals
fGW\G f(g7'vg) dg as in the cocompact case. For parabolic polynomials, new distributions
appear : the so-called weighted orbital integrals. First, we need to define the weight v. For
any g € G, we set

v(g) = —H(g) — H(wg),

where H is the function defined in (4.1) and (4.2). It is an amusing exercise to check that
this defines a non-negative function on GG which is invariant on the left by 7" and on the
right by K.

We can now state the result.

Proposition 8.2. —For any non-scalar v € TN I and x = x,, we have

JE(f) = vol(T NI\T") x (2X o flg™ vg) dg + o flg™ vg)v(g) dg)

where T' is the group of diagonal matrices (a,b) with a,b € A'.

This proposition is quoted in [19] (cf. lecture IV proposition 1.1) where the reader will
find some references.
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Remarks. —
— The quotient TN T\T" is compact hence of finite volume.

— For any x € X,a, one can find v € T'N I such that x, = x. Of course, « is not
central. Thus we have a description of Jf (f) for any x € X,

— The group T is really the centralizer of v in G. So the integral fT\G f(g7'vg)dg is
nothing else than the orbital integral associated to .

Because of the weight v, the so-called weighted orbital integral fT(A)\G(A) flg7vg)v(g) dg
is a distribution that is not invariant by conjugacy by G.

8.3. Singular polynomials — There exists a similar but more complicated expression
for singular characteristic polynomials. We will not give it (however cf. [19] lecture IV
proposition 1.2). The reasons for this complication are easy to track : first a singular
characteristic polynomial cannot be identified to a single conjugacy class. Second, the global
unipotent integrals do not converge (we already mentionned this fact when we introduced
the truncation).

Let us emphasize that Jf (f) for x singular is still a polynomial in X of degree at most
1. Moreover, the distributions Jf for x singular are in some sense in the closure of the
distributions J3* for x elliptic or parabolic.

9 The trace formula

So far, we have introduced the cut-off kernel and we have got a geometric decomposition
of its integral in terms of (weighted) orbital integral. The following theorem will enable us
to compare the geometric decomposition of the cut-off kernel with the former truncated
kernel.

Theorem 9.1. — Let f € C°(G'). There exists X such that for any X > X; we have

/ A K(z,2) :/ EX(z, f)dx.
r\G! r\G!

(for a sketch of the proof, see for example [19] p.26)

In theorem 5.2, we saw that the left-hand side is a polynomial in X up to a negligible
error term. In section 7 and 8, we saw that the right-hand side is exactly a polynomial in
X. Equaling the constant terms (at X = 0), we obtain the following corollary.

Corollary 9.2. — (Arthur’s trace formula for GL(2)) Let f € C*(G'). We have the
following equality

Jdisc(f) + Jcont(f) = Z JX(f)

XEX

where
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— the discrete part of the spectral side of the trace formula is

Jaise(f) = trace(Raisc(f)) + itrace(M(O)Ro(f)) :

— the continuous part of the spectral side of the trace formula is
1
Flf) = 5 [ trace(M(s) M ()R 1)
iR

— for x € X, the geometric distribution J,(f) is the value at X = 0 of Jf(f) Thus,
Jy(f) is an orbital integral for x € X1 and a weighted orbital integral for x € Xpar.

Remark. — As we stated it, the trace formula we obtained does not compute the trace
of anything. Nonetheless, it gives a formula for the trace of R(f) in the discrete spectrum
in terms of both geometric and spectral data.

10 A simple trace formula

For some more restricted classes of functions, the trace formula is simpler (cf. [19]
Lecture V, §2). Here is an useful example. Let V' be the set of all places of Q. For v € V|
let @, be the completion of Q at v. Let G, = GL(2,Q,) and T, the group of diagonal
matrices in GG,,. By identifying G, with a subgroup of GG in the usual manner, we define the
weight function v on G,,. We have the following splitting formula due to Arthur. (see e.g.
proposition 1.1 p.46 of [19]). (of course, we tacitly assume some compatibility conditions
among the various Haar measures).

Proposition 10.1. — Let v € TNT and f = Quevfo. The the global weighted orbital
integral

flg~vg)v(g) dg
T\G

is equal to the sum over v € V' of the product

/TU\GU folg " zg)v(g) dg x H/ Fulg~'2g) dg.

Here almost all the factors of the product are in fact 1. Moreover for almost all v, the local
weighted orbital integral

/ fu(g™ 2g)0(g) dg
Tu\Gv

15 0 and the product above s 0.

Let us fix two distinct places v; and vy and let us consider functions f = ®,ey f, such
that for v € {vy, v} the local orbital integrals of f, vanish for all x € T,, :

(10.1) / oz dg =0
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The proposition 10.1 implies the parabolic part of the geometric side of the trace formula
vanishes for such functions f. Besides one can show that the singular part reduces to a sum
over the set Z of central elements in I' (cf. [19] lecture V, §2). More precisely, we obtain
for the geometric side the expression

D I (f) +vol(T\GY) )~ f(2)

XEXen z2€Z

The vanishing asumption (10.1) implies that the trace of f, in the induced representations
is 0 for v € {v1,v,}. But we have also splitting formulae for the spectral terms (see e.g.
proposition 1.3 p.48 of [19]). As consequence we can also simplify the spectral side of the
trace formula. Finally, the trace formula reduces for such functions f to the equality

(10.2) trace(Raisc(f Z J(f) + vol(T\G") Z f(2)

XEXen 2€Z

11 Application : the Jacquet-Langlands correspondence

One of the most striking applications of the trace formula is to obtain some special cases
of what is known as Langlands’ functoriality. Such applications are based on a comparison
of different trace formulae for different groups. Let us discuss a typical case : the Jacquet-
Langlands correspondence. Let G’ = D* be the group of invertible elements of a quaternion
algebra D over Q. We will use a ’ to denote objects relative to G'. Let G'(A)! be the
subgroup of G'(A) of elements g € G'(A) such that |[Nrd(g)|s = 1 where Nrd is the reduced
norm. Then the quotient G'(Q)\G’(A)! is compact. Therefore using the same method as
in the section 2, we can prove that for any test function f’ on G’(A)!

(11.1) trace(R'(f ZJ’

where as usual R’ is the regular representation of G’(A)! on L*(G'(Q)\G'(A)'). On the
right-hand side, there is a sum indexed by conjugacy classes x in G'(Q) of J| (f') which is
a global orbital integral times a volume. We can still classify the elements of G'(Q) accor-
ding to their characteristic polynomials. Moreover since there are no non-trivial unipotent
element in G'(Q), two elements in G'(Q) which have the same characteristic polynomial are
in fact conjugate. Moreover there are no element in G'(Q) which has a parabolic characte-
ristic polynomial. The characteristic polynomial map induces a bijection between the set
of conjugacy classes in G'(Q) and the set of elliptic or singular characteristic polynomials.
In this way, the formula (11.1) can be written

(11.2) trace(R'(f) = Y _ JL(f) +vol(G'(Q\G'(A)") Y f(z

XEXen ZEZ’(Q)
where Z’ is the center of G’ wich we identified to the center Z of GL(2,Q). Of course,
7' ~ 7. This formula looks like the simple trace formula (10.2) we obtained for GL(2).
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We would like to compare the geometric parts of these formulae of G and G’ for enough
pairs of test functions (f’, ). We normalize the Haar measures on G and G’(A) by taking
the Tamagawa measures (cf. [19] p.53). These measures decompose locally in a product
of Haar measures. Let f’ be a smooth compactly supported function on G'(A)! such that
' = @uev fl. For v € V, we denote G the group G'(Q,). Let S be the finite set of places
v where G, and G/ are not isomorphic (note that |S| > 2). Thus for the places v ¢ S,
we may and we will take f, = f/. For the places v € S, we will use a function f, which
satisfies the following proposition (“existence of the transfer”).

Proposition 11.1. — Let v € V. For any test function f. on G’ there exists a test function
fo such that

1. for any v € T, the orbital integral of f, vanishes
/ folg™'vg)dg =0 ;
Tv\Gv
2. for any v € G, and v € G! with matching characteristic polynomials we have

/ folg™'vg9)dg = / filg7'v9)dg
Gyo\G

G, \G

(when vy and o' match, their centralizers G, and G, , are isomorphic which enables
us to take compatible Haar measures on G, and G', .)

The function f = ®,ecy f, is smooth and compactly supported. Using the simple form
(10.2) of the trace formula for G and f and the formula (11.2) above, we write

trace( Raie(f)) — trace(R'(f')) = vol(T\G") Y _ f(2) — vol(G'(Q\G'(A)")) > f(z

2€Z z€Z'(Q)

With the identification Z ~ Z’(Q), it is possible to show that we have for the pair (f, f’) the
equality : f(z) = f'(2) for all z € Z (this equality is true locally only up to a Kottwitz sign
which disappears globally). Thanks to Weyl’s integration formula, it is easy to show that the
contributions of the 1-dimensional subrepresentations to trace(Rais.(f)) and trace(R'(f’))
match. Let us denote R} the regular representation of G'(A)! on L(G'(Q)\G'(A)') the
subspace of L?(G'(Q)\G'(A)') orthogonal to all the invariant 1-dimensional subspaces. We
obtain

trace(Reusp(f)) — trace(Ry(f)) = (vol(T\G') — vol(G'(Q)\G' (A Z f(z

z2€Z

But this equality is possible only if both sides are zero. Let us explain the rough idea
which comes from functional analysis : take v ¢ S an “unramified” place. Then the formula
above is an equality of distributions for f, in the Hecke algebra. But the left-hand side
is a discrete sum of unramified unitary representations whereas the right-hand side is a
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continuous integral of tempered representations against the Plancherel measure (thanks to
the Plancherel formula). By Riesz uniqueness theorem, both distributions are zero. As a
consequence, we have

(11.3) vol(T\G') = vol(G'(Q)\G'(A)")
and
(11.4) trace(Reusp(f)) = trace(Ry(f)).

From the last equality, we can eventually prove that there is a natural injective map
from the irreducible constituents of L2(G'(Q)\G'(A)') to the irreducible constituents of
L2, (G'(Q)\G'(A)") such that for v ¢ S the local components at v match. Moreover it

is possible to characterize the image of the map (cf. [19] lecture VI). This is the global
Jacquet-Langlands correspondence.

12 Final comments

Arthur has developped the trace formula for any reductive connected group (over a
number fields) for more than twenty-five years. Without being exhaustive, we can mention
several important steps. The reader can find the “coarse form” of the trace formula in the
papers [1] for the geometric side and [2] for the spectral side (which relies on the Langlands’
spectral decomposition cf. [29] or [32] for an adelic setting). The papers [9, 6, 5] are devoted
to express the geometric distribution in terms of (local) weighted orbital integral. The
papers [3, 4] do the same job for the spectral distributions and the weighted characters.

In the papers [7, 8], Arthur deduces from the non-invariant trace formula an invariant
one. As a byproduct, he establishes a very useful “simple” trace formula (in the spirit of
the section 10). In [14], Arthur and Clozel prove the general comparison between the trace
formula for GL(n) and one of its inner form [14]. Using their result, Badulescu recently
succeeded in proving a general global Jacquet-Langlands correspondence (cf. [15]).

When one tries to generalize the Jacquet-Langlands correspondence to other reductive
groups, one has to face a difficulty. For any reductive group one can still define a notion of
characteristic polynomial. Moreover, two groups which are inner forms of each other share
the same set of characteristic polynomials. But the fibers of the characteristic polynomial
map are usually not ordinary conjugacy classes but rather stable conjugacy classes (roughly
speaking the stable conjugacy is the conjugacy over an algebraic closure of the base field).
The two notions of conjugacy are the same for GL(n) but in general they do not coincide.
So, if we want to compare the geometric sides of the trace formulae for two groups which
are inner forms of each other, we have before to express these geometric sides in terms of
stable conjugacy classes. As we saw it for GL(2) in section 11, the comparison is based on a
transfer of orbital integrals. In the most general situation, the comparison should be based
on a transfer of stable orbital integrals. Therefore we have to express the trace formula on a
group in terms of stable distributions (those which are in the weak closure of stable orbital
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integrals). At first glance, it is not possible. In fact, what should be possible to do is to write
the trace formula for a group G in terms of a stable part and an instable part which is a
sum of stable trace formulae for a family of groups called endoscopic groups : these groups
have the same rank as GG but a smaller dimension. This is basically Langlands’ strategy
(cf. [30]). In return, the stabilization of the trace formula should give the fonctorialities of
endoscopic type.

The works of Langlands [30] and Kottwitz [22, 23] achieved this program for the elliptic
part of the geometric side of the trace formula but under two assumptions : the first one
is the existence of the transfer for stable orbital integrals (in the spirit of proposition 11.1
above). The second one is the so-called fundamental lemma : it is a precise version of the
tranfer at unramified places which says that the transfer of the unit of a Hecke algebra
is again the unit of a Hecke algebra. Kottwitz used the stabilization of the elliptic part
to prove that the Tamagawa numbers are the same for inner forms (cf. [24] : this is a
generalization of the equality (11.3) above).

In a subsequent work (cf. [10, 11, 12] and many other ancillary papers), Arthur achieved
the stabilization of the whole trace formula : his work is also based on two assumptions
namely the existence of the transfer and a generalized fundamental lemma extended to
weighted orbital integrals. The existence of the transfer at archimedean places is due to
Shelstad ([35, 36]). Waldspurger showed how one can deduce the transfer from the funda-
mental lemma ([38]). So the cornerstone of the theory is the fundamental lemma and its
weighted version. Some cases were known by works of Hales, Waldspurger (for SL(n)) and
Weissauer. A breakthrough was the introduction of a geometric approach due to Goresky-
Kottwitz-MacPherson and Laumon. In this way, Laumon-Ngo [31] proved the fundamental
lemma for unitary groups. Recently Ngo has found a proof for the general case. In gene-
ral, the weighted fundamental lemma remains a conjecture (however cf. [39] for GSp(4)).
We also emphasize that when one tries to compare the trace formula to a Lefschetz trace
formula one often has to use the stable form of the trace formula : this is the case when
one tries to express Hasse-Weil zeta functions of some Shimura varieties in terms of auto-
morphic L-functions (cf. for an example Clozel’s report [17]) on Kottwitz work).

To finish, we mention that there is a twisted version of the trace formula (unpublished
notes of Clozel-Labesse-Langlands). In full generality, a twisted stable trace formula was
not yet established (however see the works of Kottwitz-Shelstad [25], Labesse [28], Renard
[33] and Waldspurger [37]). Conjecturally, such a formula should give functorialities for the
classical groups to GL(n) (work in progress by Arthur, cf. §30 of [13]). Arthur and Clozel
have already used a twisted trace formula to prove the cyclic base change for GL(n) (cf.
[14]). To conclude, let us mention that Jacquet has introduced interesting variants of the
Arthur-Selberg trace formula (cf. e.g. [20]).

Références

[1] J. Arthur. A trace formula for reductive groups I. Terms associated to classes in G(Q).
Duke Math. J., 45 :911-952, 1978.

20



2]

[10]
[11]
[12]

[13]

[14]

[15]

[18]

J. Arthur. A trace formula for reductive groups II. Applications of a truncation
operator. Compositio Math., 40 :87-121, 1980.

J. Arthur. On a family of distributions obtained from Eisenstein series. I. Application
of the Paley-Wiener theorem. Amer. J. Math., 104(6) :1243-1288, 1982.

J. Arthur. On a family of distributions obtained from Eisenstein series. II. Explicit
formulas. Amer. J. Math., 104(6) :1289-1336, 1982.

J. Arthur. A measure on the unipotent variety. Canad. J. Math., 37(6) :1237-1274,
1985.

J. Arthur. On a family of distributions obtained from orbits. Canad. J. Math.,
38(1) :179-214, 1986.

J. Arthur. The invariant trace formula. I. Local theory. J. Amer. Math. Soc., 1(2) :323~
383, 1988.

J. Arthur. The invariant trace formula. II. Global theory. J. Amer. Math. Soc.,
1(3) :501-554, 1988.

J. Arthur. The local behaviour of weighted orbital integrals. Duke Math. J., 56(2) :223—
293, 1988.

J. Arthur. A stable trace formula. II. Global descent. Invent. Math., 143(1) :157-220,
2001.

J. Arthur. A stable trace formula. I. General expansions. J. Inst. Math. Jussieu,
1(2) :175-277, 2002.

J. Arthur. A stable trace formula. III. Proof of the main theorems. Ann. of Math.
(2), 158(3) :769-873, 2003.

J. Arthur. An introduction to the trace formula. In Harmonic analysis, the trace

formula, and Shimura varieties, volume 4 of Clay Math. Proc., pages 1-263. Amer.
Math. Soc., Providence, RI, 2005.

J. Arthur and L. Clozel. Simple algebras, base change, and the advanced theory of the
trace formula, volume 120 of Annals of Mathematics Studies. Princeton University
Press, Princeton, NJ, 1989.

A. Badulescu. Global Jacquet-Langlands correspondence, multiplicity one and clas-
sification of automorphic representations (with an appendix by N. Grbac), 2007.
http ://fr.arxiv.org/abs/0704.2920.

A. Borel. Some finiteness properties of adele groups over number fields. Inst. Hautes
FEtudes Sci. Publ. Math., (16) :5-30, 1963.

L. Clozel. Nombre de points des variétés de Shimura sur un corps fini (d’apres R.
Kottwitz). Astérisque, (216) :Exp. No. 766, 4, 121-149, 1993. Séminaire Bourbaki,
Vol. 1992/93.

J. Dixmier and P. Malliavin. Factorisations de fonctions et de vecteurs indéfiniment

différentiables. Bull. Sci. Math. (2), 102(4) :307-330, 1978.

21



[19]

[20]

[21]

[22]

[23]

[31]

[32]

[33]
[34]

[35]

S. Gelbart.  Lectures on the Arthur-Selberg trace formula, volume 9 of Uni-
versity Lecture Series.  American Mathematical Society, Providence, RI, 1996,
http ://fr.arxiv.org/abs/math.RT/9505206.

H. Jacquet. Automorphic spectrum of symmetric spaces. In Representation theory
and automorphic forms (Edinburgh, 1996), volume 61 of Proc. Sympos. Pure Math.,
pages 443-455. Amer. Math. Soc., Providence, RI, 1997.

A. W. Knapp. Theoretical aspects of the trace formula for GL(2). In Representation
theory and automorphic forms (Edinburgh, 1996), volume 61 of Proc. Sympos. Pure
Math., pages 355-405. Amer. Math. Soc., Providence, RI, 1997.

R. Kottwitz. Stable trace formula : cuspidal tempered terms. Duke Math. J.,
51(3) :611-650, 1984.

R. Kottwitz. Stable trace formula : elliptic singular terms. Math. Ann., 275(3) :365—
399, 1986.

R. Kottwitz. Tamagawa numbers. Ann. of Math. (2), 127(3) :629-646, 1988.

R. Kottwitz and D. Shelstad. Foundations of twisted endoscopy. Astérisque,
(255) :vi+190, 1999.

J.-P. Labesse. La formule des traces d’Arthur-Selberg. Astérisque, (133-134) :73-88,
1986. Seminar Bourbaki, Vol. 1984/85.

J.-P. Labesse. The present state of the trace formula. In Automorphic forms, Shimura
varieties, and L-functions, Vol. I (Ann Arbor, MI, 1988), volume 10 of Perspect.
Math., pages 211-226. Academic Press, Boston, MA, 1990.

J.-P. Labesse. Stable twisted trace formula : elliptic terms. J. Inst. Math. Jussieu,
3(4) :473-530, 2004.

R. Langlands. On the functional equations satisfied by Eisenstein series. Springer-
Verlag, Berlin, 1976. Lecture Notes in Mathematics, Vol. 544.

R. Langlands. Les débuts d’une formule des traces stable, volume 13 of Publications
Mathématiques de I’Université Paris VII [Mathematical Publications of the University
of Paris VII]. Université de Paris VII U.E.R. de Mathématiques, Paris, 1983.

G. Laumon and B. C. Ngo. Le lemme fondamental pour les groupes unitaires, 2004.
http ://fr.arxiv.org/abs/math/0404454.

C. Meeglin and J.-L. Waldspurger. Décomposition spectrale et séries d’Fisenstein, vo-
lume 113 of Progress in Mathematics. Birkhauser Verlag, Basel, 1994. Une paraphrase
de I'Ecriture.

D. Renard. Twisted endoscopy for real groups. J. Inst. Math. Jussieu, 2(4) :529-566,
2003.

J. Shalika. The multiplicity one theorem for GL,,. Ann. of Math. (2), 100 :171-193,
1974.

D. Shelstad. Characters and inner forms of a quasi-split group over R. Compositio
Math., 39(1) :11-45, 1979.

22



[36] D. Shelstad. Orbital integrals and a family of groups attached to a real reductive
group. Ann. Sci. Ecole Norm. Sup. (4), 12(1) :1-31, 1979.

[37] J.-L. Waldspurger. L’endoscopie tordue n’est pas si tordue : intégrales orbitales.
prépublication.

[38] J.-L. Waldspurger. Le lemme fondamental implique le transfert. Compositio Math.,
105(2) :153-236, 1997.

[39] D. Whitehouse. The twisted weighted fundamental lemma for the transfer of auto-

morphic forms from GSp(4). Astérisque, (302) :291-436, 2005. Formes automorphes.
I1. Le cas du groupe GSp(4).

CNRS et Université Paris-Sud
UMR 8628

Mathématique, Batiment 425
F-91405 Orsay Cedex

France

mél :
Pierre-Henri.Chaudouard@math.u-psud.fr

23





