L-FUNCTIONS AND FUNCTORIALITY

JAMES W. COGDELL

The principle of functoriality is one of the central tenets of the Langlands
program. It is a purely automorphic avatar of Langlands’ vision of a non-
abelian class field theory. One can find an outline of this in Section 5 below.
There are two main approaches to functoriality. The one envisioned by
Langlands is through the Arthur-Selberg trace formula. With the recent
proof of the Fundamental Lemma by Ngo6, Waldspurger, and others this
method is now available and will be the subject of a forthcoming book of
Jim Arthur [1]. The second method is that of L-functions.

The method of L-functions was pioneered by Piatetski-Shapiro. It pri-
marily deals with functoriality in the case where the target group is GL,,.
The fundamental tool here is the converse theorem for GL,,, as explained in
Section 6 below. As Piatetski-Shapiro said “Arthur’s approach is more gen-
eral, but this approach is much easier.” (see Shahidi’s contribution to [6]).
The converse theorem is a way to tell when a representation of GL,(A) is
automorphic based on the analytic properties of its L-functions (see Section
2 below). As a vehicle for functoriality, the input to the converse theorem
must be checked, and this is done by controlling the L-functions of the auto-
morphic representations to be functorially transferred. There are two ways
to control these L-functions: via integral representations and via Eisenstein
series, or the Langlands-Shahidi method. For the examples discussed here,
these are controlled by the Langlands-Shahidi method, which we discuss in
Sections 3-5. The functorial liftings themselves are obtained in Sections 7
and 8.

While Piatetski-Shapiro viewed this method as being simpler, it is in
many ways more flexible and still mysterious. For example, as presented in
Section 8, by this method you can obtain the third and fourth symmetric
power lifting from G Ly and these are still not attainable by the trace formula.
In general, whenever you can control enough twisted L-functions, you can
apply the converse theorem and obtain functoriality to GL,. Of course
controlling these L-functions is hard and for most of them we do not have
a way to analyze them: they either fall outside the range of the Langlands-
Shahidi method or we do not yet know if we can find integral representations
for them. So there is still much work to be done.

These notes represent the lectures I gave at the CIMPA-UNESCO-CHINA
Research School on Automorphic forms and L-functions in August of 2010.
Their purpose was to present an introduction to the L-function approach
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to functoriality. My original lectures were to be on GL, and functoriality.
These comprise Sections 1 and 2 here, which present the theory of auto-
morphic representations and L-functions for GL,, including the converse
theorem, and then Sections 6 and 7 which were devoted to an exposition of
functoriality via L-functions and then the example of functoriality for the
classical groups. However, Shahidi was not able to attend the conference at
the last moment, so I also gave an informal introduction to the Langlands-
Shahidi method, based on Shahidi’s notes [10]. These appear as Sections
3-5 and 8 here. These sections can be viewed as a “gentle introduction”
to [10] and I have tried to indicate where the results here can be found in
Shahidi’s contribution. However, having the opportunity to give a single
self-contained introduction to our approach to functoriality by the method
of L-functions, I took the opportunity to integrate both series of lecture into
a single contribution. I hope the reader finds this useful.

A word on references. I have surveyed the material in Sections 1,2,6, and
7 many times. Rather than burden this set of informal notes with pages of
references, I refer instead to the sources I used for these talks, which are
mainly my previous surveys. One can find more extensive references there.
Similarly, for Sections 3,4,5 and 8 I have included in the bibliography the
sources that I have used, which were surveys by Kim and Shahidi, Shahidi’s
new book, and Shahidi’s contribution to this volume. I hope the reader does
not mind this informality.

Finally I would like to thank Jianya Liu, the faculty at Shandong Univer-
sity, and all the students that attended for giving me the opportunity for
presenting these lectures.

I. L-functions for GL(n) and Converse Theorems

1. MODULAR FORMS AND AUTOMORPHIC REPRESENTATIONS

1.1. Classical modular forms and their L-functions. We begin our
tale by recalling the classical results of Hecke and Weil.

Let § = {z = z+ iy | y > 0} denote the complex upper half-plane.
Then a (classical) modular form of weight k for I' = SLy(Z) is a function
f + » — C which is holomorphic on $ and at the cusps of I and for each

a b
7—<C d>€Fwehave

f(v2) = f ("Z“’

cz+d

) = (cz 4+ d)*f(2).

We denote the space of these by My (I"). These arise in the theory of theta
series, elliptic modular forms, etc.. Since f(z 4+ 1) = f(z), by modularity
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under T = <O 1

>, this will have a Fourier expansion

o
f(z) _ Zane%rinz
n=0
and is called a cusp form if

1
aoz/o f(z+iy) de = 0.

Recall that T'\$ is the Riemann sphere with the “cusp at oo” removed, so
cusp forms are those modular forms that vanish at the cusps. The subspace
of cusp forms of weight k is denoted by Si(T).
To each cusp form Hecke associated an L-function given by the Dirichlet
series
oo
Qan

L(S7f): s
n:ln

which is absolutely convergent for Re(s) > % + 1. The L-function is related
to f through a Mellin transform:

As, ) = (2m)°T(s)L(s, f) = /0 " Hiy)y® 4y,

By transferring the analytic properties of f to L(s, f), Hecke showed:
Theorem 1.1. If f € S(I") then A(s, f) is nice, i.e.,

(1) A(s, f) extends to an entire function of s,
(2) A(s, f) is bounded in vertical strips (BVS),
(3) A(s, f) satisfied the functional equation (FE)

A(s, f) = ()" Ak = s, f).

Note that the functional equation results from the modular transforma-

tion law of f(z) under S = <(1) _01>, namely f(Sz) = f (=) =2"f(2).

Remark 1.1. In general L(s, f) need not have an Fuler product. Hecke
introduced an algebra of operators H = (1}, | p prime), the original Hecke
algebra, such that if f is a simultaneous eigen-function for all T,,, i.e., T,, f =
A f, and if we normalize f such that a; = 1 then A\,, = a,, and we have

L(s, f) = [[(@ = app™ + p™~'p~2)~ 1.
p

Hecke was able to invert this process, via the inverse Mellin transform,
and prove the “Hecke Converse Theorem” .

Theorem 1.2. Let
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be a Dirichlet series that converges in some right half-plane. Set A(s) =
(2m)~*T'(s)D(s). If A(s) is nice as above, i.e., (1) entire continuation, (2)
BVS, and (3) satisfies the functional equation A(s) = (i)*A(k — s), then

oo
f(Z) _ Zane27rznz
n=1

is a cusp form of weight k for T' = SLy(Z).

Note that by the Fourier expansion f(z + 1) = f(2), so f(z) is modular
under the translation matrix 7. Since SL2(Z) is generated by T and the
inversion S, we only need the transformation law under S. This follows from
the functional equation for A(s) via Mellin inversion

. = —2mn 1 —s
fliy) = Zane 2y — 27”/1{ B A(s)y™?° ds.
n—1 e(s)=2

If f is a cusp form not for all of SLy(Z) but say for the Hecke congruence
group of level N

[ =Ty(N)= {(‘C‘ Z) € SLy(Z)|e=0 (mod N)}

then the inversion S is no longer in I'. Weil still defined L(s, f) for f € Si(I)

0 -1
N 0 )’
I['o(N), in place of S. (Now the functional equation relates f and a form g
related to f through Sy.) To invert this process, i.e., to establish the “Weil
Converse Theorem”, Weil showed that besides knowing that D(s) was nice,
one had to also control twisted Dirichlet series; one needed that the

D) = > M
n=1

ns

and proved they were nice, using now Sy = which normalizes

were nice (essentially) for all Dirichlet characters x of conductor relatively
prime to N. The important thing to note here is that one Dirichlet series no
longer suffices for inversion, one must control a family of twisted Dirichlet
series as well.

1.2. Automorphic representations of GL(n). The modern theory of au-
tomorphic representations is a theory of functions on adele groups. To make
the connection note that

9 = PGL3 (R)/PSOs(R).

So functions of $) can be lifted to functions on GL2(R). So we now have
functions on a group.
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To make an adelic theory, take k a number field ... but for now we can
take k = Q. The the adele ring of Q is

A:AQ:Ii_rQ(RXHprHZp)ZHIQv

S peS p¢S

where the limit is over all finite subsets S of primes of Z. Then Q — A
as a discrete, co-compact subgroup with Q N (R x Hp Zp) = Z, so that
Z\R ~ Q\A/ Hp L.

Similarly, for A = Ag,

GLa(A) = lim(GL,(R) x [[ GLa(@y) x [] GLa(Z,)) = [] GLa(@))
S peS p¢S v

and GL,(Q) — GL,(A) as a canonical discrete subgroup. While the quo-
tient GL,(Q)\GL,(A) is no longer compact, it is finite volume modulo the
center Z,(A) ~ A*.

The analogue of the space of classical modular forms is the space of au-
tomorphic forms

A(GLn (Q\GLn(A); w)

consisting of functions ¢ : GL,(A) — C such that ¢(vg) = ¢(g) for all
v € GL,(Q) plus regularity and growth conditions to match the classical
conditions of holomorphy and holomorphy at the cusps. Here w is a fixed
unitary central character, i.e., ¢ satisfies p(zg9) = w(2)p(g) for z € Z,(A).
GL,(A) acts on the space A by right translations. The irreducible sub-
quotients of this representation are the automorphic representations (w, Vy).
In this passage we have traded the tool of one complex variable (i.e., holo-
morphy) for the tool of non-abelian harmonic analysis.

The notion of a cusp form models the classical idea that translation inte-
grals are zero.

Definition 1.1. ¢ € A is a cusp form if for each pair of nonzero integers
n1, ng with ny 4+ ne = n we have

/ <P<<Im IX>g) dX =0.
M"l’”2(Q)\Mn1,n2(A) ng

Note that the subgroups

I X
{5 o)

are the unipotent radicals of the two-block maximal parabolic subgroups
Py, n, of GL,,.

Let Ay C A denote the space of cusp forms. Then a theorem of Gelfand
and Piatetski-Shapiro says that in general the space of cusp forms is com-
pletely reducible with finite multiplicities:

Ao(GLn(Q\GLn(A);w) = @ m(m)Vs.
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(In fact, for GL,, m(m) = 0 or 1.) The (m,V;) that occur with non-zero
multiplicities are the cuspidal automorphic representations. Moreover, just
as GL,(A) = [[,/GL,(Q,) we have

(7r, VTF) = ®'U/(7r”07 erv)

where each (m,, Vz,) is an irreducible, smooth, admissible representation of
GL,(Q,) and for almost all v, the representation m, has a unique K, =
GL,(Zy)-fixed vector, i.e., is unramified. (N.B. This abstract restricted
tensor decomposition of an irreducible representation will be responsible for
the Euler product of the L-function. It is the adelic avatar of the Hecke
operators.)

Key to Hecke’s theory was the notion of a Fourier expansion. Here there
is a Fourier expansion for cusp forms for GL,, due to Piatetski-Shapiro and
Shalika. It is as follows. Let

1 Ti2 - *
N=<{n=

0 Tn—1,n

0 0 1

be the maximal unipotent subgroup of GL,, If ¢ : Q\A — C is a non-trivial
additive character of A, invariant by translations by Q, then 1 defines a
character of N(A), left invariant by N(Q), via

Y(n) =P(T12+ -+ Tn1n)

Wo(9) —/ o(ng)y 1 (n) dn.
N@\N(A)

Then Wy (ng) = (n)W,(g) for all n € N(A). W, is called the Whittaker
function of ¢ and it is what occurs in the following Fourier expansion of .

If ¢ € Ap set

Theorem 1.3. If p € Ay then
l9) = > We <<7 1) g> :
’YeNn—l(Q)\GLn—l(Q)

This turns out to be the proper notion of a Fourier expansion in this
context. (The proof isn’t hard once you realize this is the correct notion —
it is simply an inductive abelian Fourier expansion beginning along the last
column of N.)

1.3. Uniqueness of Whittaker models. The space of functions
Wim, ) = {We(9)|¢ € Vi }

gives a model of 7 in the space of functions W on GL,,(A) satisfying W (ng) =
¥(n)W(g), on which the group GL,(A) acts by right translation. This re-
alization is called a Whittaker model for .
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Similarly, if 7 ~ ®'7m, then a Whittaker model for a local representation
m, 18 a realization of 7, in a space of functions

Wimo,u) = {We, ()60 € Vi, }

where again we require that We, (n,gy) = ¥y (no)We, (go) for n, € N(Qy),
gv € GL,(Q,) and where 1, is a local component of ¢. It is a theorem of
Gelfand-Kazhdan and Shalika that locally an irreducible smooth admissible
representation (7, Vy,) can have at most one such model (with a continuity
assumption at the archimedean place). This result is the local uniqueness of
the Whittaker model.

From the local statements one can deduce the uniqueness of the global
Whittaker model. From this it follows that if ¢ € V; C Ag and under the
isomorphism 7 ~ ®'m, we have ¢ ~ ®¢&, then we have a factorization

Wo(g) = [ We. (90).

This is a highly non-trivial factorization!

2. L-FUNCTIONS FOR (GL, AND CONVERSE THEOREMS

Let’s recall Hecke: for f € Si(I"), a Hecke eigen-form, we have

/OOO fliy)y® &%y = A(s, f) = @m)T(s) [T = app™ +p™1p7) 71,

p
The analogous integral would be for ¢ € Ay(GL2(Q)\GL2(A);w) and would

be
/ @ (a 1) la]® d*a :/ ") (a 1) la|® d*a.
QX \AX GL1(Q\GL1(A)

However, we will want to include twists as necessary for a Converse Theo-
rem. Here that would be twists by an adelic Dirichlet character x, i.e., an
automorphic form for GLq:

/ e(* ) x@lar va
GL1(Q\GL1(4)

2.1. Global Rankin-Selberg integrals (d’apres Jacquet, Piatetski-
Shapiro, and Shalika). In the higher rank case, the analogous integrals
are the Rankin-Selberg integrals for GL,, X GL,, with n > m. The theory
which is closest to the classical theory of Hecke is for GL,, X GL,_1. So let
(7, Vz) be a cuspidal automorphic representation of GL,,(A) and let (7', V)
be a cuspidal automorphic representation of GL,_1(A). For cusp forms
¢ € Vp and ¢’ € Vv we set

h s—1
Hspd) = | e (")) ewlaert an
GLn—1(Q\GLn-1(4)
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Note that in fact we have a family of such integrals, one for each pair of ¢
and ¢/.
The basic facts about these integrals are the following.

(i) The individual integrals are nice. As in the classical case, here we
have that the integrals are absolutely convergent for all s and hence entire;
they are bounded in vertical strips (BVS); they satisfy a functional equation
(FE) of the form I(s,p,¢’) = I(1 —s,$,¢") where ¢(g9) = o(*g~1).

(ii) The individual integrals are Fulerian. If we insert the Fourier expan-
sion for ¢, then the integral unfolds to

1(5790790/):/ ng(
Np—1(A)\GLp—1(A)

where W, € W(r,¢) and W, € W(r', ¥~ 1). If we now assume we have de-
composable ¢ ~ ®¢, and ¢’ ~ ®¢/, then the two global Whitaker functions
in the integral now factor into a product of local Whittaker functions and
then our integral itself factors as

hy o1
I(s,0,¢) = H/ We, ( 1) Wi, (hy)| det(hy)|*"2 dh,
v Np—1(Qu)\GLn-1(Qv)

=[] @uls, W0, W),

h , 1
1) W (h)| det(h)*~2 dh.

which is convergent now only for Re(s) >> 1, with W, = W, € W(my1y)
and Wy = Wy, € W(m, P ). As we see, it is the decomposition 7 ~ ®'7,
that is responéible for the factorization of the Whittaker functions and hence
ultimately for the Eulerian factorization of the global integral into a product
of local integrals.

2.2. Local L-functions (Euler factors). Now let’s look at a local non-
archimedean place v of a number field k. We have the completion k,, its ring
of integers 0, and maximal ideal p, = (z,). We set g, = |0,/po| = |0y

Let W, € W(my, 1) and W/ € W(xl, 9 1). Then the basic properties of
the local Rankin-Selberg integrals are the following.

(i) Each integral W, (s, W W)) is a rational function of g, * and in fact their
span (U, (s, W,, W))) forms a C|gS, g, °]-fractional ideal of C(g,*®). This
fractional ideal has a (normalized) generator of the form P,(q,*)~! with
P,(X) € C[X] with P,(0) =1 and deg(P,) < nm.

Definition 2.1. L(s, 7, x 7)) = P,(q;*)7!.

(ii) For each individual integral we have

\IJU(S, Wy, Wqﬁ)

e(S,WU,Wé) = L(S,W’U X 7_‘_4])
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is entire and for each sy € C there exist a choice of W, and W, such that
e(so, Wy, W) # 0. In other words, the local L-function L(s,m, x 7,) exactly
captures the poles of the family of local integrals.

(iii) The local functional equation. There exists (s, 7, X 7, 1) € C(q,®)
such that for all choices of W, and W} we have

\Ijv(l - S, Wm Wzﬁ) = wﬂ;(_l)nilfy(s’ﬂ'v X 7"':;71/}1))\1’1)(57 Wy, W’lﬁ)

or

U,(1—s Wv Wé) _1 Wy (s, Wy, Wy)
? 7~ _ (=1 n / ) ’ v
L(l _ 877~Tv % 7T,L) wﬂ',u( ) 6(877‘-’0 X 7Tv77wbv) L(S,Trv X 7_(_4})

with the local e-factor e(s,m, X 7,,1,) then being entire without zeroes.
More precisely

1
—c(mox7h)(s—7%)
6(5,7[‘v X WL,%) = 5(%7771) X FZ,%)% o 2

where (3, m, X 7, 1,) is the local root number and c(m, x ) the local
1
conductor (exponent). Here W(g) = W tg=1]. For future
1
reference, let us note that the L-, e-, and ~-factors are related by

e(s,my X 7,y ) L(1 — 8,7y X 7))
L(s,my x 7)) '

7(577['11 X 7[':;71/111) =

(iv) If mr, and 7, are unramified, as well as 1, and k, /Q,, which is the case
at almost all finite places of k, then for the normalized unramified Whittaker
functions W, and W,° we have that the local integral computes the local
L-function on the nose and the local e-factor is 1, i.e.,

L(s,my x 7)) = W, (s, WS, W)

e(s,my X 7, by) = 1.

At an archimedean place v|oo the local theory is similar yet different. Due
to the existence of a local Langlands parametrization for real and complex
groups, the form of L(s,m, x 7)) is given as the local archimedean factor of
the associated Artin representation. So it will be a product of factors of the
form I'(ay 5+ by,i), where now I'(s) is Euler’s gamma function, and accounts
for the gamma factors in the classical functional equation. Now one must
work to show that this “Langlands given” factor behaves well with respect
to the local integrals, i.e., that analogues of (ii) and (iii) above hold. This
can be quite complex and what we know is mainly due to Jacquet-Shalika
and subsequent work of Jacquet.
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2.3. When n — m > 1. If we consider (m, V;) a cuspidal representation of
GL,(A) and (7', V) a cuspidal representation of GL,,(A) with m <n —1
the theory is quite similar. One begins with a global projection operator
P’ : V; — U, where U, is a representation of the mirabolic subgroup P,,,11 C
G Ly +1, which has the form

P ={(§ 1) ls€GLn}.

with the property that

et 2, ) ()

YENm (K)\G L (k)

P is essentially given by a partial Whittaker transform, as if one was only
working out part of the Fourier expansion, twisted by an appropriate power
of the determinant. With this operator in hand, the family of global integrals
now has the form

I(s,0,¢)) = Py (h 1) o (h)] det(h)[*" % dh.

/GLm (Q\GLm(A)

which now unfold to

I(s,0,¢") =/ W, <h I >W;/(h)|det(h)|s‘n_2m dh.
N (A\NGLm (4) n—m

These are again Eulerian

h _n—m
I 8390780’ — / WU < v >W/, hv det hv s 5 dhv
( : IZI Non (ko)\GLm (ko) ¢ Ly m ¢ (ho)| det(hy)|
= [ wu(s, W, W)

and from here one establishes the analogues of the results in Section 2.2.
The only significant change is in the local functional equation, where the
projection operator P reappears as an unipotent integration in the integral
on the left hand side of the functional equation.

2.4. When m = n. When m = n the construction is slightly different. It is
the automorphic analogue of the classical construction of Rankin and Sel-
berg. Now (7, V) and (7', V/) are both cuspidal representations of G L, (A).
There is an extra player now, a (mirabolic) Eisenstein series. This Eisenstein
series is of a special type and is associated to a Schwartz function ® € S(A™);
let us denote it by E(g;s,®). Then the family of global integrals has the
form

I(s,0,¢, @) = )¢ (9)E(g; s, ®) dg

/ o(g
GLy(k)\GLyn(A)

for ¢ € Vi and ¢/ € V. These integrals converge absolutely for all s
and have a functional equation. (The analytic properties, including the
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functional equation, come from those of the Eisenstein series.) The family
is again Fulerian and unfold to a family of local integrals of the form

(s, W, W) = Wol9)W1(9) %0 (eng)] det(g) " dg
N (ko)\GLn (kv)
where e, = (0,---,0,1) € k™. Once again, from here one establishes the

analogous results as in Section 2.2.

2.5. Global L-functions. If we combine the nice properties of the global
integrals from Section 2.1, 2.3, and 2.4 with the local analysis of Section 2.2
then we arrive at the global analogue of Hecke’s theorem. Again take (m, V)
a cuspidal automorphic representation of GL,(A) and (7, V,/) a cuspidal
representation of GL,(A).

We define the global L-factor and e-factors as Euler products:

L(s,mx ') = HL(SﬂTv X )
e(s,m x 77/) = H€(8,7Tv X Wq/J,%Z)v)

where the product for the L-factor converges for Re(s) >> 0 and the prod-
uct for the e-factor is a finite product. Note that we are now using the
automorphic L-function convention where the L-factor is the product over
all places — this we denoted A classically.

Theorem 2.1. L(s,m x 7') is nice in the sense that

(1) L(s,mx7") extends to a meromorphic function of s, entire if m < n;
(2) L(s,m x @) is bounded in vertical strips;
(3) we have the global functional equation

L(s,mxn') =¢e(s,m x ')L(1 — 8,7 x 7).

We note that in fact our analysis only gives the BVS in (ii) for the cases
of m = n,n — 1. The more general boundedness in vertical strips comes

from the work of Shahidi.

2.6. Converse Theorems for GL,. Converse Theorems for GL,, invert
these integral representations much the same way that Hecke and Weil did.
However, here we begin with an Euler product rather than a Dirichlet series,
since that is what the direct theory, Theorem 2.1, gives us. Conceptually the
theorem takes the following form. Given m = ®'m,, an irreducible admissible
representation of GL,(A) on a space V;, when can we embed

Vi = A(GLn(k)\GLn(A);w)?

To relate to Hecke and Weil, by our local theory, to each local component
7, of m we can associate a local L- and e-factor

Ty = L(S,ﬂ'v), 5(3a7rv7¢v)
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and so to 7 itself the Euler products
:HL(s,m) (s,m, 1) Hssm,wv
v

We think of 7 as encoding an L-function, as an Euler product of degree n.
We must always assume two things:

(1) L(s, ) converges in in some right half plane Re(s) >> 0
(2) the central character w = w;, is automorphic, i.e., is an idele class
character (which guarantees that the global e-factor is independent

of ¥).

Like Weil, our criterion will involve twisting. So if (7’, V) is a cuspidal
automorphic representation of GL,,(A) for m < n we can similarly define

37r><7r HLSﬂ'UXﬂ'
e(s,m x 1) :H€ (8, 7y X 0, 1)
v

We will say that the L(s, ™ x ©’) are nice if they behave as they would if 7
were cuspidal automorphic, i.e.,

(1) L(s,m x ') extends to an entire function of s;

(2) L(s,m x «) is bounded in vertical strips;

(3) we have the global functional equation

L(s,m x7')=¢(s,m x 7")L(1 — 8,7 x 7).

To state the Theorems, let us set

Ag(m) = [ Ao(GLi(k)\GLin(A);w)
T 4@

1<d<m

Theorem 2.2. Fiz 7 = ®'m, an irreducible admissible representation of
GL,(A) as above. If L(s,m x 7') is nice for all 7’ € To(n — 1), then 7 is a
cuspidal automorphic representation of GLy(A), i.e., we can embed 7 into

Ao(GLp(K)\GLy(A); wr).

Conceptually, the proof of this is very similar to that of Hecke and Weil.
We can also reduce the twists with more work. This requires a delicate local
construction and has no classical analogue.

Theorem 2.3. Fiz 7 = ®'m, an irreducible admissible representation of
GL,(A) as above, with n > 3. If L(s,m x 7') is nice for all 7' € Ty(n — 2),
then m is a cuspidal automorphic representation of GLy,(A), i.e., we can

embed m into Ag(G Ly (k)\GLy(A);ws).
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There is a very useful variant of these results. Let S be a finite set of
finite places of k and let 1 be a fized idele class character of A*. Let

75 (m) = {7' € To(m) | 7!, is unramified for all v € S}.

Theorem 2.4. Fiz 7 = ®'m, an irreducible admissible representation of
GL,(A) as above and fix an idele class character n. If L(s,m x ') is nice
for all 7' € T°(n — 2) ®1n, then 7 is quasi-automorphic, i.e., there exists an
automorphic representation m of GL,(A) such that m, ~ m, for allv ¢ S.

Note that we can no longer claim that 7 is cuspidal, and indeed it may
not be.
We can summarize the ideas of this section as follows.

Moral Theorem. Any suitably nice L-function of degree n must be auto-
morphic (or modular), i.e., associated to an automorphic representation of
GL,.

In this Moral Theorem, suitably nice means that the L-function must
be given by a convergent Euler product and that it and suitable twists
must be entire, BVS, and satisfy an appropriate functional equation, all the
standard properties that L-functions arising from arithmetic or geometry
are conjectured to satisfy.

2.7. On integral representations. The theory of integral representation
for the Rankin-Selberg L-functions, particularly the n = m case, is the par-
adigm for the study of automorphic L-functions by integral representations.
The general outline of the method as practiced are the following steps

(i) Write down a family of global integrals which have nice analytic
properties, including continuation, BVS and functional equation.

In general the integrals are variants on the m = m integrals here, where
the analytic properties follow from those of an Eisenstein series. In this
sense, the Hecke type integrals for m < n, and through them the Converse
Theorem, are special.

(ii) Show that the global integrals are Eulerian, i.e., factor into a product
of local integrals.

As is the case here, this unfolding and then factorization often relies on a
local and global uniqueness principle, here the uniqueness of the Whittaker
models. It is only in rare instances, such as the “new way” of Rallis and
Piatetski-Shapiro, that this is not the case.

(iii) Perform the local unramified calculation.

At almost all places, the data that goes into the local integral is unramified
and the integral can be computed explicitly. This is a non-trivial calculation,
usually involving an explicit formula for the unramified functions in the
integral, here the formula of Shintani for the unramified Whittaker function
for GL,. This is then followed by a calculation in invariant theory which
expresses the result in terms of a Langlands L-function coming from an
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appropriate representation of the L-group. This “identifies” the L-function
represented by the integrals in terms of Langlands’ paradigm.

Often the process stops here. But for many purposes, such as functoriality,
this is not enough. There remain three steps.

(iv) Analyze and compute the local L-function at the finite ramified
places, including continuation and functional equations.

(v) Analyze the local L-function at the archimedean places, again in-
cluding the local functional equation.

(vi) Combine steps (i)—(v) to complete the analysis of the global L-
function, including continuation, BVS, and global functional equa-
tion.

It is only for the Rankin-Selberg L-functions for GL,, that we have com-
pleted these last three steps. (iv) was carried out by Jacquet, Piatetski-
Shapiro, and Shalika for Rankin-Selberg convolutions. (v) was initiated
by Jacquet and Shalika, but the final papers are by Jacquet alone. These
involve passing to the Casselman-Wallach completions and introduces an-
other layer of technical difficulty. (vi) is almost completed for GL,,. There
remains the question of BVS, which currently can be done for m = n and
m = n— 1 within the method. (The difficulty comes from the passage to the
Casselman-Wallach completion in the archimedean theory.) For BVS in the
other cases, we must rely on the Langlands-Shahidi method, which follows.

II. L-functions via Eisenstein series

In many ways, this part serves as a reader’s guide to the lectures of Shahidi
[10]. T will try to indicate where the results I mention are to be found in his
contribution.

3. THE ORIGINS: LANGLANDS

3.1. A classical example. The Eisenstein series for I' = SLy(Z) is defined
as follows.

Let B = {(8 Z)} C SLs(R) be the Borel subgroup of SLy(R). For
z €% set
s, 1
E(z,s) = Z Im(yz)2"2 for Re(s) > 1
(BAD)\T
st1

_ y 2

N lcz + d|s+1
(c,d)EZ2
(c,d)=1

s+1

1 Y 2
= Z s+1°
C(s+1) () E0.0) |mz + d|
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The Fourier expansion of E(z, s) has been computed classically. We find, if
S
we set Z(s) =7 2T (§) ((s), then

s+l Z(s) 1zs 2 |nlfo_s(n) omi
E(z,s)=2(y 2 + o y2 |44y B2 K (2 winz
=2 (v ')+ GV Crlnine

where 0_4(n) = Z d—s.
din
Classically, one can use the known meromorphic continuation and func-
tional equation of the Riemann zeta function ((s), and its completion Z(s),
to obtain the meromorphic continuation and functional equation of the
Fisenstein series:
Z(s)
Z(s+1)

The idea of Langlands was to reverse this process: from the analytic prop-
erties of an Eisenstein series, deduce analytic properties of the L-functions
appearing in its Fourier expansion.

E(z,s) = E(z,—s).

3.2. Induced representations. In terms of automorphic representations,
Eisenstein series correspond to induced representations.

Let k be a number field. (You can take k = Q if you want.) Let G be a
connected reductive linear algebraic group over k, which we can assume to
be split for simplicity, so we can view G as a subgroup of a suitably large
GL.

Example. As an example to carry along consider the symplectic group
G = Sp2n2

Span = Isom <<—J Jn)) C GLy, where J, =
" 1

G will contain a Borel subgroup B, which we can take to be

B=GnN
*
Then B = TU where T is a maximal torus, which will be the diagonal
elements in B, and U is the unipotent radical of B,
U=GnN
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We will need the following structural objects:
X(T) = Homg(T,G,y,) : the k-rational characters of T’
®(T') = the characters of T' acting on Lie(G): the roots of T in G}
@ (T) = the characters of T acting on Lie(U): the positive roots;
A = a basis of ®1(T): the simple roots;
W =N(T)/Z(T) : the Weyl group.
Note that A € ®7(T") € ®(T) € X(T). Also N(T) denotes the normalizer
of T in G and Z(T') the centralizer.
The Weyl group acts as a reflection group on ®(7"). It will contain a
“longest element” wy € W with the property that if we let ®(7") denote
the characters of T acting on the Lie(U ™), U~ being the opposite or lower

triangular unipotent subgroup, then w;(®*) = ®~. In GL,, the longest
1

T)
T)

element of W is represented by w, =
1
Let P be a parabolic subgroup of GG containing B. We will only need to
consider maximal parabolic subgroups and will also restrict to those that
are “self-associate”. Just as B = TU, P will have a decomposition P = M N
with M D T the reductive Levi component of P and N C U the unipotent
radical of P.

Example. In the example of Sps,, P will be a block upper triangular
subgroup of the form
X

P =
with
A 0 O
M = 0 B 0| €Spwy|AcGL,; B€E Spy p ~ GL. X Spas
0 0 A*
where 2r 4+ 2t = 2n, and
I, * =

Let
op(mn) = |det(Ad(m)|Lie(N))]
be the modulus character of P. Then ép : M — R* and ép € X (M) @ R.
If (0,V,) is a (reasonable) representation of M(k,) in the local situation
(resp. an automorphic representation of M (A) in the global situation) we
can construct a representation of G = G(k,) (resp. G = G(A)) by

I(s,0) = Indg(aéj;/CP)
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where s € C and cp € Z is a normalizing denominator depending on P.
This is the representation of G by right translation on

s .1
V(s,0) = {f : G — C|f(mng) = 6p(m)r " 25(m) f(9),
plus regularity conditions}.
If 0 ~ ®'0, is an automorphic representation of M(A) then we have
I(s,0) ~®'I(s,0,)

as a representation of G(A), but I(s,o) is not yet automorphic; it is only
left invariant under P(k), not all of G(k).

3.3. Eisenstein series. We will use the theory of Eisenstein series to embed
I(s,0) into the space of automorphic forms. We assume that o is a unitary
cuspidal automorphic form for M(A).

Definition 3.1. If fs € I(s,0) we define the Eisenstein series associated to
fs by

E(gv'S’fs): Z fs(’yg)'

YEP(R)\G(k)

The series which defines the Eisenstein series converges for Re(s) >> 0.
It intertwines I(s, o) with the space of automorphic forms on G(A), to give
the automorphic model of the induced representation. The basic properties
of the Eisenstein series, due to Selberg, Harish-Chandra, and Langlands, are
as follows.

(i) E(g,s, fs) converges for Re(s) >> 0 and has a meromorphic continu-
ation to all of C;

(ii) E(g, s, fs) satisfies a functional equation of the form
E(ga S?fs) = E(gv _SuM(SaU)fS)
where
M(s,0): V(s,0) = V(=s,wo(0))
is an intertwining operator defined as follows. First set
wo = wew)! €W and  wo(o)(g) = o(wy 'gwo).

Part of P being “self-associate” is that wo(M) = M. Then
M(s.0)fule) = [ fulug'ng) dn
N(A)

for Re(s) >> 0.

(iii) The constant term of the Eisenstein series along P is

/ Eng,s, fs) = fo + M(s,0)f,
N(k)\N(A)
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(iv) The analytic properties, and particularly the poles, of E(g, s, fs) and
M(s,0) are the same. There are only a finite number of simple poles for
Re(s) > 0; there are no poles on Re(s) = 0.

3.4. The L-functions in the constant term. Langlands computed the
Fuler products that appear in the constant term of the Eisenstein series.
“Recall”, from what we said about GL,, that if ¢ ~ ®'c, is a cuspidal
representation of M (A), then for almost all places v, o, will be unramified.
This will persist for I(s,o) acting on V(s,0), i.e, if o, is unramified, so
will be I(s, 0,) and in V (s, 0,) there will be a unique (normalized) K,-fixed
vector fg,, where K, is a (reasonable) maximal compact subgroup of G (ky).
So if fs € V(s,0) is decomposable, then we can write

fom ®fy = <® f) ® (@’fﬁ,v> .

veES véS
When we apply the global intertwining operator it will factor into a product
of local intertwining operators, given by similar integral expressions, which
is written as
M(s,0)fs = QA(S, 0y, wo) fs0-
Now for v ¢ S, A(s, 04, wo)fs, Will again be unramified and hence be a

multiple of the unramified vector f°; , € V(—s,wo(0y)),i-e.,

A(87 Ov, wo)f;’u = C'U(s)fzsﬂj

with ¢,(s) a scalar function of s (which turns out to be a rational function
of ¢;). Using the method of Gindikin-Karpelevich, which reduces to a suc-
cession of S Ly calculations, Langlands computed ¢, (s). Without explaining
the notation involved, the result of Langlands’ calculation was

WO ) QBT
peat 1—xyopBY (wv)qf)(aﬂ)
wo(B)E®™
which looks like a ratio of products of Euler factors! Here a@ € ® is a root
associated to P, 8V is the co-root associated to 3 (see below), and x, is a
character associated to the unramified representation o,.

How are we to interpret this? Langlands had at his disposal the formalism
of Artin L-functions and the Satake parametrization of unramified represen-
tations. To make sense of these Fuler products, Langlands introduced the
the L-group and what we now call Langlands L-functions. (For more details
on these, see Part III.)

(i) The L-group. Over an algebraically closed field, the algebraic group
G determines and is determined by its root datum which is the quadruple
(X(T),®(T), XV(T),®"(T)) where XV(T) = Homy (G, T) is the group of
rational co-characters of 7' and ®V the set of co-roots. If we simply dualize
this root datum we obtain (XV(T),®V(T'), X(T), ®(T)) which in turn is the
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root datum for the Langlands dual group CAJ, which we can take over C, i.e.,
set G =G (C). The root datum for G inherits an action of the local Galois
group Gal(k,/k,) and we can transfer this to the dual root system and hence
G. The L-group of G is then “G = G x Gal(k, /k,).

(ii) Satake parameters. Langlands interpreted Satake’s parametrization of
the unramified representation o, as an assignment o, —t, € T C M C M.

(iii) Local Langlands L-functions. If 7 : “M — G L, (C) is a finite dimen-
sional complex representation of “M we define a local Euler factor attached
to the unramified representation o, and the representation r by

L(s,0p,r) =det(1l — r(tv)qv_s)_l.

Coming back to the constant term of the Eisenstein series, we consider the
representation 7 of “M acting by the adjoint representation (conjugation)
on Lie(“N). This decomposes as

m
r= @ Tj with r; irreducible.

The irreducible piece 7; is actually the sum of the the co-root spaces in
Lie(“N) spanned by the co-roots 3¥ for 3 € ®* with (&, 3) = j, where @,
[ and Y are as in Langlands’ formula for ¢,(s). Then Langlands’ formula
for ¢, (s) takes the form

Thus we arrive at the following result.

Theorem 3.1 ([10] Lemma 4.1).

M(SO’ <®ASUU,UJO fsv) HH ]Sjj_fU;:fT] ®f ERY

veS véS j= 1

for Re(s) >> 0.
We set

(s,0,7) HLSO’U,

vgS
This is the partial L-function attached to the automorphic representation
o, the representation r, and the set of places S. Langlands proved that this
converges absolutely in some right half-plane. So the product

ﬁ LS(js,U,?j)

L LS(js +1,0,75)
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is the (partial) Euler product in the constant term of the Eisenstein series.
From here Langlands went on to formulate the local and global Langlands
Conjectures and Functoriality, which we will come back to in Part III.

Example. In our example of G = Spo, with maximal parabolic P =
MN with M ~ GL, x Spy, the Y'G = S02,41(C) and *M = GL,(C) x
S09::1(C). In Lie(*N) C Lie(SO241(C)) the representation r decomposes
as follows:

0 T1 T9
0 ‘'r
0

and we have m = 2 and
= StGLr ® StSOQt+1

ro = AQ(StGLT)

where St denotes the standard or defining representation of G. If we
decompose o, = 01, ® T, according to the decomposition of M, then
L(s,04,7m1) = L(s, 01, % Ty,) gives the Rankin-Selberg convolution L-function
of GL, x Spy and L(s,0y,7m2) = L(s,01.,,A?) gives the exterior square L-
function of GL,.

Our goal is now to use the meromorphic continuation and functional equa-
tion of E(g, s, fs) to obtain the meromorphic continuation and functional
equation of the L(s,o,7;). However there are three immediate problems.

(1) The problem of the ratios. Every L-function occurs as part of a ratio
L(js,o,7j)
L(js+1,0,75)

(2) The problem of the products. Each ratio occurs as part of a product
H L(js, 0, rj
L(js+1,0,7;)

(3) The problem of the missing local factors. How can we define and
analyze the local factors L(s, 0y, 7;) for places v ¢ S where o, is ramified?

4. THE METHOD: LANGLANDS-SHAHIDI

4.1. Resolution of the problem of the ratios. The resolution of the
problem of the ratios is central to the Langlands-Shahidi method and in-
volves Whittaker models.

Fix a non-trivial additive character ¥ = ®, of k\A. We can use it to
define a non-degenerate character x of the unipotent radical U of the Borel
subgroup B of G through the composition of the following sequence of maps

tr

K —Y, C.

U—— U®=U/UU] —— @.cnka
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The choice of an isomorphism between U and @k, is called a splitting.
The trace map is simply (z4) — > z4. Since globally we assume 1) is trivial
on k, we will have x is trivial on U(k) as well.

Definition 4.1. A representation (mw,Vz) of G (which we can take to be
the local G(ky) or global G(A)) is called x-generic if there exists a non-zero
functional Xy : Vi — C such that for all w € U we have

Ax(m(u)v) = x(w) Ay (v).
Such a functional is called a x-Whittaker functional. Forv € V; the function
Wy(9) = A (m(g)v) is the associated x-Whittaker function.

Globally, this abstract notation of a generic representation is too weak.
What is needed is something seemingly stronger, the notion of globally x-
generic.

Definition 4.2. A cuspidal automorphic representation (w,Vy) of G(A) is
called globally y-generic if the explicit x- Whittaker functional

P p(u)x ' (u) du
Uk)\U(4)

is non-vanishing on Vy.

Let us now return to our Eisenstein series. Suppose now that (o, V,) is a
globally y-generic representation of M (A) with respect to the restriction of
x to Uy = M NU. Denote the globally x-generic Whittaker functional on
o by )\¥ . Then I(s,0) is also x-generic with explicit Whittaker functional
Ay on V (s, o) given by

M= | A (Fu(u ) ) () d.
N(k)\N(A)

If we then form the Eisenstein series E(g, s, fs) we can compute its y-Fourier
coefficient using the same methods that Langlands used for the constant
term.

By definition, the Fourier coefficient is

Ey(g,s, fs) = / E(ug, s, fs)x *(u) du.
Uk)\U(A)

If fs is decomposable, fs = ®f,, we get
Ex(g> s, fs) = @Ay, (fs,v)(g) = HWfs,v (9)

and at the unramified places v ¢ S, if fJ, is the unramified vector then
Wyo = Wy the associated unramified Whittaker function. The Whittaker
functions are not “multiplicative” in the same sense that the constant terms
were and the method of Gindikin-Karpelevich no longer applies. However
one can evaluate the unramified Whitaker functions by using the Casselman-
Shalika formula to obtain the following result.
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Theorem 4.1 ([10] Theorem 6.2).

i 1
E, (e, s, fs) —<HWfsv ) HLS(]erlGT])

vES

Compare this with the classical situation where Z(s + 1) occurred in the
denominator of the Fourier coefficient. This resolves the problem of the
ratios.

As an application, we have the following corollary. Since E(g, s, fs) has
no poles on Re(s) = 0, neither does E,(g,s, fs). This then leads to non-
vanishing on the 1-line!

Corollary 4.1.1 ([10] Corollary 6.3). For Re(s) =0

m

[12°Gs +1,0,7) #0.

j=1
Remark 4.1. If G # GL,, not all cuspidal representations are globally
generic. This is a restriction on the representations under consideration.
However, it is conjectured that every tempered L-packet should contain a
globally generic member and that every globally generic representation, or
even a representation that is consistently locally generic, should be tem-
pered. So this should be no restriction on the level of the L-functions them-
selves.

4.2. Resolution of the problem of the products. This is resolved by a
nice inductive procedure which is embodied in the following proposition.

Proposition 4.1 ([10] Proposition 7.1). Given 1 < j < m, there exists a
(split) group G over k and a mazimal k-parabolic subgroup P; = M;N; C G
and a globally generic cuspidal automorphic representation o of M;(A) such
that if the adjoint action r'of M on Lie(’N;) decomposes as

m/

=P
k=1

then we have (i) m' < m and (i) L°(s,0,7;) = L%(s, 0}, 7).

Example. If we go back to our example in the symplectic group, in G =
Spy, O P = MN with M ~ GL, x Spy then we saw that “M ~ GL,(C) x
S02;4+1(C) and that m = 2 with r = Stgyr, ®St502t+1 and ry = AQ(StGLT).
If we take G’ = SOy, D P’ = M’'N’ with P’ the Siegel parabolic with
M' ~ GL,, then “M’' ~ GL,(C) and in fact

Ly = {(A A*> ‘A € GLT} and Lie(*N') = {(0 g) ‘ts - —S}

so that m’ = 1 and 7} = A%(Stgyr,).

If we apply this proposition inductively we can understand all
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e m =1 cases;

e m = 2 cases, since L°(s,0,72) = L%(s,0’,7), which we would now
understand;

e m = 3 cases, etc ...

Note: The G D P = MN fall into a finite number of infinite families plus
a finite number of exceptional cases. So we could prove this proposition by
“checking the list”.

As an application, we have the following result.

Proposition 4.2. Each L°(s,0,7;) has a meromorphic continuation to C.

To see this, since the Eisenstein series E(g, s, fs) has a meromorphic con-
tinuation iff its constant term does, we see that M(s,o)fs must have a
meromorphic continuation. But by the explicit computation, this implies

that

m . ~

H LS (]Sa g, rj)

i L3(js+1,0,7j)
has a meromorphic continuation. By the above proposition, we can induc-
tively strip off factors and can conclude that

L3 (js, 0, 7))
L3(js+1,0,7)

has a meromorphic continuation for each j. But now we utilize the shift in
the numerator and denominator to set up the shift equation
L3(js,0,75)
L3(s,0,7;) = " 1S(s+1,0,7;
( » P ]) LS(jS—Fl,O',?"j) ( (] ])

and inductively shift from the original half-plane of convergence to all of C.

4.3. Resolution of the problem of the missing local factors. There
are two main tools here.

(i) A local/global principle. Since we hope to use the Eisenstein, which
are global in nature, we will need some type of a local/global principal. Here
it is.

Proposition 4.3 ([10] Prpopsition 7.3). Let F be a local field, o' a xp-
generic supercuspidal representation of M'(F). Then there exists a number

field k and a group M/k and a globally x-generic cuspidal representation o
of M(A) such that

(a) for some place vy of k we have F = kyy, M (kyy) = M'(F), Xvo = XF
and oy, = 0.
(b) for all v # vy, oy is unramified (or v is archimedean).

So, not only can we embed any local generic supercuspidal representation
into a globally generic cuspidal representation, but at all the other places
we completely understand the local theory!
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(ii) Shahidi’s local coefficient. One of the tools we will exploit is the
functional equation of the Eisenstein series

E(g, S, fs) = E(ga -$, M(Sa U)fs)
which involves the global intertwining operator. We will also use the global
Fourier coefficient E\ (g, s, fs). Shahidi’s local coefficient combines these.
Begin with I(s,o,) acting on V(s,0,). We have local intertwining op-
erators and local Whittaker functionals. If we combine them, we get the
following diagram.

A(S>U’U 7w0)
—_ 5

Vs, o)

AXvJ{ lAXv

C — C
Cxo (8,00)

By uniqueness of the Whittaker functionals or models, the functionals A,

and A, o A(s,0,,wp) differ by a complex scalar. This scalar is Shahidi’s

local coefficient and denoted by Cy, (s, 0y), i.e., for each f,, € V(s,0,) we

have

Ao (Fs0) = Cx (8, 00) - Ay, (A(8, 00, w0) (fs0))-

Remark 4.2. The analytic properties of C\, (s, 0,) will be related to those
of the local intertwining operator A(s, oy, wq) just as those of E(g, s, fs) are
related to M(s, o).

How should we think of these local coefficients? Look at the places where
we understand the local L-function, i.e., v ¢ S.

Proposition 4.4 ([10] Proposition 7.4). Let v|co or v < oo and o, unram-
ified. Then

m
CXU(Svav) = H’Y(jsaavv’?jvwv_l)
j=1
where _
6(87 0-1)7rj)1/}1)_1)L(1 -8, 0'1)77"]')
L(s,00,75) ’

Note. This expression for the localy-factor as the same as for GL,, given
in Part I.

V(8,004,755 1) =

Remark 4.3. Since in these cases, we have the either the local Langlands
conjecture at the archimedean places or Langlands’ interpretation of the
Satake parameters in terms of the L-group, the L-functions that appear can
all be interpreted as Artin L-functions.

As an application of Shahidi’s local coefficients, we obtain the crude func-
tional equation for the partial global L-functions. We begin with the func-
tional equation of the Eisenstein series

E(g,s, fs) = E(g,—s,M(s,0)fs),
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take the y-Fourier coefficient

EX(gv S, fs) = EX(gﬂ -5, M(‘Sa U)fs)a
then use the calculation of the local Fourier coefficient at the unramified

places v ¢ S and the definition of the local coefficient at v € S we obtain a
crude functional equation.

Theorem 4.2 ([10] Theorem 6.4).

m m
[125Gs or) =[] € =1 (s,00) [T L5 (1 = s, 0,7)).
Jj=1 Jj=1

veS
5. THE RESULTS: SHAHIDI

5.1. The local y-factor. We have seen that at the unramified places and
the archimedean places, there is a relation between Shahidi’s local coeffi-
cient and the local «-factor. Shahidi now uses all our tools plus the crude
functional equation to establish a consistent theory of local y-factors for all
places.

Theorem 5.1 ([10] Theorem 7.5). Let G be a split reductive algebraic group
over a local field F of characteristic 0. Let P = MN be a (self associate)
maximal parabolic subgroup of G o an irreducible admissible x-generic rep-
resentation of M = M(F'). Then there exist m complex functions

7(37077aj7¢) 1§j§m

such that
(1) if F is archimedean or F is non-archimedean and o is unramified,
e (5,073, L0~ 5.0:7)
' _&(s,0,14, —8,0,Tj)
/7(8)0-7T]7¢) - L(S,O’,Tj) )
(2)

m
CX(’S) G) = H 7(]'53 g, ;:jv "7[]_1);
j=1
(3) v(s,0,15,%) is “multiplicative” with respect to induction;
(4) if oy, is the local component of a globally generic representation o of

M(A) then

LS(Sa g, T]) = H 7(37 Uv7Tj7¢U)LS(1 - 5,0, FJ)
veS

Moreover, (1), (3), and (4) characterize the ~y-factors uniquely.

Example. We will illustrate what is meant by “multiplicativity” in part
(3) in our example. So we return, once again, to G = Spa, with n = r + ¢.
We have our maximal parabolic subgroup P = MN with M ~ GL, x
Spat. Our representation o of M(F') will then decompose as 0 ~ o1 ® T
with o an irreducible admissible representation of GL,(F) and 7 a similar
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representation of Spa(F'). Now the Levi subgroup M is itself reductive and
within M we take a parabolic subgroup P’ = M’N’ with

M' ~ (GL,, x GL.,) x (GLq x Spap) C GL, x Spay =~ M
with 71 + 79 = r and 2a + 2b = 2¢. Let

/

o' = (01 ®0y) @ (" @ 7)

be a representation of M'(F) with the tensor decomposition of the repre-
sentation corresponding to the decomposition of M’. Suppose that in the
decomposition 0 = 01 ® T we have

o1 CInd(o] ®0y) and 7 CInd(c” ®7')
so that o C Ind(o”).
We also have
EM' ~ (GL,,(C) x GL,,(C) x (GL4(C) x SOg41(C))
C GL(C) x SO9:,1(C) ~ M.

Recall that the action r of “M on Lie(*N) decomposes as r = r1 @ ro with
r = Star, ® Stso,,,, and ro = A*(Stgy,). Both of these will further de-
compose when we restrict to M’ € “M. This decomposition then gives the
following decomposition of the resulting y-factors, which is what is referred
to as “multiplicativity”.

v(s,01 @ T,11,1) = (8,01 X T,1)
2 2
= H [7(570;6 X JH?ZZJ)’Y(S?O-;C X 8/,,71))] H’Y(S?UI,C X T/,w)
k=1 k=1

and
7(3701 X T, r27¢) = 7(8a017A27w)

2
= ’7(8,0’1 x O-Qa H S O-k:’AZ V).

5.2. The definition of local L- and e-factors at the ramified places.
F is again a local field. Recall that if v|oo or v < oo and ¢ is unramified,then

e(s,o,rj,)L(1 —s,0,7;)
L(Sa g, TJ)

For the other places, we take this relation as the paradigm for defining the
L- and e-factors.

’)/(S,O', 7’]’71/1) =

(a) Tempered representations For tempered representations we can
make the following definition.

Definition 5.1. If o is x-generic and tempered, set

L(Sv g, Tj) = PU,j(q_s)_l’
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where Py j(X) € C[X] with P(0) = 1, where P, j(q~*) is the normalized poly-
nomial in ¢~° in the numerator of ¥(s,o,7;,1). Then we define e(s, 0,1, 1)
by
e(s,o,15,Y)L(1 — s,0,75)

L(s,o,7j) )

’7(8707 Tjﬂb) =

This determines L- and e-uniquely for o tempered.
From the behavior of the local intertwining operator A(s,o,wp) for o
tempered, we can draw the following conclusion.

Theorem 5.2 ([10] Theorem 7.6). Suppose o is x-generic and tempered.
Then L(s,o0,7;) is holomorphic for Re(s) > 0.

Corollary 5.2.1. L(s,o,r;) is multiplicative for o tempered.

(b) General representations If o is y-generic but not necessarily tem-
pered we appeal to the (representation theoretic) Langlands classification.
This allows us to write o uniquely as a sub-representation

o C Ind¥, v (0)

with ¢/ a tempered representation of M’ = M'(F) and o], a quasi-tempered
(or deformed) representation with v in the negative Weyl chamber. Then
L(s,0,rj) is defined in terms of o], by formal multiplicativity, as for v and
for L- in the tempered case, and the (s, 0,7;,1) is derived from L(s, o, ;)
and (s, o, 7j,1) so the standard relation holds.

This now defines L(s,o,r;) and e(s,o,r;) for all irreducible admissible
X-generic representations of M = M (F).

5.3. Global L-functions. We now return to k to be a number field and
o ~ ® 0, a globally x-generic cuspidal representation of M(A). Let r; be
one of the representations of “M occurring in the action of M on Lie(*N).

Definition 5.2.
L(s,0,1;) = HL(S,Uv,rj)
v

E(S, o, rj) = HE(S, O’v,Tjawv)
v

Then from property (4) of the y-factor (the local/global principal for ~)
and the definition of L- and € for v € .S we obtain the true global functional
equation.

Theorem 5.3 ([10] Theorem 7.7). For each j =1,...,m

L(s,0,1;) =¢e(s,0,1;)L(1 — s,0,75).
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5.4. Holomorphy and BVS. In general, the L(s,o,7;) can have poles
coming from the analytic properties of the Eisenstein series. If an Eisenstein
series has a pole in Re(s) > 0, its residual representation lies in the residual
L?-spectrum. If you “twist” the Eisenstein series, the residue can’t be in
L?, i.e., there can be no pole. Transferring this to the L-functions gives the
following result.

Theorem 5.4 ([10] Theorem 8.2). Let & be the k-rational character of M
given by

&(m) = det(Ad(m)|Lie(N)).
Let S be a non-empty set of finite places of k. For every globally x-generic
cuspidal representation o of M(A) there exists non-negative integers f, for
v € S such that for every idele class character n = ®mn, with cond(n,) > fou
for allv € S, if we set

op=0®(nog)

then L(s, oy, 1;) is entire for all 1 < j < m.

The above remarks on the Eisenstein series will rule out the poles in
Re(s) > % Then use the global functional equation.

Also, although this requires other analytic techniques, we have the fol-
lowing result.

Theorem 5.5 ([10] Theorem 8.3). With the assumptions of the previous
theorem, so n, sufficiently highly ramified at v € S, we have L(s, oy, 1;) is
bounded in vertical strips (BVS) for all 1 < j < m.

5.5. Summary. Let G be a (quasi)split connected reductive algebraic group
over a number field k. Let P = M N be a maximal parabolic subgroup de-
fined over k. Let o be a globally x-generic cuspidal representation of M (A).
Let r be the representation of “M on Lie(“N), decomposed as

m
r = @T‘j.
J=1

Then each global L-function L(s,o, ;) is nice in the sense that

(i) L(s,0,7;) converges for Re(s) >> 0 and has a meromorphic contin-
uation to all C;
(ii) for every sufficiently ramified idele class character n, L(s,oy,;) is
entire;
(ili) for every sufficiently ramified idele class character 7, L(s,oy,7;) is
BVS;
(iv) L(s,o,1j) = €(s,0,1)L(1 — s,0,75).

Concluding remark. While this method covers a large family of Langlands
L-functions L(s, o, p), it has two limitations.

(a) It requires o to be globally generic.

(b) The representations o are restricted to representations of a group M
which must occur as the Levi subgroup of a maximal parabolic P = M N C
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G for some larger group G. Moreover, the representations p of “M must be
one of the 7; occurring in the action of M on Lie(ENV).

However, other than these restrictions that are forced by the method, the
analytic results on the L(s,o,r;) are quite complete. As we will see, they
suffice, when combined with the Converse Theorem of Part I, to establish
many cases of Langlands’ conjecture by the method of L-functions.

ITI. Functoriality

6. LANGLANDS CONJECTURES AND FUNCTORIALITY

As we indicated in Section 3, the Langlands Conjectures and Functoriality
have their origin in the theory of Eisenstein series. Here I want to present
another way to think about these ideas and what they entail. Recall that
we ended Part I with a Moral Theorem, which we repeat.

Moral Theorem. Any suitably nice L-function of degree n must be auto-
morphic (or modular), i.e., associated to an automorphic representation of

GL,.

What is an interesting source of degree n L-functions?

6.1. Global Class Field Theory. The problem of a global class field the-
ory is to
e understand the global Galois group Gal(Q/Q) or more generally
Gal(k/k).
Of course one way to understand the structure of a complicated group is
through its linear representations. So our question becomes

e understand the representations

p:Gal(Q/Q) — GL,(C) (or GL,(Qy)).
Artin attached to every such complex representation p a degree n L-function.
If p: Gal(Q/Q) — GL(V) with V an n-dimensional complex vector space,

then
L(s,p) = HLv(S,p) = HL(S,pv)

where
L(s.py) = det(1 — p~*p(F'rob,)|VIr)~1 ?f v=p
I'(s,p) if v =00
with I'(s,p) the appropriate product of I'-functions as defined by Artin.

He also defined an e-factor £(s,p) So then our problem can possibly be
reformulated as

e for each p as above, understand its L-function L(s, p).
We know the following facts about the Artin L-functions.
(i) L(s, p) converges for Re(s) >> 0;
(ii) L(s, p) has a meromorphic continuation to C;
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(iii) L(s,p) is bounded in vertical strips;
(iv) we have the functional equation L(s, p) = (s, p)L(1 — s, p).
We also have the

Artin Conjecture: L(s,p) is entire if p is irreducible and not the trivial
representation.

So, morally, this should imply that L(s, p) is automorphic. (The twists
in our Moral Theorem are here given by the tensor product of Galois rep-
resentations.) It is this automorphy that is the substance of the Langlands
Conjectures.

6.2. The Langlands Conjectures for GL,. Based on our Moral Theo-
rem, we are led to a first naive formulation of the Langlands conjecture.

Naive Global Langlands Conjecture. There exist bijections

p: Gal(Q/Q) — GL,(C) cuspidal automorphic

<
irreducible representations © of G Ly, (A)
such that
L(s,p) = L(s, )
L(s,p1 ® p2) = L(s,m1 x 72)

with similar equalities for e-factors.

One advantage of the adelic theory of automorphic representations is a
natural formulation of a local version of the conjecture.

Naive Local Langlands Conjecture. There exist bijections

pv : Gal(Q,/Q,) — GL,(C) o irreducible admissible
representations m, of GLp(Qy)

such that
L(37 pv) - L(S7 771))
L(s, p1,0 ® p2v) = L(s, 71,0 X T2)
with stmilar equalities for e-factors.

Note that these local and global Langlands Conjectures are compatible.
This local/global compatibility principal will be important in our later for-
mulations.

Why did we call this naive? It is not even true for n = 1. On the left
hand side, we would have only finite order Galois characters, while on the
right hand side we have all Hecke characters (or all characters of Q; in the
local case). Weil realized this and remedied it by introducing what we now
refer to as the Weil group Wg or Wg,. Locally at a finite place we have

I, — Wq, — Gal(@p/(@p)

where the Weil group has dense image in the Galois group; at the infinite
place we have a short exact sequence

1—- Q" - Wg — Gal(C/R) — 1.
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The global Weil group Wy has only a cohomological definition, but there
is a compatibility between the local and global Weil groups. If we replace
Gal(Q/Q) by Wg and Gal(Q,/Q,) by Wg,, then the Langlands conjectures
for n = 1 become the theorems of global and local Class Field Theory.

Unfortunately, the replacement of the Galois group by the Weil group
did not completely solve our problem. Deligne pointed out that even this
modification of the local Langlands conjecture was not true for GL2(Q))
for finite primes p. There were still too many representations on the right
hand side. Deligne observed that if one used /-adic coefficients rather than
complex coefficients in the representations, one had an extra structure, as
shown by Grothendieck. f-adic Galois representations come with a mon-
odromy operator, an extra nilpotent endomorphism that is normalized by
the Galois representation. So Deligne imposed this structure in the complex
case by introducing what we now call the (local) Weil-Deligne group W@p.
It has the structure of a semi-direct product W@p = Wq, X Gg, where in
any representation, the generator of the additive group acts by a nilpotent
endomorphism N. So a representation of the Weil-Deligne group is a pair
(p, N) with p a representation of the Weil group on a complex vector space
V and N a nilpotent endomorphism of V', with certain compatibilities. (The
archimedean Weil-Deligne group is just the Weil group; there is no need to
change the theory at these places.) Deligne also extended the definition of
the L- and e-factors to these representations. This resolved the problem of
the missing representations for GL2(Q,) and gives us a good formulation of
a local Langlands conjecture.

Local Langlands Conjecture. There exist bijections

{ po i Wo, — GLp(C) } { irreducible admissible }
v >

Frobenius semi-simple representations T, of GLy(Qy)

such that
L(37 Pv) = L(S7 71'11)
L(s, p1,p ® paw) = L(s, 71,0 X T)

with similar equalities for e-factors.

This is indeed the correct formulation, for this is now a Theorem, due
to Langlands for Q, = R and by Harris-Taylor, followed by Henniart, for
Qy = Qp. In fact, their proofs work for any local field of characteristic 0. It is
also known for local fields of characteristic p by Laumon-Rapoport-Stuhler.

Unfortunately, there is no known construction of a global Weil-Deligne
group. (This is often formulated as the conjectural Langlands group.) In-
stead we rely on a formulation of a local/global compatibility at least for
representations of the Weil group. If we begin with a global representation
p: Wg — GL,(C) then, from the local/global compatibility of the Weil
groups, p induces local representations p, of W, for each v. Then we have
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the following diagram

pP———>7=Qnm,

L

{pv} TLiLC {mo}
where the top arrow is defined by the composition of the other three.

Global Langlands Conjecture. With the above formalism, m = ®'m, is
automorphic.

There are two ways of thinking about the information flow in these con-
jectures and theorems. For non-abelian Class Field Theory, we think of the
information flow as going from the automorphic side (where we can con-
trol the analytic properties of L-functions) to the Galois side. However, for
the formulation of Functoriality, we view the flow of information as going
from the Galois side to the automorphic side, thus giving us an arithmetic
parametrization of admissible or automorphic representations.

6.3. Langlands Conjectures for other groups. Another powerful as-
pect of the adelic theory of automorphic representations is that it can be
formulated for any reductive algebraic group H over Q or k, as we have seen
in Part II. Thinking of the Langlands Conjectures as arithmetic parametriza-
tions of automorphic representations of H(A) or admissible representations
of H(Q,), what do we replace the GL,(C) by in our Galois representations?
This is where the formulation of the dual group H or the L-group “H that
we saw in Part II comes into play.

Local Langlands Conjecture for H. There is a finite-to-one surjective
map

{ irreducible admissible } { admissible homomorphisms}
—

representations m, of H(Q,) bu : W</@,U -

which satisfies .... a list of representation theoretic desiderata.

Part of the desiderata should be an equality of L-functions. But Lang-
lands used this formulation to define the L-functions, namely if r : ' H —
GL,(C) is an L-homomorphism of the type we saw in Part II (although now
not restricted to come from the theory of induced representations as there)
then Langlands defined

L(s,my,7) = L(s,7 0 ¢y)

where now the L-function on the right is a generalized Artin L-function. So
we should think of the right hand side of this local Langlands conjecture
as giving special families of Galois representations that parametrize repre-
sentations of H and lead to a formulations of L-functions for H as Artin
L-functions. The fibres of the parametrization are called L-packets, because
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under this formalism, the representations in the fibres will have the same
L-functions for any representation r of the dual group “H.

What to we know in the direction of this conjecture? We know the con-
jecture in the following instances. (Lets talk over a number field & and its
completions.)

(i) ky, =R, C and any H, by Langlands,

(ii) k, non-archimedean and 7, unramified, by Satake.

(iii) k, non-archimedean and H = GL,, the characteristic 0 case by
Harris-Taylor, Henniart.

(iv) k, non-archimedean and H = GSp4 or Spy, by Gan and Takeda.

(v) ky non-archimedean, H = SOg,41, and m, generic, by Jiang and
Soudry.

(vi) Possible other miscellaneous cases that I am unaware of.

As for GL,,, we formulate a version of the Global Langlands Conjec-
ture for H through a local/global compatibility.

6.4. Functoriality. Thinking of the local or global Langlands conjectures
in terms of arithmetic parametrizations of admissible or automorphic repre-
sentations, these Langlands conjectures lead to a formulation of transferring
admissible/automorphic representations from H to G. We will concentrate
on the case where G = G Ly, as this is most compatible with out methods,
but any quasi-split target group will do.

There is a new ingredient necessary for this transfer. This is an L-
homomorphism, which is a complex analytic map

uw:TH -G ="GLy = GLN(C) x Gal(k/k)

which is compatible with the projections to the Galois factors. (In the
local formulation, we use Gal(k, /k,).) In our example from Part II, where
H = Spy,, then H=S O2y,41 and we can take for v the map coming from
the natural embedding

u: 502n+1((C) — GL2n+1((C).

There are similar embeddings for the other split and even quasi-split classical
groups.

A formulation of local functoriality from H to GLy relies on assuming
the local Langlands conjecture for H and recalling that we know the local
Langlands conjecture for GLy by Harris-Taylor/Henniart.

Local Functoriality. Assume we know the local Langlands conjecture for
H(ky,). Let m, be an irreducible admissible representation of H(k,) with
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associated Langlands parameter ¢,. Then we simply follow the diagram

LGy

. N / HT/H 1,
Wku

to obtain an irreducible admissible representation 11, of GLy(ky).

This formalism comes complete with an equality of L-and e-factors, for
example

L(s,my,u) = L(s,uo ¢,) = L(s,®,) = L(s,I1,).

Note that we know how to carry this out whenever we know the local Lang-
lands parametrization for m,, i.e., when k, is archimedean or when £k, is
non-archimedean and 7, is unramified. So in fact, if we are given a global
automorphic representation 1 = ®'m, of H(A), we can transfer the local
representation 7, for all v outside a finite set S of finite places.

We can formulate a global version of this using the local/global principal
and the local functoriality diagram. It relies on knowing the local Langlands
conjecture for H at all places.

Global Functoriality Conjecture. Assume the local Langlands conjecture
for H at all places of k. If 1 = ®'m, is a cuspidal automorphic representation
of H(A) then the representation 11 = @11, of GLx(A) obtained by following
the local functoriality diagrams

LG Ly

T =Qm ﬂ'vl—>& ¢, —1I, II = @11,
ka

s automorphic.

This global formalism also comes complete with an equality of L- and
e-factors

(s,m,u) HLST[‘U, ):HL(S,IL,):L(S,H)

along with similar equalities for twisted versions.
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7. THE CONVERSE THEOREM AND FUNCTORIALITY

In the global functoriality diagram, one begins with a cuspidal automor-
phic representation T = ®'m, of H(A) and produce an irreducible admissible
representation IT = ®'II, of GLy(A). Such a representation of GLy could
be the input to the Converse Theorem for GLy. Since the diagram comes
with an identity of twisted L-functions, one could verify the conditions of
the Converse Theorem for II by controlling the analytic properties of the
twisted L-functions for H. But this is exactly what came out of the pro-
cess in Part II. So we are now in the position of combining the L-function
techniques of Part I, which come from the theory of integral representations
for GLy, and the L-functions techniques of Part II, which come from the
relation with Eisenstein series, to attack the question of functoriality via
L-function techniques.

7.1. Functoriality for the classical groups. The first instances where
we could do this were the families of (quasi)split classical groups. For now,
we will content ourselves with the split cases. As we have seen in our ex-
ample that we carried through in Part II, for Sps,, we can control the
twisted L-functions L(s,m x 7) for 7 a globally generic cuspidal represen-
tation of Spa,(A) and 7 a cuspidal representation of GL,,(A). The twisted
L-functions for the other split classical groups occur in a similar fashion.
So we will be able to consider functoriality for globally generic cuspidal
representations in the following split situations.

H i u"H-"GLy| "GLy GLy

SO2n+1 | Span(C) — GL2n(C) | GLap

SOsn | S09n(C) o GLon(C) | Gl
Span | SO2,41(C) — GL2n+1(C) | GL2n41

Take an H from this table and let 7 = ®'m, be a globally generic cuspidal
representation of H(A). For almost all places v of k we know the local
Langlands conjecture for H(k,), namely for the archimedean places and the
finite places for which 7, is unramified. So for these places we have our local
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functoriality diagram

Ly “ LGy
Ty % N % Aﬂv
Wy,

which preserves L-functions. However, there remains a finite set of S of
non-archimedean places for which we do not know the local Langlands pa-
rameters for m,. In spite of this we can still prove the following result.

Theorem 7.1. Let H be a (quasi)split classical group, T = ®'m, a globally
generic cuspidal representation of H(A), and v : “H — “GLy the natural
L-homomorphism. Then there exists an automorphic representation II =
®'TL, of GL,(A) such that for allv ¢ S, I, is the local Langlands lift of m,
as in the above diagram.

The proof has three main steps, but three lingering questions about their
implementation.

Step 1. Construct a candidate lift IT = ®'II, as an irreducible admissible
representation of GLy(A) with the property that for all cuspidal automor-
phic representations 7 of GL,,(A) in an appropriate twisting set we have

L(s,mx 1) = L(s,II x 7)

e(s,mx 1) =c¢(s,II xT)

For the places v ¢ S, we can obtain this locally from the local functoriality
diagram.
Question 1. What to do about II, for v € 57

Step 2. Control the analytic properties of L(s,II x 7) through those of
L(s,mx 7). We do this using the Langlands-Shahidi method, as in the Sum-
mary in Section 5, where we are guaranteed that these twisted L-functions
are meromorphic, BVS and satisfy an appropriate functional equation. But
the Converse Theorem requires that all L-functions be entire, which is more
that is guaranteed.

Question 2. How to uniformly control the poles of the L-functions for all
the twists simultaneously?

Step 3. Apply the Converse Theorem to II = ®'IL,.
Question 3. Which one, i.e., what is the appropriate twisting set?
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7.2. Resolution of the difficulties. We will take our difficulties in order,
since the resolution of Questions 1 & 2 will force the answer to Question 3.

Question 1. What to do about the v € S where we do not know the
local Langlands parametrization for m,. We finesse the lack of the local
Langlands parametrization by a purely local result called the “stability of
L and e under highly ramified twists”. The proof of this is quite involved
and is established in the context of the “stability of v under highly ramified
twists”. The statement of stability is the following.

Theorem 7.2. Suppose that 1, is a suitably highly ramified character of
kY. Then for irreducible admissible representations m, of H(k,) or I, of
GLy(ky) we have

L(s,m, X ny) =1 = L(s,II, X 1)

and both (s, Ty X Ny, 1y) and (s, I, X ny, 1) stabilize, with the stable form
only depending on the central character of the local representations.

The degree of ramification depends on m, or I, respectively. Once you
have stability, one can replace m, and II, by a full induced representation
with the same central character and then compute these stable form of the
e-factors (from the stable form of the ~-factors) by using multiplicativity of
the ~-factors. When one does this, one obtains the following corollary.

Corollary 7.2.1. Assume H is split. Then for any irreducible admissible
generic representation m, of H(k,) and any irreducible admissible represen-
tation 1L, of GLy(ky) with trivial central character, for sufficiently highly
ramified character n,, depending on both representations m, of H(ky,) and
I, of GLN(ky), we have

L(s,my X 1) = L(s, 11, x ny)
E(Saﬂ'v X nvawv) = 5(37Hv X nvawv)'

So if we have the freedom to twist, we can take as our “local lift” any
II, with trivial central character. We can extend this to certain twists by
G Ly, (ky), again by multiplicativity of L- and e- for certain representations.

Corollary 7.2.2. Assume H is split. Let m, be an irreducible admissible
generic representation of H(ky) and I1, irreducible admissible representation
of GLy(ky) with trivial central character. Let n, be a sufficiently highly
ramified character of kS as in the above corollary. Then for every unramified
representation T of GLy,(ky) if we set 7, =T, @1, then
L(Sa'ﬁv X Tv) = L(S>Hv X Tv)
5(5771—1) X Tva¢v) = E(S,Hv X Tv’wv)'

If we combine this last corollary at the places v € S with the local func-

toriality diagram for v ¢ S we arrive at the end of Step 1. Let 7 = ®'m, be

a generic cuspidal automorphic representation of H(A). For v ¢ S, let 1I,
be the local lift of 7, obtained through the local functoriality diagram. For
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v € S take II, any irreducible admissible representation of GL,(k,) with
trivial central character. Consider the candidate lift IT = ®II, of GLy(A).

Theorem 7.3. Let n = ®mn, be a fixed idele class character such that at all
v €8, ny is sufficiently highly ramified so that the previous corollaries hold
for m, and 11,,. Then for every T € ’Z[)S(N —2) ®n we have

L(s,mx 1) = L(s,II x T)

e(s,mx 1) =c¢(s,II x 7).

For the definition of 7;°(N — 2) see the paragraph before Theorem 2.4.
This completes Step 1.

Question 2. The answer to our second question, controlling the poles of
L(s,IT x 7) and hence L(s,II x 7) we can now find in the Summary in
Section 5 and the previous theorem. In Section 5 we saw that if we twisted
by a sufficiently ramified character n then the resulting L-function had no
poles. When one unravels the twisting there in terms of the Rankin-Selberg
L-functions we are considering here, then we have the following result.

Theorem 7.4. Let H be a split classical group and m1 = ®'m a globally
generic cuspidal representation of H(A). Let S be a non-empty finite set
of finite places. Let n = ®@mn, be a idele class character which is sufficiently
highly ramified at the places v € S so that Theorems 5.4 and 5.5 are satisfied.
Then for every T € TP (N — 2) ® n we have that L(s,m X T) is nice, that is

(i) L(s,m x T) is an entire function of s;

(ii) L(s,m x T is bounded in vertical strips;

(i) L(s,m x 1) =¢e(s,m x 7)L(1 — s, X T).

So a similar twisting by a ramified character gives us the the twisted L-
functions on the classical group are nice as desired in the Converse Theorem.
This completes Step 2.

Question 3. We are now in a position to apply a Converse Theorem. We
just need to combine Theorems 7.3 and 7.4. So we take our globally generic
cuspidal representation 7 = ®m, of H(A). We construct a candidate lift
IT = ®'II, as in Step 1. We take S to be a finite set of finite places such
that (i) S contains all finite places where we do not have the local Lang-
lands parametrization for m, and (ii) S is not empty. We fix an idele class
character n = ®n, such that the local components at v € S are sufficiently
ramified that both Theorems 7.3 and 7.4 hold. Then combining these with
the flexible Converse Theorem given in Theorem 2.4, we obtain Theorem
7.1, the functorial lifting from classical groups to GLy for globally generic
cuspidal representations. This completes Step 3.

7.3. The image of functoriality. We have two remaining issues.

(1) When is the functorial lift II cuspidal?
(2) Can we characterize the image of functoriality?
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These questions are answered by yet another set of techniques. This is
the method of automorphic descent of Ginzburg, Rallis, and Soudry. It was

e motivated by integral representations of twisted L-functions for clas-
sical groups

e implemented in terms of residues of Fisenstein series.
So it represents a nice synthesis of ideas from the two methods for studying
L-functions. The descent allows you to begin with a self-dual representation
of GL, local or global, and descend back to a representation of the classical
group H (or a metaplectic group).

If we combine our approach to functoriality via the Converse Theorem

with the Ginzburg-Rallis-Soudry theory of descent we obtain the following
more complete result.

Theorem 7.5. Let H be a split classical group, 7 a globally generic cuspidal
representation of H(A). Then there is a representation R = Ry of “GL,
such that the functorial lift of m to an automorphic representation 11 of
GLN(A) as above has trivial central character and is of the form

M=Ind(I; ® - - ®I;) =1 B---BI,

where each II; is a unitary self-dual representation of GLn,(A) such that
the L-function L(s,I1;, R) has a pole at s = 1 and II; % II; for i # j.
Moreover any such 11 is the functorial lift of some globally generic cuspidal
representation m of H(A).

To finish, we only need to identify R = Ry. For H = Spsy, or SO, so
that “H is an orthogonal group, R = Sym?, while for H = SOs,,1, where
LH = Spy,, we have R = A2,

For the case of the quasisplit classical groups, the result is similar, but
there is also a central character condition.

8. SYMMETRIC POWERS AND APPLICATIONS

There are a number of other functorialities that one can obtain by this
method that have striking arithmetic applications. As the method is the
same as before, here I will describe the L-homomorphisms and how one
controls the twisted L-functions needed for the Converse Theorem within
the Langlands-Shahidi method.

8.1. The tensor product lifting from GLs x GL3 to GLg. The L-group
of GL, is GL,(C). The tensor product isomorphism C? @ C* ~ C° induces
a map

GLQ ((C) X GLg((C) GLG((C)

and there should be an associated map of automorphic representations given
by the following functoriality diagram.

Let m; = ®'my,, be a cuspidal automorphic representation of GL2(A) and
Ty = ®'my, a cuspidal automorphic representation of GL3(A). Write my X mo
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for the corresponding representation of GLa(A) x GL3(A). Then for each
place v of k, since we know local Langlands for GL,,, we have

GLy(C) x GL3(C) —2 GLg(C)
Tl X T2y ———> le,v X gf)gﬂ, / —1I,
Wi,

which then gives us an irreducible admissible representation II = ®II, of
GLg(A). Let us denote II, = 7y, M7y, and II = 7 X 7.

Theorem 8.1 ([10] Theorem 9.1). 71 X7y is an automorphic representation
of GLg(A)

To apply the Converse Theorem for G Lg we must now control the triple
product L-functions L(s,7m; X m X 7) for 7 a cuspidal representation of
GL,(A) with m = 1,2,3,4. Where do these occur in the Langlands-Shahidi
list?

GL; twists. We take G = GLs5. Its Dynkin diagram is

and if we remove the second vertex

[ ] X [ ] [ J

we obtain a maximal parabolic subgroup P = M N whose Levi has derived
group M ~ GLs x GL3. If we take the representation of M to be o ~
T ® (m2 ® T), then this is an m = 1 situation and we have, in the notation
of Part II,

L(S,U,Tl) = L(S,?Tl X g X 7’).

G L, twists. We take G = D¢ = Spinig. Its Dynkin diagram is
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and if we remove the third vertex

we obtain a maximal parabolic subgroup P = M N whose Levi subgroup
has derived group Mge, >~ SL3 X SLo x SLy. This is the same as the derived
group of GL3 X GLy X GLo and there is a k-rational morphism from M to
G L3 x GLy x GLs which is the identity on the derived groups. There is then
a way to transfer the representation mo ® m1 ® 7 of GL3 X GLo X GL4y to a
representation o of M such that

L(S,U,Tl) = L(8,7T1 X g X 7’).

We will denote this (and similar) process by writing o ~ m ® m; ® 7. This
is an m = 2 situation.

GL3 twists. We take G to be the exceptional group Eg°. Its Dynkin
diagram is

and if we remove the third vertex

[ ] [ ] X [ J [ ]

we obtain a maximal parabolic subgroup P = M N whose Levi subgroup
has derived group Mge, ~ SL3s x SLo x SL3. If we take the representation
of M so that o ~ mo ® m ® 7, then this is an m = 3 situation with

L(S,O’,T’l) = L(S,T(l X 9 X T).

GL4 twists. We take G to be the exceptional group E2¢. Its Dynkin
diagram is




42 JAMES W. COGDELL

and if we remove the fourth vertex

L] ° [ ] X [ ] L]

we obtain a maximal parabolic subgroup P = M N whose Levi subgroup
has derived group Mge, ~ SLy X SLo x SL3. If we take the representation
of M so that o ~ 7 ® m ® g, then this is an m = 4 situation with

L(s,0,r1) = L(s,m X g X T).

Even in this relatively simple case of a tensor product functoriality, we
need Eisenstein series on exceptional groups! As usual, the Converse Theo-
rem gives an automorphic representation Il with II) ~ 1,0 Mg, for almost
all places v. To fill in the correct lift at the v € S we need other techniques:
base change and the theory of types.

8.2. Symmetric power functorialities. GLy(C), the L-group of GLs,
has an irreducible n+1 dimensional representation on the space of symmetric
n-tensors Sym™(C2). This gives a map

S
GLy(C) — 2

GLyi1(C)

and there should be an associated lifting of automorphic representations
from GL2(A) to GLy41(A). The relevant functoriality diagram is

’n.

GLn—H

GLy(C
7T—®7Tv Ty " N @, 1, II= ®/Hv~
ka

Let us then write IT, = Sym"(m,), a well defined irreducible admissible rep-
resentation of GLy41(ky), and II = Sym"™(7) = [[ Sym"™(7,) an irreducible
admissible representation of G L;,11(A). The question of Sym” functoriality
for GLy is then whether Sym™(7) is automorphic.

As a consequence of the GLo x GL3 — G Lg tensor product functoriality,
we have that Sym?®(n) is indeed automorphic.

Theorem 8.2 ([10] Theorem 9.2). If 7 is a cuspidal automorphic represen-
tation of GLy(A) then Sym?®(r) is an automorphic representation of GLy(A).
It is cuspidal unless w is of dihedral or tetrahedral type.
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This result is finessed from the tensor product functoriality as follows.
Begin with 7, our cuspidal automorphic representation of GLso(A). Gelbart
and Jacquet had proved that Sym?(7) is an automorphic representation of
GL3(A) via the Converse Theorem for GL3 in 1978. Then by the tensor
product functoriality for GLs x G L3 above we have that 7 X Sym?(7) is an
automorphic representation of GLg(A). Moreover, we have a decomposition

75 (Sym?(7) @ w ) = (Sym3(m) @ w ) B 7

from which we deduce that Sym?3(7) is automorphic.

8.3. The exterior square lifting for GL4. From the six dimensional irre-
ducible representation of GL4(C) on the space of antisymmetric two tensors
A2(C*) we obtain an L-homomorphism

GL4(C) —

GLg(C)

and from it local and global lifts. If 7 = ®m, is a cuspidal automorphic repre-
sentation of GL4(C) then A?(m,) is an irreducible admissible representation
of GLg(k,) and A?(7) = ®'A?(m,) is an irreducible admissible representa-
tion of GLg(A). Henry Kim established the corresponding functoriality in
the following form.

Theorem 8.3 ([10] Theorem 9.3). Let 7 be a cuspidal automorphic repre-
sentation of GL4(A). Then there exists an automorphic representation II'
of GLg(A) such that for almost all places v, 1T, ~ A?(m,)

Again, we use the Converse Theorem for GLg and thereby must control
the twisted L-functions

L(s,m7®7,A*> ® St,,)
for 7 cuspidal automorphic representations of GL,,(A) for 1 < m < 4,
where St,, is the standard representation of GL,,(C). These are controlled
as in Part II, by the Langlands-Shahidi method. In that notation, we take
G = Djf 4 = Spinggys for k= 0,1,2,3. The Dynkin diagram for G is

N
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and if we remove the appropriate vertex

we obtain a maximal parabolic subgroup P = M N whose Levi subgroup
has derived group Mye, >~ SLi1 X SLy. If we take the representation of M
so that 0 ~ 7 ® m, then this is an m = 2 situation with

L(Sa g, 7"1) = L(S,?T X T, A2 ® Stk-‘rl)‘

This then gives the theorem.
From this result we can deduce another symmetric power functoriality for
GLs.

Corollary 8.3.1 ([10] Corollary 9.4). If w is a cuspidal automorphic rep-
resentation of GLy(A) then Sym*(r) is an automorphic representation of
GLs(A).

To derive this, we begin with our cuspidal representation 7 of GLa(A).
We know that Sym®(7) is an automorphic representation of GL4(A), so
we can now form A?(Sym3(7)) which is an automorphic representation of
GLg(A). This is not irreducible, but decomposes as

A(Sym®(m)) = (Sym*(m) © wp) B
from which we deduce the automorphy of Sym*(r).

8.4. Applications. The new symmetric power functorialities give us im-
proved bounds towards the Ramanujan and Selberg conjectures for G Lo
over an arbitrary number field.

Let m = ®@'m, be a unitary cuspidal representation of GLy(A). If v is a
finite place where 7, is unramified and ¢, : W;, — GLz2(C) the arithmetic
Langlands parameter for m,, then ¢, is also unramified and

Qy

¢u(Frob,) = ( ﬁv) =t, € GLy(C).

These are the Satake parameters for m,. The Ramanujan conjecture states
that

4 < |l B < gy
for all e >0
Theorem 8.4 ([10] Theorem 9.6). For m a unitary cuspidal representation

of GLy(A), the Satake parameters for m, satisfy

0, 0 <l l, |Bu] < at/°.
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The first idea is to use the automorphy of the symmetric powers. Suppose
that Sym*(7) is cuspidal. (The non-cuspidal case is in fact easier.) Then
the Satake parameters for Sym? () are given by

4
4 — Qym? Ay _
Sym®(t,) = Sy << 51}))
z

v
Now there is a general first non-trivial bound towards Ramanujan valid
for any GL,, due to Jacquet and Shalika. It says that the Satake parameters
for any unitary cuspidal representation for GL, (A) satisfy

«
By

av/@g

0 % < o] < qif?.
Applying this to the Satake parameters for Sym?(7) gives

¢, < |y, )] <

v

or
g, % < o], Bl < 0y/*.

To achieve the “1/9 bound” one has to invoke other techniques. What
Kim and Shahidi prove is that L(s,m,, Sym®) is holomorphic for Re(s) > 1
and this gives the stated 1/9 bound

There is an archimedean analogue giving a 1/9 bound towards the general
Selberg conjecture for G Ls.
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