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EISENSTEIN SERIES AND QUANTUM AFFINE ALGEBRAS

M.M. KAPRANOV

The classical Eisenstein-Maass series is the sum

1 y3/2 ‘
E(Z,S)Z-é' Z m, z=x+yz€C,y>0,sEC. (1)
c,deZ
(c,d)=1

It converges for Re(s) > 1 and analytically continues to a meromorphic function in
s, which satisfies the functional equation

C(s)E(z,8) = " (1 - $)E(2,2 — 5), (2)

where (*(s) = m%/2I'(s/2)((s) is the full zeta function of Spec(Z).

This paper started from the obscrvation that the simplest function field analog of
(1), in which Z is replaced by the polynomial ring Fg[z], is related to the quantum
affine algebra Uq(a;). More precisely, the Eisenstein series in this case is naturally
a function on Bun(P?'), the set of isomorphism classes of vector bundles on Pqu,
and the space R of such functions has a natural algebra structure (Hall algebra, as
modified by Ringel [R3]), given by the parabolic induction. The analog of E(z, s)
is in fact the product E{t;)E(t2) of two simpler elements of R, and the analog of
(2) can be written as the commutation relation in R:

. Cp1(ta/th)
Cpi(g~t2/t1)

where (p1(t) = 1/(1 — t)(1 — gt) is the zeta-function of P .

Relations like this are familiar in the theory of vertex operators [FLM] [FJ].
In particular, (3), being written in the polynomial form, turns out to be identical
to one of the relations written by Drinfeld [Drl-2] for his “loop realization” of

Uq(sl’\g). So R is identified with the natural “pointwise uppertriangular” subalgebra
Us(Bt) € Uy(sla).

The main results of this paper (Theorems 3.3, 3.8.4 and 6.7) show that for an
arbitrary smooth projective curve X over Fy the structure of the algebra R formed
by unramified automorphic forms and of its natural extensions, is strikingly similar
to the structure of the quantum affine algebras U,(g) for Kac-Moody algebras g
and of their natural subalgebras. The role of the simple roots of g is played here
by unramified cusp eigenforms, and the role of the Cartan matrix is played by
the Rankin-Selberg convolution L-functions. Thus R is analogous to U,(nit) with

E(t2) E(t) = E(t1) E(t2), (3)
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functional equations of general Eisenstein series providing commutation relations
among the generating functions.

These results can be viewed as “continual” analogs of results of Ringel [R1-3]
and Lusztig {Lu 1-3] on realizing quantum Kac-Moody algebras by means of Hall
algebras associated to the category of representations of a quiver, instead of the
category of coherent sheaves on a curve. The two types of categories have very
similar properties, in particular, they have homological dimension 1.

The Langlands conjectures bring cusp forms (i.e., simple roots of our generalized
root system) in correspondence with irreducible representations of the geometric
fundamantal group of the curve X. This becomes therefore analogous to the well
known McKay correspondence for finite subgroups in SL(2,C). These subgroups
are in correspondence with affine Dynkin graphs of type A, D, F, and for a subgroup
G the vertices of the corresponding graph correspond to irreducible representations
of G. Including all coherent sheaves (and not just vector bundles) into the general
framework of Hall algebras amounts to considering Hecke operators acting in un-
ramified automorphic forms. It turns out that some natural generating functions
for these Hecke operators are analogous to Drinfeld’s generators for the pointwise-
Cartan subalgebra U,(h[t]) C U,(g).

One nice outcome of this analogy is that it finally provides some explanation of
Drinfeld’s construction, which since its publication 10 years ago, was reproduced
and used many times, but without questioning its nature (i.e., asking why the
formulas have exactly this form and not some other). From our point of view,
each of these formulas has a clear conceptual meaning. Some of them express
functional equations for Eisenstein series, others the fact that Eisenstein series
are eigenfunctions of Hecke operators, still other express the commutativity of the
unramified Hecke algebras and so on.

What seems more important, though, is the conclusion this analogy brings about
the theory of automorphic forms. Namely, the algebra formed by all unramified
automorphic forms (on all the GL,) and by the Hecke operators, corresponds
in our analogy, to just one half of U,(g), namely the quantization of the subal-
gebra nt[t,t7!] ® hlt]. It means that one should “double” the whole theory of
automorphic forms by finding the automorphic analog of the missing subalgebra
n~[t,t"] @ h[t~!). In this paper we do this (in our unramified context) by ap-
plying Drinfeld’s quantum double construction [CP] to the Hopf algebra structure
given, essentially, by taking the constant terms of an automorphic-form. Certainly,
there should be a better and more conceptual definition of this double, and the
author plans to address this in a future paper. However, the purely algebraic iden-
tification of the double given in Theorem 6.7, exhibits it as a self-contained quantum
group-like structure involving all the automorphic L-functions at once, and one can
begin to study its representation theory, which is of great interest because of the
relation with L-functions. For instance, one can generalize Frenkel-Jing bosoniza-
tion construction [FJ] to our automorphic case. This will be done elsewhere; here
let us point out just one thing: the validity of the most non-trivial relation (6.7.5)
for the bosonization operators is equivalent to the fact that the zeta-function (x (¢)
has only two “trivial” poles at t = 1,¢q~! (and they produce the two summands in

2



the RHS of (6.7.5)) and all the other L-functions associated with cusp forms have
no poles.

There are two further contexts in which the described approach can be pursued.
One is that of “geometric Langlands correspondence”, in which we consider a curve
X over the complex numbers rather than F,. Instead of functions on the discrete
set Bun(X/F,) one should consider here the cohomology of the moduli stack of all
vector bundles (such stack-theoretic cohomology involves, for instance, the coho-
mology of classifying spaces of stabilizers of points, i.e., behaves like equivariant
cohomology). Results of Grojnowski [Gro] on equivariant cohomology of the spaces
of C-representations of quivers suggest that in our case we should get quantized
double-affine algebras, as in [GKV].

Another direction concerns automorphic forms over number fields. The results
of this paper make it clear that there should be a number-theoretic analog of the
theory of quantum affine algebras in which curves over F, are replaced with spectra

of the rings in number fields. For instance, the most immediate analog of Uq(;l;)
corresponds to {compactified) Spec(Z) instead of P]}‘q and is generated by values of

operator fields E*(s) (generating the analogs of UQ(ITE)) subject to relations like

“(s—t)
ET(s)ET(t :——E—L——E“*tE"'s
and similar other relations involving the Riemann zeta. The author hopes to be
able to say more about these questions in the future.

Let us give a brief overview of the contents of the paper. In Section 1 we recall
the general framework of Hall-Ringel algebras, including the recent result of Green
[Gr] on the categorical description of the comultiplication in the case of homological
dimension 1. In Green’s formulation one gets, on the Ringel algebra, a structure of
a bialgebra in a certain twisted sense (familiar from [Lu 1-2]). To get a bialgebra
in the ordinary sense, we add the Cartan generators in the standard way. We also
supply a formula (1.6.3) for the antipode in this bialgebra which seems to be new.

Section 2 serves to fix the notation related to unramified automorphic forms on
an algebraic curve X/F, (with respect to all the groups GL,). The most important
concept for us is that of the Rankin-Selberg convolution L-function associated to
two cusp forms.

In Section 3 we formulate the main results about the Hopf algebra formed by the
unramified automorphic forms on all the GL,, together with all the Hecke opera-
tors. We introduce the appropriate gencrating functions and state the main result
(Theorem 3.3) describing multiplication and comultiplication of these generating
functions in a completely explicit way. We also prove (Theorem 3.8.4) that the co-
efficients of our generating functions generate the subalgebra formed by unramified
automorphic forms.

Section 4 contains proofs of the results stated but left unproved in Section 3.
In Section 5 we compare the results of Section 3 with the structure of quantum

affine algebras in the “new realization” of Drinfeld. We observe an analogy between
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two theories; we show also that in the simplest instances (curve P!, affine algebra
sly) the analogy becomes the identity.

Finally in Section 6 we describe Drinfeld’s quantum double of the Hopf algebra
constructed in Section 3. This seems to be a very important “semisimple” object
naturally appearing in the theory of automorphic forms. The main technical tool
here is the use of Heisenberg doubles [AF} [ST] which are easier to handle. In par-
ticular, we get a very transparent formula for the multiplication in the Heisenberg
double of the Ringel algebra in terms of long exact sequences. Then we find the re-
lations in the Drinfeld double by using the recent work of Kashaev [Kas] who found
an embedding of the Drinfeld double into the tensor product of two Heisenberg
doubles.

I would like to thank A. Goncharov, G. Harder, Y. Soibelman and Y. Tschinkel
for useful discussions. In particular, I owe to G. Harder a crucial suggestion for the
proof of Theorem 3.8.4. This research was partially supported by an NSF grant
and by A.P. Sloan Fellowship. The paper was written during my stay at Max-
Planck-Institut fur Mathematik in Bonn, whose hospitality and financial support
are gratefully acknowledged. I am grateful to Mrs. M. Sarlette for typing the
manuscript.



§1. Hall algebras.

(1.1) The Euler form. We will say that an Abelian category A is of finite type, if
for any objects A, B € Ob(.A) all the groups Ext};(A, B) have finite cardinality and
are zero for almost all 7. If A4 is an abelian category of finite type, and A, B € Ob(.A4),
we denote

(1.1.1) (A, B) = []]IExtiy(4, B)|-V

>0

For A € A let A be the class of A in the Grothendieck group KoA. Clearly, the
quantity (A4, B) depends only on A and B and descends to a bilinear form (called
the Euler form) still denoted by

(1.1.2) o, {, ), KoA®KoA— Q"

(1.2) Hall and Ringel algebras. Let A be an Abelian category of finite type. Its
Hall algebra H(.A) is the C -vector space with basis [A] for all isomorphism classes
of objects A € Ob(.A). The multiplication is given by

(1.2.1) [A)o [B] =Y ¢55[C]
(C]

for a fixed object C, where g5 is the number of subjects A’ C C such that A’ ~ A
and C/A ~ B, or equivalently, the number of exact sequences

05450 B50

taken modulo the (frec) action of Aut{A4) x Aut(B). This multiplication is well
known to be associative, the coefficient at C in A} o... 0 A, being the number of
filtrations of C with quotients A,,..., A,.

The modified multiplication

(1.2.2) [A] % [B] = (B, A) - [4] o [B]

is still associative. We will call the Ringel algebra of A and denote R(A) the same
vector space as H(.A) but with * as multiplication.

(1.2.3) Remark. It was C.M. Ringel [R3] who first drew attention to the twist
(1.2.2). A little earlier and independently, G. Lusztig [Lu2-3] considered several
twistings by bilinear forms, withour specially distinguishing the Euler form (1.1.1).
With a certain hindsight, precursors of (1.2.2) can be traced as far back as the
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relabelling of the principal series representations so as to make the intertwiners to
act between representations whose weights differ exactly by permutation, see, e.g.
[GN].

(1.3) Moduli space point of view. Let M(A4) = Ob(A)/Iso be the set of
isomorphism classes of objects of .A. The algebras H(A), R(A) can be identified
with the space of functions f : M(A) — C with finite support, the operations being

(1 3 1)
= Y f(A)g(A/A)  (Fxg)(A)= D (A/A A)f(A)g(A/A").
A'CA A'CA

This point of view makes very natural the “orbifold” Hermitian scalar product on

H(A) and R(A):

(1.3.2) Z |Aut(A)]

AeM(A)

or, equivalently,

(1.3.3) ([A), [B]) = d(aym/|Aut(A)].

(1.4) Green’s comultiplication. Let A be an Abelian category of finite type,
satisfying the following additional condition: every object of A has only finitely
many subobjects. Let r : R(A) — R(A) ® R(A) be the map, adjoint to the
multiplication map m : R(A) ® R(A) — R(A) with respect to the scalar product
(1.3.2). It has the form

| Aut(A")] - |Aut(
|Aut(A)]

1) r((A) = T (A/4 A A 4 [a/a1),

A'CA

or, in the functional language (1.3), for a function f : M(A) — C, the element 7(f)
is a function on M(A) x M(A) given by

(1.4.2) r(f)(A,A") = (A", 4" Y f(Cone(€)[-1])

£€Extl (A’ ,A")

where Cone(¢)[—1] is the middle term of the extension corresponding to &.
For two objects A, B € A set

(1.4.3) (A|B) = (A, B) - (B, A).
One easily verifies that the twisted multiplication on R(A) ® R(.A) given by

(1.4.4) (Al e [B])([C] ® [D]) = (AIB)([A] * [C]) ® ([B]  [D]))

15 associative.



(1.5) Green’s theorem. Suppose that A satisfies the conditions of (1.4), and,
in addition, has homological dimension < 1, i.e., E:cth(A, B) =0 fori> 2 and
all A,B. Thenr : R(A) - R(A) ® R(A) is an algebra homomorphism, if the
multiplication on R(A) @ R(A) is given by (1.4.4).

Note that because of the twist {1.4.4), the theorem does not mean that R(.A)
is a bialgebra in the ordinary sense; it can be interpreted, however, by saying that
R(A) is a bialgebra in an appropriate braided monoidal category of Ko.A -graded
vector spaces.

In [Gr], Green considered only the case when A consists of finite modules over
an F, -algebra. The modification to the case of finite modules over any ring (of
homological dimension 1) is trivial. The case of general A, as in (1.5), can be
reduced to this by embedding finite pieces of A into the categories of modules over
appropriate rings, as in Freyd’s embedding theorem [Fr].

Sources of Green’s result can be found in the works of Lusztig [Lu4] and Zelevin-
sky [Ze] and in more classical studies of the functors of parabolic induction and
restriction in representation theory [BerZ], evaluation of constant terms of Eisen-
stein series {La3] and so on.

(1.6) Reformulation. As with (4, B), the quantity (A|B) depends only on A, B €
KoA, giving rise to the form

(161) (alﬁ) = (O{,ﬁ> ) (/B, a) : K0A®KOA — Q*

Let C[Ko.A] be the group algebra of Ky.A, with basis K,, a € Kg.A and multiplica-
tion Ko Kg = Kq4p. Let us extend the algebra R(A) by adding to it these symbols
Ko which we make commute with {A] € R(A) by the rule

(1.6.2) [A]Kg = (A|B)KplA].

Denote the resulting algebra B(.4). So as a vector space B(A) ~ C[KpA]@c R(A),
with K, ® [A] = K, A establishing the isomorphism.

(1.6.3) Green’s theorem (strengthened form). In the assumptions of (1.5),
the map A : B{(A) - B{A) ® B(A) given by:

A(K,) = K4 ® Kg,

(164)  A(A)= S (A/A’,A’)'A“t(“*")}l;lfj)tl(“l/‘”[A']®KA;[A/A']
A'CA

makes B{A) into a bialgebra in the ordinary sense, i.e., A is a homomorphism of
algebras with respect to the standard (untwisted) multiplication in B(A) ® B(A).
Moreover, B(A) is a Hopf algebra with respect to the counit ¢ : B(A) —» C given by

1, if A=0
(1.6.5) e(KalA]) = {0, if A#0
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and antipode S : B(A) — B(A) given by

00 . n H'}zo |Aut(Aj/Aj__1)|
S(KQ[A}:;:;(—I) Aoc.%,.:Ail;Il(Ai/Ai_hAi_l) J |Aut(A)| .
(1.6.6) [Ao] ¥ [A1/Ad) % ... * [An/An_1] - KJ'K 3!

where Ay C ... C A, = A runs over arbitrary chains of strict (A; # A;y1) inclu-
sions of length n.

Proof. The fact that A is a homomorphism of algebras, follows at once from The-
orem 1.5 and from (1.6.2). To prove that € is a counit, we must show that it is an
algebra homomorphism and that the compositions

(Id®e)d, (e®Id)A: B(A) » B(A)® C = B(A)

are the identity maps. Both these statements are obvious from the nature of multi-
plication in H(A), R(A) and B(A). To prove that S is an antipode, we must show
that the compositions

m(S @ Id)A, m(Id® S)A : B(A) — B(A)

coincide with 7 o € where ¢ : C — B(A) is the embedding of the unit, and m is the
multiplication in B(.A). Let us show this for the first composition, the second one
being similar.

From (1.6.4) and (1.6.6), we find that

n

(S®IHA) KA = DY > (—1)m-(Aa/4LA) T4/ Aiy, ALy

A'CAn=1 A&C...CAL:A' =1
[Aut(A/AY)] - TT5_o [Aut(A5/4] )]
|Aut(A)]

where the first sum is over all subobjects A’ C A. We can combine the first and
third summations together and write the above quantity as

[AQ]. - [AL/AL LKL TK S ® Ko KalA/A]

= m—1 - H;’; ‘Aut(Aj/Aj—l)l
> (1) S A/ A, Aiy) 0|Aut(A)| .

m=1 AgC..CAR=Ai=1
[Ao). . [Am—1/Am—2)K;}  K'® KoKa,_,[Am/Am-1],

where Ag C ... C A, = A runs over all chains of subobjects of length m, in which
all the inclusions, except, maybe, A,,_; C A,,, are strict. Therefore

(m(S @ Id)A)(Ka[A]) =

Z (—l)m_l Z H(Ai/Ai-la Ai—l) Hj:l) |AUt(Aj/Aj_l)| . [AO] s [Am/Am—I]

m—1 AoC.. An=Ai=1 [Aut(4)]




Now notice that for A # 0 each summand in this sum will appear twice: once for
a strictly increasing filtration Ay C ... A,, and once for the filtration Ag C ... C
A = Apm—1. These summands will enter with opposite signs and so will cancel
each other, and the whole sum will be equal to 0 = i(e(K,[A])). If A =0, we get
the sum of the empty set of summands, which is equal to 1 = i(e(K4)). Theorem
is proved.

(1.7) The bilinear form on B(A). Let us extend the Hermitian form (1.3.2-3)
on the Ringel algebra R(A) to B(A) by putting

(1.7.0) (ol KalB) = ()] [B]) = S 20412

In other words, we introduce the form on B(A) = C[Ko.A]®¢c R(A) to be the tensor
product of the old form on R(A) and the form on C[KyA] given by (K,, Kg) =

(a|B).
(1.7.2) Proposition. With respect to the form ( , ) the multiplication and
comultiplication in the Hopf algebra B(A) are adjoint to each other.

Proof. In other words, we need to prove the equality

(1.7.3) (Ka[A]Kp[B], K4[C]) = (Ka[A] ® Kp[B], A(K,[C]))

where on the right stands the Hermitian bilinear form on B(A) @ B(A) given by
tensoring ( , ) with itself. To prove (1.7.3), notice that the left hand side is

(A1B)(Ka+s[Al[B], K5[C]) = (AIB) (e + BIM)([A][B], [C]) =
(1.7.4) = (A|B)(a + Bl7)([A] @ [B], r([C])) =

— (A . o JAUE(CH - |Aut(C/C|
= (A|B)(a + Bl7) CZC:C(C/C ,C") ASC .

(A1 C’) ) (Ba C/C,)y
while the right hand side of (1.7.3) is

(K“[A] eKslBl, 3 (c/cr, ¢y AU IAMC/CT]

P [Aut(C)]
(1.7.5) K,[C'1® K¢ +7[C"]) -
_ r v |AUt(Cl)| ) |Al]t(C/C’)| it

c'ce
(A, C"Y - (B,C/C).
Notice now that in order that (A, C') # 0, we should have A ~ C’, and under this

assumption the corresponding summands in (1.7.4) and (1.7.5) coincide. Proposi-
tion is proved.



82 Background material related to automorphic forms.

(2.1) Notations and conventions. Let X be a smooth projective algebraic
curve over a finite field F,. In this paper we will be interested in the Hall algebra
of A = Cohy, the category of all coherent sheaves on X. Let us start by introducing '
some notations and conventions, to be used throughout the rest of the paper.

By gx we denote the genus of X. By a point of X we always mean a 0-
dimensional point z (notation: z € X). For such a point z we denote by ¢, the
cardinality of F,(z), the residue field of z, and by deg(xz) the degree [Fy(z) : Fl.
Thus ¢, = ¢9%8%. By Pic(X) we denote the Picard group of line bundles on X
(defined over Fg). For L € Pic(X) we denote by deg(L) € Z the degree (first
Chern class) of L. Thus for z € X we have deg(z) = deg(Ox(z)). For a vector
bundle V on X of rank n we set deg(V) = deg(A™V). The kernel of the degree
homomorphism Pic(X) — Z is denoted Pic®(X). It is a finite Abelian group.

As usual, we identify Pic(X) with the group of divisors modulo linear equiv-
alence, by associating to a divisor D = Y n, - z the line bundle O(D). Thus
deg D = deg(O(D)).

(2.2) The adelic language. Automorphic forms. Let Bun,(X) be the set of
isomorphism classes of rank n vector bundles on X and Bun,, 4(X) C Bun,(X) the
set of isomorphism classes of bundles of degree d.

Let k = Fy(X) be the field of rational functions on X, A its ring of adeles and

O C A the ring of integer adeles. Then

(2.2.1) Bun, (X) ~ GL,k\ GL,A/GL,O.

Let AF,, (resp. AF, 4) be the space of all complex valued functions on Bun, (X)

(resp. Bun, ¢(X)). By (2.2.1) we can regard such functions as GL, O -invariant
automorphic forms on GL,A.

A function f € AF, is called a cusp form if for any vector bundles V' €
Bung(X),V"” € Bun,(X),n’ + n” =n, n’,n" > 0, we have

(2.2.2) ST (Cone(§)[-1]) =0,

EEBxt1 (V! V')

compare with (1.4.2). This is equivalent to the standard condition

2. ugldu =
(2.2.3) /U(k)\U(A) f(ug) 0

where we view f, by (2.2.1), as a function on GL, A and U C GL,, A is the unipotent
radical of a minimal parabolic subgroup.

Let AFZ"P C AF,,AF"}® C AF, q be the subspaces formed by cusp forms.

The following fact is a well known consequence of the reduction theory of Harder
[Ha2] [MW].
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(2.2.4) Proposition. Ewvery function from AF."}¥ has finite support. The space
AF'P is finite-dimensional.

(2.3) Hecke operators. Let Cohg x be the category of coherent sheaves on X
with 0-dimensional support. By Cohgn(X ) we denote the set of isomorphism classes
of such sheaves F which satisfy the additional property dim(F ® O,) < n for all
r € X. We have an identification

(2.3.1) Cohf™(X) =~ GL.O\GL,ANMat,(0)/GL,O,

which takes g € GL,A NMat, O into the sheaf Coker{g : on > 6"}.
For F € Cohg x and n > 0 we define the operator Tx : AF,, —» AF,, by

(2.3.2) (T=H)(V)= Y. f(V)
vVicv
V/VixF

where the sum is over coherent subsheaves V’ in V € Bun,(X) with quotient
isomorphic to F. (Since V' is locally free, f(V') is defined.) Clearly, T = 0 on
AF,, unless F € Cohi™(X). If F € Cohs"(X), one can describe T in the adelic
language as the operator taking a function f : GLﬂk\GLﬂA/GLﬂé — Cinto Tx f
given by

(23.3) (Trf)(g) = / F(gh™Y) 15 (h)dh

heGL, A

where 1x is the characteristic function of the double coset corresponding to F by
(2.3.1). For this reason, Tx is called the Hecke operator.

(2.3.4) Proposition. The correspondence [F| — Tr makes AF, into a left module
over the Hall algebra H(Cohy x), and AF**P C AF, is a submodule.

Proof. Let M be the set of isomorphism classes of all coherent sheaves on X, and
C[M] be the space of all functions M — C. This is just the vector space dual to
the Hall algebra H{Cohx) and is therefore an H{Cohy) -bimodule. The left action
of [F] € H(Cohg x) on C[M] (dual to its right action on H(Cohyx)) is given by the
formula identical to (2.3.2), but in which V|V’ are arbitrary sheaves. If we view
AF, as a subspace in C[M] (consisting of functions vanishing outside Bun,, (X)),
then it is preserved by this action, so is an H{Cohg x) -module as claimed.

To see that AFS*®? C AF,, is a submodule, note that in the adelic language the
condition for f € AF, to the cuspidal involves left shifts of f, while the Hecke
operators involve right shifts. O

Let Cohg x be the category of coherent sheaves on X supported at = (so each
such sheaf has the form @ Ox /I}¢, where I, C Ox is the ideal of z). The following
facts are well known.
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(2.3.5) Proposition. (a) For F,G € Cohg x we have (F,G) =1, so the multipli-
cations o, x in H(Cohy x) and R(Coho x) coincide.

(b) H(Cohy x) = @, cx H(Coh; x) (the restricted tensor product in which almost
all factors in any decomposable tensor are required to be 1).

(¢) Each H(Cohy x) is a commutative polynomial algebra in either of the following
two sets of generators:

(cl) [Of"],n 21,

(¢2) [©0/12),n > 1.

(d) Let A = im Cfz, ... ,Zn|5™ be the ring of symmetric functions, and define an
isomorphism

Ch: H(Cohy x) = A, [08"] s ;" V/2¢ (2,... , 2,)

where ey, ts the elementary symmetric function. Then for any integer sequence p1 =
(11 > p2 > ... > py > 0) the element (@ Ox /I#] will go into g~ G~V P (20, ..., 201 ¢7Y)
where Py(z1,...,2zn,t) is the Hall-Littlewood polynomial.

Proof. Part (a) is easily obtained by reduction by devissage to the case F = O0,,G =
Oy. Part (b) is obvious, while (c) and (d) can be found in Macdonald [Mac].

e —

(2.4) Cusp eigenforms. The sets Cusp,,. Let Pic(X) be the group of all
homomorphisms (characters) g : Pic(X) — C*. There is an embedding

—

(2.4.1) C* < Pic(X),t > t98 ;. [y tde8 L

whose cokernel is a finite group of characters of Pic®(X). Let us choose representa-
tives p1,..., in, one in each coset by the image of (2.4.1), which are unitary, i.e.,
|p:(L)| = 1 for any L € Pic(X).

For any character p : Pic(X) — C* we denote by AF,,(u) the space of functions
(automorphic forms) f : Bun,(X) — C satisfying the property

(2.4.2) FV®L)=pL)f(V), VL e Pic(X).

Let AFZ*P(u) C AF,(u) be the subspace formed by cusp forms. By (2.2.4)
dim AFE**P(u) < oco. The Hecke operators T, F € Coho(X), preserve AF,(u)
and AF§**?(p). For any algebra homomorphism x : H(Cohg x) — C denote by

AF&**P(1), the corresponding eigenspace, i.e., the space of f € AFS**P(4) such
that

(2.4.3) Trf=x([F])- f,  VF € Coho,x

12



By the multiplicity one theorem for GL,, see [Sh], the space AFS**?(u), has di-
mension at most 1. Let X,(u) be the set of x such that dim AF&**?(yu), = 1. If
X € Xn(u), then for any z € X we have

(2.4.4) X([02™) = u(Ox (~z)).

We have a direct sum decomposition

(2.45) ARy = @) AR,
XEX A (1)

Choose a non-zero vector f, in each summand in (2.4.5) (in virtue of (2.4.4), p
is determined by x so it can be dropped from the notation). Let Cusp,, be the

set U:‘=1{ o x € X, (pi)} where {gt1,...,pun} are our unitary representatives (see
above). Let also

Cusp = H Cusp,,.

n>1

(2.5) Rankin L-functions. For f = f, € Cusp, and z € X introduce the

numbers A; z(f),2=1,...,n defined up to permutation by the condition
(2.5.1) el(Ma()7h o A (N)7Y) = @2 x((03)

where ¢; is the elementary symmetric function. By (2.3.5) (d) we have, for any
= >...2 p 2 0):

(2.5.2)
X ([EB O/I!:"]) = q Pe-Drip, ((I::_;_l/\l,a:(f)_la'“ ,q;T_An,m(f)"l;q;l)

The L-function of f is defined by the product

(2.5.3) L{f,t) H H Y (f Jtdes(z)

zeX i=1

Our normalization of the A; »(f) is chosen so as to make L(f, t) satisfy the functional
equation exchanging ¢ and 1/¢t rather than ¢ and 1/¢™t, as is sometimes done in
the theory of automorphic forms.

We will be interested, however, in a more general class of L-functions, which we
call Rankin L-functions. Given two cusp eigenforms f € Cusp,,,g € Cusp,,, their
Rankin L-function LHom(f, g,¢) is defined by the product

13



=

e

2.5.4 LHom(f, g,
(2.5.4) (fg:t) =11 ]:[1:[ — zgggtdeg(m)
geX i=1j=1 (f
The notation LHom is explained as follows. The Langlands correspondence predicts
that to any f € Cusp,, one can associate a local system £y on X. The function

LHom(f, g, t) is the automorphic counterpart of the L-function of the local system
Hom(Ly¢, Ly).

The following result can be found in [JPS| (see [Bu] for a general survey of the
Rankin-Selberg method).

(2.5.5) Theorem. The product (2.5.4) converges for |t| < ¢~ and defines a ra-
tional function wn t, still denoted LHom(f,g,t). If f # g, then LHom(f,g,t) is a
polynomial of degree mn(2gx — 2). If f = g, then

(2.5.6) LHom(f,g,t) = a _}z gé’l(tz pry

where Py 4 is a polynomial of degree (29x — 2)mn + 2. In any event, LHom(f,g,t)
satisfies the functional equation

(2.5.7) LHom(f,g,1/qt) = ef‘gt(z_zgx)m"LHom(f, g,t)

. ordw
where €59 = [[,ex (Pf%é%) for any rational differential form w on X (this

product is independent of w, see [De]).

(2.6) Scalar products and dual Hecke operators. For two automorphic forms
f,g € AF,, 4, of which at least one has finite support, put

(2.6.1) Goa= 3 (”")’f

VEBung, 4{X) IAUt(

Thus (f,g)q is the degree d part of the orbifold scalar product (1.3.2). If f,g
are antomorphic forms defined on all Bun, (X), not just Bun,, 4(X), we denote by
(f,g)a the scalar product of their restrictions to Bun,, 4(X). We also write

(2.6.2) I f13=(f, f)a

Note that cusp forms have finite support on each Bun, 4(X) by (2.2.4), so their
scalar products are defined.

We will be interested in the adjoints of the Hecke operators with respect to these
scalar products. To describe them, we introduce the concept of an overbundle.

Let V be a vector bundle on X. By an overbundle of V' we mean a vector bundle
U of the same rank as V containing V' as a coherent subsheaf. So the sheaf U/V
lies in Cohg x. Its isomorphism class is called the cotype of the overbundle, and
the isomorphism class of U is called its type. Two overbundles U, U’ O V are called
equivalent, if there is an isomorphism U — U’ identical on V.

14



(2.6.3) Proposition. The number of equivalence classes of overbundles of V of
type U and cotype F is equal to

Y |Aut(V)]
vF [Aut(U)|’

where g9 are the same as in (1.2).

Proof. Let eV~ be the number of all exact sequences
VF

0= V-oU>SF->0.

Then g¥ » = e} z/|Aut(V)| - |Aut(F)|, while the number of equivalence classes of
overbundles is equal to e}z /|Aut(U)| - |Aut(F)|, whence the statement.

For F € Cohg,x we define the dual Hecke operator T} : AF,, — AF,, by

v |Aut(V)]

(264) (TEHV) = D fU) = > QV}'mf(U)
Ulf‘?gf UeBun, (X)

where the first sum is over equivalence classes of overbundles of V' of cotype F,
and the second sum is over all isomorphism classes of bundles. It is clear that
Tr takes AF, 4 into AF, gipo(r) and TY takes AF, 4 into AF, 4_po(r). Here
hO(F) = dimp, H°(X, F).

(2.6.5) Proposition. For each d € Z the operators
Tr: AFy g = AF, aynoir), T# : AF, gynor) = AFy g

are adjoint to each other with respect to the scalar product (2.6.1), i.e., for f €
AF, 4, 9 € AF, aypno(r) with finite support, we have

(Txf, 9 asnoFy = (f, T#9)a-

Proof. This follows at once from Proposition 2.6.3 and the definition of the orbifold
scalar product.

Let now f be a cusp eigenform, f € Cusp,,, and let x5 : H(Cohg x) — C be the
algebra homomorphism describing the action of Hecke operators on f:

(2.6.6) xt([F) - f=Tsf.

Define a new homomorphism x§ : H(Cohg x) = C by

xi((O7 7 Nxs((OZ) i < m
0,:>n

(2.6.7) x7((0z]) = {

15



(2.6.8) Proposition. In the above assumptions the action of the dual Hecke op-
erators on f is given by

Ty f = xj(F)- f-

Proof. Let V(z),x € X, be the sheaf whose sections are sections of V' which are
allowed a first order pole at . Then each equivalence class of overbundles of V' of
cotype O can be realized by a unique subsheaf U C V(z) such that V C U C V(z).
In other words, such equivalence classes are in bijection with subsheaves in V(z) of
cotype O?~%. This means that

(2.6.9) Toi = Tor-iTon

and our statement follows from the definitions.

Note that it follows from (2.6.7) and (2.5.2) that

n—1

(2.6.10) x}’([@O/Ig"])=q;z(*—lwfpy(q"%’)\l,z(f),---,qP“An,z(f);q;l)-

(2.6.11) Proposition. Let f,g € Cusp,,. Then:

(a) For each F € Cohg x we have x([F]) = xs([F])-
(b) The number || f ||% is independent on d € Z.
(c) If f # g, then (f,g)a = 0 for any d.

Proof. (a) Fix h € Z... Then for every F with h%(F) = h, we have

(2.6.12) Xr(FNUs Dasn = (TS, Hasn = (£, T Fa = x}(FD(F, fa-

Note that (f, f)q¢ > 0 and depends only on d modulo n, since f(V®L) = u(L) f(V)
for a line bundle L, and p is a unitary character. Thus we conclude that for any F

with A°(F) divisible by n we indeed have the desired equality x¥([F]) = x7([F]).

However, any two characters of the Hall algebra coinciding an [F] with A°(F) =
0(mod n) should be equal.

(b} Apply (a) and (2.6.12) with h now being arbitrary.

(c) If f # g then by the multiplicity one theorem for GL,, see [Sh], there is
z € X such that the set of the A; ;(f) (with multiplicities) is not equal to the set of
the A; z(g). It follows that we can find F € Cohg 5 (X) such that x([F]) # x4([F])
and, in addition, h°(F) = 0(imod n). Thus

xs([FD(f,9)a = x5 ([FD(Sfs 9 avnory = (Tr S, @) avno(ry =
= (/,T#9)a = xo([FN(F,9)a
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whence (f,g)q = 0.

(2.6.13) Remark. Part (a) of the above proposition means that for each z € X the
value of any symmetric function on A1 (f)™1, ..., An 2(f) ™1 is equal to its value on
M z(f)y -+ s An(f), in other words, that the set of the A; (f)~! is equal to the set
of the A; z{f). This is not to be confused with the generalized Ramanujan-Petersson

conjecture [FK] which, in our normalization, asserts that A; .(f)™! = A; o (f) for
each i, i.e., that [X; . (f}] = 1.

(2.6.14) Normalization convention. Recall (2.4.5) that the set Cusp,, was ob-
tained by choosing a nonzero vector f, in each 1-dimensional vector space AFE**P ().
By Proposition 2.6.11 (b) we can choose f, so that || f, [|[2=1 for any d. So in the
sequel we will always assume that || f ||3= 1 for any f € Cusp,,,d € Z.

(2.7) Dualization of bundles and conjugation of forms.

(2.7.1) Proposition. For any F € Cohy x equivalence classes of overbundles of
V of cotype F are in bijection with (locally free) subsheaves in the dual bundle V*,
of the same cotype F.

Proof. Let an overbundle U be given. From the short exact sequence

0=V -2U-2>F-=0

we get a long exact sequence for Ext*(—, Ox), a part of which has the form

03 U* - V* 5 Ext(F,0x) =0

Since X is a curve and F € Cohg x, the sheaf Ext'(F, Ox) is (non-canonically)
isomorphic to F. So U™* is a subsheaf in V* of the same cotype F. By applying th
dualization twice, we find that our correspondence is a bijection.

(2.7.2) Corollary. If V,W € Bun,(X) and F € Cohg x, then
G g |Aut(V)]
W=F VF |Aut(W)| :
For an automorphic form f € AF, define fP € AF, by

V)= f(v*).
(2.7.3) Proposition. For any F € Cohg x and f € AF,, we have

Tr(fP) = (T¥£)P.

Proof. This is an immediate consequence of (2.7.1)

(2.7.4) Corollary. If f € Cusp,,, then there is ¢ € {x1} such that f(V*) = ef(V)
for any V € Bun,(X).

Proof. From (2.7.3), both fP and f are eigenforms of the Hecke algebra with the
same character X}’ = Xs- So by the multiplicity one theorem fP = ef for some
constant € # 0. Since the dualization and conjugation are involutive, €2 = 1.
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§3. The Hopf algebra of automorphic forms.

(3.1) The setup. We keep the notation of (2.1), and are going to apply the
general formalism of Section 1 to the Abelian category A = Cohy. We denote
H = H(A),R= R(A) and B = B(A) its Hall, Ringel and extended Ringel algebra
(see Section 1).

The Grothendieck group Ko A = KX is identified with Z @ Pic(X) via the map

(3.1.1) (n, mem) — n-@x+anz~@z

zeX

where we view Pic(X) as the quotient of the group of divisors modulo principal
divisors.

We denote the generator K5, € C[KoA] simply by K and denote Kp_,z € X
simply by ¢;. For a divisor D = } m, -z we set ¢cp = [[c’=. By the above,
c¢p = 1 for principal D. So for a line bundle L on X there is a well-defined element
¢ = ¢p where D is any divisor such that L ~ Ox (D).

Note that each O, lies in the kernel of the bilinear form (|8} on Ko(X). Thus
each ¢4, cy, is a central element in B. We have there fore a character

(3.1.2) ¢:Pic(X)—> B, Lec

of Pic(X) with values in the multiplicative group of B. As for the generator K, for
any vector bundle V on X we have, by Riemann-Roch theorem

(3.1.3) [VIK = ¢"¥WV)0-ax) gy,

Any coherent sheaf 7 on X can be written as a direct sum F = Fyor, ® Fiy, where
Fiy is locally free and Fi,,, is a torsion sheaf (i.e., has 0-dimensional support). The
isomorphism classes of Fipg, Fi5 depend on F only. If Fiy # 0, there are infinitely
many subsheaves in F, so the formula (1.6.3) for the comultiplicaton in B produces
an infinite sum, i.e., an element of a certain completion of B ® B. More precisely,
let B®B be the space of possibly infinite sums 3 b} ® b/ where

b = [Filsi, b = [Fls, F,F € Coh(X),xj, s € ClKoX],

satisfying the following condition:

(3.1.4) For each d € Z the number of ¢ such that deg Fi 1y = d, is finite, and for
d > 0 this number is 0.

The following fact is easily proved by applying the main lemma of Green [Gr]
plus the fact that the number of coherent subsheaves of given degreec in a vector
bundle is finite.
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(3.1.5) Proposition. B&B is an algebra, and A : B — B®B given by (1.6.3), is
a homomorphism of algebras.

So we shall say that B is a topological Hopf algebra.

(3.2) Generating functions associated to cusp forms. Let f € Cusp, be
a cusp eigenform on Bun,(X), and x = xy : H(Cohg x) = C be the algebra
homomorphism giving the action of Hecke operators on f:

(3.2.1) Trf =x({F) - f

Consider the following formal power series with coefficients in the Ringel algebra
R:

(3.2.2) Egty= Y frdE™ e R[],
VeBun, (X)

the sum over all isomorphism classes of rank n vector bundles on X. Note that the
coefficients at each power of ¢ in Ef(t) is a finite sum by (2.2.4).

More generally, for any quasi-character p : Pic(X) — B* taking values in the
multiplicative group of the center of B we can form the series

(3.2.1) Be(pt)= Y f(V)u(detV)tdEY e B[t ¢7Y).
VeBun, X

The notation becomes unambigious once we agree to identify ¢ itself with the qua-
sicharacter L — t9¢8L of Pic(X). If y takes values in C* C B*, then u(L) =
1i(L)A8 L for some A € C* and p; € {p1,-- -, 44}, our set of unitary representa-
tives (2.4), so E¢(ut) = Ep(At) for some f’ € Cusp, and we don’t get anything
new. However, taking u = ¢, the character defined by (3.1.2), we get new elements,
to be used later in the formulas for comultiplication.

Let also

(3.2.2) vty = S (PN PlAw(F) - [F] e R,
FeCohy(X)

where the sum is over isomorphism classes of all sheaves with 0-dimensional support
and h%(F) = dim H°(X, F). Thus ¢y is a generating function for Hecke operators.
If W is any rank n vector bundle such that f(W) # 0, we have, by (2.7.4):

tdegW
(3.2.3) > HVOET Y | Au(W/V)| - [W/V]

VCW
rk(V)=n

U0 = = )
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where the sum is over all subsheaves in W of full rank n, i.e., over “effective matrix
divisors”. As with E(t), we will use the series 9(ut) € B([t]] for any central
quasicharacter u : Pic(X) — B*. It is given by

(3.2.4) ety = Y. xe((FD O u(F)Aue(F)| - [F]
FeCohg(X)

where F is the class of F in Ko(X) which lies in the subgroup Pic(X) C Ko(X), see
(3.1.1). The space R[[t,t~"]] of series a(t) = 3./ °° _riti,7; € R, infinite in both
directions, is not a ring, but we do have a well-defined multiplication

R[[t1,t7 '] @ Rllta, '] = R 657, alt) ® blta) = a(ta)b(t2).

Also, the use of generating functions is well-suited to the study of the topological
Hopf algebra B O R. More precisely, we have the following theorem which is the
main result of this section.

(3.3) Theorem. Let f € Cusp,,,g € Cusp,, be the two cusp eigenforms. Then:
(a) For each F € Coh(X) the coefficient at the basis vector [F] € R in each of the
products

Er(t1) * Eg(te), Ej(ti) *vg(t2), vs(ti)* Eylte) € R[[tiﬂ»téﬂ]]

is a power series in ty, ta which converges for |t;| > |tz] to a rational function.
(b) These rational functons satisfy the following relations:

(331)  By(tn) = Eylty) = gnn-on) Lo, 0. 2/b0) gy )

LHom(f,g,ta/qt1) *

LHom(f,g,q%
332 B wylen) = o LAy ) By

{c) In the topological Hopf algebra B D R we have the identities:
(3.3.3) As(t) = Yp(t @ c)(1 ® Py (t))

(3.3.4) AE;(t) =1®@ E;(t) + Ef(t @ c)(1 ® K™ps(q™ 7t))
where E¢(t® ¢) = 3, fF(V)19%V) @ cyervy-

(3833) @) =1, e(Br0)=0, eler)=1, e(K)=1.
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(3.3.6)  S(ws(t)) =wr(c )Y, S(Es(t) = —Ep(c™ )¢ E) KT

In this section we will prove only the equality (3.3.1), relegating the rest to
Section 4.

(3.4) Eisenstein series. Proof of (3.3.1). Let f € Cusp,,,g € Cusp,,,. Let us
write, for the product in the Hall algebra

(341) Ef(tl)OEg(tz) = Z SV(f,g, tl,tz)[V].
VeEBung+m(X)
Then
(3.4.2) (f’ g,t1, t2 Z f V/V’) deg(V )tdeg(V/V )
rk V) }_—,n

where V' runs over all subbundles (i.e., subsheaves which are locally direct sum-
mands) in V of rank n. This is nothing but the unramified Eisenstein series asso-
ciated to cusp forms f, g, see [Hal] [Mor] [MW]. We recall the following result.

(3.4.3) Proposition. (a) For any V € Bungi.,,(X) the series (8.4.2) converges
Jor {t1] > |t2| to a rational function.
(b) These rational function satisfy the functional equations

mn{l—gx) LHom(f,g,qt2/t1)
LHom(f,g,t2/t1)

(¢) The poles of the rational function Ev(f,g,t1,t2) are precisely the poles of the
Jfunction

gv(fagatlzt2) =4q ‘-"‘V(g}f: q'lt2aq_7ntl)

LHom(f,g,qt2/t1)
LHom(f, g,t2/t1)

and the orders of poles are the same.

Proof. (a) See, for instance, [Hal], [Mor] or [MW}, Prop. IV.1.12 .

(b) Let us briefly recall the general framework of functional equations of Eisen-
stein series [MW] and show what it yields in our particular case. For a space S let
Fun(S) denote the space of locally constant functions on S (we ignore the growth
conditions in this formal reminder). Let E,, ,, C GLy4,, A be the subgroup

— _ (GLn(k) Mat,,,(A)
Swm =0 G L (k)

The Eisenstein series construction defines a map
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Eisnm : Fun(Enm \ GLnsm(A)) = FUn(GLyym (k) \ GLnim(A)),

. GL, %
(EIS r,o)(g) = Z {P('Yg)a Pn,'m - ( 0 GLm)
YEPn, m (K)\GLnim (k)

(when converges). In general, Eis,, ,, is defined by analytic continuation over aux-
iliary parameters. The functional equation, formally, has the form

Eisy (@) = Eism o (M)

where

M :Fun(Z, m \ GLpymA) = Fun(E,, 5 \ GLntmA)

e)o) = [ e ((f ") g) iz,

where dZ = []dz; and f, Ik dz;; = 1. Our case is obtained from here as follows.
For

is defined by

f € AF, = Fun(GL,k\ GL,A/GL,0), g¢€ AF,,

let fOg € Fun(Snm \ GLntmA/GLpim®) be the function defined uniquely (in
virtue of the Iwasawa decomposition) by

(fog) (‘;‘ g) = f(A)y(B), AeGL,A,B¢cGL,A.

For A € GL,(A) let deg(A) = )y deg(z) - ordz(a). Then for f € Cusp,,g €
Cusp,,, we have

Ev(f,g,t1,t2) = Eisn m ((f11°8) @ (gt5°%))
o (3.4.3) (b) follows from the identification

(3.4.4)
((ftdeg)Q( deg)) _ mn(l_g\)LHom(f g,qtz/t)

LHom(f, gta/t1)

This can be established by using the fact that the representation of GL, A corre-
sponding to f is, at every z € X, a principal series representation, and same for g.
Thus the operator M which has the form &), ¢ x M. can be calculated by splitting

(9-(q™t2)*5)O(f (g7 t1)**¥)

each M into mn 1-dirnensional intertwiners, each evaluated by integration over k..
Each such intertwiner contributes a factor

L= Xia(9)Aia(f) 100ty ™) /1375 [
<
1— A (9)hia(f) 1578 108 ®) [
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which, being all multiplied, give precisely (3.4.4), once we recall, that [5dz = ¢' 9%
if the Haar measure dz on A is normalized by [, niz=1

(c) This follows from (3.4.4) and the general fact about Eisenstein series of rela-
tive rank 1{{MW], § IV.3.10, Remark) which says that the singularities of Eisenstein
series are in this case precisely the singularities of the intertwiner M.

Proposition 3.4.3 is proved.

Now, part (a) of (3.4.3) can be written as an equality in the Hall algebra of the
category Coh(X) :

: — LHOIn(fa g, Qtzftl) -
— mn{l—gx) n m
(3.4.5)  Ef(t1) o Ey(ts) = q LHom(f. 9.6 /01) Ey(q"t2) o Ef(q™t1)

By using the definition of the Ringel product » and the Riemann-Roch theorem,
we find

Ef(t) * By(ts) = ¢"" "9 E(¢Ft1) 0 By(q~ Fta)
whence the validity of (3.3.1).

(3.5) Algebraic relations in B. For f € Cusp,, we define elements Ef4,d € Z
and aj4,d € N, by

(3.5.1) E¢(t) = Z Ef,dtd§ ag(t) :=logys(t) = Zaf,dtd

deZ d=1
Thus Ef 4,as 4 are some (finite) elements of B. We now proceed to find some alge-
braic relations among them by using the relations (3.3.1-2) for generating functions.
For two different cusp forms f € Cusp,,, g € Cusp,, let

(3.5.2) Qr.q(t1,t2) = t9 "™ LHom(f, g, ta/t1)

be the homogeneization of their Rankin L-function, and

(3.5.3)
—2)n2 Py (t)
Q(ty,t2) = t(29x =D+ 2p. 4 1ty ,  where LHom(f, f,t) = ! ,
be the homogeneization of the numerator of LHom(f, f,t). The relations (3.3.1)
can be written in the polynomial form:

(3.5.4)
(t1—qt2)Qg(qty, t2) Ef(t1)x Eg(t2) = ¢*/™"1795) (g1 —13)Q 4 (81, t2)- Ef(t2)* Ef (1),

(3.5.5) Qr,g(qt1, t2)Ey(te) * Ey(ta) = ¢~ =99)Qy o(t1,t2) Ey(t2) * Er(tr), f # g
where the equality is understood in the same sense as in Theorem 3.3: as the
equality of rational functions constituting the coeflicients of the LHS and the RHS
at any given [V], V € Bun, 4, (X).
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(3.5.6) Theorem. (a) For each i,j € Z comparing the coefficients at t'it"z' in both
sides of (8.5.4) or (8.5.5) gives a valid relation among the elements Ef 4, By 4 €
R C B.

(b) If we write

(3.5.7) LHom(f,g,t) = H(l — o (£, 9)t)",

then we have an equality in B:

1
(3.5.8) [ag.a, B = - (Z vici(f,9)%(q* — l)q(’”’”_%)) Efita-

Proof. (a) Consider, say, the equality (3.5.4), and let some V € Bunp,,(X) be
fixed. The coefficients at V' of the two sides of (3.5.4) are power series in ¢,,t; con-
verging to the same rational function, denote it ¢y (¢1,t2), but in different regions:
[t1l > |ta| for the left hand side and {t1] < [t2] for the right hand side. So the
coefficient at £j¢} in the left hand side is [, \_p . v (t1, t2)t7 7 ;77 dt, dt,
R > r, while the coeflicient at t'it'g in the right hand side is similar integral, but
taken over the torus [{;| = 7, |t2] = R. However, Proposition 3.4.3 (c) shows that

¢v(t1,t2) has no singularities and thus is a Laurent polynomial in ¢1,t;. So the
two integrals coincide, and comparing coefficients indeed gives a valid relation.

(b) From (3.3.2) we find

1 n—i—m--:;L
(3.5.9) [ag(ta), E(t1)] = log LHom(/, 9,4 ta/t1)

LHom(f, g, q'n+m—§ (t2/t1) Ef (tl)

Moreover, the series a,(t2) going only in one direction, the coefficients at each [V}
in both sides of {3.5.9) are Laurent polynomials in ¢;,%2, so we can proceed to

comparing coefficients at each tit}. This is done by applying the formula log (1 —
z) ==Y 5, 2%/d to (3.5.9) and (3.5.7) and yields the claimed answer (3.5.8).

(3.6) The Hermitian form on B(Cohyx). We now proceed to describe the
values of the Hermitian form (1.7.1) on our generating functions E¢(t), () (or
az(t) = log 1 (t)). This will automatically give us scalar products of any products
of the generating functions because of the identities

(3.6.1) (zy,2) = (@Y, A(2), (x,y2) = (A(x),y ® 2)

expressing the fact that the multiplication and the comultiplication in B{Cohx)
are conjugate to each other.
In the following we will make use of the formal power series

(3.6.2) i(zy= ) 2

n=—0o0

representing (in the sense of distribution theory) the Dirac é-function at z = 1.
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(3.6.3) Proposition. The scalar products of the generating functions Ef(t), af(t) €
B{(Cohx) are given by

(3.6.4) (E¢(t1),a4(t2)) =0,

(365) (Ef(tl)’Eg(tZ}) = 6f.9 ’ 6(t1i-2)1 f € C'twpn,g € Cuspm'

LHom(g, f') qn_tﬂ_ltlié)

(3.6.6) (ag(tr), aq(ts)) = log LHom(g. ] ql-;‘m'tlt_g)
(3.6.7) (cp,z) =0, Vz € B(Cohx)
(368) (K, K9) = ¢90-99),(K*, By(t)) = (K*,as(£) = 0

The proof will be given in § 4.

(3.7) More general scalar products. A general element of the subalgebra in
R(Cohx) generated by the coefficients Ef g4, has the form

(37.1)  E(f,0) = f

sl Efl(tl)“'Efr(p(tl)"')G‘)H%a a > ...>»ar
ti|=a; 1
where f = (f1,..., f,), fi € Cusp, is a sequence of cusp forms, and ¢ is a Laurent
polynomial. In the standard terminology of the theory of automorphic forms, such
elements are called theta-series [Go] or pscudo-Eisenstein series [MW]. The well-
known formula [La3] MW] for the scalar product of two pseudo-Eisensetin seris can
be easily deduced from Theorem 3.3, Proposition 3.6.5 and general properties of
Hopf algebras. Let us recall this formula in our notation.

Let B(Buny) be the quotient algebra of B(Cohy), obtained by putting each
[F], where F is not a vector bundle, to be equal to 0, and each ¢y to be equal to
1, and let

(372) PBun - B(COhX) - B(BunX)
be the natural projection. Notice that if b € B(Cohx) is a linear combination of
(V] with V' being vector bundles, then for any @ € B(Cohx) the scalar product

(b, a) depends only on ppun{a).
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For any Hopf algebra A with comultiplication A we denote A : 4 — A®" the
(r — 1) fold iteration of A, i.e., A® = A and AU*D = [d -1y ® A. If a scalar
product { , ) on A satisfies the identity (3.6.1), then by iterating these identities
we find, in particular, that

(3.7.3) (@91 9) = (AD(@), 1 ®...® )

For a sequence f = (fy,..., f;), fi € Cusp,, of cusp forms and a permutation
occS, let

(3.7.4) Mty oty = J[ qnmi0-en) LHom(fs, f5,t5/t:)

i LHom(f;, f;,t;/qt:)’
o(i)>a(j)

so that the functional equation for Eisenstein series yields

(3.7.5) Ef(t) ... By (t:) = ME(ty, ..., t) By, (teqy) - - - By, (Eoir))-

The classical formula of Langlands for the constant term of a (pseudo) Eisenstein
series has, in our notation, the form

(3.7.6) 8 AT (By, (th) ... By, (t,)) =

= Z Mg(tl, o :tr)KnEf,—l(,) (ta—l(l))®. . .®K"Efa_1(r) (ta—l(,,)), n=Xn,;.
c€ES,

This formula follows at once from (3.3.2) and (3.3.4). By using (3.6.7) and (3.7.3),

we deduce that for g = (g1,...,9:),9; € Cusp,, , we have

(3.7.7) (Ef, (t1)...E5.(t:), Eq (t])... By, (t;,))z

r

—b Y Mt t) [[ 6t - 8.
oES, =1
gj=fo.-r1(j)lvj

Then by integrating (3.7.7) against a Laurent polynomial 9 (t] ...t.) we find

(378) (Efl (tl) . 'Efr (tr)a E(g: 1/))):

= D Mt ) B gy )
ogES,
9i=fo-105)
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(3.8) The algebras B and B. Let B ¢ B(Cohy) be the subalgebra generated by
K,cr, and the coefficients Ey4,a5 4, f € Cusp. One would like to have a complete
description of B by generators and relations. To address this problem, let us intro-
duce an algebra B generated by formal symnbols Ef dy O f d, K, &, which are subject,
only to the relations that the ¢y are central, that

(3.8.1) iLém =Crem, Kép =8 K, KE;q=q "0 9E; K,

R'&f,d = &f,dﬁ[, f € Cusp,,,

plus the relations obtained from (3.4.4), (3.4.5), (3.4.8) by replacing E with F and
a with a. So we have a natural surjection

(3.8.2) g : B = B,

and generating functions

= Epat?, ap(t) = arat?, Ps(t) = exp(as(t))

deZ d>1

satifying (3.3.1) and (3.4.2). The problem of explicit determination of the ideal
Ker(mg) seems very interesting. Basically, elements of Ker(mg) are some subtle
relations between residues of Eisenstein series. As we will see in § 5, these elements
should be thought of analogs of Serre relations in quantum affine algebras which
makes it plausible that one can give a completely explicit description of the gener-
ators of the ideal. Here we will use an approach similar to one used by G. Lusztig
[Lul] for ordinary quantum groups.

Denote by R (resp., 7~213m1,720) the subalgebra in B generated only by the E‘f,d
and @y g (resp. only by Ef‘d, only by as 4) and by R (resp. Rpun, Ro) the image of
R (resp. 7@13“,,,7?.0) under 7g.

Note that formulas (3.3.4-6) (modified by putting tildes over generating func-
tions) make B into a topological Hopf algebra, and 75 into a Hopf homomorphism.
Note also that formulas (3.6.6-10) define a Hermitian scalar product on B, with
respect to which the multiplication and comultiplication are conjugate ie., (3.6.1)
holds. Let N C B be the kernel of this scalar product. Since (rg(z), 78(y)) = (z,y)
for any z,y € B, we have Ker(rg) C N.

(3.8.3) Proposition. Ker(mg) = C[KoX] - (NNR).

Proof. This follows from the fact that the form ( , ) on R C R(Cohy), being
the restriction of a positive definite Hermitian form, is itself positive definite and
hence non-degenerate. Thus (Kermg) N R = NNR, and we should only use the
fact that both B and B have the form B = C[KoX]® R, B = C[KoX]® R.

This proposition shows that the algebra B can be defined entirely in terms of
the L-function data made explicit in Theorem 3.3 and Proposition 3.6.5. We want
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to finish this section by discussing the relationship between B, the “free” algebra B
and the bigger algebra B(Cohy) a little bit more closely.

Let R(Buny) C R(Cohx) be the subalgebra generated by elements [V] where V
is a vector bundle. By restricting 7g to the two subalgebras below and composing
it with natural embeddings, we get homomorphisms

7o Ro — R(Cohg x), 7Bun: RBun — R(Buny).
(3.8.4) Theorem. The homomorphism wpyun is surjective, i.e. Rpuyn = R(Buny).

In other words, any element [V], V € Bun,(X) can be expressed as a polyno-
mial in the Ey g, i.e., in the form (3.7.1). This statement is similar to the spectral
decomposition theorem {MW] but is different since here we consider the coefficients
of the Laurent expansion of the rational functions Ey, (¢1)...Ey, (t,) in the domain
of convergence of the series defining these functions {(and these coefficients are au-
tomorphic forms with finité support on each Bun, 4(X)), while spectral decompo-
sition theorem deals, in our notation, with the coefficients of Laurent expansions
of the same functions but on the unit torus |¢;| = 1 (and these coefficients are, in
general, only square-integrable).

We will prove (3.8.4) a little later. As for the homomorphism mg, we would like
to state the following conjecture.

(3.8.5) Conjecture. The map m is injective, i.e., the (commuting) elements
afa, f € Cusp,d > 1, are algebraically independent over C.

Note that since (F,G) = 1 for any F,G € Cohg x, the formula (1.4.1) makes
R(Cohg,x) = H(Cohg x) into a Hopf algebra (with comultiplication denoted by
7). This is just the tensor product over all z € X of the Hopf algebras studied by
Zelevinsky [Ze]. With respect to 7 every ¢(t) is group-like: r(¢¢(t)) = ¢;(t) ®
P5(t), so ag(t) is primitive: r(af(t)) = ap(t)®1+1®as(t), and the same is true for
each ay 4. Now, primitive elements in a commutative and cocommutative Hopf C
-algebra are algebraically dependent if and only if they are linearly dependent. By
using (3.6.6), we get the following reformulation of the conjecture. Let Cusp.y =

[1;<n Cusp;.

(3.8.6) Reformulation. Let N be fized, and € be small enough. Consider the
self-adjoint matriz integral operator on the circle |t| = € whose matriz indices run
over the set Cuspcpn and whose kernel is given by

LHom(g) f: qii_"—ltll??)

Ky,g(t1,12) = log T
Fa , LHom(g:f7q+tlt2)

’ f € CUSpn,g € Cuspm,m,n < N

Then this operator is strictly positive definite.

This conjectural property can be regarded as a certain strengthening of the
multiplicity onc theorem for GL,,.

(3.9) Proof of Theorem 3.8.4. We will proceed in three steps.
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Step 1: Use of the reduction theory. We recall some basic facts about stable vec-
tor bundles, see [HN], [Stu] for more details. For any vector bundle V on X let
w(V) = deg(V)/rk(V) denote its “slope”. A bundle V is called semistable, if for
any subbundle V' C V we have u(V’) < u(V/V’). An arbitrary bundle V possesses
a canonical Harder-Narasimhan filtration

Vo=(ViC..CVi=V)

with the properties that for each i the quotient gr;(V) = V;/V;_; is semistable and
w(gri(V)) > p(griv1(V)). Thus V is semistable if and only if its Harder-Narasimhan
filtration consists of only one layer.

Let A € Z be a positive integer. Let us say that a vector bundle V' is A-unstable,
if it is not semistable and for at least one i we have p(gri(V)) + A < pgri—1(V)).
Denote by Buni,’; the set of isomorphism classes of A-unstable bundles on X of

rank n and degree d, and by Buns? = Bun, ¢(X) — Bun>? its complement.
ﬂ,d ] n,d

(3.9.1) Lemma. (a) For each A > 0 the set Bunsfr} is finite.

n

(b) For fired n,d we can find A > 0 such that whenever V € Bunﬁ’,’; and i is such
that p(gri(V)) + A < u(gri-1(V)), then in the Hall algebra we have the equality
[V]=[Vije [V/Vi].

Proof of (8.9.1). (a) This is an easy consequence of the reduction theory, see, e.g.,
[Stu].

(b) If E is any vector bundle on X, then there is § € Z such that for any line
bundle on X of degree > § we have HY{(X, E®L) = 0, H°(X, (F®L)*) = 0 (Serre’s
theorem). Moreover, if we have an algebraic family of bundles parametrized by a
scheme S of finite type, we can find é good for all the bundles in the family.

We apply this to the “universal” situation. Let Bun, 4(X) be the moduli space
of semistable vector bundles over X of rank n and degree d. It is a projective
algebraic variety defined over F,. Tensoring with a line bundle of degree 1 defines
an isomorphism Bun,, ¢(X) — Bung, ,+4(X). We conclude therefore the following:

(3.9.2) Lemma. For each my,my there exists a number d,n, m, > 0 with the
following property: If Wi, 1 = 1,2, is a semistable bundle on X of rank m; and
IL(W1) + 61711,1112 < IU’(W2)I then

Eﬂ?t}((WQ,W]_) = HOTTlX(Wl, Wg) = 0.

To return to the proof of (3.9.1), take A greater than all the §p, m,, mi < n. If
V satisfies the condition of (3.9.1), then by (3.9.2) we have

Eth (glj(V)ﬂ grk(V)) = Hom(grk(v)agrj (V)) = 01 .? > 'ia k < 1
from which we deduce that
Ext'(V/V;, V;) = Hom(V;, V/V;) = 0.

The vanishing of Ext' means that V ~ V; & (V/V;) and the vanishing of Hom
means that there exists a unique subbundle in V; @ (V/V;) of type V; and cotype
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V/V;. Using the vanishing of Ext! one more time, we find that [V;] o [V/V;] =
Vi@ (V/Vi)] = [V]. Lemma (3.9.1) is proved.

Step 2: Representation of a function as an infinite sum of Eisenstein coefficients. Let
R(Bun,, x) be the subspace in R(Cohx) spanned by basis vectors [V] where V is
a rank n vector bundle. We are going to use the formula for the scalar product of
two Eisenstein series in order to represent an element h € R(Bun, x) as a possibly
infinite linear combination of coefficients of Eisenstein series.

Fix n > 0, fix some real numbers a; > ... > a, > 0 {(enough to take a; > qa;4+1)
and a total order < on the set Cusp.,, = [[,,, Cusp;. If f € Cusp,, write n(f) = 1.

Denote also Cusp,, the set of sequences f = (f; <... < f.), fi € Cusp,, n(fi) =
n. We will also write Eg(t) for Ef, (81)... Ef, ()t = (t1,... , ).

(3.9.3) Lemma. If h € R(Buny, x) is orthogonal to each element E¢(t),f =
(f1,..-,fr) € Cusp,, |t;| = a;, then h = 0. '

Proof. The assumptions imply that (E(t), k) = 0 identically as a rational function
in t;...t,. Thus from the functional equations (3.7.5) we find that for any permu-
tation o € Sy and |t;| = a; the product Ey,  (t1)...Ef,,(¢) is orthogonal to h
as well. This means that h is orthogonal to all pseudo-Eisenstein series and thus
h =0 by [MW], Th. I1.11.2.

Now, given h € R(Bun,, x), we can try to find an element A’ = ZfeCuspn E(f, ¢r)
such that (E¢(t),h — h') = 0 for any f € Cusp,,. For a given f we denote by
S(f) C S, the subgroup of permutations o such that f,;y = fi, V4, and will look
for @f invariant under S(f). By (3.7.9) the condition for (E¢(t), h) = (Ef(t}, ') is
that

(3.9.4) (T mo)e = G

sES(F)

Thus ¢ (t) = ®e(f~1), where

(Ef(t)$ h’)
> oesr M)

(3.9.5) Be(t) =

The function ¢¢(t) is indeed invariant under S(f), but it is only a rational func-
tion, not a Laurent polynomial, because of the zeros of the denominator in ®¢(t}.
So in order to get a representation of ' as a sum of coeflicients of Eisenstein series,
we should first expand ®¢.

Fix f = (f; < ... £ f,) and consider the coordinate vector space R"™ with the
standard basis ey, ...,e,. Let ['y C R" be the convex cone with apex 0 generated
by the vectors e; —¢; for ¢ < j such that f; = f;. For a Laurent series }_ . aut”
in 7 variables we call the set of w such that a,, # 0 the support of the series.
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(3.9.6) Lemma. The function $¢(t) can be expanded into a Laurent series
> e
weZ™N(7¢+T¢)
whose support is contained in some translation of the cone I'y.

Proof. First, the numerator (Eg(t), k) is a finite linear combination of (E¢ (¢}, [V]),V €
Bun,(X), i.e., of Eisenstein series £y (f1, ..., fr, t1, .., tr). The poles of any such se-
ries come from the poles of

f — ninj{l—gx) LHOIn(fi:fj?tj/ti) f
(3.9.7) ME(t) 1T ¢« CHom(h Ty byt © e S(f)

i<j:io(i)>0(F)

Each factor here is a series in non-negative powers of ¢;/t;, starting with 1. So
each M (t) has support in a translation of I'r. Now, for the denominator 3~ M (t)
we have, by the same reason, an expansion Zwerfnzr ¢t with ¢g # 0. Thus its
inverse admits the geometric series expansion

1 1 & ™
s G-V GNP VRV
a A we(l'eNZ7)—{0}
which is a series supported in I'y. Lemma 3.9.6 is proved.
Thus we can write h' as an infinite series

(3'9'8) Z E (tof Z Z a’l‘;‘Efl)wl "'Efrswr’

feCusp, feCusp, weZ M 1e+T)
where Ef 4 is the d-th coefficient of E¢(t).

(3.9.9) Lemma. For any A > 0 all but finitely many terms of the series (3.9.8),
regarded as functions on Bun,(X), venish outside Buniﬁ.

This implies, in particular, that the series converges, as a series of functions on
Bun,, (X).

Proof. 1t is enough to conisder one f at a time. In order that Ey ,, ..Ef .. be
nonzero on V, there should be a flag V; C ... C V., = V of subbundles with
deg(V;/Vi_1) = w;. Thus, if for at least one i we have

(3.9.10) o g (where f; € Cuspy, ),
4 i1

then V must have a destabilizing flag with at least onc gap in the slopes greater
than A, which implies that in the Harder-Narasimhan filtration at least one gap in
the slopes will be greater than A, i.e., that V € Bun>’\ It remains to notice that if
fi = f; then, of course n; = n; so for all but ﬁmtely many integer points lying in a
translation of I'g, the condition (3.9.10) will be satisfied for some 7. Lemma 3.9.10
is proved.

So h' is a well defined function on Bun,{X) and the scalar product (Eg(f), ') is
indecd defined for any f € Cusp,, by (3.7.9) and is equal to (E¢(t), h) by construc-
tion. So we get the following fact.
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(3.9.11) Lemma. The series in the right hand side of (3.9.8) converges to h.

Step 8: Completion of the proof. Fix n and assume, by induction, that any h €
R(Bun,, x) with m < n lies in the image of mpun. Fix d € Z and a big enough
A € Z. By Step 1, all [V] with V € Bunz:‘i lie in Im(7gy,). So we h to be
equal to [V], V € Bunf,"\i. By Lemmas 3.9.9 and 3.9.11, we can, by truncating the
series (3.9.8), find a finite linear combination h” of elements from Im(7gyy,) which
coincides with h on Bunf”:‘i. But then h — h” lies in Im(7wpyn) by Step 1. This
proves the theorem.
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§4. Proof of Theorem 3.3 and Proposition 3.6.3.

Recall that the equality (3.3.1) has already been proved. So we first prove the
rest of the assertions of Theorem 3.3.

(4.1) Proof of (3.3.2). Let H(Cohy) be the completion of the Hall algebra
H(Cohx) consisting by all, possibly infinite, sums 3 4ccon, f(4)[4]. Clearly

H(Cohy) is a bimodule over the algebra H (Cohx). We denote the bimodule struc-
ture by o.

(4.1.1) Proposition. For any F € Cohy x and any f : Bun,(X) — C we have
equalities in H(Cohy):

(4.1.1a) [Fle Y fWVVl= Y. fMver,

VeBun,(X) VeBun, (X)

(4.1.1b) ( Z f(V)[V]))O{f] = Z Z (Try7 fYW):

VeBun, (X) F'CF WeBuny, (X)

- |Aut(F")| - |Aut(F | F')|
| Aut(F)|

_qnh"(:r')[W ® }-:].

Proof. The statement (a) follows from the equality [F] o [V] = [V & F] holding
for any F € Cohg x,V € Bun,(X), because Ext'(V, F) = Hom(F,V) = 0. To
see part (b), recall (1.2.1) the notation g§; for the structure constants in the Hall
algebra. Our statement follows from the next lemma about these constants.

(4.1.2) Lemma. Let VW € Bun, X and F,F' € Cohg x. Then

, |Aut(F")| - [Aut(F")|  po(F
wET = ) W Tl F gt )

Indeed, supposing the lemma true, we have

(Zf(V)[V])[}“]) = Y @Ivwer]=

V,WegBun, X
}.IECOho X
— Z Z |AUt ‘F, |Allt(f”)|f(V)[W®}'-f] . qnho(}-')
VW F F IAUt )|
Aut(F")| - |Aut !
— Z Z Z f(V)I u (f)l | u (j:/f)i . [W@f’] 'qnho(}-)
AE T Vo |Aut{F)|
W/V~f J/F!
= 3 S @ ) R IAMEIIN iy g
papa [Aut(7)]
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as claimed.
Proof of Lemma 4.1.2. If G is a finite group acting on a finite set S, we call the
orbifold number of elements in § modulo G the quantity
I
Gl ~ 2 TStab(o)]
where {s} are all the G-orbits in S, with s € {s} being a chosen representative and

Stab(s) C G being its stabilizer.
Now, let V, W, F', F be given. The subsheaf 7' C W& F’ is defined intrinsically,

as the maximal torsion subsheaf, so g;‘ff’%‘f’ = 1. It follows that
g 27 = |Aut(W & F)| - C,

where C is the orbifold number of diagrams (“crosses”)

0

-

(4.1.3) 0 yV 2 WeF L, F y 0

0
modulo the product of the groups of automorphisms of all five objects. By elemen-
tary homological algebra, every cross can be completed to a 3 x 3 diagram with
exact rows and columns, from which we want to retain the outer frame

0 0
0 » V7 > W y F' —— 0

(4.1.4) 1% F
0 y V! y F! y F'—— 0
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Here, for instance, 7 = Im(By) etc. Notice that we have V' = 0 since it should
be a torsion sheaf embedded in V. Thus ' = F and V" ~ V. For each F”
let C(F") be the orbifold number of crosses giving frames with the upper right
corner F" isomorphic to F”, so that C = 35, C(F"). Let also F(F") be the
orbifold number of frames, i.e., arbitrary diagrams of the form (4.1.4) in which
Fl=F' F =F . V'=V, (modulo the product of the groups of automorphisms
of all 8 objects constituting the frame).

The main result of Green ([Gr], Theorem 2) says that C(F") = (F",V')2. F(F")
which is equal to just F(F") since V' = 0 and thus (F”,V’) = 1. On the other
hand,

FF) = g% . g% . |Aut(V")] - |[Aut(F")| - |[Aut(F')] - [Aut(V")|
FrEUSVIFN JAut(V)| - |[Aut(W)| - |Aut(F)| - |[AutF|

as it follows from the general fact that g5 is the orbifold number of exact sequences

0-A—->C—-B-0

modulo Aut(A) x Aut(B).
Recalling our identifications, we find that

|Aut(F")|

"y _ o F W
F(.F ) — g}‘l}‘”gV}-" |Aut(W)| . IAut(]:)l.

Notice also that

|Aut(W & F')| = |Aut(W)| - |Aut(F")| - |[Hom(W, F')| =
= """ F) | Aut(W)| - |Aut(F'))|.

Thus

g = [Aw(W @ F)|- C = |Aut(W @ )| - 3 C(F") =

f’l
= [Aut(W & F)|- S F(F") =
f}f
= ﬂho(}-') A t W - A t ! M }-l 17 w 1 IAut(}-”)l =
¢ FD (AUt (W) - |Aut(F)] ;gﬂ WV TRa(W)] - JAut(F)]
_ nk%(F) 7 w  JAW(F)] - [Aut(F")]
g ZQ}"T”QV?’” |Aut(F)|

'7.'11

as claimed. Lemma 4.1.2 and thus Proposition 4.1.1 are proved.

For the product in the Ringel algebra R we find from (4.1.1):
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(4.1.5a) [Flx > V)= ORY vV e F
v

VeBun, X

(4.1.5D) ( > f(V)[V])*[f]=Q'""O(f’/2-(Ef [V]) Fl=

VEeBun, X

|Aut(F')| - [Aut(F/F)| ﬁf_’l

= T T DO TG,

F'CF

W e F.

Passing now from just one basis vector [F] to the generating function
o]
h(t) = > Xg((FDt" P)Aut(F)| - [F], g € Cuspy,
F

we find, for f € Cuspy:

(4.1.6) Pg(ta) * By(t1) =

Z Xg([}-] (V)q+nh°(f)/2|Aut(j:)l h (F) deg(v)[V@f}
}'GCoho,x
VEBun, (X)

To find the product in the opposite order, we use (4.1.5b) together with the fact
that f is a Hecke eigenform, and find

(417)  Ep(th) *dgt) = ) > Z 972X f((FDFW):

FeCohg,x WeBun, X F',F""e€Cohg, x
- -n 0 Hy _ 30 4 y)
X ([F)g P TR EDN2 | Aut(F)] - |Aut(F"))
Q Q it
t;l (T)ttilegw—h. (F )[WGQ }-r],

where we have also replaced the summation over subsheaves 7/ C F by the sum-
mation over arbitrary pairs of isomorphism classes F/, 7", with the factor g% r.
counting the number of subsheaves of type F' and cotype F”. Since ¥, is a char-
acter of the Hall algebra, and Y » g% zu[F] = [F'] o [F"], we can replace the RHS
of (4.1.7) by

(4.1.8) > Yo xs(FNIMR(F DR (F])-

WeBun, X F',F"€Coho,x
0 ! 1 0 ! o "
GO FN2-nk(F V2| Aut(F')| - |Aut(F")]| - to (F+RFT) W & F.
This can be written as the product
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(4.1.9)

{ DD ig([f’nf(W)q"""‘f’W-lAut<f')|-t;'°(f‘>t;‘eg<W>.[W@ffl}x

WeBun, X F'€Cohg, x

X { > Xr(FDR(F D™ T2 IAut(F")l(tz/tl)"°(f")} ,
F

GCohg,x

of which the first factor is identical, up to renaming the summation arguments,
with the RHS of (4.1.6), i.e., it is equal to 94(t2) * Ef(t1). The second factor has
the form A(ta/q%t,), where

(4.1.10) A = Y x(FDRG(F) - [Aut(F) )

FeCohg, x

For z € X and an integer sequence p = (g1 > ... > . > 0) denote F;, =
@ O/I%:. Since every F € Cohg x has a unique decomposition into the direct sum
of sheaves of the form F; , (one for each z € X), we can decompose A(t) into the
Euler product:

(4.1.11) At) = H A (tde8(=)),
TEeX
Aalt) =D X (1 Fa ) Ro((Fa]) - |AUL(F, ) 14,

where || =Y p;. By (2.5.2) and (2.6.13),

(@112)  xp((Fo) = a2 ZEI4P, (027 Ml 0 Aol D70

Co(Fanl) = 2 Z6 V8P, (g7 ST Ama(9); !
Xg([ n:,p.]) qz M Qz 1,$(g)1'~':q$ Tn,ﬂi(g)!qz

where P, is the Hall-Littlewood polynomial. It is known ([Mac], Ch. III, formula
(4.4)) that

_ 1 — gz tziw;
(4.1.13) prpp(zl---Zn;qu)Pu(whu- W} Gy 1)=H#,
ij v

where

(4.1.14) by = gz WIm2EE=DE At (F, L))
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Therefore

1 - q;p A
t,z(f
As(t) = T
1,7 1 - qz /\i:: f t
and so
LH g, q "
(4.1.15) AQ) = LHomthg.a + )

LHom(f, g, ¢"5*~1t)

Since, as we already saw,

Ep(t1) * $(t2) = A2/ 81)¥(t2) ¥ Es(tr),
we have proved the formula (3.3.2).

(4.2) Proof of (3.3.3). Recalling that the bilinear form (e, §) vanishes on
Ko(Cohg, x) and that ¥y is a homomorphism H(Cohg x)} — C, we find, from (1.6.3):

Apr(t) = Y %A ((FNEPD | Aub(F)| - A(F]) =

F€Cohg, x

= Z 21 (FDxs (FDEEHED | Aut(F| - |Aut(F")-
F!F

(F@cr(F' = st @c)(1 ® Vy(t))
as claimed.

(4.3) Proof of (3.3.4). Let ro : AF, — D, ;_,, AFi ® AF; be the linear map
dual to the Hall multiplication AF ® AF) — AF}, ; (with respect to the orbifold
scalar product (1.3.2) on each AF?). Thus for f € AF,, and vector bundles W', W"

of ranks 7, 5 we have

R ’ "o IAUt(W’N ’ IAU‘t(W”N
(431) (TOf)(W H w ) - veénxggf'W” fAut(V)| f(V)a

and f is a cusp form if ro(f) = 1® f + f ® 1. Let now f € Cusp, be given. Then,
by definition

(4.3.2) AE;t)= Y fsMA(V]) =
VEBun,(X)
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= 236 Uabproes B 0 Ko

where U and G can be, a priori, any coherent sheaves on X. However, if g(‘}’g # 0,
U can be embedded as a subsheaf into V and so is locally free. The sheaf G may
not be locally free, and we write it as G = W @ F where W is a vector bundle, F
is a torsion sheaf (their isomorphism classes are determined by G). Further, if we
have an exact sequence

(4.3.3) 02UV osWaeF-0

we can consider the ungiue subbundle (i.e., subsheaf which is locally a direct sum-
mand) U D U, rk{(U) = rkU. The sequence (4.3.3) gives thus two sequences

02UV W0
0-U—-U—SF—=0

and we conclude that

1% 3
(4.3.4) JuweF = Z 9O FIw
UeBun(X)

Note also that

(4.3.5) |Aut(W & F)| = [Aut(W)| - JAut(F)] - g"cW)h*(F)

Keeping these two formulas in mind and substituting G = W & F into (4.3.2), we
find

AE;(t)= > (WeF, U)ggfggwmmw)l.||i:1;i((?f/))||.-||:$((g))|l'lAUt(F)L
v, U WU, F

KW | p ()98 () @ Ky (W @ F]

where, in addition, we have multiplied and divided by |Aut(U)|. In this sum,
V € Bun,(X), while U, W, U are isomorphism classes of vector bundles of arbitrary
rank, and F € Cohy x. By (4.3.1) we can write the result of summation over V in
terms of rg, getting

_ ; ~ o [Aut(U)] - |Aut(F)|
(4.3.7) AEf(t)—Ulvvzlwggf(rof)(U,W) Aat(0)] :
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(W ©F, U)qu(W).hO(}')tdcg0+degW[U] ® Ku[W & .'F]

Since f is a cusp form, (rof)(U,W) =0 unless U = 0 or W = 0. Summation with
U =0 gives 1® E¢(t). If W = 0, the summation gives

(4.3.8) S ols f(U)'A““(Iljilu'f'%“t(f 7, Uyes? (U] @ Kyl F] =
uo.F '

= S (TLA)U) - |Aut(F)|gF P PI+esV ] @ Ky [F] =

= 3" (FDFU)| Aut(F)jg 3P P+ Uy @ Ky (F)
U,F

where we used Propositions (2.6.8) and 2.6.11 to identify the action of T¥. Now,
the last expression in (4.3.8) factors into the product

UeBun,(X) Fe&Cohg, x

( 2 f(U)tdeg(U)[UmKU) (1® > ;zf([ﬂ)mut(f)|(q-%‘t)’*°”’>[fj)

By using the equality Ky = K"cqe () We can rewrite this as

E;(t®c)(1® K s(q™ %t))
thus proving (3.3.4).

(4.4) End of the proof of Theorem 3.3. It remains to prove the equalities
(3.3.5) and (3.3.6) describing the counit and the antipode. Now, (3.3.5) is obvious
from the definition {1.6.5) of €. To see the first equality in (3.3.6), notice that

(4.4.1) Swie) = D x(F) - |Au(F)| - D S([F) =

FeCohg, x

=30 S x(FED [ 1AubE/Foy)| - ] T,
F i ;

m=1 FoC..CFm=F
JFe/Fizal - H o
t

By replacing the summation over F and then over flags of subshecaves Fyp C ... C
Fm = F in a given F by the summation over (independent) isomorphism classes of
Gi = F;/F; -1 with coefficient gé‘;._gm (the number of filtrations on F with quotients
Go, -.-, Gm) and using the fact that X is a character of the Hall algebra, we bring
(4.6.1) to the form
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1+ ) (D)™ (@y(c7 ) ~ )™

m=1

i.e., to the geometric series for ¥¢(c™'t) !, as claimed. To prove the second equality
in (3.3.6), we write, for f € Cuspy:

SEr) = Y fVurEIs((v]) =

VEBun,(X)
= > Sy S fnees [(6/Gior, Gima)-
VEBun, (X)n=1 GoC..CGm=V i=1
[T |Aut(G;/G;-1)l

T Ry 9ok /Gl K

Since f is a cusp form, the reasoning similar to that in (4.3), shows that only flags
Go C ... C Gm =V with rk(G;) = rk(V'), Vi, contribute to the total sum. But when
we restrict the summation to such flags (in which we thus have G;/G;_; € Cohg x
for 2 > 0) we immediately get —E;(c™*t)9;(g~%¢)"* K™ by the same reason as
above (summation of geometric series) plus the application of the Riemann-Roch
theorem to account for [[(G;/Gi—1, Gi—1).

Theorem 3.3 is completely proved.

(4.5) Proof of Proposition 3.6.3. The equality (3.6.4) is obvious: non-isomorphic
objects give orthogonal elements in the Hall algebra. To see (3.6.5) notice that cusp
eigenforms with different eigenvalues of Hecke operators are orthogonal, by (2.6.11),
so (Ef(t1), Eg(t2)) =0 for f # g. If f = g, the equality (3.6.5) follows at once from
the definition and the assumption (2.6.14) that || f ||2= 1. So we concentrate on
the proof of (3.6.6). Notice that 1¢(t) can be written as the Euler product

(4.5.1)
1!)f(t) = H "l’f,w(tdeg(z)): "/}f,:c(t) = Z)_(f([fz,u]) : |AUt(-7:m,pN : tllul : [fm,u]

z€X

where p runs over all partitions p; > ... > p, > 0, with |g| = )" p; and F; , =
P O, /1% having the same meaning as in (4.1}, more precisely, after (4.1.10). Thus
we have:

(4.5.2) ap(t) =Y apa(t98®),  ap.(t) = log ¥y .(t),
ze€X

and therefore

(45.3) (as(tr), agt2)) = Y (a70(t7°5), 20,0 (8,57)).
z€X
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We will evaluate each summand in this sum. Let

(4.5.4) Ch: H(Cohy x) = A, [Fzul— g~ Z:("—1)“"'P,,(,z1, e S 2N qgl)

be the isomorphism discussed in (2.3.5d).

In [Mac], Ch. III, formula (4.8), Macdonald defined a certain scalar product
on A[t] with values in Q[t,t7!]. We denote by ( , )aaca the Q -valued scalar
product on A obtained from this Q[t,¢™!] -valued scalar product by specializing
to t = g;1. Let us, for the time being, abbreviate H(Coh, x) to simply H and
introduce on the algebra Hf the grading H = €, Ha, where Hy is linearly spanned
by Fou, el =d

(4.5.5) Lemma. Let u; € Hy,,t = 1,2. Ifdy # dg, then (uy,uz) = 0, and if
dy = dy = d, then

(u1,u2) = g5 *(Ch(u1), Ch(u2)) Macd-

Proof. The first statement is obvious. The second follows from the equality (formula
111 (4.9) of [Mac])

(Pu(Z;qz ), Qu (245 1))Macd Opupr

where Qv (2;95) = b Py (2,q;") and by, is defined in (4.1.14), while on the other
hand,

O
f:’c, :Fm, ,) — _.__L___'
P Feut) = TRa(Frr)
The lemma implies that
(4.5.6) (af,m(tl)a ag,:c(t2))= (Ch(af.m(qgltl))a Ch(ag,z(tZ)))Macd'

Let us therefore find Ch(ay,.(t)). Let us omit the mention of the parameter in the
Hall polynomials, which we will always implicitly understand to be equal to g7
We start by writing

h{(s,2(t) Zq‘zz" D P (ga” Aa(f)) Paul(2)|Aut(F ) [t =

=S @b,y (027 A (F)) Pul2) [t

I

where we used (4.1.12) and set A;(f) = (Az,1(f),..., Azn(f)) as well as z =
(21,...,2n). By the formula quoted in (4.1.13), we ﬁnd

1-— ai,l%l)\i:n 1
Chwral®) = [I qﬂ__l o(f)z;t
ij 1—¢z7 Nigz(f)zjqt
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and hence

oo

Chlagat) = log Chiya() = 3 =L “5 (o  halD)s) =

d=1

1—¢%  2m1 d
= Z p pd((h: : /\a:(f))pd(z)t
d

where pq is the d — th power sum symmetric function. Now, by formula III (4.11)
of [Mac],

d
(Pd, P& )Macd = — Odar -
]. b qg:

By using (4.5.6), we now find

(72(t2), t0a(t2)) = 3 T L pa(@ ™ (ol RS2 =
d=1

lOgH 1 -Q'm a::(f))‘ ,J( )tltz- ,
ij 1~ qz /\:r;,i(f) z,5(9)t1t2

and (3.6.8) is obtained by performing the summation over z € X, and noticing
(2.6.13) that the set of the A, ;(g) is the same as the set of the A, ;(g)~!.
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T

§5. Quantum affine algebras.

In this section we compare Hopf algebras formed by automorphic forms with
quantum affine algebras. For our purposes it is convenient to treat the quantization
parameter g as a constant rather than as an indeterminate variable.

(5.1) Drinfeld’s realization of Uq(ﬁ). Fix a nonzero complex number q. Let g be
a finite-dimensional semisimple Lie algebra whose Cartan matrix A =|| aij [}i j=1,... »
is symmetric and let g be the corresponding Kac-Moody algbera (central extension
of gft,t=1]). The quantization U,(g) can be defined in two ways: the first (root
realization) uses the system of simple roots for the affine root system of g and
proceeds directly from the affine Cartan matrix A of g (of size (r + 1) x (r + 1)).
The other, the so-called loop realization of Drinfeld [Drl-2] (see also [CP]) is the
C-algebra generated by the symbols
zf(n),z7(n),i=1,...,rneZ, kE i=1,...,r,n>0

i,n?

and the central element ¢. They are subject to some relations which are best written
in terms of formal generating functions

o0
FE@) =Y sfmet™, o) = ket
nez n=0

The relations have the form:

(5.1.1) klokio = kipkfo =1, [0f(t1), ¥F(t2)] =0,

(5.1.2) (tr = VT ™ t2) XE(t) X E(t2) = (VT 11 — t2) X (t2) X (1),
513 Pt + T2y [ty — VI = + (0 FE

( ) i (tl)(Pg (t2) \/aaijC:Fllz(tz/t]) -1 (PJ (tz) i ( 1)3

T2y [ty ~ \fq*
\/aﬂijchI/‘Z(tl/tz) -1

F1
(5.1.4) FE(t)py (t2) = ( ) w5 (t2)F (),

(5.1.5)
) By )] = b {0 (25 ) o @) = 6 (22 ) o (28 L @27/,
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(VT e/t = 1)(ct1/t2 = /T*)
(it = TN (VT cta [tz = 1)

(5.1.6) @ (t1)wj (t2) = 5 (t2)ef (t1),

(5:17)  Sym S (-1 [’?] FE(t) ... FEQ)FE(S)FE (ti) - .. FE (t) = 0,
testm =g q

where m = 1 — a;; and Sym stands for the sumn over all the permutations of
t]_, e )tm-

The relations (5.1.7) are the analogs of the Serre relations in finite-dimensional
semisimple Lie algebras.

Let, Uq(ﬁ:), (resp. Uq(lT:)) denote the subalgebra in U,(g) generated by the
elements z7 (n) (resp. z; (n)) only, which are subject to relations (5.1.2), (5.1.7).
Let also Uq(l;:‘) denote the subalgebra generated by the z(n),n € Z and by the
elements k} (n),n > 0 Similarly for Uq(l;:). They are the quantizations of the
enveloping algebras of the Lie algebras

n = nift,t71), bE=n*[t, ¢ @ h[tF],

where g = nt @ h ® n~ is the standard decomposition of g into the nilpotent and
Cartan subalgebras.

(5.2) The case g = sl; and sheaves on P!. Consider the simplest case g = sls.
In this case there is only one root, so we will den(/)_Ec the generators and generating
functions as z*(n), F%(t) etc. The algebra U,(b*) is generated by ¢ and by the
coefficients of the two power series F'*(t), o+ (t).

On the other hand, let us suppose that g is a prime power and specialize the
theory of § 3 to the case of the simplest algebraic curve X, namely the projective
line P}q. Let B = B(Cohp:) be the extended Ringel algebra of the category of
coherent sheaves on P'. The group Pic(X) consists of sheaves O(n),n € Z. Thus
the algebra B is obtained from the algebra R(Cohpi1) by adding two elements
K = Ko and ¢ = cp1). The set Cusp consists of one element: the trivial character
1 of Pic(P) = Z. Thus there are only two generating functions

E{t)= Y [om)t* € Bt t7),
nez

Y(ty= > |AutOp|-tEP[0p] € 1+tB][t]]
DeDivt(P')

where Divt(P1) is the set of effective divisors on P! and Op is the torsion sheaf
Op1/Op1(-D).

Let R(Bun(P'}) C B be the subalgebra generated by elements [V], where V is
a vector bundle. Let B C B be the subalgebra generated by [V] as above together
with K, ¢ and the coefficients of 3(¢).
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(5.2.1) Theorem. The algebra R(Bun(P')) is isomorphic to Uq(ﬁ:) C Uy(sly),
and B is isomorphic to Us(b™).

Proof. The function LHom(1,1,¢), i.c., the zeta-function of P!, has the form

1
1—t)(1 —qt)

(5.2.2) (t) = (

Thus the functional equation for the Eisenstein series (3.3.1), when brought to the
polynomial form (3.5.4) gives:

(5.2.3) (t1 — qt2) E(t1)E(t2) = (qt1 — t2) E(t2) E(t1),

which is identical to the defining relation (5.1.2) for Uy(slz) (in which ¢ = j =
1,a11 = 2). Thus the correspondence z; (n) — [O(n)] gives a homomoprhism
v Uq(rﬁ) — R(Bun(P')). To show that <y is an isomorphism, note that every
vector bundle ¥V on P! can be represented as V = @, O(:)™. Moreover, the
filtration V7 = D>, O()™ is defined intrinsically (this is the Harder-Narasimhan

filtration, already discussed in (3.9)). It follows that

[V] = g~# B mems 6D (0(5)™ ]« .+ [0(a)™]

where {a,a+1,... b} is any interval in Z containing all 7 such that m; # 0. Note
also that

Il ! ,
06 o™ =" | F™ | oy
q
which implies that [V] is actually a monomial in the [O(3)]. Thus v is surjec-
tive. To see that v is injective, i.e., that there are no further relations among the
[O(3)] except those following from (5.2.2), remark that we just have shown that the
monomials

(5.2.4) [OGE)]™ [0G)])™ ... [OG]™, i >...> iy

constitute a C-basis in R(Bun(P')). On the other hand, the relations (5.2.3) (after
passing to the coefficients) can be used to express any monomial as a linear combi-
nation of monomials (5.2.4). Since the latter monomials are linearly independent
in R(Bun(P*')), there can be no further relations and so + is an isomorphism.

Let us now turn to the algebra B. The commutation relation (3.3.2) reads in our
case (again, use (5.2.2)) as follows:

1—q Y2ty /t
2.5 E(t)(ts) =
(5 ) ( 1)¢( 2) 1 — (]3/2132/tl

Y(t2) E(ty),
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while in Uq(l;"\‘) we have, by (5.1.3):

q—c Y/t
1- qc—1/2t2/t1

(5.2.6) F*(t)g*(t2) = @T (t2)F* (1)

Thus the correspondence

ot (t) = K (272, FH(t) - E(1)

defines a homomorphism Uq(tﬁ“) — B. It is surjective by the definition of B.

Its injectivity follows from the injectivity of the homomorphism v : Uq(ﬁ:) —
R(Bun(P')) above and the fact that the coefficients of +(t) are algebraically inde-
pendent over C. This latter fact is proved by the same argument as given in (3.8.5):
the coefficients of log¥(t), being linearly independent and primitve with respect to
a Hopf algebra structure, are algebraically independent. Theorem (5.2.1) is proved.

(5.2.7) Remark. It is instructive to compare Theorem 5.2.1 with results of Ringel
[R1-3] and Lusztig [Lul-3| on representations of quivers. Namely, let I be a quiver,
i.e., a finite oriented graph without edges-loops. Let I' — mod be the category of
representations of I' over F, i.e., rules which associate to any vertex i € Vert(I')
a finite-dimensional F, -vector space V;, and.to every oriented edge i =5 ja
linear map V. : V; — V;. This is an Abelian category satisfying our finiteness
conditions (1.1), so its Ringel algebra R(I" — mod) is defined. For i € Vert(T') let
V() be the representation assigning F, to the vertex 7 and 0 to other vertices. Let
A =]l aij ||i jevert(ry be the Cartan matrix associated to T, i.e., a;; = 2 and a;; is
minus the number of edges (regardless of the orientation) joining ¢ and j, if ¢ # j.
Let gr be the Kac-Moody Lie algebra with the Cartan matrix A and U,(gr) be its
g-quantization. This is (see, e.g., [Lu 1]) the algebra generated by symbols e, K;
(with K; being invertible) subject to the relations:

. _ K1
(5.2.8) Kief K71 =g/, [ef, 3]=5ij%’
q9—4q
1—a;;
(5_2'9) (_1)1 [ ChJ:| (6 ) (eét)l—a.'j—l = 0.
=0

Let Uqg(Nr) be the subalgebra generated by the ef. Then the subalgebra in R(I" —

mod) generated by the [V/(7)], is isomorphic to U,(Nr) so that [V (¢)] corresponds

+
to e;" .

Now, sly is the Kac-Moody algebra associated to the Cartan matrix ( 32 —22 ) ,

and its Dynkin graph is A(l) = {®& =3 e}. So the general results about repre-
sentations of quivers are applicable to this case and realize U,( Am) cU (slz)

inside R(A(l) — mod). So we have realizations of two “nilpotent” subalgebras,
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Uq(;;),Uq(N) C Uq(.;l‘z) in terms of Ringel algebras of two Abelian categories:
Cohp1 (sheaves on P},q) and A(ll) — mod. One may wonder what these two cate-
gories have in common, and the answer is that their derived categories are equiv-
alent. This is a particular case of a theorem of Beilinson [Be], as reformulated by
Bondal [Bo] and Geigle-Lenzing [GL]. This suggests a deeper relation between de-
rived categories and quantum group-like objects, which will be studied in a separate

paper.

(5.3) The case of a general curve X. Considering now the case of an arbitrary
smooth projective curve X/F, we find, by comparing Theorem 3.5 with formulas
of (5.1), that the algebra B(Cohy) (or, rather, its subalgebra B defined in (3.8)) is

analogous to the subalgebra Uq(l;:*) C U,(8) for a huge Kac-Moody algebra g. Let

us sketch this analogy in the following table:

Theory of quantum affine algebras

The set of positive roots of g

The entries of the Cartan matrix of g

Symmetry of Cartan matrix

Pointwise-uppertriangular subalgebra
U (1)

Pointwise-Cartan subalgebra

Uyt

Root decomposition of U,(n™)
Components of 7 (¢1) .. .:r:?;(tn)
at a given basis vector of Uy(g)
Serre relations

?

Full algebra U, (g)

Mc Kay correspondence

Theory of automorphic forms
The set Cusp of cusp eigenforins

The coeflcients of Rankin L-functions
LHom(f, g,1)

Functional equations of L-functions

The algebra R(Bun(X)), i.e., the
algebra of unramified forms

The algebra of classical Hecke
operators

Spectral decomposition of the space
of automorphic forms

Eisenstein series

Selberg trace formula

?

Langlands correspondence

We have also included in this table several concepts whose counterparts are not
immediately clear. Thus, Serre relations should correspond to “extra” functional
equations for Eisenstein series, 1.e., elements of the kernel of the map ng : B — B



in (3.8.2), which was described in (3.8) only implictly, by means of the kernel of
a suitable quadratic form on B. Note that the presence of such relations does
not contradict the spectral decomposition theorem for automorphic forms [MW]
which, as we already pointed out (3.8.4), is only concerned with the values of the
(analytically continued) products Ey, (t1)...Ey, (¢,) for |¢;| = 1, while the extra
relations may look like distributions whose support does not meet the torus |¢;| = 1
at all. This is exactly the case with Serre relations (5.1.7). Namely, if we allow
ourselves to divide equalities involving generating functions by any polynomials
in ty,...,t,, then (5.1.7) would “follow” from (5.1.2), as one can easily check by
“bringing” the LHS of (5.1.7) to a normal form in which the factor F' J?h (s) goes last
in every monomial (of course, such a manipulation is illegal!). Moreover, in this
particular case it is enough to divide by polynomials of the form (t; ~ ¢°t;), @ € 3Z,
so the need for (5.1.7) cannot be observed after restriction to the torus [t;| = 1 where
such polynomials do not vanish. However, there is no way to deduce (5.1.7) from
the quadratic relations obtained by expanding (5.1.2). This just means that in the
algebra defined by (5.1.2) alone the right hand side of (5.1.7) is a distribution with
support of positive codimension.

The analog of the Selberg formula in the theory of affine Lie algebras is com-
pletely unclear at the moment. According to our analogy, it should be a statement
about the trace of a Cartan element acting on the enveloping algebra of the upper-
triangular subalgebra.

As for the analog of the Uy(g), we will construct such an analog in the next
section by following Drinfeld’s quantum double construction and using Green’s
comultiplication.
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§6. The quantum double of the algebra of automorphic forms.

(6.0) Motivation. Our aim in this section is to construct the automorphic ana-
log of the full quantum affine algebra U,(g) out of the Hopf algebra B(.A) which
should be, morally, just one half of it. This will be done by the Drinfeld double
construction. For any Hopf algebra Z its Drinfeld double [Dr 3] [CP] is the tensor
product Z ®¢ =* with certain twisted multiplication (see below).

The reason for using this construction is that it is known to solve, in a certain
sense, the following model probleni: recover the quantum Kac-Moody algebra Uy, (g)
from its Hopf subalgebra U, (b™). Recall (5.2.7) that U,(g) is generated by symbols
e, K;. The subalgebra U,(b™) is, by definition, generated by e} and K;. The
comultiplication in it has the form:

(6.0.1) A(K,) = K; ® K;, A(ej‘) = 1®6?_+8;|_®K,'.

However, the recovery of Uy (g) from the U,(b™) by this method is not so straightfor-
ward. To help motivate the constructions of this section, let us recall the principal
features of {and subtleties involved in) this recovery.

(6.0.2) The subalgebras U,(n*) generated by the eff, are in natural duality, so
adding (U,(n™))* as a part of (U,(b*))* supplies the missing subalgebra U,(n™).
(6.0.3) However, we get also the dual of the “Cartan” subalgebra U,(h) generated
by the K;. So by formally applying the double construction to Us(b*), we get an
algebra bigger that U,(g) because of this dual. So in order to get U,(g), we need
to impose certain identifications in the double. (The construction of the restricted
double later in this section does just that, in the context of Hall algebras.)

(6.0.4) In addition, the Hopf algebra U,(h) is not self-dual. It is the algebra of
functions on 7', the maximal torus in the Lie group corresponding to g, and the
dual algebra will be algebra of functions on T (the lattice of characters of T) with
pointwise multiplication. Formal dualization of Uy(h) with respect to the basis
of monomials in the K; gives a basis of delta-functions on T, in particular, the
unit element in the algebra of functions on T will be represented by an infinite
sum of such delta-functions. If the Cartan matrix A is non-degenerate, one can
realize elements of U,(h) by certain infinite sums in the completion of the algebra
of functons on 7. After this one can perform the identification mentioned in (6.0.3).

(6.0.5) If the Cartan matrix is degenerate (as is the case with affine algebras), then
one has to add to Uy(h) some essentially new elements from U, (h)* which pair with
the center (the kernel of the Cartan matrix) in a nondegenerate way. In the affine
case the new element (which is essentially one) has important geometric meaning:
it corresponds to the “rotation of the loop” and is responsible for the appearance
of elliptic functions in the theory of representations of affine algebras.

In what follows, we will encounter the analogs of all these phenomena for the
Hopf algebras of automorphic forms.

(6.1) Heisenberg and Drinfeld doubles: generalities. Along with the just
mentioned quantum double of Drinfeld it will be convenient for us to use, as an
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intermediate step, the so-called Heisenberg double, introduced in [AF] [ST]. So we
start by recalling some basic properties of these doubles. Since Hall algebras come
with a natural basis, we will use the coordinate-dependent approach, as in [Kas]
(see [ST] for a more standard exposition). In this reminder we will ignore subtleties
related to dualization of infinite-dimensional spaces, since we will pay due attention
to them in the concrete situations in which we will use the doubles.

Let = be a Hopf algebra over C, with comultiplication A, counit € and antipode
S. Let {e;},7 € I, be a basis of 2 and {e*} be the dual basis of Z*. Let us write
the structure constants of = with respect to our basis:

(6.1.1) eiej = mber, Aler) =Y ple;®e;,
- —

I_Ze e;, ¢€le;)=e, S(e,)—ZSJeJ, S (e) =Zo{ej.
J

-

As usual, A makes =

(6.1.2) e'e! = Zu" k.

into an algebra by

The Heisenberg double H D(Z) is, by definition, the algebra generated by the sym-
bols Z;, Z*,i € I, subject to the relations:

(6.1.3) Z:Z; = mejZk, Zigi — Z#szk,
k k
(6.1.4) VAVAR Z ml bz Z,
a,b,c

Thus the map Z*®cE — HD(E) given by the multiplication, i.e., by e*®e; — Z*Z;,
is an isomorphism of vector spaces: any other product can be brought by (6.1.4) to
the normal form in which the Z* stand on the left.

There is a certain asymmetry in the definition of the Heiscnberg double: re-
placing = with =* gives a different algebra. We will denote HD(E") by HD(E).
Explicitly, it is generated by the symbols Z;, Z*,7 € I subject to the relations:

(6.1.3’) Z{Zj mejzk, Z‘ZJ Z/L?Zk
k

(6.1.4") 7'Z; = ,u;?bmf,

The Drinfeld double DD(Z) is the algebra generated by the symbols W;, Wi € I,
subject to the relations

(6’.1.5) W, W; = ZmUWk, Wwi = Z,u,

N
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(6.1.6) Z wi mch We = Z mﬂbu?cW“Wc.

a,b,c a,b,c

By using the antipode one can transform (6.1.6) into a relation giving a kind of
normal form for elements of DD(E):

(6.1.7) W,Wwi = Z ofmbemde Py ,u,feWng
a’b’c|d)e'fg

This is the standard description [Dr 3] {CP] of the Drinfeld double.
The algebra DD(Z) is a Hopf algebra with respect to the comultiplication given
by

(6.1.8) AWi) =D ud Wi @ W, Zm Wie W,
i3

(note the transposition in the second formula), the counit

(6.1.9) e(Wi) = ek, e(WF)=¢éF,

and the antipode given by

(6.1.10). SWi) =3 Siw;, SWi) =3 siw'

The algebras H D(Z), HD(Z) are not Hopf algebras. However, there is the following
result due to R. Kashaev [Kas].
(6.1.11) Proposition. The correspondence
Wi AZ# Zi®Z;, WEo> mhkzieZz’
ij
defines an embedding s : DD(Z) — HD(Z) @ HD(Z*).
It is this embedding that makes the Heisenberg doubles important to us.

Proof. Let us first prove the existence of the homomorphism & and then its injec-
tivity. To prove the existence, we need to check that the relations (6.1.5-6) defining
DD(Z) arc satisfied for the proposed images of W;, W*. For (6.1.5) it is obvious
since A:Z > ZQ®E and m* : Z* = Z* ® Z* (the map dual to the multiplication)
are algebra homomorphisms. To verify (6.1.6) denote by L and R its left and right
hand sides. Then:

L= umi, k(W)W = 3 pfmi ubtms, 2,27 @ Z,2° =

a b C alb7c!pJQ1rls

= Z pmd_pPime M o 22 2y®Z,2° = Z pml 24 Z2,QZ,2°,

a.b,c,p.q.7.8 b,s,u,w,.q,v
u,v,w

52



where 7%% and mi suy are the structure constants for the 3-fold comultiplication

and multiplication. Similarly,

R=S" mlpln(Ws(We)= Y. miptmlu 272, ® 27, =
a b c G,b,c,d‘p,q,f‘,ﬂ

= Z mib,ufc Mgphte” tg M, ZPZ,.R2, 2" = Z uE b ZP 2 QZ, 2,

a,b,c.d,p.q,r.s brou,wpv
u,v,w

which is the same as L up to renaming the summation indices. So we indeed have
the claimed homomorphism k. To see that & is injective, note that A1 Z 5 Z2® =
and m* : E* —) :* ® =* are injective because of the unit and counit in Z. Since
DD( ) = Z® Z* as a vector space, and |z = A while k|z- is the composition of
m* and the permutation, & is injective.

(6.2) The restricted Heisenberg doubles of the Ringel algebra. We now
specialize to the case when = = B(A) = C[KoA| ® R(A) is the extended Ringel
algebra of an Abelian category A satisfying the assumptions of (1.4) (we assume,
in particular, that A has homological dimension 1). The bilinear form (c|8) on
Ko A may be degencrate, and we denote by I its kernel. Since Q*, the target of
our form, has no torsion, I has the following property: if na € I for some n € Z,
a € KgA, then « € I. This implies that I has a complement, a subgroup J C Ky A
such that oA = I & J. In the sequel we fix such a complement and denote 7y, 7,
the projections to I or J along the other summand.

A natural basis of = = B(A) is given by eqq = K4[A], a € Ko A, A € A. In this
basis, the multiplication and comlutiplication have the form:

(6.2.1) ea,a €g. = (A|B)(B, A) ngseaw,c,
C

where g§p is the same as in (1.2),

Aut{A)| - |Aut(B
(6.2.2) A(e-,,c) = g(B’ A) l t(lA)l|1t(|C;it( )lggBev,A ® €4+ A4,B:

Thus the structure constants are given by

C (Alﬁ)(B$ A).qua f y=a+p
(623) TﬂzA,ﬁB {03 if v ;é a+ﬁ

Aut(A)|- |Aut(B ) _
cgun_ [ 0BT e, i a=pma A

(6.24)  pic
0, otherwise
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This gives the multiplication of the dual generators in HD(Z) in the form

(5, 4y Y AL B 0,200, it =44
C

(6.2.5) Z°4ZFB =
0, otherwise

In particular, the Z°° are orthogonal idempotents. They form the algebra dual
to the coalgebra C[KpA], i.c., the algebra of functions on KA with pointwise
multiplication. More precisely, Z®° corresponds to the function equal to 1 at & and
to 0 elsewhere. In particular, the unit element is represented by the infinite sum
Za ZGO.

This shows that we need to work with certain infinite sums lying in the comple-
tion of the algebra HD(B(A)) generated by the Z,4, Z%4. For A € Ob(A) and a
homomorphism y : KgA — C* we introduce the elements

] ZaA
(6.2.6) Zy= Y 0, KX=) x(a)2°.
aEXpA 'Aut(A)‘ Ko A
We set also Ko = Zoo0, Z4 = Zpa.
If @ € Ko A, we let xq : Ko.A — Q* be the character taking 3 to («|B8), and write
K for KX=, Note that we have the following identities:

(6.2.7) Z3Z5 = 93875,

C
(6.2.8) Z5Kp = (AIB)X'Kpz¥, Z35KX=x(A)F'KXZ3,
(6.2.9) KXKX = gxx' KxXK, = K KX,

which show that we have two copies of the Ringel algebra R(A) inside the comple-
tion of HD(B(A)).

(6.2.10) Proposition. The subspace in the completion of HD(B(A)) spanned by
elements of the form Z;KQKXZE, is an algebra, i.e., the product of any two such
elements is a linear combination of finitely many elements of this form.

We will call this algebra the algebraic Heisenberg double of B(.A) and denote it
HD9(B(A)).

To prove (6.2.10), note that the identities (6.2.7-9) give an almost complete
recipe for multiplying any Z; K, K XZ; with any Z3, Ky K X'Z;',, except for the
product ZEZ;, which we need to express through Z;lZR}, In order to find this

expression, denote, for any objects A, B, M, N of A, by g¥ the orbifold number
of exact sequences

(6.2.11) 0-MB3BBEABNSO

modulo automorphisms of A and B, i.e., (see the proof of Lemma 4.2) the total
number of such sequences divided by |Aut(A4)|-|Aut(B)|. Proposition 6.2.10 follows
from the next fact which is also useful by itself.
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ER-TI

(6.2.12) Proposition. In the completion of HD(B(A)) we have the identities:

72525 =) gid(N—M,B-MKp_yzZ3, ZF.
M N

Proof. Let FXN be the set of all exact sequences (6.2.11). Also, for any three
objects A, B, C let £ be the set of exact sequences

0-A4A-5C > B0

Thus MN ¢
gMN — | F 4B gC _ I€45]
AB |Aut(A)| - |[Aut(B)|’ AB |[Aut(A)] - |Aut(B)|

Notice now that

(6.2.13) FMN I (Efp x ELL) /Aut(L),
LeOb(A)/lIso

with Aut{A) acting freely. This just means that any long exact sequence (6.2.10)
can be split into two short sequences with L = Im(y). From the cross-symmetry
relations (6.1.4) in the Heisenberg double and the explicit form of the structure
constants given above, we find:

|Aut(L)] - [Aut(N)|
|Aut(4)]

ZoaZPP = Z (L,M)-(N,L)-
M,L,N

IgfiLl ) IEE%V| LgBM
|Aut(L)] - [Aut(M)| [Aut(L)|- |Aut(N)| Ly—

B & N N B | FXs

= 2 (B VLM (B = M) ey R

where we used (6.2.12) and the identity L = B — M holding whenever £5, # .
From this we deduce that

M
ZPM 75 N

lon 2 = (B, K1)V, B MY\ BN g K gy .7
“TAn(B)] T 4=, ’ ! A T B-MTxu (M) N
whence the statement of the proposition.
Finally, we define the algebra Heis(A), called the restricted Heisenberg double
of B(A), by imposing the following identifications in HD*9(B(A)):

(6.2.14) K*=K!

7y (a)?

where m; was defined in (6.1). Thus, in the case when the form («|8) is non-
degenerate, this identifies each KX with some product of (complex) powers of the
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K, while in the degenerate case we have also elements KX for characters y of
KoA = I @ J trivial on J, i.e., characters of I. These elements are analogs of the
“rotation of the loop” generators in the (quantum) Kac-Moody algebras.

The other , “checked”, Heisenberg double HD(B(.A)) can be treated in a similar
way. Its generators are denoted Z,4, Z%4, and we set

(6.2.15)
Z"0A

ZI=ZOA: ZZ= Z = Ka=Za, KX= Z X(Q)ZGO.
airan [Aut(4)| aEKoA

The subspace spanned by the Z; K,KXZ} is again a subalgebra, denoted HD*9(B(A)).

Its generators satisfy the same identities as in (6.2.7-9), while (6.2.12) is now re-
placed by

(6.2.16) Z325 =Y (B-M,M)-(N,B- M) g¥NKB-M78 75
M,N

As before, we define the restricted double Heis¥ (A) by quotienting HD*9(B(A))
by the relations K¢ = K!

wy{a)”

(6.3) The restricted Drinfeld double of the Ringel algebra. As in the case of
Heisenberg doubles, let W, 4, W4 be the generators of DD(B(.A)) corresponding
to the basis vector eqqa = Kq[A]. Similarly to the above, we set

Wc:A

+:W W, = RN
Wa oar W= D [Aut(A4)]’

aEKo.A

Ko=Wa, KX= > x(a)We
aEKpA

We also write K* = KXo, where xo(8) = («|8). We denote by DD*9(B(A))
the subspace in the completion of DD(B(A)) spanned by elements of the form
WK KXW;.
(6.3.1) Proposition. (a) DD*9(B(A)) is an algebra.

(b) DD™9(B(A)) is a Hopf algebra with respect to the comultiplication given on
generators by

|Aut(A')] - | Aut(A/A")|
|Aut(A)]

(6.3.2) AW =) (A/4,A)
A'CA

|Aut(A")| - | Aut(A/A")]
| Aut(A)]

(6.3.3)  AWq)= ) (4/A,A)
A'CA

_ A _
WaiaK™ @Wy,

(6.3.4) A(Ko) = Ko ® Koy A(KX) = KX ® KX,

the counit given by



(6.3.5) e(Ko)=1, e(WE)=0, eKX)=1,
and the antipode given by

-1

(6.3.6) S(Ko) = K1 = K_o, S(KX) =KX
(6.3.7)
3 . [Ti=o [Aut(4;/4;-1)|
Swiy=) (-n" AsfAiz1, As) == -
(Wx) ';( ) ADC'%RZAE( JAi_1 1) Au(A)]
WIW 4o WA an, K7
(6.3.8)
- ud T o |Aut(A;/A;_
swn =30 S [Tty a4l
n=1 AoC..CA=4i=1 | Aut(A)
_a _ _ _
K ‘WA,./An—l“'WAl/AoWAo'

(c) The correspondence
|Aut(A')] - |Aut(4/4)

+ Z 1opl + 7 20
(6.3.9) WA HA,CA<A/A ,A) |A‘ut(A)| ZAr ®KAIZA/A”
- oo [Awt(A)] - [Aut(A/AD &
J. Z rK ’y
(6.3.10) W, — AE;CA: (AJA", A") At A)] K ®Z3
(6.3.11) Ko K, ®K,, KX— Khi® KX

defines an algebra homomorphism

% : DD*9(B(A)) = HD*(B(A)) @ HD™9(B(A)).
Proof. (a) This follows from (6.1.7) together with the identities

WEWE =) (B, A)g$pWE, WiKp=(AIB)F KeWE, WiKX =x(A)FKXW3,
c
K KX = KXK,, KXKX = gxxX'
which are verified in the same way as (6.2.7-9). The statements (b), (c) follow by
a straightforward application of definitions, checking that they indeed make sense
on the elements given by infinite sums we consider and applying the fact that,

in general, DD(Z) is a Hopf algebra and the map & from proposition 6.2.12 is a
homomorphism.

We now define the restricted Drinfeld double U{.A) by imposing in DD®9(B(A))
the relations K* = K;Jl(a). The notation is chosen to suggest the analogy with
the quantum universal enveloping algebra U,(g) of a Lie algebra g. In fact, when
A =T — mod is the category of Fg-representations of a Dynkin quiver I, then

U(A) = Uy(g), where g is the semisimple Lie algebra corresponding to T

57



(6.3.12) Proposition. (a) The Hopf algebra structure on DD*9(B(A)) descends
to U(A).
(b) The homomorphism x defined in (6.58.9-11) descends to a homomorphism

»: U(A) = Heis(A) @ Heis' (A).

The proof is straightforward, by checking the compatibility of the relations K =
K _1( with the Hopf algebra structure and with .

()

(6.4) The Heisenberg double of the algebra of automorphic forms. We
now further specialize to the case when A is the category of coherent sheaves on
a curve X/F, and we keep the notations and assumptions of §2-3. Recall that we
have the exact sequence

(6.4.1) 0 = Pic(X) 5 Ko(X) B Z — 0,

where rk is the generic rank homomorphism, and i(L) = L — 1. The image of i is
precisely I, the kernel of the form («|8). A natural splitting of the sequence (6.4.1)
and thus a natural choice of a complement J to I, is provided by the maps

det : Ko(X) = Pic(X), €:2Z > Ko(X)

given by det(V) = /\rk(v)(V), if V is a vector bundle, and by (1) = O. Thus the
Cartan elements of the restricted Heisenberg double are:

K=Kp, cL=Kj_e,L€Pic(X), d, =KX y:Pic(X) - C".

The elements c;, are central, while the d, are the “rotation of the loop” elements.
They commute with the other generators by the rule:

dyWE = x(det(F))F'WEd,, F € Cohy.

In particular, for A € C* we will denote d(A) = d,,, where x) : Pic(X) — C*
is the character given by xa(L) = A9°8(X), This element d(\) is a familiar degree
operator:

dANWE = ATdsVIwEd()), V e Bun(X),

AANWE = A FIWE4()),  F e Cohg x.

We write Heis for Heis(Cohx) and HeisY for HeisY(Cohx). The Cartan elements
of Heis" will be denoted by K, ér, dx, according to our general conventions.
For a cusp form f € Cusp,, we introduce the generating functions

(6.4.2) Efty= > f(v)isMzE e Heis[[t,t71]],
VeBun, (X)

Ef(ty= ) fvysVzo e Heis[ft, t71]],
VeBun,(X)
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VH) = > xp(FDMD|Au(F)ZF € Heis[[t]],
FeCohg, .

vrt)= > xs(FMOAw(F)Z; € Heis[t™).
FeCohg,»

Similar generating functions in Heis¥ will be denoted by E‘}t(t), \ilf}:(t) Notice
that, as in (4.5.1), we have Euler product expansions

Vi) = [[ v5.0%9), vi.0= Y xp(Feu)lAut(F )M 25
z€X B=(p12... 210 20)

and similarly for ¥, _(t). We will also use the logarithmic generating functions

af(t) =log UF(t) =Y af(t), af (t)=log ¥% (1).
g X

The relations between generating functions with the same superscript (+ or —)
are the same as given in Theorem 3.3, so we concentrate on relations involving
generating functions with different signs in the superscript.

(6.5) Theorem. (a) In the algebra Heis we have the following identities for any
f € Cusp,, g € Cuspy,:

(6.5.1) EF (t1)¥; (t2) = U5 (t2) Ef (t1),

LHom(f,g,q™ *t1¢/t2)
LHom(f,g,q™/?~1t1c/t2)

(6.5.2) U (t)ES (t2) = E7 (t2)W 5 (1),

(6.5.3) (B (1), By (ta)] = 87,40(t10/t2) K" TF (¢7/711),

. - LH07n(g1 f q(m+n/2)—1tlc/t2) -
5.4 T ()] (t2) = T (t1).
(6 5] ) b ( 1) g ( 2) LHom(g, f,q(m+"/2t1c/t2) lI’g (tZ)‘I’f (tl)

(b) In Heis¥ we have the following identities:

LHom(g, f,q™ *t2/t1)

(655) li’; (tl)Ev}F(tZ) - LHom(g 7 q(m’/z)_ltz/tl)E}F(tz)i’;(tl)’
(6.5.6) E7 (t) ¥} (t2) = V] (42) B (1),
(6.5.7) [Ef (t1), EF (t2)] = ‘sf,g‘s(tz/tl)K_"‘i’;(Q"/Ztl),
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LHom(g, f,q™+™/D1t, /t1)

5. ()0t
O28) W %) = T ponty, fuam T )

‘I’+(t2)‘1’ (t1).

Proof. We will prove only part (a), part (b) being similar. The equality (6.5.1)
follows from Proposition 6.2.12 since the only morphism from a torsion sheaf to a
vector bundle is the zero morhism.

Let us prove (6.5.2). By Proposition 6.2.12,

(6.5.9) VS (t)Ef(t) = ) > GUFNFVT) - JAut(F))-

.'FECOho_x VEBun, (X)

o i - - —_ —_
ty Dy 98V Nt WE K i (F - W, F—~ F) - Zg 2.
W, F'"eCoh x

In order that gz wr" # 0, i.e., that there exist at least one exact sequence

(6.5.10) 0-WsVI3IFF' 50,

F' must lie in Cohg x, and W in Bun,(X). Therefore Kz_z. lies in the center
and is the same as cz_z». Also, we have

(F' — W, F— F'y = (W, F - ]j-:r)—l — q—n(h"(]-‘)-h°(}"’))/2.
By using (6.2.13), we now write (introducing F' to be Im(yp) in (6.5.10)):

" Aut(F)| - |Aut(F")| - |Aut(W
U (t)Ey (t2) = ) > g,,‘(,;,gj‘;;,.-' ()] ||Aut((V))|| [Aut(W)|
V,WeBun, (X) F,F',F"€Cohg,x

T (FNFV*) h(}‘)t—deg(V) q—nho(}')/2Z Z},,

We now use the fact that g is a character of the Hall algebra, together with the
properties of the (dual) Hecke operators (4.3) to transform this sum into

" X(IFNXG(FDIAw(F)| - [Aut(F")| - (Tr £)(W*)-
Sanal

' ) 7] _ 0 ] —
_(tlc/qn/Z)ho(}. )t’11 (F )t2h (F )t2 dcg(W)Zv;Z;”'

Since f is an eigenfunction of Hecke operators, this can be factored into the product

w,F"

(Z X (7)) - |Aus(F")| - Wty ey 25z z;,,)
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’ (Z %o (FDxs (F') - |Aut(F)| - (t1c/t2qn/2))h0(f’)) _

F}
= B} (t2)U] (11) - A(trc/taq™?),
where A(t), given by (4.1.10), is equal to the ratio
LHom (f,9,q"5"¢)

LHom (f,g, q%‘lt) ’

as we saw in (4.1.14). This proves the equality (6.5.2).

We now prove (6.5.3). By definition,

Ef(t)E; (t2)= Y. f(V)g(W)tieEV; desWgi 70 —

VEBun, (X)
WeBung, (X)

Z gyP{/:KW <-¢ M, W - M) ( )g(W ) deg(V)t— deS(W)Z Z+
VW M F

where M, F run over all the isomorphism classes of coherent sheaves. However,
since f and g are cusp forms, the reasoning similar to that in the proof of (3.3.4)
(see (4.4)) shows that we can restrict the summation to M equal either W or 0,
without changing the sum. The contribution from M = W gives E (t2)E (fl)

while computing the contribution from M = 0 we find (note that m = n because
M = 0):

_ Aut(F . de —de
[Ef(t1), E; (t2)] = > gwa—l;t%/%wa(V)g(W )¢5V eg s Wy zE
VW, F

Aut(F . o ~de .
ﬂz W) :Alltgvil g(W ") K ™ cqunty T Dy K =m0

B (Z X} (1F]) - [Aut(F)| - (tl/qm”)’””Z?) K™
F

FW)g(W) () =)
(Z [Aut(W)[ (fz) Cdet(w) |-

If f # g, then for any d we have, by (2.6.11) and (2.7.4):

fW)gw*) _
(6:5.1) WEBEM) Aut Wy -
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and when f = g we get the formula (6.5.3), because of the assumptions (2.6.14) we
made on the normalization of f € Cusp,.

Finally, let us prove (6.5.4). Keeping f and g fixed, let

LHom (g, f,¢"#"~1t)

i) = 1 = 1 (¢dc8(=) ,
¢) % LHom (g,f,qmiﬂt) xezx ( )

where I, is the logarithm of the ratio of the Euler factors corresponding to z. By
taking logarithm of (6.5.4) and using the notation (6.4.3), we find that it is enough
to prove, for each z € X, the equality

[a}ﬁm(tl), ag 5 (t2)] = lx(ct1/t2).

By introducing the Taylor coefficients of aim and I :

oo oo
(6.5.12) aF,(t) =Y af, g* L) =D Lt
d=0 d=0
we can rewrite the desired equality as

(6.5.13) [0} > 05 0] = Oaarle .

This is a statement about the Heisenberg double of the Hopf subalgebra H, C
B{Cohx) generated by [F], F € Cohp(X) and by the element ¢,. The function
Yy (t) taking values in this subalgebra, has the coproduct

Ala(t) = Yre(t @ cz)(1 @ ¥y,4(t))-
This is proved in the same way as (3.3.3). So for ay(t) = log(vs(t)) we have:
Alays(t)) = a5z (t® cz) + 1 ® ay (1),
or, in the coefficient language,
Aagzd) =afz4®ct + 1®@afzq

So let us look at the following general situation. Let V be a Z-graded vector space.
Consider the commutative Hopf algebra = = §*(V)®ClJe, ¢~ '] with comultiplication

Ay =00 L 10, Ald)=c®c

For v € V let Z; be the corresponding element of HD(Z). For ¢ € V* let Zy
be the element of HD(Z) corresponding to the linear form Z — C which on each
§*(V) ® ¢™ is the derivation §/0¢ in the symmetric algebra. let also Z;, Z; be
the similar elements of of HD(Z).
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(6.5.14) Lemma. In the described situation we have, for homogeneous v € V, ¢ €
V=,
[z, Z;] = ¢(v)cdeg(u)’ [Z;? Z;*-] = ¢(v).

The first formula in this lemma implies the equality (6.5.13) (we have added the
second formula to give a hint of the proof of (6.5.8)). Indeed, take V to be the
space of primitive elements of the commutative and cocommutative Hopf algebra
He/(c—z—1). It is graded by deg[F] = h®(F)/ deg(z). The algebra = defined above
is just M itself. Taking v = af 4, we find that ZJ = a'}"z,d, while Afra = Z‘;
where ¢ is the linear functional on V given by

b(w) = Z afqd(F)w(F)

Aut(F)| (w,87z.4)

F€Cohp,z(X)

To deduce (6.5.13), it remains to recall the formula (4.5.7) for the scalar product
of the af . (t).

As for Lemma 6.5.14, it immediately reduces to the particular case when dim(V) =
1,i.e., E=Clz,c,c” ] with A(z) = z2®c? + 1®z and A(c) = c®c. The treatment
of this case is elementary and is left to the reader.

Theorem 6.5 is proved.

(6.6) The Drinfeld double of the algebra of automorphic forms. Let U =
U(A) be the restricted Drinfeld double of the Hopf algebra B(A), A = Cohy,
see (6.3). To make the formulas below more symmetric, we extend U by adding
square roots of the central elements cr, L € Pic(X). This means that we choose an
identification Pic(X) ~ Z&& Z/m, and embed Pic(X) into the group /Pic(X)) =
2Z ® @ Z/2m; in an obvious way. We set

U(cllz) =U ®C[Pic(X)] C [ Pic(X))] .

Thus, for any L € Pic(X) there is a central element c}/z € U(c/?).

For a cusp for f € Cusp,, we introduce the following generating functions with
coefficients in U(c'/?):
(6.6.1)

Vit = Y JvEsOwE viw= Y v e wg,
VeBun, (X) VeBun, (X)

oty = Y xp(FNM ) Aw(F)| - W,
FeCohg, x

(1) =Y. x;(FNTD - |Aue(F)| - W
FeCohp, x

Now we can formulate the main result of this paper.
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(6.7) Theorem. The above generating functions satisfy the following identities,
for any f € Cuspy,, g € Cuspy,:

mn(l—gx) LHOm(f,g, t2/t1) Yi(tz)yfi (tl):

(6.7.1) Y ()Y (k) = q LHom(f,g,t2/qt1)

(6.7.2) (87 (t1), ®E(t2)] =0,

LHom (f, g,q% c*l/ztg/tl)
LHom (f7 g, q?-lc$1/2t2/tl

+1
(6.7.3) Yfi(t1)¢>+(t2)=( )) @J(tZ)Yfﬂ:(tl),

(6.7.4)  YF(t1)®(t2)

LHom (g, f,q% c*1/2t, /t5) i 3 N
-1 1/2 ‘bg (tz)yf (t1)1
LHom (g, f,q% ~1c*1/2ty /t,)

(6.7.5)
—_ Ct -1 t —n - n -
(Y7 (1), Y, (t2)] = 65,4 {5 (T;) K"of (g2 t) - 6 (ii) K™% (¢™ % 1/%2)} ,

1

(6.7.6)

LHom (g, f,qﬂa*—"-lcztl/h) LHom (g, f,qliﬂctl/tz; By (t2)} (1),

O (t1)®, (t2) =
? ? LHom (g,f,qﬂiucztl/tz) LHom (g,f,qﬁﬁ“ctl/tz

(6.7.7) KYF(t) = ¢ DYE(K, KOE(t) = OF(H)K.

Proof. We use the embedding » : U(A) — Heis(A) ® Heis”(.A) given by Propo-
sition 6.3.12 (b). From Theorem 3.5 we find that on the generating functions the
embedding is as follows:

Y () - Ef(t@ ) (1@ K™ (g7%)) + 1@ Ef (1),
Y () Ef(t)®1 + K5 (¢7"2) ® E (1),

@}_(t) — \D'}'(cllzt ® 63/2)@}-(61/2 ® él/zt),

O () = U5 (V@ e )by (¢ 2 g e /2,
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cr — ¢ @Cr, K~ K®K.

Our result follows from these formulas and from Theorem 6.5 giving relations in
the Heisenberg doubles.

(6.5) Final remarks. Comparing (6.7) with the relations (5.1) describing quan-
tum affine algebras, we see that there i1s indeed an almost complete similarity.
The only difference worth mentioning is related to the zero-modes of the Car-
tan generators. In quantum affine algebras there are as many such zero modes
©F(0) = ;7 (0)~! as there are simple roots. In the automorphic case there is only
one such generator K, coming from the K-theory of the curve X (the gencrating
functions <I>:}E (t) have constant term 1). This suggests that it may be more natural
to consider, as, e.g., in [MW], the space II of all cusp eigenforms on Bun(X), i..e.,

of functions
fotd8, Vs f(V)tdsV) f e Cusp,t e C*

and make it into a 1-dimensional complex manifold (disjoint union of copies of
C* paramterized by the set Cusp). Then instead of writing E}h(t), ([)?(t), we can
write EE(r), ®*(n) where 7 = f - t9°8 ¢ [1. So the whole algebra will look more
like an slp-current algebra but with currents being defined on the space II. We
have therefore a kind of conformal field theory on the space of cusp forms, which
strengthens certain analogies from [Kap].

(b) As with the generating functions \Ilf(t) of Heis, the Q’)?(t) can be written as

Euler products Hme x @?z(t). In the same way as we proved (6.7.6), one obtains

that for different « the <I'i, .(t) commute with each other, while
(I)-f'-,a:(tl)(bg;m(tif)('b}:m(tl)“lq);,x (t2)_1

is the ratio similar to that in (6.7.6) but formed by the Euler factors at z of the

L-functions appearing there. This means that for any z, f the coefficients affm d
of the expansion of aﬁm(t) = log((I)iz(t)) form, apart from normalization, free

bosons:

d
- ’\"71 j g mtn—
[a-f'_,z,di ad,n:,d'] = ddtar,0 Z(—_A J((f;) 'qd( + 2)/2C§(qd - 1)(5;1. -1).

47
According to the point of view going back to Y.I. Manin and B. Mazur, one should
visualize any 1-dimensional arithinetic scheme X as a kind of 3-manifold and closed
poimnts zz € X as oriented circles in this 3-manifold. Thus the Frobenius element
(which is only a conjugacy class in the fundamental group) is visualized as the mon-
odromy around the circle (which, as an element of the fundamental group, is also
defined only up to conjugacy since no base point i1s chosen on the circle), Legendre
symbols as linking numbers and so on. From this point of view, it is natural to think
of the operators (algebra elements) a5 g for fixed f and varying , d as forming a
free boson field A; on the “3-manifold” X; more precisely, for &d > 0, the operator
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a?m 4 is the dth Fourier component of Ay along the “circle” Spec(Fg(«)). The
bosons a?’z'd and their suins over z € X (i.e., the Taylor components of log fI)f(t))

will be used in a subsequent paper to construct representations of U in the spirit
of [FJ].
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