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1. Introduction

LetK = Q[\/B] be areal quadratic extension of discriminant D > 0. Hecke
(in 1918) [He] was the first to introduce the notion of a Grdssencharakter
on ideals of K. Actually, Hecke defined Grossencharakters for an arbitrary
algebraic number field, but we shall not need this here. A Grossencharakter
Y is defined on principal fractional ideals (8) of K by

W((B) = ‘ﬁ .

ﬁ/

Here g’ is the image of 8 under the non-trivial automorphism of K/Q and
€ > 1 is a fundamental unit of O, the ring of integers of K. (Note that
¥((P)) is independent of the generator 8.) Then v is extended to all ideals
j as follows: If j* = (B), define ¥(j) to be an A™ root of ¥((B)) so that

UG = ((B) = ‘g

In view of (1) below, for the purposes of defining the Hecke L-function, it
does not matter how the character 1 is extended to non-principal ideals.

* Supported by a Sloan Doctoral Dissertation Fellowship.
** Partially supported by a grant from the NSF.



436 G. Chinta, D. Goldfeld

Let b be a fractional ideal of K. The Hecke L-function with Grossencha-
rakter v associated to the ideal class A of b~! is defined to be

R B4G)
L(s, ¥, A) = X/; Ny
(Nb)* 3 V((B)
= — (1)
Y(b) | INB)|

where N denotes the norm from K to Q. Hecke [He] then showed that
L(s, ¥, A) has a meromorphic continuation to all s with at most a simple
pole at s = 1 and satisfies a functional equation in s +— 1 — s.

Siegel [Si] found another proof of the functional equation by considering
the hyperbolic Fourier expansion of the real analytic Eisenstein series

E@s)= ) Im(z)’.

7€\

for the full modular group I' = SL,(Z). Here

o |(4 7)o

is the stabilizer of the cusp co.
Let f(z) =) ,-, a,e*™ be a weight two cuspform for I'y(N), normal-
ized so that a; = 1. Define the modular symbol

yT
(v. [y ==2mi | f2)dz

fory € I'y(N) and T € H* = HU Q U {ioo}, where H denotes the upper

half plane. Note that the modular symbol does not depend on the choice of

7 € H*, and by writing

<<j j;) , f> — o [ f(z)dz,

—d/c

we may extend the definition of the modular symbol to matrices which are
not necessarily in ['o(N).

In a series of papers ([Go2], [Go3], [O’S1], [O’S2], [D-O’S]) the Eisen-
stein series twisted by modular symbols were introduced and studied. These
Eisenstein series are of interest because of the information they give on
the value distribution properties of modular symbols, which have in turn
been linked to Szpiro’s discriminant conjecture and the abc-conjecture, see
e.g. [Gol].

The Eisenstein series twisted by modular symbols are defined by

Eiz9)= Y (v Nm(o;'yz)

yela\l'
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where a € QU {ioo}is acusp of I' = ['((N),
Fo={y eTo(N):ya=a}

is the stabilizer of a in I', and o, € SL,(R) is uniquely determined by the
conditions
cra_la = 09, au_lFuau = leo.

The E7(z, s) are not automorphic, but for all y € T', they satisfy the relation
E;(VZ’ S) = E;(Z, S) - (% f)Ea(Z’ S)’

where '
Eq(z,5) = Z Im(o*[:lyz)A

yela\I

is the ordinary real analytic Eisenstein series for I" associated to the cusp a.
The Eisenstein series Eq(z, s) has a meromorphic continuation in s to
the entire complex plane and the column vector

E;(Za S) = I(Eul (Z’ S)’ Eaz(Z’ S)’ '-')

(with the @; running over all inequivalent cusps) satisfies the functional
equation
€(z,5) = P(9)€(z, 1 — ).

If I'y(N) has r inequivalent cusps, then the so-called scattering matrix ®(s)
is an r X r matrix with entries ¢qp indexed by pairs of cusps of I'g(N).
These entries may be given explicitly in terms of divisor sums and Gamma
functions, see e.g. [Hej]. Similar properties hold for E7(z, s). In particular,
E%(z, s) has a meromorphic continuation to C and the column vector

€z, 5) = (E} (z.9), EL, (2, 9), ...)
satisfies
&"(z,5) = D()E*(z, 1 —5) + P*(5)E(z, 1 — ) 2)

where again, ®*(s) is an r X r matrix with entries ¢ indexed by pairs of
cusps of I'g(N). The functional equation (2) was first established in [O’S1].
In O’Sullivan’s paper, the new scattering matrix ®*(s) was given as an
infinite sum over double cosets. Using the results developed in Sect. 4 of
this paper, we show

Theorem 1. Let ® and ®* be as in (2). Then
(,ZSZE(S) = Tap Pan(s),

where

b
Top = 2711'/ fw)dw.
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This theorem was established by the first author in collaboration with
O’Sullivan, and we thank him for allowing us to include it here.

Following Siegel [Si] we will show that it is possible to obtain the
hyperbolic Fourier expansion of E7(z, s) which in turn leads to a new type
of zeta function twisted by a modular symbol. We now describe the zeta
functions which arise.

Let

be a hyperbolic matrix in ['g(N), i.e., |& + §| > 2. The two fixed points

of p,
B+V(+8>—4 , B—J(@+d*—4
w = , W =
2y 2y
lie in the real quadratic field K = Q[vVD], D = («+8)* —4. We let € and
€~ ! be the two eigenvalues of p. We make the following assumptions:

Al: The level N is squarefree.
A2: The eigenvalue € is a fundamental unit of Og and € > 1.
A3: The modular symbol (p, f) = 0.

The first two assumptions may be relaxed at the expense of some added
complications. The third assumption is essential for the hyperbolic Fourier
expansion of Sect. 5.

To state our main result, we introduce some more notation. Since we
have assumed N is squarefree, inequivalent cusps of I' correspond to the
divisors of N. For each divisor v of N, with corresponding cusp a ~ 1/v,
we denote by J, the fractional ideal of K generated by 1 and vw,

Ja={cvw+d:c,d e Z}.

For j = pw + q € K with p, g € Q we define j/ = pw’ + ¢q. For cw 4+ d
an integer in K, we define

(cw +d, ) :<(’C‘ 2),f>: —2711'/10o Aw)dw.

d/c

Let Xév) denote the trivial Dirichlet character mod v and extend Xév) to Ok
by defining Xév) (cw+d) = X(()v) (d). Fix an integer n. Associated to Xév) we
have the Grossencharakter ¥ defined on principal ideals of Ok by

__ min
loge

cw +d
cw' +d

Y((cw+d)) = x(d)

The principal object of study in this paper is the L-function L (s, V)
which is defined as a Dirichlet series

Lis.p) = > (. HPG)NH ™,

0£()SJa
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where the sum is taken over all non-zero principal ideals contained in .
We view L7 (s, ¥) as a twist, by the modular symbol (-, f), of the classical
Hecke L-function

Lo(s,¥) = > (N)TY(().

0£()SJa
Let
oo - ML)
Define )
w— W)/
£a(s, 1) = Gy (9) 2(10(g ; L(ZS),/X()()U)) La(s, 1)
and

(Nw —w')/v)~*
2loge L(2s, X(()U))

£, (s, ¥) = Gu(s) [TaocLals, ¥) + Li(s, ¥)].
Let

A ) = (- 8P,
and

A, y) = (- Eals ) -),

be the associated column vectors of L-functions.

Theorem 2. Assume A1-A3. Then the column vector L-functions A, A*
have an analytic continuation to the complex plane and satisfy the functional
equation

A, ) = POA (1 =5, 9) + P(HA(L — 5, 9),

where ®(s) (resp. ®*(s)) is the scattering matrix for €(z, s) (resp. €*(z, 5)).
Moreover, forn # 0, L3 (s, ¥) has a simple pole at s = 1 with residue given
by

N(w — w)L(2, x")
vVol(T'o(N)\H)

62 —1,- —min dr
Falk™"(ir)e™ =,
1 r

with

and F,(z) = 2mi faz f(w)dw, the antiderivative of f.
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2. Rankin-Selberg L-functions

We repeat and elaborate some of the definitions given in the previous section.
Define the Eisenstein series

Eq(z,5) = Z Im(o*u_lyz)s

yelg\I'

and its derivative,

d
Eg(z,9) :ya_zE“(Z’ 5)

. . . 0'71)/, z 2
SBS gty L0
yela\l |J(<’u Vs Z)|

where j(y,z) = cz + d. The Eisenstein series have a Fourier expansion
given by
Eq(062.5) = 8ap)’ + Gan()y' ™ + Y (. )W, (n2)
n#0

where W, (z) is the Whittaker function

_ ﬁ 27ix
Wi(2) = (s) K, 1Qmy)e™™,

Ki(y) = %/ o3 () e 2
0

u

and

is the Bessel function. The matrix

D (s) = (¢an(s))

is called the scattering matrix of the Eisenstein series; it is the matrix
appearing in the functional equation of Sect. 1.
Fix an integer k > 0. For o = ( i Z ) € SL,(R), we define the slash

operator |, of weight k operating on holomorphic functions f : H — C by

flo(2) = (ad — bo)"*(cz +d)* f (ZIZ) :

Let f be a holomorphic weight two cusp form for I" with Fourier expansion

flog@) =) fa(me(nz)
1
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at the cusp a. Let
Z
Fi(2) = 2711'/ Sf(w)dw.
a

We define the Fisenstein series twisted by a modular symbol

Eiz.s)= Y (. /m(o;'yz)'

yela\I'
and the automorphic function
Ga(z,8) = E;(z,5) — Fo(2) Eq(z, 5).

It follows that

Ga(z,9) == ) Fa(yd)Im(o; 'yz)".

yela\I

Let 1, 12, ... be an orthonormal basis of Maass cusp forms with Fourier
expansions given by

nj(0a2) = Y _ by j()y/InlyKi, @rlnly)e(nx).
n#0

Here,1; =1/ 4+r12- denotes the eigenvalue of ;. We compute the Petersson
inner product (fE (-, s)Im(-), n;). Weletz = x +iy € H.

(fEGC, 9)Im(-), n;)

dx d
= f f@DI) Ey(z. 9)lm(m) T
M\H y
is _ v dlog ') dx dy
- f@i()Im(o, 'yz) —————Im(z)
2 yerzu\l‘ \H |j(au_1y, z)|2 y?

: 00 1
-2 f / flga(z)ﬁ(oaz)(lmz)”ldxd—z
2 Jo Jo y

_iF(s + L 4ir)T(s+ 5 —irj)
) 5225+ ()

Lqa(s, f ®n),

where

L()bq
La(s. f® 1) = ZM

n>1

The vector Eisenstein series satisfies the functional equation

E(z,5) = P(5)€(z, 1 — )
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and after applying ya%_, we also obtain
€'(z,8) = P()&'(z, 1 —5).

Similarly, define the column vector of convolution L-functions L(s, f ®n).
Then the completed L-function

T(s+L+4ir)D(s+ 5 —ir;)
ns22s+1r(s)

A(Sv f® nj) = £(S, f® 77)

satisfies the functional equation
Als, f®n;) = @A =5, f@n)).

This follows immediately from the representation

2
Ao(s, f@n;) = l—.(fE;(-, HIm(-), n;)

and the functional equation for the Eisenstein series.
In the same way, we may show that

2

{fELC9ImC), By (- 3 +ir))
_F@+%+wﬁ@+%—w)
- 7.[s22s+11'*(s)

Lq(s, f ® Eo(% +1ir)),

where we have defined

Lo(s. f®Ep(S+ir) =) fa(m)ppa(n, § + ir)'

ns
n>1

As before, define the column vector of L-functions £L(s, f @ Ey(5 + ir))
and the completed L-function by

C(s+ 4 +ir)0(s+ 1 —ir)
7522s+1 F(S)

A(s, f®Eg(s+ir)) = L(s, f®Ep(+ir)).

This satisfies the functional equation

A(s, f Q Ex(1/2+ir)) = ®(s)A(l — s, f @ Ex(1/2 + ir)).
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3. A functional equation for §(z, s)

As in the previous section, let 1, 2, ... be an orthonormal basis of Maass
cusp forms. The Selberg spectral decomposition says that every g € £ (I'\H)
which is orthogonal to the constants has the representation

8@ = Y lg @+ X [ e ol 120} EaCa, 12 inr
j a v

—1

We will use the Selberg spectral decomposition to obtain the meromorphic
continuation and functional equation for the Eisenstein series formed with
modular symbols.

Recall the definitions

Fo(2) = 2mi fz Sf(w)dw
and

Ga(z,8) =E;(z,5) — Fa(2)Eqa(z, 5)
= — Z Fu(yz)Im(cra’lyz)x.

yelg\I'

After a change of variables, we get

F.(o42) = Z @ebﬂnz‘

n>1

We define the column vector
9(z,9) ="(Galz,9))a = €"(z,8) — F(2)E(z, ),

where ¥ is the diagonal matrix diag(. .. , Fy4(2), ...) indexed by inequiv-
alent cusps a. It is shown in [O’S2] that at each cusp G4(z,s) — 0, for
Re(s) > 1/2. In particular, G4(z, s) € £L2(I'"\H) and is orthogonal to the
constants for such s.

As in [Go3] one may compute the inner products of G4(z, s) with the
Maass cusp forms and the Eisenstein series on the line Re(s) = 1/2. Doing
this, we find

T(s+4—ir))0(s+ 1 4irj)La(s, f @ 1))

(Galr ), 1) = n‘V—IZZ‘V—lF(s)(s —5- irj)(s -1+ irj)

and
(GaC,9), Eo(- L +ir))
T(s+ 3 —ir)(s+L4ir)La(s, f ® Ep(3 +ir))
o125 (s) (s — 5 —ir) (s — L+ ir) '
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In vector notation

| 1 A(s, f®n;))
(4(, ), 77]) T 4 (S _ % _irj)(s — % +il’j) 3)

and

oo O A(s fFREy(f +ir))
(9(.“9)’ Eb("i—i_lr))_ E(s_%_ir)(s—%—i-ir)' “4)

Now, use the Selberg spectral decomposition to write (-, s) as a series
expansion with coefficients given by the above inner products. Then from
the functional equation for the Rankin-Selberg L-functions together with
the fact that the denominators of (3) and (4) are invariant under s > 1 — s,
we deduce that

3(z,5) = P(9)§(z, 1 — ).
Note that a consequence of this functional equation is that G4(z, s) is square
integrable for all s, Res # %

4. Proof of Theorem 1

The functional equation for §(z, s) given in Sect. 3 may be combined with
the functional equation given in [O’S1] to give a very simple formula for
the entries of ®*. The equation in [O’S1] is

E%(z,5) = D)€" (z, 1 —s5) + D (5)&(z, 1 — 5).
Writing
E*(z,8) = 4(z.5) + F(2)8(z, )
and using the functional equation for §(z, s) we get
O (1 —9)E(z,5) = F(2)€(z, 1 —5) — (1 — ) F (2)E(z,5). (5)

Now replace z by opz and compare the constant term in the Fourier
coefficients of both sides. For this we need,

constant term of Eq(0pz, ) =846y’ + Pap(s)y'
constant term of Fy(0p2) = Tqp

The constant term of Fy(opz) is computed as follows:

0pZ

F.(op2) =27n'/ fw)dw

a

b 0p2
:2711'/ f(w)dw + 2711'/ fw)dw
a b
=Tap + Z —fblin) errinz

n>1
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Letay, ay, ... denote the inequivalent cusps of ['g(N). Then the constant
term of the j™ column on the left side of (5) is

Y Ga (1 =9 [806)" + ap()y' ],

and the j” column on the right side of (5) is

Tajotao(l = )Y = D Gaja, () Tarobap(s)y' .

Equating the terms involving y*, we get
¢;Jb(1 - S)ys = Tlljb¢lljb(1 - S)ys'
Hence, for any two cusps a, b,

Pap () = TapPan(s),

as was to be shown.

5. The hyperbolic Fourier expansion for &*(z, s)

Let p be a fixed hyperbolic matrix in 'g(N). We recall the assumptions
made in the introduction:

Al: The level N is squarefree.
A2: The eigenvalues ¢, € ! are fundamental units in O and € > 1.
A3: The modular symbol (p, f) = 0.

We will compute the hyperbolic Fourier expansion of E7(z, s) with respect
to p. By A3, E}(pz, 5) = E;(z, 5).
Let w, w’ be the two real fixed points of p. Define

(1 —w
K=\1 —w |-

Then

The function E;(K”z, s) is invariant under z +— €’z. Therefore, on the
positive imaginary axis (i.e. choosing z = ir), E;(K”z, s) has the Fourier
expansion

.nlogr

Ey(! i), 5) = ) gh(n )™ e

The Fourier coefficients are given by

2
nlogr dr

€
/ EX(kc(ir), s)e” ™ Toae. —
1

8a(,5) = 2loge
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A set of inequivalent cusps for I'g(N) is given by {1/v : v|N}. The
scaling matrix o, for the cusp a ~ 1/v is given by

aa=<i/%’ :)ESLZ(]R).

A direct computation shows that

Im (cra_ly/(_l(ir))
B (rv/N)(w — w')~!
" [(av — w4+ (bv — D) Pr? + [(av — )w + (bv — d)]*°

As Z Z ranges over elements in I'y\I', the pairs (av — ¢, bv — d) range

over distinct pairs of integers (c, d) such that ¢ = 0(v) and (¢, d) = 1.
Furthemore, we observe that for

y= (? Z) € Lo(N),

the modular symbol

(0))= (%))

7hv’:d
=2mi / f(2)dz
1/v
ico — bv=d
=2mi f(2)dz + 2mi / f(2)dz
1/v ico

* *
:T“°°+<<av—c bv—d)’f>'

(Recall our convention from the introduction for defining the modular sym-
bol (y, f) when y is not in I'o(N).)
Therefore,
Ex (k™' (ir), s)

= > (. HIm(o; yGn)

y€la\lo(N)

X [l ) )
_md):l ~ cd) (cw +d)?rr 4+ (cw+d)?)

c=0(v)
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We introduce the Mobius function i which satisfies
1 (c,d)=1

Z ple) = { 0 otherwise

el(c,d)

to relax the condition (¢, d) = 1, and conclude that

EX(c (i), s) =
(rv/N(w — w'))* * %k
oo > [T‘“"’ +<( c d) | f>] -

r S
x ((cw’ +d)r? + (cw + d)z) ’

where y = Xév) is the trivial character mod v. Therefore

tn. 5 = /Nw —wh) *
9 = Gt Y | nt () )| @t

(c,d)#0
c=0(N)
where
2
€ r g i Mlogr dr
Ic,d — e loge —
1 \(cw' +d)?*r? + (cw + d)? r
—min 2 cw'+d g
_lecw _|_ d Toge € curd r s nlogr dr
=N(Cl,U+d) s / enl loge
cw' +d cw'+d r2+1 r

In the previous expression, N(cw + d) := (cw + d)(cw’ + d).
In the notation of the introduction,

_ @/Nw — w))*

g*(nv S) - J
“ 2L(2s, x)loge

> U N x(DEHT |

i/
j€3a.j#0

2 2j !
€ € J r s 77Tinl()gr dr
— e loge —
z z r’+1 r
J J

We write the sum over non-zero integers in the ideal J, as a double sum
over principal ideals (j) contained in Jo and generators of (j). Since €

where

.
i
J
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generates the unit group, we have

!

a7
> U X (DO = /
Jj€Ja / JT
j#0
i 6_2(m+1>% ’ S weer dr
- > aunH L[ () T
(DCTarj£0 Th medeny o "

The inner sum over m divides the positive real axis into non-overlapping
intervals, thus the integral evaluates to

A )

[(s)

We conclude that

ga(n,s) =
(v/N(w —w'))*
2L(2s, x) loge

min

G Y [Taw + G ALGHAH [ L]

i’
0£(NEJa

A similar but simpler computation gives the hyperbolic Fourier coeffi-
cients of the ordinary Eisenstein series:

.nlogr

Eo(k™ (i), s) = ) galn, s)e™ e,

with

(v/N(w — "))’ ]
galn.s) = Gulo) > x(HAH|L
2L(2s, x) loge — J
0£()S3a

6. Proof of Theorem 2

The proof of the first part of Theorem 2 now follows immediately from
the functional equation (2) and the results of the previous section. The
hyperbolic Fourier coefficients gz (n,s) and gq(n,s) must satisfy (2) as
well. But these Fourier coefficients are precisely the L-functions appearing
in the theorem.

We now compute the residue of L7 (s, ¥) at s = 1. It is known [O’S1]
that £7(z, s) has a simple pole at s = 1 with residue given by

Fu(2)
Vol(To(N)\H)
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Consequently,

1
2 log e Vol(I'g(N)\H)

e2
_ain dr
f Fo(k ™" (ir))e Toee —.
1 r

Res;—1g,(n, 5) =

But
_ (/Nw —w))’

8al,5) = 2logeL(2s, x)
Assume n # 0. In this case, L4(s, ¥) is entire [He]. Therefore,

v
2N(w — w')loge L(2, x)

(TaooLa(S’ W) + Lz(s’ W)) .

Res;—1g,(n, 5) = -Res,— L3(s, ¥).

Solving for the residue of the twisted Grossencharakter L-function,

Nw—w) L2, 0 [€
v Vol(To(N)\H) J,

* 1, —min dr
RCSS:ILu(S, w) = Fa(K (lr))eloge 7.
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