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In this paper we give a transformation formula for an ana-
lytic generalized Eisenstein series. In the same way that the
ordinary Dedekind sums arise in the transformation formula
for the logarithm of the Dedekind eta-function, similar sums
arise in the formula for the following generalized Eisenstein
series.

1. Introduction.

We put e(z) = ¥ and let r := (r1,72) and h := (hy, hg). Throughout
this paper x denotes a primitive character of modulus k. We extend the
definition of x by setting x(z) = 0, if x ¢ Z. For ¢ = Re(s) > 2 and
Im(z) > 0, define

(1.1) G(z,8x;7, h) Z X m+rf§Tﬁln++n7fL22))/k)’

m,n=—00

where the dash ’ means that the possible pair m = —r; , n = —ry is excluded
from the summation. Unless otherwise stated, we use the branch of the
argument defined by —7 < argz < m. We use the modular transformation
V(z) =Vz = (az+b)/(cz + d), where a, b, c and d are integers with ¢ > 0
and ad—bc = 1. As applications of the main theorem we derive a reciprocity
law for the new analogue of the Dedekind sum and give proofs of several
series relations.

The definition of the analytic Eisenstein series in (1.1) and the methods
presented in the sequel are suggested by [2] and [4].

2. The function G(z,s;x;r, h).

We begin with a study of the function G(z, s; x;, h). From its definition we
see that

(2.1)  G(z,s;x;m,h)

x(m)x(n)e((mhy + nha)/k)
Z (m+r1)z+n+r2)

m,n=—00
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X(n)e(nha/k)
hi/k)
x(—=r1)e(—=rih1/ n_g_oo (n+ 12)°

n#—riy

n)e((mhy + nha)/k)
(z IR I

m<—ri n=—0o0 m>—riy n=—0o0

=21+ Yo+ X5,
We separate >1 into two sums and rewrite it as
(2.2) ¥ = X(—T’l)e(:ﬁfh/k) - B
A(s; X, 72, ha) + X(—1)e(s/2)0(s; X, —r2, —h2) },

where

W(s,x,0,8) = > e<7g5f2§£n>.

n>—u

The Gauss sum G(z, x) is defined by

ZX e(hz/k).

We set G(1,x) = G(x). It is well-known that if y is a primitive character
and n is an integer, then [1, p. 168]

(2.3) G(n,x) = X(n)G(x)-

In [3], Berndt gives a character analogue of the Lipschitz Summation For-
mula. We use it in the following form.

Theorem 1. Let x be a primitive character of modulus k. For Re z > 0, «
real and o > 1 we have
> x(ne(—na/k)(z +n)~*
G(x)(—2mi/k)® _ s—
_ & )(P(s) LB S™ Stme(z(n+ a)/k)n + )~

n>—o

In 39, we replace m by —m and n by —n. So

(2.4) Z Z x(m —mhy — nha)/k)

m>ry n=—00 m—l—rl)z—n—l—m)

e}

=e(s/2) Y e(—mhy/k)x(m) > X(n)e(—nhy/k)

m>ry n=—00 ((m—Tl)Z—&—n—rQ)s‘




ANALYTIC EISENSTEIN SERIES 139

We apply Theorem 1 to the inner sum in (2.4) with y replaced by X, a = ho
and z replaced by (m — 1)z — ra to see that

(25)  Ta=els/2) Y e(-mhi/k)x(m) S 2T

m>ry F(S)
. Z X(n)e(((m —ry)z—r9)(n+ hg)/k:) (n+ hz)s_l
n>—ha
_ GO)(=2mi/k)%e(s/2) .
= T(s) A(z,s;x;—r,—h),
where
Az, s;x;1m,h) = Z e(mhy/k)x(m)
. Z x()e(((m+r1)z +7r2)(n — ha)/k) (n — he)*™ 1.
n>ho
Similarly we deduce that
_ G(X)(=2mi/k)° .
(2.6) Y3 = T'(s) A(z,s;x;m,h).
From (2.1), (2.2), (2.5) and (2.6) we conclude that
(2.7)
G(z,s;x;7,h)

_ G (~2ri/k)’
I(s)

+ x(=r1)e(—=rih1/k) (Y (s; X, r2, ha) + X(—1)e(s/2)Y(s; X, —r2, —ha)).
We are interested in transformations of the function A(z,s; x;r, h). But

the derivation of the formulas is more manageable and straightforward if we
use the function G(z,s; x;r, h) and then the relationship in (2.7).

(A(z, s;x;ry h) +e(s/2)A(z, s;x; —, —h))

3. A Transformation Formula for G(z,s;x;r, h).

In this section we present a transformation formula for the function
G(z,s;x;7r,h). We need the following lemma [7].

Lemma 1. Let A, B,C and D be real with A and B not both zero and
C > 0. Then, for Im(z) > 0,

arg (Az+ B)/(Cz + D)) = arg(Az + B) — arg(Cz + D) + 2k,
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where k is independent of z and

b 1, if A<0 and AD — BC > 0,
o, otherwise.

Theorem 2. Let Q ={z=x+iy:x > —d/c,y > 0}. Define R = (R1, R2)
where Ry = ar1+cro and Ry = bri+drs, for arbitrary real numbers ri and ro.
Set H = (Hy, Hy) where Hy = dhy —bhe and Hy = —chy + ahg, for arbitrary
real numbers hy and ho. Let p = {Ra}c — {R1}d, where {z} = = — [z] is
the fractional part of x. Let G(z,s;x;r, h) be defined by (1.1). Suppose first
that a =d =0 (mod k). Then for z € Q and all s,

(cz+d)°T'(s)G(Vz,s;x;7,h)

=x(b)x(c) {F(S)G(Za s$;X; R, H)

— 2il'(s) sin(ms)X(R1)e(—RiH1/k)Y(s; x; — Rz, —H2)
c k—1k—

—i—e(—f)z :e< Hi(ep—ck+j+[Ri])/k

7j=1 p=0v=

_H, <k+du—dk+[Rg]+ [dﬁp} >/k:>

et + D (R + | 52| <) s H)},

where

RH o e uerti—{R})(eztd)fe - qulv{(dit+p)/c})
f(Za 85 1, ) = /CU e—ku(cztd) _ e(ch 4 HQd) eku _ 6(—H2)

and

du,

¢(87X7047ﬂ) — Z e(nﬁ/k‘)x(n) )

n>—o (n + a)s

We choose the branch of u® with 0 < argu < 2w. Here C' is a loop beginning
at +00, proceeding in the upper half-plane, encircling the origin in the posi-
tive direction so that u = 0 is the only zero of (exp(—ku(cz +d)) —e(Hic+
Hyd))(exp(ku) —e(—Ha3)) lying “within” the loop, and then returning to +o0o
in the lower half-plane.

Secondly, if b=c =0 (mod k), we have for z € Q and all s,

(cz+d)°T(s)G(Vz,s;x;57,h)

= x(a)x(d) {F(s)G(z, six; R, H)
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— 2iL(s) sin(ms)x (R1)e(—R1H1/k)Y(s; X; —Re, —Ha)
c k—1k—-1

+e (—g) ZZZe(—Hl(cu —ck+j+[Ri])/k

7=1 p=0v=0

—H, <k+du—dk+[RQ]+ [djjp} —V)/k:)

i+ R (1Rl + | P52 v s H)}.

Proof. Let M = ma+nc and N = mb+nd. Then, since a =d =0 (mod k),
(3.1) G(Vz,s;x;rh)

— i' x(Md — Ne)x(Na — Mb)e((MH;, + NHs)/k)
M,N=—o00
(M+R1)z—|—N—|-Rz}_s
' { cz+d

o0
/!

=x(@x() Y x(m)x(m)e((Hym + Han)/k)
_{(m+R1)z+n+R2}8
cz+d ’

Similarly, if b= ¢ =0 (mod k) ,
o !/

G(Vz,six:mh) = x(dx(a) Y x(m)X(n)e((Him + Han)/k)

m,n=—00

J(m+Ri)z4+n+ Ry -’
cz+d '

For the rest of the proof we assume that a = d = 0 (mod k). The proof
for the other case is completely analogous.
Now by Lemma 1,

(m+Ri)z+n+Ry\ " ((m+Ri)z+n+Ry)°
(32) { cz+d } B (cz+d)=s

e(—ls),

where [ = 1, if m+ Ry < 0 and d(m + Ry) —c¢(n+ Rg) > 0, and | = 0
otherwise. Then, from (3.1) and (3.2) we deduce that

(3.3)

(cz+d)"*G(Vz,s;x;7,h)
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RPN N\ el(Hum + Hyn) [K)x(m)x(m)
= e (« PIEEDY ) |

d(m+Rq)>c(n+R9) otherwise

_ x(c>x<b>{a<z, X R H) 1 (e(—s) — Dglz.5:x: R H)},

where

3 e((Hym + Hyn)/k)x(n)x(m)

‘v:R.H) =
g(Z,S,X,R, ) ((m—l—R1)Z+TL+R2)S

m<—Ry
d(m+Ry)>c(nt+Rg)

We now replace n by —n and m by —m in g(z,s; x; R, H) and find that
(34) g(z,8x: R, H)

_ e((=Him — Hyn)/k)x(n)x(m)
- Z ((Rl —m)z—n—i—Rg)s

m2>Rq
d(Ry—m)>c(Rg—n)

= elo/2)(x(re(-Raty ) Y AL

+

e((=Hym — Han)/k)x(n)x(m)
m;1 ((m— Ry)z+n— Ry)® >
n>d(m—Ry)/c+Ro

= 6(8/2){X(Rl)e(—RlHl/k)w(s; X —Ra, —Hs) + h(z, s:x; R, H)},

where

e((—Him — Hon)/k)x(n)x(m
3 (( )/k)x(n)x(m)

h(z7S’X7R’ ) ((m_Rl)Z+n_R2)S

m>Rqp
n>d(m—Ry)/c+Ro

We use Euler’s integral representation of I'(s) to find that for z € @ and
o> 2,

L(s)h(z, s;x; R, H)

I A e((—=Him — Han)/k)x(n)x(m)
_/0 we™ ) (m—Ry)z+n— Ry

m>Rq
n>d(m—Ry)/c+Ro

- > e((—Hyim — Han)/k)x(n)x(m)

m>Rq
n>d(m—Rqy)/c+Ro

: / u¥ e ((m — Ry)z+n — Ry) *du
0
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— Z e((—=Hym — Han)/k)x(n)x(m)
n>d(mwi;112)l/c+R2

. /-oo usflefu((mle)z+n7R2)du.
0

Now let m =m/c+j+[R1]+1;thus 0 <m/ < oo and 0 < j <c¢—1. And
let n =n"+4 [Ry +d(m — Ry)/c] + 1; thus 0 < n’ < co. We conclude that

= Z Z e(—Hy(m'c+j+ [Ri]+1)/k

7=0m/=0n'=0
— Hy(n' + [Ro +d(m/c+ j+1—{Ri})/c| +1)/k)
x(' + [Ry+d(m'c+j+1—{R1})/c]+ )x(m'c+j+ [R] +1)

. /oo usflefzu(m’c+j+1f{R1})fu(n’Jr[R2+d(m/c+j+17{R1})/C}JrlfRz)du‘
0

For the next calculation, we replace j by 7 — 1, m’ by mk + u, and n’ by
nk + v where 0 < p,v < k — 1. From the interchange of summation and
integration and the fact that d =0 (mod k), we see that

I'(s)h(z,s;x; R, H)
c k—-1k-1

—ZZZ —Hy(pe+j + [Ra])/k

7j=1 p=0v=0
— Hy(v+dp+ [Ry +d(j — {Ri})/c] + 1) /k)
X+ [Re +d(j — {B1})/c] + 1)x(cp + j + [R1])
. / " sl zulenti—{ R D) —u(tdpt [ Retd(i—{Ra}) /e 41~ Rz)
0
. i 6727ri(H1mc+H2md+H2n)7mkczufmkdufnkudu

m,n=0
c k—1k—1

D> e(—Hi(ue+j+ [Ra])/k

7=1 p=0v=0
— Ha(v +dp + [Ry +d(j — {R1})/c] +1)/k)
X(v 4 [Re +d(j — {Ra})/c] + D)x(cp + j + [Ri])
© e—zulepti—{Ri})—duu e —v—=1+Ro—[Ro+d(j—{R1})/c])
/0 T

d
—Hyc — Hyd)e Fule=td) 1 — e(—Hy)e “
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c k—1k—1

:_Zzze —Hi(pe — ke+j + [R1))/k

j=1 p=02=0
= Hall —kd+ d + [Ra + G — {Fa})/] - v)/k)
X([R2 +d(j —{R1})/c] = v)X(cp + j + [Ri])
o e—zulepti—{Ri}+dp/z)  pu(v+Ro—[Ra+d(j—{R1})/c])
/0 e e(Hyc + Had) ek — e(—Hy)
We recall that p = {Ra}c — {R;}d and we add and subtract the quantity

u(dj + p)/c in the exponent of the numerator in one of the factors of the
integrand to find that

L(s)h(z,s;x; R, H)
c k—-1k-1

:_ZZZ —Hy(pe —ke+ 7+ [R1])/k

j=1 =0 =0
— Halk — kd+ du+ [Ra) + [(d + p)/c] - v)/K)
X([Ra] + [(dj + p) /] = v)X(ep + j + [Ri])
o erularti-{R)etdle @)/
' /0 U emhuletd) e(Hyc+ Had) ekt — e(—Hy)

du.

du.

In the next step we use the method outlined in [9] to convert the integral
over (0,00) into a loop integral. Thus

(3.5) I'(s)h(z,s;x; R, H)
c k-1k-1

:_ZZZ —Hy(pc —ke+j+ [Ri])/k

j=1 p=0 =0
~ H(k — kd 4y [Ro] + [(d + p)/c] — v)/)
X([Ro] + [(dj + p)/e] = v)X(ep + j + [Ra])
g s R,
where
L et {R)etd/e  guH(d+)/)
f(z,8; R, H) = /Cu e—kulcz+d) — e(Hyc + Hod) eF* — e(—Hy)
Now from (3.3) and (3.4) we deduce that
(cz + d)_SG(Vz s;x;m, h)
= X(X(O{G (2, 5 %; R, H) + (e(—s) — 1)g(z, 5x; R, H) }

du.
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_ x<c>x<b>{ Gz 5% R, H)
T (e(—s) — e(s/2)

(B )e(— Ry Hy JR6(s: X, — Roy —Hy) + h(z, 55 : B H))}.

And from (3.5) we conclude that
L(s)(cz+d)°G(Vz,s;x;1, h)
S CRUI OIS
— 2iD(s) sin(ms)Y(Ry)e(— Ry Hy /k)(5: X, — Ra, — )
1

¢ k—1k-1
+e(—s/2) > e(—Hi(pe — ke + j + [Ra])/k
j=1pu=0v

Il
— o

— Ha(k — kd+ dp + [Ra] + [(dj + p) /] — v) /)

V({Ra) + [(d + p)/e] — v)X(ep + 5 + [Ri]) (=5 R, H)}

as desired. O

4. Generalizations of Bernoulli Functions.

To introduce the analogues of Dedekind sums, we need some facts about
Bernoulli functions and one of their character generalizations. The Bernoulli
polynomials B,,(x) are generated by ([1], p. 264)

et o u”
(4.1) e Z{)Bn(a:)n! (|u| < 2m).
n=

The Bernoulli functions B,,(z) are defined by
(4.2) B, (z+m) = By(x),

where 0 < z < 1 and m is an arbitrary integer, except in the case n = 1 and
x = 0, where we define B1(0+m) = 0. In [2], Berndt defines the generalized
Bernoulli functions B, (z,Y). For our purposes, we are most interested in
the following property that can serve as a definition.

(4.3) (@, x) = K" IZX B <“h>
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The alternating generalized Bernoulli functions EZ(:):, X),n>1 —co<x<
00, are defined by

k—1
(44) By, x) = "3 (<)% (h) By (”’7 : h) .
h=1

It is natural to define By(z,x) = 1. By (4.2), the alternating generalized
Bernoulli functions are also periodic with period k. We also define the
alternating generalized Bernoulli numbers EZ(X) = E:(O, X)-

We use the following properties of finite character sums in the sequel.

Proposition 1. (i) If x is a nonprincipal character of modulus k, then

Proof. The first property is well-known (see for example [1], p. 136).
For (ii), we let

k—1 . k-1
(4.5) S=) (=1Vx() =) _(=1)’x()
j=0 j=1
k—1 ‘
=D (D" Ix(k )
=0
k—1
=x(=1) >_(=1D)*x())
j=0
If k is odd and x is even, we deduce from (4.5) that
k—1
S=-> (-1Yx(j) = -8,
j=1
and thus S = 0.
If k is even, then x(j) = 0 for even j and we have that
k—1 ‘ k—1
D (=1xG) == x(j) =0
j=0 §=0

from part (i). O
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We use Theorem 2 to give transformation formulas for specific functions
that result from specification of the parameters (r1,r2) and (hy, h2). In our
applications we put r; = ro = 0. From (2.7) we conclude that

(4.6) lim I'(s)G (2, 55 x: (0,0), )
= G(X)(A(2,0; x; (0,0), h) + A(z,0; x; (0,0), —h)).

We put A(z;x;h) = A(z,0; x;(0,0), h). Now suppose that {2h;/k} = 0 and
k | 2hy. Then

(4.7)  Alz;x;—h)

= e(=mhi/k)x(m) > x(n)e(mz(n+ hg)/k)(n+ hg)~"!
m=1 n>—ho

M

e(mhi/k)x(m) Y x(n)e(mz(n+ ha)/k)(n+ hy) ™"
1 n>—ho

We replace n by n — 2hg in (4.7) and deduce that
48 A
= Z (mhy/k)x(m) > x(n)e(mz(n — hy)/k)(n — hg) ™"

n>ho

3
I

(z X h).
Under the newly assumed conditions, we conclude from (4.6) and (4.8) that
(4.9) lim I(s)G(2, 51 x; (0,0), h) = 2G(X) Az x; ).
Consider the function A(z; x; (1k/2, mk/2)) for integers l and m. Let I’ =1

(mod 2) and m’ = m (mod 2). From a calculation using the definition of
G(z,s;x;(0,0),h), we have that

A(z;x; (k/2,mk/2)) = A(z; x; ('k/2,mk/2)).
We make the following definition.

Definition 1. For z in the upper half-plane and y a primitive character of
modulus k, let

A1(25x)
Aa(2;x)

Az x5 (k/2,k/2)),
A(z;x; (k/2,0))

and

As(zx) = A(z; x5 (0, k/2)).
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5. Transformations of A;(z;x).

We set h = (k/2,k/2) and H = (k(d — b)/2,k(a — ¢)/2) for the rest of this
section. For the following argument, we assume a = d = 0 (mod k). Now
from Theorem 2 and (4.9), we arrive at the following formula.

(5.1) G(x) A1 (V2 x)

e((b—d)(cp—ck+j5)/2

—I—(c—a)(k dp — dk + [dj /] — v)/2)
X(ep +)x([dj/c] —v)

L emulati)(etd) /e )
/cu ekuleztd) —e(k/2) ek —e((c — a)k/2) u}

With some simplification, (5.1) becomes
(5:2) G(X)A1(V2 x)

_ x(b)x(C){G(X)A(Z;X; H)

4= Z (b d)j+(c—a d]/c]z (k W)~ CM+])

k—1

D (FD)EIEIN((djf ] - v)

v=0
/ . e—ulepts)(cz+d)/c eulv+{dj/c})
. U du ;.
c e—ku(cz+d) _ (_1)k eku _ (_1)(c—a)k
Assume that k is even and thus ¢ and d are even, b and ¢ are odd. We
use the residue theorem and (4.1) to evaluate the integral in (5.2). Thus

du

e—kulen+j)(cz+d)/(ck) oku(v-+{dj/c})/k
(5.3) / ut
C

e—ku(cz+d) _ 1 ekv — 1

_ m{—czidm <”+ {kdj/c}) ~ (cz+d)By (c“c;:j>

+2B; <C”C;”> B <”+ {:j/c}>}.
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And so we conclude from (5.2) and (5.3), noting the parities of a, b, ¢ and
d, that

(5-4) G(x)AL(Vz x)

= X(b)x(c){G(x)Al(Z;X)

. c k-1
%2 . (=1)7HIA N (1 (ep + )
J=1 =0
k—1
D (=1)x([dj/e] - v)
v=0

' {_cz:—dB2 (H {kdj/c}> — ezt d)By (CMCZ])

(52 ()

We must evaluate the triple sums in (5.4). Let us first investigate the sum
on p and the contribution of By (v + {dj/c})/k) /(cz + d). In the first line
of the next calculation we make crucial use of the fact that k is even. Since
ad — bc = 1, we have (b, k) = 1 and thus

k-1
S =M x(en+i) = D (=1)Px(en+ 4)
©n=0 pn mod k
= > (=1)7Ix(c(—bu — bj) + j)
p mod k
= (-1') ("W
© mod k

But this is zero by Proposition 1 and hence, so is the contribution of
By ((v+{dj/c})/k) /(cz+ d). A similar argument shows that, by summing
on v, the contribution of (cz + d)Bs ((cp+ j)/(ck)) is zero. Next observe
that what remains in the triple sum is unchanged if By ((v + {dj/c})/k) is
replaced by By ((v + {dj/c})/k), since d = 0 (mod k). Then by the defini-
tion in (4.4),

k—1 .
(55) > (- 1(ifel -y (“E)
v=0
k—1 .
x([dj/c] — v\ By (H{kd]/c})

ﬁ
=)
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k-1 )
= (-3 (~1)x(-) B <I/—i-kd]/0>

v=0
= x(=1)(-)¥/IB] (dj/e, %)
Observe that the sum in (5.4) is unchanged if By ((cu + j)/(ck)) is replaced

by By ((cie + j)/(ck)). Then we conclude from this fact and from (5.5) that
the triple sum in (5.4) can be written as

¢ c—1 )
(56)  x(—=)mi > (~1)7B} (dj/e.x) > (~1)"X(cn + ) B (CMCZJ> |
Jj=1

pn=0

Now we put cu + j = n, where 1 < n < ck. Since d = 0 (mod k), and
B (z, x) has period k, (5.6) becomes

(5.7) x<—1>mi<—1>”x<n>BI (d”x) Bi (4.

Definition 2. Let (¢,d) = 1 with ¢ > 0. The alternating Dedekind charac-
ter sum s*(d, ¢; x) is defined by

S = X B (L) B ()

n  mod ck

With Definition 2 and the fact that (5.7) is the value of the sum in (5.4),
we have proved the following for a = d = 0 (mod k). The proof for b = ¢ =
(mod k) is analogous.

Theorem 3. Let k be even and Im(z) > 0. Let Vz = (az +b)/(cz + d),
where a, b, ¢ and d are integers with ¢ > 0 and ad —bc=1. Ifa=d =0
(mod k), then

(5.8)  G()AL1(Vzx) = X(0)x(){G(X)A1(z:X) + x(—1)mis*(d, ;%) };
ifb=c=0 (mod k), then
(5.9)  G)A1(Vzx) = x(a)x(d){G(X)A1(2; x) + x(—=1)mis*(d, ¢ X) }-

The regular Dedekind sums possess a reciprocity law. We next prove
a reciprocity law for s*(d,c;x) analogous to that of the regular Dedekind
sums.

Theorem 4. Let k be even and let ¢,d > 0, (¢,d) = 1 with either ¢ ord =0
(mod k). Then

s*(e,d; x) + 5(d, ;%) = —x(=1)B1(x) B1(X)-
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Proof. By symmetry, we may assume without loss of generality that d =0
(mod k). Given c¢ and d as above, we can find a and b so that a = 0 (mod k)
and ad —bc = 1. Let Vz = (az 4+ b)/(cz + d) and Tz = —1/z. Then set
Wz=VTz=(bz— a)/(dz - c) If we replace z by Tz in (5.8), we see that

(5.10) GR)AW2x) = XX (GO0 A (T2 7) + x(~Uis™(d, %)}
We apply (5.9) with V replaced by W to find that

G(X) A1 (Wz; x)

= X(O)X(—{GR)A(z x; H') + x(~1)mis™(—¢, d; x) }

where H' = ((a — ¢)k/2, (b — d)k/2). But since a — ¢ and b — d are both odd
we write this as

(5.11) G(X)A1(Wz;x)
= X(0)x(=){G(X)A1(2:x) + x(~1)mis™(—c,d; x) }.

Finally, we apply (5.8) with V replaced by T and x replaced by X to see
that

(5.12)  G(x)A1(TzX) = x(—1D){G(X)A1(2;x) + x(—1)mis*(0,1;x) }.

We replace G(x)A1(Tz;X) in (5.10) with (5.12) and combine the result with
(5.11) to conclude that

(5.13) X(0)x(e)mis™(0,1; x) + x(=1)x(b)x(c)mwis™(d, ¢; X)

= X(b)x(e)mis™ (—c, d; x).
We can divide by mix(b)x(c) since (b, k) = (¢, k) = 1. Thus (5.13) becomes
(5.14) s°(0,15 x) + x(—1)s"(d, ;X) = s™(—c, d; x).
From the definition of Bj(, ), and the fact that k is even, we see that

Bi(-r.0 = (-1 ()
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It follows that
(5.15) s*(—c,dix) = —x(=1)s" (¢, d; x).
Lastly, we calculate s*(0,1; x) from Definition 2 and (4.4). We have

(.16)  SOL0)= Y. (~)"xmBi0.0B (})

n  (mod k)
. N — /n
=Bi0 Y, ()mBi(3)
n (mod k)
= B1(x\)B1(%).
The theorem follows upon the application of (5.15) and (5.16) in the equation
(5.14). O

Now assume that k is odd. To evaluate the integral in (5.2), we need to
consider separately two cases depending on the parity of c —a. If ¢ —a is
odd, the integral in (5.2) has the value 7i/2 by the residue theorem. Thus,
in this case, (5.2) becomes

(5.17) G(x)A1(Vz x)

<b>x<c>{G<x>A<z;x; )

UK c—a c ~ -
ZZ ) (b=d)i+( )[dJ/]Z k=15 (ep + 7)

n=0

=

k—

Z (ea) i) {dj/c]—w}.

We need to separate two subcases depending on whether b — d is even or
odd. In the case where ¢ — a is odd and b — d is even, (5.17) becomes

G(x)A1(Vz x)

- X(b)x(c){G(X)AS(Z§X)

k—1
. [da/c]z Xlen+) (U ) |

j= 1 v=0
Since k is odd, we no longer have that
k—1

DD = > (—1)*x(w).

u=0 p mod k
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Thus the more elegant simplifications of the previous case are not generally
possible. So we define the more complicated sum

c k—1k—1

gldocix) =Y > D (D)W (en + j)x((dj /] - v).

7j=1 p=0v=0

Remark 1. The notation is devised so that sums named with a g are
those that contain a sum that is close to the Gauss sum G(k/2,x) =

Z;:é(—l)jx(j), for k odd.
We can now give the following result.

Theorem 5. Let k be odd and Im (z) > 0. Let Vz = (az+b)/(cz+d), where
a, b, c and d are integers with ¢ >0, ¢ —a odd, b — d even and ad — bc = 1.
Let a=d =0 (mod k). Then

i
GO (V20) = M]G0 A7) + ol
We consider the case with b — d odd. Then (5.17) becomes

(5.18)  GERAVzy:h) = x(b)x(C){G(x)A(Z;x; H)

. c k-l
N % ' (—1)i 1/ Z(_1)“y(cu+j)
=1 #=0
k—1
(=1 x(di /]~ V)}~
v=0

We define

c k—1k—
1(d, ¢;x) ZZZ LG/ (ep + §)x([dj /e - v).

7=1 p=0v=0
And we have proved the following theorem.

Theorem 6. Let k be odd and Im(z) > 0. Let Vz = (az+b)/(cz+d), where
a, b, c and d are integers with ¢ > 0, ¢ —a odd, b — d odd and ad — bc = 1.
Let a=d =0 (mod k). Then

GO (V0) = O] GO0 + G an(dein) -

We consider the case where k, ¢ and a are each odd. From the residue
theorem and (4.1) we deduce that (5.2) becomes

(5.19)  GERIA(Vzy) = X(b)x(C){G(X)Az(Z;X)
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. c k—1
— 5 2 Y () K (en + )
j=1 n=0

- gquj/c] ~vyp (I,

Recall that, as in a prior calculation, the triple sum is unchanged if
B (v +{dj/c})/k) isreplaced by By ((v + {dj/c})/k), sinced =0 (mod k).
By (4.3),

k—1 .
(5.20) > x(ldj/e] ~ v)By (*fm)
v=0

kz: — (v+dj/c
— k
( 1)By (dj /e, X) -

From (5.20), we rewrite (5.19) as
521 GERAVE ) = O] G0 A7)

i c o k—1

+ 0 Y B /e 0 YL +)
j=1 p=0

In the spirit of the paper, we make the following definition. Note that, as

before, since k is odd, further simplification is not generally possible.

Definition 3. For ¢ > 0, define
c k—1

si(d,eix) = > _(=1)By (dj/e,x) Y (—1)"X(ep + j).

j=1 pu=0
We have now proved the following result.

Theorem 7. Let k be odd and Im(z) > 0. Let Vz = (az + b)/(cz + d),
where a, b, ¢ and d are integers with ¢ > 0, ¢ odd, a odd and ad — bc = 1.
Let a=d=0 (mod k). Then

T,
GEOA(VE0) = XX(E) { G070 + G sl |
Let us make the following definitions.

Definition 4. For ¢ > 0, define

e = X B (),

n (mod ck)
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Definition 5. For ¢ > 0, let
c k—1 .
() = 0 B ().
j=1 pn=0

The next results are applications of the same methods to the second part
of Theorem 2. The proof of Theorem 8 is similar to those already presented
and will not be given here.

Theorem 8. Let k be odd and Im(z) > 0. Let Vz = (az + b)/(cz + d),
where a, b, ¢ and d are integers with ¢ > 0, ¢ — a odd and ad —bc = 1. Let

b=c=0 (mod k). If b and d are odd, then

GO (V25) = X((@) { G020 + (Dl 0}

if b—d is odd, then
GA (V1) = (@ {6040 + G a(-Dsi(d e}

Theorem 9. Let k be odd and Im(z) > 0. Let Vz = (az+0b)/(cz+d), where
a, b, c and d are integers with ¢ > 0, ¢ and a both odd and ad —bc = 1. Let
b=c=0 (mod k). Then

G(X)A1(Vz;x) = X(a)x(d)G(X) A2(2; x)-

Proof. If we consider (5.2) and the residue theorem under these conditions
we find that

G AV ) = x(a)x(d){G(x)Az(Z; )

. c k—1 k1
+ %Z Z(—l)ﬂ'x(j) Z(—w Zy([dj/c] +dp — y)}_
J=1 u=0 v=0

But the sum on v is zero by Proposition 1. This then completes the proof.
O

6. Transformations of As(z; ).

In this section we continue the development of the new alternating character
analogues of Dedekind sums. Many of the calculations are identical to those
in the previous section and will therefore not be included. Throughout this
section h = (k/2,0), and thus H = (dk/2,—ck/2).

We begin with the relevant definitions of the sums that arise in the for-
mulas.
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Definition 6. For ¢ > 0, define the following sums.

e = X B (T B (5).

n  (mod ck)

. " — [dn = (N
sdax) = Y (=1)"x(n)B <C7x> = (@) ’
n  (mod ck)
c k—1k—1

ga(d,eix) = D2 30D (=D u((dj/e) By (L),

7=1 p=0v=0
c k—1k—1

gald,ex) = D2 30 D (=1 () ((djfe] - ) By (L)

7=1 p=0v=0
c k—1k—-1

ga(d,esx) = 3037 S (DN G)R(dj /] + dp— v) B (L)

7=1 p=0v=0

and

c k—1k—1

S(dresx) = 3050 S (-1 )y ([d]/CHdeu)Bl( k)

j=1p=0v=0

Theorem 10. Let x be a primitive character with modulus k and let
Im(z) > 0. Let Vz = (az + b)/(cz + d), where a, b, ¢ and d are inte-
gers with ¢ > 0 and ad —bc = 1. Let a = d = 0 (mod k). If k is even,
then

G(X)A2(Vzi x) = (G0 As(2 %) + x(—V)misi(d, s x) }-
If k is odd and c is even, then

G(X)A2(Vz; x) = X(b)x(c) {G(x)A2(2:X) + x(—1)mis5(d, c; x)} -
If k is odd, c is odd and d is even, then

G Aa(V0) = XOX(©) { G0 A0 + G (i) |
If k, c and d are odd, then

— _ . m
G0 Aa(V0) = XOX(©) { G004 (50 - G (i |
Theorem 11. Let x be a primitive character with modulus k and let
Im(z) > 0. Let Vz = (az + b)/(cz + d), where a, b, ¢ and d are inte-
gers with ¢ > 0 and ad —bc = 1. Let b = ¢ = 0 (mod k). If k is even,
then

G(X)A2(Vz; x) = X(a)x(){G(X)A2(2; x) + x(—1)mis(d, ¢; x) }-
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If k is odd and c is even, then
G(X)A2(V 2 x) = X(a)x(){ G(X)A2(z; x) + x(=1)mis5(d, ¢; x) }-
If k is odd, c is odd and d is even, then

G0 AV 1) = M) { 6 A0 - G ontdicin |

If k, c and d are odd, then

G0A(V0) = M) { G0 (0 - G st |

7. Transformations of As(z;x).

We now turn to the application of Theorem 2 where h = (0,k/2) and thus
= (=bk/2,ak/2). As in the previous section, the calculations are identical
with those in Section 5.
We define the following analogues of Dedekind sums.

Definition 7. For ¢ > 0, let the following definitions be given.

g6(d,c;x) = ' (=15 (e + 7)x([dj /] — v)By (’W’) ,

c k—1k-—1 ]
() = 303 S (-1 + d = By (L),

7j=1 p=0v=0
c k—1k—1
s(dieix) = DD > ()W G)x(dj/e] + da— v)
7=1 p=0rv=0
and
c k—1k—1
go(dyc;x) =YY Y (=1 T ()X ((dj /o] + dpp — v).
7=1 p=0v=0

Theorem 12. Let x be a primitive character with modulus k and let
Im(z) > 0. Let Vz = (az +b)/(cz + d), where a, b, ¢ and d are inte-
gers with ¢ > 0 and ad —bc = 1. Let a = d = 0 (mod k). If k is even,
then

G(x)A3(Vz x) = (0){G(x)As(z; %) + x(—1)misi(d, ¢; )}
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If k is odd and a is even, then

G A(V0) = X0 { G004 (50 - G (i |

If k is odd, a is odd and b is even, then

GOA(V 1) = XOX(E) { G A0 + T ol 0}

If k, a and b are odd, then

™

G0 4a(1 25) = X0 { GOM(ET) ~ Fan(dren) |

Theorem 13. Let x be a primitive character with modulus k and let
Im(z) > 0. Let Vz = (az + b)/(cz + d), where a, b, ¢ and d are inte-
gers with ¢ > 0 and ad —bc = 1. Let b = ¢ = 0 (mod k). If k is even,
then

G AV %) = X)) {G) Ax(z:X) + x(~Dyrisi(d. i)}
If k is odd and a s even, then
G0AV 1) = M) { 60 Aa(ii ) - G nldicin |
If k is odd, a is odd and b is even, then
GEOAV ) = M) { G40 + sl |

If k, a and b are odd, then

GEOAV 1) = M@ { G0 0 + (o) |

8. The functions A;(z;x), A2(z;x) and As(z; x).

We investigate the functions A;(z;x), i = 1,2, 3, further by direct calcula-
tions of the series involved. The proofs of the theorems about A;(z;x) are
given; the proofs of the others are similar and are therefore omitted.

From the definition

81)  G(X)Ai(zx)
=600 Y (1" 3 atme (M) 0y

m=1

_
S
V
>

~
o

> reemme () kg,
n>k/2
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Now, if k is odd, then (8.1) can be rewritten as

(52) G A=)
=2 3 (-umm (v 5 ) 660
m,n=1

(DY

And if k is even, then (8.1) becomes

(8.3) G(X)A1(2x)

= ;g(—l)mx(m)x (n + g) G(X)e (m;n) nt

With the application of (2.3), we can absorb one of the characters into the
Gauss sum. Thus we are able to sum one of the series in a conventional

manner.

The function G(z,s;x;r, h) was defined to introduce a character ana-
logue of the theta-functions since Berndt [5] showed that the generalized
Fisenstein series defined without the characters gives the logarithms of the
theta-functions. The theta-functions can be written as infinite products; it
is therefore reasonable to ask if the functions A;(z; x) can be written as the

logarithms of an infinite product.

Theorem 14. Let Im(z) > 0. Then, if k is odd, we have

k—1 oo —e h+mz
G(X)Ai(z;x) = logHH< ! ()

h=1m=1 ( ka))

and if k is even, then

G(X)A1(zx)

(=D)h*+mx(h)x(m)
2) ;

= —log ﬁ ﬁ (1 —e <(2m*1)++2fkl)>?(2h—1)x(2m—l) .

h=1m=1
Proof. Let k be odd. From (8.2) and (2.3), we have
84)  GX)A(zx)

k—1 [e's)
= 22(—1)“ Z -
Ze( ) Z+h>>(2n—1)—1

n=1
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A (M) fo g e () /o)

n=1

k—1 oo (=D Fmx(h)x(m)
mz+h
:—22210g<1—6< o7 >>
k-1 oo (=D)"Fmx(h)x(m)
+ Zlog (1_€<mzk—i— h))
k—1 oo 1—e (h+mz) (_1)h+mY(h)X(m)
= logH H (( k ) + 2mir(z),

2
L—e(452))

where 7(z) is an integer. But r(z) is also analytic on the upper half-plane
since G(X)A1(z;x) and the logarithm above are. Thus r(z) is constant on
the upper half-plane.

Now we establish the value of r. Consider z = iy, y > 0. As y tends
to infinity, |A;(iy, x)| becomes very small and the factors on the right side
of (8.4) become very close to 1. Thus we conclude that for y large enough,
r = 0. Since r is a constant, r = 0.

The proof for k even is similar. O

Infinite product results exist for As(z; x) and As(z; x).
Theorem 15. Let Im(z) > 0. Then
G(X)Az2(z; x)

k-1 oo (=)™ X (h)x(m)
zlogHH <16<mzk—i—h>) .

Theorem 16. Let Im(z) > 0. Then, if k is odd, we have

k—1 oo 1—e (h+mz) (=1)"x(h)x(m)
G As(zx) =log [T ] <( L > ;

h=1m=1 1_6(%))2

and if k is even, then
G(X)A1(zx)

k=1 oo (=1)"X(h)x(m)
-t [T IT (1-¢("™57")) .

If we sum first on m instead, we obtain the following series representations
for G(X)Ai(2; x)-
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Theorem 17. Let Im(z) > 0. If k is odd, then

k+1

k-1 0 A%mnE
G (=0 = 23 T3 P E - 2‘;§+2h>+1).

If k is even, then

k—1 00
G(x)A1(z;x) = — x(h X(n+£/2) .
(X) 1( X) h:1X< )nzln(e (_L]:_h)‘f'l)
For all k,
D) = - S XS ifﬁl
h=1 n=1"m (e (= )+ 1)

If k is odd, then

x(n+ 5
G A —_— 2 h )
(X)A3(2;x) Z::X nz:O m +1) ( ( z(2n42-;)+2h) _ 1)

k—1 00
_ n+k/2)
G( Al Z X ZX Z szrh) +1)
h=1 n=1

9. Some series relations.

We conclude this paper with applications of the transformation formulas to
some series relations.

Theorem 18. Let o, 8 > 0 and o3 = w2. If k is even, then

kol s n—l— )
hz:l e(h/k) nZ::ln e2an/k 4 ¢f h/k:))

=x(- kz e(h/k) i X(n+5)
= —inle 2ﬁ"/"f+e<h//<:>)

Proof. We apply Theorem 3 with V' = {0 _1} to see that

1 0

G(X)A1 (-1 x) = X(—1DG(x)A1(2:X) + mis*(0,1;X),
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or, in series form:

E

n+§)

17 00 X(
lx(h);n(e (—=f) 1)

h=

kot s X (n+ =< % ,__
= —x(—l);x(h)nzl (e >(<(n2+h))+ 0 + miB1(x)B1(X),

where we use the evaluation of s*(0,1;) from the proof of the reciprocity
theorem.

Next, set z = mi/a and multiply numerator and denominator by e(h/k)
to complete the proof. O

Corollary 1. Let k = 4 and x be the primitive character of modulus 4,
defined by

0, for n even ,
x(n) =<1, forn=1 (mod 4),
—1, forn=3 (mod 4).

Then

o0

Z x(n) _ T
n (eﬂn/2 + e*ﬂn/Q) 16"

n=1

Proof. In Theorem 18 set a = = w. Then we have
3 00
_ X (n+2)
h)i" —
;X( ) Zn(eﬂ-n/Z_i_Z'h)
3 .
X (n+2) e
- _;X Z eTrn/Q_,_Zh) z

Or with some simplification

i x(n+2) +§: x(n+2) 7w

n (e™/2 + i) :1n(6”"/2—z’) 8

n=1
And finally

o0

3 x(n) _
n (eﬂn/2 + 677rn/2) 16 :

n=1

O

Corollary 1 is also found in Ramanujan’s Notebooks; see Entry 25(vii) on
p. 295 of Berndt [6]. Preece [8] and Zucker [10] also give different proofs of
this and related results.
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Theorem 19. Let o, 3 > 0 and a8 = 7. If k is odd, then

k_li 00 X(J + k+1)
Z_:x( e(h/k) ]Z_; Y@ D/k 4 e(h/R))

B x X (7 + 5
= —ZX e(h/k) ]Z:; (25 — 1)(66(2j—1)/2k + e(h/k))

g k k
“Fo(s)e(5)

Proof. Here we apply Theorem 6 with V' = [0

1

k k
1‘ = —_ — Y
91(07 aX) G<27X>G<27X)7

where G(z,x) is the Gauss sum. The remainder of the calculations are
similar to those in the proof of Theorem 18. O

_01} and use the evaluation

The next corollary follows immediately from Theorem 19.

Corollary 2. Let k be odd and x be an odd, real-valued primitive character.
Let o = 8 =m. Then

k—1 0o k+1 2
(n + ) T k
e(h/k) E ’
hEIX( (h/k) 2o (20— 1)( o(2n— 1)7r/k e(h/k)) 16G( X)

Corollary 3. If (%) represents the Legendre symbol, then

N () m

’;) (2n + 1) (e@ntD)m/3 4 e=@ntl)m/3 1) 4,/3

Proof. The result follows from Corollary 2 if we set k = 3 and x(j) to be
the Legendre symbol <§) and then simplify the series involved. U
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