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DEDEKIND SUMS FOR A FUCHSIAN GROUP, II
LARRY JOEL GOLDSTEIN!

1. Introduction

In [1] we derived a generalization of Kronecker’s first limit formula.
Our generalization was a limit formula for the Eisenstein series for an
arbitrary cusp of a Fuchsian group I' of the first kind operating on
the complex upper half-plane H. In that work, we introduced Dedekind
sums associated to the principal congruence subgroups I'(lN) of the
elliptic modular group. The work of our preceding paper suggests a
natural question: Is there a generalization of Kronecker’s second limit
formula to the setting of a general Fuchsian group of the first kind?
The answer to this question is the subject of this paper.

In our preceding work, we viewed the Eisenstein series as a gen-
eralization of the classical series

ys

SR AN = W, y>0, Re(s) >1.
(m,n)z*m,o) [m + nzps r=x 4+, VY (s)

In order to generalize Kronecker’s second limit formula, it is necessary
to find an intrinsic interpretation for the classical series

ez:n‘(mu+nv)

E*z, s|u,v) = y°

m,ir00 |m + nzfE

u,v real, z =a + iy, y >0, Re(s) > 1

in terms of the group theory of our Fuchsian group I'. The behavior
of the generalized function near s = 1 gives rise to a generalization of
Kronecker’s second limit formula. For our purposes, the series
E*(z,s|u,v) is not the natural object to generalize, but rather the series

eZm(mu+nv)

E(z,s|u,v) = ¥° (*)

(m,m#0,0 |m + Nz
(m,n)=1
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We can compute E*(z,s|u,v) from E(z,s|u,v) via

E*(z, s|u,v) = 3. %E(z,slku, ko), %)
k=1

so that any limiting behavior of FE(z,s|u,v) at s =1 can easily be
transcribed to E*(z,s|u, ).

The series E(z,s|u,v) will be a typical example of what we call a
generalized Eisenstein series, with the series (*) being the generalized
Eisenstein series for the Fuchsian group I' = SL(2,Z). In this paper,
we will define the generalized Eisenstein series for any Fuchsian group
of the first kind which is contained in SL(2,Z) and for which —1er.
(The latter hypothesis is merely for the sake of convenience.) We will
study the analytic continuability of our generalized Eisenstein series past
the line Re(s) = 1. From our analytic continuation, we will deduce a
Kronecker limit formula for our generalized Eisenstein series and will
study the properties of the analogues of the classical »-function which
appear in our limit formula.

2. Definition of the Generalized Eisenstein Series

Throughout this paper, let I' be a Fuchsian group of the first kind,
i.e. a discrete subgroup of SL(2,R) with a fundamental domain D of
finite invariant volume. Further, we will assume that I" has at least
one cusp. For the sake of convenience, let us assume that —1lelr.
Finally, let us assume that oo is a cusp of I'. We will carry out our
definition of the generalized Eisenstein series for the cusp at infinity
only. It will be clear from our reasoning how to define Eisenstein series
for any other cusp. In order to completely study our generalized
Eisenstein series, it will be necessary for us to assume that I" < SL(2, Z),
but this hypothesis is not necessary in this section.

Throughont z = = + 7y will denote a point of the complex upper
half-plane H and we will set ¥ = y(2). We will denote by I'. the
stabilizer of oo in I'. Then, since —1e [,

I’w={i(1 noc)
0 1

for some o > 0. Let g, € SL(2, R) be such that ¢ .0, = {i <1 n) }n 2] Z},

neZ}
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v o 0 )
0 Va-
Let us fix 4,ve R and let us consider the series

-

E(z,s|u,v) = Y yloZloz)seticutar) (zeH,Re(s) > 1)

€Tl \T"
=G D

2zl (cu+dv
s e )

= a—sy cFr _102 + dle .
)

It is immediate from the definition that this series does not depend on
the choice of the coset representatives of e I' \I.

Note that if (u,?v) = (0,0), then we see that

I
€T\l €2 + d]*
g lee + d

E(z,5810,0) = a~*y®

b

which is the usual Eisenstein series associated to the cusp oo of I' (See
[2].). Moreover, by comparing the terms of E(z,s|u,v) with the cor-
responding terms of the usual Eisenstein series, we deduce that the
series for F(z,s|u,v) converges absolutely and uniformly on compact
subsets of the half-plane Re (s) > 1. In particular, E(z, s|u,v) is analytic
for Re(s) > 1.

Let D = y~%3*/0x* + 9*/0y®) denote the Laplace-Beltrami operator for
the Riemannian symmetric space H with respect to the action of SL(2, R).
Then D is an invariant differential operator on H. Moreover, since

Dy* = s(s — Dy*,
the invariance of D implies that
DE(z,s|u,v) = s(s — 1)E(s, z|u,v) . (1)

Thus, E(z,s|u,v) is an eigenfunction of D corresponding to the eigen-
value 4, = s(s — 1). In particular, E(z, s|u,v) is a real-analytic function
of z.

An elementary combinatorial argument shows that if ¢ = (g 2) el

then
E(oz, s|au + by, cu + dv) = E(z,s|u,v) . (2)

The main problem treated in this paper is the analytic continuability
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of E(z,s|u,v) beyond the half-plane Re (s) > 1.

Let us first get an explicit set of representatives for the cosets I" \7I".
First of all, it is trivial to see that I'.¢ = I'.¢’ (0,06’ ¢ ') & ¢ and ¢’
have the same second row. Next, note that

(a b)(l 'noz) _ (a noa + b)
¢ d/\0 1 ¢ nac+d/’
Therefore, as a set of coset representatives of I",\I", we may take the

set

1 0 % % runs over a set representing the second
{(0 1>} U <orle = (c d) eI rows of elements in 7", ¢ > 0, d taken
only mod ¢ca, ye ...

Therefore, we may write

E(Z,SI’LL, ’l)) — a—sysehiv + at Z Z y(o.r(z))sezﬂ(cu+(nac+d)v)

(: ;)61" 7€l

c#0 _(1 na
d(mod ca) T=\0 1

:a—sysehiv + (x-sys Z 62xi(cu+dv) i eZzinacv .
¢ Der 2oz + nac + df
d(mod ca)
Let us denote
I ( ) [ eZzi’rLaCU (3)
,d\%y 8, V) = .
c ) e [CZ+ nec + dlzs
Then
E(z,slu, ’U) — a—SyseZniv + a—s/ys Z eZzi(cu+dv)Ic’d(z, s, ’U) . (4)
G Der
>0
d(mod ca)

By applying the Poisson summation formula to the sum (8), we derive

) ) ezxiw(m+acv)

I, .(2,8,7) =
W@ =2, )., lez + d + wacl?

dw, (5)

o
— Icl—zsa—lyl—n Z e-Zni(cx+d>(m+acv)/ac

M= —c0

J‘oo ez»iyw(m«&-acv)/a
- (w* 4+ 1)°
where z =« + ty. It is well-known that for u = 0,u ¢ R, we have

f:o %dt = 27° |uls_llzr(3)_le—1/z(2” lu]) ,
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where K (u) is the modified Bessel function defined by
r I_(2) — 1)

K@ = 2 sin(sn)
where
L@ = mZ=O m! F((z/i) m+1)
Moreover,
r dt L6 -3
- (1 + 2 ST

Therefore, by (6), we have
R d(z’ s, ;v) — Zﬂs lc]—Zsa—lyl/Z—sF(S)—l Z“j e—2ni(cz+d)(—m+acv)/ac

m=—oco

caVr | —m 4+ awls—l/sz_m(z_” [y(—m + acv)l>
o

o ~1|pal-2s 1—2s£(_§_:_%)
+ E(ach)y ma ™t |c| 2y T®)

b

where
0 if z is not an integer,

E(x) = e .
1 if 2 in an integer.

Thus, by (4) and an elementary computation, we deduce the following

expansion of our generalized Einstein series:

E(o.z,s|u,v) = yse¥® 4 27“/2/ Z an(s, z|u, v)erine
IO -5 (6)

+x/7ry‘sp(; 2)¢(slu ), (Re(s) >1,ze¢H),

where
am(s’ z,u, ’U) Z‘ ezni(cu—aczv+dm/ac)
G Der
>0 ( 7)

d(mod ca)
aveFEM

‘im — acv [~V K,_,,Cry |Mm — acv|)

and
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¢( l ) Z ez:xi(cu+dv)
S|U,V) = —_—
¢ Der  ef?
>0
d(mod ca)

acv€EZ

The formula (6) is the analogue in our setting of the Fourier series ex-
pansion of the usual Eisenstein series about the cusp at co. Note,
however, the following remarks:

Remark 1: E(z,s|u,v) is not usually periodic in z. This is re-
flected in the fact that the coefficient a,(s,z|u,v) depends on z. Note,
however, that if v = 0, then this dependence vanishes and E(z, s|u,0) is
periodic in z with period 1. Note, also, that if v is rational, say v =
hik and if I' C SL(2, Z), then E(z,s|u, h/k) is periodic in z with period
k. In each of these two cases, the expansion (6) is the Fourier series
which exhibits the periodicity.

Remark 2: The generalized Dirichlet series ¢(s|u,v) is the precise
generalization of the Dirichlet series which appears in the constant term
of the Fourier expansion of the usual Eisenstein series. Note that in
the expansion (6), we have isolated the third term which corresponds
to the constant term in the usual theory.

3. The Analytic Continuation of E(z,s|u,v) for Re(s) > 1

By using the same estimates as used to develop the analytic contin-
uation of the usual Eisenstein series, we see that the series

271'81/?/ i (S, 2| U, V)il

al'(s) m=2s
converges absolutely and uniformly for Re(s) > 4. Therefore, in order
to analytically continue E(z, s|u,v) for Re (s) > %, it suffices to analytically
continue ¢(s|u,v). By the classical theory of Eisenstein series, @(s|0, 0)
can be analytically continued to a meromorphic function for Re(s) > %,
whose only poles satisfy 0 <s<1. For (u,?)= (0,0), we have not been
able to establish such a general result. However, we can be specific if
# and v are both rational. Namely, we will prove

THEOREM 3-1: Assume u and v are rational and that I’ C SL2, Z).
The series ¢(s|u,v) can be analytically continued to a meromorphic func-
tion for Re(s) > 1— ¢ for some ¢ > 0, such that the only poles of ¢(s|u,v)

https://doi.org/10.1017/5S0027763000016123 Published online by Cambridge University Press


https://doi.org/10.1017/S0027763000016123

DEDEKIND SUMS 177

in the half-plane are on the real axis. Moreover, at s = 1, there is at
most a simple pole.

Our proof of Theorem 3-1 is a reworking of the proof of the analytic
continuability of the Eisenstein series given in [2]. Since the calcula-
tions are somewhat complicated, we will give fairly complete proofs
where the details differ substantially from [2]. Our main hypotheses,
namely that I"C SL(2,Z) and « and v are rational are already strongly
utilized in the following lemma.

LEMMA 3-2: Assume that I' © SL(2,Z) and that u and v are ra-
tional. Let f be a common denominator for w and v and let I =T ()N T,
where I'(f) = the principal congruence subgroup of SL(2,Z) of level f.
Then E(z,s|u,v) is an automorphic function for I".

Proof: If o = (Z,, gi) el,thenao' =d =1 (mod f) and b=c¢c=0

(mod 1), so that
E('z, s|a'u + b'v, cu + d'v) = E(d'z,8|u,v) ,
as a simple computation shows. But then by (2), we have
E(d'z,s|u,v) = E(z,s|u,v) ,

whence the lemma.

Our proof of Theorem 3-1 will proceed in three steps. First, we
will analytically continue ¢(s|u,v) into the region Re(s) > {, se ({4, 1]
Next, we will show how to extend the continuation to the segment
},1]. Finally, we will study the behavior at s = 1.

Let us recall some preliminaries from [2]. Let 4(2) be a function
on the upper half-plane such that (2 + ) = 4(2) for all xeR. Then
the Mellin transform L,(s) of ¢ is defined by the formula

L@ = [ vy 2,
0 Y
and the inverse Mellin transform is given by

T Lyswds

o—

|
«,b(zy)—%

These formulas hold, for example, when (iy) = O(y~4) (y — o0) for all
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A >0, and (i) = O (y—0) for all A > 0. In this case, ¢ may be
an arbitrary real number. Whenever we consider functions +, they will
be assumed to satisfy these conditions.

Let us associate to + as above a generalized 6-series 6,(z|u,v) de-
fined by

04,(Zl’l/£, ’l)) = Z w(az)ehi(cuﬂw) .

g€l c\TI'
o=(¢ 5
By using the same reasoning as used in the proof of Lemma 3-1, we
see that 6,(z|u,v) is an automorphic function for the group I” =1I"N I';.
Let us consider the Hilbert space s# = L*(H/I"’) with respect to the
inner product

mm=Lﬂw@w

where 2 is a fundamental domain for I” and where dz = dady/y?, 2z =
2z -+ 1y. By using the same reasoning as used in [2], it is easy to see
that 6,(z|u,v) e #. Moreover, by using exactly the same reasoning as
used in [2, p. 24], we derive the following inner product formula:

Let I'", = the stabilizer of co in I”. Then I',, € I'., so that

ro= {2t ")|nez)
0 1
for some 5 > 0 such that g/ac Z. Then, we have

(04», 0W) — 2—“1_62"“) J‘qu L\,,(]_ — S)L\,,,(S)

Tl

g +ic0 (9)
F g f L,(s)L,.(s)¢*(s|u, v)ds ,
2miet J o-io
Vr o T(s—1)
E3 _— 1-8 2
where ¢*(s|u,v) = - Y TG o(s|u, v).

Let us now take for + the function such that

Y(y) = 2i T erysds

7t J o—ico
and let, for Re () > 1, us set

_ i o +1o0 es2
%W”'%iwm@~©w—1+o

yds ,
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where in the latter integral we choose ¢ so that Re (1 — {) <o < Re(0).
These functions satisfy the growth conditions above. Let us write
6(z|u,v) instead of 6,(z|u,v) and 6(z|u, v) instead of 6, (z|u,v). A simple
computation shows that for ¢ > 1, we have
g +1%0 esz

1
V) =) 06 —1 1D

Therefore, if D = y~%0?/0x* + 9*/0y?) denotes the Laplacian, then

E(z,s|u,v)ds .

D — L& — VDo (2| u,v) = 6(=) ,

where I denotes the identity operator of . Thus, if 2 is a complex
number which is not real, then D 4 2 has an inverse R, which is a
closed linear operator on s and

0z|u,v) = Ro(z|u,v),

with 2 =& — 1). Moreover, for 2 not contained in the spectrum of D,
we see that (4, R,§) is an analytic function of A. Therefore, (4,0, is an
analytic function of ¢ for ¢ non-real. Moreover, by the inner product
formula (9), we have for ¢ > 1 that

7+ 100 e(l—s)2+s‘l
ds
o-io(8 = (s — 140

B[ etgsln ) 4o
2riat omin (s — Os — 1+ 0)

0’ 5 — _18_ e?ziv J
0,99 )

By shifting the line of integration to the line Re (s) = o,, where ¢, > Re ({),
we see that

g1+ 10 6(1—5)24—82

0 — i 2740
.00 = 53¢ wa~m»4+o“
8 J~n+im B g*(s| 1, v) ds (10)
2rio Jor-ix (s — (s — 1 + )
_ LB_ 62;2 * _ 2rin e(l—l)3+62
wor 10 Gl — et

From equation (10), we immediately deduce the following result:

PROPOSITION 3-3: ¢(s|u,v) may be analytically continued to a holo-
morphic function in the region Re(s) > %, se(,1].

By repeating the arguments of [2, pp. 35-43] almost word for word
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applied to our generalized Eisenstein series, using Proposition 3-3 and
the fact that E(z,s|u,v) is an automorphic function with respect to I,
we see that the following result holds:

PROPOSITION 3-4: ¢(s|u,v) may be analytically continued to a mero-
morphic function in the entire region Re (s) > 1.

Using Proposition 3-4, we may complete the proof of Theorem 3-1
by making the following observation: The terms of the series for
#(s]0,0) dominate the absolute values of the terms of the series for
#(s|u,v) for s>1. However, since ¢(s]|0,0) has a simple pole at s =1,
we know that (s — 1)¢(s]u,v) is bounded in a region of the form
{s]ls — 1|<e,Re(s) > 1}. Thus, since ¢(s|u,v) meromorphic at s =1, we
see that ¢(s|u,v) has at most a simple pole at s = 1. This completes
the proof of Theorem 3-1.

Remarks: (1) In the case I' = SL(2,Z), the function ¢(s|u,v) is
holomorphic for #,» not both integers, as is seen from the classical
gsecond limit formula and the relation (**).

(2) It is not generally true that ¢(s|u,v) is holomorphic for u, v
not both integers. Indeed, if %, v both have denominator dividing f and
if I' = I'(f), then

o(s|u, v) = e¢(s|0,0) ,

so that ¢(s|u,v) has a simple pole at s = 1.

(8) It would be interesting to remove the hypothesis %, v rational
from Theorem 3-1. We have been able to prove Proposition 3-3 with-
out the assumption. But the proof of Proposition 3-4, as derived from
[2, pp. 35-43], does not extend in any obvious way.

4. Kronecker’s Second Limit Formula

In this section, we will derive our generalization of Kronecker’s
second limit formula. We will assume throughout that —1el, I' C
SL(2,Z) and v and v are rational. Then, by the results of Section 3,
we may write

Au,v)

#(slu,v) = =22 + Bu,v) + -, an
s—1
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in a neighborhood of s = 1.
By letting s tend to 1 from the right in (6), we see that

lim [E(a,,z,s[u, v) — VY- ~ L5 —3) é(s|u, v)]

§—-1+ F( )
(12)
= yeriv 4 27”/7 Z bm(zl% P)eima |
ey
where
bm(zlu, ,v) — Z ez:ri(cu+dv—acxv—dv+dm/ac)‘/lm . 010’2)] K1/z(27’-'y lm _ ocC’UD
G a)er
p cida
S::Jva&rcr:) (13)
— _%_y-l/?. eZni(Cu—ac7)1+dm/ac)e—21r’y|m—ucvl .
G der
d(mod ca)
>0
acVFEm

Let us rewrite the double sum implied in (12) somewhat. Let us sum
over all ¢ from 1 to co and then sum over d(mod ca) for which (c,d)
is the second row of an element of I, making the convention that an
empty summation equals 0. Then (12) may be rewritten

lim [E(awz,slu,v) —~ x/?yl“’[(———ﬁ B(s|u, 'v)]

s—1+ I'(s)
v 2ri(m—acv)r—22Y|M—acv) 2zi(cu+dm/ac)
= yer® 4+ 1 e > e
m:#o ¢ d
m#=acv d(mod ca)
— yez::iv +x Z”: Z e2m‘(m-—acv)z Z eZzi(cu+d7n/ac>
= — * K
c=1 mmc:£31>0 ( )e['
d(mod ca)
+ ni Z" ezfri(m—acu)z Z ez:ri(cu+dm/ac) .
e G Der
d(mod ca)

However, the last summand may be rewritten as follows:

«
~2zi(m+acv)z 2xi(cu—d m/ac)
nZ,‘l >Oe **Z e
c=1 m+acv
M0 G er
d(mod ca)

o0 -
] —-cu c)
=7 Z Z e21('m.+acv)z Z eZni( cu+dm/a
c=1 m+acv>0 *
m+#0 (c d)er
d(mod ca)
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so that

lirlr} [E(amz,s|u, v) — VT Yy F(;(s) » B(s|u, 'v)]

— yehw Z:o: Z qm—acv Z ez::i(cu+dm/ac) (14)

* ¥
%¢gcv>0 ( )er
d(mod ca)
o0
+acv 2rt(—cu+dm/ac
T2, q 2. e ) .

c=1 m+acv>0 (: ;)el‘
d(mod ca)

In order to bring (14) into a more convenient form, notice that since
—1el’, we have

E(Z,S"L{,,’U) = E(Z,S' —Uu, -—’U) s
B(s|u,v) = ¢(s| —u, —v) .

Therefore, by adding (14) for (u,?) to (14) for (—wu, —v), we see that

Zlim[E W2 8lu,v) — AT i I suv]
lim | Bo.z,5|,0) — V7 F() TG =D 45 1u,0)
= 2cos@nv) + 73 31 VAl w) F 3 ST qma(e, w)
e=1 m—-"«:;%>0 c=1 m;ﬁgﬂ)
T S NID NI s M(RY D YD S Lol MR
c=1 m+acv>0 c=1 m+acv>0
m+0 m+#0
(15)
where
xm(c’ U) — Z 62ni(cu+dm/ac) .
a
G Der
>0
d(mod ce)

Note now that

2y cos 2rv) = ﬁ cos (2rv) - (i cos (va)) .
1 )

Let

A = z/vol (H/T) = n-/I ) d’;‘fy :

Then, we have proved [1, Theorem 3-3] that A = A(0,0). Then let us
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rewrite (15) as follows:

L T1 1, .T(s— ]
lim [-Z;E(omz,sw,v) o F( ) B 45w, v)
—_ — 2 - = m—acvzm ,
[ dmid 08 @rY) 4A czﬂm%?oq (e, w)
_ < m+ aC?v
~1 A ; %Mq An(C, u)]

2 m—acvq (a1
- A[_ dmid / cos (2’”’)> - ZZCZIM_%»Q An(C; W)

2:3 2 q’"*““”xm(c,u)].

1 m—acv>0
m#£0

- L
A

This last formula suggests defining the generalized p-function 7,.(z|u, v)

log y(zlu,v) = — £__ cos (2rv) — Z >0 g™ 2,(c,w)
A A c= 1m—acn>0
(16)
- __1-_ = m+ acv
1A §m+%>oq An(C, ) .
m#£0
Then our limit formula may be written

. T1 1 I'(s — %)
hml-—E’ 2, S|U, V) — ———y'~s f suv]
s-1+ 127 (@ | ) 2 r v I'(s 9] ) amn

= —A log Iﬂr(z|u’ v)lz .

The reason for inserting the normalizing factor A is to bring our limit
formula into agreement with the known classical cases (e.g. # =v =0,
I' = SL2, Z)).

Let us now bring our limit formula into final form. About s=1,
we have the expansions

yo=14+(~-Dlogw™ + -

I's—3%) _ /=n _ _
e =Vl —@2log2)(s—1) + ---).

Therefore, by (11), we see that in a neighborhood of s = 1 that

Yy I's—4)

Yy L8—3) D
o I + D(u,v) + )

¢(S|u,v) — C(uylv)
s—1
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where

C(u,v) = $A(u,v)

D(u,v) = }{B(u,v) + A(u,v) log (y™) — (2log 2)A(u, v)}
Thus, from (17) we deduce

THEOREM 4-1 (Kronecker’s Second Limit Formula): Assume that
I' © SL(2,Z) is a Fuchsian group of the first kind having infinity as a

cusp. Further, assume that (_(')1 _Ol)el’. Further, let u,ve Q. Then

we have the following limit formula :

lim| L Bz, s|u, v) — & A, )
2r 2

s—1+

=l

= %B(u, v) — A(u,v) log 2 — A(u,v) log (Wy) — Alog |y (z|u,v),

where

log pp(z|u,v) = — z. cos 2zv) — 1 f] >0 g ,(e,w)
4riA

4A ¢=1 m—acv>0
m#0

L i >0 qmred,(e,w) ,

4A c=1 m+acv>0
m+#0
2 (C ’u) = e2fei(cu+dm/ac) .
n(C) ;
G per

c>0
d(mod ca)

In case I' = SL(2,Z), u = v = 0, Theorem 4-1 is precisely Kronecker’s
first limit formula. In case I'" is arbitrary and 4 = v = 0, Theorem 4-1
gives the generalization of Kronecker’s limit formula given in [1]. In
all other cases, the formula appears to be new.

CONJECTURE: Although the hypotheses I' © SL(2,Z), u, ve Q are
essential to our method of proof, we strongly suspect that Theorem 4-1
remains true even without them.

5. The Generalized y-Function and Dedekind Sums

It is clear from the manner in which we defined 7,(z|u,v) that
pr(z|u,v) is analytic for z e H and that y.(z|u,v) 0 for ze H. Let us
derive a few elementary properties of this function. Throughout this
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section, we will use that branch of the log function whose argument
runs from 0 (included) to 2r (excluded). (Note that which branch of
log is used to define 5.(z|%,v) is immaterial.)

Since E(z,s|u,v) satisfies the transformation property (2), we see
that E(¢.%7,s|u,v) satisfies:

E(o.z,s|au + bv,cu + dv) = E(o.2,s|u,v) (18)

for ¢ = o;‘(g Z)G“ cg3z''e,. Therefore, by reasoning precisely as in [1,
Theorem 3-2], we deduce a transformation property for log n.(z|u,v).

Let us fix ¢ = a;‘(g 2)% eoz'l'g.,. Then by (18), both of the func-

tions E(s.0z,s|au + bv,cu + dv) and E(e..2, s|u,v) have the same residue
at s=1. On the other hand, by Theorem 3-1, these residues are,
respectively, A(au + bv,cu + dv) and A(u,v). Thus,

Alau + bo, cu + dv) = A, v) (a = (? 2) e r) : 19)

Another way of putting (19) is as follows:
THEOREM 5-1: Let I' act on Q X Q by the formula

a b

g (u,v) = (au + bv, cu + dv) , o:(c d)el’, w,v) e X Q.

Then the residue of ¢(s|u,v) is constant on the orbits of Q X Q under
r.

For example, if I' = SL(2, Z), then there are two orbits: {(0,0)} and
QX Q—1{0,0}. On the former, #(s|u,v) has a simple pole with resi-
due A. On the latter #(s|u,v) is regular, as we see from the classical
Kronecker limit formula.

It turns out that the behavior of log 5,(z|u,v) is quite different if
A(u,v) is zero or non-zero. Therefore, let us make the following defini-
tion:

DEFINITION 5-2: Let (#,v)eQ X Q. We say that (u,v) is regular
or wrregular according to whether A(u,v) is zero or not. By Theorem
5-1 the orbits of Q X Q@ under I' consist of either all regular or all
irregular points. Thus, we will speak of regular or irregular orbits.
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Let us subtract the pole term from both sides of (18) (taking into
account (19)) and let us pass to the limit s = 1. Then by Theorem 3-1
and (19), we see that

—A(u,v) log (Wy(ez)) — A log |y(ez|au + bv, cu + dv)] 20)
= —A(u,v)log (vV y) — Alog |p,(z|u, v)]
for ¢ = o;’(g Z)a‘” e€az'l'a,. However, since y(g2) = y/|caz + dff, we see

that

Allog |pr(oz|au + bv, cu + dv)| — log |y, (z|u, v)|]

(21)
= $A(u,v) log |caz + dj .

Note that from (21), it is clear that A(u,v) is always real. Moreover,
from (21), it is also clear that there exists a real number S,(¢|u, ),
not depending on z, such that

log yr(oz|au + b, cu + dv) — log yr(z|u, v)
_ 1 A(u,v)
2 A

(22)

log (cz + d) + #iSp(a|u,v) .

Thus, finally, we deduced

THEOREM 5-3: Let o = a;‘(g Z)Gw and let (u,v)eQ X Q.
Q) If (u,v) belongs to an irregular orbit, then

log y,(0z|au + bv, cu + dv)
1 A(u,v)

=2 log (¢cz + d) + 7iS;(a|u, )

= log n,(z|u,v) +

with A(u,v) += 0.
@ If (u,v) belongs to a regular orbit, then

log yr(oz|au + bv, cu + dv) = log (2| u, v) + 7iS (a|u,v) .

The quantities S;(¢|u,v) are generalizations of the classical Dedekind
SUms.

Let us close this paper with a comment which generalizes an obser-
vation of Siegel [3]. Suppose that (u,v) belongs to a regular orbit and
suppose that f is a common denominator for # and »v. Let IV = I" N I'(f).
Then IV is a subgroup of finite index in I'. Moreover, from the defini-
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tion of I'(f), we see that if ¢, = (‘g g) e I'(f), then

logn-(z|au + bv, cu + dv) = log pp(z|u,v) .

Therefore, we derive from Theorem 5-3 that if ¢ = o;‘(g Z)am eoz'l"o.,

then
log pr(ez|u, v) = log r(z|u, v) + ziSr(o|u,v) .

In other words, log 7,(z|u,v) is an abelian integral for the group oz'I"e.,
and the Dedekind sum appears as a period of this abelian integral. Siegel
observed this fact for I' = SL(2, Z), (u,v) + (0,0).
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