EXPLICIT FORMULAS FOR HECKE GAUSS SUMS IN
QUADRATIC NUMBER FIELDS

HATICE BOYLAN AND NILS-PETER SKORUPPA

ABSTRACT. We derive an explicit formula for Hecke Gauss sums of quadratic
number fields. As an immediate consequence we obtain a quadratic reciprocity
law in quadratic number fields which generalizes the classical one given by
Hecke. The proofs use, apart from the well-known formulas for ordinary Gauss
sums, only elementary algebraic manipulations.

1. INTRODUCTION AND STATEMENT OF RESULTS

Gauss’s fourth proof of the quadratic reciprocity law involved the calculation of
quadratic Gauss sums
a—1
(1) Ta(b) _ Z eQm’btz/a_
t=0

For relatively prime a > 0 and b, we know [Gaull]

(%) va if a=1mod 4

(2) Ta(b) =< (2)iva if a = 3 mod 4
(L) e*™¥/8\/2a  ifa=2",n>2

(see below for the definition of the generalized Legendre symbol (%)) Using the
easily proved identities 7,(b) = (%) 7,(1) and
(3) Taa’ (b) = Ta(a'b)Tar (ab)
for pairwise coprime integers b, a,a’ with a,a’ > 0, the quadratic reciprocity law
becomes an immediate consequence. Indeed, for different odd prime numbers p and
q, we write

(1) = (@7 () = (2) (&) 7o (D7 ().
Then inserting the values (2) for 7,(1), we obtain the quadratic reciprocity law.

The Gauss sums (1) appeared in Dirichlet’s work on class number formulas for
quadratic number fields, and in the related proof of the theorem on primes in
arithmetic progressions, in which he introduced the L-series that bear his name.
Gauss sums show up in the functional equation of these L-series. Ishii [Ish98]
showed that the facts needed for Gauss’s fourth proof of the reciprocity law can all
be read off from the functional equation of the L-series of the biquadratic number
field Q(\/P, 4)-

Dirichlet found proofs for Gauss’s result (2) based on the Poisson summation
formula [Dir35], [Dir40]. Cauchy gave another proof using theta functions [Cau40].
Hecke generalized Cauchy’s method to arbitrary algebraic number fields by intro-
ducing Hecke Gauss sums, in which the modulus a in (1) is replaced by an ideal a
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in the number field. He then used theta functions to prove a reciprocity formula for
these Gauss sums and used these results for showing the existence of quadratic class
fields and for proving a quadratic reciprocity law in general number fields. Hecke’s
results can be found in [Hec70, 195-238] and the expositions given by Hasse [Has65]
and (in a different language) by Neukirch [Neu99, 470-493]. However, Hecke did
not obtain explicit formulas for his Gauss sums like the ones in (2). It is remark-
able that, to the authors’ knowledge, no such formulas are known for number fields
different from Q.

Before introducing Gauss sums of arbitrary number fields, Hecke studied first
of all such sums for quadratic number fields [Hec83, Nr. 13]. Namely, if K is a
quadratic number field, say K = Q(v/D), where D is the discriminant of K, Hecke

considered the sums
G(w) — Z eQwiTr(/tzu/\/ﬁ)’

p mod a
where w € K* and a is the denominator of w (see Section 2). Here, for a in K, we
use Tr(a) = a+ o/, where o' is the conjugate of a. We shall also use N(a) = a’.
The main purpose of this article is to derive an explicit formula for these sums.
Namely, we shall prove:

Theorem. Let w be a nonzero element of K = Q(v/D), and let M be the smallest
positive rational integer such that Mw is integral. Then

@ Gw/yN @) = —= 30 (&) () Ve
Ay

Here N = M/2 if D, M and Tr(Mw/v/D) are even, and N = M otherwise. Fur-
thermore, 3 = Nw. The sum is over all integers Ay such that |A1| = ged(N,4N(5))
and such that Ay and 4AN(B)/A1 are squares modulo 4. Moreover, A denotes any
integer relatively prime to N such that A = Tr(Bu?/v/D) for some integer p in K.
Finally, uw = 2 if there are two terms in the sum and u=1 otherwise.

We explain some notations and implicit statements used in the theorem. By +/z,
for a real number z # 0, we mean always the square root which is positive or has
positive imaginary part. For integers a > 0 and b, we use (%) for the generalized
Legendre symbol, i.e. the symbol which is multiplicative in a and in b, which equals
the usual Legendre symbol if a is an odd prime, and which, for a = 2, equals 1, —1
or 0 accordingly as b = +1 mod 8, b = +3 mod 8 or b is even, respectively. It is not
hard to show that Tr(8u?/v/D) is an integral quadratic form on the ring of integers
of K, whose discriminant equals 4N(3) and whose content is relatively prime to N
(see Lemma 1 in Section 2). In particular, this form represents indeed integers A
which are relatively prime to N as implicitly claimed in the theorem.

Note that the sum in formula (4) contains at most 2 terms, and that B(w) :=
G(w)/1/N(a ged(2,a)) is an eighth root of unity if G(w) # 0. In fact, the sum
contains two terms, and then B(w) is a primitive eighth root of unity, if D or
a := Tr(Mw/v/D) is odd, if 4|M and the 2-part of M divides n := N(Mw) (see
Lemma 3). The sum contains no terms, and hence G(w) = 0, if D or a is odd, and
M =2 or M is exact divisor of 2n. Otherwise the sum contains exactly one term
and B(w) is a fourth root of unity.

For those w, which can be written as quotient 8/« with relatively prime integers
a and 3 in K, the integer o being odd, the formula (4) can be rewritten in

IIf the class number of K is 1, then every number in K can be written in the form 8/a with
relatively prime integers § and a. Note that the reverse statement holds also true. Indeed, if a is
an integral ideal, say, a = (a0, Bo0), and if we can write 8p/ao = 8/« with relatively prime integers
« and (3, then By = Ba and ap = aa, and hence a is a principal ideal.
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a different and surprisingly simple way. For explaining this we need some more
notation. Recall from [Hec70, §54] that, for relatively prime integers § and odd «

in K, one uses (g) for the product of the symbols (%)7 where p runs through all

not necessarily different) prime ideals dividing «, and where g8 equals +1 or —1
p

accordingly as 3 is a square modulo p or not.

For an odd integer a in K, we denote by ¢, that integer in {£1} such that
€aN(a) = 1 mod 4. If the discriminant D is exactly divisible by 4 then every odd
integer o in K has norm congruent to 1 modulo 4 and consequently ¢, = +1, and
vice versa. If D is not exactly divisible by 4, then there exist a unique Dirichlet
character x_ modulo 4 on the ring of integers in K such that, for every integer « in
K whose norm is congruent to —1 modulo 4, one has x_(a) = Tr (aug/\/ﬁ) mod 4
for all integers u such that the right hand side is odd. See Lemma 5 in Section 2 for a
more detailed explanation and the proof of the statements made in this paragraph.
For any D, we use x4 for the trivial Dirichlet character modulo 1 on the ring of
integers in K.

Finally, for nonzero real numbers a and b we set (a, b)~ equal to —1 if a and b are
both negative and equal to +1 otherwise, i.e. (a,b)s denotes the Hilbert symbol
for the field of real numbers. For odd a, the formula (4) can then be restated as
follows:

Supplement to the theorem. For relatively prime integers o and 3 of@(\/ﬁ),
the integer o being odd, one has

(5) G(8/a) = (£) Xz (@) (4,N(@)) , (20, ~N(@)) . VZaN(a).

Here A denotes any nonzero number represented by the quadratic form Q(u) =

Tr(oz/ﬂ/\/ﬁ).

Note that the discriminant of Q () equals 4N(a). Hence (A4, N(oz))Oo equals —1
if and only if @ is negative definite. In particular, this symbol does not depend on
the choice of A. For the (not obvious) deduction of (5) from (4) see Section 2.

Mimicking the proof of quadratic reciprocity sketched in the beginning the for-
mula of the supplement to the theorem implies a quadratic reciprocity law for qua-
dratic number fields which generalizes the one given by Hecke [Hec70, Satz 165].
Namely, it is easily proved [Hec70, Eq. (169)] that

(6) G(1/ap) = G(B/a)G(a/B).
Inserting (5) into the last identity, we obtain the following reciprocity law (see
section 2 for the details of the proof).

Corollary (Quadratic Reciprocity). For any pair of relatively prime odd integers «
and B in a quadratic number field K, one has

(7) (9) (£) = xe Bxes (@) oz [T (o). 0(8)) .

Here o runs through the real embeddings of K, and the product is taken as 1 if K
is comple.

Note that (7) generalizes the quadratic reciprocity law given in [Hec70, Satz 165],
where it is assumed that at least one of the numbers « or (3 is a square modulo 4.
Indeed, if, say, « is a square modulo 4, then N(«) = 1 mod 4 and ¢, = +1. Accord-
ingly, the right hand side of (7) reduces to the product, which is the formula [Hec70,
Satz 165).

Our proof of the main theorem and, in particular, for the quadratic reciprocity
law uses, apart from elementary algebraic manipulations, only the formulas (2)
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for the ordinary Gauss sums and ordinary quadratic reciprocity, which, however,
follows from (2). It is remarkable, that hence, as a consequence, the quadratic
reciprocity law for quadratic number fields is not a genuine new reciprocity law.
This is in contrast to what is suggested by Hecke’s proof which makes extensive use
of theta series associated to number fields.

A formula similar to the one in the theorem, but for general Gauss sums as-
sociated to arbitrary rational binary quadratic forms was proved in [SZ89, §4,
Theorem 3]. It is possible (though not completely obvious) to deduce our main
theorem from the formula in [SZ89]. However, this would give an essentially differ-
ent proof of our formula (4) since the authors make intensive use of the theory of
theta functions for deducing their formula.

We finally remark that we also verified the formulas (4) and (5) experimentally
for several thousands of numbers w, o and (3 using [ST09).

Acknowledgment. The first author would like to express her gratitude to Franz
Lemmermeyer for introducing her to the subject and for many helpful discussions.

2. PROOF OF THE THEOREM AND ITS CONSEQUENCES

As in the theorem, K denotes a quadratic number field, say K = Q(\/E), where
D is the discriminant of K. As in Section 1, for 5 € K, we use 3 for its conjugate,
so that Tr(8) = S+ and N(3) = 36’. Recall that O = Z+ Z~, where v = v/D/2,
forDEOmodélandv:l—i-\/E/Q for D =1 mod 4.

Also as in the theorem we fix for the following an element w # 0 in K. We
use a for its denominator, i.e. for the integral ideal such that wO = ba~! with
an integral ideal b which is relatively prime to a, and we use M for the smallest
positive rational integer such that Mw is integral.

The proof of the theorem is based on the following Lemmas 1, 2, 3 and 4, the
middle two of which cover the special case of the theorem that the denominator
of w is odd respectively contains only even prime ideal powers. The general case
can then be reduced to these cases using the easily proved multiplicativity of the
Hecke Gauss sums as recalled in Lemma 4. For the proof of the Lemmas 2 and 3 we
determine in Lemma 1 invariants of the quadratic form Tr(u?Mw/+v/D) and reduce
the calculation of the Hecke Gauss sums in question by elementary manipulations
to the formulas (2).

Lemma 1. The function Q(u) = Tr(u?Mw/v/D) is an integral quadratic form
on O with discriminant 4AN(Mw). Its content is relatively prime to M unless D, M
and Q(1) are simultaneously even. In the latter case, the greatest common divisor
of M and the content of Q is 2.

Proof. Set 3:= Mw. Tt is clear that Q(u) = Tr(u?8/+v/D) is an integral quadratic
form on O. If we write p = & + yv, then Q(u) = ax? + bry + cy?, where (a,b,c) =
(Tr(B/VD), Tr(28v/vVD), Tr(8v?/VD)). Let A = b*—4ac denote the discriminant
of the form. Note that

(e b2y _ (11 B/vD 0 1 5
(8) T'*(b/2 c)*(w)( 0 w/ﬁ)')(w)'
Hence A = —4det(T) = 4N(S). Let cont(Q) denote the content of the form @,

i.e. the greatest common divisor of a,b and ¢) and g := ged (M, cont(Q). If we write
8 = u + vy, we obtain

(v,2u,%) if D =0mod 4
(a,b,c) =

9 .
©) (v,Z(u +v),u+ ”(DJFS)) if D =1 mod 4.

4
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Suppose p is an odd prime divisor of g. Then p|3, since, by equation (9), plu and
plv. But then we have w = % and a|%. But this contradicts the minimality
of M. So g is a power of 2.

Suppose that one of D, v or M is odd. If 2 divided g, then M would be even
and, again by equation (9), v would be even too, hence D would be odd, and thus u
even and 2 would divide 8. As before we conclude that a would divide M /2, which
contradicts the minimality of M.

Lastly, we suppose that D, M and v = Tr(3/v/D) are even. So 2 divides g. If
u were even, then 3 would also be even, since v is even. As before, w would then
be the quotient of the integers §/2 and M/2, and this would imply a|%, which
contradicts the minimality of M. So u must be odd. But this implies g = 2. (]

Lemma 2. The identity (4) holds true if M is odd, i.e. one has
G(w)/VN@) = (5) (sibsy) Veen(ao).

Here A is as in the theorem, moreover A = 4AN(Mw), and Ay is the unique integer
such that Ay =1 mod 4 and |A1| = ged(M, A).

Proof. On summing over a set of representatives p for O/MO instead of O/a and
setting u = = + yvy, we can write

G(w)M?/N(a) = Z exr(ax? + bry + cy?),
z,y mod M
where we use ey (¥) = e?™)/M_Since M is odd the quadratic form f = ax? +
bry + cy? is equivalent to a form Ax? + By? modulo GL(2,Z/MZ). Usually this
appears in the literature for the case of M being an odd prime power. However,
by applying the Chinese remainder theorem, this is true for arbitrary odd M. Here
AB is congruent to —Al? modulo M for an integer | coprime to M. Since by
Lemma 1 the form f is primitive modulo M, we can assume that M and A are
coprime. (In fact, this can obviously be assumed if M is a prime power. Again,

by the Chinese remainder theorem we can assume it in general). Note that then
ged(M, B) = ged(M, A) = |Ay|. We therefore obtain

GW)M?/N(a) =AY em(Az®) Y ely(B'y?),

x mod M x mod M’
where we set M’ = M/|A,| and B’ = B/|A;|. Inserting here the identity (2) we

obtain
Gw)/v= ()G () v G
where v = N(a)|A;|v/MM’/M?. Note that v = y/N(a). For verifying this it is
enough to show M? = N(a) ged(M, A). Indeed, we have
N(a) ged(M, A) = ged (N(a)M,N(a)A) = ged (N(a)M, N(a)N(Mw))
= ged (N(a)M, M?N(b)) = M ged (N(a), M) = M?,
where for the last equation we used that MZ = a N Z contains N(a). Writing
(%) = (%) (1\?,) and (_ﬁ‘l) = (;7‘%) (m—‘l) the right hand side of the last equation

1]

for G(w) becomes

Ay
A

M ) (3

Since (’%f,l) = (%) the lemma becomes now obvious. O

Lemma 3. The identity (4) holds true if M is a power of 2. In this case the
possible values of G(w) are given by the following table:
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Assumptions H G(w)/+/N(aged(a,?2)) ‘
A M (%) (/3y) Veen(da)
D ora odd 4M and 4M|A (527) e2™iA/8
M =2 or2M||A || 0
D and a even (3—](;)

Here A is as in the theorem, a = Tr(Mw/+/D), and we use A = 4N(Mw). Finally,
Ay is the integer such that |As| is the exact 2-power dividing A and A/Ay =
1 mod 4.

Remark. Note that A/4 = N(Mw) is odd if D and a are even. Indeed, if D is even
(so that a is a power of the single prime ideal above 2), then by the very definition
of M the norm N(Mw) is either odd or exactly divisible by 2, and as discriminant
of the integral form Tr(Mwp?/2v/D) (see Lemma 1) it is a square modulo 4.

Proof of Lemma 8. To compute G(w) we proceed as in Lemma 2, i.e. we sum over
a set of representatives p for O/MO instead of O/a and set p = = + yy. We thus
have

(10) G(w) =~ Z ey (az® 4 bzy + cy?).
z,y mod M

Here, a,b, c are the integers as in the proof of Lemma 1. As in the proof of the
preceding lemma we use eps(%) = e Moreover, for two complex numbers
w and z we write w &~ z to indicate that w = rz for some positive real number
r. By [CasT8, §8, section 8.4, lemma 4.1] a binary integral quadratic form whose
content is odd is equivalent modulo GL(2,Z3) to a diagonal form, to xy or to
2% + 2y + y? accordingly as its discriminant is even, equals 1 modulo 8, or equals 5
modulo 8. Recall from Lemma 1 that the ged of the contents of the form f(z,y) =
ar? + bry + cy? and M is 1 if D or a is odd, and equals 2 otherwise. Recall also
that the discriminant of f equals 4N((), where we use § = Mw. We therefore find

Ax? + By? if D or a is odd
f~1q2zy if D and a are even, and N() = 1 mod 8
2(x% + 2y +y?) if D and a are even, and N(3) = 5 mod 8,

where ~ indicates to be equivalent modulo GL(2,7Z/2'Z) for a sufficiently big ¢ (in
fact, 28 = 4M suffices for the following computations). Here we used that, for even
D and a, the form f/2 is integral (see Lemma 1) and that N(3) is odd (see the
remark following the lemma). We now calculate G(w) following the above three
cases.

Case 1: f ~ Az? + By?. We can assume that A is odd (since f is primitive modulo
2 in this case). Let 6 = ged(M, B) and set B’ = B/§ and M’ = M/§. We can then

write
Gw)~ > em(4z?) > ew(By).

z mod M y mod M’
Using equation (2) we find, for M, M’ > 4 the identity

Gw) ~ (547) (7 ) es(A+ B) = (4) (5477) es(A(1 - 8/49)).

Here, for the second identity we write M = dM’ in the left hand side and use that
AB' = —I2A /48 mod 2M’ for an odd I. We note that M’ > 4 implies 46|M and
hence |Ag| = ged(M, —4AB) = 44. In particular, we see Ay|M. Vice versa, Aq|M
implies that M, M’ > 4. We thus have to verify that the right hand side of our last
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formula equals the formula given in the first row of the table. Indeed, this follows
from |As| = 46 distinguishing the cases Ay > 0 (and hence A/4§ = 1 mod 4) and
Ay < 0 (and hence A/46 = 3 mod 4) and using that, for any integer a, the symbol
(%) es(a) depends only on a modulo 4.

If M >4 but M’ =1, then

G(w) =~ (ﬁ) es(A).

Finally, if M or M’ equals 2 then G(w) = 0. Note that M’ = 1 and M’ = 2 are
equivalent to 4M|A and 2M]||A, respectively, as stated in the table.
Case 2: f ~ 2xy. Here A/4 =1 mod 8 and we have

Gw) ~ Z emy2(zy) = 1,

2,y mod M /2

as claimed.
Case 3: f ~ 2(2% + 2y + y?). In this case we have A/4 = —3 mod 8, and we find

G Y enp@® tay+y)~ (5)
z,y mod M/2

For proving the second identity write (z,y) = r + u, where r runs through a set
of representatives for Z2/NZ?, and where u runs through a set of representatives
for NZ2?/M/27Z2. Here N is the smallest positive integer whose square is divisible
by M/2. By some obvious calculations the sum in the above formula for G(w) is
then reduced to the same sum but with M/2 replaced by 2 or 4, which can be
immediately computed.

It remains to prove that |G(w)|? equals N(aged(2,a)) (unless it is 0). This can
either be easily proved directly by writing |G(w)|? = G(w)G(—w) and doing some
obvious transformations in the double sum (or by going again through the above
calculations and using equalities instead of ~). For the details of the direct proof
see [BS09, Lemma]. This proves the lemma. O

For deducing the general formula (4) from the preceding two Lemmas we use

Lemma 4. Write the denominator a of w as a = a, a, with relatively prime integral
ideals a, and a,. Choose elements «; in a; such that the ideals a;/a; are relatively
prime to a. Then one has

G(w) = G(waf) G(wa3)
(Note that wa? and wa3 have denominators a, and a,, respectively).

Remark. Note that numbers «; as in the lemma always exist. In fact, we can
e.g. choose any prime ideal p; amongst the infinitely many prime ideals in the ideal
class of a;l which does not divide a and set o; = a;p;.

Proof of Lemma 4. This follows from [Hec70, eq. (169)]. O

Proof of the Theorem. Let us denote the expression on the right hand side of equa-
tion (4) as F(w), and set

B(w) = G(w)/1/N(a ged(2,a)).

By Lemma 2 and Lemma 3 we know that B(w) = F(w) if the denominator of w is
either odd or else a product of even prime ideals. It follows from Lemma 4 that

B(w) = B(wa?)B(wa3)
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whenever we decompose the denominator a of w as a = a;as with relatively prime
ideals a;, and choose numbers «; in a; such that the a;a; L are prime to a. If we
can prove that

(11) F(w) = F(woi) F(wo3),

holds true for any such decomposition of a with an odd a; and an a, which is a
product of even prime ideals, it is clear that the claimed formula (4) follows then
for arbitrary a.

To prove equation (11) (for odd a; and a product of even prime ideals az) we use
M, N, 8, A; and A as defined in the theorem. We use M., N, B, A, and A, for
the corresponding quantities associated to w. := wa?, where a, = a; (so that the
denominator of w, contains only even primes). Similarly we use M,, N, (= M,)
etc. for the corresponding quantities associated to w, := wa?, where a, = ag. If
there are two integers A1 and A, satisfying these conditions, respectively, we choose
the positive ones. We also set F' = F(w) and F; = F(wa?) (i = e,0). Finally, we
can also assume that the ideals /a1 and «,/ay are relatively prime to N(a)N(b)
and relatively prime to the norm of each other. In particular, o, is then relatively
prime to 2, and the norms of «a./a; and a,/as are relatively prime to N(a) and
N(b).

These quantities are correlated as follows:

(12) M = M,M,, N =N.M,,

(13) N(B)N(B) = (N.NN(6)N(a./a1)/N(a2)),
(14) N(B,)N(B) = (NoNN(b)N(arp/a2) /N(a1))?,
(15) A1 - ﬂ:Aer,

(16) AN(B)/Ay =t -4AN(B,) /A, with an odd t.

Moreover, note that

(i) M. is a power of 2 and M, is odd.
(ii) If D is even, then a := Tr(Mw/+/D) and a. := Tr(3./v/D) have the same
parity.

The statement (i) and the first identity in equation (12) are obvious. For (ii),
assume D is even. If a is even, then by Lemma 1, the quadratic form Q(u) =
Tr(Mwu?/v/D) is even, hence Q(a.) and then also a. = Q(a.)/M, is even. Vice
versa, if a. is even, then Q.(u) := Tr(M.wa?u?/v/D) is even. Since we have
chosen a, relatively prime to 2 we find a g such that aepg = 1 mod 2, and then
M,Qc (o) = a mod 2, hence a is even. The second identity of (12) follows from (ii).
equations (13), (14) follow by straightforward calculation. For proving (15), we find
by a simple calculation

AA, = +ged (Me, 4N(ﬁe)) ged (Mo, 4N(ﬂo))
= ged (M, AN(B)N(av)? /M., AN(B)N(ce)? /Mo, 16N(B)N(wala?)).

Since we have chosen «, and «, such that N(«,) and N(«.) are relatively prime, the
ged of the last three entries equals 4N(f3), and we recognize the claimed identity.
Finally, from (15) we deduce that (16) holds true with ¢t = M2/N(a?)A,, which is
odd (note that a. has been chosen relatively prime to 2).

We assume first of all that D or a. are odd. Then N, = M., and, using (12), we
also have N = M. Note that always N, = M,.
Case 1: The 2-part of 4N(8,) divides M,. In this case, by Lemmas 2 and 3, we have

R, = (5) (Bi552) vean(Bo) (4) (58 ) Veen(a,).
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Since M,A. = Q(a.) is relatively prime to A, we have (MAOEE) = (%{). By a

similar argument we find ( MA;‘ ) = (%). We shall show in a moment

(17) A1 = A,

This implies in particular \/sgn(A.)/sgn(A,) = (Ac, Ap)ooy/sgn(A1), where we
use (Ag, Ap)oo for the Hilbert symbol at infinity, i.e. it equals —1 if A., A, are
both negative, and equals +1 otherwise. Using these identities we find

F.F, = UV (5) (55745 ) Veen(an),

where

U= (8) (32) e 0

V= (4N(ﬁ)/A1‘4N(ﬁe)/Ae) (4N<6>/A1-4N(50>/Ao)
M. ]1A.] Mo /|Ao] ’

Using (13), (14), we can write

V= (MﬁfAe\) (Mﬁfm) :

vV = () (B2) B Ao)e.

From this identity it is easily checked that UV = 1. From (16), we recognize that
4AN(B)/A; is odd, so that sum defining F' contains only one term, and that the last
formula for F.F, equals F'.

It remains to show (17). From (15) we have A = sA.A,. Since N(5.)/A. and
N(B)/A; are both equal to 1 modulo 4, we have sA, = N(3.)N(3)/A2 mod 4. Since
the right hand side is a perfect square by (13) we deduce that sA, is 1 modulo 4.
Since A, is already 1 modulo 4 we conclude s = 1.

Case 2: 4|M, and M.|N(S.). Here A, = M,. Moreover, by (15) and (16) 4|M and
AN(f)/A. The sum defining F' contains hence two terms and A; is positive.
Again by Lemmas 2 and 3, we have

_ (Ao 2miA./8 (Ag ) [(AN(Bo) /A0 /o
F.F, = (m) e / (TD) ( Mo/ Ao ) sgn(A,).

As in Case 1 we have (%) = (ﬁ) and (MA;Z!O) = (52). Writing A Ag =

sAq, where s is the sign of A,, we find by a straightforward calculation (using (14))

R = (3) (S

We thus find

where
4s Ac 2miAc /8
Wz(AM/A1>\/g'(7)e B,
If A= Q(u), then choose a v such that a.v = pmod 4, so that A = M,Q.(v) mod
4. Since Q.(v) is odd, we can assume that it equals A.. Hence A = A.M, mod 4.
Since A, is 1 modulo 4 we can write sM/A; = M,/A, = M, mod 4. A fortiori

A, = sAM/A; mod 4. The last two factors of W depend only on A, modulo 4 and

sAM/Ay ) o2mis AM /82,
5 .

become therefore ( From this it becomes in turn obvious

that W = (%) 2™ AM/8A1 - Tngerting this in the last identity for F,F,, we

obtain

N AN(B)/A AM/A omi AM/ 2
FF, = (&) (S48 ) (428 ) emi e,

and using (%) e?™/8 = (1 + (=2)4)/v?2 for a = AM/A, we recognize that the
right hand side of this identity for F.F, equals F' as given in the theorem.



10 HATICE BOYLAN AND NILS-PETER SKORUPPA

Case 3: M. = 2 or M.||2N(f,). Here, by Lemma 3, we have F, = 0. We have to
show F = 0. If M, = 2, then by (i) and (12) also 2||M and hence the sum defining
F contains indeed no terms. If M.||2N(5.), then M.||2N(5) (by (16)). But this
implies that 4N((5)/A is exactly divisible by 2, and hence again the sum defining
F' contains no terms.

We finally assume that D and a. are even, so that by (ii) also a is even. Here
N = M/2 and N, = M,/2. Also, by the remark following Lemma 3, 4N(3) and
4N(f.) are odd. The latter implies A, = 1, and, by (15), then A; = A, (note that
we have equality here since both sides are congruent 1 modulo 4). By Lemmas 2,

3, we have
_ ( AN(Be) A, AN(Bo) /Ao
Feby, = ( 2M, ) (AT,) ( M(O/|)A/O\ ) sgn(A,)

Since N.A, = Q(a,)/2 is represented by the form Q(u)/2 and relatively prime to

A,, we have ijlo = (%). Hence, writing A; for Ag, we obtain
AN(B)A AN(B,)/A
F I, = (%) ( (1[\’/6) 1) ( I\/I(f/|)A/1|l> sgn(Aq)

For verifying that this equals F' we need to show that the two Legendre symbols in

the middle equal (%), i.e. that

(4N(ﬁe)A1-4N(ﬁ)/A1) (4N(Bo)/A1-4N(B)/A1) -
M, /TAT] o

e

But this follows immediately from equations (13) and (14). This concludes the
proof of the theorem. O

We finally prove the supplement and the corollary of the theorem. For this we
need the following lemma.

Lemma 5. If the discriminant D of K is congruent to 4 modulo 8, then all
odd integers in K have norm congruent to +1 modulo 4. Otherwise, there ex-
ists integers « in K with N(a) = —1 mod 4. For every such integer the quadratic
form Tr(ap?/v/D), viewed as quadratic form on the residue class ring O/(4), is
GL(2,Z/AZ)-equivalent to n(a)(z* + y?) or n(a)x? + 2(z + y)y for a suitable n(a)
in {x1}. There is one and only one Dirichlet character x modulo 4 on O such that
x(a) = n(«a) for all @ with N(a) = —1 mod 4.

Proof. If D = 4 mod 8, then, for every integer @ = u + v@ in K, we have N(«a) =
u? — 29? = w2 4+ v>mod 4. If a is odd, then u and v have different parity, and

hence N(a) = +1 mod 4.

Assume for the rest of the proof that D # 4 mod 8. The elements 1 + @ (if
D =0mod 8) and 2+ /D (if D = 1 mod 4) have norm modulo 4 equal to —1.

Let o be an integer such that N(a) = —1 mod 4, and write Tr(a(z+y7)?/VD) =
ax? + bry + cy? =: f. From b? — 4ac = 4N (a) we deduce that b is even and hence
(b/2)? — ac = —1 mod 4. If b is divisible by 4, then ac = 1 mod 4 and f = a(z? +
y?) mod 4. If b/2 is odd, then ac = 2 mod 4, and hence f = ax? + 2(z +y)y mod 4
(if a is odd) or f =2(z + y)y + cy® mod 4 (if ¢ is odd).

We determine the structure of the group (O/(4))* of units in O/(4). Note that
its order is 8, 4 and 12 accordingly as D equals 0, 1 or 5 modulo 8. The map x — =y
induces an isomorphism A[x]/(g) ~ O/(4), where A = Z/4Z and (i) g = 22 + 2
(if D = 0mod 8), (ii) ¢ = 2% — x (if D = 1mod 16), (iii)) g = 2? — 2 + 2 (if
D =9 mod 16), (iv) g = 22> — 2 — 1 (if D = 5 mod 16), and (v) g = 22 —x + 1 (if
D =13 mod 9). The map z — x + 2 defines isomorphisms between the rings with
g as in (ii) and (iii) and with g as in (iv) and (v), respectively. One verifies that
(A[x]/(g))* = (—1) x {2), where z =1+ for g=22+2 and g = 2% —x — 1, and
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where z = 1 4+ 2z for ¢ = 22 — z. Indeed, if for example g = 22 — x — 1, then the

order of the group of units equals 12, and we have to verify that z has order 6 and
23 # —1. But (1+2)? =2+ 3z and (1 +2)® = 22 + 3. The other cases can be
treated similarly.

Thus we find in any case that (O/(4))* = ([-1]) x ([d]) for a suitable §. Here
[a], for any integer «, denotes the residue class of a. Since O contains elements
with norm equal to —1 modulo 4 we know that § is such an element. By replacing
d by —d if necessary, we may assume that n(d) = +1. Let x be the character on
(O/(4))" which maps [~1] to —1 and [6] to +1. If o is an odd integer, we can find
rational integers s and ¢ > 0 such that o = (—1)*6* mod 4. Then Tr(ap?/vD) =
(—=1)*Tr(68*u?/v/D) mod 4. If N(a) = —1 mod 4, then t is odd, say, t = 1 + 2k,
and hence (—1)*Tr(6'u?/v/D) = (=1)*Tr(6(6*1)?/v/D) is equivalent modulo 4 to
(=1)*Tr(6u%/v/D), and hence n(a) = (—1)* = x(a).

Since x(£0) = n(+d) and x(—1) = X(§)x(—0) the property x(«) = n(«) char-
acterizes x uniquely. This proves the lemma. O

Proof of the supplement to the theorem. It is not hard to prove that G(8/a) =

(g) G(1/a) [Hec70, Satz 155]. It suffices therefore to prove Formula (5) for 5 = 1.
For an odd « the equation (4) reads

(18) G(1/a)/VIN@) = (S5 (wrwtirzay) Ven

where € = ¢, and n = sign (N (a)), where M is the smallest positive integer such
that M/« is integral, and where A denotes any number relatively prime to M
and represented by Q(u) = Tr(Mu?/av/D). In particular, Q(u) is equivalent to
[A, B, C] for suitable B,C. Since B? — 4AC = 4N(M/a) (cf. Lemma 1) we have

(%) =1, and then (LX[/O‘)> = o0, where 0 = —1 if () is negative definite
and where ¢ = 41 otherwise. Using the Hilbert symbol for the real numbers we
find o = (A, N())__. If € = +1 we now recognize the claimed formula.

If ¢ = —1 then the content of @ is odd (otherwise the discriminant N(M/«a) of
/2 would be congruent to 1 modulo 4). We can therefore assume that A is odd,
and then the first factor of the right hand side of (18) becomes (_74) o, and the

right hand side can be written in the form

(5) (sthezan ) oV = (e ) onv/=n.

If A= Tr(Mu3/a\/D), then (W) = — (=2), where a = Tr(auy’/VD). We
now recognize the claimed formula provided (_74) = x—(a). But from Lemma 5

we know that D # 4 mod 8 and, in the notations of the lemma, that n(a) = (=2),
which equals x_(«). This proves the supplement.

Proof of the corollary to the theorem. Inserting (5) into (6) we find

(g) (g) _ Xewp(@B) (Aap, N(ap))
PPN Xe(@)xes (B) (A N(0) (45, N(B))
% (50457 7N(O‘ﬂ))oo eapN(af3)
(cas —N(a))oo(€57 _N(ﬁ»oo VeaN(a)y/esN(3)
where A, Ag etc. denotes any nonzero number represented by Tr(au2 / \/5) ete..

Since €43 = €q€p, and hence X, , = Xe,Xes, the first factor on the right of (19)

reduces to xe, (8)xe, ().
Since the Hilbert symbol is bilinear the third factor on the right hand side of (19)
can be reduced to (Ea, N(oz))Oo (55, N(ﬁ))oo (where one uses €,3 = €4€3). For

(19)
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two nonzero real numbers a and b one has Vab/v/avb = (a,b)se. From this
we see that the fourth factor in (19) combined with the third factor becomes
(sa,sg)m(N(a),N(ﬂ))oo. This proves already the claimed formula (7) if K is a
complex quadratic field since then the norms of elements in K are positive. Sup-
pose from now on that K is real. Since the Hilbert symbol is bilinear we can
write

(N(),N(3)) . = (@, 8o (0, B)oo | | (c(c), 0(B)) .-
For proving the claimed reciprocity formula (7), it remains to verify the identity

(Aa,@, N(aﬁ))oo
(Aa: N(@)) (A5, N(B)) .
The symbol (Aq,N(a))_ equals —1 if and only if ae’ < 0 and Tr(a/VD) =
(a—a’)/V/D < 0. Thus, (Aa,N(oz))OQ = —1if and only if @ < 0 < ¢, i.e. we have
(Aa, N(a))oo = (a, —o/)oo. Applying this formula also to the other two Hilbert
symbols on the left of the last identity, it becomes
(O‘ﬂ7 _O/ﬁ/) 00 .
(0[7 _al)oc (57 _/BI)OQ
But this identity holds obviously true since the Hilbert symbol is bilinear. This
proves the corollary. O

= (o, f)os (@, B)oc-

(@, 8)oo (0, B)oc-
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