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1. Introduction. Let K be an abelian unramified extension of degree
n over a complex quadratic field k of class number h. Let H be the class
number of K. Siegel [4] has defined a group of “elliptic units” of K whose

index in the full group of units is }fﬁ where c is a product of high powers of

2, 3, and h. By enlarging the group of elliptic units, Kersey (see [2]) was able
to reduce this index to h/in (Note that h/n divides H because the Hilbert
class field of & is an abelian unramified extension of K of degree h/n.) Since
examples with H = h/n do exist, this index, for a general complex quadratic
field k, is in some sense best possible.

Since the elliptic units (when embedded in C) are given as values of
elliptic modular functions, they can be approximated to high precision with
ease. This makes it possible to devise a highly efficient procedure, based on
the above index formula, for computing H. From this point of view, there are
two reasons why Kersey’s units are more desirable than those of Siegel: first,
with Siegel’s units, determining the divisibility of H by 2 and 3 involves more
computation; second, Siegel’s units are high powers and will therefore be
numerically less manageable (their minimal polynomials have large height).
However, Siegel’s group has the advantage that it comes equipped with a
minimal set of generators, whereas Kersey provides n(n — 1)/2 generators
for his group, whose rank is n — 1. From a computational point of view, the
lack of a minimal set of generators far outweighs the advantages of Kersey’s
units.

In the case that K/k is a cyclic extension, we are able to find n — 1
elliptic units which, together with the roots of unity of K, generate a group
of “minimal index.”

THEOREM 1.1. Let k be a complex quadratic field of class number h, K
a cyclic unramified extension of degree n over k. Let Ex and ux denote
the group of all units and the roots of unity of K, respectively. Let H be
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the class number of K. Then there exist units €1,...,e,_1 in Ex given as
a root of unity times ratios of values of the Dedekind eta function which,
together with py, generate a subgroup € of Ex with index [Fk : E] = h/in

For more precise statements, see Theorems 7.4 and 8.4. The proof is
given in a sequence of lemmas, and does not make use of Kersey’s proof.

Under the assumptions: n is an odd prime, and |ux| = 2, Hayashi [1]
has derived this index formula via Schertz’s work. In addition, Hayashi
describes an effective procedure for computing the index [Ef : £]. Part of
this procedure involves finding the roots of A-quotients which are elements
of K by trial and error. In the last section, we indicate how the reciprocity
law of complex multiplication determines these roots easily and we even give
a simple formula (due to Villegas) for them when the discriminant of k is
prime to 6.

I would like to thank H. M. Stark for his guidance and encouragement
during the preparation of this paper.

2. Analytic preliminaries. For an arbitrary number field M, with
r1 real and ry pairs of complex conjugate embeddings, let Ops, hpar, Ras,
and wy; denote the ring of integers, class number, regulator, and number of
roots of unity of M, respectively. For an ideal class C' of M, the partial zeta
function is defined by Cu (s, C) = > co,, [aj=c N(@)* where a is a non-
zero integral ideal of k, [a] is the ideal class of a, and N denotes the absolute
norm; it has a meromorphic continuation to C. For a character y of the class
group CY(M), we define the L-function L(s, X) = > cecran X(C)Cm (s, C).
Finally, for the trivial character x1, L(s, x1) is the Dedekind zeta function
of M, denoted by (ar(s). We will use the abbreviation e(z) = exp(2miz).

The work of Dirichlet and Dedekind on zeta functions culminated in the
determination of the first non-zero term in the Taylor expansion of (as(s, C)
at s = 1. Hecke’s functional equation allows one to carry out the expansion
at s =0:

1) Cu5,C) = = L1721 4 (11 572).
W pm
Since the leading term is independent of the ideal class C,

@ rs) = ="M sty oy,
W pm
Let k be a complex quadratic field and K an abelian unramified extension
of degree n over k. Let h = hp,w = wi, H = hxg, W = wg, and R =
Ry. We assume w = 2, which rules out only two complex quadratic fields,
Q(v/—3) and Q(v/—4), both of which have class number 1 and therefore do

not concern us here. For an ideal class C' of k, we introduce A(C') = ¢;.(0,C)
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as it will play a fundamental role in all that is to follow. Its evaluation, due
to Kronecker, will be recalled in Section 5.

Let F' be the Hilbert class field of k, i.e. the maximal abelian unram-
ified extension of k. We fix an embedding of F' in C and think of £ and
K as subfields of this particular subfield of C. For a prime ideal p of k,
let o(p) denote the corresponding Frobenius automorphism of F'/k; this
automorphism of F' depends only on [p] and gives rise to an isomorphism
o: Clk) — Gal(F/k). The group Gal(F/K), when considered as a sub-
group of Gal(F/k), corresponds, via o=, to a subgroup S of C¥(k), so
that o induces an isomorphism CY(k)/S — Gal(K/k). A character x of
Gal(K/k), therefore, may be viewed as a character of C¢(k) which is trivial
on S.

LEMMA 2.1. With the above notation,

(3) _@ :L(Oaxl) H L/(07X)7

w
X#X1
where the product is over those non-trivial characters x of Cl(k) which are

trivial on S.

Proof. Class field theory furnishes the factorization of the Dedekind
zeta function of K into L-functions:

(4) Cre(s) =[] L(s,x).-

Here, and in all that is to follow, Hx means the product over all n char-
acters of Cl(k) which are trivial on S. Applying (1) and (2) to k, and K,
respectively, we obtain

(5) Ck(s,C) = —% + MC)s + O(s%)
and
(6) Ck(s) = —%s”—l +0(s").

Using (5) and the orthogonality relation of characters, we get an expansion
for the L-functions of k:

) L(s.y) = {—h/2+0(8) if x =x1,

X (X cecum X(OANC))s +0(s*) if x # x1 -

Finally, if we use (6) and (7) to expand the right and left hand sides of (4)
at s = 0 and equate the coefficients of s”~!, we arrive at the desired result.

3. Imprimitive L-functions. From now on, we assume that K is a
cyclic unramified extension of k. Unless the prefix “integral” is used, by
“ideal” we shall always mean “fractional ideal.” Recall that for an ideal a
of k, [a] denotes the ideal class of a in C/(k), and let {a} denote the image
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of [a] in C¥(k)/S. Since there are infinitely many prime ideals of degree one
in every ideal class, we let p be an unramified prime ideal of degree one and
norm p > 3 such that {p} generates the cyclic group Cl(k)/S.

At this point, it will be advantageous to modify the L-functions slightly
so that they all have a simple zero at s = 0, giving a more symmetric version
of (3). In addition, the expression for the derivative of the L-functions at
0 coming from the Kronecker limit formula will be greatly simplified as a
result of this modification. For any character x of C¢(k), define the modified
L-function by removing the Euler p-factor as follows:

L(s,x,p) = L(s,x)(1 — x([p])p™").
This is the imprimitive L-function attached to y viewed as a ray class char-

acter modulo p.

LEMMA 3.1.

HR ,

Proof. It is clear that L(0, x,p) = 0 for all y, including x1, and

L(0, x1)logp if x=x1
9 L'0,x,p) = ! . ’
) 00 ={ oMy
Taking the product of these L-values over those x which are trivial on §
yields

[T 209 = {£0,x) T] 0.0} 1ogp T (1= x(e)).-

X X7FX1 X#X1
Since the set of characters of C¢(k) which are trivial on S coincides with
the set of characters of C¢(k)/S, a cyclic group of order n with generator

{p}, we easily evaluate [, (1 —x([p])) = H;le(l —e(j/n)) = n. The
equality we seek is then a consequence of Lemma 2.1.

4. The group determinant. In this section, we recall the group
determinant formula of Dedekind—Frobenius and use it to transform the
right hand side of (8) into the determinant of a matrix whose entries are
defined in terms of A; the nature of these entries will be investigated in the
next section.

Let g1,...,9n be the elements of an abelian group G of order n, and
assign a complex number A(g) to each g € G. According to [4, p. 78], the
group determinant formula of Dedekind—Frobenius is

(10) 11> v(9)A(g) = det(A(g; " gj)1<ij<n
Y geG

where ¢ runs through all characters of G.
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In order to apply this to the group C¥(k)/S, recall that A\(C) = ¢;.(0,C),
and define

(11) Ap(C) = A(C) = A(CTp] ™) — L logp.,
(12) A{CY) = 3 Ap(CC).
Cc’es

For any integer m, define C,, = [p]™, so that {C1},...,{C,} are the n
elements of Cl(k)/S.

LEMMA 4.1.

HR _
(13) —~y logp = det(AKC; ' CiP)i<ij<n -

Proof. The first step is to evaluate L'(0, x,p) in terms of A. Using
the definition of L(s, x), and expanding the Euler p-factor 1 — x([p])p~*° as
1 — x([p])(1 — slogp + O(s?)), the Taylor expansion of L(s,x,p) at s =0
may be written

L(s,x,p)
= Y xX(O)k(s.C) = Gils, Clp] ") + G (s, Clp] ") log p] + O(s) .
CeC(k)
Evaluating the derivative at s = 0 is then a simple matter:
LOx.p)= Y, xX(O)G(0,0) = 0,Clp]™") +C(0,Clp] ) logp] -
CeCe(k)
Since by (5), (x(0,C") = —1/2 for any class C’ € Cl(k), we have

LO,x.p) = >, x(ONC)=AClp]™") — $logp|
ceci(k)

= ) x(C)(0).
ceci(k)

For a character y which is trivial on S, we may rewrite the above sum as a
sum over Cl(k)/S as follows:

(14) Lox.p) =Y  x({ch > )

{CYyeCu(k)/S C’es
= Y x({opagey.
{CyeCu(k)/S
Lemma 3.1, when combined with (14) and (10), yields the result.
5. Kronecker’s limit formula and complex multiplication. We

now use Kronecker’s first limit formula and some facts from the theory of
complex multiplication to investigate A({C;'C;}).
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For an ideal b of k, with Z-basis w1, ws], satisfying I(w1/w2) > 0, define
2\ "  (w
aw=(G) 2(E)
w2 w2

A(z) = n(=)*,  n(z) = e(z/24) [T (1~ e(m2)).

m>1

where

It is well known that A does not vanish on the upper half plane and is in-
variant under the standard action of SLy(Z). Kronecker’s first limit formula
(see [4] or [5]) gives an expression for A(C') in terms of A:

(15) AO) = — 5 log [N(B)° A(b)

where b is an ideal of k in the class C~!. By the multiplicativity of N and the
invariance of A under the modular group, the limit formula is independent
of the choice of the ideal b in C~! and A(b) is independent of the choice of
its basis.

We apply the limit formula (15) to compute Ay (C) and A({C'}), defined
n (11) and (12):

1 1 1
Ap(C) = =5 log IN(B)° A(B)[* + 7 log [N(bp)° A(bp)|* — 77 log [Np°|*
_ 1 ] A®) [
__241°g Albp)|
and
1 Ay | 1 A(bb") |?
(16)  A({C}) = —log’, =—log| [[ “sl|
L= 24 | A(bb'p) 24 7| 1 A(bb'p)

with [6] = C~1 and [b'] = C'~ 1.

We recall the following facts from the theory of complex multiplication
(5])-

LEMMA 5.1. For any pair of ideals m, w of k, « = A(m)/A(n) € F*
and generates the ideal (a)Op = (n/m)12. The conjugates of « are given
explicitly by the reciprocity law:

<A(m))_ A(w) <A(m)>f’<“‘> _ A(ma)
A(n) Am)’ A(n) A(na)
for any ideal a of k.

We use the lemma to investigate the A-quotient in (16):

- () ()
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since [b']=[']"1=C". Recalling that o maps S isomorphically to Gal(F/K),
we recognize the expression appearing inside the absolute values in (16) as
a relative norm from F to K:

A(bb') b) \ 7"
11 ey = 11 (o)

= I (A((> —NF/K<AA((E$)>'

o€Gab(F/K)
A(b)
C —71 Ny [ 2L

A(CY) = = 5y o8 [Ny (s )

Recall that we have defined C,,, = [p]™ for any integer m. With the choice

bm — Ap*?’r%
A{Cn}) = —21*4 log NF/K <m>

Let a;; = A({Ci_le}) for 1 <i4,7 < n and let A denote the n X n matrix
whose entry in the ith row and jth column is a;;. Since {C;'C;} = {C;_;},

\_/

Therefore, whenever [b] = C~1,

2

2

1 .
Q5 = —ﬂ10g|a(%])|27

a(i,j) = Np/k <AA(S;%> '

where we have set

Finally, we write (13) more simply as

H
(17) —WRnlogp: det A.

6. Transforming A into a regulator matrix. For any number
v e K, let vV ...~ be its conjugates over k in some fixed order. Sup-
pose €1,...,6n,_1 are units of K. Let us call the n — 1 x n — 1 matrix
R(e1,---,en—1) = R whose ijth entry is log |€§])\2, the “regulator matrix”
of these units. The absolute value of its determinant is non-zero if and only
if €1,...,6,_1 generate, together with the roots of unity in K, a subgroup
of Ex of finite index, and moreover this index is then precisely the quo-
tient |det R|/R where R is the regulator of K [7, Lemma 4.15]. Therefore,
to obtain an index formula involving H, we would like to transform (17)
into HR = (h/n)|det R| for some regulator matrix R. The only tools we
need to accomplish this are the complex multiplication lemma above and an
algebraic lemma of Stark.
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Remarks. 1. By the complex multiplication lemma, for all 4,7,
A(pi=7)/A(p*=7+1) generates the ideal p'? in F, hence (i, j) generates
p'2h/7 in K. Therefore, the quotient of any two a(i,5)’s is a unit of K.

2. For any v € K, let v =~7(C) for j =1,...,n. Then v ... ™
are the conjugates of v over k with v = (™. Upon setting

A(p?
=)

it follows from the complex multiplication lemma that «(i,j) = al(j ) for
1<i,j<n.

As a result of Remark 2, it is clear that A would be a regulator matrix
but for three flaws: first that the numbers inside the absolute value signs
are not units, second that the dimension of A is n not n — 1, and finally
that every entry has an extra factor of —1/24.

Remark 1 provides the inspiration for correcting the first of these flaws;
we reduce the dimension via row and column operations; finally, in the next
section, we use an algebraic lemma to take out the extra factors of —1/24.

Define, fori=1,...,n — 1,

and note that for j =1,...,n,

59 = o alig)
! Oégi_)l Oé(’L—{—l,j)

is a unit of K by Remark 1. Define the matrix
! %)
= -=1 )12
B ( 57 10815 )

WdetB  H
2 R h/n’

1<4,57<n—1

LEMMA 6.1.

Proof. Let B’ be the n x n matrix whose ijth entry b;; is given by

b — A5 — Qj41,5 forizl,...,n—l,
ij —

S fori=mn.
Then it is an easy exercise in linear algebra to verify that
(19) det B = ndet A.

We now examine the matrix B’. In the first n — 1 rows of B’, the entries are

1 . . , 1 .
bij = —ﬂlog\a(z,j)/a(z +1,5)]2 = _ﬂlog|ﬁ§j)|2-



Elliptic units of cyclic unramified extensions 77

On the other hand, recalling that a;; = A({C; 'C;}), we compute the last
row of B':

bpj = Z (cte)) = ZA{Cm}

—h
= L/(O7X17‘p) = L(07X1)10gp = 710gp7

the last three equalities being due in turn to (14), (9), and (7).
In short,

1 n
LlogpV)2 - —Llog |8
B — : :
1 n
—Llog B2 — L log |8, 2
—Llogp - —Llogp

It is clear that B is the matrix that results by deleting the last row and last
column of B’. Furthermore,

(20) det B’ = —gnlogpdetB.

To see this, we add the first n — 1 columns of B’ to the last column, which
then becomes

— 571 10g [Nk /1, (61)]? 0
—ﬁ10g|NK/k(ﬁn71)!2 N 0
—%nlogp —gnlogp

the last equality owing to the fact that Ng/,(5;) is a unit of k and hence has
absolute value 1. The lemma follows by combining (19) and (20) with (17).

7. Reducing the index. In order to eliminate the factors of —1/24 in
B, we now use an algebraic lemma of Stark to show that certain combinations
of the (; are high powers in K.

LEMMA 7.1. Let m be a positive integer. Let I~(/k be an abelian extension

with conductor §. Let W be the number of Toots of unity in K. Suppose that
d # 0 is a number such that o = 6™ is in K and K (9) is abelian over k. If

q s a prime ideal of k of norm q relatively prime to maf, then aq/a;(q)

and oW gre m-th powers in K itself, where o(q) denotes the Frobenius
automorphism of q in K /k.

Proof. This is (a weak version of) [5, Lemma 6].

LEMMA 7.2. For each i, 8}V is the 48th power of a unit in K.



78 F. Hajir

Proof. The key fact (see [5]), is that when m, n are ideals of k, adjoining
any 24th root of A(m)/A(n) to K yields an abelian extension of k. Begin by
observing from (18) and Lemma 5.1 that §; = «;/af, where 0 = o(p). By
Lemma 7.1 (using m = 24), o' /ag and o)}V are 24th powers in K. Since p

is odd and W is even, (of/a?)" and ozl/v(l_p) are 48th powers. The lemma
follows since 8}V is the product of these numbers.

Let o1 be a unit of K such that gf48 = B}V, and define fori = 2,...,n—1,

lea Ci_

0;i = 0],
so that

o, =0".
(In the next section, we will write these units more explicitly.) Then

2 (4))2
(21) B= (L loglo .
1<i,j<n—1

Recall that W is a divisor of 12 [2, p. 217]. We see immediately that if
W =2 B=7R(o1,--.,0n—1) is a regulator matrix and hence by Lemma 6.1,
H
Fr:(—1 e On—1)] = —.
[ K < » 01, , O 1>] h/n
This completes the proof of Theorem 1.1 when W = 2. If W > 2, we must
work a little harder.

LEMMA 7.3. For each i, gi/gf+1 is a W/2-power in K.

Proof. This is a direct consequence of Lemma 7.1 (with m = W/2,q =

p and o = p;41), together with the observation that QZ(_‘;) = 0;.
Let 41 be some unit of K satisfying WYV - 01/05, and define for i =
2,...,n—2,
Ci
Yi = 7(17( R )
so that
W/2
Vi /2= Qi/gf—i-l .
Define units €1, ...,e,_1 of K as follows:

IO el fori=1,...,n—2,
Ul op—1 fori=n-—1.

THEOREM 7.4. Let £ = (uk,e1,...,6n—1) be the subgroup of Ex gener-
ated by the elliptic units €1, . ..,e,_1, together with the roots of unity of K.
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Note that when W =2, & = (=1,01,...,0n-1). The index of this subgroup
18

H
B : €] = h/n’
Proof. Let Ry,...,R,_1 be the rows of B. Let R' bethen—1xn—-1
matrix whose rows R},..., R, _, are given by
Rll = Rl _pR2 )
R/Q - RZ _pR37

/

n—2 — R, 2 _pRn—l ’
/

n—1 — Rn—l :

Then det R’ = det B, and

log \7‘1)!2 log I’Vl" ok
r_
- 1 -1
log NN log "5
1 1
log|g() |2 2 log|gn 1)|2
Now define the regulator matrix
1
loglv( 2 loglv P
n—1 )
log \7 o|? log |’Y¢(1—2 |2
1 n—1
log [0}, |2 log |0/, |?
so that by Lemma 6.1,
H det R
22 — =
(22) h/n R

This completes the proof of the theorem.

8. An explicit 12th root of A(m)/A(n) in F. Recall that F, the
Hilbert class field of &, is embedded in C. The unit p; was defined in the last
section as a certain 48th root of a A-quotient. As is clear from the proof of
Theorem 8.1 below, once it is known that some 48th root is in K, finding it
takes only one application of the reciprocity law of complex multiplication,
which, using Stark’s formulation, is easy to carry out. Under the assumption
that the discriminant of k is prime to 6, it is even possible to write down a
simple, explicit formula for a 12th root of A(m)/A(n) in F. This formula
is due to F. R. Villegas [6], though the proof given here is different from his.
I would like to express my thanks for his permission to include this formula
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here. Finally, G. Robert [3] has provided an alternate recipe for determining
which roots of A-quotients land in the Hilbert class field.

Throughout this section, the discriminant —D of the complex quadratic
field k is assumed to be prime to 6 so that wp = 2. Let m be any primitive
(i.e. not divisible by an integer > 1) integral ideal of k of norm m prime
to 6D, with Z-basis [w — t,m] for some integer ¢ and w = (1 + /—D)/2.
Let O = [w, 1] be the ring of integers of k. It will be convenient to define

er(s) =e(s/r).
DEFINITION. For m as above, set

t—w
= 2—t — .
o) = eas(m(z — )7
Using the modular property: n(z + 1) = e24(1)n(z), and the fact that
m? =1 (mod 24), it is easy to see that the above definition is independent
of the choice of t.

THEOREM 8.1. With the above assumptions on D and m,

nm)\* _ .

(Gie1) =
Proof. Define § =t—wand N = N(@) = > —t+ (1 + D)/4. Let
g(z) =n(z/m)/n(z) and f(z) = g(2)?. If one uses the basis O = [w — ¢, 1],

2
(25)) = euln -1z 0)5(0)

Recall from the last section that (A(m)/A(O))? is a 24th power in F*.
It is also well-known that A(m)/A(O) is a square in F* (see [2, p. 238]).
Since wp = 2, it follows that some twelfth root § of A(m)/A(O) is in F*.
If we now let o = dm, it is an immediate consequence of the definition of A
that for some integer [,

o = elg(l)f(é)

Since +a € F*, to prove the theorem it suffices to prove that
(23) 20=2(m—1)(2—1t) (mod 12).

We do this by computing the action on « of the Frobenius automorphism
of some principal prime ideal of norm = 11 (mod 12), using [5, Theorem 3].
We can always find an integer ko = 794506 with so # 0 such that N(kq) = 11
(mod 12). There are then infinitely many x=r+s6 such that (r, s) = (1o, so)
(mod 12) and (k) is a prime ideal of norm ¢ = 11 (mod 12) so we may even
choose ¢ to be prime to m. Some appropriate choices of r, s (mod 12) for
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each equivalence class of D modulo 48 are given in the following table.

D (mod 48) r s
7 3—2t 2
11 8—1 1
19 10—-1¢ 1
23 1-2¢t 2
31 3-2t 2
35 11-1¢ 1
43 -1 1
47 1-2t 2

According to [5, Theorem 3],
a? ) = e15(1g)(f 0 gB~)(6),

where
T sN
B= (—s r+ s(2t — )> ’
qB_1_<r—|—s(2t—1 —sN)
_ (1 0) <r+s(2t—1) —sN) (mod 24m) |
0 g¢q rq
where ¢* is any integer satisfying g¢* = 1 (mod 24m). Let I'°(m) be the

group of integral 2 x 2 matrices (¢ b) that satisfy b = 0 (mod m), and
ad =1 (mod m).

Since f has rational Fourier coefficients and its 12th power is invariant
under I'°(m),

(foaB™)(2) = (fo A)(2)

where we have let

* *

e r+s(2t—1) —sN
B sq rq* )

LEMMA 8.2. If U = (% 1) € I'°(m), then

(goU)(z) = ee2(d)g(2),

and

(foU)(2) = e12(4) f(2),
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d d
() <> if ¢ is odd and positive,
c cm

E =
(;) <c;n> if d is odd and positive,

((%) denotes the Jacobi symbol with (Y) = 1), and the value of j = ju modulo
24 is given by:
. [ (m—=Dle(d+a—3)—bmd(mc* +1)] if cis odd and positive,
| (m—1)[—d(c+bm) — (d* — 1)ac] if d is odd and positive .

where

Proof. Let U’ = (“ b/m) Then

cm  d
1 0
(o)) _ewrm
(900)(:) = gt = Ly ),
where (Y, z) = n(Y o z)/n(z) for an integral matrix ¥ = (g; gi) of deter-

minant 1 is given explicitly by Weber [8, p. 126]:

<y4> e24(v1)\/ea(3)(ysz +ya) if y3 is odd and positive,

§,2) =1 )%

?;3) e24(v2)\/Y3z + ya if y4 is odd and positive,
4

where
v =3+ ys(ys +y1 —3) — (¥3 — 1)yaya,
Ve = =3+ yi(y2 —ys +3) + (¥ — V)y1ys -

The square root here is the usual branch with non-negative real part. The
lemma follows easily.

Since a € F, we know that o = a®((")) Therefore,
e12(1) f(0) = e12(lq)e12(4) f(0),
where j = j4 is given by the lemma. It then follows that
2l =j (mod 12)

since ¢ = 11 (mod 12). We see from (23) that the theorem will follow once
we establish

(24) j=2(m—1)(2—-1t) (mod 12).
Now using the values of 7, s in the above table, we compute j from the

lemma and verify (24) in each case. Note that since the value of j is only
determined modulo 12, we may replace the ¢* in A with ¢ when we compute
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ja. First, consider the four cases where s = 1:
j=(m—-1)[—(—r+r+2t—1-3)]+ (m—1)[-bmd(m + 1)] (mod 12)
=(m—1)(4—2t) (mod 12),
the second congruence following from the useful fact that m? =1 (mod 24).
When s = 2,
j=2(m—1)[2 -4t —2r —mNr — 2r? + 4tr* + 3] (mod 12)
=2(m —1)(2—1t)+2(m — 1)[r® + (4t — 2)r* — r(mN +2)] (mod 12).

In all cases, the second term in the above sum is congruent to 0 modulo 12
because

r3 4 (4t — 2)r? — r(mN + 2)

_ { (m+1)(2t3 +t2 +t) (mod 3) if D=7 (mod 24),
T L (m+1)2t3 +1t) (mod 3) if D =23 (mod 24).

This completes the proof of the theorem.

Remark. It follows easily from Lemma 5.1 that (n(m)/n(0))? is a
generator of the ideal mOp.

DEFINITION. With m as above, set

n(m) = eas(m(t — 2))77<H) .

m

Since 1(z) = 1(-72),

n(m) =7n(m).
Therefore, (7(m)/7(0))? is a 12th root of m'2A(m)/A(O) in F and gener-
ates m.

We conclude with a more explicit version of Theorem 7.4, for the proof
of which we will need

LEMMA 8.3. Let q and m (of norm q and m, respectively) be primitive
integral ideals of k prime to 6D. Let o(q) denote the Frobenius automor-
phism of q in Gal(k®®/k). Then

(?7(111) >”<“> _ n(ma) (n(m))"“” _ n(ma)

n(0) n(a) 7 \7(0)

Proof. This is another exercise in the use of the reciprocity law [5,
Theorem 3]. Of course, the two formulations are equivalent. Let us use the
first one. Since ¢ is multiplicative, we may assume without loss of generality
that q is a prime ideal. Choose a basis of the form [w —t, mq] for mq so that
[w—t,m] and [w — t, q] are bases for m and q, respectively. Let 6 =t —©

7IC)
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and recall that g(z) = n(z/m)/n(z). Then

n(ma) _ A —
n

n(‘g)) — ea4[(2 — t)(m — 1)]g(6) .

When we apply the reciprocity law, we find

(9)
<77<m>> = eaafg(2— H)(m — 1))(g o qB~")(Bob)

n(0)
(0 -0

_ (1 0\(q 0
qB _<0 q) (0 q*> (mod 24m),

we note once again that (é 2) acts trivially on g(z) and in fact so does (g qo* ),
as is easily seen from Lemma 8.2 (using ¢* = ¢ (mod 24)). In conclusion,

(9oaB™")(2) = g(2).
The lemma follows since B o 6 = §/q.

with

Writing

THEOREM 8.4. Suppose k is a complex quadratic field of discriminant
—D prime to 6. Denote the Hilbert class field of k by F. Let K be a cyclic
unramified extension of degree n over k. Let h and H be the class numbers
of k and K, respectively. Let o be as in Lemma 8.3. Choose an unramified
prime ideal p in k of degree one and morm p > 3 such that the image of
o(p) in Gal(K/k) is a generator. Choose a basis [w — t,p" ] for p™+i.

Fori=1,...,n—1, define
nl —
pz—l-l

Ui = eaa[(2 = 1)p*(p — 1)2]77<w - t>n<°;;2t> :

i
Then Uy,...,Un_1 are conjugate units in F. If u; = Np/g(Us), then
UL, ..., Un—1 € Ex = the group of units of K and

H

h/—n.

[EK : <—1,’U,1, ce ,un71>] =

Proof. Let 6§ = 7j(p*)/m(p*™!) and o = o(p). By Lemma 8.3, 67 /§ = U;
so, by Theorem 8.1, U? € F. But U? = (67/67)%-6%P~1 is a product of two
numbers which are squares in F' (by Lemma 7.1 with K = F'), hence U; € F.
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The remaining conclusions follow from Theorem 7.4 and the observation
that, up to a factor of £1, u; is the unit p; defined in the previous section.
It is useful for computations to note that
e — H 7(p**t'e)?
1 T —_ ; —_ ; Y
7(p6)iI(pi*70)

where S is the subgroup of C¢(k) corresponding to K.

[b]les
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