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Abstract

Let K be a sextic CM-field field which contains no imaginary
quadratic subfield. We give a necessary condition for the relative
class number of K to be one. Let [ be a prime ideal of K, which
splits in K/K . Then, Theorem 3 estimates the norm of [ from be-
low by a constant determined by the discriminants of K and K. It
is used for proving our necessary condition (Theorem 2), which esti-
mates prime numbers satisfying certain conditions written in terms
of the Kronecker symbol and the mentioned discriminants. A nec-
essary and sufficient condition, in terms of ramification, for a given
sextic CM-field of odd relative class number to contain an imaginary
quadratic field is also given in Lemma 7.

1 Introduction

Let K be a CM-field, i.e., a totally imaginary quadratic extension of a totally
real number field K. The field K is identified as the maximal totally real
subfield of K. The ratio h=(K) = h(K)/h(K,) of class numbers h(K) and
h(K,) of K and K is called the relative class number of K. It is an integer
by class field theory. Indeed, it is the order of the kernel of the norm map
from the class group of K to that of K.

We will give a necessary condition for the relative class number of a given
sextic CM-fields K, containing no imaginary quadratic subfield, to be one.
Let K be a sextic CM-field. Our main concern in this paper is the case in
which K is non-normal and K contains no imaginary quadratic subfield. In



[11], we have already studied the case in which K, is normal and K contains
no imaginary quadratic subfield. In [13], we study the case in which K
contains an imaginary quadratic subfield. The necessary conditions in this
series of studies are used in Boutteaux’s challenge [2] of determination of
sextic CM-fields of class number one. This is a big step after determination
of imaginary abelian sextic CM-fields of relative class number one by Kwon-
Park [8], Uchida [17] and Yamamura [19]; and after determination of non-
normal quartic CM-fields of relative class number one by Louboutin-Okazaki
[10]. Note that imaginary abelian fields of relative class number one are
determined by Chang-Kwon [3] and Yamamura [19]. Recent progress in
determination of normal CM-fields of (relative) class number one is found in
Chang-Kwon [4] and its references. A recent study of analytic part of the
problem is found in Bessasi [1].

We denote by D(L) the absolute value of the discriminant of a given
number field L. When K is a totally real cubic field, the discriminant of the
field Q(v/D(K)) is denoted by Do(K, ). Then, f(K;) = /D(K)/Do(K)
is a rational integer. (See [7].)

The condition is written in terms of the following quantity:

Definition 1 Let K be a sextic CM-field. Put D = D(K,), d = d(K) =
D(K)/D?, Dy = Do(K,) and f = f(K,). Define the function C(z,y) of

positive real numbers x and y by

1 1
C(%,y) _ E (21/3I1/3 + \/sz/?) + 9y2/3>

and the function C'(D,y) by

L2 3 2
C'(D,y) = E(ngrW) if ng\/@,

C(D,y) otherwise.

Our main assertion is the following:

Theorem 2 Let K be a sextic CM-field. Assume K is a non-normal cubic
field and K contains no imaginary quadratic subfield. Let D = D(K,) and
d = d(K). Assume also h~(K) = 1. Then, a unique prime ideal q = q(K)
is ramified in K/K,. Let ¢’ be the prime number contained in q if degq is
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odd or —4 if degq is even. (Then, d/q" is a square in Z.) Let | be a prime

number. If
o
@)+ ()
we have L2
d2 d1/2
> (D, %) BT
If ~ 5
()0 v ()
we have 8 p
[ > (D’ﬁ)’ %"
If L b
we have

and we also have either

AN\ d
or 13
d
l > C/ (D’ d) P ?

In particular,

implies

/ 2 1/2
l>C D,? .

Remark. Here, the symbol (e/e) is the Kronecker symbol and we regard
(£2/0) = (£8/e).

We can state stronger conditions if we use the arithmetic of K. Indeed,
Theorem 2 is a consequence of the following:
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Theorem 3 Let K be a sextic CM-field which contains no imaginary quadratic
subfield. Assume also h=(K) = 1. Put o = O(K,), D = D(K,) and
d = d(K). Let 1 be a prime ideal of K, which splits in K/K, and [ the
prime number in [. Then, we have

d 1/ degl
[ > = .
= (a1

We have estimates of | depending on decomposition of | in K, :

[ > C’(D d) if lo=1 and =1y
[ > C'(D,d?*/2'%)  if lo=1, and =l
{ > (D d3/212) Zf lo = [1[5, [ 7’é lo and | = [1;
> > C'(D,d/2*) if lo=04LE, L #1 and [ =Ily;
> > C'(D,d°/2*) and

13 > O(D,d*/2"?) if lo=1Ul, degly=2 and =1y
> > C'(D,d?*)2% if lo=1Uhl, degly=2 and [ =ly;
> > C'(D,d/2*") and

l4/3 > C(D,d3/212) Zf lo = [1[2[3, [ 7& lo 7é [3 7é [ and [ = [.

The expression C(D,x) [resp. C'(D,x)] in the right hand side of this list can
be replaced with C(D,d) [resp. C'(D,d)].
In particular, we have

I >\/C'(D, d/25).
Ifl = q(K) and [ does not split completely in K /Q, we have
[ > C'(D,d).
If every prime ideal of K above l splits in K/K, we also have
[ > C'(D,d).

Remark. When K is a cyclic cubic field, the first and the last cases of
the second assertion slightly improve upon Theorem 2 of [11].
The key to the Theorems is the following estimate:

Lemma 4 Let K be a sextic CM-field such that h=(K) is odd. Set O =
O(K), D=D(K;) andd = d(K). Let A € K such that A ¢ K, and A is
not quadratic. Assume also L = Nk, A is a rational integer.
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If A € O, we have
L > C'(D,d).

Let v be an ideal of K, which is free of square factor of ideals from K, .
Assume t is coprime to the relative discriminant of K/ K, if K = K, (v/—1).
If A € vO, we have

L > C'(D, (Ni, iqv)?d)

Let 1 be a prime ideal of degree 1 of K, and | the prime number contained
in [. Assume [ is coprime to D. Assume also I is coprime to the relative

discriminant of K/Ky if K = K, (v/=1). If A € IO, we have
L > C(I*D,1*d).

This Lemma is a consequence of the proposition of geometry of numbers
that is stated below. Let a € K, —— o € R (i = 1,2,3) be distinct
embeddings of a given totally real cubic field in R and o € K, ——— & =
taM, o o) € R? the Minkowski embedding of K. We decompose a
given vector x € R3 asx = x| + x|, where x| is orthogonal to 1 and x| is
parallel to 1.

Proposition 5 Let K, be a totally real cubic field and o = O(K,). If
a €0\ Z, we have

B ﬂ 2
trc,/q o’ = [|@]* = [|@.L[|* = max {QD)”‘?’, §f} :

where D = D(Ky) and f = f(Ky). If 1,a,8 € o are linearly independent
over Q, we have .
@ |® - [18Ll* > D/3.

Let 1 be a prime ideal of degree 1 of K, and | the prime number contained
in . Assume [ is coprime to D. If a € 171\ IZ, we have

tric, g = [|a@]* > [|@.[* > (21*D)"".
Ifl, o, B € 17 are linearly independent over Q, we have

|G- 5.7 = *D/3.



We will give an ideal theoretic proof of the inequality || || > 2f/3. How-
ever, we also give a proof of the inequality ||a ||* > f/3 through geometry
of numbers, which hopefully illustrates the nature of Proposition 5.

Algebraic properties of CM-fields, whose relative class numbers are odd,
are also used in our proof of the Theorems. Some other properties are also
important for further study toward determination of sextic CM-fields of (rel-
ative) class number one. When a number field L is given, let C(L) be the class
group of L, F(L) the group of units of L and W (L) the group of roots of unity
of L. When a CM-field K is given, we denote by x(K) the order of the kernel
of the lifting map C(K) —— C(K) of ideal classes. Let ET (K ) the group
of totally positive units of K. Hasse’s unit index [E(K) : E(Ky)W(K)]
is denoted by Q(K). The ideal character of K, associated with K/K is
denoted by xk/k, -

The algebraic properties are described in the following:

Lemma 6 Let K be a CM-field such h™(K) and [K : Q] are odd. Then, the

following assertions hold:
(i) h(K.) is odd;
(il) B (Ky) = B(K)%
(i) w(K)=1;
(v) Q(K) =1;
(v) K/Ky is ramified at exactly one prime ideal of K.

Let q = q(K) be the prime ideal of K that is ramified in K/ Ky and ¢ = q(K)
the prime number contained in q.

(vi) K = K. (v/—1) or there is a totally positive integer 6 of K. such that
K = K, (v/=0) and the ideal 5q7' is a square ideal of K :

(vii) The inertia degree degq is odd if q is odd;
(viii) ¢ 21 (mod 4).

(ix) For an arbitrary prime number l, we have
—4
(—) if K =K, (V—1) or degq is even;

—d l
XK/K, (lo) = (T) = _q . |
<T) otherwise,
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where o denotes O (K, ) and (e/e) the Kronecker symbol and d = d(K).

Remark. All assertions except (ix) hold for any CM-field K such that
[K : Q] is odd and h™(K) is odd.

The following Lemma discriminates for which sextic CM-fields the Theo-
rems are applicable.

Lemma 7 Let K be a sextic CM-field such that h™ (K) is odd. Let q = q(K),
q=q(K), 0 =9O(K,), Dy = Do(K;) and f = f(Ky). Then, K contains
an imaginary quadratic subfield if and only if one of the following condition
holds.

(i) qo=g;
(i) qo = q® or equivalently q | f;

(iii) qgo = qq3 for some prime ideal gy of K such that q # qa, or equivalently
q| Do and q1 f.

2 Preliminaries

We use a Lemma on quadratic extension and another on cubic field.

Lemma 8 Let Fy be a finite extension of Qq with the unique prime ideal
q, vq : Fy© — Z the additive valuation of Fy that is normalized so that
ve(F*) = Z, Kq a quadratic extension of Fy with the unique prime ideal Q,
and x(Kq/Fy;e) the norm residue symbol of Kq/Fy, 0 the relative discrim-
inant of x(Kq/Fy;e) and e(q) the ramification index of q in Fy/Qs. Choose
an element & of Fy such that Kq = Fy(v/=9).

If v4(0) is odd, we have

(1) 0= q2e(q)+1.

(i) x(Kaq/Fy;5) = +1 or —1 according as the inertia degree degq of q is
even or not.

If v4(6) is even, we have

(iii) o | g% and v,(0) € 2Z.



Proof. Assertions (1) and (3) are part of [5, Theorem 10.2.9]. It remains to
prove (ii).

We denote by o the ring of integers of Fj.

If deg q is even, then the residue field o/q of F} is an extension of Qg of
even degree. Hence, there is an o € o0 such that o> + o+ 1 =0 (mod q).
We now calculate (1 +2a)? =1+4(a®?+a) =5 (mod 4q). Therefore, the
character x(Kq/Fy;e) of order 2 takes the value 1 at 5.

We now assume deg ¢ is odd. Since (14+2a)? = 1+4(a’*+a) (mod 4q) for
a€oand @ € 0/q— &*+a € 0/qis 2 to 1, the index [(1+40)/(1+4q) : (1+
20)?/(1+44q)] of multiplicative groups is 2. Hence, the character x(Kq/Fy;e)
of conductor 2¢W+1 takes the value —1 on (1+40)\ (1+20)2(1+4q). (Note:
the conductor and the relative discriminant of a given quadratic extension
are equal.)

It now suffice to prove 5 ¢ (1 + 20)?(1 + 4q). Suppose, to the contrary,
that 5 € (1 + 20)2(1 + 4q). Then, there exists some a € o such that 5 =
(1+2a)? = 1+4(a®+a) (mod 4q). Thus, we have a’+a+1=0 (mod q),
which means deg q is even. The contradiction establishes the Lemma. qed.

Lemma 9 Let K, be a totally real cubic field. Put Dy = Do(Ky), f =
f(Ky) and o = O(K,). Letl be a prime number. Then, we have

(i) lo =1 for some prime ideal | of K, if 1| f;
(ii) lo = L2 for distinct prime ideals [y and Iy of Ky if | Dy and 11 f;

(iii) lo = Ly for distinct prime ideals l; and ly of K (degly =1 andly = 2)
if (Do/l) =—=1andlt f;

(iv) 1 splits completely or remains totally in K/Q if (Do/1) = +1 and 11 f.
(v) 21 f
(vi) ZAfifl#3.
(vii) 1fged(Do, f) if 1 # 3;
) K (v/Do)/Q(v/Dy) is a cyclic cubic extension.

(viii

Proof.  See [7]. There, the statement is proved without assuming the cubic
field to be totally real. Our restriction is simply for saving notation. qed.



3 Algebraic structure of CM-fields whose rel-
ative class numbers are odd

For proving Lemma 6, we use two Lemmata concerning invariants of CM-
fields. One is on indices related with units and capitulation kernel:

Lemma 10 Let K be a CM-field. Then, we have k(K), Q(K) € {1,2}. Set
0 =9(K,). There are several sufficient conditions for these indices to be 1:

(i) k(K) =1 when h(K,) is odd;
(i) k(K)=1if K = K.(v/—1) and 20 is not a square ideal in K ;
(ili) k(K) =114 K = K,(vV—9) with 0 € K and 00 is not a square of any
non-principal ideal in K ;
(iv) Q(K) =1 when [ET(Ky): E(K.)*] = 1.

Proof. By Theorems 4.12 and 10.3 of [18] or Theorem 1 of [9], we have
k(K), Q(K) € {1,2}. Assertion (i) is then obvious since x(K) is an order of
a subgroup of C(K ). Assertions (ii) and (iii) are in [9, Thoerem 1]. Assertion
(iv) is assertion (c) of [9, Proposition 1]. qed.

Another Lemma is a collection of several sufficient conditions for a relative
class number of a given CM-field to be even. Denote by ¢(K) the number of
prime ideals that are ramified in K/K,.

Lemma 11 Let K be a CM-field. Then, 2 | h™(K) if one of the following
conditions hold:

(i) t(K) > 2;
(ii) t(K) =1 and [E*(K,) : B(K,)] > 1;
(iii) w(K) =1 and 2| h(K.);
(iv) &(K) =2 and the 2-Sylow subgroup of C(K) is non-cyclic.

Proof. For convenience of the readers, we give a proof.

Let A(K) be the group of ideal classes of K that are invariant under the
complex conjugation. Put Q'(K) = [Nk x, K* N E(K,) : E(K})?]. Satz 15
of Takagi’s fundamental paper [16] evaluates the order #A(K) of A(K):

#HA(K) = 2071 Q'(K) h(Ky). (1)
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This formula is called the ambiguous class number formula.
Since #A(K)/h(K) divides h™ (K), this implies

2 Q(K) | h (K). (2)

Thus, h~(K) is even when condition (i) is satisfied.

We consider the case in which condition (ii) is satisfied. Elements of
Et(K,) are norm-residue at every infinite places in K/K,. Hence, the
Product Formula implies that they are also norm-residue at the unique prime
ideal that is ramified in K/K . Therefore, Hasse’s principle implies they are
norm from K*. Thus, Q' (K) = [ET(K,) : E(Ky)] > 1. Since the latter
index is a power of 2, this inequality and (2) imply 2 | A~ (K).

We now consider the case in which condition (iii) is satisfied. Let a be
an ideal in an ideal class of order 2 of K, and set © = O(K). Then, aO
belongs to an ideal class of order 2 of K since x(K) = 1. On the other
hand, Ng/k, (aO) = o is principal. Therefore, the kernel of the norm map
Nk /i, : C(K) — C(K) has an element of order 2. Noting that the order
of this kernel equals h~(K), we now see 2 | b~ (K).

The last case is treated similarly. qed.
Proof of Lemma 6.  Set o = O(K,). Define the character x* by x*(a) =
x(ao) for a € 0. Then, x* factors as

X(@) =] xs(@) - sen N, jqo, (3)
plo

where the ideal 9 is the relative discriminant of K/K,, x, is a character
whose conductor is a power of p and the function sgnz is the signature of
z € R.

Since [K, : Q] is odd, this implies 1 = y¥(—1) = — [T, Xp(—1), and in
particular Hp|a Xp(—1) # 1. Therefore, 9 is non-trivial, i.e., t(K) > 1.

On the other hand, h~(K) is odd. Hence, Lemma 11-(i) implies ¢(K) < 1.
Therefore, assertion (v) is established.

Assertion (v) and Lemma 11-(ii) imply assertion (ii). Then, Lemma 10-
(iv) implies assertion (iv).

Now, Lemma 11-(iv) implies that the 2-Sylow subgroup of C(K ) is cyclic.

We now show assertion (iii). Suppose k(K) # 1. Then, r(K) = 2
by Lemma 10. Hence, 2 | h(K;) by Lemma 10-(i). The result of the

"The quotation of (1) in [12] involved an incorrect denominator. The incorrect denom-
inator vanished in the context so that the argument there can be justified.
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previous paragraph then implies that there exists a unique non-principal
ideal a of K., up to multiplication by an element of K, such that a?
is principal. By assertion (ii), we can take a totally positive element of
K, which generates a®. Such an « is uniquely defined up to multiplication
by a square of an element of K. Lemma 10-(iii) now implies that either
K = K. (v/-1) or K = K,(v/—a). We can deduce 2 | h™ (K (v/-1))
as follows: the ideal 20 cannot be a square in K since [K; : Q] is even;
hence Lemma 10-(ii) implies x(K,(v/—1)) = 1; therefore Lemma 11-(iii)
implies 2 | h~(K,(v/—1)). By this argument, we eliminate the possibil-
ity of K = K,(v/—1). We can also deduce 2 | h~ (K (v/—a)) as fol-
lows: let H and H, be the respective 2-class field of K, (v/—1) and K,;
we have Hy(v/—1) = K (vV—1)Hy € H since 2 | h=(K,.(v/—1)); on the
other hand, Hy contains K (y/a) by the uniqueness of «; thus Hy(v/—1)
contains K (v/—a) and equals Hy(v/—a); moreover, Hy(v/—a)/K(v/—a)
is unramified since Hy/K, is unramified; if H/K,(v/—a) is abelian, then
we get 2 | h™ (K (v/—a)) from Hy(v/—a) = Ho(v/—1) € H; otherwise
Burnside Basis Theorem (see e.g. [15, Theorem 1.16 (p. 92)] implies that
H/K (v/—a) contains an abelian non-cyclic extension H; /K, (v/—a); the ex-
tensions HyoH, /K, (v/—a) is also non-cyclic; this implies HoH; # Ho(y/—)
since Gal(Hy(v/—a)/K,(v/—a)) ~ Gal(Hy/K,) is isomorphic to a cyclic
subgroup of C(K); thus 2 | [HyH; : Ho(v/—a)] | h~ (K4 (v/—a)). Therefore,
the possibility of K = K, (y/—a) is also eliminated. We have established
assertion (iii).

Assertion (iii), Lemma 11-(iii) and the assumption 2 { A~ (K) imply as-
sertion (i).

Now define q and ¢ as in the Lemma. Choose § € o0 so that K =
K, (v/=0). Then, § is totally positive. Uniqueness of q implies do or 6q~" is
a square of some ideal a of K. In the latter case, assertion (vi) is obvious.
In the former case, assertion (i) implies that a is generated by some o € K.
Hence, a2§ € ET(K,). Thus, assertion (ii) implies a 2§ = n? for some
n € B(K)% We now get K = K (v/—0) = K (y/—a?n?) = K,(v-1),
establishing assertion (vi).

We now show assertions (vii) and (viii). Recall the factorization (3).
Assertion (v) implies

XHa) = xq(@) - sgn Ni, jqo (4)

and hence
Xq(=1) = —1. (5)
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If q is odd, then the character x4 is the quadratic residue symbol modulo g.

Hence, we get
_ — 1)
o= (), (),
+

Now, assertions (vii) and (viii) follow.

It remains to show assertion (ix). Let ¢ = ¢ if degq is odd and K #
K, (v/~1) or ¢ = 4 otherwise. By assertion (vii) and Lemma 8, we have
(=d/l) = (—=¢'/1). Thus, we prove xk/k, (lo) = (=¢'/1).

Firstly, we discuss the case in which K # K, (v/—1) and deg q is odd. If
q is odd, then x4 equals the quadratic residue symbol modulo q. Therefore,
we can calculate

— (L) o (Lt >:<_l>: —9 .
X(l")(q)m(q q (z)

If q is even, Lemma 8 implies that the relative discriminant 0 divides 8o and
Xq(5) = —1. Recalling (5), we deduce the assertion.

Secondly, we discuss the case in which K = K, (v/—1). Lemma 8 implies
that 0 divides 40. Hence, (5) implies the assertion.

Lastly, we discuss the case in which K # K (v/—1) and deg q is even. By
assertion (vii), we see ¢ = 2 and, by assertion (vi), K = K(v/—9) for some
§ € K, such that dq~! is a square of some ideal of K. By using Lemma 8,
we can now calculate

Xq (50) = +1 (6)
On the other hand, Lemma 8 implies that 0 divides 80. Therefore, the
identities (5) and (6) imply the assertion. qed.

Proof of Lemma 7.  We firstly assume K contains a quadratic subfield &
and show one of the conditions (i), (ii) and (iii) holds.

Denote by e(M/My,B) the ramification index of a given prime ideal B
of M in a given extension M /M, of number fields. Let £ be the prime ideal
of K above q. By Lemma 6-(v), we have e(K/K,,B) = 1 for every prime
ideals P # Q of K. On the other hand, e(K/Q,P) is even for every prime
ideal B of K above q. Therefore, we get e(K,/Q,p) = 2 for every prime
ideal p # q of K above q. Therefore, one of the conditions (i), (ii) and (iii)
holds.

We secondly assume one of conditions (i), (i) and (iii) and show that K
contains an imaginary quadratic subfield. By Lemma 6-(vi), K = K (v/—1)
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or K = K,(v/—0) with a totally positive element ¢ of K| such that dq~! is

a square ideal in K. The former case is trivial. In the latter case, we note

qq~! is a square ideal in K, under our assumption. Therefore, ¢~1dO (K, )

is a square ideal in K. By Lemma 6-(i), this implies ¢~'§ = a?c for some
a € K and ¢ € E(K). Since the left hand side is totally positive, the
unit € is also totally positive. By Lemma 6-(ii), this imply € = n? for some

n € E(Ky). Therefore, we conclude K = K, (vV—0) = K (y/—qa?n?) =
K, (y/—q) and K contains an imaginary quadratic subfield. qed.

4 Geometric structure of sextic CM-fields whose
relative class numbers are odd

Denote by D(!(z1, z2, x3)) the difference-product (z;—x9)?(xe—x3)*(w3—21)?
and by D(«) the discriminant D(d&) of a when a belongs to a totally cubic
field K. Obviously, D(«) is positive if « € K, \ Q.

For proving Proposition 5, we need the following:

Lemma 12 Let K be a totally real cubic field. Let | be a prime ideal of
degree 1 of Ky and | the prime number contained in [. Assume [ is coprime
to D= D(K). If a« € Il7'\ IZ, we have

D(a) > I?D.
Proof. We have
(a) Ky is cyclic and [ splits completely in K ;
(b) K. is non-normal and [ splits completely in K ; or
(c) K, is non-normal and [ does not split completely in K.

We discuss case (b). The other cases are easier.

Let Dy = Dy(Ky) and M = K, (v/Dy). Then, M is the normal closure
of K.

Let 7 be the non-trivial conjugation of M/K, and p be a generator of
Gal(M/Q(v/Dy)). We have 7 1pr = p~1.

By Lemma 9, complete splitting of [ in K /Q implies (Dy/l) = +1. Thus,
[ splits completely in M/Q. Let £ be a prime ideal above . Set £, = £/
and £3 = 2’1’2. Then, we have o € £,£3£7 L7,
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We can now verify o € £3£,£7£7 and o — o” € £3£]. Noting that
D(a) = —Nyyq(a—a), we now see I* | D(a). On the other hand, we know
D | D(a). Since [ is coprime to D, these imply (D | D(«).

Since a € K, \ Q this implies the assertion. qed.
Proof of Proposition 5. Obviously, we have trg, /q o® = ||@||* > || |*.

We firstly prove ||@i[|?> > (2D)Y3. Satz II of [14] implies ||a.|*> >
(2D(a,))Y? = (2D(a))'/3. The equality requires a® = o(+1) = —(+2) /2
for some i € {1,2,3}. (The super scripts is read modulo 3.) This is im-
possible for a cubic number. Hence, the equality sign can be removed. (See
Remark A.) Substituting D(a) > D, we see ||@||* > (2D)'/3.

We secondly prove ||@ ||* > 2f/3. Let X —aX 4 bX — ¢ be the minimal
polynomial of a. We have 0 < [|@,]|? = ||@]|* — ||(a/3)I]|* = (2/3)(a® — 3b).
Thus, it suffice to prove f | a* — 3b.

We write @ = *(aq, ag, a3), identify K, with Q(a;) by @ — «; and
regard M = Q(ay, an, a3) as the normal closure of K. Let A = ay — as.
Then, we have A* = a* — 2b — o] — 2¢/a; € K and D(«) = Nk, jqA*.

For each prime number p dividing f, we consider the prime ideal p of K,
above p and show A? € p¥, where j denotes the largest integer such that
p’|f. Such a prime number p is totally ramified in K, /Q by Lemma 9-(i).
Hence, Nk, ,qp = p. Therefore, we can infer

P | f=p¥ | D= p¥ | D(a) :NK+/QA2:A2 € p¥.

In particular, we get

Aep, (7)

where p = pO(M). (The ideal p is not necessarily a prime ideal of M.)
Since p is Galois invariant, this implies a1 = ay = a3 (mod p?).
A particular consequence of this congruence is the following:

a? —3b=a? +aj+ai — ajay — asas — aza; € p.

If j = 1, this implies p’ | a® — 3b as desired.

Assume j > 2. Then,we have p = 3 and j = 2 by Lemma 9-(vi). If we
write Ay = A = as — a3, Ay = a3 — a7 and As = o — an, Galois invariance
of p and claim (7) implies Ay, Ay, Az € p/ = p2. Therefore, we get

2(a® — 3b) = AT+ A3+ A} € p?

and hence p? | 2(a® — 3b). Noting p = 3 is odd, we now see p’ | a®> — 3b.
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We have established the first assertion.
We thirdly prove ||@.||* - ||3L||> > D/3. Let o = O(K,). We calculate
2

1,a,, ﬁl as follows:

the determinant

. L2 L L2
)1,@,@ - 1,07,5] —[0:Z+Za+ZA? D.

Neglecting the index and using Hadamard inequality, we get the desired
inequality.

We nextly prove the third assertion. By Lemma 12, we have D(a) >
I2D. Thus, we can replace D of the first paragraph of this proof with 2D,
establishing the third assertion.

We now prove the last assertion. We have

2

= = = 512
)z,om,m &3 =o:Zl+Za+ 787 D.

Here, the index is larger than N, q(II™") > * since [, o, f € lI7! and I, o, 3
are linearly independent over Q. The last assertion follows immediately.
qed.

Remark A. We give here an alternative proof of ||@,]|? > (2D(«))
Put w = a — trg, jq /3. Then, ||@.| = ||J]|. The minimal polynomial of w
is of the form X? — X — ¢/, where &/ € (1/9)Z and 0 # ¢ € (1/27)Z. We
have ||@||* = trg, )qw? = 20'. On the other hand, we have D(a) = D(w) =
4(1')? — 27(¢)%. Therefore, we get

1/3

laL]® = (2D(a) + 54(¢)*)* = (2D(a) +2/27)"* > (2D(a)"?

as desired.
Remark B. A weaker inequality ||@ ||* > f/3 can be proved in a more
geometrical way. We have v/ DyA € K, . The minimal polynomial of v/ DyA

1S
X3 — Dy(a* — 3b)X 4 Do/ DoD(a).

We set A = 1Ay, Ay, A3) = @ x I. Then, |[vDoA|? = 2Dy(a® — 3b) =

3Dy||@L]|*>. Hence, we can calculate

— - = - 2 = e =
1.6, VDoA| = |T.aL,vDol| < 3l - VDol = Do(3l.)?

by using Hadamard inequality. The desired inequality now follows on noting

D = Dy f2.

2

D<
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Remark C. Remark A suggests that the inequality ||, ||? > (2D(a))'/3
is the best possible lower bound of ||@,[|? in terms of the discriminant D
of Q(c). Indeed, Erdés [6] proved g(n) (0 < n € Z) is infinitely often
free of m-th power when ¢g(X) is a polynomial of degree m + 1 > 3 with
integer coefficients, the greatest common divisor of the coefficients of g(X)
is 1 and there exists some ny € Z such that g(ng) # 0 (mod 2™). This
can be applied to the polynomial g(X) = 4X3 — 27 and m = 2. Therefore,
the discriminant 4b® — 27 of the polynomial X3 — bX — 1, with 2 < b €
Z, is infinitely often free of square factor. (For example 4 - 2003% — 27 =
32144216081 is a prime number.) In this situation, the discriminant D(«) of
its root coincides with D. We then have ||@|?> = 2b = (2D + 52)'/3.
Remark D. The inequality ||@,]|> > 2f/3 has some suggestion on the
polynomial 4X? — 27. When 4b% — 27 coincides with the discriminant D of
the field defined by X® —bX — 1, this inequality implies (2D +54)/2 > 2f/3.
Here, f equals \/D/D; or 21/D/D; with square-free part D; of D. We get
Dy > (D/4)'/3/9 — e. Numerical examples a similar inequality, with smaller
exponent, should hold even in the case D # 4b® — 27. However, its proof is
beyond the method of this paper.

If K is a CM-field, there is a totally positive element 6 of K, such that
K = K, (v/=0). A unique non-trivial automorphism of K /K, is induced by
V=0 — —+/=48. This automorphism is called the complex conjugation of
K. We denote it by 0 = 0.
Proof of Lemma 4.  Write A = (a + /—(3)/2 with o, 3 € O(K,). Then,
the integer 3 of K is totally positive. Put L = Ng/x A € Q. Then, we
have

AL = o’ + 3. (8)

The integer v of K, is irrational. Suppose o € Q. Then, 3 = 4L—a? € Q
by (8). Thus, A is quadratic, which contradicts the assumption of the Lemma.

The integers 1, a and 8 of K are linearly independent over Q. Suppose
they are linearly dependent. Then, § = aa + ¢ for suitable a,c € Q. Substi-
tuting this in (8), we get a? + aa + ¢ — 4g = 0. Hence, the degree of « is at
most 2. Since K, is a cubic field, this implies a € Q, which is impossible as
we have seen.

Let b = trxx, § and put 3; = B9 (i =1,2,3). Then, we have

b> \/SH@IMB, (9)

16



where B denotes 9 (NK+/Q6)2/3. Indeed, we have ||3.[|*> = \|§H2 — H@‘H? =

15112 = 02/3 = (2/3)(5% + B3 + B3 — B1 B — afBs — Ba1) = (2/3)(b? — 30162 —

30,05 — 30561 since G = (b/3)1. Therefore, we get b> = (3/2)|| G| +

36102 + 33233 + 3030:. Now, the inequality of arithmetic and geometric

means implies (9). Here, the equality is eliminated by the fact 7' Nk, qf8

is irrational, which follows from linear independence of 1, and 3 over Q.
The inequality (9) implies

B} /3~ )
12L = trge, q (o” + B) > [|laL]* + SIBLl* + B = o([lal?),  (10)

where the function ®(x) of z > 0 is defined by

3lla 1213, 112
O (x) :$+\/—H0u_lx”ﬁﬂ| + B.

Define the function ®(A, B;x) by

| A
(I)(A,B,l‘)ZZE—F %—f—B

so that ®(z) = ®(3||@.||||6.||2, B; ). Then, we have

dD(A, B: z) B 422\ /AJ2x+ B— A N ((2:c)3/2_\/Z> VA S0 A

dx 422 \/A/2x + B 422\/A/2x + B

for x > AY3/2. Obviously, we also have ®(x) > ®(A, B;x) > ®(Ay, By; x)
when A > Ay > 0and B > By > 0.

We now prove the first assertion. Proposition 5 is applicable since 1, «
and 3 are linearly independent over Q. Hence, we have 3||@. ||2||5.]2 > D
and hence ®(||@.||?) > ®(D, B; ||a@.||?).

The inequality (10) and monotonousness (11) imply

L>® (D,B; (2D)1/3) (12)

in general and

L>®(D,B;2f/3) (13)
if 2f/3 > v/2D.
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On the other hand, we have
B > 9d*3. (14)

Indeed, 3 = Ng/k, (A — A7) belongs to the relative discriminant o of K/K,.
Therefore, N, o is a multiple of d = Nk /0. The linear independence
of 1, a and 3 implies 3 # 0 and hence Nk, g # 0. Therefore, we get
Nk, B > d and hence B > 9d/3.

Inequalities (12), (13) and (14) imply L > C'(D,d).

We nextly prove the second assertion. We can follow our proof of the first
assertion if we show

B € o, (15)

Since t is free of square factors of ideals from K, it suffice to show this
divisibility for the case in which t is a prime ideal of K.

Since A € tO and t9 is invariant under the complex conjugation, we have
V=B =A—A° ctO. Hence, we get 3 € 2.

If ¢ is coprime to 9, this immediately implies (15).

If v divides 0, the assumption K # K, (v/—1) becomes active. Hence
Lemma 6-(v) and (vi) imply that the order of v = q(K) in 3 is odd.

If v divides ? and t is an odd ideal, then 3 € 2 implies (15) since the
order of v in [ is odd.

If v divides 0 and v is an even ideal, we can argue as follows: Since A € t,
we have L = N/, A € v2. Recalling (8), we get o + 3 =0 (mod 4¢?).
On the other hand, we have 9 | 4t by Lemma 8. Thus, we see

o>+ =0 (mod ot). (16)

Since the order of v in 3 is odd, the congruence (16) implies %, 3 € 0.
Since the order of t = q(K) in 9 is odd by Lemma 8, we get (15) from 3 € dr.

We now prove the last assertion. Since [ is coprime to D, the ideal {[7! is
free of square factors of ideals from K. Thus, we set v = [[7!. As we have
seen in our proof for the second assertion, the norm N, o3 is a multiple of
(Nk, jqt)*d = I*d. In particular, we have

B > 9(I*d)*3.
On the other hand, Proposition 5 implies
tric, @0 > (D)2, |- |1FLIP > 2D/3.

We can now follow the proof of the first assertion. qed.
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5 Proof of the Theorems

For proving Theorem 2 and 3, we also use the following:

Lemma 13 Let K be a CM-field such that k(K) = 1. Let [ be a prime ideal
of K which does not remain inertia in K/K,. Then, we have

1 D(K)
Nk, jQt = 21K:Ql D(K,)?

Proof.  This is Theorem 6 of [10]. (This is of more algebraic nature.) ged.
Proof of Theorem 3.  Let £ be a prime ideal of K above [ and © = O(K).

The first assertion is a direct consequence of Lemma 13.

We prove the second assertion. We discuss the lower bounds of the last
case since the other cases are handled in the same way.

The lower bound for ? is proved as follows. Put 2 = [[71£? and L = [?
Then 2 is an integral ideal of K and we have

LO = A",

This is equivalent to
Lo = NK/K+QL.

The assumption of the Theorem on the relative class number implies that
the norm map from C(K) to C(K) is injective. Hence, the above equality
implies that 2 is principal. Let A’ be a generator of 2{. Then, we have

NK/KJFAI = Le

for some ¢ € F(K ). However, the left hand side is totally positive. There-
fore, we get ¢ € ET(K,). By Lemma 6-(ii), this implies ¢ = n? for some
ne B(K,). Put A= An~!. We now have

N, A= L.

Note that A cannot be quadratic since K contains no imaginary quadratic
subfield by assumption and the cubic field K, contains no real quadratic
subfield for the obvious reason. Note also splitting of [ in K/K, implies 2 is
not a lift of any ideal from K, which implies A ¢ K. Therefore, Lemma 4
and the previous equality imply [* > C'(D, [*d). If we estimate [ by the first
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assertion, we get [> > C'(D,d?/2**). If we estimate [ trivially by [ > 1, we
get 12> C'(D,d).

The lower bound for {*/3 is proved as follows. Put A = £2[,[; and L = [>.
Then, we have A C 30 = [[7'O. The prime number [ is coprime to D
since it splits completely in K, /Q (see Lemma 9). We follow our proof of
the lower bound for /2 to find a generator A of 2 such that Ng/k, A = L.
The generator A is not quadratic and is outside K as before. Therefore,
Lemma 4 implies [? = L > C(I*D, *d). Hence, we get

Y2 > C(D,12d).

If we estimate [ by the first assertion, we get 1¥/3 > C(D,d/2'?). If we
estimate [ trivially by [ > 1, we get I*/3 > C(D, d).

The third assertion follows from the second assertion as follows. In the
first three cases of the second assertion, we have [ > C'(D, d) > d'/3/4. Thus,
we get 12 > C'(D,d)d3/4 > C'(D,d?/2%). In the remaining cases, we can
show 12 > C'(D,14¢'d) following our proof of the second assertion. Hence,
we get [2 > C'(D,d?/2°) by estimating [ by the first assertion.

We prove the last assertion before the fourth assertion. If every prime
ideal of Ky above [ splits in K/K,, the ideal IO of K becomes a product of
two ideals:

1O =AA7,

where 2 C [and A ¢ [7. We put L = [ and follow our proof of the second
assertion.

It remains to prove the fourth assertion. Let ¢ = q(K). Then, [ and q
are prime ideals above [ = ¢. Since their behaviour in K/K, are different,
they are different prime ideals. On the other hand, there are at most two
prime ideals above [ since [ does not split completely in the cubic extension
K, /Q. Therefore, we have lo = [q?, [*q, or [q. Let Q be the prime ideal of
K above q. We set 2 = £q = £0% A = £2Q or A = £ according to the
three cases. We also set L = [. We can then follow our proof of the second
assertion. qed.
Proof of Theorem 2.  Exactly one prime ideal q = q(K) of K, is ramified
in K/K, by Lemma 6-(v). By Lemma 6-(vi), (vii) and Lemma 8, the ratio
d/q is a square in Z.

Let xk/k, be the ideal character of K, associated with K/K . Then, by

Lemma 6-(ix) we have
w10 = ().
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We prove the first assertion. By the condition (D/l) = —1 and Lemma 9-
(iii), the prime number [ splits as lo = [4[, where [; and [, are prime ideals
of K such that degly =1 and degl, = 2.

Since (—¢'/l) = —1, we can calculate

xk/k, (L) = xx/k, (lo) = <_lq ) = 1.

Let (=10 and ' = [, if xx/k, (1) =1 or [ =1y and I' = [; otherwise. Then,
the above equality implies

Xk /i, () = +1,

i.e., [ splits in K/K,. (Unfortunately, I' remains inertia in K/K, since

XK/K+ ([/) = —1)
Now, the first two assertions of Theorem 3 imply the desired assertion.
We prove the second assertion. By Lemma 9-(i) and (ii), we have

lo=10
with a prime ideal [, of K, or
lo = [ [g,

with distinct prime ideals [; and [, of K. Set [ =[;. Set [ = [; in the former
case or I’ = [, in the latter case.
Since (—¢'/l) = +1, we can calculate

XK/K, ([([')2) = Xk/Kk, (lo) = (—Zq') = +1.

Hence, we get
Xk/k, (I) = +1,

i.e., [ splits in K/K+. The first two assertions of Theorem 3 imply the
desired assertion.

We prove the third assertion. By Lemma 9-(iv), the prime number [
remains inertia or splits completely in K, /Q. In the former case,

XK/K (lo) = (_lq ) = +1
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implies splitting of lo in K /K. Hence, the first three assertions of Theorem 3
imply the desired assertion.

In latter case, we designate by [;, [ and [3 the three prime ideals of K
above [. Then,

o
Xk/x, (hll3) = Xk/k, (l0) = < lq ) =+1

implies xx/k, (i) = +1 for some i. Hence, the first three assertions of
Theorem 3 imply the desired assertion.

The last assertion follows from the first three assertion of the Theorem.
qed.
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