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Chapter 6

Joint distribution of spins

Joint work with Djordjo Milovic
Abstract

We answer a question of Iwaniec, Friedlander, Mazur and Rubin [24] on the joint distri-
bution of spin symbols. As an application we give a negative answer to a conjecture of
Cohn and Lagarias on the existence of governing fields for the 16-rank of class groups
under the assumption of a short character sum conjecture.

6.1 Introduction

One of the most fundamental and most prevalent objects in number theory are extensions
of number fields; they arise naturally as fields of definitions of solutions to polynomial
equations. Many interesting phenomena are encoded in the splitting of prime ideals in
extensions. For instance, if p and ¢ are distinct prime numbers congruent to 1 modulo
4, the statement that p splits in Q(,/g)/Q if and only if ¢ splits in Q(,/p)/Q is nothing
other than the law of quadratic reciprocity, a common ancestor to much of modern
number theory.

Let K be a number field, p a prime ideal in its ring of integers Ok, and « an element
of the algebraic closure K. Suppose we were to ask, as we vary p, how often p splits
completely in the extension K(«)/K. If « is fixed as p varies over all prime ideals
in Ok, a satisfactory answer is provided by the Chebotarev Density Theorem, which
is grounded in the theory of L-functions and their zero-free regions. The Chebotarev
Density Theorem, however, often cannot provide an answer if «a varies along with p in
some prescribed manner. The purpose of this chapter is to fill this gap for quadratic
extensions in a natural setting that arises in many applications. This setting, which we
now describe, is inspired by the work of Friedlander, Iwaniec, Mazur, and Rubin [24]
and is amenable to sieve theory involving sums of type I and type II, as opposed to the
theory of L-functions.
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96 Chapter 6. Joint distribution of spins

Let K/Q be a Galois extension of degree n. Unlike in [24], we do not impose the very
restrictive condition that Gal(K/Q) is cyclic. For the moment, let us restrict to the
setting where K is totally real and where every totally positive unit in O is a square,
as in [24]. To each non-trivial automorphism ¢ € Gal(K/Q) and each odd principal
prime ideal p C Ok, we attach the quantity spin(o,p) € {—1,0, 1}, defined as

spin(o, p) = (sz;))m, (6.1)

where 7 is any totally positive generator of p and (—) K2 denotes the quadratic residue
symbol in K. If we let a? = o~!(7), then spin(o,p) governs the splitting of p in K(a),
i.e., spin(o,p) =1 (resp., —1, 0) if p is split (resp., inert, ramified) in K(«)/K. In [24],
under the assumptions that o generates Gal(K/Q), that n > 3, and that the technical
Conjecture C,, (see Section holds true, Friedlander et al. prove that the natural
density of p that are split (resp., inert) in K(y/a)/K is % (resp., %), just as would be
the case were o not to vary with p.

More generally, suppose S is a subset of Gal(K/Q) and consider the joint spin

sp = [ spin(o.p).

oS

defined for principal prime ideals p = 7Of. If we let o = [Lecs o~1(m), then s, is
equal to 1 (resp., —1, 0) if p is split (resp., inert, ramified) in K(a)/K. If o71 € S
for some o € S, then the factor spin(c,p)spin(c~1t,p) falls under the purview of the
usual Chebotarev Density Theorem as suggested in [24, p. 744] and studied precisely
by McMeekin [56]. We therefore focus on the case that o ¢ S whenever 0= € S and
prove the following equidistribution theorem concerning the joint spin s, defined in full
generality, also for totally complex fields, in Section [6.2.3

Theorem 6.1.1. Let K/Q be a Galois extension of degree n. If K is totally real, we
further assume that every totally positive unit in Ok is a square. Suppose that S is a
non-empty subset of Gal(K/Q) such that o € S implies c~1 & S. Foe each non-zero ideal
a in Ok, define sq as in (6.6). Assume Conjecture C|g),, holds true with § = §(|S|n) > 0
(see Section . Let € > 0 be a real number. Then for all X > 2, we have

5
E Sp < X1_54|S\2n(12n+1)+€7
N(p)<X
p prime

where the implied constant depends only on € and K.

It may be possible to weaken our condition on S and instead require only that there
exists 0 € S with 071 ¢ S.

The main theorem in [24] is the special case of Theorem where Gal(K/Q) = (o),
n >3, and S = {o}. After establishing their equidistribution result, Friedlander et al.
[24, p. 744] raise the question of the joint distribution of spins, and in particular the case
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of spin(c, p) and spin(o?, p) where again Gal(K/Q) = (o), but S = {5,002} and n > 5.
The following corollary of Theorem applied to the set S = {o,0?} answers their

question.

Theorem 6.1.2. Let K/Q be a totally real Galois extension of degree n such that every
totally positive unit in Ok 1is a square. Suppose that S = {o1,...,0:} is a non-empty
subset of Gal(K/Q) such that o € S implies 0=+ & S. Assume Conjecture Cy,, holds
true (see Section . Let = (e1,...,e;) € Fh. Then, as X — oo, we have

H{p principal prime ideal in Ok : N(p) < X, spin(o;,p) = (=1)% for 1 <i <t} 1

{p principal prime ideal in Ok : N(p) < X} 2t

We expect that Theorem has several algebraic applications; see for example the
original work of Friedlander et al. [24], but also [41], [43], and [58]. Here we give one
such application by giving a negative answer to a conjecture of Cohn and Lagarias [I1].
Given an integer k > 1 and a finite abelian group A, we define the 2F-rank of A as

rkor A = dimp, 2871 A/2F A

Cohn and Lagarias [I1] considered the one-prime-parameter families of quadratic number
fields {Q(v/dp)},, where d is a fixed integer # 2 mod 4 and p varies over primes such
that dp is a fundamental discriminant. Bolstered by ample numerical evidence as well
as theoretical examples [I1], they conjectured that for every k > 1 and d # 2 mod 4,
there exists a governing field My . for the 2¥-rank of the narrow class group C/(Q(y/dp))
of Q(\/dp), i.e., there exists a finite normal extension My ;/Q and a class function

bax: Gal(Mgr/Q) = Zxo

such that
Sar(Artar, , /0(p)) = rkorCUQ(\/dp)), (6.2)

where Artyy, , /o(p) is the Artin conjugacy class of p in Gal(My,/Q). This conjecture
was proven for all k& < 3 by Stevenhagen [70], but no governing field has been found
for any value of d if k¥ > 4. Interestingly enough, Smith [69] recently introduced the
notion of relative governing fields and used them to deal with distributional questions
for C¢(K)[2°°] for imaginary quadratic fields K. Our next theorem, which we will prove
in Section [6.5] is a relatively straightforward consequence of Theorem [6.1.1

Theorem 6.1.3. Assume conjecture C,, for all n. Then there is no governing field for
the 16-rank of Q(v/—4p); in other words, there does not exist a field M_4 4 and class

function ¢_4 4 satisfying (6.2).
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98 Chapter 6. Joint distribution of spins
6.2 Prerequisites

Here we collect certain facts about quadratic residue symbols and unit groups in number
fields that are necessary to give a rigorous definition of spins of ideals and that are useful
in our subsequent arguments.

Throughout this section, let K be a number field which is Galois of degree n over Q.
Then either K is totally real, as in [24], or K is totally complex, in which case n is
even. An element o € K is called totally positive if t(c) > 0 for all real embeddings
¢ : K — R; if this is the case, we will write a > 0. If K is totally complex, there are no
real embeddings of K into R, and so « > 0 for every a € K vacuously. Let Ok denote
the ring of integers of K. If K is totally real, we assume that

05 ={u?:ue0;} ={ucOf u=0}=(05)4, (6.3)

where the first and last equalities are definitions and the middle equality is the assump-
tion. This assumption, present in [24], implies that the narrow and the ordinary class
groups of K coincide, and hence that every non-zero principal ideal a in Ok can be
written as a = aOf for some « > 0. If K is totally complex, then the narrow and the
ordinary class groups of K coincide vacuously. In either case, we will let C¢ = C4(K)
and h = h(K) denote the (narrow) class group and the (narrow) class number of K.

6.2.1 Quadratic residue symbols and quadratic reciprocity

We define the quadratic residue symbol in K in the standard way. That is, given an
odd prime ideal p of Ok (i.e., a prime ideal having odd absolute norm), and an element

a € Ok, define (%) as the unique element in {—1,0,1} such that
K2

o Ni /g -t
— =« 2 mod p.
P/ Ko

Given an odd ideal b of Ok with prime ideal factorization b = Hp pr, define
(g) _ H (O{)ep
b/ K2 . /) Kko

Finally, given an element 8 € Ok, let () denote the principal ideal in Ok generated
by 8. We say that g is odd if (8) is odd and we define

(5)..~ (@)
B ks (8) K,2 .
We will suppress the subscripts K, 2 when there is no risk of ambiguity. Although [24]

focuses on a special type of totally real Galois number fields, the version of quadratic
reciprocity stated in [24], Section 3] holds and was proved for a general number field. We
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recall it here. For a place v of K, finite or infinite, let K, denote the completion of K
with respect to v. Let (-, ), denote the Hilbert symbol at v, i.e., given «, 8 € K, we let
(o, B)y € {—1,1} with (o, ), = 1 if and only if there exists (z,y,2) € K3\ {(0,0,0)}
such that 22 — ay? — 822 = 0. As in [24, Section 3|, define

:u2<o"/8) = H(arﬁ)v and ,uoo(ayﬁ) = H(O‘7ﬁ)v-
v|2 v|oo

The following lemma is a consequence of the Hilbert reciprocity law and local consider-
ations at places above 2; see [24] Lemma 2.1, Proposition 2.2, and Lemma 2.3].

Lemma 6.2.1. Let o, 8 € Ok with B odd. Then poo(a, 5) (%) depends only on the

congruence class of B modulo 8«. Moreover, if o is also odd, then

(g) = piz(ev, B) oo (v, B) (i) '

The factor ps(a, B) depends only on the congruence classes of a and 8 modulo 8.

We remark that if K is totally complex, then (a, 8)o = 1 for all o, 8 € K. Also, if K is
a totally real Galois number field and 8 € K is totally positive, then again («, ) = 1
for all v € K.

6.2.2 Class group representatives

As in [24] p. 707], we define a set of ideals C£ and an ideal f of Ok as follows. Let C;,
1 <4 < h, denote the h ideal classes. For each i € {1,...,h}, we choose two distinct
odd ideals belonging to C;, say ; and B;, so as to ensure that, upon setting

Cly={A1,..., A}, Cly={By,..., B}, ClL=Cl,UCl,

and .
f=11c=112%:
ceCl i=1
the norm
f=N(f)
is squarefree. We define
F =223 Dy, (6.4)

where Dy is the discriminant of K.

6.2.3 Definition of joint spin

We define a sequence {s4}4 of complex numbers indexed by non-zero ideals a C Ok as
follows. Let S be a non-empty subset of Gal(K/Q) such that o ¢ S whenever 0! € S.
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We define 7(a) to be the indicator function of an ideal a of O to be odd and principal,
ie.,

r(a) =

1 if there exists an odd o € Ok such that a = aOx
0 otherwise.

Define r; () to be the indicator function of an element o € K to be totally positive,

i.e.,
(@) 1 ifa>=0
ro(a) =
+ 0 otherwise.

Note that if K is a totally complex number field, then vacuously r; () = 1 for all « in
K. If o € K is odd and r4 (a) = 1, then we define

spin(o, o) = (0_(0;)) .

Fix a decomposition O = Tk x Vi, where Tx C Oj; is the group of units of Ok of
finite order and Vi C (9;( is a free abelian group of rank rg (i.e., rg =n—11if K is
totally real and rx = § — 1 if K is totally complex). With F as in (6.4]), suppose that

is a map such that ¢(a mod F) = 9(au? mod F) for all « € Ok coprime to F and all
u € OF. We define

Sq =1(a) Z Z r4 (tva)y (tva mod F') H spin(o, tvar), (6.6)

teTk veVi /VE o€S

where « is any generator of the ideal a satisfying r(a) = 1. The averaging over Vi /VZ
makes the spin sq a well-defined function of a since, for any unit u € O, any totally
positive a € Ok of odd absolute norm, and any o € S, we have

i (25) - (55  55) -

If K is a totally real (in which case we assume that K satisfies (6.3)), then, for an
ideal a = aOk, there is one and only one choice of t € Tx and v € Vi / Vf( such that
ry(tva) = 1. Hence in this case

sq = r(a)(a mod F) H spin(o, @),
o€sS

where « is any totally positive generator of a. If in addition n > 3, Gal(K/Q) = (o),
and S = {0}, then s, coincides with spin(c,a) in [24] (3.4), p. 706]. If we take instead
S = {o0,0?} and assume n > 5, then the distribution of s, has implications for [24
Problem, p. 744].

If K is totally complex, then vacuously ry (tva) =1 for all t € T and v € Vi /VZ, so
the definition of s, specializes to

Sq =71(a) Z Z Y(tva mod F) H spin(o, tva).

teTk veVi /VE cEeS
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6.2.4 Fundamental domains

We will need a suitable fundamental domain D for the action of the units on elements
in O K-

In case that K is totally real and satisfies , we take D C R’ to be the same as in
24, (4.2), p. 713]. We fix a numbering of the n real embeddings ¢1,...,t, : K < R, and
we say that a € D if and only if (¢1(«),...,tn(a)) € D. Hence every non-zero o € D is
totally positive. Because of the assumption , every non-zero principal ideal in Ok
has a totally positive generator, and D is a fundamental domain for the action of (Ok)%
on the totally positive elements in O, in the sense of [24] Lemma 4.3, p. 715].

In case that K is totally complex, we take D C R™ to be the same as in [41, Lemma

3.5, p. 10]. In this case, we fix an integral basis {n,...,n,} for Ox. For an element
a = am+ -+ apn, € K with aq,...,a, € Q we say that o € D if and only if
(a1,...,a,) € D. Every non-zero principal ideal a in Ok has exactly |Tk| generators in

D; moreover, if one of the generators of a in D is «, say, then the set of generators of a
inDis {ta:teTk}.
The main properties of D are listed in [24] Lemma 4.3, Lemma 4.4, Corollary 4.5] and
43, Lemma 3.5]. We will often use the property that if an element & € DN Ok of norm
N(a) < X is written in an integral basis n = {n1,..., 7} asa = aym+---+apn, € Ok,
a1,...,0, € Z, then

la;| < X

for 1 <14 < n where the implied constant depends only on 7.

6.2.5 Short character sums

The following is a conjecture on short character sums appearing in [24]. It is essential
for the estimates for sums of type I.

Conjecture 6.2.2. For all integers n > 3 there exists §(n) > 0 such that for all e > 0
there exists a constant C(n,€) > 0 with the property that for all integers M, all integers
@ > 3, all integers N < Q% and all real non-principal characters x of modulus ¢ < @
we have

S xm)| < CnoQ T

M<m<M+N

Instead of working directly with Conjecture C,,, we need a version of it for arithmetic

progressions. If g is odd and squarefree, we let x, be the real Dirichlet character (5)

Corollary 6.2.3. Assume Conjecture C,,. Then for all integers n > 3 there exists
d(n) > 0 such that for all € > 0 there exists a constant C(n,e) > 0 with the property
that for all odd squarefree integers q > 1, all integers N < q%, all integers M, | and k
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with q 1 k, we have

Proof. This is an easy generalization of Corollary 7 in [41]. O

6.2.6 The sieve

We will prove the following oscillation results for the sequence {sq}q. First, for any
non-zero ideal m C O and any € > 0, we have

5 .
S sa< XTEmEE T (6.7)

N(a)<X
a=0 mod m

where § is as in Conjecture C),. Second, for any € > 0, we have

DD vawesa <e (x_ﬁ + y_ﬁ) (wy) ", (6.8)

N(a)<z N(b)<y

for any pair of bounded sequences of complex numbers {vy, } and {w,} indexed by non-
zero ideals in O. Then [24) Proposition 5.2, p. 722] implies that for any € > 0, we

have
Z sp e X170,
N(p)<X
p prime ideal
where

_s(Isin)
54|S2n(12n + 1)

Hence, in order to prove Theorem it suffices to prove the estimates (6.7) and (6.8).
We will deal with in Section and with in Section

0 :

6.3 Linear sums

We first treat the case that K is totally real. Let m be an ideal coprime with F' and
o(m) for all o € S. Following [24] we will bound

A@)= Y r(@y(amod F) [] spin(c, a), (6.9)
( FN)GSQJ | oc€S
a,F)=1m|a
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where « is any totally positive generator of a. We pick for each ideal a with 7(a) = 1 its
unique generator « satisfying a = («) and o € D*, where D* is the fundamental domain
from Friedlander et al. [24]. After splitting in residue classes modulo F' we obtain

Alx) =Y (p)Alw;p) + 0A(x),
p mod F
(p,F)=1

where by definition

A(z;p) = Z H spin(o, a). (6.10)

aeD,Na<z oeS
a=p mod F
a=0 mod m

The boundary term dA(x) can be dealt with using the argument in [24, p. 724], which
gives dA(z) < 2z'~%. Here and in the rest of our arguments the implied constant
depends only on K unless otherwise indicated. We will now estimate A(x;p) for each
pmod F, (p,F) =1. Let 1,wa,...,w, be an integral basis for O and define

M := weZ + - - - + w,Z.
Then, just as in [24] p. 725], we can decompose « uniquely as
a=a+ 5, with a € Z, 8 € M.
Hence the summation conditions in can be rewritten as
a+p €D, Na+p)<z, a+pf=pmodF, a+=0modm. (%)

From now on we think of a as a variable satisfying (x) while £ is inactive. We have the
following formula

spin(aa)( a )( ath )(5_0(5)>
’ o(a) a+o(f) a+o(B))’
If 8 = o(B) for some o € S we get no contribution. So from now on we can assume

B # o(p) for all o € S. Define ¢(o, B) to be the part of the ideal (5 — o(8)) coprime to
F'. Then, as explained on [24] p. 726], quadratic reciprocity gives

Ala;p) =Y £T(x;p, B),

BeEM

where T'(x; p, B) is given by

e S CED- T )

a€Z o€eS a€Z oceS
a+p sat. (x) a+p sat. (%)

-2 (H:frﬁ)> ' (6.11)

a+pB sat. (*)
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Define ¢ := [],cg ¢(o, B) and factor ¢ as

¢ = gq, (6.12)

where by definition g consists of those prime ideals p dividing ¢ that satisfy one of the
following three properties

e p has degree greater than one;
e p is unramified of degree one and some non-trivial conjugate of p also divides c;

e p is unramified of degree one and p? divides c.

Note that there are no ramified primes dividing ¢, since ¢ is coprime to the discriminant
by construction of F. Putting all the remaining prime ideals in ¢, we note that ¢ := Nq
is a squarefree number and ¢ := Ng is a squarefull number coprime with q. The Chinese
Remainder Theorem implies that there exists a rational integer b with b = 5 mod q.
We stress that ¢, g, q, g, ¢ and b depend only on 5. Define gy to be the radical of g.
Then the quadratic residue symbol (a/g) is periodic in @ modulo go. Hence the symbol
((a+pB)/g) as a function of a is periodic of period go. Splitting the sum in residue
classes modulo gy we obtain

T(z;p,B) < > 3 (‘Hb). (6.13)

ap mod go |a=ap mod go q
a+pB sat. (x)
Following the argument on [24, p. 728], we see that (6.13]) can be written as n incomplete

character sums of length <« 2w and modulus q < 28, Furthermore, the conditions (%)

and a = ag mod gg imply that a runs over a certain arithmetic progression of modulus
k dividing goF'm, where m := Nm. So if ¢ 1 k, Corollary yields

T(x;p,B) < gox' v T (6.14)

with § := 6(|S|n) > 0. Since ¢ | k implies ¢ | m, we see that (6.14) holds if ¢ 1 m.
Recalling ([6.12)) we conclude that (6.14]) holds unless

pl [[N@B-0c(8) = p* | mF [[ N(B - a(8)). (6.15)

oceS oceS

Our next goal is to count the number of 8 € M satisfying both (x) for some a € Z and
. For 3 an algebraic integer of degree n, we denote by 8, ..., 3™ the conjugates
of 8. Now if /3 satisfies () for some a € Z, we have |3V | < 2. So to achieve our goal,
it suffices to estimate the number of 8 € M satisfying |3®)| < z# and .

To do this, we will need two lemmas. So far we have followed [24] rather closely, but we
will have to significantly improve their estimates for the various error terms given on [24,
p. 729-733]. Omne of the most important tasks ahead is to count squarefull norms in a
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certain Z-submodule of O . This problem is solved in [24] by simply counting squarefull
norms in the full ring of integers. For our application this loss is unacceptable. In our
first lemma we directly count squarefull norms in this submodule, a problem described
in [24] p. 729] as potentially “very difficult”.

Lemma 6.3.1. Factor c(o,3) as

¢(a,8) = g(o, Ba(a, B)

just as in . Let K7 be the subfield of K fized by o and let Oko be its ring of
integers. Decompose Ok as

O = Oko EBM,.

Let ord(o) be the order of o in Gal(K/Q). If go(c, B) is the radical of Ng(o, 8), then we
have for all e > 0

{8 M : |89 <%, g0(0, 8) > Z}| < w7 <z o,

Proof. The argument given here is a generalization of [41], p. 17-18]. We start with the
simple estimate

{BeM : BV <aw,go(0,8) > Z} < Y A, (6.16)
goiZ

where
Agi={BeM : |89 < 2%, 8- o(f) =0 mod g}|.

Let M” be the image of M’ under the map 8 — 8 — o(8) and fix a Z-basis n,..., 7,
of M”. We remark that r = n (1 — ﬁ(a)), which will be important later on. Because

|89 < @, we can write 8 — o(8) as 8 — a(8) = S.1_, aimi with |a;| < Creaw, where
Ck is a constant depending only on K. Hence we have

AE S |AB n SI ‘7
where by definition

Ag:={yeM’:y=0mod g}
Sy ={yeM’:y= Zainia |a;| < CK:U%}“
i=1

Using our fixed Z-basis 11, . .., 7, we can view M” as a subset of R” via the map 7; — ¢;,
where e; is the i-th standard basis vector. Under this identification M” becomes Z" and
Ag4 becomes a sublattice of Z". We have

Ay <A NT, (6.17)
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where
T, :={(a1,...,a,) €ER" : |a;| < Cxzn}.

Let us now parametrize the boundary of T,,. We start off by observing that T,, = T Ty,
which implies that Vol(T,) = == Vol(T}). Because T} is an r-dimensional hypercube,
we conclude that its boundary 0T can be parametrized by Lipschitz functions with
Lipschitz constant L depending only on K. Therefore 9T, can also be parametrized by
Lipschitz functions with Lipschitz constant xw L. Theorem 5.4 of [79] gives

Vol(T,) z

AyNT,| — < max ———— 6.18
e NTel =3t Ay | P ogicr Mgy Agi (6.18)
where Mg 1,..., Ay, are the successive minima of Agy. Since L depends only on K, it

follows that the implied constant in (6.18)) depends only on K, so we may simply write
< by our earlier conventions.

Our next goal is to give a lower bound for Ay 1. Solet v € Ay be non-zero. By definition
of Ay we have g | v and hence g | Nvy. Write

s
= Z @i -
i=1

Ifay,...,ar < C}(g% for a sufficiently small constant C, we find that Ny < g. But
this is impossible, since g | Ny and Ny # 0. So there is an ¢ with a; > C’}(g%. If we
equip R” with the standard Euclidean norm, we conclude that the length of « satisfies
|7/ > g» and hence

Ag1 > g (6.19)
Minkowski’s second theorem and (6.19)) imply that

det Ag > gn. (6.20)

Combining (6.18)), (6.19)), (6.20) and g < x gives

5
— <
g n

8
3=

r
xT

n
L
n

+

[Ag NT,| < (6.21)

)
33

Plugging (6.17) and (6.21]) back in (6.16]) yields

3

T
g

33

{BeM : 8D <av,go(0,8) > Z} < Y Ag< Y [AgNT| < >
g

g g
go>2Z go>Z go>7Z

If we define 7k (g) to be the number of ideals of K of norm g, we can bound the last
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sum as follows
xn r T r 1
D S S
" gnr e gnr e gn
go>27 g squarefull g squarefull
go>Z go>2Z
r 1_r 1 r _2r 1
:xn"’_6 E g2 n— an+€Z1 n g —
g<e gz g<a 97
g squarefull g squarefull
go>7Z go>2Z
r _2r 1 T _2r
< grtegi=% E - L znTeZTw
g<z 92
g squarefull
O

6.3.1

Recalling that r =n (1 ord (o)

Lemma 6.3.2. Let 0,7 € S be distinct. Recall that
O =7 ® M.

L ) completes the proof of Lemma

Fiz an integral basis wa,...,w, of M and define the polynomials f1, fo € Zlza,...,z,
by
fi(ze, ... 2n) = N(Z zi(o(w;) — Wi))
i=2
folta, ... xy) = N(Z i (T (w;) — wi)>.
i=2
For B € M with 8 = Y i, aw; we define f1(8) = fi(as,...,a,) = N(c(B) — B) and

similarly for fo(8). Then
{8 eM:[BD] <t ged(f1(B), f2(8) > Z} e w™™ T2 42" 4275

Proof. Let Y be the closed subscheme of Ag_l defined by f; = fo = 0. We claim that Y
has codimension 2, i.e. f; and f; are relatively prime polynomials. Suppose not. Note

that fi and fs factor in K[za,...,x,] as
filza, ... zpn) = H <Z zi(o'o(w;) — o’(wi))>
o’€Gal(K/Q) \i=2
folwa, . an) = ] (in(T'T(wi) —T'(wi))>.
T/ €Gal(K/Q) \i=2

Hence if f; and fo are not relatively prime, there are o/, 7" € Gal(K/Q) and k € K*

such that

in(a’a(wi) —o'(w;)) = KZZ‘Z‘(T/T(wi) — 7" (w;))
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for all zs,...,z, € Z. Put 8 = Z?:Q z;w;. Then we can rewrite this as
o'a(B) — o' (B) = k(r'T(B) — 7'(B)) (6.22)

for all 5 € M. But this implies that (6.22) holds for all 8 € K. Now we apply the
Artin-Dedekind Lemma, which gives a contradiction in all cases due to our assumptions
o,7 € S and o # T.

Having established our claim, we are in position to apply Theorem 3.3 of [4]. We embed
M in R*! by sending w; to e;, the i-th standard basis vector. Note that the image
under this embedding is Z" 1. Write 8 = Y1, a;w;. Since |3 < zw, it follows that
la;| < Crxaw for some constant Cx depending only on K. Let B be the compact region
in R*~! given by B := {(az,...,a,) : |a;| < Cx}. Theorem 3.3 of [4] with our B, Y
and r = aw gives

n—1

xr n n—2

{8 €M |80 <o, p| ged(2(8). £a(B)p > M| < i+, (629

where M is any positive real number. Factor

f1(B) =g1q1, (91,q1) =1, g1 squarefull, g squarefree
f2(8) :=g2g2, (g2,q2) =1, g2 squarefull, g squarefree.
By Lemma [6.3.1] we conclude that for all A > 0 and € > 0

n—1

{BeM: |8V < a7, g > A} < 2™ HA 2 o0,

With the same argument applied to 7 we obtain

[{BeM: |8V <av, g1 > Aor go > A} < a7 TATETERE) 4 g AT oo,
(6.24)

We discard those § that satisfy (6.23) or (6.24). From (6.24) we deduce that the remain-

ing 8 certainly satisfy ged(q1,g2) > %. Furthermore, by discarding those § satisfying
(6.23]), we see that gcd(g1,g2) has no prime divisors greater than M. This implies that
ged(qy, g2) is divisible by a squarefree number between % and ZAAf . So we must still

give an upper bound for

<5 (6.25)

Let r be a squarefree integer and let t1, vty be two ideals of K with norm r. Define
Be, = {8 €M: 89 < ativ | 0(8) = Brea | 7(8) - B|.

We will give an upper bound for E, ., following [24, p. 731-733]. Write 8 = >"" , a;w;.
Then |6(i)| < xw implies a; < z+ and

; 1 Z M
{ﬂEM:|B(l)|§xi,r|gcd(q1,q2),AQ<7“< } )

n

Zai(o(wi) —w;) = 0mod t; (6.26)

=2

Zai(r(wi) — w;) = 0 mod ta. (6.27)
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We split the coefficients ao, . .., a, according to their residue classes modulo r. Suppose
that p | » and let p;, po be the unique prime ideals of degree one dividing t; and to
respectively. Then we get

Zal o(w;) — w;) =0 mod py (6.28)

n

> ai(r'r(wi) — 7'(wi)) = 0 mod py, (6.29)

=2

where 7/ satisfies 7/71(p1) = po. If we further assume that p; is unramified, we claim
that the above two equations are linearly independent over F,. Indeed, consider the
isomorphism

Ok/p=TF, x - xF,.

Note that 7'7 ¢ {id,o} or 7/ & {id, o} due to our assumption that o and 7 are distinct
elements of S. Let us deal with the case /7 ¢ {id, o}, the other case is dealt with
similarly. Then there exists 3 € Ok such that § = 1 mod py, 8 = 1 mod o~ 1(py),
B =1mod 7~!(p1) and B is divisible by all other conjugates of p;. By our assumption
on 7/7 it follows that 3 =0 mod 7~ 17/~ 1(p;). Hence we obtain

o(B)— B =0mod p;, 77(8)—7(B)=—1mod p;.

However, for p; an unramified prime, we know that o(8) — 8 = 0 mod p; can not happen
for all 8 € Ok, unless o is the identity. This proves our claim.

If we further split the coefficients as, ..., a, according to their residue classes modulo
p, our claim implies that there are p"~3 solutions as, ..., a, modulo p satisfying
and , provided that p is unramified. For ramified primes we can use the trivial
upper bound p”~!. Then we deduce from the Chinese Remainder Theorem that there
are < 73 solutions ag, ..., a, modulo r satisfying and . This yields

1

n—1
Ee v, <™ 3 ( + 1) < 2 + 3,

Therefore we have the following upper bound for ([6.25))

> Yo Bun< Y S e

A ZM T1,t2 Z ZM 1,02
s <r< L <r< !
2 =A% Nt1 th ' A2 =A% Ntl N'CQ:T’

n—1 _ _
<<e xe § o 2_’_7,,71 3

no1 A2 ZMN\" 2
T n ——i— A .

Note that o € S implies ord(c) > 3. Now choose A = M = Z3 to complete the proof
of Lemma [6.3.2] O

>‘§

<, x¢

/N
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With Lemma and Lemma in hand we return to estimating the number of
B € M satisfying || < z# and (6.15). We choose a o € S and we will consider it
as fixed for the remainder of the proof. Note that any integer n > 0 can be factored
uniquely as

YA
n=qgrm,

where ¢’ is a squarefree integer coprime to mF, g’ is a squarefull integer coprime to mF
and 7’ is composed entirely of primes from mF'. This allows us to define sqf(n, mF) := ¢'.
We start by giving an upper bound for

{5 e 12 189] < 2% saf(N(B — o(8)),mF) < 7}|.

To do this, we need a slight generalization of the argument on [24] p. 729]. Recall that
K7 is the subfield of K fixed by o and Ok its ring of integers. Decompose Ok as

O =0ge @ M.

Then we have

HB eM: 8P| <z, sqf(N(B — o (8)),mF) < Z}‘

<amm T |{g e M 15) < o saf(N(B - o(8), mF) < Z}| . (6.30)

The map M’ — Ok given by § — 3 — () is injective. Set v := 8 —o(3). Furthermore,
the conjugates of v satisfy |y(*)| < 227, which gives
{Bem |89 <ot saf(N(8 - 0(8)), mF) < Z}|
< H’y € O : W] < 22%, sqf(N(7), mF) < Z}‘ . (6.31)

Instead of counting algebraic integers 7, we will count the principal ideals they generate,
where each given ideal occurs no more than < (logx)™ times. This yields the bound

‘{7 €0k : Y| < Qx%,sqf(N(’y)JnF) < Z}‘
< (logz)™ [{b C O : N(b) < 2"z, sqf(N(b), mF) < Z}|.

We conclude that

H’y € Ok : W] < 22%, sqf(N(v), mF) < z}‘ <(oga)" S 7k(b), (632)
b<2"x
sqf(b,Sn?LF)SZ

where we remind the reader that 7x(b) denotes the number of ideals in K of norm b.

Let us count the number of b < 2"z satisfying sqf(hb,mF) < Z. We do this by counting
the number of possible ¢/, 7’ < 2"z that can occur in the factorization b = ¢'¢'r’. First
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of all, there are < z? squarefull integers ¢’ satisfying ¢’ < 2"z. To bound the number
of v < 2"z, we observe that we may assume m < x, because otherwise the sum in
is empty. This implies that the number of integers ' < 2"z that are composed
entirely of primes from mF is <, z¢. Obviously there are at most Z squarefree integers
¢’ coprime to mF satisfying ¢' < Z. We conclude that the number of b < 2™z satisfying
sqf(b,mF) < Z is < Zz2T¢. Combined with the upper bound 7 (b) <, 2 we obtain

(logz)™ Z T (b) < Zxite, (6.33)

b<2"zx
sqf(b,mF)<Z

Stringing together the inequalities (6.30)), (6.31)), (6.32]) and (6.33]) we conclude that

{8 eM: 18] < ¥, saf(N(B — 0(8)),mF) < Z}| <, Za*Tod@ 57 (6.34)

Now in order to give an upper bound for the number of 3 satisfying || < zw and

, that is
pl [INB=0(8) = p* | mF [[ N8 - o(B)),

ocesS oces

we start by picking Z = 237 and discarding all 3 satisfying 1) for the o € S we fixed
earlier. For this ¢ € S and varying 7 € S with 7 # o we apply Lemma to obtain

{8 €M : |BD] < x7,ged(N(B — 0(8)),N(B - 7(8))) > a ™51 }| <, &7 5011,
(6.35)

We further discard all § satisfying (6.35]) for some 7 € S with 7 # 0. Now it is easily
checked that the remaining  do not satisfy (6.15). Hence we have completed our task
of estimating the number of 3 satisfying |3(")| < zw and 1)

Let Ag(z; p) be the contribution to A(z;p) of the terms o = a + 3 for which (6.15]) does
not hold and let Ag(z;p) be the contribution to A(x;p) for which (6.15)) holds. Then
we have the obvious identity

A(z; p) = Ao(z; p) + A(a; p).
Next we make a further partition
Ao(w; p) = Ar(w; p) + Az(z; p),
where the components run over a = a + 3, § € M with 5 such that

9o <Y in Aq(z;p)
go > Y in As(z;p).

Here Y is at our disposal and we choose it later. From (6.34)) and (6.35)) we deduce that

Aol ) <. s
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To estimate Aj(z;p) we apply and sum over all f € M satisfying |(¥)| < aw,
ignoring all other restrictions on 3, to obtain

Ay (w;p) < Yal—nte,

We still have to bound As(z; p). Recall that

c= [ (0,8,

oceS

leading to the factorization ¢ = gq in (6.12). We further recall that gg is the radical of
Ng. Now factor each term c¢(o, 8) as

<(o,5) = a(o, B)a(o, B) (6.36)
just as in . The point of is that
gl [Tate.8) ] sed(c(o,B).c(r, 8))

ceS o,TES
oFT

and therefore

gO' HQO(Uvﬂ) H ng(C(O’,B),C(T,ﬁ)).
ogeS U(,T;ETS

1

We use Lemma to discard all 8 satisfying go(o,8) > Y152, Similarly, we use
1

Lemma to discard all f satisfying ged(c(a, ), ¢(, 8)) > YIsi?
B satisfy go < Y. Furthermore, we have removed

Then the remaining

2n—4 n

n—1 1 n—2 2n—4 —1 __1
<. g TEY T WISE L g n +Y3SE 4 pw TEY 3sP?

B in total and hence

As (5 p) <o S T +at o+ m%Yﬁ + gy TS
After picking Y = 237 we conclude that
Ale) <. o' T
We will now sketch how to modify this proof for totally complex K. We have to bound

Az) = Z r(a) Z Z Y (tva mod F) H spin(o, tva). (6.37)
Na<lz teTKk UGVK/V}% ogES
(a,F)=1,m|a
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We use the fundamental domain constructed for totally complex fields form subsection
and we pick for each principal a its generator in D. Then equation ([6.37)) becomes

A(z) = E E g Y(tva mod F) H spin(o, tva)
€Tk veVi /VE QGD,NadSI‘?‘ oceS
a=p mo

a=0 mod m

Z Z Z (o mod F') H spin(c, ).

teTk UEVK/V}% actvD,Na<z o€eS
a=p mod F
a=0 mod m

We deal with each sum of the shape

Z (e mod F) H spin(o, a) (6.38)

actvD,Na<lz oceS

a=p mod F

a=0 mod m
exactly in the same way as for real quadratic fields K, where it is important to note
that the shifted fundamental domain tvD still has the essential properties we need.
Combining our estimate for each sum in equation (6.38), we obtain the desired upper
bound for A(z).

6.4 Bilinear sums

Let z,y > 0 and let {vq}q and {wp}p be two sequences of complex numbers bounded in
modulus by 1. Define

B(.I,y): Z Z VaWpSab- (639)

N(a)<z N(b)<y

We wish to prove that for all € > 0, we have

B(z,y) <. (x_ﬁ + y‘ﬁ) (zy) e, (6.40)
where the implied constant is uniform in all choices of sequences {vq}, and {wp}p as
above.

We split the sum B(x,y) into h? sums according to which ideal classes a and b belong
to. In fact, since sqp vanishes whenever ab does not belong to the principal class, it
suffices to split B(zx,y) into h sums

h

B(J’.ay) :ZBz(x7y)7 Bz(x7y) = Z Z VaWphSab-
i=1 N(a)<z N(b)<y
acCi pec;t

We will prove the desired estimate for each of the sums B;(z,y). So fix an index
i € {1,...,h}, let 2 € C¢, be the ideal belonging to the ideal class C;l, and let
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B € Cl, be the ideal belonging to the ideal class C;. The conditions on a and b above
mean that
ad =(a), a=0

and

B =(8), B>0.
Since 2 € C’i_1 and B € C;, there exists an element v € Ok such that

AB = (v), >0

We are now in a position to use the factorization formula for spin(ab) appearing in [24,
(3.8), p. 708], which in turn leads to a factorization formula for sqp. We note that the
formula [24] (3.8), p. 708] also holds in case K is totally complex, with exactly the same
proof. We have

where d(0; a, 8) € {£1} is a factor which comes from an application of quadratic reci-
procity and which depends only on ¢ and the congruence classes of a and 8 modulo
8.

If K is real quadratic, then we set

= Il (i) = I (e

oc€ES

)

d(a, B) = Y(af mod F) H 0(o;a,B8), s(y)= H spin(a, ),

ocesS ocesS

and

so that we can rewrite the sum B;(z,y) as

Bi(z,y)=s(7) Y. S 60 B)vey sy [] (M). (6.42)

a€D BED o€eS
N(a)<zN(2) N(8)<yN(B)
a=0mod A B=0 mod B

Now set
Vo = 1(ar =0 mod A) - v(,) o

and
wg = 1(8 = 0 mod B) - w(g) /s,

where 1(P) is the indicator function of a property P. Also, for «, 8 € Ok with § odd,

we define
o(a,8) =[] (aw):l(ﬂ))'
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Finally, we further split B;(x,y) according to the congruence classes of & and 8 modulo
F, so as to control the factor d(«, 8), which now depends on congruence classes of o and
B modulo F' due to the presence of ¢(a8 mod F'). We have

Bi(z,y) = s(v) > Y. (a0, Bo)Bi(x,y; a0, o),

a0 €(Ok /(F))* Bo€(Ok /(F))*

where

Bi(xay;a()aﬁo) = Z Z an5¢(a76)'
a€D(zN(A)) BED(YN(B))
a=ap mod F =L mod F
To prove the bound ([6.40)), at least in the case that K is totally real, it now suffices to
prove, for each € > 0, the bound

Bi(w,y;00, o) < (75 +y7 ) (ap)***, (6.43)

where the implied constant is uniform in all choices of uniformly bounded sequences
of complex numbers {v,}o and {wg}p indexed by elements of Ok . Each of the sums
B;(x,y; ag, fo) is of the same shape as B(M, N;w, () in Chapter |4} in the notation of
Chapter f = (F), o corresponds to vg, 5, corresponds to wg, and y(w, z) corresponds
to ¢(a, B) (unfortunately with the arguments o and 8 flipped). Our desired estimate
for B;(x,y; a0, B), and hence also B(x,y), would now follow from Proposition
provided that we can verify properties (P1)-(P3) for the function ¢(a, ).

We now verify (P1)-(P3), thereby proving the bound (6.43) and hence also the bound
(6.40). Property (P1) follows from the law of quadratic reciprocity, since for odd « and

3 we have
o, 8) = ] (U?ﬁ)) (a-?(m>

oeSsS
Lyt (712) (212)

(Moo T () (25)
= (H u(a;a,m) - B(8, ),

ocEeS

where p(o; e, 8) depends only on ¢ and the congruence classes of @ and 8 modulo 8.
Property (P2) follows immediately from the multiplicativity of each argument of the
quadratic residue symbol (/). Finally, for property (P3), since o= ¢ S whenever
o € 5, we see that

p(8) =[] o(B)c™(B)

oceS
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divides N(8) = [, cqai(x/q) o (B); thus, the first part of (P3) indeed holds true. It now

suffices to prove that
Z ( g )
& mod N(B) 90(6)

vanishes if |N(8)| is not squarefull. The sum above is a multiple of the sum
e
emoa i) NP

which vanishes if the principal ideal generated by () is not the square of an ideal. The
proof now proceeds as in [24, Lemma 3.1]. Supposing |N(3)] is not squarefull, we take a
rational prime p such that p | N(3) but p? { N(3). This implies that there is a degree-one
prime ideal divisor p of 8 such that (8) = pc with ¢ coprime to p, i.e., coprime to all the
conjugates of p. Hence o(3) factors as

= [T ewo " [ o0 (),
oc€eS oceS

where the evidently non-square [ g o(p)o~"(p) is coprime to [] g o(c)o~!(c), hence
proving that (¢(6)) is not a square. This proves that property (P3) holds true, and then
Proposition implies the estimate (6.43) and hence also , at least in the case
that K is totally real.

If K is totally complex, fix t € Tx and v € Vi /V2. Then replacing « by tva in (6.41)),

we get

spin(o, tvaf/y) = spin(o, 7)d(o; tva,

)
(stem) () (o) (smcm)

where now §(o;a, 8;t,v) = 6(0;tva, B) ( ye= 1(/3)) € {x1} depends only on o, t, v,
and the congruence classes of a and 3 modulo 8. Then instead of (6.42), we have

Bila,y)=s(n Y. > > > O Bit)

€Tk veVi /VE a€D BED
N(e)<zN(2) N(8)<yN(B)
a=0 mod A B=0 mod B

(8, 0) oy ol s [ <a(/3):—1(5))’ (6.44)

g€eSs
By )
A /)7

v(t,v)h =va [| (;Ef%) ;W = W UI;IS (a(b

ocesS

where now

and
0(a, B;t,v) = Y(tvaf mod F) Héaaﬁtv s(y Hsplna'y
oceS c€eS

The rest of the proof now proceeds identically to the case when K is totally real.
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6.5 Governing fields

Let E = Q(¢s,+/1 + 1) and let h(—4p) be the class number of Q(1/—4p). It is well-known
that F is a governing field for the 8-rank of Q(y/—4p); in fact 8 divides h(—4p) if and
only if p splits completely in E. We assume that K is a hypothetical governing field for
the 16-rank of Q(v/—4p) and derive a contradiction. If K’ is a normal field extension of
Q containing K, then K’ is also a governing field. Therefore we can reduce to the case
that K contains E. In particular, K is totally complex.

We have Gal(E/Q) = D, and we fix an element of order 4 in Gal(E/Q) that we call r.
Let p be a rational prime that splits completely in E. Since E is a PID, we can take 7
to be a prime in Of above p. It follows from Proposition 6.2 of [41], which is based on

earlier work of Bruin and Hemenway [7], that there exists an integer F and a function
o : (Op/FOg)* — C such that for all p with (p, F) = 1 we have

16 | h(—4p) < Yo(m mod F) <T(:)> =1, (6.45)

where 1g(a mod F) = thp(au® mod F) for all @ € Ok coprime to F and all u € OF.
We take S equal to the inverse image of our fixed automorphism 7 under the natural
surjective map Gal(K/Q) — Gal(E/Q). Then it is easily seen that o € S implies
o=l & S. If p is a principal prime of K with generator w of norm p, we have

I spin(e,w) = ] (quw)>z<,2 - (7"(1\TK1/UE(w)))K,2

oesS oesS
W (wm r(Ng/g(w)) — i (wm r(Ng/p(w))
— 1 (1 mod 8) <w )K)Q — 1 (w mod 8) (NK/E(w) )E .

We are now going to apply Theorem [6.1.1] to the number field K, the function

¢(w mod F) := 91 (w mod 8)¢y (N /g(w) mod F).
and S as defined above. Then for a principal prime p of K with generator w and norm
p

sp = Z Z ¥ (tvw mod F) H spin(o, tow)

teTk veVi /VE oeS

1
= 2|Tk||Vk /VE| (116|h(—p) - 2) ; (6.46)

since the equivalence in (6.45)) does not depend on the choice of 7. Theorem shows
oscillation of the sum
>

N(p)<X
p principal

The dominant contribution of this sum comes from prime ideals of degree 1 and for

these primes equation (6.46) is valid. But if K were to be a governing field, s, has to be
constant on unramified prime ideals of degree 1, which is the desired contradiction.
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