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ABSTRACT. Let K be a number field and r an integer. Given an elliptic curve F, defined over
K, we consider the problem of counting the number of degree two prime ideals of K with trace
of Frobenius equal to r. Under certain restrictions on K, we show that “on average” the number
of such prime ideals with norm less than or equal to x satisfies an asymptotic identity that is in
accordance with standard heuristics. This work is related to the classical Lang-Trotter conjecture
and extends the work of several authors.

1. INTRODUCTION.

Let E be an elliptic curve defined over a number field K. For a prime ideal 9 of the ring of
integers O where E has good reduction, we let ap(E) denote the trace of the Frobenius morphism
at P. It follows that the number of points on the reduction of E modulo B satisfies the identity

#Ep(Ok /B) = NP +1 — ap(E),
where NP := #(Ok /PB) denotes the norm of . It is a classical result of Hasse that

lap(E)| < 2/ N.
See [18, p. 131] for example.

It is well-known that if p is the unique rational prime lying below B (i.e., pZ = Z N P), then
Ok /*B is isomorphic to the finite field F,,; for some positive integer f. We refer to this integer f as
the (absolute) degree of P and write degP = f. Given a fixed elliptic curve E and fixed integers
r and f, the classical heuristics of Lang and Trotter [14] may be generalized to consider the prime
counting function

il (2) == # (NP <z : ap(E) = r and degP = f}.

Conjecture 1 (Lang-Trotter for number fields). Let E be a fixed elliptic curve defined over K, and
let r be a fized integer. In the case that E has complex multiplication, also assume that r # 0. Let
f be a positive integer. There exists a constant €g . ¢ such that

ML ff=1,
w5l (2) ~ Cprp Q logloga if f =2, (1)
1 if f>3

as r — OQ.

Remark 2. It is possible that the constant €g, ; may be zero. In this event, we interpret the
conjecture to mean that there are only finitely many such primes. In the case that f > 3, we always
interpret the conjecture to mean that there are only finitely many such primes.

Given a family € of elliptic curves defined over K, by the average Lang-Trotter problem for €,
we mean the problem of computing an asymptotic formula for

1 r
7 > (@),

Ec¥
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We refer to this expression as the average order of ng (z) over €. In order to provide support for

Conjecture 1, several authors have proven results about the average order of ﬂ'g’f (x) over various
families of elliptic curves. See [9, 5, 6, 11, 2, 1, 4, 12]. In each case, the results have been found
to be in accordance with Conjecture 1. Unfortunately, at present, it is necessary to take € to be a
family of curves that must “grow” at some specified rate with respect to the variable x. The authors
of the works [9, 1, 12] put a great deal of effort into keeping the average as “short” as possible. This
seems like a difficult task for the cases of the average Lang-Trotter problem that we will consider
here.

In [4], it was shown how to solve the average Lang-Trotter problem when K/Q is an Abelian
extension and % is essentially the family of elliptic curves defined by (7) below. It turns out that
their methods were actually sufficient to handle some non-Abelian Galois extensions as well in the
case when f = 2. In [12], the results of [4] were extended to the setting of any Galois extension
K/Q except in the case that f = 2. In this paper, we consider the case when f =2 and K/Q is an
arbitrary Galois extension. We show how the problem of computing an asymptotic formula for

1 r,2

S > @)

7
may be reduced to a certain average error problem for the Chebotarév Density Theorem that may
be viewed as a variation on a classical problem solved by Barban, Davenport, and Halberstam. We
then show how to solve this problem in certain cases. Unfortunately, the techniques we present
here do not solve the problem for an arbitrary Galois extension, but we do significantly extend the
results of [4].
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3. AN AVERAGE ERROR PROBLEM FOR THE CHEBOTAREV DENSITY THEOREM.

For the remainder of the article it will be assumed that K/Q is a finite degree Galois extension
with group G. Our technique for computing an asymptotic formula for the average order of 71'22 (x)
involves estimating sums of the form

0(x;C,q,0):= > logp,
psz
(55%)<e
p=a (mod q)

where the sum is over the primes p which do not ramify in K, (KT{Q> denotes the Frobenius class

of pin G, and C' is a union of conjugacy classes of G consisting entirely of elements of order two.
Since the last two conditions on p under the sum may be in conflict for certain choices of ¢ and a,
we will need to take some care when attempting to estimate such sums via the Chebotarév Density
Theorem.

For each positive integer ¢, we fix a primitive g-th root of unity and denote it by (,. It is
well-known that there is an isomorphism

(Z/qZ)* —— Gal(Q((,)/Q) 2)

given by a — 04, where o, , denotes the unique automorphism in Gal(Q(¢,)/Q) such that o4 () =
(q- By definition of the Frobenius automorphism, it turns out that if p is a rational prime, then
2



(Q(C;%) = 04, if and only if p = a (mod ¢). See 20, pp. 11-14] for example. More generally,

for any number field the extension K ((,)/K is Galois, and under restriction of automorphisms of
K(¢,;) down to Q(¢;) we have mappings

Gal(K((g)/K) —— Gal(Q(¢g)/K NQ(¢g)) —— Gal(Q(¢y)/Q).-

Therefore, via (2), we obtain a natural injection
Gal(K (¢)/K) —— (Z/qZ)". (3)

We let G, denote the image of the map (3) in (Z/qZ)* and ¢ (q) := #GK 4. Note that ¢q is the
usual Euler ¢-function. For a € Gk 4 and a prime ideal p of K, it follows that (M) = 04,4 if
and only if Np = a (mod q).

Now let G’ denote the commutator subgroup of G, and let K’ denote the fixed field of G'. We will
use the notation throughout the article. It follows that K’ is the maximal Abelian subextension of K.
By the Kronecker-Weber Theorem [13, p. 210], there is a smallest integer mx so that K" C Q(Cpy )-
For every ¢ > 1, it follows that K NQ({gm,) = K’. Furthermore, the extension K ((gmy )/Q is Galois
with group isomorphic to the fibered product

{(0'1,0'2) S Gal(@((qu)/Q) x G : 0'1’]{/ = O'2|K/}.
See [8, pp. 592-593| for example. It follows that

qmg )i
(K (Cqmyc) + Q] = @(nK/) = ¢k (gmg)nK, (4)
where here and throughout we use the notation np := [F' : Q] to denote the degree of a number

field F.

For each 7 € Gal(K'/Q), it follows from the above facts that there is a finite list S; of congruence
conditions modulo mg (really a coset of Gy in (Z/myZ)*) such that for any rational prime not
ramifying in K’, (@) = 7 if and only if p = a (mod mg) for some a € S;. Now, suppose that
has order one or two in Gal(K'/Q), and let C; be the subset of order two elements of G that restrict
toT on K, ie.,

C.={0€G:0lg =7and |o| =2}.

Since K'/Q is Abelian, it follows that C, is a union of conjugacy classes in G. Then for each
a € (Z/qmkZ)*, the Chebotarév Density Theorem gives the asymptotic formula

0(56;07—7qu,@) ~ il’? (5>

o (gmi)nx

provided that a = b (mod my) for some b € S;. Otherwise, the sum on the left is empty. For
Q > 1, we define the Barban-Davenport-Halberstam average square error for this problem by

qu/ #C 2
E 1Q,Cr) = 0(x; C,qmy, a) — — ’
x(2;Q,Cr) g}; < (; C, qmrc, a) @K(qu)ﬂKx> R

where the prime on the sum over a means that the sum is to be restricted to those a such that a = b
(mod my) for some b € S;.
3



4. NOTATION AND STATEMENT OF RESULTS.

We are now ready to state our main results on the average Lang-Trotter problem. Recall that
the ring of integers O is a free Z-module of rank nx, and let B = {v;}7%; be a fixed integral basis
for Ok . We denote the coordinate map for the basis B by

nK
[s: Ok = Pz =12"%.
j=1
If A,B € Z"¢ then we write A < B if each entry of A is less than or equal to the corresponding
entry of B. For two algebraic integers «, 8 € O, we write E, g for the elliptic curve given by the
model
Eop:Y?=X34+aX +8.
We take as our family of elliptic curves the set

¢ :=C(A;B) ={Eap: —A<[a]g < A,-B < []p <B,—-16(4a® + 276%) # 0}. (7)

To be more precise, this box should be thought of as a box of equations or models since the same
elliptic curve may appear multiple times in €. For 1 < i < ng, we let a; denote the i-th entry of A
and b; denote the i-th entry of B. Associated to box %, we define the quantities

(5) = 2nK ﬁai, Vg(%) = 2nK ﬁbz,
min; (¢) := 151;11 {al} ming(¢) := 1<Ilzlén {b 1
V(%) :=V1(€)Va(F), min(%) := min{min; (¥¢), miny (%)},

which give a description of the size of the box . In particular,

4G = V() + 0 <m\;@)) .

Our first main result is that the average order problem for 7722 (z) may be reduced to the Barban-
Davenport-Halberstam type average error problem described in the previous section.

Theorem 3. Let r be a fized odd integer, and recall the definition of Ex(x;Q,Cr) as given by (6).
If

2

. 12 <
Ex(w;z/(logz) ™~ Cr) < (log 2)11
for every T of order dividing two in Gal(K'/Q), then provided that min(€) > /z,
# Zﬂ' = Cxr2loglogx + O(1),

Eev

where €k .o is the constant given by

1
ey M ‘ ) (5(5—1—(&)) . R
K2 = 3o (my) H (6 — () MEK (=1 —(F) TeGalzK’/Q)# QEZS lel

r|=1,2 trr

and 879 s defined by (29) on page 15.

Remark 4. We have chosen to restrict ourselves to the case when r is odd since it simplifies some
of the technical difficulties involved in computing the constant € ;. A result of the same nature
should hold for even r as well.
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Remark 5. In all of our computations, the number field K and the integer r are assumed to be fixed.
We have not kept track of the way in which our implied constants depend on these two parameters.
Thus, all implied constants in this article may depend on K and r even though we do not make this
explicit.

The proof of Theorem 3 proceeds by a series of reductions. We make no restriction on the number
field K except that it be a finite degree Galois extension of Q. In Section 6, we reduce the proof
of Theorem 3 to the computation of a certain average of class numbers. In Section 7, we reduce
that computation to a certain average of special values of Dirichlet L-functions. In Section 8, the
problem is reduced to the problem of bounding £k (x; Q,C;). Finally, in Section 9, we compute the
constant Cx 0.

Under certain conditions on the Galois group G = Gal(K/Q), we are able to completely solve our
problem by bounding Ex(z;Q,C;). One easy case is when the Galois group G is equal to its own
commutator subgroup, i.e., when G is a perfect group. In this case, we say that the number field K
is totally non-Abelian. The authors of [4] were able to prove a version of Theorem 3 whenever G is
Abelian. That is, when the commutator subgroup is trivial, or equivalently, when K = K’. It turns
out that their methods are actually sufficient to handle some non-Abelian number fields as well. In
particular, their technique is sufficient whenever there is a finite list of congruence conditions that
determine exactly which rational primes decompose as a product of degree two primes in K. Such
a number field need not be Abelian over Q. For example, the splitting field of the polynomial z3 —2
possesses this property. If K is a finite degree Galois extension of Q possessing this property, we
say that K is 2-pretentious. The name is meant to call to mind the notion that such number fields
“pretend" to be Abelian over Q, at least as far as their degree two primes are concerned.!

In Section 10, we give more precise descriptions of 2-pretentious and totally non-Abelian number
fields and prove some basic facts which serve to characterize such fields. Then, in Section 11, we
show how to give a complete solution to the average order problem for WEQ(x) whenever K may
be decomposed K = K1 K5, where K7 is a 2-pretentious Galois extension of QQ, K5 is totally non-
Abelian, and K1 N Ky = Q.

Theorem 6. Let r be a fized odd integer, and assume that K may be decomposed as above. Then
provided that min(%¢) > /x,
1 r,2

— w2 (x) = €k rologlogx + O(1),
#(g E sl
Eev

where Cg 5.9 is the constant given by (8).

By a slight alteration in the method we employ to prove Theorem 3, we can also provide a
complete solution to our problem for another class of number fields.

Theorem 7. Let r be a fized odd integer, and suppose that K' is ramified only at primes which
divide 2r. Then there exists a constant €y .o such that
1 r,2 _
5 (x) = Cxpologlogz 4+ O(1),
Ee%

#€
provided that min(¢) > \/x. Furthermore, the constant €k , o may be explicitly written as

po -1 ()
3 g5 (0= 1)~ ()’

Q:K,r,2 =

lWe borrow the term pretentious from Granville and Soundararajan who use the term to describe the way in
which one multiplicative function “pretends" to be another in a certain technical sense. We borrow the term as an
homage.
5



where the product is taken over the rational primes £ > 2 and C = {o € Gal(K/Q) : |o| = 2}.

Remark 8. We note that the required growth rate min(%¢’) > \/z for Theorems 3, 6, 7 can be relaxed
to min(¢) > v/x/logz. The key piece of information necessary for making the improvement is to
observe that (13) (see page 8) can be improved to H(T') <« %, where H(T) is the sum defined

by (11). Indeed, the techniques used to prove Propositions 14 and 15 below can be used to show
T

that H(T') is asymptotic to some constant multiple of g T

Following [6], we also obtain an easy result concerning the average supersingular distribution of
degree two primes. To this end, we define the prime counting function
WSES’Q(CC) = #{NP < z: F is supersingular at ‘P, degP = 2}.

Recall that if 8 is a degree two prime of K lying above the rational prime p, then F is supersingular
at P if and only if ag(E) = 0, +p, £2p. By a straightforward adaption of [6, pp. 199-200], we obtain
the following.

Theorem 9. Let K be any Galois number field. Then
N e
#¢ g

Eec%

() <1

provided that min(%) > loglogx, and

1 ss,2 #C
— T (x) ~ log log x
77 EEE% r (2) 1o, 08108

provided that min(¢) > \/x/logxz. Here, C = {o € Gal(K/Q) : |o| = 2}.

Since the proof of this result merely requires a straightforward adaptation of |6, pp. 199-200], we
choose to omit it.

5. COUNTING ISOMORPHIC REDUCTIONS.

In this section, we count the number of models F € % that reduce modulo ‘B to a given isomor-
phism class.

Lemma 10. Let P be a prime ideal of K and let E' be an elliptic curve defined over Ok /B. Suppose
that degP =2 and P+ 6. Then

e V(©) V(%) V(%) V(%)
HEEC: By=E} = NPH#Aut(E) +0 (N&]32 min(%)yNE  min (%) ming(%)>

Proof. Since degp = 2, the residue ring O /B is isomorphic to the finite field F 2, where p is the
unique rational prime lying below B. Since P 1 6, the characteristic p is greater than 3. Hence, E’
may be modeled by an equation of the form
Eop:Y?=X>+aX +0
for some a,b € Ok /P. The number of equations of this form that are isomorphic to E’ is exactly
p -1  NP-1
#Aut(E')  #Aut(E')

Therefore,
NP1
- #Aut(E)
Suppose that ' € ¢ such that Fy = E,y, say E : Y? = X? + aX + 3. Then either o = a
(mod ) and B =b (mod P) or E, g is not minimal at . If £ is not minimal at P, then P | o
6

#{E €C: E;B = El} #{E €C: Egp = Ea,b}-



and PO | B. For a,b € Ok /P, we adapt the argument of [6, p. 192] in the obvious manner to obtain
the estimates

#la €Ok :~A<[a]p<A,a=a (modP)}= VliI(g) +0 (%),
V(%) Vo (%) )

#{BEOKk:-B<[Blp<B,a=b (modP)}= Mp+0(mmwmﬁm

It follows that

. B B V(%) V(%) V(%) V(¢)
#{E€C: Ep=FEup}t = N2 +0 <min(‘€)N‘,B3/2 * min; (¢') miny (¢ )NPB " Nq310> ’

where the last term in the error accounts for the curves which are not minimal at ‘3. O

6. REDUCTION OF THE AVERAGE ORDER TO AN AVERAGE OF CLASS NUMBERS.

In this section, we reduce our average order computation to the computation of an average of
class numbers. Given a (not necessarily fundamental) discriminant D < 0, if D = 0,1 (mod 4), we
define the Hurwitz-Kronecker class number of discriminant D by

2
D SR L) )
k2|D
k%EO,l (mod 4)

where h(d) denotes the class number of the unique imaginary quadratic order of discriminant d and
w(d) denotes the order of its unit group.

A simple adaption of the proof of Theorem 4.6 in [17] to count isomorphism classes with weights
(as in [15, p. 654]) yields the following result, which is attributed to Deuring [7].

Theorem 11 (Deuring). Let p be a prime greater than 3, and let r be an integer such that p { r
and 2 — 4p* < 0. Then

1
Y e =HE ),
k #Aut(E)
E/F
#E(F 2)=p*+1-r
where the sum on the left is over the F2-isomorphism classes of elliptic curves possessing exactly

p? +1—r points and #Aut(E) denotes the size of the automorphism group of any representative of
E.

Proposition 12. Let r be any integer. If min(€) > \/z, then

1 7,2 K H(TQ - 4p2)
#(g TE (l‘) - 9 Z p2 +0 (1) ’
Fev 3lr|<p<v/z
[k (p)=2

where the sum on the right is over the rational primes p which do not ramify and split into degree
two primes in K.

Remark 13. We do not place any restriction on r in the above, nor do we place any restriction on
K except that the extension K/Q be Galois.



Proof. For each E € €, we write 772&2 (x) as a sum over the degree two primes of K and switch the
order of summation, which yields

1 . 1 1 .
#?ZT‘_EQ(x):% YOy = Y 7 3 #{EE‘K:E%:E},

Ee% NB<z Ec? NPp<z E/O
degP=2ap (E)=r deg P=2 a{é (EI;/;E)

where the sum in brackets is over the isomorphism classes E of elliptic curves defined over O /B
having exactly N8 4+ 1 — r points.

Removing the primes with N3 < (3r)? introduces at most a bounded error depending on 7. For
the primes with N > (3r)2, we apply Theorem 11 and Lemma 10 to estimate the expression in
brackets above. The result is equal to

H(r? — ANY) L ! :
g o (Hot - | e s @ m@)) . 0O

Summing the main term of (10) over the appropriate P gives

> H(r* —4AN9P)  ng > H(r? — 4p?)
Np P2
(3r)?<NPp<z 3r|<p<vz
deg P=2 fr(p)=2
where the sum on the right is over the rational primes p which split into degree two primes in K.
To estimate the error terms, we proceed as follows. For T' > 0, let

H(T):= Y H(*—4p%). (11)

3|r|<p<T

Given a discriminant d < 0, we let x4 denote the Kronecker symbol (4) The class number formula
states that

h(d) _ |d|'?
= L(1 12
w(d) o ( ) Xd)’ ( )
where L(1,xq4) = > oo —Xdén). Thus, the class number formula together with the definition of the

Hurwitz-Kronecker class number implies that

H(T)<<Z% Z plogPSTlogTZ% Z 1

k<2T = 3|r|<p<T k<2T ' 3|r|<p<4AT
k2|r2—4p? k|r2 —4p?
1
< TlogT > - > > oL
k<2T a€(Z/kZ)* p<AT

4a2=r? (mod k)P=a (mod k)

We apply the Brun-Titchmarsh inequality [10, p. 167] to bound the sum over p and the Chinese
Remainder Theorem to deduce that

#{a € (Z/kZ)* : 4a®> =r® (mod k)} < 2¢%),
where w(k) denotes the number of distinct prime factors of k. The result is that
ow(k) 2¢(k) log k

2
o tosarym) < T 8T 2 fo gt
8

2 2
H(T) < T?logT ) i < T2 (13)

k<2T



From this, we deduce the bounds

Y HEP-ANP) < ) H(E? - 4p%) = H(Vr) <z,

(3r)2<NP<z 3|r|<p<yz
deg P=2

3 H(r? — 4Np) <« ¥ H(r? —4p*) _ /3ﬁ dH(T) _ ¥

v/ T
(3r)2<NP<a N 3lr|<p<y/z b I

deg P=2
and Ve

H(r? — 4N H(r* — 4p® T dH(T
> Mgt ¥ A D <
(3r)?<Nyi<z sil<peva T 8!
deg P=2

Using these estimates, it is easy to see that summing the error terms of (10) over B yields a bounded
error whenever min(%) > /x. O

7. REDUCTION TO AN AVERAGE OF SPECIAL VALUES OF DIRICHLET L-FUNCTIONS.

In the previous section, we reduced the problem of computing the average order of 77%2(3:) to that
of computing a certain average of Hurwitz-Kronecker class numbers. In this section, we reduce the
computation of that average of Hurwitz-Kronecker class numbers to the computation of a certain
average of special values of Dirichlet L-functions. Recall that if y is a Dirichlet character, then the
Dirichlet L-function attached to x is given by

— x(n)

ns
n=1

L(Sv X) =

for s > 1. If x is not trivial, then the above definition is valid at s = 1 as well. As in the previous
section, given an integer d, we write x4 for the Kronecker symbol (4) We now define

Ago(Tsr) == Z Z 1 » Xy ( 2))logp, (14)
k<2T 3|r|<p<T
(k2r)=1  fx(p)=2
k2|r2—4p?

where the condition fx(p) = 2 means that p factors in K as a product of degree two prime ideals
of Ok, and we put di(p?) := (r? — 4p?)/k? whenever k? | r? — 4p?.

Proposition 14. Let r be any odd integer. If there exists a constant €y, such that

T
Ago(Tir) = 'KmQT + O < ) ,

logT
then ) )
H(rc —4
= Z B ) 3 ) _ € r2loglogx + O(1),
sirl<p<vz T
fr(p)=2

where €k o = 55 ,K,r,2'
Proof. Combining the class number formula (12) with the definition of the Hurwitz-Kronecker class
number, we obtain the identity

K H(r* —4p*)  ng \VAap? — r2
5 Z 2 ~ 4r Z Z T kp? (17Xdk(p2))' (15)
3|r|<p<v/z ri<p<va  k|r?—dp?
fr(p)=2 fx(@)=2 dy(p*)=0,1 (mod 4)
9



By assumption 7 is odd, and hence r> — 4p?> = 1 (mod 4). Thus, if k2 | r2 — 4p?, it follows
that k must be odd and k%2 = 1 (mod 4). Whence, the sum over k above may be restricted to odd
integers dividing 72 — 4p? and the congruence conditions on dy(p?) = (r? —4p?)/k? may be omitted.
Furthermore, if ¢ is prime dividing (k,r) and k% | 72 — 4p?, then

0=r2—4p?>=—(2p)® (mod ¢?),

and it follows that ¢ = p. This is not possible for p > 3|r| since the fact that ¢ divides r implies
that £ < r. Hence, the sum on k above may be further restricted to integers which are coprime to 7.
Therefore, switching the order of summation in (15) and employing the approximation /4p? — r2 =
2p 4+ O (1/p) gives

nK H(T’2 - 4p2) nK 1 L (I,Xd ( 2))
S 2 =g X 2. o).

Srl<p<vz L Tk<ays arl<pevs T
fr(p)=2 (k,2r)=1 fr(p)=2
k2|r2—4p?

With Ak o(T;r) as defined by (14), the right hand side is equal to

LIS L(LXW_”K/ﬁdAK»?(TW
21 k C 2, TlogT

k<2vz = 3|r|<p<z p Ir|
(k,2r)=1 fr(p)=2
k2|r2—4p?

By assumption, Ak 2(T;7) = € . ,T + O(T/log T). Hence, integrating by parts gives

Ve AdAgo(T; )

nK
2m = 5. Ckralogl 0(1).
2m 3| TlogT o K2 oglogx + O(1)

8. REDUCTION TO A PROBLEM OF BARBAN-DAVENPORT-HALBERSTAM TYPE.

Propositions 12 and 14 reduce the problem of computing an asymptotic formula for

#%Z 7’2

Ee¥

to the problem of showing that there exists a constant €, , such that

Ago(T;r) Z Z (1, Xy p2)) logp = €, T + O(T'/ log T). (16)
k<2T 3|r\<p<T
k2|r2—4p?

In this section, we reduce this to a problem of “Barban-Davenport-Halberstam type."
Since every rational prime p that does not ramify and splits into degree two primes in K must
either split completely in K’ or split into degree two primes in K’, we may write

Aga(Tir) = Y Ag(T;r),
reGal(K'/Q)
|7]=1,2
10



where the sum runs over the elements 7 € Gal(K’/Q) of order dividing two, Ak (T;r) is defined
by

Ag(T;r) Z > L(L Xap) logp, (17)
k<2T 3|r\<p<T
(k,2r)=1 (K/@ ce.
8¢
kQ\r274p2

and C; is the subset of all order two elements of Gal(K/Q) whose restriction to K’ is equal to 7.
Thus, it follows that (16) holds if there exists a constant ¢ such that

Ag (T, ) =¢IT +O(T/logT)
for every element 7 € Gal(K’/Q) of order dividing two.

Proposition 15. Let r be a fized odd integer, let T be an element of Gal(K'/Q) of order dividing
two, and recall the definition of Ex(x;Q,C;r) as given by (6). If

T2
EK(T;T/(IOgT)IZ,CT) < Wa (18)
then
Aw (T (7) T
Kk (T;r) =T+ 0 logT ) (19)
where
2#C / S G 1 a
=25 () LSS (Y ggmand
311[{ H t— (T) geES, ; k ; nng(mKnkQ) aE(Z%Z)X n
(k,2r)=1 (n,2r)=1
(20)
and
Cy(r,a,n, k) :={z € (Z)mgnk®Z)* : 422 = r? — ak® (mod nk?®),z=0b (mod mic) } .
Proof. Suppose that d is a discriminant, and let
Sa) = 3 valn).
n<y
(n,2r)=1
Burgess’ bound for character sums [3, Theorem 2] implies that
S aln) < M2,
n<y
Since r is a fixed integer, we have that
’Sd< Z ZXCI < yl/QldW?’Q,
m|2r n<|y
where the implied constant depends on r alone. Therefore, for any U > 0, we have that
> 34 d|7/32
n>U n U Yy \/U
(n,2r)=1

11



Now, we consider the case when d = dk( 2) = (r? — 4p?)/k? with (k,2r) = 1 and p > 3|r|. Since
7 is odd, it is easily checked that xg, (, = (%) —1, and xg, (,2)(¢) = (_T}) for any prime £
dividing r. Therefore, we may write

L)r

(e

n, r)=1

v
S |-

Since we also have the bound |dj(p?)| < (2p/k)?, (21) implies that

(i @) e 1o ) ey
AK,T(T;r):§H 1- 7 Z Z Z - Z < . >logp+0 ol

Lr k<2T n<U 3|r|<p<T
(k2r)=1 (n,2r)=1 <KI{Q>QCT
k2|r2—4p?

For any V' > 0, we also have that

Z . Z . 2 : 4 (2") logp < logT' logU E 1 E 1
k n n - ’
V<k<2T n<U 3|r|<p<T V<k<2T m<T
(k,2r)=1  (n,2r)=1 (K—/Q)CCT (k,2r)=1  k2[r2—4m?
> )<

k2|r2—4p2

where the last sum on the right runs over all integers m < T such that k% | 72 — 4m?. To bound the
double sum on the right, we employ the Chinese Remainder Theorem to see that

Z > 1< Z Yool > #iz € Z/KL. 4Zk_7” (mOdk)}Z

V<k<2T m<T V<k<2T m<2T V<k<2T
(k,2r)=1 k2|7’2—4m (k,2r)=1 k;"r2—4m (k,2r)=1
ow(k) < dN TlogV
<T ) 2<T/ §y)<< 5
v oY Vv
V<k<2T

where w(k) is the number of distinct prime divisors of k and N(y) = > ;- 2¢(F) < ylogy. See [16,
p. 68] for example. Therefore, since including the primes p < 3|r| introduces an error that is

O(logUlog V), we have

2
Ag (T;r) = %H ( & ) Z Z Z (dkf )> log p

L)r k<V n<U
(k2r)=1 (n,2r)=1 <K/@)CC
p =vT7

k2|r2 —4p?

i T23/16 +TlongogUlogV
VU 4

12

+ log U log V) .



If n is odd, the value of (%1’2)

) depends only on the residue of dg(p?) modulo n. Thus, we may

regroup the terms of the innermost sum on p to obtain

e =311 (- 51)2 SIS SO B SR

Lr k<V n<U €(Z/nZ)* p<T
(k,2r)= (n,2r)=1 K/Q\ce
D =vT

4p?=r?—ak?® (mod nk?)

L0 T23/16 +TlogT10gUlogV
VU 14

Suppose that there is a prime p | nk? and satisfying the congruence 4p? = 72 — ak? (mod nk?).
Since (k,r) = 1, it follows that p must divide n. Therefore, there can be at most O(logn) such
primes for any given values of a, k and n. Thus,

=1

+ log U log V) .

L)r
1 1 a
XZ@ZgZ(g) > > logp
k<V n<U a€(Z/nZ)* be(Z/nk2Z) > p<T (22)
(k2r)=1  (n;2r)=1 4b°=r2—ak? (mod nk?) (KT/Q)QCT
p=b (mod nk?)
T2/16  TlogTlogUlogV
+0 + +UlogUlogV | .
( NG v B
We now make the choice
T
— _ 2
V = (logT)%. (24)

Note that with this choice the error above is easily O(T'/logT).
Recall the definitions of C; and S, from Section 3. Then every prime p counted by the innermost

sum of (22) satisfies the condition that (@) = 7, and hence it follows that p = g (mod mg) for

some g € S;. Therefore, we may rewrite the main term of (22) as

1 a
*H ( = ) 3 Z > - Z (g) 3 0(T Cr, mpenk?,b).

é geES: k<V n<U €(Z/nZ) be(Z ) mpnk2Z)*

(k2r)=1  (n,2r)=1 4b%>=r?—ak? (mod nk?)

b=g (mod mg)
(25)
In accordance with our observation in Section 3, the condition that b = g (mod mg) ensures that
the two Chebotarév conditions (KT/Q) C C, and p = b (mod mgnk?) are compatible. Therefore,

we choose to approximate (25) by

2#C; a
r 3nk H( () ) Z Z Z neK( mKnkz) Z (ﬁ) #Cy(r,a,n, k), (26)

Lr geS, ELV n<U a€(Z/nZ)*
(k,2r)=1 (n,2r)=1

where Cy(r,a,n, k) is as defined in the statement of the proposition.
13



For the moment, we ignore the error in this approximation and concentrate on the supposed
main term. The following lemma whose proof we delay until Section 12 implies that the expression

in (26) is equal to e 4 O(T/logT) for U and V satisfying (23) and (24).

Lemma 16. With ¢\ as defined in (20), we have

N 2#C; a
¢ -FN () S T i T e L () #ainenn

Lr geS, k<V n<U a€(Z/nl)*
(k,2r)= (n,2r)=1
1 logV
0| —= .
0+ 28

We now consider the error in approximating (25) by (26). The error in the approximation is
equal to a constant (depending only on K and r) times

)SEDI—ND SN C IS (9<T;cﬂm;<nk2,b)—%zv).

n 2
9eS,  k<V a€(Z/nZ) beC, (ran,k) nicpic (mignk?)
(k,2r)=1,
n<U
(n,2r)=1
We note that for each b € (Z/mxnk?Z)*, there is at most one a € (Z/nZ)* such that ak? = 4b* —r?
(mod nk?). Therefore, interchanging the sum on a with the sum on b and applying the Cauchy-
Schwarz inequality, the above error is bounded by
_ 11/2
1/2 )
1 k? C
Sz A T Y (amementn - )
v " <o " n<U 9ESy, ni Pxc (mcnk?)

bE(Z ) mpnk2Z)*
L b=g (mod mg)

We bound this last expression by a constant times
V/logU\/Ex(T;UV2,C,),

where Ex (T;UV?,C;) is defined by (6). Given our assumption (18) and our choices (23) and (24)
for U and V, the proposition now follows. O

9. COMPUTING THE AVERAGE ORDER CONSTANT FOR A GENERAL GALOIS EXTENSION.
In this section, we finish the proof of Theorem 3 by computing the product formula (8) for the
constant €k 2. It follows from Propositions 12, 14, and 15 that

nK
Crro=—C
) 27T K,’I"727

= Y, @

T€Gal(K’'/Q)

where

and st) is defined by

() = SIS o
o i H<€_(zl )gGS Z k Z ner( mKnk2) Z X(ﬂ)#Cg(r,a,n,k).

L)r k=1 n=1
(k,2r)=1 (n,2 )




For each g € S;, we define
¢lm9) = Z % Z ﬁ Z (%) #Cy(r,a,n, k) (27)

so that

It remains then to show that

elro) = T ((ﬁ(f— 1- (_711))

) II &, (28)

where

VZ(4g2—r2)+1
P} —

if vp(4g® — r?) < vp(mx), 21 ve(4g® —1?);

1/[(49 —'r2) 1

-1
ve(4g —r2> ( ) (r’—4g?),
/A e | ( 7 )

52{”(5”()1+1(£+ 1) (4”(2"””1 - 1)  grelm) +2

Pl (2 —1)

if vp(4g® — r?) < vp(mg), 2| ve(4g® — 1?);

if ve(4g® —17) > vy (mic).

(29)

Remark 17. The notation vy(4g? —r?) is a bit strange as g is defined to be an element of (Z/mxZ)*.
This can be remedied by choosing any integer representative of g, and noting that any choice with
ve(4g% — 1) > vy(my) corresponds to the case that 492 = 2 (mod £/¢("x)),

By the Chinese Remainder Theorem and equation (4),

(r9) = Z Z — mKnkQ) Z (%)#Cg(r,a,n,k)

(k, 2r) (n 27«):1 a€(Z/nZ)>
- Z k Z — z ()
a k nep(mxnk?) Z <n> H #Cy (r,a,n, k),
k=1 n=1 a€(Z/nZ)* O mpenk?

(k2r)=1  (n,2r)=1
where the product is taken over the distinct primes ¢ dividing mgnk?,

Cy)(r, a,n, k) = {b € (Z/f"‘f(’”K”kQ)Z)X 4b? =% —ak®  (mod 6”@("]“2)), b=g (mod E”é(’”K))} ,

and vy is the usual f-adic valuation. With somewhat different notation, the following evaluation of

#Cy) (r,ya,n, k) can be found in [4].

Lemma 18. Let k,m, and n be positive integers satisfying the condition (nk,2r) = 1. Suppose that
¢ is any prime dividing mnk?®. If €1 mg, then

1+ (*’ﬂ _akQ) if 4 r% — ak?,

0 otherwise;
15

l _
#ng )(T,a,n, k;) - {



if €| mg, then

emin{ug(nkQ),ug(mK)} if 492 =2 _ k2 (mod gmin{ug(nkz),ug(mk)}),

l _
#Cé )(r,a,n, k) - {

0 otherwise.

In particular,

2 if U] k and €4 mg,
#CW (r,1,1,k) = { goind2ve®)velmo} i ¢ | mye and 4g% =12 (mod £min{2ve(R)ve(m)}y,
0 otherwise.

By Lemma 18 we note that if £ is a prime dividing my and £ does not divide nk, then #C’ée) (rya,n, k) =
1. We also see that #C'y) (r,a,n, k) = 0 if (r?> — ak?,n) > 1. Finally, if £ | k and £ { n, then

Y4 _ l
#CO(r,a,n, k) = #CO(r,1,1,k)

as vg(nk?) = 2uvy(k) in this case. Therefore, using the formula ¢(mn) = o(m)p(n)(m,n)/e((m,n)),
we have

o0 1 > ((n, mik)) a
(19) — ) S D DA CLU < 2
<, ng ; kch(ka;) = ngp(n) (n, ka) TR (n> H #Cg (7“7 a,n, k?)
(k,2r)=1 (n,2r)=1 (;efalﬁzngzl '

@ ((ny mck)) e #C57 (7, 1,1, k)

= ng Z % Z Yn ck(n)

nip(n)(n, mik)

o S ey P Tl #C00 11,8
_ K Z K Z tn

Cr\n
o) 2= (e, () 2 i), mach) -
(k,2r)=1 (n,2r)=1
e i,w«w,k»mw#%‘ (r,1,1,k) i o ((n, mck)) cx(n)
p(mic) = (mrc, k)k%p (k) = () (n, mick) Ty #C57 (n.1,1,8)
(n,2r)=1 ’
(30)
Here ¢i(n) is defined by
a
ck(n) == Z (ﬁ) H#Cy)(r,a,n, k), (31)
a€(Z/n2)* £n
(r?—ak?n)=1

for (n,2r) = 1, and the prime on the sum over k is meant to indicate that the sum is to be restricted
to those k which are coprime to 2r and not divisible by any prime ¢ for which #Cy) (r,1,1,k) = 0.

Lemma 19. Assume that k is an integer coprime to 2r. The function ci(n) defined by equation (31)
is multiplicative in n. Suppose that £ is a prime not dividing 2r. If £+ kmy, then

cx (£9) _ (-3 if 2| e,
(e—1 — 1+ (F)) if2te
16



If €| kmg, then

c(L°)
ge—l

=1 if2]e,
0 if2te

Y4
:#cpvgﬂjo{

in the case that ve(mg) < 2vp(k); and

2 4.2\ /p2ve(k)\ €
Y R

14

in the case that 2vy(k) < ve(mg). Furthermore, for (n,2r) =1, we have

n Hz|(n,k) #Cg(fg) (r,1,1,k)

Fome (1)

Cl (n) <

)

where for any integer N, kn(n) is the multiplicative function defined on prime powers by

on () = {E if ¢+ N and 2 {e, (32)

1 otherwise.

Remark 20. Lemma 19 is essentially proved in [4], but we give the proof in Section 12 for complete-
ness.

Using the lemma and recalling the restrictions on k, we factor the sum over n in (30) as

jfi ¢ ((n, mxk)) cg(n)
il ) mick) Ty #C” (1,1,
ek (£°) (1 - %) cx (€9)
H Z ge@(ge) H 1 +Z rep(pe C(Z) 1.1,k
Rrmgk | e=0 Lmyck e>1 90( )# g (Tv ) )
(¢f2r)
= I »o I A2k
2rmpk Lmyk
(¢f2r)
(9) (9)
F9 0,k F9,k
= H FO@) H Fl(g)(£7 1) H 1F ((E) ) H 1(9)( )
ormy O ok 0 o) F17 (61)
H2r L (er2r)
(¢f2r)

where for any odd prime ¢, we make the definitions

(F)e+3
Fi =1t/ "
o8 (C—1)2((+1)
<(T27492>/22u€(k’)
¢ . 2 _ .2 2vp(k
FO e m 1 (e ) < ) 4217 (o )

1+ Z(T}H) if 2up(k) > vp(mg) and 49> =2 (mod ££("x)),

17



Substituting this back into (30) and factoring the sum over k, we have

e = s T B [TR7 @

61'27‘)‘71]( f\mK
H2r
F1££ ) (1_%)#6'( (r,1,1,0°)F ()(gee)
% H 1+ Z 2e ve H 1+ Z
H2rmy e>1 ﬁ ) ;]127" e>1 {2e (ge) (9)(5 1)
my

Using Lemma 18 and the definitions of Fj(¢) and Fl(g) (4, k) to simplify, we have proved (28).

10. PRETENTIOUS AND TOTALLY NON-ABELIAN NUMBER FIELDS.

In this section, we give the definitions and basic properties of pretentious and totally non-Abelian
number fields.

Definition 21. We say that a number field F' is totally non-Abelian if F'/Q is Galois and Gal(F'/Q)
is a perfect group, i.e., Gal(F/Q) is equal to its own commutator subgroup.

Recall that a group is Abelian if and only if its commutator subgroup is trivial. Thus, in this
sense, perfect groups are as far away from being Abelian as possible. However, we adopt the
convention that the trivial group is perfect, and so the trivial extension (F' = Q) is both Abelian
and totally non-Abelian. The following proposition follows easily from basic group theory and the
Kronecker-Weber Theorem [13, p. 210].

Proposition 22. Let F' be a number field. Then F is totally non-Abelian if and only if F' is linearly
disjoint from every cyclotomic field, i.e., F N Q((y) = Q for every ¢ > 1.

Definition 23. Let f be a positive integer. We say that a number field F' is f-pretentious if
there exists a finite list of congruence conditions .# such that, apart from a density zero subset
of exceptions, every rational prime p splits into degree f primes in F' if and only if p satisfies a
congruence on the list .Z.

If F' is a Galois extension and f { ny, then no rational prime may split into degree f primes in F.
In this case, we say that F' is “vacuously” f-pretentious. In this sense, we say the trivial extension
(F = Q) is f-pretentious for every f > 1. The term pretentious is meant to call to mind the notion
that such number fields “pretend" to be Abelian over Q, at least in so far as their degree f primes
are concerned. Indeed, one can prove that the 1-pretentious number fields are precisely the Abelian
extensions of @, and every Abelian extension is f-pretentious for every f > 1 (being vacuously
f-pretentious for every f not dividing the degree of the extension).

Proposition 24. Suppose that F is a 2-pretentious Galois extension of Q, and let F' denote the

fized field of the commutator subgroup of Gal(F/Q). Let T be an order two element of Gal(F'/Q),

and let C. be the subset of order two elements of G = Gal(F/Q) whose restriction to F' is equal to

F'/Q)
P

7. Then for any rational prime p that does not ramify in F, we have that ( = 7 if and only

if p=g (mod mp) for some g € S; if and only if (%) CcC,.
Proof. In Section 3, we saw that the first equivalence holds. Indeed, this is the definition of S;.

Furthermore, if (%) C C,, then (%) = (%)

= 7, and so p = g (mod mp) for some
F/Q
18 ce,.

F/
g € S;. Thus, it remains to show that if p = ¢ (mod mp) for some g € S;, then (
Since F' is 2-pretentious, there exists a a finite list of congruences .Z that determine, apart from

a density zero subset of exceptions, which rational primes split into degree two primes in F'. Lifting
18



congruences, if necessary, we may assume that all of the congruences on the list .Z have the same
modulus, say m. Lifting congruences again, if necessary, we may assume that mg | m. Since mp | m,
it follows that Q((y) N F = F’ by definition of F’. As noted in Section 3, the extension F((;,)/Q
is Galois with group

Gal (F(¢n)/Q) = {(01,02) € Gal(Q(¢m)/Q) X G : 01|pr = 02| pr} - (33)

Let w : Gal(F/Q) — Gal(F’/Q) be the natural projection given by restriction of automorphisms.
We first show that [F' : F'] = #kerw is odd, which allows us to deduce that C, is not empty.
For each 0 € G = Gal(F/Q), we let C, denote the conjugacy class of o in G. We note that (33)
and the Chebotarév Density Theorem together imply that for each o € ker w the density of primes

#Co _ np#Cs
er(m)np — p(m)np
the trivial automorphism 1z € ker w, and so it follows by definition of 2-pretentious that at most
a density zero subset of the p = 1 (mod m) may split into degree two primes in F'. However, if
[F : F'] = #ker w is even, then ker @ would contain an element of order 2 and the same argument
with o replacing 1p would imply that there is a positive density of p = 1 (mod m) that split into
degree two primes in F. Therefore, we conclude that [F : F'] is odd. Now letting o be any element
of G such that w(o) = 0|z = 7, we find that ol*F'] € C,, and so C; is not empty.

Finally, let g € S; be arbitrarily chosen, and let a by any integer such that a = ¢ (mod mp).
Again using (33) and the Chebotarév Density Theorem, we see that the density of rational primes

p such that p = 1 (mod m) and (F}/T@> = (C, is equal to > 0. In particular,

p satisfying the two conditions p = a (mod m) and (%) C C; is equal to #Cr/orp(m)np > 0.
Since every such prime must split into degree two primes in F' and since a was an arbitrary integer
satisfying the condition a = g (mod mp), it follows from the definition of 2-pretentious that, apart
from a density zero subset of exceptions, every rational prime p = ¢ (mod mp) must split into
degree two primes in F. Therefore, if p is any rational prime not ramifying in F' and satisfying the
E/Q
P

congruence condition p = g (mod mp), then <%> =7 and ( ) = (' for some conjugacy class

C' of order two elements in F'. Hence, it follows that (%) =C' C¢C,. O

11. PROOFS OF THEOREMS 6 AND 7.

In this section, we give the proof of Theorem 6 and sketch the alteration in strategy that gives
the proof of Theorem 7. The main tool in this section is a certain variant of the classical Barban-
Davenport-Halberstam Theorem. The setup is as follows. Let F'/Fy be a Galois extension of number
fields, let C' be any subset of Gal(F'/Fy) that is closed under conjugation, and for any pair of integers
q and a, define

Op/p(%:Crq,0) = > logNp,
Np<z
deg p=1
(e
Np=a (mod q)
where the sum is taken over the degree one prime ideals p of Fy. If Fy((y) N F' = Fy, it follows from
the ideas discussed in Section 3 that

ng, #C
—27 =z

GF/Fo(‘T;CvCLa) ~ — (q)
0

whenever a € G, 4. The following is a restatement of the main result of [19].

19



Theorem 25. Let M > 0. If z(logz)™ < Q < x, then

2
Z’ Z <9F/F0(x;0,q,a)—1még)$> < zQlogz, (34)

n
4<Q a€Gr, FPFy

where the prime on the outer summation indicates that the sum is to be restricted to those ¢ < @
satisfying F' N Fyo((q) = Fo. The constant implied by the symbol < depends on F' and M.

Proof of Theorem 6. In light of Theorem 3, it suffices to show that

72

. 12
SK(x,a:/(log l‘) )CT) < (loga:)n

for every element 7 of order dividing two in Gal(K’'/Q).

By assumption, we may decompose the field K as a disjoint compositum, writing K = K Ko,
where K1 N Ky = Q, K7 is a 2-pretentious Galois extension of @, and K5 is totally non-Abelian.
Let G1, G2 denote the Galois groups of K;/Q and K»/Q, respectively. We identify the Galois group
G = Gal(K/Q) with G1 x Ga. Since K is totally non-Abelian, it follows that G’ = G} x Ga, and
hence K’ = K| and mg = my,. Let C2 denote the subset of all order two elements in G and let
C1,r denote the subset of elements in G; whose restriction to K’ is equal to 7. Recalling that every
element of C; must have order two in (G, we find that under the identification G = G1 x G2, we have

CT = {1} X 02’2
if |7| =1 and
Cr = Cl,r X (0272 U {1})

if |7| = 2. Here we have used Proposition 24 with F' = K; and the fact that K’ = K]. We now
break into cases depending on whether 7 € Gal(K’/Q) is trivial or not. First, suppose that 7 is
trivial. Then for each a € (Z/qmiZ)* such that a = b (mod mg) for some b € Sy, we have

c, Cr
G(CL‘;CT,qu,CL) - #7'56: Z Ingi #7‘%
nk pr (qmi) p<z i P (qmic)
p=a (mod gmg)
(K—/Q)CCT
> )<
1 C
_ Z 10g Np _ ﬂ
ni¢, Noze nicprc; (qmi, )
deg p=1
Np=a (mod gmy)
e
1 ni, #C2,2
= <9K/K1(517, CQ,Qaqulva) - =
K, NMKPK, (qu1)
Thus, we have that
1 nK #02,2 ?
SK(a:;:c/(logx)lz,Cr) — nT Z Z <9K/K1(33;CQ,27(]7‘11K17CL) - W%
L aS oz €6 K ang 1 1

We note that Ki((gm,) N K = K for all ¢ > 1 since K3 is totally non-Abelian. Hence, the result
follows for this case by applying Theorem 25 with Fy = K7 and F = K.
Now, suppose that |7| = 2. Then the condition (KT/Q) C C; is equivalent to the two conditions

(KIT/Q) C Cyr and (K2T/Q> C C2 U {1}. Using Proposition 24 and the fact that K] = K’, this is
20



equivalent to the two conditions p = b (mod mg ) for some b € S; and (KzT/@> C C22U{1}. Hence,
for each a € (Z/qmiZ)* such that a = b (mod my) for some b € Sy, we have

#Cr 1+ #Co0
0(x;Cr,qmg,0) — ———x =10 x;Coo U{l}, gmi,a) — ———==x
( qmy, @) P K2/Q(€; Co2 U {1}, gmi, a) P p—
as
#C1 7 niy [ g 1

nic i (ami) om0 (ame) — p(gmrc)”
Thus, we have that

Ex(z;2/(logx)'?,C,) = Z Z <9K2/Q(CU;CQ,2 U {1}, gmk,a) —

QSW a€(Z/qmxZ)*

1+ #Cop )2
— X

nic, o(qmic)

Here, as well, we have that Q((ym,) N K2 = Q for all ¢ > 1 because Kj is totally non-Abelian.
Hence, the result follows for this case by applying Theorem 25 with Fy = Q and F = Ko. U

Proof Sketch of Theorem 7. In order to obtain this result, we change our strategy from the proof
of Theorem 3 slightly. In particular, if K’ is ramified only at primes which divide 2r, then it
follows that Q((;) N K = Q whenever (¢,2r) = 1. Therefore, we go back to equation (22) in the
proof of Proposition 15 and apply the Chebotarév Density Theorem immediately. Then we use
Cauchy-Schwarz Theorem 25 to bound the error in this approximation. O

12. PROOFS OF LEMMAS.
Proof of Lemma 16. 1t suffices to show that

=Y 1Y o 2

K<V n<U nZ)*
(k2r)=1 (n,2r)=1 asiZ/nZ)

11
%) #Cg(r,a,n,k)+0( Ogv>

ot

for each g € S;, where ¢ s defined by (27). We note that since K is a fixed number field, it
follows that mg is fixed. Thus, using Lemma 18, Lemma 19, and equation (4), we have that

(m9) _ Z Z — mKnk:2) Z (%) #Cy(r,a,n, k)

k<V nZ) %
(k, 2?") 1 (n 2r) 1 ac(Z/nZ)
(¢
< Z Hf|k #C )(7",1,1,]{7) ck(n)
4
k<Y (k) wsU 1) TLynr) #C (r,1,1,k)
(k,2r)= (n,2r)=1
+ Z H£|k; #C (Ta ]-a ]-7 k) i ck(n)
l
k>V (k) a1 1) [Lenp) #Cy (r,1,1, k) (35)
(k 27‘) 1 (TL,Q’]‘):l
Hﬁk#c (T’,l,l,k‘) 1
< Yy A ) —
P (k) 2 ()
(k,2r)=1 (n,2r)=1
4 Z H2|k #C Z)<7ﬂ71717k) i 1
& 2 (k) 2 ()
(k,2r)=1 (n,2r)=1



where for any integer N, ky(n) is the multiplicative function defined by (32). In [5, p. 175], we find
the bound

n>U
Therefore,
1 1 1 1
S < . S
7, Fome (n)p(n) m%:U r1(n)p(n)p(m) — m%:l p(m) ngU;m r1(n)p(n)
(nymp)=1 Llm=>€|mg
e‘mﬁ[lm](
1 vm 1 < ¢ )
< — Y == 1+
VU m; p(m) \/Uglll (¢-1HWe-1)
U m=>€|mx
< L
VU

Similarly, using Lemma 18, we have that

5 [Ty #CS7 (1,1, 1,k) 5 g 5 o (k)
2 2 2
= k2o (k) s mielm) Lo Ke(k)
(k,2r)=1 L m=-L|mx (k,2rmy)=1
log(V/m)
<
2 (Vim?
f\m:Q[mK
log V 1
<o Z S
= T2
Vi e(m)
2|m:>€\m;<
log V l
= 1
()
L) m
log V'
V2
as
(k) ©dNo(t) _ logV
Zkz (k):/ t(:)«;()<< 52’
E>V 14 v
where
k32w(k) t k32¢(k) /k20(k) t 2
No(t) :== — tlogt.
o(?) k2p(k) < logtz k < logteXp ZE— 1 < tlog
k<t k<t <t
Substituting these bounds into (35) finishes the proof of the lemma. O

Proof of Lemma 19. The multiplicativity of cx(n) follows easily by the Chinese Remainder Theorem.
We now compute ci(n) when n = ¢¢ is a prime power and ¢ 1 2r.
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If £ 1 mg, then by Lemma 18,

a\ €
alt)= Y () #CPra k)
a€(Z/ee7)>
(r2—ak?,¢)=1

oy GEE )] w

a€(Z/02)*

s [y ()]

a€Z/IZL

If ¢ | k, then this last expression gives

oy, (£¢ a\e £—1 if2|e,
e 2 (Z) :“#Cynnl’Lk){o if2le

-y 2B\ [0\, (P
B 1 l 1
bEZ/OT,
) -3 if 2 | e,
-+ (F) if2fe
Now, we consider the cases when ¢ | mg. First, suppose that 1 < vy(mg) < 2v4(k). Then as

ve(my) < 2up(k) < e+ 2u(k) = vy(nk?), we have that 4¢% = r2 — ak? (mod £/¢0"<)) if and only if
4¢% = 72 (mod £¢("<)). Therefore,

grelme) if 4% =2 (mod ¢ve(mx)),

CO(r,a, 0, k) =
#C (r,a, ) {0 otherwise,
= #C(r, 1,1, k)

for all @ € (Z/¢°Z)*. Since £ | k and (k,r) = 1, it follows that ¢ { r2 — ak? for all a € Z/{°Z.

Whence, in this case,

RN O e

pe—1 pe—1
A€/l
(r2—ak?0)=1
— 200 @)
= #cm1Le Y (5)
a€Z/lZ

(=1 if2]e,

=#CO(r 1,1,k
#C (11, ’){0 if21e.

Now, suppose that 2u(k) < vg(mg). We write k = Wk, with ((,k;) = 1, and let t =

min{v,(mg), e + 2vy(k)}. Then ¢t > 2vy(k) and 4g° = r* — ak? (mod ¢) if and only if ak? = %
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(mod ¢¢=2¢(k)) " Combining this information with Lemma 18, we have that

400 (r.a,t°. k) ¢ if 2 ®) | r2 — 4g? and ak? = % (mod £+—ve(k)),
g T? a7 ) -

0 otherwise.
In particular, we see that c;(¢¢) = 0 if 72 % 4¢® (mod £2¢(%)). Suppose that 12 = 4¢* (mod ¢2/¢(F)).
Since (g, mx) =1 and ¢ | mg, we have that

a\ €
alt)= Y (5) #CO0a )
a€Z /T
(r2—ak?,0)=1

a\e
— —) ¢
> (@
a€Z/°T.
ak?#r?  (mod £)
ak?=r2—4¢%> (mod £t)

S SENOY
a€L/°T,
ak?=r2—4¢%> (mod ¢t)

_ ak‘? ‘ t
_ 3 <€) /
a€Z/I°L

_ 2442 _ k
aklgzizng(i) (mod £¢ 2vy( ))

A IO

a€L/t°T.
24,2
aE%QU_;Z) (mod £t=2ve(k))
2 2 2 (k
— etgeftJrZVg(k) (T — 4y )/6 ve(k)

1
Therefore, in the case that ¢ | mx and 2v(k) < vy(mg ), we have

alt) (12 — 4g%) 29
re—1 14

_ l
= #C\0(r,1,1,k)

since
2vek)if 12 = 492 (mod £2ve(k)),

0 otherwise.

{4 _
#Cé )(Tv 17 17 k) -
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