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Abstract

We study analytic aspects of the Dedekind zeta function of a Galois extension.
Specifically, we are interested in its mean values. In the first part of this thesis we
give a formula for the second moment of the Dedekind zeta function of a quadratic
field times an arbitrary Dirichlet polynomial of length 7%/~¢. In the second part,
we derive a hybrid Euler-Hadamard product for the Dedekind zeta function of
an arbitrary number field. We rigorously calculate the 2kth moment of the Euler
product part as well as conjecture the 2kth moment of the Hadamard product using
random matrix theory. In both instances we are restricted to Galois extensions.
We then conjecture that the 2kth moment of the Dedekind zeta function of a
Galois extension is given by the product of the two. By using our results from the
first part of this thesis we are able to prove both conjectures in the case k = 1 for
quadratic fields. We also re-derive our conjecture for the 2kth moment of quadratic
Dedekind zeta functions by using a modification of the moments recipe. Finally,
we apply our methods to general non-primitive L-functions and gain a conjecture
regarding their moments. Our main idea is that, to leading order, the moment of
a product of distinct L-functions should be the product of the individual moments

of the constituent L-functions.
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CHAPTER 1

Introduction

1.1. L-functions and the Selberg Class

L-functions play a central role in analytic number theory. They can be associ-
ated to many different objects, and in each case encode much of the object’s key
information. The prototypical example is the Riemann zeta function

=1 1\
g = =TI(1-+) -

n p

n=1 p
From an algebraic point of view, the object to which the zeta function is associated
is the field of rationals Q. The unique factorisation of the integers is realised in the
equality between the series and product representations, and so one can clearly
see that the zeta function embodies something fundamental. Other examples of
its arithmetic nature are given by the following identities involving well known

arithmetic functions:

) oy =3 A

where d(n) is the number of divisors of n;

3) ((s—=1) 1 Z o(n)

ns '’

where ¢(n) is Euler’s totient function, and

(4) Ly

(s) =

where p(n) is the Mobius function. Our previous comment along with the above

n=1

examples demonstrate, at least superficially, that the zeta function is of some

7



8 1. INTRODUCTION

arithmetic significance. The key point is that {(s) can be analytically continued;
the new regions of the continuation allow for a different perspective, no longer
superficial.

The analytic continuation of ((s) was first demonstrated by Riemann [48]. He
showed ((s) continued to a function analytic on all of C except for a simple pole

at s = 1 with residue 1 and that satisfied the functional equation

(5) aar <E> ((s)=n2T <1 ; 3) C(1—s)

where I'(s) is the gamma function. The Euler product representation in (1) implies
that ((s) has no zeros in the half-plane ¢ > 1. By the functional equation and the
fact that I'(s) has poles at the negative integers, we see that ((s) must have zeros
at the negative even integers — the so-called trivial zeros. If any other zeros are
to occur, they must be in the critical strip 0 < o < 1. Riemann conjectured that
all zeros in the critical strip lie on line of symmetry of the functional equation:
o = 1/2. This is the Riemann hypothesis. He also stated that the number of zeros
in the critical strip was given by

(6) N(T)={te[0,T]:{(c+1it)=0,0<0< 1}:%10g2£m+0(10gT).

A published proof was later given by von-Mangoldt and consequently the formula
is referred to as the Riemann-von-Mangoldt formula.
One can use these facts on the analytic character of ((s) to demonstrate a

connection with the prime number theorem. Let us outline an argument showing

(7) Ye) =) Aln) ~z

n<x
where A(n) is the von-Mangoldt function. This is easily seen [1] to be equivalent
to the prime number theorem in the form » _ 1 ~ z/logz. The function A(n)

essentially gives a weight of logp which allows cleaner expressions. We first note
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foro>1
C(s) _d log[H(l— 1)‘1} oy loep
C(s) ds . p* ~p*—1
(8)
= —ms - ATL
=YYy =300
p m=1 n=1 n
Given that
1 if y>1
1 ds
(9) — [ v—=91/2 ify=1

0 if y<1

where the integral is over the vertical line R(s) = ¢ > 0, we see that

(10 o) = 5 [ Gt

where 1y(z) is the ‘dashed’” sum version of ¢ (x). This means the last term of the
sum is multiplied by 1/2 if = is an integer. Here, we have chosen ¢ > 1 so that
the Dirichlet series converges absolutely. We can view this integral as the limit of
some finite integral, which we then view as part of a rectangular contour whose
left edge is left of the line R(s) = 1. By Cauchy’s residue formula, the value of the
integral over the rectangle is approximately x — , T /p where the sum is over the
non-trivial zeros p inside the rectangle. After some estimates we can take limits
and we're left with

(11) Yo(x) =2+ O (Z x—p>

A

The fact that the error term is indeed an error term is due to the non-trivial fact
that ((s) has no zeros on the line ¢ = 1, and hence 2 < z. The full details of
this kind of argument can be found in Proposition 3.1.3. One can note that the
Riemann Hypothesis implies the primes are distributed as regularly as possible, in
the sense that error term in the prime number theorem is minimal. For something

as equally deep, we also have the following lesser known example which better
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exemplifies the association with the rationals. Let z1,...,xy € (0, 1] be the set of

rationals of height at most (). Then for each integer h we have

M =

e(hx,) = Z dM(%)

d|h

(12)

3
Il
—

where M(z) = > ., p(n) is the sum function of the Mobius function (see for
example [24]). Now, M(z) < z%%¢ if and only if the Dirichlet series for 1/¢(s)
converges for o > . The Riemann hypothesis implies that we may take 6 = 1/2,

and as a consequence one gets

(13) > e(hay) < (QIA)/*

n=1
when (x,) are the complete set of rationals of height at most ). We can there-
fore we view the Riemann hypothesis as the implication that the rationals are
distributed as uniformly as possible. We are now satisfied that the zeta function
is an object worthy of study, and so we move on to its generalisations.

To define a general L-function, we take the axiomatic approach via the Selberg
Class. This was originally defined by Selberg [53]. Along with his article our
main references are [28, 56]. Although most of this thesis is concerned with the
Dedekind zeta function, the approach via the Selberg class will help us describe
our problems in a fuller generality whilst also setting notation and defining terms.

Let

(14) Lis)=Y" ar(n)

ns

n=1
for some coefficients ay(n). The axioms are as follows:
e Ramanujan Hypothesis: ay(n) < n¢ for any € > 0.
e Analytic continuation: There exists a non-negative integer k such that
(s — 1)*L(s) is entire and of finite order.
e Functional equation: There exists a positive integer d and for 1 < j < d

there exist @, A\; € R.o, and €g,, p1; € C with |e;| = 1 and R(p;) > 0 such
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that
(15) Ar(s) :=vp(s)L(s) = e, AL(1 — )

where

d
vu(s) = Q7T T(\js + py)
j=1

and Az(s) = AL(3).
e Euler product: L(s) satisfies

where the product is over primes and

o0

Ly(s) = exp (Z M)

— pms
for some coefficients satisfying b(p™) < p™ for some 0 < 1/2.

We define the degree of an L-function as the quantity
d

(16) dy =2) A
j=1

It is conjectured that \; = 1/2, j = 1,...,d for all L-functions in the Selberg
class, which amounts to saying that the degree is just the number of gamma
factors in the functional equation. It often occurs that the coefficients b(p™) allow

for an expression of the form L,(s) = f(p~*)~' where f is some polynomial.
Consequently, some authors choose to define the degree of an L-function as the
degree of f. Also, authors following [43] may refer to the dimension of an L-
function as what we have defined as the degree.

Let us complement these axioms with some examples. First we have the Rie-

mann zeta function. This is a degree 1 L-function with y¢(s) = 7~*/?I'(£) and

ec = 1. We also have b(n) = 1 so that

o0

(17) ¢,(s) = exp (Z Z%) =exp (—log (1—p7%)) = (1 — l)l

m=1
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as seen previously. Another example is given by Dirichlet L-functions which are

also of degree 1. Let y be a primitive Dirichlet character mod ¢ and let

(18) L(S,X)ZZ%ZH(l—%) :

The functional equation for Dirichlet L-functions reads

(19) Ay = (g) r(*5%) Lo = %Au 5. %)

where G(x) = Y_1_, x(k)ey(k) is the Gauss sum and a is defined by x(—1) = (—1)".

Since |G(x)| = 1/q (see [1] for example) we have |e;| = 1. We will see later that
Dedekind zeta functions and Artin L-functions provide examples of L-functions
with degree greater than 1.

For a given L-function in the Selberg class one can deduce equivalents of the
famous results concerning the Riemann zeta function. These are derived in a
similar fashion, the main tool being contour integration along with basic upper
bounds on the L-function. In deriving the upper bounds, it will frequently occur
that we require an estimate for some ratio of the v, factors. For this, we require

an asymptotic expansion of the Gamma function.

Lemma 1.1.1 (Stirling’s formula). [58] For s in the range |arg s| < m— € we have

the asymptotic formula

1 1 1
(20) log'(s) = (3 — 5) logs — s+ ilog 27+ O (—) ,
s

or equivalently,

(21) I(s) = (2?”) ) <1+0(§)).

Let s = o + it with o fixed. Writing i = ¢™/? and expanding the above with a

consideration for |t| large, we get

it
x by 1
(22)  T(o+it) = Varte Vel (ﬂ) e (1 ; o(%))‘

e
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The details of this kind of argument can be found in Lemma 1.1.3 below. Taking

moduli gives the following.

Lemma 1.1.2 (Rapid decay in vertical strips). For o fized and |t| — oo we have

(23) ID(0 + it)| = V2r|t|7 /22l (1 + OG))

Given that L(s) is absolutely convergent for o > 1 it is clearly bounded in this

region. Therefore, by the functional equation in its asymmetric form:

=e€rx(s —s), (s —VL(l_S)
(24) L(s) = erxr(s)L(1 = 5), sa1(s) = )

we can deduce an estimate for o < 0 provided we have an upper bound on s (s).

Lemma 1.1.3. Let L be a member of the Selberg class. Then for t > 1 we have

uniformly in o
1 , , 1
(25) %L(S) _ ()\QtdL)i—J—zt)\/t—sz\s( 5) ztdL+ (pu—dr) (1 +0 (Z))

where A = % NN = T4, A J280) gnd = 221 (L —=2R(;)). In partic-

Jj=1 J =17
ular, |, (5 + it)| = 1. Also, for z € C we have

(26) st 2) e (Q(it)™)** (1 + 0, G))

YL(s)

as t — o0o. The dependence on z in the error term is at most polynomial.

PROOF. Since I'(s) = I'(5) we have

(27)  sa(s)

_0=9) i H 51— 0) + () — it = (7))
7r(s) o Dyo+ R(uy) + it + (1))

Let u = X\;(1 —0) +R(y;), v’ = N\jo+ R(p;) and v = A\jt + I(u;) so that a single

term of the product is given by I'(u — ) /(v + iv). Since we are considering t

to be large we are also considering v to be large. With this in mind, Stirling’s
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formula gives

log % =(u — v — ) log(u — iv) — (u — iv)
— (W' +iv — 1) log(u +iv) + v + v+ O (%)
=(u — v — 3)(log(—w) + log(1 — £)) — (v +iv — 3)
x (log(iv) +log(1 + L)) — u+u' + 2iv + O (%)
=(u — v — 3)log(—iv) — (v + v — 1) log(iv) + 2iv + O (%) :
Now,
(u—iv — 3)log(—iv) =(u —iv — 3)(log(—iX;t) + log(1 + gifg)))
(28)

1
=(u — v — ) log(—iA;t) — iS(p;) + O (;) :
The expression now becomes

1 P SN 1
IOg ((_i)\jt)uzv2 (Z)\]t)i(u +w2)€2w2z\s(uj)) +0 (_)

t
(29) 1
=1 N\ f)u—w —2iw 20— 2iS () — = (ut-u/—1) ol
0g (( J ) € 2 + ;

and the first result now follows on exponentiating, inputting the values of u, u’, v
and then taking the product over j. For the second result we proceed similarly.
Let w = A\js + p; and v = \;z and take consideration for u large. Via the same

procedure as before we find

(30) =vlogu + O, (%) — log (Ajs + 1;)V7) + 0. e)
e () 0 (}).

The result now follows upon exponentiating and taking the product over j. 0
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By formula (25) and the functional equation in the form (24) we see that L(s)
is of polynomial growth in the half-plane ¢ < 0. It remains to find the order of
growth inside the critical strip. Now, if we were dealing with analytic functions
bounded on the boundary of some closed region, we could apply the maximum-
modulus principle to show the function is bounded on the interior of that region.
The so-called Phragmén-Lindelof principle can be considered an extension of the

maximum modulus principle to vertical strips, and so is useful for Dirichlet series.

Lemma 1.1.4 (Phragmén-Lindelof for strips). [28] Suppose f(s) is analytic and

of finite order in the strip o1 < o < g9. Assume that
| flor+it)| < My, (1+]t])",

f (o0 +it)]| < My (1 + |t])°

fort € R. Then
(31) £ (o + it)] < MU MO (1 4 [ty HB01)
for all s in the strip, where | is the linear function such that (1) = 1, l(09) = 0.

Proposition 1.1.5. Let L(s) be an element of the Selberg class. Then for |t| > 1,

L(s) is at most of polynomial growth in vertical strips.

The Phragmén-Lindelof principle actually allows for a more precise statement
on the growth of L(s) in vertical strips. Note that for a polynomial f(t) of degree
d, the quantity log f(t)/logt — d as t — oo. Accordingly, for a given L-function
we define

log |L it
(32) yi(o) = limsup log|L(o +it)]|

msup = minfa s Lo i) < [t}

By the absolute convergence of the Dirichlet series we have pur (o) = 0 for o > 1,
and by (25) we have up(o) = dp(1/2 — o) for 0 < 0. The Phragmén-Lindelf
principle therefore gives (o) = dp(1 — 0)/2 for —e < 0 < 1+ €. By convexity
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we have continuity and therefore this last region can be extended to 0 < ¢ < 1.

In particular, on the half-line
1 ; @+e
(33) L(5 +it) < [t|+ 7

Any improvement to this bound is known as a subconvexity bound, the best pos-
sible is the Lindelof hypothesis which states L(1/2 4 it) < |t]°.

For every L-function in the Selberg class there exists an equivalent version
of the Riemann-von-Mangoldt formula (6). This is derived in the same way as
for the Riemann zeta function by considering contour integrals of the logarithmic
derivative. The proof can be found in most books on analytic number theory, we

reference [28] for the general case.

Proposition 1.1.6. Let N (T') denote the number of zeros of L(s) in the region
0<o<1, -T<t<T. Then

(34) N(T) = glog </\Q (g)d> + O(logT)

where dy, = 2 2?21 A; and A = []¢ A

J=17"4

There are several conjectures surrounding the Selberg class besides the afore-
mentioned degree conjecture. For instance, it is expected that the Riemann hy-
pothesis holds for all members i.e. all non-trivial zeros of L(s) lie on the line
o = 1/2. There are also some conjectures due to Selberg [53] which concern the
value distribution of these functions. To state these we must define a notion of
irreducibility. We say an L-function is primitive if it cannot be written as the
product of two non-trivial (i.e. = 1) L-functions. The first of Selberg’s conjectures
states that for two primitive L-functions L, L, we have

(35) Y tuPlonp) loglog+O(1) if Ly = L

p<z p 0(1) otherwise.
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The second states that for a given L-function, not necessarily primitive, there

exists an integer ny such that

(36) ZM = nyloglogx + O(1).

p<z

These conjectures are quite profound and have many consequences (see[14] for
example). In the final chapter we show that these conjectures have implications
on the moments of non-primitive L-functions. We now move on to our principal

L-function of study: the Dedekind zeta function.

1.2. Algebraic number theory

We first review the necessary algebraic number theory. For the early intro-
ductory material we refer to Stewart and Tall’s book [57], our main source is
Neukirch’s book [44], and we also reference [6, 19, 33]. We only include infor-
mation pertinent to the definition and ensuing properties of the Dedekind zeta
function, extraneous information is omitted.

A number field is a finite extension K of the rationals. The index n = [K : Q] is
the degree of the extension, or as we sometimes refer to it, the degree of the number
field. By the Primitive Element Theorem there exists an algebraic number « such
that K = Q(«). Since Q is of characteristic zero, K is a separable extension and
therefore the minimal polynomial of @ has n distinct roots in C. Consequently,

there exist n distinct embeddings
(37) . K—=C, i=1,...,n

which fix Q. Since the n embeddings correspond to the conjugates of a we see
that for each 7 : K — C there corresponds a complex conjugate 7 : K — C
(since complex roots of the minimal polynomial occur in complex conjugate pairs)
although we may have 7 = 7 (in the case of the associated root being real). We

denote the number of real embeddings by r; and the number of complex conjugate
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pairs by 79 so that n = ry + 2r,. For an element a € K we define its norm as

Nijg(a) = N(a) = [ m(a)

i=1
and note that for a € Q we have N(a) = a™.

If K is viewed in analogy with the rationals then the object providing the
analogy with the integers is known as the ring of integers of K, denoted Ok.
This is comprised of all the algebraic integers that lie in K, that is, the set of
all elements in K that are the root of some monic polynomial with coefficients in
Z. This does indeed form a ring, more precisely, it is a free Z-module of rank
n. Also, the field of fractions of Ok is K and so the analogy with the rationals
and integers is fairly complete. An important quantity associated to Ok is the
discriminant. Informally, this measures the size of the ring of integers and also
has ramifications on the behaviour of its primes. If we choose a basis a4, ..., a,

for Ok as a Z-module, then the discriminant is defined as
2
(38) dg = [det(n(aj))}

where the 7; are the n distinct embeddings K — C.
It may be that Ok does not have unique factorisation, however this can be
recovered in some sense by considering the ideals of Ok as opposed to the elements.

Given an integral domain R with ideals a, b we can form the product

k
ab = {Zaibi:aie a,b; € b, k> 1}.

i=1
Similarly to the integers, we can then define the usual notions of divisibility, great-
est common divisor, coprime etc. A fundamental property of O is that any ideal
has a unique factorisation in terms of prime ideals. So, for a given ideal a C Ok

we may write

(39) a=][p"®
p
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where the product is over the prime ideals of Og and v,(a) is some non-negative
integer, non-zero for only finitely many prime ideals.

We would like to define an L-function related to the ideals of Ok so that
we can encapsulate the property of unique factorisation in a similar fashion to
that of the Riemann zeta function. For this we first need a map from the ideals
to the natural numbers. Given an ideal a, it turns out that the quotient ring
Ok /a is finite. We therefore define the ideal norm of an ideal a to be |Og/a|
which we denote 9%(a). We note for a principal ideal with generator 3, we have
N((B)) = Nkgyo(B). The ideal norm is completely multiplicative and so given the

above product representation (39), we have
(40) N(a) = [T ot(p).
P

At this point it should be stated that all prime ideals of Ok are in fact maximal.
This implies that Og/p is a finite field and so 9(p) = p/ for some prime p and
some natural number f. Let us examine this in more detail.

Note pNZ is a prime ideal in Z and hence pNZ = (p) = pZ for some prime p.
We therefore have p D pOk. We say that p lies above the associated prime p and
we write p|p. Suppose that

POk = pi* ... py’

for some positive integers e;, g where the p; are the distinct prime ideals in Ok

lying above p. Taking norms gives

P =Mpr)™ .. Npy)”.

Hence each M(p;) = p’i for some positive integer f; and > 7 eifi = n. In partic-

ular note that

(41) > h<n

plp
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The integer e; is called the ramification index of p;. If e; > 1 we say that p ramifies
in K and an important point is that a prime is ramified if and only if it divides the
discriminant dg. The integer f; is called the degree of p;. If e; = f; = 1 for all p;|p
then we say p splits completely in K. If g = 1 and e; = 1 then we say p is inert
in K. We note that for quadratic extensions K = Q(y/m) with m squarefree, the

splitting of ideals can be described in terms of the Kronecker symbol:

p ramifies <= pldx

(42) p splits <= (‘%) =1
p inert = (%) =-1

1.2.1. The Dedekind zeta function. The Dedekind zeta function of K is

defined as the series

(43) %@:Z@%

where the sum is over all ideals a C Og. Upon formally expanding the product

= (i)

p

we see that the worst case of divergence is presented by the sums > 9(p)~°.
Since there are at most n prime ideals above a given rational prime p and since
9M(p)®| = p/® > p°, we see that the product converges absolutely and uniformly
for 0 > 1+ 9. By the unique factorisation of prime ideals and the usual argument

we therefore have

1 I
) %@:;ww:gé‘ww>‘

Since this converges absolutely and locally uniformly for o > 1 it defines an analytic

function there.
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To demonstrate that (k(s) is a member of the Selberg class we first write (x(s)

as a normal Dirichlet series,

(16) Guls) = Yo ),

The coefficients rx(n) now represent the number of ideals of norm n and note

rk(1) = 1 (corresponding to the ideal Ok). To get a grasp of these coefficients we

write the product over prime ideals as a standard Euler product:

@ (ss) ) DO

p P plp p =1

Expanding this into the Dirichlet series (46) we see that the coefficient rx(m) is
given as a product of divisor functions and therefore r¢(m) < m¢. The Ramanujan
hypothesis is therefore satisfied and note we have incidentally satisfied the Euler
product hypothesis.

Similarly to the Riemann Zeta function, we can continue (k(s) to a meromor-
phic function on C and this function then satisfies a functional equation. If we

define the completed Dedekind Zeta function as

(48) Axe(s) = |de|*?m /2D (5) 472D (551) 2 Ge(5)
then this functional equation reads

(49) Ax(s) = Ax(1 — s).

So, in the notation of section 1.1 we have ¢ = 1, Q = |dg|7™" and 7(s) =
[15—, T'((s + p;)/2) where p; is zero for r + 75 of the j's and 1 for the remaining
ro. The only pole of (k(s) is at s = 1. It is simple and has residue given by the

analytic class number formula

(50) Yk = Rese=1(Ck(s)) = - (Z%RK
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where Rk is the regulator, hg is the class number and w is the number of roots
of unity in K (see [44]). We therefore see that the Dedekind zeta function is a
member of the Selberg class of degree n.

In Chapter 3 we will frequently make use of the following two results. The first
is the equivalent of the prime number theorem for ideals. This is known as the

prime ideal theorem and was first derived by Landau [31]. It states

(51) mie() = [{p € Ox - Np) S}l = 1+ 0 (logi%) .
The second result is an equivalent of Merten’s theorem for number fields [46]. This
is given by
1\ 1
(52) H <1_W> sze”ogx(l—l—O (logm))

N(p)<z
where 7 is the Euler-Mascheroni constant.
Another important tool is the Hadamard product for (x(s). First note that

the function
(53) Nil(s) = (3)"7" (5£1)" (s — DAx(s)

is entire and of order 1. Therefore, by the theory of entire functions ([58], chapter
8) we may write
(54) A(s) = e I (1 - f) es/p
p
p

for some constants a, b. Here, the product is over the zeros of Af(s). Accordingly,

€A+Bs

(s~ DT (ZZ)r e (<5 I1 (1 _ Z) oo

2 p

(55) Ck(s) =

for some constants A, B where the product is now over the non-trivial zeros of
C(s).

An interesting question arises when considering the holomorphy of (x(s)/{(s).
From the Hadamard product we can clearly see that the trivial zeros of (x(s) have

multiplicity no less than those of ((s). We also see that the poles at s = 1 cancel.
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The question then reduces to whether ((s) has any non-trivial zeros that (x(s)
does not (accounting for multiplicities too). The answer to this lies in Artin L-
functions. These L-functions provide a factorisation of (x where ((s) is always a
factor, however, they are not fully understood and so there is not yet a complete
answer to our question. Nevertheless, this factorisation will provide a useful tool

for us and so we devote the next section to its derivation.

1.2.2. Artin L-functions. Artin L-functions are a generalisation of Dirichlet
L-functions to arbitrary complex-valued characters and arbitrary Galois extensions
of number fields. The following example demonstrates the possibility of such func-
tions. Let K = Q((,,) where ¢, = ¢*™/™. Then for an element 7 € G = Gal(K/Q)
we have 7((,,) = (/7 for some j,. It is hard not to show that 7(¢,) is also a
primitive mth root of unity and so (j,,m) = 1. It is also hard not to show that
the identification v : G — (Z/mZ)*, T — j, provides an injective homomorphism.
Since |G| = [K : Q] = ¢(m) = [(Z/mZ)*| (see [60] for example) we have an
isomorphism

Gal(Q(Gn)/Q) = (Z/mZ)*.
By the above identification, given a prime (p,m) = 1, we have a corresponding
element in G which we denote ¢,. Therefore, for a primitive Dirichlet character

X : (Z/mZ)* — C* we can attach a character xga : G — C* via

Xaal(wp) = X(P)-

The Dirichlet L-function can now be written in terms of purely Galois theoretic

information:

L(s, x) —H<1—XG+§%))_I,

p
the product over primes being considered as a product over the prime ideals of the

ring of integers of the base field.
In defining Artin L-functions our first goal is to describe a generalisation of

¢p. This can in fact be defined for a general finite Galois extension L/K to which



24 1. INTRODUCTION

the L-function is consequently related. We then let the character be an arbitrary
character of the Galois group and we take the product over prime ideals.

So let L/K be a finite Galois extension of number fields and let Or,, Ok be
their respective rings of integers. Let p be a prime ideal of Og. Then pOy is an

ideal of O, and so we have the unique decomposition into prime ideals
g
pOL =85
j=1

Once again; we say that the 3, lie above p, which we denote by B|p, and we refer
to the e; as the ramification indices. Recall that O, /9B, and Ok/p are both finite
fields and therefore O, /%; is a finite extension of Ok /p. The degree

fi =10L/B; : Ox/p]

is called the inertia degree and similarly to before, we have the relation > € fi=
n = [L:K].

Since /K is Galois, the ideals are subject to the action of the Galois group.
Indeed, for an element a € O, and for 7 € G = Gal(L/K), the conjugate 7(a) is
again in O, and hence G acts on Op. For a prime B lying above p, the conjugate

7(P) also lies above p since

T(PB)N Ok =7(PNOk) =7(p) = p.

What’s more is that G acts transitively on the primes B of Ok lying above p
(Proposition 9.1, [44]). Consequently, the ramification indices e; are all equal
since T(B;) = (7(PB;))%. Also, for P;, B; lying above p there exists a 7;; in G

such that 7,;(P;) = P, which induces an isomorphism

O]L/mz — O]L/Tij(mi)a a mod mz — Tij(CL) mod TZ](ml)
so that

fi = [OL/Bi : Ox/p] = [O0/7:;(Bi) : Ox/p] = f;.
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We may therefore write e; = e and f; = f and we have the identity
(56) efg=n=[L:K]

We now define an object which, amongst other things, helps describe the num-
ber g of ideals B lying above p. For a given prime ideal 3 of Op we define the

decomposition group of 3 over K as

(57) Gy ={r € G:7(P) =P}

Suppose P lies above p C Ok and let 7 vary over the representatives of G/Gyp.
Since G acts transitively and 7 varies over elements of G, 7(*) varies over the
prime ideals lying above p. If 7() = o(P) for 0,7 € G, then o~ '7 =id in G/Gy
i.e. 0 and 7 belong to the same equivalence class. Therefore, as 7 varies over the
representatives of G/Gy, each of the remaining prime ideals lying above p is hit
exactly once. Hence g = (G : Gg) and by the orbit-stabiliser theorem we also have
|G| =n/g=ef.

An alternative interpretation of the decomposition group exists in some cases
and goes as follows. First note for 7 € G we have 7(0Oy) = O, and therefore given

7 € Gy (for which 7() = B) we have an induced automorphism
T OL/B — OL/PB, a mod P 7(a) mod P.

Write £(B) = OL/B and x(p) = Ok/p so that x(*B)/k(p) is an extension of finite
fields. This turns out (Proposition 9.4, [44]) to be a Galois extension and note
that 7* fixes the elements of k(p) so it can therefore be viewed as an element of

Gal(k(B)/k(p)). Also, the map 7 — 7* provides a surjective homomorphism

Gy — Gal(k()/k(p))-

The kernel of this homomorphism is defined as the inertia group of ¢ over K and

is denoted Iy. Explicitly, we have

Iy={re€Gyp:7(a) =a mod P Vae O}
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So we have the isomorphism Gy /Iy = Gal(k(*B)/k(p)) and therefore

(| = |Gl /|Gal(s(B)/6(p))| = ef [f =, (Gyp:1lp) =T

We now see that if e = 1 i.e. p is unramified in Oy, then Gy = Gal(k(B)/k(p)).
Since k(P)/k(p) is an extension of finite fields, its Galois group is cyclic and

generated by the Frobenius
a mod P — a? mod ‘P.

where ¢ = |Ok/p| = N(p) (see [32] for example). The corresponding element of
Gy is called the Frobenius automorphism of P relative to the extension L/K and

is denoted ¢gq. So, for every a € O, we have

(58) eyp(a) = a? mod P.

By computing py7 ! for 7 € G and then applying 7 we see that TopT ™! = @ ().
Since G acts transitively on the primes lying above p, we see that for two different
primes B, P’, the automorphisms ¢y and ¢y are conjugate. In particular, if G is
abelian then ¢g does not depend on the choice of 9 lying above p and we may
write , instead of ¢y. In this case ¢, is sometimes referred to as the Artin symbol
which we denote (L/TK).

We are more interested in g as a map from the unramified prime ideals to G,
as opposed to its effects on the elements of Op,. Let /K be an abelian extension
and let Ix denote the set of ideals in O whose prime decomposition contains only
primes that are unramified in Op. Then we may extend (Ll/TK) by multiplicativity

to a map
L/K n; L/K\nj
(M%) Ik — G, HijHH(%) .
j=1 j=1
Let us furnish these definitions with some examples. Let L = Q(y/m) for some
squarefree m and let K = Q. Then G = {1} up to isomorphism and so there are

two possibilities for the subgroup G,; namely G itself and H = {1}. If G, = G
then g = |G|/|Gy| = 1 and so the prime p lying under p is inert in Op. In this
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case G, is generated by —1, and so inert primes are sent to —1 by the Frobenius.
If G, = H then g = 2 and so p splits. In this case, H is generated by 1 and so
split primes map to 1. If p ramifies we set ¢, = 0. By (42), we see that the Artin
symbol equals the Kronecker symbol in this case.

For the extension Q((,)/Q where ¢, = €>™/™ we have already noted that
G = (Z/mZ)* via the identification 7 — j. where j, is the integer such that
7(¢n) = ¢J7. We also have that a prime ramifies in K if and only if it divides m
(Proposition 2.3, [60]). So assume p t m and let p lie above p. Then by (58) we
have

¢p(a) =a” mod p  Va € Og,.) = Z[Gnl-

Since ¢, () is an mth root of unity and since the mth roots of unity are distinct

mod p (since m = H;n:_ll(l — (7)) we see that

©(Cm) = Chy,

i.e. the Frobenius of p maps p to the equivalence class [p| in (Z/mZ)*. This is of
course the element ¢, described in the introduction to this section.
We are now ready to define Artin L-functions. For a given Galois extension

L/K with Galois group G, let
p:G— GL(V)

be a representation of G on some finite dimensional C-vector space V. For unram-

ified primes p of Ok with divisor 3 in O, let

(59) Ly(s, p, L/K) = det(I — p(pp)0(p) ™)~

and form the product over such primes, which we denote
(60) Lu(sp L/K) =[] L(s,p.L/K).
p unramified
Since the choice of ‘Blp only affects ¢q up to conjugation, under which the de-

terminant is invariant, the above quantity is well defined. Note also that we
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have invariance under equivalent representations and that we may also take p(pg)
in its diagonalised form. For the ramified primes we still have an isomorphism
Gy/ly = Gal(k(B)/k(p)) and so we can lift oy from Gal(k(9)/k(p)) except that
it must be defined modulo Iy. Consequently, we restrict p to the subspace V* of

V' on which Iy acts trivially i.e. the subspace
(61) Vi ={veV:p(r)(v) =v Vr € Iy}.

We denote the new local factor by

(62) Ly(s, p, L/K) = det(I — p(op),10(p) ™)~
and let
(63) L(S,p,L/K) :HLP(S’pa]L/K)'

p

We will sometimes write L(s, p) for L(s, p,L/K) if the context is clear. Now, for

each local factor we diagonalise p(yg) so that

dim V'

(64) det(! = plep)lymMp) )" = [T 1= A0~

J=1

where the ); are the eigenvalues of pl 1, (py). Since G is finite, the linear auto-
morphism p(7) is of finite order for all 7 € G, and in particular, for ¢g. Therefore,
[Aj| = 1 and so L(s,p) is bounded by (x(s)®™V. Hence L(s,p) converges abso-
lutely and uniformly for ¢ > 1 + 6 and consequently defines an analytic function
there. Asis also made clear by (64): if V' is the trivial representation (i.e. p(7) = I)
then L(s, p) = (k(s).

Recall that the character of a representation p is defined as the trace x = tr(p)
and note that degree(p) := dimV = x(1). Two representations are equivalent if
and only if their characters are equal. Since the local factor L,(s, p) is invariant

under equivalent representations, we see that L(s, p) is only dependent on x. To
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gain an explicit expression in terms of characters let A\; be the eigenvalues of

ply1s (op) and denote the character of this representation by x,,z;. Then

dimV oo dimV

log L(s, p) = Zzbgl_“ﬁ Zzzmm

p m=1 j=1
_ZXVLD Spqs

It is known that L(s, ) can be continued to a meromorphic function on C

(65)

with functional equation of the usual type. This is achieved by expressing it as
a quotient of Hecke L-functions via theorems of class field theory. From this
expression, we see that it is possible for L(s, y) to contain an infinite amount of
poles in the region 0 < o < 1. Artin conjectured that if x is non-trivial, then
L(s,x) is in fact entire. Assuming this, it folows that L(s, x) is a member of the
Selberg class. The functional equation for L(s, x) is given by

(66) A(s,x) == 7(s,x)L(s, x) = W(x)A(l — s,X)

where W () is some complex number of modulus one. The gamma factor is

(67) V(s x) = (:&2))/2 "1"—[ b (S ; M]>

where n = [K : Q], p; is equal to 0 or 1, and ¢(x) is the conductor, for which we

will not require an explicit expression.

Our main reason for describing Artin L-functions is the fact that they provide
factorisations of the Dedekind zeta function. In order to explain this we briefly
review some representation theory, the details can be found in Serre’s book [55].
Let G be a finite group and let V' be a vector space of dimension equal to the
order of G with basis (e;),e¢ indexed by the elements of G. We let G act on V
by permuting the indices of the basis via left multiplication, that is, for ¢ in G

we define a linear map p(o) which sends e, to e,,. This is a representation of G
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called the reqular representation. The character rg of the regular representation

is given by
(68) ra =Y x(1)x
X

where the sum is over all distinct irreducible characters of G. For a subgroup H

with character ¢ we can define the induced character of G by the formula

1 -1
(69) mg(wmzm ZG (o~ '70).

In terms of induced characters we have r¢ = Ind%}(l{l}) where 14 is the trivial

character. Now, given two characters yy, yo we have

(70) L(s,x1+ x2) = L(s, x1) L(s, x2)-

To see this take two representations (p1, V1), (p2, Vo) with characters x1, x2. Then
(p1 ® p2, V1 ® V) is a representation with character x; + x2 and we have

(71)  det(I — (p1 & p2) ()| (Vi © V)™ 2)
= det(I — pi () [V, 2) det(I — pa(ipp) |V * ).

Slightly more involved (and hence omitted) is the proof of the fact that for a given
subgroup H of G we have

(72) L(s, %, /L") = L(s, Ind (x), L/K)

where L? is the fixed field of H. Writing 7 as an induced character we see
(73) L(s,r¢, L/K) = L(s, 171y, L/LM) = L(s,1,L/L) = ¢.(s).

On the other hand, by formula (68) we have

(74)  L(s,re, L/K) = [ ] L(s, x. L/K)XW = Gie(s) [ ] L(s. x, L/K)X.

X x#1
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Equating gives the formula

(75) G(5) = Gels) T Lo L/ P,

x#1
1.2.3. The Dedekind zeta function (bis). We now return to the Dedekind
zeta function with its factorisation in terms of Artin L-functions. We renew the
old setup with QQ as the base field but we now assume the finite extension K to be

Galois. The factorisation now reads

(76) Giels) = C(s) T £y o K/QXO.

x#1
Recall that for K = Q(y/m) with m squarefree, G = {£1} and the frobenius sends
split primes to 1 and inert primes to —1. The only non-trivial representation of G
is the one dimensional signature representation sending 1 to 1 and —1 to —1. If I,
is non-trivial then V» = V¢ which is trivial and therefore there is no local factor

for ramified primes. We therefore have

ot () =C(s) ] (“%)1 11 (Hz%)l

T enr)
=C(s)L(s: x)

where y = (dk|-) is the Kronecker symbol (n.b. (42)) and L(s,x) is the usual
Dirichlet L-function. The modulus ¢ of x is given by the formula
4|dg| if dx = 2(mod 4),
(78) q=
|dx|  otherwise.
The main aspects of the Dedekind zeta function that will be of interest to us
are its mean values on the half line, or as we shall refer to them, its moments. We

briefly review the results in this area before describing the moments problem for
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general L-functions. The first major result concerning the Dedekind zeta function

was given by Motohashi [39]. He showed that for a quadratic extension K,

1\ !
<1 + —) log* T
p

where L(s, x) is the Dirichlet L-function appearing in (77). This was subsequently

1 o 1 1\ |2 6 2
@ g[GP~ S0 I1
plak

improved by Miiller in [42] where, by employing the methods of Heath-Brown
[22], he found the lower order terms. For higher power moments or higher degree
extensions little is known. In the papers [2, 3], Bruggeman and Motohashi give an
explicit formula for the fourth moment of the Dedekind zeta function of particular
quadratic fields, however this does not immediately yield an asymptotic. Their
methods rely on a spectral analysis of Kloosterman sums which echos the methods
of Motohashi used for the Riemann zeta function [40].

In terms of higher degree extensions, the most that is known is either an upper
bound on the moments, or the asymptotic value of the sum Y7 _ 7x(m)* where
the coefficients are those of the Dedekind zeta function when written as a Dirichlet
series. As we shall see later, the value of this sum has a bearing on the moments.
For a general Galois extension of degree n, Chandrasekharan and Narasimhan

showed [7]

(80) Z rg(m)* ~ cxlog" '

m<x

for some constant c. The strength of this result is essentially allowed by the simple
description of how primes split in Galois extensions. For non-Galois extensions
they must replace ~ with <. In the same paper they also give upper bounds
on the moments as well as conjecture the asymptotic (79) with an unspecified

constant, which Motohashi then deduced.
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An asymptotic relation of the form (80) for non-Galois extensions was recently

given by Fomenko [17]. For K a (non-Galois) cubic field, he obtains the formula

(81) Z rk(m)? = crxlog x + cor + O(x%/117°)
m<z

for some constants ¢y, co. Here, the method relies on expressing (x(s) as a product
of the Riemann zeta function and the L-function of a modular form of weight 1.
This can be deduced from the factorisation (75) by considering a higher degree
extension in which the cubic field K is normal. One then obtains (x(s) as a
product of {(s) and the Artin L-function of a 2-dimensional representation (this
particular factorisation is described in Heilbronn’s section of [6]). By the work of
Weil-Langlands and Deligne-Serre [54] we can write this Artin L-function as the L-

function of a modular form of weight 1 and obtain the aforementioned factorisation.

1.3. Moments of L-functions

Let L be a member of the Selberg class. The quantity of interest is

T
(82) / |L(% + it)|*dt,
0

which we refer to as the 2kth moment of L. We first present the results of Hardy-
Littlewood [21] and Ingham [25] concerning the 2nd and 4th moment of the zeta
function. We then describe the general moments problem in a modern setting
(smooth functions etc.) which helps clarify the main obstacles to achieving higher
moiments.

The classical approach to evaluating moments first involves expressing ((s) as
a combination of sums that converge within the critical strip. This representation
is derived from the functional equation and consequently embodies some its char-
acter, for example, it possesses a symmetry about the critical point. We refer to

these expressions as approximate functional equations. The first of these takes the
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form

(83) ()= mi F(s) S n}_s +O@7) + Oty

which is valid for 0 < ¢ <1 (uniformly) and for z,y,t > 0 with 2rzy = t. Here,

A9 D= 92)
(84 =" (5/2)

which is the factor appearing in the functional equation ((s) = (s)((1 — s).

Specialising to the 1/2-line we have

1 1
(85) ((s) = Z pyoreies (1 +it) Z 7+ O(N~1/2)

m<N n<N
where N = N(t) = /t/2r. Writing ((s) = S + »S + E we see
T T L
(86) / C(5 +it)|Pdt = / [2|S|2 + 2R(5e(5 —it)S?) + (S + 5(5 + it)S)E
0 0
+ E(S+ (3 —it)S+ E)|dt

where we have used »(3 + it) = »(1 — it) and |5(3 + it)| = 1 (the first of these

follows from I'(s) = I'(5) whilst the latter follows from (25)). In order to evaluate
the first term, which turns out to be the main term, we appeal to the following

Theorem of Montgomery and Vaughan.

Proposition 1.3.1. (Montgomery—Vaughan mean value Theorem) [37] We have
T 2
a(n)
(87) / >
0 n

n<M
Note that if M = o(T') then the error term is smaller than the main term. Applying

dt =Y |a(n)]*(T + O(n)).

n<M

the Theorem to our above situation gives
T

(88) 2/ |S|?dt ~ T'log T
0

and it remains to evaluate the remaining terms. For the term involving %(% —it)S?

one can use Stirling’s formula to give an asymptotic expansion for %(% —it). The
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resultant integral can then be evaluated by the theory of exponential integrals (see
[59]). The term |E|? is easily evaluated whilst for the cross terms one can use the

Cauchy-Schwarz inequality. As a result, we acquire

T
(89) / I¢(3 +it)|*dt ~ TlogT.
0
For the fourth moment one can apply a similar process starting from the equa-
tion
d(m) d(n) -
90 P = 2 O(z* "7 logt
(90) (o = 3 S (e 3 T+ O o

which can be found in section 4.2 of [26]. Again, this is valid uniformly for 0 <
o <1 and for z,y,t > 0 such that zy = (¢t/27)?. After applying the Montgomery-

Vaughan mean value Theorem and using

d(n)? 1 A
(91) 7;:4 T) ~ 5 log' M
we get
r 1
(92) /0 1C(3 +at)|'dt ~ 2—7T2Tlog4 T.

There are several issues that arise when considering higher moments of the
zeta function. As one might expect, there exist approximate functional equations
for ¢(s)* involving sums with the coefficients dj(n). The first issue is that for
some approximate functional equations the error term increases with k& making
the integral of |E|? large. Another is that the sums are of length < (t/27)*/?
and so when applying the Montgomery-Vaughan mean value Theorem, the error
term becomes too large. For moments of general L-functions these problems often
occur in one form or another, indeed, it seems they are systemic to the approximate
functional equation approach. Nevertheless, we continue with this approach and
give our treatment of general L-functions in all its modern cleanliness.

Let L(s) be an L-function in the Selberg class with at most one pole at s = 1.

Let G(s) be an even entire function of rapid decay in vertical strips with G(0) = 1.
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We keep in mind something like G(z) = e*’. Let s lie in the strip 0 < ¢ < 1 and

consider the integral

1
(93) I(s, X, \) = —/ AL(s+z)G(z)Xz%
211 (c) z

where X is some parameter, Ay (s) is given by (15) and ¢ is some number greater
than 1 but not too large. Since L(s) is of at most polynomial growth in vertical

strips, this integral exists due to the rapid decay of G(s) and I'(s). Shifting the

contour to R(z) = —c gives
(94) I5. X ) = A+ R, X0 + [ Auls+2)GEX
(=0
where
XZ
(95) R(s,X) = (res,—1—s +res,—_s)Ar(s + 2)G(2) .

(recall A(s) may have a pole at s = 0 arising from the Gamma function, hence the
residue term at z = —s). Note that we have essentially considered the integral as
the limit of some finite integral, which we then considered as part of a rectangular
contour. Since L(s) is of at most polynomial growth in vertical strips, the hori-
zontal sections vanish in the limit due to the rapid decay of G. We now apply the

functional equation in this last integral to give
(96) A(s) =I(s, X, A) + e I(1 -5, X1 A)— R(s, X).
On expanding the absolutely convergent Dirichlet series we get the following.

Proposition 1.3.2 (Approximate functional equation). Let L(s) be an element
of the Selberg class and suppose it has at most one pole, situated at s = 1. Then

for0 <o <1 and X >0 we have

SOy () Y B ) - B

o0 =2 S i 1(5)
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where R(s, X) is given by (95),

1 d
(98) V,(Y) = _/ Mg(z)y—z_z’

2mi Jioy  y(s) z
with G an even, entire function of rapid decay in vertical strips with G(0) = 1,
and

Yol =)

99 n(8) = €, ——=.
o =)

We can show that both sums in (97) converge in the critical strip, in fact, they

are essentially finite. We first estimate Vi(Y') via formula (26). This gives

YL(s + 2) dp\R(2)/2
100 ——— K (Q[t]*"
(100) < Qi
and hence
1 d
V) =5 [ ey

(c) YL.(5) z

1 vo(s + 2) _dz
101 =1+— | 2GRy ==
(101) 2mi J—ey  YL(S) ) z

() )

On the other hand, taking ¢ = A with A large we derive the bound O ((/Q[t[% /Y )#).
For convenience we write ¢(t) = 1/Q|t|%. Then the above upper bound gives

(102)
g; G;QT> Vi (m) = P aLn(l@ Vi) + 0 ( m% GZST) ( % > A )

with A large. Using the Ramanujan hypothesis ay(n) < n¢ and taking A large
enough we can bound the tail of this series by ¢(t)~? with B large. Applying a
similar argument to V;_4(n) we gain an expression for L(s) as a combination of
two convergent sums of length approximately ¢(t).

Let us now return to the moment problem and attempt to evaluate

T
(103) / |L(% +it)|*dt.
0
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The cleanest way to do this is to find an approximate functional equation for
|L(1/2 +it)|**. Clearly, |L(s)|** is an L-function satisfying

(104) |L(s)** () = [vp(1 = s)[*F|L(1 — 5)**

and has the double Dirichlet series

[e.9]

ar, k(ml)aL k(mz)
105 d >
( ) m1,mz2=1 mimg

for some coefficients ay, x(n). To simplify its approximate functional equation, we
set the parameter X equal to 1 and we take G(z) = ¢** so that the R term divided
by the gamma factor is < (1 + [¢|)~* with A large. Then, by Proposition 1.3.2 we

have

(106)
. > CLL,k(ml)aL,k(WQ)
|L(5 +it)[** = Z 1/2tit, 172t Vi (mams)
mi,ma=1 1 2

. > aL,k(nl)aL,k(nz) _
+oa(3+it) Y Uari i Vi (mng) + O((1+ [¢) ™)
ni,na=1 1 n2

where
1 Lyt + I—it+2)\" d
(107) Vi(Y) = %/ <7L(2 Zl .Z)VL(E_Z. Z)) G(Z)Yfz—za
(©) Y5 +it)ye(5 —it) z
and
. v (3 —it) |
108 L) = 2
( ) %k(g ) '7L(%+Zt)
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Note that by (25), »(1/2 +it) = 1 and therefore the above expression simplifies
to 23" +O(t=4). Integrating the simplified approximate functional equation gives

(109)

a mi)a m _
/0 LG + i) dt = / Z L’z/zjﬁ SV mama) i+ O((1+ 1))
2

:2/0 [Z |aL,k7§lm)|2W (m?)

n Z CLLk ml ar, k<m2)‘/t (m1m2) dt + O((l + |t|)_A)

ml /Z—Ht 1 /2 it

m1,mo=1
m#mo

As is clear, we’ve split the sum over terms for which m; = ms; the diagonals, and
those for which my # my; the off-diagonals. Thus far, we have managed to avoid
any large error terms and we have not needed to calculate any integrals involving
R(221(1/2+1t)), such as those that appear in (86). The remaining difficulty lies in
calculating the off-diagonals. It is here that we run into a problem similar to that
which prevents us from using the Montgomery-Vaughan Mean Value Theorem.
For any L-function with more than 2 gamma factors it seems incredibly difficult
to evaluate the off-diagonals. We shall say more on this later, but for the meanwhile
let us assume these terms are no larger than the diagonals themselves. We can

therefore expect

I N Ry e S AT

for some coefficient fr(k).

Let us evaluate this integral for L(s) = ((s)*. In this case we have ar,j(m) =
dy(m). We first push the sum through the integral in V;(m?). This is legal since the
resultant series converges absolutely for $(z) > 0 (since dx(n) < n¢). Therefore,

(111) > d’“szl) Vi (m?) = ﬁ /(C) filt, 2)G(z) {Z %—TJ] djz

m=1 m=1
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where

(112) Fult,2) = (’Y(§+it+z)'y(——z’t+z))

(5 +it)y(z —it)
and v(s) = 7*/?T'(s/2). By formula (26) we have

- i = () (1+0-(}))

where the growth of z in the error term is at most polynomial. To gain an expansion

for the series we first note

k2 1
(114) Z m1+2z HZ pi 1+2z - H (1 - plt2z +0 (ZM)) :

m=1 p j=0 P

We factor out the divergent part of this product and write it in terms of an L-

function we know i.e. we write

o0 2
(115) > Cj’;@z = ((1+22)" Ap(2)
m=1
where
L di(ph)? 1
(116) H ( 1+2z) Z p;((1+2)z) - H (1 +0 (W)) :
p Jj=0 P

Note this last product is absolutely convergent for ®(z) > —1/4. We therefore
shift the contour in (111) to (—1/4 + €) picking up a pole at z = 0. Writing
1 t\"* &1 t\1"
11 = — — ] = — |kzlog | —
mn =g (5) =X s (o)

we see that the residue of the integrand at z = 0 is given by

2
a(k) (KN [t
11 — | = 1 —
(118) k2! (2) ¢ \a2x
where a(k) = Ag(0). By virtue of (113) and (115) when combined with the

bound ((1/2 + it) < t¥/6*¢ ([59], Theorem 5.5), the integral on the new line is

& tR/AFL/6re o ¢=1/12%¢  Therefore, upon integrating we acquire

k)g(k 2
(119) —/ L+ it)PRdt ~ %logk T
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for some coefficient g(k). We refer to a(k) as the arithmetic factor and g(k) as the
geometric factor.

Determining g(k) is a difficult problem. By the second and fourth moments
we know that g(1) = 1 and ¢(2) = 2, and these remain the only rigorous results.
It is only recently that headway has been made in finding believable conjectures
for g(k) with k& > 2. In the paper [12], Conrey and Ghosh conjecture, based on
their work in [13], that g(3)=42. Their methods involve considering the moments
of the zeta function times some Dirichlet polynomial, which is a sum of the form
> n<po @(n)n™° where ¢ < 1/2. Taking a(n) = 1, the Dirichlet polynomial then
approximates ((s) and accordingly, the moment then approximates the higher
moments of the zeta function. Later, Conrey and Gonek [15] described a method
that could also give a conjecture for the eighth. This was based on mean values of
long Dirichlet polynomials, and it seems these methods reach their limit with the
eighth moment.

An entirely different approach was recently given by Keating and Snaith [30].
This used random matrix theory which requires at least a brief explanation; more
thorough accounts can be found in the survey article [8] and the conference pro-
ceedings [35]. The idea that the zeros of the Riemann zeta function could be the
eigenvalues of some Hermitian operator was first attributed [36] to Hilbert-Polya.
The point here is that if we write a zero as 1/2 + iy, then the fact that the v are
the eigenvalues of some Hermitian operator implies they are real, and the Riemann
hypothesis follows. Little evidence suggested this was the case until Montgomery
calculated the pair-correlation of the zeros [36]. Freeman Dyson then noticed this
matched with the pair-correlation of the eigenvalues of a random hermitian matrix.
This was later corroborated with the numerical evidence of Odlyzko [45]. Keating
and Snaith then argued that if the zeros could be modeled by eigenvalues, then the

zeta function on the 1/2-line should be modeled by a characteristic polynomial. By
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calculating the moments of this polynomial they were then led to the conjecture

g(k)  G(k+1)°
(120) K Gkt 1)

where G is the Barnes G-function which satisfies G(1) = 1 and G(z + 1) =

I'(2)G(z). Their formula actually allows for k to range continuously through values
> —1/2 if we replace k*! by T'(k? + 1) and di.(p™) by T'(k +m)/m!T(k).

The issue with the method of Keating and Snaith was that the arithmetic
factor had to be incorporated in an ad hoc way. Indeed, it seems unlikely that
eigenvalues would really ‘know’ anything about primes. In the paper [20], Gonek,
Hughes and Keating were able to reproduce the conjecture whilst incorporating
the primes in a more natural way. The method basically involves writing the zeta
function as a product over primes times a product over zeros. The moments of the
product over zeros are handled with the random matrix theory whilst the primes
can handle themselves. One of the main results of this thesis is to reproduce this
result for the Dedekind zeta function. In the process we raise some new questions
about moments of non-primitive L-functions in general. The simplest way to
describe our solution is, in fact, in terms of the characteristic polynomial method
of Keating and Snaith. The basic idea is that for two distinct L-functions, the
matrices associated to their zeros can be chosen independently. The expectation
of the characteristic polynomial associated to the product of these two L-functions
will then factorise due to this independence. Consequently, we see a factorisation
in the main term of the moments. So for example, given two distinct L-functions

L1, Ly we can expect

1 T . X g k 2 g k’ 2
T/; |L1(% + Zt)|k1 |L2(% + Zt)|k2dt ~ a(kl, ]{?2) (% 1ng1 T) . (% 1ng2 T>

where g(k) is as above and a(ky, ko) is some mixed arithmetic factor containing
information from L; and L.
An alternative method to conjecturing moments was recently given by Conrey

et al.[10] in the form of a recipe. It is capable of conjecturing several different
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types of moments and in particular, when applied to the Riemann zeta function,
this recipe reproduces the conjecture of Keating and Snaith. The recipe is actually

concerned with shifted moments, which is to say, moments of the form
T
(121) / L3 +oq+it)- L(3 4+ ap +it)L(5 + apyr — it) - L(3 4 a9 — it)dt
0

where «a; are (usually) small (usually) complex numbers. Of course, setting the
shifts to zero gives the 2kth moment of L. The main purpose of the shifts is to
give a structural viewpoint of the resultant asymptotic whilst having the added
advantage of giving formulas for moments of the derivatives (which are acquired
by differentiating the shifts). The other main result of this thesis gives the first
example of a shifted moment of a non-primitive L-function, namely, the product of
two zeta functions and two Dirichlet L-functions which is a more general form of a
quadratic Dedekind zeta function. We will then use this result to suggest how the
recipe should be modified to deal with non-primitive L-functions in general, and
we then apply this to corroborate our conjectures based on the method of Gonek,
Hughes and Keating.

Examples of moments of non-primitive L-functions do exist, although there are
not many and they certainly have not been studied systematically. In our final
chapter we attempt to apply both conjectural methods to general non-primitive

L-functions and hopefully offer some insight into this new area.
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1.4. Statement of Results

There are two main results to this thesis; the extension of the hybrid product
method of Gonek, Hughes and Keating to the Dedekind zeta function, and the
shifted second moment of the Dedekind zeta function times a Dirichlet polynomial.
The presence of the Dirichlet polynomial takes precedence over the shifts in our
nomenclature and we henceforth refer to this result as the twisted second moment.
In order to prove some of the conjectures given by the hybrid product method, we
require the twisted moment result as a (somewhat long) Lemma. However, this is
a result of interest in its own right, and we therefore devote the first half of this
thesis to its derivation.

In Chapter 2 we consider the integral

o /pN
I(h, k) :/ (—) (G+a+it) L(3+8+it,x)
(122) —oo \K
xC(A+y—it)L(5+0—it,x)w(t)dt

where h, k are coprime integers, x is some primitive Dirichlet character mod ¢
and w(t) is some smooth function with the intention of being the characteristic
function of the interval [T'/2,4T]. Our methods will closely follow those of Hughes
and Young [23] who derived a formula for I(h, k) when ¢ = 1. Similarly to their
result, our main term will be written in terms of products of shifted zeta and

L-functions, as well as finite products over the primes dividing h and k. Let

(123) fap(nx) = > niny"x(no)
ning=n
and let
(124) ap(n) = ny%ny”.
ning=n

Then, our main term will be given in terms of

(125) Zoprshk(8) = Aapr6(8)Bapysnn(s)
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where
Aaprs(s) =C(1+a+y+s)((L+B+0+s)L(1+B+v+s,x)
(126) Ll4+a+d+sX 1 —pims=h=d
x 11
C2+a+p+vy+0+2s) g \1- p2-2s—a—B—y=5
plq
and
(127) Bagrsnk(8) = Bagrsn(8,X)By.s.a,8k(5,X)
with
j hp+i 37\p—3(1+s)
(128) Ba,,&%(s,h(s,Y) _ Z]>O faﬁ(p] X)f'V 5( JX)

> 50 fas (P, x) fr6(p7, X)p30F9)

Here, h,, is the highest power of p dividing h. We must also define a slight variant

plh

of the above. This is given by

(129) 2&75,7757h7k(57 X) = A::y,ﬁ,'y,5<87 X)B(/:y,ﬁ,'y,5,h,k(87 X)

where

(130) AL s.5(8,x) = L(1+a+y+sx)L1++0+s,X)

L LA+atdt s )LA+B+y+sx)
L24+a+B+7+6+2s,x?)

and

(151 B30 = Blponsn (80 B s )
with

(132) By gy.5n(8, X) H 220 X(0)o0,5 (P )0 s (pe)p

350 X(P7) a5 ()0 5 (p7 )pI059)

plh

Theorem 1. Let
) h —it 1 1
I = s - V(2 )
(h, k) /—oo(k) C<2~|—a+zt) <2+ﬁ—|—zt,x>
1 . 1 o
><C(5—1—7—215)L(§+5—Zt,x)w(t)dt

(133)
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where w(t) is a smooth, nonnegative function with support contained in [T'/2,4T],
satisfying w9 (t) <; Ty” for all j = 0,1,2,..., where TY** < Ty < T. Suppose
(h,k) =1, hk < T#~¢, and that o, 3, 7,8 are complex numbers < (logT)™t. Then

(134)
k) ——— [ Z y AN
(h. k) i) w(t) | Za,py.5nk(0) + R —-s-a-pnk(0) { 5
ENTT 1 AN
+Z 5 -asnr(0) oy + Wza,—ém—ﬂ,h,k(o) 7
— —a—4
xX(F)G(X) t
+1q‘hTZ/—67ﬁ,7,—a,%,k(O’X) %
~(h ﬁ B + —B—
+ 1 )B( )ngmhk(o,x) (%) )dt+E(T)
where

(135) E(T) < T3/4+€(hk)7/8+6 (q3/2+E|L(]—,X)|(T/TO>7/4 + q1+E(T/T0)9/4)
and G(x) is the Gauss sum.
In Chapter 3 we extend the hybrid product method to the Dedekind zeta

function. The starting point is the hybrid product itself of course. This takes the

following form.

Theorem 2. Let X > 2 and let | be any fized positive integer. Let u(x) =
X f(Xlog(xz/e)+1)/x where f is a smooth, real, nonnegative function of total mass
one with support in [0,1]. Thus, u(x) is a real, non-negative, smooth function with

mass 1 and compact support on [e! =YX e]. Set

U(z) = /Ooou($)E1(zloga:)d$,

where Ey(z) = [ e /wdw. Then for o >0 and |t| > 2 we have

+2

(136)  (x(s) = Px(s, X)Zx(s, X) (1 +0 (W) +O(X " log X))
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where
(137) Px(s, X) —exp( > >
. N(a log N(a)
N(a)<X
with
log MN(p ifa=pm,
(138) Aa) = (»)
0 otherwise,
and

(139) Zx (s, X) —exp( ZU s—p logX)>

where the sum is over all non-trivial zeros of (k(s).

We will use the hybrid product to conjecture asymptotics for the 2kth moment
of ¢(5 +1t). This will be facilitated by the following conjecture which follows from

a similar reasoning to that given in [20].

Conjecture 1 (Splitting Conjecture). Let X, T — oo with X < (logT)?>~¢. Then
for k > —1/2, we have

2T
140) 7 [ 1Geh +iPar
T

T
~ <% /TQT|PK (%+z’t,X)|2kdt) (% /TQT}Z]K (%+it,X)}2kdt>.

We plan to evaluate the moments of Px by using the Montgomery-Vaughan
mean value theorem. Due to the nature of how primes split, or rather, how they
are not known to split in some cases, we restrict ourselves to Galois extensions. It

may be possible to remove this restriction given milder conditions on K.

Theorem 3. Let K be a Galois extension of degree n with Galois group G =
Gal(K/Q) and for a given prime p let g, denote the index of the decomposition
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group Gy in G. Let 1/2 < c <1, e>0, k>0 and suppose that X and T — oo
with X < (log T)Y(1=¢+<) Then
1 T 1 . 2k nk?/ _~ nk?
(141) T |Px (3 +it, X)|7 dt ~ a(k)yg* (e log X)
T

where Y denotes the residue of (x(s) at s =1 and

nk? o\ Vo

with di (™) = di(p™) = D(m + k) /(mIT (k).

In considering the moments of Zk for Galois extensions we first express (k(s)
as a product of Artin L-functions. For each individual L-function we then follow
the heuristic argument given in section 4 of [20]. This essentially allows us to write
the moments of Zk as an expectation over the unitary group. We then assume a
certain quality of independence between the Artin L-functions, namely, that the
matrices associated to the zeros of L(s, x, K/Q) at height T', act independently for

distinct x. This allows for a factorisation of the expectation and we are led to

Conjecture 2. Let K be a Galois extension of degree n. Suppose that X,T — oo
with X < (logT)*>7¢. Then for k > —1/2 we have
(143) l/2T | Ze (L +it, X) | dt
T . K \3 )
_ G(x(1)k +1)?
~ (" log X))~ (1 T
(€7 log X) |X| O (a)T™)

where the product is over the irreducible characters of Gal(K/Q), G is the Barnes

)X(1)2k2

G-function, q(x) is the conductor of L(s, x,K/Q) and d, is its degree.

By combining this with Theorem 3 and Conjecture 1 we see that the factors
of e7log X cancel, as expected, and we acquire a full conjecture for the moments
of (x(1/2 + it) when K is Galois. Although the form of this conjecture should be

fairly clear, we state it in full for the purposes of completeness.
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Conjecture 3. Let a(k) be given by (142) and let ¢k denote the residue of (k(s)
at s = 1. Let K be a Galois extension of degree n and suppose that X, T — oo
with X < (logT)*>~¢. Then for k > —1/2 we have

(144)

I R, w2 7T G(x(DE +1)2 X
7 leeh iR~ ateyogt T e 7 1 (o (00T™)

)X(1)2k2

where the product is over the irreducible characters of Gal(K/Q), G is the Barnes
G-function, q(x) is the conductor of L(s, x,K/Q) and d, is its degree.

In section 3.4 of Chapter 3 we use Theorem 1 to prove Conjecture 2 for k =1

in the case of quadratic extensions. That is, we prove

Theorem 4. Let K be a quadratic extension. Suppose that X, T — oo with X <
(logT)*7¢. Then

logT - log qT

1 2T ] 2

where q is the modulus of the character x in the equation (x(s) = ((s)L(s, x).

By combining this with Theorem 3 and then comparing with Motohashi’s result
(79), we see that Conjecture 1, the splitting conjecture, is true for £ = 1 in the
case of quadratic extensions.

As previously mentioned, we can use our twisted moment theorem as a means
to extend the moments recipe of Conrey et al. [10] to non-primitive L-functions.
We then use our modified recipe to reproduce our main moments conjecture in the

case of quadratic extensions.

Conjecture 4. Let K be a quadratic extension and let a(k) be given by (142).
Then

G(k+1)?

2
log T - log ¢T)*" .
G(2k+1)) (log 7"+ log T)

(146) %/T e (5 + it) [P dt ~ a(k)L(1, x)** (
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In the final chapter we attempt to generalise the main ideas of this paper to

non-primitive L-functions. The functions under consideration are of the form
(147) L(s) =Y ag(nn™ =[] Li(s)¥
j=1

where e; € N and the L;(s) are distinct, primitive members of the Selberg class.

We require that the ‘convolution’ L-functions

> |ar,(n)|?
148 M(s) = e ASCARS
(148) =3

behave reasonably, in particular, that they have an analytic continuation. We then

claim

Conjecture 5. With the notation as above, let ay, (n) be the Dirichlet coefficients

of L(s)*. Then for k > —1/2,

Lt 1 ) |2k A GQ(ejk + 1) d; (e;k)?
(149) T/o ‘L (5 + Zt)| dt ~ ar(k) Jl;[l m (10g (QjT ))
where
nLk2 o] n\ 12
(150) ar(k) = H (1 _ 1) Z ’aL,k(f )|
p p n=0 p

withng, = Y7, €3

We remark that if L(s) = (k(s) with K Galois and we have a factorisation in
terms of Dirichlet series, then the residue term 2 of (141) is a factor of ap(k).

For example, see the discussion following (556) in Chapter 4
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The Twisted Second Moment

Let M(s) be an arbitrary Dirichlet polynomial of length T?. So,

(151) M(s)=3" aq(g)

n<T?

for some complex valued coefficients a(n). The aim of this chapter is to find an

asymptotic formula for the integral
27 ) )
(152) / G (& it) 2| (& + it) [P de
T

when K is a quadratic number field. On expanding |M|? and pushing the integral

through the sum this becomes

(153) > MJZ_]&@/QTKK (L +t)|* (%)itdt.

h,k<TO T

When evaluating this inner integral we assume h/k is in its reduced form i.e. that
h and k are coprime. The formula we acquire can then be applied to the above by
writing h/k = (h/(h,k))/(k/(h,k)).

In a bid for greater applicability, we generalise the integral in several ways.
First, we replace (x(s) with ((s)L(s, x) where x is an arbitrary Dirichlet character
mod ¢. This makes little difference to the ensuing arguments. Second, we include
small shifts in the argument’s of ((s) and L(s, x). There are several benefits to
the shifts; one is that they allow for formulas involving the derivatives of (k(s),
another is that they make residue calculations easier since we only have to deal
with functions with simple poles. Finally, we approximate the range of integration

by incorporating some smooth function in the integrand. The generalised integral

51
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is then given by

I(h,k):/_Oow(t)c(§+a+it)L(§+6+z’t,x)

(154) B it
x((%+7—z’t)L(§+5—it,y)(E) dt

where «, 3,7, are small complex numbers and w(t) is some smooth function
having the intention of being the characteristic function of the interval [T'/2,4T].

The formula for I(h, k) given in Theorem 1 states that
1 [ 1 £\ P
108 = [~ 00)(ZasrosanO) 4 357 s0csal0) (57 )

ENTTT t\
+Z 5 —asnk(0) (%) + Wza,—é,fy,—ﬁ,h,k(o) (g)
+~~~)dt—|—E(T)
where the dots represent the two extra Z’ terms and where
E(T) < T3/4+€(hk')7/8+6q1+6(T/T0)9/4.

As we shall see shortly, the main terms in our formula for I(h,k) are of size
~ (hk)~'/2T1og? T. Therefore, on taking Ty > T'~¢ we see that the error term
has a power saving provided hk < T?7—¢. However, when applying our formula
for I(h,k) in (153), one must take into account the size of the coefficients when
determining the length of the polynomial, if one is to obtain a power saving in
the error. In particular, for coefficients a(n) < n¢, we must take the length of the
polynomial § to be < 1/11 — € i.e. hk < T~ (see formula (498) for example).

For ¢ > 1, the two Z’ terms are entire since they are comprised solely of
Dirichlet L-functions times finite products over primes dividing hk. The main

terms are given by

Zoprshk(0) = Aap~5(0)Bagqsnk(0)
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where

Aa,ﬁ,%é(o) =
Cl4+a+)C(1+ 8408 LA+B+7v )L +a+6X)

(2+a+B+7+70)
1 _p—l—ﬁ—é
X H (1 _ p—2—a—6—'y—5)

plg

and By, g.51%(0) is some product over the primes dividing hk.

In order to make sense of the formula, let us sketch the evaluation of I(1,1).
As can be seen from the formula for A, s5(0), the only cause of non-holomorphy
is due to the zeta functions. In particular, the integrand is undefined as a4+~ — 0

and f+0 — 0. We first simplify by letting v = 6 = 0. Writing ((1+s) = 1/s+---

and
LA+ 8,x)L(1 + o, X) 1—p 7
(155) H = Coo + acCyg + 5001 —+ .-
2 1 —p2o-p

(@2+a+p) oo p

with
L1, )17 ( 1>1
156 oo = O XETT (14 2)
(156) 0= 11 5
Pl

we see that Zago011(0) = 9§ + ---. Performing a similar procedure on the

remaining Z terms we see that the integrand is given by

Coo t\ " gt £\ AN
aﬂ[H(?W) <27r) _(%) _(%) +}
= Coolog (%) log (%)*

where the remaining terms are of a lower order (in ¢) and holomorphic in a5. On
taking w(t) as a smooth approximation to the characteristic function of interval

[T, 2T with Ty = T'~¢ we recover Motohashi’s formula (79). Being more diligent
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with the lower order terms we can show that
1 2T 1 2T
(157) = / CG +it)L(5 +it, x)Pdt = = / P (log (5-) . log (£)) dt + E'(T)
T T
where P(x,y) is some quadratic polynomial with leading coefficient cooxy, and
E'(T) < T~'/**¢. Note that the main term has the same order of magnitude as

the product

1 2T 1 2T
—/ (5 + at)]*dt x —/ |L(3 + it, x)|*dt.
T Jr T Jr

We expect this sort of factorisation to hold for an arbitrary product of L-functions,
the above example provides a building block for this philosophy which we detail
in the final chapter.

The proof of Theorem 1 follows the same line of reasoning to that taken in

section 1.3 of Chapter 1. We first find an approximate functional equation for
(158) CE+a+it)L(3+B8+it,x)¢(3+v—it) L(3+6—1t,X).

As usual, this takes the form

S0y

where s is the factor appearing in the asymmetric functional equation of (158).
Due to the presence of the shifts s # 1 as it would do otherwise (cf. (108)).
However, the two sums are sufficiently similar that we only need treat one of
them. We split each sum into its diagonal and off-diagonal components. The
diagonals are evaluated similarly to before by shifting contours and computing

residues. The diagonals are then seen to contribute the first two terms:

. ¢\ "o Bre
(159) Za,ﬁ,’y,(s,h,k(o) + _qﬁ‘i"s foy,—é,fa,fﬁ,h,k(o) (%) .

They also contribute four extra terms which are dependent on the shifts. These
need to be shown to cancel with terms arising from the off-diagonal contribution.
To evaluate the off-diagonals we apply the ‘delta-method’ of Duke, Friedlander

and Iwaniec [16]. This first requires a little preparation however most of the work
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lies in finding, and then applying, a Voronoi-type sum formula. Specifically, we
need a formula for the sum

(160) > fap(n,x)ealchn)g(n)

n=1

where f,5(n,x) is given by (123), ¢ and d are coprime integers and ¢ is some
smooth function of rapid decay. After an application of the delta-method we see
that the total contribution of the off-diagonal terms is given by a sum of eight main
terms plus the error term F(7T'). Each of these main terms then combines with
another to give either a Z or Z’ term minus one of four the extra terms acquired

from the diagonals.

2.1. Setup

2.1.1. The Approximate Functional Equation. We first restate the nec-

essary functional equations:

(161) A(s) :=r~*/T (g) C(s) = A(1— s),
(7 - s+a - % =
(162) £(s,x) -—(q) F( 5 )L(S,X)— z’a\/ag(l 5,X)-
If we define
Sy, x) =A (% +a+s+ it) £ (% + B+ s +1it, X)
(163)

1 1
XA(§+’7+S—Z't)f(§+(5+8—it7Y)
then by the above two functional equations and the fact that G(x)G(X) = (—1)%

we see

(164) Ea,ﬁ,’y,é,t(_87 X) = E—’y,—é,—a,—ﬁ,t(*sa X)

After expanding equation (163) we group together the zeta and L-functions and

group together the gamma factors and write

(165) Ea846,4(5,X) = CarBr6: (8, X) T a8,,5.(5)
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where
1 ' 1 |
Capinanls,x) =C §+a+8+2t L §+ﬁ+s+zt,X
(166) 1 1
X§(§+7+5_it)L(§+5+s—it,y)
and
Fa’57775’t(5) :7717287W7C@%+8+@+a
1 , . |
_+OC+S—|—’Lt _+6+8—|—@t+a
: 2
(167) XF( - )F( : )
XF(%"—’V-I—S—it)l_‘(%_i_(g_i_s_it_'_a)
2 5 )

We require an approximate functional equation for ¢, .5+(0,x). By (164), this

satisfies the functional equation

(a,ﬁ,v,é,t(oa X) = %a,B,'y,(S,tC—'y,—é,—a,—ﬂ,t(O’ X)

with
(168)
_ F—’Y,—(S,—Oé,—ﬁ,t(o)
S VR ()

r <%—o¢—it> r (%—B—it-&-a) r <%—7+it> r (%—(S-H‘t—&-a)
— qatBrHs = (B+9) 2 2 2 2
Liatit L4 B+it+a 1 py—it Lys—it+a’
P () r () r ()

The equivalent of Proposition 1.3.2 is given by the following.

Proposition 2.1.1. Let G(s) be an even, entire function of rapid decay as |s| — oo

in any fived vertical strip |R(s)| < C satisfying G(0) = 1, and let

1 G(s
(169) Vasrsi(T) = 5= /( ) ( )ga,ﬂmé(s,t)fsds
1

271 S



2.1. SETUP 57

where
m o,B7.64(5)
ga, 7,0 S7t = (_) e
By ( ) q aﬁ'y,ét( )
170 L tatstit L4 Btstit+a L yts—it Ly 5ts—it+a
o PEm) e () () ()

Ltatit 14 B+it+a Liy—it Lis—it+a
r(sm) r(esem) r(se) ()

Then if all o, B,7,6 have real part less than 1/2, we have

fap(n, X) fr.6(m, X) it T’ mn
Coc,ﬁ,'y,ét Z ? ) < n > Va,ﬁ,%é,t q

(mn)1/2
fr—s(nX) fa,—s(m, X) (o~
(171) + %a,ﬂ'y(stz (mn)172 (z)
m2mn
XV 6 —a—pt ( > +0 ((1 + ]t|)*A) )

Proor. We start in the familiar way by considering

1 G(s)

I = — = s
1 27_(_7; (1) 757775715( )

ds.

Moving the line of integration to (—1) we obtain a new integral

1 G(s)
L = — = : d
1 G(s)
= 5 &y —b—a,— ) d

where we have made the change of variables s — —s and used the functional
equation (164). Due to the rapid decay of G(s) in the imaginary direction we see
that the only residue of the integrand that matters is the one at s = 0. The other
residues are those occurring at the poles of the zeta functions; these give rise to

the equivalent of the R term of Proposition 1.3.2. Therefore, we may write

L+ I = Zap00(0) + O((1+ [t) ™)
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and hence

_ 1 Lo py66(s) G(s)
CaB,7.0(0, X) —ﬁ/ <a,,8,'y,6,t<87X) 0) s d

IR X
I —s5—a-p1(5) G(s)
- —a, ) ) ) ) d
27m/ Crbai-pe(S,X) La5.64(0) S ’

S

+O((1+th™h
™\ G
2m/ Co876:4 (85 X) G876 (8, 1) (z) %ds
ﬁ ) o=t B,t (8, X) 7,50, 'B’(St>(7;> %‘S)ds
+O((1+]t)™).

Now, on expanding the Dirichlet series we have

Z fa,8(n, X) fr,56(m, X)

nl/2ts+ity1/24s—it

Ca,,@w&t S X

and so by reversing the order of integration and summation the result follows. [

We note that by (25) and (26) we have

—a—f—y=4
) (1+0@™)

t

172 o -
(172) ot =17 (5

and
£\ 28

(173) GaBy0(s, 1) = (§> (14 0,@™)

as t — oo. The dependence on s in the error term of g,gss(s,t) is of poly-
nomial growth, at most, and hence will be negated by the rapid decay of G(s)
in any applications we make. Note that g(s,t) is the equivalent of the function
vp(1/2 + it + s) /v (1/2 + it) in the notation of our introductory section on mo-
ments. By applying the same argument used there we see that the sums in the
above approximate functional equation can be restricted to mn < t?*¢. This fact

will be used later.
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It will frequently occur that a function F, g s, say, arising from the first term
of the approximate functional equation has an equivalent I, _5_, s arising from
the second. As such, we shall often abbreviate functions of the form F, s, 5 to Fy

and F_, _5_,_pto F_,.

2.1.2. A Formula for the Twisted Second Moment. Applying the ap-

proximate functional equation to I(h, k) gives

I(h, k)
fa,@anamX) =< /hm\ " m>mn
A (2) )

L X )f=a,—8(m,X) hm\ ™" T>mn
Z mn 1/2 . E %mtV_%t T U}(t)dt

— IO (h, k) + I (h, k).

(174)

By expanding the inner integral and interchanging the orders of integration we

have

faﬁn X)fro(m,X) 1 / G(s) (m*mn\ "’
(5. %) Z (mn)t/? omi 1y S

q
« / (T )i
— als, tw s
oo kN g
and similarly

/0 I 5n X)fa—p(m,x) 1 G(s) (m*mn\°
(h k) Z (mn)1/2 2mi 1 8

q
< (hm\ "
X - Hatg—~ (8, t)w(t)dtds.

We will now split the sum over m, n into those parts for which hm = kn,

(175)

(176)

the diagonal terms, and those for which hm # kn, the off-diagonals. In what
follows we only work with I m(h, k) since any result we acquire can be made to

apply to I®(h, k) by performing the substitutions o <+ —v, 8 ¢ —¢& and by
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inserting sz, into the integrals over ¢. This often amounts to multiplying by
q P70 (t/2m) = A=7=% in light of (172) .
2.2. Diagonal Terms

Let I (h k) denote the sum of terms in I (h, k) for which hm = kn. Writing

n = hl and m = kl with [ > 1 we see

=g [0 22(%)

a.p(kl hl
Xga St Zf 5 Xf’}’é( X)det

l1+28

(177)

Here we have pushed the sum through the integrals but since the shift parameters

are small we have absolute convergence and hence this is legal.

Proposition 2.2.1. Let Zy j,1(s) be given by (125). Then

118) 100k = [zl IO - 0 o (LT
D \Ub ke ] oshk a,y 8,6 (qhk)1/4

and
—a—0 é
1D, k) = 0) (L R
D ’ 5+5 \/— —yhk o
(179)
+J2 42+ 0 T
o\ by
where
arv ReSoee—ao(Zani(29)) G(—=(a+b)/2) [= (¢t \ "
1 (1) _ —ato Resy b / t
(180) Jop =4 (hk')l_(ib a1 D)2 o w(t)dt
and
g L e Resge— a+b(Z—vhk(2S))G((a+b)/2)
(181) o (hk)z+*5" (a+1b)/2

00 ¢ —a—fB—y—0+a+b
« / (—) w(t)dt.
oo \ 27
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PROOF. By the theory of Euler products (see for example [59], section 1.4) we

have
fa kl f hl f kp+j f p j7—
> feslEL Ll T e
p j=>0
fapjxf,pjx faﬂxf,(”“}i)
([T ) (] Sl B0
(p,hk)=1 j=0 plh 720
(182) Jag (@7, X) f1.5(07, X)
(HZ 1+s) )

p|k 7>0

(Z foA :14{26 = X>> Bani(s)-

By using a method similar to that used on 1.3.3 of [59] or of that given in section

1.6 of [5] we see the Dirichlet series in parentheses has Euler product

- —1
1 \! -
(- LX) )
P +s+a+y p1+s+a+5 p1+s+ﬁ+’y

(183) P
-1
(- P T )P
pltsth+s p2t2statfyts

which equals A, (s). Hence

(184) I (k) = —— / o /( )Gis> (”2;’“)_8 Geu(5,1) Zeop (29) dst.

On applying the approximation (173) we have

(185)
0= [t (25 o ()

where we have used the estimate

00 4T
(186) / 1w (t)dt < / 1 w(t)|dt < T

00 T/2
Since G(s) is of rapid decay and Z is only of moderate growth we may shift
the line of integration to R(s) = —1/4 + ¢ (with the shift parameters small) and
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encounter poles at s =0, 2s = —a — v and 2s = —( — . Similarly to before we

may estimate the integral on this new line as

4T
187 T [l )T
T/2

The pole at s = 0 gives

\/% /OO Za7h7k(0)w(t)dt

whilst the two poles at 2s = —a — v and 2s = —f3 — § give rise to Jélz, and Jgg

respectively. A similar argument follows for ]g). O

We let I(Ol)(h, k) (resp. I(OQ)(h, k)) denote the sum of terms in I (h, k) (resp.
I®)(h,k)) for which hm # kn. The goal of the remainder of this chapter is to

prove the following.

Proposition 2.2.2. We have

IO (h k) + 15 (h k) =

b BIv4 0) (4 Sz 0 (£ o
Tk 7oow —7,8,—a,8,hk o a,=6,7,—B,h.k ot

X(k)G(X)

(188) N
+ 1Q\hTZ/_§757%_a7%7k<07 X) (%) + 1q|kq—5

o, =, — 27T

—B—
t
g0 () o - a0 )
where E(T) is the error term of Theorem 1.

By combining this with Proposition 2.2.1 the J terms cancel and we get The-
orem 1. To prove Proposition 2.2.2 we first prepare I(O1 )(h, k) for an application of
the methods in [16]. The results of this application are then given in section 2.4
where we see that [ (()1 )(h, k) can be expressed as a sum of four main terms. These
terms are then manipulated in sections 2.6 and 2.7 and we find that by combining

them with their counterparts in Ig)(h, k) we get a cancellation. The remaining
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terms are, in fact, undercover versions of the terms in Proposition 2.2.2 and the

rest of the chapter is devoted to unveiling them.

2.3. The Off-Diagonals: A Dyadic Partition of Unity

As mentioned previously, we may restrict the sums over m, n in (175) and

(176) so that mn < T?"¢ whilst incorporating a negligible error term. Now, let

(189)  F*(x,y) = %/()@ (%Y}/ﬁo (g) _itga(s,t)w(t)dtds

and let
(1) _ fa3(n, X) fr.6(m,X)
(190) 15 (k) =T ; )12 F*(hm, kn)
hm;:ékn
so that

IO k) =15 (h, k) + 15 (, k).

We wish to apply the results of [16] to I(()l)(h, k). To do this we follow [23] and
first apply a dyadic partition of unity for the sums over m and n.

Let Wy(z) be a smooth, nonnegative function with support in [1,2] such that
> Wolz/M) =1,
M

where M runs over a sequence of real numbers with #{M : M < X} < log X.
Let

(191)
T m n
T () = ; Fas(n ) frs(m, )W (M) W (N) F*(hm, kn)
hm#kn
where
W(z) = 27 V?Wy ().
Then

(192) > Ly (h, k) =15 (. k)
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and note that by the first remark of this section we may take M N < T2*¢.

We can show that the main contribution to I v (h, k) comes from the terms
which are close to the diagonal. To demonstrate this we can use integration by
parts on the innermost integral of F*(x,y) and thereby take advantage of the
oscillatory factor (z/y)~". This gives
(193)1/00@/;/) o(s, w(t)dt < ;/w 1999 (s, ) (8)| dt

T Tlog(z/y)l J-o
Pi(|s)T*"
T3 |log(z/y)l""
for any j = 0,1,2,... where P; is some polynomial. If |log(z/y)| > T, '*¢ then the
above bound can be made arbitrarily small by taking j large. Hence, on writing

hm — kn = r, we get

Lun(h, k) ¢_Z > Jap(n,X) fr.5(m, X)

hm—kn=r

(194) | log(hm/kn)|<Ty 1+

X W (%) W (%) F*(hm, kn) + O(T~4).

Now, r/kn < |log(1+r/kn)| < T,y ' and therefore r < knT, "¢ < VhEMNT, ' T*

since n < N and hM =< kN. Summarising;

Proposition 2.3.1. We have

sk = 33D fuslno)slm OF (k)

(195) 0<|T|<<@Ts hm—kn=r
+ O(T‘A)
where

rlen = (5w (35) 3 ], 5 ()

1 [ r\ "
« T/_w (1 + 5) o(s, ) (t)dtds.
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2.4. The Delta Method

One can show after a short computation that

e S
J) P, 00

—1
197 iyyd isd) (1 ﬁ) (1
101 e FO ey < (145) (144

where X = hM, Y = kN and P = (hkq)T'/Ty. It should also be noted that F
has compact support in the box [X,2X] x [Y,2Y] due to the support conditions
on W. Now, let

(198) Dp(h,k,r) Z Fas (M, X) fr5(n, X) F (hm, k).

hm— knr

The above observations on F' make this sum well suited to an application of the

main result of [16]. Following their method we will show that

2 [e.o]
r(h k,r) Z hi- alkl hl—ai1-b; zy(h7k77”)/ 7% (x — 7)Y F(z,x —r)dx

max(0,r)

+ (Error term)

where the a;, b; are particular shifts and S;;(h, k, ¢,r) are certain infinite sums.
Before applying the d-method we first attach to F(z,y) a redundant factor
¢(x —y — r) where ¢(u) is a smooth function supported on (—U,U) such that
#(0) = 1 and ¢ <« U™". U will be chosen optimally later. Denote the new
function by Fy(z,y) = F(x,y)¢(x —y —r) and note Dp(h,k,r) = Dg,(h,k,7).

The derivatives of the new function satisfy

1 P\'[1 PY .
(199) Py )<<(U+X) (ﬁ+?) < U

provided that U < P~'min(X,Y") which we henceforth assume.
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2.4.1. Setting up the é-method. Throughout this section we closely follow

[16]. Let w be a smooth, even function of compact support in [(2, 2Q] such that

(200) Y wld) =1, W < Q7 i >0

a>1

Then the § symbol, which is equal to 1 for n = 0 and 0 for n € Z\{0}, can be

given in terms of Ramanujan sums

(201) d(n) = i Ay(n) i eq(cn)
= (D=1
where
(202) Aglu) = i(dm)l (w(dm) vy (%)) .

m=1
The following Lemma is taken from [16]. It shows that Ay(u) gives a good ap-
proximation to the Dirac distribution.

Lemma 2.4.1. Let f € C3°(R) and let j > 1. Then

o0

(203) /Z f(x)Ay(z)dx = f(0)+ O (Q—ldj/

—0o0

(@) + U] ).
Note the derivatives of Ay(u) satisfy
(204) AV (u) < (d)~ ", i > 0.

We also have

1 1

2 A
(205) alu) < W +d0 a0t o
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(see Lemma 2 of [16]). Now, choosing Q = U'/? we see that Ay(u) vanishes if
lu| < U and d > 2Q. Therefore, using (201),
(206)
Dip(h,k,r) =Y fas(m, X) fr.5(n, X) Fo(hm, kn)S(hm — kn — r)

m,n

m,n

=Y D cal=er) Y fas(m, xX) frs(n, X)ealchm)ea(—ckn) F¥ (m,n)

d<2Q)
(c,d)

where F*(z,y) = Fy(hz, ky)Aq(hz — ky —r). We now evaluate the innermost sum

using standard techniques.

2.4.2. A Voronoi Summation Formula. We require a formula for the sum

> fas(n, x)ea(en)g(n)

where (¢,d) = 1 and g is a smooth function of rapid decay. For this we apply

Mellin transforms to the Dirichlet series

(207) Eas(s,c/d, )= fap(m X)ealen)

nS

n=1

The analytic behaviour of E, 5(s,c/d, x) is described in [18], [41] albeit without
the shifts. Following the methods in these papers one can show that E, g(s,c/d, x)
admits a meromorphic continuation with at most one pole. It also possesses a
functional equation, although not of the usual type. Incorporating the shifts into
the arguments of these papers requires little extra effort, in fact, the proofs read
almost verbatim. We therefore choose to omit our proofs. The following is adapted

from Lemma 1 of [41].

Lemma 2.4.2. Let (¢,d) = 1. If1 < p := (d,q) < q then E,pg(s,c/d,x) is
entire. If o =1, then E, 3(s,c/d, x) is meromorphic with a single simple pole at

s=1—a. If o = q, then it is meromorphic with a single simple pole at s =1 — .
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The residues are given by

x(d)L(1—a+5,x) e _
P ifo=1,2=1—-«
(208) Res Ea (s, ¢/d, x) = dimets

xX(c)G a—pB,x . '
RIS iy g, 5= 1- 6

For the functional equation of E, 5(s, ¢/d, x) we follow the methods of Furuya

given in [18]. The functional equation is written in terms of the Dirichlet series

a - Oq /g(?’L,C/d, X)
2 Eap(s,c/d,x) = —
(209) sls,¢/d.X) Z; =
where
di
(210) oap(n,c/d, x) Z u v Z x(b)eq, (bv)

b=1
b=cu(mod d)

and d; = dq/o, the least common multiple of d and ¢. Following the proof of
Lemma 3 of [18] we get

Lemma 2.4.3. Let

25—2+a+f s+08
(211)  H(s) = Ha s(s,d,q) % (Q) P —s—a)l(1—s—B)

q
and let
(212) 0(5) = On g (s) = ™ (H5°) 4y (—1)emi(++57),
Then

(213) Eos(s,c/d,x) = H(s) (9(—B)Ea,5(1 ~sz/dy)
—M@Eﬁwa—a—a¢m)

where € is the unique solution to the equation ¢¢ = 1 mod d.
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A trivial estimate gives that o4 5(n, ¢/d, X) < ¢frans(n, |x|)/0 and so E, 5(s, ¢/d, x)
converges absolutely for s > 1 — min(Re, RB). Also, By Stirling’s formula (23)

we see
(214) 0(s)H(s) < [t|! 720 F)=RE)

The functional equation therefore implies that E, s(s, ¢/d, x) is polynomially bounded
for ¢ < 0. By the Phragmén-Lindel6f principle we see that it is polynomially
bounded everywhere on C for which [t| > 1.

We now have enough to prove the Voronoi summation formula via Mellin trans-

forms; an alternative method can be found in [29].

Proposition 2.4.4. Let g(x) be a smooth, compactly supported function on Rt
and let (¢,d) = 1. Also, let z be equal to either 1 —a or 1 — 3 depending on whether

o0 =1 or p = q respectively and let z be arbitrary in any other case. Then

5 fualneaten)gtn) = (Bes Eus(s,c/d, ) [ tg(a)ds

(215) . Z;"W (n igx) ()
where o

(216) g7 (y) = 29(;@ (§>1—a;ﬁ /Ooog(:c)Kg_a (@) (wy)~+ da
and

(217) g (y) = —%ﬂ (§>1a;ﬁ /Ooog(x)Ba—a <@) (zy)~ 2" da.

Here, K, (z) is the usual Bessel function and B,(z) is defined as

(218) B.(2) = cos(5v)Y,(2) +sin(5v)J,(2), if x is even

icos(5v)J,(2) —isin(5v)Y,(2), if x is odd

where Y, (2), J,(z) are again the usual Bessel functions.
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PROOF. For simplicity we assume the g is in Schwartz space and that g(0) = 0.
The general case then follows on taking smooth approximations. We let G denote

the Mellin transform of g, that is,

(219) G(s) = /OOO ¥ g(z)dx

and note that it is holomorphic in the region s > —2 except for a simple pole at

s = 0 with residue ¢g(0) = 0. Applying Mellin inversion and then shifting contours

we have
(220)
> JaslXealenla) =57 | B, c/d )Gl

= (Res Bu a5, ¢/d, )G () + QLM /( » E(s)G(s)ds.

Note that interchange of summation and integration in the first line is justified by
the absolute convergence of E and that the contour shift is also valid since G(s)
decays rapidly whilst F(s) increases at most polynomially as |Js| — oo. Writing

E*(s) = E_q_p(s, £¢/d, x) for short and applying the functional equation (213)

gives
1
—_— E(s)G(s)ds
ori ], FI006)
:% H(s) [9(—@)#(1 ) —B(s)E(1 - s)} G(s)ds
i (-4
:% CH(1 ) {6(—ﬂ)E+(s) — o1 —S)E(s)] G(1 — s)ds
(1)
27 )ots 1+8 C 4 (4% on
(221) :(d1+)a+6 (g) ;;aa,g(n,igaxﬁ ( dzg )
where

(222) Gy =0(-B) = /( D(s — a)T(s — B)G(L — s)y~*ds
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and

(223) G () = —— [ 61— $)T(s — a)T(s — B)G(1 — s)y*ds.

We note that since the shifts are small, E_a,_,g(JS) is absolutely convergent on the
line s = 5/4 and hence the interchange of summation and integration is legal.

By (219) and the fact that g is Schwartz we have

(224)  G'(y) =6(—B) / (@) (% /( D=t - ﬁ><xy>-8ds> dz

4
and similarly for G~ (y). The result now follows on applying the formulae

(225) 2K, (z) = % -y (3)”_25 ds,

(226)  —nY(z) = zim /(C) r (S - ”) r (3 + ”) cos 2 (5~ ) (g)Z ds,

2
(227) wJ,(2) = % /(C) r (s ; u) r (s ; v> Sin%(s — ) @)—25 ds,

along with the obvious substitutions for s. U

Before applying this formula we compile some results on o, (s, ¢/d, x) which
will be used later. First, It should be noted that o, g(s,c/d, x) is quite similar to
fap(n, x) when p =1 or p = ¢. Indeed, we have

x(d)ea(cqn)G(x) fap(n,X) if 0 =1,

x(c)eq(en) fs.a(n, x) if o =q.

(228) Ta,p(n, ¢/d, x) =
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The case o = q is easily seen since in this instance d; = d. This implies a unique

solution (mod d;) to the equation b = cu (mod d). Consequently,

di

oap(nic/d,x) =Y u v YT x(b)eq (bv)
wee bEcq?(:mlod d)

— Z u” v Py (cu)eq(buv)

uv=n

(229)

=x(c)ea(cn) f.a(n, x)

For the case p = 1 we have the following method which also gives insight into the

cases 1 < p<q. Let b=j+ gl where ] <j<gand 0<!<d/o— 1. Then

d/o—1
(230) oap(n,c/d, x) Z u v ﬁZX J)eaq, (jv) Z ea/o(lv).
uv=n I=
qlEcqu(d)

If we now put ¢ = 1 then [ is uniquely determined (mod d) by [ = g(cu — j) (mod

d). Therefore, in this case

q

Oap(n,c/d,x) =D u v > " x(4)ea(jv)ea(@(cu — j)v)

UV=n 7j=1

(231) =eq(cqn) Zu v ’BZX J)eq(—rjv)

uv=n

=ea(cqn) Y u‘%_ﬁG(—rv, X)

Uv="n

where r is the integer such that ¢g = 1+ rd. Formula (228) for ¢ = 1 now follows
on noting G(—rv, x) = X(—rv)G(x) and X(—r) = x(d).

In the remaining cases 1 < g < ¢ we return to formula (230) and write Q =
q/0, D = d/p. Now, a necessary condition for the existence of a solution to the

congruence gl = cu—j (mod d) is that p|cu—j. In this case [ is uniquely determined
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(mod D) by [ = Q(cu — j)/o (mod D). Therefore

q d/o—1
Z XGea (o) Y eqpllv)
7= di=cai(d)
(232) == Z x(7)eaq, jU eg( m(cu — j))ea(Qcu — j)v)
B éed@uv) es(—meu) Y x(fea (7 (mQD +v(1-QQ))).

m=

._\
<.
Il
—

Therefore, for 1 < p < g we have

(233)  oap(n,c/d,x) = %ed ncQ)G Z u v~ Zy(mQ — vw)e,(—meu)

uv=n m=1

where w is defined by the equation QQ = 1+ wD.

2.4.3. Applying Voronoi Summation. Recall that the formula for Dg(h, k,7)

was given by

d
DF(h7 k? T) = Z Z 6d(_cr) Z focﬁ(m7 X)f’y,(S(nv Y)ed(Chm)ed(_Ckn)Fﬁ(ma n)
d<2Q c=1 m,n
(e,d)=1

We first write the fractions ch/d, ck/d in reduced form i.e. as chq)/dn), cky/d
where m,y = m/(m,n). This gives (chwy,dn)) = 1, (ck@),du) = 1 and so we
may apply Proposition 2.4.4 to the two innermost sums. Note that the form of
the innermost sums will be dependent on (d(y), ¢) and (d(), q). So for example, if
in the outer sum d is such that (dg),q) = 1 and (d(x),¢) = 1, then the inner sum

over m takes the form

(Res Eo (s, ch /d(h),x)>/ e F*(x,n)dx + Z
s=l—-«a 0 T

X(dw)L(1—a+B8,x) [ _,
= (h)(d(h))law /0 ™ F¥(x,n)dx + ; e
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Computing the sum over n in a similar fashion we see that the two innermost sums

are given by

dmy)X(day) L(1 — a + 5, v+ 0,
x(dey)x(di)) (Mf/a B, x 1)%6 X) // Y F (o y)dady + -
(de) " (dw)
where the dots represent the three remaining terms (considering >, _--- as a

single term).
In order to gain the full expression for Dg(h,k,r) it should be clear that we
must distinguish the d in the outer sum. Accordingly, we partition the positive

integers into 9 sets P;;, 1 <14,7 < 3, subject to the following conditions:

Plj if (d(h)7 Q> = 17 Pil if (d(k)’ q) = 1’
(234) de Py if (dn,q)=q¢, -+ d€ P if (dw,q) =q,

We will later give a description of these sets but for the meanwhile we only make
use of the observation that if either ¢ = 2 or j = 2 then the elements of the set P;;
are divisible by ¢. This can be seen by writing h, k and d € P;; as their respective
g-parts times non g-parts and then solving the given conditions (the ¢g-part of an

integer n is defined as [ , p"). Let

pla P

(

Res Eq 5(s, chwy/dmy, x) ifi=1,

s=1—a

(235) Ri = ¢ Res E, (s, chiay/dmy,x) ifi=2,
s=1-p
0 ifi=3
and

(

Res E’Y:(S(S? Ck(d)/d(k%Y) lfj = 17

s=1—v

Res B, 4(s, chay/duwy, X)) if j =2

(236) R

0 if j = 3.

\
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Also, as is evident from Proposition 2.4.4 and Lemma 2.4.2 we must associate the

shifts with 7, j so let

a ifi=1, yoifj =1,
(237) ai=9p ifi=2 bj=490 ifj=2
0 ifi=3, 0 if j=3.
Applying the Voronoi sum formula gives
(238) Dp(h k,r) =
> O_aq, heay/diny,
>y z eu(—er {Rm +Lapy > TGl g
1,7=1d<2Q c=1 (h) m=1 m 2
deP;; (c,d)=
1 > O_ 5( /d )
+ —BR; T I
d(k) ; n% #()
1 = 0_q _g(m, —Ch(d)/d(h),X —y— s(n, cka /d (k)5 X)
+ AB ’ = Ink(m,n)+---
dinydry m;:l m e, )
where
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and

(239) I :// x~ %y~ FH(z, y)dady,

(240) p—— / / Yy B, (4” ma/ q) F(z, y)dady,

(241) — _on // iy (47?\/—/q
o (=

(242) Tnp(m,n) =4n> / / Ty
0

dAm\/(d
X By s ( Ll g?)qm ) F¥(x, y)dxdy.
k

F¥(z,y)dzdy,

N—

4w/ (dy, q)maz/q
dn)

The additional terms of (238) are those involving the K,-Bessel function and can

be estimated using the same method we use for the ones displayed.

2.4.4. Evaluating the Main Terms. We have

Iij = / / x %y FH(x,y)dedy
0

243 L
(243) :W//x iy Fy(x,y)Aa(x — y — r)dady

- azkl hl—a;L1-b; / / —r+u)” bjF¢($,I—T+u)Ad(u)dudx.

If r —2 <0 then by Lemma 2.4.1 and (199) we see that the inner integral is equal

to

z7%(x —r) Y Ey(z,x — 1)+ O((d/Q)?), A>1.
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If r — 2 > 0 then the integral is < (d/Q)* for some A > 1. Assuming d < Q=€
and on taking A large we get

(44) L= — /OO v (2 — 1) Y P, 2 — r)de + O(QP)

I—a; 11-b;
hi=aift =" max(0,r)

where B is an arbitrary positive constant. By formula (259) below we have hkl;; <
XY (X+Y) tlogQ valid for all d. Also, by formula (312) below we have the bound

d
Z x(c)ea(—cr) < ¢*3(r, d).
c=1

(e,d)=1

On applying these in the sum over d > Q¢ we get

(245) ZZ Z ea(—cr) R R}

1,j=1 d<2Q) c_l
dep;; (¢,d)=

2

1 00 Y N
- Zm&a‘(’%kﬂfm & @D R =)o

1,7=1

+ O((hk) 1¢"2XY (X + V)1 1)

where

d
(246) Sij(h,k,r) = Z Z eq(—cr)R;Rj.
dePy;  c=1

(e,d)=1

These last terms are given explicitly in Proposition 2.5.1 below.

2.4.5. Estimating the Error Terms. Throughout the following analysis we
essentially ignore the shift parameters but since they are small this is of no great
importance. We first estimate the sums over c¢. Pushing the sum over ¢ through
(238) we encounter sums of the form

d
(247) Sy = Z eq(—cr)R;o_o_g(m, —chy/dmn), X),

c=1
(c,d)=1
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(248) Sy =

B

ed(—cr)o—a,—g(m, —chay/dny, X)o—, (1, ckay/dry, X)

C

1
(C7 =

Sy

)=1

Clearly, we also encounter a slight variant of (247) but this can be estimated using
the same method as for the sum displayed. In estimating these we shall make use

of Weil’s bound for Kloosterman sums

d

(249) S(rt.d)= > eqler +2t) < (r,d)"/*d"*7(d)
=1
(C,d):

where 7 is the usual divisor function. We will also need an estimate for sums of

the form
d
(250) (rt,d) x(c)eq(er +et).
(c,cdz)lzl
These are similar to Salie sums ([27],[51]) the difference being that ¢|d whenever

they appear. These are dealt with in [41] (see formula (16)) where Miiller obtains
(251) Sy(r,t,d) = Sx(t, 7, d) < q'/2(r,d)2d"?7(d).

By inspecting the cases 1 < i,7 < 3 and using (249), (251) along with the obvious
variants of (208), (228), (233) we get

1
(252) 51 < %qS/ZIL(LX)I(T, d)!2d"?r(d)7(m),

(253) Sy < q(r, d)l/le/QT(d)T(m)T(n).

We now estimate the integrals Iy, Iy, In,. From (204),(199) we have the bound

) o OV
(254) FR) < ()
Using this along with the recurrence relations (2"Y,(z)) = 2"Y,_1(2), (¥ J,(2)) =

2" J,_1(2) an integration by parts argument shows that these integrals are small
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unless

(255) mo< X _gave o FAY ke
(dwny, q) (diry, q)

For m,n in this range we estimate the integrals using the support conditions on

F and the bounds Y, 5(2), Jo_5(2) < 2712 to give

(256) In(m) < (%)/ //

(257) li(n) < ( kf)diz ) / /

(258) Ink(m,n) < (mn(d(h:k)fd; QXY >1/4 / /
where

// —//Ooo |Ey(h, ky)Aa(he — ky — r)|dzdy

ZMMljzmMM%x—y—ﬂAawwmy

Xy (v
<) oy [ 18wy

XY
X+Y

(259)

< (hk)™? log Q.

Here, we have used the upper bounds (197) and (205) along with the support

conditions on ¢. Therefore, summing over m, n in the range (255) we have

d'?q X3/2YQ—3/2+e
(dny,a) X +Y ’

(260) > r(m)[In(m)] < 7

m

d1/2q )(}/3/2
261 I < Q32+

n

dg? (XY)3/2
(dny, q)(dry,q) X +Y

—34e€

(262) > 7 (m)r(n) [ Ik(m, n)| <

m,n
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Introducing these bounds into (238) along with (252), (253) and summing over d

we get an error term of

(XY)3/2
X+Y

(263) ¢**|L(1, )| Qe

XY X1/2 Y1/2
X+Y< KT

> Q*3/2+e +q

where we have used ), (hk,d) < z'*<. We now take U = 0* = P~H(X +
Y) ! XY and the above becomes

XY 1/4+e X1/2 y1/2
264) ¢*?|L(1,y)|P¥* | ——
@) S (7rv) ()

+ qP5/4(Xy>1/4+E(X + Y)1/4.

2.5. Combining Terms and integral manipulations

We now combine the main terms (245) and error term (264) in the formula for

Dpg(h, k,r) whilst noting that X <Y < VhkMN.

Proposition 2.5.1. Let P;; and a;, b; be defined respectively by (254) and (237).
Also, let

1 oo
(265) quj(h,k’,’f’) = WSij(h, k,r)/ m_ai(l'—’l“)_bjF([E,Qf —T)d$
! ! max(0,r)
Then
2
(266) Dp(h,k,r) = > Wy(hk,r)+ E°(T)
ij=1
where

(267)  B'(T) <T“(hRMN)Y** (g2 L(1, ) |(T/To)*/* + g +(T/To)*'*).
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The terms S;;(h, k,r) are given by

ca(r)x(dmy)X(da)
T—atB -1’
Ay gy

(268)  Sui(h,k,r) = Las(X) Lys(X) )
dePiq
X(—=1)G(X) La,s(X)L—y,—5(X) Z ca(r, X)X (dny) X (k)

(269)  Sia(h, k,r) = 5— 1—atB 1179
e Ay dgy

)
dePr2

G(X)L—0,—8(X)L~5(X) 3 ca(r, X)X (hay) X (dry)
q,B—a 1+o¢—,6’d1—’y+5 )
dePor m )

(270) Sgl (h, ]{?, T’) =

Lo, -s(X)L—y-5(X) ¥ ca(r, X)X (ha) x (k)
q71+,6’7a+67'y dl-‘roa—ﬂdl-‘r'y—é ’
dePaa (h) (k)

(271) Sgg(h, k‘, ’I“) =

where Ly ,(x) = L(1 —z +y, x),

(272) ca(r,x) = Y x(c)ea(—cr)

and cq(r) is the usual Ramanujan sum.

We can now return to Proposition 2.3.1 and apply our formula for Dg(h, k, 7).

Summing over r gives

T 2
IM,N :—m Z { Z qjij(h7 k7T)

0¢T<T€\/%§MN i,j=1

+ O(T (RRMN )¢ L(L, )| (T/To)* + a(T/To)**) ) }

:\/% S S k)

07£’I”‘<<4T6 v ;’;(I:MN 3,j=1

(273)

+ O (T (MNP (k)4 (2| L(L )T/ To) "+ o(T/To)*') )

By the usual integration by parts argument (formula (193)) we see that W,;(h, k,r)
is small for large r and hence we may freely extend the sum over r # 0. Summing

over M, N we obtain
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Proposition 2.5.2.

2
T
274 IOk =Y 3N ——Wy(h, k,r) + E(T
( ) O( ) M7Nr#0i7j:1\/m ]( ) ( )

where
(275) E(T) < T3/4+e(hk,)7/8+e (q3/2+6]L(1, X)l(T/TO)7/4 + q1+€(T/T0)9/4).

We now wish to manipulate the integrals in W;;. These are very similar to the
integrals of section 6 in [23], the only important difference being that we have

the presence of c4(r, x) which is not necessarily invariant under the transformation

T =T
Let
(276) M -3 % \/%%j(h, k1)
M,N 70
so that ,
16)(hK) = D Lijo + E(T)
ij=1
Now,
Iz(jlzl = Z Z \/%hl_a}kl_bj Sij(h, k,r) /OO r % (x —r) Y F(x,x —r)dx
"0 M max(0,r)
where
x 1 G(s) (m*xy\ "’
o) Flo.y) =W <W> v (%) i /(a) i | < hkj)

1 [ —it
X ?/OO (1 + ;) g(s, t)w(t)dtds.

Using W (x) = 27 /2Wy(x) and recalling > ,, Wo(z/M) = 1, we see that

1 > _1_4. 1.
]z(jl,)a:mzsw(h,k,’f‘)/ T 2 1(Qj—r) 370

40 max(0,r)

L L [ G (”leﬁq_ T>>_S /OO (1 . f)“g(s,t)w(t)dtdsdx

271 () S —00 x




2.5. COMBINING TERMS AND INTEGRAL MANIPULATIONS 83

We split the sum over r into two terms; those for which » > 0 and those for which

r < 0. This gives

0, =141
where
1 [e.e]
I = ————» Sy(hk,£r)K*
h%—aik%—bj ; ']< r>
with

(o) 2 . _s
KT :/ zTE (g — )2 ! / G(s) (W oz 7’))
r 271 ) S hkq

X /_OO (1 - Z)itg(s,t)w(t)dtalsdx

00 Xz

and

B © 1, 1 G(s) (m2x(x+7)\ "
K — a; b]_
/o T e ) 2mi /(E) 5 ( hkq

X /OO <1 + g)itg(s,t)w(t)dtdsdx.

—0o0

Performing the substitution x — rz +r in K and the substitution z — rz in K~

gives

I 1 G(s) (mr2\°
e [ [ (3
r _Oow(t)Zﬂ-Z (5) s hkq g<87t)

></ (x4 1) 245 iy b s g
0

and

Y 1 G(s) (m2r?\
K~ =pr b t)—

x/ x_%—ai—s—it(x+1)—%—bj—5+itdxdsdt.
0

Here, we have swapped the orders of integration but as we shall see shortly, the

resulting integral is absolutely convergent and so this is allowed. By formula (91)
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of [23] we have

I'(3 —a; — s+ it)[(a; + b; + 2s)
['(3 +b; + s +it)

(278) / (4 1) 2@ sty a—bimstit gy —
0

and
I'(; —b;—s—it)['(a; +b; + 23)

I'(5+a; +s—it)

1
2

(279) / e (g g )bty —
0

K* and K~ are now sufficiently similar to allow for a re-combination of terms.

Defining
['(3 —bj —s—it)

ﬂj(h,k','f’,s,t):Sij(h,k,T) F(l+a+s—zt)
) i

this gives

> > 1 G(s) (m2r2\°
o / w(t)—— / Gls) (mr” ¢
17, hﬁ_ale Zl e ()271-2 (6) s hkq g<87 )
x Tii(h, k,r, s, t)[(a; + b; + 2s)dsdt.

Note by Stirling’s formula

280) Tii(h,k,r, s,t) = ( Sis(h, k,r)e 2 @t0t29) 4 G (h o —p)e’s (45t0it2)
J J J

% t_ai_bj_QS (1 _|_ O <1+l8|2> )

and so the evaluation of T;; is reduced to the evaluation of S;;(h,k,r) under the
transformation r — —r.

In the cases ¢ = j, the sums S;;(h, k,r) are given by

_ ca(r)x(dem)x(d))
Sll(h7 ka T) = La,B(X)L%é()O Z dl_a_;,_é(;l_,ﬁ_; )
) (k)

dePy

and

Lo (X)L -5(x) Z ca(r, \XP)Y(}L(d))X(k(d))‘

S22(h’ k, T) = q—1+,3—a+5—’y Jire—b gita=s

d€ Pag
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By Lemma 2.6.1 below, the elements d € P,y are divisible by ¢ and hence

r 1xI?) Z x(c) cr) = Z eq(—cr) = ca(r).

c= c=1

(c d) (c,d)
Therefore, since c¢4(—r) = cq(r) we have S;;(h, k, —r) = S;j(h, k,r) if i = j. In the

cases 1 # j the sums in question are given by

X(=1)G(X) La,s(X)L_y,—5(X) ca(r, X)x(dmn))x (ka))
Sia(h, k1) = 7 : Z JlatBglt—s
de P2

and

G(X)L-a,-8(X) L,5(X) Z ca(r, X)X (hay)X(dx))

SQl(h7 k7r) = qﬁfa d1+o¢fﬁdlf’y+5

dePay

Once again, by Lemma 2.6.1 we see g|d for d € P, i # j. For such d we have
d
(281) ca(—=r,x) = x(=1) Z x(—=c)ea(er) = x(=1)ca(r, x)

and consequently S;;(h,k, —r) = x(—1)S;;(h, k,r) = (=1)°S;;(h, k,r) for i # j.

Inputting the above information into (280) gives

T;j(ha k,r s t) = S@'(h, k, T)t_“i_b.j—25

2cos(5(a; +b; + 2s ifi=7
" (5( j ) }<1+O<1+182>>.
2% cos(5(a; +b; +2s+a)) ifi#j

We now move the s-line of integration to 1 so that the sums over r converge
absolutely allowing us to push them through the integrals. Along with the above
formula for 7;; we now have

1) 1 > 1 G(s) [ 7\ "= Sij(h,k,7)
L) =—F—— t)— — | —_—
( zy,a) J hE*aik§*bj /_ w( )27_” /(1) S hk:q ; ’f‘al+bﬂ+25

o0

x 2cos (Z(a; +bj 4 2)) [(a; + bj + 2s)t™ 4% g(s, 1)

(282) x (140 (HE2)) dsat.
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and
1 > 1 G(s) [ T\ <= Sij(h,k,7)
[.(.1)1.4:—/ t—/—— N2
(z],a) #J h%_aikj%_bﬂ' _oow( )271'2 W S hkq e paitbj+2s

x 2i° cos (% (a; + bj + 2s + a)) D(a; + b + 2s)t ™" *g(s,t)

%)) dsat.

We plan to show that the new sums over r are given by a product of two zeta

(283) (1 +0 (

functions (or L-functions) times a finite Euler product over the primes dividing
h and k. It turns out that one of these zeta functions can be paired with the
Gamma factors in the line integral allowing us to use the functional equation and
hence remove the Gamma factors. A further simplification will occur after using

the asymptotic t2%g(s,t) ~ 272 and integrating the error terms over t.

2.6. Some Arithmetical Sums

Let

(284) Uij(s) = Siglh. )

rai+bj+2$

Since the S;; are given as sums over P;;, we first investigate these sets. Recall that

for an integer n we define it’s ¢g-part by

= Hpnp

pln

pla
and it’s non-g-part by n* := n/n(q) so that (n*,q) = 1.
Lemma 2.6.1. We have
(285) P11 = {d S Z21 . (d, q) = 1}

and

(286) Pyy = {d € Z>1 : d = qh(q)k(q)l where [ > 1}.
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If q|h then

(287) Py = {d € Z>y :d=qgml where | > 1,(l,q) = 1andm\h(q)/q}
otherwise Pio = 0. Similarly, if q|k then

(288) Py = {d € Z>1 :d=qnl wherel >1,(l,q) =1 andn\k(q)/q}
otherwise Py = ().

PRrROOF. Let d € P;;. We first note that

d d* d
B =G = e i = e 1@

and therefore the only influence on (d(), q) is due to (d(q) (), ¢)- This means we
can let d* range freely over the positive integers coprime to ¢ in all of the following.

The conditions defining Py, are given by (d(xy,q) = 1 and (d),q) = 1. There-
fore (d(q)(n().q) = 1 and (d(q)(k(g)),¢) = 1. This implies d(q) = (d(q), h(q)) =
(d(q),k(q)) which is only possible if d(¢) = 1 since (h, k) = 1.

P»y is given by the conditions (d(),q) = ¢ and (d(),q) = ¢. These imply that
d(q) = lq(d(q),h(q)) = mq(d(q),k(q)) with [,m > 1 and (I,q) > 1, (m,q) > 1.
Therefore we may write | = n(d(q),k(q)), m = n(d(q),h(q)) for some n with
(n,q) > 1. Putting this back into the previous equality gives

d(q) = nq(d(q), M(q)k(q))-

This is possible if and only if d(q) = ngh(q)k(q) and it is clear that the given n is
arbitrary.

For Py, the conditions are (dwpy,q) = 1, (dw),q) = q. The first of these im-
plies that d must satisfy d(q) = (d(q), h(q)) whilst the second gives that d(q) =
mq(d(q), k(q)) with m > 1 and (m,q) > 1. Equating these gives

d(q) = (d(q), h(q)) = mq(d(q), k(q)).
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This is possible if and only if g|h hence otherwise Pjs is empty. Now, if ¢|h then
k(q) = 1 and therefore

mq = (mq, h(q)).

This constraint implies that m may only range over the divisors of h(q)/q. A
similar argument follows for Ps.

U

We note that since (h, k) = 1 at most one of the sets Py, Py is non-empty.
We deal with Uy (s) first. By (268) and (285) this reads as
(290)

o= o calr)x(dgy)x(dgy) (R, d) 4P (k, d) =

Uni(s) = Lo‘vﬁ(X)LWS(X)Z Z (2—otB—y+dpatyt2s :
r=1 d=
(d,g)=1

Proposition 2.6.2. Let h =[], pv and k = I, p*r. Then

B _Cla+y+25)C(1+ B+ 0+ 2s)
(291) Ull(s) _LIXWB(X)L%(S(X) ((2 —a+ ,8 _ ’7“—5)

X QU (S)Cll,a,h,k<3)

where
1— p71767672s
(292) Q) = Qi) = [T (1= Lrass
plg
and
(293) Cit,a,nk(8) = Ci1,a,8,7.60 (5, X)C11,4,6,0,8,6 (5, X)
where

(294) Ci1,0,67.61(8,X) = H

plq
plh

CP(s) —ptCH (s) +p 20 (s)
(1 —=X(p)p=a=2=25)(1 — p=2+a-F+1-9)
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with

(295) 0O (5) =1 — (p)hw+1p~ b+ Dla+d+2s)

(296) Cfi) (S) :(y<p)p7—5 _|_ p_ﬁ—5—25>(1 . y(p)hﬁp_hp(a'i‘é-i-Qs))
(297) Cff)(s) :y(p)p—ﬁ+v—25—2s _ Y(p)hpp—hp(a+5+25)pa—ﬁ+’y_5'

Proor. To simplify things we first define

Flabe =3 3 /0 )X/, )i, d) (&, df

y Yy da+b7.c+1
r=1 d=1
(dvq =1
so that
Ull(S)
— =F(l—a+p,1—v+6—-14+a+vy+2s).
Lea,s(x) L~ 5(X)

By formula (1.5.5) of [59] we have

S0 e 1) 3 utdm)

r=1 nld

where p is the mobius function. Summing over r and performing the substitution

n +— d/n in the sum over the divisors of d we have

(a,b,0)  ~—~ x(d/(h* d)x(d/(k*,d))(h*, d)* (K,
C + 1 dz da+b+c %n ,U,
(dag)=1 !

Let g.(d) = >, 4n°p(n). Since the numerator is multiplicative we have

Fla.b.c) _ I (Z X" [ X" 00" 0 ") ) gc<pm)> |

g(C + 1 pm(a+b+c)

m>0
We now split this product into three parts, the first over the primes p { hk and
other two over those for which p|h and p|k.

If p t hk then we have factors of the form

xX(™)Pge(p™) c x@)*\" _ 1-p?’
Z m(a+b+c) =1+ (1 -P ) Z pa+b+c - 1— p—a—b—c

m>0 m>1
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since p 1 ¢. If p|h then we have factors of the form

ZX p™ /(" ™)X (™) (", p™)
m(a+b+c) ’
m>1

Now

ZX p™/ (", ™)X (™) (", p™)

m(a+b+c)

m>1

m m h m\,hpa
- Z X ma+b+c Z X n:a+£fc))p :

m=hp+1

m+hp>

X(p) 1 — X(p)trp~trote) o x(p
! Z (a+b+c)

pb—l—c 1 — X( )p—b c (m4+hp)

m>1

—hp(b+c) o (b0) pfafbfc

1 — p—a—b—c

X(p)1—x()p —\hy -
= — +Xp)"p
e 1=X(pp° ®)

= p [(Y(p) — X)) p TN (1 = p ) + X ()

—hp(b+c)

xp p (L =X " )| /L=x(Pp ") A —p ")

_ oyt {w) () _ g (p)pihe 4 (p)rp e

The numerator of the local factor is thus given by

(L=x@)p )1 —p )+ (1 —p)p "
x(x(p) — xX()'p~ ) —(p)p P+ x(p) e p T Brp)

- 11— pfafbfc . Y<p>hp+1p7(hp+1)(b+c) + Y(p)hppfhp(bqtc)pfa

hp+1, —hp(b+c) —a—2b—c = —hp(b+c),,—a—b

—x()p~" +x(p) p " +x(p)p X(p)"p p

= (1=x®p )1 —p ") +x(p)"p b (x(p) — p (1 —p°)

D



2.6. SOME ARITHMETICAL SUMS 91

If p|k then we have the same except Y is replaced by x and a and b are interchanged.
Therefore

F<a7b70)_g(a+b+0) L‘l—b—c
((c+1)  ((a+D) g( 1_p—a—b)

(I=X(p")A—p ")+ X(p)hpp )= (x(p) — p*)(1 —p~°)
) H( =X )1 —p) )

plh

(1= x(p)p )1 —p ) + x(p)lrp™ T p=(x(p) — p)(1 — p™)
<11 ( (1 —=x(p)p=*=)(1 —p=a?) )

plq
plk

We can now substitute the values for a, b, ¢ to give the desired result. Il

We now turn to Uss(s). By (271) and (284) we have
U22< ) —1-a+B—vy+6 Z Z Cd h(d (/{3 )(h d)l—i—oz b’(k d)1+'y é

L*%*/ﬂ’(X) =1 de Doy d2+a—B+y—0,pB++2s

Proposition 2.6.3. Let Q2(s) = Q11,—~,4(—s) . Then

Una(s) = et Ly 500 (B + 0 + 25)¢(1 + @ 47 + 25)
(298) ” qorotes (Q+a—-B+7-9)

X Q22(5)022,a,h,k (5)

where

(299)  Caank(s) = h(q) " 7*k(q) 7%6728022,0[,5,%5@(57 X)C22.~.6.0,8.k(5; X)

and

- O () = p~'C%)(s) + p~2CH (s)
(300) 022,04,57%5,h(57 X) = H ((1 _ Y(p)ngr,HQS)(l — p,27a+5,7+5)

plg
plh
with
(301) O (s) =p w1528 _5(p)hwt 1 pfte2s
(302) O (5) =(p~ e B+1+29) _ 5 (p)w) (pPH0+25 1 3 (p)p=otP)

(303) O3 (5) =p~ " PHIT2IR (p)p P2 (p)ep et AT,
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PROOF. Similarly to before we define a new function

X)) (h, d)*(k, d)°

(304> CL b C Z Z Cd da—i—brc—i-l

r=1 dePso

so that

U22(S)q—1—a+6—’y+6
Lo -—p(X)L—-5(x)

As in Proposition 2.6.2 we first perform the sum over r and get

=Gl+a—-p,1+7y—06,—-1+ 5+ +2s).

k d )(ha d)a(ka d)b
g 9(d)

(305) Gla,b,c) =Cle+1) > X () x(

dePoo
where g.(d) = >, ,n°u(n). By Lemma 2.6.1 we may write d = gh(q)k(g)! with
[ > 1. This implies that (h,d) = h(q) - (h*,1) and (k,d) = k(q) - (k*,1). Therefore

X/ (B, )x (B (R, D) (R, D) (5%, 1)°

(306)  G(a,b,c) Z T 9e(ah(q)k(q))
where

B Cc+1)
(307> - qa+b+ch(q>b+ck(q)a+c'

Writing the Dirichlet series as an Euler product we have

G(a,b,c)
A
< h* )X( pik; > (ph; pm)a<pk; pm>b
o) =[[ 3 S A BT e
pm a+b+c
p m>0
plq

We deal with product over p|q first. In this case we have hy, =k, =0and g, > 1.
Consequently, we have a local factor of the form

m+qp+ 1— pc

Z o m(a+b+c Zp e = 1—poa-b-e

m>0 m>0
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If ptqand p1 hk then we have a local factor of the form
Z gc(pm) B 1— p—a—b
pm(a+b+c) o 1— pfafbfc ’

m2>0

Finally, if p f ¢ and p|h then we have a local factor of the form

~ hp h m\a
X <(ph’;7pm)) (p",p™)
pm(a+b+c) ’

X"+ 1 =p9) )

m>1
Computing this in a similar fashion to proposition 2.6.2 we see the local factor is
given by

p "1 —p) (1 = X(p)p~*) + X ()" (0" — p~ ") (1 = X(p)p")
(I =X)p**) (1 —p=o=b=)
Therefore, similarly to before, we find
Glabe) _Gatbrorr( 1=y
o 1 — p—a—b
plq

A Cla+0b)
(p"“’“’*c)(l — )L =X(@)p~") +X@)" (@ —p* )1 - Y(p)pb)>
(1 =X(p)p**e)(1 —p=e?)

T (2= p) (= x(p ") + x(p) (0 — p ) (1 = x(p)p®)
I ( )

(1= x(p)pore)(1 —p?)

Inputting the values of a, b, ¢ and a brief computation gives the result. U

At this point we note that there exist certain similarities between Uy and Uss.
Indeed, the equivalent of Uy in [, (()2) contains a factor of ¢~#~% and has undergone
the transformation e — —v. Therefore the L and ((2 + ---)~! factors match
with those of UQ%) as does the @ factor after the transformation s — —s. It is a
surprising fact that the finite Euler products Cj; o 5. x($) also possess this symmetry.

Indeed, we have

Proposition 2.6.4.

(310) Rk (hk) Oy ani(—5) = Kk P (hk)*Cag, oy ni(s).
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By permuting the shifts we also have
(311) Rk (hk) ™ Cag api(—5) = BTk~ (hk)* Chi—yn i (5)-
PROOF. Since
Cit,a,nk(8) = Ci1,0,87,64(5, X)C11,7,5,0,8,k (S5 X)
and
Oz —mi(8) = M) 2 k(@)% Coa 50, 5,0(5, X) Co2,-,— 5,55, X)

we only need to prove

h a+d6—2s
(h(q) ) Cllia’57775,h(_87 Y) = 022,77,76,7a,75,h(8, Y)

since the result then follows by symmetry. It suffices to check the formula at each

prime dividing h. By inspection of the Euler products we need to show

Ry (a4-5—2s) (1) (i
PR s an () = O s e p(5)
for + = 0,1, 2 and each of these is immediately apparent when written out. O

We now work with U5 and Us; which in the above sense are self-similar. First,

we need a technical lemma

Lemma 2.6.5. Let cq4(r, x) be given by (272) and suppose q|d. Then

= d/q d/g\ _(r
12 = /A 44 (_
(312) ca(r, X) G(X)%M(ﬂ))((n X n)n
nld/q
Under the given conditions this implies

e 3V Ry (9 Y am

r=1 nld/q
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Proor. We have

ca(r,x) = ) x(n)ea(—nr) =7 (Zu(m))x(n)ed(—nﬂ

n=1 n=1 mln
(n,d)=1 ml|d
d/m
(314) = Z p(m) Z x(mn)eq(—mnr)
m|d n=1
d/m
= 2 ulmxm) 3 x(mjeaym(=n1)
m|d
miq

where the condition m t ¢ is merely for emphasis. Since g|d we may write d/m = aq

for some a say. Now,

a a—1
zq: X(n)eqq(nr) Z X(n)eqq(nr Z eq(kr)
n=1 k=0

(315)
a1 X(n)eg(nr/a) if alr,

0 otherwise.

Since ! _ X(n)ey(nr/a) = x(r/a)G(X) we have

ca(r,x) = G(Y) D ulm)x(m)x (d/:nq) miq

(316)
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The result now follows on applying the change of variables ¢/q +— n. For the result

involving the Dirichlet series we apply the formula to give

S L (), (4

P 2- )G
nld/q
(317) - nlzd:/q (d/q> X <%) ”mio:l 5,273
()1 (2)
=260 (D) nm

nld/q

By formula (269) we have

@w>u¢@=xewmmm%MAmaﬁ4u>
iy (ki) d) = (O )+

ca(r, x)x
X Z Z d2 at+B+y—dpatit2s

r=1 dePiq

and by (270) we have

(319) Usi(s) = G(x)q* " La,—5(X)Lys(X)

X Z Z ca(r, X)X (ha) )X (o)) (hy d) TP (K, d)1=7H0

d2+o—B—y+0pB+y+2s

r=1 dePy

If we ignore the factor x(—1) then it is fairly clear that Us;(s) can be acquired
from Uja(s) by swapping h with k, replacing x with Y and by performing the

substitutions « <> 7y, 5 <> 0. Accordingly, we only need work with Ujs(s).
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Proposition 2.6.6. Suppose q|h. Then Uja(s) is non-zero and has the form
Lla+0+42s,X)L(1+ 8+~ +2s,%)
U =x(—k)Lq, L_.,_
B e e F e
(320) .
8 < 2 W) Cla,a,n.k(8)
mlh(q)/q
where
(321) Cr2,00k(S) = C12,0,8,7.60(5)C12,5~,8,0,k(5)
and
Cip (s) = p' Oy () +p72C13 (s)
(322) Cl2,a,6,%6,h(5> = 1;[ ((1 _ p—a—'y—QS)(l _ X(p>2p—2+a—/3—7+5)
q
plh
with
(323) Ofg) (S) - 11— p—(hp+1)(a+"/+2s)
(824)  CRL(s) = x@)@ 7 +p )1 plrletrt)
(325) C{?(S) — X(p)2p5—,8(p—2(7+s) . p2(a+s)p—(hp+1)(oz+’y+2s)>‘
PRrROOF. Let
s ca(r, X)x(dw)x (k) (h, d)* (k. d)"
(326)  H(a,bo) = x(~1)G(R)Y_ Y T
r=1 dePio
so that
"Uha(s)
q 1208
327 —Hl—a+B814+v—06—-1+a+6+2s
(327) Las(x)L—y—5(x) ( )
Using formula (313) and noting that |G(Y)|> = ¢ we have
c — X(dh )X(kd )(h’v d)a(kvd)b
(328) Hia,b,e) = x(~1)g ' L{e+ 1,%) Y =05 9:(d/a,X)
dePa
where
(329) ge(m, x) =Y u(n)x(n)n’.

nlm
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By Lemma 2.6.1 we see that d = gml where (I,q) = 1 and m is a divisor of
h(q)/q. Consequently, (h,d) = (h*,1)(h(q),gm) = (h*,1)gm and (k,d) = (k*,])
since k = k*. Therefore
H(a,b,c)
¢t L(c+1,X)

1 (1/(h*,1 D)) (R, D) (k*, 1)
S sz/ )X (B*/(k*, D) (h*, D) (k*, 1)

[abre ge(ml, x)

qb+c
(330) mir@fg S
! (/0 D)Xk 0 D)0 O )
(X )3 L 00
mlh(Q)/q (lq L

since (m,q) > 1 for m > 1. We now express the Dirichlet series as an Euler
product.
If p t hk then we have a local factor of the form

xp) \" _ 1—x@)?p
331 14+ (1 —x(p)p° ( ) = :
( ) ( ( ) ) ; pa+b+c 1 — X(p)pfafbfc
If p|h then we have a local factor of the form
xX@™ /", p™) (", p™)°
(332) 1+ Z pm (a+b+c) ’

j>1
Computing this similarly to as in Proposition 2.6.2 we see that the local factor is

given by

(L= x(@)p™)(A — x(p)~*"7°) — p~ "D — x(p)p~)(1 — x(p)p°)
(I—p*=)(1 = x(p)p~a—t=) '

Finally, if p|k then we have a local factor of the form

(333)

ko kp ,,m\b
() + (1= x gx /r<n]Za+bf-c)))(p ,p™)

(334) =1 o -
=x(p)* <1+ 1—y ZX /(P n;?j+b)+)c()19 D )>‘
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Note that the quantity in parentheses is the same as the local factor at p|h with a

and b switched. Therefore,

(335)
H(a,b,c)  x(k)L(a+b+cx) Z 1
Lc+1,%) ¢ L(a+b,x?) i mbte
Tl (1= x(pp™") (1 = x(p)p %) — p~ " DETI (1 — X (p)p~) (1 — x(p)p°)
o (I —=p==)(1 = x(p)*p~7?)
plh

I (1= x(p)p )1 — x(p)p~®"7¢) — p~PrtDETI(1 — x(p)p~®)(1 — x(p)p°)
(1 —=p7a=)(1 = x(p)?p=a?) '

After inputting the values for a, b, ¢ a short computation gives the result. O

We will not write out the equivalent proposition for Uy (s) since it is easily
acquired from that of Uja(s) by multiplying by x(—1) and performing the substi-
tutions h <> k, x <> Y and a <> v, B < 9.

To get a functional equation for Cia o k(s) we must incorporate the sum over
the divisors of h(q)/q as well as an extra factor of ¢ which, happily, makes an

appearance in the next section.

Proposition 2.6.7. We have

1 1 o —s
i (2 ) BR R Craana(—9)
ml|h(q)/q

11 1 g
:WW< > W>h Tk (hk) Cra,—y ().
mih(@)/a

(336)

PROOF. Since

1 h,(q) —a—'y+2s 1
<337) Z motr—2s - (T) Z m—a—r+2s

mlh(q)/q mlh(q)/q

we are required to show

h a+y—2s
(338) (m) k5+6_25012,a,h,k(_3) = Choy k().
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Also, since

(339) Cr2,0mk(S) = C12,0,8,7.60(5)C12,5+.8,0,k(5)

it suffices to show
B a+y—2s
(340) <_> Ol2,a,h(_s> - Cl?,—’y,h(s)

by symmetry. We must therefore check that

a1 etz _Cialm8) Gl Gyl
1— pfaf'erQs 1 — pa+7725 pa+'yf2s(1 _ pfaf’y+25)
for i = 0,1, 2, each of which can easily be verified by inspection. 0

The functional equation for Cy;(s) is acquired from that of C'5(s) by performing
the necessary substitutions. After re-arranging the factors of ¢ this gives the

following.

Proposition 2.6.8.

1 ( 3 %)hﬂm(hk)—sczl,a,h,k<—s)

W aty—2s
ml|k(q)/q

1 1 1 —d1.— s
—WW< > m)h k™% (hk)* Cot, -y i (5)-
mlk(q)/q

(342)
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2.7. Application of the Sum Formulae

2.7.1. The Cases i = j. Applying Proposition 2.6.2 to (282) we get

O 1 Los(X)Lys5(X) L/ G(s) (hkq\®
o ™ p1/2—af1/2—y CR—a+B—~vy+0)2m 1 S 2

x T(a+7 4 2s)2cos (5(a+7+2s)) ((a+v+25)C(1+ B+ 0+ 2s)

X Qn (S)Cll,a,h,k(s) /

—00

L Lap()Ls(x) 1 / Gs) s
(1)

(e 9]

012305 #)w(t) (1 +0 (%)) dtds

T VhkC2—a+ B —~+0)2mi s
X C(1—a—7—=25)C(1+ 8+ 0+ 25)Qu(s)h*k" (k) Cr1ani(s)

(343)  x /_ h (%)M (%)%g(s,t)w(t) (1+0 (142)) atas

[e.e]

where we have used the functional equation

72 (a + v+ 25)D(a + v + 25)2 cos (g(a + v+ 23))
(344)
:ﬂ_a+72a+’y+2sc<1 —a—v— 25).

Moving the s-line of integration back to € and using the properties of w along with

Stirling’s approximation for g(s,t) we get

o 1 Los(X)Ly5(X) = <i) LGl
I”’“_\/mc(z—ajuﬂ—wé) /Oo 2 v 5 /(6) s 1

XC(l—a—7—29)C(1+ 5+ 35+25)Q11(s)h*k" (hk)*Ch1 apnk(s)dsdt

(345) +0 (\/%]L(l,x)\z(hquf) .
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We note that this error term is of a lower order than E(T'). For i = j = 2, the

same process used in conjunction with Proposition 2.6.3 gives

o _ 1 L s(0)La-s(X) /°° 1Lt ﬂsw(t)i / G(s) _
e k(24 a—B4+v—0) ) q?O\2m 2mi Jio s

X C(1—B—6—28)C(1 4 a+7+25)Quu(s)h K (hk)*Cag e i (s)dsdt

(346)  +0 (\/%wu, X)\?(hqu)e) |

As usual, the formulas for Il(i)a and Ig?a can be acquired by performing the sub-
stitutions a <+ —v, 8 <> —¢§ and multiplying by X, ~ ¢ #7°(t/2r)"* #7779 in
the integrals over ¢t. With this we have enough information to compute the main

terms of the off-diagonals.
Proposition 2.7.1. Let A, g..44(5) be given by formula (126). Then
I+ e+ Ile + 117
b / T w) ( ! )_HA (VK Cry o (0)lt
g w - — — (e
) m . o v,8,—a,d,q 11,0¢,h.k

1 1 [ T
=y / w(t) (%) Aar—smr5a(0) DK Cog oo o (0)dlt

— R(=52) + R (%) + I (=52) = R (=) + B(T)

2

(347

where
R R
(348) R(b) = QWC(Q_O!‘I‘ﬁ—”Y‘F(S)C(l a+fB—v+9)
X /°° w(t) (%) %b)ham (hk)" Q1 (b) Cryan i () dlt
and
(349) R(p)= 10" LoacslOLoacsl0 g 4 gy o)

2 Vhk (24 a—B4+y—9)

oo —B—0
<] v (%> GOV (1) Qun(b) o () .
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PRrROOF. We first shift the contour of Iﬁ?a to —e. We encounter poles at s =
—(a+7)/2 and s = —( + 6)/2 due to the zeta factors and we also encounter a
pole at s = 0. The poles at s = —(a+7)/2 and s = —(5 + §)/2 give rise to the
terms —R (=2=2) and R (=2-2) respectively whilst the pole at zero gives the residue

L(1—a+ B, x)L(1 =7+ 6,X)((1 —a—7)¢(1+ 8 +9)
(2-a+B-7+9)

1 —p1-p=d —a—y .
X H (1 — pTra—fi- 5> \/—/ < ) G(0)hk"Chy 0,0k (0)dt

\/—/ ( > Ay 5-a,54(0)h K Cr1a,1(0)dt

In the integral on the new line we make the substitution s — —s. Applying the

functional equation (310) we see this new integral cancels with Ig?a (recall G(s)
is even). Using the same process on I%?a along with the functional equation (311)

we get the remaining terms. O

2.7.2. The Cases ¢ # j. Using the functional equation

7% (a; + b; + 25)2i° cos (g(ai +b; +2s+ a)) L(a; +b; + 2s,X)

(350) 9\ %ith+2s
=7 thi (—> G(x)L(1 —a; —bj —2s,x)
q

and the same procedure as above we get

o XKCE)  Las()L_ys(x) “><_£{>_“_6u) 1 [ G(s)
Mo =l =70 L@—a+ﬁ+7—&vy/m o w%ﬁﬁ)s

—a—0—s 1
x q @0 ( Z W)L(l—a—5—23,x)L(1+5+’y+23,X)

ml|h(q)/q

(351)  x h“kﬁ(hkOSCﬁzaﬁJ(s)dsdt4—C)( (1,X)F(hqujf)

1
—|L
\/hk’
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where we have used x(—1)G(x) = G(X). Multiplying by x(—1) and performing
substitutions h <> k, x <> X and a <> v, 8 < § we get

W _y XWER)  Leas@Lys(® [ (T 1[Gl
]2170! _lq‘k m L(2 +a— 5 -7 + 57 Yg) /—oo (27T> (t> /(5) §

21

B 1 _ _
x q 77 ( Z —ma+y+2s>[’(1_5_7_23’X>L(1+a+5+28’>{)
mlk(q)/q

(352)  x hPK(hk)*Corani(s)dsdt + O ( (1, X)|2(hk:qT)€) .

1
v
The presence of the indicator functions is due to conditions that U;;(s) be non-
zero. By using the functional equations (336), (342) and a similar method to that
employed in Proposition 2.7.1 we get

Proposition 2.7.2. Let A s,x) be given by formula (130) and let
a,B,7,0

1
(353) Moqn(s) =Y, —

m|h(q)/q

Then

1 2 1 2
11(2?a + 11(2304 + [2(1?a + [él?a
Lnx(B)G(R) [~ £\
L / wit) Ay (0. X) Moy 1(0)

Ttk ) \2r
(354) x K’ Ciz0,1(0)dt
Lx(WGX) [ AN e
+ M w(t) | — A —y,-55(0,X) Ma 1 (0)
PAVRE ) 2

x WPk Coy i (0)dt + E(T)

We are now almost in a position to prove Proposition 2.2.2. The goal of the
remaining sections is to relate the functions Cj; o k10 Bap i and Cyj.a.nk to B:x,h,k
(for i # j). We will then write the main terms of Propositions 2.7.1 and 2.7.2 in
terms of Zg px and Z7, ;, ;. respectively and we will show that the residue terms of

Proposition 2.7.1 cancel with those of Proposition 2.2.1.



2.8. THE FUNCTIONS Ba s i(s,x) AND B/, (s, X)

2.8. The Functions B, x(s,x) and B, (s, x)

We first recall the formula for B;

(355) Ban (8, X) =Bag.51(5X)By.6,0.8%(5 X)

where

ZjZO foc,ﬁ (p]7 X)f’y,& (pthrj, Y)p*j(1+s)
h ijo fas (07, X) f.5(07, X)p i (+s)

(356) Ba,,@,'y,é,h(&%) =

|

Proposition 2.8.1. We have

BO(s) —p BN (s) + p > B®)(s) )
)

(357) Busaan(sx) =11 ((p7 —X(P)p~?)(1 — |x(p)[Pp~2-a-f=1—0-2)

plh
where
(358) BO(s) =p 70w tD — x(p)trtip oy,
(359) BY(s) =x(p)p " (0™ + x(p)p ) (" — X (p)rp~ " )p
(360) BA(s) =|x()Pp P70 (x(p)p~ " — X(p) e p e )p 2

Proor. We begin by computing

> fas @ X) a0 X)p .

j=0
We have
fas @™ x) = Y nix(n2)ny”
ning=p™
(361) = Z p~ " x(p)p
0<j<m

_pfoz(erl) _ X(p>m+1pf,8(m+1)
p*—=x(p~7?

105
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Therefore

7>0

a(j+1) _ (p)j+lp—ﬂ(j+1))(p—'y(hp+j+1) _ Y(p)hp-i-j-‘rlp—é(hp-‘rj-&-l))

N ; (= = x(p)p=?) 0™ = X(P)p~°) !

Expanding the numerator out and performing the summation we have

—j(s+1)

Z fa’ﬂ (p]7 X)f'yﬁ (php+j’ Y)p_](l-‘rs)
Jj>0

( pfaf'y(thrl) X(p)pfﬁf'y(thrl) Y(p)thrlpfafé(thrl)

I e b (O

hp gy —B—6(hp+1)
)™ = o)™ X ™)

+

which simplifies to
< p—’Y(hp+1)
(L—p =) = x(p)p~=777%)

B X(p) p—é(hp—f—l) = 1
T e 1= rx<p>|2p1ﬂ“>> @ = X(olp™)

= (B"(s) = p7'BY(s) + p7*BY(s)) ((zﬂ =X)L = pT )

hp+1

x (1= x(p)p 7)1 = x(p)p~ (1 - |X(p)!2p1'“3)) N

Setting h, = 0 and dividing the above by the resulting expression gives the result.

Recalling the formula for By, , (s, X);

(362) B;,h,k(sa X) = Béx,,@,’y,é,h(sa X)B'Iy,(S,a,,B,k(Sa X)

where

=11 220 X (1) T (p7) 0 5 (p"7 )p 71 F9)

363 B, (s, x) 4
R O N S N )Pl

Following the same method as for Ba (s, x) we get

O
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Proposition 2.8.2.

(364) Blssn(sx) =] < B'O)(s) —p~'B'N(s) + p~>B'?)(s) )
a,B,7,0,h\s L (p_'y _ p_5)(1 _ X(p)2p—2—a—,8—’y—5—25)

where

(365) B’(O)(s) = phetl) _ gyolhptl)

(366) B'Y(s) = x(pp " +p ) —p)p,

(367) B/(2)<8) _ X(p)2pfa767776(p767'yhp . pf'yféhp>p72s'

2.9. Relating Terms

2.9.1. The Cases i = j. We now work on the terms in (347), putting them
in terms of Zy p 1($).
Lemma 2.9.1. We have
(368) h*k"Ci1,0,n,k(0) = B_y g,—a,6,nk(0).
This implies, by use of the functional equation (311), that
(369) hPk°Co.0ni(0) = B 5~ —pnx(0).

PROOF. Once again, by symmetry it suffices to show

(370) h*Ci1,0,84,61(0) = By, —a,5(0).

We may first split the product in B_. 3 _,64(0) over primes p|¢ and primes p 1 g.
If p|q then the local factor is given by p®*». We may therefore remove a factor
of h(q)® from both sides of (370) and henceforth only consider the products over
primes p 1 g. The problem now reduces to showing

(4) (@)
thp 0117047/873/767}7/(0) — B_7767_a767h(0)
1—=X(p)p—?  p*=X([p~°

which reduces to showing

pahpcl(zl),a,ﬂ,'y,é,h(o) = p_aB(—Zzy,ﬁ,—oz,(S,h(O)
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for ¢ = 0, 1,2 which can be checked by inspection. 0

We now demonstrate the cancellation of the R terms of Proposition 2.7.1 with
the residue terms Proposition 2.2.1. We first work on the R terms with negative

coefficient.

Lemma 2.9.2. We have

—a—n
(371) R( : ) =J.

PRroOOF. To prove this it suffices to show

1Las(X)Lys()C(L—a+B—7+40) <ﬁ) ez

2 (2—a+p—v+90) k
X Q1 ( 7) Cit,amk ( 7)
(372) 2 2
:Res2s:—a—7(Za,ﬁ,’y,é,h,k(25>)
(hk)= "%

=(hk) ER Resos——a—(Aa,8.54(25)) Bag 6.k (—a—7)

which reduces to showing

_a —
(373) h_7011,a,h < 9 /7) = Baﬁ?%g’h(—a — ’}/)

Once again we may remove a factor of h(q)~” from both sides and the problem

reduces to showing that the following identities hold
Criasnsn(—(@+2)/2) _ By, su(=0 =)
11,0,8,7,6,A\ ¥ T 7 _ BPapysp\l T 7

374 p — = —
(374) 1 —X(p)p—° p~7 = X(p)p~?

for i = 0, 1,2 which can be checked by inspection. U

Lemma 2.9.3. We have
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Proor. We need to show

_ B=3
1L, s(x)Lo0a-s(X)(1+a—B+7—10) (ﬁ) 2
2 C24+a—-F+v—9) k
—B -9 —pB -9
(375) X Q22 < b > Co2,00,h.k ( b )
2 2
g+s
:<hl{?) ; RGSQSZ_ﬁ_g(Za’h’k(2S))
which reduces to showing
-0 —y+0 _5 -0
(376) h h(q> v OQZa’h 9 = Ba,h(_ﬁ — (5)
The required identities are thus
sy Can (52 _ By, s (=B —0)
1=X(p)p= P —=X(p)p~°
for i =0, 1,2 each of which can be verified by inspection. O

The cancellation of the residue terms of Ig) of proposition 2.2.1 is given by the

following.

Lemma 2.9.4. We have

—B—=0 @) y o=y
(377) R < ) =T R (—5—)=-7
PRrROOF. The first of these requires showing
1 Y)C(1 — - 5=
_La,B(X)L’Y,(S(X>C( Oé+6 ’Y—i_(s) hekY (hk) 52 J
2 (2—a+p—v+9)
—pB =46 —p =0
(378) X Q11 ( ﬁ2 ) Cit,ank ( 62 )
_Respo—pi5(Z_yn,0(25))
(hk)**
which reduces to showing
a _5 —0
(379) h*Chyan 5 = B_yi(B+9).
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By (310) we have

B B B +0
(380) haCH’aJL < 52 > = hﬁh(Q)a ﬁ022,7'y,h <BT)
but by (376) we have
)
(381) h°h(q) " Coman ( 62 > = Ban(—8 —9)

and so by permuting the shift parameters we can conclude the result. The result

for R/ (70‘277) requires

(382) hﬁh(@)a_ﬁom,a,h <—a2— 7) =B _ nla+7)

but by (311) we have

(383) W Caan (25 ) =100 (257

In Lemma 2.9.2 it was shown that

(384) h"Chii,an (—042— 7) = Ban(—a—7)

and so by permuting the shifts again we have the desired result. 0
2.9.2. The Cases i # j.

Lemma 2.9.5. Suppose q|h. Then

(385) 0" Moy n(0)h°K Croangi(0) = BLs g o pjqu(0,X)

PROOF. We first equate the factors that are given by products over primes p|q.

By inspection of the Euler product of B’ we see that

(386) BL(S,B,’y,fa,h/q,k(Oa X) = U’y,—a(h(q) /Q)Biéﬁ,’y,fa,h* (07 X) B'/y,fa,f5,,3,k(07 X)

But

(387 oalh@fe) = Y m-v(“‘”/q)a:(@)QMW«))

m|h(q)/q
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and so we're done. As usual, for the products over primes p { ¢ we must check
that the local factors of (h*)*Chg,a,,(0) and B ;5 _, (0, x) match. The required

identities are thus

(388) pahp Cl(;)varh(o) _ B(jt)sﬁ,’y,fa,h* (07 X)
1-— p_O‘_7 p_V _ poz

for © = 0,1, 2 each of which is easily verified by inspection. O

By performing the substitutions h <> k, x <> X and «a <> 7, § <> ¢ the above

equation becomes

qi’yMOlfYJf(O)hﬁk’ycﬂ,a,h,k(0) = Bl_ﬁ,g,%_%k/%h(o,y»

On recalling the equation By, ;, 1 (0) = By, 5. 5,(0)B! 5, 5,(0) we acquire the fol-

lowing.
Lemma 2.9.6. Suppose qlk. Then
(389) qﬂMamk(O)hﬁmcm,a,h,k(0) = B;,f'y,fﬁ,&h,k/q(OJY)‘

Combining the Lemmas of sections 2.9.1 and 2.9.2 with Propositions 2.7.1 and
2.7.2 respectively we get Proposition 2.2.2 and hence Theorem 1.






CHAPTER 3

The Moments Conjecture for the Dedekind Zeta Function

of a Galois Extension

In this chapter we extend the hybrid product method of Gonek, Hughes and
Keating to the Dedekind zeta function of a Galois extension. We start by deducing
the hybrid product itself (Theorem 2). Essentially, this states that there exists a
certain product over prime ideals Px(s, X), and a certain product over non-trivial

zeros Zx(s, X), such that
(k(s) ~ P(s,X)Z(s,X)

as |s| — oo where the parameter X allows one to mediate between the two prod-
ucts: taking X large (resp. small) gives a majority contribution from P(s, X) (resp.
Z(s,X)).

After proving the hybrid product we discuss its effect on moments. This begins
with the splitting conjecture (Conjecture 1). This claims that the main term of the
2kth moment of the product should split as the product of the moments. Under
this assumption, the problem is reduced to evaluating the moments of P and Z.

We first calculate the 2kth moment of Px(; + it, X) for Galois extensions.
We then conjecture the 2kth moment of Zg (3 + it, X) for Galois extensions using
random matrix theory. The majority of this chapter lies in proving this conjecture
for £ = 1 and K quadratic. Here, our main tool will be the formula of the previous
chapter. Finally, we give an alternative derivation of this last conjecture by using
a modification of the moments recipe of Conrey et al. The modification again

utilises work of the previous chapter.

113
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3.1. The hybrid product

In this section we prove Theorem 2. For this we require a smoothed version
of the explicit formula given in Lemma 3.1.3 below. This is based on a result
originally due to Bombieri and Hejhal [4]. The proof follows similarly to that of
the classical explicit formula and uses the following two Lemmas. As usual, we

denote the non-trivial zeros of (k(s) by p.

Lemma 3.1.1. Suppose t # «y for any zero p = f+1iv, 0 < <1, of (x(s). Then
DL
~ 1+ -7) o
This implies N1(t) :== [{v : |t —v| < 1}| < log .

PROOF. By logarithmic differentiation of the Hadamard product (55) we have

Ge(s) _p_ 1 o TR TP 11
CK(S) =B s —1 <1+ 2) 542 2 (s+3) +Z(p+8—p)

(390)
Using the bound I"(o +it)/I'(o + it) < logt, valid for |t| > 1, we see
1 k(2 +1t)
logt+ R E-——= ) < logt.
Zéﬁ( 2+zt—p) et <<K<2+z't> e
The first result now follows on noting

1
Z1+ t—ry <<Z%( 2+z’t—p)'

Lemma 3.1.2. For —1 <o <2 and t # v for any zero p we have

Ck(s) 1 o
) = ; ;= +Ollog?)

[t—v]<1
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PROOF. Subtracting the logarithmic derivative of (x(2+it) from that of (x(s)
using (390) gives

Ck(s) I 1 )
CK(S>_;(S—/) 2+it—p)+0(lgt)

:< Zp: + zp: )(Sip—2+;_p>+0(1ogt)

jt—yl<1 =21

=Y SierO(Nl(t))JrO( > (Sip—2+i1t_p>>+0(logt)

p

lt—|<1 |t—y[>1
= Z ! +0 Z; + O(log t).
—~ s—p —~ 1+ (=)
[t—vI<1

g

Lemma 3.1.3. Let u(z) be a real, nonnegative smooth function with compact

support in [1, €], and let u be normalized so that if

(391) v(t) = /too u(z)dz,

then v(0) = 1. Let

(392) u(z) = /000 u(z)z” tdr

be the Mellin transform of u. Then for s not a zero or a pole of (x(s) we have

§36) _ Z A(a) ( 1ogm(a)/1ogx) o Z (1 — (s — p)log X)

— vie
k(s) &5, Na) > 5—p
>~ (1 — (s +2m)log X)
(393) (r1 + r2) mz_l TTom
(1l —(s+2j+1DlogX) a1l —(s—1)logX)
s+25+1 s—1
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where A(a) is as in (138) and ry, ro are, respectively, the number of real and
complex embeddings K — C. The sum over primes is finite and the other sums

are absolutely convergent.

PROOF. Let ¢ = max{2,2 — R(s)}. By absolute convergence we have

1 c+ioo +1
z

Ala) 1 /C”O" (1 + zlog X) dz

270 Jorino Cx(s+ 2) 5. MN(a)* 270 J oo N(a)? z
_ g‘/:(a)sv(elogfﬁ(a)/logX)‘
£5, Na)

Let Mp(d) denote the rectangular contour with vertices (¢ — 7, ¢ + T, —d +
iT,—d —iT), d > 0. Then, by the theory of residues we have

1 w(s+z
21 Jrip(a) EEES j: Zga(l +elogX)=
:(ﬁg(s) B Z a(l—(s—p)logX) (ry + 1) Z (1 — (s +2m)log X)

() IyI<T STP m<|d/2] §+2m

0y ﬂ(l—(s+2j'+1)logX)_ﬁ(l—(s—l)logX)'

j<l@1)/2) sta+d s
(394)
Since

/c—f—iT / /—d+iT /—d—iT /c—iT
c—iT My (d) c+iT —d+iT —d—iT

it remains to show that these other integrals vanish in the limit of large 7" and d.
We first consider the integral over the line (—d £¢T"). Now as long as o is negative

and bounded away from a negative integer we have

(395) Fﬂ()) < log([s| + 1).
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Hence by logarithmic differentiation of the functional equation of (x(s) we have

Ce(s) (1 —s) T'(s)
(396) C(s) <<§K(1 —5) * I'(s)

<1+ log(]s| + 1).

As such,

(397) Gl + ) < log(|z+s| +1).

k(2 + s)

Hence, if d is a half integer

—d—iT
Ck(s+2) . dz log(|d + s| +1) max(u(z))
(398) /dHT —CK(S n Z)u(l + zlog X)? < T |d’ dlog X 1+ 1)

and this vanishes as d — oo through the half integers.

The behaviours of the other two integrals are equivalent so we only consider
the case in the upper half-plane. We split the line (—d + iT', ¢ + i¢T") at the point
b+ iT where b = —1 — R(s). Then similarly to the above we have

b+iT 1 d 1 T b
/ G+ 2) 00 4 10 ) <« M/ (1 + ylog X)dy
(399) —d+iT CK(S + Z) z T —d

log T’
<xs o
For the integral over the line (b + iT, ¢+ iT') we restrict 7" in such a way that

|T — ~|™! < log T. This is possible since N;(T) < log T. For such T we have

Ci(o +1iT) 1 )
N ————— +O0(logT) < Ni(T)logT < log™T.
Ck(o+ 1T IT;Kl o+iT —p
Consequently,
c+iT ~1 2
s+2). dz log=T
+i

If we vary T by a bounded amount then the sum over zeros in (394) incurs
O(logT) extra terms. These terms are all Ox ((T1) so if we want to relax the
restriction on T' we must take an error of O(T!log T'). Since this is less than our

main error term we can let T — oo after d.
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The support condition on u implies v(e!°8 ™)/ 18 X) — () when 91(a) > X. Since
there are at most n prime ideals above the rational prime p we see the sum over

a C Ok is indeed finite. By integrating @ by parts [ times we have
(401) |i(2)] < max [u® ()] FEHO (1 4 |2)

Therefore, the sums over p, j,m in (393) are absolutely convergent. 0

Theorem 2. Let X > 2 and let | be any fized positive integer. Let u(x) =
X f(Xlog(xz/e)+1)/x where f is a smooth, real, nonnegative function of total mass
one with support in [0,1]. Thus, u(x) is a real, non-negative, smooth function with

mass 1 and compact support on [e' =YX e]. Set

U(z) = /000 u(x)E(zlog x)dx,

where Ey(z) = [ e /wdw. Then for o >0 and |t| > 2 we have

+2
(402) C]K(S) = PK(S,X)ZK(S,X) (1 + @) (ﬁ;){)l) + O(X_U lOg X))

where
403 P, X) =
W o 5 )
aCOg
N(a)<X
with
logN(p) ifa=p™,
(404) Aa) = (b)
0 otherwise,
and

(405) Zx(s, X) —exp( ZU (s—p logX)>

where the sum is over all non-trivial zeros of (x(s).
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PROOF. Let rg(n) represent the number of ideals of Og with norm n. Then

(406) Ge(s) =3 )y

n=1 n=2

o0

By a standard result of Dirichlet series (see Theorem 11.2, [1]) we have (k(o+it) —
1 as 0 — oo uniformly in t. Integrating (393) along the horizontal line from
So = 0o + ity to +oo, with o9 > 0 and |tg] > 2, we get on the left hand side
—log (k(so) if the line does not pass through a zero. If it does, then we define
log Ck (0 +it) = limo+ 3 (log Cx(o+i(t+€)) +logx (o +i(t —¢))). Also, we take
the principal branch of the logarithm so that lim, .. log (x(c + it) = 0. On the
right side we formally push the integrals through the sums. We then encounter

integrals of the form

/°° w(l—(s—2) logX)dS :/Ooo u(z)E1((sg — 2)log X log x)dx

S —Z

(407)
=U((so — 2)log X).

This equation holds as long as sp — z is not real and negative (£; has a branch

cut along the negative real axis). If it is, then again we define U((sp — 2) log X') =

lim,_o+ 2 (U((so — 2)log X + i€) + U((so — ) log X — i€)). We now have

log Ck(s0) Z o )5{)\1((?; e )U(elog‘ﬂ(a)/logx) _ Z U((s0 — 2) log X)

aCOxk p
(408) (r1+72) > U((s0 +2m) log X)
m=1
—13 > Ul(so+2j +1)log X) — U((so — 1) log X)
j=1

where the interchange of integration and summation is justified by absolute con-
vergence. This equation is valid for all points R(s) > 0 not equal to a zero of
Ck(s). We wish to estimate the last three terms of the above.

Suppose that u(x) = X f(X log(xz/e) + 1)/x where f is smooth, real, nonneg-
ative, of total mass one and with support in [0,1]. Then |u(z)] < X! and
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therefore, by (401),

emax(U,O)Xl+1

This implies for x real

< a(l— (s—x)logX)ds

U —x)log X) =
(30 = m)logx) = [ HEE
Xl+1 00 Xmax(:]cfo,(])
log' X Joy |00 — @ 4 ito| °
Xl+1+max(3:—cro,0)

Slso = #[log X’

(410) <

since [tog| > 2. Applying this estimate gives

log CK(50> = Z m(a)sj(}l(s; m(a)y(elog‘ﬂ(a)/logX> _ Z U((So _ z) lOgX)

(411) a0k P

Xl+2
+0| ——m ).
((ISo|10gX)’>

On replacing sy by s and exponentiating we now have

(412) (x(s) = P(s, X) Zx(s, X) (1 +0 (%))

where

s Bl X)=em (zo: e g "))
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We note that this is not too different to P (s, X). Indeed, since v(e!oe™@)/los X) — 1
for N(a) < XX we have

Pils, X) =Fica, X) exp ( 2 m(a)sAl(oC;;)m(a) (vl oY) — 1))

UQOK

s e (3 ) (uleeonex) )

X114 e <X N(a)* log N(a)

—Pi(s, X) exp (0( 2 p)>

X1-1/X<p<X

=Py (s, X) exp (0 (X" log X) )

=Px(s, X)(14+ O(X 7 log X),

where we have again used the fact that at most n prime ideals lie above the rational
prime p.

To remove the restriction that s not be a zero of (x(s), we interpret exp(—U(z))
to be asymptotic to C'z for some constant C' as z — 0 so both sides of (402) vanish

at the zeros. This interpretation is allowed by the formula

[e.e]

—1)"z"
(414) El(z)——fy—logz—;%, |argz| <
where v is the Fuler-Mascheroni constant. U

In the same vein as [20] we can think of Px(s, X) as a truncated Euler product
and Zk(s, X) as a truncated Hadamard product. To clarify this, we first assume
the Grand Riemann Hypothesis. Denote the non-trivial zeros of (x(s) by p, =
1/2 4+ iy, ordered by their height above the real axis. We set s = 1/2 + it so that

Zx(s,X) = exp < =) " U(i(t = yn) log X)).

Pn
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Since the support of u is contained in [e!~!/¥ ¢], which approaches the singleton

{e},

U(z) = /000 uw(z)E1(zlogx)dx ~ FE1(z) ~ —vy — log z

as z — 0. Hence, for the =, close to ¢ we can expect exp (—U (i(t—,)log X)) to be
roughly equal to i(t—-,)e” log X. To see that the -, further away do not contribute
we first note that RE; (iz) = —Ci(|z]) for € R where Ci(z) = — [7° w™! cos w dw.

Therefore,

et X)| = exp (32 Cille =g )

Pn

and since Ci(|z|) decays as x — +00, the only ordinates that contribute are those
close to t. In fact, for |x| > 1, the function Ci(|z|) is already close to 0 and is also
oscillating. We may therefore assume that the only real contribution to Zk(s, X)
comes from the ~, such that |t —~,| < 1/log X. Now, Px(s, X) is approximately
given by []y<x(1 — M(p)~*)~! (see the first line of formula (420) below) and

hence

(415) k(z+it)y~ [ @=-op) " ] (i(t — yn)e” log X).

Np)<X (] 21/ log X
If we take X small then CK(% +it) is essentially given by a characteristic polynomial
and we recover the model of Keating and Snaith. On the other hand, taking X
large the major contribution comes from the primes. To get a contribution from
both, and thereby incorporate the primes into the Keating and Snaith model, we
take X in an intermediate range.

As an application of the hybrid product to moments, we can make the equiv-

alent of the splitting conjecture of Gonek, Hughes and Keating.
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Conjecture 1. Let X, T — oo with X < (logT)?>~¢. Then for k > —1/2, we

have
1 = 1 . 2k
T/ ‘CK(§+Zt)| dt
T

~ (%/TQT|PK (§+z’t,X)|2’“dt> (%/TQT}ZK (%Jrz't,X)}det).

The reasoning behind this follows much the same as in [20]. The basic point
is that Zx (5 + it, X) oscillates faster than P (3 + it, X). Indeed, Px(3 + it, X) is
approximately given by [y < x(1— M(p)~+27)~! and each term in this product
is a periodic function of period 27/log X. However, ZK(% + it, X) vanishes at the
non-trivial zeros. By Proposition 1.1.6 there are approximately ([K : Q|7'/27) log T
such zeros between 0 and 7" and hence Zg (1 +it, X) oscillates on a scale of 27 /([K :
Q|T'log|t]). If X = o(T) then this oscillation is greater than that of P (3 +it, X).
It is this separation of scales that suggests they contribute independently to the
moments in leading order, which will be proven for £ = 1 and K-quadratic in
Theorem 4. It should be noted that this separation does not necessarily occur
in lower order terms, and in general mixing can occur. Conjectures for the lower

order terms are often better viewed in the light of shifted moments (see [11] for

example).

3.2. Moments of the arithmetic factor

In this section we prove Theorem 3. Let K be a Galois extension with Galois

group G and recall that for a rational prime p we have the decomposition
g

(416) pOx = [ [ v
i=1

with

(417) N(p) = p'
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for some positive integers e, f and g. We then have the identity efg = n = [K : Q.
The integer g is given by the index of the decomposition group Gy, in G for any
given p; lying above p.

Theorem 3 Let K be a Galois extension of degree n with Galois group G =
Gal(K/Q) and for a given prime p let g, denote the index of the decomposition
group Gy in G. Let 1/2 < c <1, e>0, k>0 and suppose that X and T — oo
with X < (log T)Y(1=¢+<) Then

e 1
418 — Pel=+1, X
asy g [ ee(jenx)

where Yy denotes the residue of (x(s) at s =1 and

nk? ma2 \ /9

where dg(p™) = dp(p™) = ['(m + k) /(m!T'(k)).

2k
dt ~ a(k)YE (e log X )™

PROOF. On raising Px(s, X) to the kth power we have

. Ma) ) _ |

N(a) <X ym<X

We wish to write this last sum in the exponential as a sum over rational primes.
Let g,(e) denote the number of prime ideals lying above the rational prime p whose
ramification index is e. This is just the number ¢ in the identity efg = n; however
we need to make its dependence on p and e explicit since we’ll be summing over
all the possible values it can take. From the identity efg,(e) = n we see that g,(e)

must be a divisor of n, as must e. Therefore, by summing over all such possibilities
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and writing M(p) = pf = p/*%(©) we acquire

Py(s, X)* =exp (’“ZZ > DL mpn/eg>ms>

mn

m  gln €|; pes <X
gp(e):g

(420) _HH H exp(logl— (n/eg)s)—gk_ Z W)

gln el pes<x mi
gp( =g

The outer products over the divisors of n and n/g are indeed over all divisors with
the inner product being empty if no such p match the condition g,(e) = g. We
now write the innermost product as the Dirichlet series

l
(421) S ol

l€Le.¢(X)

where L. ,(X) = {I € Im(M) : p|l = g,(e) = gand p/9 < X}. We see
that (g (l) is a multiplicative function of I, 0 < Sgr(l) < dgi(l) for all [ and
Bor(p™) = dgi(p™) if p™ < X

For an integer [, let [, denote the greatest factor of | composed of primes p
for which g, = g and whose ramification index is e. Then,

gk k l
(422) H H ( ﬁn/e(g)) ) - W) 71—5)

gln e\” l€Le,g(X)

where

(423) LI ot

gln el%

and W(X) = {l € Im(™M) : N(p)|l = N(p) < X}. The product representation
of v is made possible by the fact that for integers [, m belonging to different
L.,(X), we have (I,m) = 1. This would not necessarily be the case for non-
Galois extensions. For example, in a cubic extension we may have the factorisation
pOk = p1p2 and hence one of these ideals has norm p, whilst the other has norm

p?. We could then follow the previous reasoning whilst redefining the sets £ with
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a consideration of this difference. However, we would then lose the coprimality
condition.

Since we want to apply the mean value theorem for Dirichlet polynomials we
split the sum at 7% where @ is to be chosen later and obtain

(424) =¥ % +O< 3 7"}51)).

IEW(X) lew(X)
i<T? I>T7?

Now for € > 0 and o > ¢ the error term is

eg/n
T~ Z Hg\nHe\ 9"3( ):T_ee H (1= 9M(p))*

lew(X) N(p)<X

=T~ exp ( ( Z MN(p )) T-%exp (O ( X ))
nip)ex (1—c+e€)logX

where in the last line we have used the prime ideal theorem (51). If we let X <

(log T')"/(1=¢*+€) then this is

log T’
425 T Ok——=—— 702
(ol
and hence
(426) = 7’“ Ox(T~/2).
lewW(X)
<T?

We now let # = 1/2 and apply the Montgomery-Vaughan mean value theorem to

give
e I
D DY
T Tewx) leEw(X
I<T1/? 1<T1/2
2 oy ¥ B0 o)
lew(X)
(1+O —e/4 %

lew(x
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Therefore by (426) and the Cauchy-Schwarz inequality we have
%

(1 + O 6/4
lew(x

1 2T
/ \PK(U—O—it,X)]

(428)
T
We can now re-factorise the above Dirichlet series to give
P)/k ﬁgk(l>2
HH ( Z l2(n/eg)0' :
leLe,g(X)

gln el
) —

(429)
lew(x
Since Si(n) is multiplicative and satisfies 0 < Sx(n) < dx(n) and B(

dp(p™) if p™ < X we have
Bai(1)?* gk (™)’
H Z n/eg Z [2(n/eg)o < H p2(n/eg)ma
leﬁe,g(X) BLSX m=0
9p=9

eg <X
gp g

where N, = |[log X/logp|. The ratio of the left side to the right is

pm)2p72(n/eg)ma )

H (1 B ZmZNp—i—l dk(
b Zm>0 dk: (pm)Qp—Q(n/eg)mJ
peI <X N
9p=9
— H 1+0 Z M — H 14+ 0( (Np+1)(e=2(n/eg) ))
N p2njegima | | — p
peI <X m2Nptl peI <X
9p=39 9p=39
log X
_ H (1+O< log p (e=2(n/eg)o ))) H (1+O( (e—2(n/eg)o )))
P <VX VX <pes <X
9p=9
~2(n/eg)+¢) which

9p=9
The error term in the factor of the first product is equal to O(
20t¢) since n/eg > 1. Therefore, by the prime number theorem the first

is O(X~
1/24€) The second product is

product is equal to 1+ O(

1 +O< Z pZ(n/eg)+€) -1 +O<Xc prZ n/eg)—c )
p

VX <pei <X
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for some c¢. Using n/eg > 1 and taking ¢ = 1/2 — € we see the second product is

also 14+ O(X~1/2+¢). Therefore,

S ng(l) 1/2+e
(430) Z l2(n/eg)a <1+O H Z 2m(n/eg

l€Le,g(X) 69 <X m>0
gp g

Now, the product on the right may be divergent as X — oco. In order to keep the

arithmetic information, we factor out the divergent part and write it as

. 2(njeg)o\ "9k dgr(p™)? . _2(n/eg)o) "9k’
431) ] ((1 p~2n/e9)) szgm(n/eg)g H (1 — p2n/ea)o) .

p% <X m>0 ped <X
9p=39 9p=9

In terms of divergence, the worst case scenario is when n/eg = 1. In this case if
gp = g < n then p is ramified and the product is finite. Therefore, we only need

consider the case g = n for which the above product equals

20\ n°k? i (P™)? _ 272 25 2.2, 20 —do
H (1-p%) Z—Qmo _H(l—nkp +nk*p 7 + O(p™™))

p>X m>0 p p>X
gp=n gp=n
p>X
gp=n
(432) =1 4 Op(X /2%,

It follows that we can extend the first product in (431) over all primes. Specialising

to 0 = 1/2 and using the product representation in (429) we see

(433) %(zl)Q =a(k) J[ @=9p)"H) " (1 + Ou(X12F)).

IEW(X) N(p)<X

By Mertens theorem for number fields (52), we have

(434) [T =2~ = ¢ (¢ log X)™ (1 4 O(1/ log” X))
N(p)<X

and the result follows. O
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3.3. Support for Conjecture 2

Our support for Conjecture 2 closely follows the arguments of Gonek, Hughes

and Keating [20] with one slight modification. Let us first restate the conjecture.

Conjecture 2. Let K be a Galois extension of degree n. Suppose that X, T — oo
with X < (logT)?>¢. Then for k > —1/2 we have

(435) % /T "z G +z’t,X)
(e'y logX —nk? H o 2X()I; + i) <log (q(X)TdX)>X(1)2k2

where the product is over the irreducible characters of Gal(K/Q), G is the Barnes
G-function, q(x) is the conductor of L(s, x,K/Q) and d,, is its degree.

2k

dt

By (75), we have the factorisation
(436) Gr(s) = ] L(s, x, K/Qx
X

where the product is over the non-equivalent irreducible characters of Gal(K/Q)
and L(s, x, K/Q) is the Artin L-function attached to x. For each character x, the

associated L-function satisfies the functional equation

(437) A(s,x) = q(x)**v(s, x)L(s,x) = W(x)A(L = 5,X)

where W () is some complex number of modulus one and ¢(x) is the conductor,

for which we do not require an explicit expression. The gamma factor is given by

dx
- + 1
4 — sdy /2 T S J
(438) (00 =] (e

with p; equal to 0 or 1. If we assume the Artin conjecture then L(s, x) is an entire
function for all non-trivial y. If y is the trivial character then L(s, ) equals the

Dedekind zeta function of the base field, which in our case is {(s). Under this
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assumption, Artin L-functions are in the Selberg class. Therefore, by Proposition

1.1.6 the mean density of zeros of L( + it, x), 0 < 8 <1, is given by

(439) %10g<?(x)(§%)dx> Z;%Ex@%

say. For each L(s,x) in the product of equation (436), we associate to its zeros
n(x) at height 7', a unitary matrix U(N(x)) of size N(x) = | £,(T)] chosen with
respect to Haar measure, which we denote du(x). After rescaling, the zeros 7, (x)
are conjectured [49] to share the same distribution as the eigenangles 6,,(x) of
U(N(x)) when chosen with du(x).

In addition to the previous assumptions, we now also assume the extended
Riemann hypothesis. Let Zx(s, X) be given by (139). Since RE (iz) = —Ci(|z|)

for x € R, where

(440) &@z—/‘mwm,
. w
we see that
(441)
1 2T 1 2k
— x| =+, X dt
P f (5

1 2T e
:T/ HeXp (Qk/ u(y)Ci([t — yn|logy log X))dydt
T n 1

1 2T e .
1 [ TLTT e (26 [ ut)Cie =0 ozytog X) )
T X m(x) !
where u(y) is a smooth, non-negative function supported on [e!~'/X ¢] and of total
mass one. Since the zeros are conjectured to share the same distribution as the

eigenangles, we now replace the zeros with the eigenangles and argue that the

above should be modeled by

(142) | IT T eter(1).6,00)
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where

(443) »(m, ) = exp (Qm /16 u(y)Ci(]0] log y log X)>

and the expectation is taken with respect to the product measure [], du(x). We
now assume that the matrices U(N(x)) can be chosen independently for any two
distinct x. This corresponds to a ‘superposition’ of ensembles; the behaviour of
which is also shared by the distribution of zeros of a product of distinct L-functions

[34]. With this assumption, the expectation factorises as

N(x)
(144) [Te| IT o000 .

In [20] it is shown (Theorem 4) that for £ > —1/2 and X > 2,

wr [ Moma] - S (Y (10 (1))

j=1

Therefore, by forming the product over y and using Y- x(1)* = |Gal(K/Q)|=n
we are led to conjecture 2.

After combining this with our formula for the moments of PK(% + it, X) via
the splitting conjecture we gain the full conjecture for the moments of CK(% + it).
Note that after using y x(1)* = |Gal(K/Q)|= n the resulting expression in our
conjecture is ~ clog”k2 T for some determinable constant ¢. Now, in the paper
[9], Conrey and Farmer express the idea that the mean square of ((s)* should be
a multiple of the sum 7 _,di(n)*n~", and that this multiple is the measure of
how many Dirichlet polynomials are needed to capture the full moment. Their
reasoning is based on a combination of the Montgomery-Vaughan mean value
Theorem and the form of the sixth and eighth moment conjectures given in [15].
Assuming this idea applies to other L-functions, we note the aforementioned result

of Chandrasekharan and Narasimhan [7]. They showed that for a Galois extension
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of degree n,

(446) Z rx(m)* ~ cTlog" ' T,

m<T
where rg(m) is the number of integral ideals of norm m and ¢ is some constant.
Applying partial summation we thus gain a result which supports our conjecture,
at least in the case k = 1 (we note the results of [7] should easily extend to general
k, and remain consistent with our conjecture). Alternatively, one could view our

conjecture as adding support to the idea of Conrey and Farmer.

3.4. The second moment of Zx for quadratic extensions

In this section we prove Theorem 4. For the most part, the remainder of this
chapter is concerned with quadratic extensions so we first restate some of the
useful facts. As mentioned in the introduction, (k(s) = ((s)L(s,x) where y is
the Kronecker character. The modulus ¢ of x is given explicitly in terms of the
discriminant dg by formula (78). We shall have occasion to work with more general
(complex) characters x mod ¢ > 1 when the arguments in question work in such
generalities, although at some points we may specialise to the Kronecker character

without mention. We also recall the splitting of primes in quadratic extensions:

pissplit (x(p) =1) : pOx =p1p2 = N(p1) = N(p2) =p
pisinert (x(p) =—-1) : pOx =pm = N(p) = p?

p is ramified (x(p) =0) : pOx =p7 = N(p1) =p.

At some points we shall use the notation pg, p;, pr to denote split, inert and ramified

primes respectively.

3.4.1. The setup. Our aim is to show the following.
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Theorem 4. Let K be a quadratic number field and suppose X, T — oo with
X < (logT)*7¢. Then

logT" - log qT

1 2T 9
447 — Zg (L 4-it, X)) |7 dt ~ .
( ) TL ’ K(2+Z’ )’ (e»ylogX)Q

Since (i (1/2 + it) P (1/2 + it, X) = Zx(1/2 + it, X)(1 + o(1)) for t € [T, 2T,

it is enough to show that

1 2T 2

(448) T/ G (3 +it) Pe (3 +it, X) [ e~ log T"-log g7
T

dt .
(e7log X)

To evaluate the left hand side we first express Pg(1/2 + it)~! as a Dirichlet poly-
nomial and then apply our formula for the twisted second moment. The means to

do this are given by the following sequence of Lemmas.

Lemma 3.4.1. Let

(449) Qs x)= 1] t=») ]I (1—p‘s+%p_2s>

p<VX VX <p<X
p split p split

and define Q;(s, X) and Q.(s, X) as the same products except over the inert and

ramified primes respectively. Then for X sufficiently large, we have

(450)  Pls, X)7' = Qu(s, X)*Qi(25, VX)Qu(5, X) (1 O (lo;X))

and this holds uniformly for o > 1/2.
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PrOOF. First, note

1
Py(s, X) ™ =exp | - Z v

(451) =[] ew (—2 3 m;m> I exp <— > mplms)

2 log X
p <X 1<m<| 282
p inert - L2long

< 11 exp<_ 3 m;m>

<X log X
P rz;_miﬁed lsms |~ logp J

and so it suffices to consider just one of these products. Let A be a subset of the

primes and let N, = [log X/logp|. Since N, = 1 if VX < p < X we have

1 1
exp | — s | = 11 exo{ log(1—p7) + m)
H X ( Z mp ) oy x ( m;\/p mp

p<X 1<m<N,
pEA pEA
—S
X H exp(—p~°).
VX <p<X
pEA

Now, on noting that N, + 1 > log X/logp we have for o > 1/2;

(452)

exp( Z Z m;ms> < exp( Z W) < exp (Xl/z Z 1)

p<vX m>Np p<vVX p<VX

and this is < 14+ O(1/log X) by the prime number theorem. Also,

—s 1—5 1—5 —4do
H (1—]? +5p2 —QPS +O(P4)>

VX <p<X
o —s 1 —2s —30
(453) = H (1—p + 5P )(1+O(p )
VX <p<X
-5 1 —2s 1
- I () (o (555)
VX <p<X

and so we're done. O
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Lemma 3.4.2. We have

(454) PK(%H@X)_I:(HO(IOQX)) > %

neW(X)

where W(X) = {n € Im(MN) : N(p)|n = N(p) < X} and the behaviour of v at

primes is determined by

(455)
)
-2 afj=1p <X, —1 ifj=1pP2<X,
- 1 ifj=2,p <VX, . 0 ifj=2pr<VX,
a(pl) = a(p?) =
2 ifj=2, VX <p <X, Logfj=2, VX <p? <X,
0 fj=3, 0 fj=3
\ \
and
)
-1 ifj=1p <X,
: 0 lf]:2;pr§\/y,
(456) a(pl) =

1 . .
2 Zf]:2:ﬁ<pr§X7

0 ifj>3.

\

We also have the bound a(n) < d(n) for all n € W(X).

PROOF. We first note that the square of the product over split primes in (450)

is given by

Q(s, X =[] =207 +p™>) J] Q-2 +27>+00@"))

p<VvX VX <p<X
p split p split
(457) =] C-27+p™>) [] (Q-207+2p)
p<vX VX <p<X
p split p split

x (HO (1og1X)> |
—Ry(s, X) (1+O <1og1X>) ’
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say. On writing

a(n)
(458) Ry(s, X)Qi(25, VX)Qu(5, X) = Y et
neW(X)
we can read off the behaviour of a at the primes from the Euler products. 0

Lemma 3.4.3. Let 0 > 0. Then

1 2T 112
7] fe Gt P i)
T

2

(459) 1 I a(n)
_ 1y
—<1+O(1ogx)>T/T G (3+it) D | dt
new(X)
n<T?
PrOOF. First, we write
460 Ly it) = o) g a(n)
(460) Qx (5 e ) - Z nl/2+it + Z nl/2+it |-
new(X) neWw(X)
n<T? n>T9

We can show, by using the bound a(n) < d(n) and a similar reasoning to that used
between (424) and (426), that if X < log® “T then the error term is < 7-</19,
Rewriting (460) as Qg(1/2 + it) = 3. +O(T~/1%) we see

1

(461) T/ |Gie (& +it) Qu (& +it) " dt

= / )QK 1 +it) Z‘ dt+0<m/:T|CK (%‘Ht”?‘Z‘dt)

1 2T '

The final term is < T~%/1° by Motohashi’s result (79). Using the Cauchy-Schwarz

inequality we can show that the second term is

1/2
T1+ee/10(/ ‘CK 5 +it) Z’ dt/ ¢k (3 —|—it)‘2dt>

462
(462) 1 . N
<<T1/2+60/20 (/T ‘CK (% + it) dt)
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and the result follows. O

We are now required to show that for X, T — oo with X < (log T')*~
1 [T an) | logT -logqT 1
4 = s +it _| = 1 .
(463) T/T Cr (2 1 ) Z nl/2+it (&7 logX)2 ( +0 (10gX>)

new(X)
So take a Dirichlet polynomial M(s) = > s a(n)n™* with § < 1/11 — € and let

n<T?

w(t) satisfy the conditions of Theorem 1. Then, upon expanding, we have

(464) /°° G (5 +it) 1M (44 it) [P w(e)de

a(h)a(k)
= 3 YYD i Iy, ko)
hrer? vV hk @pB7,6—0

where [ is given by (154) and h(;) = h/(h, k). In order to evaluate this inner limit
we express Zo g..0,0,k(0) as a Laurent series and express the other terms as Taylor
series. In doing this, the only real difficulty lies in calculating the derivatives of
Ba g4.6,1,%(0). For our purposes, which is to work over X-smooth numbers, we only

need upper bounds on these derivatives.
Proposition 3.4.4. Let M(s) = o a(n)n™" with § <1/11 —e€. Then,

465) 7 [ 1Ge 5+ i) P01 (3 ie) P

T
> “(h [i (h, k, T) +O<T*i+€ (hkkh)”/“e)]

=0
where the leading order term is given by

(466) es(h k. T) = —L(1L,x)* || (1+ ) 1

pldx

X 5(h(k))5<k )) |:10gT log (JT + O(lOngog (h, k)2)
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with

(467) 5(m) 1 pim. <1 Ty ;ﬁii) if Minert 15 Square
m) = p spli

0 otherwise

where my, is the highest power of p dividing m and Miner s the greatest factor of

m composed solely of inert primes. For the lower order terms we have
(468) ci(h, k,T) < 0(ha)0(kny)log T loglog %

and

CO(hv ka T) :Cg(ha k:7 T) + 1q|h(k)X(kj(h))G(X)Z(l) 0.0.0 M k’(h) (07 X)
(469) !
!

+ 1q|k(h)X<h(k>)G(X)ZO,O,O,O,h(k),k(f:) (07 X)
with
(470) co(h, ke, T) < 8(h)d(kny)(log log 545)".

(h.k)
The Z' terms may be written as
L(1,x)*

(471) Z(/),O,O,O,m,n(()? X) = L(2,X2)6I(m)5/(n)

where

(472) o'(m)= 1] (1+mp;%) 11 (1+mp%).
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PRrROOF. To simplify things we work with I(h, k) instead of I(hu, k) and we
let 3 =« and v =46 = 0. Then, by Theorem 1,

() e o
\/_/ ( Zo0,00,(0) + Z0,0,~a,~a,n,k(0) (%) - (&) —a

t\ “ gt\
4 20 .0—on 0)( — 20 0.0 —a 0) —
(473) + Zo0,—0,0,0.(0) (2#) + Z00.0,—a,nk(0) ( 7T)

+ X (K)G () 25 0,0, 0, (0 X) (Qt”>_a

: AN
+Lax(M)G(X) 26 0 0,500, (QQ—W) )dt + B(T)

where E(T) < ¢ T3/4<(hk)7/3+¢(T ) T,)?/*. The various Z terms of the integrand

are given by

(0 +a)’L{1 +a,x)? 1y
Za,a,O,O,h,k(O) = C(2 T 20&) H 1+ p_ Ba,a,O,O,h,k(O)a

_ 2 o1«
ZOa a,O,h,k<O) <<1 - a>C(§(2>Q)L<17X) H (11 —p -2 ) Bo’a’ O‘Ohk(o)
plg P
S I(C==aF
Za,0,0,fa,h,k<O) - <(2> . 1_ p_2 ,0,0,—c,h k(O)
L(1,x)*L(1 — a, \)L(1 + o, ) ,,
Z[/)ao o (0 X) ( X) ( L(zaxfi ( + « X) Boyao b k(O,X),
L(1, x)2L(1 Ll—a,x) .,
Z;,O,—a,(),h%(()?X) = Lk L—EQO;;;; — BO,aO ah,%(()?X)

where

11 > 50 Jas (P77, ) fr.6(0" 7 x)p

B, (0 .
saansl0) = LU i 0 Fw
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and

H ]>0 X(07)0a,p(0"7 1 ) 5 (P )p

Bapaani(0:2) S o X)) 000 ()0

plhk
with

fap(n, x) = Z ny “ny XnQ) oap(n Z nyn 7’8.

ninz=n ning=n

As previously mentioned, we want to expand the Z terms as Laurent series (we
can just let the variables in the Z’ terms tend to zero since these terms are holo-
morphic). The expansion of the B terms is facilitated by the following observation.
Since
faa@™ X) =D (" /d) " d™x(d) = p~™ > x(d) = p~*"F\ (p™),
dlp™ dlp™

say, we have that

j> facx pp + X)fOO( ot X)p_j
Baa izt
0,0,k ( H > i50 Jaa (D7 X) foo (P, X)p~7

plhk
(474) 7]{ H Z]>O F p P+J)F (php+]')p*j(1+a)
s Ry
=k "Ch (),

say. Note Boo-a,—ank(0) = h*Chi(—a). For the two remaining B terms we
cannot fully extract the powers of h or k. However they are similar enough that
we only need deal with a single function. Let Dy k() := Bao0—ani(0). Then

since

foz,O (pma X) - pfosz[)’ia(pm’ X)7
we have Dy, () = h*k™ "By _0,0,0(0) and s0 By 4, —a,0nk(0) = h*k™*Dy, i (—av).
In expanding the Z, 40044 (0) term we write ((1+a) = 1/a+79+ay1 +O0(a?)
and

L1 - L(1, x)? IR
;:_O;O)f H( 1+a) = cot+ac; +0(a?), ¢y = 2(’;)() 17[(1—1—]3)
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for some constants 7;, ¢;. We write B a00nk(0) = k7*Chx(a) which in turn we

write as

2 2
(1 —alogk + % log® k + O(a3)> (Chﬁk(O) +aCy, ,(0) + %Cﬁk(O) + O(ag))

where the ’ in the C terms denotes differentiation with respect to «. This should
cause no confusion with meaning of the Z’ terms since we never differentiate these.

The other Z terms are treated similarly. Also, we write Zj _ ,_,, h/qk((),x) =

Z5.0001/ax0:X) + O(a) again with a similar treatment for the other Z’ term.

Finally, we let £ = log(t/27) and Q = log(qt/27). Then, the integrand of (473) is
given by

1 2 a?
(——1—70—1—---) <CO+---)(1—alogk+710g2k:+---)
o

2
x (ch,k(()) +aCy(0) + %C,’;,k(()) +- )

1 ? 2
+(—a+%+---> (CO—I—---)(1+a10gh+%log2h+---)

O[2 a2
X <Ch,k(0) — OéC;L,k(O) + TCZ’IC(O) - .. ) <1 —al + 752 4. )

Oé2
(1-00- Lo )
1 1 h
+l=—+n+ )| ——+0+ 1+alog +—log—+
! o 2 k

<(D1s(0) — aD0) + G DO ) (1 echSe)
(@) (5 )( )
Fl=-F+n+ | (——+0+-
« Q
Of2 a2
<(Puat®) + a0, 0) + 5 DL+ ) (1 - a0+ S+ )
+1q|hX(k)G<X>ZUOOOh/q £(0,X) + Lgux (R)G(x) 0,0,0,0,h,k/q(o X) +-
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We note that log hk < logT and, as we shall see later, D,(:L(O) < Dy, (0) log' hik,
C’,%(O) < Ch,1(0)(loglog hk)'. Collecting like terms this becomes

h
0[Cua(0)£0 — £ Cus(O) 108l — Dis(O) 105 . + 1,40

1
-Q (Ch,k(()) log h — D;l,k(())) +3 (C’M(O)(logQ k +log® h)
2 h / h "

D3, (0)  h DZ,k(U)]

log — —
Dii(0) °& ~ Dys(0)

= ¢oDp(0) [EQ — Llog hk + loghlogk +

where we have used C}, x(0) = Dp, x(0) and Q = £ + logq. The dots represent the
lower order (in t) terms and they are all seen to be holomorphic in . We can
therefore let & — 0. The above expression will give rise to the leading term (466)
once we show Dy, ,(0) = d(h)d(k) and D,%(O) < Dpx(0)log’ hk. The estimates
for the lower order terms (468) and (469) will follow after showing C}(LZL(O) <
Ch.x(0)(loglog hk)'. We prove this latter estimate first.

Let

Gh,k(a,p) = Z FX(pkp+j)FX(php+j)p_j(1+a)

J=0

where F\(p™) = >_g,m x(d) and let G(a, p) = G11(a, p) so that

o) — Gh,k(CV,P)
Chile) pl|_h[k G(a,p)

By logarithmic differentiation we have

Ch () = Cre(a) |Z {gﬁiii - Z((Z‘ﬁ)) }
and differentiating again gives
cnuo = (3 [ i-Geg]) S [Gen-Gon))

plhk
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Now, since

i+ 1 if x(p) =1,

= —1 and j is even,

(475) F(p) =

)
)
)= —1 and j is odd,
)

we have
_Gigloup) g SR B
Ghil:p) 2 jso I (M ) By (phet7)p=itie)
ijo jpiiHe
ijo p=il+a)

<logp

lo
< gp
p

where in the last line we have used Zj>0 j"z™ < 1/x for n > 1. Similarly,
we find G'(a,p)/G (o, p) < p~tlogp and Gy, . (a,p)/Ghi(e, p) < p~'log?p. The
upper bound C’hfz,( ) < Ch(0)(loglog hk)" now follows if we can show

lo
Z ﬂ < (loglog hk)".

p|hk
To see this last inequality, first note that the largest values of the sum occur

successively at the primorials i.e. when hk = [] . p for some z. In this case we

p<z

have

Z log'p _ Z log'p _ log' * + O(log" ' x)

T vea P

where we have used the well known result > _ 1/p = loglogx+ O(1) and partial
summation. Since hk = exp(}_ ., logp) = exp(z + O(1)) we have z < log hk and
we're done.

Let

Hy, k(a, p) Z Fao @7 x) fo, a7, X)p ™

7>0
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and H(a,p) = Hy1(a, p) so that

Dy () = H —Hh’k(a’p)-

As in the case of Cj (), the upper bounds of D,(f;)k(oz) are determined by those of

S HiL (0 p) / Hy (e, p). Let

(i) o o

= gar g e ) = D (~logm)'(lognz)"ni " x(na).

ning=n

Then

(o) =3 [fsé” ) fo a7 )
720

T o) SO (o, x>] P

and

Hllzl,k<aap) = Z [

Jj=0

1,0 ; 0,1 ; ; 0,2 ; i
+ 2180 @R ) SO 1 x) A+ a0 x) £ (0 x)}p J.

FEP 05 X) fo—a (P, X)

Since fgfza(n,X) < (logn)™* f, _s(n,x) we see
H;(Z;C(Oé,p) < ((hp +Ky) logp)ZHM(a,p)

and therefore

D} () ( H;, k<a,p>)@' H\(a, p) .
: < — | + —— < log' hk.
Dy, (o) z% Hy (o, p) % Hp i (a,p)
It remains to evaluate
F p+] p+] F j _.7
D (0 H g>0 H g>o ) x(pj>p
ol Zpo ok Zpo «(7)%p

Let us work with the product over p|h. We split the product over primes for which
X(p) = £1,0 and apply formula (475). If x(p) = 0 then F) (p™) = 1 regardless of



3.4. THE SECOND MOMENT OF Zx FOR QUADRATIC EXTENSIONS 145

m and so the product equals 1. Now suppose x(p) = —1 and h, is even. Then
F, (p"*7) equals 1 for even j and equals 0 for odd j. Since F,(p’) shares the same
behaviour with respect to j, the product equals 1 again. If however h, is odd i.e.
h contains a non-square inert prime, then j and h, + j cannot both be even and

the product is zero. Finally, if x(p) = 1 then

ijo Fx<pj>Fx(php+j)p_j 72;’20(]‘ + 1) (hy +3J + 1)p~

ngo Fy(p?)2p a ijo(j +1)2p
ijo(j +1)p~/

=1+h : :
pzj'zo(J +1)%p

(1= p ) 1

T - p ) T T Ty

and it follows that Dy, ;(0) = §(h)d(k). A similar calculation gives the formula for
d’'(h) in (472). We now use w(t) to take smooth approximations to the character-
istic function of the interval [T, 2T] with T, = T"'~¢. Upon integrating the result
follows. g

3.4.2. Evaluating the main term.

Proposition 3.4.5. Let cy(h, k,T) be given by (466) and let «(n) be defined as in
Lemma 3.4.2. Suppose X, T — oo with X < (logT)*¢. Then

a(h)a(k)ea(h, k,T) log T - log qT
AT6 hk) = (1+o0(1)—2~ 082"
3 SRR = (1 o)
hkEW(X)

PROOF. Inputting the formula for cy(h, k,T) we see that we are required to

show
(477)
alh)a(k)d(hay)o(k
Sy = Z (h)a(k) }Ek(k)) ( (h))(h, k) [logT log ¢T 4+ O(log T log _(h}j]];:)g)
h,k<T?
hkEW(X)

2 1\ logT -logqT
—(1+ o)L, )2 <1+—)—.
ot a0 I (1) B



146 3. THE MOMENTS CONJECTURE FOR GALOIS EXTENSIONS

We first group together the terms for which (h, k) = g. Replacing h by hg and k
by kg we obtain

alhg)o(h
(478) S, = Z Z Z (9}2()

g<Y k<Y/g h<Y/g
gEW(X)  kew(X) heWw(X)
(h,k)=1

X [logT log qT + O(log T log hk)

where Y = T?. Let us first estimate the error term. We have

Z Z Z —a(hggé(h) log (hk)

<Y k<Y/g h<Y/g
gEW(X ) keW(X) heW(X)
(h,k)=1
d(k)%d(h)*
(479) Z %log hk
gerx) I nrerix)
2
d(m)?1
« y W[y dontesn)
geL(X) meL(X) m

Writing f(o) = > ,crix) d(m)?*m™° the inner sum is —f/(1). Since f(o) =
[Lex(1—p) (1 —p) we see f/(1) < f(1) X, oxlogp/(p — 1) < log’ X

and hence the above sum is < log' X. We can now turn to the main term and

consider
a(hg)i(h)
(480) Z s ) s atholh)
g<Y k’<Y/g h<Y/g h
gEW(X)  keW(X) REW(X)
(h,k)=1

We define the function p’ : Im(9%) — C, 9(a) — p(a) where u is the extension of
the usual mobius function to ideals given by

1 if a= OK,
(481) pla) =9 (=17 if a=pipa...pr,

0 otherwise.
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So basically; for split and ramified primes p/(p) = —1 and p'(p’) = 0 for j > 2;
for inert primes pu(p?) = —1 and p(p¥) = 0 for j > 2, and ' is multiplicative.

Similarly to the usual mobius function we now have

1 if (hk)=1
(182) S ) =
dlh 0 otherwise
d|k
deIm (M)

for h, k € Im(D). Substituting this into the sum over h in S we see

1 a(kg)o(k , a(hg)d(h
S:ZEZ (9}2() Z(Z“(d)> (9}3()

g<Y k<Y/g h<Y/g dlh
gEW(X)  keW(X) heWw(X) d|k
(483) deIm(M) 2
_ Z 1 Z #'(1l) Z a(glm)d(lm)
g 12 m '
g<Y I<Y/g m<Y/gl
gEW(X)  lewW(X) meW(X)

Manipulating the sums in this way allows us to avoid the rather technical and
lengthy calculations involved in [20].

We wish to extend these sums over all W(X) and this requires some estimates.
These will follow in a similar fashion to that found between (424) and (426).
Throughout we use a(m),d(m) < d(m) and d(mn) < d(m)d(n). First, let b be
positive and small, then

1 a(glm)é(lm) d(m)? Y - d(m)?
i v, e 3 e (y) X

lg

m>Y/lg m>Y/lg meW(X)
meW(X) meW(X)
—b
484 Y _ —4 91—
(484) <<(l_) H (1—p 1) (1 — p20-0)
g p<X
v\ b
< (E) 68Xb/logX < (lg)bT—bO/Q.
Second,
a(glm)d(lm) 2 d(m)? 27 4
485 ————— K d(g)d(l d(g)d(l)“log™ X.
(485) > L <d(g)d(l)* Y, == < d(g)d(l)* log

meW(X) meW(X)
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From these it follows that the square of the sum over m in (483) is

(486) < Z w> +O(d(g)Qd(l)4(lg)QbT_b9/4),

meW(X)

Similarly we find

p(Dd(D)* ZAOLIG——

(487) Y. Thm o <L Y T <9
lEW(X) I>Y/g
IEW(X)

for some small ¢ > 0, and

d(g)* c d(g)? a0
(488) Y e <TG Y e <T
gEW(X) g>Y
gEW(X)

for some small d > 0. The above estimates give

g 2
geEW(X) g>Y lew(X) I>Y/g
gEW(X) leEW(X)

(489) X |:< Z M) +0 (d(g)2d<l)4(lg)2bT—b9/4):|

m
meW(X)

Z Z il ( > a<glmn>16<m>>f

gEW(X ZGW mew(X)

Now, since all coefficients in S are multiplicative we may expand the sum into an

Euler product:

=1+0(1) [ ¢ ] ¢ ] &)
(490) X peux p<x
p split p inert p ramified
with

S W P)a(p )T (pT TSP ).

pz+2]+u+v

(491)

4,5,u,v>0
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Performing the various sums whilst using the support conditions of o and p' we

see

(492) G(p) =1+ ) +

Recall that for a split prime p we have 6(p") =1+ r(p—1)/(p+ 1) and hence
5(p) = 2p/(p+ 1) and §(p?) = 26(p) — 1. We also have a(p) = —2 for all p < X,
a(p?) = 1 for p < VX and a(p?) = 2 for VX < p < X. A straightforward

calculation now gives

oo 10 (5=05) I (G o (3)

p<X p<VX VX <p<X
p split p split p split
_ (1-1/p)* 1
(193) -1l (1—1/p2 I[I (1=o(5
p<X VX <p<X
p split p split
n\* 1\!
—( o) T] (1__> 11 (1__2) |
p<X p p split p
p split

In evaluating the remaining products in (490) we note that « behaves the same on
square inert primes as it does on ramified primes. The same goes for § since the
number 1 varies little. We describe the ramified case since the inert case is simply
handled by replacing p with p?.

For a ramified prime p we have 6(p) = §(p*) = 1, a(p) = —1 for all p < X,
a(p?) = 0 for p < VX and a(p?) = 1/2 for VX < p < X. With this information
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we see
1 1 1
[oew= T (1) T (-4 5)
p<X p<VX VX <p<X
p ramified p ramified p ramified
1 1
-1 () I (-o(3))
T A
(494) p rami e;i
=(1+o(1) ] (1 - -).
p<X p
p ramified
1\? 1 1\
=1+om) ] (1-=) II (1t+=)(1-5) -
p<X p p ramified p p
p ramified

In extending this last product over all ramified primes we have used the fact that
o(1).

a prime is ramified if and only if it divides dg and hence ) <pldg | /p =

Similarly, for inert primes we find

IT cot) = o TT (1- )

p<VX p<vVX
p inert p inert
(495) 2 -1
1 1
o) T1 (1= ) 1T (1-55)
p<vVX p inert
p inert

Collecting the infinite products in (493), (494) and (495) we acquire the factor

(496)

The remaining terms are then given by

(1+o(1) ] (1

~ L) — (14 o(1))(L(1, x)¢" log X) 2
N(p)<X

(497) Rp)

where we have used (52).



3.4. THE SECOND MOMENT OF Zx FOR QUADRATIC EXTENSIONS 151

3.4.3. Estimating the lower order terms. By virtue of the upper bounds
(468), (470) and Proposition 3.4.5 we are only required to evaluate the sum of the
‘big O” and Z’ terms of formula (465). For the ‘big O term we have

T Y a(h)a(k)(h,k)( hk) >n/s+e

hk (h, k)2
h,k<T?
(498) hkeW( )
2
n<T?

and so taking 0 < 1/11 — € the error term is o(1).
We now estimate the sums involving the Z’ terms. By (469) and (471) we see

that we must consider sums of the form

=y %(h,kﬂqmwx(k(m) (b /9)8' ()

hk<Y
hkEW(X)
(499) -y iy Xalkg)d () g~ alke)d(h/)
qlh h .
g<Y k<Y/g h<Y/g
gEW(X)  kEeEW(X) heW(X)
(h,k)=1
where Y = T%. The innermost sum is given by
hg)
(500 S ) oy el
h<Y/qg q h<Y/g
gheW(X) hew(X)
(gh,k)=1 (h,k)=1

where we have used |a(gm)| < a(m) which follows from (78) and the definition of
a. We deduce that S’ is < a sum of the form (480) with § replaced by ¢’. Using
the bound §'(n) < d(n?) we may follow the analysis of Proposition 3.4.5 to see
that

(501) S<1+o) [TGw [ ¢ [] &¢®
p<X p<vX p<X
p split p inert p ramified
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where
20(p)d' (p) + a(p)? N 20(p?)d' (p®) + a(p?)? + 2a(p)a(p?)d' (p)
p p? '

For split and ramified primes we have §'(p") = 0(p") and so we only need evaluate

(502) G'(p) =1+

G at the inert primes. For inert p we have §(p*) =1+ 2(p+1)/(p — 1) < 5 and

hence

(503) G'(p)=1+0 (%)

For the sake of argument we write

(504) T &™) =a+o) I] <1_i2>

p<vX p<vX P

p inert p inert
and then combine this with the products over split and ramified primes given by

(493) and (494). This gives

(505) S’ < (log X) 2.
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3.5. Conjecture 4 via the moments recipe

In this section we modify the recipe given in [10] to reproduce our main con-

jecture in the case of quadratic extensions.

Conjecture 4. Let K be a quadratic extension. Then

G(k+1)?
G(2k+1)

where q is the modulus of the character x in the equation (x(s) = ((s)L(s,x), G

1 2k 2k?2 ’ k2
506) [ Geth i ~ )10 ( ) o T logq)

T

is the Barnes G-function and
1V (e )2\
wn - am= 11 (- 5) (; N(p)” ) )

The recipe in question is concerned with primitive L-functions, so cannot be
applied directly to our situation without some modification. Our modifications
are based on Theorem 1 and are in keeping with the reasoning of the original
recipe. Let us first describe the process as it appears in [10] with the Riemann
zeta function as the example.

Consider the shifted product
(508) Z(s,a) =((s+ar) - ((s+ap)(l —s—ap) - ((1—5—amw)

We first replace each occurrence of ¢ with its approximate functional equation

(509) () =) mi +oe(s) > b w(s) = - —5)/2)

~ s T(s/2)

and multiply out the the expression to give a sum of 22¥ terms. We throw away
any terms that do not have an equal amount of »(s+ ;) and (1 —s—q;) factors,

the reason being that these terms are oscillatory. Indeed, by (25) we have

(510) se(s+B1)---s(s+Py)e(l —s—71) -3l —s— k)

¢\ UK £\ " 2B
o[ piI—Km/a [ Y
2me 2
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which is oscillating unless J = K. In each of the remaining (2:) terms we retain

only the diagonal from the sum, which we then extend over all positive integers.

If we denote the resulting expression by M (s, a) then the conjecture is

(511) /Z 7z (% +it, a) w(t)dt ~ /Z M (% +it, a) w(t)dt

for any reasonable function w(t).
To describe a typical term of M (s, a) let us first define the prototypical diag-

onal sum

1
(512) R(U, Oél, e 7&2k) = Z - g+akn1—a'—ak+1
1 .

l—o—agy *
ml ---mk --nl

mi-mg=ni- Nk

This is in fact the term acquired by taking the first sum of the approximate func-
tional equation in each (-factor of Z(s,a). If, for example, we were to take the
second sum in (s + a;) and the second sum in (1 — s — 1) whilst taking the

first in the rest we would acquire the term

£\ "otk
(513) <%) R(0, g1, gy o ooy Oy 1y Qg+ -+, Qo).
It is then clear that the full expression will be a sum over permutations 7 € Sy, and
that any permutation other than the identity will swap elements of {ay, ..., ax}
with elements of {agy1,..., a0} in the R terms. Since R is symmetric in the
first k variables and also in the second, we may reorder the entries such that the

subscripts of the first k£ are in increasing order, as are the last k. We thus see that

the full expression will be a sum over the (%f) permutations 7 € Sy, such that
(514) (1) <...<7(k), 7(k+1)<...<7(2k).
Denote the set of such permutations by =. A typical term now takes the form

(515)

t (70417...7ak+ak+1+"‘+a2k)/2
(2 ) W(s, e, T)
m
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with 7 € = and where
¢ )(ar(1)+"'+ar(k)ar(k+1)"'a‘r(Qk))/Q

27

(516) Wis e 7) = (

>¢R(U,aru)w--,O&@g,a7@+1p---,afmkﬂ~
Combining all terms we have
" )(—al_"'_ak+ak+1+"‘+a2k

o

)/2
ZW(S,O(,T).

1) (s = (

To recover the kth-moment conjecture for the Riemann zeta function we first

extract the polar behaviour of R. This gives

k
(518) R(o,ai, ... 00) = Ap(o,on, . o) [ ¢+ s — ansy)

ij=1
where Ay is some Euler product that is absolutely convergent for o > 1/4. Now,
in [10] it is shown (Lemma 2.5.1) that the sum over permutations in (517) can be
written as a contour integral. We reproduce this result here since we shall have

use for it later.

Lemma 3.5.1 ([10]). Suppose F(a;b) = F(ay,...,ax;b1,...,b;) is a function of
2k wariables which is symmetric with respect to the first k and also symmetric
with respect to the second set of k variables. Suppose also that F' is reqular near
(0,...,0). Suppose further that f(s) has a simple pole of residue 1 at s =0 but is

otherwise analytic in a neighbourhood about s = 0. Let
(519) K(ay,...,ag;b1,...,b,) = F(ay,...,ax; by, ..., bg) H fla; —bj).

If for all 1 <i,j <k, a; — apy; is contained in the region of analyticity of f(s)
then
Z K(aT(l)a cooy Or(R)s Qr(k41)y - - - aaT(Qk))

TEE

(—]_)k % % A2<Zl,...,22k)
=" Q- O K(21,..., 28 Zkatly. ..,y 2 dzy---dz

(520)
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where A 1s the vandermonde determinant.

By the above Lemma and (517), (518) we see that M (1/2 + it,0) is given by

A(1/2,21,.. ., 2 )HC(1+Z-—2 )
kj{ 7{ k 1; 2k i@ Pkt
k'2 27i)? e’

k

1
exp (5 log(t/2m) Z 2 — zk+j) dzy -+ - dzog,

J=1

A2(Zl, .. ng)

2k ok
(521) L

=Ax(1/2,0,...,0) logk2 <%) (1+ O((log t)l))%

7{ % Lneo) Sz - dog,
2k Qk
[ Zk+j)> 11

Jl j=1%j

after a change of variables. It is then shown that Ax(1/2,0,...,0) = a(k), where

i =J](1-1) S 4

p D —_ P
This is of course equal to our arithmetic factor (142) when K = Q. The conjecture
is then completed by showing that
(522)
2k2k|2 2772 2k f{ j{ iGH Z%)ezj_lz;;“;k dzy -+ -dzop = ggk——:—lij
[Tijm (2 — Zk+j)> II;

,1]

We now turn our attention to the shifted product

(523) Z(s,a,B) = Z:(s,a) Z1(s,8)
where
(524)  Z(s,a) =C(s+ar)---C(s +ar)(l —s —appr) - (1 — s — )

and

(525) Z(s,8) = L(s+P1,x) - L(s+ Bk, X) L(1—5—Bry1,X) - - L(1—5—Pag, X)-
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As before, we plan to substitute the respective approximate functional equations,

which we now write as

(526) ) =3 ) Y

(527) Lisx)=Y % 31 (s) ?
We have

LG (7 T T( - sta)/2)
o )= “Vaq (q) T((s + a)/2)

and by (25) this is

(529) s (s) = % <%> " i (1 L0 G)) .

If we now follow the recipe and treat the L-functions as if they were zeta functions,
then after expanding and throwing away the terms with an unequal amount of
s (s + i) and s (1 — s — 0;) factors, we are still left with some terms that
have a factor of ¢~%. Since this is oscillating we modify the recipe to throw these
terms away also. We note with this modification the recipe reproduces Theorem
1, which adds some justification.

One way of arriving at the resultant expression is is to apply the first step of the
recipe to Z¢(s, ) and Zj, (s, 3) separately. This procedure prevents the occurrence
of the extra oscillatory terms without throwing away any other terms unnecessarily.
When applying this step to Z; one can use the fact that G(x)G(X) = (—1)% to
provide some cancellation. We then form the product to gain a sum of (2:)2 terms
and retain only the diagonals, as before. Extending the sums over all positive
integers we then denote the resulting expression by M (s, a,3) and conjecture
that

(530) /_OO 7 (% +it, a,ﬁ) w(t)dt ~ /w M (% +it, a,B) w(t)dt.

o0 —00
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Applying the modified recipe and using a similar reasoning given in the case

of the Riemann zeta function above, we see that

¢\ (Foar ekt ak gk /2 gt (=Br==Br+Brt1++P2k) /2
M = — 17
.0 = (5-) (%)
(531)
X Z W(s,a,B,7,7)
7,7 €EE
where
/ ¢ (Qr(y+ 0 (k) —Cr (k1) = —Qr(2k)) /2
W =|—
saprr)=(5)
(532) gt \ Pr By =B ey = =B o) /2
X [
(5)
XS(05 Qr(1ys - - Qrar); By, - - -5 Brrawy)
with

(533) S(U§ g, ..., Qo P, 752k)

/ o+ otay

= D xmy) - x(mpx(h) - x(ng) [mT - m],
mi-mpmy-m) =
ny--nkn’l---nk

-1
o+p o+PBr 1—o—oy —0o—ao; 1—0—p 1—0—Pa
X /] 1m;€ ny 1---nk TL/] 17’L;C

Since the condition my ---mgmfy---m) = ny---ngn}---n; is multiplicative we

have
S(J;a17"'7a2k;617"'aﬁ2k)

:H Z X(pe’l) . X(pek)x(pe/k“) x(ptor) perleten) | pe(otar)
p 2?21 ej+e;:
i1 itk ey

% pe’l(a—i-ﬁl) . .pe;(a+,3k)pek+1(l—a—o¢k+1) L pegk(l—a—azk)

—1
% p€§g+1(1—0—5k+1) . ,pelgk(l—if—ﬁ%)
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k

:Ak<‘77 04,5) H C(l + o — Oék+j)L(1 + Bi — 5k+j7 |X’2)

ij=1
L(1+ B — i, X)L(1 4 a; — Bjyws X)

k
=Ai(0,a, B) H C(1 4 i — gy )C(1 + Bi — Bry)

ij=1

L(1+ i — ajie, X)L(1 + @i = Bjsrs X) ( H (1—p 17 PH0) )

plg

where Ay is an Euler product that is absolutely convergent for ¢ > 1/4. For

o = 1/2 we have the following explicit expression for Ay:

1401/2,0,8) =T TL 15701~ ) 050
(534) p ij=1

x (1= x(p)p~ 7o) (1 = x(p)p~ '~ *+4) By (ar, B)
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where
(535)
) X)X
Bp(a> B) - Z p61(1/2+a1) .. .peék(1/2_52k)

Z?:1 ej+e;:
PRREIRE AN
_ [ 3 X(p) - x(p®2)

p81(1/2+a1) .. .pe'zk(l/?—ﬂzk)

€71 5e-1€5p
k k
X e ((Zej + e — Zej+k +e;.+k> 0) db
Jj=1 j=1
/ H Z pei 1/2+a] 6]9) H Z ]me(—ej+k9)
0 j=1e;=0 J=1 e;45=0
k oo X k [e'S) Y(pe;'-%k) /
X H Z p g 1/2_;_5] 6 9) H Z me(—€j+k9>d0
.7 1 8970 ]:1 e;+k:0

—0 0 — —0
:/ H Cp ( 1/2+04]) Cp (1;520%33- Ly (ple/(Z-i-),Bj) Ly (pig_ﬁjzk) do

with ¢,(z) = (1 — x)7 L Ly(x)=(1- x(p)z)~! and zp(x) =(1-x(p)z)™"
Now, denote the holomorphic part of S(1/2, at, 3) by

N—

k
A;€<1/27 a:/B) :Ak(1/27 a?/B) H L<1 + Bl — Qjtk, X)L(l +a; — 5j+k7Y)
(536) b=t
> (H (1 _ p—1—5i+ﬁk+j) )

plg

Applying Lemma 3.5.1 twice to (531) we see that M (1/2 + it,0,0) is given by

<%>27{...%A;(1/2,u1,...,u%,vl,...,v%)

k 2 2
(537) % | | C(].—I—U U A (Ul,...,UQk)A (/017-"71}216)
et [T=, w3 |

X GQLZJ 1 Uj— uk+JGQQZg 1Y~ Uk-Hdul dugkdvl .. 'dUQk;
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where £ = log(t/2m) and Q = log(qt/2m). Since Ax(1/2, e, 3) is holomorphic in
the neighbourhood of (e, 3) = (0,0) after a change of variables this becomes

(o) Fo fa (o Gt )

U; — ukﬂ Vi — ’l)k+j A2(u1, e ,ng)
Lo (re ) (1 g5) [,

ij=1
A? .
(11—}[127k ;:2k) €Z§:1 Uj—Uk+j 62?:1 Vj—Vk+j dul ... dU,devl P vak"
i=1Yj
1 COMERY
=A,(1/2,0,0) L0 (1+0 (= S S %f{
% AQ(Ul,...,Uzk> AQ(Ul,...,’UQk)

% 2k k 2%
Hi,j:l(ui — Uk+j) Hj:l U?k i,j:l(vi — Uk+j) Hj:l ngk

k o . k L .
X ezjzl Uj—Uk+j ezj:]. vj Uk‘Hdul “e dUdeU1 e vak}'

/ 2 a2 (_1)k
~AL(1/2,0,0) L7 L, (mﬁ[f

AQ(ul, e ,ng)

% 2%
Hi,j:l(ui — Up+j) Hj:l uik

2
k L )
ezj:l Uj—Uk+j dul e du2k> .

By (522) the quantity within parentheses is given by G(k+1)?/G(2k +1). Tt only
remains to show that A} (1/2,0,0) = a(k)L(1, x)**" where a(k) is given by (419).

Since,

(539) A5 (1/2,0,0) = A4 (1/2,0,0) L(1, )™ [[(1 = p~)*

plg
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we only need show that a(k) is equal to the quantity

b(k) :==Ax (1/2,0,0) [J(1 —p™)*

plg

=TI =p = @) P — xep (A — X H)]"

(540) 2
x B,(0,0) [J(1—p™")"
pla
=[[la-pH0- X@)p )] B,(0,0).

p

In the case of quadratic extensions, a(k) is the product of the following three

factors:
1 4k? oo ko(pm)2
541 1-= LY AV
& () 2%
p split m=1
1 2k2 oo dk;(pm)Q
(542) I (1-5) X%
p inert m=1
1 2k2 oo dk(pm)2
(543) 11 (1__) g )
p ramified p m=1 p

Now, since x(p) = 1 for split primes, the relevant factor in b(k) is given by

o IO

p split

Since k is an integer we can expand the integrand into a double series. Upon

integration this is easily seen to be equal to the sum in (541) after using

m+ 2k —1 m+ 2k —1
4 = = do(p™).
(545) ("5 = ("R e
For inert primes we have x(p) = —1 and so the relevant factor is

o IO () )

p inert
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which is again easily seen to be equal to (542). Finally, for ramified primes, or
equivalently the primes dividing ¢, we have x(p) = 0. Therefore, this factor in
b(k) is given by

o LD (-5

p ramified

which equals (543).







CHAPTER 4

Moments of general non-primitive L-functions

In this short chapter we suggest how the main ideas of this thesis can be applied

to general non-primitive L-functions. These are functions of the form

where the L;(s) are distinct, primitive members of the Selberg class S and e; are

some positive integers. For each L;(s) we assume a functional equation of the form

(548) A, (s) =1, (s)Lj(s) = eAp, (1= s)
where
(549) 1, () = QT[T (hs + o)

i=1
with the set {y; ;} stable under complex conjugation for each j. Note we have set
Aij = 1/2. This condition, along with the condition on {;;}, is required to apply

the moments recipe. Our conjecture takes the following form.

Conjecture 5. let api(n) be the Dirichlet coefficients of L(s)*. Then for k >
—1/2 we have

1 T 1 . 2k m G2(€jk‘ + 1) N (ejk)2
(550) T/o ‘L (5 + Zt)’ dt ~ aL(k)jl_[l m (log(QjT ))
where
1 nLk2 0 ny 12
(551) o) =T (1 - _) 3 lonsr)P
p p n=0 pn

and ny, =37, €3,

165
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A key point in both derivations of Conjecture 4 was that, aside from the arith-
metic factor, the leading term in the moment of ¢(1/2+1t)L(1/2+it, x) was given
by the product of the leading terms of the moments of ((1/2+it) and L(1/2+1it, x).
We believe this should be the case for general non-primitive L-functions too. In-
deed, by applying our modified moments recipe to non-primitive L-functions this
idea becomes more apparent.

The recipe for general non-primitive L-functions goes as follows. For each L;(s)

in the product L(s) = [[;_, L;(s)¥ we have the approximate functional equation

(5 L = 3 2 (3 )

where

dj

7,0 =8) e s T = 9)/2 + 1)
(s o1l U(s/2 4 pij)

(553) s, (8)

i=1
Similarly to before, if we apply the original recipe we encounter terms of the
form (Q;Q;)~*" which are oscillating. We can prevent the occurrence of these
terms by applying the first step of the recipe to each L,(s) separately. We then
continue as in the original recipe up to the point where we write the expression
as a contour integral. It should be clear that the only element of this expression
that is dependent on all integration variables is what we would probably notate as
Ar(au, ..., o). Once again, this would be holomorphic in the neighbourhood of
(ag,...,,) = (0,...,0) allowing us to use a similar change of variables to that
used in (538). After this, the expression would factorise and upon applying (522)
we acquire the main term in the form

- G2(6j]€ + 1)

d; (ejk)z
L G e (osl@T™)
7j=1

A4,(0,...,0)

Instead of directly evaluating Ak (0,...,0) we derive the arithmetic factor (551)

via a somewhat simpler method below.
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In terms of the random matrix theory, let us assume that we have a hybrid
product for L(s). Since the L;(s) are distinct their zeros are uncorrelated [34], and
so their associated matrices should act independently. Hence, when the moment
of the product over zeros is considered as an expectation, it will factorise. Let us
now provide some examples.
As we have already seen, the factorisation phenomenon occurs when considering
C(s)L(s, x), at least when x is the Kronecker character. We can restate Conjecture
4 in the more descriptive form

T
(554) %/ )C(%+it)kL(%+it,X)k’2dt
0

Gk+1)? . 2. Gk+1)?

~ a@(’“)m og : mlogk q7T,
with
(555) ace (k) = [[ <1 - ]19) 3 ’Fx,l’;(f:m” |
(556) Fyx(n) = Z di(n1)dg(n2)x(ng).

We note that acy (k) is indeed equal to a(k)L(1,x)**. To see this, we first split
the product

pCOx

over split, inert and ramified primes. Inputting the relevant behaviour of y we
see that this product equals [],(1 — p~1)?. Also, by considering F) .(n) as the
coefficients of the Dirichlet series for ((s)*L(s, x)¥, we see that

> s dax(@™)p7™ i x(p) = 1,
| Eyr(p™)]? .
(557) Z"p—m= S uso A (p™)2p72™ i x(p) = 1,

m>0
Doz (™)™ if x(p) = 0.
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Here, it may be helpful to note

L0t =] (1 1) x(p)>_ |

S S 2s
» p p p

As another example, we state a result to appear in a forthcoming joint paper
between the author and Caroline Turnage-Butterbaugh. Here it is established, by

an application of Theorem 1, that

2

1 [T , , 1
(558) T/ ¢ (% + zt) L (% + @t,x) Z i dt
0 n<T?
4 3 _ 4
~ ac2p(1)log* T - log qT (%)
where
1 5 H pm 2
P m>0 nins=n

and 0 < 1/11 —e. It is expected that Theorem 1 remains valid for # = 1, in which

case the above relation reads as

T
(560) %/0 ‘g(éﬂ't)zL(%Ht,X)rdt
acr(1)

~ T10g4T logqT = ac2p(1) -

GEB)?, 4. G2)°
Wlog T-wloqu.

Clearly, this is consistent with our conjecture in the case Li(s) = ((s)?, La(s) =
L(s,x) and k = 1. Guided by these examples we are led to Conjecture 5 which,
after ignoring the conductors, we restate as

v o ar(®)gnlk) e
561 — [ L +at)| " dt ~ K log™ M T
(561) e A e i

where ng, =377 €7,
1 GPlejk +1) Jlh?

2 k) =T(npk*+1
(56 ) gL( ) (nL + )j:1 G(263k+1) J >
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and

1" g o)
563 ar(k) = 1—- —_
(563) 0 =1I (1-7) >l
We remark that for integral &,

nk? & (ejk)?

564 k) = )
( ) gL( ) ((elk)Qy---a(emk)Q)jl;[lg(ej ) j

where the first factor is the multinomial coefficient and the function ¢ is defined
by g(n)/n*!'= G(n+1)?/G(2n + 1). It is shown in [9] that g(n) is an integer, and
hence g (k) is an integer for integral k.

Let us cast this conjecture in the light of some of the Selberg’s conjectures.
First, we note that the integer ny is the same integer appearing in Selberg’s ‘reg-
ularity of distribution’ conjecture:

(565) ZM = nyloglogz + O(1),

p<zT p
as will be shown below. This is not so surprising since one expects the mean square
of L(1/2 4 it) to be asymptotic to a multiple of the sum Y _,|ar(n)[*n~". The
implication of (565) is that this sum is in fact ~ (ar(1)/ng!) log"* T

We can outline a verification of this last assertion allowing for integral £ > 1.
We assume the following two conjectures of Selberg [53]: For primitive F' € § we
have
(566) ZM = loglogx + O(1),

p<z
and for two distinct and primitive F,G € S we have

(567) D ar(p)acp) _ o(1).

p

p<z

We also require that the functions

(568) My(s) = —|O‘L;'1(f)|
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behave ‘reasonably’, in particular, that they posses an analytic continuation.
Now, given the factorisation L(s) = [[_, L;(s) into primitive functions we

have
(569) aL(p) =k ejon,(p)

since the coefficients oz, (n) are multiplicative. Therefore,

D 'a“ =Y K (Z o, () + Y eesar, (par, <p>) P!

(570) p<zx p<lz J=1 iF#]

=npk?loglogz + O(1).

If M(s)=>"|arr(n)|?n™%, then the above equation implies a factorisation of the

form
(571) H M; ()

where Ug(s) is some Euler product that is absolutely convergent for o > 1/2.
Therefore, we may analytically continue M(s) to ¢ > 1/2. Also, by applying

partial summation to (570) we see
< d
(572) Z‘QLS“ —nLk:Q/ —x-l—---:—nLk:Qlogs—l—-",
2

for small ¢ > 0. If we write

M(s+1) :H (1 + lazx(p)? + |k (p?)]? —I—)

potl p2(s+1)

(573) =11 (exp (W;J;%)P) + Ex(p, s))
=exp (Z oz 8+1 ) H (1+ Fe(p,s)),

p
where Ej(p, s) and Fi(p, s) are both < p~2(7+1+¢ we see that M (s+1) has a pole
of order npk? at s = 0. It is shown in [14] that on the assumption of Selberg’s

conjectures, if I’ € S has a pole of order m at s = 1 then ((s)™ divides F(s).
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Consequently, the residue of M(s + 1) at s = 0 is given by ar(k). The usual

argument involving Perron’s formula now gives

ar(n))? ar(k o k2
(574) ng; | ’;( ) (anﬁ))! log"“*" T.
In order to emphasise the factorisation property of our conjecture we can use
a new notation and absorb the factor of (nk?)!. For a primitive L-function L; of
degree d; we let

(575) fr, (k) = Gkt DY

and for a general non-primitive L-function we just let

gr(k)

(576) fo(k) = Tngk? +1)°

Then, according to our conjecture, for an L-function of the form L(s) =[]~ L;(s)*
with the L; primitive we have

m

(577) fu(k) =T fu, (esk).

j=1
It is of interest that the arithmetic factor does not possess such a complete

factorisation. Let ar, ., (n) denote the coefficients of L;(s)* and note ar, ., (p) =

ejar,(p). As mentioned previously we have

sk (p)]” =k (Z o, (p))* + > eiejar,(p)oy, (p)>

(578) v i
Z aL,er(P)” + 5 eiejor, (p)a, (p)
J=1 i#]

and so

(579) PP oL ZZ m GBS+ o(1)

p

p<zx =1 p<zx
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by orthogonality. Therefore, we may write

sty =TT (1 1) 3 lonsle

P p n=>0 pn
[ m 62 2
=TT 11 (1 - ) ' Z’ Lavea 3 Lk(P")
i1 — pn
p LJ n
(580) r m e2k2 oo 9 o , "
— (1 — 1) ’ Z ’O‘Lazeyk(pn” ] Z CL,k(P )
p Li=1 p =0 p" — P

for some coefficients ¢y, and ¢; , dependent on the L;. Note
; L,k 4€p j

")
; p =0(1)

for n > 1 and so the product

(581) b(k) = T[> —CL’;ip ")

n=0

is convergent. We can now re-phrase our conjecture in the form

(582) —/ Ly it) | dt ~ b (k) H / L) | .

Here we can clearly see the independence between the L-functions in the geometric

sense. Indeed, as we have already noted

B =T en)

which can be thought of as a consequence of the independence, or uncorrelated-
ness, of the zeros. However the presence of by (k) suggests a lack of arithmetic

independence between the L;(s). In fact, it can be thought of as a measure of
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their arithmetic dependence in the following sense. Note that one of the larger

contributions to by (k) is given by the sum

(583) 3 ar, (p)ar,(p)

» p

with i # j. If az, (p) approximates ay, (p) frequently enough then this sum becomes

large since
|z, (p)|?
584 E i
(584) - P

is unbounded. Consequently, the greater the arithmetic similarities between any
two L-functions L; and L;, the larger b.(k) is; or put another way, the smaller

by (k) is, the more distinct the L, are in an arithmetic sense.






(585)

e Line integrals of the form fcc_tz;o with ¢ € R, are abbreviated to |,

Notation

e Our complex variables are most frequently denoted s = ¢ + it with o,t €

R.

(c)’

e We represent very small quantities by €. These may not be the same at

each occurrence in an equation although they may be notated as such.
The same goes for very large quantities, which we usually denote A.
Primes are always, and exclusively, denoted by p.

2miz/d and e(z) := ey ().

eq(r) =€
All Dirichlet characters considered are primitive. We denote them by y
and their moduli are denoted by ¢. The nth Gauss sum associated to x
is given by G(n,x) = > _, x(m)e,(nm) and we write the usual Gauss

sum as G(x) = G(1, x). Two useful facts are
G(n,x) =X(n)G(x) for n € Z,

and |G(x)|* = ¢. These may be used implicitly in some arguments.

For a positive integer h we express its prime decomposition as Hp‘ A P so
that h, is the highest power of p dividing h. This will mostly be used in
Chapter 2.

Nmy = n/(n,m) where (n,m) is the greatest common divisor of n and
m.

We denote ideals in gothic type and prime ideals are always, and exclu-

sively, denoted by p.
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