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Abstract

The classical results of the Dirichlet Divisor Problem and Gauss’ Circle
Problem are examined, with required information on the Riemann Zeta
function presented. In particular, the results derived from the weighted
sums of Voronoi and Wigert are considered, along with some slightly altered
versions of their approaches.
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Introduction

The Riemann Zeta function has for over one hundred years been an integral
part of analytic number theory. The conjectures related to the function,
especially the Riemann and Lindelof Hypotheses, remain some of the most
coveted results in modern mathematics.

In this thesis, the Riemann Zeta function is considered with respect to
it’s role in understanding the Dirichlet divisor problem, and the related
Gaussian circle problem.

The first chapter is a brief introduction to the features of the Riemann
Zeta function, both as a general number theoretic tool and specifically as it
pertains to the Dirichlet divisor and Gaussian circle problems.

With the results of the Riemann Zeta function covered, the second chap-
ter introduces the Dirichlet divisor problem and derives a method of the
problem as found by Voronoi [1], and later improved by Kolesnik [2].

The attention of this text then turns to the results found by considering
an exponential weighted sum, firstly in the form of Wigert [3], and then in
some similar fashions yielding slightly different results, as well as a statement
of the conjecture in terms of an integral transform.

Finally, Gauss’ circle problem is presented as a close relation to the
Dirichlet divisor problem. A similar sum to the previous chapter is consid-
ered and an explicit case of Voronoi’s formula found, as well as an equivalent
statement of the conjectured result for the circle problem, again as an inte-
gral transform.



1 The Riemann Zeta Function

The Riemann Zeta function (referred to also as simply the Zeta Function
in this text) is one of the most important in the field of analytic number
theory. Defined as the Dirichlet series;

=1

¢(s) := v (1.0.1)

n=1
The function was initially considered with a real argument, until the func-
tion’s namesake, Bernhard Riemann, investigated the function with a com-
plex argument in the 1800’s. His studies famously led to the proposal of the
Riemann Hypothesis in 1859 [4]; that every non-trivial zero of the function
lie on the critical line, that is R(s) = 1/2. The function carries important
weight in the study of prime numbers, as we will see later in this chapter,
and gives a sharp insight into the Dirichlet Divisor problem. For this reason,
we first present some preliminary information on the function.

1.1 Poisson’s Summation Formula

The summation formula derived by Poisson is a powerful identity, which
holds for all Schwartz functions, as well as certain non-Schwartz functions
for which the sums in the formula converge. The formula identifies the sum
of the formula over the set of integers to the sum of it’s Fourier transform,
and gives insight to among other problems, the Riemann Zeta function and
later the Voronoi summation formula.

The formula is as follows:

Theorem 1.1 (Poisson Summation Formula). For f(x) a function in Schwartz
space;

S )= 3 Fk), (1.1.1)

nez keZ

where f indicates the Fourier transform of f;

f(&) = /_Oo fz)e > d. (1.1.2)



Proof. To prove Poisson’s formula, we consider firstly the finite sum;
p

N 1 N N )
3 )= 500 + 1) + /M f(@)da + /M (z — [2] = 1/2)f'(x)da,
(1.1.3)

where square brackets indicate as usual the integer part. This follows from
the integration by parts of the following;

N-1 ,py1 N1y n+1
> / (x—n+1/2)f (z)dz = > S(F(+1) + f(n)) - / f(2)dz.
n=M"v" n=M n (1 . 4)

Taking the Fourier series of the periodic argument;

x—[x]—1/2=—zsm(72r7:w), (1.1.5)
n=1

gives

N 1 N oo 1 N ) .
3 s = 500 + 7N + f, S =320 [ @ snGamne)as
(1.1.6)

Integrating by parts, and taking NV and M to infinity and minus infinity
respectively, which correspond to f going to zero by the assumption, gives

> fn) = / fx)dz + 22/ f(x) cos(2mnz)dz. (1.1.7)
n=-—00 - n=1v ">
From this, the desired identity follows, since cosine is even;

Z f(n) = Z /_OO f(x) cos(2mnz)dr = Z /_Oo Flz)e 2oy

n=-—o00 n=-—o00 n=-—o00
(1.1.8)

O

This formula shows that a periodic sum of a ” well behaved” function can
be exactly defined by a number of discrete values of it’s Fourier transform,
a remarkable result. The applications of this are far reaching, as shown by
the applications in the following chapters.



1.2 The Functional Equation

Whilst the Riemann Zeta function in the form of the Dirichlet series for
Rs > 1;

(5=~ (1.2.1)
n:ln
is convergent and examinable in that half of the plane, the true intrigue of
the Riemann zeta function lies in it’s analytic continuation. This analytic
continuation extends the argument of the function to the entire complex
plane, minus the point s = 1. There are many proofs of this analytic con-
tinuation, some of which are outlined in [5]. Here we present in detail a
form based on the integral formula of the Gamma function and the Poisson
summation derived in the previous section.

Theorem 1.2 (Functional Equation of the Riemann Zeta Function). For
all s # 1, =2k, 2k + 1 where k € N, the following equation holds:

7820 (s/2)¢(s) = nY2H20(1/2 — 5/2)C(1 — 5). (1.2.2)
Proof. Beginning with the integral
/ 282 e gy (1.2.3)
0

Making the change of variables mnz — z, the integral becomes in the form
of the Gamma function, so one retrieves

/ oo/t gy L(5/2) (1.2.4)
0

nss/2’

For the entire complex plane excluding the negative even integers, where
the integral diverges. Now to retrieve a form of the Zeta function, we take
Rs) > 1 and consider the sum of n over the naturals;

o0

1 =, [
" M(s/2) Y = /0 /21 gmmnta gy (1.2.5)
n=1 n=1

Since the Dirichlet series converges for the given half plane $s > 1, rear-
ranging the order of the integral and summation gives;

0o o0 0o >

5 2
Z/ 2*2 e ™ gy 2/ 2%/ g e " dx. (1.2.6)
n=1"0 0 n=1



Now turning to Poisson’s formula from the previous section;

[e.9]

3 —;5 S e (1.2.7)

n=—o00 n=-—00

(as the Gaussian is an eigenvector of the Fourier transform, see appendix).
And so, noting that

- 2 — 1
2N e = N e e (1.2.8)
= A
(Since the exponential is even when evaluated at integers) it follows that
_s/2r( /Q)C( ) /1 s/2—1 1 i —mn?/z + 1 1 d
T s s)=|[ =z — > e — —— | dz
0 VT = 2yx 2
_"_ / xS — e*ﬂ'n mdw

1 n=1

= +-4+/ 2° e "/ dy
i 2

s—1 s

n=1
[e's) 0 )
+/ 2PN e (1.2.9)
1 n=1

Then making the change of variable in the first integral of x — 1/x, we
obtain:

—S 1 > —S — S - . —TTn-x
T /2F<S/2)<(S)_s(s—1)+/1 (z=8/27 Y2 4 g8/2 1)2@ *Tdy.
n=1

(1.2.10)

This final integral converges over all s. Furthermore, it remains identical
under the change of variables s — 1 — s, hence, the functional equation is
given by

720 (s/2)¢(s) = 7 V/220(1)2 — 5/2)C(1 — s). (1.2.11)

O]

Here we see the first instance of the applicability of Poisson’s formula.
This also shows the function having a simple pole at s = 1, as expected
when considering the Dirichlet series. However, the corresponding point in
the functional equation, s = 0, has no such pole, as it corresponds to a
simple zero in the function reciprocal of the Gamma function.



Since the general divisor function di(n) involves higher powers of the
zeta function, we will also consider higher powers of zeta, ¢*(s). These
higher powers are also clearly meromorphic as seen by the definition of the
functional equation of Zeta. If we denote

v(s) == 72T (s/2). (1.2.12)
Then the k-th power of zeta is determined by the functional equation

Ck(s) _ ’Yk(l — S)
7% (s)
The notation - is used also for the Euler Mascheroni constant, so throughout
the paper the above function is understood as such only when referred to as
v(s) as opposed to merely v. We also introduce the notation:

(1 —s) a1/2Hs/21(1/2 — 5/2)

x(s) = ) = 2T (5/2) . (1.2.14)

¢F(1—s). (1.2.13)

Giving;:
((s) = x()C(1 - 5). (1.215)

1.3 Euler’s Product Formula

The Zeta function is famously connected to the prime numbers, and the
most elementary case of this can be seen in the Euler product form of the
function. Euler found the formula when he investigated the Dirichlet series
for real arguments, before Riemann extended the argument s to the complex
plane. The product formula states;

Theorem 1.3 (Euler’s Product Formula). For Rs > 1, the following equa-
tion holds:

s)=JJa-p" (1.3.1)

p

Where the product is taken over all p primes.

This relationship is not so surprising, given the unique representation of
the naturals as products of primes. In fact, the proof relies solely on this
fact and basic features of geometric series.

Proof. Each of the terms in the product series takes the form;

1 1 1
—s\—1
(1—p 5) —1+* +§

e =R (1.3.2)



Which follows from the expansion of the geometric series in the case s > 1.
For Rs > 1, since the Zeta function is given by the convergent sum
1
C(s) = (1.3.3)

ns’
n=1

one can see how the terms in the sum, the reciprocals of the naturals, will be

unique products of the reciprocals of primes from the fundamental theorem
of arithmetic. To formalize this argument, the partial product is considered;

<o) = JJ—p*)7" < L (1.3.4)

no’
p<q n>q

Since the partial product is equal to the product;

1 1

11 (1+s+28+...>, (1.3.5)
p p

P=q

only integers larger than g will not appear in the partial product. The result

then follows by taking ¢ — oo, since the Dirichlet series converges, so the
partial sums must decrease to zero. O

1.4 The Hadamard Product Formula

With the Riemann Zeta function exhibiting a pole at the point s = 1, of
order 1, it is natural to consider the Xi function;

£(s) == %s(s — D)2 (s/2)¢(s). (1.4.1)

It follows from the functional equation of ((s) that £(s) satisfies the useful
properties that it is entire, that is analytic in the entire plane, and that £(s)
itself has the simple functional equation:

(s) =¢(1—s). (1.4.2)

Furthermore, since the trivial zeroes of the Riemann Zeta function coincide
with the poles of the Gamma function, the zeroes of the Xi function are
exactly the non-trivial zeroes of the Riemann Zeta function. The Weierstrass
factorization theorem then suggests that if £(s) is of finite order, one can
express it in the form:

£(s) = "/ T B, (Z) . (1.4.3)
;

Where E, denote the standard elementary factors, and p the zeroes of £(s),
which coincide with the zeroes of ((s). This formula is indeed true, and £(s)
in fact has order 1, leading to the following [6]:



Theorem 1.4 (Hadamard’s Product Formula). For all s # 1, the following
product converges:

es(log(2m)—1—7/2)

Cls) = 2(s —1DI(1 +5/2) H (1= D)t (144)
or equivalently;
7s/2 s
) = o572 1;[(1 =) (145)

The convergence of the latter equation is non-trivial, but follows from
the convergence of the first and evaluation of [ 0 e®/P, as we will see.
Proof. We begin by showing that

|&(s)| < eClsloels! (1.4.6)

for some constant C. In particular this will show that £(s) is an integral
function of order 1. Clearly

s(s — 1)m %2 < ealsl, (1.4.7)

and for |arg(s)| < 7, Stirling’s formula gives;
s ca|s|log|s|
F(§) <e . (1.4.8)

Since £(s) is symmetric in the critical line ¢ = 1/2, we can assume o > 1/2,
so that the above restriction on arg(s) holds. Thus it remains only to show
that ((s) < eClslloglsl In fact using the representation [5];

C(s) = — —s/loo(:c—[:c])x_s_ldm, (1.4.9)

s—1
since the integral is bounded for ¢ > 1/2, we have that
((s) < s. (1.4.10)

Thus by choosing an appropriate C', the entire function £(s) is bounded as
described above.

To show that the product infinite, that is, that ((s) has an infinite num-
ber of zeroes, it must be that the bound on &(s) cannot be of the form

[€(s)] < el (1.4.11)



To see this one can note that in the case o — oo:
log(T'(s)) ~ slogs (1.4.12)

By Stirling’s Formula, and so the bound |¢(s)| < e€lsI°8ls| cannot be slack-
ened. It then follows from Jensen’s formula [7] that the sum of the reciprocal
moduli of the zeroes of £(s) diverges, that is, the sequence of partial sums;

> 1‘ (1.4.13)

diverges as n — oo. Thus &(s) is an integral product of order 1, and the
Weierstrass product

E(s) = AP0 - %)es/p (1.4.14)
P

has an infinite number of terms [8]. In order to find the constants A and B,
the logarithmic derivative is taken:

§'(s) _ 1
0o = B+ zp: ( + p) (1.4.15)

s—p
and so by the definition of £(s);

¢'(s) 1 logm  T'(s/2+1) 1 1
C(S)_Bis—1+ 2 2F(8/2+1+zp:<s_p+p>. (1.4.16)

Taking s — 0 in the above equation leaves;

¢'(s) logm  I'(1)
=B+1 — 1.4.17
(o) - PPN T ) (14.17)
which due to the specific values of ('(s),{(s), I'(1) and ITV(1), gives:
B=log2+ logﬂ —1—% (1.4.18)

Finally solving for A, by setting s = 0, gives A = 1/2. Inserting these
constants in the product formula for £(s), and then solving for ((s) using
the definition yields:

os(log(2m)—1—7/2)

C(s) = (1 - 2)este (1.4.19)
2(s —1I'(1+s/2) 1;[ p

It now remains to show the equivalence of the two formulations of the infinite
product given in the theorem. For this, one can use the function

Zn):=>» p" (1.4.20)
P



which has the specific value [9]:
Z(1) =1+ % ~log(2nY/?). (1.4.21)
Thus;
es(log(2m)—1—7/2) H es/P — 5(108(2m)=1=7/2)+3 s/p

p
— es(log(2m)—1—7/24+2(1))

= (slogm)/2, (1.4.22)
From which the infinite product;
s/2
T S
= 1—— 1.4.23
) = s ra+ s 1;[( o) (1.4.23)
follows. O

1.5 The Prime Numbers and the Riemann Zeta Equation

With the previous sections considered, it is possible to show the signifi-
cance of the zeroes of the Riemann Zeta function, along with the Riemann
hypothesis, in relation to the distribution of the primes.

Theorem 1.5. Let p be the non-trivial zeroes of the Riemann Zeta Function.
Then the following equation holds:

b(r) =S Am) =5 -3 ””; log(2m) — log(1 — %). (15.1)

n<x P

Where A(x) indicates the Von Mangoldt function,

An) = {logp if n = pF for some prime p,k > 1 (1.5.2)

0 otherwise

Throughout the proof it is taken for granted that the sum over non-
trivial zeroes, > p x”/p, converges, which was shown by Riemann. We start
the proof of this formula by comparing the Euler product formula and the
Weierstrass-type product expansion of the entire function (1 — s)((s), cor-
responding to a product similar to that of the previous section, but with
slightly different coefficients

6a-‘,—bs
[[a-p>"= p— [T +s/@n)e"T](1—s/p)s**.  (1.5.3)

p n>1 p

10



Convergent for R(s) > 1. Taking the logarithmic derivative of each side
(corresponding to ¢'(s)/{(s)) gives:

ms L s S
—zp:mz;llog(p)p =0 s—1 ;2n(s+2n)+zp:p(s—p)'
(1.5.4)

And since the right hand side is equal to ¢'(s)/((s) for all s € (C), taking
s =0 gives b+ 1 = ¢’(0)/¢(0), so;

—ms __ S gl(o) S S
2D loslp ™ = o - ¢(0) +T;2n(8—|—2n) _zp:

e p(s —p)
(1.5.5)

To proceed from here requires the introduction of the formula of Perron. It
should be noted that while the version stated is over a finite integral, the

classical form over the infinite integral follows [7]:

Lemma 1.6 (Perron’s Formula). For f(s) =Y 2, %, where a(n) is an
arithmetic function, if f(s) converges for Re(s) > o, a(n) = O(g(n)) and
f(o) = (o — 1)), then;

c+iT S
%a(n) :% /T fls)—ds+ O(T Yo +c—1)"%)
+ O(g(2z)x' 7 log(z)T™Y) + O(g(2x)), (1.5.6)

where ¢ > min(0,1 — o).

It then follows that:

c+1i00 s
Z a(n) ! / f(s)—ds. (1.5.7)

21 Jo—ioo s

So taking Perron’s formula on the left hand side of the above equation
(with x # p™ for any prime p), gives;

24100 s
Z Z logp/QiOO p*ms%ds = Z Z log p. (1.5.8)

p 1<m p 1<m,pm<uz

While on the right hand side the residues at simple poles at all s = —p and
s = —2n, are % and ﬁ respectively, while s = 1 and s = 0 are simple

poles with residues x and —% resp., giving:

zr (0 1
Z Z logp =2 — Z — = CC((O)) — Z oppn” (1.5.9)
p

P 1<mpm<z P 1<n

11



Now finally, ¢'(0)/¢(0) = log(27), and 3, -, 3z = log(1—1/x%), thus the
above equation is equivalent to the explicit formula;

xP 1

Y Am)=z-) o log(27) — log(1 — —). (1.5.10)

n<z p
One can see from this formula how the distribution of zeroes of the Zeta
function will reflect the distribution of primes, since the leading term on the
right hand side is indeed z, while the largest order error term is determined
by the non-trivial zeroes. Heuristically, one can see that since |z*| = 27,
and zeroes are symmetric about the critical line, the error term will be
minimized if all non-trivial zeroes lie on the critical line, i.e. the Riemann
Hypothesis holds.

1.6 Approximate form of the Functional Equation

While the functional equation beautifully expresses the Zeta function, it
defines ((s) not explicitly, but rather in terms of {(1 — s). For this reason,
it proves in many cases useful to understand the approximate behaviour,
based not on another value of the zeta function itself. To that end, here is
presented the approximate form of the functional equation. This is to be
done by considering the integral of a related function and finding the bounds
of the moduli of the integrals, which correlate to the error terms.

Theorem 1.7 (Approximate Functional Equation). In the case o > 0, |t| <

2%”5, for some constant C > 1;

1 JII_S

()= ——1— +0E™). (1.6.1)

Proof. Suppose initially that ¢ > 1, and x is not an integer. Then clearly;

1 1
() =D =D~ (1.6.2)
n<x n>x
So we now turn our attention an integral form of the right hand side of the
above equation;
1 1 4100

— == z°cotmzdz. (1.6.3)
x<nn 20 Ja—ioo

This equality follows from the sum identity for the Cotangent (presented in
the Appendix);

I = 1

tmz = — g . 1.6.4

corme s z+n ( )
n=-—oo

12



Where if the integral above is taken, and without loss of generality, it is
assumed that x is a half-integer, the sum identity of Cotangent shows that
the poles of the function will be at integers in the half plane to the right of
x. It then follows that the pole at z = k will have residue of k7%, and so by
residue theory the desired equation follows.

Manipulation of the previous integral yields;

1 T 1 T+100
~ 5 2%(cotmz — i) +iz°dz — % / 2%(cotmz 4+ 1) —iz°dz
v Jz—ico vz
1 T 1 T-+1i00 931_5
=5 - 2%(cotrz —i)dz — % [E 2%(cotmz 4+ 1)dz + T
(1.6.5)

It now remains to show that the integrals are of order O(z~7). By first
considering cotangent in it’s exponential form;

T T T2 —imz
. . e’ +e
2%(cotmz —i)dz = 125 —————1)dz
. . eZT('Z _ e—?ﬂTZ
T—100 T—100
T s eZﬂ'Z + e—ZTrZ _ elﬂ'Z + e—Zﬂ'Z
= iz : — dz
z eZﬂ'Z —e 1Mz

—100

x 2 —imz
:/ iz <e7fee—”> dz. (1.6.6)
T—100 -

Letting z = = 4+ i, s = o + it, and considering the modulus of the
argument of the integral gives;

: 2e~imTemh , 2
. _o+it +at
iz7T ei'n‘xe—ﬂ'ﬁ _ e—iwxeﬂ/g’ < ’ZU ‘ | ’ e2i7rgge_27rﬁ -1 ’ . (167)
Using that
|Za+it’ < |Z’aet~arctan(ﬁ/x) < ’z‘ae|t|,8/x_ (1.6.8)
and (remembering z is half-integer and 5 < 0)
2 2 2
einxe—Qﬂﬁ _ 1‘ = ‘_6—27r,3 _ 1‘ = e—27r5 11 . (169)

13



It then follows that:

z 0
/ 2%(cotmz —i)dz| < ag_"/ 2Bt/ 8
T—100 —00

I.—O'

T 2 —|t|/z
=0(z77). (1.6.10)
The same process yields the same result for the integral in the upper half

of the plane, giving the same O term. Hence the Approximate functional
equation follows. O

14



2 The Divisor problem

The Divisor problem has been a feature of the field of analytic number theory
since Dirichlet found the leading term of the divisor summation formula [10];

D(n) := Z d(n) =zlogz + (27 — D)a + A(z). (2.0.1)

n<x

Where d(n) is the multiplicative arithmetic function given by the number
of divisors of n. The divisor problem involves finding the lowest possible
order of A(z), that is, the smallest a such that Az = O(x**€) for all €
greater than zero. While conjectured to be 1/4, the exact order remains
undetermined, the bound is being lowered, most recently by Huxley in 2003
[11].

The relation between the divisor problem and the Riemann Zeta function
is clear, as the square of the Riemann Zeta function is given by

Cls) =Y dif). (2.0.2)
n=1

Which follows from a simple multiplication of sums. Furthermore, letting
di(n) denote the function which counts the number of ways n can be repre-
sented as a product of k factors, gives the more general

¢"(s) = i d";l(:b)- (2.0.3)
n=1
And the corresponding
Dy(n) ==Y d(n) = aPy(logx) + Ag(). (2.0.4)

n<x

Where P, is a polynomial of order k£ — 1, which will be seen to correspond to
the residue of a certain function. This relationship allows the use of a range
of techniques to analyze the behaviour of the divisor function. To examine
the divisor function, one can use certain tools of complex analysis to give
asymptotic formulas for Dy (z), as shown in this chapter.

2.1 Voronoi’s Formula for arbitrary order d,

With the analytic nature of all powers of the zeta function described, one
can derive Voronoi’s summation formula, developed by Georgy Voronoi in
1904 [1], which in particular can be used to derive a good error term of d(n).

15



Initially we derive a sum over all naturals, then later aim to restrict this to
finite sums, allowing us to consider the nature of Dy. Initially, the Mellin
transform and it’s inverse are presented, as found in [12].

Definition 2.0.1. The Mellin transform of a function f is;

M f(s) = /OOO F(2)a"Yda, (2.1.1)

And the Mellin Inversion Theorem states that if g(s), a function of com-
plex variable, is analytic in a strip a < Re(s) < b, along with the condition
that g approaches zero uniformly in the limit lim; o g(c + it) for every
a < c<b, then

M tg(s) == i e g(s)x™%ds = f(x) (2.1.2)
270 Je—ioo
implies that
Mf(s) = g(s). (2.1.3)
This restriction on g leads to the equivalent statement that
1 fetioo
f(z) = 5 /C_ioo M f(s)x™%ds. (2.1.4)

As long as % — 0 in the limit # — oo for all k, and f(x) = O(z™") for
some k > 0 in the limit £ — 0. Another feature of the Mellin transform is
shown by integrating the expression for M f(s), to yield the identity:

M) = fla)

[e%e] ) , xs B 1 ,
i +/0 fl@)—de = -M['(s+1). (2.1.5)

Showing that there exists an analytic continuation of M f to the complex
plane, with possible poles at zero and the negative reals, depending on f.

Now considering the sum;
> dr(n)f(n) (2.1.6)
n=1

with the above restriction on f allows the manipulation;

Sk sm =3 an M

_ ! M) S ) g

2mi Re(s)=2 n?

- MF(s)CH(s)ds. (2.1.7)
2m1 Re(s)=2

n=1
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From the identity above, it remains to find the residue at the point s = 0:

lim M f(s)CF(s) = =M f(1)¢F(0) = £(0)¢H(0). (2.1.8)

s—0

Due to the definition of the transform, and remembering the restriction on
f in the limit 2 — oo. There is also the pole of ¢¥(1), so moving the path
of integration gives:

3" di(n) f(n) = F(0)CF(0) + Ressr (M f(5)CE(s))
n=1

1
+ — M f(s)CF(s)ds. (2.1.9)
270 J Re(s)=—1/2
Recalling, from the previous chapter, the functional equation of the zeta
function gives the formula for arbitrary k;

> “di(n) f(n) = fQ(,?) + Ress—1 (M f(s)¢¥(s))
n=1

1 TR (5 /2)
Mf(1— S)ﬂ__k/2+k5/2r(1/2 —5/2)

— CF(s)ds. (2.1.10
270 J Re(s)=3/2 g6 (e)ds. ( )

2.2 Voronoil Summation Formula for &k = 2

The traditional case of Voronoi’s formula results in the specific case of k = 2,
giving the famous result based on the Bessel functions:

Theorem 2.1 (Voronoi Summation Formula). For a Schwartz function
f(zx), the following summation formula holds:

o0

> fn) ="+ [7 statoge + 2t
n=1

+Y d(n) /0 h F(2)(AKo(4m(nz)?) — 2nYy (47 (nx)V/?))da.

n=1
(2.2.1)
Proof. Setting k = 2 in the general equation;
oo 0 00
> d(n)f(n) = fi) + Resg— / f(@)z*~1¢%(s)dx
n=1 0
1 o0 L 75T (s/2)? 5
5 gy . 3
(2.2.2)
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Then the various properties of the gamma function (see Appendix), give the
identity
75/ (5/2)
71/2-8/210(1/2 — 5/2)

=2 cos(%s)(Qﬂ)_sI‘(s). (2.2.3)
Thus the final double integral gives

2mi Re(s 3/2/ f(@)a™ 4 cos’( 28)(2”)_25F2(8)62(8)dxds
xz° 2512 2
zm Re(s)= 3/2/ f(z (2 + 2cos(ms))(2m) T (s)(*(s)dxds

+ 2 cos(ms)) (2m) 2T (s)¢%(s)dsda.
271'2/ /Res 3/2 “%(242cos(ms))(2m) T (s)(*(s)dsd
(2.2.4)

Since the complex integral is over a real part greater than 1, the Dirichlet
series converges so we are permitted to make the substitution

1
2m

/ fx/ (nx)~%(2 4 2 cos(ms) (2m) T2 (s)dsdx.
Re(s)=3/2
(2.2.5)

The classical result of Voronoi then follows from the Inverse Mellin theorem
applied to Bessel functions (see Appendix), firstly;

> d(n)f(n) = fg)) + Resg— / b f(@)z*~ ¢ (s)dx
n=1

+Zd / F(@) (AKo (4 (na)2) — 2%y (47 () /2) ) da.

n=1
(2.2.6)
Then considering the following asymptotic expansions around s = 1;
((5) = = +7+0(s = 1) = () = 3 + 2= +0(1)
VT TR (s—12  s—1
(2.2.7)

where here v represents the Euler-Mascheroni constant, not the function of
the zeta functional equation, and

V=14 (s—1logz +O(]s — 1) (2.2.8)

gives that

Ress—l(/ooo flx)z* =1 (s)dr) = /000 f(z)(log x + 27)dzx. (2.2.9)
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Giving the final result;

Zd(n)f(n) :fEIU) + /OOO f(z)(log x 4 27)dx

n=1

+ Y d(n) /0 h F(@)(AKo (4 (nx)Y?) — 27Yo(4m (nx)'/?))d.
n=1

(2.2.10)

O]

2.3 The Truncated Voronoi Summation Formula

We now consider the bounded sum Dy(x), ie

Dy(z) =Y _ di(n). (2.3.1)
n=1

The correspondence between this formula and the Voronoi formula derived
in the previous section is clear. Indeed, by restricting the f(x) weighting
function in the previous chapter to a bounded support, we get the formula;

b

b
> () () = [ Fa)(logn + 29)dz

n=a

00 b
+) d(n) / f(x)(4Ko(4m(nz)?) — 2nYy (47 (nx)'/?))da.

n=1

(2.3.2)

Where the prime on the sum indicates that if a or b is integer, the sum term
is 3d(a)f(a) (resp. b). Taking a =1 and b =z and f(z) to be the constant
function on compact support [0, z], using the Bessel function identities in
the appendix gives that:

nz:l/d(n) :% +z(logx 4+ 2y — 1)
- 2\7{5 i d\(},?(ﬁlfﬁ@m(nx)l/ 2) — 27Y; (4m(nw)'/?)). (2.3.3)
n=1

Without knowing the convergence of the infinite sum the formula is barely
useful, so a truncated version of the Voronoi summation formula is of far
more use, presented here is an elaboration of the proof outlined by Ivic in

[7]:
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Theorem 2.2 (Truncated Voronoi Summation Formula).

N
A(x) = 17/4 Zd(n)n_3/4 COS(47F\/7% - 7T/4) + O(I’e) + O($1/2+6N_1/2).

(2.3.4)

Proof. To start, by using the version of Perron’s formula over a finite contour
of integration;

xT

1 c+iT S
> d(n) = — / C(s)—ds + Ox°T(c — 1)"2) + O(z' 17 1).
o % A s

(2.3.5)

Letting ¢ = 14¢, T = 2m\/x(N + 1/2) in the previous equation. Now taking
the integral around the rectangle with vertices c+iT, —a+iT, —a—1iT,c—iT
for some a > 0, gives the following, by utilizing the functional equation for
the Zeta function;

0 —a+iT

M) = 5> dn) |

(2.3.6)

(Recalling that A(z) :=>"7_,'d(n) —z(logx+2vy—1)—1/4). The Horizon-
tal segments from the rectangle are contained in the error terms, since on
the contour ¢(s) = O(tl*+1/2)(e=0)/(a+¢)) by the Phragmem-Lindelf prin-
ciple, and bounds presented by Titchmarsh in [5]. Thus the integral on the

horizontal sections are of order;

c+iT s
/ C2(s)—ds = O(T**272*) + O(T'a°). (2.3.7)
—a+iT S

Which is contained in the error terms for the expression of A(z). The same
result holds for the integral in the J(s) < 0 half of the plane. Furthermore,
the choices of ¢ and N give the rest of the error terms for A(z). Now to
avoid the possible problems arising from the infinite sum, the order of the
contribution of the terms corresponding to n > N:

1« T PN
o d(n)/ X (s)n ?ds
n=N —a—iT
_ ! i d(n)(/ 2(s)n51xsds+/a+iT 2(s)n‘(”*lmsds)
2mi v o=—a,1<[t|[<T X $ o=—a,|t|<1 X § '
(2.3.8)
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Then using the asymptotic formula for x(s) based on Stirling’s formula
(x(s) = (Zm)o+it=1/26i(t+m/4) (1 4+ O(t~1)) gives for half of the first integral;

s
s—1%

/ 2 (s)n*tds
o=—a,1<T S

T
— 1 / €2ti(f log t+log(2m)+14(1/2) log(nx)) (t2a + O(tQafl)dt_

- (27r)2a—1xanl+a 1

(2.3.9)

Writing the integrand in exponential form shows that is appropriate to use
the following lemma:

Lemma 2.3. For F(x) a real differentiable function, such that F'(x) > m >

0 and monotonic;
b .
’/ EZF(m)d.CU‘ <
a

Essentially an application of the second mean value theorem applied to
the real and imaginary parts of the exponential [5].

(2.3.10)

=S

Thus since F'(z) = log(4n?nz/t?) > log(n/(N + 1/2), the previous
integral becomes;

1 T2a
xenlte (O(log(n/(N +1/2))

) + O(T*)). (2.3.11)

Splitting the range of the sum into two parts, [N,2N] and [2N, co) gives for
the first part:

1 = 9 _xf 2. d(n)T?®
— Tds=0( ) = O(N°).
2mi d(n) /a_a,lsthX (s)n S ds O( raplta ) o)

n=2N n=2N
(2.3.12)

And for N < n < 2N;

2N 2N
1 _qzt d(n)T?®
d 2 s—1 ds = § :
2 = (n) /a:a,lgthX (s)n s y O(n:N znltaelog(n/(N + 1/2))

. N
=O(N° >

k=1

) = O(N°).

| =

(2.3.13)

And again recalling our choice of NV, we are left with both integrals being
O(T?x~) which are contained in the error terms of A(z) above. The same
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follows for the integral corresponding to —7" < ¢t < 1. For the middle part
of the integral corresponding to |¢| < 1;

RS 2 5— 13j —apre
5 Z d(n)/ X (s)n* " —ds =0 Z d(n azana+1 = O(z"*“N°).

n=N o=—a,—1<t<1
(2.3.14)

Hence by limiting our consideration to the partial sum Zivzl d(n), the error
terms for the expression of A(x) remain unchanged, that is;

1 N —a+1iT S
Alz) = 5= Z d(n) / XQ(S)nsfl?ds + O(z72T2%) 4 O(2f) + O(z' e~ ).

(2.3.15)

The manipulations thus far have depended on the contour of integration
being finite, however, to derive the Bessel functions appearing in the trun-
cated Voronoi formula, we desire an integral ranging over an infinite line.
Thus, we must check by how much such an integral differs from the finite
one considered so far. In fact, we can split the integral up in the following

way;
—a—+iT 100 —iT —a—1iT o
/ / / / / / ) (2.3.16)
—a—iT —100 —a—+iT

The two integrals on the imaginary axis are of the form;

/ Dz, (2.3.17)
T

(or (—oo, —T) resp.) so as per the above lemma these are given by:

1 /zOO egti(* log t+log(2m)+1+(1/2) log(nx) | O(til)dt
T

n
1

- O(log((N—l— 1/2)/n)

The change in sign of the logarithm in the error term corresponds heuristi-
cally to the change of taking the integral "to” T to ”from” T. Thus for the
sum of the integral over n;

). (2.3.18)

EN: d(n) = O(NY). (2.3.19)
< nlog((N +1/2)/n)

And similarly for the negative part of the integral on the imaginary axis.
For the horizontal segments, the integrals are of the form:

01 nx -
0(/ f(ﬁ) do). (2.3.20)



The maximum of which (in the range of integration) is achieved at o = —a,
so over the sum;

o> dn) (T—Q)“) = O(T%z™%). (2.3.21)

Hence all parts of the integral in the bracket in the decomposition above
are contained within the error terms for A(x), and only the integral over
(—i00,i00) remains:

N d(n) i ) N d(n) [lrice
Zdn) / XQ(S)( ) ds:zd ) / X2(1 = s)(nz) 75(1 — 5)"lds

N n 1+ico n 1-s
=> d(n) /  dcos?(ms/2)(2m) T ) z ds
n=1 n 1—200 S
N n 1+io0 5 — 6
= Z d 2) / ' cos2(7rs/2)(27r\/1ﬁ)2_251‘(3)(ll)r_(l)ds
n=1 nm 1—i00 S
N d TL) 1+io00
= - Z 2 /1 ‘ cos?(ms/2)(2my/nz)? 2 T(s)I'(s — 1)ds. (2.3.22)
n=1 —teo

Giving for A(z), in terms of the Bessel functions:

Al = -3 2 2 (K4 E) + (/)Y (47 7))

+0(z%) + O(T?*2™%) + O(z* T 1). (2.3.23)

n=1

And finally, expressing the error terms in terms of N (so that O(T?%z 2% =
O(N%z=%) and O(z'+T~1) = O(2/?**N—1/2)), and taking a = €, gives the
desired truncated Voronoi formula:

Ay = - 3 2 B (K (aie) + (/)Y

n=1

+0(z) + O(a/?HeN—1/2), (2.3.24)

Replacing the Bessel functions by their asymptotic approximations [13] gives
the simpler expression;

p1/4
(x) de cos 47r\/7ﬁ—7r/4)+0( )+O(x1/2+EN_1/2).
(2.3.25)
O
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2.4 An Estimate for A(z) from Voronoi’s Formula

From the truncated version of Voronoi’s summation formula found above, it
is natural to go on to develop an estimate of the error term A(x) based on
the result. This will give the result:

Theorem 2.4.
A(x) = O(£3%/108+) (2.4.1)

for all e > 0.

Proof. By considering the truncated Voronoi formula, it is clear that deriv-
ing a bound on A(z) will involve finding a bound on the sum

N N
Z d(n)n=3/* cos(4mv/nz) < Z d(n)n~3/4etmivie, (2.4.2)
n=1 n=1

Such a bound was found by Kolesnik [2] in 1982 by first rearranging the
above sum into the form;

VN N/n ‘
Z Z (mn)~3/4eAmivmnz, (2.4.3)
n=1m=1

Kolesnik then proved in particular that:

Lemma 2.5 (Kolesnik).

vV/N N/n .
Z Z (mn)~3/4etmivmnT o (2.4.4)
n=1m=1

< log? 7 max (x71/16K173/15273/4 1 $1/16K119/15273/4> _

Kolesnik, in his paper, found the above form as a bound for a class of
functions satisfying a series of equations and restrictions, as outlined in [2],
however the above is all that is required to proceed.

With this lemma, it follows that:

A(z) < log? (x3/16N59/152 1 w5/16N5/152) (2.4.5)
1o 4 pl/2re N2,
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By taking N = 219/54, the above then reduces to:

A(z) <log? x <x35/108 + 5535/108) (2.4.6)
+ 2t + $35/108+e

< 35/108+¢

as stated. O
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3 The Exponential Weighted Divisor Sum

3.1 A Note on the Riemann Zeta Functional Equation

In 1.2, the functional equation of the Riemann Zeta function was derived,
which served well in deriving a generalization of Voronoi’s formula for the
divisor function. However, in the following argument it will be convenient
to consider a different (although clearly equivalent) version of the analytic
continuation of the Dirichlet sum. The reason for this is that it will present
us an easy method of finding certain values of the Riemann Zeta function
which are required in the following section.

We begin with the integral (assuming for a moment that o > 1);

/ ¥ ey (3.1.1)
0
Which after a change of variable yields
oo ,5—1_—u T
/ W g = 1) (3.1.2)
0 n n
SO
¢(s) = i L /00 ¥ ey
— I'(s) Jo

1 /OO 1
= z° e "dx
I'(s) Jo ;

1 o] xs—l
= dx. 3.1.3
I'(s) /0 er — 17 ( )

Here we are permitted to change the order of summation and integration due
to our assumption that ¢ > 1, so the integral is absolutely convergent. In
order to extend the argument to the rest of the complex plane, we consider
the related contour integral;

Zs—l
/C il (3.1.4)

Where the contour C is a standard keyhole integral from positive infinity on
the real axis to a circle of circumference € then returning to positive infinity.
The interval then falls into three parts,

s—1 0 .s—1 o0 2mi\s—1 s—1
/ - dz:—/ = da:+/ (mx)dwr/ A
cer—1 o €e¥—1 0 e? —1 le)=1 €* — 1
(3.1.5)
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Turning our attention to the final integral above, on this path we find the
bound on the z°~! term;

‘Zsfll _ le(sfl)log(z)‘ _ ’e(aflJrit)log(z)‘ _ ’Z‘(O'f].). (3.1.6)
Hence by taking our path on a radius approaching zero our integral will

disappear for o > 1 (since |e* — 1| is asymptotically larger than |z|,) and our
initial integral reduces to the integral

(e2m'(s—1) _1) /Ooo ;s_ll dp — (627ris —DI(s)¢(s) = lfgreji:)g(s), (3.1.7)

where the last equality follows from Eulers reflection formula of the Gamma
function.

Hence we have a form of the functional equation;

— 8 251
((s) = L -s) /C dz (3.1.8)

2imeTis er —1

With C the keyhole contour from above. From this form of the equation,
the explicit values of ((s) are found using the equation;

z z 22 Z4

= By — Bi— + Byo — By + ... 3.1.9
e” — 1 0= Bryy ¥ Bagy = Bagy F e (3.1.9)

where B,, denotes the n-th Bernoulli number. Thus for negative odd integer
values of s, the theorem of residues gives:

2n+ 1)1 27miBop4o
_2 _ 1 — _1 2n+1 ( . n
((=2n—1)=(-1) omi  (2n +2)!

Baonio
—— . 3.1.10
2n 4+ 2 ( )

3.2 On an Exponential Weighted Divisor Sum

The exponential weighted divisor sum has been considered by many authors,
famously by Wigert in [3], who’s findings we present here, through to the
more recent investigations of Jutila [14], who considered a weight in the form
ek as a generalization of the Voronoi formula derived above. Equipped
with the particular values for ((s) from the previous section, we look at the
weighted divisor sum considered first by Wigert:

Theorem 3.1 (Wigert’s Summation theorem). For arg(z) < /2, and z
sufficiently close to zero;

— —-nz __ 1 Pk (log Z) 7B%n+2
nzl e ™ =t 2 T Ear e+

:B2n+1 + O(‘Z‘QK)

(3.2.1)
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Proof. Making the observation;

= -nz __ - n i s)(nz) *ds
nz:ldk(n)e _nz:ldk( )27ri /Re(s)=2r( )(nz)~*d

1
= [(s)¢*(s)z%ds
277 (oo (s)C%(s)

1

= — or(s)ds. (3.2.2)
2m Re(s)=2 )

Which follows using that M f(s) = I'(s) is the inverse Mellin transform of
f(x) = e*, and so the equation follows by the change of variables x — nz.
It is noted that the choice of integral path is arbitrary so long as s > 0 when
nz > 0, so for convenience the explicit case of $(s) = 2 is used for the rest
of the proof.

Turning the attention to the poles of g, it is seen immediately that
there is a pole of order k at s = 1. Furthermore, there are poles of order one
at each of 0, —1, -2, —3, ... in the Gamma function. However, due to zeroes
of order k at the negative even integers in the Zeta function, the poles of ¢
are only at 1,0, and the negative odd integers.

Beginning with the easiest residue to deal with, at s = 0;

Ress—opr(s) = CF(0)Res,—oT(s)

- , (3.2.3)

Since Ress—1I'(s) = 1. Furthermore, since I'(s 4+ 1) = sI'(s), induction gives
that for negative integers;
Ress——nI'(s) = lim (s +n)I'(s)
s——n
: I'(s+n+1)
= lim
s=—n (s(s+1)...(s+n—1)
_=nn

n!

(3.2.4)

Combining this with the result of the previous section, it is found that the
general formula for the residue at the negative odd integers is given by:

_B§n+2 2n+1. (325)

RESS:—Qn—lwk(S) = (2n + 2)(2n -+ 2)' “

Now finally it remains to find the residue at s = 1. This require the following
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expansions around s = 1:

(s s — 1) (3.2.6)
_ i To(s —1)" (3.2.7)
Z (s—1)" log z) (3.2.8)

Where ~,, are the Stieltjes constants (for convenience, ~ refers hereafter to
), and I',, are the coefficients of the Gamma function, usually given in
terms of 7, and the digamma function. Expanding the ¢¥(s) thus gives;

D=3 DTS I
ny
k=1 (s = 1 n1+...+nj'§f$ HZSJ' Ex 1<j
1

Using these expansions, the residue is found by considering as usual the
coefficient of their products corresponding to (s — 1)~!. As k grows large,
this becomes especially cumbersome. In the example of the simplest case of
k = 2, this gives the expression;

1 27
2
= 1). 2.1
)= ot o OO (3:2.10)
Thus combining all three of the expansions, for o around s = 1;
1 2y y log z
= — — 1
2(s) z(s —1)2 + 2(s—1) z2(s—=1) =z(s—1) +0()
1 vy log =
= - O(1). 3.2.11
z(s—1)2+z(s—1) z(s—l)+ (1) ( )
(Since T'p = 1 and I’y = —v.) And hence;
—1
Ress—1p2(s) = %. (3.2.12)
For the slightly more complicated case k = 4;
1 dvo | 695 —4n | —2m0+ 292 + 49
4 0 0
= O(1
CO =G T eons T o1 T s 1 +0()
1 4 4 4

(s—1*  (s—1)3  (s—1)2 s-1
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Gives;

Ress—1¢4(s) = 1 (% +Iologz+TI's + 10%3 :
+(¢MTo = (¢M)2(T1 —log2)
4+ (¢H3(Dy — Ty log 2 + 1022 ). (3.2.14)
And in fact for the general k, we have
Ress—1¢k(S) zéPk(log z). (3.2.15)

Where Py(x) is a polynomial of order £ — 1. This is seen from the series
expansions given above, by calculating the form of the (s — 1)~! coefficient.
Thus with all the residues of g(s) calculated, or at least calculable, the
contour of integration is constructed by taking the contour C around the
rectangle with vertices at 2 + iR, —2K + iR, —2K — iR and 2 — ¢R. Then
the residue theorem gives us;

1 1 K-1

—B%
Sok( )d 2n+2 2n+1_

R
(Cope T ess=onls +nzl on + 2)F1(2n + 2)!
(3.2.16)

omi

Firstly, it is shown that the horizontal sections of the contour tend to zero
as we take R to infinity. From [15], it is known that for —2K < o < 2, as
[t = o0;

IT(0 +it)] ~ V2me ™H/2[¢o—1/2, (3.2.17)
And from [5];
C(s) = O([t[). (3.2.18)

For some € > 0 in the half plane —2K < ¢. Finally the control on z27° is

given by;

|z—s‘ _ e—alog\z|+targ(z) < |Z|_U€>\‘t|. (3‘2‘19)

For any arg(z) < A. Thus the bound on the integral is;
—2K+iM
| or(s)ds| < (2+2K) sup |pp(o +iR)|
2+iR —2K<5<2
= O(e ™ R/I2Ro=1/2 Rke| ;| =o AlRI) (3.2.20)
Here we see the necessity of the restriction on the argument of z, keeping
the exponent decreasing. Hence by taking R — oo out integral goes to zero.
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The same reasoning gives that the integral on the lower horizontal side of
the contour also goes to zero. Now considering the integral

—2K+iR
—/ (pk(s)ds:/ gok(s)ds—i-/ wr(s)ds.
—2K—iR o=—2K,|t|<1 o=—2K,|t|>1
(3.2.21)

For the first integral, the Gamma and Zeta functions are continuous on the
bounded path, so;

{ /":2K [t]<1 Sak(s)ds‘ = /<7:2K lt|<1 |F(S)Ck(8)|‘z|iaeA|t‘dS = O(|Z|2K)-
N o (3.2.22)

For the remaining part of the integral, the order of ¢ from the previous
argument can be used to give;

|/ or(s)ds| S/ e i AL P R P
o=—2K,[t|>1 o=—2K,|t|>1

_ ’2‘21(/ e~ It/2]p 7112y be At g
o=—2K,|t|>1

= O(]z|72K). (3.2.23)
Now all components of the contour integral are understood, apart from the
vertical section corresponding to ¢ = 2,. Thus by taking R — oo and

applying the residue theorem, we are left with the formula:

— —nz __ 1
nz:ldk(n)e - (_2)

(2n + 2)F=1(2n + 2)!
(3.2.24)

Taking the case k = 2, with the residue as found above thus gives:
K—1

v—1 —~B2
Zd o — ogz i Z ( 2n+2 Z2n+1 + O(|Z|2K).
n=1

z 2n +2)(2n + 2)!
(3.2.25)
Discovered by Wigert in his paper. O

Similarly, we find the more complicated case of k = 4:

s 1
D da(n)e T = — + - (37r 70 — 295 — 87071 + 272 + 29" (1)
n=1

5 3 1
+logz(4m — 575 — ) + 50log® 2 — 2 log2)

-1

B2n+2 2n+1 2K
O . 3.2.26
X GO0, 220
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Where 9" (s) is the second derivative of the digamma function:

P(s) = T(s) (3.2.27)
For the general case:
- - 1 Py (log 2) —B3..s 2041 2K
d nz — n .
n; k(e Cf T 2 Tamrneat | TOET)
(3.2.28)

3.3 A New Exponential Sum

With the aim of reducing the error term of the previous section, we introduce
a new exponential weight, with the property that the negative integers will
no longer be a consideration. To that end, we turn to the sum;

S d(n)e (3.3.1)
n=1

With the argument of z now restricted by arg(z) < 7/4, since it will follow
that the gamma function now decays at half the rate. Following the same
process as previously gives;

& 9 o > n 2+i00
Z dp(n)e™™* = Z di(n) /2 ['(s)(nz) *%ds
n=1 n=1

21

—ico
1 [2+ico
=5 - [(s)¢*(25)27%ds. (3.3.2)
Or alternatively
1 [2+ico
=i - ['(s/2)¢*(s)2"%ds. (3.3.3)

Comparing with the previous part, it is seen that this will clearly behave
similarly to before, however, now both I'(s/2) and ¢*(s) will have poles and
zeroes, respectively, at the negative even integers (and of course the zeroes
will have higher order) so it is only required to consider the two poles at
s=0and s =1.

At s = 0 the new case has the residue ﬁ For the pole at s = 1, the
same process as before is followed, considering the series expansions at this
point. In the case of k = 2, this is;

NZS

Ress—1T(s/2)¢%(s)2~° = 5(470 +(1/2) — 2log 2). (3.3.4)
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For v as defined above. In the general k case the residue is given by;

Ress—1T(s/2)¢"(s)2z~% = W. (3.3.5)
It now remains to construct the integral contour. The integrand has only
the two poles, so the contour is constructed around the rectangle with points
2—iR,2+i1R,—0 + iR,—0 — iR. By the same argument as above (with a
new restriction on z), the horizontal parts of the rectangle tend to zero as
R increases, it remains to find the integral from —§ + iR to —d — iR:

—0+iR
/ D(s/2)ck(s)2ds = / D(s/2)ck(s)2*ds

—5—iR o=—5t|<1

+ / (s/2)Ck(s)z s, (3.3.6)
o=—6,1<|t|<R

The first integral on the RHS gives;

| Do/ s < [ /2]l e s
=5 1 <1 o=—5Jt<1
=0(|z]%). (3.3.7)

Since the Gamma and Zeta functions are analytic and so bounded over the
range of integration. While the second integral gives;

| D(s/2)¢"(s)2"ds| < / eIV /2]7 =12 g Re| 2| o Ml g
o==5t|>1 o=—6,t|1

— ’Z|6/ efw\t|/4‘t/2|071/2‘t‘k66)\|t\d5
o=—4,|t|>1
= 0(]z]°). (3.3.8)

Where again the restriction arg(z) < m/4 gives an exponentially decaying
integral in t. Thus the expression for the sum in the case k = 2 is given by;

o0

S d(n)e ™ = % + ‘2/5(470 +1p(1/2) — 2log 2) + O(|2°).  (3.3.9)
n=1

And the general case:

id(n)e‘”ng - (_1 4 @los2) o0 (3.3.10)
n=1

for any § > 0.
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3.4 The Divisor Problem and the Exponential Weighted Sum

The sum in the previous section,
> 2.2
> dp(n)e ™ (3.4.1)
n=1

has a close correspondence to Dirichlet’s divisor problem. Indeed by writing
the sum, as above, in the form:

idk(n)e_"QZQ S Q’“(lzog 2 L B(a). (3.4.2)
n=1

Where E}, is the error term in the previous section, a certain parallel can be
seen in the formula;

Y " di(n) = xPy(logx) + Ap(z). (3.4.3)
n=1

Where P is the polynomial in Chapter 2. It is shown in this section that
in fact;

Theorem 3.2. The equation

P /0 T AR = 1 B(7) (3.4.4)

holds for the polynomial E}, described above.
Proof.

Lemma 3.3 (Abel’s Summation Formula). If A(z) = > o<, <, an, and the
derivative of f(x) exists, then:

> anf() = A@)f(2) [ Q) )y (3.45)
n=0 0

Which follows by integrating by parts. Using Abel’s summation formula,

> 2,2 > 2,2
de(n)e_" == 22/ 2xDy(z)e”™ " % dx
n=1 0

= 22/ 2x(x Py (logx) + Ak(x))e*:’ﬂz?d:c. (3.4.6)
0
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Now considering the polynomial part of the integrand;
2 [T, 2 —z222 2 [T, 0 —z222
z / 22°Py(logx)e ™ * dx = chz / 2z°log" xe™ " * dx. (3.4.7)
0 n<k 0

Considering the separate Log powers, making the change of variable u = xz
shows;

2 o0 2 2,2 2 o0 2 _ 2
z / 2z°log" xe” ¥ dx = / u“e” " log"(u/z)du
0 0

z

2 > 2 —u? n n * 2 —u?

:f( u“e” " log" udu — log" z u-e du).
zJo 0
(3.4.8)
Thus, since both integrals on the RHS above converge for n < oo;
2 o0 2 2.2 1 ~
z / 22° P (logx)e™ ™ * dx = —Qy(log ). (3.4.9)
0 z

For some polynomial Qj of order k& — 1. It remains to show that Q) = Qy.
To this end, note that since;

1 1 00
S @nllog2) + —ou + Bi(2) = 2 / 2 (2Py(log z) + Ag(z))e™™ * da.
N 0
(3.4.10)
Then if

z3/ QxAk(a:)e*mQZde = O(z%) (3.4.11)
0

in the limit z — 0, the two polynomials @), and Qk must be equal, since the
above integral will not have any terms of order large enough to contribute
to the polynomial Q(logz) in the equation (3.4.10). To show this is the
case;

23/ 2$Ak($)€_r2z2d$ = 23/ QxAk(:c)e_xQZle‘—i—O(z?’)
0 1

= z3/ 222 ke 4y O(2%)
1
= 2(0(z%73)) = O(2%). (3.4.12)

And thus Q = Q. Hence by the above, it follows that:

1 o0 2.2
— 4+ F z-zQ/ 20\ (z)e ™ * dx

_ 2 /0 ARV du. (3.4.13)

Which gives the desired result under the substitution z — /z. O
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The immediate consequence of this lemma is of course that the divisor
problem is equivalent to finding the growth of an in inverse Laplace trans-
form. In particular, the conjectured result on the Dirichlet divisor problem,
that A(z) = O(z'/*t9), is equivalent to:

1
£ [fEQ(\/z)} (z) = O(z1/3+¢) (3.4.14)
z

For the error term Es(z) as defined previously.
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4 The Circle Problem of Gauss

4.1 Introduction to Gauss’ Circle Problem

The circle problem of Gauss is the problem of finding the number of integer
lattice points contained in circles of increasing radius in the 2 dimensional
plane. Specifically, for the function;

ro(n) = #{(z,y) € Z*|z* +y* = n}, (4.1.1)

The Gauss Circle Problem corresponds to examining the behaviour of;

xT

Ry(x) := Y _ra(n). (4.1.2)

n=0

Heuristically, one can see that the leading term of ro(n) will be mn, corre-
sponding to the area of the circle increasing in n. The problem then becomes
a matter of finding the order of the error term,;

Th(x) = Ra(x) — ma. (4.1.3)

(It should be noted that in the literature, Ty (x) is referred to often as Py(x),
which will be avoided here to avoid confusion with the polynomial from the
previous chapter.) Asin the the case of Ay(x), the lowest order of Th(z) (that
is, the smallest a such that Ty(z) = O(z*T€) for all € > 0,) is conjectured
to be i.

The similarity between the circle and divisor problems is clear, one in-
volves the lattice points under the curve xy = n, while the other within the
circle 22 + y> = n. As a result of this geometric similarity, the formulas of
the Dirichlet series with coefficients da(n) and r2(n) are similar, the latter
taking the form;

320 _ c5)8(s), (4.1.4)

n=0 e
where (3(s), the Dirichlet Beta function, is defined by;

5(5) o= Lo, ) = 32 X4

n=1

, (4.1.5)

for the dirichlet character

1 ifn=1 modn
x4(n)=<¢ -1 ifn=3 modn (4.1.6)

0 otherwise
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The theory covered on the Riemann Zeta function in some ways carries well
across to the Circle problem, as a result of some basic properties of Dirichlet
L-functions [12]:

Lemma 4.1. For all Dirichlet L-functions L(x,s), such that the Dirichlet
character x # xo, the associated Dirichlet series;

i x(n) (4.1.7)

ns
=1

3

Converges for o > 0, and L(x, s) admits an analytic continuation on this
regION.

And in the particular case of the Dirichlet Beta function:

Lemma 4.2. The Dirichlet Beta function B(s) satisfies the functional equa-
tion:

2 s

B(l—s)=|— Ssin — | I'(s)B(s). (4.1.8)
2

s

Which follows from the general L-function functional equation.

4.2 Exponential Weighted Sum of the Circle Problem

As with the divisor problem, the circle problem has been examined with
an exponential weighted sum, for example by Slezeviciené and Steuding
in [16] using a method parallel to that of Jutila in [14] to generalize the
Voronoi formula for 73(n). These cases examine the weighting of ™"/
for coprime naturals k and [, over finite intervals. Instead here, we examine
the general exponential weight ¢™* over the naturals. With the features
of r9(n) found in above, a similar process to the previous chapter could be
used on the Circle problem as well. However, the function r2(n) has an
interesting geometric feature which lends itself to the following application
of the Poisson summation formula. We begin with the claim:

L[Ty(z/m))(2) = O(z"te /7). (4.2.1)
To that end, we introduce the following lemma:

Lemma 4.3. For the function ro(n) as defined above and R(z) > 0;

oo 1 o0
Z ro(n)e ™% = 2 Z ro(n)e ™, (4.2.2)
n=0 n=0
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An immediate consequence then follows that

- 1
Z ro(n)e ™ = 2 +0(z e /7). (4.2.3)
n=0

Proof. We begin by taking the Poisson summation formula in the case of
f(z) being the Gaussian, which is it’s own Fourier transform up to a scaling
factor (see appendix):

o0

E e*’i’l’ﬂ?QZ —

T=—00

o0

S el (4.2.4)

T=—00

Sl

Taking the square of both sides:
[ee] o0 1 o0 oo
—m(x2+y?)z _ L —m(x?+y?)/z
)DID IR S SR AT
T=—00 Yy=—00 T=—00 Yy=—00

And so by the definition of the function r9(n);

o o0

Z ro(n)e ™% = % Z ro(n)e” ™. (4.2.6)

As required. O

Applying Abel’s summation formula yields;

o) 1 >
/ mz(rx 4+ Tah(z))e "™ dx = 2 Z ro(n)e”™/%, (4.2.7)
0 n=0

. o0 —
And since [;° n?zze ™ dx = 1;

0 1
/0 mzTs(x)e” " dr = . ZT‘Q(n)e_”"/Z = O(z"te /7). (4.2.8)

n=1

Hence, under the change of variables wx — x, it becomes clear that:
L[Ty(x/7)](z) = O(z" e /%), (4.2.9)
As claimed.

Like in the case of dg(n), r2(n) has an associated Voronoi summation
formula. This is given by the formula [1]:

00 b
D ra(n) = ra(n) / f(@)mJo(2mv/nzx)dz, (4.2.10)
a<n<b n=0 a
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Or taking the characteristic function on the interval [0, z], and the Bessel
function identity in the appendix;

>l Z \/> Ji((2my/n) (4.2.11)

n<x

Using this in the Abel summation from above gives:

nzom(n)e—ﬂnz _ /0 7;)7“2(n)7rz\/;,]1((2ﬂ\/%)6—mzdx (4.2.12)

Then integrating each term in the sum individually, using the fact that:

/00 \/EJ (nmy/nx)e” " dr = e (4.2.13)
0 n! Rz o

Gives exactly the same result as the previous claim. In this instance, the
method of Voronoi’s formula is distilled into the underlying essence, which
is an application of Poisson’s formula.

Now with the goal of formulating the Circle problem conjecture in terms
of an integral transform, we start with the sum (again with ®(z) > 0;

o

B 24100 5
nz% = Z 57 /Q—ioo I'(s)(zn) “%ds
1 241400
=1 C(s)B(s)I'(s/2)z *ds. (4.2.14)
T J2—ico

We claim that as above, this is equivalent to:

1 —e+i00

T C(s)B(s)I'(s/2)z °ds + Ress=o + Ress=1

ek gy L VE(B/4) - $(1/4))
== C(8)B(s)T(s/2)2"ds — 7 + 82

Ami —€—100

(4.2.15)

To verify this claim, it must be the case that the integrand disappears as
the contour from the previous chapter is taken to infinity. To see this it
is enough to see that any asymptotic bound on the Zeta function will also
bound the Dirichlet Beta function, so the same bounds follow. Hence, by
writing

1 —e+1i00

C(s)B(s)T(s/2)2z *ds = E(2), (4.2.16)

4mi —€—100
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It follows that

i 7“2(?1)6771222 = E(z) — ﬁ(w(3/48)z_ 1/1(1/4)). (4.2.17)
n=0

Abel’s formula then tells us that:
> ~ 1 4) — 1/4)) — 4 3/2
/ Tz(\/x»)z%—xﬁdx =FE(z) — 1 + V(W (3/4) ;i( /4)) — 4x .
0

(4.2.18)

under the substitution x2 + x. Denoting the RHS as F(z), the inverse

Laplace transform then follows:

LR (@) = (o). (4.2.19)

z

And as in the case of the divisor problem, the conjectures result is equivalent
to:

L7U=F(V2)](z) = O(z'/8+9). (4.2.20)

z
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5 Discussion

The mysteries surrounding the Riemann Zeta function are vast, and in many
cases remain elusive, none more so than the Riemann Hypothesis. In the
case of the divisor problem, while the bound has been lowered repeatedly
over the last century, it remains quite removed from the conjectured value.

The Summation techniques of Voronoi, and on a more fundamental level
Poisson, have been instrumental in developing the understanding of the divi-
sor problem, and have found application in a range of similar problems. We
hope that by understanding better the implications of exponential weights
similar to those presented in the preceding chapters, there remains an insight
to be found in these lattice point type problems.

Further work on the topic would most likely involve a better understand-
ing of the cancellation in such exponent sums. Furthermore, an analogue of
standard A and B procedures for corresponding exponent sums on Fourier
side for different z could be expected to produce a deal more cancellation.
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A Appendix

A.1 Cotangent Summation Identity

In deriving the approximation of the Riemann Zeta Function, the following
identity was used:

N

. 1
meot(mx) = A}gnoo Z e (A.1.1)
n=—N

This can be deduced by considering the two functions;
f(x) = mcot(mz), (A.1.2)

and

N 00

= 1 A.1.3
g(x) Ngnoo e © +n 221 ( )

Where the rearrangement of the sum shows convergence in the limit N — oo.
Both functions are clearly periodic in z, with a period of 1, and both odd
functions. Furthermore, they both satisfy the property;

FG)+ () =24 (@) (A14)

(resp. g(x)). While perhaps not entirely obvious in the case of cot(mz), it
follows from considering the trigonometric identities;

x x+1 cos(mxz/2)  cos(m(x+1)/2)
f(§) 1 2 )= (sm(mc/Q) * sin(m(z +1)/2 ))
(cos(Tra;/Z) B 81n(7ra:/2))
sin(rxz/2)  cos(mz/2)
27r(:os(7m;/2 + 7 /2)
sin(rxz/2 + 7z /2)
=2f(z). (A.1.5)

Then defining the new function;

hw) = f(z) — g(2), (A.1.6)
it remains to show that h(x) = 0. Firstly;

mx cos(mx) — sin(wx)

lim (7 cot(mx) — l) = lim =0 (A.1.7)

20 T a0 xsin(mwr)
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and

. 2z
so we define h(x) := 0 for z € Z. Now h(z) is periodic and continuous, so is
bounded by a maximum we can denote M. Define z( such that h(zg) = M.
Since h(x) inherits the properties of f(z) and g(z) discussed above, it follows
that:

zo+ 1
2

h(%) + i ) = 2h(z0) = 2M. (A.1.9)

Since h(z), is 1-periodic, it follows that h(%*) = M, and reiterating the
above process, h(g—g) = M. Taking the limit as k — oo, it is seen that
h(0) = M. But h(0) =0, so h(x) < 0. Finally, since h(x) is odd, it must be
the case that h(z) = 0, and hence the identity holds.

A.2 Gamma Function identity

We have the following features of the Gamma function;

™

(1 —s)(s) = Sn(rs)’ (A.2.1)
and
I(s)D(s 4 1/2) = 217 2571/21(2s). (A.2.2)
Thus we get
e
~ sin(ZET(s + b
_ ml'(3)
N 91—s Sin(ﬂ'(s;rl))ﬂl/QI“(S)' (A.23)
So substituting, one gets
PP(s/2) (s D)
T O=A0((1 = 5)/2) 2sin <2> (2m)"°T'(s)
= 2008(%8)(27T)_5F(8). (A.2.4)
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A.3 The Fourier Transform of the Gaussian

For the function
flz) = e, (A.3.1)

We have that f(z) = f(y) (where f indicates that usual Fourier transform
of f). To show this;

oo

T

—0o0
o0 2
= / e ™ cos(2mxy)dx. (A.3.2)
—00
Where the imaginary component of the exponential vanishes, as it is an even
function over a symmetric interval. Then

d [ >
dy e ™ cos(2may)dr = _/ (2mz)e™™" sin(2may)da
Y J-o 0

= — /00 (27ry)e_7””2 cos(2rxy)dzr.  (A.3.3)

—00
By integrating by parts, and using that fact that sin is an odd function
over a symmetric range. Hence d%f(y) = —(2my)f(y), so f(y) = Ce ™",
Finally, since the Gaussian is normalized, C' = 1 and the identity follows.

A.4 Bessel Function identities

In finding the Voronoi equation we used the following identities of the Second
kind Bessel functions;

00 —2s 2
/ 2 Ko (4rat?)dx = (27T)2F(8) (A.4.1)
0
And
o0 —2s 2
/0 VYo (dmat?)de = — (2m) CO;(WS)F(S) . (A.4.2)

The integrals are clearly Mellin transforms on the Bessel functions, so the
inverse Mellin transform, as appears in our Voronoi sum, will return the
Bessel functions as desired.

The Voronoi formula can also be written in terms of K7 and Yj via the
identities [13];

%(xKl(x)) — 2K(2) (A43)
%(m(x)) — 2Yo(x) (A.4.4)
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And in the case of the circle problem, the identity:

% (w(x)) = o) (A.45)

is used.
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