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Abstract

This study aims to prove the Riemann Hypothesis and the Generalized Riemann Hypothesis by ex-
tending the Riemann zeta function and Dirichlet L -functions to the elliptic complex domain, based on
a newly constructed system of elliptic complex numbers Cy (A < 0) . The core challenge addressed is the
inherent difficulty in resolving these conjectures within the traditional ”circular complex domain” frame-
work (A = —1); the author posits that a complete proof is unattainable strictly within this conventional
setting.

The primary innovation of this work lies in the formulation of the theory of elliptic complex numbers,
specifically identifying the limiting case as A — 0~ as the key to the proof. Through rigorous deduction,
a bijective correspondence between zeros across different complex planes is established. By employing
proof by contradiction and leveraging the correspondence between Cy (as A — 0) and the circle complex
plane C, the Riemann Hypothesis and the Generalized Riemann Hypothesis are ultimately proven. This
paper is organized into three parts:

(1) Construction and Geometric Properties: The first part details the construction of elliptic complex
numbers and their fundamental geometric properties, laying the necessary foundation for subsequent
analysis and the proof of the conjectures.

(2) Analytic Extension: The second part introduces elliptic complex numbers into mathematical anal-
ysis, deriving numerous results analogous to those in classical complex variable function theory.

(3) Proof of Conjectures: The final part presents the formal proofs of the Riemann Hypothesis and the
Generalized Riemann Hypothesis.
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1 Introduction

In the 1740s, Euler first revealed the connection between prime numbers and functions, establishing the
famous Euler product formula:

C(S)—inls— 11 <1—p18>_1.

pEprime

This formula transformed an additive problem (summation) into a multiplicative one (product over
primes), for the first time building a bridge between prime numbers and analytic functions| ].

In 1859, the 32-year-old Bernhard Riemann, in his seminal paper ”On the Number of Primes Less Than
a Given Magnitude” (originally Ueber die Anzahl der Primzahlen unter einer gegebenen Grisse) | l,
treated the zeta function as a function of a complex variable. He proposed two revolutionary ideas:

(1) Using analytic continuation, the domain of the zeta function can be extended to the entire complex
plane (except for a simple pole at s = 1). This continued function is what is now known as the Riemann
zeta function.

(2) The non-trivial zeros of this analytically continued zeta function determine the precise law governing
the distribution of prime numbers | ]

Riemann’s paper, a mere eight pages long, contains profoundly deep insights and opened up entirely
new paths for research into the distribution of prime numbers. The function ((s) was formally named the
Riemann zeta function in his honor.

1.1 The Formulation of the Riemann Hypothesis

Riemann reached the following conclusion in his 1859 paper: the zeros of the Riemann zeta function ((s)
are divided into two parts:

(1) Real zeros are all negative even integers, i.e., the trivial zeros [ l;

(2) There also exist complex zeros, which are distributed in the critical strip 0 < Re(s) < 1. Actually,
Riemann originally proposed that the non-trivial zeros lie in the critical strip 0 < Re(s) < 1; later
mathematicians refined this conclusion [ ].

In his paper, Riemann presented three propositions | ]
Theorem 1.1. If we define N(T') as the number of non-trivial zeros of {(s) with 0 < Im(s) < T, then

T T T
N(T)~ —log— — —. 1
(T) 27r0g27r 2T (1)

1
Theorem 1.2. If we define No(T) as the number of non-trivial zeros of ((s) on the critical line R(s) = 3

with 0 < Im(s) < T, then
T T T
No(T) ~ —log — — —.
o(T) 27 ©8 27 2w
These were Riemann’s first and second propositions, which seemed so certain to him. However, the first
proposition was only proven 46 years later (in 1905) by the mathematician von Mangoldt | ]. The second
proposition was not proven until nearly a century later (in 1942) by the mathematician Atle Selberg | ]
Combining numerous ”pieces of evidence,” Riemann boldly conjectured: All non-trivial zeros of the

function ((s) lie on the critical line R(s) = = | ].

When the Riemann Hypothesis was first proposed in 1859, it did not immediately create a sensation
[ ]. On one hand, Riemann’s paper was exceedingly brief, with many crucial steps ”omitted from



the proof,” making it difficult for mathematicians of the time to fully grasp its profound implications. On
the other hand, its conclusions were so ahead of their time that some mathematicians even viewed it with

skepticism | ]
However, there was one mathematician who was full of confidence in it, believing that it would be solved
within 50 years. This optimist was Charles Hermite | ]. According to some historical sources on

mathematics, Hermite expressed this view in letters to friends, showing great optimism about the prospects
of the Riemann Hypothesis. History proved him overly optimistic, however, as the conjecture remains
unproven to this day.

In 1900, Hilbert delivered his famous lecture at the International Congress of Mathematicians in Paris,
presenting the influential ” 23 Mathematical Problems” that charted the course for 20th-century mathematical
research | ]. The Riemann Hypothesis was included as part of Problem 8, alongside other number
theory challenges such as the Goldbach Conjecture | ]. Tt was due to Hilbert’s enormous influence
that the Riemann Hypothesis was elevated to an unprecedented status, becoming a towering peak that
mathematicians aspired to conquer [

Today, of Hilbert’s 23 problems, apart from Problem 8, the remaining 22 problems have either been
completely or partially solved, or have been proven to be untenable in certain formulations | , ].
The Riemann Hypothesis has thus become the most influential and perhaps the most difficult unsolved
mystery of all | , ]

In May 2000, the Clay Mathematics Institute (CMI) officially announced the seven Millennium Prize
Problems at the College de France in Paris | , ]. The Riemann Hypothesis was prominently
included in this prestigious list | , , ]

1.2 TImportant Milestones in the Study

Since Riemann first proposed the hypothesis in 1859, mathematicians have engaged in continuous attempts
to prove it [ ]. Here we will list only those results that have played a decisive role, hold significant
meaning, or even represent the current state-of-the-art conclusions .

1.2.1 the Prime Number Theorem

In 1896, Hadamard and de la Vallée-Poussin independently proved the crucial result that the Riemann zeta
function has no zeros on the line #(s) =1 | , ]. From this zero-free region, they were able to prove
the Prime Number Theorem, which describes the asymptotic distribution of prime numbers | IE

w(z) ~ — ~Li(z), x— oo,

where 7(x) denotes the number of primes less than or equal to x, and Li(z) = [, @t is the logarithmic

2 Int
integral function [ ].

1.2.2 The number of zeros on the critical line

In 1905, von Mangoldt proved and obtained the exact formula for the zero-counting function , namely the
Riemann-von Mangoldt Formula | ) ]:
T T T
N(T) = %1 % o +O0(InT).
Furthermore, in 1914, Hardy utilized the function Z(t) = e?*®)¢ (3 +it) to obtain a proof of Hardy’s
Theorem | , |:

No(T) — 00, T — .

1
That is, ((s) has infinitely many zeros on the critical line Re(s) = 3



Of course, at this time, this was still a non-quantitative result. By 1921, Hardy and Littlewood proved
that the number of zeros of the Riemann zeta function on the critical line is at least proportional to the
height T' | ], ie.,

No(T) > T,

laying the foundation for subsequent research on zero-density estimates | , , , ].

1.2.3 Riemann-Siegel formula

In 1932, the German mathematician Siegel discovered an astonishing secret from Riemann’s manuscripts,
which had lain dormant for 73 years | , ]: Riemann not only proposed the hypothesis based on
intuition, but he also personally calculated several zeros, such as 1/2+1414.134 ... and 1/2+41421.028.. ., using
computational methods far ahead of the mathematical community of his time | ]. From these cryptic
manuscripts, Siegel reconstructed a highly efficient formula for computing zeros | ]:

N
_o cos[f(t) — tlnn) + o1/,
T

whose computational complexity is only O(t!/?), far superior to the Euler-Maclaurin formula’s O(t) [ ]
Building upon this foundation, mathematicians have employed an efficient ”double-counting” strategy

[ » Lo24]:

(1) Zeros on the Critical Line: Using the Riemann-Siegel formula, we can compute the sign changes of
the real function Z(t) | ]. Whenever Z(t) changes from positive to negative or from negative
to positive, a zero is captured. In this way, we can count that within the range of imaginary parts
0 <t<T, at least N zeros are found on the critical line.

(2) Total Zeros in the Critical Strip: Using another known mathematical theorem (the argument principle),
we can precisely calculate the total number M of all non-trivial zeros within the rectangular region
{0 <R(s) <1,0<B(s) <T} | ]. This calculation does not depend on the specific locations of
the zeros.

If the number of zeros N found on the critical line in the first step exactly equals the total number M of
zeros in the entire region calculated in the second step, then an irrefutable conclusion can be drawn: Within
this region, all M non-trivial zeros, without exception, lie on the critical line! | ].

In fact, as of 2004, scientists had verified the first 10 trillion zeros, finding that they all lie on the critical
line and are all simple zeros | , , ]

1.2.4 Theorem on the Density of Critical Zeros
In 1942, the Norwegian mathematician Atle Selberg achieved a major breakthrough in the study of the

Riemann zeta function | , ]. Using the mollifier method, he carefully constructed the mollifier
function
w(n) , (1nn
M(s) = 2
(5) W (o).
n<X
where p(n) is the Mobius function and f is a smooth cutoff function | ]. The parameter X is chosen

optimally as a power of T
Using this mollifier function, Selberg further constructed the core inequality [ , ]:
T 1 1 2
[(he(tea)e(bea)fanr
0 2 2




where the notation > T means that the left-hand side is at least a constant multiple of T for sufficiently
large T
From this inequality, Selberg obtained his celebrated theorem | ]: There exists a constant ¢ > 0 such
that
No(T) > ¢+ N(T),

where N (T') is the total number of non-trivial zeros with imaginary part between 0 and T, and Ny(T) is the

number of such zeros lying on the critical line R(s) = 3

This result was revolutionary because it was the first time mathematicians could prove that a fixed
positive percentage of zeros (not just infinitely many) lie on the critical line | ]. Selberg’s original
constant ¢ was very small, but subsequent work by Levinson, Conrey, and others has significantly improved
this proportion | , , .

In 1974, Norman Levinson achieved a major breakthrough in the study of the Riemann zeta function
[ , ]. Building upon Selberg’s mollifier method, he proved that more than one-third of the non-

1
trivial zeros lie on the critical line R(s) = 3 [ , ]

Levinson considered a deformation of the £ function [ ]:
1 1,
1(s) = 3(s) ~ 5€(5).
where £(s) is the Riemann xi function, defined as £(s) = 3s(s — )7~/ (£) ((s) | ].

Using the mollifier function
1
M = ¥ M (1= 1)
ns Iny

n<y

with y = T? for some 6 > 0, he constructed two core integrals | ]

T 1 1
I = — 4t | M| =+t
[ le(rie)a (3+0)

r /. TN\, /1 1

and obtained the key inequality

2
dt,

No(T) 1 ( I

>1—=In|l — 1
v =1 7 () e
where R is a parameter related to the choice of y | ].
Through precise estimates of the integrals I and J, Levinson proved that
No(T)
N(T)

> -+ o(1),

1
3
and with more careful calculations, he obtained the numerical value 34.74%.

This result improved significantly upon Selberg’s earlier work, which had only established the existence
of a positive proportion without giving a specific numerical value | ]. Levinson’s work opened the door
for subsequent improvements by Conrey and others | , ]

No(T) _ 2
In 1989, Conrey significantly improved this result to liminfp_, ]\? ((T)) > F = 40%; In 2020, Pratt,
Robles, Zaharescu, and Zeindler further raised it [ , ] to > 7~ 41.67%.

In summary, this is the Critical Line Density Theorem: At least 41.67% of the zeros lie definitively on
the critical line, and this portion of zeros is of the same order as the total zeros.



1.2.5 Ingham Bound

In 1940, Albert Ingham proved the classical result on zero-density estimates, known as Ingham’s Theorem

[ ; J:
3(1—o0)
———to(1) 1
N, T)<T 2-0 , §<O'<1,T—>OO,
where N(0,T) := #{p=08+iv:({(p) =0,8 > 0,0 < v < T} is the zero-density function | , ].

For o = 1 in particular [ 1,

N(iT)«Tf”) T - co.

The Ingham bound is a foundational result in zero-density estimates, used to control the number of zeros
1
that may deviate from the critical line o = 5 [ ]. This bound remained essentially unimproved for over

80 years | , ].

In 2025, MIT mathematician Larry Guth and Oxford mathematician James Maynard (2022 Fields Medal-
ist) published a paper achieving the first substantial improvement to the Ingham bound | , 1,
obtaining the Guth-Maynard Theorem:

30(1 — o)

—+o(1
NeoT) <7 13 Y

3
For 0 = - in particular, this improves the exponent to
4

15
N <3 T> « 726 Y & 0577 +o(1)
4’ )

which is superior to Ingham’s 3 =0.6 [ , ].

The Guth-Maynard result represents the first substantial progress on zero-density estimates since Ing-
ham’s original work | , ]. The key innovation lies in deriving new bounds for Dirichlet polynomials,
which in turn control the large values that lead to improved zero-density estimates | .

1.3 Comparative Study of Leading Research Approaches

From the perspective of analytic number theory, mathematicians can directly improve zero-density estimates,
gradually pushing the proportion

. No(T)
w= it )
towards the ultimate goal of 100% | , ]. The current best result is x > 0.4173 obtained by
the Levinson-Conrey method [ , , ]
However, the limit of current methods is approximately 50-60% | , ], and even advancing by

a small fraction may consume decades or even centuries of research effort from the academic community
[ ]. Even if new methods could be found and eventually push the result to 99%, the final 1% might still
be an insurmountable chasm [

In fact, even if one could push the result to 100%, i.e., prove that 100% of zeros lie on the critical line,
this Would not be equivalent to proving the Riemann Hypothe51s [ , ]

This is because one would still need to exclude the possibility of exceptional zeros at infinity; such zeros
could exist at least one, or even infinitely many | , ]. Current methods cannot eliminate ”sparse



but infinite” zeros deviating from the critical line, and therefore entirely new nonlinear or global methods
are needed to provide a solution | , , ].

The distinction between ”7100% in density” and ”all zeros” is crucial: density results only control the
proportion of zeros up to height 7', but they do not rule out the existence of a sparse set of zeros off the
critical line that grows more slowly than N(T') | ]. Such a set could still contain infinitely many zeros,
each of which would be a counterexample to the Riemann Hypothesis | ]

Beyond the classical analytic methods, several profound alternative approaches to the Riemann Hypoth-
esis have emerged, drawing connections to algebraic geometry, noncommutative geometry, random matrix
theory, and quantum physics [ , , ]

1.3.1 The Algebraic Geometry Analogy: Weil Conjectures

Another direction is the algebraic geometry analogy, namely seeking possible proof patterns over number
fields through the Weil conjectures over finite fields | , ]. The Weil conjectures over finite fields
were proved by Deligne in 1974 | ], and the Riemann hypothesis part of the Weil conjectures is precisely
the Riemann hypothesis over finite fields [ ]

However, it should be noted that although Deligne’s proof represents the pinnacle of 20th-century mathe-
matics, the essential differences between number fields and finite fields make generalization extremely difficult
[ ]. This is the fundamental difference between characteristic p and characteristic 0, and the Frobenius
endomorphism has no direct analog in number fields | , ].

1.3.2 Noncommutative Geometry: Connes’ Approach

Another promising direction is noncommutative geometry, which transforms number-theoretic problems
into space-spectrum problems | , ]. Connes conjectured a global trace formula, which is the
sum of contributions from local trace formulas; this conjecture is equivalent to the Riemann hypothesis

[ , .

Currently, the local formula has been rigorously proved, but the convergence of the global summation
remains unresolved | , ]. It can be seen that Connes’ method provides the deepest conceptual
framework, but the technical details are not yet complete. This may require the development of new tools
beyond current noncommutative geometry | , ].

1.3.3 Random Matrix Theory

In fact, random matrix theory is also a promising approach to studying the Riemann hypothesis [ ,
]. Mathematicians use GUE eigenvalue statistics to predict zero distributions and seek deeper struc-

tures | ) ].
However, although random matrix theory provides powerful heuristic evidence, it has not yet provided a
rigorous path to proving the Riemann Hypothesis | , ]. This is because the statistical correspon-

dence may be a ”coincidence” or "universality” phenomenon, lacking a bridge from statistics to determinism

[ J

1.3.4 The Hilbert-Pdlya Operator

Another intriguing research direction is the Hilbert-Poélya operator method, whose core strategy is to find a
self-adjoint operator H whose eigenvalues correspond to the zeros of the ¢ function | , ]. Scientists
hope to construct a concrete quantum Hamiltonian operator and prove a one-to-one correspondence between
its spectrum and the zeros; if the operator is self-adjoint, this could further prove the Riemann hypothesis
itself | ) ]

Although this method promises that finding the Hilbert-Poélya operator would immediately prove the
Riemann hypothesis, no concrete construction has yet been achieved | ]. Moreover, this approach lacks
a rigorous correspondence from classical chaos to quantum spectra, requiring an entirely new quantization
framework | , ].



These diverse approaches—algebraic geometry, noncommutative geometry, random matrix theory, and
quantum physics—each offer profound insights into the Riemann hypothesis | , , ]. While
none has yet provided a complete proof, they continue to inspire new mathematical developments and deepen
our understanding of the connections between number theory and other areas of mathematics and physics

[ ; I

1.4 the Undecidability of the Riemann Hypothesis

In fact, there is a view, which is not mainstream in the mathematical community, that the Riemann Hy-
pothesis (RH) is unprovable. The core idea of this view is that if RH is unprovable, then it must be true.
This makes it a potential candidate for the most dramatic instance of Gédel’s Incompleteness Theorems in
number theory.

Godel’s Incompleteness Theorems state that in any sufficiently powerful axiomatic system that contains
basic arithmetic such as ZFC , there exist propositions that can neither be proven nor disproven i.e., ”inde-
pendent” propositions . The history of mathematics indeed contains important number-theoretic statements
that have been proven independent . For example , the Continuum Hypothesis is independent of ZFC, but
is not an arithmetic statement; while Goodstein’s theorem and the Paris-Harrington theorem are arithmetic
statements independent of the Peano axioms but provable in ZFC . This invites speculation about whether
RH might also be independent of ZFC.

Gregory Chaitin, the founder of algorithmic information theory, is one of the most prominent mathe-
maticians to publicly discuss the idea that the RH might require new axioms.

Chaitin argues that the distribution of prime numbers exhibits a certain ”randomness” (pseudo-randomness).
In his books and papers, he proposes that the truth of RH may stem from this arithmetic randomness, which,
to some extent, resembles the intrinsic randomness of quantum mechanics and cannot be fully captured by
a finite, deterministic axiomatic system | , ]. He speculates that proving RH might require in-
troducing "new axioms,” analogous to physical laws, or acknowledging that certain mathematical facts are
”accidentally true” rather than logical necessities.

Yuri Matiyasevich proved the undecidability of Hilbert’s Tenth Problem (the solvability of Diophantine
equations). He demonstrated how to transform RH into a question about the existence of solutions to
a massive Diophantine equation. Matiyasevich suggests that since the general problem of Diophantine
equations is undecidable, a specific, extremely complex equation (such as the one corresponding to RH)
might also be undecidable within the current axioms | ,

As one of the leading figures in contemporary analytic number theory, Brian Conrey holds a more
pragmatic attitude towards RH but also acknowledges this possibility. In his renowned survey article, he
points out that while the numerical evidence overwhelmingly supports RH, we cannot rule out the possibility
that it is unprovable in ZFC. If RH were undecidable, it would be a groundbreaking discovery because it
would mean RH is true (as argued above), but we could never prove it within our existing framework | ]

The idea that RH might be unprovable is a fascinating philosophical possibility and a logical fallback,
especially in light of the long-standing failure to find a proof. It serves as a reminder that our system of
axioms might be insufficient to capture all mathematical truths. However, in practical research, this is more
of a ”last resort.” The current direction of effort remains focused on finding new mathematical tools (such
as noncommutative geometry, random matrix theory, and new developments in algebraic geometry) to prove
it, rather than proving its unprovability.

1.5 Research Objectives

Regardless of perspective, we must first reach a consensus: it is impossible to obtain a complete proof of the
Riemann Hypothesis using only the basic tool of complex numbers.

In fact, looking back at the history of mathematicians’ research on the Riemann Hypothesis, we can
observe the following fact: ever since Riemann introduced the ¢ function into the complex domain, studied
the zero distribution of the function, and proposed formula 1 and the Riemann Hypothesis, mathematicians
have become inextricably trapped in the path suggested by Riemann’s formula 1 , embarking on the so-called
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research journey. However, following this direction, our research is doomed to fail. As analyzed in Section
1.3 , a proof of the Riemann Hypothesis itself is still considered 'miles away’ even if the results are optimized
to their theoretical limit . Although it is undeniable that the new tools developed during this research may
advance the field of mathematics, I believe that no matter how much progress we make in this direction, it
is ultimately meaningless for the Riemann Hypothesis itself.

Although scientists have attempted to find other possible directions, such as using new methods like
random matrix theory to study the Riemann Hypothesis, these efforts are largely approached in a spirit of
?verification” rather than proof itself. Such approaches seem more like an act of helplessness when unable
to find a genuine proof.

Returning to the very beginning of Riemann’s work, i.e., ”introducing the ¢ function into the complex
domain,” it might be considered to expand the complex domain, finding algebraic systems parallel to the
complex domain, studying the zero distribution of the ¢ function in these algebraic systems, and thereby
gaining insight into the essence of the Riemann Hypothesis as a whole?

This is the fundamental research approach of this paper. No argument is made regarding whether the
Riemann Hypothesis is provable in the complex domain; instead, algebraic systems with properties similar to
those of the complex domain—namely, elliptic complex numbers—are directly constructed . Subsequently,
the geometric, algebraic, and analytic properties of elliptic complex numbers will be investigated, given their
role as essential foundational material for the proof of the Riemann Hypothesis . It should be noted that
elliptic complex numbers do not refer to a specific algebraic system, but rather a collection of algebraic
systems with properties analogous to complex numbers. In a sense, all elliptic complex numbers, inclusive
of ordinary complex numbers, would be regarded as ’variables’ within the scope of this study.

Regarding the proof of the Riemann Hypothesis, this paper will investigate the correspondence of the
zero distribution of the Riemann ¢ function across the complex planes corresponding to all elliptic complex
numbers. From this correspondence, we discover that on one particular complex plane, the Riemann Hy-
pothesis is ”self-evident,” and this naturally corresponds to all other complex planes, ultimately providing a
proof of the Riemann Hypothesis.

Of course, the proof of the Generalized Riemann Hypothesis will also be presented at the end using the
same method .

11



2 Elliptic Complex Numbers and Their Geometric Significance

As a special kind of algebraic system, complex numbers are introduced out of necessity when solving algebriaic
questions in the 16th century]| , ].In the mid-16th century, the Italian mathematician Cardan,
when solving cubic equations in 1545, first conceived the idea of taking square roots of negative numbers
[ , ]. To make square roots of negative numbers meaningful, it was necessary to extend the number
system once again, thus introducing the imaginary number v/—1. Euler systematically established the theory
of complex numbers in 1777, using i to replace v/—1 as the unit of imaginary numbers | , ].

In fact, in a broad sense, mathematicians have discovered (invented) three types of binary numbers:
complex numbers (hereafter referred to as circular complex numbers to distinguish them), hyperbolic complex
numbers (hereafter referred to as equilateral hyperbolic complex numbers to distinguish them), and dual
numbers [ , , ]. Remarkably, all three types of complex numbers satisfy the commutative
law and associative law of multiplication; however, only circular complex numbers form a division algebra,
while equilateral hyperbolic complex numbers and dual numbers are not divisible | , , ].

This chapter will construct a series of generalized binary complex numbers and study their algebraic
properties and underlying geometric properties .

2.1 Construction of Generalized Complex Numbers

Based on the three types of binary numbers given by mathematicians |
construction of generalized binary complex numbers | , , ]

, , ], we present the

Definition 2.1 (Generalized Complex). ForVz,y € R, a number of the form z = x+iy is called a generalized
(binary) complex number, where i satisfies

ii=i2=X, MeR.

The set of all generalized complex numbers is denoted by Cy [ , ]. Here x is called the real part of
z, and y is called the imaginary part of z.

In particular, when A = 1, this corresponds to equilateral hyperbolic complex numbers; when A = —1,
this corresponds to circular complex numbers; when A = 0, this corresponds to dual numbers | , ]

The addition and scalar multiplication operations of generalized complex numbers are defined as follows:
Let z; = x1 +iy1, 220 = 22 +iy2 € Cy,

21 4 20 = (21 + 22) +i(yr +y2), k2= kxy +i(ky), keR

Two generalized complex numbers z; and 29 are equal if and only if their corresponding real and imaginary
parts are equal, i.e.,
21 = Z2 <= 1= T2, Y1 = Yo.

Thus we have the zero element of generalized complex numbers
0:=21 — 23 := (21 —x2) +i(y1 — y2) = 0+ 40.

If the imaginary part of a generalized complex number is 0, i.e., z = x, then it is a real number; if the real
part of a generalized complex number is 0, i.e., z = iy, then it is called a pure generalized complex number,
or pure imaginary number [ , ]. These definitions are consistent with those of circular complex
numbers | ,

2.2 Operational Rules of Generalized Complex Numbers

This section mainly discusses the rules of multiplication. The rules of addition, through the definitions of
addition and scalar multiplication given above, can easily be seen to satisfy associativity, commutativity, and
distributivity with respect to real numbers; division operations will be discussed subsequently [ , ]

12



From Definition 2.1, we obtain the multiplication operation of generalized complex numbers | ,

]

2129 = X102 + A\y1y2 + i(T1y2 + T2y1)

T Ay |2
Yo 1] |¥2

= [1’2 )\y2‘| [$1‘| = Mé(ZQ)Zl

Y2 T2 Y1

= Mg(zl)ZQ

(2)

where (z,y)7 is the vector form of generalized complex numbers, and
1 Ay : T2 Ay
M;(z1) = [ ]  My(z2) = [ ]
Y1 Y2 X2

are called the multiplier matrix and inverse multiplier matrix with respect to the product zjzs, respectively

[Li25, I
It is easy to see that the multiplication operation of generalized complex numbers satisfies associativity
and commutativity | ) ]. This is because

Z921 = M2(21)22 = MQ(Zl)ZQ = Z1%2, V,Zl, ) S (C)\

in view of Equation 2, so commutativity holds. On the other hand,

Mg(zl)Mé(zz) _ [171 /\?Jl] [562 Ayz} _

Y1 T Y2 T2

T1To + A\Y1y2  AT1Y2 + Ay1To
T1Y2 + Ay1T2 Ay1y2 + 2122 ’

Mé(ZQ)MQ(Zl) _ [552 Ayﬂ [3«“1 Ayl] _

Y2 i) Y1 xr1

T1%2 + AY1y2 AT1Y2 + Ay122
T1ye + Mprz2 Ayiye + 13a |
50 My (21)My(z) = My(z3)Ma(z1), V21,2 € Cy, and thus associativity holds | , |-

Furthermore, it can be determined that generalized complex numbers satisfy the distributive law of
multiplication [ ) ].

2.3 Elliptic Complex Numbers

In comparison, we prefer the most familiar real numbers, so no matter how complex the algebraic system
we encounter, we tend to find the simplest mapping from that algebraic system to the real numbers | ,
]. Thus,

Definition 2.2 (Conjugate Complex Number). Let z = x+1iy € Cy, then z* = x — iy is called the conjugate
complex number of z [ , /.

Obviously,
22" = 2% — M2

Definition 2.3 (Norm). Let z = x +iy € Cy, then N(z) = zz* is called the norm of the complex number z,
i.e.,

N(2) = 2% — \y% (3)
When A < 0, we always have N(z) > 0, and in this case |z| = y/N(z) is called the modulus of the
complex number z | , ]. In this case, let A = —p, from Equation 3 we obtain
22 o2
=1 .
Ne) Trm b PO
P
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This equation represents an ellipse, showing the geometric interpretation of generalized complex numbers
with A <0 [ , ]. Tt can be seen that this is a general equation of an ellipse, whose eccentricity is

J1=L p>1
e= P . Substituting p = —\ gives

1
Ji-1 0<p<i

1
= ]_ — . 4
e ‘ + )\‘ 4)
When A = —1, which corresponds to circular complex numbers C, the eccentricity e = 0 | , ].

Therefore, we have the following definition:

Definition 2.4 (Elliptic Complex Numbers). In general, generalized complex numbers with —oo < A < 0
are collectively called elliptic complex numbers [ , /.

This classification unifies the geometric interpretation of generalized complex numbers with negative A
values, with the special case A = —1 corresponding to the familiar circular complex numbers (ordinary
complex numbers) | , ]

When A > 0, from Equation 3 we see that its norm is not positive definite [ , ], and its norm
corresponds to

which is the equation of a hyperbola | , ], with eccentricity consistent with Equation 4. The
equilateral hyperbolic complex numbers C, 1 correspond to A = 1, with eccentricity e = v/2, taking the form
of an equilateral hyperbola | , .

In general, generalized complex numbers with 0 < A < 400 are collectively called hyperbolic complex
numbers | , ]. Obviously, hyperbolic complex numbers cannot represent points on the asymptotes
z = +v/Ay in the complex plane, because the norm (or modulus) of points on these asymptotes is zero; this is
precisely the geometric reason why hyperbolic complex numbers do not form a division algebra | , ].

To distinguish between them, we stipulate that the imaginary unit for elliptic complex numbers is denoted
by 4, so they take the form

z=xz+iyeCy (A<0);
and the imaginary unit for hyperbolic complex numbers is denoted by j, so they take the form
z=xz+jyeCyx (A>0).
Subsequent research will mainly focus on the more ”perfect” elliptic complex numbers, as they possess
positive definite norms and form division algebras, making them more suitable for various applications.

2.4 Euler’s Formula for Generalized Complex Numbers

One might doubt whether the generalized complex numbers defined in this way are meaningful | ,

]. Next, we will further explore the algebraic properties of generalized complex numbers and reveal
more of their elegant properties | , ]. Using methods similar to those for complex numbers (i.e.,
circular complex numbers), we have the following conclusion.

Proposition 2.5 (Euler’s Formula). Let ¢ € R, and i = -\ = —¢?, ¢ € R*, then we have

e = cos(gp) + ! sin(qy),
q

where e is the base of the natural logarithm, and sin @, cos @ are the sine and cosine functions of 0, respectively

[Liz5, J
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Proof. From the Maclaurin series expansions | , ], we have

2 n

© _ T L n
SR TR T I Gl
e ozt af n " 2n+1
COSQE:I_§+I_E+"'+(_1) (2n)!+0($ ).
Thus it follows that
o =14 (i) PN Gl o((iv)")
T n! v
(g0)* | (g9)*  (g9)° (gp)*" 2nt1
=1—- — - —1)" n
TR o T U Tl ™)
i [lap)  (a9)®  (a9)®  (q9)7 n (gp)* 2n42
Z _ — e (=1
L T T o T T D gy el ™)
i
= cos(qyp) + asm(qw),
which proves the proposition [ , ] O

Similarly, this leads to the following results | , .
Proposition 2.6 (Hyperbolic Euler Formula). Let ¢ € R, and j?> = X\ = ¢%, ¢ € R*, then it gives
¢/ = cosh(qp) + 2 sinh(gy),
q

where e is the base of the natural logarithm, and sinh @, cosh @ are the hyperbolic sine and hyperbolic cosine
functions of 0, respectively [ , /.

Corollary 2.7. From the meaning of scalar multiplication of elliptic complex numbers and Proposition 2.5,
we deduce

. 1
e* ="t = ¢ <cos(y) +i= sin(y)) .
q
This is Euler’s formula in the generalized sense for elliptic complex numbers [ , /.

Following the same procedure, it follows that
. 1
e* =TI = ¢ (cosh(qy) + - sinh(qy)) ,
q

which is Euler’s formula in the generalized sense for hyperbolic complex numbers | , ].
Proposition 2.8 (Exponential Additivity). Let 21,22 € Cx, A <0, then e*1e*2 = e*1 1722,
Proof. Let zy = x1 + iy, 22 = x2 + ty2. Then from Corollary 2.7 | , ] we conclude that

e?le?2 — P11 T2 tiy2

z1 1 sin €2 | cos Z1 sin
—e (cos(qyl) + Zq (qy1)> ( (qy2) + p (qy2)>
= e"+72 [(cos(qyn) cos(qyz) — sin(qy1) sin(qyz))
—H%(sin(qyl) cos(qyz) + cos(qy1) sin(qyg))}

_ oo [cos<q<y1 ) i sina(on + yz»]

— eT1tT2 ei(y1 +y2)

= eTitmati(yitys) — ozt
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Hence proving the proposition | , ]. O
In the same way, for 21,25 € Cy, A > 0, it leads to e*1e*? = e*1 722 | , ]. Furthermore,
Corollary 2.9. From Proposition 2.5 and Proposition 2.8, we can arrive at the multiple-angle form of
Euler’s formula for elliptic complex numbers [ , ], namely,
(39) . :
e'\«?) = cos(ny) + —sin(ny), n € N™.
q
Analogously, it follows that

(59) = cosh(ng) + J sinh(np), n e N*.
q

From Corollary 2.9, we easily obtain [

: ]
e%WJrl:O, i’ = —¢%, q € R, (5)
where, when ¢ = 1, Equation 5 becomes the most beautiful mathematical formula in the eyes of mathemati-

cians | ) ].

2.5 Division Operations for Generalized Complex Numbers
The definition of division operation is obviously based on the multiplication operation [

) }'

Definition 2.10 (Division for Elliptic Complex Numbers). Let z; = x1 + iy1, 20 = z2 + iy € Cx, A < 0.
Define

21 2125 2% 217 A= —p
P - ) 27 -
zo 222y  N(z2) 53— A\yj3

as the division operation for elliptic complex numbers [ , /.

Since N(z) = 0 & z = 0, elliptic complex numbers have no non-zero zero divisors and form a division
algebra [ ) ]. As the same way,

Definition 2.11 (Division for Hyperbolic Complex Numbers). Let z1 = x1 +iy1, 22 = 22 +iya € Cx, A > 0.
Define

21 2125 2125 2125

2 2
== = ;T FNY
2o 2925  N(za) 25— Ay3 2 2

as the division operation for hyperbolic complex numbers [ , /.

It is worth noting that the division definition is meaningless when 52 = Ay,? |
is, from the Euler formula for hyperbolic complex numbers, that it will lead to

, ]. The reason

T9? = Ayo? © sinh(qys) = £ cosh(qyz) & €2 = 0,

which obviously contradicts the fact that Yy € R,e¥2 > 0 | , ].
This explains geometrically why hyperbolic complex numbers do not form a division algebra: there exist
non-zero elements with zero norm lying on the asymptotes z = 4/ Ay, for which division is undefined

[ » I
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2.6 Vectors on the Elliptic Complex Plane

Similar to the circular complex plane C, we define the vector corresponding to the complex number z = x+iy
in the elliptic complex plane Cy as Z = (z,y) [Yag68, Kan89]. For convenience, unless otherwise specified,
in the following we always assume > = A = —¢? .

This vector representation allows us to study elliptic complex numbers geometrically, with the real part
r and imaginary part y serving as coordinates in the elliptic plane [[.i25, Wan25]. The parameter ¢ = +£v/—\
determines the geometry of this plane, with the special case ¢ = 1 corresponding to the ordinary complex
plane C [Yag0(8].

. i

Consider the unit complex number. According to Euler’s formula e** = cos(qa) + — sin(qa), it is easy
q

to see that for a point z = (z,y) in the complex plane C, compared to a point on the unit circle in the
1

circular complex plane C, its abscissa remains unchanged while its ordinate becomes — times the original
q

[Yag68, Kang9]. As shown in Figure 1, here we take |\| < 1 as an example.

2(x,y)

!

- S

Figure 1: Points on the elliptic complex plane C)

anf

It is easy to see that tana = ——. From an ordinary geometric perspective, the modulus of the vector

q
z in the figure is greater than 1, which is the modulus of its corresponding point on the unit circle; however,
in the complex plane Cy, the modulus of the vector z is exactly 1 . Similarly, from an ordinary geometric
perspective, the angle of the vector z should be a, but in C,, its angle is 5 .

Corollary 2.12 (the Angle in the Elliptic Complex Plane). In summary, the angle a in the complex plane
an 3

t
Cy, when measured in the ordinary geometric sense, is 3, and they satisfy tana = —— .
q
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Consider two vectors z1, zo in the complex plane C,. Their angles in the ordinary geometric sense are
B1, B2 respectively, while their angles in Cy are oy, as respectively | ]. Then it follows that

tan 31 - tan 39 tan 31 - tan 5o
tan g - tanag = 5 = — \ .
q

Thus when the angle ||31 — 2] is 7/2, it follows that

tanaq - tanag = 3 (6)

This relationship shows how orthogonality in the elliptic complex plane Cy (with angle 1, 52 having difference
m/2) translates to a specific product relationship of the ordinary geometric angles oy, as | , ]

2.6.1 Length and Angle of Vectors on the Elliptic Complex Plane

In order to correctly describe vectors in the complex plane C, corresponding to the definition of elliptic
complex multiplication [ , ], we can introduce the following definitions.

Definition 2.13 (Inner Product). Let d = (ag,a,) and b= (b, by) be two vectors in the complex plane Cy.
Define .
@-b=azb, +q*ayb,

%
.
o I

as the inner product (or scalar product) of @ and b in Cy [ , |. Furthermore, define |a| =
as the modulus (length) of the vector @ [Li25, /.

By the same token,
Definition 2.14 (Vector Angle). Define the angle 0 = (@,b) between @ and b in Cy by

@-b=|a||b| cos 6. (8)

Now let us analyze the reasonableness of this definition . Let the angles between the vectors @, b and the
positive direction of the X-axis in the coordinate system corresponding to the elliptic complex plane C, be

a, 3 respectively | , ]. Then when |a| # 0, |5| #0,
. Qy by . by
cosa=—-, sina=¢q—; cosff=—=, sinf=qg—=. (9)
| | 1b| 1b|

Obviously, Equation 9 satisfies the trigonometric identity cos?  +sin®6 =1 | , ]. Furthermore,

from Equation 7 it is easy to obtain the unit vectors of @ and b as
., sin «v . sin 8
€y = | cosa, , €p=|cosp, . (10)
q q

According to Equation 8 combined with Equation 7, we have cos 6 = cos(€,, €,) = cos « cos S+sin asin 3,
that is

cos(aw — 8) = cosacos B + sinasin 3.

This is consistent with the result in trigonometric identities | ]. Tt can be seen that such a definition is
reasonable.

Based on Equation 6, the vectors 7 = (z,y) and 7 = (—¢?y, z) in the complex plane C, are perpendicular
to each other | ]. In this case, from Definition 2.13 we know that -7 = 0, thus we have the conclusion:

Proposition 2.15 (Vector Perpendicularity). In the elliptic complex plane Cy, two vectors c‘i,g are perpen-
dicular to each other < @-b=0 [ , /.

This result is the same as the conclusion in the circular complex plane C, which further demonstrates
the reasonableness of the above definition | , ]
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2.6.2 Right Angles on the Elliptic Complex Plane

As mentioned above: from an ordinary geometric perspective, the angle of the vector @ should be «, but in
C,, the magnitude of this angle a is 8 [ , ]. The angle between two vectors in the complex plane
C, defined above is precisely the magnitude 8 of o in C) | , ]. Now we determine the value of
the aforementioned « in the ordinary geometric sense, i.e., the value of « in the circular complex plane C,
denoted as ¢ [1i25, ].

For the unit vectors d., be in Equation 10, their angle in C satisfies

cos acos 3 + sin asin 3/¢?
\/(3052 o + sin? cu/qQ\/cos2 B+ sin? B/¢?

Based on Equation 11, when cos 3 = cosa, i.e., 8 = a + 2km, it can be shown that cosf¢c = 1. This means

(11)

cosfc =

Corollary 2.16 (Invariance of Straight Lines). Assuming A1 # A2, a straight line in the complex plane Cy,
remains a straight line in the complex plane Cy,,; that is, the geometric property of being a straight line is
invariant between complex planes [ , .

If the vectors d., be are mutually perpendicular in the elliptic complex plane C,, then from equation
(1.18) we know that cosacos 8+ sinasin g =0 | ]. Substituting this into Equation 11 yields

1-— 1/q2
VAl 11y JHE 11

It can be seen that even for two vectors d., 56 that are mutually perpendicular in the complex plane C,,
their angle in the circular complex plane will vary with changes in « or § | , ]. Therefore it leads
to

cosfc =

Corollary 2.17 (Non-Congruence of Right Angles). In the complex plane Cy with A # —1, the aziom that
all right angles are congruent” does not hold [ , ).

This result highlights a fundamental difference between elliptic complex geometry (with A # —1) and
Euclidean geometry: while straight lines remain straight under the transformation between different A planes,
the measure of angles, particularly right angles, is not preserved in a uniform way | , ].

In fact, when cos 8 = sinq, i.e., 8 = a 4+ 7/2 + 2k7, Equation 11 transforms into | , ]

(12)
In this case, if |¢|] # 1, cosf. is not identically zero, meaning 6. is not identically equal to 7/2 + km
[ : :

It is well known that one of the five postulates of Euclidean geometry states: ”All right angles are
congruent to one another” [ , ]. Clearly, the geometry corresponding to elliptic complex numbers

does not satisfy this postulate | , ]. This result demonstrates that the geometry induced by the
elliptic complex plane Cy with A # —1 (i.e., |¢| # 1) is non-Euclidean | , ].

2.7 Geometric Significance of Elliptic Complex Numbers

For a point A(z,y) in the elliptic complex plane Cy, let the coordinate origin be O | , ]. Then
the corresponding vector is OA = x + iy, with i2 = A\ = —p | , ]. Now consider the vector

O?:i(?ﬁl:i(x—i—iy):—py—i—ix,
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so the coordinates of point B are B(—py, z) | , ]. As a result,

1 1
koa -kop=(-1)x —=—
04 kop = (—1) » N
which yields the same result as Equation 6 [ ]. In particular, if we set y = 0, then A is exactly a point

on the positive X-axis, and B is exactly a point on the positive Y-axis. It can be seen that when A # —1,
the angle between the positive X-axis and the positive Y-axis in the complex plane C) is no longer a right
angle | ]. Consequently,

Corollary 2.18 (Non-Rectangular Coordinate Plane). When A # —1, the complex plane Cy describes points
on a non-rectangular coordinate plane [ , .

SN )
Furthermore, consider the vector O? - 104 = —qy + Yo [ , ]. Obviously, in the complex
q

q
plane Cy, we have OC 1L OA and |O?| = \WH =z?+ ¢%y? | ) ]. Consequently,

Corollary 2.19 (Orthogonal Equal-Length Vectors). Two vectors d, b in the complex plane Cy are mutually
orthogonal and of equal length if and only if

a+-b=0.

K| .

This is the geometric interpretation of the correspondence between a complex number (or vector) z and

the complex number (or vector) 2 in the complex plane Cy, | , ]
q

2.7.1 Normal Ellipse

Just as the definition of a ”circle” in the circular complex plane C, we also need to find analogous geometric
elements in the elliptic complex plane Cy | , ].
From the definitions of norm and modulus for elliptic complex numbers Cy, A = —p = —¢? < 0, we have

[Ulr23, ]

.TQ y2 I2 yQ
=1 <— —
NG @ EEl (=)’
z =l

q

)

whose geometric interpretation is an ellipse centered at the coordinate origin in the complex plane [
z
]. When 0 < |g| < 1, the semi-major axis length of this ellipse is m = |, and the semi-minor axis
q

length is n = |z|; when |¢| = 1, this ellipse degenerates into a circle with radius r = |z|, which is the geometric
interpretation of circular complex numbers; when |¢g| > 1, the semi-major axis length is m = |z|, and the

)

z
semi-minor axis length is n = :| [ , ].
q
This type of ellipse, which can define the norm or modulus in the complex plane C,, possesses very
essential characteristics | , ]. To fully characterize this geometric element, we first give the

following definitions:

Definition 2.20. When 0 < |q| < 1, the direction of the minor axis of the ellipse is its principal azis
direction, and the direction of the major axis is its secondary azis direction; when |q| > 1, the direction of
the major axis of the ellipse is its principal axis direction, and the direction of the minor axis is its secondary
azis direction [ , /.

Definition 2.21. The length of the major axis (or minor axis) in the principal azxis direction is called the
principal axis length of the ellipse. Half of the principal axis length is called the principal radius [ /.
An ellipse with principal radius 1 is called the unit ellipse [ /.

20



Combined with Equation 4, The following definition is established.

Definition 2.22 (Normal Ellipse). In the complex plane Cy, if an ellipse has eccentricity satisfying e =

1

1+ Y and its principal axis direction is parallel to the X -axis, then this ellipse is called a normal ellipse
m (C)\ / B /

In particular, the normal ellipse of the circular complex plane C is a circle | ]. Unlike circles in the
circular complex plane C, normal ellipses in the complex plane Cy have directionality [ , ]. When
A # —1, a normal ellipse in Cy, if rotated slightly, is no longer a normal ellipse [ ].

2.7.2 Representation of Normal Ellipses on the Complex Plane
We know that the equation of a straight line in the plane in real coordinates is | , ]
l:ax+by+c=0, a,b,ceR.
) z+ 2" z—2z" z—2z" .
Let z=ax4+iy € Cy, A=—p<0] , ]. Then x = 5 YT T T T - 4. Hence it
¢ p

leads to the complex equation of a straight line | , ]

— b 1

[ Z+pa—|—z Z*+c=0,

2p 2p

that is
[:8%2+Bz"+~v=0, yeR,
pa ~+ ib .. . . . . L
where 8 = 5 € Cy. This is the equation representation of a straight line in the elliptic complex plane
p
[ ; I
Now we discuss the representation of a normal ellipse in the complex plane | , ]. Since

|z — 20 = (2 — 20) (2" — 28) = 22" — 2% 29 — 225 + 202
= (&% +p%y") + (25 +p"0)
— (@ +iy)(wo — o) + (z — iy) (o + iyo)]
= (¢ —20)” +1°(y — %0)°,

S0 |2 — zp| represents a normal ellipse centered at zo = (0, yo)? [1i25, ].
Let a normal ellipse in the complex plane be |z — 29| = s. Squaring both sides and expanding gives

—22* 2+ 252+ (8% — 2025) = 0.
That is, the equation of a normal ellipse in the complex plane C, is
C:azz"+ 82+ 82"+7=0, a,7 €R, B €C,,

where when a = 0, the equation degenerates into the form of a straight line equation [ , ].
Therefore, the normal ellipses and the straight lines in the complex plane are unified, with a straight line
being a normal ellipse with infinite principal radius [ , ].

2.7.3 Limiting Cases of Elliptic Complex Numbers
Proposition 2.23 (Conjugate Equality in the Limit). Let z € Cy. Then when A — 0, we always have

z¥=z/ ,
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Proof. Since z can be written as z = Re® | ) ]. When R = 0, clearly z* = z holds [[.i25]. When

R #0,if A = —¢?> — 0, then according to Euler’s formula on the elliptic complex domain | 1,
R hm [cos(2¢f) + isin(2¢f)] = 1 + 246,
z* A-0-
where because |z/z*| = 1, it yields z/z* = 1, which proves the proposition | , ]. O

From this, we can see

Corollary 2.24 (Oblique Coordinate Plane). When A — 0, the corresponding complex plane represents
an oblique coordinate plane where the angle between the positive Y -axis and the positive X -axis tends to 0

[Yag68, Li25].

It should be noted that, as shown in Figure 2 , the angle tending to 0 does not mean that the X-axis
and Y-axis coincide | , ]. The region between the positive X-axis and the positive Y-axis, as
shown in (1) of the figure, still contains infinitely many points [ , ], and there is a one-to-one
correspondence with the points in the region between the positive X-axis and the positive Y-axis in the
orthogonal plane shown in (2) of the figure [[.i25, ]

0 x @} xr

1) (2)

Figure 2: The geometric significance of the complex plane Cy (A — 0)

Note that if a = g, then Equation 12 gives cosf. = 0, i.e., 0, = g, corresponding to case (2) in Figure
2 , ].

Furthermore, the geometric interpretation of the complex plane C) as A — oo is shown in Figure 3
[ , ]: the corresponding complex plane represents an oblique coordinate plane where the angle
between the positive Y-axis and the positive X-axis tends to 7 | , ].

In fact, it is difficult to determine the exact angle between the positive Y-axis and the positive X-axis
for the coordinate system corresponding to each complex plane Cy | , ]. What we can determine
is that as A — 0, the plane C, reaches a ”"sufficient limit” that allows us to glimpse the essential properties
within the ”black box” of elliptic complex numbers | , ].

The two limiting cases, A — 0 and A — oo, represent extreme geometric configurations where the axes
become nearly parallel (angle approaching 0) or nearly opposite (angle approaching 7) | , ]. These
limits help illuminate the fundamental nature of elliptic complex geometry.

2.8 Conclusion

It should be noted that mathematicians have already given certain special ”elliptic complex numbers” in
the algebraic sense, such as the integral domains Z[v/—5|, Z[v/—3], etc., as well as imaginary quadratic
fields k = Q(\/&), where d is a negative square-free integer. However, mathematicians tend to study the
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(1) (2)

Figure 3: The geometric significance of the complex plane Cy (A — oc0)

algebraic properties corresponding to these special ”elliptic complex numbers,” and even more so, to explore
the properties of divisibility at present .

In a sense, this behavior of mathematicians is more like studying the discrete mathematical structures
of "elliptic complex numbers.” But the Riemann Hypothesis itself belongs to the realm of analysis. We
naturally hope to construct a series of ”continuous” algebraic structures, and even treat these algebraic
structures as parameters, to study the zero distribution of the Riemann ( function holistically using the
tools of mathematical analysis.

From a purely algebraic perspective, elliptic complex numbers are algebraically isomorphic to circular
complex numbers. From a geometric perspective, however , elliptic complex numbers Cy (A # —1) represent
geometric elements in a Cartesian coordinate system that have been transformed from an oblique coordinate
system.

It is important to note that we require A\ to be a constant. The reason is that to solve the proof of the
Riemann Hypothesis itself, letting A be a constant is sufficient. As for further research on the distribution
of zeros on the critical line, it may require designing special elliptic complex numbers to resolve. In fact,
if A is a function of one or more variables ¢;(¢ = 1,2,...), then it corresponds to a curved or even surface
coordinate system. This would then correspond to geometry in curved spaces.

On the other hand, we consider the case A — 0 , which does not mean that A is a variable. Its true
meaning is that \ equals a constant approaching 0. It can be seen that the elliptic complex numbers C, with
A — 0 also form a number field, corresponding to an oblique coordinate plane where the angle between the
positive Y-axis and the positive X-axis tends to 0. However, it is particularly important to note that the
elliptic complex numbers at this point still represent geometric elements in a Cartesian coordinate system.

In fact, using elliptic complex numbers allows us to appreciate the unique charm of observing a geometric
object from different geometric perspectives. As is well known, the world in our human eyes is completely
different from the world as seen by other creatures such as cats, dogs, etc. Are there civilizations in the
universe that are similar to us or even more advanced than us 7 What differences would there be between the
physical world observed by these civilizations and that observed by us humans? Elliptic complex numbers
are precisely what we need to predict our physical world from all these possible perspectives.

As demonstrated, elliptic complex numbers essentially provide an alternative formulation for calculating
vector lengths within the defined space. While this definition is fundamentally simple, it possesses the
potential to profoundly reshape our conceptual framework for understanding the physical world. The author
posits the significant value of this approach and anticipates its validation and further exploration by the
broader scientific community.
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Part 1
Mathematical Analysis on Elliptic Complex
Numbers

3 Theory of Elliptic Complex Functions

3.1 Ellipsoidal Representation of Elliptic Complex Numbers and the Extended
Complex Plane

In the plane, there is no point corresponding to oo [ , ]. Of course, we can introduce an ”ideal”
point, called the point at infinity | ]. All points in the plane together with the point at infinity form the
extended complex plane | ]. We stipulate that every straight line passes through the point at infinity;
consequently, there is no half-plane that contains this ideal point [ ]. Previously, we unified normal
ellipses and straight lines through their equations |

In fact, the unification of normal ellipses and straight lines can be achieved by introducing the point at
infinity, which leads to the concept of a complex ellipsoid | , ].

Definition 3.1 (Ellipsoid and Polar Projection). Consider in the three-dimensional rectangular coordinate
2 2,2
e+ gyt =1

0 . If we rotate C' around the X -axis, we obtain a rotational
u =

system O — XYU the ellipse C : {
ellipsoid

Sy a2t + ¢yt + ¢*ul = 1.
The vertez (0,0, %)T of S1 is called the X-system pole of the ellipsoid, denoted by nx [ , ]. For

any point p'y € S1\{nx} on S1, draw the line connecting nx and p'y and extend it; it necessarily intersects
the coordinate plane XOY at a point px [Li25]. We call px the X -system ellipsoidal polar projection of p'y,

and the correspondence p'y — px is called its X -system ellipsoidal polar mapping [ /.
Now we find the correspondence relation for py — px | , ]. Let p'y = (z1,y1,u1) and
px = (z,9,0), with its corresponding point in the complex plane being z = x + iy | ]. From geometric

relations we obtain

1/q —uy 1—¢*u? =1 wu

g — 2Pz oy
Thus
1 |z2-1 z4 z* z—2z*
U = — - T = —m8— = —_—
TP T IR T A
Conversely,
i T
N 1—U1 ’
and

z:y:(=1)=mz1 :y1 : (qui — 1).
It can be seen that the points (x,y,0), (x1,y1,u1), and (0,0, %) are collinear, which again yields the
mapping p'y — px | , Li25].
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Definition 3.2 (Y-System Ellipsoid and Polar Projection). If we rotate C' around the Y -axis, we obtain a
rotational ellipsoid
So s w3+ ¢*ys +us = 1.

The vertez (0,0,1)T of Sy is called the Y -system pole of the ellipsoid, denoted by ny [ , ]. For
any point py € So \ {ny} on Sa, draw the line connecting ny and pi, and extend it; it necessarily intersects
the coordinate plane XOY at a point py [ , J. We call py the Y -system ellipsoidal polar projection
of P, and the correspondence ps- — py is called its Y -system ellipsoidal polar mapping [Li125, /.

Now consider the X-system pole nx (or the Y-system pole ny) | ]. Clearly, nx (or ny) corresponds
to the point at infinity in the complex plane | , ]. Thus we introduce a new elliptic complex number
oo corresponding to it. The complex plane Cy together with this point forms the extended complex plane, or
complex ellipsoid, denoted by C, = Cy U {oo} | , ]. The operations for this new elliptic complex
number oo are defined as follows:

cot+z=00, VzeCy,;
z-00=00, VzeC,\{0}.

In summary, the mapping from points on the ellipsoid to the extended complex plane is a bijection
[ , ] — this is precisely the geometric meaning of the divisibility of elliptic complex numbers

[ ; J

3.2 The Topology of the Elliptic Complex Plane

As established in Section 2.7.1, the normal ellipse is the fundamental tool for describing the magnitude and
direction of vectors on the elliptic complex plane. Similar to the method for the circular complex plane, we
now use normal ellipses to analyze the topological structure within the elliptic complex plane | , ].

Definition 3.3 (Neighborhood). The set of points determined by the interior of a normal ellipse centered
at zo with principal radius r =6 > 0 is called the §-neighborhood of zg, denoted by U(zp,9), i.e.,

U(z0,0) ={z| |z — 20| <6,z € Cy},
which is an open elliptic disk [ , ]. Furthermore,

o The set of points determined by the inequality 0 < |z — 20| < ¢ is called the punctured §-neighborhood
of 20, denoted by U(2g,9), t.e., U(20,0) = {2 |0 < |z — 20| < 3,2 € Cp};

o The set of points determined by the inequality |z — 20| < § is called the closed d-neighborhood of
20, denoted by Ul(zp,9), i.e., U(z0,0) = {z | |z — 20| < 8,z € Cr}, which is a closed elliptic disk

[Che2y, J

From the properties of neighborhoods around a point, we have:
Definition 3.4 (Limit Point, Interior Point, Boundary Point). Let zo € Cy\ and E C Cy. Then,

e IfVr >0, we have [7(2077“) NE £, then z is called a limit point (accumulation point) of E [ ,

)

e IfVr >0, we have ID](zo, r) C E, then zg is called an interior point of E [Li25];

o If¥r > 0, we have lof(zo,r) NE #0 and (0](20,7“) N E° # (0, then 2y is called a boundary point of E

[ J

If 290 € E but 2 is not a limit point of £, then it is called an isolated point of E [ ]. The set of all
boundary points of E is called the boundary of E, denoted by OF; the set £ = E U OJF is called the closure
of F | ].
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Definition 3.5 (Open Set, Closed Set, Bounded Set). If all points in the set E are interior points, then E
is called an open set [ |; conversely, if E© = C\\ E is an open set, then E is called a closed set [ ]
if AM > 0 such that Vz € E, |z| < M, then E is called a bounded set; otherwise, E is called an unbounded

set [Li25, .

A bounded closed set is called a compact set | , ]

Definition 3.6 (Region). Let D be a point set in the complex plane Cy satisfying

e D is an open set [ , ]
o Any two finite points in D can be connected by a finite polygonal line, and all points on this finite
polygonal line belong entirely to D [ , /,
Then D is called a region [Li25, /.
It can be seen that a region is a connected open set [ ]. If a region together with its boundary is

considered, it is called a closed region | ].

Definition 3.7 (Curves). For a curve C : z = z(t),a <t < b, i.e., 2(t) = Rez(t) + ilm=z(t),a <t <b

/ ) /7

e IfRez(t) and Im z(t) are continuous on [a,b], then C is called a continuous curve [Li25];

o If Vi1, ta € (a,b),t1 # ta, we have z(t1) # z(t2), then C is called a simple curve [ /;

e If Rez(t) and Im z(t) have continuous derivatives on [a,b], and z'(t) # 0, then C is called a smooth
curve [ ).

A simple continuous curve is called a Jordan curve | , ]. A simple continuous closed curve

(with its endpoints coinciding) is called a Jordan closed curve (or simple closed curve) | , ]-

Definition 3.8 (Jordan Curve Theorem for Cy). Any simple closed curve divides the complex plane into

two regions with no common points [ , ], one of which is a bounded region (called the interior
region) and the other is an unbounded region (called the exterior region) [ , ], and both regions
share this closed curve as their common boundary [ , ).

Definition 3.9 (Simply and Multiply Connected Regions). If for any simple closed curve within a region
D cC C,, its interior region is contained in D, then D is called a simply connected region [ , I
otherwise, D is called a multiply connected region [ , /.

These definitions establish the fundamental concepts of connectivity in the elliptic complex plane Cy,
analogous to those in the standard complex plane | , ]. The Jordan curve theorem ensures that
every simple closed curve has a well-defined interior and exterior, which is essential for understanding the
topological structure of regions in C, and for the subsequent study of elliptic complex functions, their
continuity, and limits | , ].

3.3 Elliptic Complex Functions: Continuity and Limits

The definition of elliptic complex functions is, in form, actually the same as the definition of functions in
mathematical analysis and in (circular) complex function theory studied by mathematicians | , ].

Definition 3.10 (Elliptic Complex Function). Let E be a point set in the complex plane Cy [ , /.
If there exists a rule f such that Vz = x 4+ 1y € E, there corresponds w = u + iv € Cy, then f is called an
elliptic complex function defined on E, referred to simply as a complex function, denoted by

w=f(z),z€ E or f:E—Cy, 2z~ f(2)
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Just like circular complex functions, elliptic complex functions also have single-valued and multi-valued
complex functions | , ]. If there is a uniquely determined w corresponding to it, it is a single-valued
complex function; if there are multiple or infinitely many w corresponding to it, it is a multi-valued complex
function [ ]. For now, the complex functions we refer to are all single-valued complex functions.

From the definition, we have w = f(z + iy) = u(x,y) + iv(z,y) | ]. To describe the graph of
w = f(z), we would need to use four-dimensional space (u,v,x,y) (which is clearly beyond our imagination)
[ ]. To avoid this difficulty, we use two complex planes: the z-plane and the w-plane | ]. We
understand complex functions as mappings between point sets in these two complex planes [ , ].

Definition 3.11 (Function Limit). Let w = f(2) be a complex function defined on a point set E, let zg
be a limit point of E, and let « be a complex constant [ , J. If Ve > 0,36 = d(e) > 0 such that
whenever z € E and 0 < |z — 2| < 6,

[f(z) —al <&
holds, then as z approaches zy in E, f(z) is said to approach the limit o, denoted by

lim f(z)=a or f(z)—>a (22— 2,2€E)
z—20,2€EE

Definition 3.12 (Infinite Limit). Let w = f(z) be a complex function defined on a point set E, and let zy be
a limit point of E [ , . If VA > 0,30 = §(A) > 0 such that whenever z € E and 0 < |z — z] < §

[Ulr23, )
[f(z)| > A

holds, then as z approaches zy in E, f(z) is said to approach infinity [Li25, ], denoted by

lim f(z) =00 or f(z) >0 (2—20,2€FE)
z—z0,2€E

As a result, we have the following conclusion.

Proposition 3.13 (Limit in Terms of Real and Imaginary Parts). Let w = f(z) = u(z,y) + iv(z,y),
20 = xo + 1Yo, and o = s+ it be a complex constant [ , . Then

lim u(z,y) = s;
lim f(z) =a <= (m’y)—.>(107y0)
z—7zo lim v(x,y) = t.
(@,y) = (w0,90)
Proof. Since f(z) —a = (u(z,y) —s) + i(v(zr,y) — 1) | , ], from the inequality
max {|z, q| - [y|} < o+ iy < |z +g| - [y] (A= —¢%),

; ]

max {|u(z,y) — sl,[q| - [v(z,y) =t} < [f(2) —af <|u(z,y) —s| + g - [v(z,y) — 1.

it results in |

Note that ¢ is a nonzero constant | ]. Hence,
= Since lim (f(z) — a) = 0, the first inequality gives the result;
Z—r20
<: Since lim  (u(z,y) —s) =0 and ( lim  (v(z,y) —t) = 0, the second inequality gives the

(z,y)%(xg,yo) x,y)%(mo,yo)
result | , ]. O

Definition 3.14 (Continuity of a Function). Let w = f(z) be a complex function defined on a point set E,
let zg be a limit point of E, and zg € E [ ). If

lim f(2) = f(z0),

Z—20

then f(z) is said to be continuous at zy [ ). If the function f(z) is continuous at every limit point of
E, then f(z) is said to be continuous on E [ ).
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Proposition 3.15. A function f(z) = u(z,y) +iv(z,y) is continuous at zg = xo +iyo if and only if its real
part uw(z,y) and imaginary part v(xz,y) are continuous at (xo,yo) [ , /.

Analogously, the four arithmetic operations are closed for continuous functions, i.e., if f(z) and g(z) are
continuous at zg, then the functions

(9(20) # 0)

are also continuous at zg | , ]

Definition 3.16 (Uniform Continuity). Let w = f(z) be a complex function defined on a point set E
[ , . If for every e > 0, there exists 6 = §(¢) > 0 independent of z such that for all 21,20 € E
with |z1 — 22| < 9,

[f(21) = f(z2)] <e

holds, then f(z) is said to be uniformly continuous on E [ , /.

It should be noted that continuity is a local property, generally concerning a single point, while uniform
continuity is a global property | , ].

Theorem 3.17 (Uniform Continuity on Compact Sets). If a function f(z) is continuous on a simple curve
or a bounded closed region E, then f(z) is uniformly continuous on E [ , ).

Theorem 3.18 (Boundedness of Continuous Functions). Let the function f(z) be continuous on a simple
curve or a bounded closed region E [ , J. Then f(z) is bounded on E, i.e., AM > 0 such that
lf(2)| <M forallz€e E [ , J; and the following equivalent condition holds:

o The function f(z) = u(z,y) + w(z,y) is bounded on E < u(x,y) and v(z,y) are bounded on E

J

Theorem 3.19. Let the function f(z) be continuous on a simple curve or a bounded closed region E [ r
. Then f(z) attains its mazimum modulus and minimum modulus on E, i.e., z1, 29 € E such that

£l = max | £(2)], | (z2)] = min| £(2)

Definition 3.20 (Limit at Infinity). Let w = f(z) be a complex function defined on an unbounded (closed)
region E, and let a be a complex constant [ \ . IfVe > 0, 3p = p(e) > 0 such that whenever
z€ E and |z| > p,

|f(2) —al <e

holds, then as z approaches co in E, f(z) is said to approach the limit o [ , ], denoted by

lim f(z)=a or f(2) > a (z—>o00,z€E)
z—00,2€R

Therefore far , the fundamental theory of limits and continuity for elliptic complex functions has been

established | ) ]. Next comes the corresponding theory of analytic functions | , ].

3.4 Derivatives of Elliptic Complex Functions and Analytic Functions

Based on the above discussion, we begin to explore the differential structure of elliptic complex functions

[ ; J
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3.4.1 Basic Concepts of Analytic Functions

Definition 3.21 (Differentiability). Let w = f(z) be a single-valued complex function defined on a region
D, andlet zo € D [ , J. If the limit

IOESIE)

zZ—20 zZ— 20
exists and equals «, then f(2) is said to be differentiable at zo, and « is called its derivative or differential

coefficient, denoted by f'(zo) ordf(z)‘
dz O
The quantity f’(z)Az is called the differential of w = f(z) at z, denoted by dw or df (z), i.e., dw = f'(2)Az
[ , ]. In fact, from the properties of differentials, the function f(z) is differentiable at zq if and
only if
f(z0 +Az) = f(20) = f'(20)Az + 0(|Az]), Az —0

Definition 3.22 (Analyticity). Let w = f(z) be a single-valued complex function defined on a region D,
and let zo € D [ , . If there exists a neighborhood U(zo, 1) of zo such that f(z) is differentiable
at every point in this neighborhood, then the function f(z) is said to be analytic at zo [ , L If
the function f(z) is analytic at every point in the region D, then f(z) is said to be analytic in the region D

[Liz5, )

It can be seen that differentiability is a local concept, while analyticity is a global concept | , ]
A function may be differentiable at a point without being analytic there, but if it is analytic at a point, it
must be differentiable there | , ]. Analyticity in a region is equivalent to differentiability in that
region [ , ]

Similarly, the four arithmetic operations are closed for analytic functions, i.e., if f(z) and g(z) are analytic
in a region D, then the functions

f(2)

f(2) £9(2), [f(2)9(2), B

(9(2) # 0)

Q

are also analytic in the region D, and it is obtained that

() £9(2)) = (=) £9'(2);

9 = F(2)9() + ()9 ()

{f(Z)}' _ '(2)g() - F(2)g ()
9(2) Ok

Elliptic complex functions also have a corresponding chain rule | , ]: If the function w = f(z)
is analytic in a region D of the z-plane, and the function W = F'(w) is analytic in a region E of the w-plane,
with f(D) C E, then the composite function s = F(f(z)) is analytic in the region D, and we have

d dF d
TF(f() = () - ().

These properties demonstrate that the theory of analytic functions in the elliptic complex plane Cy
parallels that of ordinary complex analysis | , ].

z

(9(2) #0).

3.4.2 The C.-R. Equations for Analytic Functions

We know that a real-valued function of two variables u(x,y) is differentiable at a point (x,y) if there exist
numbers A, B independent of Az, Ay such that | ,

Au=u(z+ Az, y + Ay) — u(z,y) = AAz + BAy + o(p),

29



where p = /Az? + Ay? — 0 | , ]. In this case, A = @, B = %, and du = @Az + %Ay
Or oy or y
[Li25, ~
Let f(z) = u(z, y)+iv(x, y) be a complex function defined on a region D | ]. When u(z,y) and v(z,y)

are given, the function f(z) is also determined. However, in general, if u(z,y) and v(x,y) are independent
of each other, even if the partial derivatives of u(z,y) and v(x,y) with respect to x and y exist, the function
f(2) may not be differentiable | , ]

Theorem 3.23 (Cauchy-Riemann Equations for Elliptic Complex Analytic Functions). Let f(z) = u(x,y)+
w(x,y) be a complex function defined on a region D in the complex plane Cy [ , ]. Then f(z) is
differentiable at z = x+1iy € D if and only if the functions u(z,y) and v(x,y) are differentiable at (x,y) and

satisfy
Ou Ov  Ou  ,0v

— =, ==, 13
dr Oy Oy e (13)
where q satisfies i? = —X = —¢* (¢ € R*) [ ]. Equation (2.11) is called the Cauchy-Riemann equations
(abbreviated as C.-R. equations) for elliptic complex analytic functions [ , .
Proof. e For the necessity : Let f/(2) = a+iband Az = Az +iAy | , ]. From the definition

of the derivative, we have f(z + Az) — f(2) = f'(2)Az + o(|Az]) as Az — 0, i.e.,

[u(z + Az,y + Ay) +iv(z + Az, y + Ay)] — [u(z,y) + iv(z, y)]
=(a +ib)(Az + iAy) + o(|Az|)
=(aAz — ¢*bAy) +i(bAx + aAy) + o(|Az]).
Comparing the real and imaginary parts on both sides, we obtain | , ]
u(z + Az, y + Ay) — u(z,y) = aAx — ¢*bAy +o(p), p— 0,
v(x + Az, y + Ay) —v(z,y) = bAz + aAy+o(p), p—0.

From the definition of differentiability for real-valued functions of two variables, we know that the

functions u(z,y) and v(z,y) are differentiable at (x,y) | , ], and
Oou 9 Ou ov ov
= — — b = — b = — = —,
o "oy "Tar Ty
0 0 0 0
Hence it follows that - = l, = —q2l, which proves the necessity [ ) I;
oxr Oy 0Oy or

e For the sufficiency : Since the functions u(x,y) and v(z,y) are differentiable at (x,y), we have | )

]
ou ou
u(z + Az, y + Ay) —u(z,y) = %Ax + @Ay +o(p), p—0,

0 0
o+ Ay + Ay) — v(e,y) = 5o Aw+ 5oAy +olp), p 0.

Combining these two equations, we obtain | ) ]
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u(z + Az y + Ay) +iv(x + Az, y + Ay)] — [u(z,y) +iv(z,y)]

Ax _~_7 )+ (g Am—l—?A)—l—o(AzD

substltutlng the C.-R. equations)

(
( Az — 25”Ay> (a Ax+%Ay)+o(|Az|)
(5

0 0

ou ) (A +iAy) + of|Az))

ou 81}
— 4i— | A A
<8 +1i o ) z 4 o(|Az|)

Therefore, f(z) is differentiable at z = x + iy € D, and its derivative is |

! ) — 14

fz) = St +ist (14)
This proves the sufficiency of the proposition | , ].

O

Substituting Equation 13 into Equation 3.5.1 yields other forms of the derivative f’(z) of the complex

function [ , ]. If we set A = —p, the C.-R. equations can also be written as | , ]

Ou Ov  Ou ov
ox Oy Oy Pow

Since differentiability in a region is equivalent to analyticity in that region [ , ], we have the

following conclusion.

Theorem 3.24 (Differentiability in a Region). Let f(z) = u(z,y) + iv(z,y) be a complex function defined
on a region D in the complex plane Cy [ , . Then f(z) is differentiable in the region D if and
only if the functions u(x,y) and v(x,y) are differentiable at (z,y) and satisfy

Ou v du _ 2(%

ar oy oy ox

where q satisfies i =\ = —q* (€ R*) [ f /-

3.5 Elementary Univalent Elliptic Complex Functions

Next, several fundamental elementary functions in elliptic complex analysis shall be derived based on the
Cauchy-Riemann equations.

3.5.1 Exponential Function

Similar to the exponential function in real analysis, the exponential function in elliptic complex function
theory should satisfy the following conditions | , |:

(1) When restricted to the real numbers, for z € R, f(z) = e*;

(2) f(z) is analytic in the complex plane Cy | ; E
(3) V21,22 € Cy, f(21 + 22) = f(21) f(22)-
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From (1) and (3), f(2) = f(x +1iy) = f(x)f(iy) = e* f(iy) = e*(A(y) +iB(y)) [Li25, ]. Then
from (2), we know that u(z,y) = e A(y) and v(x,y) = e* B(y) must satisfy the Cauchy-Riemann equations
[ ], giving

Aly) = B'(y), A'ly)=-a*B(y),
1
with particular solutions A(y) = cos(qy), B(y) = gsin(qy) [ , ]. Thus we have the definition of

the exponential function:
Definition 3.25 (Exponential Function). Let z = x + iy € Cx. The exponential function in the elliptic
complez function domain is defined as

¢* = exp(2) = e |cos(qy) + gsm@y) ,

, Li25].

Obviously, the elliptic complex exponential function possesses properties as elegant as those of the (cir-
cular) complex exponential function | , ]

Proposition 3.26. For 21,2z, € Cy, 51772 = ¢*1e?2,

where q satisfies i? = -\ = —q® (€ R*) [

Proof. Let zy = x1 + iy, 22 = T2 + iy2. From the definition of the exponential function |
eF1tze — 611+w2+i(y1+y2)

1 . 1
=e"te™ [COS(qyl) +iqsm(qy1)] : [COS(qyz) Hqsm(qyz)}

= €112 [cos(qyy ) cos(qyz) — sin(qy1) sin(qyz)]

+ i [sin(gy1) cos(qyz) + cos(qy1) sin(qys)]
1
= emte [COS(q(yl +y2)) + b sin(q(y1 + yz))]
—_ e$1+$2ei(y1+92) — €x1+xz+i(y1+yz) _ €Zl+22.
Thus the proposition is proved | , ]. O

Proposition 3.27. Vz € Cy, e* # 0. The function w = e* is analytic in the entire complex plane, and

—e® = e”.

dz
Proof. Since | ) ]

. 2
z T+ x . x 1 . T
€] = e = |e (cos<qy>+qsm<qy>)\:|e| cos?(qy) + ¢ (qsmmy)) — e,

it follows that e* # 0 | ].

From the definition of the exponential function, let e* = u(z,y) + iv(x,y) | ]. Then the functions
u(z,y) = e” cos(qy) and v(z,y) = % sin(qy) are differentiable [[.i25], and
0 0 0 g 0
3% = e” cos(qy), 873 = —qe” sin(gy), af:: = % sin(qy), FZ = e" cos(gy).

As is evident from the above, the C.-R. equations are satisfied, which implies the analyticity of the function
in the entire complex plane, and

d , 8u+_8v " cos( )Jr‘ex sin(qy) = ¢
—ef=—+4i—=c¢€ i— sin =e”.
dz ox ox G q @

In summary, the proposition is proved . O
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o
Proposition 3.28 (Periodicity). The function w = e* is a periodic function with fundamental period ik
q

[Yag6s, J

Proof. For any integer k € Z, it yields | ,

3.5.2 Trigonometric Functions

From the Euler formula for elliptic complex numbers [ , ], it is obtained that
iy 1 —iy 1.
€4 =cosy+1—smy, € ¢ =Ccosy—1—sny,
q q

giving | ; ]

cosy = (e’% + eﬂ%) , siny = 22 (ei% - eﬂ%> .
i

DN | =

Consequently,

Definition 3.29 (Trigonometric Functions). The cosine and sine functions for elliptic complex numbers are
defined as [Li2), ]

1/ .z iz
cosz = = (615 + 6_15> )
2
sinz = i (el% — G_l%) )
21
where q satisfies i = —q* (@ € R*) [ , /-

Proposition 3.30 (Analyticity and Derivatives). The functions sinz and cosz are analytic in the entire
complex plane, and [ , ]

(sinz)' =cosz, (cosz) = —sinz.

Proof. Since wy = ¢'@ and wy = e '@ are analytic in the entire complex plane Cy [ , |, and
NG s Y P

(ela) = 16157 (e_25> = —Ee_lﬁy
q q
the functions sin z and cos z are analytic in the entire complex plane | ], and
; Z ; Z ! i ;S Z 7: ; Z 1 ;2 ;2
(sinz) = (g (e’ﬁ — e_’3>) = 2 —€'d 4+ —e'a | == (elE + 6_15) = oS 2.
24 2i \ q q 2
Similarly, we obtain (cosz) = —sinz | , ]. O

Proposition 3.31 (Symmetry and Trigonometric Identities). The functions sin z and cos z are odd and even
functions, respectively, and satisfy the trigonometric identities | , ]

sin® z + cos? z = 1,

sin(z1 + z2) = sin 21 cos 23 + cos 21 sin 29,
cos(z1 + 22) = €08 21 oS 2o — sin 21 sin 29,

and other standard trigonometric identities [ , ).
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Proposition 3.32 (Periodicity). The functions sinz and cosz are periodic functions with fundamental
period 27 [ , /.

Proof.
22k 7Z-z+2k7r)

. q
2k = — ( q — q
sin(z + 2km) 5 \€ e
The case for cos z can be proved similarly | , . O

Proposition 3.33 (Zeros of Sine and Cosine). The zeros of the function sin z in the complez plane Cy are:

km (k € Z); the zeros of the function cosz in the complezx plane Cy are: (k+ 3)m (k€ Z) [ , ).
Proof. Setting sinz = 0, i.e., | , ] % (eZ% - eﬂ%) =0, hence

;22

e =1 =" (kez),

so the zeros of the function sin z in the complex plane Cy are: km (k € Z) | , I;
The case for cos z can be proved by the same token | , ]. O

Therefore, when extending the sine and cosine functions to the elliptic complex domain, their zeros do
not increase [ , ]
Furthermore, let k& € Z, we have the following formulas | , ]:

Proposition 3.34. (1) sin(z + (2k + 1)7) = —sin(z), cos(z+ (2k + 1)7) = — cos(z);
(2) sin(z+ %) =cos(z), cos(z+ %)= —sin(z).

Proof. Here we only prove sin (z + g) in (2) [ , 1,

. m q P& iz i
sin z+—) —( ¢ .e'2¢ —e 'd-e 2q>
( 2 24

1 3 —Z
:§(eq—|—e q):cosz[ , ].

The other formulas can be verified similarly [Li25, ]. O

From the definitions of the sine and cosine functions | , ], we can further define other trigono-
metric functions.

Definition 3.35 (Trigonometric Tangent, Cotangent, Secant, and Cosecant Functions). The tangent, cotan-

gent, secant, and cosecant functions for elliptic complex numbers are respectively defined as [ , ]
sin z cos 2
tanz = ——, cotz=—, secz= , CSCZ = ——.
cos z sin z cos z sin z
The functions tan z and cot z both have period 7 | , ]. Taking tan z as an example,
sin(z + —sinz
tan(z + ) = ( ) = = tanz.
cos(z+m) —cosz
It can be seen that the singularities of the function tan z are precisely the zeros of sin z, and the singu-
larities of the function cot z are precisely the zeros of cos z | , |. Furthermore, we have
. / 2 .2
sin z cos® z +sin“ z 1
(tanz) = ( ) = 5 = —— =sec’ 2.
cos z cos? z cos? z
By symmetry, we conclude | , ]
(cot z)' = —csc? 2.
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z —Zz z —Zz

Definition 3.36 (Hyperbolic Functions). Define sinh z = % and cosh z = % as the hyperbolic

sine function and hyperbolic cosine function of z, respectively [ , .
It is easy to see that the functions sinh z and cosh z, like e*, both have period 27i | , ], are
analytic on Cy [ , |, and satisfy

(sinhz) = coshz, (coshz) =sinhz.

There is an important conclusion [ ) |:

cosh(iz) = cos(qz), cos(iz) = cosh(qz),

sinh(iz) = ésin(qz)7 sin(iz) = ésinh(qz).

These two formulas have many applications in the derivation of relevant formulas in subsequent series of
articles on the Riemann Hypothesis in the elliptic complex domain | , ]. The proof of the formulas
can be obtained from the basic definitions; readers are encouraged to attempt it themselves | , ]

3.6 Elementary Multivalent Elliptic Complex Functions

The preceding discussion has focused exclusively on single-valued complex functions; we now turn our at-
tention to multivalued complex functions.

3.6.1 The Argument and Logarithm Functions

It can be seen that the definition of the argument function in the field of elliptic complex functions is
consistent with that in the field of circular complex functions | , |, namely:

Definition 3.37 (Argument Function). When z € C\ {0}, we call
w= Argz = arg z + 2kn  (k € Z)

the argument function of z, where arg z is called the principal value of Argz, generally specified as: —m <
argz <7 [ , ]

The above region D = C \ {0} can be viewed as a region obtained by cutting the entire complex plane
along the negative real axis [ , ], where the negative real axis is called a cut line, serving as the
boundary of the region D. In general, we take an unbounded simple continuous curve K connecting the
origin O to the point at infinity co as a cut line, obtaining a region C\ K, called a slit region, whose boundary
is the curve K | , I

Let z1, 20 € E, with 21 # 25, take Argz; = 01, and consider a simple continuous curve « in E connecting
z1 and zy | , ]. As z moves continuously from z; to z2 along 7, arg z also changes continuously
from 6; to 0. Thus, starting from the value 6; of Argz at z1, we can determine the values at any other
position in F, thereby obtaining a single-valued continuous function in E, i.e., a single-valued continuous
branch [ , ].

In fact, for a fixed k € Z, w = argz + 2kw is also a single-valued continuous branch of the argument
function, showing that the argument function w = Argz is a multi-valued function | , ].

Proposition 3.38 (Addition and Subtraction Properties). Let z € C\ {0}, then

Arg(z120) = Argzy + Argzo,

Argz—1 = Argzy — Argzs.
22
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Now we study the ”inverse function” of the exponential function [

; J-

Definition 3.39 (Logarithmic Function). For a non-zero complex number z € Cy, if there exists z = €%,
then w is called the logarithm of z, denoted by log z [ , /.

Now we need to derive the formula for the logarithmic function .

Let z = |z|e < (this definition is chosen for the convenience of later definitions of power functions and
root functions) [ , ], and w = u + sv. Then from z = e it can be shown that

iargz . .
—_— u-+iv U _1v
|Z‘e q = e =
arg z

so u =log|z|, v ==F

, 1.e.,
wzlogz:10g|z|+iargz. (15)
q

Equation 15 is called the logarithmic function of z | , ]. Due to the (infinite) multi-valuedness
of the argument function, the logarithmic function is also multi-valued | , ]. In fact, the inverse
function of the logarithmic function, namely the exponential function, is periodic, so the logarithmic function
is multi-valued | ) ]
arg z

From w =log |z| + 4 log |z| + 3(aurgz + 2k7), k € Z, we call log z = log |2| + L arg z the principal
q q
value of the logarithm of z [ , ]. Then

2kmi

w = log z = Logz + ke,

which shows that non-zero complex numbers have infinitely many logarithms, and any two values differ by

2
an integer multiple of ik [Li25, ]
q

Proposition 3.40 (Addition and Subtraction Properties). Let z1,22 € Cyx be non-zero complex numbers.

Then [ , )]
Log(z122) = Log(z1) + Log(z2),
Log () — Log(=1) — Log(za).
It can be seen that for the logarithmic function w = Logz = log z + %, keZ]| , ], taking
each fixed k, the function fi(z) = logz + % is a single-valued continuous branch on the slit region
E =C,\ {0,00} [Li25, ]. Thus we have the following property:

Proposition 3.41 (Analyticity and Derivative). Let f(z) be a single-valued continuous branch of w = Logz
in a region G [ , J. Then f(z) is analytic in the region G, and
, 1
fl(z)=-, ze€d.
z
Proof. From the definition of the logarithmic function, when z,z + h € G | , 1,
z = ef(z), 2+ h=efEth),

For h # 0, we have [Li25, ]

[ —f() _ feh)—f) 1
Therefore,
o= g S 1 L
Thus the proof is complete | , ]. O
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3.6.2 Power and Root Functions

Definition 3.42 (Power Function). Let « be an arbitrary complex number, and let z be a non-zero complex
number. Then [ , )]

2kmi 2kmai
q ) = ealngeT

a _ eaLogz a(log z+

w ==z =€

2kmai

is called the power function of z [ . . Here, for a fized k € 7, w = e*'°8%e™ o is a single-valued
branch of w = z% [Li25, /.

For different types of «, it can be shown the following cases [ , ]:

(1) f a = n € Z™, then the power function is the usual n-th power | , ]. In this case, e =1

, 80 w = 2% is a single-valued function [[.i25, ]

1
(2) fa=—,n=2,3,4,..., then the power function is the n-th root of z, i.e.,
n

a 1
n

2 = 5 e%(ln|z\+£Argz) —

Wz ena@re= 2T —0,1,2,...,n— 1.

In this case, w = z® is a finitely multi-valued function | , ]

m
(3) Ifa = —,m € Z*,n =2,3,4, ..., the situation is similar to the case of the n-th root, since z* = (z™)=

[ ) ]. Thus w = 2 is also a finitely multi-valued function [1i25, ].

(4) If v is an irrational number or a complex number, then the function w = 2% is an infinitely multi-valued
function [ , |, because

2kmai
w= 2% = ealogze

When k£ 75 ko (With ki,ko € Z),

2aky i 2akgmi 2a(ky —ko)mi

e 1 e 4 =e q #1,

so different values of k correspond to different values, making it an infinitely multi-valued function

[Ulr23, J

From the single-valuedness of the logarithmic function and the analyticity of rational expressions, it
follows that the single-valued transformation branches of the power function are also analytic | , ].

Proposition 3.43 (Derivative of Power Function Branches). Let f(z) be a single-valued continuous branch

of the power function w = z% in a region D [ , J. Then f(z) is analytic in the region D, and
o) =a I (16)

(i.e., f'(z) = az*"1) [ , /.

2kami

Proof. Since f(z) = e*!°8%¢ , where k € 7 is fixed | , ], we have
fiz) = entoss @ 2 ) (17)
z z
The function w = f(z) is called a single-valued analytic branch in the region D | , ] O

4 Integral Theory of Analytic Functions

In the previous articles, we studied some fundamental theories of elliptic complex functions, including analytic
functions, elementary analytic functions, and the Cauchy—Riemann equations. Building on this foundation,
this chapter delves into another very important theory—contour integration.
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4.1 Fundamental Theory of Contour Integration
4.1.1 Basic Concepts and Conclusions of Integration

Let C be a simple curve (smooth or piecewise smooth) in the complex plane Cy connecting zg to z, and let
the function

f(2) = u(w,y) +iv(z,y)

be continuous on C. Insert n + 1 partition points on the curve C: zg, 21, 22, ..., 2n—1,2n = 2 | , ].
Let 2z, = xp +iyr(k=0,1,...,n), Azg = xp41 — Tk, AYr = Yr+1 — Y- Arbitrarily take

Ck :fk‘i‘upk Ezkzk+1<k:071727"'7n_1)7

and form the sum:

n—1 n—1
Sn= Y (G (zrr = 2) = Y [u(€ry vr) + v (Er, i) (Azy + ilyy,)
k=0 k=0
n—1 n—1
= > [u(Gr, ) Ak — P 0(Eks i) Ayk] + 1> [u(Eh, Pr) Ayi + 0(Ex, i) Ay,
k=0 k=0

where ¢ satisfies i2 = A\ = —¢%(q € R*).
Denote x = max{|zxzx+1| : k =0,1,2,...,n — 1}. Then as x — 0,

Sy — / u(z,y)de — q*v(z,y)dy + l/ u(z,y)dr + v(z,y)dy.
C C

The above limit is defined as the (contour) integral of the function f(z) along the curve C, denoted by
Jo f(z)dz | , ]. That is,

/ f(z)dz = / u(z, y)dz — ¢*v(z,y)dy + Z/ w(z, y)dz + v(z, y)dy. (18)
c c c
: . . . . = x(t)
Consider expressing the curve in parametric form. Let the simple curve C' : ) t € (to,t). Then
y=y

t
[ £z = [ ez tar (19)

c to

In summary, it yields the following conclusion.

Proposition 4.1 (Integrability). If the function f(z) = u(x,y) + iv(x,y) is continuous along the curve
C, then f(z) is integrable along the curve C, and the integral is of the form 18 (with the corresponding
parametric form shown in 19) [ , /.

4.1.2 Basic Properties of Integrals

According to the definition of the integral of elliptic complex functions, its general properties can be easily
derived [ , ].

Corollary 4.2 (Properties of Integrals). Let the functions f(z),g(z) be continuous on the curve C. Then

(1) /Caf(z)dz = a/cf(z)dz, where « is a complexr constant;
@ [+ = [ s+ [ o
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(3) / f(z)dz = / f(z)dz —|—/ f(z)dz + - +/ f(2)dz, where the curve C is composed of smooth
C Cy Ca

Ch

curves C1,Cs, ..., C, connected together;

W [ seaz== [ e

(5) If on the curve C we have |f(2)| < M, and L is the arc length of the curve C, then we have the integral
(estimation) inequality
| e
c

Proof. Here we only prove Item 5. From the definition of the integral,

<M-L. (20)

n—1 n—1
Sn =Y (G (1 — 21) < Y 1FG | (2har — 28]
k=0 k=0
n—1
<M ) |(zrr—z)| <ML
k=0
Let x = max{|zpzk+1]|: £k =0,1,2,...,n — 1} — 0, which proves Equation 20 [ , ]. O

Proposition 4.3 (Fundamental Integral). Let C be the ellipse |z—a| = p, oriented counterclockwise. Hence,

27
/ L 4 o " (21)
T dr=
cz—ay 0, n#l,nez
Proof. Owing to C': |z —a| =p,ie.,C:z=a+ pei% (0 <t < 2m), we have

dz = ile'at.
q
R
z = —_— = —
cr 0 pe% q
When n # 1, the integral is

2w ;P 1% . 2 )
o(z—a)? o prets ap" o

Thus the proposition is proved | , ]. O

When n = 1, the integral is

Formula 21 is extremely important and serves as the foundation for deriving subsequent integral formulas

[Li25, I

4.2 Cauchy Integral Theorem

Definition 4.4 (Primitive Function). Let f(z) and F(z) be functions defined in a region D, and suppose
that F'(z) = f(2) in D. Then F(z) is called a primitive function (antiderivative) of f(z) in the region D
[ : ]
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If F1(2) and F5(z) are both primitive functions of f(z) in the region D, then

[Fi(z) = Fo(2)] = f(2) = f(2) =0, z€D.

Hence Fy(z) — Fo(z) = ¢ with ¢ € Cy and ¢ € D. From this, if a function defined in a region has
a primitive function, then it necessarily has infinitely many primitive functions, and any two differ by a
constant ¢ [ , ].

Let F(z) be a primitive function of f(z) in the region D. Then its indefinite integral is expressed as

/ f(2)dz = F(z)+¢, ceCy.

4.2.1 Three Lemmas

Lemma 4.5 (Polygon Boundary Integral). Let the function f(z) be analytic in a simply connected region
D, and let C' be any polygonal boundary in D. Then

7§c F(2)dz = 0.

Proof. The proof is similar to the case of circular complex functions, except that the disk is replaced by a
normal elliptic disk finally | , ]. O

Lemma 4.6 (Existence of Primitive Function in Convex Regions). Let the function f(z) be analytic in a
convex region D. Then f(z) necessarily has a primitive function in the region D.

Proof. Since D is a convex region, for any two points z, zg in D, the line segment Z5z connecting them must
lie entirely in D. Define

F(z) = / T FQ)c.

Let z,2+ h € D. By Lemma 4.5, if the function f(z) is analytic in a simply connected region D and C
is any polygonal boundary in D, then ¢ f(z)dz = 0. Hence

z+h z z+h
F(z+h) - F(z) = / F(O)d¢ — / F(0)d¢ = / F(O)C.

_ The function f(z) is analytic in D, i.e., f(z) is continuous in D. Thus Ve > 0, 36 > 0 such that
U(z,6) C D, and when ¢ € U(z,9) there exists |f(¢) — f(2)] <€ | , ]
When 0 < |h| < 0, it yields z + h € U(z,6). Then

F(z+h)—F(z) 1 [*
ffﬁ/z f(z)dC

F(z+h)— F(2)

8

z+h
1 / F(O) — F()dC

1
<7~6~\h|:6,

h A

F h)—F
Therefore, F'(z) = }llin}) Fleth) = FG) i)z (2) = f(z), Vz € D. This completes the proof | , . O
—

Lemma 4.7 (Integral with Primitive Function). Let f(z) be a continuous function in the region D, and
suppose it has a primitive function F(z) in D. If two points o, € D, and C is a simple curve in D
connecting a and 3, then

[ )tz = F(@) - F9)
C
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Proof. Since C'is a simple curve z = z(t),t € (a,b), with z(a) = «, 2(b) = 8, it can be seen that

[ s | )2 ()t

where %F(z(t)) = f(2(1))'(t). Hence [, f(2)dz = F(2(1))|% = F(a) — F(B) [Li25, ]. O

4.2.2 Cauchy Integral Theorem and Related Conclusions

Theorem 4.8 (Cauchy Integral Theorem). Let f(z) be an analytic function in a simply connected region D
in the complex plane Cy.

(1) Let C be any simple closed curve in the region D. Then

yﬁc F(2)dz =

(2) Let C be any simple curve in the region D connecting zg and z. Then the value of the integral from zg
to z along C' does not depend on the path C, but only on zy and z themselves.

This is the Cauchy Integral Theorem. In fact, conclusion (2) is a corollary of conclusion (1); it suffices
to prove (1) | ) ].

Proof. For ¢y € D, 36y > 0 such that the elliptic disk Ko = U({p,d0) C D. By Lemma 4.6, f(z) has a
primitive function Fy(z) on the convex region Ky, and for any two points zg, z in Ky, by Lemma 4.7,

/ F(QdC = Fo(z) — Fo(zo).

In view of the fact that C' is a bounded closed curve (i.e., compact), there exist finitely many open
elliptic disks K;(¢ = 1,2,...,n — 1) in D that completely cover C | , ]. Choose points ¢; €
K, 1NnKinNC,....,(h—1 € KpoNK,,_1NC. Clearly, f(z) has primitive functions F;(z) on the convex
regions K;. Let z1z3 denote the line segment, and let C(z122) denote the curve segment along C from z; to
z2. Subsequently, by Lemma 4.5,

ﬁcf(Z)dz - nz—:ll /O(@cm) JQde= Z / G Q=0

Alternatively, Cauchy’s theorem can be proved using Green’s formula and the C.-R. equations | ,
]:

Proof. Let z = x + iy € D, f(z) = u(x,y) + iv(x,y). Since f(z) is analytic in D, u(x,y) and v(x,y) are
differentiable in D. By Green’s formula

ngde T Qdy = //D (gcj - ?;) dzdy,

combined with the Cauchy-Riemann equations, it can be shown that

55 (xy)dxqvxydy//( 28u>dxdy
dy
v
_ o 0v | ,0v _
—//D( q8x+q€)x dzdy = 0,
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and

/ v(z,y)dz + u( ,ydy*// <auy)dxdy0

y§f dz—/ w(z,y)de — ¢2o(a ,y)dy+i/cu(x,y)dx+U(:E,y)dy:0.

This proves the proposition. O

Therefore,

Corollary 4.9. Let C be a simple closed curve, and let the function f(z) be analytic in the bounded region
with boundary C. Then §£ f(z)dz =0 holds [ , .
c

Theorem 4.10 (Existence of Primitive Function). Let f(z) be an analytic function in a simply connected
region D. Then f(z) necessarily has a primitive function in the simply connected region D, i.e., there exists
an analytic function F(z) in D such that F'(z) = f(z) for allz€ D [ , /.

Proof. By Theorem 4.8, the integral / f(¢)d¢ is path-independent. Define the primitive function as
C(z02)

F(z) = /c S0k

Then F(z + h) — F(2) = fZHh f(¢)d¢. Hence for Ve > 0,

F h) — F 1 peth
FEAMZED o) = |3 [ 100 - 50| < izl =
Therefore, F'(z) = limp,—o w = f(z). This completes the proof | ; ]. 0

Now consider multiply connected regions.

Theorem 4.11 (Cauchy’s Theorem for Multiply Connected Regions). Let there be n+1 simple closed curves
Cy,C1,Cs, ..., Cy, where each of the curves Cy,Cs, ..., Cy lies in the exterior region of the remaining curves,
and all lie in the interior region of Cy. That is, Cy together with C1,Cs, ..., C), encloses a multiply connected
region D whose closure is D. If the function f(2) is analytic on the region D, then

g§c f(2)dz =

where C = Cy + Cy +C5 +---+ C, is the entire boundary of region D. This conclusion is equivalent to
f(z)dz = f(z)dz+ z)dz + - yﬁ f(z)dz. (3.7)
Co Cl

Combined with Proposition 4.3, it could be shown as the following conclusion.
Corollary 4.12. Let C be a simple closed curve containing . Then

21

/ 1 d —, n=1
—  dz= q
c(z-a) 0, n#lnez
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Note that if f(z) is an analytic function in a multiply connected region D, and we define its primitive
function as F(z) = fzzo f(¢)d¢, then F(z) may be a multi-valued function | , ]. This is because
two simple curves in a multiply connected region D from zy to z may not be able to be combined into the
same simple curve within D (with the same starting point). Take a simply connected subregion A in D,
where z1 € A. Let C; be a fixed simple curve in D from zy to z. Define the function

R = [ f@dc [ pou
C; C(212)
Then each determined F;(z) is a single-valued analytic branch of F(z) in A |

4.3 Cauchy’s Integral Formula
We know that |z — 29| represents a normal ellipse centered at zg (70,%0)T in the complex plane Cy

[ , ]. For simplicity, let the normal ellipse be F : z—; + % = 1, ie., the parametric equation

M

T =acost
F: { bsint ,t € [0,27]. Then by the symmetry of the ellipse, its perimeter is
y = bsin

[/:4/2 \/(a:’(lf))Q—l—(y’(t))2dt24/2 Va2sin®t + b2 cos? ¢ dt.
0 0

Let A = —¢?, and let the principal radius of the ellipse be r. Clearly, ¢*> = ‘b‘—z. Then when |g| > 1, r = a,
and the ellipse perimeter is

3 b2
L:4a/ (1 —cos?t) + — cos? t dt
0 a

z 1
_ 4r/ \/1 - <1 - 2) cos? tdt =: 4rE(q);
0 q

When 0 < |g| <1, r = b, and the ellipse perimeter is

z 2
L:4b/0 \/Zzsin%—i—(l—sinzt)dt

z
= 47°/ \/1 — (1 —¢?)sin®tdt = 4rE'(q).
0

E(q) = /2 \/1 - <1 - 12) cos? tdt,
0 q

E'(q) = AQ \/1 — (1 —¢?)sin® tdt

are called the contour coefficients of the normal ellipse in the complex plane Cy when |g| > 1 and when
0 <|g¢| < 1, respectively, collectively referred to as the contour coefficients of the complex plane Cy [ ,
|. Clearly, for a given complex plane Cj, its contour coefficient is a definite constant. When A = —1,

we have the classical complex plane C, and the contour coefficients E(q) = E'(q) = T [ , ].

2
Now we proceed to derive the integral formula from the integral theorem.

Here,
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Proposition 4.13 (Cauchy Integral Formula). Let D be a bounded region with boundary consisting of finitely
many simple closed curves C, and let the function f(z) be analytic on the closed region D consisting of D

and C'. Then forVz € D, )
_q f(¢
1) = 5§ Lac (22)

Proof. For any point z in D, draw an elliptic circle C,, : |¢ — z| = p such that the closed elliptic disk enclosed

by C, lies entirely within D | , ]
Slnce f(¢) is continuous at ¢ = z, for Ve > 0, 3§ > 0(6 < p) such that when ¢ € U(z, ),

1F(Q) = f(2)| <e

Therefore, when r < ¢, if |g| > 1,

iz (F, 5 500) - f, et d<\
<mf4rE(q)
if 0 < gl <1,
i (F, &5 500)|-lmg £,
<ﬁ(q).;.4rﬂ(q):

In summary, since for a given ¢(q # 0), E(q) and E’(q) are nonzero constants, it leads to

i 10y o 1©
hmﬁlgrg_zd flz) & f(2) - 1 56 d¢.

r—0 [o 2 =0 Jo (— 2
Finally, it is obtained that f(z) = iyﬁ (O d¢ | , ] O
2mi Jo (— 2
This is the Cauchy integral formula, which can also be written as
f(¢ 271
¢ Lac— 2 g, (23)
cG—z2

Proposition 4.14 (Mean Value Theorem). Let f(z) be analytic on the elliptic disk enclosed by C, : |( —z| =

p. Then

F(z0) = % /0 7y (20 + pel%) a0.

Proof. By the Cauchy integral formula, f(zg =5 yg : d( Let ¢ = zo + pe’ . Then
i — 20
ent e T
flz0) = %55 — g —pe do = Dy / f (zo —i—pela) dé.
mi Jo, pe'a q 7r
Thus the proposition is proved [ , ]. O

That is, the value of f(z) at the center zy of the ellipse equals the arithmetic mean of its values on the
ellipse. Theorem 4.14 is also called the Mean Value Theorem for analytic functions [ , ].
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4.4 Cauchy’s Integral Formula for Derivatives of Arbitrary Order

Now, we need to derive the higher-order Cauchy integral formula based on the above integral formula, as
stated in the following proposition:

Proposition 4.15 (Higher-Order Cauchy Integral Formula). Let D be a bounded region with boundary
consisting of finitely many simple closed curves C, and let the function f(z) be analytic on the closed region
D consisting of D and C. Then f(z) has derivatives of all orders in D, and

f<">(z):q'”!§1§c<<f(§))n+ldg (n=1,2,...). (24)

211

Proof. First consider the case n = 1, i.e., prove f'(z) = %/c ((f—(<2)2d< [ , ].
For any z € D, 3d > 0 such that U(z,2d) C D. Let M = maxcec{|f(¢)|}, and let L be the arc length of
C'. Then when 0 < |h| < d,

fe+h)—fz)  « f(Q)
h ‘m?@(c—zvdc‘
114 f(Q) q f(Q) q f(Q)
~|n [mygcc—z—hdczm cC—de} i b dc‘
_la-h f(©) dc
Tl o C—-m(C -2
-|lh| M
g%-ﬁl—w (h —0).
Therefore,
iy JEER) —f2) f(Q)
o) = pim BT = o ) e
Now use mathematical induction to prove the general case | , ]. Assume the conclusion holds
forn =k, ie.,
By 4K f(©) _
fY(z) = Si %(C—z)k“dc (k=1,2,...).

Then for n =k + 1,

FOEER) = fPE) g (bt 1)! § 19
h 21 C (C — Z)k+2

i

R f(©) q- k! f(©) q-(k+1)! f(Q)
- ‘h [ i b e € o e s dg} S b e dC‘
g (k+1)! 1 1
- ‘2#1' §£Cf(<) {(Cz =) T o z)wl d§+h0(1)’ -0 (h—0).
Hence,
bty qi 4+ R) = fP() g (k+1)! £(©)
S = }lllg%) h N 27 fé (¢ — z)k+2 d.

The proposition is proved | , ] O
Corollary 4.16. If the function f(z) is analytic in the region D, then f(z) has derivatives of all orders in
D/ , .

The higher-order Cauchy integral formula can also be rewritten as

f(c) _ 2mi (n) _
5607((—2)”+1dc_q~n!f (z2) (n=1,2,...). (25)

We shall invoke equations 25 and 24 in the sequel.

45



4.5 Applications of Cauchy’s Theorem

Proposition 4.17 (Cauchy’s Inequality). Let the function f(z) be analytic on the closed elliptic disk bounded

by C : |z — 20l = po (0 < pg < +00), and let M(p) = ‘ ma‘x |f(2)] (0 < p < po). Thereafter,
z—z0|=p

M 2F
lql - (o) ~ﬁ, gl > 1
n! - M(p) 2E'(q
lql - EL)~ 9 0<lql<1
p
Proof. By the Cauchy integral formula 22 and the higher-order derivative formula 25 [ , I,
(m) :q'”!?é O _4¢ n=1,2
f (ZO) ori - (C_Zo>n+1 C (?’L ) 7)
When |q] > 1,
n n!  M(p) M(p) 2E(q)
1ol <l - 5 e -4pE(q) = |q| - L
The case 0 < |¢| < 1 can be shown in the same manner | , ] O

In particular, when |q| = 1, we have E(q) = E’'(q) = g, which is the case of circular complex functions

[ , ]. Formula 26 is also called Cauchy’s Inequality.

Definition 4.18 (Entire Function). A function that is analytic in the entire complex plane Cy is called an
entire function (or holomorphic function). A function that is analytic only in some region of the complex
plane is called a meromorphic function [ , .

Proposition 4.19 (Liouville’s Theorem). A bounded entire function must be constant [Li25, /.

Proof. Let f(z) be a bounded function, i.e., 3M > 0 such that |f(z)] < M for all z € Cy. Then for any
20 € Cy and any p > 0, when |q| > 1,

M(p) 2E(q) _2E(q)-M-|q| 1

|f'(20)] < lq| - : < = =0 (p— 4o0);
p ™ ™ p
when 0 < |g| < 1,
M 2F' (q 2F'(q) - M -|q| 1
E O R T !

As a result, f'(z9) = 0 for all zg € Cy, i.e., f(z) = C is a constant. This theorem, like in the theory of
circular complex functions, is also called Liouville’s Theorem | , ] O

By the same token, in the elliptic complex domain, there is also a corresponding Fundamental Theorem
of Algebra [ , ].

Proposition 4.20 (Fundamental Theorem of Algebra). Any algebraic equation of degree n
apz” + a1z V4. 4 an_1z+a, =0 (a0 #0,Vz € Cy)

has at least one root [Li25, /.
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Proof. Assume the conclusion is false. Then the function

1

apz™ a1z 4+ ..+ ap_12+an,

flz) =

is analytic in the entire complex plane, i.e., it is an entire function [ , ].
Clearly, lim f(z) = 0; hence f(z) is bounded in the complex plane Cy. By Liouville’s Theorem, f(z) = C
Z—r00

is a constant. However, clearly 321, 20 € Cy with 21 # 25 such that f(21) # f(22), a contradiction. Therefore,
the original assumption is false, and the equation has at least one root | , ]. O

Proposition 4.21 (Morera’s Theorem). If the function f(z) is continuous in the region D, and for every
simple closed curve C' in D it leads to
¢ )z =
c

Proof. Let z,29 € D. Define F(z / f(¢)d¢. By the hypothesis, the value of / f(¢)d¢ depends only

then f(z) is analytic in D [Li25,

on z and 2o, not on the path of integration. Thus F(z) is a single-valued function | , ]
It can be easily shown that F(z) is analytic in D and that F'(z) = f(2). Since F'(z) is analytic, f(z) is
also analytic in D. O

This theorem, also called Morera’s Theorem, is the converse of the Cauchy Integral Theorem | ,

).

5 Series Representations of Analytic Functions

Clearly, the definitions of complex series and the related theory of series convergence in the elliptic complex
domain are the same as the corresponding basic theory in the circular complex domain, so we will not
repeat them here (interested readers can refer to relevant materials on (circular) complex function theory)
[ , ]. We will start directly from the theory of Taylor series | , ].

5.1 Taylor Expansion of Analytic Functions

Definition 5.1 (Power Series). Let a,(n = 0,1,2,...) and zo be complex constants in the complex plane
Cy. Then

Zan(z—zo)":aoJral(z—zo)+~~~+an(z—z0)”+...
n=0

is called a power series in (z — z9) [Li25, /.

For uniformity, unless otherwise specified, ”ellipse” below refers to a normal ellipse | ,
5.1.1 Basic Theory of Power Series

Proposition 5.2. (1) If the power series Z an(z — z0)" converges at z1(z1 # z0), then for any point z

in the elliptic disk region satisfying |z — z0| < |21 — 20|, the series converges absolutely [ , I

(2) If the power series Z an(z—z0)" diverges at z2, then for any point z in the region outside the elliptic

n=0
disk satisfying |z — zo| > |22 — 20|, the series diverges [Li25, /.

47



Proof. In fact, if (1) is true, then (2) must be true | , |. Assume (2) is false, then the power
series diverges at zo, and there exists some point 2} in the region outside the elliptic disk satisfying |z — zo| >
|22 — 20| such that the series converges. Then by (1), for any point z in the elliptic disk region satisfying
|z — zo| < |24 — 20| (clearly including z3), the series converges, contradicting the assumption [ , ].
Therefore, we only need to prove (1).
o0
Owing to the series Z o (21 —20)" converges, by the necessary condition for convergence: lim v, (z1 —

n—oo
n=0

z0)" = 0, there exists a constant M > 0 such that
|an(z1 — 20)"| < M(n=0,1,2,...).

Therefore, for any point z in the elliptic disk region satisfying |z — 29| < |21 — 20/, it can be seen that

an(zlzo)”.<zzo> ‘§M<|ZZO|> — ME".

21 — 2o |21 — 20|

n‘i

|an(z = 20)

oo o0
Clearly, 0 < k < 1, so the series ZMk" converges, and thus the series Zan(z — 2p)" converges
n=0 n=0

absolutely [Li25, ]. O

Proposition 5.3 (Convergence Principal Radius). Let the convergence radius of the real power series

Z |an|z™ be R [ , .
n=0

o0
(1) If 0 < R < oo, then the power series Zan(z — 20)" converges absolutely when |z — zo| < R, and
n=0

diverges when |z — zo| > R [ , I

o0
(2) If R = 400, then the power series Z an(z —20)" converges absolutely in the entire complex plane Cy

n=0
[Li25, J;
o0
(3) If R =0, then the power series Z an(z — 20)" diverges at every point except z = zy [ , .
n=0
oo
In this case, R is called the convergence principal radius of the power series Zan(z — z9)". For the
n=0
case 0 < R < o0, the region |z — zo| < R is called the convergence elliptic disk of the series [ , /.
Proof. Here we only prove case (1) | , ]. Arbitrarily take z; satisfying |21 — 20| < R. Then there
must exist 1 satisfying
|Z1 — Zo| <r; <R.
(oo} (oo}
By hypothesis, the series Z | |r] converges, so the series Z an(z — 29)" converges absolutely at r; =
n=0 n=0

oo

z— 20, 1.€., at z = r1 4+ z9. Since |21 — 29| < 71 = |(20 +71) — 20|, by Proposition 5.2, the series Z an(z—20)"

n=0
converges absolutely at z1 | , ]. Similarly, arbitrarily take zo satisfying |z — 29| > R. Then there
must exist ro satisfying
|2’2 — ZQ| >r9 > R.
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o0
Assume the series Z an(z — z9)™ converges at zo. Then by Proposition 5.2, the series also converges at

n=0

o0
z = r9+ 29, S0 the corresponding real power series Z |, |z™ has convergence radius ro > R, a contradiction
n=0
[Ulr23, I O
Similar to the case of the circular complex plane, we have the following conclusions | , ]:
Proposition 5.4 (Convergence Radius Formulas). If any of the following conditions holds:
RT Qp41 .
) 1= Jim %5
(2) 1= lim {/|anl;
n—oo
(8) 1= lim {/|ayl,
n—oo
= 1
then the convergence principal radius of the power series Z an(z—20)" is R= 7 / , .
n=0
(o]
Proposition 5.5 (Analyticity of Sum Function). Let the convergence principal radius of the series Z an(z—
n=0

20)" be R(R > 0). Then in the convergence elliptic disk |z — zg| < R, the corresponding sum function
o0

flz)= Z an(z — 20)" is analytic [ , /.
n=0

5.1.2 Basic Theory of Taylor Series

Proposition 5.6 (Taylor Expansion). Let the function f(z) be analytic in a region D [ , ]. For
z0 € D, as long as the ellipse K : |z — zg| < R is contained in D, then f(z) can be expanded into a power

series in the region K:
o0

f(z) = Z cn(z —a)”,
n=0
where the coefficients (let C : |z — 29| = p,0 < p < R) are
(n)
27t Jo (¢ — zo)nt1 n!
Moreover, this expansion is unique [ , .
1 > " zZ— 29 . .
Proof. On account of = Z u" (Ju| < 1), because < 1 holds for any z € C', it is obtained that
l—u = ¢—20
U123, Che24) .
1 1 1 1 (z — zo)"
_ _ . S N G i 28
el ey pan Rl el = D) N (%)
. _a LSO
By the Cauchy integral formula f(z) = — @ ——==d(, it yields that [ , ]
2mt Jo C— 2

fa= o> (f et rac) (- o (29)

n=0

49



Combined with the Cauchy higher-order derivative formula | ) ]

(n)(, ZQ'n! f(©) n—
1) =G i =120,

hence we obtain the conclusion [ , ] O

Equation 27 gives the Taylor coefficients, and Equation 5.6 is the Taylor series expansion [ , ].
From Proposition 5.6, we can arrive at the Taylor expansions (at z = 0) of basic elementary functions

[ ; J:

. 22 2% A 2, 2"
e :1+Z+§+§+E+:;ﬁ’ (30)
) 23 2’5 27 & " 22n+1
Z2 Z4 2,6 > nz2n
cosz:l—a—kj—a—l—-”:g(—l) oIk (32)

and so on.

d
Proof. For Equation 27 , due to d—ez = ¢*, we achieve (€*)™|,_q = 1, which gives Equation 30 | ,
z
J;

For Equation 28, given that sinz = 21 (e’% — e_zf), substituting Equation 27 gives Equation 31 | ,
i
I;
For Equation 29, since (sinz)’ = cosz, differentiating Equation 28 term by term gives Equation 32
[ ; I
Likewise, we can obtain the Taylor expansion (at z = 0) of the logarithmic function Log(1 + z) | ,
]. Clearly, Log(1 + z) is an infinitely multi-valued function, with branch points at z = —1,00 | ,
]. Cutting the z-plane along the negative real axis from —1 to co, in the resulting region G, the function
Log(1 + z) yields infinitely many single-valued analytic branches fi(z) = [log(1 + 2)]x (k = 0,£1,£2,...)
, ]. Taking the principal value branch [log(1 + z)]o, in view of

1 (n) —1 (n=1)!
J(z) = =(-1)""—
fO(Z) 1—|—Z’ va (Z) ( ) (1-}-2)"7
the Taylor coeflicients are
f)  (=pt
Cp = = ’
n! n
so it leads to
22 28 z" = z"
log(1 —, 4y (—)l = —pri 2
log(1+2)Jo =2 — 4 5 — -+ (-1 1+ nE::o() -
Consequently , the Taylor expansion of Log(1 + z) at z =0 is
> o1 2" 2kmi
Log(1+ 2) = E (=" —+ (k=0,+1,+£2,...).
n q
n=0

In the same manner, we can obtain the expansion of the principal value branch of the function (1 4 2)“

[ : J:
(1+2)%=1+az+ ((;)zz—k-“—i-(Z)z"—i-“-:i(z)z”.

n=0
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It can be seen that although we are in different complex planes, most of the Taylor expansions obtained
for elementary functions are the same, except for some periodic functions whose periods are related to the
elliptic coefficient ¢ [Li25, ].

5.2 Isolation of Zeros and Uniqueness Theorem of Analytic Functions
5.2.1 Zeros of Analytic Functions

In many practical problems, it is often necessary to find points where a function equals zero, i.e., to determine
roots | ) ]

Definition 5.7 (Zeros of Analytic Functions). If the value of a function f(z) at a point zy in its analytic

region D is 0, then zg is called a zero of the analytic function f(z) [ , |. Suppose the function
f(2) has a Taylor expansion f(z) = Z cn(z —a)™ in some neighborhood U of the zero zy [Li25, /.
n=0
(1) If ¢, =0(n=0,1,2,...), then f(z) is identically zero in U [ , I

(2) If ¢, =0(n=0,1,2,...,m—1), and ¢, # 0, then zq is called a zero of order m of f(z). Whenm =1,
it is called a simple zero; when m > 1, it is called a zero of multiplicity m [ , /.

Proposition 5.8 (Characterization of Zeros). A necessary and sufficient condition for a non-identically
zero analytic function f(z) to have zy as a zero of order m is

f(z) = (2= 20)"0(2)
where ¢(z) is analytic at zo, and ¢(zo) # 0 [Li25, /.

For example, find all zeros of the function f(z) =sinz —1 | , ]. Setting f(z) = 0, we have

N\ 2 .
q,(ei;—ei;)=1®<eig—l> =O<:)ei§:E,
21 q q

so the zeros are z = g + 2kn(k =0,+£1,...). Due to the fact that

P (@)= 42k =0, f'(2)ls=g 210 # 0,

z= g+2k:7r(k:0,i1,...) are zeros of order 2 of f(z) | ) ].

Proposition 5.9 (Isolation of Zeros). Let the function f(z) be analytic in a neighborhood of zo, with f(zo) =
0. Then either f(z) is identically zero in some neighborhood of zg, or there exists a neighborhood of zy in
which zg is the only zero of f(z) [Li25, /.

Proof. Let zg be a zero of order m of f(z). Then in a neighborhood U of zy,

f(z) = (2= 20)"9(2), ¢&(20)#0

where ¢(z) is analytic in U | , .
Thus, there exists € > 0 such that when 0 < |z — 2| <€, ¢(2) # 0, i.e., f(z) #0 | ) ]. O

Theorem 5.9 states that for a non-identically zero analytic function, its zeros must be isolated |

!

)
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5.2.2 Uniqueness Theorem

Lemma 5.10 (Analytic Continuation Along a Curve). Let the function f(z) be analytic in a region D. If
f(2) is identically zero in some neighborhood within D, then f(z) is identically zero in D [ , .

Proof. Suppose at some point zp in D, there exists a neighborhood K such that f(z) = 0. Arbitrarily take
z € D, connect zy and z with a finite polygonal line L in D, such that the distance between L and the
boundary 0D of D is greater than 6 > 0, ensuring that every point on L has some neighborhood contained
in D | , ]. On L, take successively

205 R1yR2y - 3”n—15°n — %,

such that z; € Ky, and the neighborhood K; of z; contains z,, the neighborhood K5 of 2o contains z3, ...,
the neighborhood K,,_1 of z,_1 contains z,. Then f(z1) =0, so f(”)(zl) = 0. Hence

o f(n) (5
f(Z):ZfT(!l)(z—Zﬂ":O, z € Ky
n=0
Thus f(22) = 0, so f(™(zy) = 0, further obtaining f(z3) = 0, ..., finally obtaining f(z,) = 0 [Li25,
I 0

From Proposition 5.9 , for a non-identically zero analytic function f(z), its zeros must be isolated; if the
zero is isolated, then the function f(z) = 0 | ) ]. Furthermore , the conclusion below follows.

[Ulr23, J

Proposition 5.11 (Uniqueness Theorem of Analytic Functions). Let the functions f(z) and g(z) be analytic
in a region D, and let zi(k =1,2,...) be distinct points in D such that the sequence {zx} has a limit point

in D. If f(zr) = g(zk)(k =1,2,...), then f(z) = g(z) in D [Li25,
Additionally , we have the following corollaries | , ].

Corollary 5.12. Let the functions f(z) and g(z) be analytic in a region D, and let C be a curve segment

in D. If for all z € C, f(z) = g(2), then f(z) =g(z) in D [ , /.
Corollary 5.13. Let the functions f(z) and g(z) be analytic in a region D. If f(z) and g(z) are equal in
some subregion of D, then f(z) = g(2) in D [Li25, /.

5.3 Laurent Expansion of Analytic Functions

Consider the power series in (z — zp) | , ]
Zﬁn(z—zo)" =00+ f1(z—20)+ -+ Bulz—20)" + ..., (33)
n=0

and the power series in (z — 29) 7! [ , ]

Z Bon(z—20)" =P 1(z—20) 4+ F+Bn(z—2)"+.... (34)
n=1
Let the convergence radii of the two power series be R and R’ respectively [ , ]. Then series

33 converges in |z — 29| < R, while series 34 converges in |z — 20|7! < R/, ie,, in |z — 20| > 1 = Vo
[ » I

Therefore , when 0 < r < R < 400, the series

“+o0
> Balz = 20)" (35)

n=—oo
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converges in the elliptic annulus U : r < |z — 29| < R | , ]. Series 35 is called a Laurent series
(expansion), where series 33 is called the analytic part of the Laurent expansion, and series 34 is called the
principal part of the Laurent expansion | , ].

Proposition 5.14 (Laurent Expansion). Let the function f(z) be analytic in the elliptic annulus U : r <
|z — 20| < R. Then in U, f(z) has the expansion

+oo
=Y enlz—z0),
and this expansion is unique , where
q f(Q)
n=—@¢0 —————d =0,+1,£2,...), 36
= om ﬁé (€= 2)m 196 (n ) (36)

and C : |z — 29| = p, with p any number satisfyingr < p < R [

; J-
Proof. Arbitrarily take z € U. Then there must exist r; and R; such that
r<r <|z—2z| <R <R.

Let Cy : |¢ — zp| =71 and Cs : |¢ — 29| = Ry. By the Cauchy integral formula [ , 1,

_q f(©)
fe) = 5k 750 e

We now expand into series form for ¢ € Cy and ¢ € Cy respectively |

For ¢ € Cy, it is concluded that | — zg| > |z — 20|, so

1 _ 1 _b b o)
C—2z C(—2—(2—20) (-2 1—2:—28 7;)((—20)"“’

For ¢ € C1, we have |¢ — z¢| < |z — 20, so

C—2 2—2—(C—2) =z2z—2 1-%&2 ¢ (2 —z0)" T
zZ—2p n=

Therefore,

o= § L T 19 e

2mi Jo, ¢ — 20 2 fo, ¢ — 20
N
2im 5’%1 g) B _fz(f;n-&-l (€ —20)" dC
B io i b, € e
: i i b, €
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For the part ngozqm% z—fi'g))”“‘l(c — 20)"d(¢, let n = —k — 1. Then when n = 0,1,2,---, we have
k=-1,-2,-3,---. Hence,

= g /) we N~ (L f©) "
nZ:O 9 fél (z — zp)nt! (¢ — 2)"d¢ = Z (27” -¢C1 = Zo)”JrldC) (z — z)™.

n=-—oo

Combined with the Cauchy integral theorem, it follows that
1= 3 (5 f, g ac) -
3 (5 f, o) o
-3 (s )
3 (s el
Y (s g k) e

n=—

which gives the conclusion | , ] Regarding the uniqueness of the expansion, consider another
possible Laurent series with coefficients ¢/,. By formula 36 | , 1,

¢ = dc

a L O g L X (=)
5’%(@“ I

2mi —zo)HL T 27 Jo (¢ — zg)kt1
+0o0 q 1
-~ (b e )

By the basic property of integrals as shown in Proposition 4.3 of Section 4.1.2, ¢}, = ¢, holds for all k.
Hence the Laurent expansion is unique | ) ] O

5.4 Isolated Singularities of Analytic Functions

Definition 5.15 (Singular Point). If the function f(z) is not analytic at zg, but in every neighborhood of zg
there exist points where f(z) is analytic, then zg is called a singular point of the function f(z) [ , .

5.4.1 Basic Theory of Isolated Singularities

Definition 5.16 (Isolated Singularity). If the function f(z) is not analytic at zo, and there exists a punctured
elliptic disk

D={z]0<|z—2)]| < R}0<R<+00),
such that f(z) is defined and analytic in this elliptic disk, then zo is called an isolated singular point of the
function f(z) [Li25, /.

The difference between a singular point and an isolated singular point is that in any neighborhood of a
singular point, there are points where f(z) is analytic, but the function may not be analytic throughout that
neighborhood. An isolated singular point requires the existence of such a punctured neighborhood where
f(z) is entirely analytic | , ]
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Definition 5.17 (Classification of Isolated Singularities). Let zg be an isolated singular point of the function
f(2). Regarding the Laurent coefficients c,(n < 0) being zero, there are three cases [ , /:

(1) If ¢, =0 for all n <0, then zy is called a removable singular point of f(z) [Li25, /;

(2) If only finitely many n < 0 have ¢, # 0, then zy is called a pole of f(z). If there exists a positive
integer m such that c_,, # 0 while ¢, =0 for all n < —m, then zq is called a pole of order m of f(z),
i.e.,

+ o0
f(z) = Z en(z — 20)".
In particular, when m =1, zg is called a simple pole of f(z) [ , IB

(3) If there are infinitely many n < 0 with ¢, # 0, then zy is called an essential singular point of f(z)

[Ulr23, J

Proposition 5.18 (Characterization of Removable Singularities). Let zo be an isolated singular point of the
function f(z). Then zy is a removable singular point of f(z) if and only if

lim f(z) = ala # ).

Z—Z20
+oo
Proof. (Necessity) Let zp be a removable singular point of f(z). Then f(z) = Z en(z —29)" for z € D =
n=0

{# |0 < |z — 29| < R}. Hence li_)m f(2) = ¢o [Li25, ]
z—20
(Sufficiency) Suppose lim,_,., f(z) exists. Since f(z) is analytic in D, there exist M > 0,0 < § < R such

that when 0 < |z — 20| < 0, |[f(2)| < M | ) ]. Then when 0 < p < 4, for |q| > 1,
q f(©) gl M 2|q|E(q) M
L TS gl <M By R = 2D
e 2m’§é((—z0)”+1 (=5, PR (a) P

for 0 < |g| < 1,

q f(¢ q M 2|q|E'(q) M
len| = 2795 %dﬁ < L P 4pE'(q) = Mfw
mi Jo (¢ = 20) 2m p T p
where E(q), E'(q) are the contour coefficients of the complex plane Cy, satisfying F(q) < m, E'(q) < «
[ , ]. Hence ,
2M
el < 2l o, 0)
p
for all n = —1,—2,... . Therefore, ¢, =0 for all n = —1,—-2,... | , ]. O

Proposition 5.19 (Characterization of Poles). Let zg be an isolated singular point of the function f(z).
Then zg is a pole of f(z) if and only if

Proof. (Necessity) Let zg be a pole of order m of f(z). Then

fz) = — o)

(z — 20

where ¢(z) is analytic at zo and ¢(z9) # 0. Thus li_>m f(z)=00] ) ].
z z0
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(Sufficiency) Suppose lim f(z) = co. Let F(z) = Then lim,_,., F'(z) = 0, so zp is a removable
Z—r20

1
fz)
singular point of F(z) | , ]. Thus, in some punctured neighborhood of zy, F(z) has the Laurent
expansion

F(z)= Z dn(z — 20)".
n=0

Since F(zg) is not defined at zg, we can define F(z9) = dp, making F(z) analytic at zg. As dy =
lim,_,,, F(2) =0, suppose dy =dy = -+ = dp—1 = 0 and d,;, # 0. Then

F(z) = (z — 20)"(2),
where 1(z) is analytic at zp and ¥(z) # 0. Accordingly,

1 1

1&) = o

1
Due to the fact that —— is analytic at zg , 2o is a pole of order m of f(z) |

¥(2)

From Propositions 5.18 and 5.19 and the definition of essential singularities , it is found that essential
singularities admit an equivalent characterization | , |:

) ]' D

Proposition 5.20 (Characterization of Essential Singularities). Let zg be an isolated singular point of the
function f(z). Then zy is an essential singular point of f(z) if and only if the limit lim f(z) does not exist
Z—r20

and is not oo [ , /.

Proposition 5.21 (Weierstrass Theorem). Let zg be an isolated singular point of the function f(z), and let
f(2) be analytic in 0 < |z — 29| < R. Then z is an essential singular point of f(z) if and only if for every
finite or infinite complex number v, there exists a sequence {z,} converging to zg in 0 < |z — z9| < R such

that Tim f(z,) = 1125, ]

Proof. (Sufficiency) Owing to the fact that v = lim f(z,) can be any value (including oco) , the limit
n—oo

lim f(z) does not exist and is not oo . By Proposition 5.20, zo is an essential singular point of f(z)
Z—rZ20

[ ; I

(Necessity) Consider the cases v = oo and «y # oo separately | , ]. O

5.4.2 Properties of Analytic Functions at Infinity

Definition 5.22 (Isolated Singularity at Infinity). If the function f(z) is analytic in some neighborhood of
infinity R < |z| < 400 (R >0), then oo is called an isolated singular point of f(z) [Li25, /.

1
Clearly, f(z) has co as an isolated singular point if and only if the function f(—) has w = 0 as an isolated
w

singular point | , ]. Thus ,

Definition 5.23 (Laurent Expansion at Infinity). Let the function f(z) be analytic in R < |z| < 400

(R>0). Then
+oo +oo +o0o
f(z)= Z C_p2t = Z c_n 2"+ Z Cc_n 2"
n=0 n=1

n=—oo

— 00 +oo
where s(z) = Z cnz" is called the analytic part of f(z), and t(z) = Z cnz" is called the principal part of
n=0 n=1

f(2) [Ulr2s, J
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Proposition 5.24 (Classification of Singularities at Infinity). Let the function f(z) be analytic in R < |z| <
+0o (R >0). Then z = oo is a removable singular point, pole, or essential singular point of f(z) if and only
if im f(z) emists, lim f(z) = o0, or lim f(z) does not exist and is not oo, respectively [Li25,

zZ—+00 Z—00 Z—00

Similarly, the Weierstrass theorem also holds for the point at infinity [ , ]

Proposition 5.25 (Weierstrass Theorem at Infinity). Let zg be an isolated singular point of the function
f(2), and let f(2) be analytic in R < |z| < co. Then z = oo is an essential singular point of f(z) if and only
if for every finite or infinite complex number vy, there exists a sequence {z,} converging to 0o in R < |z| < 0o
such that nll)rréo fzn) =71/ , /.

5.5 Entire and Meromorphic Functions

Based on the characteristics of isolated singularities of analytic functions, there exist two classical families
of analytic functions that can be obtained [L.i25, ].

Definition 5.26 (Entire and Meromorphic Functions). A function that is analytic in the entire complex plane
Cy is called an entire function [ , . A single-valued analytic function that has no singularities
other than poles in the complex plane Cy is called a meromorphic function [ , .

Let f(z) be an entire function. Then f(z) has only z = co as an isolated singular point | , ]
Therefore ,

Proposition 5.27 (Classification of Entire Functions). Let f(z) be an entire function. As a result [ ,
I
(1) the point 0o is a removable singular point of f(z) if and only if f(2) is constant [ , A

(2) the point 0o is a pole of order m of f(2) if and only if f(2) is a polynomial of degree m, i.e.,
FE) =3 ens" (em#0m > 1); (37)
n=0

(8) the point co is an essential singular point of f(2) if and only if infinitely many ¢, are non-zero, i.e.,
oo
f(z)= chz” [Li25, /.
n=0

Proof. (1) (Sufficiency) Let oo be a removable singular point of f(2), i.e., lim f(z) = a (Ja] < +00). Then
zZ—00

there exists M > 0 such that |f(z)| < M for all z € Cy. By Liouville’s theorem as seen in Propsition
4.19 , f(2) is constant | , .

(Necessity) When f(z) is constant, clearly li_>m f(2) = a (Jo| < +00), so oo is a removable singular
point of f(z) [U1123, I

(2) (Sufficiency) Let co be a pole of order m of f(z). Then the principal part of the corresponding Laurent
expansion is

g(z) = Z enz"  (em #0).

Let F(z) = f(z) — g(2). Clearly, F(z) is an entire function, and oo is a removable singular point of
F(z). Hence
F(z) = f(z) —9(z) = C,

so Formula 37 holds [1.i25, ]. The necessity is obvious | ) ;
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From the definition of meromorphic functions, rational functions | , ]

P(Z) . 040+Oélz—|—a222+..._|_anzn
Q(z) Bo + 1z + Baz? + -+ Bz

are meromorphic functions [ , ].

f(z) =

(atn; Bn # 0)

Proposition 5.28 (Characterization of Rational Functions). Let f(z) be a meromorphic function. Then
f(2) is a rational function if and only if 0o is a removable singular point or a pole of f(z) [ , ).

Proof. (Necessity) Let f(z) be a rational function. Then when m > n, lim,_, o, f(z) exists and is finite, so co
is a removable singular point of f(z). When m < n, lim,_, ., f(z) = 00, so oo is a pole of f(z) | , ].

(Sufficiency) Let f(z) be a meromorphic function. Then f(z) has no singularities other than poles in
the complex plane C,, and these poles can only be finitely many. Otherwise, infinitely many poles would
necessarily form an accumulation point, contradicting the definition of singularities [ , ] O

Now suppose the poles of f(z) in the complex plane Cy are z1,23,...,2,, with orders si,89,...,8,
respectively. Then the function

9(z2) = (z—21)" (2 — 22)% ... (2 — 20)°" f(2)

has at most z = oo as a pole, and is analytic in the complex plane Cy. Hence g(z) is a polynomial of finite
degree, so f(z) is a rational function [ , .

6 Theory of Residues

Residue theory is an application of series theory and another powerful tool for studying analytic functions
[ , ]. It can be used not only to compute complex integrals but also to determine the zero
distribution of functions within a region [ , ].

6.1 Residues and the Residue Theorem

Definition 6.1 (Residue). Let zg be an isolated singular point of the function f(z), and let f(z) be analytic
in the punctured elliptic disk D : 0 < |z — zg| < R. Take C : |z —zo| =7 (0 <r < R ). It could be seen that

q
— d
omi 7204
is called the residue of the function f(z) at zg, denoted by Res(f,zo) [Li25, /.
Let the Laurent expansion of f(z) in D : 0 < |z — z| < R be

+oo

flz)= Z en(z = 20)".

n=—oo

Thus Res(f, z9) = ¢_1, because | , ]
- - 2mi
f(z)dz = 55 cn(z — 29)"dz = Cn ¢ (z —20)"dz = —c_1.
o=, 3 2% q
Therefore ,

Res(f, z0) = 2im 550 f(z)dz =c_1.

It can be shown that c_; is the coefficient corresponding to the (z — z9) ™! term in the Laurent expansion
of f(z) in D :0 < |z — 29| < R. Whence , the residue of a function f(z) at a finite removable singular point
(not oo) is zero | ) ].
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Proposition 6.2 (Residue Theorem). Let D be a bounded region in the complex plane, whose boundary
consists of one (or finitely many) simple closed curves. If the function f(z) is analytic in D except for
finitely many isolated singular points z1, za, ..., zn, and f(z) is also analytic on the boundary C = 0D, then

271
yfc O ; Res(f, ). (38)

The integral along C is taken in the positive direction with respect to the region D, i.e., when traversing the
boundary, if ¢ > 0 the left-hand side is always inside the region, and if ¢ < 0 the right-hand side is always
inside the region [Li25, /.

Proof. Construct ellipses Ci,Cs,...,C, centered at the isolated singular points zi, za, ..., 2z, within the
region D [ , ]. By the Cauchy integral theorem,
¢ J(z)dz =0,
C+Cy +Cy +..4Cyy
ie.,
271
yg f(z)dz = §£ f(z)dz = — Z Res(f, zk)-
c C1+Ca+...4Cp At
That being said , the proposition is proved | , ]. O

Proposition 6.2 is also called the Residue Theorem in the elliptic complex domain | , ]

Proposition 6.3 (Residue at a Pole). Let zy be a pole of order n of the function f(z), and let f(z) =

(qﬁ(z))n’ where ¢(z) is analytic at zo and ¢(z9) # 0. Consequently ,
zZ— 20
_ ¢(n71)(20)
Res(f, z0) = o
Note that here ¢ (zq) denotes ¢(z), and ¢V (z) = lim ¢V (z) [ , ).
Z—20

Proof. From the definition of residues and the Cauchy higher-order derivative formula | , 1,

_q ¢(2) _ 9" V(=)
Res(f, z0) = %yfc = Zo)ndz = s 1)? .

This completes the proof | , ]. O

Specifically , when n = 1, i.e., g is a simple pole of f(z),

Res(f,20) = ¢(20) = lim (z — 20) f(2); (39)

Z—r20

when n = 2, i.e., 2¢ is a pole of order 2 of f(z),

Res(fa ZO) = ¢/(ZO)'

For example, the function f(z) has two simple poles at z = +2 [ ) ]. The residues
q

T
at these singular points are




. . iz 4
Res (f,—z) = lim (z—f—;) f(z) = lim € 7 :_q%e .

Consequently , by the Residue Theorem, for any region in the complex plane C, containing these two
singular points, it is established that , ]

[
F(2)dz = _a-(ef—em) sin b

c 2 q
- : : : P(z) :
Proposition 6.4 (Residue for Rational Functions). Let f(z) = o0) where P(z) and Q(z) are analytic at
20, and 2o is a simple zero (zero of order one) of Q(z). Then
P(z0)
Res(f,zy) = .
(f:20) Q' (20)

Proof. Owing to the fact that z is a simple zero of Q(z), it is found that Q(z9) = 0. Therefore, z; is a
simple pole of f(z) [Li25, ]. By Formula 39 ,

. . P(z) P(z0)
Res(f,20) = 6(z0) = Jim (2 = 200/ () = 1tn GGy = Gy
zZ—Zz0
This completes the proof | ) ] O

6.2 Argument Principle

Lemma 6.5 (Finiteness of Zeros and Poles). Let f(z) be a meromorphic function in a bounded region D,
analytic at every point on the boundary C of D, and having no zeros on C. Then f(z) has at most finitely
many zeros and poles in D [ , .

Proof. Let Dp be the region obtained by removing all poles of f(z) in D. Then f(z) is analytic in D; and
not identically zero. We now prove that f(z) has only finitely many zeros in D; | , ].

Assume that f(z) has infinitely many zeros {z,} : z1,22,...,2n,... in D;. Since D; is a bounded region,
the sequence {z,} must have a limit point z5. By the Uniqueness Theorem for analytic functions, zg ¢ D,
because if zp € Dy, then f(z) would be identically zero in Dy, a contradiction | , ]. Thus zy may
lie on the boundary C or be a pole of f(z2).

If zp € C, then there exists a subsequence {z,,} such that z,, — 2o as k — oo. Hence f(z) =

klim f(zn,) = 0, contradicting the assumption that f(z) has no zeros on C' | , ]. If 2o is a pole of
—00
f(2), then lim f(z) =00, s0 lim f(z,,)= oo, contradicting f(z,,) =0 [Li25, ].
z—20 k— o0
1
Therefore, f(z) has at most finitely many zeros in D. For poles, consider the function F(z) = ) and

z
define F'(z) to be zero at the poles of f(z). Then F(z) has only finitely many zeros in Di, so f(z) has only
finitely many poles in Dy [ , ] O
Lemma 6.6 (Logarithmic Residue). (1) If zg is a zero of order n of f(z), then

!
Res (J;, z0> =n.
(2) If zo is a pole of order m of f(z), then
U
Res (J;,zo> =—m.
' f'(z)

d
Here Res (J;,zo> is called the logarithmic residue of f(z) at zy, because d—log flz) = [ ,
z

]

f(2)
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Proof. (1) If zy is a zero of order n of f(z) , then in a neighborhood of z ,

f(z) = (2 = 20)"9(2),

where g(z) is analytic in a neighborhood of zy and g(z) # 0 | , ]. In conclusion ,
f'(2) _nlz—=)""'9(z)+(z—2)"g'(z) __n G
f(2) (z —20)"9(2) z—z0 g(2)
g(2) g(z) _
Clearly, B is analytic in a neighborhood of zg, so B = Z cn(z—20)™. This yields the conclusion
9g\z g\z n=0

[ ; J

(2) If zp is a pole of order m of f(z) , then in a neighborhood of zg ,

__ Nz
f(Z) - (Z—Zo)m’
where h(z) is analytic in a neighborhood of zy and h(zp) # 0 | , ]. Therefore,
(z—20)™h (2)—m(z—20)" " *h(z)
O W = e o m W)
f(2) h(z) z—2z0 h(z)’
(z—zp)™
Clearl G is analytic in a neighborhood of zj , so nz) +§ ( )". This yields the conclusio
r is analytic in a nei r 2 =Y c¢n(z—20)". This yi nclusion
y7 h(Z) y g 0 h(Z) 1 0 y

n=0

[Li25, J
O

Proposition 6.7 (Argument Principle). Let D be a bounded region in the complex plane whose boundary
C consists of one or finitely many simple closed curves. Let f(z) be a meromorphic function in D, analytic
on C and having no zeros on C. Then

a [ ['(z)
— dz=N(f,C)— P(f,C
where N(f,C) and P(f,C) are the numbers of zeros and poles, respectively, within the region bounded by C.
Here a zero of order n counts as n zeros, and a pole of order m counts as m poles [ , .
Proof. By Lemma 6.5 , f(z) has only finitely many zeros and poles in the region [ , ]. Denote
them by aq,@a,...,as and 51, Ba,. .., B, respectively. Let the residues of f(z) at these zeros and poles be
ny,Na,...,ns and —my, —ma, ..., —my, respectively. In view of Lemma 6.6 | , 1,

6 PR, < (f ) t (f )
o P 70 dz ;Res f7Zp +;Res f,wq
s ¢
=S, =Y my = N(£.0) - P(£.0)
p=1 q=1

This completes the proof | , ]. O
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Corollary 6.8 (Argument Principle in Terms of Argument Variation). Under the conditions of Proposition
6.7, it follows that

N(£,0) = P(J,C) = 5-Acarg f() = 5= > Ac, arg f(2),
j=1

where C1,Cy, ..., Cy, are the closed curves that constitute C, each taken in the positive direction with respect
to the region D (i.e., when traversing the boundary, if ¢ > 0 the left-hand side is always inside the region,
and if ¢ < 0 the right-hand side is always inside the region). Ac, arg f(z) denotes the continuous change in
arg f(z) as z traverses C; once in the positive direction with respect to D [ , /.

Proof. Due to the fact that there are no zeros or poles on C;, we can find finitely many elliptic disks

Uk(k =1,2,...,m) that contain no zeros or poles of f(z) and completely cover C; | , |. Tt is easy
to see that f(z) is analytic and non-zero on each elliptic disk Uy, so the function log f(z) can be decomposed
d !
into single-valued analytic branches log f(z) on Uy, with P log f(z) = J;((Z)) [ , ]
z z
Let points on C; be chosen as z1 € U,,, N U1, 20 € Uy NUs, ..., 2Zm € U1 NUp, | , .

Fix the value of log f(z) at 21 as log|f(21)] + ¢

M. This determines an analytic branch g;(z) of
q

log f(z) in U;. Similarly, we can determine analytic branches g;(z) of log f(z) in U;. Clearly, g1(z) = g2(2)
for all z € U; N Us, and in general,

gk—l(z) :gk(z)v Vz € Uk—lmUk (k:1a27"'am)a

log fi(2) = log | f(2)| +z’”g£’6(2).

Accordingly,
a f ' 4 ( = 1) = 1) Y ) >
L L VA LA A Ay B or
= 5 [91(z2) = 1(21) + g2(25) = ga(22) + -+ gun(1) = G|
= %[_91(21) +gm(21)] = % [_Z,arg{;(zl) +iargf;n(z1)]
Thereby , — ') dz = iA arg f(z). Summing over all C; gives the result | . O
Y o o, f(Z) m C; arg . g i 8 ; .

Corollary 6.8 is also called the Argument Principle in the elliptic complex plane, clearly identical to the
Argument Principle in the circular complex plane | , ].

6.3 Rouché Theorem

Proposition 6.9 (Rouché Theorem). Let D be a bounded region in the complex plane whose boundary C
consists of one or finitely many simple closed curves. Let the functions f(2) and g(2) be analytic on the
closed region D consisting of D and C, and suppose

lg(2)| <|f(2)|, VzeC.
Whence , the functions f(z) and f(z) 4+ g(2) have the same number of zeros in D [ , ].

Proof. Since f(z) and g(z) are analytic on D, they have no poles in D | , ]. On the boundary C,

1f() > 9(2) 20, [f(z) +9(2)| = |F(2)] = lg(2)] > 0.
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Consequently , f(z) and f(z)+ g(z) have no zeros on C' | , ]. Let N7 and N3 be the numbers
of zeros of f(z) and f(z) 4+ g(z) in D, respectively. By the Argument Principle,

1
Nl = ?AC argf(Z),
™

No = o-Acarglf(2) + ()]

= %Ac arg f(z) + %Ac arg {1 + ;22] .

Let w =1+ ch((Z; Owing to |w — 1| = ch((Z; < 1, the function w lies inside a normal ellipse centered at
z z
1 with principal radius 1, which does not contain the origin | , ]. Therefore,
Acargw = Ag arg {1 + g(z)} =0,
f(2)
so N1 = N,. This completes the proof | , ] O

Proposition 6.9 is also called Rouché’s Theorem in the elliptic complex plane, which is a corollary of the
Argument Principle and can be used to determine the distribution of zeros of a function in a given region

[ ; I

Proposition 6.10 (Fundamental Theorem of Algebra). Rouché’s Theorem can also be used to prove the
Fundamental Theorem of Algebra: any equation of degree n

apz" +a12" P dap_1z2+a, =0 (ag #0)
has exactly n roots [ , .
Proposition 6.11 (Zero Distribution of Polynomials). Let the polynomial of degree n
f(z)=apz" +a1z" P+ a2+ +a, (ag #0)

satisfy
|as| > lao| + -+ la—1| + laria [ + -+ + [an]. (40)

Then f(z) has n —t zeros inside the unit ellipse |z| <1 [Li25, /.

Proof. Take g(z) = a;z""". Clearly, g(z) has a zero of order n —t at z = 0 inside |z| < 1 | , ].
Now take

h(z) = apz™ + aZ" M a2 a2 .

From condition 40 , it can be seen that |g(z)| > |h(z)| on |z| =1 | ) ]. By Rouché’s Theorem
as shown in Proposition 6.9 , the number of zeros of f(z) = g(z) + h(z) inside |z| < 1 equals the number of
zeros of g(z) inside |z| < 1, i.e., n — ¢ zeros [Li25, ] O

7 Integral Transforms in the Elliptic Complex Setting
As is well known , a simple periodic motion can be represented as a harmonic function | , ]

y = Asin(wt + ¢),

63



where A is the amplitude, w is the angular frequency, and ¢ is the initial phase. A complex periodic motion
can be represented as a superposition of harmonics | , ]

y=Ag+ ZAnsin(n~wt+¢n),

n=1

where A, sin(n - wt + ¢,,) can be expanded as A, sin ¢, cosnwt + A, cos ¢, sinnwt. Letting % = Ay,
an = Apsin gy, b, = A, cos ¢, and x = wt, then it follows that [ , ]

o0
0 .
E E (an cosnz + by, sinnz).

Theorem 7.1 (Orthogonality of Trigonometric System). The system of functions that constitute trigono-
metric series
1, cosx,sin x, cos 2z, sin 2x, . . ., cos nx, sinnx, . . .

are mutually orthogonal on [—7,m|, meaning that the integral over [—m, 1| of the product of any two different
functions is zero [ , .

Proof. Clearly,/ 1~cosmcdx:/ 1-sinnzdx=0forn=1,2,... , ].
Ith#n, o
K ™ 1

/ coskx - cosnz dx = / é[cos(k +n)z + cos(k — n)z]dr = 0.

—T —T

In the same manner, we arrive at

/ sinkz -sinnxdr =0 (k # n),

—T

T T
/Sinkx~cosnxdx:/ coskx - sinnx dx = 0.

—T —T

Thus the proposition is proved [ , ] O

However, the integral of the product of two identical trigonometric functions over [—m, 7] is not zero .
For example , | , ]

/ 1-1dz =27

2 x ; (41)
/ sin2nxdx:/ cosnrde =7 (n=1,2,...)
-7 —T
1 2 1-— 2
where the second formula in Equation 41 can be obtained using cos? z = 1 cossr and sin® z = S oney

[ , ]. Now we use these conclusions to derive the Fourier integral formula in the elliptic complex
domain Cy [Li25, ]

7.1 Trigonometric series and Fourier series

Theorem 7.2 (Fourier Coefficients). Let f(x) be a periodic function with period 2w, and [ , ]
= ?0 Z (an cosnx + by, sin nzx). (42)
n=1
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Then [ , ] ,

a, = — f(x)cosnzdx (n=0,1,2,...)

T

o (43)
bn:— f(CC)Slnnl'dx (n:07132))

Tr —T

Proof. Integrating Equation 42 term by term over [—m, 7] gives | , ]
T

f(x)dx = 4 dx + Z <an / cosnx dx + b, sin nx da:)
n=1 -r -

- 2 J_,
ag
= 5 21 = agm,

1 s
S0 ag = — / f(x)dz. Similarly, multiplying both sides by f(x) - cos kz and integrating term by term yields
T J)_n

[ ; ]

f(z)coskx dr = %/ cos kx dx + Zan/ cos kx cos nx dx
-7 —7 n—1 -7

(o)
+ Z by, / cos kx sinnx dx
n=1

s
—1Tr
T
= ay / cos? kx dx = ay.

—T

_ 1 f(x)sinkadzx | ,
T —T

Thus ar = =
I O
Now a, and b, as seen in Equation 43 are called the Fourier coefficients of the function f(z), and 42 is
the Fourier series (expansion) of f(z) [Li25, ]

Theorem 7.3 (Fourier Series for Periodic Functions). Let fr(t) be a periodic function with period T,

T T
satisfying the Dirichlet conditions on {2, 2} / ] as follows ,

1 T
— f(z)coskxdz. By the same token , we can prove by
—T

J

(1) fr(t) is continuous or has only finitely many discontinuities of the first kind;

(2) fr(t) has only finitely many extremal points.

Then fr(t) can be expanded into a Fourier series, and at points of continuity [

a < :
fr(z) = 5 + ;(an cos nwt + by, sinnwt),

where w = 2, a, = %f:r fr(t)cosnwt dt, b, =

’

%ffﬂ fr(t)sinnwtdt. At points of discontinuity |

fr(z) = fr(z+0) ;- fr(z— 0)'
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Introducing the forms of trigonometric functions in the elliptic complex domain as given in Definition
3.29 , it is obtained that | ) ]

lﬂwt _jnwt jnwt _jnwt
q e a9 —e q
friw) =2 +§j<an R )
ao > Gp — Z%bn j nwt G + Z%bn _jnwt
= — — e — e .
7 T2 2 Tt '
n=1
ag an—z%bn a"—&-z%bn
Let co = %, cpn = 5, dn = 5. Thus | , ]
1 2 d
co = — t)dt,
o=7/ . fr(t)

T T
1 [z 1 1 [z jnmq
Cn = —/ fr (%) {cos nwt — i— sin nwt} dt = —/ fr(t)e " dt,
T -z q T -z

T
2 . nw
dp = = fT(t)equdt =:c_p,.

Clearly, the formula for ¢, also holds when n =0 | , ]
In summary, assuming w, = nw, it leads to | , ]

o0
nmq _ inTa
g cpe' T E Je T ds| e
T ,z
n=—oo n=—oo 2

This is the Fourier expansion of the periodic function fr(t) with period T in the elliptic complex domain
[ , ]. For a non-periodic function f(¢), we can view it as obtained from some periodic function
fr(t) as T — oo. Therefore | , I,

oo T
f(t) = Al % n;m [ _; fT(s)ezds] et (44)
It can be seen that for all integers n, the corresponding w,, are uniformly distributed on the real line
[ , ]. Let Aw, denote the distance between two adjacent points, then Aw,, = w, —wp_1 = 2%,
ie., % = A;;T", and as T' — oo, Aw,, — 0. Hence Formula 44 can be rewritten as | , ]
1) = Aolj,ﬁo 2r £ [/ fr(s)e” n:’rqu] T Aw,,
that is,

ft) = % /0; UZ f(s)e—i?ds} e dw. (45)

Formula 45 is also called the elliptic complex form of the Fourier integral formula [
Furthermore, the following result is established.

Theorem 7.4 (Fourier Integral Theorem). If the function f(t) satisfies the following conditions on (—oo, +00)

[Ulr23, J:

(1) f(t) satisfies the Dirichlet conditions on any finite interval;
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(2) f(t) is absolutely integrable on the infinite interval (—oo,+00) (i.e., the integral f f(@®)|dt con-
verges),

then Formula /5 holds, and at points of discontinuity, f(x) = f@+0) —;—f(x —0) [Li25, /.

Theorem 7.4 is also called the Fourier Integral Theorem | ) ]
Formula 45 can also be transformed into trigonometric form | ) ]:

ft) = i/ / f(s)e s ds} T dw
27T —00 LY —O0
=5 [ _|) e ds] du
o

:% _Oo/ f(s cos d—|— / f(s blIl )ds]dw.

Considering that / f(s)sin (tq_)ds is an odd function of w [Li25, ],

-4 [t

Sy IR

This is the trigonometric form of the Fourier integral formula | , ]. Besides ,

IR Y wt  ws wt . w
f(t)_;/o {/_Oof(s) (cosqcosq—i—smqsmq) ds]d

: ]

£(t) = % /OOO UOOO £(s) sin “;Sds] sin %tdw. (46)

7 }

£(t) = i/ooo {/OOO £(s) cosquds] cos %tdw. (47)

Considering the cases where f(¢) is odd or even is useful when f(t) is only defined on (0,400) | ,
]. In such cases, we can extend f(t) as an odd or even function (i.e., perform odd or even extension),
making it much easier to compute the Fourier integral of f(t) | , ].

When f(t) is an odd function, f(s)cos “* is an odd function of s, so |

In the same manner , when f(¢) is an even function, |

7.2 Fourier transform

From the above integral formulas, we give the definition of the Fourier integral transform and study its basic
properties [ , ]

7.2.1 Basic Theory of Fourier Transform

Definition 7.5 (Fourier Transform). If the function f(t) satisfies the conditions of the Fourier Integral
Theorem on (—oo,400), the function [ ,

w) = /o:o fye T at
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is called the Fourier transform of f(t), denoted by F(f(t)), i.e., F(f(t)) = F(w); and the function [Li25,
/

1 [ wt
f@) = Py /_OO F(w)e' s dw
is called the inverse Fourier transform of F(w), denoted by F ~Y(F(w)), i.e., f(t) = F 1 (F(w)).

Thus, the functions F(w) and f(t) form a Fourier transform pair [ , ]. Clearly, F(w) and
f(t) have the same parity. When f(¢) is an odd function, from formula 46 , the transform function is

: ]
> 4
Fy(w) = / F(t)sin 2 dt
0 q
called the Fourier sine transform of f(t), and the function [ , ]
2 [ wt
ft :f/ Fy(w)sin —dw
0==] R

is called the inverse Fourier sine transform of Fs(w).
Similarly, when f(¢) is an even function, from Formula 47 , the function [ , |

o t
F.(w) = / f(¢) cos 2 at
0 q
is called the Fourier cosine transform of f(t), and the function | ,
2 [ wt
ft:f/ F.(w) cos —dw
0 =2 [ Ao
is called the inverse Fourier cosine transform of F,(w).

Similarly, if the function f(¢) is only defined on (0, +00) and satisfies the Fourier Integral Theorem, we
can obtain the sine or cosine transform of f(¢) by odd or even extension | , ]

7.2.2 Unit Impulse Function and Its Fourier Transform

Definition 7.6 (Unit Impulse Function). For any infinitely differentiable function f(t), if [ , ]

+oo +oo
/ 5(t)f(t)dt = lim 5.(t) f(t)dt,

e—0 | _

0, t<0
where §.(t) = ’ ’ then ,
<>{i’0<t<67 / ]
o(t) := lim 6 (?) (48)
is called the unit impulse function (or d-function) [Li25, .

From 48, it can get that | , ]

5(t){ ;O ;8 (6.21)

oo € 1
From the geometric interpretation of (), it is easy to see that / de(t)dt = / —dt = 1. Furthermore,
—oo o €

taking f(t) = 1, from Definition 7.5 , it follows that [ , ]

/Ho s(t)dt = 1.

— 00
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Corollary 7.7 (Sifting Property of é-function). The d-function has the following sifting property [ ,

/.
/+6a—mﬁw&=fm>

— 00

Proof. Let x =t —tg i.e., t = x + toy, dv = dt. Hence , | , ]

+o0 +oo
/ Bt — o) f () dt = lim [ o.(t — to) (1) dt

“+oo
:ig%éa(a:)/_m flz+to)dx

e—to

1
= lim - .
51%0 9 —to f(x - tO) e

By the mean value theorem for integrals, [ f(z + to)daz = ¢f(6) for some 6 € (to, e + to). Therefore,

[Li25, Wan23]
[ st ) s = iy e 10) = S0

— 00

From the sifting property of the §-function, we can find its Fourier transform [ , |:

jwt

FO0) = F@) = [ ate ¥ ar=e %], =1

The inverse Fourier transform of the §-function is | , ]

Consequently , [ , ]
/ T dw = 216 (1)
It can be seen that 1 and 6(¢) form a Fourier transform pair | , I

wot
q

Furthermore, 276(w — wp) and e’ form a Fourier transform pair | ) ].

Proof. Consider the inverse Fourier transform [ , ]:

<g~71(2ﬂ_6(“} _ WO)) = %/ 271'(5((4] - wo)ei%dw = einOt = f(t)

As a result , the conclusion holds | ) ] O
Setting wp = 0, we have that 1 and 27§(w) form a Fourier transform pair [ , ]. Consequently,
/ e VT dt = 2o (w),
=N (1
/ e e dt =26 (w — wo).

— 00
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Using formula 49 , we can find the Fourier transform of the sine function f(¢) = sinwyt | , ] as

> _jwt > q 2ot _; ot _jwt
F(w) = sinwgt -e” e dt = 5(6 @ —e 'Ta )e a dt
i

— 00 — 00
oo

q L (w—wq)t L (wtwg)t
== e ' 9 —e ' dt
21 J_ o

%[27r5(w — wp) — 270 (w + wo)]
= %[6(11) + wo) — 8(w — wo)],

Thus, the Fourier transform of the function f(¢) = sinwyt also depends on the elliptic complex domain
itself | , ].

Proposition 7.8 (Fourier Transform of Derivatives of d-function). If f(t) is an infinitely differentiable
function, then [ , ]

“+oo
|- )0 = (-1 o). (50)
Proof. First, consider the first-order derivative. Using integration by parts [ , 1,
“+o0 Loo “+o0
| st =st - w7 - [ st tro
Since f(t) is infinitely differentiable and as |¢t| — oo, F(t) — 00, it can be seen that | , ]
—+o0 —+o0
| st = [ s tr i = —£)
Now assume the formula holds for n =k, i.e., | , ]

/ - SR —to) f(t)dt = (—1)* F P (to).

oo

Then for n =k + 1, [Li25, ]

+o0 too
/ 5D (¢ — 1) £ (2) dt=5<k>(t—to)f(t)|f§—/ 6E(t —to)f' (1) dt

o0

+oo
. / 5OVt — to) /(1) dt

—0
= (D) (FP (1) = ()M FED (ko).
Whence , the proposition is proved [ , ] O
In particular, when to = 0] , ],
o0
| i@ = -1 )

Formula 50 can be used to find the Fourier transform of many functions | , ]. For example,
find the Fourier transform of §'(t — 1) | , ]

R s wt d s wt w ;W
ar( S o _ ! o Gy _ —ist e
F(6'(t—1)) / O(t—1e "V dt = —— (e ) = e

— 00
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Definition 7.9 (Unit Step Function and Exponential Decay Function). The function [ , Ju(t) =

0, t<0 . ) .
{ L ois0 is called the unit step function. The function [Li25, ]
. t>

o(t) = e Pru(t) (8>0)
is called the exponential decay function.

The Fourier transform of the exponential decay function is easily found to be | , ]

. 1 p—iz
F(o(t)) = Gz s (5>2
q

Proposition 7.10 (Derivative Relationship between d-function and Step Function). The 0-function is the

0, t<0
derivative of the unit step function u(t) = { ) 0’ i.e., [ , ]
L t>

/ d(s)ds = u(t), %u(t) = 4(t).

Proposition 7.11 (Fourier Transform of Unit Step Function). The Fourier transform of the unit step
function u(t) is 4y wo(w) [Li25, .
w

Proof. This can be proved using the inverse Fourier transform combined with the Dirichlet formula (interested
readers may attempt it) | , l. O

7.3 Properties of the Fourier Transform

Further, we need to study some operational properties of the Fourier transform | , ]. For conve-
nience, we assume that all functions satisfy the conditions of the Fourier Integral Theorem | , ]

Corollary 7.12 (Linearity Property). Let Z(f1(t)) = F1(w), F(f2(t)) = Fa(w), and let «, B be constants.
Then [ ,

(1) F(afi(t) + Bfa(t)) = aFi(w) + BFa(w);
(2) F~HaF1(w) + BF2(w)) = afi(t) + Bfa(t).

Corollary 7.13 (Shift Property). (1) Z(f(t£ty)) = = 3" Z(f(t));

wot

(2) F7HF(w Fw) =0 f(8).

Proof. Let uw =1t +ty. Then t = u F ty. From the definition of the Fourier transform [ , 1,

+oo . w(uTtg wtg
Fest) = [ fe T d = 2 (5(0),
Thus (1) is proved. (2) can be proved similarly [Li25, ]. O

Corollary 7.14 (Differentiation Property).

F (1) = i=F (f(1)).

ol
q
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Proof. Since f(t) is absolutely integrable, f(¢) — 0 as [t| = oo | , ]. Using integration by parts,

+oo ot
Z(/ (1) = / (e dw

O

This shows that the Fourier transform of the derivative of a function equals the Fourier transform of the
w
function multiplied by the factor i— | ) ].
q

Corollary 7.15 (Integration Property). If the function g(t f_ T)dT satisfies the conditions of the
Fourier Integral Theorem, then [ ,

# ([ 1) = L)

Proof. Since (jt/; F(F)dr = (1), we have .7 (jt /too f(T)dT) = Z((t)) [Vasls, . By the
differentiation property,
w ¢
(e 0o { o)
Hence, we obtain the conclusion | ] O

This shows that the Fourier transform of the integral of a function equals the Fourier transform of the
function divided by the factor i% [Li25, ].

Corollary 7.16 (Product Theorem). Let % (f1(t)) = Fi(w), Z(f2(t)) = Fo(w). Then [ , )]

(1)/ f1(t) f2(t)dt 217T/00 Py (w) Fa(w)dw;

(9)/ A1) fa(t) / w)dw,

where f(t) denotes the complex conjugate of f(t) [ , /.

Proof. Assume Fj(w) and Fy(w) are absolutely integrable on (—oo, 4+00) |
integration can be interchanged:

/ R falt) dt = / 0 [/oo&()“”dw}dt
o [/ A _i?dt} dw

= F2 /f1 )™ dt dw

, ]. Then the order of

L [T B Rwde= = [ F@kw)d
o) ! ~ o T e
Thus (1) is proved | , ]. (2) can be proved similarly | , ]. O
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If f1(¢) and f5(t) are real functions, the product theorem can be written as [[.i25, ]

/ f1(t) f2(t) F1 / Fi(w)Fa(w)dw. (51)

Corollary 7.17 (Energy Integral (Parseval’s Identity)). Let Z#(f(t)) = F(w). Then [ , )]
+oo 1 [t
/ [F(O]2dt = 27/ |F(w)2dw.  (6.28)
—00 T J -

Formula 51 is also called Parseval’s identity, which has important applications in estimating zeros of the
Riemann zeta function | , ].

Proof. In Formula 51 , let fi(t) = fa(t) = f(t). Then | , ]

—+oo [ee) - (e’
/ [F(O2dt = — [ Flw)F@)de = — [ F@)Pde

oo 2m 27
Therefore , the proposition is proved [ , ]. Here, S(w) = |F(w)|? is called the energy density
function of f(t), which determines the energy distribution of f(¢). Integrating over all frequencies gives the
total energy of f(t). Clearly, S(w) is an even function | ) ]. O

The theory and results of convolution and the convolution theorem for Fourier transforms are the same in
the elliptic complex domain as in the circular complex domain, so we will not repeat them here | , ].

7.4 Laplace transform

The Fourier transform requires that the function f(¢) satisfy the Dirichlet conditions and be absolutely inte-
grable on (—oo, +00) | , ]. These conditions are somewhat restrictive. Many classical functions
such as the unit step function, sine function, cosine function, and linear functions do not satisfy these condi-
tions. Moreover, many practical problems only require the function to be defined on (0, +00) | , ].

Thus, we wish to modify the Fourier transform. Consider the unit step function introduced in the Fourier

transform [Li25, ]
ult) = 0, t<0
1, t>0

and the exponential decay function | ) ]

o(t) = e Pu(t) (8> 0).

Clearly, u(t) can transform the integration interval of a function g(¢) from (—oo, +00) to (0, 4+00), while
¢(t) can make it absolutely integrable | , ]. That is, by modifying f(t) to f(t)u(t)e 5" with an
appropriate § > 0, such a Fourier transform will exist | , ].

7.4.1 Laplace Transform
Taking the Fourier transform of ¢(t)u(t)e~"* (with 8 > 0), we obtain | , ]
+o0 ot
Gp(w) :/ o(t)u(t)e Ple™a dt

—00

400 ) +oo
:/ f(t)eBHDtgy ::/ f(t)e *tdt,

0 0
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where s = § + z% and f(t) = ¢(t)u(t) | ) ]. Letting L(s) = Gg (M), it follows that

+o00
L(s) = /0 F(t)e—tdt. (52)

Thus, the following definition can be obtained[Li25, ]

Definition 7.18 (Laplace Transform). Let f(t) be a function defined on (0,+00), and let the integral
—+oo

f(t)e stdt converge in some region of the complex plane. Then formula 52 is called the Laplace trans-
0
form of f(t), denoted by L(f(t)) [ , .

It can be seen that the result of the Laplace transform is the same in the elliptic complex domain as in the
circular complex domain (including the corresponding convolution and convolution theorem) | , ].
We will not repeat these here. The difference from the theory in the circular complex domain lies in the
corresponding inverse Laplace transform [ , ].

7.4.2 Inverse Laplace Transform

From the definition of the Laplace transform, the Laplace transform of f(¢) is actually the Fourier transform
of f(t)u(t)e™ P! (with 8 > 0) | , ]. Thus, when f(t)u(t)e=?* satisfies the conditions of the Fourier
Integral Theorem, at points of continuity of f(¢), we have the integral expression | , ]

fu(t)e™" = L { / o f(r)u(r)e Pre T dT] & dw

2m —00 —00

1 +oo Foo ;w s wt
=5 {/ f(r)e” BT dT:| e dw
27 —o0 0
1 +oo s wt
= — L(ﬁ—&—iw)ezqalw, t>0,
21 | q

Therefore , [Li25, ]

Ft) = 2 /+°°L(5+i°;)e<ﬂ+iﬁ>tdw, o

:% .

Making the substitution s = 3 + ig, it can be given that dw = gds , and [
q i

q B+ico
flt)=— L(s)estds, t>0,
271—2 B—ico
which is also called the Laplace inversion formula | , ]. Here, the integral is the inverse Laplace

—Jo

transform of L(s) = Z(f(t)) = [;7°° f(t)e~*tdt, denoted by .Z~(L(s)). We could say that L(s) and f(t)
form a Laplace transform pair | , .

Proposition 7.19. Let s1, $a,..., S, be all the singular points of the function L(s) (choose  appropriately
so that these singular points all lie in the region Re(s) < ), and assume L(s) — 0 as s — oco. Then

[Yag6s, / i .
f@) = € L(s)e*tds = Z Res (L(s)e™, sg), t>0.
k=1

27TZ B—ico
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Figure 4: The closed curve C = Lsp + Cp4 in the complex plane Cy where A\ = —g?

Proof. As shown in Figure 4 , let C = Lapg + Cpa be a closed curve, where the line segment L 45 is directed
from A to B, and the arc Cp4 is directed from B to A [Ulr23, Che24]. Moreover, Cp4 lies in the region
Re(s) < B and is a (normal) elliptic arc with principal radius ». When r is sufficiently large, all singular
points of L(s) are contained within the region enclosed by C' [Li25, Wan25]. It is easy to see that the points

areAzﬁ—iC andB:B—i—iC.
q q

Due to the fact that e is analytic in the entire complex plane C,, the singular points of L(s)e®® are
exactly the singular points of L(s) [Yag68, Kan89]. By the residue theorem in the elliptic complex plane, it

is obtained that
2
55 L(s)e*'ds = i Z Res (L Sk) |
c

e., [Ulr23, Che24]

B 1% n
% (/ ' L(s)e® ds + /CBA L(s)e® ds) = ZRes (L(s)e™", si) - (53)

1 T
Z‘1

Tt is easy to see that when ¢ > 0, [Li25, Wan25]

lim L(s)e®'ds = 0.
r—00 CBA
Taking the limit as » — oo in Equation 53 yields the proposition [Yag68, Kang9]. O

Using the formula of Proposition 7.19 , it is relatively easy to compute inverse Laplace transforms
[Ulr23, Che24].
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Part 11
The Proof of the Riemann Hypothesis

8 Functional Equation and Zero Distribution of the Riemann ( -

function
— 1
It is well known that Euler gave the definition of the zeta function in the real domain: ((s) = Z T
k=1
s>1] , ]. Riemann extended it to the circular complex domain C, i.e., the form before analytic
continuation | , ]
— 1
— 1, C
Z ks’ > 5¢€
k=1
called the Riemann zeta function [Li25, ]

The purpose of this chapter is to extend the Riemann zeta function to the elliptic complex domain Cy,
perform its analytic continuation to the entire elliptic complex plane, and further derive its corresponding
functional equation [ ) ].

Unless otherwise specified, in this paper, ellipse refers to a normal ellipse in the complex plane C, (rather
than a general ellipse) [ , ]. In the complex plane Cy, suppose A = —p = —¢?, ¢ € R*, where ¢ is
called the elliptic coefficient in Cy [Li25, ].

8.1 Riemann zeta function and Gamma function

The Riemann zeta function is closely related to the gamma function | , ]. We first give the
integral definition of the gamma function

F(z):/ t*~tetdt,
0

where z € {z € Cy | Re(2) > 0} | ) ]. Although the gamma function is introduced into a new
algebraic system, namely the elliptic complex domain C,, it is easy to prove that its basic properties in the
elliptic complex domain Cy are the same as those in the circular complex domain C | , ]. Below
we will give, without proof, some properties of the gamma function useful for this chapter | , l.

Corollary 8.1 (Basic Properties of Gamma Function). (1) I'(1) = 1;T'(n+1) =nl, n € N;
(2) T'(z+ 1) = 2I'(2), Re(z) > 0.

Corollary 8.2 (Limit Definition and Analytic Continuation of Gamma Function). The gamma function has
its limit definition

- n*n!
(z) = Jim 22+ 1)(z+2)...(z4+n=1)(z+n)

and can be analytically continued to the entire elliptic complex plane Cy in the form
r 1
ne) = et ] ,
2+ 1)(z+2)...(z+m—1)(z+m)

(54)

where z = —n(n € N) are all simple poles of the function [ , /.
Definition 8.3 (Beta Function). In the complex plane Cy, define the beta function as

1
B(x,y):/ t*7 (1 — )Y tde
0

where x,y € {z € Cy | Re(z) > 0} [Li25, /.
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Corollary 8.4 (Reflection Formula). In the entire complex plane Cy, we have the relationship between the
beta function and the gamma function

['(x)I(y)
B(z,y) =
(z,y) T +1)
Furthermore, we have the complement formula
i

Similarly, we can use the gamma function to convert the Riemann zeta function into integral form

[ ; J:
= 1 > s—1_—x _ = RNEANEE —x dz
C(s)L'(s) = 221 E/o 2% e dr = ,;_1/0 (E) et

d
Make the substitution: ¢t = —, dt = % It then follows that [ , ]

i
k?

i o0 oo )
((s)l'(s) = Z/ s lektdt = / t#lemt 3 e iy,
k=170 0 P

1 oo
According to the property of geometric series 1 = E r", we finally obtain the integral form of the
—r
n=0

Riemann function | , ]

ee] sfleft
o) = [ T
ie., .
1 s
) = 75 /0 p— (56)

Next, we will perform analytic continuation of the zeta function based on Formula 56 | , ].

8.2 Analytic continuation of the Riemann zeta function

We know that elliptic complex functions have the corresponding Cauchy integral formula | , ]

o) = §£ f(Q) dc

_Tm CC—Z

as seen in Proposition 4.13 .
Combined with Formula 56 , we consider the following integral [ , |:

9(s) a 55 e dz = L 27 f(2)dz,

T omifie -1 2mi f,

where f(z) = ———, and the contour v = 1 + 72 + 73 is shown in Figure 5 , where the normal ellipse
e

-1’
corresponding to v has principal radius r = € | , |
It is necessary to first show that g(s) is analytic in the entire complex plane, then show that when
Re(s) > 1, ¢(s) can be expressed by g(s), and finally redefine ((s) through g(s), thereby achieving the
analytic continuation of ((s) | , ]
For g(s) to be analytic, each part of the contour integral must be analytic | , ].
With respect to 7; , make the substitution: z = e i .t = —t, dz = e "adt. It is established that

[ > ]
/wl 27 f(2)dz = e 0 /00 t57 L f(—t)dt.

€
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Figure 5: The contour v employed for the function g(s) in the complex plane Cy.

Now estimate this integral [Ulr23, Che24] as
;TS o0 o0 ;TS
e*l?/ t5Lf(—t) dt‘ < / ‘e*lﬂs—lf(—t)) dt
€ €

— 0T Im(s) /OO tRe(s)_lf(—t) dt.
€

Regarding € > 1, with e — 1 > e’/2 | it could be seen that f(—t) =

further estimating this integral by means of that

1
1< 2e~" [Li25, Wan25]. Thus,
ot —

eq.'n'Im(s) /OO tRe(s)flf(it)dt < 2eq.7rIm(s) /OO tRe(s)fleftdt < 0.

Now examine its derivative [Yag(8, Kang9]

= @ = [ e = [ o) e i

ds 71 Y1 Y1

oo
]

=i log(eﬂ%t) 5L F(—t) dt.

€

Through the following estimate [Ulr23, Che24]
*%/ log(e*’%t) 571 (—1) dt’
g

o T
< e Im(s) / ’(log(t) - z) t5le !
q
€

it can be shown that the absolute value of the derivative is bounded, thus showing that the integral on v,
is analytic [[i25, Wan25]. Similarly, using analogous methods, we can show that the integral expressions on
~v2 and 73 are analytic, finally proving that g(s) is analytic [Yag(8, [Kang9].

d
o [h 27 () dz

dt < o0,
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Now let’s examine the relationship between g(s) and the Riemann function | , ].

9(5) = 5 P 2 (=) dz
v

_;valtﬂﬂoﬁeﬁltsth+4fﬁwm4

=:M
:/ 27V f(2) dz
3
Clearly, when r = € — 0, 72 becomes a closed normal ellipse | , ]. According to the Cauchy
integral theorem in the elliptic complex domain as given in Proposition 4.8 , the integral over v, tends to
0] , ]. Combined with the definition of the sine function in the elliptic complex domain, g(s)

further simplifies to

] TS

lim g(s) = q- (817 —e ' ) Aoo ts_lf(_t) dt = sin(ms) /ODO =1 "

e—0+ 2mi 0 et —1
———
=:A
1
According to Reflection Formula 55 | it follows that A = ———— | ) ]. Then combined
[(s)['(1 —s)

with the previously derived integral expression 56 for the Riemann function, it can be shown that

_ T(s)gls) — <(s)
96) = T T =s) ~ T=3)

Therefore , we redefine the Riemann function as {(s) =T'(1 — s)g(s), i.e., | , ]

¢(s) = LU =) }ﬁ = (57)

211 e ?—1

where , since I'(1 — s) is discontinuous at s = 1 while g(s) is analytic for all s € C,, the analytically continued
Riemann function as established in Equation 57 is everywhere analytic in Cy\{1} | ) ]

8.3 Functional equation of the Riemann zeta function

Now we replace the contour of the analytically continued Riemann zeta function with the one shown in
Figure 6 , v = v1 + 72 + 3 + Y4, where 5 and 74 are both normal ellipses in the complex plane Cy, with v
having principal radius € > 0 and 74 having principal radius r = (2k + 1)7 | , ]

Consider the integral
q Zsfl
= — dz.
91 (s) 2mi ygk e *—1 :

1

Owing to the fact that the contour is traversed clockwise ', we need to add a negative sign outside the

summation | , ] when applying the residue theorem . It is easy to obtain that
lim gr(s) = g(s), (58)
k—o0

which means that it is required to be proven that the integral over v, tends to zero as the principal radius
tends to positive infinity [ , ]. Now we can expand this contour integral using the residue theorem

[Ulr23, I

1Here we consider the case where g > 0 , i.e., the positive direction is counterclockwise.
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r=(2%k+1)mr

(1

T

Figure 6: The contour v employed for the function g(s) in the complex plane C,.

Clearly, the function
257z — )
9() = —=—1

has poles inside the contour at z = iQ”T’T, n € Z [Li25, Wan25]. It is easy to see that these poles are all
simple poles. Therefore, the final integral can be expanded as

gk(s)=(=1) Y Res <122“)

—k<n<k,n#0
b 2nm 2nm
=(-1) Z [Res (g(s),iq) + Res (g(s)7 _iqﬂ , (59)
n=1
where [Yag68, Kang9]
- (—ize) oo 2 it
Res [ g(s),i— | = lim -—4—— = lim !
z—)iZ"T" e *—1 z—)iZ"T" e *—1
i 52571 — (s — 1)2’2”T’Tzs_2
= lim
z—i2nm —e™ %
s—1 s—1
s (12”—“) —(s—1) (zzn—”)
_ q q
-1
(~2nﬂ-)81 s—1_s—1 imC=1 o 4
=—|i— =27 e 2 n’ 7,
q
ie.,
2 im(s—1)
Res (zm) = 9 lps—l e el (60)
q
Likewise, we obtain [Ulr23, Che24]
,21’L’/T s—1_s—1 _im(s—1) s—1
Res | —i— | = —2°""n%"e” " 20 n° . (61)
q
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Finally, combining with the definition of the cosine function in the elliptic complex domain, substituting
formulas 60 and 61 into 59 yields [Li25, ]

_ _ im(s—1) _ _ _ _
|:2s 17_rs 16 27 S 1+_2s 17TS 16

im(s—1)
e st

M=

gr(s) =

n=1

m(;q) L 71'7(2571)
(& a e a

5 _s—1

:2.S,R_é [

k
E ns—l
n=1

2
k
=2°75"1 cos (g - g) Z ns!
. n1:1
= 257 Lgin (%) Z -
n=1

Hence according to Formula 58 |

g(s) = 2°7° 1sin (%8) i ! - =257 Lsin (%3) ¢(1—s).

n=1 ni=e
F(i(i)s) = 2'n*sin () ¢(1 - 9),
that i () = 2 sin (22) T = 8)¢(1 - 9). (62)

Note that sin (%) = 0 when s is an even integer. When s = 2n (n € Z"), from formula 54 , I'(1 — s)

has a simple pole, so there are no zeros | , ]; when s = 0, {(1 — s) has a pole (non-analytic), so
there are also no zeros. Thus, we can find many zeros of the Riemann function [ ,

o= ((=2k)=0 (keZb).

Ca:
—~
|
[\
N—
Il
Ca:
—~
|
N
N—
Il
Ca:
—
|
(=]
N~—
I

Being obvious and real numbers , these zeros are called the trivial zeros of the zeta function [ , ].
Zeros other than these are complex numbers and are called non-trivial zeros | , ].

It can be seen that although the form of the Riemann zeta function in the elliptic complex domain after
analytic continuation differs from that in the circular complex domain, its functional equation as seen in
Equation 62 is the same as in the circular complex domain | , ]. This will make our subsequent
research very convenient | , .

8.4 Symmetric form of the functional equation

Based on the analytic form and functional equation derived above, it is next necessary to derive the symmetric
form of the Riemann zeta function’s functional equation and further analyze the distribution of its zeros

[ ; J:

Proposition 8.5. In the entire complex plane Cy,

['(2s) = 2% 177 30(s) - T (s + ;) : (63)
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1

Proof. Consider the integral I = / (1 —2?)" x| , ]. Firstly , make the substitution ¢t = x2.
~1
It follows that

1 1 Loy
I:2/ 1—ts‘1—dt:/t‘§1—t5‘1dt
O( ) W ; ( )

1 r()-r
:B(,S) :7(2) 1(8);
2 r (8 + 5)
Now make another substitution 1+ x = 2¢, ie., 1 —x =2(1 —1t) | , ] for I. Then

1

I= /1[2(1 —t)]FH(2t)5H(2dt) = 225*1/ 51—t e

0 0
_ 4 D(s)-T(s)
_ 225 lB _ 225 1, .
(5.5) L
Owing to the fact that both expressions equal I, Formula 63 follows by I'(1/2) = /7 | , . O

Next, substituting Reflection Formula, i.e., Formula 55 , into the functional equation 62 | , 1,

(1 —s)¢(1—s). (64)

™

((s) =2°7"" OS]

From formula 63 | , 1,
_9s—1_—1 AW 1+
D(s) =2""'n =0 () I‘( - ) (65)

Making the transformation s — 1 — s in 65 gives | , ]
1_
I(1—s)=2" w—%r( 2‘9)-r(1—;). (66)

Now substituting 66 into 64 | ) ], it can be seen that

7T (g) g(s):w—lzér<1gs>g(1—s). (67)

Equation 67 is just the symmetric form of the Riemann zeta function’s functional equation, also called
the functional equation of the zeta function [ , ]. Through this transformation, we can study the
distribution of zeros of the zeta function more intuitively [ , ]

8.5 Distribution of zeros of the Riemann zeta function

The reason mathematicians are passionate about studying the Riemann zeta function originates from Euler’s
product formula, which reveals the direct connection between the zeta function and the distribution of all
prime numbers | , ].

8.5.1 Euler Product Formula

t
Proposition 8.6 (Euler Product Formula). For s =0 +i— € Cy,
q

C@zi;zlj(u1Yi (63)

s
pEprime p

where R(s) = o > 1. This formula is also called the Euler product formula [Li25, /.
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Proof. Tt is easy to see that when Re(s) = ¢ > 1, the series

oo

Z(p*S)"—1+i+ L
2 R rOE T
1 o0
converges | , ]. Note that 1= Zw" Thus, for X > 1, by the fundamental theorem of
—x
n=0
arithmetic [ , 1,
1 —1 0o
O (-3) - I (Ser).
p<X,pEprime p p<X,p€prime \n=0
that is ,

11 (1—1)_1: 11 <1+pls+(p1)2+-~-+(p1)n+...>:ans—&—R(s;X),

pS

p<X,pEprime p<X,pEprime n<X
1 1 X 1,
where |R(s; X)| < Z vl Z v < X _Xe — 5 1X [ , ]. Thus, as X — 400,
n>X n>X
R(s; X) — 0, proving formula 68 [ , ]. O

Furthermore, formula 68 can be rewritten as

11 (1—&) = ﬁ Re(s) > 1.

pEprime
o0
According to the convergence of infinite products (an infinite product H(l + ay,) converges absolutely if
o n=1
. . . . 1
and only if the series Z an converges absolutely) [ , |, since when Re(s) > 1, the series Z >
n=1 P
1 1 .
converges absolutely, H 1 — — | converges, so —— < 00, i.e.,
pEprime p C(S)
Corollary 8.7. The function ((s) has no zeros when Re(s) > 1 [Li25, /.

8.5.2 Distribution of Zeros

From the symmetric form of the Riemann zeta function’s functional equation, i.e., Equation 67 , it can be
defined that [ , ]

1 _s S
§(s) = 5s(s = Va8 () (o), (69)
which means that
§(1—s) =&(s). (70)
Here note that F(f) has poles but no zeros , and s(s —1) =0 < s = 0,1 | , ]. However,

1
&(1) =¢£(0) = —¢(0) = 3 Therefore, from Equation 69 , the zeros of ((s) are precisely the zeros of £(s)
[ ; J

Furthermore, the trivial zeros of ((s) at s = —2n (n € Z*) are exactly the poles of F(% +1). Thus,

s =—2n (n € ZT) are not zeros of £(s) either | ) ]. In summary,
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Corollary 8.8 (Non-Trivial Zeros). All non-trivial zeros of the function ((s) are precisely all the zeros of

the function &(s) [Li25, /.

Now let’s examine whether ((s) has zeros when R(s) =1 | ) ]-
Proposition 8.9 (No Zeros on Re(s) =1). For allt € R, ((1+i— ) #0/ , /-

Proof. When R(s) = o > 1, taking logarithms on both sides of the Euler product formula 68 gives | ,

]
log¢(s) = — Z 1og(l—pls>, s:0+i2.

pEprime
Xk
Using the expansion of the logarithm —log(1l — z) = Z - [ , ],
k=1
P —sm e p—sm e
lo —imtlogp
s= Y Y D e
pEprime m=1 pEprime m=1

Therefore, the real part of log ((s) is | , ]

R[log ((s Z Z

pEprime m=1

cos(mtlogp).

Thus, | , ]
o (o) + 47 s (o418 )] 9 g (o421 )
Z Z P—bm [3 4 4 cos(mtlogp) + cos(2mtlog p)].
pEprime m=1
Since | , ]

2(1+cosf)? =3+ 4cosh +cos(20) >0, 6<€R,

C(U—i—it)
q

t
Now assume there exists m = — € R such that ¢ (1 + zé) =0] , ]. Then by the mean value
q

q q q
C/ <00+Zt> )
q

S Al(g - 1)7

it follows that | , ]

4

C(o)]?

¢ <a 4 222>‘ > 1. (71)

theorem ,

l<og<o
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t
where A; is a constant depending only on ¢ | , ]. Similarly, ‘C (a + 2i> ’ < A,, where A is a
q

constant depending only on ¢ | , ]. On the other hand, we know that ((s) has a simple pole at
o =1, and its Laurent expansion around o =1 is | , ]
((s) =~ +a+al =)+ =~ + (o)
s) = C C — e — —
o_1 0 1o o—1 glo),
where g(o) is analytic at o =1 [ , ]. Hence, in some neighborhood of ¢ = 1, by the maximum
1
modulus principle in elliptic complex function theory, |g(s)] < A | , ]. Thus, [((0)| < p— + Ap.
o —
Therefore, [ , ]
£\|* t
lim [¢(o)]*|¢ <0 + z) ¢ <a + 22)‘
o—1+ q q
1 3
< i Ao ] (Ai(c—1))*"4, =0
(14 i
t
which contradicts formula 71 [ , ]. Hence, for all t € R, ¢ <1 + z) #0] ) ]. O
q
From Proposition 8.9 , combined with formula 70 [ , ] , the following conclusion holds.

Corollary 8.10. All non-trivial zeros of the function ((s), i.e., all zeros of the function £(s), lie in the critical

1
strip 0 < R(s) < 1, and the zeros are symmetrically distributed about the point s = 3 [ , ).

Moreover , when R(s) > 1, it can be found that the series | ) ]

o~ (DR Rl o~ 1 1-s

k=1 k=1 k=1
converges absolutely | , ]. Therefore,
1 it (_1)k+1 1
((5) = g D0 e = o n(s) (72
k=1
On the other hand, by the Dirichlet test, n(s) converges when R(s) = o > 0 | , ]. Thus, an

expression for ((s) on 0 < R(s) < 1, i.e., Formula 72 could be obtained| , ].

9 Proof of the Riemann Hypothesis

In his 1859 paper ”"On the Number of Primes Less Than a Given Magnitude” , Riemann proposed the

Riemann Hypothesis in C : all non-trivial zeros of the function ((s) lie on the critical line (s) = 3

[ , ]. Naturally, it could be conjectured that this proposition also holds in the elliptic complex

domain C) | , ].
According to the reflection principle for elliptic complex functions that f(z*) = (f(z))*, it can be shown
that ¢(s*) = (¢(s))* | , ]. Combined with the definition of the gamma function,

£(s™) = (£(s))" (73)

Thus, the following conclusion would be given | , ].
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1 t
Proposition 9.1 (Imaginary Part on Critical Line). For allt € R, § <§ (2 + z)) =0/ , /.

Proof. Combining formulas 73 and 70 [Li25, I,

3 [6 (; +z’t>} :qf(% + it) *255(% +it))"
§(+it)—¢[(+it)]
2i
¢ (L +it) —¢ (L —it)
2i
(3+it) —€(3+it)

27

=4q

Therefore the proposition is proved | , ] O

It is precisely because of Proposition 9.1 that we can determine the values of ¢ by the sign changes of

1 t 1
13 (2 + iq)’ i.e., determine the positions of non-trivial zeros on R(s) = 3 [ , ]. Furthermore, if
e define Z(t) = ¢ 1 + ZE [ ]
Wi = - 2 q ) )
1 t 1 t 1 t
S(-t)=¢(c—it)=¢(1-(z—i-))=¢(z+i-) ==@).
ome(ag) el () mearg) ==
= LR A . .
Thus, Z(t) = & (2 + Zq) is an even function of ¢ | , ]. Therefore, the zeros of the Riemann

zeta function on the critical line R(s) = 3 are symmetric about the X-axis. Generally, we only need to study

1 t
the upper half-plane s = 3 + z;, with ¢ > 0 [ , ].

Having laid the groundwork, we proceed in this chapter to demonstrate the Riemann Hypothesis by
exploiting the inherent structure of the elliptic complex domain.

9.1 Mellin transform on the elliptic complex plane

The proof in this chapter requires the use of the Fourier transform and its ”variant,” the Mellin transform

[ ; J

From the Fourier series, we can easily obtain the Fourier integral formula in the elliptic complex domain

(C)\ [ )
1 o > _jws jwt
e {/_mf(s)e qu}e @ dw.

Thus, the Fourier transform in the elliptic complex domain is obtained |

; .

Definition 9.2 (Fourier Transform). If the function f satisfies the conditions of the Fourier integral theorem
on (—o0, +00), then the function

Flw) = / Ft)e e (74)
is called the Fourier transform of f(t), denoted by Z(f(t)); and the function
1 > jwt
f@) = o /700 F(w)e'« dw (75)
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is called the inverse Fourier transform of F(w), denoted by F ~1(F(w)), i.e., f(t) = F Y F(w)) [

/.

Supposing s = ¢ — 2w S W= é(s —¢), dw = éds [ , ]. Consequently ,
Flits =)= [ e fnar= [ e e tolar

i c+ioco q,eCt ctico
)= 5= / s s = / s — o

Next, set t = Inz, dt = z~1dz [Li25, ]. Tt follows that

Fli(s — o)) = /0 T e f(in ) da,

fnz) = q2.7:;c /C+wo x” °Fli(s — ¢)]ds.

—100

Now let g(x) =2 “f(Inz) and G(s) = F[i(s — ¢)]. We obtain the formulas for the Mellin transform and its
inverse | ) ]

Definition 9.3 (Mellin Transform). Let s € Cy. The function

G(s) = /000 ¥ g (x)da

is called the Mellin transform of the function g(x), denoted by {Mg}(s). Correspondingly, the function

c+io0o
g(x) d / x °G(s)ds

2mi c—100

is called the inverse Mellin transform of the function G(s), denoted by {M~1G}(z), i.e., g(z) = {M~1G}(x)
[ , |. Note that the real number ¢ appears in the inverse transform formula; appropriate choice of
¢ can avoid poles in the integration path [ , /.

9.2 An equivalent proposition of the Riemann Hypothesis

Define the function ¥ (z) = Z e [ , |. It is easy to obtain that
n=1
1 q %-HOC S
2Y(x) —x"2 = Tm/l—ioo x 2F(§) ¢(s)ds

2

1 _3 q e 1 _s S
20/ () + —a— 3 = - L osn i (2) .
V'(z) + 5% omi J, o x 551 I (5 ¢(s)ds
Multiplying both sides by #3/? and setting = = e2* [1i25, ],
2 (2%)e® + 1__ 4 e e_“(s_l)lwr_%l" (f) ¢(s)ds
2 21 J1 2

3 10
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Now differentiating both sides again with regard to u [ , |,

d
2

%-}-ioo
@W(e%)e?’u] = i/l e " mDe(s)ds. (76)

211 J1_ioe

1
And let s = 3 + 2t Then Equation 76 can be transformed into | , ]
q

d 1 e i 1 3

2 (e2")e3%] e v/2 = 7/ B R
du[z/)(e el e 5 _Ooe 13 2+q

—_—

1
According to the previous content, we know that & (2 + t) must be a real-valued even function | ,
q

]. As a result , in the above formula,

e e e (77)

must also be an even function | , .

2 2u

Now let ®(u) = Z(2w2n469“ — 3mn%e’)e”™ ¢ ", Expanding formula 77 yields [ , ]
n=1

d d u
V) = gy e 7 = () 32 et o
_ (—2n27r) 2(3 _ 2%27T62u)67n27r62u+3u67u/2
n>1
—9 2(277271469“/2 _ 3n2ﬂ_e5u/2)efn27re2“’
n>1
that is , U(u) = 2® (%) , which shows that ®(u) is also an even function | , ]. Therefore, combined
with the inverse Fourier transform formula 74 in the elliptic complex domain | , |,
1 - o0 i o0 o0
El =+ ) = 4/ o (B) e1"duy = 8/ o (E) cos(ut)du = 16/ () cos(2xt)dx.
2 q —0o0 2 0 2 0
Now define the function H(w, z) = / ew“2<1>(u) cos(zu)du | , ]. Then it follows that
0
1 1 ez
H(0,2)=—¢( >+ 5 ). s
0.9=35¢(5+5) (78)

Combining this with the properties of £(s), we obtain an equivalent proposition of the Riemann Hypothesis

[Li25, J:

Proposition 9.4 (Equivalent Form of the Riemann Hypothesis). The Riemann Hypothesis in the elliptic
complex domain Cy holds if and only if all zeros of H(0, z) are real [ , .

9.3 Correspondence of Zeros Between Complex Planes

Proposition 9.4 above suggests that we can discuss the real and imaginary parts of the zeros s of £(s)
separately | ) ].
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Consider the region of the critical strip R(s) € (0,1). Let A € (0,1) be a given constant [Li25, ]
Then formula 76 can be directly transformed into

d /(2w 30 q Aioe —u(s—1)
2 [W'(e™)e™] = 5~ e §(s)ds.

20 J Ao

Substituting s = A + # into the above formula [ , ],
q

o & [/ (e2*)e®] e A~ = 1 /AMOO emie (At %) at. (79)
du 27 Ja—ioo q
—_— ————
WA (u)
where , clearly, U2 (u) in this formula is no longer necessarily an even function | , ]. From equation

79 combined with the inverse Fourier transform formula as seen in 75 |
i N qut
ElA+-t]) =2 U2 (u)e' « du. (80)
q —00

Define the functions [ , ]

R (w, 2) = /OO ew”2\IlA(u) cos(zu)du

— 00

and

Thus, [ ) ]
¢ (A + ;z> = RA(0,2) + 2 120, 2). (81)

When 2 is a fixed real number, the functions R*(0,z) and I2(0,2) have the same values on any two
complex planes Cy, and C,,, because at this point R*(0,z) and I*(0,z) are both real functions [ ,

].
On the other hand, assuming z isreal, £ [ A + L already accounts for all cases in the region R(s) € (0,1)
q

of the complex plane [ , ]. Therefore, we have the following conclusion.

Proposition 9.5 (Correspondence of Zeros). (1) The zeros of the function £(s) on any two complex planes
Cy, and Cy, are in one-to-one correspondence [ , I

(2) Let \y = —¢% and Ay = —q¢3. Ifs = A+ L (with z real) is a zero of the function £(s) on the
. Q1

i
complex plane Cy,, then s’ = A+ —z must be a zero of the function £(s) on the complex plane Cy,

q2
[Li25, /-
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1 1 if
Based on Proposition 9.5 , if we set A = 3 + Rcosf and z = Rsinf, where R > 0, then s = 3 + Re a

1 i 0 -
and s’ = 3 + Re' as [Vag68, Kang9]. According to the definition of a normal ellipse, we have the following

conclusion.

Corollary 9.6 (Elliptic Correspondence). If a zero of the function £(s) on the complex plane Cy, lies on

a normal ellipse centered at s = — with principal radius R > 0, then its corresponding zero on the complex

1
plane Cy, also lies on a normal ellipse centered at s = 3 with principal radius R [Ulr25, Che?2/].

9.4 Final proof

In what follows, recourse is had to proof by contradiction, a method readily accessible to the general reader
[Li25, Wan25]. Assume the Riemann Hypothesis is false, i.e., on the circular complex plane C, the zeta

1 -
function has a non-trivial zero not on the critical line R(s) = 3 [Yag68, Kang9].

Figure 7: The correspondence of zeros of ((s) between elliptic complex planes.

1 .
According to Lemma 8.10 , assume this zero is s = 3 + Re'™. Then, by Proposition 9.5 and Corollary

1 )
9.6 , the zeta function has a corresponding zero s’ = 3 + Re'/? on the complex plane Cy , where A = —¢?

[Ulr23, Che24].
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Let the angle corresponding to "a” on the complex plane C, in the ordinary geometric sense be

[ , ]. Returning to Proposition 2.12 , it is easy to see that tana = as shown in Figure 7 .

Therefore, as A — 0~

tan
tan o = lim b =

g—0 q (82)

It should be noted that as A — 07 , the corresponding zeros tend to infinity away from the X -axis by
Proposition 9.5 | i.e., 8 — 7/2 , which implies tan 8 — oo .
Equation 82 means that the angle « corresponding to the zero s on the complex plane C should be

1
:I:g , that is, this zero should lie on the critical line R(s) = 3 [ , ]. This contradicts the initial
assumption.
Thus, the Riemann Hypothesis is correct | , ]. In fact, according to the above derivation, the

Riemann Hypothesis holds on all complex planes Cy | , ]
To summarize, in conjunction with Theorem 1.1 , the following result is established.

Theorem 9.7. On the complex planes Cy , if we define N(T') as the number of non-trivial zeros of ((s)
with 0 < Im(s) < T, and No(T) as the number of non-trivial zeros of ((s) on the critical line R(s) = 3 with

0 < Im(s)<T, then
_ qT T T
No(T) = N(T) ~ 5 —log o — o, (83)

in which q is subject to the condition A = —¢> .

The result regarding the order appearing in Formula 83 may also be established via alternative methods
of greater rigor.

10 Proof of the Generalized Riemann Hypothesis

Dirichlet functions are generalizations of the Riemann zeta function, and the distribution of zeros of Dirichlet
functions is a generalization of the Riemann Hypothesis, which we call the Generalized Riemann Hypothesis

[ ; I

Around 1735, Euler discovered the formula | , ]

1 1 1 1 1 2
14+ — 4 — 4+ — 4 — 4= 4
tmtmtptat ot t x (84)
In 1673, Leibniz obtained [Li25, ]
1 1 1 1 (—1)n+1 ™
A T e O S A PN 85
3 + 5 7 + 9 + 2n+1 + 4 (8)
Subsequently, mathematicians successively discovered | , ]
11 1 1 1 L
T — 4 — + — f — e = 36
Ta Tt atE T T 90’ (86)
11 1 1 (—1)n+t 3
1o — 2 D 87
P BTy Ty T 32’ (87)
1 1 1 1 1 1 1
loc o oo — =+ — . 88
2 4 5 + 7 8 + 10 11 + 3\/§ (88)
and the Dirichlet formula [ ) ]
11 11 1 1 log(1 +V/2)
- Z o= — - — 4 — ... =2 VY 89
3 5 + 7 + 9 11 13 * 15 2 (89)



o0
1
In fact, according to the definition of the Riemann zeta function ((s) = E — , equations 84 and 86
n
n=1
2 4

correspond to ((2) = % and ((4) = 79LO respectively, while the other series belong to special Dirichlet series

[Li25, J:

10.1 Dirichlet Functions and Dirichlet Characters

To consider other series, we introduce Dirichlet characters | , ]. Noting that the residue classes
modulo m

Ly = Z)mZ = {1,2,3,...,m — 1}
form a ring, and the set of multiplicative invertible elements [ , ]
z:, =Z/mZ) ={a|(a,m)=1,1<a<m-—1}
forms a multiplicative group of order ¢(m) , the following definition could be established [ , ]

Definition 10.1 (Dirichlet Character). Let x : Z}, — C% be a group homomorphism satisfying the multi-
plicative property B B B
x(ab) = x(@)x(b), Va,b e Z,.

Then x is called a Dirichlet character modulo m [ , . For convenience, x can also be denoted as
x(n;m). Furthermore, define
-~ x(n)
L(s;x) =) =55 x(n) = x(n;m) (90)
n=1
as the Dirichlet function associated with the character x [ , .

Since Z?, does not contain elements not coprime to m , it always holds that x(n) = x(n;m) = 0 while
(n,m) > 1 [Li25, ]

On the other hand, because x(1) = x(1 x 1) = x(1)x(1) and x(1) # 0, there invariably holds the identity
x(1) =1.

Let x be a Dirichlet character modulo m. When (n,m) = 1, , n?(™ =1 (mod m) due to Euler’s theorem
[ , ]. Owing to periodicity and complete multiplicativity,

L= x(n?™) = [x(n)]*"™,  (n,m)=1.

Thus |x(n)] = 1 when (n,m) = 1, which means that the values of the character x are all ¢(m)-th roots
of unity [ , ]. Consequently, x(—1) = +1. If x(—1) = 1, then y is called an even character; if
x(—1) = —1, then y is called an odd character | ,

Now re-examining the previous series, we find that the Dirichlet functions corresponding to formulas 85
and 87 are associated with the Dirichlet character modulo 4 | , ] as

X1 Zy ={1,3} = C5,
x(L4) =1, x(3,4)=-1

3
Therefore , it implies that L(1,x) = % for x = x(n;4) and L(3,x) = % for x = x(n;4) | , ]

Here we can seen that x(3,4) = x(—1,4) = —1, so x is an odd character [1.i25, ].
The Dirichlet function corresponding to formula 88 is associated with the Dirichlet character modulo 3
[ , ] like



Consequently , we have L(1,x) = with x = x(n;3) | , ]. And y is also an odd character in

T
3x/§
view of that x(2,3) = x(-1,3) = —1 [Li25, ]

The Dirichlet function corresponding to formula 89 is associated with the Dirichlet character modulo 8

[ , ] in accordance with

X :Zs=1{1,3,5,7} — Cy},
x(1,8) =1, x(3,8)=-1, x(5,8)=-1, x(7,8) =1.

log(1 4+ v/2)

Accordingly, it leads to that L(1,x) = 5

for x = x(n; 8) | , ]. In light of that x(7,8) =

x(—1,8) =1, x is an even character | ,
Summarlzmg the above analysis , the following conclublon is reached |

, -

Corollary 10.2 (Properties of Dirichlet Characters). Lett > 1 be a positive integer. The arithmetic function
x(n) = x(n;t) satisfies the following properties [ \ /:

(1) When (n,t) > 1, x(n) = 0;
(2) Periodicity: For any integer n, x(n+t) = x(n);
(3) Complete multiplicativity: For any integers m,n, x(mn) = x(m)x(n).

Given that y(n) is a root of unity, the inverse of the character y is given by x~1(n) = [x(n)]~! = x(n)
[ , ]. As a result , the inverse character x~! can usually be written directly as X and is called the
conjugate character of x [ , ]. What is more ,

Definition 10.3 (Principal Character). If x(n) = 1 for all n with (n,t) = 1, then x is called the principal
character (or trivial character), denoted by xo(n). That is,

1, (n,t)=1

XO(n)=><o(n;t)={ 0. (nt)> 1.

All other characters are called non-trivial characters. If the character values are real, it is called a real
character; otherwise, it is called a complex character [ , /.

Obviously, when ¢ = 1, there is only one character, namely the principal character: xo(n;1) =1 |

]

When ¢ = 2, since Z3 = {1}, there is also only one character, namely the principal character xo(n;2) =
1, 2¢n —
ie., 1;2) =1 , .
{ 0, 2|n Xo(1;2) [ ]
When ¢ = 3, since Z§ = {1,2} = {£1}, and X( 1) = £1, we have the principal character xo(n;3) =

Xo0(1;3) =1 and the real character x1(n;3) = xo(—1;3) = [ , ]
When t >4, complgx characters may appear [ , ]. For example, it could be shown that

x(2;5) = 3, x(3;5) = . [ ) |. Specifically, x(n;5) has the following characters.
q q

(1) Principal (trivial) character: xo(1) =1, x0(2) =1, x0(3) =1, x0(4) =

i = i _
- x13)=——,xa4) = -1
. 1(3) . 1(4)

(3) Real character (also even character): x2(1) =1, x2(2) = —¢, x2(3) = —1, x2(4) = 1;

(2) Complex character (also odd character): x1(1) =1, x1(2) =

(4) Complex character (also odd character): x3(1) =1, x3(2) = ——, x3(3) = —, x3(4) = —1.



Several other properties of Dirichlet characters are also very important | , ].

Corollary 10.4 (Additional Properties). (1) From x(0) = x(tm) = x(t)x(m) = x(0)x(m), it is clear
that x(0)(1 — x(m)) =0, which shows that x(0) = 0 if x is not identically 1[Li25, /.

(2) If ged(k,t) = 1, then x(k;t) # 0. This stems from the fact that there exist integers x,y such that
xk +yt =1 if ged(k,t) = 1, which means that 1 = x(1) = x(zk + yt) = x(z)x(k). By the divisibility
property of elliptic complex numbers , it follows that x(k) #0 [ , .

10.2 Analytic continuation of Dirichlet functions
10.2.1 Gauss Sums on the Elliptic Complex Plane

It is easy to see that the n-th roots of unity on the complex plane C are | , ]

COS —— + —s1

2k < 2k7T i . 2]€7T
n——o
n q n

>7 k=0,1,....,n—1,

and the conjugate of wy, is w}, = wp—_k | , .

o
Let e(x) := exp (mx) be a function on the complex plane Cy. From the properties of roots of unity
q

on Cy [ ; I
() e e

ez otherwise
Furthermore, define the Gauss sum for a character x(mod h) on the complex plane Cy as | , ]
kn
G(nix) = Y x(k)e o) (92)
kEZy,
which means that multiplying x by the Gauss sum yields | , ]
kn m
K)G) = 3 xtabge (51) = 3 aime (7).
kEZy,

If ged(n, h) = 1, then nZy, = Zy, so | , ]
G(n;x) =X(n)G(1;x). (93)

Therefore, combining formulas 91 and 93 , it holds that [ , ]

60 =G0 = Y XG0 ()

kEZp,
g () 5 e 5) (2
= T 3 () = Tisn
- G(L;x) = Vh. (94)

Now we can use Gauss sums to perform analytic continuation of Dirichlet functions | , ].
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10.2.2 Two Lemmas

Let x(modh) be a character on the complex plane C,. Corresponding to the parity of the character, define

[Yag6s, Kanso]
6(X)={0’ (=h=1 (95)

Let I'r(s) = 7~/2T'(s/2), and define the completed Dirichlet function | , ]
L(s,x) = h3Tr(s + (X)) L(5,x)- (96)

Clearly, L(s,x) eliminates the influence of the trivial zeros of Dirichlet functions; the zeros of L(s,x) are
precisely the non-trivial zeros of Dirichlet functions | , ].

To obtain the symmetric functional equation for Dirichlet functions, appeal is made to the following
propositions as preparation [ , ].

Lemma 10.5 (Theta Function Transformation). Define the function

oo

0(z,a) = Z e~ (nta)Te g g, (97)
Then
1 - 2, 2mi
0 - _ —maxn“+ q na.
(x’a) \/En;me (9%)
1
In particular, the result is 0 ($> = z0(z) while a = 0, where 6(z) = 0(x,0) [ , /.

Proof. Consider the function f(u) = exp (—Z(u + a)2>7 and set u + a = zy. Then the Fourier transform of
x
f(u) s [1125, ]

g(v) = /OO exp (—z(u + a)2> o~ Eug,

oo T

00
_ 2, 2mi _ i,\2
= ze TxrvT+ q va/ e Trm(y+qv) dy

— 00

Another application of the Cauchy integral theorem leads to | , I,

/,oo e dy = /,OO Ty = =
27

« Y*. Now, by the Poisson summation formula | , ,

Hence , g(v) = vae ™+

o0 o0

9(1) =Y eSS = yE 3 e

n=—oo n=—oo n=—oo

which proves the proposition [ , ]. O

Theorem 10.6 (Functional Equations for Theta Series). Let x be a primitive character modulo h on the
complex plane Cy. When x(—1) =1, define

oo

Ylax) = Y x(m)e

m=—0o0
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when x(—1) = —1, define

$(w, x) = _f: my(m)e”"™ T/
It follows that [ , ] )
o (300) =700 (7)" vl (99)
¢ (1,X) =——7(x)z (%)% ¢(z,X) (100)
where 7(x) = G(1; %) [ , .

Proof. According to Lemma 10.5 | , 1,

G(hx, %) = i o~ (nhtm)?mz/h

) I
h N .
ZX 9( ) :\/%Z Ze,mrn +27r7,nm
=! m=1 m=1
’ i G(n; x exp< 7T:cn2>

)
) G(Lix) Y x(n)exp (— m;:‘z)
)

Accordingly , by virtue of formula 93]

+(#)

> 8

[N

> 8

n=-—oo

=

G(1 z,X),

> 8

(
(
(

thus obtaining formula 99 | , ].
Differentiating both sides of formula 98 with respect to a yields | , ]

(oo}

7(n+ a)? i —ran?42miy
e —— | = ——12
5 nrayesy (H0EE) iy 5

n—=—oo n—=—oo

Therefore, [ , ]

EOEDRES N EHEICATEY

m=1 l=—o00
~ % (5)7 i Giexp (~ T2
=) 2 ;X)L exp h
N
= _7G(17 X)Jf (E) ’ ¢($7X)
Hence formula 100 follows [ , ] O
For positive integers m , there follows x(—m) = x(—1)x(m) = x(m) when x(—1) =1, and (—=m)x(—m) =
mx(m) when x(—1) = -1 , ]. Therefore , owing to x(0) = 0,
. —m27r$ 1
= > x(m)e /h = F¥(@.%), (101)
m=1
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£ =5 3 mx(me T = S, ). (102)

Now recourse is had to these conclusions for deriving the functional equation for Dirichlet functions
[ : ]
10.2.3 Symmetric Functional Equation and Zero Distribution of Dirichlet Functions
In correspondence, the following conclusion is reached.

Theorem 10.7 (Functional Equation for Dirichlet Functions). Dirichlet functions can be analytically con-
tinued to the entire complex plane and satisfy the functional equation [ , ]

L(s,x) = W) L(1 - 5,%), (103)

where

is a complex number of absolute value 1 [Li25, .

Proof. (1) When x(—1) = 1, using the Laplace transform of power series as seen in Definition 7.18 |

> r
/ xzflefwzdx — (Z)
0

wz

Setting z = s/2 and @ = mn?/h| , |,

/OO xs/2—1e—7rn2x/hdx _ F(S/Q) )
0 (mn?/h)/2

So ccording to formula 101 | , 1,

(oo} 00 o
/ 1/J1(x7X)g,;s/z_ldaC — Z X(n)/ e me/h s /2-1 4,
0

77/2/332 = L(s, X)D(s/2)m*/2h*/2,

By the definition of L(s, x) as given in Equation 103 ,

s =3 [ wlee e (104)
0
Therefore, [ , ]
/@[chx sldr + - / Y(x, x)z 37 lde
1
:7/ 1/)<1’X> x*%*Iderl/ 1/1<1,X>x 2 ldy
2 1 X 2 0
= LG [ b @D e T e
0
Thus [ , ],
T G(LX)




(2) When x(—1) = —1, supposing that z = (s +1)/2 and @ = 7n?/h | ) ],

- 1,(.9—1—1)/2—16—7rn2w/hCLr — r (%)
: (a2 R)+072

Hence with the definition of Equation 102 | , ],

/ ¢1(zaX)x(S+1)/2ildCE = Z nX(n)/ 67”27rm/hx(8+1)/271d$
0 0

= x(n) T(%)
Z n® (w/h)(+1/2

n=1
= W2 L(s,x)T (‘9 . 1) (/2 (o +1)/2
’ 2
= n'2L(s, x),
Consequently , pursuant to formula 102 | , I,
A 1 o0
L(s,x) = 5fr1/2/ Pz, x)xTV/2 1y, (105)
0

Combining with formula 100 | , ],

~ 1 1 1 0
L(s,x) = gh_m/o ¢(w,x)ff:(s+1)/2‘1dx+§h‘1/2/1 ¢(a, x)z T2y

oo 1
—_ %hfl/Q/ ¢(I71,X)I7(8+1)/271dl’ + %hfl/Q/ ¢(:C717X)I7(8+1)/271d$
1 0

1 . (o)
= _§h71/23G(17X)h71/2/ ¢(an)mis/2dx7
q 0
that is ,
T G(LX) 7 _
L(s,x) = — L(1—5s,%)-
(s,x) i ( X)

In summary, the proposition is proved | , ].
O

It can be seen that , in sight of that the function I'(s) only has simple poles at s = —k,k = 0,1,2,---
, the function L(s,x) corresponding to a primitive character modulo A > 3 has trivial simple zeros at
s=—[2k+e(x)],k=0,1,2,--- according to formula 96 | , ].

Owing to the fact that [W(x)| = 1, it given that W~1(x) = W(x). Thus, making the substitutions
s — 1—sand x — X in formula 103 yields | , ]
i’(l - &X) = W(Y)‘E(SJ{) = W_l(X)i/(S’ X)’
which also gives formula 103 , showing that the function Ji(s, X) is invariant under the substitutions s — 1—s
and x = X [ : I
On the other hand , because | , ]

Im [ﬁ <1+it xﬂ - L +itx) - (L (%Ht’)‘))*
5 +it,

2
B I:(%—I—it,x) —ﬁ(% —it,X)
o 2i

L(%+it,x) - L(%+it,x)
o 2 ’
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~ (1 t
the function L (2 +i-, X) is a real function if and only if x is a real character | , ]. In this case,
- (1 t ~ (1 t
L(z—iZx)=L(=+i-,x).
<2 ZCJ’X) (2Hq’x)
There follows the conclusion below| , ].

Proposition 10.8 (Properties for Real Characters). When x is a real character [ , /],

. 1
(1) The zeros of the function L(s,x) are symmetric about the point s = 37

~ (1 t
(2) The function L <2 + z',X) is a real-valued even function.
q
Further, pursuant to the conclusion previously set forth in Proposition 2.23 , the following is established

[Ulr23, .

Proposition 10.9 (Symmetry in the Limit). As A — 0, the zeros of the function f/(s,x) on the complex
1 N .
plane Cy are symmetric about the point s = 3 i.e., L(1 —s,x) = L(s,x) [ s /.

For convenience in the following operations, when x(—1) = —1, define £(s,x) = hs/zf/(s,x) [ ,
]
10.3 An equivalent proposition of the Generalized Riemann Hypothesis

In the following, unless otherwise specified, we assume that x(modh) is a character on the elliptic complex

t
domain Cy, where h >3, A= —¢%, and s =0 +i— € C, .
q

10.3.1 For a Real Character

When x is a real character, Two cases are to be considered, namely odd character and even character| ,
].
(1) When x(-1)=1.
According to equation 104 [ , 1,

1 oo o0
R*/2m =320 (s/2) L(s, x) = 5/ Y(x, x)z*/? T =/ Y(2?, x)z* " tda. (106)
0 0
It is easy to see that formula 106 is exactly in the form of a Mellin transform | , ], ie.,
We2r 2T (s/2) L(s, x) = {M (2, x)}(s).

Therefore, for all ¢ > 1 which is ensured that R(s) lies to the right of all poles of the integrand , using
the inversion formula for the Mellin transform as given in Definition 9.3 , it follows that [ , ]

1

2 q 3 Hico ; /2 . /9 )
Y7, x) = 7/ R*/2m =3/ (s/2) L(s, x)z~*ds.
1_

2mi oo

Consider the case where x = xo is the trivial character | , ]. Since the residue of the
1 -1 1

integrand at s = 1 is x?r <) z = —— , now shifting the integration path to the left and
2) ¢(h)  wp(h)
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applying the Cauchy integral theorem and residue theorem in the elliptic complex domain | ,

I

— = — h¥/=m=/<T(s/2)L ~4ds. 107
Vo) o = g | W) o s (107)
Consider the case where x is a non-trivial character | , ]. Since the integrand has no poles

for Re(s) > 0, we can directly shift the integration path to the left to obtain

1,
§+zoo

(a2, x) = zim / he/20=5/2D (s /2) L(s, x)z~*ds. (108)
3 —to0
Now making the substitution 22> — z in 107 | ) |,
$_1/2 q 1/244ic0
W(x, x0) — == B2 =520 (s/2) L(s, xo)z %/ ?ds; 109
( o(h) 270 J1/2-i00 /DI (109)
By means of the substitution  — e* in 108 | , ],
L
2 q LR 2
P(e™, x) = ﬂ/ B*27 =321 (s/2) L(s, x)e“*ds. (110)
’/T 1l i
2

Differentiating both sides of 109 with respect to z |

) ] )

/ x=3/2 g [T 2
¢ (‘raXO) + 2@(}1) = _Tm Lja—i SsT 2T hS/ TF_S/ F(8/2)L(87X0)d87
Multiplying both sides by x3/? and setting x = e2* | ) ],
1 q [ETiee 1 s
owin 3u _ __1 —u(s—1) -1 £ —ir (7) L )
(e, xo)e”" + 7250(h) omi Jy i e 2h2 ST 2 5 (s, x0)ds
Again differentiating both sides with respect to u] , ], it given that
L
d u u q §+’Loo —u(s—
@W/(ez ,Xo)e3 ] = %ﬁ - € ( Uf(&Xo)d& (111)
E—lOO

1 ~
where g(SaXO) = 58(8 - 1)L(87X0> [ ) }
1
Now set s = 5t ét. Then 111 and 110 can be transformed into [ ) ]
d 2 3ul ,—u/2 L Lo
— u u u/2 _ uo - o 112
du |:¢ (6 7X0)e ]6 o [me N € 2+qt7X0 dta ( )
U (u,Xo0)
1 e igpa (1 )
w(em‘,x)eu/2 = —/ e "L =+ Et,x dt. (113)
N———— 2w — o 2 q
i (%:x)

1 t at t
According to Proposition 10.8 , £ (2 + 11—, XO) and L (2 41—, x) must be real-valued even functions
q q

[ , ]. From Equation 112 consequently ,

W, x0) = [0 (€2, xo)e e (114)
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must also be an even function [[.i25, ].

Now define ®(u, h) = Z(2W2n469“/h - 37m2€5“)e_”"2€4u/h [ ) ]. Expanding Equation 114
n>1
yields
d u
U (u, xo) = (—2n°m) z ™ [67”2”2 /h“’“} eu/?
nezy
= (—2n°T) Z (3 —2n*me**/h) e e [htBug—u/2
nezy
-9 Z (27r2n469“/2/h _ 3n2ﬂ.e5u/2) e—n27re2“/h
nezy,
— 2 (37 h) 7
2
which shows that ®(u,h) is also an even function | , ]. Thus combined with the inverse

Fourier transform formula in the elliptic complex domain |

; I

13 (; + ;t,;@) = 2/7OO i) (g,h) ey = 4/0C><> i) (g,h) cos(ut)du

oo

= 8/ O (z, h) cos(2xt)du.
0
> 2
Define the function H(w,z) = / e“" ®(u, h) cos(zu)du, | ) ]. Then it follows that
0

1 1 1z
H(0,z2) = gf <2+2an0> .

Thus, combining with the properties of £(s, xo), we obtain | , ]:

Proposition 10.10 (Equivalent Form of GRH for Trivial Character). The Generalized Riemann Hy-
pothesis corresponding to the trivial character xo on the elliptic complex domain Cy holds if and only
if all zeros of H(0,z) are real [Li25, /.

Similarly, from Equation 113 , when x is a non-trivial character | , 1,

u = —mn e " u
2 (§,X) = (e, e = Y x(n)emmE htu/2

n=—oo

is also an even function | , ]. Therefore, combined with the inverse Fourier transform formula
in the elliptic complex domain] , ],

. 1 . o0 P oo
L <2 + ;Lx) = / 0, (%X) ea"'du = 2/0 Ty (gx) cos(ut)du

— 00

oo
= 4/ Uy (u, x) cos(2xt)du.
0
Define the function T(y)(w, z) = / em‘z\lll(u, X) cos(zu)du | , ]. It can be seen that
0
1./1 iz
T(l)(O,z) = ZL <2 + 2q,X> .
Thus, combining with the properties of ﬁ(& X) | , ] , there follows the conclusion below.
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Proposition 10.11 (Equivalent Form for Non-Trivial Even Character). The Generalized Riemann

Hypothesis corresponding to a non-trivial real character x with x(—1) = 1 on the elliptic complex
domain Cy holds if and only if all zeros of T(1)(0, z) are real [L125, /.
(2) When x(-1)=-1.
Similarly, when x(—1) = —1, according to formula 105 , it is concluded that [ , ]
Rs/2—(s+1)/2 s+1 1 > (s+1)/2—1 7. _ > 2 s
™ Pl )L =5 [ olzx de= [ ¢(z7 x)z"da. (115)
0 0
Using a similar method, formula 115 is exactly in the form of a Mellin transform [ , ], i.e.,

RS2 (s/2) L(s — 1, %) = {Ma(a?, x)}(s).

Owing to the fact that the integrand has no poles for R(s) > 0, using the inversion formula for the
Mellin transform and shifting the integration path to the left | , ],

%—Q—ioo
o(x? x) = d / R ~1n=3/20(s/2)L(s — 1, x)z~*ds.

2'/Tl —ico

Making the substitution z — e* in the above formula| , ],

2u q 3o s—1 2 —us
o(e**, x) h= L(s—1,x)e “*ds. (116)
3

21 J1_00

Now set s — 1 = 3 + ¢, Then the above formula can be transformed into [ , ]
q
1 o i 1 )
B2, x)e¥/? = —/ e att¢ <2 + Zt,x> ds.
%/_/ — 00 q

Clearly, when y is a real character, the function | , ]

u — —nne™ u
U (§x) = (02 = 3 e s

n=—oo

is an even function | , ]. Therefore, combined with the inverse Fourier transform formula
in the elliptic complex domain [ , ],

¢ (; n ét,x) =[G eiviau= 2/000 W, (5,X) cos(ut)du

—00

:4/ Uy (u, x) cos(2xt)du.
0

Define the function T{_y(w, z) = / e’ Uy (u, x) cos(zu)du [Li25, ]. Hence it is given that
0

1 1 iz
T 0(0,2)==¢( =+ 2. x).
Thus, combining with the properties of (s, x), The conclusion below is justified] , ].

Proposition 10.12 (Equivalent Form of GRH for Non-Trivial Odd Character). Let x be a primi-
tive character modulo h > 3 on the complex domain Cy with x(—1) = —1. Then the corresponding
Generalized Riemann Hypothesis holds if and only if all zeros of T(_1y(0,z) are real [ , /.
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10.3.2 For a Complex Character
When y is a complex character, the corresponding ¥y (%, X) and ¥y (g, x) are no longer even functions.
Therefore, we cannot simply consider the critical line R(s) = 3 but must consider the critical strip R(s) €

(0,1).

10.4 Correspondence of zeros between different complex planes

As stated in Proposition 10.8 , consider the region of the critical strip £(s) € (0,1) . Let A € (0,1) be a
given constant. Two cases are also divided for discussion | , .

10.4.1 For a Real Character

When x is a real character, formulas 111 , 110 , and 116 can be directly transformed into | , ]

d

A+ioco
@ e = oL [ e g o) (117)

2mi A—ico

corresponding to the case of the trivial character xq ,

A+ioco
B(e,x) = L / £ (s, x)e " ds (118)

2mi A—ico

with regard to the case of a non-trivial real character with x(—1) =1, and

A+i00
S =5 [ T Ls =100 s (19)
2m A—ico
as regards the case of a non-trivial real character with y(—1) = —1 .

(1) When x(-1)=1.

Setting s = A + ~¢ in 117 and 118 , it is given that [ : ]
q

d 10,2 3 (A-1) 1 /Oo — Lyt i
— “ “let = — u A+ -t d 120
du [1/’ (6 aXO)e } € o1 - e 1 5 + q » X0 S ( )
\IJA(UHXO)
oo — :
¢(62u7x)€uA = i e_éutL <A + Zt7X) ds. (121)
—_—— 21 ) q
(5 0x)

Clearly, the functions W% (u, xo) and ¥ (u, x) are no longer necessarily even functions | , ].
From equation 120 , combined with the inverse Fourier transform formula in the elliptic complex
domain | , ],

i (A + Et? Xo) = / oA (%7 Xo) eidy = 2/ T2 (u, Xo)eéu(%)du-
q

— 00 — 00

Define the functions [ , ]

R(AO) (w,z) = / BWUQ\I/A(U, Xo) cos(zu)du,
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I(AO) (w» Z) = / 6WU2 o (U, Xo) Sin(zu)du.

— 00

Then it follows that| , ]
RA 1 A 1 A 12 R A 1z
0(0,2) = 3¢ +2 Xo | +358 T X0) = 3 +%,Xo ;

1 L ,
0. = 56 (84 Foxo) — 56 (8- Fowe) =g (a4 F )]

which leads to that ,
i
¢ (A +—z XO) = R{(0,2) + p - 1(5)(0, 2) (122)

When z is a fixed real number, the functions R(AO)(O7 z) and I (AO)(O z) have the same values on any two
complex planes Cy, and C,,, because at this point R(O)(O z) and I(AO)(O,Z) are both real functions
according to their definitions [ , ].

On the other hand, assuming z is real, & (A 4+ —=z Xo) already accounts for all cases in the region
R(s) € (0,1) of the complex plane | , ]

Therefore, the following conclusion follows from the above analysis.

Proposition 10.13 (Correspondence for Trivial Character). (a) The zeros of the function £(s, xo)
on any two complex planes Cy, and Cy, are in one-to-one correspondence [ , ]

(b) Let \y = —¢% and Ay = —q3. If s = A+ L (with z real) is a zero of the function &(s,xo) on
T

the complex plane Cy,, then s’ = A + iz must be a zero of the function £(s, xo) on the complex

q2
plane Cy, [ . /.

1
Based on Proposition 10.13 , combined with Proposition 10.8 , if we set A = §—|—Rcos f and z = Rsin4,

1 i0 1 il . o
where R > 0, then s = 5 + Re'ar and s' = 5 + Re'w [ , ]. According to the definition of a

normal ellipse, the following conclusion is drawn [ , ]
Corollary 10.14 (Elliptic Correspondence for Trivial Character). If a zero of the function £(s, xo)

on the complex plane Cy, lies on a normal ellipse centered at s = 3 with principal radius R > 0, then

1
its corresponding zero on the complex plane Cy, also lies on a normal ellipse centered at s = - with

principal radius R [ ) .

Using the same method, based on equation 121 , define the functions | , ]

R(Al)(zmz) = / ew“2\111A(u7x) cos(zu)du, I(Al) (w,2) = / e’ TP (u, x) sin(zu)du,

Then it is given that
L (A + 2Zqz,x> = R(Al)(07z) + 2 -I(Al)(07z).

The following conclusion has also been reached] , ]
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Proposition 10.15 (Correspondence for Even Non-Trivial Characters). When x(—1) = 1 [Li25,
/;

(a) The zeros of the function ﬁ(s,x) on any two complex planes Cy, and Cy, are in one-to-one
correspondence [ , ]

(b) Let \y = —q¢? and Ny = —q3. If s = A+ ql—lz (with z real) is a zero of the function L(s,x) on
the complex plane Cy,, then s = A + ;—22 must be a zero of the function ﬁ(s, X) on the complex
plane Cy, [ , /.

Of course, a conclusion similar to Corollary 10.14 also holds for f/(s, X) when y is an even character.
(2) When x(-1)=-1.

When x(—1) = —1, setting s — 1 = A + ~¢ in 119] : ],
q

1 o0 i 7
2u et AT = — “aue ([ A+ —t,x ) ds. 123
(e, x)e 27T/_Ooe 5( +q»x) s (123)
v (%,x)

Using the same method, based on equation 123 , define the functions | , ]

By = |

— 00

ew“2@§(u,x) cos(zu)du, I(A_l)(w, z) = / e’ W5 (u, x) sin(zu)du,

— 00

oo

Then [ , ]
? 1
¢ (A + 22,)() = R(Afl)(O,z) + - ~Ié1)(07z).
q q
The following conclusion has also been reached | , l.

Proposition 10.16 (Correspondence for Odd Non-Trivial Characters). When x(—1) = =1 [ ,

/7

(a) The zeros of the function £(s,x) on any two complex planes Cy, and Cy, are in one-to-one
correspondence [ , /;

(b) Let \y = —q? and Ay = —q3. If s = A+ L (with z real) is a zero of the function &(s,x) on the
. a!

complex plane Cy,, then s’ = A+ iz must be a zero of the function &(s,x) on the complex plane

a2
(C>\2 / ’ /

Of course, a conclusion similar to Corollary 10.14 also holds for £(s, x) when x is an odd character
[Ulr23, J
10.4.2 For a Complex Character

When x is a complex character on the complex plane C\ with A = —q? , it can be expressed in the form

i
cosf + —sinf since x is a root of unity | , ]. Combined with the definitions of the functions

q
¥(x,x) and ¢(x,x), and the forms of the functions W4 (u, x) and W8 (u, x), the following conclusion can also
be drawn.
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When x is a complex character , the functions Rﬁ.)(o, z) and [, @)(0, z) (for i = £1) are complex-valued
functions if z is a fixed real number . However, their real parts have the same value on two different complex
planes, and their imaginary parts are proportional on two different complex planes | , ]

This proportionality constant is easy to determine, but it is not necessary to know its specific value
because we only care about zeros. If the functions Ré)(o, z) and [ (%) (0,2) are zero on one complex plane
C,,, they are also zero on another complex plane Cy, | ,

Furthermore, The following conclusion is also drawn.

Proposition 10.17 (Correspondence for Complex Characters). When x is a complex character [ ,

)

(1) The zeros of the function L(s,x) (or&(s,x)) on any two complex planes Cy, and Cy, are in one-to-one
correspondence [Li25, 1

(2) Let \1 = —q% and Ay = —¢3. If s = A+ qiz (with z real) is a zero of the function L(s,x) (or &(s,x))
1

on the complex plane Cy,, then s’ = A + 2 must be a zero of the function L(s,x) (or &(s,x)) on the
a2
complex plane Cy, [ , ).

Of course, a conclusion similar to Corollary 10.14 also holds when x is a complex character | , ].
In fact, according to Propositions 10.9 and 10.17 , the following conclusion can be obtained.

Corollary 10.18 (Symmetry for Complex Characters). When x is a complex character, the zeros of the

[Yag6s, J

With these preparations complete, we now turn to the actual proof of the Generalized Riemann Hypoth-
esis.

DO =

function L(s,x) (or &(s,x)) are symmetric about the point s =

10.5 Final proof

Similarly, proof by contradiction is employed| , ]. Assume the Generalized Riemann Hypothesis

is false, i.e., on the circular complex plane C, there exists a non-trivial zero of the Dirichlet function not on
1

the critical line R(s) = 3 [ , ]

According to Proposition 10.8 and Corollary 10.18 , assume without loss of generality that this zero is

1 .
5= + Re'™ | , ]. Then, by Propositions 10.13 , 10.15, 10.16 and 10.17 , on the complex plane
1 .
C,, the Dirichlet function has a corresponding zero s’ = = + Re'®/9, where A = —¢? [ , .

Let the angle corresponding to "a” on the complex plane Cy in the ordinary geometric sense be

[ , ]. From geometric relations, it is easy to see that tana = as shown in Figure 7 .
Therefore, as A — 07,
. tanp
tana = lim = 00,
q—0 q

which means that the angle a corresponding to the zero s on the complex plane C should be :l:g; that is,

1
this zero should lie on the critical line R(s) = 3 [ , ]. This contradicts the initial assumption.

Thus, the Generalized Riemann Hypothesis is correct | , ]. In fact, according to the above
derivation, the Generalized Riemann Hypothesis holds on all complex planes | , ].
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