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Resumo

Este trabalho apresenta a mecanizagao de cinco abordagens diferentes para provar a in-
finitude dos niimeros primos usando o assistente de prova Prototype Verification System
(PVS). As técnicas de prova analitica abrangem varias dreas da matemaética, como élgebra,
teoria dos niimeros, topologia e analise, e sao baseadas nas elegantes provas selecionadas
por Martin Aigner e Giinter Ziegler no seu famoso livro "Proofs from THE BOOK". Nesse
livro, sdo apresentadas seis diferentes provas da infinitude dos ntimeros primos, sendo a
primeira a prova classica de Euclides, que ja esta formalizada na biblioteca NASALib da
NASA. Como resultado, nosso trabalho concentra-se na especificacdo e formalizacao das
cinco provas restantes.

A mecanizacao das provas faz uso de outras bibliotecas de PVS, como NASALib e
prelude, que abstraem estruturas matematicas como grupos, produtos Cartesianos, series e
conjuntos, entre outras. No entanto, a importacao de provas que assumem a infinitude dos
numeros primos foram evitadas para prevenir circularidade. Além disso, o trabalho visa
corrigir abusos notacionais e informalidades presentes nas provas do livro, se aproveitando

do sistema de tipos do PVS, que é robusto o suficiente para revelar falhas nas formulacoes.

Palavras-chave: Infinitude dos Primos, Dedugao Automatica, Prova de Teoremas, Pro-
totype Verification System, Métodos Formais, Formalizacao de Teoremas, Verificacao de

Algoritmos



Abstract

This work presents the mechanization of five different approaches to proving the infinitude
of prime numbers using the Prototype Verification System (PVS) proof assistant. The
analytical proof techniques span various areas of mathematics, such as algebra, number
theory, topology, and analysis, and are based on the elegant proofs selected by Martin
Aigner and Giinter Ziegler in their famous book "Proofs from THE BOOK". They present
six different proofs of the infinitude of prime numbers, the first being the classical proof
by Euclid, which is already specified in the NASA library NASALib. As a result, our
work focuses on specifying and formalizing the remaining five proofs from the book.

The mechanization of the proofs makes use of other libraries such as NASALib and
prelude, which abstract mathematical structures like groups, Cartesian products, series,
sets, and others. However, the importing of proofs that assume the infinitude of prime
numbers were avoided to prevent circularity. Additionally, the work aims to correct
notational abuses and informalities present in the proofs from the book, as the PVS type

system is robust enough to reveal flaws in the formalisms.

Keywords: Infinitude of Primes, Automated Deduction, Proof of Theorems, Prototype

Verification System, Formal Methods, Formalization of Theorems, Algorithm Verification.
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Chapter 1
Introduction

The Euclid’s proof of the infinitude of primes [1] is a classic and highly illustrative result.
As the concept of primality is typically introduced in basic Math courses, this proof
offers an excellent example of how to approach problems involving the notion of infinity.
Over the years, many mathematicians, such as Paul Erdos, have provided new proofs of
this result, each drawing from different areas of mathematics. These proofs are not only
valuable for showcasing the tools of these diverse fields, but they also serve as a reminder
that mathematics is a deeply interconnected discipline, where concepts and techniques
from various branches often come together to solve fundamental problems.

In the context of formalizing mathematical proofs, proof assistants offer invaluable
tools to ensure rigor and correctness. Various proof assistants, including PVS, Coq,
Isabelle/HOL, Lean, and others, have been developed to aid in the mechanization of
proofs across diverse mathematical domains. Not only in the case of proving infinitude,
proof assistants provide a structured and reliable approach to formalizing and verifying
such classical results, ensuring that the proof is free of errors and ambiguities.

This work aims to extend beyond Euclid’s original proof by specifying and formalizing
five alternative proofs of the infinitude of primes using the Prototype Verification System
(PVS) [2]. These formalizations explore different proof techniques derived from various
areas of mathematics, such as algebra, number theory, topology, and analysis. Each
proof will be constructed carefully to ensure logical consistency and rigor. The proofs are
derived from those in "Proofs from THE BOOK" by Martin Aigner and Giinter Ziegler
[3], which offers six different proofs. The first, Euclid’s classical proof, is omitted here as
it is already included in NASALib. @

The mechanization will be based on established libraries like prelude and NASA’s
PVS library, the NASALib, which provide useful abstractions for mathematical structures
such as sets, groups, and Cartesian products. Importantly, the formalization does not

assume the infinitude of primes beforehand, as we are trying to avoid circular reasoning.


https://github.com/nasa/NASALib/blob/master/numbers/infinite_primes.pvs/

Circularity can arises in theorem proving, when trying to proof Theorem A by using
the Theorem B, but Theorem A is a prerequisite for proving B, for example, trying to
use Godel Completeness Theorem [1] to prove the Compactness Theorem. In the book,
notations such as pq, pa, ps, . .. was used for prime enumeration, but notice that this type
of notation assumes infinitude of primes beforehand.

For dealing with the prime enumeration informality, a new definition of a function that
enumerates primes will be discussed, as well as a new form to model the Fundamental
Theorem of Arithmetic [5] in PVS, using the new prime enumeration and avoiding prob-
lems with assuming the infinitude of primes. This approach to formalizing prime-related
concepts is just one example of the broader objectives of this study, which also focuses
on identifying and correcting notational errors and informalities in "Proofs from THE
BOOK". PVS’s robust type system plays a critical role in highlighting and addressing
these flaws, ensuring that the formalisms remain both precise and rigorous. Furthermore,
the work underscores the educational value of using PVS to formalize mathematical proofs.

By breaking down the proofs into step-by-step files, this study not only demonstrates
various formal proof techniques but also serves as a pedagogical resource. It offers readers
the opportunity to learn how to structure and validate proofs within a proof assistant,
fostering a deeper understanding of formal methods in mathematics. Thus, the mecha-
nization of these proofs serves both as a study of mathematical reasoning and as a guide

to using proof assistants effectively in diverse mathematical contexts.

1.1 Related work

Since we are utilizing the NASALib library, a significant number of the necessary theo-
rems for fields such as algebra, number theory, analysis, and topology have already been
established [0][7][%]. These theorems were imported when the code was initially set up,
which greatly streamlines our work. This allows us to build on a solid foundation, avoid-
ing the need to reprove or reimplement basic results, and instead focus on more advanced
or specific aspects of the problem at hand.

Euclid’s classic proof of the infinitude of primes has been formalized in various proof
assistants, each presenting different approaches. One notable collection of such formal-
izations can be found in the “Formalizing 100 Theorems” project [9], which aims to for-
malize 100 important mathematical theorems across different proof assistants. The usual
strategies employed in these formalizations often revolve around two key techniques. One
approach uses the product of primes plus one variant of Euclid’s proof, as seen in proofs
formalized in systems like Naproche [10] and PVS" NASALib. The other approach employs
a factorial plus one method, which is used in the Isabelle/HOL and Coq proofs.



In addition to the classical Euclid’s proof of the infinitude of primes, other proofs have
been developed in different proof assistants, such as those found in Isabelle. Such proofs
are Fiirstenberg’s topology proof [11] and the one involving the zeta function [12]. The
topology-based proof is simpler to formalize, as it relies on fewer mathematical structures
compared to other proofs in the book, leaving less room for alternative approaches. As a
result, the existing formalization differs primarily in how it is handled by different proof
assistants, rather than in the structure of the proof itself. However, it remains valuable
to include this proof in our collection, as it offers an opportunity to showcase topology
theory in NASALib. On the other hand, the proof of the zeta function, which is also
presented in "Proofs from THE BOOK" and will be covered here as well, diverges more
from ours since it takes a more complex analytical approach, such as using the analytic
continuation of the zeta function and then employing the divergence at s = 1 to prove
the infinitude of primes.

While our primary focus is on the first topic of "Proofs from THE BOOK", which ad-
dresses the infinitude of primes, it is also worth noting that there are other formalizations
in the book beyond this first topic. These include proofs of the irrationality of certain

numbers [13] and Fermat’s two-square theorem [14].

1.2 Main contributions
The main contributions of this work is listed below:

« Five additional proofs for the infinitude of primes for PVS, which can be used for new
users as an example of usage of various NASALib’s theories, such as ints, algebra,

analysis and topology.
e Discussion and formalization of omitted details in "Proofs from THE BOOK".

o New approach for the PVS standard prime factorization theorem and general struc-

ture specification.

o Improvements in algebra library such as the Z/pZ coset manipulation and type

checking related problems.

e Minor improvements in integer manipulation in PVS, specially related with gcd

function



1.3 Organization of the document

In the next Chapter, we are going to tell about PVS for the newcomers. The following
Chapters 3 to 7 correspond to the proofs in "Proofs from THE BOOK", with each Chapter
focusing on a different proof. Each proof Chapter will include an overview of the proof’s
general context, a step by step breakdown of the proof’s structure as presented in "Proofs
from THE BOOK", and a "Specification Details" section, where we discuss the formal
mathematical approach used and provide commentary on its specifications in PVS. And

last but not least, a conclusion Chapter will be presented. To be more specific:

o Chapter 2 will have a brief explanation of what the proof assistant PVS is, its

architecture and some of its terminology.

o Chapters 3 and 4 present proofs that use special numbers for asserting the in-
finitude of primes, that numbers being: Fermat numbers and Mersenne numbers,
respectively. In particular, Chapter 3 uses the NASALib algebra library to handle

group-theoretic proofs.

o Chapters 5 and 7 contain analysis-related proofs, with Chapter 5 addressing the
divergence of the sum of reciprocals of positive integers (the Riemann zeta function

at 1), and Chapter 7 dealing with the sum of reciprocals of the prime numbers.

o Chapter 6 uses topological notions, such as open and closed sets, to prove the

infinitude of the set of primes.

o Chapter 8 contains future work and the conclusion of this document.



Chapter 2

Prototype Verification System (PVS)

2.1 Introduction

The Prototype Verification System [2] (Figure 2.1) is an open source integrated and in-
teractive environment for formal specification and verification. The PVS was developed
at the Software Research Institute (SRI) International in Menlo Park, CA, and is sup-
ported by the Formal Methods Team at NASA Langley Research Center[l5], where it is
widely used in formal verification projects. The PVS tutorials and documentation can be
downloaded from the PVS web site[10].

PVS has been used in many fields in academia and industry, including, but not limited

to, the design of flight control software and real-time systems|[17].

[ X X ) Proof of prime_factors in prime_factorization

T

(expand "ordered_list_of_primes?")
- , 7
B X 9 X! = [
bedE L Rtalialey (orbp)
IMPORTING product_perm_lems - F
s 0 |
ordered_list_of_primes?(fs): bool k;ﬁianggg;Tﬁ;.,Ei:; an (expand "I|s!_‘of_pr|mes?”) (typepred "‘sorl(fs!‘\)")
prime_factors: LEMMA FORALL (m: posnat): F [
(EXISTS fs: m = product_fseq_posnat.product(fs) ‘ ‘
0 ordered_list_of_primes?(fs)) (skosimp*) (hide -1)
END prime_factorization |i }‘_
(typepred "sort(fs!)")  (expand "non_decreasing?")
\
. S k=
F-i—— prime_factorization.pvs Bot L31 Git-master (PVS :ready +1) | ‘
(lemma "perm_symmetric")
[-1] increasing?(sort(fs!1)) \

[-2] m!1 = product(fs!1) ‘
[-3] FORALL (i: below(length(fs!1))): prime?(seq(fs!1)(i))

- [ e [=]
{1} FORALL (i, j: below(length(sort(fs!1)))): m -

i < j IMPLIES seq(sort(fs!1))(i) <= seq(sort(fs!1))(j

Rule? []
Ussok—  *pvsk Bot L530  (ILISP :ready +2)
\Use +, =, -, 0, C—+, C-=, C——, c-0 for further adjustment

Figure 2.1: PVS User Interface



The PVS core system is implemented in Common LISP[18] with a front-end based on
the Emacs'[19] editor (Figure 2.2) plus Tcl/Tk* based GUI extensions that display proof
trees, theory hierarchies and proof commands (Figure 2.3), as well as browsing tools, and
KETEX, HTML, and XML output capabilities.

emacs@blueberry x

File Edit Options Buffers Tools Emacs-Lisp Help

[y B B X [Lsae Undo ® B Q

(defsubst hash-table-empty-p (hash-table)
"Check whether HASH-TABLE is empty (has @ elements).”
(zerop (hash-table-count hash-table)))

(defsubst hash-table-keys (hash-table)
"Return a list of keys in HASH-TABLE."
(let ((keys '()))
(maphash (lambda (k _v) (push k keys)) hash-table)
keys))

(defsubst hash-table-values (hash-table)
"Return a list of values in HASH-TABLE."
(let ((values '()))
:--- subr-x.el.gz 36% L148  (Emacs-Lisp) |
dir

Next: Distrib, Up: (dir)
(emacs)Top I

The Emacs Editor

Emacs is the extensible, customizable, self-documenting real-time
display editor. This manual describes how to edit with Emacs and some
of the ways to customize it; it corresponds to GNU Emacs version

26.0.50.

If you are reading this in Emacs, type ‘h’ to read a basic
introduction to the Info documentation system.
U:%%- *info* (emacs) Top Top L9 (Info Narrow)

Figure 2.2: Emacs Editor

Base Case Inductive Case
l (induet "t*) l (skosimp)

N
!

] ]
"\ ",

<—-|-<—<—

p*) (expand "QoS1")

<

(expand "Timer, Send") (inst-1"C!1" "S!1") (expand iDeq; Tle")
i (assert) (expand "con_est, Send")

(expand "Deq, Tle") l
(expand "Timer")

1

«— [

(flatten) (use "Lemma1")

«—J<—
<« [

(lift-if)
(split) (flatten)
(propax) (propax) l I_
(split) l

(split)
(grind)  (grind)
(assert) (assert)
Timer(C,S)(t) => Deq(C,S) & Tle(C,S)  Qos1(C,S)(t) => Deq(C,S) & Tle(C,S)

Figure 2.3: Visual representation of a proof script.

https://www.gnu.org/software/emacs/
2https://www.tcl-lang.org/
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There is also the VSCode-PVS [20]]

|, which is more user friendly PVS interface

based on Microsoft Visual Studio Code®. As described by Masci and Mutioz [20)],

"It provides functionalities that developers expect to find in modern verification
tools, but are not available in the standard Emacs frontend of PVS, such as auto-

completion, point-and-click

literate programming."

EXPLORER

» ACCORD
4 PVS THEORY EXPLORER
Lookahead
4 bands 1D
4 tces (5)
W vs_critical_TCC1 (proved - incomplete)
W vs_critical_TCC2 (proved - incomplete)
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¥ red_vs_band?_TCC1 (proved - incomplete)
W red_vs_band? TCC2 (proved - incomplete)
4 theorems (7)
vs_critical_rew (unfinished)
% member vs_critical (untried)
4 PVS PROOF EXPLORER
4 vs_critical_rew
* (skeep)
(lift-if)
4 (ground)
“1
(expand "vs_critical")
(expand "addend")
4 (decompose-equality)
41
(expand "empty seq”)
QE) (lemma "singleton_length")
Pmaster* © ©0A0 PVS70 Ready!

navigation of definitions, live diagnostics for errors, and

bands_1D.pvs — ACCoRD

= bands 1D.pvs X £ bands_2D.pvs
vsb 7 (vs_fseq?)
vsp H {r: real | vsmin<=r r<=vsmax}

< line_solutions.pvs

member

vs_critical(TF,voz) : (vs_fseq?) =
TF vsmin<=voz voz<=vsmax addend(voz,emptyseq)

emptyseq

prove
vs_critical_rew:
vs_critical(TF,voz) = TF
emptyseq

vsmin<=voz voz<=vsmax singleton(voz)

PROBLEMS OUTPUT  DEBUG CONSOLE  TERMINAL 1: vs_critical_rew

Installing rewrite rule structures@sort_fseq[real, <=].sort_length

vs_critical_rew :

|
{1} FORALL (TF: bool, voz: real):
vs_critical(TF, voz) =
IF TF AND vsmin <= voz AND voz <= vsmax THEN singleton(voz)
ELSE empty_seq
ENDIF

Ln3,Col1 Spaces:2 UTF-8 LF PVS @ A1

Figure 2.4: VSCode-PVS

2.2 PVS Environment

The PVS Environment (Figure 2.5) consists primarily of:

« Specification Language: a strongly typed specification language based on classi-

cal higher-order logic?. It is used to specify libraries of theories[22];

o Parser: The parser checks theories for syntactic consistency and builds an internal

representation that is used by other components of the system[23];

o Type Checker: analyzes theories for semantic consistency and adds semantic in-

formation to the internal representation built by the parser[23];

3https://visualstudio.microsoft.com
4Functions can take functions as arguments and return them as values, and quantification can be
applied to function variables


https://visualstudio.microsoft.com

« Theorem Prover: The proof engine is based on Gentzen’s sequent calculus [21],
and supports the use of proof strategies for automated analysis. It is composed
by a collection of basic inference rules and high-level proof strategies. Applied
interactively within a sequent calculus framework. The proof engine yield proof

scripts for manipulating and replaying proofs[25];

e Specification Libraries: allows files and theories from one context to be used in
another, thus allowing for general reuse, and making it easier to standardize theories
that are frequently used. There are two ways that the library facility can be used:
by explicitly importing a theory from a different PV'S context within a specification,

or by issuing a command that effectively extends the prelude[23];

« Various browsing tools: allows displaying and navigation of cross reference defi-

nition and uses|[23];
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PVS is based on higher-order logic facilitates the specification of functions, predicates,
and relations. For our case, this is specially useful, as the problem of infinitude of primes
is a higher-order problem, as it is about a relation. PVS also supports the definition of re-
cursive functions and inductive predicates. For a comprehensive and detailed explanation
of PVS semantics, refer to the official documentation [26].

To ensure the correctness of recursive functions in PVS, it is crucial to prove their
termination. A key aspect of this correctness is providing a termination proof for the
function. This requires the user to define a measure over the function arguments that
decreases with each recursive call, following a well-founded relation.

Once the measure is provided, PVS performs static analysis and generates proof obli-
gations in the form of lemmas, which ensure the correctness of the argument types used
in the function specification. These lemmas are known as Type Correctness Conditions
(TCCO).

While PVS attempts to discharge all lemmas automatically, any that remain unproved

must be handled by the user.

10



Chapter 3
Fermat numbers

The second proof from the book (and our first proof) uses number theory [27]. More
precisely it uses the infinitude of the Fermat numbers [28] to proof that the primes are

infinite. The Fermat numbers are of the form:
F, =2%" +1, where n € Z=g (3.1)

The main idea is to show that Fermat numbers are pairwise relatively prime. In other
words, each Fermat number must have at least one distinct prime divisor. Since we can
find infinitely many Fermat numbers, it follows that there must be infinitely many prime
numbers.

Since the NASALib and the PVS’ prelude libraries provide a strong set of theorems in

number theory, this proof turned out to be one of the shortest.

3.1 Proof structure

The proof found in the book can be divided into the following steps.
1) Show that the product of Fermat numbers is of the form £, — 2

[[Fe=F.—2 (3.2)

2) Use the product formula to prove that two non-equal Fermat numbers are relative
primes
gcd(F;, F;) = 1 where i # j (3.3)

3) Since the set of Fermat numbers is infinite, we can find an arbitrary number of distinct
primes from the prime factorization of these Fermat numbers. Therefore, the set of primes

is infinite.

11



3.2 Specification details

Lemma 3.2.1. @ Let n € Z., the product from 0 to n — 1 of the Fermat numbers has

a closed form:

Proof. This formula can be proven via induction.
Case n = 1, we have
Fo=2"4+1=3

FR-2=2"4+1-2=3
:>F0=F1—2

Case n > 1, by inductive hypothesis, we have

=2 + DR +1-2)=(2"") -1
=0 =92 112
= Fy41—2
u

As for the PVS specification, the PVS ints library already includes a recursive function
for manipulating integer products. By importing this function, it generates trivial TCCs
that PVS can solve automatically. Regarding algebraic manipulation, it’s worth noting
that it can be solved almost instantly using the "grind" command, which performs various
tasks, such as attempting to rewrite arithmetic identities until it no longer finds a valid
match.

The next Lemma can be proven trivially by analytical means, but still was needed for
our PVS proof.

Lemma 3.2.2. @& The nth Fermat number divides the Fermat numbers’ product from 0

to k, where k = n.


https://github.com/AngryLeaderBB/The_Book_primes_PVS/blob/main/inf_prime_Fermat.pvs/#L35-L38
https://github.com/AngryLeaderBB/The_Book_primes_PVS/blob/main/inf_prime_Fermat.pvs/#L40-L41

Proof. Notice that k& > n is equivalent of supposing there is exist x € Z(, such that
k = n + x, this new variable x will be chosen for the induction.

Case x = 0, we have
n+0

HF=F1_[1F
i=0 i=0

which trivially satisfies our assumption

Case x > 0, we have by inductive hypothesis

n+x

F ][R
=0

n+x

= F% |Iﬁ[ZQ'AF%+x+1

1=0

n+x+1

=F | [] A

=0

[]

With these Lemmas in hand, we can prove that Fermat numbers are indeed relative

primes.

Lemma 3.2.3. @ Two different Fermat numbers are relative primes:
gcd(F;, Fy) = 1 where 1 # j

Proof. Since the gcd operation is symmetric, the problem of proving for i # j can be

rephrased as proving for arbitrary 4, j with ¢ < j. Using the Euclid’s algorithm:
ng(ZQ7}%> ::ng<fy7n10d(E}aZQ))

By the Lemma 3.2.2, F; divides the product of Fermat numbers from 0 to 57 — 1,

therefore -

J
[ [F:=0 (mod F)
k=0

Using the Lemma 3.2.1 this means

7j—1
[[Fe=Fi—2=0 (mod F))
k=0

F; =2 (mod F)
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Since a Fermat number is an odd number greater than one.
mod(F, F) = 2

= gcd(F;, Fj) = ged(F;,2) =1
Il

During the tool assisted proof, the particular property of a Fermat number being an
odd number greater than one appeared in different TCCs and proofs, as a result, it was
advantageous to add an explicit specification of this property . It’s also necessary for
this proof to use the property of Euclid’s algorithm, fortunately, this was in the same file
as for the definition of ged .

To conclude the proof, we must prove that the set of primes is infinite. First, it’s
important to note that Fermat numbers are infinite by definition, as they are defined by
a function that takes values from the infinite set of non negative integers. We can then
use the infinitude of Fermat numbers to show that the set of primes is also infinite.

The link between Fermat numbers and prime numbers arises from the fact that every
natural number greater than one has at least one prime divisor. This observation led to

the definition of another function and set.

Definition 1 (@ Let n € Z= and P the set of prime numbers
forime(n) = min({peP:p| F,})

IFp?“ime = {p eP:dne ZZOap = fprime(n)}

In the remaining of the document, the notation P will be used for denoting the set of
prime numbers.

By the well-ordering principle, the function f,,ime is indeed well defined. The proof
of infinitude can be finished by establishing an injection from the set F,,;. to the set of

prime numbers P.
Theorem 3.2.4. @ There are infinite primes

Proof. By definition of Fpme, this is the image of the function f, ime. Using Lemma
3.2.3, for any two n,k € Z=o,n # k, there is no common prime factor of Fj, and Fj. In
other words, fprime(n) # fprime(k). Therefore, the function fyime is an injection, mapping
Lo — Fprime S P, since the set Z is infinite, P is also infinite.

[
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For completion, the set theoretic properties, such as the transition of infinitude via
injective mapping, can be found in sets auzr from NASALib. By importing this library,
we have to specify the types of the set, PVS can transform a set into a type, which
means that the sets [ and P were used as types for this particular proof. No further
TCC has appeared because of the import of sets auz, as these sets were defined on the

well-behaved integer type.
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Chapter 4
Mersenne numbers

The third proof uses another family of numbers from number theory, the Mersenne

numbers[28]. These numbers are defined as
M, =2"-1 (4.1)

and its function domain may vary depending on the author. Some authors use n € Z-;
others use n € P, which is the case of "Proofs from THE BOOK" and our case.
Nevertheless, the main idea of the proof is to consider the case where n equals a prime
p, it turns out that there exists a prime divisor ¢ of M, such that ¢ is greater than p. If
we assume that there are finite primes, there must exist a maximum prime p,,4., as we

can find a greater prime from the set of divisors of M, we have a contradiction.

Pmazx?

For this proof, "Proofs from THE BOOK" uses a modern algebra approach, such as
using Lagrange’s Theorem [29] and the fact that Z,\{0} forms a group under multiplica-
tion. Because of that, we decided to import NASALib’s algebra library [0], being more

specific the theory 7ing zn.pvs, which includes a specification of a ring isomorphic to Z,.

4.1 Proof structure

The proof can be structured as follows:
1) Let p be an arbitrary prime and ¢ be one prime factor of M, = 2” — 1, notice that
q must be odd as 27 — 1 is odd.

q|2°—1, qgeP\{2} (4.2)

2) Because ¢ is odd, it must be relative prime to 2. By Fermat’s Little Theorem:
2771 = 1(mod q) (4.3)
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3) Since ¢ divides 2P — 1, this implies that 27 = 1(mod ¢), since p is a prime number,
it must be the order of the element 2 in Z,\{0}.

ord(2) =p (4.4)

4) Since an element a € Z,\{0} of order n generates a subgroup {(a) = {a' : i €
Z=o} with [{ay| = n. In particular, by applying Lagrange’s Theorem, [(2)| = p divides
|Z,\{0}| = ¢ — 1, then:

plg—1 (4.5)

5) Assume there exists a maximum prime p,q., then there exists ¢ € P such that
Pmaz | ¢ — 1, as a divisor is smaller than or equal the number it divides, ppq < g — 1, or

Pmaz < ¢, & contradiction. Therefore, there exist infinite primes.

4.2 Specification details

To apply group-related theorems, we decided to use the algebra library from NASA Lib.
First, we must decide how to define the multiplicative group Z,\{0}.

While there is an implementation for the ring Z/nZ, there exist no direct imple-
mentation for the multiplicative group Z/nZ\{nZ}. Unfortunately, for the group-related
theorems we need to use, the theories we must import rely on a postponed assumption.
Specifically, the type we apply the theory to must satisfy a finite group predicate. In
other words, when we import these theories, they introduce a TCC that checks whether
the type consists of a complete set of elements forming a finite group. Essentially, we need
to demonstrate that the set of all elements of a given type forms a group. This means
that we cannot simply use the fact that Z/nZ is a field, and thus, that Z/pZ\{pZ} forms a
group under multiplication. Instead, we must define the type for this multiplicative group
first and then prove that it satisfies the group properties, which leads to the definition of
a specific type for Z/pZ\{pZ}, named nz_ coset(p) .

After its specification, it was necessary to prove that nz_coset(p), for a given p €
P, is really a finite group. Fortunately, it could be done by expanding the definition
enough times and using the field property of Z/pZ, which was already in PVS. Still, some
TCCs appeared during the manipulation of elements of type nz_ coset(p); for this reason,
additional utility lemmas were proved and separated in the ring 2n extra.pus file, as they
could be used in more general situations. The content of this file ranges from lemmas
of equivalence of the operations in Z, and Z/nZ to some direct ring properties, such as

product and summation closure, and the characteristic of the ring Z, being p.
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It’s worth mentioning that some type-related proofs can be avoided; instead of using
generic definitions such as the power function specified in the group file, we can define a
specialized function for handling this new nz_coset type. This could be done by forcing
the type to be nz_coset instead of the PVS-deduced coset type. For example, the power
function was specialized and instead of using pow : Z/pZ x Z-o — Z/pZ for its function
signature, it was used pow : Z/pZ\{pZ} x Z=o — Z/pZ\{pZ} ©.

With these preliminaries explained, we can discuss the proof of the infinitude of prime

numbers.
Lemma 4.2.1. @ Ifd is a divisor of M, where p € P, then d is odd

Proof. Since p is a prime number, p > 2, implying that M, = 2-2P~! —1 is odd. Suppose

that d is even. Since it is a divisor of M,, we have
Mp zd-kl,lﬁeZ

By the evenness of d
Mp=2~k2-k’1,k‘2€Z

This is a contradiction since M, is odd. O

Lemma 4.2.2. @ Let q,p € P, where q is a divisor of M,, then
(24+qZ) T =1+ qZ

Proof. By Lemma 4.2.1, ¢ is an odd number since ¢ is a prime g > 3; in particular, this

means that ¢ 1 2. By Fermat’s Little Theorem
2771 = 1(mod q)

= 2+ qZ)1 =1+ qZ

The last equation comes from the ring isomorphism Z/nZ = 7Z,.
O

During the PVS specification, the equivalence in the modular arithmetic formulation
and quotient ring formulation was proved directly . It was also necessary to adapt
Fermat’s Little Theorem to the requirements in our proof: it was specified in the a? =
a (mod p) form, not in the a?~* = 1 (mod p) form. The adaptations resulted in the file

Fermats_little _theorem__extra.puvs
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Lemma 4.2.3. @ Let q,p € P, where q is a divisor of M,, then
(2+qZ)P =1+ qZ
Proof. Since ¢ divides M,,, we have
M, =0 (mod q)

27 —1=0 (mod q)
27 =1 (mod q)

Using the isomorphism Z/nZ = 7Z,.

(2+qZ)P =1+ qZ

Theorem 4.2.4. (@ There are infinite primes

Proof. Suppose there exist finite primes, then there exists a maximum prime p,,.,. Let

q € P be the divisor of M, using Lemma 4.2.3, we have

(24 qZ)Pmes =1+ qZ

In particular, from the definition of order, it follows that ord(2 + ¢Z) | pmasz, but that
is only possible if ord(2 + gqZ) = 1 or ord(2 + qZ) = pmaz- 1If ord(2 + qZ) = 1, then
2+ qZ = 1 + qZ, impossible, since ¢ > 1. Therefore ord(2 + ¢Z) = pmaz-
Using Lemma 4.2.2
24+ qZ) ' =1+ qZ

Again by definition of order
ord(2+qZ)|q—1

pmaz|q_]—

Since a divisor is smaller or equal to the number it divides, we have pp.. < ¢ — 1,
more specifically, pnqa < q. Therefore, ¢ is a prime greater than the maximum prime, a

contradiction. ]

It turns out that Lagrange’s Theorem was not necessary. In fact, if it had been used, it

would have been necessary to proof additional lemmas on group orders, but these proofs
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can be quite tedious. Instead, we used the classical theorem that states if an element a
from a group G satisfies ™ = 1 for some integer n, then the order of a, denoted ord(a),
divides n. This theorem was not in the NASALib’s algebra library, as such, it was proved
and added in its own separate file finite group extra.pvs.

Related to TCCs, since the definition of structures in the NASALib’s algebra library,
such as ring, is built upon the group definition, and these upon monoid (and so on), type
dependencies become an exhaustive issue. The problem arises because they require a
significant number of TCCs. If such structures are imported naively, each new algebraic
structure used in a proof could generate around five new TCCs. Consequently, there is
room for improvement in the algebra library from various angles, such as through new
utility theorems, PVS strategies (essentially LISP code for automating proofs), and pos-
sibly PVS judgments, which provide more information to the type checker. Nevertheless,
the algebra library contains many powerful theorems, including classic results from group
and ring theory like Lagrange’s Theorem, Sylow’s Theorems, and many others, some of

which made our proof easier.
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Chapter 5
Euler product formula

The fourth proof in the book relies on analytic number theory[30]. As a side effect of
the Euler’s Formula[31], proved in the 18th century by Leonhard Euler, this proof has a
deep connection to the Riemann zeta function [32]. The key idea is to demonstrate that
the zeta function can be factored into a product over primes. With this connection, we
can estimate the number of primes as large as we wish, confirming that primes are indeed
infinite.

The Riemann-zeta function is defined as:

1
=Z— for se C, Re(s) >1
s

The Euler’s product formula, on the other hand, relates the primes in the following

way:

)= 1 (1—;)_1 for se C, Re(s) > 1

p prime
Notice that, from the definition of zeta function, s must have real part greater than
one, it turns out that this Euler product also works for s = 1, but the zeta function at
this value tends to infinity, something that should not happen if there are finite primes.
In particular, we can estimate the prime-counting function by the product of the
primes according to the Euler formula, which by itself can be estimated by the natural

logarithm function in the following way:

log(n) <[] (1 _ ;) () 41

p prime

where log(n) is the natural logarithm function and m(n) is the function that counts

the number of prime numbers less than or equal to a given number n.
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As is typical in analytical number theory proofs, this chapter proof heavily relies on
concepts from analysis, such as limits and series; for that reason, we decided to import
the NASALib’s analysis library [7].

5.1 Proof structure

The structure of the proof given by the book can be divided into the following parts.
1) Let 7(x) be the prime-counting function, suppose we have an enumeration of prime
numbers in increasing order in P.

2) The harmonic numbers can be estimated with natural logarithm.

1 1 1
1 <H,=14+=-+-+-+— 5.1
og(n) +2+3+ +n (5.1)

3) The product of geometric series of inverse prime numbers less than or equal to n is

equal to another series which contains every % from H, =1+ % +...+ %

7r(n) 0
1 1
DIV (5.2)
i=1 ko Vi keZ-o, k
k=1 v 3JpeP,
(p<n A plk)

4) Since the geometric series has closed form and as p; = i + 1 (which implies that

pf’il < ”171) we can estimate the product of series through the following inequality:

(

S

) (n) m(n) .

0
1 Di 1+ 1
Z?:‘ P 1< . =n(n)+1 (5.3)

7

3
3

k=0 P

@
Il
—_
S
Il
—_
Il
—_

5) By arranging inequalities, we find that the prime-counting function is greater than
or equal to the natural logarithm; the latter being a strictly increasing function means

that the 7 function is unbound, in other words, the prime-counting is infinite.

log(n) < 7(n) +1 (5.4)

5.2 Specification details

5.2.1 Prime enumeration

The definition given by the book has the problem of assuming when using the notation

"P = {p1,p2,p3,-..}", that the prime numbers P are infinite beforehand, and the sequence
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should be undefined otherwise. For simplicity, during the PVS specification, we decided
to set the undefined cases to the number zero, meaning that if the prime numbers have
an end at the nth value, then p; = 0 for ¢ > n. Another thing to consider is that as the
natural numbers in PVS start from zero, the specification has a starting index of zero,

meaning that the first three values are:

Po=2 p1=3 p2=5

The proper definition of prime sequence is given by the following function p.

Definition 2 @ Let p L=y — Lo

r

2 ifi=0
. min({peP:p>pli—1)}) ifi>0AnIpeP,p>pi-1)
p(l):<0 ifi>0AfpeP p>p(i—1)
0 if p(i — 1) = 0

\

Given this definition, it remains to prove that, indeed, for a subset of the domain
S € Z=y, this function is an enumeration. For this purpose, we will need to demonstrate

some properties of p first.
Corollary 5.2.0.1. @ p(i +1) > p(i) v p(i + 1) = 0

Proof. From the definition of the function p, it only returns a prime or 0. Case p(i) = 0,
by the last case of the definition p(i+ 1) = 0. Case p(i) € P, if p(i+1) = 0 then is trivially
true, otherwise, by the second case of the definition p(i + 1) > p(7).

O

Lemma 5.2.1. @ Vp(i), p(j) € P,p(i) = p(j) =i =j

Proof. When ¢ = j, this is trivial. Since the proposition is symmetric, without loss of
generality, we can choose ¢ < j. Notice that if there existed a number £, such that
i < k < j,plk) =0, by the fourth case of the p definition, we could prove via recursion
that p(j) = 0, this can not be the case, because p(j) € P. Using the Corollary 5.2.0.1, as
there is no intermediary value p(k) = 0, in this domain, this function is strictly increasing.
Therefore, p(i) < p(j).

O

Lemma 5.2.2. @ Vpe P,3i € Z=g,p(i) = p
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Proof. Proving this statement is equivalent of showing that for every n € Z(, every
element ¢ of the set P, = {p € P: p < n} can be written as p(i) = ¢, for some i € Z.
This can be done by recursion on the variable n.

For the case n < 1, P, = .

For the case n = 2, we have P, = {2}, its only element can be written as p(0) = 2.

If all elements of P, can be written as p(i), considering p(j) = max(P,).

Case n + 1 is prime, then it is the minimum prime greater than p(j); otherwise, there
would exist a prime r < n + 1 such that max(P,) < r, an absurd. In other words,
p(j+1)=n+1

Case n + 1 is not a prime, then P, = P,, trivially satisfying the recursion.

Lemma 5.2.3. @ Leti,ne€ Zsg, i <m(n) = p(i) e P

Proof. As proved during the Lemma 5.2.2; all values P,, can be written by some p(i),
and using Lemma 5.2.0.1, this enumeration is strictly increasing while p(i) is a prime,
which is the case as all elements of P, are primes. In particular, that means that

p(0),p(1),...,p(w(n) — 1) is an enumeration in ascending order of prime numbers.
[

With those properties proved, the p function is indeed an enumeration for a subset of
the domain. In particular, if there are infinite primes, all primes will appear in ascending
order in the domain Zso. Otherwise, for the domain S = {n € Zso : n < T(Pmaz)}, all
primes will also appear in ascending order and in its complement set Z-\S the function
will be identically zero, as we expected.

In the following proofs, it will be necessary to use the Fundamental Theorem of Arith-
metic [5]. This theorem is in NASALib, but it was specified in a more generic sense, which
made a new specification necessary.

The NASALib’s original specification of Fundamental Theorem of Arithmetic describes
that any positive natural number greater than one can be written as a product of a prime

sequence, for example,

360=2-3-2-5-2-3

But for our purpose, it is convenient to use this Theorem in the form of sorted powers

of primes, i.e.

360 =2%-3%.5
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Because we already define a prime enumeration, we can use it to specify the prime
powers in sorted form, but if you pay attention, by knowing beforehand that there are
infinite primes, one should be tempted to describe the Fundamental Theorem as the

existence of the infinite product, with large enough terms having exponent zero, such as

360 = p(0)* - p(1)*- p(2)" - p(3)" - p(4) ...

But we would be making the same mistake of assuming that there are infinite primes in
a circular way. Because of that, we chose to change the description of the Fundamental
Theorem.

Given a family of sets E, = {n € Z : 3k € Z=o,n = p"}, where p € P, we can define the

set D, as a finite Cartesian product.

7(n)—1
D, = X Ey
i=0
The Fundamental Theorem can be rewritten as the existence of a unique element
(p(0), p(1)r, ..., p(m(n) — 1)=m-1) € D,, such that product of its entries @ equals n for
every ne Z,n > 1. ie. @

Since the greatest prime divisor of a number is the number itself, the upper limit of
the product, m(n) — 1, guarantees that all prime divisors will appear in the product.

It’s worth mentioning that the definition of prime enumeration and prime factorization
is going to be reused for the last proof of infinitude of primes, because of that, these
proofs, alongside other general purpose p function manipulation, were separated to a new
file called prime extra.pus.

Using this new framework for the proof of the Fundamental Theorem of Arithmetic,
the application of lemmas related to integer numbers was useful. Among these lemmas,
some properties related to the ged function were not available in the NASALib. For that

reason another file was created number util.pvs

5.2.2 A few inequalities

For the completion of our proof we must demonstrate a few inequalities, starting from a

classic one.

Lemma 5.2.4. @ Vn € Z-,log(n) < H,
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Proof. This can be done by considering the inequality

1
z for z € [k, k + 1]

K| —

<

Considering the inequalities of integral, for a finite summation

( ) n+1 1 ZTL] k+1 1 Zn] k+1 1
log(n+1) = J —dzr = f —dr < f —dx
(I =1k T k=1vk k
1
= log(n + 1) <Z—=Hn
ok

Since the log function is an increasing function.
log(n) <log(n+1) < H,

]

This inequality, despite being well known, was not explicitly enunciated in the NASA Lib,
but all its prerequisites were already proven in the NASALib’s analysis theory. This makes
its assisted proof relatively easy. The only small problem was a TCC related to the in-
tegrability of each integral expression required in the proof; as we sum over slices of the
bigger integral, it was necessary to guarantee that everything is indeed integrable. But
lemmas for these steps were also in the files defining the logarithmic function and integral
operations.

For the next inequality, we need to define two functions.

Definition 3 @ Let n e Z=y,n > 2
ﬂ(n)—li 1
§(n) = 7
=0 k=0 p<l)
1
p(n) = 2 I
k€Zxo,
k=1 v 3peP,
(p<n A plk)

One thing to notice is that in the £ definition, we are dividing by p(), which can have
zero value if we try to use a nonexistent prime number, but as we are taking the product
from ¢ = 0 to ¢ = m(n) — 1, using Lemma 5.2.3 all p(i) values are primes, i.e., non zero

numbers.
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It is not completely obvious from the definition, but these two functions are the same.
For proving this statement some non-trivial lemmas must be proven first.
Given the Cauchy product [33], we can express the product of two convergent series a

and b as another series.

That formula has the restriction of one of the series being absolutely convergent, but in
our case, the series is defined over positive numbers, making this restriction trivially valid.
The last series in the formula can be flattened in such a way it maintains its convergence,

but to prove this, first, we need to define another function.

Definition 4 @ Let n e Zs,

Corollary 5.2.4.1. @ Letn,k € Z>y,0 < k < n, then 9(” D) 4 k) = n and 7(nlntl) (1) 4 k)

Proof. Since 0 < k, we have

n(n+1) _ n(n + 1)

< +k
2 2
Since k < n, we have
1 1 1 1 2
n(n; )+k<n(n2+ )+n<n(n2+ )+n+1:(n+ )2(n+ )

Therefore, by the definition of #, we must have (=% (1) 4 k) = n, implying that

(D ) ey, O R) (0 (25 k) +1)

2 2 2

n(n + 1)
AP T Y e PP
2 * 2
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Lemma 5.2.5. & Let n,k € Z=y,0 < k <n, then

n(n+1) +n
n 2
Z Qn—kbr = Z A6(k) (k) * Or(k)
k=0 k= n(n2+1)

Proof. Using Corollary 5.2.4.1, we have that 9(@ + k) = n and T(@ + k) =k,
therefore, by change of basis.

n(n2+1) +n "
Z AQ(k)—(k)) * bT(k) = Z a(e(%%)—d@%)) b 'n(n+1)+k Z Ap— kbk
k= 7L(7L2+1) k=0

Lemma 5.2.6. & Let N € 7=,

NOYED

N n
Z Z by, = Z ao(k)—7(k)) * Or(k)

n=0 k=0 n=0

Proof. This can be proven through induction on the variable N.
Case N = 0, by Corollary 5.2.4.1, we have 6(0) = 0 and 7(0) = 0, therefore

aopbo = a(9(0)-r(0)) - br(0)

Case N > 0, by inductive hypothesis

N n N(AQH—U"'N
DD kb= DL ew—rik) " bt
n=0 k=0 n=0
N+1 n nt1 N 4N
= 2 2 an—b, = Z An— by, + Z a(ok)—r(k)) * Orr)
n=0 k=0 n=0
By Lemma 5.2.5
N+l n (N+1)2(N+2)+N+1 N(1\2r+1)+N
D D neibi = D et b T D Aem-rm) * briy
n=0 k=0 k:(N+1)2(N+2) n=0

(N+1)2(N+2) LN+l

= > a(o(k)—7(k)) - Or(k)

n=0
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The last equality comes from the fact that (N+1)2(N+2) = (N(]\;H) + N + 1)

For the next Theorem, we need to prove one more Lemma.

Lemma 5.2.7. & For every n € Zsq, there exists m,r € Zsq, where 0 < r < m, such

that n = 7”1'(7;”1) +7r

Proof. This can be done with induction on variable n.
Case n = 0, m = r = 0 satisfy our hypothesis.
Case n > 0, by inductive hypothesis.

m-(m+1)

n=-—————>+r

2

If r = m, this implies

n+1:w+m+1: (m+1)(m+2)  (m+1[(m+1)+1] 0
2 2 2
If r < m, this implies
n+1:W+(r—|—1)
Since r < m and both r, m are integers r + 1 < m. O]

Now we can prove that the flattened version of the series is indeed equal to the original

series in our case.

Theorem 5.2.8. Let a, and b, be positive sequences and let ZZO:O ZZ:O b be con-

0 n ee}
Z 2 -ty = 2 a9 (k)—r(k)) * Or()
=0 k=0

n=0

vergent, then

Proof. Letting L = )" > an_iby, for every real € > 0, for larger enough n > N, we

want

n

L= o)) - briiy| < €
k=0

m-(m+1)

Using Lemma 5.2.7, rewrite n as n = 3

+ r, where 0 < 7 < m, we can estimate

our difference as

m-(m+1)
—3 1T

L— Z aok)—r(k)) * Ork)
k=0
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mAmtl) 4 m(mtd) oy

ol D N R D Y A

k=0 kzim'(’§+1)+r+1
(nt1) 4 oy mmtl) ym
SIL— > @@ - ey + > a(o(k)—7(k)) - Or(k)
k=0 p=TlmAl)

By Corollary 5.2.4.1

m»('r;H»l) +m

<|L - 2 ao(k)—r(k)) * br@iy| + Z A * by,
k=0 k=r+1
By Lemma 5.2.6
=D ki) + | D ameibr
n=0 k=0 k=r+1
Since both a,, and b, sequences are positive.
< L — Z Z an,kbk + 2 am,kbk
n=0 k=0 k=r+1
< L— Z Z an_kbk + Z am_kbk
n=0 k=0 k=0

Since Y7 (D o an—kby is convergent, lim, .o, >.,_ an—xby = 0. Meaning, for every
€ > 0, there exists N; < n, Ny < n, such that

L—ZZan k:bk

n=0 k=0

<7

m

€
Z am_kbk < 5
k=0

Therefore, for N = max(Ny, Na)

Z 6(k)—r(k)) * Or()

<€

O

With that in mind, during the PVS specification, there was no previous specification
of the Cauchy product. Being a well-known theorem and due to its specification being

very time-consuming, we chose to use the theorem as an axiom in PVS.
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That series flattening process & can be generalized for the product of more series.

Lemma 5.2.9. @ Let ne Z-,, then

=

n—1 n—

> aik) = 2 a;(Ji)

k.j1€220 i=
Jotjitetin—1=k

=0

Proof. That can be done through induction on the variable n. For case n = 1, this

> ag(k) = > ao(k)

k=0

trivially says that

For case n > 1, using the inductive hypothesis.

=

n—1 n—

H > ai(k) = > a;(Ji)

=0 k=0 k,j1€Z>0 =
Jotjitetin—1=k

~

n o [0} n—1
M%em - (Sew) | 5 Taw
=0 k=0 k=0 k,ji1€Z>0 =0

j0+]'1+"‘+]'n—1:k

By Cauchy product (Formula 5.5).

— Z Z an(m — (Jo+j1+ -+ jn-1)) - | | @)

Ji€Zz=o 1=0
Jotj2t-tin=m

=D IND YRRRHCAR § PXC

m=0 Ji€Z=0
jotizttin=m

0 n
SIS SR  ACA
m=0 Ji1€Z=0 i=0

Jotja2+-+jn=m

Finally, using the flattening process of Theorem 5.2.8.

n
= Z | | a;(Ji)
k.ji€Z=o 1=0
Jitizt-+in=k

]

A more step-by-step proof of this theorem was given in the PVS specification. We can

finally show that, indeed, the functions £ and p are equal.
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Theorem 5.2.10. £(n) = pu(n)

Proof. Using Lemma 5.2.9, we have

. k . j
i =P k.j1€Z0 i P
Jitjettir(n)—1)=k

Notice that every term of the right series is of the form

1 . 1 e 1
o0 plmy

m=m(n)—1

By the Fundamental Theorem of Arithmetic, this product results in a unique number
%. In particular, % appears in the right series (¢; = 0) and since we are summing over all
possibilities of exponents, every %, for a n that’s divisible by some p € P, p < n is in the

summation. As a result

> Ham- X ;
Ji - L
k,jZEZZQ =0 'O(Z> k€Z>07
Jtget - +ir(n)-1)=Fk k=1 v 3peP,
(p<n A plk)

]

In PVS, it was not necessary to prove directly this property, it was faster to use Lemma
5.2.9 and associate it each factor of the sum in the next proof. But for completion, we

chose to write the analytic proof for this Theorem.
Lemma 5.2.11. @& Let n e Z-y, H, < pu(n)

Proof. Notice from the definition of p function.

TOEEEDY ,1

keZxo,
k=1 v 3JpeP,
(p<n A plk)

If for every %, 1 < k < n, there exists a prime p | k, p < n, since p(n) is an absolutely

convergent series, we can order the series such that.

1 1
-3t 3
k=1 k€Z>np,

k=1 v 3JpeP,

(p<n A plk)

|

Which trivially results in H,, < p(n).
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Since 1 < k£ < n and since a divisor is less than or equal to the number it divides, all
of k’s prime divisors have the inequality p < k, therefore, the max prime divisor k& can
get is p < n.

O

During the PVS specification, this series rearrange needed to be expressed in a more
explicit form; for that reason, we created a file called sequence extra.pvs, in which we

have a more formal description of the function which orders by common summed values.
Lemma 5.2.12. @ Let n,i € Z=g, fori < n(n)

p(1) <i+2
p(i) —1 " i+1

Proof. Notice that

p(1) i+ 2
p(i)—1 ~i+1
1 1
= 1+ — <l4+—
p(i)—1 i+ 1

— i+1<p(i)—1
— i+ 2 < p(i)

This can be proven through induction. For case i = 0, we have
0+2<2
For case ¢ > 0, by inductive hypothesis
i+1<p(i—1)

=i+2<p(i—-1)+1

Because of Lemma 5.2.3 p(i) # 0, using Lemma 5.2.0.1, we have p(i — 1) < p(i), since
p(i — 1) is a integer, p(i — 1) + 1 < p(i), therefore

i+ 2 < p(i)

Lemma 5.2.13. @ ¢(n) < 7(n) + 1
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Proof. Since the geometric series has a closed form, we can simplify £(n)

SRS B = (0
Q ,;)p(i)’“_ H p(i) — 1

Using Lemma 5.2.12, we have the inequality

w(n)—1

) <”(”1—)[_1i+2
Ly =1~ L

Notice that the product Hf -1 ﬂ is a telescoping product @, therefore we have

7r(172[12+2 (m(n) —1) +2

1+ 1 0+1

=7(n)+1

1=0

Theorem 5.2.14. (& There are infinite primes

Proof. Composing the inequalities from Lemmas 5.2.4, 5.2.10, 5.2.13 and 5.2.11, we have

log(n) < §(n) = p(n) < m(n) +1

Because the logarithm is a strictly increasing function, there can’t be a maximum m(n)

value.
O]

We are done with the proof, but if you look closely, this proof also gives an estimation

of how large the prime-counting function increases. Still, that is not the best approxima-
x

tion, theorems such as Prime number theorem [34] estimate 7(x) ~ ——, which is an

log(z)’

estimation that grows faster than log(z).
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Chapter 6
Fiirstenberg’s topological proof

The Firstenberg proof of the infinitude of primes is an elegant and non-traditional ap-
proach to proving that there are infinitely many prime numbers. Hillel Fiirstenberg in-
troduced this proof in 1955 [35], and it uses concepts from topology [30].

The main idea is to use a family of integer sets, N,, = {a+bn : n € Z}, where b > 0, to
define a topology on Z. From this family of sets, one should expect to reconstruct almost
all of Z set through a union of prime family, to be more precise. Z\{—1,1} = Upe]P’ Nop.
It turns out that by this topology properties, this construction forces the prime set to be
infinite.

Since we are dealing with topological definitions, we chose to import the NASALib's

topology library [8].

6.1 Proof structure

The structure of the proof given by the book can be divided into the following parts.
1) Given a,b € Z, where b > 0, define the set family N,, = {a +bn : n e Z,b > 0}.

2) An open set will a set O < Z, if either O = J or if for every element a € O, there
exists some b € Z,b > 0 with N,;, < O. Also a closed set is defined as a complement of

open set, as usual in topology.

3) Notice that by this definition of open set, the union of two open sets O, is

another open set.

4) We can also prove that the intersection of two open sets is another open set. This
can be verified by letting a € O; n Oz, we have that N,;, < O and Ny, < O then
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a € Ngpp, © O1 N Oy. Therefore, this definition of open set indeed forms a topology.

5) By the definition of an open set O, there exists N, € O, where N, is an infinite

set. Therefore, any non-empty open set is infinite.

6) The set N,; can be rewritten as the complement of the finite union of others N, 4

sets, in other words, it is a closed set.
b—1
Nop = Z\ U Navip (6.1)
i=1

7) Since every number n # 1, —1 has a prime divisor p, implies that n is contained in

Ny . Meaning that we can recover the set Z\{—1, 1} through union of Ny, sets.

Z\{—~1,1} = | J Noy (6.2)

peP

8) From topology theory, a finite union of closed sets is also closed, as such, Z\{—1, 1}
is closed, which implies that the set {—1,1} is open, which is a contradiction since all

open sets in this topology are infinite.

6.2 Specification details

This proofs give us a definition of open and close sets, we first need to check if the check

if a finite union/intersection of open sets is also an open set.
Lemma 6.2.1. @& The union of two open sets is an open set

Proof. Given open sets A, B, if any of them is an empty set, this is trivially true because
the union equals the remaining set, otherwise, for every element a € A u B, implies
a€ Nyp < Aorae N, < B, for both cases, there exists d > 0, witha € N,y € AuB. O

Corollary 6.2.1.1. @& The union of finite open sets is an open set

Proof. This can be proved by induction, for the base case we have an open set O; which
is trivially an open set. By inductive hypothesis, the union of n open sets | J;_, O; is open,

using Lemma 6.2.1, if O,,;1 is an open set than

On+1 UOOZ = UO,
i=1 i=1

is also an open set. [
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Lemma 6.2.2. @ The intersection of two open sets is an open set

Proof. 1If any of the open sets is an empty set, the intersection is also an empty set, which
is open. Otherwise, for every element a € O; N Oy, where O,y are open sets, there
exists Ny p, and Ngy,, such that a € Ny, < O and a € Ny, < Os.

For every element c € Ny, .4,, we have for some n € Z
c=a+b-by-n

Therefore ¢ € N,p, © O and ¢ € Nyyp, S Oy, in other words, Nyp.0, & O1 N Oz, Also
notice that a = a 4+ by - by - 0 € Ny p,.p,. Therefore for every element a € O; n Oq, there

exists a € Ngp, .4, S O1 N Oz, which means that O; n O, is open.
O

Corollary 6.2.2.1. & The intersection of finite open sets is an open set

Proof. Once again, this can also be proved by induction, for the base case we have an
open set O which is trivially an open set. By inductive hypothesis, the intersection of n

open sets [);_; O; is open, using Lemma 6.2.1, if O, is an open set than
n n+1
On+1 ﬁﬂoi = ﬂOi
i=1 i=1
is also an open set. [

With that Lemmas, we can properly use the NASALib’s topology theory, as the fam-
ilies of open sets O fulfil the criterion for being a topology .

We can also prove three more properties:
Lemma 6.2.3. & Any non-empty open set is infinite

Proof. Let O be the open set, for every element of a € O, we have N,;, < O, where b > 0.
The elements of N, is a both sides linear progression a + b - n, since b > 0, the function
f 1 Z — N,y, such that

flx)y=a+b-x

is an increasing function, as a result f is an injective function, since Z is infinite, that

implies that N, is also infinite and thus O is also infinite. ]
Lemma 6.2.4. @ N, is a closed set and can be expressed as N,y = 7\ U;:ll Natip

Proof. Every element of N, is of the form n = a+b- k, meaning that n = a mod(b) and

vice-versa.
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That means that every value n, such that n ¢ N, ;, must be in one of the b—1 remaining
equivalent classes. In particular, let 0 < i < j < b, suppose that a + j = a + i mod(b),
this implies that

j —1i =0 mod(b)

=b|(j—i)=b<j—1i

But the maximum difference is when
max(j) —min(i) = (b—1)—0=b—1

=b>7—1

thus we have a contradiction. Therefore, any two Ngip, Notjp, Where ¢ # j is a different
set.

That means the union ,
—1
U Na-‘ri,b
i=1

contains every element n ¢ N,;, as a result, N, = Z\ UIZ;II Ngtip. By the definition of
an open set, N,4;; is an open set, since the union of open sets is open (Corollary 6.2.1.1),
remember that a closed set is the complement of an open set, therefore N,; is also a

closed set.
O]

With this last Lemma, we have that N,; is a closed set. We need one more Lemma

for building our main Theorem.

Lemma 6.2.5. @ Z\{-1,1} = | s No,

peP

Proof. For every element m of Z\{—1, 1}, there exists a prime divisor ¢, therefore
m=q-k, keZ

which is the form of an element of Ny, therefore Z\{—1,1} < Ny, < U

n € [ Jyep Nop, there exists a prime p such that

peP N(]’p. For

n=p-k, kel
Since n is an integer, we just need to ensure that n # 1 and n # —1. Notice that

In| = |p| - |k =p- |kl
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Since p is a prime, p > 1. If £ = 0 then n = 0, otherwise |k| > 1, which implies that
[n| > 1. As a result, n is neither 1 nor -1. Therefore | J,cp Nop S Z\{—1,1}.
[

Theorem 6.2.6. & There are infinite primes

Proof. By Lemmas 6.2.4 and 6.2.5, we have that Z\{—1, 1} is a union of closed sets, since
a finite union of closed sets is also a closed set, if the prime set is finite, Z\{—1, 1} must

be close, which means that {—1,1} is an open set, a contradiction considering Lemma,
6.2.3. u
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Chapter 7
Prime reciprocal series

The sixth and last proof was originally proved by Paul Erdés in the 20th century [37] and
can be viewed as inspired by the fourth proof found in Chapter 5. The main idea is to
consider another series of reciprocal numbers, but instead of using the positive integers,
the prime numbers are used, i.e., > -, -

As a finite summation of numbers converges, if this series diverges, our set of primes
must be infinite.

To show that this series diverges, we can divide the prime numbers into two types:
the Small primes (primes which are smaller or equal to a prime p;) and Big primes (the
remaining primes). Using this classification, other sets can be defined: N(n), the set of
positive numbers less than or equal to n; Ny(n, k), the numbers from N (n) with only Small
primes divisors; Ny(n, k) the numbers from N(n) with at least one Big prime divisor. It
can be shown that N(n) = Ny(n, k) u Ny(n, k).

The proof focuses on showing that if the series converges, we can find a k, such that
we can estimate the size of Ny(n, k), Ny(n, k) such that |Ny(n, k)| + |Ny(n, k)| < |N(n)],

a contradiction.

7.1 Proof structure

1) Consider a prime enumeration p;, suppose that the series of primes reciprocals converge.

N

lim » — <o (7.1)
N~>OO = Di

2) Therefore exists a k such that the series starting from  + 1 is less than one half.

o0
1
2 s

1=K+

(7.2)

[\J\P—‘
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3) Defining Small primes as all primes which are smaller than p, and Big primes, the

rest. Then define N(n), Ny(n, k) and Ny(n, k) as previously mentioned.

4) By defining the subset Ng;,(d,n) of all elements of N(n) which is a multiple of a
deN,d > 1. It can be proven that |Ng,(d,n)| = [%J = |%]. Noticing that Ny(n, k) is

the union of all Ny, (p;,n), where ¢ > k, we can estimate the size of Ny(n, k) by:

Nl < 3 2]« X 2<d 73)

izrr1 LPiL S5 Pi

5) Noticing that an element m € Ny(n,k) can be written as m = a - b, where
a,b € Ny(n, k) and a is a square-free part of m and b is a perfect square of an ele-
ment of Ny(n, k). We can define two more sets Spec(n, k), composed of all elements a,
and Sg;,(n, k), composed of all elements b. With these considerations, we can estimate
the size of Ny(n, k):

[Ns(n, k)| < [Sgree(n, k) X Saio(n, k)| = [Spree(n, k)] - [Sain(n, F)] (7.4)

6) Since m = a - b for all m € Ny(n, k), we can estimate the number of elements
of Saiv(n, k) by setting @ = 1 and using the definition of b, i.e. b = r? for r € N,(n, k).
Finding the size of Sy, (n, k) turns into a problem of counting the numbers of valid m = r2.
Noticing that Ny(n, k) < N(n), the estimation is:

[Saiv(n, k)| < V/[Ns(n, k)| < V/IN(n)] = v/n (7.5)

7) The Sfrec(n, k) is the set of all elements less than or equal n, with only Small
primes divisors and square-free. In others words, an element of Sge.(n, k) is of the form

m = p{t - ps - - - pk, where €; € {0,1}. This can be estimated with:
S reeln, )] < 2¢ (7.6)

8) Since N(n) = Ny(n, k) u Ny(n, k), for every k. Using the last item estimations, we
must have:

N < [Ny(n, )] + [Nyl )] < 2%V + 5 (7.7)

9) Choosing n = 2%*2 our inequality simplifies to |[N(n)| < 2%*2 = n, an absurd,
since |N(n)| = n. Therefore, our original consideration of the convergence of a series of

prime reciprocals must be false. That’s only possible if there are infinite primes.
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7.2 Specification details

The proof given by the book uses a prime enumeration p; and considers its reciprocal
series, but it doesn’t explicitly consider the case where there are finite primes, as there
shouldn’t be a value greater than a certain 4, this makes the sequence not well-defined. A
mistake was also made in the proof of the Chapter 5. To avoid this circularity, we should
redefine what sequence p; means, and by consequence, what is the sequence p%.

In Chapter 5, we defined a prime enumeration function p, as well as we proved some
theorems with it, these theory was separated in its own file and will be reused here. By
considering the series of reciprocal of prime numbers, we should account for the case
where the prime set is finite. This can be done naturally from our definition of the prime
enumerating function, as it returns zero if we try to enumerate a nonexistent prime. This

natural definition is:

Definition 5 [ Let ¢ : L=y — Lo

) = p(ln) if p(n) >0

0 otherwise

It follows from this definition that this sequence and its series are not only well-defined,
this can be overcome if we turn the series into a finite sum in the case where there are

finite primes, i.e.

k

|
—

1
3 (1)

1
—— otherwise

3 p(0)

Just as in Chapter 5, remember that our enumeration starts from zero, meaning our

if [P| = k

¢
¥
M8HM

i

proofs from here on will have potentially shifted indices compared to the original proof.
This was done with the intention of simplifying the proofs inside the PVS, as many proved
lemmas, such as the ones involving sums and series, start with index zero.

For example:

k
Lo
i) - 2 TP
0

< 1
=0 Z — otherwise
im1 Pi
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With our p function defined, we can prove our first inequality.

Lemma 7.2.1. @& Suppose that the series Y. (i) converges, then there exists an &,
such that 3.2 (i) < 3

Proof. This lemma follows from the definition of convergence, that is, for every e € R, e >
0, there exists a N € Z, such that for every n € Z,n > N:

Z u(i) = o)

0

<€

n

)

By letting € = % and renaming k = n + 1.

<

N | —

> - 300
= 2 W(i) <

=0
The last inequality comes from the fact that ¢(7) is greater than or equal to zero.

0

> i)

i=n+1

DN | —

2 1(i)

[]

Now, given a positive integer k, it will be useful to divide the prime numbers into the
categories of Small and Big primes. Based on the book’s definition, we should call a value
p(i) a Small prime if i < k and Big prime if i > k. Notice that this definition is close
to what was given by the book, and it is still not formally defined when we have finite
primes, for i larger enough, p(i) = 0, which is not a prime zero.

We can overcome this problem by formally defining Small and Big primes as sets of

numbers in the following way:.

Definition 6 @ Let ke Z-,
Small(k) ={peP:p<plk) v p(k) =0}

Big(k) = {peP:p = p(k) A p(k) # 0}

As mentioned in Section 5.2.1, about prime enumeration, for all prime values this p
function enumerates the primes in ascending order, meaning that for all p € P, there exists
i € Zso, such that p = p(i), where it maintains the ordering of the prime numbers. In
particular, if p(i) < p(k), then i < k (@), otherwise we have p(i) = p(k), then i = k ().

As such, this definition behaves analogous with the one given by the book.
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With this new definition, instead of talking about an enumeration p;, p;i1,- - -, as
mentioned in the book, we will be using the Small and Big prime sets. First, we can

assert it really divides the primes into two different sets.
Corollary 7.2.1.1. Small(k) and Big(k) are disjoint sets with P = Small(k) v Big(k)

Proof. 1t is noticeable that the restriction in the definition of the big primes set is the
logical negation of the Small prime set restriction, and vice versa. In other words, each
set is the complement of the other under the prime set, therefore their union is the whole
P.

m

This can be proven in PVS by a simple "grind" command. But it will be helpful to
have this last Corollary for later citation.

With the Small primes and Big primes sets defined, other useful sets can be also
defined.

Definition 7 @ @ Let k e Z=y and n € Z~

N(n)={meZwy:m<n}
Ns(n, k) ={me N(n):YpeP,p| m= pe Small(k)}

Ny(n, k) ={me N(n):Ipe Big(k),p| m}

Corollary 7.2.1.2. @ N,(n,k) and Ny(n, k) are disjoint sets with N(n) = Ny(n, k) u
Nb(na k)

Given an element m € N(n), if m = 1, it does not have a prime divisor, meaning
m € Ng(n, k) and m ¢ Ny(n, k). If m > 1, if it has a Big prime divisor than m € Ny(n, k)
by Corollary 7.2.1.1, the Big and Small primes are disjoint, therefore m ¢ Ny(n, k). The
last case is m > 1, and it does not have a Big prime, again by Corollary 7.2.1.1, the prime

divisor must be a Small prime, meaning m € Ny(n, k) and m ¢ Ny(n, k).

7.2.1 Big primes multiple set N,(n, k)

For estimating the Ny(n, k), we should define another set of numbers, the set of positive

multiples of a number d, less or equal to n.
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Definition 8 @ Let d,n e Z-,

Nyiw(d,n) = {me N(n):d|m}

Lemma 7.2.2. @ For d,n € Z-o, | Nyy(d,n)| = ng

Notice that the elements of Ny, (d,n) are of the form m = d - x,x € Z-, therefore
the minimum value is found with £ = 1 and for the max value, it must be a value such
r < %5,z € Z, which is exactly the definition of [%]. Meaning all possible values are
restricted to d-1 < d-x <d-|%], on other words, Ng;,(d,n) = |%5].

With this lemma proved, we are ready to estimate Ny(n, k):

0¢]
Theorem 7.2.3. @ |Ny(n, k)| <n - Z 1(1)

i=k
Proof. From the definition of Ny(n, k), its elements must be divisible by some Big prime,
meaning that for all m € Ny(n, k), there exists a Big prime p(i), such that m € Ny, (p(i),n).
As such, we can find an injection from Ny(n, k) to =, Naiw(p(i),n) by the identity func-
tion. It’s worth mentioning that this infinite union is well defined for finite primes, as
Naiv(p(i),n) will be equal to the empty set if p(i) = 0, as there are no positive integer

which is divisible by zero. In conclusion, this injection leads to

0
U Ndw Z Ndw

Now notice that if Ny, (p(i),n) = J, this is only possible in the case p(i) = 0 or if
p(i) > n.
If p(i) = 0, then by definition of ¢ function, ¢(i) = 0, meaning

|ank3

| Naiv(p(i), n)| = 0 =n - (i)

If p(i) > n, then n > 0 and ¢(¢) > 0, meaning

| Naio(p(2), 1) = 0 < m- (i)
Now considering the case Ny, (p(i),n) # &, by Lemma 7.2.2
Nan(pliy )l = | | < =t
p(i)
In other words, we have for all cases
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| Naio (p(2), )] < 1 - o(i)

= |[Ny(n, k)| Z | Naiv(p Zn (i) =n- Z 1(7)

i=k

7.2.2 Small primes multiple set Ny(n, k)

With the estimation of the set Ny(n, ) size completed, it remains to estimate the size of

N(n, k); for that, we must define two more sets.

Definition 9 @ Let k e Z=o and n € Zq
Sgiv(n, k) = {m e Ny(n, k) : 3d € Zoog,m = d°}

Stree(n, k) = {m e Ny(n, k) : §d € Zoo,d > 1,d* | m}

Corollary 7.2.3.1. @ For every m € Ny(n,k), there exists a € Spee(n k) and b €
Saiv(n, k), such that m = a - b.

Proof. There are finite possible divisors of the number n, take the maximum divisor b
such that b € Sy, (n, k), this value always exists as = 1, if the number is square-free.
By the definition of divisor m = a - b, it remains to show that a € Sf.ce(n, k). For that,

suppose there exists a d > 1, such that d? | a, this implies that exists

a=y-d2
m=y-d* 2*=vy- (dr)?

By the divisor inequality (dz)? < m, since m € Ny(n, k) we have (dr)? < m < n, therefore
(dx)* € Syip(n, k) and (dz)? > b, an absurd since b is maximal. In conclusion a is square-

free, by similar argument the condition a < m < n is also true, meaning a € Sf,c.(n, k).
O

This Corollary motivates us to divide the approximation into two steps, finding the
estimation |Sgi,(n, k)| and |Stree(n, k)|. This step is done loosely in the original book’s
proof, but during the specification, it was necessary to prove there exists an injection from
Ns(n, k) to Sgiv(n, k) x Sgree(n, k), which is related to our next Lemma.

Lemma 7.2.4. @ The decomposition of m € Ny(n, k), asm = a-b for a € Syee(n, k)

and b € Sgiw(n, k), is unique.
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Proof. This can be done via induction over the variable m; the basis case is when m =1,
since a > 1 and b > 1, the only way 1 = a-bis when a =1 and b = 1. For m larger than
one, a > 1 or b > 1. Suppose there exists another ¢ € Syec(n, k) and d € Sg;,(n, k) with
m = c-d.

Case a > 1 there exists a prime p which divides a, in particular

pla A~ al|lm

=p|lm=c-d

Since p is prime, p | c or p | d. Case p | ¢, we have
a=p-ry AN C=pD- Iy

mszlb :xl’b

=

m=p-Tg-d =x9-d

SIERRCIR

But by inductive hypothesis b = d and x; = x5, therefore a = c.
Case p | d, we must have p? | d, since d is a perfect square, therefore p? | m, in other

words, d = p? - 3 and a = p - x1, which means

pPoas=p-x1-Db
p-x3=2x1-b
play-b

Notice that p does not divide z;, otherwise a € St (n, k) would have a square factor,

meaning p | b, since b is a perfect square p? | b, as a result.

b=p? 24 A d=p* x4

m=p2-x4-a = T4
- =

m=7p*-x3-c

R ORI

But by inductive hypothesis a = ¢ and x3 = x4, therefore b = d. The last remaining

case is when b > 1, which means there exists p | b; since b is a perfect square, we could

use the same argumentation as case p | d to prove the equality. O

Now we can prove the following Theorem.

Theorem 7.2.5. @ |Ny(n, k)| < [Saiv(n, k)| - [Spree(n, k)|
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Proof. Using the Corollary 7.2.3.1 and Lemma 7.2.4, we can define a function.
[ Ns(n, k) = Saiv(n, k) X Stree(n, k)

f(m) = (CL, b)

Indeed this function is an injection by the uniqueness of Lemma 7.2.4, meaning that:

[Ns(n, B)| < [Sgrec(n, k) X Sain(n, k)| = |Spree(n, K)| - | Saiv(n, K)|

It now remains to estimate these two sets. Let’s start with the easy one.
Lemma 7.2.6. @ |Sy,(n, k)| < /n

Proof. Using the definition of the Sy, (n, k), every element of the set is of the form m = d,
with the restriction 1 < m < n, in particular, this implies that 1 < y/m < 4/n, in other
words the square root function is a function that takes Sy, (n, k) to N(4/n), since the

square root function for real numbers is injective, [ Sy (n, k)| < 4/n. O

The next inequality is easy to prove through analytical methods, but during the spec-

ification, some extra problems appeared.
Lemma 7.2.7. @ |S;..(n, k)| < 2F

Proof. Since p enumerates the primes, by the Fundamental Theorem of Arithmetic, all
elements m € Spyec(n, k) are of the form m = p(0)*-p(1)---p(1)*, for some [ € Zs(. Notice
that € < 1, otherwise m would not be a square-free number. To prove the inequality, we

can consider an injection function v : Stpec(n, k) — Xizo{l, p(i)}.

Since the Fundamental Theorem of Arithmetic guarantees that the factorization is
unique under multiplication commutativity, this is indeed an injection, but we need to
make sure two more things: first, we need to find [ such that this factorization from 0 to
[ have all prime factors of m; second, we need to guarantee that for i, where 0 < i < [,
this @ value does not try to enumerate a non-existent prime, i.e, p(i) = 0.

This can be done considering the definition of St...(n, k), as all of its prime divisors
p are p < p(k), | = k — 1 satisfies the factors property. If there is infinite primes, by the
definition of p, p(i) # 0, for any ¢ € Z-(. For the case where there is finite prime, than

T (Pmaz) corresponds for the maximum quantity of primes, by Lemma 5.2.3, the sequence
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p(0), p(1), ..., p(7(Pmaz) — 1) contains all primes, then | = min(m(pmaz) — 1, k — 1) serves

our purpose. Therefore, we have

% {l,p(i)}‘ — o <9t

=0

[Spree(n, k)| <

]

This lemma relies heavily on the Fundamental Theorem of Arithmetic, as discussed
in Chapter 5. The original NASALib approach was insufficient for our proof, which led
to the decision to switch to the Cartesian product approach. In this specific case, this
change made it significantly easier to estimate cardinality, as there is already a theorem
in NASALib regarding the cardinality of the Cartesian product of finite sets .

7.2.3 Proof by contradiction

With all the estimations in hand, we can finally face the problem of the infinitude of

primes directly.
Theorem 7.2.8. @ The series > -, (i) diverges

Proof. Let k € Z~¢ and n € Z~o be arbitrary. Using Lemma 7.2.1.2
IN(n)| < [Ns(n, k)| + [Ny(n, k)]

By Theorem 7.2.5 and Lemmas 7.2.7, 7.2.6, we have | N,(n, k)| < y/n-2%. By the definition
of N(n), we have |N(n)| = n, therefore

n < /m- 28+ |Ny(n, k)|

Assuming the series converges, by Theorem 7.2.3 and Lemma 7.2.1, |[Ny(n, )| < F,

thus, by choosing k = k.
n
<4/n-2" 4+ -
n n 5

Now considering an arbitrary n = 22+2
22I€+2 < 2K+1 . OF + 22K+1

22I€+2 < 2 . 22/4,-‘1-1

22H+2 < 22fi+2

A contradiction N
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Now for the infinitude of primes.
Corollary 7.2.8.1. & There are infinite primes

Proof. 1f there is only k finite primes by definition of the ¢« function, the series >~ ¢(7)
must be equal to f;ol ﬁi), which converges, by Theorem 7.2.8 this is a contradiction.

O
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Chapter 8

Conclusion and Future Work

Proof assistants have not yet achieved widespread adoption in formal mathematics. This
work serves multiple purposes, being a central one to demonstrate that technical proofs
can be accomplished using computer software. To this end, proofs from various branches
of mathematics were specified and mechanically proven, leading to the creation of a diverse
PVS library focused on wonderful and brilliant proofs of the infinitude of primes.

We designed five new complete formalizations of the infinitude of prime numbers in
the Prototype Verification System (PVS). The formalizations are based on the thoughtful
selection of the famous book "Proofs from THE BOOK" [3]. In general, improvements
were made to the manipulation theorems, especially those related to number theory and
algebra, as a beneficial side effect of this formalization effort.

There remains a minor issue with the formalization of the Cauchy product formula,
which is unavailable in PVS libraries (as far as we know). The Cauchy product formula is
required in the fourth proof of the infinitude of prime numbers in Chapter 5, "Divergence
of Zeta(1)". This issue is addressed assuming the Cauchy product formula, letting its
formalization be a future work that will improve the PVS libraries on analysis.

During the formalization process, several omissions, informalities and notational in-
consistencies we detected in the pen-and-paper proofs in [3] were identified and corrected.
Such imprecisions arise because of the loose use of a sequence to enumerate the prime
numbers (e.g., see the discussion in Subsection 5.2.1 and Section 7.2). In this respect, one
significant outcome of this work is constructing a theory for prime enumeration that does
not assume the infinitude of prime numbers, thereby avoiding circular reasoning.

Additionally, to facilitate further mathematical manipulations in the proofs in Chap-
ter 5 "Divergence of Zeta(1)" and Chapter 7 "Divergence of primes reciprocal series', a
new approach for the Fundamental Theorem of Arithmetic was formalized. The original

form, available in PVS, had issues with how it was specified. In particular, it had a prob-

o1



lem when trying to exhibit the existence of a specific prime power. Our new approach
addresses this issue (see the discussion after Lemma 5.2.3).

PVS proved a valuable tool for proving theorems, as its type-checking system could
identify inconsistencies. However, this also led to some challenges, such as the type cor-
rectness conditions, which sometimes required repetitive statements to complete a specific
proof or theory in Chapter 4. While this could often be avoided by defining new lemmas,
it occasionally became more time-consuming, especially when working with the algebra
library, which relies heavily on the type hierarchy of algebraic structures (ring depends on
groups, which depends on monoid, and so on). On the positive side, arithmetic and more
complex symbolic manipulations were optimized through the usage of powerful commands
of PVS, such as the "grind" command, which makes certain technical proofs that would
be tedious by hand almost trivial, such as in the Lemma 3.2.1 in Chapter 3.

As the Chapter 4 suggest, there remains room for optimization in the NASALib’s
algebra library, such as reworking on the algebra library and trying to automate the type
check related proof, such as the TCC that appears when importing algebra theories, this
could be done by adding new PVS strategies and PVS judgements, or maybe refining
abstractions and generalizing theorems. General reusable abstraction, such as used in
the prime enumeration Section 5.2.1, may also appear in other parts of the NASALib.
Investigation of this kind is something worth future work.

We also plan to formalize the Cauchy product to strengthen the NASALib’s analysis
library and to complete this proof collection. Another direction for future work is incor-
porating into the corpora of formalizations additional topics covered in "Proofs from THE
BOOK" [3]. As mentioned in the Chapter 1, some particular proofs besides Chapter 1
from "Proofs from THE BOOK" were done, but not the entirety of it. For example, a
possible work for the future is to formalize the geometry section, which would expand
further the mathematical proofs available in PVS to another Math topic. Furthermore,
exploring proofs of the infinitude of prime numbers from different fields of mathematics
that may not be mentioned in this work would be a valuable addition to this collection,

enhancing the diversity and depth of our mechanized proof repository.
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