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Abstract

A paradefinite logic is a logic that is both paraconsistent and paracomplete. In
this thesis, we present a set theory in a four-valued paradefinite logic that can
be viewed as the result of enriching the standard von Neumann universe for
Z FC with various non-classical sets.

Our approach differs from most previous attempts at paraconsistent or para-
complete set theory in that we do not chase increasingly general comprehension
principles. Rather, we prioritise an intuitive treatment of non-classical sets so
as to make our set theory accessible to the classical mathematician who is used
to working in classical ZFC. Moreover, as we work in a paradefinite logic, we
provide a unified account of paraconsistent and paracomplete set theory.

We provide a natural model of our set theory starting from classical ZFC.
We also show that within our theory, we can construct a class that acts as a
model of classical ZFC. This allows us to translate back and forth between
our theory and classical ZFC. Finally, we will generalize the construction of
Boolean-valued models for classical set theory to obtain algebra-valued models
of our theory.
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Introduction

The principle of explosion states that from a proposition ¢ together with its
negation ~¢, all other propositions follow. A logic is said to be paraconsistent
if it does not validate this principle [24]. Dually, a paracomplete logic rejects
the law of excluded middle, which states that for any given proposition ¢, either
@ is true or ~gp is true [I8]. Finally, a logic is called paradefinite it is both
paraconsistent and paracomplete [2].

In [5 [6], Belnap motivates a four-valued paradefinite logic by envisioning a
computer having access to a database that contains possibly inconsistent and
incomplete information being asked by a user whether a given proposition is true
or false. He argues that the computer should start by organizing the information
available to it by marking any given atomic proposition with the sign ‘told
True’ if it has information saying that the proposition is true, and marking
the proposition with the sign ‘told False’ if it has information saying that the
proposition is false. It should then assign the proposition one of the truth values
only true (1), only false (0), both true and false (b) and neither true nor false
(n)E| The labels ‘told True’ and ‘told False’ are then assigned to compound
statements involving negation, conjunction and disjunction in a natural manner
and propositions get their truth value accordingly. When the user then asks the
computer about a particular statement, the computer responds by giving the
truth value of the statement. So if the database contains conflicting information
regarding the statement, the computer will reply something along the lines “I
have both been told that this statement is true and that this statement false.”

This idea has since been expanded upon by keeping the same basic setup, but
adding new connectives besides negation, conjunction and disjunction. In [3],
a natural implication connective is added, and in [23], the logic BS4 is given
by keeping the aforementioned implication and adding a so-called classicality
operator. This operator expresses that a proposition has the truth value 1 or 0.
A predicate version is also given.

The aim of this thesis is to develop an axiomatic set theory in the predicate
version of BS4 which allows us to represent both inconsistent and incomplete
information by allowing statement of the form a € b to take any one of the truth
values 1, 0, b or n. So a € b can be only true, only false, both true nor false, or
it can be neither true nor false.

1Belnap refers to them as told values and denotes them by T, F, Both and Neither.



A bit of terminology: A set a will be called classical if the proposition = € a
has the truth value 1 or 0 for every x. Similarly, a will be called consistent if
for all x, the truth value of z € a is 1, 0 or n, and a will be called complete if
for all z, the truth value of x € a is 1, 0 or bE|

The thesis is divided into three parts. Part [[] serves as an introduction to
the logic BS4. Chapter [1| contains an informal introduction to the logic, and
Chapter [2| covers the syntax and semantics of BS4 and introduces a few useful
defined connectives. In Chapter [3] we introduce algebraic semantics for BS4,
based on so called “twist-structures”, from [I0] and [30], originally developed
for Nelson’s constructive logic with strong negation from [20].

Part [[I] contains the main results of the thesis. In Chapter [ we give two
axiomatic set theories in the the predicate version of the logic BS4 called PZFC
and BZFC. The theory PZFC' is arrived at by giving natural versions of the
ZFC axioms in BS4, and the theory BZFC' is then obtained by adding an
axiom called the anti-classicality a:m'onﬂ abbreviated as ACIA, postulating
the existence of various non-classical sets. We can think of PZFC as ZFC
without the implicit assumption that all sets are classical. The theory BZFC
can, in turn, be thought of as ZFC' with said assumption replaced with the
anti-classicality axiom.

In Chapter [f] we construct a natural model, which we will call W, of BZFC
within classical ZFC. This implies that BZFC' is not triviaﬂ assuming that
Z FC is consistent. We also show that the classical universe V' can be embedded
into W. So W can be seen as the result of extending V by adding various non-
classical sets. In Chapter [6] we reverse the situation, and show that the class
of hereditarily classical sets, abbreviated as HCI, is definible in PZFC and
that it satisfies the classical ZFC axioms. Here, a hereditarily classical set is a
classical set whose members are classical sets, and so forth. This implies that
Z FC consistent if PZFC' is non-trivial. We then go on to show that a sentence
is a theorem of BZFC' if and only if ZFC proves that it holds in W. Similarly,
a sentence is a theorem of ZFC' if and only if BZFC proves that it holds in
HCI. So from the point of view of ZFC, BZF(C is the theory of W, and from
the point of view of BZFC, ZFC' is the theory of hereditarily classical sets.

Part I1I contains the Chapters[7]and[8] In Chapter[7} we give an application
of BZFC. We show that by taking advantage of non-classical sets, we can give
semantics for BS4 that are in a sense more natural than is possible in a classical
set theory. In Chapter [8) we briefly review the construction of Boolean-valued
models for set theory and go on to generalize said construction to get algebra-
valued models for the theories PZFC and BZFC. Our models will be similar
to the ones found in [I9] and [8] for paraconsistent set theory. However, by
giving slightly different interpretation of the atomic formulas, we get models of
the full theories rather than just the negation-free fragments as was the case in
[19] and [8].

2All of these are expressible in BS4.
3The name is inspired by Aczel’s anti-foundation axiom from [I].
4Recall that a theory is said to be trivial if every sentence is derivable from it.
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Chapter 1

An Informal Introduction
to the Logic

In this chapter, we shall get acquainted with the four-valued logic BS4 from [23].
The logic BS4 with its four truth values and multiple implication connectives
can at times seem counter-intuitive to the classically inclined mathematician/
logician. In order to make our introduction to BS4 as seamless as possible, we
shall follow along a fictional character, Alice, as she gradually discovers BS4
when trying to organize all the information available to her while planning a
big celebration.

It should be noted that none of the material in this chapter is original.
However, notation and terminology has been used that is not standard in the
literature.

1.1 Simple partial logic

Our story begins in early December. Our protagonist, Alice, who is an ac-
claimed logician and is known for throwing grand parties, decides to throw an
extravagant New Year’s Eve celebration. She plans to have a dinner in the
evening, followed by a party that will go on long into the night. She sends out
invitations to her friends and colleagues. She realizes that someone might want
to have New Year’s Eve dinner at home with their families but still attend the
party. Conversely, someone might want to attend the dinner but not the party.
Therefore, she asks in the invitations that people reply letting her know whether
they will be attending, and to specify which they plan to attend.

As replies begin to arrive, Alice decides to organize the information contained
in them by making five lists: I, DT, D=, PT and P~. In I, she writes the
names of everyone whom she has invited. She writes a name n in D /P* if
she has received a reply stating that n will attend the dinner/party, and she
writes n in D~ /P~ if she has received a reply stating that n will not attend the
dinner /party.



In order to represent the information obtained from her lists, she introduces
the predicate symbols D and P. She will regard Q(n) to be true (T) if and
only if n appears on the list QT and regard Q(n) to be false (F) if and only if n
appears on the list Q~, where @ is either D or P. So, for example, saying that
D(Bob) is T means that Bob has replied saying that he will be attending the
dinner, while saying that D(Bob) is F means that Bob has replied that he will
not be attending the dinner.

Now, it is possible that a name is neither in D+ nor D~ since someone might
not yet have replied, or forgotten to specify whether they will attend the dinner.
The same observation holds for Pt and P~. For the moment we shall assume,
and so does Alice, that no name is in both QT and Q.

She quickly realizes that at some point she will want to represent information
more complex than just “is D(n) T?” or “is D(n) F?” For example, she might
want to know whether someone has replied that they will attend the dinner but
not the party. She therefore considers formulas of the form ~y, ¢ A, @ V 1,
Jzp(z) and Vaxp(z). These formulas are read as “not ¢”, “p and 9”, “p or ¥”,
“for all z, p(x)” and “there exists = such that ¢(z)”, respectively. She settles
on the following interpretations{T]

. T iff pisF
~p s . .
F iff ¢isT.
oA s T %ff go%sTandq{)isT
F iff pisFore¢isF.
OV is T %ﬂ? Lp%STOI"I/JiS.T
F iff pisFand ¢ isF.

is T for some x € I
isF forall z € I.

T

F iff

T iff
Jzp(x) is { 1
x

Vap(x) is

F iff

o(x)
p(x)
T iff p(z)isTforallz el
{ o(x)

is F for some z € I.

As an example the statement Jz[D(z) A ~P(z)] gets evaluated as follows:

T iff D(z)is T and P(x) is F for some = € I

32[D(x) A ~P(z)] i
z[D(x) A ~P(x)] is {F iff D(z)is For P(z)is T for all z € 1.

So 3z[D(x) A ~P(z)] is T if someone has said that they will come to the dinner
but not the party, and it is F if everyone has either stated that they will not
come to the dinner or that they will come to the party.

T am taking this way of introducing connectives from [7].



Remark. It is important to note that “p is T” should not be read as saying that
“p is necessarily true” or “Alice knows ¢”. Take, for example, the statement
“Bob will attend the party or Bob will not attend the party”. Clearly, this is
necessarily true, and Alice knows this. However, P(Bob) V ~P(Bob) is T if and
only if Bob has replied and specified whether he will come to the party.

At this point she sees that every sentence ¢ she can write down so far can
be T, it can be F, or it can be neither T nor F. To keep track of the three
possibilities, she defines the truth value of ¢, which she denotes as [¢], as
follows:

1 if, pisT
[¢] := ¢ n if, ¢ is neither T nor F
0 if, pisF.

She now has on her hands a three-valued logic with truth values 1, n and 0,
and with 1 as its only designated value. The value of the connectives are given
by the following truth tables:

| ~ All n 0 V[ n 0
110 1/1 n O 171 1 1
n|in nin n 0 n|l n n
01 010 O O 01 n O

By ordering the truth values by 0 < n < 1, she gets a complete lattice where
the “meet” and “join” are given by the tables above. Moreover, [Fzp(z)] =
Vaerlp(@)] and [Wap(@)] = A,c lo(@)]

The logic she has now described is called Simple Partial Logic in [7]. It is
also a predicate version of Kleene’s Strong Three-Valued Logic K3 from [16].

1.2 Adding an implication

When trying to decide how to formalize the statement “if D(Bob), then P(Bob)”
or rather “D(Bob) implies P(Bob)”, she notices something strange. First she
imagines that it is New Year’s Eve and the party has already started. Then the
statements “Bob attended the dinner” and “Bob attended the party” have both
turned out to be either true or false. Moreover, the statement “if Bob attended
the dinner, then Bob attended the party” will have the same truth value as
“Bob did not come to the dinner or Bob came to the party.” Going back to the
present day, she arrives at “Bob will not attend the dinner or Bob will attend
the party.” She therefore defines a connective D by ¢ D 9 := ~p V 1. It has
the following truth table:




Even though Alice sees that D has an important role to play, she decides
against formalizing the implication this way. Her reason being that O does not
allow her to carry out much deductive reasoning. To see why, suppose for a
moment that Alice wants to know if she will, at all, see Bob on New Year’s Eve.
So she wants to evaluate D(Bob) V P(Bob). By consulting the truth table for
V, she sees that if D(Bob) is T, then so is D(Bob) V P(Bob). She would like to
express this by saying that “if D(Bob), then D(Bob)V P(Bob)” is T. However,
if Bob has not yet replied to the invitation, then D(Bob) D D(Bob) V P(Bob)
is not T.

In order to remedy this, she decides to introduce a new connective — which
is designed to more closely represent the reasoning she, herself, can carry out.
So ¢ — 1 should correspond to something like “1, under the assumption that
p.” She settles on the following interpretation for —-:

T iff (pisT) implies (¢ is T)

— ) is
Y {F iff o is T and ¢ is F.

This gives the following truth table:

—[1 n 0
1|1 n O
n|1 1 1
011 1 1

The propositional fragment of this logic is called K37 in [13].

Remark. Before moving on we should emphasize the following point: Formulas
such as P(Bob) — P(Carol) should not be read as “on New Years Eve it will
be the case that Bob is at the party implies that Carol is at the party.” To see
why, simply note that if Bob has not replied, then P(Bob) — P(Carol) is T
even though it is still possible that Bob actually comes to the party and Carol
stays at home.

1.3 Dealing with contradictions

The following day disaster strikes! Alice is working in her system when she
discovers that both D(Bob) and ~D(Bob) are T. She realizes that from this
contradiction she can derive every sentence. This means that she cannot trust
anything she has derived so far.

Rather than giving up completely, she decides to call Bob and see what is
going on. Bob informs her that when he first saw the invitation, he decided
to attend both the dinner and the party. So he sent a reply stating as much.
Later, his parents invited him to have dinner with them on New Year’s Eve,
so he wrote a new reply stating that he would attend the party but not the



dinner. What happened is that Alice wrote Bob’s name in D™ and PT when
she received the first reply. When she received the second reply, she also wrote
his name in D~ without removing it from D¥. She was therefore able to derive
that both D(Bob) and ~D(Bob) were T.

With this information at hand, Alice decides to remove Bob’s name from
D7, thereby eliminating the contradiction. She does, however, worry that this
was not the only contradiction in her lists. So she can no longer assume that
no name appears both on QT and Q~, where as usual @ is either D or P.

To account for this possibility she does not have to change much. She leaves
the T/F-conditions for D(n), P(n), ~p, o A, p V1, ¢ — ¥ , Jxp(z) and
Vap(z) unchanged. By doing so, she now gets four possibilities for each ¢: ¢
can be only T, only F, neither T nor F, or ¢ can be both T and F. She denotes
the four possibilities by [¢] = 1, [¢] = 0, [¢] = nand [¢] = b, respectively. She
therefore has on her hands a four-valued logic with 1, b, n, and 0 as truth values
and 1 and b as designated values. The connectives now have the following truth
tables:

O3 o =

— 3 o ol
O3 o>
O3 o =
oo o olao
o3 o33
O O O OO
O 3 o <K
I e e
I N K=
8 3 = =3
O 3 o RO
o= o]
— = |
— = o o|c
— =3 3|3
— =0 OO

She can now order the truth values by 0 <n <1 and 0 < b < 1 and once
again get a complete lattice with join V and meet A and [3zp(z)] = V ¢ [0(2)]
and [Vzo(z)] = A, e le(z)]. This lattice is called L4 in [5] and the propositional
fragment of the logic is called 4C'L in [2], By” in [2I] and FDE~ in [13].

Alice can now handle receiving contradictory replies without trivializing her
system. For example, if Carol replied stating that she will attend the party and
replied stating that she will not attend the party, then the proposition P(Carol)
is both T and F, i.e., [P(Carol)] = b. This does not imply that every statement
is T. It simply means that Carol has provided contradictory replies.

Finally, in light of what happened with Bob, she decides to add a connective
to be able to express that a proposition has the truth value 1 or 0. She therefore
defines the unary connective o by

0p is T %ff [¢l =1or0
F iff [¢] ="born.

It has the following truth table:



o 3 o=
_= O O |0

As an example, oP(Carol) is T iff Carol has either replied that she will
attend the party or she has replied that she will not attend the party, but not
both. On the other hand, P(Carol) is F iff Carol has not provided a reply
concerning the party or she has provided contradictory replies.

Alice has now arrived at the predicate version of BS4 from [23] but without
equality.



Chapter 2

The Logic BS4

In this chapter, we make precise the logic BS4 outlined in Chapter We
will also introduce a few concepts and connectives that will be of use in later
chapters.

Our presentation will differ slightly from [23], and notation and terminology
has been used that is not standard in the literature.

2.1 Syntax

Let us start by fixing the logical symbols we shall be working with. They are
the following:

1. A countable infinite set of variables;

2. the logical connectives ~, A, V and —;
3. the propositional constant L ;

4. the quantifiers 3 and V;

5. the equality symbol =;

6. the brackets (, ), [ and ].

From here the syntax is defined exactly as usual per classical predicate logic.

Remark. For practical reasons, we opted to include the propositional constant
L in our basic syntax, rather than the connective o from Chapter [I, However,
it will become apparent that this results in an definitionally equivalent logic.

2.2 Semantics

While the syntax is the same as for classical predicate logic, the semantics is
very slightly different since we need to take into account the separation of truth
from falsity.



Definition 2.2.1. A T/F-structure or model M in a language L consists of
1. a non-empty set M, called the domain of M,
2. an element ¢™ € M for every constant symbol ¢ in L;
3. a function fM: M™ — M for every n-ary function symbols f from Lj;

4. a pair of n-ary relations RL C M™ and R, € M" for every n-ary relation
symbol R in L;

5. a pair of binary relations :j@lg M x M and =3,C M x M such that for
all m,n e M,

(a) m :L n iff m =n, ie., :j\_/t is the real equality on M, and

(b) mzj\,lniffn:x,tm

We let Lj; denote the language obtained by adding a new constant symbol
¢m to L for each m € M. We will regard M as a T/F-structure in Ly, with
(€)™ = m and usually just write m instead of c,,.

Definition 2.2.2. Let M be a T/F-model and ¢ be a sentence in Ly;. We
recursively define what it means for ¢ to be true (T) or false (F) in M as
follows:

L T never
F always.
T iff tM 1+ M
t=sis ' M ﬁ/‘sM
F it M=, sV
T iff M, ....t00) € R},
R(t1, ..., ty) is 1 (}\47 ’ "M)G M
Fiff (¢, .., 17") € Ry
. T iff pisF
~p 18 . .
F iff ¢isT.
. T iff pisTandyis T
pAY s e .
F iff pisForvisF.
. T iff pisToryisT
Vs e .
F iff pisF and ¢ is F.
0 — o is T 1ff (p%sTimplies.z/JisT
F iff ¢is T and ¢ is F.
Yoo(a) is T ?ﬁ" w(m) ?sTfor some m € M
F iff ¢(m)isF for all m € M.

IThe condition (b) is not included in the original formulation from [23].



T iff ¢(m)is T for allme M
F iff ¢(m)is F for some m € M.

Vap(z) is {

We write M E4 ¢, and say that M is a T/F-model of ¢, if ¢ is true in M.

Definition 2.2.3. Let M be a T/F-model, and ¥ and A be theories. We write
M E, X and call M a T/F-model of X, if M Ey ¢ for all ¢ € X.. We write
Y F4 A if every T/F-model of ¥ is a T/F-model of A. We say that ¥ is trivial
if ¥Fy L.

Definition 2.2.4. Let M be a T/F-model and ¢ be an Ljy,-sentence. We define
the truth value [@]™ of ¢ in M by

if pisT
if ¢ is both T and F

M ._
Ll™ if ¢ is neither T nor F

S 3 o =

if pisF.

Now, [L]™ = 0 and the truth value of ~p, ¢ A9, © V¢ and ¢ — 1 are
obtained by the following truth tables:

\N A\lbn() v\lbnO %\1bn0
110 111 b n O 111 1 1 1 111 b n O
b| Db b|b b 0 O b|1 b 1 b b |1 b n O
n|in nin 0 n O n|{l 1 n n n|1 1 1 1
01 0|0 0 0 O 0|1 b n O 0|1 1 1 1

By ordering the truth values by 0 < n < 1and 0 < b < 1, we get the complete
lattice L4 from [5]. It has the join V and meet A and [Fzp(z)] =V, cprleo(2)]

and [Vap(2)] = Apenrle@)]-

Definition 2.2.5. Let M be a T/F-model and ¢ be a sentence. We say that ¢
is classical in M if [o]™ € {1,0}. Similarly, we say that a sentence is consistent
in M if [o]M # b and complete if [¢]™ # n. A sentence is said to be classi-
cal / consistent [ complete if it is classical/consistent/complete in all T /F-models.

2.3 Defined connectives

At this point we have become fairly well acquainted with the logic BS4. Now
we will examine a few additional connectives, defined in terms of the primitive
ones, that that will prove useful in our later treatment of set theory.

We define the bi-implication connective <+ by letting

oY= =P A=

10



Its T/F-conditions are given by

i T iff (pisT) if and only if (¢ is T)
is
4 F iff (pisTand v isF)or (pis F and ¢ is T).

and it has the following truth table:

O:Scr»—l$
O 3 o ==
O3 ool
— =3 3|3
= =0 OO

We read < as “if and only if”. The main appeal of <> is that if ¢ and v are
sentences and I' F4 ¢ <> 9, then ¢ and v are true in precisely the same models
of I'. Moreover, if x is a sentence and X’ is obtained from y by replacing an
occurrence of ¢ in y, that is not in the scope of a ~-negation symbol, by 1,
then x and x’ are true in precisely the same models of T

In order to motivate our next pair of connectives, we first point out what the
connectives — and > do not tell us: Consider a model M and sentences ¢ and
Y with []™ =1 and [x]™ = b. Then M E4 ¢ — 1, but M ¥4 ~p — ~¢p. So
we do not have contraposition for —, i.e.,

© =Y FEy ) — .
Moreover, M F4 ¢ <> ¢, but M ¥4 ~ <+ ~¢p. Therefore,
P > hFy ) .

This second point is particularly important. It tells us that even if M F4
@ <> 1 and M F4 x, we cannot conclude M E4 x’, where ' is obtained from
by replacing ¢ with 1 in the scope of a ~-negation symbol. The connective <+
is therefore not a good notion of equivalence.

With this in mind we introduce the connectives = and < by letting

=P i=p P A~y = ~vpand p S P i=p = P AY = pf]

Their T/F-conditions, for a given T/F-model M, are then given by

T iff [p]™ < [o]

=1 is
Pl {F iff pis Tand ¢ isF.

2To the best of my knowledge, the connectives <> and = first appeared in [25] and chapter
XII of [26], respectively.

11



[T [ =
Y Y is {F iff (pisTandisF)or (¢isFand ¢ is T).

They have the following truth tables:

=1 b n 0 |1 b n 0
111 0 n O 111 0 n O
b |1 b n O b |0 b n O
n|l n 1 n nin n 1 n
01 1 1 1 0|10 0 n 1

Now, if ¢ < 1) is true in M, then ¢ and ¥ have the same truth value in M.
We can therefore substitute instances of ¢ and @ for each other in a sentence
without changing the truth value of that sentence. On the other hand, ¢ < ¥
is false in M iff one of ¢ and 9 is true and the other is false. We will & as “is
equivalent to”.

We define the classical negation — by letting ¢ := ¢ — 1. It has the
following truth table:

o =23 o=
= = o Of |

The classical negation allows us to express the absence of truth, in the sense
that —y is true in a model M precisely when ¢ is not true in M, i.e., M E4 —p
ifft M ¥4 ¢. Similarly, —p is false in M iff ¢ is true in M. This gives the
following T /F-conditions:

. T iff pisnot T
@ 18 . .
F iff ¢isT.

It follows that —¢ is a classical sentence.
Now that we have the classical negation, we can introduce unary connectives
I'and 7 by letting
lp := ~—p and 7p := ﬁ~<pE|
Their T/F-conditions are

. T iff pisT
lp is . )
F iff ¢ is not T.

. T iff pisnot F
7 is . )
F iff pisF.

31 am taking the connectives ! and ? from linear logic. See, e.g., [29].
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So ! expresses the presence of truth, while ? expresses the absence of falsity.
They have the following truth tables:

O3 o =
S O =
S 3 o=
O = O =

A key feature of ! and ? is that !¢ and ?¢ are classical sentences. Moreover,
in a given T /F-model,
@ is T if and only if l¢ is T, and
@ is F if and only if 7¢ is F.
We are therefore able to completely describe the T /F-conditions of a sentence

in terms of a pair of classical sentences. That is, ¢ has the T-condition of !y
and F-condition of ?¢. The following observation will also prove useful:

¢ is classical in M iff ['o]™ = [20]™;
¢ is consistent in M iff [lp]M < [20]M;
@ is complete in M iff [2o]™ < [lp]M.

Accordingly, we introduce the connectives o, o.,, and o, by letting
op =1l & TP, oony =l = Tp and ocom ¢ = T = lp.

They have the following truth tables:

‘ Ccon ‘ ©

1

— O O 0
O3 o~
— o~ (3

0
1
1

O3 o~
S 3 o=

Remark. Before moving on, we should address the following point: Some might
find it distasteful to include the constant 1 when working in a paraconsistent
logic because it allows us to define the classical negation. However, if L is a
language with finitely many relation symbols, then we could just as well have
defined L by

L =VaVy(zx=yAzxz#y)A /\ Va1, ey Tn(P(X1, oy @) A ~P(21, .0, Tp))-
PeL

Since we will focus on set theory, we do not have any reservations about L.
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2.4 Proofs in BS4

Considering that the aim of this thesis is to develop an axiomatic set theory is
BS4, it stands to reason that we dedicate a little space discussing proofs BS4.
Here, we are going to provide a sound and complete Hilbert-style proof system
for BS4. The system is a slight modification on the one originally given in [23].

First, we notice that the T-conditions for the connectives A, V and — are
just the ones we are used to from the semantics for classical logic. For example,
@ A is true in a particular T/F-model if and only if both ¢ and 1 are true
in said T/F-model. The same observation goes for the quantifiers, L and the
equality symbol. This tells us that we should expect the axioms and inference
rules that determine the behaviour of these symbols in classical logic to stay the
same in BS4. We therefore introduce our first batch of axioms and inference
rules.

e The first batch of axioms:

L= (=) 8. %= (pV)

2. (p= (W —=x)— 9. (= x) = (¥ = x) =
(e = 9) = (¢ = X)) (e V) = X))

3. V(e =) 10. L — ¢

4. (pANY) = 11. Vap(z) — ¢(t)

5. (g AY) =0 12. ¢(t) — Jzp(x)

6. o= (Y= (pAVY)) 13. z==x

7. 0= (V) W z=y—p(@) = ¢(y)]

e The inference rules:

— From ¢ and ¢ — %, infer ¥ (modus ponens).

— Infer ¢ — Vatp from ¢ — 9, provided = does not occur free in .

— Infer 3xp — 9 from ¢ — 1, provided x does not occur free in .
We still need axioms that determine the behavior of the ~-negation. These are

obtained by looking at the F-conditions for formulas, and noting that ~¢ should
be true iff ¢ is false.

e Additional axioms for BS4:

15, ~p & 19. ¢ = ~L

16. ~(p A1) <> (~p V ~)) 20. ~Vzp < Jz~p

17. ~(p V) <> (~p A ~)) 21. ~Jxp > Va~p

18. ~(p = ) < (P A1) 22. ~(z=y) = ~(y = 2)f]

4 Axiom 22. is not a part of the original formulation.
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If ¥ U {¢} is a set of formulas, then we write ¥ Fpgs ¢ to indicate that ¢ is
derivable from ¥ in this system.

Proposition 2.4.1. If X U {p, ¥} is a set of formulas, then
Y, Fpsa ¥ if and only if X Fpgs o — .

Proof. This is established by the usual proof using axioms 1. and 2. together
with modus ponens. O

The completeness of this system is a consequence of Corollary 5.15 from [27].
Theorem 2.4.2. If X U {p} is a set of sentences, then
Y Fpsa @ if and only if X Ey .

Proposition 2.4.3. The following formulas are theorems of BS4:

i oo S viii. ~( = V) < (p A ~1)
i, ~(PAY) S ~p V) ir. ~(p & V) < [(PA~Y)V (~pAY))
. ~(p V) e ~p A ~p

w. ~Jxp & Vr~p

T <l

Ti. ~p > 7
v. ~NVrp & dr~p 4 4

. VI ~!
vi. 7 =y = [p(z) < o(y)] T P P

vii. (¢ =) & (~e V) aiti. p(x) < yle(y) Az = y)].
Proof. We will only prove xiii. Just as in classical logic, we have

Fpsa p(r) < yle(y) Az = y].
Using x, we get
Fpsa p(z) < ylp(y) Az =y)].
On the other hand

Fpsa ~Jyle(y) Az =y)] & Vy[~e(y) v~z =y)]
& Vyl~o(y) V —(z = y)]
& Vylr =y — ~p(y)]
and
Fpsa ~p(z) < Vylz =y — ~p(y)].
Thus
Fpsa p(z) & Jylp(y) Az = y)].
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Chapter 3

Algebraic Semantics

In this chapter, we will follow Fidel [I0], Vakarelov [30] and Odinstov [22] and
introduce a class of algebras called twist-structures. We then go on to define
twist-valued models for BS4.

It should be noted that what we call a twist-structure is a special case of a
twist-structure from [22], and that our twist-valued models are a straightforward
generalization of similar models from [9].

3.1 Twist-structures

Let us suppose we have a T /F-structure M and a sentence ¢. The truth value
[] of ¢ in M represents two things. First, it represents whether ¢ is true in
M, and second, it represents whether ¢ is false in M. We can therefore view
[¢] as a pair of bits ([¢] ™, [¢] ) € {0,1}2, where [¢]* = 1 if and only if ¢ is
true in M, and ]~ =1 if and only if ¢ is false in M. We can now represent
the four truth values 1, b, n and 0 as follows:

1=(1,0), b=(1,1),n=(0,0) and 0 = (0,1).

Moreover, if we view {1,0} as the two element Boolean algebra, we can calculate
the truth values of p A, @ V¥, ¢ — 1) and ~¢ as follows:

o Al = (Tl ™ AT, [l ™ v 9] 7)

e vl = ([el™ VIl lel~ Alvl)

[ = 9] = (el — W17, el A lv]7)
[~e] = (o]~ [l ).

This leads us to the following definition.

Definition 3.1.1. Let B = (B, A,V,—,1,0) be a Boolean algebra. The full
twist-structure B> over B is the algebra (B x B,A,V,—,~,1,0), where 1 :=
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(1,0), 0 := (0,1) and for all (a,b), (c,d) € B x B,

(a,b) A (c,d) :=(aNec,bVd)

(a,b) V (¢,d) :=(aVc,bAd)

(a,b) = (¢,d) :== (a = c,a A d)
~(a,b) := (b,a).

A twist-structure over B is any subalgebra A = (4, A,V,—,~,1,0) of B> such
that m1[A] = B, where m; : Bx B — B is the projection onto the first coordinate.

Remark. Notice that m[A] = m2[A] since A is closed under ~. The condition
that m1[A] = B ensures that B is a subalgebra of A : We let B* be the twist-
structure over B given by

B* :={(z,—x):x € B}.

Then it is easy to check that B* = 5 and that B* is a subalgebra of 4. We will
therefore identify B* with B and view any Boolean algebra as a twist structure
satisfying —a = ~a, where —a is defined as a — 0.

It is also worth noting that any subalgebra of a twist-structure is again a
twist structure. However, it need not be a twist-structure over the same Boolean
algebra.

Example 3.1.2. There are four twist structures over the two element Boolean
algebra {1,0}. Namely, {1, 0} itself, {1, b,0}, {1,n,0} and the full twist structure
{1,0}* = {1,b,n,0}.

Definition 3.1.3. Let A be a twist-structure over a Boolean algebra B and let
a € A. We let a™ and a™ be the elements of B such that

i.e., a™ :=m(a) and b~ := my(a). Moreover, we let
Xt i=m[X] and X~ = m[X]
for X C A.

Example 3.1.4. Twist-structures can often help us better understand defined
connectives. For example, if A is a twist-structure and a € A, then

—a=(-at,a"),la= (a*,-a") and ?a = (-=a",a").

We can view any twist-structure A as a lattice with the ordering a < b iff a A
b = a. This gives
a<biffat <bT and b~ <a~

for all a,b € A. Moreover, 1 and 0 are its top and bottom elements, respectively.
The following proposition is immediate.
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Proposition 3.1.5. If B is a complete Boolean algebra, then B™ is a complete

lattice with
VX =(\/X",A\X") and
AX=(V X1 AX7)

for all X C B x B.

Definition 3.1.6. We say that a twist-structure A over a Boolen algebra B is
complete if B is a complete Boolean algebra and A is a complete sublattice of
B>

Definition 3.1.7. Let A be a twist-structure over a Boolean algebra B. We
define the relations =< and = on A by letting

a=<biff a* <b*, and
a~biff at =b"
for all a,b € A.
Proposition 3.1.8. If A is a twist-structure and a,b € A, then

(a—=b)=1iffa=b, and
(a=b)=1ifa<b.

3.2 Twist-valued models

We can now generalize the notion of a T /F-model for BS4, where the truth value
of sentences are elements of the twist-structure {1,b,n,0}, to models where
the truth value of sentences are elements any fixed complete twist-structure.
This also generalizes the notion of a Boolean-valued model since any complete
Boolean algebra is also a complete twist-structure.

Definition 3.2.1. An twist-valued model M in a language L consists of
1. a non-empty set M, called the domain of M,
2. a complete twist-structure A;
an element ¢™ € M for every constant symbol ¢ in L;
a function fM: M™ — M for every n-ary function symbols f from L;

an n-ary function RM : M™ — A for every n-ary relation symbol R in L;

e ¢ W

a function eq¢™ : M x M — A such that for all a,b, ¢, a1, ...,an, b1, ..., by €
M, and for every n-ary function symbol f and n-ary relation symbol R,

(a) eq™(a,a) = 1;
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(b) eg™(a,b) = eg™(b,a);

(c) eq¢™(a,b) = eq™(a,c) & eg™ (b, c);

(d) eg™(ar,bi) A... Aeg™(an, by) = e (fM(ar, .y an), FM (b1, b0));
(€) e (ar,b1) A . A eqM(an,by) < RM (a1, . an) & RM(by, . b).

Definition 3.2.2. Let M be a twist-valued model and ¢ be a sentence in L.
We recursively define the truth value [p]™ of ¢ in M by letting

L. [LJM =0,

Do

. Ja = b]M = eg™(a,b) for all a,b € M;

. [R(ay, ...,a,)]™ := RM(ay, ..., ay) for all ay, ...,a, € M,

- relM = ~ el

N pIM = [p]M o [P]M for € {V, A, =}

- [Bre]M = Ve n[el™ and [Vop]M = Ao [0l

We write M Er,, ¢ and say that ¢ is true in M if [p]™ ~ 1, ie., ([p]")t = 1.

S Ot e W

Theorem 3.2.3. If X be a theory in a language L and ¢ is an L-sentence, then
Y Fpsa @ iff X FErw ¢

Proof. As soundness is routine to verify, we will only show that X Fp,, ¢ implies
> Fpss . By a standard argument it suffices to show that if 3 is non-trivial,
then it has a twist-valued model. Now, every non-trivial theory has a T/F-
model by the completeness theorem for BS4. Since every T/F-model is also a
twist-valued model, the result follows. O
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Part 11

Paradefinite
Zermelo—Fraenkel Set
Theory
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Chapter 4

The Axioms

We are now ready to begin begin our investigation of set theory in the logic
BS4. We should note that the aim of our set theory is not to solve any of the
paradoxes of naive set theory, or to allow the formation of paradoxical sets such
as the Russell set or the universal SetE] Rather, we aim to provide a set theory
that is able to represent both inconsistent and incomplete information in an
intuitive manner.

In this chapter, we will lay down the axioms of our set theory, introduce its
basic concepts and definitions, and derive a few of its consequences. Throughout
this chapter we will work in the logic BS4. We work in the language of set theory
which has the binary symbol € as its only non-logical symbol. Our domain of
discourse will contain only sets, meaning that the variables will range over sets
only. Just as in classical set theory, we are going to use informal arguments,
formulated in English, which can be translated into B.S4.

4.1 Extensionality

Let us begin by introducing our axiom of extensionality. Our axiom is inspired
by similar axioms from [I1] and [I4].

Axiom 1 (Extensionality).

VuVolu = v & Ve(r € u <z € v)).

Our motivation for this axiom is as follows: If u is a set, then it is natural
to think of u as the extension of the predicate x € u. Moreover, if v is also a
set, then it is natural to interpret u = v as saying that the predicates x € u and
x € v have the same extensions. When we say that the predicates x € v and
x € v have the same extensions, we mean that they are equivalent for every z.
Since we use < to express equivalence, we get our axiom.

T highly recommend [I5] for an overview of set theories that go in this direction.
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Definition 4.1.1. Let a and b be sets. We say that a is a subset of b and write
aChbifVe(r €a=z €b).

We easily obtain the following.

Proposition 4.1.2. For all u and v,
u=vSuCvAvCu.

Definition 4.1.3. Let u and v be sets. We write v ¢ v, u # v and u € v as
abbreviations for ~(u € v), ~(u = v) and ~(u C v), respectively.

Proposition 4.1.4. For all u and v,

. ug v Jz(zreune ¢v)

i. uF v Jx(rcuAr¢gv)VIz(x gunx €v).
Proof. We have

ugve ~NVe(zreu=x€v)
& dz~(r Eu=z €W)
o dx(zeunz ¢v)

and

vtvesufovVogu
o dr(zeunz ¢v)VIz(x gunx €v).

O

Thus two sets are unequal if and only if one set contains an element that the
other does not.

4.2 Classes and separation

If u is a set and () is a formula such that Vz[z € u < ¢(z)], then we denote
u by the expression {z : p(z)}. Now, the axiom of extensionality tells us that if
{z : p(x)} denotes a set, then it is unique. However, the expression {x : p(z)}
need not denote any set at all.

To see why, consider the class R := {x : =(x € x)}, i.e., the Russell class
w.r.t. the classical negation. If R denotes a set, then either R € R or =(R € R).
If R € R, then =(R € R) and therefore L. One the other hand, if =(R € R),
then R € R, so L. In either case, we get L.

With the above in mind we introduce the informal notion of a class. Given
a formula p(z), we denote the class or collection of sets x such that p(z) by
the expression {z : p(x)}. We give the following definition to make this notion
formal.
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Definition 4.2.1. Let u be a set, and let ¢(z) and ¢(x) be formulas with x as
a free variable. We introduce the following abbreviations:

u=A{z:9(@)} & Vejz € us ()]

{z:p(x)} =u & Va[p(zr) &z €yl
{z: o)} ={z:9¥()} & Vz[p(r) < ¢(z)]
u€{z: (@)} = o)
{z:9(x)} €u & Fyly € urWVe(p(z) &z €y)

{z:o(@)} € {z:¥(x)}
Remark. Recall from Proposition that

Fpsa ¥(x) & Jy(y) Az = y)).

'Ii

Y (y) AVz(p(z) & € y)).

This explains the appearance of the !-connective in the definition above.

Definition 4.2.2. We define the classes

Vi={z:(z=2)}and 0 := {z: ~(x = 2)},
called the universe and the empty set, respectively.
We easily get the following proposition.

Proposition 4.2.3. For all x,
reVeTadreds L.

Notice that given a class A, A € V & Jzl(x = A). We therefore give the
following definition.

Definition 4.2.4. We say that a class A is a set if Jz!(x = A). A class is said
to be a proper class if it is not a set.

Let us now give our version of the axiom schema of separation.

Axiom 2 (Separation).

YuduVz[z € v & x € u A ()],

where v is not free in p(x).

It follows that given a set u and a formula ¢(z), the class {x € u : p(x)} is
a set. Here, {x € u: p(x)} is shorthand for {z : z € u A p(z)}.

Remark. Strictly speaking, our axiom schema states that the class {z € u :
»(x)} is equal to a set, which is slightly different than saying that {z € u : p(x)}
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is a set according to Definition If we wanted a axiom schema that directly
states that {z € u: p(x)} is a set, we could have taken

Vudvljv = {z: 2z € u A p(x)}]
as our axiom schema. Writing this out explicitly gives
VuFvlVz[r € v & x € u A p(z)).
This is true if and only if our separation axiom is true.
Proposition 4.2.5. The class () is a set and V' is a proper class.

Proof. By virtue of the logic alone, we know that some set u exists. Moreover,
1 = x € u for all z, and therefore § C u. By applying the axiom of separation,
we see that () is indeed a set.

To see why V is a proper class, we note that if V' is a set, then R = {x :
—(x € z)} is also a set. As we have already seen, this leads to L. O

Definition 4.2.6. We define the operations of union, intersection and compli-
ment on classes the classes A and B by letting

AUB:={z:x€ AVxe B}
ANB:={z:x€ ANz € B};
A\B:={z:x€ ANz ¢ B},

respectively.

4.3 Classical sets

Recall from Section that we can express that a formula is classical using the
connective o. That is to say, oy is true iff ¢ is either true or false but not both.
Moreover, the formula oy is itself classical, so oy is false iff ¢ is both true and
false or ¢ is neither true nor false. We repeat the truth table for o here for easy
reference.

O3 o =
— O O =[O0

Definition 4.3.1. We say that a set u is classical and write Cl(u) if Va[o(z €

The nice thing about classical sets is that we are already familiar with them
from classical set theory. As usual, we can represent a classical set u by drawing
a circle and declaring that the elements of u are the things appearing inside the
circle, and anything outside the circle is not an element of u. (See Figure [4.1])

24



Figure 4.1: The truth value of z € u, where u is a classical set. Here, the circle
represents the classical set u. The number 1 inside the circle means that for
any element x inside the circle, the statement z € u gets the truth value 1.
The 0 outside the circle means that for every element x outside the circle, the
statement z € u gets the truth value 0.

An immediate example of a classical set is (), and V is a classical class.

The notion of a classical set allows us to use much of what we know from
classical set theory. As an example, we easily get the following proposition,
where ~ is replaced by —, = is replaced by —, and < is replaced by .

Proposition 4.3.2. For all classical sets u and v,
i. Vo[ ¢ u e —(x € u);
i. uCveVe(reu—z ev);
i. u=veVr(r €u+r z €V);
w. uFv e (u=0v).
Proof. The proof is left to the reader. O

We introduce the following axiom in order to simplify our development of
set theory.

Axiom 3 (Classical supersets).

Yuw[Cl(v) Au C o).
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The axiom states that each set has a classical superset. The main appeal is that
it will allow us to describe non-classical sets in terms of classical ones.

Recall from Section[2.3]that given a formula ¢, we defined the pair of classical
formulas !¢ and ?¢ with the property that ¢ is true iff lp is true, and ¢ is false
iff 7 is false. As a reminder, their truth tables are the following;:

O3 o~
O O ==
o 3 o=
O = O =

Definition 4.3.3. Given a set u, we define the classes
u' ={r:rcu)}and u’ :={z:?(x €u)}.
Notice that both u' and u’ are classical, and for all ,
rcucrcu andrguer v du’

So u' and u” are classical classes that together completely describe u. (See Figure

13)

Figure 4.2: The truth value of € u. The left circle represents u', while the
right circle represents u’. Notice that 2 € u is true iff z is in the interior of the
left circle, while x € w is false iff « is in the exterior of the right circle.

Proposition 4.3.4. For all v and v,
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i. Cllu) & u' =u’;
7. uCwo iﬁu! Cv' and u’ Cv';
iii. u € v iffu' € o7
w. u=viffu =0 and v’ =0";
v. u#viffu’ o’ orv' Eul.
Proof. i. Follows by definition of Cl(u).
ii. We have
uCovif Ve(zr eu -z €ev) AVz(z ¢ v — 2z ¢ u)
iff Vo(r e v — 2 ev')AVz(z ¢ v’ — ¢ u’)
iff Vo(z € u' = z € v') AVz(=(z € v7) = —(z € u"))
iff Vo(z € u' — 2 € v') AVa((z € v’ — 2 €v')
iff u' Co' A’ Co.

iii. We have
wgviff Jx(z eunz ¢wv)
iff Ir(z cu' Ax ¢ v")
iff u' ¢ o'

iv. and v. easily follow. O
Definition 4.3.5. Fix a set u. We define the realm of u by
rim(u) = u' Un’.

The reason we care about rim(u) is that it is the least classical class con-
taining u in the sense of the following proposition.

Lemma 4.3.6. For all u, the class rlm(u) is classical, and if X is a classical
class such that uw C X, then rlm(u) C X.

Proof. That rlm(u) is classical follows from u' and u’ being classical. Now, let
X be a classical class with u C X. We have X' = X7, since X is classical, and
w C X' and u’ C X?, since u € X. This gives u' € X and v’ C X. Hence
rim(u) C X. O

Theorem 4.3.7. If u is a set, then the classes u', u’ and rlm(u) are sets.

Proof. By the axiom of classical supersets, there is a classical set v such that
u C v. We have rlm(u) C v by Lemma The axiom of separation now tells
us that rim(u) is a set. Clearly, u',u’ C rlm(u), so both u' and u” are sets. [
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We can now see that every set u can be described in terms of the classical
sets u' and u’. We therefore introduce the following notation.

Definition 4.3.8. If u, v and w are sets such that w' = u and v’ = v, then we
denote w by the expression (u, v).

So given classical sets u and v, (u,v) is the unique set with (u,v)' = u and
(u,v)” = v if such a set exists. (See Figure [4.3])

Figure 4.3: The truth value of z € (u,v).

There is another way to describe sets in terms of classical sets that is perhaps
slightly more intuitive than the one that we have given. However, it has the
drawback of requiring more classical sets to achieve the same goal. Suppose
that we are given a set u and a classical set X such that « C X. We can then
form the subsets

uhi={reX: (reu}anduy ={ze€ X :!(z¢u)}
of X. Now, both u} and uy are classical sets, and for all z,
reucreufandr¢gueczeuyU(V\X).

So the classical sets X, u} and uy together completely describe u. (See Figure

1)
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Figure 4.4: The truth value of z € u.

4.4 Inconsistent and incomplete sets

For this section, we recall from Section that we defined the connectives
Ocon and o..my, that express that a given formula is consistent and complete,
respectively. As a reminder, their truth tables are the following:

O3 o =
O3 o =
— O — |8

Definition 4.4.1. We say that a set w is consistent and write Con(A) if
Va[ocon(x € u)]. We say that u is complete and write Com(u) if Va[ocom (x € w)].
A set is said to be inconsistent if it is not consistent and incomplete if it is not
complete.

We easily get the following proposition.

Proposition 4.4.2. For all u,

Con(u) < u' Cu’ and Com(u) < u’ C u'.
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Figure 4.5: The truth value of x € u. In the picture on the left, u is assumed
to be consistent, and u is assumed to be complete in the picture on the right.

Clearly, for each w, there are classical sets u and v such that w = (u,v),
namely u = w' and u = w’. A more interesting question is, given classical sets
u and v, when is there is a set w such that w = (u,v)? The following theorem
essentially tells us that as soon as we know that there exists a single inconsistent
set and a single incomplete set, then we can conclude that (u,v) exists for all
classical v and v.

Theorem 4.4.3. Suppose that there exists both an inconsistent set and an in-
complete set. Then for all classical sets u and v, such that wUwv is a set, there
is a set w such that

w = (u,v),
i.e., for all z,

reEwsrzeuandr ¢ wex ¢

Proof. Since there exist both an inconstant set and an incomplete set, there
are sets a, b, ¢ and d such that a € bAa ¢ b and =(c € dV ¢ ¢ d). We can
therefore enrich our language with the propositional constants 1, and L, with
the property

Llp A~lp and —( L, V ~Ly).

We let

wi={zcuUv:zeunNuvV(@ecu\vAly)V(@ev\uA Ly}

This gives
rewifrcunovVv(zrecu\vAly) V(zev\uAly)
ifreunvveeu\v
ifreu
and

zéwifrgunuvA(zgu\vV i) Alzgv\uV Ly)
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ifedunvAzgov\u
iff x ¢ v.

O

Remark. In the above theorem, we needed to add the caveat that uUwv is a set.
This is because we have not yet introduced an axiom of union which guarantees
this. Of course, we will later add such an axiom, so this bit can be safely ignored.

Corollary 4.4.4. Let u, v and X be classical sets with u,v C X. If there there
exists an inconsistent set and an incomplete set, then there exists a set w C X
such that for all x,

reweorzeuandr gwrevU(V\X).

Proof. We let w := (u, X \ v) and apply Theorem [4.4.3] O

4.5 Replacement

Definition 4.5.1. By an operation we mean a classical formula ¢(x,y) with x
and y free such that

VaTylp(z,y) AVe(p(z,2) = Wy = 2))].

The intuition is that we think of an operation as a process that takes in an
input and produces an output. So if we have an operation given by the formula
o(x,y), we think of p(u,v) as saying that the operation outputs v on the input
U.

Remark. The reason we require an operation to be given by a classical formula
is that given any input, the operation should, in no uncertain terms, produce
a well-defined output. To see why we used the !-connective in our definition,
consider the formula ¢(x,y) < !(x = ) Al(y = a), where a is some inconsistent
set. Now, ¢(z,y) is a classical formula that is true iff y = a. So we can think
of p(z,y) as representing the operation that always outputs a. However, since
a is inconsistent, we have that a # a. This means that the formula

is both true and false. So if we had not included the !-connective in our defi-
nition, the formula ¢(z,y) would both be and not be an operation. This does
not seem right since (z,y) always produces a well defined output, and the fact
that said output happens to be an inconsistent set is irrelevant.

If o(x,y) is an operation, then we can introduce a new function symbol F,
via the defining axiom

Vazp(x, Fuo(x)).
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Since ¢(x,y) is a classical formula, we can easily show that

Y(Fy(x)) < Jy[v(y) Aoz, y)]

for all  and any formula ¢ (y). This means that any formula containing the
symbol F, can be rewritten as an equivalent formula without an occurrence of
F,.

Definition 4.5.2. Let A be a class and F' an operation defined by the classical
formula ¢(z,y). We define the image {F(x) : © € A} of A under F by

{F(z):x € A} :={y: Tz € Ap(z,y)}.

Now, y € {F(x) : x € A} can be read as saying that there is an z € A such
that F' maps = to y.

Remark. Someone might claim that {y : 3z € Aly = F(z)]} is a more natural
definition for {F'(z) : # € A}. To see why this definition does not work, consider
the identity operation id which maps each element to itself. Clearly, we want
{id(x) : © € A} to be the same thing as {x : © € A}, i.e., A itself. Now, if A
is the class {z : !(x = a)}, where a is some inconsistent set, then a # a. So
a ¢ {y:3Jx e Aly =id(z)]}, but =(a ¢ A).

Axiom 4 (Replacement).
Vudvjv = {F(x) : © € u}],

where F' is an operation, and v is not a free variable in the formula defining
F.

4.6 Union

Let u be a set and ¢ be a formula. We introduce the abbreviations 3z € ugp
and Vz € up for Jx(z € u A p) and Va(z € u — ¢), respectively.

Definition 4.6.1. Given a class A we define the union of A by

UA:: {z:3y e A(z € y)}.

Moreover, if Jz(z € A), then we define the intersection of A by

ﬂA:: {z:Vy € A(z € y)}.

Axiom 5 (Union).

YuFoVz|x € v & Jy € u(x € y)].
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4.7 Pairing

Definition 4.7.1. Given sets u and v, we define the unordered pair {u,v} by
{u,v} :={z:(z=uVz=ov)}

Now, {u, v} is the classical set having u and v as elements. The reader might
be curious why we did not use the class {z : © = uV & = v}. There are three
reasons for this: First, when specifying {u,v} we would simply like to point to
u and point to v and say that these are the elements of {u,v}. This is different
than pointing u and v and specifying the elements that are equal to one of these,
which would give the class {z : z = vV 2z = v}. Second, {z:!(r =uVz=1)}
tends to be much easier to work with than {x : * = uVz = v}. The third reason,
which also plays into the second reason, is that if there exist an incomplete set,
then {z : z =uV x = v} is always a proper class.

Proposition 4.7.2. If there exists an incomplete set, then for all v and v,
{z:z=uVaz=nuv}isa proper class.

Proof. We prove the special case where u = v and the general case easily follows.
Assume that {z : x = u} is a set. Then {z :?(x = u)} is also a set.

Since there exists an incomplete set, we have that for every classical set z,
(0, z) exists. That is, if z is classical set, then there is a set w such that w' = ()
and w’ = z. We have

u# (0,x) ff zlzeunz¢ 0,z)]VIz[z ¢ unze D)
iff z[zeu' Az (0,2)°)VIz[z ¢ u’ Aze (D)
iff [z cu' Az¢a]VvIzzdu' Azel)
iff Iz[z cu' Az ¢ 2
iff Vz[z € u' = 2 € 7]
iff ~(u' C ).
So for every classical x,
u' Ca—(u# D)),
ie.,
' Cx—?2u=(0,z)).
Both {(0,z) : Cl(x) Au' C 2} and {x :?(x = u)} are classical, so
{0, 2) : Cl(x) Au' Ca} C{z:2(x=u)}.

This tells us that {(0,z) : Cl(x) Au' C x} is a set. Using replacement, we get
that {x : Cl(x) Au' C z} is a set. This last set is just {z Uu' : Cl(z)} and using
replacement one more time, we get that {x : Cl(x)} is a set. But this implies
that {z : Cl(z) A —(x € x)} is a set. We leave it to the reader to show that this
implies L. U
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We now introduce our pairing axiom.

Axiom 6 (Pairing).

YuVvIwVelr e w & (z =u V= v))].

It follows that {u,v} is a set for all u and v. Moreover, since u U v = |J{u, v},
wU v is also a set.

4.8 Ordered pairs and relations

We now turn to the problem of defining the ordered pair (u,v). We would like
our notion of ordered pairs to satisfy

(u,v) = (z,w) Su=2zAv=uw.

This means that we cannot use the standard Kuratowski definition which de-
fines (u,v) as the pair {{u}, {u,v}} since {{u},{u,v}} is a classical set. So
{{u},{u,v}} = {{z}, {z, w}} is a classical formula, whereas v = z A v = w can
be non-classical. We will therefore opt for a different definition. Said definition
comes from [28], and was originally formulated in classical set theory.

Definition 4.8.1. Let u and v be sets. We define the ordered pair (u,v) by

(u,v) = {{{z}} : x € u} U {{{z},0} : z € v}.

We put the proof that this definition satisfies our requirement in Appendix
[Al

Definition 4.8.2. We recursively define the n-tuple, (ui,...,u,), by letting
(u1) :=uq and (uq, ..., un) = (ug, (ug, ..., u,)) for n > 2

Definition 4.8.3. Let A, Ay, ..., A, be sets. We define the n-ary product, A; x
... X Ay by

A X o x Ay = {(x1,mn) tx1 €E AT AN ATy € Ay}

and let
A" = Ax .. x A.
————

n times
Proposition 4.8.4. For all u and v, the product u X v is a set.

Proof. Using replacement, we see that for each y, the class {(z,y) : z € u} is a
set. Now,

{(z,y) :x €unyecv}= U{(m,y) 1 x € u}.

The axiom of union now tells us that u x v is a set. ]
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Definition 4.8.5. We say that a set R is a binary relation if
RCV xV.
The domain of R is given by
dom(R) := {z : Jy[(z,y) € R]}
and the range of R is given by
ran(R) = {y : Fol(z,y) € R]}.

The inverse of R is
R':= {(y,x) : (z,y) € R}.

Definition 4.8.6. Fix a set X. We say that a relation £ C X x X is an
equivalence relation on X if the following holds for all x,y, z € X:

1. (z,2) € E,
2. (z,y) € E< (y,z) € E, and
3. (z,y) € E—|[(z,2) e E< (y,2) € E].

The equivalence class of x € rlm(X) w.r.t F is given by
(o] = {y : ©Ey}.
If X is a set, then we define the quotient of X by E by letting
X/E ={lz]p:x e X}.

Proposition 4.8.7. Let E be an equivalence relation on the class X. Then for
all z,y € rim(X),
(z,y) € E < [z]p = [y]e-

Proof. Tt follows from 3. that (z,y) € E — [z]g = [y]g. If [z]g = [y]E, then
(y,y) € E — (z,y) € E. So 1. gives (z,y) € E. We have (x,y) € F + [z]g =
W]e.

Now, assume that (z,y) ¢ E, i.e., y ¢ [z]g. By 1., we have y € [y]g and
therefore [z]g # [y]g. Finally, assume that [x]g # [y]g. There is then a z such
that (z,2) € EA(y,2) ¢ E or (x,2) ¢ EA (y,2) € E. If the former holds,
then (z,2) € F and (z,y) ¢ E by 2. Using 3., we get (z,y) ¢ E. Similarly, if
(r,2) ¢ EN(y,2) € E, then (z,y) ¢ E. Hence (z,y) € E < [z]g = [y]&- O
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4.9 Functions

Let us now turn to finding a suitable notion of a function. There are many
possible definitions we could give; each having their own advantages and disad-
vantages. The definition we give here should therefore not be seen as the one
true definition of a function. Rather, it is simply the definition simply that I
have found the most useful.

We start by giving a preliminary definition.

Definition 4.9.1.

(a) By a classical function we mean a classical relation f such that
Va,y, z[(z,y) € f) A (z,2) € f = Nz =y)].

(b) If A and B are classical sets and f is a classical function, then we say that
f goes from A to B, and write f : A — B, if

dom(f) = A and ran(f) C B.

(c) Forx € A, welet f(z) denote the the unique element such that (z, f(x)) € f.

(d) The restriction of f to aset X C A is
F1X=A(z, f(z)) : 2 € X}

In short, classical functions are functions that behave as we would expect
from classical set theory. The intuition is that a classical function is a process
that takes an input from its domain and produces an output. Most of the
functions we will encounter in this thesis will be classical.

Now, suppose we have a classical function f with the domain A, and suppose
that X is a non-classical subset of A. We can then think of the restriction
g = f]X as a non-classical process with the domain X. We think of X as the
set of inputs for g, and we think of (z,y) € g as saying that g maps z to y. Now,
if € X Az ¢ X, then z both is and is not an input for g and, accordingly, g
both produces and does not produce an output for x.

Definition 4.9.2.
(a) A set f is said to be a function if rim(f) is a classical function.

(b) If A and B are sets and f is a function, then we say that f goes from A to
B, and write f: A — B, if

(dom(f) = A) and ran(f) C B.

(¢) For x € rim(A), we let f(z) denote the the unique element such that
(z, f(2)) € rim(f).
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(d) The restriction of f to aset X C A is
F1X:=A(z, f(z)) 1z € X}

Let us devote a little space to unpack the definition of the formula f : A — B.
First, we note that if f, A and B are classical sets, then f = rim(A) and
dom(f) = A < (dom(f) = A). So our definition of a function agrees with our
definition of a classical function.

Next, we notice that if f and A are sets, then

fiA=V e Jgl(f=glA)Ag:rim(A) = V.
By Definition [4.5.2] we also have
fe{gld:g:rim(a) =V} < 3g[/(f =glA) Ag:rim(A) = V].
Taking these two together, we get
f:A=Ve fel{glA:g:rim(a) =V}

Now, {glA : g : rlm(a) — V'} is the class obtained by restricting the classical
functions from rim(A) to A. So the formula f : A — V is saying that f is the
result of restricting some function from rim(A) to A. That is to say, to get a
function from A, we take a classical function from rim(A) and restrict it to A.
Similarly, the formula f : A — B simply states that f is a function from A and
the range of f is a subset of B.

Definition 4.9.3. Let A and B be sets. We say that a set f is an injection
from A to B if
f:A— Band f!is a function

and that f is a surjection from A to B if
f:A— Band ran(F) = B.
We say that f is an a bijection between A and B if

f:A—>Band f7':B— A.

4.10 Power set

Recall that we say that u is a subset of v, and write u C v, if Va(z € u = z € ).

Definition 4.10.1. Given a set u, we let
P(u) :=={z: 2z Cu}.

Sadly, the following proposition will tell us that we cannot expect P(u) to
be a set.
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Proposition 4.10.2. If there exists an incomplete set, then P(u) is a proper
class for all u.

Proof. Assume that P(u) is a set. Then {z :?(z C u)} is also a set.
Since there exists an incomplete set, we have that for every classical set x,
(0, z) exists. Now,

uZ (0, x) iff Iz[z € un z ¢ (0, )]
iff 3z[z € u' Az ¢ (0, 2)7]
iff 3z[z € u' Az ¢ 2]
iff “Vz[z €u' = 2z € 1]
iff ~(u' C ).

It follows that for every classical z, v' C z implies ~(u € (0,z,)). In other
words, u' C x implies ?(u C ((), z,)) for all classical =. Thus

{(0,2) : Cl(z) Au' Ca} C{z:2(x Cu)}.

But, as we saw in the proof of Proposition {B,z) : Cl(x) Au' C 2} is a
proper class. U

This means that we cannot add an axiom stating that P(u) is a set for all
u. What goes wrong is that if P(u) is a set, then P’(u) := {x : ?(x C u)}
would also be a set. But, P?(u) is to big to be a set assuming that there exist
an incomplete set. We will therefore have to settle for a weaker axiom.

Definition 4.10.3. Given a set u, we let

Poi(u) :={z: Cl(x) ANz C u}.

Axiom 7 (Classical power set).

VudwVz[z € v < Cl(x) Az C ul.

Our motivation for this axiom is as follows: If u is a classical set, then surely
we expect the class of all classical subsets of u to be a set. Moreover, if u is any
set, then rlm(u) is a classical set. So we expect Pe(rim(u)) to be a set. Since
u C rlm(u), we get that Poy(u) C Pey(rim(u)). We therefore expect Pey(u) to
be a set for all u.

Definition 4.10.4. Given a set u, we let
Pl(u) := {z: !(z Cu)}.
Now, P'(u) is the classical class such that for all z, z € P'(u) <+ x C w.

Proposition 4.10.5. For all u, the class P'(u) is a set.
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Proof. Fix a set u, and consider the class A := {(z',2") : !(z C u)}. Notice
that A C Poy(rim(u)) x Peor(rlm(u)), so A is a set. We can define a bijection
f:P'(u) — A by letting

fz) = (2, 2").

It follows that P'(u) is a set by replacement. O

The set P'(u) will provide us with a suitable alternative to P(u) for most
applications.

4.11 Infinity and ordinals

In this section, we introduce the ordinal numbers. We will not embark on an
investigation of well ordered sets. Rather, we will simply recruit the classical
von Neumann ordinals and show that we can still give definitions by recursion
and carry out proofs by induction.

Axiom 8 (Infinity).

Juld € uAVx € u(z U{z} € u)).

Let us call a set u inductive if ) € u AVz € ulxz U {z} € u]. We can now form
the first von Neumann ordinal w by letting

w = {x : Cl(z) A z is inductive}.

As usual, we can encode the natural as elements of w by letting 0 := 0,
1:={0}, 2:={0,1}, 3:={0,1,2} and so on.

Before we give the next definition, recall that in classical set theory, an ordi-
nal can be defined as transitive set of transitive sets such that every nonempty
subset has a €-least element.

Definition 4.11.1. We say that a set u is transitive if Vo € u(z C u). An
ordinal is a classical transitive set u of classical transitive sets such that

VX € Por(u)[X #0 — 3z € X—Jyly € x Az € u)l.

We denote the class of ordinals by Ord.

In short, an ordinal is a classical transitive set of classical transitive sets such
that every nonempty classical subset has a €-least element. There is nothing
strange going on here as we are only dealing with classical sets.

We easily obtain the following proposition.

Proposition 4.11.2.
1. The class of ordinals is classical.

i. 0 =0 is an ordinal.
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iii. If « is a ordinal, then so is a+1:= a U {a}.
. If X is a classical set of ordinals, then |J X is an ordinal.
v. w is an ordinal.

Theorem 4.11.3 (Induction). For every formula o(z), we have
Va € Ord(¥B € ap(B) = ¢(a))] = Ya € Ordp(a).

Proof. Suppose that Va € Ord(VS € ap(8) — ¢(a)), and assume that there
is an ordinal « such that —p(a). Let X := {8 € o : =p(8)}. Note that X
is a classical subset of . If X = (), then V3 € ap(8), and therefore ¢(a) by
assumption. This gives L. On the other hand, if X # (), then there is § € X
such that —p(8) and Vy € Byp(y). Once again, this gives L. We can therefore
conclude that Vap(a). O

The proof of the following theorem is entirely standard, and is therefore
omitted.

Theorem 4.11.4 (Recursion). For every class function G :' V — V there is a
unique F' : Ord — V such that for every ordinal c,

Definition 4.11.5. We say that a € Ord is a successor ordinal if a is of the
form 8+ 1 for some ordinal 8. We say « a limit ordinal if o # 0 and « is not a
successor ordinal.

4.12 Foundation

We now introduce our axiom schema of foundation.

Axiom 9 (Foundation).
Valvy € rim(z)p(y) = ¢(z)] = Yop(z),

where y is not a free variable of ¢(x).

The purpose of foundation is to allow us to view the universe as being formed
in stages; one stage for each ordinal. The intuition is that if u is a set such that
each x € rim(u) has been formed at stage «, then u is formed at stage o + 1.

Definition 4.12.1. We let
Vo =0
Vas1 :={z : rim(z) C V,}
Vi = U V., if A is a limit ordinal.

a<A
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Definition 4.12.2. For u € |J,, Vo, we let rnk(u) be the least ordinal o such
that v € V4.

Theorem 4.12.3. V =J_ Va

Proof. Since |J, Vo €V and both |J, V, and V are are classical, we need only
show that for every x, there is some ordinal « such that z € V,.

Suppose that z is a set such that Vy € rim(z)Ja(y € V,). We let 8 :=
U{rnk(y) : y € rlm(z)}. Since both rim(x) and Vs are classical, we get that
rim(xz) C Vs, and therefore & € V1. Foundation now tells us that Va3a(z €
Va). O

Proposition 4.12.4. For all a, Vo1 = P (V,,).

Proof. Notice that both V41 and P!(Va) are classical, so we only need to show
that for all z, x € Voy1 < = € P(V,). If x € Vouq, then rim(z) C V. So
x C V,, and therefore z € P'(V,). Conversely, if z € P'(V,), then z C V.
Since rlm(zx) is the least classical superset of x, and V,, is classical, we get
rim(xz) C V,, ie., © € Vaqq. O

4.13 Choice

Definition 4.13.1. We call a set u inhabited if Jx(z € u).

Definition 4.13.2. Let u be a set of inhabited sets. A choice function for u is
a function from u such that

Vo € u(f(x) € x).

Axiom 10 (Choice).

VulVer € udy(y € x) — 3f :u— V)Vz € u(f(x) € z)].

So our axiom of choice simply states that every set of inhabited sets has a choice
function.

Proposition 4.13.3. The aziom of choice holds if and only if every classical
set of inhabited sets has a choice function.

Proof. Assume that every classical set of inhabited sets has a choice function
and let u be an arbitrary set of inhabited sets. Then u' is a classical set of
inhabited sets, so there exists a choice function ¢ for u'. We define f : u — V

by letting
@) ifxzed,
fw) = {(Z) if x € rim(u) \ u'.

Now f is a choice function for u. O
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4.14 The anti-classicality axiom

In Section [£:4] we saw that from the assumption that there exists a single non-
classical set, we can generate a whole host of new non-classical sets. Since
we are interested in both inconsistent and incomplete sets, we introduce the
anti-classicality axiom which states that there exists an inconsistent set and an
incomplete set.

Axiom 11 (ACIA).

Ju~Con(u) A Ju~Com(u).

Using Theorem we see that for all classical sets u and v, there exists a set
w such that
w = (u,v).

In particular, this tells us that there are subsets b and n of 1 such that
PebADgband ~(DenvVDen).
Recall that we defined 1 as {0}.

Definition 4.14.1. We define the set of truth values by Q := P'(1). Given a
sentence ¢, we put {0 : p} ;= {x : 1(x = 0) Ap}, and call {0 : ¢} the truth value
of .

The anti-classicality axiom now tells us that
Q={1,b,n,0}.

Notice that ¢ < 0 € {0 : ¢}. So ¢ is true if and only if § € {0 : ¢},
and is false if and only if @ ¢ {0 : ¢}. Looking at this from the meta-theoretic
perspective for a moment, we see that [p] = 1 iff {0 : ¢} = 1, [¢] = b iff
{D:0}=06,[p] =nif {D:p}=n,and [¢] =0iff {0: ¢} =0, justifying the
name ‘truth value of ¢’ for {0 : ©}.

Example 4.14.2. Recall from chapter 1 that Alice had made five lists con-
cerning the celebration: I, DT, D=, PT and P~. By using the anti-classicality
axiom, she can now represent the same information by viewing I as a classical
set, and defining the sets D, P C I by

neD+neDYandn¢ D ne D,
and
nePsnePtandng Pene P~

for all n € I. So, for example, if Bob provided contradictory replies whether
he will attend the dinner, then Bob € D A Bob ¢ D. So the truth value of
Bob € D is b. Similarly, if Bob has not replied specifying whether he will attend
the dinner, then the sentence Bob € D gets the truth value n. This can be
expressed internally using Definition
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4.15 The theories PZF(C and BZFC

The axioms we have given in this chapter are the following:
1. Extensionality: YuVo[u = v & Vo(z € u & z € v)].

2. Separation: YuJvVz[z € v & x € u A p(z)],
where v is not a free variable in ¢(x).

3. Classical supersets: YuJv[Cl(v) A u C v].

4. Replacement: YuJv[v = {F(z) : € u}],
where F' is an operation, and v is not a free variable in the formula defining
F.

Union: VuduVz[z € v & Jy € u(z € y)].
Pairing: YuVv3wVe[r € w < (z =u V z =v)].
Classical power set: YuIuVz[r € v < Cl(z) Az C ul.

Infinity: Ju[d € u AVz € u(z U {x} € u)].

© »®» N o o

Foundation: Vz[Vy € rim(z)p(y) = o(x)] = Vrp(z),
where y is not a free variable in ¢(x).

10. Choice: Yu[Vx € uy(y € ) — I(f : u — V)Vx € u(f(z) € x)].
11. ACIA: Fu~Con(u) A Ju~Com(u).

Definition 4.15.1. By paradefinite Zermelo—Fraenkel set theory PZF we mean
the theory given by the axioms 1.-9. and PZFC is PZF together with the
axiom of choice.

Notice that PZFC does not prove the existence of any non-classical sets and
that PZFC together with VazCl(z) is just classical ZFC with two symbols for
the same negation. We now have the following theorem.

Theorem 4.15.2. If ZFC is consistent, then PZFC is non-trivial. (Recall
that a theory is said to be non-trivial if L is not derivable from it.)

Definition 4.15.3. We let BZF := PZF + ACIA, and BZFC is the theory
BZF together with the axiom of choice, i.e., axioms 1.-11.

Remark. If the reader is only interested in inconsistent sets, then they can
consider the theory PZFC + Ju~Con(u) + YuCom(u). Similarly, if the reader
is only interested in incomplete sets, then they can consider the theory PZFC+
VuCon(u) + Ju~Com(u). In either case, all the major results of this thesis will
have straightforward analogues for these theories.
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Chapter 5

A model of BZFC

In this chapter, we show that BZFC is not trivial, assuming that ZFC is
consistent. We do this by constructing a natural T/F-model W of BZFC.
Throughout this chapter we will work in classical ZFC.

5.1 T/F-models of set theory

We start by slightly broadening our definition of a T/F-model to allow for
models with domains that are proper classes.

Definition 5.1.1. A T/F-model M of set theory consists of
1. a non-empty class M, called the domain of M;
2. a pair of binary relations GLQ M x M and €,,C M x M;

3. a pair of binary relations :Lg M x M and =3,C M x M such that for
all m,n € M,

(a) m =}, niff m =n, and
(b) m =y, niff n =3, m.

Let M be a model of set theory and ¢ be a sentence with parameters from
M. We keep the T/F-conditions for ¢ from Definition We again write
M E4 pif pis true in M, and if ¥ is a set of sentences, then we write M F4 X
if every sentence from X is true in M.

Remark. We should point out that we cannot formally define the class {¢ : M Ey
@} within ZFC since that would contradict Tarski’s undefinability theorem. So
M E4 ¢ has to be defined in the metatheory. However, given a particular
sentence ¢, the statement M F,4 ¢ is definable within ZFC' by recursion on the
complexity of .

The following definition is inspired by [17].
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Definition 5.1.2. Let M be a T/F-model of set theory and ¢(x) a formula
in Ly;. We define the interpretation of the class A := {x : ¢(x)} in M by
AM = (Aj\'/[, Ay), where

Aly={zeM: MFsp()} and Ay :={z € M : M Fy ~p(z)}.

If A}, = M\ A}, then we identify AM with A},. Moreover, if a € M such
that
MEgVe(zr €as x e A),

then we identify AM with a.

5.2 A T/F-model of BZFC

We now define our T/F-model W of BZFC. The basic idea behind W is that
every element a € W is of the form (a1, as), where a; and as represent a' and
a’, respectively.

Definition 5.2.1. We recursively define the class W by
Wo = @
Wat1 :=P(Wy) x P(Wy,)

Wy = | Wa, if Xis a limit ordinal
a<<

Jwe.

We define the relations E‘fw Ews :% and =y, on W by letting

W .

a G;rv biff a € by,

a €y biff a ¢ by,

az*‘,{,biﬂ:a:b, and

a=y biff 3z € W[(z €, anz € b) or (z €y a Az € D)]
for a = (a1,a2) and b = (by, ba).
Theorem 5.2.2. The azioms of BZFC are true in W.

Proof. We will only show that the axioms of extensionality, seperation, classical
power set and choice hold in W. The other axioms are left as an exercise.

Ezxtensionality: Let a,b € W. We have

a=">biff a1 = b; and as = by
iff Ve e W(x € ay iff z € by) and Vo € W(x € ag iff © € by)
if Ve e W(x €ay if x €b1) and Vo € W(x ¢ ay iff x & by)
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iff Vo € W(z €, a iff z €}, b) and Vo € W(z €y, a iff z €3 b)
it WkyVe(x €aexed).

So
WEia=b-Vae(reaszebd).

Moreover,
WEia#b< ~Ve(zx€as xeb)

follows immediately from the definition of =y,.

Separation: Let a € W and (z) be a formula with z as its only free variable
and parameters from W. We let by := {z € a1 : W F4 ¢(x)} and
by :={z € az: W ¥4 ~p(z)}. Now, for all z € W,

Weyzebiff x € a; and W E4 ()
it WEyz€anp(x)
and
Wk gbiff o ¢ by
iff © ¢ agyor WEy ~p(x)
it WEysz ¢ aV~p(x),
Classical power set: It suffices to show that
W Ey4 ‘every classical set has a classical power set.’
Let a € W be such that W E, Cl(a). Notice that a; = ag, and for all z € W,
WEsCl{z)ANx Caiff 21 =z Axy Cay.
We therefore let by := {(z,z) : x C a1} and by := by, and get
W EyVz[z € b Cl(z) Nz C al.

Since W k4 Cl(b) and the formula x € b <> Cl(z) Az C a is classical in W, we
get
W EsVz[z €ebs Cl(z) Nz Cal.

Choice: By Proposition we only need to show that

W E, ‘every classical set of inhabited sets has a choice function.’

Let a € W be such that W E Cl(a) AVa € aJy(y € x). Then a1 = ay and
x1 # () for all x € a;. By the axiom of choice for V, there is a function
g :ay — W such that g(x) € z; for all z € a;. We let

fii={(z, 9N 1z €ay}
and fy:= fi. Then W ks f:a — V and Wy Va(f(z) € x). O

Theorem 5.2.3. If ZFC is consistent, then BZFC' is not trivial.

Proof. Suppose we have a proof of 1 from the BZFC axioms. We can then
argue in ZFC that W F4 L and conclude ZFC ¢y, L. O
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5.3 Embedding V into W

We now show that W has a submodel that is, in a certain sense, isomorphic to
the classical universe of sets V. So W can be thought of as the result of adding
non-classical sets to V.

Definition 5.3.1. We define the map = — & by letting
t:={y:ycat,{g:yeca})
for all z € V. Moreover, we let
Vi={i:xeV}

and let Eg, 6“;, :3 and =5 be the restrictions of E'I;,, Ews :‘Vﬁ, and =y, to v,
respectively.

Theorem 5.3.2. The map = — & is a bijection from V to V, and for each
formula o(x1,...,x,) and all ay, ...,an, €V,

<10(0‘17 “’70”1’1) ZﬁV ’:4 go(dh 757/71)

Proof. First we show that the map is injective: Fix z € V and assume that for
all y with rank(y) < rank(x), Vz(y = Z implies y = z). Fix z such that & = 2.
Forally € x, we have § € 1 = 2, = {w : w € z}. So § = @ for some w € z. Our
induction hypothesis therefore gives that y € z. Conversely, if y € z, then there
an w € x such that § = w, and therefore y € x. We have that y = z and by
induction we get that the map is injective. It follows that x +— & is a bijection
from V to V.
Next we show that for all z,y € V|

xe;yiﬁ’a';e%zj, and

z¢yiff ey 0.
If x € y, then & € y; and therefore & E?,'V 7. Conversely, if & E?}V 7, then & = 2
for some z € y, and therefore x € y. Now suppose that & €y, §. Then Z ¢ 7o,

sox ¢ y. Lastly, if z ¢ y, then @ ¢ {Z : x € y} = 7> and therefore & €, 7.
Since = —  is injective, we get that for all z,y € V,

r=yiff # =], y.
For all z,y € V, we have

r£yiff z[(zexnz¢y)or(z¢ Nz
iff 3zeV]zelinzeg ) or (2

itz ="49.

S ENZES D)

<

The result now follows by an induction on the complexity of . O
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Chapter 6

Connection to Classical Set
Theory

In this chapter, we will see that in PZFC, we can define the class HCI of
hereditarily classical sets, and show that it interprets the classical ZFC axioms.
We will then go on to show that the class HCI defined in PZFC, together with
the T/F-model W defined in ZFC' (see Section [5.2)), act as a bridge between
the theories BZFC and ZFC, allowing us to translate from one theory into the
other.

6.1 Models of set theory within PZF(C

We work in PZFC throughout this section.
Definition 6.1.1. A model of set theory is a pair (M, R) where M is a classical

class and R is a relation on M. Given a sentence ¢ with parameters from M,
we define (M, R) F ¢ by letting

(M,R)Fa=b:sa=b

M,R)Fa€b:& aRb
) E~pie (M R) F o
YEpAY:& (M,R)E ¢ and (M,R) E
YEoVY s (M,R)Eypor (M,R)E Y
)
)
)

Fo— i< (M,R)E ¢ implies (M,R) E ¢
Edzp(x ) (Jz € M)(M,R) E p(x)
EVap(x) & (Vo € M)(M,R) E o(x)
R)El:s 1.

If T is a set of sentences with parameters from M and (M, R) E ¢ for all p € T,
then we write (M, R) £ I'. Whenever R is clear from the context, we refer to
(M,R) by M.

(

(M, R
(M, R
(M, R
(M, R
(M, R
(M, R
(M
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If A= {z: p(x)} is a class where ¢ is formula with parameters from M,
then we define the interpretation AM-R) of A in (M, R) by

AMB) .— fp e M : (M,R) E o(z)}.

If there is an a € M such that (M, R) F Vz[r € a & ¢(x)], then we identify
AME) with q.

An €-model is a model of set theory of the form (M,€ N (M x M)), and a
transitive model is an €-model such that M is transitive. Finally, we say that

M 1is an inner model of a set of sentences I' if M is a transitive model of I" and
Ord C M.

Remark. The reason we require M to be classical, for a model (M, R) of set
theory, is that we want our models to behave like universes of sets. In particular,
we want VM-B) to be classical. Since VM) = M, we must require M to be
classical. This does not mean that R is a classical relation, however, as can be
seen by considering the model (V] €).

It will also prove useful to keep our notion of T/F-models of set theory from
Chapter 5} with the added requirement that all the classes involved are classical.
That is to say, a T/F-model M of set theory is a non-empty classical class M
together with four classical relations Ej(,l, SIVE :j\,l and =, such that for all
a,be M,

azj\',tbiffazband
a=,,biff b=, a.

Notice that this implies that a =}, b < !(a = b).

6.2 Absoluteness

We will continue to work in in PZF'C throughout this section.

Definition 6.2.1. Let M be a transitive model and ¢(z1, ..., z,) be a formula

with the free variables x1,...,x, and no constants. We say that ¢ is absolute
over M if
ola,...,an) & M E @(ay,...,an),

for all ay,...,a, € M. We say that ¢ is absolute upwards over M if
ME (a1, ....,an) = ¢(a1, ..., an),

for all ay,...,a, € M. Finally, ¢ is absolute downwards over M if
o(ar,...,an) = M E ¢(aq, ..., an),

for all ay,...,an € M. The formula ¢ is absolute (upwards/downwards) if it is
absolute (upwards/downwards) over all transitive models. Classes and func-
tions are said to be absolute (upwards/downwards) over M if they are given by
formulas that are absolute (upwards/downwards) over M.
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Proposition 6.2.2. A formula ¢ is absolute (upwards/downwards) over a tran-
sitive model M if and only if the formulas !¢ and 7@ are.

Proof. We have

 is absolute over M iff p & M E ¢
iff lop =1 (ME ) and 7p < 7 (M E ¢)
iff lo = (ME@) and 7o < 7 (M E @)
iffloe MElpand 7o ME 7p
iff 1o and ?¢ are absolute over M.

The proofs of the upwards and downwards parts are similar. O

Definition 6.2.3. A formula is said to be a Ag-formula if it is formed by the
following rules:

1. The formulas x € y, x = y and L are Ag-formulas.

2. If p and ¢ are Ap-formulas, then so are ¢ A1, @ Vb, ¢ — 1, and ~p. (It
follows that !¢ and ?¢ are Ay.)

3. If p is a Ap-formula, then so are Iz € rim(y)p and Va € rim(y)e. (Recall
that = € rlm(y) is an abbreviation of !(z € y) V ?(x € y).)

A formula is said to be a 31 -formula if it is formed by the rules:
1. All Ag-formulas are X;-formulas.
2. If ¢ and ¢ are ¥;-formulas, then so are @ A Y, p V1, lp and 7.
3. If ¢ is a ¥;-formula, then so is Jxep.
4. If ¢ is a ¥p-formula, then so are Iz € rim(y)p and Vz € rim(y)ep.

Notice that for any ¢,

Jz € yp < Az € rim(y)(z € y A @), and

Vo € yp & Ve € rim(y)(z € y — ¢).
So if p is a Ap-formula (¥;-formula), then the formulas 3z € yy and Vx € yy are
both equivalent to Ag-formulas (X;-formulas). Similarly, the formulas 3z € y',

Vo € y'o, Jx € ylp, Vo € y'p, Va(z € y D ¢) and Va(r € y = ¢) are all
equivalent to Ag-formulas (3;-formulas).

Proposition 6.2.4. All Ag-formulas are absolute and all X1 -formulas are ab-
solute upwards.
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Proof. We will only show that if ¢ is absolute over a transitive model M, then
so is 3z € rim(y)e.
We have for b € M,

M E 3z € rim(b)p(z) < Ju € M[M E [(z € b) V ?(z € b)] A M F o(z)]
& Jz e M[[[(z €b)V?(z € b)]Ap(z)]
< Jz € Mz € rim(b) A p(x)].

Now, M is classical and transitive, so rlm(b) C M. Hence

Jx € Mz € rim(x) A p(x)] & Jz[xz € rim(b) A o(x)].

Proposition 6.2.5. Every transitive model satisfies extensionality.

Proof. The formula Va(z € u & x € v) is equivalent to a Ap-formula and is
therefore absolute. So for a transitive model M and a,b € M, we get

a=beVr(rcas xebd)
S MEVz(zr €asxebd).

6.3 Hereditarily classical sets

We will work in PZFC throughout this section.
Definition 6.3.1. We let
HCly :=0
HCla+1 5:7301 (HCla)

HCly := U HCl,, if X is a limit ordinal
a<A

HCl:=| JHCL,.
We say that a set x is hereditarily classical if x € HCI and that a proper class
X is hereditarily classical if X is classical and X C HCI.
Theorem 6.3.2. The class HC is an inner model of ZFC.

Proof. Cearly, HCI is a transitive class and Ord C HCI, so HCI is an inner
model. We will only show that the axioms of exensionality, seperation and
choice hold in HCI.

Extensionality: Follows from HCI being a transitive model.
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Separation: Let a € HCI and ¢(x) be a formula with parameters from HCI.
An easy induction on the complexity of ¢(z) shows that it is a classical
formula for all € HCI. It follows that b:={x € HCl:x € a N HCl F ¢(z)}
is a hereditarily classical set.

Choice: Let a € HCI such that HCl E Vx € a(x # (). Then Va € a(z # () and
by the axiom of choice for V| there there is a function f from a such that

f(z) € x for all € a. Now, both the domain and range of f are hereditarily
classical sets so it easy to check that f € HCI. Since the formulas “z is a
function” and !(dom(z) = y) are both (equivalent to) Agp-formulas, we get

HClIEVz € u(f(z) € x).

Theorem 6.3.3. If PFZC is not trivial, then classical ZFC' is consistent.

Proof. If there is a proof of L from the ZFC axioms, then we argue in PZFC
that HClE 1. Thus PZFC tpggy L. O

6.4 Connecting ZFC and BZFC

In this section, we will provide translations between ZFC and BZFC. In
particular, we will show that given any sentence ¢ in the language of set theory,

ZFCFpifand only if BZFCF HCLE ¢

and
BZFCt ¢ if and only if ZFC' HW E4 .

Recall from Chapter [5| that when working in ZFC, we can define a T/F-
model W of BZFC and a map x — & that embeds V into W. It follows that
V = {#:2 € V}isamodel of ZFC that is isomorphic to V. On the other hand,
we can internalize the construction of HCI to W and get the model HCIW of
ZFC.

Theorem 6.4.1 (In ZFC). HCIY =V

Proof. We start out by showing that Ord" = {& : a € Ord}. Let a = (a1,a2) €
W, and assume that for all x € a;, x € Ord" iff z € {& : @ € Ord}. We have

W Esa€Ordiff WEyCl(a) AVx € alx € Ord AN(z C a)]
iffag =ax AVrear(z € {d:a€Ord} Axy Cay)
iff a € {&: o€ Ord}.

Next we show by induction that H C1Y =V, for all a. Fix an ordinal a and
assume that HCZEV = V3 for all § € a. For all a = (a1,a2) € W, we have

a€ HOLY iff W, 38 € @[Cl(a) Aa C HClg)
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Finally,

for all a.

iﬂ?EIBea(W [ AacHClﬁ])
iff 35 € a (a1 = az and Wy Va [v € a = o € HCl) )
(

iff 3 ealar =a gandW|=4Vx[m€a—>x€HC’lﬁD
iff 38 € a(a; = az and a; C HCZEV)

iff 38 € a(a1 = a2 and a3 C Vj)

iffaEV,g.

ae HOIW it W 4 a € HCI
iff W ey Ja(a € HCIY)
iff Jo(W Fya € HOIy)
iff Ela(a S Va)
ifaeV

O

Theorem 6.4.2. Let p be a sentence in the language of set theory. We have

ZFCF @ if and only if BZFC F HCIE .

Proof. Suppose that ZFC + ¢. Since BZFC - HClE ZFC, we get BZFC

HCILE .

Now, suppose that BZFC = HCl F ¢. We have ZFC + V = HCIY and
ZFCFV =V, s0 ZFCF (p < HCI" E ). Hence ZFC - HCIY F .

O

We have seen that when working in BZFC, we obtain a model of ZFC by
restricting our attention to the class of hereditarily classical sets HCl. We can
then construct W in HCI to obtain the T/F-model WHC! of BZFC.

Lemma 6.4.3 (In BZFC). We have

WHC — g
WIS = Py (W) x Par (W)

wHet = U WHEL if X is a limit ordinal
a<

WHC[ — UwHCl.

Proof. We only show that WHG! = Pey(WHCY) x Poy(WHC) and WHE =

U WHCZ.

[e3%

For all a € HCI, we have

aeWH

S HClEae Wy
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& HCLE a € P(Wa) x P(W,)
& HClE Jay, azla; € Wo Aas €W, Alla = (a1,a2))]
& Jay,as € HCl[HCl Elar CWaAaa CSW, Al a= (al,ag))}].

The formulas  C y and !(z = (y, 2)) are absolute, so
a€ WHS & 3ay1,a5 € HCllay CWH Nay CWEC N(a = (a1, a2))).
Since W is hereditarily classical, we get

a€ Wof{ﬁl & Jay, az[Cl(ar) A Cllag) A ay,ay € WHO N (a = (a1, a2))]
& a € Pa(Wa') x Pa(Wi'h.

Hence
W(ﬁ_cll = Pcz(WfCl) X 'Pcz(WOfICl).

To see that WHC! = | J WHC! we first note that the class Ord is absolute,
and Ord C HCI. Therefore,

acWH o HCLE (3a € Ord A a € W)
< Ja € Ord(HClLE a € Wy)

sac|Jwlih
o

for all a € HCI. O
Theorem 6.4.4 (In BZFC). There is a bijection p: V — WHC such that

Uty oy un) iff WHOUEL o(pu(ur), ..oy p(un))

for alluy,...,u, €V and every formula o(x1, ..., Tp).

Proof. We recursively define the function p by letting

for all u € V.
Let o« € Ord and assume that p restricted to V3 is a bijection to WﬁHCl

for all 8 € a. First we show that u[V,] € W : We let u € V. There is
a B € a such that rim(u) C V3, and therefore u' C V3 and u’ C V3. Now,
plu'] C p[Vg) = 47!, and similarly pfu’] € WAL Since both u' and u” are
classical, we get

plu) = (ulu'], plu’])
€ Par(WEHY) x Py (W5
= W3
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Next we show that p|V, is an injection: Let u,v € V, be such that p(u) =
1(v). Then plu'] = pv'] and pu’] = pv?]. Now, v', u’, v' and v’ are elements
of V4, so there is a 8 € « such that they are all subsets of V3. Since p is injective
on V3, we get u' =v' and v’ = v’. Hence u = v.

Now we show that WHC! C u[V,]: Let (a1,a2) € WHC Thereis a B € a
such that a;,as C WBHCl. By the induction hypothesis, we have that p [ V3 is
a bijection from V3 to Wé{Cl. So u~ta1] C Vs and p=t[as] C V3, and therefore
(p=t[a1], " aza]) € V. We conclude that ulV, is a bijection between V,, and
Wéqm. By induction, we get that y is a bijection between V and WL,

For the second part, we have for all u,v € V.

W, u(u) € p(v) iff p(u) € plo']
iff u € v
iff uew

and

wHCl Ey M(U‘) ¢ u(v) iff M(U) ¢ M[v?]
iff u ¢ v
iff u¢ o,

An easy induction on the complexity of ¢(x1, ..., x,) now gives that p(uq, ..., uy)
if and only if WHC &y o(u(u), ..., p(uy)) for all ug,...,u, € V and every
formula @(x1, ..., x,). O

Theorem 6.4.5. Let ¢ be a sentence in the language of set theory. We have
BZFCF ¢ if and only if ZFC =W Ey .

Proof. Suppose we have a proof of ¢ from the BZFC axioms. We saw in
Chapter E] that ZFC' - W E4 BZFC. We can therefore argue in ZFC' that
W E4 ¢ and conclude ZFC' =W Ey4 .

Now suppose that ZFC = W E4 ¢. We have seen that BZFC + HCI
ZFC, which gives BZFC + WHC = ». Now, BZFC F (ap o WHC E <p),
which allows us to conclude BZFC + ¢. O

The main takeaway from this chapter is that we can view ZFC as the
theory of hereditarily finite sets, whereas BZFC' describes a larger universe
that properly contains HCI. So we can think of classical mathematics as taking
place in HCI, which is described by ZFC. If we then encounter a phenomenon
we think is better described using incomplete or inconsistent sets, we can switch
to BZFC, and take full advantage of the anti-classicality axiom. Finally, if one
is determined to keep a classical metatheory, then the whole process can be
formalized in ZFC' as statements about W.
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Chapter 7

Model Theory Within
BZFC

My original motivation for devising the set theory BZFC, which not only tol-
erates non-classical sets, but also has an axiom guaranteeing their existence,
was to be able to provide sound and complete semantics for B.S4 closer to the
Tarskian semantics for classical logic. In particular, I wanted models such that
A E o A ~p would really mean that both 2 F ¢ and A ¥ .

In this chapter, we will work in BZFC and assume that we have suitable
encodings for the notions of languages, terms, formulas, theories and proofs,
with the added caveat that they all are encoded as hereditarily classical sets.

Definition 7.0.1. A model 2 in a language L consists of
1. a non-empty classical set A, called the domain of ;
2. an element ¢® € A for every constant symbol ¢ in L;
3. a function f%: A™ — A for every n-ary function symbol f from L;
4. an n-ary relation R* C A™ for every n-ary relation symbol R in L.

Again, we let L 4 denote the language obtained by adding a new constant symbol
ca to L for each a € A. We will regard 2 as a model in L4, with (c,)* = a and
write a instead of ¢,. The interpretation of a closed term is given in the usual
way.

Definition 7.0.2. Let 2 be a L-model and ¢ be a sentence in L4. We recur-
sively define 2l F ¢ as follows:

AF L= L
AFa=b:=a=b
AE R(ay,...,a,) :& (ay,...,a,) € R®
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AE~p s AFE @
AEpAY & AF pand AFE P
AE VY & AEpor AEY

AE p =1 = AFE @ implies A F ¥
AE Jrp(r) o (Fr e AAE o(x)
AEVrp(z) & (Vo e AAE o(x).

If ¥ is a theory and 2 F ¢ for all ¢ € 3, then we write A F X. We write X F ¢
if A F ¢ for every model 2 of 3.

Before we show that BS4 is complete with respect to the above semantics,
let us compare our new models with the T/F-models from Chapter 2| When
working in BZFC' we keep the definition of a T /F-model just as we did in Defini-
tion [2:2.1] with the added requirement that all the sets involved are hereditarily
classical. Let us for the moment consider the simpler situation of BS4 without
equality and in a language L which only contains a single binary relation symbol
R.

A T/F-model M in L consists of a hereditarily classical set M together with
two classical subsets RL and R, of M x M. Since we are working in BZFC,
we can represent the information present in Rj\',l and R, by a single (possibly
non-classical) set R* C M x M given by

m,n) € R* iff (m,n) € Rf,, and
(m,n) M
(m,n) ¢ R™ iff (m,n) € Ry,.

We can then define a model 2 with the domain M and R* as the interpretation
of R. We see that for all m,n € M,

2 E R(m,n) iff (m,n) € R*
iff (m,n) € RY,
ifft M E4 R(m,n)
and
AE ~R(m,n) iff A¥ R(m,n)
iff (m,n) ¢ R*
iff (m,n) € R},
ifft M E4~R(m,n).
Moreover, if ¢ is a sentence, then a simple induction on the complexity of ¢

gives
A F ¢ if and only if M E4 .

Proposition 7.0.3 (In BZFC). If M is T/F-model in a language L, then
there is a model 2 in the same language such that for every L-sentence ,

AE ¢ if and only if M E4 .

98



Proof. For this proof, the reader is advised to review Definition [£.8.6|and Propo-
sition for the notion of an equivalence relation.
By Theorem [£:4:3] we can define an equivalence relation E on M by letting

(m,n) € E iff M Fym=n, and
(m,n) ¢ Eiff M Eym #n.

We define the model 2 as follows:
1. A:==M/E,ie., A={[mlg: me M}
2. If ¢ is a constant symbol, we let ¢* := [cM]

3. If f is an n-ary function symbol, then we put
2(a1], - [an)) = [fM (a1, ..., an)]

4. If R is an n-ary relation symbol, we let R% be the n-ary relation on A

such that
([a1], ..., [an]) € R*iff (ay,...,an) € RL, and
([a1], ..., [an]) & R iff (ay,...,a,) € Ry,
The result is now proved by an induction on the complexity of ¢. O

Theorem 7.0.4 (In BZFC). If ¥ is a theory and ¢ is a sentence, then
Y bFpsa @ if and only if X F .

Proof. We will only show that ¥ F ¢ implies ¥ Fpg4 ¢, as soundness is easy to
verify. By a standard argument it suffices to show that every non-trivial theory
has a model. We therefore assume that X ¥ pgs 1 and show that ¥ has a model.

Since HC1 is a model of classical ZFC, we can carry out the semantics from
Chapter inside of HC! and show that there is a T /F-model of X. We can now
apply Proposition [7.0.3] to get a model of X. O
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Chapter 8

Algebra-Valued Models for
Paradefinite Set Theory

We will work in classical ZFC' throughout this chapter unless otherwise speci-
fied.

Boolean-valued models of set theory were introduced by Scott, Solovay and
Vopénka in order to provide an intuitive framework for Cohen’s method of forc-
ing. The main idea is that given a complete Boolean algebra B, one can construct
a Boolean-valued model V) of ZF(C) which behaves much like V' except that
propositions take their truth value in B, rather than {1,0}.

The construction has since been adopted to provide models set theories in
various different logics. For example, in [12], Grayson shows that B can be
replaced by any complete Heyting algebra H to get a Heyting-valued model
V) of IZF. In [19], Léwe and Tarafder introduce a class of algebras called
reasonable implication algebras, and construct models that validate the axioms
of the negation-free fragment of Zermelo-Fraenkel set theory in a paraconsistent
logic.

In this chapter, we will generalize the notion of Boolean-valued models for
set theory by allowing any complete twist-structure A to take the place of the
complete Boolean algebra in the construction of the model. In doing so, we
will get a twist-valued model V) that validates all of the axioms of PZFC.
Moreover, if the twist structure happens to be full, then we get a model that
validates the axioms of BZFC. We will also see that if A is a twist structure
over a complete Boolean algebra B, then V(5) represents the class of hereditarily
classical sets in V) in a natural way.

The presentation of our construction will very closely follow the Boolean-
valued account as presented in [4]. The rest of this chapter depends heavily on
the material from Chapter [3] so the reader is advised to review the ideas from
that chapter before proceeding.
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8.1 Class-sized twist-valued models

Before we get into the meat of this chapter, we first need to slightly broaden
our definition of twist-valued model from Chapter [3| to allow for domains that
are proper classes. Here we will only consider the special case of models in the
language of set theory.

Definition 8.1.1. A twist-valued model M in the language of set theory consists
of

1. a non-empty class M, called the domain of M,
a complete twist-structure A,

a function [- € JM: M x M — A, and

= W N

a function [- = -]JM : M x M — A such that for all a,b,c,d € M,

() fa=a] ~ 1,

(b) [a= 0" =[b=a]™,

(¢) Ja=bM = [a=c]M < [b=c]™, and

(d) [a=b]MA[c=d™ =< [a € b]M & [c € d™M.
If M is a twist-valued model in the language of set theory, we let Ly, := {€} UM
and regard M as a twist-valued model in Lys, with each element of M being
its own interpretation.

For a,b € M, we refer to [a € b]J™ and [a = b]™ as the truth values of the

sentences a € b and a = b, respectively. Given a particular sentence ¢ of Ly,
we can define the truth value [@]™ of ¢ in M by letting

L. [LJM:=0,

2. [~ve]M =~ e,

3. [ * P]M = []™M * []M for x € {V,A,—}, and

4. PBrp@)]M = V,enle@)]™ and [Vep(@)]M = Ayeplo(@)]™.

Notice that \/ ¢y le(2)]M and A,y [o(@)] are well-defined. This is
because

V Ie@)I" = \Alp@)] : e € M} and - A\ [p@)]* = A{lo(@)] : = € M}.

reM zeM

The definable class {[¢(x)] : € M} is a subset of A, and is therefore a set.

Remark. We should point out that we cannot formally construct a map that
takes every Ljs sentence ¢ to its truth value [¢]™, since that would contradict
Tarski’s undefinability theorem. So the map ¢ + [p]™ has to be defined in the
metatheory. Nevertheless, given a particular sentence ¢, the truth value [p]™
can still be calculated within ZFC' as described above.
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Definition 8.1.2. We write M F1,, ¢ and say that ¢ is true in M if [p]™ ~ 1.
We will often write [] rather than [@]M if M is clear from the context. If ¥ is
a set of sentences, then we write M Fp,, 3 to indicate that M Fp,, ¢ for each
p e M.

8.2 Boolean-valued models of set theory

In this section, we give a brief review of Boolean-valued models of set theory.
This review is by no means intended as a comprehensive introduction to the
topic. Rather, it is simply a summary of the standard motivation for the con-
struction of Boolean-valued models, which we can then use as a guide when
we construct our twist-valued models of set theory. For a more comprehensive
account of Boolean-valued models of set theory, see [4].

Recall that in classical set theory, a characteristic function x, of a set a is
a function such that a C dom(y,) and for all € dom(x,),

(@) 1 if x€a
a\T) =
X 0 else.

Now, the function y, completely describes a, so each set can be represented
by a function taking values in the Boolean algebra 2 = {1,0}, or a two-valued
function for short. Similarly, the elements of a can themselves be represented by
two-valued functions. So a can be represented by a two-valued function whose
domain consists of two-valued functions.

By carrying out this process out to its extreme, we see that each set can be
represented by an element of the universe of two-valued sets V), where V(2)
is defined recursively as follows:

Vo(z) =0
Vﬁr)l ={u: fun(u) A dom(u) C V2 Aran(u) C A}

VA(Q) = U V. ?) if X is a limit ordinal
aEX

ve | Jve.

If we now take any complete Boolean algebra B, and let it play the role of
2 in the construction above, we get the universe of B-valued sets VB), where
V(B is given by
VO(B) =0
v ={u: fun(u) A dom(u) C VB Aran(u) C A}
a+l - . =T« =

V)EB) = U VOEB), if A\ is a limit ordinal
Q€N
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Ve = Jv®.

In order to turn V&) into a Boolean-valued model, we still have to specify
how it interprets sentences of the form v € v and u = v, where u,v € V8. To
simplify our notation, we will denote the truth value of a sentence ¢ in V(&) by
[¢]B. Moreover, if B is understood from context, we will simply write [¢].

Before defining [u € v]® and [u = v]®, we first consider some natural
requirements that the definition should satisfy.

First, we note that the formula v € v < Jy € v(u = v) is provable in
classical logic, which tells us that we should require

[u € v]® = [3y € v(u=1y)]".
Moreover, we would like V(B) to satisfy the axiom of extensionality, which in

classical logic is Vu, vju = v <> Vz(z € u <> x € v)]. We must therefore have

[u=v]® = [Vz(z € u > = € v)]5.

Finally, suppose we have a formula (). We would like to be able to assign
truth values to the sentences 3z € up(x) and Vo € up(x) by only allowing x to
range over elements from dom(u). We therefore require

Breup@]® =\ [u() Alp(@)]?] and

rzedom(u)

[Vz e up(@)]® = N [ulz) = [p(@)]°].

zedom(u)

These considerations require us to take

[u € v]? = \/ [v(y) A [u=y]®] and
yedom(v)
[u=v]?:= /\ [u(z) — [z € v]P] A /\ [o(y) = [y € u]®].
ze€dom(u) yedom(v)

This does indeed define [u € v]® and [u = v]® via recursion on the well founded
relation

(z,y) < (u,v) iff (x € dom(u) and y = v) or (y € dom(v) and = = u).

It can now be shown that V(5 is a Boolean-valued model [4, Theorem 1.17],
and that all of the ZFC axioms are true in V) [4, Theorem 1.33].

8.3 Twist-valued models of set theory
In this section, we will generalize the construction from the previous section to

allow for arbitrary complete twist structures. For the rest of this chapter we
will fix a complete Boolean algebra I and a complete twist-structure A over B.
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Definition 8.3.1. The universe of A-valued sets V) is defined as follows:

VO(A) =0
Véﬁ ={u: fun(u) A dom(u) C VA Aran(u) C A}
V/\(A) = U VA if X is a limit ordinal

[e7<PN

VA |V,

We still need to specify how V(A) interprets sentences of the form u € v and
u = v. This time around we are constrained by the requirements that

[u € v]? = [3y € v]!(u = y)]]* and

[u=v]* = [Vo(z € u & = € v)]A

The first requirement comes from the fact that Fpgs u € v < Jy € v[!(u =
y)], and the second requirement comes from our desire for VA to satisfy our
extensionality axiom. We will also require that

[3z € up(x)]* = \/ [u(z) A [[ap(w)]]A] and

ze€dom(u)

[Valz € u= @)t = A [ul@) = [p@)]"].

zedom(u)
We now arrive at the following definition.

Definition 8.3.2. We recursively define [u = v]* and [u € v]4 for u,v € V(A
by letting

[u € v]? = \/ [v(y) Ay = u]*] and
yEdom(v)
[u=o]* = /\ [u(z) = [z € U]]A} A /\ [v(y) = [y € u]]A] )
z€dom(u) yedom(v)

Remark. Notice that if A happens to be a Boolean algebra, then a Ab=a A b
and @ = b = a — b for all a,b € A. Our definition of V) is therefore a
generalization of the Boolean-valued case.

Theorem 8.3.3. V) is q twist-valued model.
Proof. We will show that for all u,v,w € V),
i Ju=u] = 1;
il. u(z) < [z € u] for all z € dom(u);

iii. fu=v] = [v=u];
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iv. [u=v]AJu=w]=<[v=u];
v. [u=v]Afuew] < [vew];
vi. fu=v] A Jw e u] X [w e v];
vil. Ju=v] A [u ¢ w] < [v ¢ w];
viil. Ju=v] A Jw ¢ u] < [w ¢ v];
ix. fu=v]Au#uw] = [v#uw].

i. Let u € V(A and assume that [z = 2] ~ 1 for all 2 € dom(u). Then

[eul= \/ [u(y)A![z=0y]]

yedom(u)
> u(z) Az = 2]

= u(x).

So
u(z) < [z € u],

and therefore

[u=u] = /\ [u(z) = [z € u]]

redom(u)

~

ii. We have

z€dom(u)
So (u(z) = [z € u]) = 1 for all x € dom(u).
iii. This holds by symmetry.

iv. Fix u € V. We take as our induction hypothesis that for all z €
dom(u) and all v,w € VA,

[z =v]AJz=w] =2 [v=1u].

Let v,w € V(A and = € dom(u), y € dom(v) and z € dom(w). We have

[u=vlrov@) < AN [o@)=lyeu] Avy)

yEdom(v)
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=y €],

and similarly
[u=w] Au(z) X [z € w].

This gives
[u=wlA[u=v]Av(y) 2 [u=w]Afy € u]

Vo [lu=w]Au@) Ay =2]]

xzedom(u)

\/ [z € w] Ay = =]].

xedom(u)

Q

A

By the induction hypothesis, we have

euwlay=21~ \ [wE)Ale=z1rly=2]]

z€dom(w)

<V [wEAly==]]

z€dom(w)
~ [y ew]

We have
[u=v]Afu=w]Av(y) 2 [y € w],

and therefore
[u=v]AJu=w] =2v(y) = [y € w].

A similar argument gives
[u=v]AJu=w] 2w(z)—=[zev].
We are now halfway there! We still need to show that
[u=v[Afu=w] =]y ¢ w] = ~v(y)

and
[u=v]AJu=w] <[z ¢v] = ~w(z).

We only prove the former as the latter will follow by a similar argument.

By the induction hypothesis we have

and therefore

(8.1)

(8.2)



Taking the infimum over z now gives

[z =y A [y ¢ w] <[z ¢ w].

Now,

[x=9y] Ay & w]AJu=w] <[z ¢w]A /\ [z ¢ w] — ~u(z)]

redom(u)
= ~u(z),

and therefore

[u=wl Ay ¢ w] <[z =y] = ~u(z).
Taking the infimum over z gives

[u=wlAly ¢ w] =[y¢u]

We have
=v] Ay ¢l
¢ u] = ~v(y)] Ay ¢ u]
).

This establishes (8.3), and a similar argument gives (8.4). Taking (8.1)—(8.4)
together gives

[u=v]AJu=w] Ay ¢ w] < [u
= ly
=

<

N’U(

[u=v]AJu=w] = [v=uw]

v. Let z € dom(w). By iv., we have

[u=v] Afu=z2] Aw(z) = [u=v] AJu=2z] Aw(z)
< [v=z]Aw(z
~ v =z] Aw(z).

By taking the supremum over z, we get

[u=v]Auew] =[vew].

vi. Let x € dom(u). By the definition of [u = v], we have
[u=v] Au(z) < [z € v].
This taken together with v. gives

[u=v] Au(z) ANMw=2z] < [z € v] Alw = 2]
~ [z € v] A Jw = 2]
= [w € v].
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By taking the supremum over z, we get

[u=v]AJw e u] < [we ]

vii. For all z € dom(w), we have

and therefore

Thus

viii. Fix y € dom(v). By vii, we have

[wgu] AMw=y] <[y ¢ul,

and therefore

[u=v[Afw¢u] Aw =yl 2 [u=2]A[y¢d]

= A (Y ¢ud = ~o@)] Ay ¢l

y’€dom(v)

~v(y).

A

This gives
[u=vlA[wé¢u] 2 [w=y] = ~v(y).

By taking the infimum over y, we get

[u=v]AJwé¢u] <[wév].

ix. Fix « € dom(u). We have
[u=v]Au(z) Az ¢ w] <[z ev] Az ¢w]

~ V(e =yl Aow)] Ale ¢l

yedom(v)



and therefore

[u=uln N [u@nrlzg¢u]] =\ [o@) Ay ¢w]].

xz€dom(u) yedom(v)

Now notice that

[uzwl~ \ [u@)Alygellv \  [wi) ALz ¢

yedom(u) z€dom(w)

and

#wl~ \/ [walg¢ullv \  [wi)Alzg].

yedom(v) z€dom(w)

Taking this together with the above gives

[u=v] Afuzw] = v #w].
O

Proposition 8.3.4. For every formula ¢(x) and u € VY, the following holds:
i. 3z € up(@)] = Vaedomw) [u(@) A l(@)]]
ii. [Ve € up(@)] = Asedomuy [u(@) = lo(2)]]

iii. [Vr(p(@) = 2 ¢ u)l = Asedomu) [l(@)] = ~u(z)]

w. [Vz(z € u= p(z))] = Necdom(w) [u(z) = [p()]].
Proof. i. We have

Bz eup(@)]= \/ [lveu]Ale@)]

veV (A

— \/ [ \/ (u(@) AMv = 2]) A [e(v)]]

veV (A zedom(u)

=V V [ Al=q])Ale@)]]

veV (A) zedom(u)

=V V [u@A(=aAlew)])]

veV (A) zedom(u)

=V k@nr V (=2]rle@)])]

zE€dom(u) veV (A
=V [u@) A Le@]].
xzedom(u)
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ii. We have

A @ =@l = A |u@ > A (o=l o]

z€dom(u) z€dom(u) veV (A)

A N\ [u@) Az = 0] = [e@)]

zedom(u) veV (A

A A ul@) ALz =] = [p@)]

veV (A zedom(u)

AV [w@nrle =] = lew)]]

veV(A)  zedom(u)

A v eu] = [p)]]
veV (A)
= [Vz € up(z)]

ili. We have

A lle@l=~u@]= A [V (eI =] > ~u@)]

ze€dom(u) zedom(u) veVA)

= A A [T A e =vl] - ~u)]

z€dom(u) veV (A)

A A el = [l =] > ~ul)]

ze€dom(u) veV (A

A A [l = (e =21 - ~u)]

veV (A zedom(u)

A [le@l= A lo =] ~u@)]

veV (A zedom(u)
= N lp@] = [v ¢ ul]
veV (A

= [Vz(p(z) = z ¢ u)].
ix. follows from ii. and iii. O

8.4 Models of subalgebras

In this section, we will see that if A’ is a complete subalgebra of A, then V(4)
can be regarded as a submodel of V(4.

Recall that the formulas 2 € ', x € y* and € rim(y) are abbreviations
for I(z € y), 2z € y) and Y(z € y) V ?(z € y), respectively. We note that if
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f:A— Ais a function and v € V| then f o is an element of VA with
the same domain as u. We will write !u instead of ! o 4 and so forth.

Lemma 8.4.1. For all u,v € VA,

[u € v'] =[u € v],

[u € v’]
[u € rim(v)]

[u € ], and
[u € (lvVv7v)].

Proof. We have

[u€v']=[(uew)]

=[u € v]
=1( Vo) AM=y]])
yedom(v)
=V [o@Au=yl]
yEdom(v)
= [u € W].

So [u € v'] = [u € W], and similarly [u € v*] = [u € ?v]. The third point easily
follows. 0

In the following theorem, we are using Definition for Ag and X;-
formulas.

Theorem 8.4.2. Let A’ be a complete subalgebra of A and uy,...,u, € A'. If
o(x1, ...y ) is a Ag-formula, then

[o(ur, ooy un) ]2 = [p(tn, ooy un)]A,
and if p(x1,...,x,) is a X1-formula, then
H@(ulv "'7uﬂ)]]A < [[90(71’13 "'aun)ﬂA'
Proof. First we show that for all u,v € A,
[uev]* = [uev]” and [u=0v]?* = Ju=o]"

We fix v € V) and take as our induction hypothesis that for all y € dom(v)
and all u € VA,

[y € ul* = [y € u]*,
[uey]? =[uey]t and
[u=y1* = [u=y]*.
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Now, for all u € V(A/)7

e =\ vl)Allu=y]*

yedom(v)
=V v@)Au=y]!
yEdom(v)
= [u e o]A
and
[u= v]]A, = /\ [u(z) = [z € v]]A/] A /\ [v(y) = [y € u]]A/]
z€dom(u) yEdom(v)
= /\ [u(z) = [z € v]]A] A /\ [v(y) = [y € u]]A]
z€dom(u) yedom(v)

= [u = o]*.

The proof now proceeds by an induction on the complexity of p(z1, ..., zy).
We already have the base case. For the induction step we will only show that if
Y(z) is a formula with parameters from V4" such that [¢(2)]* < [¢(x)]* for
all x € V(A/), then

Brv@)]* < Bry@)]*,
[Fz € m/)(x)]]A/ < [3z € up(z)]*, and
[Fz € rlm(u)w(x)]]A/ < [Bz € rim(u)y(x)]A

for all u € V(A). We have

Bav@)]* = \/ @)

zeV(A)
< \/ [vo(2)]A
zeV (A"
< \/ [vo(2)]4
eV (A
= [Fzy(2)]*
and
B cup@]* =\ [ul@) A (@)]4]
z€dom(u)
< Vo [u@) A R@)]]
ze€dom(u)

72



Finally, we note that ('uV ?u) € VA), and therefore

)
< [Fz € (luV Tu)y(z)]

[Bz € rim(u)y(z)]A = [Bz € (lu Vv 2u)y(2)]*
z)]A
< [Bz € rim(u)y(x)]A.

8.5 The BZF axioms in V)

In this section, we show that the PZF axioms are true in V) and that V(4
is a model of BZF iff A is the full twist structure over B. We will postpone the
proof that V(A satisfies the axiom of choice to a later section.

Theorem 8.5.1. The azioms of PZF are true in V.

Proof. Extensionality: Let u,v € V). We have

Ve(zeueszev)])=Ve(zcu=zev)|A[Vy(ly ev=y € u)

= A [w@)=lzedln A [vy) = lyeu]

zedom(u) yedom(v)

= [u = v].

Hence
[u=vevVr(reuszev)]~1.

Seperation: Fix a u € V) and let ¢(x) be a formula with parameters from
VA, We define v € VA by letting dom(v) := dom(u) and

v(z) :=u(x) A fe(z)]
for € dom(u). For all w € VA,

el nle]= \  [u@) Allz=2]] Ale(2)]

xedom(u)

= \/ [u(z) A [p(2)] Az = 2]]

xedom(u)

= V@A lp@] Az =]

x€dom(u)
= [z € v].

Classical supersets: Fix u € VA Notice that the sentence
VyVz[z € y = (x € y) V ?(x € y)] is provable in BS4, so

VA ep, Velz e u = Wz € u) V(2 € u).
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We let v :=lu V 2u and get [z € v] = [z € rim(u)] for all z € VA Tt follows
that
VA e Cl(v) ANu C .

Replacement: We will show that V(4 validates the schema
Yul[Ve € udyp(z,y) — Ve € udy € vo(z,y)],

and leave it as an exercise to show that this implies the axiom schema of
replacement.

Fix u € VA and let ¢(z,y) be a formula with parameters from V). For
each = € dom(u), the definable class D, := {[p(z,9)] : y € VIM} is a subset of
A and is therefore a set. For all a € D,, there is a y € VA such that

a = [¢(x,y)]. There is therefore an ordinal «, such that for all a € D, there

(A)

isaye VY with a = [e(z,y)]. In particular, this means that

V e@pl= \ eyl

yeV (A yEVo(lA)

Taking o := [J{aw : ¢ € dom(u)} we get that for all z € dom(u),

V le@vl= "\ [eyl

yeV (A yev

We define v € VA by letting dom(v) := VA and v(y):=1forall y € v,
Now,

Ve € udyp(zp)]= A [u@) —» \/ [e )]

xzedom(u) yeV (A)

= A @)= V eyl

zE€dom(u) yGVC,EA)

= /\ [u(x) — \/ v(y) A [[90(96,1/)]]}
zedom(u) yEdom(v)

= [Va € u3y € vo(z,y)]

< [FoVz € udy € vp(z, y)].

Union: Fix u € VA, We define v € VA by letting
dom(v) == U, cgom(u) dom(y) and v(z) := 1 for all € dom(v). Then
Vz[Fy(z € y Ay € u) = z € v]] = [Vy € uVz € y(z € v)]

= AN N [ Ay@) = [ze]

yedom(u) x€dom(y)

> A N [uw) Ay@) = o@)]]

yedom(u) x€dom(y)
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=1

We have
VA p, Vudovz[Fy(z e y Ay € u) — x € ).

Using the axioms of classical supersets, replacement and seperation, we get
VA e, “U{rlm(:z:) cx € rlm(u)} is a set for all u.”
Finally, separation gives
VA r, YudoVz(z € v & Jy € u(z € y)).
Pairing: For u,v € VA we let w := {u,v} x {1}. Clearly,
[ucewAvew] =1
Classical power set: We will show that
VA e, VuFoVz[z Cu — x € v),

and leave it as an exercise to show that this implies the axiom of classical
power set.

Fix u € V. We define v € VA by letting
dom(v) := {z € VA : dom(z) = dom(u)} and v(z) := 1 for = € dom(v).
Let 2 € V. Our goal is to show that

[z Cu] <[z e€v].
We let ' € VA be given by dom(z') := dom(u) and z'(y) := [y € ] for all
y € dom(u). We easily see that
[+ €v]=1and [2' Cz] = 1.
We also have

[yeunyea]= \/ [[y = z]&u(2)] A [y € ]

z€dom(u)

\V [y=z1Au@)]Alyea]

z€dom(u)

V [My=z]Alyeal

ze€dom(u)

\/ My =z] N[z € a]]
z€dom(u)
[y € 2]

IN

and therefore
[unz Ca']~1.

(6]



Finally,

[*r Cu] X [z =2"] A2 €]

=
= [z € v].

Foundation: Let ¢(z) be a formula with parameters from V(4 and put

a:= [Va[vy € rim(z)p(y) — (2)]].
We want to show that
a = [e(z)]
for all z € VA, Fix x and assume that a < [¢(y)] for all y € dom(x). Then

az N\ el

yedom(x)

A [Cz@y) v 22(y) = [ew)]]

yedom(x)
[Vy € rim(z)o(y)]-

IN

We also have
a < [vy € rim(z)p(y)] — [e(@)]
by the definition of a. Hence

a = [p(2)].

Infinity: Note that the sentence Ju[l) € u AVz € uy € u(z € y)] is a
Y1-formula. Since B is a complete subalgebra of A and
VB Er, Ju[d € u AVz € udy € u(z € y)], we get

VA Er, b € uA Yz € udy € u(z € y)).

Now that we have seen that the PZF axioms hold in V() the question

becomes: what about the BZF axioms? In other words, when does the ACIA

hold in V? Clearly, we cannot expect it to hold for every twist structure
since it fails in VB). On the other hand, it should be just as clear that if A is
the full twist structure over B, then the ACIA is true in V). The following
theorem tells us that the ACIA holds in V) just in the case that A is the full
twist structure over B.

Theorem 8.5.2. VA Er,, ACIA iff A = B>,

Proof. We only show that V(A Ep,, ACIA implies A = B™.
Assume that VA Ep., ACIA, and let

=3z, y[Com(y) Nz € y ANz ¢ y] and
Y :=Va,y[Conly) = (x €y Ve ¢y
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It is then straightforward to show BZF Fpgq ¢ A~p and BZF Fpgy (Vv ~)).
It follows that [¢]* = b and [p]* = n, and therefore b,n € A.
Now, for all (z,y) € B x B,

x,1) vV (0,y)
z,—x) Ab]V [(=y,y) An]

(z,y) = (
=
cA.

Hence A = B™. O

8.6 Standard elements and the ordinals in V)

Definition 8.6.1. For each z € V, we let

& :={(g, 1)}
The elements of the form & are called the standard elements of V.

It can be shown (see [4, Theorem 1.23]) that the map = — & is an injection
from V into V(?) and for each formula ¢(x1, ..., z,) and all ay, ..., a,,

olay, ..., an) iff 1748 Erw @@, ..., an).

It follows that = — Z is an injection from V to V() and that for all z,y € V,
both [# € §]* and [# = §]* are elements of the Boolean algebra 2.

Proposition 8.6.2. For allz € V and u e VA,

[[ueﬁc]]:\/![u:g]].

yex

Proof. We have

[uei]=\/2@) A'u=7]

yex

= \/ Nu = 9].

yex
O

The following proposition tells us that the class {& : a € Ord} € V®
represents the class of ordinals in V) in a natural way.

Proposition 8.6.3. For all u € VA,

[u € Ord] = \/ Nu = 4a].

acOrd

7



Proof. We have

V Mu=a]= \/ [a€Ord Al[u=d]

acOrd acOrd
< \/ [u € Ord]

acOrd
= [u € Ord].

For each = € dom(u), we let

D, :={B € Ord: [ = z] #0}.

Let us for a moment fix some = € dom(u). We define a function f: D, — A by
letting

fB) =18 =4l

I claim that f is an injection: Suppose that 81, 82 € D, such that f(81) = f(52).
Then

0 #1[61 = 2]
=118 = 2] A![Ba = 2]
<I[B1 = f]
= [[Bl = 32]]

Since ﬂBl = Bg]] € {0,1}, we can conclude that 81 = f2. We have shown that
f: Dy — Ais an injection, so D, is a set for all z € dom(u).

We let § be an ordinal not in U, gom(u) Dz: and see that [ =] =0 for
all z € dom(u). Hence

[6 €u] = v [u(z) A[B = 2]] = 0.

zE€dom(u)
It is easy to check that

PZF bpsaVr,y(x € OrdANy € Ord =z e y) Vi(x =y)VI(y € ).

Thus
[ue Ord] <'[uecB]V![u=23]V![Seu]
=[u= BV ![u= 7]
= \/ u e &) V! u=F]
a€gp
< \/ u = 4].
a€Ord
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Proposition 8.6.4. If p(z) is formula, then

[Ba€Ord ()] = \/ ()], and

a€eOrd

[Vo € Ord p(@)] = A [p(@)].

acOrd

Proof. We have

[Ba € Ord p(a)] = \/ [[u € Ord] A [p(uw)]]

ueV A

V'V [u=daAlew]]

ueV (A aeOrd

\/ Bule(w) Alu=a))]

acOrd

I
<
—
S

>

The proof of the second equality is similar. O

8.7 Hereditarily classical sets in V4

In Section we saw that if A’ is a complete subalgebra of A, then V)
can be regarded as a submodel of V(4. In particular, this tells us that we can
regard VB as a submodel of V(4. The following theorem tells us that V(5
represents HCI in V() in natural way.

Theorem 8.7.1. For allu € VA,

[uc HCIJA = \/ u = o] A
veV(B)
Proof. We let ®(«) be the property
[ue HCI A = \/ u = v]A

UGV‘éB)

and show by induction that ®(«) for all & € Ord.
For ®(0), we have

[u€ HOJA =0 = \/ u = v]A.
veV®

Let A be a limit ordinal such that such that ®(«) for all « € A. Since the
statement “r is a limit ordinal” is Ag, we get

[u€ HCI;] = [3a € A(u € HCI,)]
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= \/[u€ HCl]

aEX

= \/ \/ Nu =]
Q€N yey(B)

= \/ Nu = v].
vGV(iB)

We now let o € Ord such that ®(a) and wish to show that ®(a + 1). We

define w € Va(i)l by letting dom(w) := V(X(B) and for all v € Va(B),

w(v) = v € u]A.

We note that the formula z € Ord Ay € Ord Ny =z +11is Ag and PZF Fpgy
Va(Cl(z) = x = 2'). This gives

[[u S HCZQ/H]] = [[u S HCZ@_H]]

and
[Cl(w)] < [u=u'].
Now,
[u € HCls1] = [Cl(u) Au C HCl4]
<[u=u']AuC HCl4]
= [[u — ’U,!]] A /\ [u(l‘) = [[.Z‘ S HCl@]H

zE€dom(u)

=[u=1u']A /\ {u(w) = \/ e = v]]}
z€dom(u) eV, B

=[u' Cul AJuCu']A /\ [u(a:):> \/ ![[a::v]]}

sedom(u) e (®

= [u' Cu] A /\ [u(m):> \/ [![meu]]A![[x:vﬂ]]
xzedom(u) eV, B

=[u' Cu] A /\ {u(x):> \/ [![[UEU]]/\![[JU:U}]H
z€dom(u) UEVOEB)

= [u' Cu] AJu C w]

= /\ [Nveu] = veu]] AluCuw]
veV (A)

< /\ [Mveu] =[veu]] AluCu]
veV®

= [u = w].
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Since PZF Fpg4 CI(HClg) for all 8 € Ord, we also get

|Iu S Hcld+1]] = '[[u € HCZ&+1]]

<MNu=w].
Thus
[ue HClspa] < \/ [u=1].
vEV(Sf_)l

For the reverse inequality, we note that for all v € Va(i)l,

[ve HCls 1] = [Cl(v)] A Jv € HCI4]

= [v C HCl4]

= A [pw= V=]
yEdom(v) v eViB)

=1

and

fu=v] =u=v]AJwe HClst1]
< [u € HCld+1]].
We conclude that

\/ Nu=2v] < [ue€ HClagt1]-

vev®

Proposition 8.7.2. If p(x) is formula, then

[Fu € HCI o(u)]* = \/ [e(w)]?, and
ucV (B)

[Vue HOL o()]* = N [p(w)]*.
u€V (B)

Proof. Similar to the proof of Proposition [8.6.4

8.8 The axiom of choice holds in V)

The work done in the previous section will help to give a relatively simple proof
that the axiom of choice holds in V). But first, we need one more result of

PZF.

Lemma 8.8.1 (In PZF). If every hereditarily classical set of non-empty sets

has a choice function, then the axiom of choice is true.
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Proof. We will show that for each classical set a, there is a hereditarily classical
set b and a bijection from a to b. The result will then follow by Proposition

EI133
Just as in the proof of Theorem[6.4.4] we can define a function p: V' — HCI
by letting
! ?
() = (plz'], plz’])

for all z € V. By a simple induction on the rank of sets, we see that that u is
an injection. It follows that if a is classical set, then ufa is a bijection from a
to pla] € HCI. O

Theorem 8.8.2. The aziom of choice is true in V.

Proof. We let ¢(x) be the formula
Vyexdz(zey) = Af:x— V)Vy € z(f(y) € y).
By the previous lemma, it suffices to show
VA Ery, Yu € HCL p(u).

Notice that the formula Yy € 3z(z € y) is Ao, and the formula 3(f : z —
V)VWy € z(f(y) €y) is 1. So [e(u)]B < [o(u)]A for all u € VB, Now,

Vue HCLpu)]* = N\ [p(u)]*

ueV B

A Te]®

ueV(B)

[vup(u)]®
=1

v
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Conclusion

In this thesis, we developed a set theory that is able to represent both incon-
sistent and incomplete information in an intuitive way. We reformulated the
familiar ZFC axioms in the four-valued paradefinite logic BS4 to obtain the
theory PZFC. We then added the powerful anti-classically axiom to get the
theory BZFC, which allows us represent both inconsistent and incomplete in-
formation by using inconsistent and incomplete sets.

We provided a T/F-model W of BZFC starting from the classical ZFC
axioms, and showed that a sentence is a theorem of BZFC' if and only if it
holds in W. On the other hand, starting from the PZFC axioms, we provided
the class HCI of hereditarily classical sets, which interprets the classical ZFC
axioms, and showed that sentence is a theorem of ZFC' if and only if it holds
in HCI. These two results allow us to translate back and forth between the
theories ZFC and BZFC.

As an application of BZFC, we used non-classical sets to give natural se-
mantics for B.S4.

Finally, we generalized the construction of Boolean-valued models for ZFC
to obtain algebra-valued models of the theories PZFC and BZFC.
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Appendix A

Ordered Pairs

We work in PZF throughot this appendix. Our aim is to show that for all
u, v,z and w,
(u,v) = (z,w) Su=2zAv=uw.

Definition A.0.1. We say that an operation ¢(x,y) is an injective operation
if
Vo, 2 ylo(z, y) Al y) = Wz =2')].

Our strategy will be to show tha show that if §; and F2 are injective oper-
ations such that F1[V]NF2[V] = 0, then defining (u,v) as F1[u] U Fa[v] satisfies
our requirement.

Lemma A.0.2. If § is an injective operation, then for all u and v
u=v < Fu| =F].

Proof. First note that § being injective implies that for all x,
z€us §(x) e Flu

and

z €v & F(z) € Fv].
That § is injective also implies
Slu] = Slv] = Vz(3(2) € §[u] & F(2) € F[v]).
We now have

u=veVr(reusxev)
< Va(F(z) € Flu] & F(x) € Fv)
< Flu] = Fv].
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Lemma A.0.3. If§1 and Fo are definable injective operations such that F1[V]N
F2[V] =0, then for all u, v, z and w,

F1lu] UFalv] = F1[z] UFelw] & u=2Av=w.

Proof. If u = z and v = w, then, clearly, §1[u] UF2[v] = F1[2] U F2[w].
If §1fu] UF2lv] = F1[z] U F2[w], then

Filu] = 1 [V]N (F1[u] US2[v])
=51V N (§1[z] U Fa[w])
= F1[z]-

So u = z, and similarly v = w.
Now, suppose that §1[u] U F2[v] # F1[z] U F2[w]. We can then also assume,
w.l.o.g., that

Fy(y € Salul Ay & Szl Ay ¢ Falw]).

It follows that
Jx(zeuns ¢ zNe ¢ w),

and therefore u # z.
Finally, suppose that u # z or v # w. We will assume, w.l.o.g., that

x(zeuns ¢ z).

Then
F2(F1(2) € Fi[u] AF1(x) € 31[2]).

Using that §1[u] N F2[w] = 0, we get

Fz(x € F1lu] UF2[v] Az ¢ F1[z] U Fa[w]).

Proposition A.0.4. For all u,v,z and w,
(u,v) = (z,w) Su=2zANv=uw.

Proof. We let F1(z) := {{z}} and F2(z) := {{z},0} and apply Lemma
O
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