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Abstract

This thesis is a study of minimal mathematics, i.e., mathematics on the basis
of minimal logic. We will explore different methods of working in mathematical
systems that are based on minimal logic. Special emphasis will be given to
finding out which results of and about intuitionistic mathematics still hold in the
context of minimal logic, and where the differences lie compared to intuitionistic
mathematics.
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Chapter 1

Introduction

Intuitionistic mathematics, as proposed by L.E.J. Brouwer, has been studied formally
on the basis of intuitionistic logic, that was developed in 1930 by Brouwer’s student
Arend Heyting. His logic results from removing the law of excluded middle from
classical logic. However, intuitionistic logic still contains the ex falso principle (also
called principle of explosion in the paraconsistent tradition) stating that any state-
ment follows from a contradiction. Starting with Brouwer himself and Kolmogorov,!
objections have been raised that this principle is unintuitive, or even non-constructive.
By removing the ex falso principle from intuitionistic logic, one obtains the system
of minimal logic as introduced by Ingebrigt Johansson in 1937.

In this thesis, we are going to study minimal mathematics, i.e., mathematics on
the basis of minimal logic. Other people have gone in a different direction and sug-
gest studying relevance logic. Mark van Atten remarks that relevance logic may be
closest to Brouwer’s attitude (see [Att09]), but we like to stay close to the established
formal systems. Another direction to consider is Griss’ negationless mathematics (see
[Gri44]), since without negation one has of course no contradictions. However, Griss
rejects hypothetical reasoning which we do not want to do. Moreover, we think—in
line with Brouwer (see [Bro48])—that negations give rise to intuitionistically inter-
esting distinctions.

With these thoughts in mind, we choose to consider well-known formal systems
but weaken the underlying logic from intuitionistic to minimal logic. A further dif-
ficulty of studying minimal mathematics is that there is no doctrine like the one of
intuitionistic mathematics that we can follow. This leaves us with different options
when deciding how to approach this subject. We will compare the following three
approaches in this thesis:

First of all, we should point out that the falsum f of minimal logic is—compared
to the falsum 1 of intuitionistic logic—meaningless, i.e., f behaves like an arbitrary
propositional variable, whereas 1 implies every formula due to the ex falso principle.
This gives rise to a very radical approach to minimal mathematics, in the sense that we
subscribe to minimal logic with a meaningless falsum as a basis for our investigations.

'In [Dal04], Dirk van Dalen explains that Kolmogorov rejected the ex falso principle as he argued
that it “does not have and cannot have any intuitive foundation since it asserts something about the
consequence of something impossible”. In this same article, van Dalen explains that Brouwer had
objections similar to Kolmogorov’s. See also Mark van Atten’s discussion in [Att09].
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We will see that the deductive structure of minimal logic then automatically gives a
light, concrete meaning to falsum: —A A == A for an arbitrary A.

The second, and again somewhat radical approach is trying to find an absurdity
that naturally gives rise to the ex falso principle, i.e., providing a sentence that
implies every formula over minimal logic. By proving that a certain formula has this
property over minimal logic, we show that it is a concrete absurdity satisfying the
ex falso principle. Interpreting falsum as this sentence justifies intuitionistic logic,
and we can reason as we are used to in intuitionistic mathematics. We are interested
in the circumstances for the existence of such a sentence. A perfect candidate for
such a sentence should express mathematical content in an attractive manner as, for
example, the sentence 0 = 1 does in the context of Heyting arithmetic HA. This
example also illustrates why this option is considered appealing to mathematicians
working in intuitionistic formal systems.

A third and less radical approach is to interpret the falsum f of minimal logic by a
sentence that we construe as a natural absurdity, i.e., a statement that we claim to be
naturally false in the context of the theory at hand. This sentence then conveys more
information than the meaningless falsum we use in the first approach, and therefore,
possibly allows us to draw more conclusions. As there may be different choices for
the absurdity, there may also be different minimal systems, each arising from one of
these absurdities.

Let us now discuss how negation is interpreted by intuitionistic mathematicians,
and how the ex falso principle is treated. Of course, everything starts with Brouwer,
who says:

The falling apart of moments of life into qualitatively different parts, to be
reunited only while remaining separated by time as the fundamental phe-
nomenon of the human intellect, passing by abstracting from its emotional
content into the fundamental phenomenon of mathematical thinking, the
intuition of bare two-oneness. This intuition of two-oneness, the basal
intuition of mathematics, creates not only the numbers one and two, but
also all finite ordinal numbers, inasmuch as one of the elements of two-
oneness may be thought of as a new two-oneness, which process may be
repeated indefinitely... ([Brol2, pp. 85-86]).

We can draw two insights from Brouwer’s thought. Firstly, one may conclude that
mathematics can work with unending totalities, such as the natural numbers. More
pertinently for our purposes, however, is the conclusion that the numbers 1 and 2 are
created by two moments falling apart into qualitatively different parts.2 Therefore, we
may construe 1 = 2 as a fundamental absurdity claiming the equality of two different
parts.

Indeed, Heyting interpreted contradictions in the following way:

I think that contradiction must be taken as a primitive notion. It seems
very difficult to reduce it to simpler notions, and it is always easy to
recognize a contradiction as such. In practically all cases it can be brought
into the form 1 = 2. ([Hey56, p. 102])

2The number 0 was only added later.



We think that absurdity is a better expression here than contradiction. A contra-
diction seems to refer to two sentences where often only one is needed. This yields
the following infinite regress: If proving a negation always involves proving a con-
tradiction, and a contradiction consists of a sentence A and a sentence —A, then it
always involves proving a negation. So ultimately, this has to end in obviously false
statements: absurdities.

In a similar manner, Michael Dummett remarks in his “Elements of Intuitionism”
that “[u]nsurprisingly, negation is definable in intuitionistic arithmetic by —=A «
(A—0=1)" ([DM77, p. 35]). Similarly, Anne Troelstra defines negation by stating
that “—A is proved by giving a proof of something like A — 1 = 0” ([Tro69, p. 5]).
In particular this latter interpretation of negation can be seen as similar to how we
address this issue in this thesis: we consider different negations that are “something
like” the usual absurdity 0 = 1.

Later in this thesis, we will observe that in arithmetic and analysis, 0 = 1 proves
all formulas in a minimal context (see chapter 5). Let us note here that this is a
purely technical result, it does not give 0 = 1 a special philosophical status. The fact
that we can derive all formulas from 0 = 1 in arithmetic and analysis, does not make
0 = 1 sacred. Possibly, there are many other formulas from which everything else is
derivable, of course always depending on the system we work in (see also chapter 7).
Note that, whenever 0 = 1 is used in this thesis, it can always equivalently be replaced
by 1 = 2 and conceptually this may be the right choice.

Roy T. Cook and Jon Cogburn criticise taking 0 = 1 for the definition of negation
on the basis of a philosophical argument.

[D]efining negation in terms of any false arithmetical formula results in the
most vicious sort of circularity—the sort that immediately destroys the
epistemic and/or logical clarity and security associated with intuitionism
by its defender. ([CCOO, p. 11])

They arrive at this conclusion via a model-theoretic argument where they show that
defining | as 0 = 1 yields a one-point model of arithmetic. Moreover, they claim, the
absurdity should be a statement that is in principle unprovable and not only, such
as 0 = 1, in the context of an axiom system. However, as van Atten also remarks in
[Att09, p. 134], the fact that defining negation in terms of 0 = 1 in, for instance, HA,
enables us to formally derive ex falso, does not depend on whether or not there exists
a proof of 0 = 1.

We would like to point out both worries of Cook and Cogburn are not relevant
in the case of minimal mathematics. It will be quite natural to work with models in
which f is at least partially true, i.e., models that are certainly not of the intended
form.> Moreover, the minimal falsum f does not at all possess the strong proof-
theoretic properties that the intuitionistic falsum 1 has. Therefore, their proof-
theoretic worries do not transfer to the minimal case.

Let us now take a brief look at the intuitionist’s justification of the ex falso prin-
ciple. That one can derive everything from an absurdity, was criticised by Brouwer
and only added later by Heyting for practical reasons. Heyting’s justification of the
ex falso rule shows similarities with the justification of material implication:

3By this we mean, for example, models of minimal arithmetic that have finite domains. In these
cases, of course, falsum f has to be forced highlighting the absurdity of our situation.
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Axiom X [i.e., ex falso quodlibet in the form —p — (p — ¢)] may not
seem intuitively clear. As a matter of fact, it adds to the precision of the
definition of implication. You remember that p — ¢ can be asserted if and
only if we possess a construction which, joined to the construction p, would
prove q. Now suppose that - —p, that is, we have deduced a contradiction
from the supposition that p were carried out. Then, in a sense, this can
be considered as a construction, which, joined to a proof of p (which
cannot exist) leads to a proof of ¢. I shall interpret the implication in
this wider sense [compared to the narrower sense in Johansson’s minimal
logic]. ([Hey56, p. 106])

Van Atten (see [Att09, pp. 132-133]) critically remarks that this justification
neither fits in Heyting’s own nor in Kolmogorov’s interpretation of intuitionistic logic
along constructions.

Of course, our discussion is also connected to relevance logic (also called relevant
logic), but distinct from it. Relevance logics were developed to avoid, among other
implicational paradoxes, the ex falso principle. However, many relevantists still accept
the law of double negation elimination (intuitionistically equivalent to the law of
excluded middle) to be valid. Furthermore, negative ex falso (i.e., the principle if
‘A’ and ‘not A’; then ‘not B’) is valid in minimal logic but not in relevance logic.
Neil Tennant, as a relevantist, developed his so-called core logic (see [Tenl7]), by
liberalising some of the deduction rules of intuitionistic logic. He concludes that
all intuitionistic mathematics can be done based on this system, thus, avoiding ex
falso. This work is distinct from our investigation, as we simply omit ex falso as a
rule and investigate different interpretations of negation, without altering the other
intuitionistic rules of inference.

Outline

In chapter 2, we will introduce the technical details needed for our analyses. Moreover,
we will show a first example of the shortcomings of minimal logic in intuitionistic
analysis.

Chapter 3 deals with the differences between minimal and intuitionistic proposi-
tional logic. We will restrict our language to different fragments and classify several
superminimal-subintuitionistic logics, i.e., logics of strength strictly between minimal
and intuitionistic propositional logic.

The preparation of a framework for our analysis is the central topic of chapter 4.
First of all, we will show how to interpret a theory in minimal and intuitionistic
contexts with different interpretations of negation. Moreover, we will observe several
properties of our general definitions.

In chapter 5, we will consider first-order arithmetic in a minimal context. In the
context of first-order arithmetic, we will mainly follow the first approach mentioned
above and explore minimal arithmetic with an uninterpreted falsum. This system of
minimal arithmetic is shown to be weaker than one would hope and to miss certain
essential properties. The second approach, interpreting f as 1 = 0, results in a
system which is essentially HA again. For the third approach, we will consider the
consequences of interpreting falsum differently, e.g., as 0 = 3.

4



Chapter 6 deals with second-order arithmetic. Here, we will follow the third
approach mentioned above and do an analysis with an interpretation of falsum as
0 = 1, noting that not all formulas are derivable from 0 = 1 in this system and that
in this case it is not the strongest possibility of interpreting falsum.

We will treat theories of equality and apartness in chapter 7. Despite our result
that in these theories there exists an absurdity that naturally satisfies the ex falso
principle, we will work here with an uninterpreted falsum because the system that
arises turns out to behave perfectly well. In particular, we will exhibit several con-
servativity results for the minimal case that have been obtained for the intuitionistic
case by van Dalen, Statman, Smorynski and others, and add one of our own.

Because of our finding that the obvious approach to minimal arithmetic leads to
an unpleasantly weak system, we have hardly forayed into analysis except for noting
that at least for the parts formalised by Kleene, the same holds as for HA: interpreting
f as 0 =1 leads in essence to the intuitionistic system.

We will close this thesis with a conclusion and directions for further research.

Note that the third chapter is not needed for reading chapters 4, 5, 6 and 7.
Chapters 5, 6 and 7 can be read independently of each other.






Chapter 2

Minimal Logic

In this chapter, we will give a technical introduction into minimal logic. We will
start with the syntax of minimal logic and give a proof calculus. Afterwards, Kripke
semantics for minimal logic will be introduced. Along the way, we will also introduce
the syntax and semantics of intuitionistic logic. We conclude this chapter with a
discussion of the ex falso principle in intuitionistic analysis.

2.1 Syntax and Derivation System

The language -Z(MPC) of minimal propositional logic consists of the logical connec-
tives A,V and —. Additionally, it has a countable set of propositional variables P
and an extra propositional variable f. The formulas of Z(MPC) are built recur-
sively in the usual way, where —p abbreviates p — f and where p <+ ¢ is short for
(p—aq)A(g—p)

The language £ (MQC) of minimal predicate logic consists of the logical connec-
tives A, V,—, 3 and V. Additionally, it has a countable set @) of n-ary predicate sym-
bols and n-ary function symbols for every n, together with an extra nullary predicate
symbol f, and individual constants. The formulas of £ (MPC) are built recursively
in the usual way, where, again, —A abbreviates A — f and A < B is short for
(A — B)A (B — A). An atomic formula is a formula without any logical connec-
tives. With this definition, f is an atomic formula. As usual, we refer to formulas
without free variables as sentences.

The languages Z(IPC) for intuitionistic propositional logic and £ (IQC) for intu-
itionistic predicate logic, are obtained from the languages .2 (MPC) and .2 (MQC) by
replacing f with the symbol L, denoting the intuitionistic falsum. Hence, in these
languages, —A is an abbreviation for A — 1. Note that we choose the two different
symbols f and | to emphasise their difference in meaning.

Given a language .2, we call any set of Z-sentences an Z-theory. When the
language is clear, we will just say theory.

We will now introduce minimal and intuitionistic logic by their Prawitz style
natural deduction system, following [TS00, Definition 2.1.1]. Minimal propositional
logic, MPC, is the theory generated by the following natural deduction system, i.e.,
by the following introduction and elimination rules:
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A B AsB A
ANB Vi B —F
AAB
a4 M ANB \p,
B
A
avp Vir B
Avp L
[A]" [B]"
[A]"
AV B C C ypn :
¢ B
A5 —I,n

Minimal predicate logic, MQC, is obtained by adding to the above rules the fol-
lowing inference rules:

Alz/y] _VzA
vea 7 Az P
[Alz/y]]™
Alx/t]
JrA eH T A C
z dE.n
& ,

Note that in VI, y cannot be free in A nor in any open assumption. In 3F, y can
neither be free in A, C or in any open assumption except [A[z/y]].

From the natural deduction systems of MPC and MQC we obtain the systems for
intuitionistic propositional logic, IPC, and intuitionistic predicate logic, IQC, respec-
tively, by adding the ex falso rule:

L

A

Note that the following is a derivation in minimal logic, where we use the —I-rule
without any assumptions:

_
A—f

Since we construe —A as an abbreviation for A — f, this observation shows that
the ex falso rule is valid in minimal logic for negated formulas. With this in mind,
we can easily derive the following equivalence in our derivation systems for minimal
propositional and minimal predicate logic:

formAN——A.
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Therefore, we can interpret falsum f as this particular kind of contradiction. This
contradiction is stable in the sense that the derivation holds for any formula A.

Definition 2.1.1. For alogic S € {MPC,IPC,MQC, IQC} we define I -5 A if and only
if the formula A is derivable from the set of assumptions I' in the natural deduction
system for S. We write kg A if A is derivable in the natural deduction system for S
from an empty set of assumptions. In that case, we call A a theorem of S.

An example of a helpful derivation in MQC, which will also be useful later on, is
proven in the following lemma.

Lemma 2.1.2. Fyqc (3zA(z) — B) <> Vz(A(z) — B).

Proof. We will prove this by giving derivations of the two implications in MQC:

[A@)]
JzA(z) [3xA(x) — B)?
L 1
A(t) - B

Vz(A(z) — B)
(3zA(z) — B) — Vz(A(x) — B)

The second implication can be derived as follows:

Vz(A(x) > B)P?
Alt) » B [A®)]*
B [FzA(z)]?
B
JzA(xz) — B
Va(A(x) = B) — (3zA(x) — B)

1

3

This finishes the proof of the lemma. O

So far, we have only defined and discussed pure logical systems. Later, we will
extend these definitions by adding non-logical axioms and rules and may then refer
to these extensions as formal systems, or just systems. For such an enriched system
S, we denote its language by Z(S).

A desirable property of a system S is the disjunction property.

Definition 2.1.3. A system S has the disjunction property if whenever -5 AV B for
some formulas A and B, then also s A or s B.

The disjunction property is a very distinctive property of intuitionistic logic. Clas-
sically, pV —p is an immediate counterexample. That also minimal propositional logic
has the disjunction property, was already proven by Johansson in [Joh37].

Moreover, Johansson already gave a translation of intuitionistic logic into minimal
logic, as was found in the Johansson-Heyting correspondence (see [Moll6] for an

9
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analysis of this correspondence). This translation is defined by induction on the
structure of the formula A as follows:

P =p
1= f
(AAB)M .= A" A BM
(Av B)M = AM v Bh
(A— B)M .= AM 5 (BM v f)
(Fz A = Fp AP
(VzA)" =Yz (A" v f)

The crucial property of this translation is proved in the following proposition.

Proposition 2.1.4. Figc A < Fuqc AM

Proof. The direction from right to left is clear, since Fiqc (AV_L) <+ A for all formulas
A. In order to prove the other direction, we have to check all the derivation rules.
The only interesting rules are —F and VFE, for which we use that minimal logic has
the disjunction property to conclude from Fyqc B V f and Fuqc AM[x/t] V f that
Fmqc B and Fyqc A" [z /t], because Fuqc f- O

2.2 Kripke Models and Completeness

In this section, we will introduce Kripke semantics for minimal logic. Let us start
with the semantics for propositional logic.

Definition 2.2.1 (Kripke Frames for MPC). A Kripke frame for MPC is a triple
F = (W,<, F), where W is a non-empty set of nodes, < a partial order on W and F
an upwards closed subset of W.

A Kripke model for MPC is a pair M = (F,V), where F is a Kripke frame for
MPC and V a waluation, mapping the set of propositional variables to the set of
upwards closed subsets of W.

The Kripke models for minimal predicate logic are defined as follows.

Definition 2.2.2 (Kripke Frames for MQC). A Kripke frame for MQC is a quadruple
F = (W,<,F, D), where W is a non-empty set of nodes, < a partial order on W, F
an upwards closed subset of W and D = {D,, | w € W} a non-empty set of domains
D, for every node w € W such that D,, C D, whenever w < v.

A Kripke model for MQC is a pair M = (F,V), where F is a Kripke frame
for MQC and V' a waluation, mapping the set of atomic sentences to the set of up-
ward closed subsets of W, such that for any atomic sentence P(dy,...,d,), we have
V(P(dy,...,d,)) C{w e W | dy,...,d, € Dy}.

We can now define the forcing relation on our Kripke models.

10
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Definition 2.2.3 (Forcing on Kripke Models). Given an MPC-Kripke model M =
(W, <,F,V),anode w € W and some formula A, we define the forcing relation w |- A
inductively as follows:

wlk f & w e F,

wlkAANB & wlk Aand wik B,

wl- AV B S wlkAorwlk B,

wlFA— B & forallv>w: ifvlk A, then v IF B,
wlkF—-A & forallv>w: ifvlk A, then v IF f.

For an MQC-Kripke model M = (W, <, F, D, V) we add the following clauses:

wlk P(dy,. .., dy) s we V(P(dy,. .. dy)),
w Ik JzA(z) < wl- A(d) for some d € D,,,
w IF Ve A(z) < forallv>w:vl- A(d) for all d € D,,.

The well-known Kripke semantics for intuitionistic logic can be obtained from ours
by replacing f with L and setting F' = (), i.e., the definition of the forcing relation is
modified in the sense that L is never forced at any node of any Kripke model. Due
to this observation, every Kripke model for intuitionistic logic is also a Kripke model
for minimal logic. The following soundness and completeness results hold.

Theorem 2.2.4 (see e.g. [Coll6]). MPC is sound and complete with respect to the
class of finite, rooted Kripke models for MPC.

Theorem 2.2.5. MQC is sound and complete with respect to the class of rooted
Kripke models for MQC.

By a positive formula, we denote a formula that does not contain negation, L
or f. By the positive fragment of a logic or system, we mean all positive formulas.
MPC and MQC can always be equated to the positive fragments of IPC and IQC,
respectively. That this is so, is clear from the fact that in minimal propositional and
in minimal predicate logic, falsum, f, behaves as an ordinary propositional variable
or nullary predicate.

Lemma 2.2.6 (see e.g. [JZ15]). For any formula A in the positive fragment of 1QC
we have:
Fmac A < Figc A

Finally, we say that a theory is a consistent theory if it has a model. Note that
the single-noded model forcing all propositional variables, including f, is a model of
MPC. Similarly, the single-noded model forcing all atomic formulas, including f, is a
model of MQC. Therefore, every theory over MPC or MQC will be consistent.

2.3 An Example of Ex Falso in Intuitionistic Analysis

In Kleene’s intuitionistic formal system of analysis, I, Church’s thesis that every
effectively computable number-theoretic function is general recursive, CT, can be
given by the following schema:

JaA(a) = Ja(GR(a) A A(a)),

11



2. MINIMAL LogGIc

in which GR(«) is a predicate expressing that « is general recursive, and A(«) contains
only « as a free function variable. We denote the instance of CT for the predicate A
by CT 4. In [MosT71], Joan Moschovakis proves the consistency of CT with a certain
extension of I, under the assumption that 3aA(«) is closed. Within this argument we
find a proof of the statement that the schema ——CT is equivalent in proof strength
in I to the statement Va——GR(«).

Moschovakis suggested to us that there is an essential use of ex falso in this proof.
We will reconstruct the proof in a more perspicuous way to uncover the minimal
invalidity of this statement.

Proposition 2.3.1. The following hold in the system 1:
(i) =—CT k1 Va——~GR(a);
(ii) Ya——GR(a) b1 == CT 4 for all predicates A.
Proof.
(i) From =—CT, we derive -~ (Fa—~GR(a) = Ja(GR(a) A\—-GR(a))). In I we have:

—=(Ja—~GR(a) = Ja(GR(a) A -GR(a))) — ———Ja—-GR(«x)
— —Ja-GR(a)
— Ya——GR(a)

These steps are all minimally valid as well.

(ii) Let us suppose Ya—~—GR(«), then we have in I:

JaA(a) — Ja(-—GR(«a)
— Ja(-—-GR(w)
— Ja-—(GR(«)
— —=Jda(GR(«)

Again, these steps are all minimally valid as well.

In intuitionistic logic, we have Fjpc (p — ——¢q) — ——(p — ¢), so we obtain
from our result above, JaA(a) - ——Ja(GR(a) A A(a)), the desired result:
——(FaA(a) = Ja(GR(a) A A(a)).! O

Note that the proof of (i) works for minimal logic. Regarding (ii), as we can see
in the model given below, the intuitionistically valid implication used to derive the
final result in the proof above is not minimally valid:

Fupc (p = ——q) = ——(p — q)

IWe note that Moschovakis seemingly made use of another intuitionistically valid propositional
implication to derive the final result, namely —(p — ¢q) — (—=—p A —q). However, this formula is
minimally equivalent to our (p — ——¢q) — ——(p — ¢).

12



2.3. An Example of Ex Falso in Intuitionistic Analysis

w1 ¢ p,f

wo e

Figure 2.1

Let us now confirm our intuition that the use of minimal logic is not sufficient for
the proof of the statement

—=(JaA(a) = Ja(GR(a) A A(a))) + Ya——GR(«a).

Consider the following countermodel with D,,, = 0 and D,,, = Dy, = {¢}, then wq
forces Va=—GR(«) but it does not force the left-hand-side of the equivalence.

w2 ¢« GR(t), A(t), f

Figure 2.2

Remark 2.3.2. This argument shows that (ii) cannot be proved in minimal logic,
but this does not mean that the full power of the ex falso principle is needed: In
Remark 3.3.8 in chapter 3, we will see that the principle (p — ——q) = =—=(p — q) is
a weakened form of ex falso. We have seen that this weakened version is sufficient to
prove Proposition 2.3.1. Moreover, we will show in chapter 5 that for some parts of
intuitionistic analysis the use of intuitionistic logic can be justified even on a minimal
base, namely, by interpreting falsum by 1 = 0.

Let us conclude this discussion by noting that this is an example of a situation
where it seems that the ex falso principle is needed, but actually, a weaker principle
is sufficient. Adding the principle (p — ——¢) — ——(p — ¢) to minimal logic results
in the logic SM1 that we are going to discuss in chapter 3.

13






Chapter 3

Differences between Minimal and
Intuitionistic Logic

In this chapter, we will investigate the purely logical differences between the proposi-
tional logics MPC and IPC. After discussing the fundamental differences, we explain
on which fragments the two logics either coincide or differ and we examine the latter.
Finally, we analyse the consequences of adding a minimally invalid formula as an
axiom to minimal logic, obtaining superminimal logics.

3.1 Fundamental Differences

The difference in the axiomatisations of minimal and intuitionistic propositional logic
is of course the ex falso principle, which can be stated as:

p— (—p—q).

Over MPC, the ex falso principle is equivalent to the following principle, called
disjunctive syllogism:
((pVa)A-p) = ¢
Hence, the disjunctive syllogism, an important tool of deduction in intuitionistic
logic, does not hold in minimal logic. We can see this in following simple counter-
model:

w1 e p,f

wo e

Figure 3.1

We have wi IF (pV ¢) A (p — f), but wy ¥ q. Hence wo ¥ ((pV q) A—p) — ¢. An
even simpler countermodel would be the single-noded model on which p and f are
forced.

We now turn to the following important observation:

15



3. DIFFERENCES BETWEEN MINIMAL AND INTUITIONISTIC LOGIC

Remark 3.1.1. In minimal logic, the principle of negative ex falso is valid:?

(p A =p) = g

This means that minimal logic still allows for some kind of ‘explosion’, as falsum
implies all negated formulas. The negative ex falso principle is equivalent to the
following special instance of the disjunctive syllogism:

((pV—=qg)A=p) = —q.

The following is a derivation of the above principle in minimal logic:

[pV —q)? 7 (4]
.

(pV—q) = (-p — —q)
((pV—=g)AN=p) = —q

2

In the remainder of this section, we will focus on finding intuitionistically valid
propositional formulas that are not minimally valid. We do so systematically by
examining different fragments of IPC and MPC.

Definition 3.1.2. Let L be either IPC or MPC, and let X be a subset of the logical
connectives of L. Then the [X]-fragment of L consists of all L-formulas ¢ such that
all logical connectives that appear in ¢ are among X. Given a natural number n, let
the [X]"-fragment of L consist of all formulas ¢ in the [X]-fragment such that the
variables that appear in ¢ are among {p1,...,pn}. The full fragment of L consists of
all L-formulas.

We call an [X]"-fragment of L locally finite if it contains only finitely many formu-
las up to equivalence over L. We call an [X]-fragment locally finite if [X]™ is locally
finite for every natural number n.

All fragments of IPC without disjunction are locally finite. This was proven first
for the [—]-fragment by Diego in [Die65].

Proposition 3.1.3. For every formula A in the [A,—|-fragment of IPC we have, if
Fipc A, then Fupc A.

Proof. Let A be any formula in the [A,—]-fragment of IPC and let A* denote the
formula obtained from A by replacing all instances of | by f. We will first prove by
induction on the structure of A that A" < A* where A — A" is the Johansson
translation defined above Proposition 2.1.4. For the base cases we have p™ = p and

LAlso the law of non-contradiction, —(p A —p), is minimally valid, which is often thought of as
the law stating that something cannot be both true and false. Nonetheless, minimal theories for sure
have models in which a statement is both true and false.
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3.1. Fundamental Differences

1" = f. The induction step for conjunction follows trivially from the induction
hypothesis, so the only case left to prove is the case for negation:

(mAM o (A= L)
o AN (LM f)
o AN = (FV f)
o AV f
A= f (by IH)
— A"

Now, if Fpc A, then by Proposition 2.1.4 we know that Fupc AM and thus, by our
previous conclusion, Fypc A*. Since A* is simply obtained from A by replacing L by
f, this means that MPCF A, which finishes the proof. O

Lemma 3.1.4. Fach formula in the [A,V,—]"-fragment of MPC is equivalent to a
disjunction of formulas in the [A, —]"-fragment of MPC.

Proof. By induction on the structure of the formula. The base cases are disjunction-
free and therefore trivial. We have two induction steps.

Let A= B AC, where B and C' are equivalent to disjunctions of formulas, \/, B;
and V/; Cj, in the [A, =|"-fragment of MPC. Then A is equivalent to \/; B; AV, Cj,
and over MPC we have:

\/Bin\/ G (BiA\/ CHV...v (Ban\ Cy)

S ((BINCY)V...V(BIAC))V ...V ((Ba ACL) V...V (By AChp))
< (BINCY)V ...V (BIACR)V ...V (B, AC1)V ...V (B, ANCpy)

Hence, A is over MPC equivalent to a disjunction of formulas in the [A, -]"-fragment.
Let A = =B, where B is equivalent to a disjunction of formulas, \/, B;, in the
[N, —]"-fragment of MPC. Then A is equivalent to —\/, B;, and over MPC we have:

=\/B; & =(B; V...V By)

(—)"Bl/\.../\_‘Bn

And again, A is over MPC equivalent to a disjunction of formulas in the [A,—]|™-

fragment. O

Proposition 3.1.5. For every formula A in the [A,V,—|-fragment of IPC we have,
if Fipc A, then bypc A.

Proof. Let A be any formula in the [A,V, —]-fragment of IPC and suppose Fipc A.
Then, by Lemma 3.1.4, we know that A is minimally equivalent to a disjunction
of formulas in the [A, —]-fragment, say Fmpc A < A1 V...V A,. Then also kipc
A+ A1 V...V A,. Since IPC has the disjunction property, we know that one of the
disjuncts, say A;, is derivable in IPC. Now, since 4, is a formula in the [A, =]-fragment
of IPC, we conclude using Proposition 3.1.3 that Fpypc A;, and thus, using VI, we
conclude Fppc A. O

17



3. DIFFERENCES BETWEEN MINIMAL AND INTUITIONISTIC LOGIC

So, all intuitionistically provable formulas in the fragments without implication
are also minimally provable. Together with Lemma 2.2.6 this yields that all intuition-
istically provable formulas in the fragments without either implication or negation,
are also minimally provable. In other words, minimal and intuitionistic logic are the
same on the fragments [A,V,—] and [A,V,—]. Note, however, that this does not
mean that all fragments of minimal logic without implication are isomorphic to some
positive fragment of intuitionistic logic. The minimal fragment [A, =2, for instance,
has 26 classes compared to the 23 classes of the intuitionistic fragment [A,—]2. This
difference between the fragments is due to the formulas: pA 1, gA L and pAgA L,
which are intuitionistically all equivalent to 1. In the next section, we will go into
the details of those fragments in which minimal and intuitionistic logic differ.

3.2 Different Fragments of Minimal Logic

Since falsum behaves in MPC like any other propositional variable, we can easily
derive the following conclusion.

Proposition 3.2.1. For X C {A,V}, the [X,—,|"-fragment of minimal proposi-
tional logic is isomorphic the [X, —]|"1-fragment of intuitionistic propositional logic.

Proof. We can rewrite the [X, —, —]"-fragment of MPC as [X, —, f]™. O

Before we go into the details of our investigation, we should make a note on the
methodology used. We work with computational methods and programs developed
for this purpose by Lex Hendriks and will restrict our attention to at most two
propositional variables. Hence, only an examination of the four fragments presented
in Table 3.1 below, will be of interest for our investigation. The table presents the
number of equivalence classes in the different fragments of the two logics.

Fragment Logic n=1 n=2
[—, ] IPC 6 518
MPC 14 25165802
A, =, ] IPC 6 2134
MPC 18 623662965552330
[V, =, IPC 00 00
MPC o0 00
AV, =1 IPC 00 00
MPC o0 00

Table 3.1: Number of equivalence classes.

Besides the limit on the number of propositional variables, we confine our search
by only considering formulas of the form A — B. This, first of all, for the following
reason: If ¥ypc AN B, then either ¥ypc A or Pmpe B. If Fype AV B, then both Fypc
A and Fypc B. Hence, if we find a formula of one of these forms that is minimally not
derivable, then already one of its subformulas is not. Therefore, implication seems
to be the most interesting building block when searching for minimally underivable
formulas. Another reason for this restriction is that it simplifies our search.
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3.2. Different Fragments of Minimal Logic

The [\, —, ]!-fragment of MPC

We will first define what diagrams and exact Kripke models of fragments of proposi-
tional logics are (for more details, see [Hen96]). The Lindenbaum-Tarski algebra, or
Lindenbaum algebra, of a fragment of a propositional logic is the algebra of equiva-
lence classes of all its formulas, ordered by inclusion. We will also refer to this algebra
as the diagram of a fragment. The truth set of a formula A in a model M is the set
of all nodes in M that force A.

Definition 3.2.2 (Exact Kripke model). An exact Kripke model? for a fragment of
propositional logic is a Kripke model M with the following two properties: Firstly,
for formulas A and B in the fragment, if A+ B, then the truth set of A is contained
in the truth set of B. Secondly, for any upwards closed set U of nodes in M there
exists a formula A in the fragment such that U is the truth set of A.

Only when the diagram of a fragment is a lattice, the fragment has an exact Kripke
model. In that case, the upwards closed sets of nodes in the exact Kripke model of
the fragment correspond to the nodes in the diagram. Below are given both the exact
Kripke models and the diagrams of the [A, —, =|'-fragments of the two logics. Note,
again, that the [A, —, =|'-fragment of MPC is isomorphic to the [A, —]?-fragment of
IPC.

1

p

[ J

p—p

Figure 3.2: Diagram and exact Kripke model of [A, —, —]*-fragment of IPC.

2A notion first introduced by de Bruijn in [Bru75].
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3. DIFFERENCES BETWEEN MINIMAL AND INTUITIONISTIC LOGIC

Figure 3.3: Diagram and exact Kripke model of [A, —, =] -fragment of MPC.

The formulas in the diagram of the [A, —, —=]!-fragment of MPC:

1L.pNSf 10. f —p

2.p 11. =—p

3. (=p) A (f = p) 12. (((=p) = p) = p) A==(f = p)
4. f 13. (f—=p)—0p

5. —p—p 14. —=p

6. ~—p—p 15. ==(f — p)

7. opA((f—=p)—=p) 16. (-pA(f—=p))—p

8. =~((f = p) = p) 17. (=p—p) = p

9. -(f = p) 18.p—p

Note that in both IPC and MPC, falsum is equivalent to the formula —(p — p).
Using the diagrams in Figure 3.2 and Figure 3.3, we can now determine all the
formulas of the form A — B in the [A, —, —]!-fragment of IPC that are valid in IPC,
yet not in MPC. By construction of the diagrams, we know that A — B is valid if the
node that denotes the equivalence class of A is connected to the node that denotes
the equivalence class of B, via a path that only goes downwards. When we do this
for the nodes in the diagram of the fragment for IPC we obtain the following three
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3.2. Different Fragments of Minimal Logic

implications that are not valid in MPC:

=(p—=p)—p 4 is not above 2
=(p—p) = (=—p—Dp) 4 is not above 6
—p = (==p = p) 14 is not above 6

These three formulas are minimally equivalent. Hence, we conclude that in the
[A, =, —]|}-fragment of IPC there is only one formula of the form A — B that is
intuitionistically but not minimally valid.?> Note that this formula is A-free, and
hence is already in the [, —]'-fragment.

The [A, —, ]*-fragment of MPC

The exact Kripke model of the [A, —, —]2-fragment of IPC is given below.

1 ¢ P4

[ ] [
6 7T 8 9 10 11 12 13 14 15

Figure 3.4: The exact Kripke model of the [A, —, =]?>-fragment of IPC.

This fragment contains 2134 equivalence classes and is therefore not as manageable
as the previous fragment. One solution for making our search more feasible would be
to only consider those intuitionistically valid formulas A — B for which the truth sets
of A and B in the exact model differ by one element. We can obtain these formulas
by taking a truth set corresponding to some formula A and adding an extra node to
it. In order for the formula to be minimally valid, it should be globally true in the
exact Kripke model of the [A, —, —]?>-fragment of MPC, given below. This fragment
contains more than 600 trillion equivalence classes.

3We will say more about this formula towards the end of this section, see Table 3.2.
4This result was computed first by de Bruijn, who discovered the exact model of the [A, —]3-
fragment of IPC, with 61 nodes.
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Figure 3.5: The exact Kripke model of the [A, —, =|*-fragment of MPC.

An example of a formula that we have found by the method described above is:

((=p = q) = p) = ((—g — p) = p).

A derivation of this formula in IPC is given below.

[q]!
p—=q (-p—q —pP
P
[~q — p]* , s 7—p '
“p—-q [P [-p]? b,
L
q 3 -
“p—q [(—p—q) = p)°
P

(ng—=p)—=p ! .
(-p—=q)—=p) = (~g—p) —p)

It is difficult to get an intuition of what this formula conveys and an examination
of the derivation above does not make the meaning of the formula much clearer. We
have found several other formulas of the form A — B for which the truth sets of A
and B differ by one node. Yet, often, they were even more complex in meaning and
structure. Moreover, there are certainly interesting differences between MPC and IPC
that include disjunctions. Considering these reasons, we broaden our research to the
full fragment [A, V, —, -] and restrict the length of the formulas so that we can avoid
high complexity in managing the infinite fragment.

The [A,V, —, -|>-fragment of MPC

The [A, V, —, =]?>-fragment of MPC is the full fragment in two propositional variables.
Lex Hendriks designed programs for both generating all intuitionistic equivalence
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3.2. Different Fragments of Minimal Logic

classes of formulas up to a maximal length and for checking whether, for formulas
A and B of two different classes, the implication A — B is intuitionistically, yet not
minimally, valid.

The length len(A) of a formula is calculated in the following way:

len(p) =1
len(—A) =len(A) +1
len(Ao B) =len(A) +len(B) + 1 where o € {A,V, —, <}

Note that brackets do not increase the length of a formula. Minimally non-
equivalent formulas of the form A — B with at most length 9 that are intuition-
istic validities but not minimal validities are given in Table 3.2 below. Of course,
there may be formulas in the same equivalence class of greater length, but we chose
representatives with a minimal length.

Formula Length Formula Length

L p=(p—q 6 16. —(p—q) = (-p — p) 9
2. q—(~q—0p) 6 7. =(g—p) = (g = q) 9
3. —p—p) —p 6 8. =(p—=>(p—q)—p 9
4. —(p—p) —q 6 19. =(=p—=>(@—q)—p 9
5 —=(=—p—p) 7 20. ((p—4q)—p) ——p 9
6. (=g —q) 7 21. ((¢g—=p) —q) — ¢ 9
7. (p—p)— (@A) 8 22. (==(p—q) < p) — p 9
8 —lp—p) — (Vg 8 23. (==(¢g—p) < q) — 9
9. =(p—p) = (g D) 8 24. p— (ﬂpv(ﬁp—w)) 9
10. —(p—q)— —p 8 25. q¢— (—qV(~q—p)) 9
11. =(qg—p) — ¢ 8 26. p— (—qV(=p—q)) 9
12. =(-p—=q) — —p 8 27. q— (—-pV (~q—p)) 9
13.  =(—=g — p) = —¢ 8 28. —p—(—qV(p—q) 9
4. =p—=(V(p—q) 8 29. —g— (-pV(g—p)) 9
15. =g —(qV(¢—p) 8

Table 3.2: Representatives of equivalence classes of minimal invalidities.

An interesting question that comes up is whether all formulas we have found will
give us intuitionistic logic when adding them as an axiom to minimal logic. By adding
a formula of the form A — B to minimal logic, we mean adding the rule:

A
B

to the natural deduction system of MPC. As can be seen in the table above, the
first two formulas both represent some form of ex falso, despite the fact that they are
minimally not equivalent. Hence, when we add one of these formulas as an axiom to
MPC, the resulting logic is precisely IPC.
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3. DIFFERENCES BETWEEN MINIMAL AND INTUITIONISTIC LOGIC

3.3 Superminimal Logics

The results in this section are related to the work on extensions of minimal logic by
Krister Segerberg in [Seg68] and by Sergei Odintsov in [0di08, Chapter 5 and 6]. In
fact, we will see that the logics we discover here already appeared in [Seg68]. We,
however, have used computational methods to obtain our extensions and we have
systematically considered the different fragments of minimal logic with restrictions
on the length of the formula. Moreover, in comparison to the paraconsistent log-
ics studied by Segerberg and Odintshov, we are merely interested in logics strictly
between MPC and IPC.

The logics we obtain by adding an intuitionistic validity to the axioms of minimal
logic, will always be sublogics of IPC. Before we discuss the sublogics we have found,
we give two examples of logics obtained from MPC by adding an extra axiom, that
are incomparable to IPC.

Take the formula pV —p. If we add this formula as an axiom to MPC, the resulting
logic is clearly not a sub-logic of IPC, because the law of excluded middle is not
intuitionistically valid. If we add this formula as an axiom to IPC, the resulting logic
is classical propositional logic, CPC, but, if we add it to MPC, the resulting logic is
not CPC. To see this, just consider the model consisting of a single node forcing f.
Then for every formula A, AV —A is forced on this model. However, =—p — p is not.
Therefore, when we only add p V —p as an axiom to MPC, the formula ——p — p is
not derivable in the newly obtained logic. Hence, this new logic is an extension of
minimal logic that is incomparable to intuitionistic logic.

For the other example, take the formula —pV ——p. This is not an intuitionistically
valid formula, adding this formula to IPC results in the intermediate logic KC. All in-
stances of this formula are again valid on the single node that only forces f. However,
not all instances of ex falso are valid in this model, take for instance —(p — p) — p.
Therefore, adding —p V =—p as an axiom to MPC results in a logic incomparable to
IPC.

Let us call a logic that extends minimal propositional logic a superminimal logic.
Since our investigation solely leads to extensions of minimal propositional logic that
are contained in intuitionistic propositional logic, the superminimal logics we find
will all be subintuitionistic logics. From the list of 29 formulas in Table 3.2, there
are 11 formulas that give rise to intuitionistic logic when adding them as an axiom
to minimal logic. The remaining 18 formulas are given in Table 3.3 below and give
rise to the following four different superminimal logics.
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Formula Length Logic
5. —=(=-p—p) 7 SM1
6. (=g —9q) 7 SM1
10. ﬁ(p — q) — p 8 SM1
11. =(¢ = p) = ¢ 8 SM1
12. =(-p—=q) > —p 8 SM1
13.  =(—=g = p) = —¢ 8 SM1
20. ((p—q)—p) — - 9 SM1
2. ((g—=p) —q — —q 9 SM1
22. (= —q) ©p) — p 9 SM1
23. (==(¢g—=p) <q) — 9 SM1
4. -p—=(pV(p—4q) 8 SM2
15. =g —(qV (g —Dp)) 8 SM2
2. p—(—pV(-p—q) 9 SM3
25. q— (—qV(~qg —p)) 9 SM3
26. p—=(—qV(—p—q) 9 SM4
27. q— (-pV(~q—p)) 9 SM4
28. —p—=(—qV(p—q) 9 SM4
29. —q— (-pV(¢g—p) 9 SM4

Table 3.3: Minimal invalidities and superminimal logics.

Note that formulas 5 and 6 are also of the foorm A — B, where B is f or, for
instance, =(p — p). Let us first prove that the formulas that are grouped together
in this table, indeed give rise to the same logic. We call a formula A the p-variant
of formula B, if A is obtained from B by switching p and ¢, and if in A the most
left propositional variable is p. Analogously, we can say A is the g-variant of B. Let
us note that adding the p-variant or the g-variant of a formula as an axiom to MPC,
gives rise to the same logic. Therefore, it is only left to show that formulas 5, 10, 12,
20 and 22 give rise to the same logic (SM1), and that formulas 26 and 28 give rise to
the same logic (SM4).

Let us denote the logic obtained by adding formula n to MPC by Ln.

Proposition 3.3.1. [5=L10= L12 = [20 = L22

Proof. L5 is the logic obtained by adding ——(——p — p) as an axiom to MPC. Over
MPC, —=—(——p — p) implies =—(qV (¢ — p)), which is equivalent to =(¢ — p) — ——q,
the g-variant of formula 10. Hence, L10 C L5. On the other hand, =(p — ¢) = ——p
is minimally equivalent to ==(p V (p — ¢)). If we substitute ——p for p and p for
¢, we obtain the formula ——(—=—p V (=—p — p)), which is minimally equivalent to
—=(—==p — p). Hence, =—(——p — p) is derivable in L10 and thus L5 C L10. If
we substitute —p for p in formula 10, we obtain formula 12. Hence, formula 12 is
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derivable in L10 and thus L12 C L10. To show the other inclusion, we observe:

Fmpc p = = p = Fmpc (4 p —¢q) = (p — q)
= Fmpc —(p = q) = (= p —q)
= Fmpc (=(=—p = q) = —p) = (=(p = ¢) = —=—p)

By substituting —p for p in formula 12, we conclude that =(——p — ¢q) — ——p is
derivable in L12. So, by the above reasoning, also —(p — ¢) — ——p is derivable
in L12, which is formula 10. We conclude that L12 = L10. Over MPC, formula 10
implies formula 20, so L20 C L10. If we substitute —p for p in formula 20, we get
a formula that is minimally equivalent to formula 12. Hence, L12 C L20 and thus
L5 = L10 = L12 = L20. Logic L22 is obtained by adding (——(p — ¢) <> p) — p as an
axiom. We observe:

FLoz (m=(p = @) ©rp) = p = b2 =p = ~(==(p = q) ¢ p)
= 22 =2(==(p = q) <2 p) = ~p
= a2 == (==(=p = q) <> —p) = p
This last formula is over MPC equivalent to —=—(=—(-p — ¢) — —p) — -p.
Moreover, over MPC, =(—p — ¢) implies =—(—=(—p — ¢q) — —p). Hence, ~(—p —
q) — —p is derivable in L22 and thus L12 C L22. Finally, over MPC, formula 10
implies formula 22, so L22 C L10. And thus L5 =L10 =L12 = L20 = L22. O

Proposition 3.3.2. [28 = [26

Proof. Clearly L28 C L26, because formula 28 is obtained from formula 26 by substi-
tuting —p for p. On the other hand, if we substitute —p for p in formula 28, we obtain
the formula ——p — (=g V (-p — ¢q)). Now, using Fmpc p — ——p, we conclude that
we can derive formula 26, p — (—q V (—p — q)), in L28. Hence, L28 = L26. O

We completed showing that the formulas that are grouped together in Table 3.3,
indeed give rise to the same logic. In other words, all these formulas are representa-
tives for the same superminimal logic. In the subsequent propositions, we will prove
the strict inclusions between the four superminimal logics as shown in the figure
below.

SM1
G S
MPC SM3 ¢ SM2 ¢ IPC
S G
SM4

Figure 3.6: Proper inclusions of superminimal logics.

The two most left strict inclusions are clear, since SM1 and SM4 contain formulas
that are not minimally valid. Moreover, SM1 and SM4 are incomparable, in the sense
that SM1 ¢ SM4 and SM4 ¢ SM1, which will be shown in Proposition 3.3.7.
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Let us describe the way we prove that for two superminimal logics SM4 and
SMp, both obtained by adding a single formula A or B to minimal logic, we have
SM4 € SMp. First, we can show that SM4 C SMp by proving that A can be
derived in SMp, i.e., that A can be derived over MPC from substitution instances of
B. Then, we can show that SM4 C SMp by finding a model of MPC on which every
substitution instance of A is valid, yet on which some substitution instance of B is
not. Since this will be a model of SM 4, this means that B is not in the logic SM 4
and thus SMp ¢ SM4. Hence, SM4 C SMp.

Proposition 3.3.3. SM2 C IPC

Proof. We already know that SM2 C IPC. So, we can prove SM2 C IPC by finding
a formula in IPC that is not derivable in SM2. Take the formula —-p — (p — ¢) and
consider the single-noded, minimal Kripke model M; below.

o fip

Figure 3.7: Model M;

Clearly, -p — (p — ¢) is not valid on M;. But, we will show that every substitu-
tion instance of the formula —p — (p V (p — ¢)), formula 14, is valid on this model.
Let A and B be arbitrary formulas. Clearly, M; I =A. So, we will have to show
that My IF AV (A — B). If My IF A, we are done. If not, then M ¥ A and thus
My IF A — B. We can therefore conclude M; IF =4 — (AV (A — B)). Hence,
M; is a model of SM2 but not of IPC. Therefore IPC € SM2 and this finishes our
proof. [

Proposition 3.3.4. SM3 C SM2

Proof. Logic SM2 is axiomatised by formula 14, —=p — (pV (p — ¢q)). Hence, SM2 also
contains the formula ——p — (=p V (-p — ¢)). Then, using that Fppc p — ——p, we
conclude that also p — (=pV (=p — q)) is derivable in SM2. This is precisely formula
24, the formula that axiomatises logic SM3. Hence, we conclude that SM3 C SM2.
Now, consider the minimal Kripke model below.

ve f,p

we f

Figure 3.8: Model My

Clearly, w ¥ —p — (pV (p — q)), so formula 14 is not valid on Ms. On the other
hand, we will show that for all formulas A and B we have w - A — (mAV(=A — B)),
which are all substitution instances of formula 24. This is simple: w |- —A, since f
is forced globally. Hence, My is a model of SM3 but not of SM2. We conclude
SM2 ¢ SM3 and thus SM3 C SM2. O
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Proposition 3.3.5. SM4 C SM3

Proof. The logic SM3 is axiomatised by formula 24, p — (—pV (—p — ¢)) and the logic
SM4 is axiomatised by formula 26, p — (=q V (-p — ¢)). Formula 24 is minimally
equivalent to p — (f V (=p — ¢)). Hence, using Fmpc f — (¢ — f), we can derive
p — (—qV (-p — ¢)) in SM3. We conclude that SM4 C SM3. Consider the minimal
Kripke model below.

vefp

wep

Figure 3.9: Model M3

It is clear that w ¥ p — (—p V (-p — ¢q)). We prove that wlF A — (-BV (-4 —
B)) for all formulas A and B, i.e., for all substitution instances of formula 26. Suppose
w W A, then we are done, because v IF =B. Suppose w IF A. If w IF =B, then we
are done. If w ¥ —B, then necessarily w I+ B. But then of course w I -A — B
by persistency, so we are also done. We conclude that w IF A — (=B V (=A — B))
for all A and B. Hence, M3 is a model of SM4, but not a model of SM3. Therefore
SM3 ¢ SM4 and thus SM4 C SM3. O

Proposition 3.3.6. SM1 C SM3

Proof. Formula 12, =(—p — ¢) — —p, gives rise to logic SM1 and formula 24, p —
(=pV (=p = q)), gives rise to SM3. Since, over MPC, 24 implies 12, we conclude that
SM1 C SM3. Consider the minimal Kripke model below.

U’% ue f,p
v

Figure 3.10: Model My,

We can see that p — (=p V (=p — ¢)) is not valid on this model, because w I+ p
but w ¥ —p and w ¥ —-p — ¢. Now, as in the above propositions, we prove that
—(=A = B) — —A is valid on My for every formula A and B. Suppose v ¥ A, then
w IF —=A and we are done. So, suppose v IF A. Then v ¥ = A, so v IF =A — B and
thus w ¥ =(=A — B), because v ¥ f. Also v ¥ =(=A — B). Therefore, we conclude
that w IF =(-=A — B) — —A. Hence, M, is a model of SM1 but not of SM3. We
conclude that SM3 ¢ SM1 and thus we obtain the strict inclusion SM1 C SM3. O

Proposition 3.3.7. SM1 ¢ SM4 and SM4 ¢ SM1

Proof. We first prove that SM4 ¢ SM1. Consider model M, in Figure 3.10. We
have already shown in the proof of the previous proposition that this is a model of

28



3.3. Superminimal Logics

SM1. However, p — (—¢ V (-p — ¢)) is not valid on this model, because w IF p
but w ¥ —¢ and w ¥ —p — ¢. Hence, this is not a model of SM4 and therefore
SM4 ¢ SM1. For proving SM1 ¢ SM4, consider model M3 in Figure 3.9. In the proof
of proposition Proposition 3.3.5 we have shown that this is a model of SM4. Recall
that =(—p — ¢q) — —p is a representative for SM1. We will show that this formula is
not valid on M3. We can see that w ¥ —p — ¢, so we know that w IF =(=p — q).
However, w ¥ —p. So we conclude that w ¥ =(—p — ¢) — —p and thus Mj is not a
model of SM1. Hence, SM1 ¢ SM4. O

Remark 3.3.8. The formula —(—p — ¢) — —p, which gives rise to superminimal logic
SM1, is minimally equivalent to p — —=—(—=p — ¢). This formula can be constructed
from the formula p — (—p — ¢), a form of ex falso, by weakening the consequent.
Therefore, we could see logic SM1 as the result of adding a weakened version of ex
falso to MPC. Another way we could weaken ex falso, is by taking the double negation
of the whole formula, i.e., =—(p — (=p — ¢)). This formula, in fact, gives rise to the
same logic, SM1.
Another representative of SM1 is, for instance:

(p— ==q) = —(p—q)

We will prove this. Let us denote the logic obtained from adding (p — ——q) —
—=(p — ¢q) as an axiom to MPC by L*. As we have just mentioned, p — ——(=p — q)
can be taken as a representative for SM1. We observe:

Fsmip = ==(=p = q) = Fsv1—p = = (=—p = g) (substitution)
= Fsm1 —p — ==(p = q) (MPC-valid)
= Fsw1 (p = 7q) = —(p = q) (MPC-valid)

Hence, L* C SM1. For the other inclusion, we observe:

Fis (p = =—q) = ==(p = q) = ki« (-—p = —=p) = ==(—=—p — p) (substitution)
= ke == (==p — p) (MPC-valid)

We note that ——(——p — p) is a representative for SM1 and conclude that SM1 C L*
and thus L* = SM1.

Recall from Remark 2.3.2 that the statement =—CT <> Va——GR(«a) is not prov-
able using only minimal logic, because, in MPC, (p — ——¢q) — ——(p — ¢) does not
hold. However, we have just proven that there exists a superminimal-subintuitionistic
logic in which (p — =—¢) — == (p — q) is derivable. Hence, Proposition 2.3.1 can be
proved in SM1.

As we have mentioned at the beginning of this section, our work on superminimal
logics is related to the work of Segerberg ([Seg68]) and Odintsov ([Odi08]). First of
all, our logic SM1 was baptised Glivenko’s Logic by Odintsov, for the reason that, as
Segerberg already remarks, it is the weakest logic in which ——A is derivable if and
only if A is classically derivable.

In Segerberg, the representative for SM1 is written as =—(f — p), which is an
intuitionistically valid instance of the intuitionistically invalid Peirce’s law, because

—(f=p)=((f—=p)—=f)—=Ff
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Moreover, we have found out that our other logics also appear among Segerberg’s
Logics (how Odintsov denotes them, see [0di08, Chapter 5]), in the form of disjunc-
tions:

SM2 as axiomatised by: (=(p — p) = p) V (=(p = p) = (p — q))
SM3 as axiomatised by: =(p — p) V (=(p — p) — p)
SM4 as axiomatised by: —p V (=(p — p) — p)

The representatives we have found in our research as axioms for these logics, do
not appear in [Seg68] nor [0Odi08]. For us, however, they are interesting as theorems,
or rules, of intuitionistic logic that are minimally invalid, but that are weaker than
ex falso. Finally, our research can easily be extended by systematically computing
minimally invalid formulas of the form A — B of a maximal length greater than 9.
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Chapter 4

Obtaining Minimal Theories from
Intuitionistic Theories

In this chapter, we will develop a general framework for considering a theory based
on different logical systems. Our aim is to investigate the consequences of considering
certain theories in the context of minimal logic. We attempt two different approaches,
which will be formalised in the remainder of this section: In the first approach, we
add an unspecified falsum to the system and the meaning of a negated formula —A
becomes A — f. In the second approach, we interpret falsum by a formula in the
system. There may be several possible candidates, which will become clear when
we discuss the conditions such an interpretation has to satisfy. In some cases, there
exists a really attractive sentence from which all formulas can be derived. We will
investigate this case as well.

4.1 From Axiomatisations to Theories

From here on, we will not consider the connective — as an abbreviation anymore, in
the sense that —A does not abbreviate A — L, but we will consider — a primitive
symbol of our language. We need this syntactical distinction between =A, A — |
and A — f, in order to interpret negation differently depending on context.

Definition 4.1.1. A set of sentences A is an aziomatisation of a theory T with
underlying logic L if T = {A | A kL A}. We call A a clean aziomatisation if it is
formulated in the fragment [A,V, —, -, V¥, 3] (i.e., without L or f).

We will from now assume a theory to have a clean axiomatisation. Only after
a certain translation of the axioms, which we will now define, negation is given a
particular meaning.

Definition 4.1.2. Let T be a theory and v a sentence formulated in .Z(T) \ {—}.
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4. OBTAINING MINIMAL THEORIES FROM INTUITIONISTIC THEORIES

We define the translation 7, by induction on formulas as follows:

Ty(A) = A for A propositional or atomic
Ty(Ao B) :=1y(A) o 7y (B) with o € {A,V,—}
rp(2A) = 7o 4) > 0
Ty (VY A) 1= Vary,(A)
Ty (FrA) == 7y (A)

Note that, since we require 9 to be negationless, we have 7,(¢) = ¥. Now, given
any clean axiomatisation A for a theory T, let AY := {7,(A4) | A € A}. We can then
define:

Ty :={B | AY Fiqc 74(B)},
MTy := {B | AY Fuqc 7¢(B)}.

We will say that a formula B is derivable in Ty, Ty = B, whenever B € Ty. And,
similarly, MT,, = B whenever B € MTy,.

We require an interpretation 1 of falsum to be negationless because we want to
avoid circularity, as we do not want to interpret negation in terms of negation.
The following proposition follows immediately from the above definitions.

Proposition 4.1.3. Let T be a theory and ¢ a sentence formulated in £ (T)\ {-}.
Then Ty is closed under the natural deduction rules of IQC, and MTy, is closed under
the natural deduction rules of MQC. O

The following lemma shows that negation behaves as intended in the systems T,
and MT,.

Lemma 4.1.4. We have Ty - A < (A = ¢) and MTy - A & (A — o).

Proof. By the definition of the translation 7, we have:

Ty(mA & (A=) =1y (04) & 7y (A = 9)
= (14 (4) = ¥) & (1y(A) = 74(¥))
= (7p(4) = ¥) & (14(A) = ¥)

Hence, using Fupc p — p, we can conclude that AY Fyqc 7y (=4 > (A — 1)), which
means that both MT,, - -4 < (A — ) and Ty - A < (A — ¢) hold. O

We will sometimes say that we add a certain logic to a theory. By adding in-
tuitionistic logic to a theory T, we mean to obtain the theory T, and by adding
minimal logic to a theory T, we mean to obtain the theory MT;. If the original
theory T is an intuitionistic theory, i.e., a theory over IQC such that L € Z(T),
then the resulting theory T is precisely the original theory T. Take, for instance,
Heyting arithmetic, then HA; = HA. Similarly, if the original theory T is a minimal
theory, i.e., a theory over MQC such that f € Z(T), then the resulting theory MT
is precisely the original theory T. Therefore, we may assume that every intuitionistic
theory is of the form T, and every minimal theory is of the form MT.

32



4.1. From Axiomatisations to Theories

Having given the necessary definitions, we can now observe some general properties
of the different theories.

A formula A is an intuitionistic theorem when Fiqc A, i.e., when A is derivable in
the natural deduction system for IQC from an empty set of assumptions.

Proposition 4.1.5. Let T be an intuitionistic theory. Then any formula formulated
in Z(T) is either an intuitionistic theorem, equivalent to L, or, equivalent to a L -free
formula.

Proof. Let T be any intuitionistic theory. We will show by induction on formulas
that for any well-formed formula A in Z(T'), the above claim holds.

The cases for A = 1 and A atomic are trivial.

Suppose A = BV C. If B or C is an intuitionistic theorem, then A is too. If
B is equivalent to L or C is equivalent to L, then A is equivalent to C' or A
is equivalent to B, respectively. Finally, if B and C' are both equivalent to a
1 -free formula, then A as well.

Suppose A = BAC. If B or C is equivalent to L, then A is too. If B is an
intuitionistic theorem, then A is equivalent to C' and if C' is an intuitionistic
theorem, then A is equivalent to B. Finally, if B and C are both equivalent to
a |-free formula, then so is A.

Suppose A = B — (C. If B is equivalent to L, then A is an intuitionistic
theorem. If C' is equivalent to L, then we can rewrite A as —B. Then, in case B
is an intuitionistic theorem, A is equivalent to L and in case B is L-free, then
A is too. If B is an intuitionistic theorem, then A is equivalent to C. If C' is an
intuitionistic theorem, then A is too. Finally, if both B and C are equivalent
to a L-free formula, then A as well.

Suppose A = JzB. If B is l-free, then A is too. If B is equivalent to L, then
A as well. And, if B is an intuitionistic theorem, then so is A.

The case for A = VB works analogously to the previous case.
This finishes our proof by induction. O

An intuitionistic theory T is consistent if T ¥ 1. An immediate consequence of
the previous proposition is the following corollary.

Corollary 4.1.6. If A is an axiomatisation of a consistent intuitionistic theory T,
then there exists a clean axiomatisation A* of T.

Proof. By Proposition 4.1.5 we know that all formulas in A are, over T, equivalent
to L-free formulas or intuitionistic theorems. Hence, we can construct an equivalent
axiomatisation A* of T that is clean. O

INote that we do not have to prove the case for negation, since T is the same theory as T and
in the latter —A is equivalent to A — L.
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4. OBTAINING MINIMAL THEORIES FROM INTUITIONISTIC THEORIES

Note that the standard axiomatisations of the intuitionistic theory of arithmetic
and the intuitionistic theory of apartness are clean axiomatisations. The following
corollary demonstrates that when we add minimal logic to an intuitionistic theory,
we may assume that the resulting theory is L-free.

Corollary 4.1.7. For an intuitionistic theory T, we may assume that all sentences
derivable in the theory MT,, are L-free whenever 1 is L-free.

Proof. Let A be an axiomatisation of some intuitionistic theory T. We may assume,
by Corollary 4.1.6, that A is clean. Hence, by definition of MT,, L will not occur in
any sentence derivable in this theory. O

If, in one of the systems T, or MTy, the negation of a formula A is not equivalent
to A — L, we will call it a pseudo-negation.

Example 4.1.8. In chapter 5, we will encounter the theories MHA;_q for some nat-
ural number k. These theories are axiomatised by the axioms of HA with underlying
logic MQC, where —A is equivalent to A — (k = 0).

4.2 Properties of T, and MT,,

As we have mentioned before, we want to examine the consequences of interpreting
falsum when we add minimal logic to a certain theory. MT,; is the theory we obtain
when we add minimal logic to the theory T, in which we interpret falsum by some
sentence 1. By definition of MT,, the sentence 1 is negationless. Besides that, we
want to add the following requirement for i: we require that the negation of 9 is
derivable in MTy, i.e., that MT; 4 — f. This requirement is necessary to preserve
the intended meaning of negation: we want v to be an absurdity, hence we need
to lead to a ‘contradiction’ in the original minimal system MT ;.2

For some theories T, we can find a sentence that naturally satisfies ex falso, i.e.,
such that from this sentence all formulas are derivable. In general, for any theory in
a language containing only finitely many relation symbols, there always exists such a
sentence.

Proposition 4.2.1. In any theory that contains only finitely many relation symbols,
there exists a sentence from which all formulas can be derived.

Proof. Let T be a theory containing the relation symbols Ry,..., R, with arities
my ..., my. We then consider the conjunction of the universal quantifications over
all relations between all elements and over the negations of all relations over all
elements:

/\ Vay .. Vo, Rit1 ... Tm, A /\ V1. . VOm, " RiT1 ... T,

K2
1<i<n 1<i<n

By construction of this sentence it is clear that it implies f, or 1, depending on the
logic of the theory, and that it implies all atomic formulas. By an easy induction on
formulas we can then prove that from this sentence all formulas can be derived. [J

2Note that for a complete theory this requirement is directly satisfied if 1 is not derivable.
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Note, however, that the sentence in the proof above contains negations and is
therefore not of the form we desire for an interpretation of falsum. Still, it might be
possible that it is minimally equivalent to a negationless sentence (this is the case, e.g.,
in the minimal theory of equality and apartness, see Proposition 7.1.2). Moreover,
this sentence is a rather obvious candidate for an interpretation of falsum if the goal
is to satisfy the ex falso principle. But in most cases, this sentence is not so short
and attractive. We are mostly interested in finding sentences that in fact are short
and from which perhaps ‘surprisingly’ all formulas can be derived.

Remark 4.2.2. Let us consider only the positive part of the above sentence, that is:

P = /\ V.. . Vem, Rizy ... 2,

1<i<n

It is clear that we can derive all positive formulas from this sentence. Moreover, if
there exists a positive formula A whose negation =4 is derivable in the theory (M)T,,
then we can derive all formulas from ) in this theory. In this case, we have found a
negationless sentence that satisfies the ex falso principle.

Proposition 4.2.3. If in some formal system (M)Td}, there exists a sentence A such
that = A implies all formulas, then —~A is equivalent to ¢ in (M)T,,.

Proof. Suppose (M)T, = =A — B for all formulas B, then we also have (M)T,, -
- A — 1. Using Lemma 4.1.4 and by the fact that in minimal logic ¥ — (A — v) is
provable, we also have (M)Tw k1 — —A. Hence, (M)Tw F—A <. O

Recall that every theory over minimal logic is of the form MT;. The above
proposition immediately gives us the following useful insight.

Theorem 4.2.4. Let T be a minimal theory and A a formula such that in T all
formulas are derivable from —~A. Then, f naturally satisfies the ex falso principle. [

A direct consequence of Proposition 4.2.3 is the following corollary. Recall that a
formula A is stable in a formal system S if Sk —-—A — A.

Corollary 4.2.5. If in some formal system (M)Tw, there exists a stable sentence A
from which all sentences are derivable, then (M)T, F A <> 9. O

In particular, if in MT there exists a stable sentence A from which all sentences
are derivable, then MT; = A <+ f. In that case, all possible interpretations for falsum
are equivalent. Unfortunately, we have not been able to find a convincing concrete
example to apply this corollary.

4.3 Comparison of Intuitionistic and Minimal Theories:
Conservativity Results.

For the comparison of adding either minimal or intuitionistic logic to a theory, we
distinguish different theories on the basis of their axiomatisation in the following way:
Firstly, the axiomatisation of a theory can be positively given, or positive, by which
we mean that no axiom contains a negation. Secondly, we call a theory simple if
all axioms in the axiomatisation that contain negation, are of the form —A with A
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positive. We call a formula of this form, —A with A positive, a simple negation.
Finally, a theory can be neither positive nor simple, i.e., the axiomatisation of the
theory contains more complex axioms that contain negation. For a simple system,
it seems a reasonable choice to interpret falsum as A where —A is a simple axiom.
An example of a simple theory is Robinson arithmetic, Q. Heyting arithmetic, HA, is
rather close to being such a theory, a fact to which we will return in chapter 5. An
example of a theory that is neither positive nor simple is the theory of apartness, AP,
which we will discuss in chapter 7.
We will now observe some general features of the different kinds of theories.

Definition 4.3.1 (Conservative extension). A theory T'is a conservative extension
of, or conservative over, a theory T if T C T' and if for every sentence A formulated
in the language of T it holds that T’ F A if and only if T - A.

The following proposition shows that any intuitionistic theory proves the same
positive sentences as the corresponding minimal theory.

Proposition 4.3.2. Let T be a positive theory. Then T is conservative over MT
with respect to positive sentences.

Proof. We will only sketch the proof. Let A be a sentence formulated in Z(MT).
We then need to show that T, Fiqc 7. (A) if and only if T; Fmqc 74(A). But, since
T and A are negation-free, this comes down to showing that for any positive sentence
A we have Figc A if and only if Fpmqe A. In order to show this, we will temporarily
switch from the natural deduction systems for IQC and MQC to one of Gentzen’s
sequent calculus systems for IQC and MQC, e.g., G3i and G3m as described in [TS00,
Definition 3.5.1].3

Now, if Fiqc A, there exists a derivation of A in G3i. The system G3i has cut
elimination and thus, as a consequence of the subformula property, we know that
there exists a deduction of A, with an empty set of open assumptions, in which only
logical rules and axioms for the logical operators occurring in A appear. Hence,
there is a derivation of A in which L does not occur. This means that there exists
a derivation of A in the weaker minimal sequent calculus G3m, namely, the same
derivation. This derivation translates to a derivation of A in the natural deduction
system for MQC, i.e., Fmqc A. O

An immediate consequence, already stated in Lemma 2.2.6, of the above proposi-
tion is that IQC and MQC prove the same positive formulas (i.e., IQC is conservative
over MQC with respect to positive formulas).

Let us now give a sequence of helpful results concerning positive theories.

Proposition 4.3.3. Let Tt be a positive theory. If TT Fyqc A — —B for positive
sentences A and B, then TT Fvmqoc B — A.

3We will not go into the details of these systems here, but refer the reader to the reference
mentioned.
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Proof. Let T be a positive theory, then:

T"F-A—--B = Tt+-A= f)= (B—=f)
=0 TT (A= A) = (B = A)
= T"+-B— A

(¥): This substitution is valid since f does not occur in T+, A or B. O

Remark 4.3.4. The previous proposition does not hold for IQC. To see this, we can
use the fact that IPCF —p — —((p — ¢) = p), but IPC¥ ((p — ¢) = p) = p. In
Remark 5.5.1 we will make this counterexample concrete, using a positive formulation
of Heyting arithmetic.

Proposition 4.3.5. Let TT be a positive theory. If TT Fuqc A — (=B — =C) for
positive sentences A, B and C, then TT Fyqc C — AV B.

Proof. Let T be a positive theory, then:

T'F-4A— (-B—-C) = Tt (=AA-B) - -C
= Tt+=(AVB)—-C
= T'FC > AVB (by Proposition 4.3.3)

O

Proposition 4.3.6. Let T =TT U{=Ag} be a simple theory, where TT is a positive
theory and Ao a positive sentence. Then TT U {=Ay} is conservative over T with
respect to £ (TT) in MQC.

Proof. Let T be a positive theory and A a positive sentence, then:

T+U{_|A0}FA = T+F_‘A0*>A
= TrH(4)— f)— A
=0 THE (4= 4)) = A4
= TtrHA

(¥): This substitution is valid since f does not occur in Tt or A. O

Remark 4.3.7. If T is a simple theory of the form T = TT U {-4}, then 4 is a
possible interpretation for falsum and, moreover, every other possible interpretation
for falsum will be at least as strong as Ay. We can see this as follows. Suppose
T F —A, with A positive. Then TT F =4y — —A, ie., TTF (49 — f) = (A = f).
We can substitute Ay for f, since f is just a propositional variable not occurring in
T+, A or Ag. We then obtain TT = A — Ay. So, if Ay proves all sentences, or a
subclass of them, then so does A.

We hereby conclude our general observations and we will turn to concrete examples
in the following three chapters. There are several formal theories in which there
exists a short and clear sentence from which all formulas are derivable without using
ex falso. Hence, when we add minimal logic to such a theory and interpret falsum
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4. OBTAINING MINIMAL THEORIES FROM INTUITIONISTIC THEORIES

as such a particular sentence, the resulting minimal theory naturally satisfies the ex
falso principle. We will see in the subsequent chapter that the sentence 0 = 1, or for
instance 1 = 2, is an example of such short and clear, but powerful sentence in the
context of several theories.
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Chapter 5

First-Order Minimal Heyting
Arithmetic

In this chapter, we will consider first-order minimal Heyting arithmetic. After in-
troducing Heyting arithmetic in section 5.1, we will investigate the system MHA¢,
in sections 5.2-5.4, with an uninterpreted falsum. This system has the disjunction
and existence property, and satisfies the propositional variant of de Jongh’s theo-
rem. However, we will see that MHA[ is rather weak: Equality is not stable and
not all primitive recursive functions are representable. To prove these results we will
introduce several non-standard models for minimal arithmetic.

Finally, in section 5.5, we will briefly investigate the system MHAy—1, where falsum
is interpreted as 0 = 1, and prove that it is equivalent to the intuitionistic system
HAp—1. The latter system has the same proof-strength as HA. Moreover, 0 = 1 is the
strongest possible interpretation for falsum. We will see that there are many other
candidates for falsum that are weaker than 0 = 1. The reason for this is that even
though it is provable in MHA; that 0 is not a successor, MHA; does have models in
which 0 is a successor.

5.1 Heyting Arithmetic

Let us first take a look at Heyting arithmetic, HA, the formal system of intuitionistic
first-order arithmetic (see e.g. [TD88, Chapter 3.3.1]). It has the same language and
non-logical axioms as Peano arithmetic, but uses first-order intuitionistic predicate
logic as its underlying logic.

(1) Va(x =)

(2) VaVy(z =y —y =)

(3) VaVyVe(z =y — (y = 2 = . = 2))
(4) VaVy(z =y — Sz = Sy)

(5) VaVy(Sz =Sy - x=1y)

(6) Va—(Sz = 0)
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7) Va(zr+0=ux)

(7)
(8) VaVy(xz + Sy = S(z +y))
(9) Va(x x 0=0)

(10) VaVy(x x Sy =2 x y + x)

Induction schema, for every formula A:
(I) (A(0) AVz(A(x) — A(Sz))) — VzA(z)

Let us denote the axioms and the induction schema above by Apa. We note that
HA has the disjunction and existence property and satisfies de Jongh’s theorem. De
Jongh’s theorem is the result that intuitionistic propositional logic is precisely the
logic of Heyting arithmetic.

Theorem 5.1.1 (de Jongh, [Jon70]). Let A be any propositional formula, then IPC
A(p1,...,pn) if and only if for all arithmetical sentences a1, ..., a, we have HA F
Alag, ..., aq).

A Kripke model for HA is simply a Kripke model K for intuitionistic predicate
logic for the language of HA, such that K I HA. Equality is interpreted at each node
as a congruence relation.

The following result conveys the idea that in Heyting arithmetic, 0 = 1 is a natural
candidate for falsum.

Proposition 5.1.2. In Heyting arithmetic, we can derive all formulas from 0 = S0,
without using ex falso.

Proof. First, note that L is derivable from 0 = S0, since 0 = S0 implies 3z (Sz = 0).
Now, we will show that Fya 0 = S0 — Vz(x = 0) by proving Fpya V2 (0 = S0 — = = 0)
by the following easy induction:

x =0:Since Fya 0 =0, then Fya 0 =50 — 0 = 0;
x — Sz : If we have Fya 0 =50 — z =0, then Fya 0 =50 — Sz =S50
and thus Fpya 0 = S0 — Sx =0.

This yields that for all x and y we have 0 = S0 - 2 =0 and 0 = SO0 — y = 0, and
thus 0 = S0 — (x = 0Ay =0) — & = y. Therefore, we conclude Fya Vzy(0 = S0 —
x =1y), e, Fua 0 =50 — Vay(x = y). The atomic formulas of HA, except L, are of
the form s = t, where s and ¢ are terms. Since Fya 0 = S0 — Voy(z = y), then Fpa
0 =50 — s =t for all terms s,t. Therefore, we conclude that Fya 0 = SO — P for
all atomic formulas P. By induction on formulas we establish that Fya S = S0 — A
for all formulas A:

A=BAC:

0= 50! 0 = S0
B IH c IH
BAC

0=S0—-BAC
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A=BVC(C:

0 = S0]!

_B

BVC )
0=S0—-BvVvVC

IH

A=B—(C:

[0 = S0]? (B]'
0=S0AB
0=50
C

B—C )
0=50—(B—C)

IH
1

A = 3JzB(x):

[0 = S0]!
B(x)
JzB(x)
0= 50— JzB(x)

IH
3I (z free for = in B(z))
1

A =VaB(x):

[0 = S0t
B(z)
Ve B(z)
0= 50— VYaB(z)

IH
VI (z not free in ‘0=S0")

This finishes the proof of the theorem. O

Let us note that this result extends to Kleene’s system | and, for instance, to
the system of intuitionistic analysis with variables for sequences, EL. Moreover, it
extends to any system where function symbols are used exclusively via their values.
Even equality between functions can be added as long as this equality is extensional.

5.2 Metamathematical Properties of Minimal Arithmetic

We can add minimal logic to the theory HA in the way described in Definition 4.1.2.
We then obtain the theory MHA; = {4 | A/, Fmac 77(A4)}, which is the deductive
closure under minimal predicate logic of Apa, where —A is defined as A — f and
where f can be used in instances of the induction schema. We baptise the theory
MHA/ as the formal system of ‘minimal first-order arithmetic’.

Besides instances of the induction schema, the only axiom containing negation in
HA and in MHA; is Yz—(Sz = 0). Note that MHA; - Vz—(Sz = 0) > Vz(Sz =0 —
f), by Lemma 4.1.4. Hence, using Lemma 2.1.2, we know that in MHA, and thus
in HA, Vz—(Sz = 0) is equivalent to =3z(Sz = 0). For this reason HA is close to
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being a simple theory, but not quite, because there can be negations in instances of
the induction schema.

Similar to the case of HA, a Kripke model for MHA¢ is simply a Kripke model K
for minimal predicate logic for the language of MHA[, as defined in Definition 2.2.2,
such that K IF MHA;. Equality is interpreted at each node as a congruence relation.

We will first show that MHA; with regards to metamathematical properties is
much like HA. It has the disjunction property and the existence property and we will
prove de Jongh’s theorem for MHA with respect to MPC. The latter makes clear
that MHA really behaves as a ‘minimal’ theory.

Remark 5.2.1. In HA, and in various other intuitionistic systems, the disjunction
property is reducible to the existence property by the following observation:

HAF (AVB) < Jdz((x =0— A) A (—(x =0) — B)).
However, this is not provable anymore when we consider minimal arithmetic:
MHA; ¥ (AV B) = Jz((x =0 = A) A (—~(z =0) = B)).

Let us prove this. Suppose MHA; F (AV B) —» 3z((x =0 — A) A (=(z =0) — B))
and instantiate B with 1 = 0. Then:

MHA; F (AV1=0) = 3z((z=0—A)A (-
MHA; F(f =+ (AVv1=0)—=3Jz((z=0—
MHA; - (f = (AVv1=0)

MHA; F(f > (AV1=0)—=1=0A3z((z =
= MHA;Ff—=(A—>1=0)

il

Let A be f. We observe that the above derivation cannot be the case, because, we
would have to conclude that MHA; - f — (f — 1 =0), i.e., MHA; - f — 1 = 0.
That this fails, will become clear in Lemma 5.3.2, where we encounter models of MHA ¢
in which f is forced, but 0 = 1 is not. This means that for MHA; the disjunction
property needs to be proven separately from the existence property.

The disjunction property of MHA; can be proved similarly to the disjunction
property for HA, see e.g. [JVV11, Lemma 5.1].

Theorem 5.2.2. MHA; has the disjunction property.

Proof. To prove this, we use what is known as Smorynski’s trick: Given any set of
MHA ;-models, we can take their disjoint union and add the standard model N below
as the new root ag. A quick check of the axioms allows us to conclude that this is
again a model of MHA .

Now, if MHA; = AV B, but MHA; ¥ A and MHA; ¥ B. We know, by completeness
of MQC, that there exist MHA f-countermodels for A and B. Apply Smorynski’s
trick and conclude that ag ¥ A VvV B, which is a contradiction. Hence, MHA has the
disjunction property. O
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5.2. Metamathematical Properties of Minimal Arithmetic

Theorem 5.2.3. MHA; has the existence property.
Proof. Works analogously to the proof for HA, using again Smorynski’s trick. O
Let us now prove de Jongh’s theorem for MHA; with respect to MPC.

Theorem 5.2.4. Let A be a propositional formula, then MPC & A(py,...,pn, f) if
and only if for all arithmetical sentences oy, . . ., i, we have MHA; = A(a, ..., o, f).

Proof. The direction from left to right is trivial, since the underlying logic of MHA¢
is MQC. We prove the other direction by contraposition. If MPC ¥ A(py,...,pn, f),
then IPC ¥ A(pi,...,pn, f), because MPC corresponds to the positive fragment of
IPC and A(p1,...,pn, f) is positive in IPC. Then we know, by de Jongh’s theorem,
that there exists a model of HA with root wg and arithmetical sentences aq,...,a,
and 8 such that wo ¥ A(aq,...,an,3). Let us give f the valuation of f. Then
wo W A(as,...,an, f). We show that M is a model of MHA, where we take the
valuation for f to be the one for 3. To do so, we have to show that all axioms
of MHA; hold in ag. There are only two non-trivial cases to check. Firstly, the
axiom Jz(Sz = 0) — f. This axiom trivially holds in wy since Jz(Sx = 0) is forced
nowhere, because M is a model of HA. Secondly, we have to make sure that the
induction axioms go through. But since f is interpreted as § and the induction
axioms hold with instances of 3, they also hold with instances of f. Hence, M is a
model of MHA; and therefore we conclude MHA; ¥ A(p1,...,pn, f). O

We will now prove that in minimal arithmetic, like in HA, all atomic formulas are
decidable.

Lemma 5.2.5. MHA; FVzy(zx =y V (z =y — 3z(Sz = 0)))
Proof. By induction on z.
The case z = 0 we show by induction on y.

(i) For y =0 we have 0 =0, so we are done.

(#) For y — Sy we have 0 = Sy — Jz(Sz = 0) and so we are also done.
For the induction step, we assume Vy(z = y V (z = y — Jz(Sz = 0))) and we
show Vy(Sx =y V (Sz =y — Jx(Sz = 0))) by induction on y.

(i) For y =0 we of course have Sz = 0 — Jz(Sz = 0).

(i) For y — Sy we assume z = y V (x = y — Jz(Sxz = 0)). Clearly, if
x = y then Sz = Sy, and, if z = y — Jz(Sx = 0) then Sz = Sy —
Jz(Sx = 0), by using that Yzy(z = y <> Sz = Sy). Hence, we conclude
Sz = SyV (Sx = Sy — Jx(Sz = 0)) and this finishes our proof by
induction. O

Corollary 5.2.6. In MHA;, all atomic formulas are decidable.

Proof. As a consequence of the above lemma, since MHA; = 3z(Sz = 0) — f, we
conclude MHA; FVzy(z =y VvV —~(z = y)). O

In the next section, we will see that, contrary to decidability, stability fails for
atomic formulas in MHA .
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5.3 Models of Minimal Arithmetic

In this section, we will study the structure of non-standard models of minimal arith-
metic. As we have mentioned before, a model of minimal arithmetic is a Kripke model
for MQC on which the axioms of MHA¢ are valid. The model needs, at each node w,
an interpretation of the constant 0 and an interpretation of Sz for each element x
in the domain of w. Recall that D,, C D, whenever w < v and note that S*z is an
abbreviation for applying the successor function k£ times to the element x.

Definition 5.3.1 (false k-circle). For any natural number k, the false k-circle is the
single-noded Kripke model for MQC, M = {x}, with domain D, = {0,...,k — 1},
such that {*} IF f, where we interpret the function symbols and constant as follows:

0:=0, a+b:=(a+b)mod ks @-b:=(ab)mod r and Sa := (a + S0)mod k-

Figure 5.1

Lemma 5.3.2. The false k-circle is a model of MHA .

Proof. Let k be given and let M be the false k-circle. We have to check axioms (1-10)
and the induction schema (I). Almost all axioms are clear to hold from the way we
defined the operations, as the modulo operations ‘inherit’ these properties from the
usual operations - and +. We will check axiom (8) and (I):

a—+ Sb=(a+ Sb)mod k
= (a+ (b+ Dmod k)mod &
=(a+ (b+1))mod k
=((a4+b)+ mod &
=S(a+b)

Suppose, for some formula A, that A(0) and Vz(A(z) — A(Sz)) are forced at the
only node in M. Then, by applying Vz(A(x) — A(Sz)) k times, we know that
A(0), A(T),..., A(k) are forced. So, for all x in the domain of the singleton node in
the model, A(%) is forced. Hence, VxA(x) is forced and thus the induction scheme is
valid. O

Abusing terminology, we will also speak of a false k-circle as part of a Kripke
model with several nodes, so, when at some node the interpretations of 0 and S on
its domain generate a natural number k such that S¥0 = 0. We can also imagine
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domains with circles in which 0 does not occur, but for which there is an element z
such that S*z = z for some natural number k. Such a circle we will denote with a
zeroless false k-circle.

Lemma 5.3.3. MHA; - 32(S*z = 1) + S*0 = 0.

Proof. The direction from right to left is clear. For the other direction, we know by
Lemma 2.1.2 that 3z(S*z = z) — S*0 = 0 is over MQC equivalent to Vz(S*r = z —
S%0 = 0). We prove the latter by induction on z. The case for x = 0 is clear. Now
suppose Sz = 2 — S*0 = 0, then:

SkSx = Sz — SFly = Sz

— SSkx = Sz
— Skr =z (by axiom (5))
—S*0=0 O

A consequence of this lemma is that whenever a node in a model of MHA contains
a zeroless false [-circle, the same node also contains a false k-circle for some divisor
k of I, because the induction schema fails in models with nodes where we have a
false k-circle together with a zeroless false [-circle where k is not a divisor of [. In
particular, if a node has a domain with a zeroless false [-circle for some [, the domain
also has a false k-circle, for some k.

We will now prove a much stronger result. Namely, a model of MHA ¢ cannot have
a node with a domain containing a zeroless false [-circle for any natural number /. In
order to show this, we will first prove the following lemma.

Lemma 5.3.4. No domain of any node in any model of MHAf contains both a false
k-circle and a zeroless false I-circle, for some natural numbers k and [.

Proof. Suppose, towards a contradiction, there exists a model M of MHA; with node
w of which the domain D,, contains both a false k-circle and a zeroless false [-circle,
for some natural numbers k and I. This means that D,, is the set {0,1,...,k —
1,0,1,...,(I = 1)'}, where the successor function is defined in the following way:

Figure 5.2
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Let A(x) be the formula x =0V Sz =0V ...V S¥1x = 0. We will prove that
w - A(0) AVa(A(z) — A(Sz)). We have w I A(0), because w |- 0 = 0. It is left
to show that w I+ Vz(A(z) — A(Sx)), i.e., that for every v > w, every d € D, and
every u > v we have, if u IF A(d), then u |- A(Sd). Suppose v > v > w and u I+ A(d)
for some d € D,,. Then ulFd=0v Sd=0V ...V S5 1d =0. We need to show:

wlFSd=0VvSSd=0V...vS*d=0

FromulFd=0vSd=0V...VvS*1d =0, we know that u I S'd = 0 for some
1€{0,...,k—1}. Incaseof ulF Sd =0or...or ulF S¥~1d = 0 we can conclude what
we needed to show. Now suppose that u |- d = 0. Then by applying axiom 4 & times
we know that u IF S*d = S*0. Since w IF S¥0 = 0, then by persistency u I+ S*0 = 0,
hence u I+ S*d = 0. We conclude u IF Sd =0V SSd =0V ...V S¥d = 0. Now, by
the induction schema we should be able to conclude that w I+ VxAz. However, we
can see that for instance w ¥ A(0'), because w ¥ 0/ =0V S0’ =0V...VS* 10 = 0.
This is a contradiction to M |- MHA, which proves the lemma. O

From here on, we will sometimes leave out £ when denoting a false k-circle, and
simply say false circle, when there is no need to specify k. Analogously, we will
sometimes say zeroless false circle, or even, zeroless circle.

Using the previous two lemmas, we can now prove the subsequent proposition.

Proposition 5.3.5. No domain of any node in any model of MHA; contains a
zeroless false circle, i.e., a circle in which 0 does not occur.

Proof. Suppose there exists a model of MHA; with a node of which the domain
contains a zeroless false circle. As a consequence of Lemma 5.3.3 we know that this
domain then also contains a false circle. We now apply Lemma 5.3.4 to conclude that
this cannot be the case. O

Lemma 5.3.6. MHA; - Va(S*kz = z) +» S*0 = 0.

Proof. From left to right is clear. For the other direction, suppose S*0 = 0 is forced at
some node w in some model of MHA ;. We prove by an easy induction on x, similar to
the induction in the proof of Lemma 5.3.3, that then Va(S*z = x) must be forced at
every successor v of w. The base case is clear. Suppose v I S¥a = a for some a € D,,.
Then v I S(S*a) = Sa, hence v IF S¥(Sa) = Sa and thus v IF Vo (S¥z = z). O

Let M be a model of MHA; with node w. We say that a,b € D, are not
equivalent if w ¥ a = b. By the previous lemma we know that whenever a domain
contains a false circle, then all elements in the domain occur in a circle. Therefore, a
direct consequence of combining Lemma 5.3.6 with Proposition 5.3.5 is the following
corollary.

Corollary 5.3.7. If a domain of some node in some model of MHA¢ contains a false
k-circle, then the domain contains precisely k nmon-equivalent elements. O

Hence, we know that whenever a domain contains a false circle, it contains no
other elements outside of this circle. However, it remains a question which other non-
standard models MHA; has, as we have not fully determined what kind of models
can find a place in nodes of models of MHA;.
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Using the false circles we can make the following important observation. For any
natural number k greater than 1 we have:

MHA; ¥k =0—1=0.
This is witnessed by the false k-circle. Hence, we conclude:
MHA; ¥ Jz(Sz =0) - 1 =0.
And, therefore:

MHA; ¥ f —1=0.

An immediate consequence of the last observation is stated in the following corol-
lary.

Corollary 5.3.8. MHAq_ is not a subtheory of MHA . O

Another observation, following from the existence of the false k-circles as models,
is that we have the following two underivable fundamental formulas of HA:

MHA; ¥z +y=0— (2 =0Ay=0)

MHA; ¥z y=0— (z=0Vy=0)

Take for instance the false 2-circle as a countermodel for the first one and the false
6-circle as a countermodel for the latter one.

The following model is drawn to give an example of a non-standard model of
MHA:

u

Figure 5.3
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Remark 5.3.9. Recall from Corollary 5.2.6 that in MHA/ all atomic formulas are
decidable, i.e., MHA; - Vzy(z = y vV —~(x = y)). Stability of the equality relation, i.e.,
in our case, stability of all atomic sentences, means that Vey(——(z = y) — « = y).
The model above shows us that not all atomic formulas are stable, because w IF
—=(1 = 0), but w ¥ 1 = 0. Note that it is also possible to see this in a single-noded
model, such as the standard model where f is forced, or, the false 2-circle.

Note that the following is derivable:
MHA; F Vay(——(z =y) < (z =y V f)).

From right to left is clear. The other direction is proven as follows:

Vay(z =y Vv -(z =y)) [u =)' f
u=vV-(u=0) u=vVf u=ovVf
u=vVf
—(u=v) = (u=ovVf)
Vay(-—(z =y) = (x=yV [f))

In this respect, MHA is very different from HA, because we know that HA
Vay(——(z = y) <> x = y). Even more surprising is the following result.

Lemma 5.3.10. In MHA;, 3z(Sz = 0) has the disjunction property.

Proof. Suppose for a contradiction that there exist formulas A and B such that
MHA; - 32(Sz = 0) = AV B, but MHA; ¥ 32(Sz = 0) — A and MHA; ¥ 3z(Sx =
0) — B. By completeness, we then know there exist models M 4 and M g with roots
ra and rg such that r4 IF 3z(Sz = 0) and rp IF Fz(Sz = 0), but r4 ¥ A and r5 ¥ B.
This means that the domains of r4 and rp consist of false circles. Let us say that D, ,
contains the false k-circle and D,., contains the false [-circle for some natural numbers
k and [. Now, let m be the least common multiple of k& and [. We then construct a
new model M by placing a new root r below the models M 4 and M g, with domain
the false m-circle. This is again a model of MHA; (for an example of such a model,
see Figure 5.3). Hence, r |- 3z(Sx = 0) — AV B. Since r IF Jz(Sz = 0), then r IF A
or r I B. This is a contradiction and thus we conclude that Jz(Sz = 0) has the
disjunction property. O

5.4 Representability

In this section, we discuss some results concerning representability of functions in
minimal arithmetic. In a particular formal system S, the numeral 7 is the symbol
that stands for the n-th successor of the interpretation of the symbol 0 in that system.
Note that lyAy is an abbreviation for JyAdy AVz(Az — y = 2).

Definition 5.4.1 (Numeralwise Representability, [Kle52, p. 200]). We call a function
F(x1,...,x) numeralwise representable in a formal system S if there exists a formula
o(z1, ..., Tk, y) such that for all natural numbers nq,...,ng, and n we have:
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(i) if F(ni,...,ng) = n, then ks (711, ..., g, NN);
(ii) Fs Iy, ..., 7%, y).

In MHA¢, in contrast to HA, not every primitive recursive function is numeralwise
representable (for a definition of primitive recursive functions see e.g. [Kle52, p. 219]).

Proposition 5.4.2. The primitive recursive function F': N — N defined by:

0, ifn=0
nw—
1, otherwise
is not numeralwise representable in MHA ;.

Proof. Suppose F' is numeralwise representable, i.e., suppose there exists a formula
@(z,y) such that for every natural number n:

(i) if F(n)=m, then Fppa, ©(7, m); 0

(ii) Fmua, ye(@,y).

Now, consider the false 2-circle M:

By Lemma 5.3.2 we know that M is a model of MHA;. Using (i), we have
M ¢(2,1). We know that M IF 2 = 0, hence we obtain M I- (0, 1). However, by
(i) we also have M IF ©(0,0). Now we use (ii), which is an abbreviation for:

Fmua; 3Y(p(T, y) AV2(p(T, 2) = y = 2)).

Thus, we derive M I-0 =1, but M ¥ 0 =1, a contradiction. O

Let us call a function ll-defined modulo k, if there exist m and n such that in the
full k-circle we have m = n (mod k), but F(m) # F(n) (mod k).

Proposition 5.4.3. If F' is a function that is ill-defined modulo k, then F is not
numeralwise representable in MHA .

Proof. This works analogously to the proof of the previous proposition, by simply
taking the model M to be the false k-circle. O

The above proposition shows that many primitive recursive functions will not
be numeralwise representable in MHA;. In Heyting arithmetic, the fact that every
primitive recursive predicate is numeralwise expressible is a consequence of the fact
that every primitive recursive function is numeralwise representable (see e.g. [Kle52,
p. 244]). Hence, the next natural question we can ask is whether there are primitive
recursive predicates that are not numeralwise expressible in MHA;. We have not
answered this question yet.
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Remark 5.4.4. The addition of a predecessor function, recursively defined by pd(0) =
0 and pd(Sz) = x, to MHA}, would ensure that all possible candidates for interpre-
tations of falsum are equivalent. Because, if we add a predecessor function, then,
using Lemma 5.5.4, we conclude that MHA; - A — 1 = 0 for A positive such that
MHA; F —A. An interesting question is whether, when adding a predecessor function,
there would still be a difference between minimal arithmetic and Heyting arithmetic.

Let us conclude this section with the following rather negative observation. If we
practice minimal arithmetic with an uninterpreted falsum, i.e., if we work in MHAy,
then many of the valuable properties that Heyting arithmetic has, will no longer
hold. It might therefore be more interesting to examine systems MHAg that are
stronger than MHA. A consequence of the existence of MHA ;-models with circles
in their domains, is that there are several non-equivalent possible candidates 5 for
interpretations of falsum, giving rise to different systems MHAgz. We investigate this
in the following section.

5.5 Interpreting Falsum in Minimal Arithmetic

Let 8 be a sentence formulated in £ (HA) \ {—}. As defined in Definition 4.1.2, we
can then investigate the following theories:

HAg = {A | A} Fiac m5(A)}

MHAg := {4 | AZ, Fuac 75(A)}

We first examine the systems HAg—; and MHA(—;. We observe that HA¢—; is a
subtheory of HA, simply because HA F 3z(Sz = 0) — 0 = 1 and because HAF 1 +
0 = 1. This is not the case for the corresponding minimal systems, because MHAj—;
is not a subtheory of MHA, see Corollary 5.3.8.

Note that A% is a set of positive axioms, since the only axiom containg a nega-
tion in fact only contains a pseudo-negation, namely, Jz(Sz = 0) — 1 = 0. Hence,
APR! is a positive theory. We can now return to Remark 4.3.4 and provide a con-
crete counterexample for Proposition 4.3.3 in the following remark, when we replace
minimal logic by intuitionistic logic.

Remark 5.5.1. We show that there exist positive formulas A and B such that
AR Fige =A — =B, but A%Z! Figc B — A. We know that Peirce’s law is not
intuitionistically valid, i.e., IPC¥ ((p — ¢) — p) — p. Hence, by de Jongh’s theorem
we know that there exist arithmetical sentences « and S such that HA ¥ ((a —
B) = a) = a. Now, let o := 19—1(a) and f’ := 79=1(8) (recall Definition 4.1.2).
We obtain A%: Fioc ((¢f — B') = ') — o/. For suppose A% Figc ((¢f —
B') — o') = o'. Then by definition HAg—; + ((a@ — B8) — a) — «, and thus
HA F (o« —» B8) — a) = a, because HAg—; is a subtheory of HA. Hence, we
conclude that AX:! Fiqc ((of — B') — o) — o/. On the other hand, we know that
IPC - —p — =((p — q) — p), hence AV3! Figc ~a/ — —((¢/ — B') — ') follows
immediately.

Recall, from Proposition 5.1.2, that in HA, all formulas are derivable from 0 = 1
without using ex falso. It is important to note, however, that the intuitionistic system
HAo—1 is not the same as HA. The false 1-circle is a model of HAg—1, but not of HA.
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Closely examining the proof of Proposition 5.1.2, we see that it can also be carried
out in any of the systems HAg and MHAg, where only for MHA it also needs to be
proved that 0 = 1 implies f, which follows from axiom (6).

Lemma 5.5.2. For positive formulas A, we have MHA1_¢ F A if and only if HA - A.

Proof. Let A be a positive formula, that is, A does not contain —, L nor f. We show:
MHA o F A & HAR A.

MHA;_o F A & AR’ Fugc Ti—o(A) (by definition)
& AR’ Fuqe A (A is positive)
& AR Fiqc A (by Lemma 2.2.6)
< Ana Fiqc A (HAF L < 1=0)
& HARA (by definition) O

Since MHA_ is a positive theory, the above lemma immediately gives rise to the
following corollary.

Corollary 5.5.3. MHA _ is precisely the positive fragment of HA. O

Besides 0 = 1, there are various possibilities for the interpretation of falsum in
MHA,. The only condition a candidate A has to satisfy is that MHA; - —A4, ie.,
MHA; - A — f. With the subsequent lemma, we show that Jz(Sz = 0) is the
weakest possible candidate for falsum in MHA/.

Lemma 5.5.4. If MHA; F = A and A positive, then MHA; - A — Jz(Sz = 0).

Proof. As we have mentioned before, MHA¢ is not precisely a simple theory, because
there can be negations in instances of the induction schema. However, let MHA(
be the theory axiomatised by MQC together with Apya \ {-3z(Sz = 0)}. Suppose
MHA; F —=A for some positive formula A. Then MHA( - —3z(Sz = 0) — —A4, ie.,
MHA, F (3z(Sz =0) — f) — (A — f). Since we know nothing in particular about
f in MHA, f behaves just like a propositional variable. So, we can in the deduction
of (Fz(Sx =0) — f) — (A — f) replace all instances of f by Jz(Sz = 0), including
the possible instances of f in the induction schema. We then obtain MHAg H A —
Jz(Sz = 0). O

Hence, for positive A such that MHAf = = A, we know that 3z (Sz = 0) is either
weaker than A or equivalent to A and thus we conclude that Jx(Sz = 0) is the
weakest possible candidate for falsum in MHA .

Lemma 5.5.5. In MHA1_q, all possible candidates for an interpretation of falsum
are equivalent to 1=0.

Proof. Suppose MHA;_¢ = —A. Then, by Lemma 4.1.4, we know that MHA;_¢
A — 1=0. Moreover, we know that MHA;_o =1 =0 — A by Corollary 5.5.3. Hence,
MHA1:()|_A<—>0:]. O
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5. FIRST-ORDER MINIMAL HEYTING ARITHMETIC

We have seen that in MHAf, the weakest possible candidate for interpreting fal-
sum is Jz(Sz = 0) and the strongest one is 1 = 0. Other possible interpretations are
for instance 2 =0, 3 =0, 4 = 0, and so on. Or, for instance, a disjunction of those
atomic sentences, like 2 = 03 = 0. The conjunction $*0 = 0A S0 = 0 of two atomic
formulas is equivalent to S™0 = 0, where m is the greatest common divisor of k and
I. Note that for any k and [ we have MHA; ¥ (S*0 = 0 — S'0 = 0) — f, since the
standard model always forces S*0 = 0 — S0 = 0. Hence, these implications do not
satisfy the requirements of an interpretation for falsum. Finally, for every k, we know
by Lemma 5.3.3 that the candidate 3z(S*z = 0) is equivalent to S¥0 = 0, hence,
also atomic. Unfortunately, we do not have a complete description of the hierarchy
of candidates for falsum.

We finish this chapter by remarking that the system MHA; is clearly in various
respects not as one would wish. We can ask ourselves what can be done about this.
As we have seen in this section, the system MHA(—; has the same proof-theoretic
strength as HA. Another suggestion would be to add 3z(Sx = 0) — 0 = 1 as an
axiom to MHA/, to collapse all possible candidates for falsum. This comes close to
the system MHA(—1, in which the same is true. However, one has to defend extending
MHA; in this way, from a minimal point of view.

52



Chapter 6

Second-Order Minimal Heyting
Arithmetic

In this chapter, we study second-order intuitionistic arithmetic, i.e., second order
Heyting arithmetic (see e.g. [Tro73]). We concentrate on [JS76], in which Smorynski
and de Jongh introduce Kripke models for second-order Heyting arithmetic, HAS.
There, the consistency of the principles UP!, UP®, MP and IP, with HAS was shown
by giving models for them. We will introduce these principles along the way and we
will replicate some, but not all of these results, in a minimal context, where in the case
of UPY we have to use much more complicated models than in [JS76]. Furthermore,
in [JS76], models in which non-intuitionistic logical principles are contradictory were
given. We will do the same here for non-minimal logical principles and even prove a
stronger form of de Jongh’s theorem for second-order minimal arithmetic.

6.1 Models of Second-Order Minimal Arithmetic

By second-order Heyting arithmetic, HAS, we understand the intuitionistic theory
of species, given by HA together with unary species variables Xy, X;,... and the
following two axioms:

For any formula A(x) the comprehension axiom, where X a possible free set
variable in A(x):
IXVz(r € X & A(x)).

For any second order formula A, where m and X are possibly free numerical
and set variables in Ax, respectively, the second order induction scheme is given
by:

YmVX (A(0) AVn(A(n) — A(Sn))) — VYnAn,

where an essential instance is the second order induction axiom:

VX((0e X AVn(ne X — Sn € X)) = Vn(n € X)).

Let second-order minimal arithmetic, a “minimal theory of species”, be the theory
MHAS; as defined in Definition 4.1.2. This is the theory given by MHA; together
with unary species variables Xy, X1, ... and the above axioms.
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6. SECOND-ORDER MINIMAL HEYTING ARITHMETIC

Definition 6.1.1 (MHAS; frame). An MHAS/ frame is of the form (K, <, F, D1, D>)
where (K, <) is a partially ordered set of nodes, containing a least node ag, and FF C K
is upwards closed with respect to <. D; and D, are domain functions. For a € K
we have Dia = w = {0,1,...} and Dy« is the family of all systems of sets, or species.
A species is a class of subsets of the natural numbers indexed by the nodes of K,
T ={T, | @ € K}, such that:

agﬁ:TagTﬂ

Definition 6.1.2 (MHAS; model). An MHAS; model M for minimal logic is of the
form (K, <, F, D1, D2, IF) where (K, <, F, Dy, D3) an MHAS ¢ frame for minimal logic
and I a forcing relation defined by:

alFA < wlk A for A atomic in £ (HA)

alk f &S aeF

alkteT & teT, wheretcewand T={T, : o€ K}
alFAANB < alFAand alF B

al-AVB < alFAoralkB

alFA— B & forall B> a: if BIF A, then BIF B

alk 3zA(z) & for somet € Dia: alk A(t)
alFIXA(X) < for some T € Daav: alF A(T)

a - Ve A(z) < forallB>a and allt € D15 : BIF A(¢)
alFVXA(X) & forallB>aand allT € Dy : BIF A(T)

Note that the upwards closed set F' is part of the frame. This means that the set
of nodes where falsum is forced is independent of the valuation we choose. From here
on, we will use Xz as an abbreviation for z € X.

For the remaining part of this chapter, we interpret f by 0=1, i.e, we investigate
the system MHASp—;. We will first show that interpreting falsum by 1 = 0 falls
under the third approach we discussed in chapter 1. For simplicity, we will denote
the system MHASp—; by MHAS. We obtain for every node « in every MHAS model:

alF f = VX (FeXr — VaXzx).

Because, if a IF 0=1, then « IF Vzy(z = y). Hence, for every T € Dsay, either T, = ()
or T, = w, where we note that = is not interpreted simply as identity. However, we
do not obtain a I- f = VXY (X =7Y). In fact, recall Proposition 4.2.1 (where we now
have to take two kinds of variables into account), from Vay(z = y) AVXY (X =Y),
all formulas can be proven. Taking this as an interpretation for falsum feels a little
forced and unnatural, in contrast to taking 0 = 1. We therefore find interpreting
negation in terms of 0 = 1 more appealing, yet it does not naturally give rise to
the ex falso principle. So, although second order arithmetic is not like first order
arithmetic the same in minimal and intuitionistic logic if we interpret f by 0=1, the
influence of this is still heavily felt. In particular, MHAS  0=1 — A still holds for
all purely arithmetical statements A.

We observe that the model defined in Definition 6.1.2, where we interpret f by
0=1, indeed satisfies MHAS. The proof of this statement proceeds like the proof of
the analogous statement for HAS in [JS76, Theorem 1.1].
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6.2. Principles of Second-Order Minimal Arithmetic

In [JS76], all results were obtained by using models on the full binary or full
Ng-ary tree. Here, we will need to use a model on a more complicated tree to show
consistency of the parameter-free from of the Uniformity Principle and to prove de
Jongh’s theorem in stronger form.

6.2 Principles of Second-Order Minimal Arithmetic

Let us first prove the consistency of the weak Uniformity Principle with MHAS. Note
that this is a weaker result than the consistency of the paramater-free form of the
Uniformity Principle, which we will prove later on.

Theorem 6.2.1. Let M be an MHAS model on the full binary (or Ro-ary) tree, then
the weak Uniformity Principle:

VX3AYA(X,y) — IYWXA(X,y) (UP))
1s valid in the model M.

Proof. Suppose we have o IF VX3lyA(X,y), a Ik A(S,m) and o I+ A(T,n). We will
show that m = n. Note that if a IF f, i.e., a IF 0=1, then we have « IF Vzy(z = y),
hence « Ik AYyVX A(X, y) directly follows.

Let U :={Up | 8 € K} be defined by:
(i) Us =0 for B # a;
(ii) Ug = Sp if B = a*(0) = o for some sequence o;
(iif) Ug =Tz if B = a* (1) * o for some sequence o.
We have:

a* (0) IF U=S, hence a x (0) IF A(U,m), and we have
a* (1) IF U=T, hence a * (1) IF A(U,n).

Since a IF VX3AlyA(X,y), then o I A(U,p) for a unique p. Whence we get
ax* (0) F A(U,p) and a * (1) F A(U,p) and thus m = p = n. We note that if
a * (i) IF f, this will still hold. Thus there exists precisely one m € w such that
a Ik A(X,m) for all X € Dsa. Since Dyff = Doa for all § > «, we conclude
alF AYWXA(X, y). O

We will now show that, unlike in the intuitionistic case, Markov’s Principle is not
valid on all models of MHAS.

Proposition 6.2.2. Markov’s principle (MP) is not valid on all MHAS models:
VXVz (X2 V-Xz) A —FzXz) = FaXx) (MP)

Proof. Consider the MHAS model on the full Rg-ary tree (K, <) in which the root ag
has some successor 3 that forces f. Define the species T by T, = () for all o € K.
Since T € Dof and B IFVe(Tz VvV (Te — f)) A ((BxTz — f) — f) but 8 ¥ FzTz, we
conclude ag ¥ MP. O
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6. SECOND-ORDER MINIMAL HEYTING ARITHMETIC

Note that, if MP is valid on a model, then also VX (f — JxXx) is valid on the
model. This is not the case, as we have mentioned before.! The Independence of
premise principle, on the other hand, is valid on all MHAS models.

Proposition 6.2.3. The Independence of premise principle (IPq) is valid on all
MHAS models:

VXY ((Va(Xx VvV -Xx) A (VeXzx — FyYy)) - Jy(VeXe — Yy)) (IPg)

Proof. Let M be any MHAS model and a any node of M. To show « IF IPy we
need to show that for any successor § of o and any two species X and Y, if 8 IF
Va(Xz vV -Xz) A (VaXz — JyYy), then 8 IF Jy(VaXz — Yy). Let 8 and X,Y be
any such successor and species. We know that either g IF Ve Xz, or § W VaXzx. If
B I+ VX, then by our assumption 8 I+ JyYy and thus g IF Jy(VaXz — Yy). If
B W Vx Xz, then for any successor v of 8 that forces Vx X x, we have v I JyY 'y, because
B IF Ve Xax — JyYy. Moreover, for any such successor v we have v IF 0 = 1, because
B I Va(XaV—-Xz). Hence, for every successor « forcing Va Xz, we know that v IF Y0
and thus g IF VeXx — Y0, from which we conclude g IF Jy(VzXz — Yy). O

As we observed in the proof above, an even stronger principle holds in all MHAS
models for minimal logic:

VXY ((Va(XzV-Xa) A (VaXz — FyYy)) = Vy(VeXa — Yy))

A consequence of Proposition 6.2.3 is that the corresponding rule, IRy, also holds
for MHAS: for any species X and Y, if MHAS V(X2 V - Xz) A (Ve Xz — FyYy),
then MHAS + Jy(Ve Xz — Yy).

Theorem 6.2.4. Let A(p1,...,pn, f) be an unprovable formula of MPC. Then there
exists a model M on the full Rg-ary tree such that MW A(FJxXix,...,JxX,x,0=1)
for some species X1,...,X,.

Proof. Suppose A(p1,...,pn, f) is an unprovable formula of MPC. Since MPC has
the finite model property, see [Coll6], there exists a finite Kripke countermodel for
A. Since the full Rg-ary tree (K, <) can be projected on this finite model through a
p-morphism, we find a countermodel M on (K, <) such that M ¥ A(p1,...,pn, f)-
We define for i € {1,...,n} species X; = {X;,a | o € K}, where:

Xio— 0 if a ¥ p;
w ifalkp;

By definition of the species we then obtain M ¥ A(JxX;x,...,JxX,z,0=1). O

The conclusion we can draw from Theorem 6.2.1, MHAS+UP! is consistent, is by
itself rather weak, as HAS+UP! is also consistent. From Theorem 6.2.1 together with
Theorem 6.2.4 we can however obtain the following interesting corollary:

I This makes clear that validating Markov’s Principle on a model for MHAS is not at all trivial.
Markov’s Principle does seem to have a rather different status in minimal logic from the one in
intuitionistic logic.
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6.2. Principles of Second-Order Minimal Arithmetic

Corollary 6.2.5. For each unprovable formula A(p1,...,pn, f) of MPC we have:
MHAS+UP! ¥ VX, ... X, A(Fz X 2, ..., Xz, 0=1)
O

So far, we have been able to use very similar methods as in [JS76] to obtain
results for MHAS. The following principle, the parameter-free form of the Uniformity
Principle, does not hold in all MHAS models on the Rg-ary tree:

VXIYA(X,y) — WX AX,y) (UP°)

The proof of the consistency of UP® (in [JS76, Theorem 1.6]) is dependent on an
isomorphism between a submodel of an HAS model and the model itself. In minimal
logic however, such an isomorphism does not exist for every MHAS model on the full
Ro-ary tree, when we define f to be 0 = 1. In order to prove the consistency of UP,
we therefore introduce a more homogeneous tree-structure with a more complicated
partial ordering in which such an isomorphism does exist:

Definition 6.2.6. We define the tree Kg” = (K,<, F) of the form (N x Q)<%“ as
follows. The root of the tree is the empty sequence (). For every a € K, also
ax*(n,q) € K for all n € N and g € Qs¢. We define a < § if and only if « is a
proper initial segment of 5. Furthermore a * (n,q) * (0,¢') := a * (n,q+ ¢'). Finally,
we define F:={a € K |a>fx*(2n+ 1,1) for some g € K and n € N}.

Note that a * (n,q’) is an initial segment of « * (n, q) for ¢’ < ¢ and thus for every
q¢ < qwe have a* (n,q) < ax(n,q).

Now, for an MHAS model on K(SO, the set F' is fixed. So, whenever we take a

generated submodel of the MHAS model on Kg“, either f holds globally, or, due to
the structure of the model, the submodel is isomorphic to the whole model.
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6. SECOND-ORDER MINIMAL HEYTING ARITHMETIC

Theorem 6.2.7. The MHAS model on the tree K(go satisfies the paramater-free form
of the Uniformity Principle UP¢:

VXIYA(X,y) —» WWXAX,y)

Proof. Let M be the MHAS model on KSO and let A(X,y) be parameter-free. Sup-
pose:
alFVXIYyA(X,y)

al¥ YWXAX,y)

Note that o ¥ 0 = 1. Also, since D; constant and D5 practically constant we obtain
from a W VX A(X,n) that there exists T' € Dya such that o ¥ A(T,n).
Let for each n, a species S,, be given such that:

al A(S,,n)
Define the species S by:
Sz =10 if BFa
Sax(n,g)xs =W if ax(n,g)xfF0=1
Sa*(n,q)*ﬁ = Sn,a*ﬁ if ax (n, q) * BHA 0=1

Now, there exists m such that « |- A(S,m). Hence a * (m,q) IF A(S,m) for all
q € Q. Since a ¥ 0 = 1, we know by definition of K(SO that a * (m,q) ¥ 0 =1 for
qg <1l

Let ¢ < 1. The submodels generated by a and by « * (m,q) are isomorphic, as
they are both isomorphic to M, because «, « * (m,q) ¢ F. Since A(X,y) contains
no parameters, we obtain « IF A(S,,,m), because S,, above « looks like S above
a * (m, q). This contradicts our assumption, hence UPY is valid in the model. O

Our next goal is to prove Theorem 6.2.10, a stronger version of de Jongh’s theorem.
To do so we need the following. For any unprovable formula in MPC, we want to find
a Kripke countermodel such that there exists a model on the tree K(S" that can be
projected, via a p-morphism, on this finite countermodel. This requires the finite
countermodel to only have end nodes where f is forced. That such a model can
always be found, was for example shown in [JZ15, Theorem 5]. We will first define
the necessary notions and then state the part of the implicated theorem that we need.

Definition 6.2.8 (Top-model).

(i) For any Kripke model M we define its top-model M by adding a node at the
top of the model, accessible from all the other nodes and forcing all propositional
variables, including f.

(ii) A formula ¢ has the top-model property if for any Kripe model M and all w we
have M, w IF ¢ iff Mt w IF .

Theorem 6.2.9. FEvery formula ¢ in the language of MPC has the top-model property.

Proof. By induction on the length of ¢. O
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6.2. Principles of Second-Order Minimal Arithmetic

Theorem 6.2.10. Let A(p1,...,DPn, f) be an unprovable formula of MPC. Then there
exists a model M on the tree Kgo such that:

ap lF VX . X, A(Bx Xz, ..., q2x X, 2,0 = 1)

Proof. Suppose A(p1,...,pn, f) is an unprovable formula of MPC. By the finite model
property of MPC we find a finite Kripke countermodel A for A. By the previous
theorem, the top-model N'T is still a Kripke countermodel for A and we can project
the tree Kg" on this finite model /™ through a p-morphism. Hence, we find a
countermodel M on KS" such that ag ¥ A(p1, ..., pn, f). We can now define a species
X; as done in the proof of Theorem 6.2.4 and obtain oy ¥ A(Fz Xz, ..., X,2,0 =
1) and thus g ¥ VX, ... VX, A(FxXiz,...,32X,2,0 = 1). Since for every 5 > ag
where f is not forced, the submodel generated by § is isomorphic to M, we conclude
ag lF-VXy .. VX, ATz X 2, ..., X,2,0=1). O

The following and final theorem we state without a proof, as it can be proved in
precisely the same manner as the analogous theorem for HAS in [JS76, Corollary 2.2].

Theorem 6.2.11. MHAS has the disjunction property and the numerical existence
property (EDg).
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Chapter 7

A Minimal Theory of Equality and
Apartness

In this chapter, we consider minimal theories of equality and apartness. We will
see that in the minimal theory of apartness there exists a candidate for interpreting
falsum which satisfies ex falso. However, we will only follow our first approach, i.e.,
we will not interpret falsum as it has natural strength in these systems.

Starting with van Dalen and Statman [DS79], a number of conservativity results
were proved for theories of equality and apartness over theories with just equality. In
other words, the theories of pure equality induced by the theories with both equality
and apartness were determined. We prove a number of these results for the minimal
case, starting with an analogue of the main result in [DS79]. Extending this result,
we prove the minimal analogue of a result by Smoryniski in [Smo77]. Finally, we prove
a conservativity result for MQC that concerns the existence of a choice function in
the theory of apartness. This result is also new for IQC.

7.1 Preliminaries

We start by introducing the intuitionistic theories EQ and AP (see e.g. [DS79, p.
95)).

Definition 7.1.1. A binary relation # is called an apartness relation if:
() Voy(z =y < =(z # y))

(ii) Voy(z # y < y # )

(iii) Veyz(x #y > x # 2V y # 2)

We assume the theory of equality, EQ, to be the first-order intuitionistic theory
with the following non-logical axioms: 7
Let us denote axioms (1) — (2) by Agq and axioms (1) — (6) by Aap. Recall from
Definition 4.1.2 that we obtain the corresponding minimal theories in the following
way:
MEQ; = {A | ALy Fmac 7 (A)}

MAP; = {A | ALp Fmac Tr(A)}
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7. A MINIMAL THEORY OF EQUALITY AND APARTNESS

As we will not consider any interpretations of falsum in this chapter, we will write
MEQ instead of MEQ, and MAP instead of MAP;. Note that the minimal theory
of equality, MEQ, has the same non-logical axioms as EQ, because Agq is positive.
Moreover, in both MEQ and MAP, just as in the minimal theories before, we have
-A < (A — f). In particular, in MAP we have ~(x # y) <> (x # y — f).

Due to the axiomatisation, MAP is much stronger than one might expect from
our experiences in arithmetic. Examining axiom (4), we conclude that from falsum
we can derive that all elements are equal, shown in the following short derivation:

[f]*
—(t # s)
t==s
Vay(z = y)
[ = Vay(r =y)

ax(4)

This does not mean however, that f by itself is strong enough to prove all sen-
tences. In particular, we cannot derive from falsum that all elements are apart. To
prove this, consider the single-noded model M = {x}, with a singleton as domain
D, = {a}, in which f is forced: * IF f. A quick check of the axioms allows us to con-
clude that this is a model of MAP. Moreover, M W a # a and thus M ¥ Vay(x # y).
Hence, MAP ¥ f — Vay(z # y).

We will now exhibit an example of an attractive sentence that does naturally
satisfy the ex falso principle.

Proposition 7.1.2. In MAP, 3z(x # x) implies all formulas.

Proof. Let us first give the following helpful derivations.

D:
Vo (r = z) wrt)
t=1
———— ax(4)
[t # 1) ~(t#1)
f
—(s # s’
CEZIN
s=3s
Vey(z =y) Jz(x # x)
Va(z =y)
D'
az(3)
Veyz(e =yANzH#xz— z24#y)
t=sANt#t—>t+#s t=sAt#t
t# s
D":
ax(3)
Veyz(z =yAzH#xz— z4#y) t=sAt#s
t=sANs#t—s#s t=sANs#t
S# s
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D/// .

Veyz(x ##y > z#H xVz#y) az(8)

Vaz(x #x— 2# V2 #x)
Vay(lx # x — y # @)

s#Hs—s #s s# s
s # s
Now, the final derivation:
[ (x # 2)]*
\ND/
Vay(z =y)
Br(x # 2)]*  t=s t#t
\D / t=s A tH#t
Vry(z = y) \ND
t=s t# s
t=sNt#s
N D"/
s# s
N\ D"/ [Fa(x # )]'
s'# s \ND/
Vay(z # y) Vey(z = y)

Vay(z #yAaz =y)
Jr(x # ) > Vay(z #FyAz=1y)
Since the only relation symbols in MAP are = and #, we can now use Proposi-

tion 4.2.1 and axiom (4) to conclude that from Vzy(z # y Az = y), we can derive all
other formulas. O

Remark 7.1.3. In intuitionistic logic, we know that if equality is decidable on a set,
then inequality is an apartness relation. This holds because, in intuitionistic logic, a
decidable equality is a stable equality, which follows from:

Fipc (pV —p) = (——p = p)

This however, does not hold in minimal logic, as we have have already discussed in
Remark 5.3.9. Hence, minimal logic allows for a set with a decidable equality on
which inequality is not an apartness relation.

We will now introduce the van Dalen Statman result, immediately in the minimal
context.

Let © # y be an abbreviation of —~(z = y). We define the following inequalities,
inductively on n € N:

T Foy = (z #Yy)
T Fn1y:=Vz(z#£, 2V 2%, y)
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As stated in [DS79, p. 96], it is immediate that for n > m, the following axiom
schema is provable in EQ:

Voy(e #ny = T #m y) (In,m)

This can be shown by proving that EQ + Vay(z #,41 v = © #, y), i.e. EQF
Vay(Vz(z #, xVz #n y) = & #p y), for all n. By an easy induction we therefore need
to show that EQ  Va—(x #, x) and the claim then follows by using the disjunctive
syllogism:

((pVa)A—p) —q

As we have seen in chapter 3, the disjunctive syllogism is not minimally valid.
However, we recall from Remark 3.1.1 that any instance of the disjunctive syllogism
where a negated formula is substituted for ¢, is minimally provable. For the proof of
the following proposition only instances of the disjunctive syllogism of this form are
needed.

Proposition 7.1.4. Fyeq Vay(z #ni1y = ¢ #n y)

Proof. By induction on n. Base case:

[Va(z = 2)]""

[t #1 5] [t #t]* t=t
def.
Vz(z £tV z #s) f
t£tVt#s t#s [t # 5]t
1
LES et
t 05 ef.
t }él s —t #0 S
Vay(z #1y =z #0 y)
For the induction step, we assume Vzy(x #p11 Yy — T #n Y):
t n S 2 n t ! n !
[t #ni2 ] def. [r #n+1 t] H [r #nt1 5] H
VZ(Z #n-‘rl tVz 7én+l 5) r #n t T 7én S
T Fpt1 tV T #pp1 S N AV T FEn VT Fp S )
r#E VT FEy S
Vz(z #n tV 2z #5, 8)
def.
t Fni1 S 9
t#ny25 =t Fnp1 s
ny(.%‘ Fni2 Y = T Fnil y)
This finishes the induction. O

We conclude that for n > m, the axiom schema (I, ,,) is provable in MEQ.

We define for any n the following generalized stability axiom:

Voy(=(z #ny) > 2 =1y) (Sn)
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Proposition 7.1.5.
(i) MAP = S, for all n;
(ii) MEQF S,, — S, forn > m.

Proof. We first note that since the positive parts of MPC and IPC are the same, we
have: Fypc (p—¢) = ((¢—= 1) = (p— 7).

(i) By a straightforward induction on n we can prove MAP - o # y — x #, y, and
thus MAP + —(z #, y) — —(z # y), for all n. From there we conclude using
axiom (4) that MAP F Vay(—(z #, y) = = = y) for all n.

(ii) Let n > m, then MEQ F = #,, y — = #p, y by the previous proposition. Hence
MEQ '_ _‘(I #7” y) — _‘(5U #n y), and thuS'

MEQF (=(z #n y) = w =y) = (=(z #m y) =z =y)
Hence MEQ F Vay(—(z #, y) = 2 =y) = Voy(—(z #m y) — = y). O
We define for each n € N:
SMEQ" := MEQ + S,,,

And:
SMEQ” := MEQ + {S,, | n € w}.

Henkin models, also called canonical models, of MQC are obtained by a similar
construction as for IQC (e.g. [Smo73, Theorem 5.1.5 - 5.1.11], or [TD88, pp. 87 - 89]).
We can leave out the condition that the theories need to be consistent, for any theory
in MQC will be. We will state the saturation lemma and the truth lemma without
proofs, as they are essentially the same as in the case for IQC (see e.g. [TD88, Lemma
6.3 and 6.5]).

Definition 7.1.6 (Saturated theory). Let C be a set of constants. A theory I,
formulated in some language .2, is C-saturated if for any sentences A, B formulated
in £, and for any formula C(x) formulated in . with only z free in C, we have:

(i) if T+ A, then A € T}
(ii) f ' AV B, then TTF Aor I' - B;
(iii) if I' F 32C(x), then C(c) € T for some ¢ € C.

Lemma 7.1.7 (Saturation lemma). Let I' be a theory and A a sentence, both for-
mulated in some language £, and let C be a countable set of constants not in L. If
T'¥ A, then there exists a C-saturated theory A D T' such that A ¥ A. O

Definition 7.1.8 (Henkin model construction for MQC). Let Cy,C1,C,... be a
countable sequence of disjoint countable sets of constants not occurring in some lan-
guage ., where we define C;} := Co UC1U...UC,. For any Cy-saturated theory I'y
we can construct a Henkin model M = (W, F, C, D, IF) with root I'y as follows:

(i) W consists of all C}i-saturated theories I' D T'g formulated in £ U C}, for all n;

65



7. A MINIMAL THEORY OF EQUALITY AND APARTNESS

(ii) F is an upwards closed set of W such that I" € F' if and only if " I f;
(iii) D(T) = C, where T' is C*-saturated and formulated in £ U C;
(iv) For atomic sentences A in .Z(D(T")), we define I' IF A if and only if A € T

Lemma 7.1.9 (Truth lemma). For each theory I' in any Henkin model M and for
each sentence A formulated in £ (D(T)), we have:

N'rkFA <& AeTl O

Now, for each I" in any Henkin model we know that A € I if and only if I - A if
and only if I I+ A.

7.2 Conservativity Results

Let us now start proving the conservativity results. The proof of the following theorem
is an adaptation of Smorynski’s proof as sketched in [DS79, p.115]. Note again that
any MQC-theory is consistent. In our proof we use the following definition for a set
of MQC-sentences I':

I' is f-consistent if and only if ' ¥ f.
Theorem 7.2.1. MAP is conservative over SMEQ®.

Proof. Let I'g be any saturated extension of SMEQ® and let M be the Henkin model
of MQC with root I'y. We will prove that M is a model of MAP. For any I' in M
and all a,b € D(T'), we define:

T'lFa+#b if and only if foralln € w T'lFa #, b.

Claim. The relation # is an apartness relation on M.

Proof of the Claim. The only interesting axiom to check is the left to right direction
of (4):

Vay(~(z #y) =z =y)

Suppose for contradiction that I'; IF =(a # b) and T'; ¥ a = b for some theory I'; € W.
Since M is a model of SMEQ®, T'; I+ S,, for all n. Hence I'; IF (a #, b — f) > a=10
for all n. Since we have I'; ¥ a = b, we know I'; ¥ f, hence by the truth lemma,
Lemma 7.1.9, we conclude that I'; is f-consistent. Consider I'; U {a #, b | n € w}.
IfT; U{a#,b|n€w}isnot f-consistent, then we have I'; U{a #, b | n € w} F f
and thus it follows that T'; U {a #, b | n < k} F f for some k& € w. We thus have
IiFa#0bA...Na#b— f. Since M is a model of SMEQ", by the axiom schema
(In,m) we know that I'; - a #,, b — a #%,, b for n > m. We may then conclude
that T'; F a #, b — f. By I'; IF Sk, we have I'; IF (a #; b — f) — a = b, hence
I'; Fa =b, a contradiction. We conclude that I'; U {a #, b | n € w} is f-consistent.
Then, by the saturation lemma, Lemma 7.1.7, there exists a theory A € W such
that T; U{a #, b | n € w} € A and f ¢ A. Our assumption I'; I =(a # b)
implies A |+ =(a # b), by the truth lemma, Lemma 7.1.9. On the other hand,
Iiu{a #, bl n € w}p C A implies a #, b € A, and thus A |- a #, b, for
all n. By our definition above, this gives us A IF a # b. From this we obtain
A I+ f, which contradicts f ¢ A. We therefore conclude that T'; I a = b, hence
Lo - Vay(—(x #y) =z =y). |
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Suppose SMEQ® ¥ A, for some sentence A formulated in the language of equality.
Then, by the saturation lemma, we know that there exists a saturated extension I'" of
SMEQ® such that T' ¥ A. Take I'g := I'. Since # defines an apartness relation on M,
it follows that M is a model of MAP an thus MAP ¥ A. This shows that SMEQ® is
the equality fragment of MAP, i.e. MAP is conservative over SMEQ™. O

We will now present an extension of the above theorem, which was proved for
intuitionistic logic by Smoryfiski in [Smo77, Theorem 2]. We mimic the proof for
MQC. First we define for n > 2:

MAP,, := MAP + 3y ... 3a, ( \ @i # ;)

i<j

SMEQS := SMEQ® + 3y ... 3a, ( \ @i #m x;), forallm
i<j

Moreover, we define:

MAP,, = U MAP,,
n

SMEQ := | JSMEQ}

Theorem 7.2.2. For any 2 < n < w, MAP,, is conservative over SMEQ’, .

Proof. 1t suffices to proof this for finite n, the case for MAP,, then easily follows. Let
n be given and let T’ be any f-consistent extension of SMEQ);. Let Cy be a set of
constants and cy, ..., ¢, € Cy pairwise distinct.

Claim. T'U{¢; #m ¢; | i <j <mn,m >0} is f-consistent.

Proof of the Claim. Suppose not, then T'U{c; #r ¢; | i <j <n,0<k<m}t f
for some finite m. Then I' U {¢; #, ¢; | @ < j < n} F f, by the axioms I, .
Then I' U {3z1... 32, (A\; <, @i #m 2;)} F f and thus I' = f, contradicting our
assumption. |

Let I" :== T U{¢; #m ¢j | © < j < n,m > 0}. Now suppose SMEQ; ¥ A.
We use the saturation lemma to find a Cp-saturated extension I'g of IV. Let M
be the Henkin model for MQC with root I'g. Let the relation # be again defined by
a # b:=Vn(a #, b), then # again defines an apartness relation. Now L'y IF ¢; # ¢; for
any i < j <n,henceT'g b A, _;., ¢; # cjand thus I'o IF 3y ... Fzn (A, <, T # 25).
We conclude that the Henkin model M is a model of MAP,,. Hence MAP,, ¥ A and
thus MAP,, is conservative over SMEQ',. O

Remark 7.2.3. An alternative and simplified way to do this proof is by leaving out
the condition of f-consistency. We can simply take I to be any extension of SMEQ;,
and Iy any Cy-saturated extension of I' U {¢; #m ¢; | @ < j < n,m > 0}. The
claim in the above proof is then superfluous. That there always exists a Cy-saturated
extension for a certain set Cy for any theory I', can be easily shown by simplifying
the proof of the saturation lemma.
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The Addition of a Choice Function

Classically, a choice function g for which VxR(z, gx), can be conservatively added
to the existence axiom Vz3yRzy. In both [Smo77] and [Smo78], Smorynski showed
that, intuitionistically, the following axioms are needed to satisfy extensionality of g,
a result that was first proved by Mints (unpublished):

Va13y: ... Ve, Jyn /\ Rxy; A /\(fﬂz =z; =y =vy;)) (*n)

i<n i<j

Let us denote the theory in the language of =, R and g with the axioms of MEQ and
VrRxgx as T1 and let Ty be the theory in the language of = and R with the axioms
of MEQ and all the axioms (x,,).

Theorem 7.2.4. T} is conservative over Ts.

Proof. If Ty ¥ A for some sentence A formulated in T, we can find a saturated
extension I' of T such that I' ¥ A. Now we can construct a Henkin Model of I" which
is a model of Ty by mimicking the proof of the analogous theorem for intuitionistic
logic found in [Smo77, Theorem 1]. We can do this by merely leaving out ‘consistency’
(which in fact simplifies the proof) and replacing ‘strong C-saturated extension’ by
‘C-saturated extension’. O

We can strengthen this theorem by adding Vay(gz # gy — x # y) to the theory
of apartness. Intuitively, this should have no consequences for the theory of equality
and indeed it does not.

Theorem 7.2.5. MAPUT,U{Vzy(gz # gy — = # y)} is conservative over SMEQ” U
1.

Proof. Let T be any f-consistent saturated extension of SMEQ®” UT;. Then construct
the Henkin Model M with root I" as in Theorem 7.2.4. By Theorem 7.2.1 and
Theorem 7.2.4 we already know that M is a model of MAP and T3, respectively.
We will show that the choice function g as constructed in Theorem 7.2.4 satisfies
Vay(gr # gy — « # y), where # defined as in Theorem 7.2.1. This will complete
our proof.

Claim. In SMEQ" U Ty, the following is derivable for every n:
Vai3y: .. .Vwkﬂyk(/\inyi A /\(yZ Fn Yj = T Fn T5))
i i<
Proof of the Claim. We prove this claim by induction on n. The case for n = 0

follows immediately by using axiom (x,) and because (p — ¢) — (—¢ — —p) in
minimal logic. We assume the case for n and thus it is left to show that for all k:

Vay 3y - Vo 3ye ( N\ Briyi A\ Wi #nir v — 20 #ng1 25)). (1)

i<j
Let k£ be arbitrary. Using the induction hypothesis for £ + 1 we know that:

Vaidy .. -V$k+13yk+1(/\Rl’z’yi A /\(yz Fn Yj = Ti Fn Tj)).

1<j
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Hence, for arbitrary ¢; there exists s; such that for arbitrary ¢, there exists so such
that ... such that for arbitrary t; there exists si such that:

Vi1 n1 ( /\ Ritis; N Rrppiypsr A /\ (8i #n 85 = ti #n tj) A
i<k i<j<k

/\(5i Fn Y1 — ti #n Thg1)). (2)

i<k
By (2) we already know that A Rt;s;, hence it finishes the proof if we can show that

i<k
N (si #nt1 8§ = ti #nt1 tj), because then we have proved (1). Let ¢ and j be

i<j<k
arbitrary such that i < j < k and suppose s; #n41 55, i.e. Vz(z #p s; V2 #p s5). We
need to show that t; #,41 t;, i.e. that Vz(z #, t; V 2 #, t;). Let tg41 be arbitrary.
Then, using (2), we can find sg4q such that Régi18k1+1 and s; £, Sg+1 — ti #n tet1
and sj #p Sk41 = tj Fn tey1. Since Vz(z #y 8 V 2 #p 55), we know that spq1 #p
8; V Sp4+1 #n 5. Hence we conclude that {11 #n i V tg41 #n tj. Since ty4q1 was
arbitrary we obtain Vz(z #, t; V 2 #,, t;), L.e. t; #pt1 tj. [ |

Now, if T'; IF ga # gb for any T'; in M, then T'; IF ga #,, gb, for all n. Hence, by
the above claim, I'; IF a #,, b, for all n, and thus I'; IF a # b. Therefore, we conclude
Ik Vay(gx # gy — = # y) and this completes the proof. O

In this chapter, it has been shown that regarding the theories of equality and
apartness, minimal and intuitionistic logic differ very little.
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Chapter 8

Conclusions and Further Research

We will conclude this thesis with an overview of what we have done and ideas for
further research.

In chapter 2, we have seen an example for the use of a minimally invalid law in
analysis. However, this problem could be solved in Glivenko’s logic, which is strictly
weaker than IPC but stronger than MPC. We found new characterisations of this
logic in our research on superminimal logics in chapter 3. There we systematically
examined the differences between minimal and intuitionistic propositional logic by
restricting the length of formulas in the infinite fragment. This work can be taken
further by allowing formulas with a greater maximal length. A natural question is
whether there are differences between minimal and intuitionistic predicate logic that
do not reduce to differences between minimal and intuitionistic propositional logic.

We developed a general framework for studying formal systems on the basis of
minimal logic with different interpretations of falsum in chapter 4. Throughout this
thesis, we have attempted three different approaches of studying theories on the basis
of minimal logic: First, working with an uninterpreted falsum as in pure minimal
logic. Second, trying to find a natural sentence satisfying the ex falso principle, and
third, considering candidates for falsum of strength strictly between the previous
two approaches. Besides these approaches, one can think of working with several
interpretations of falsum at once. That is, if we have an axiomatisation with sev-
eral occurrences of negation, one can choose a different interpretation for falsum for
different occurrences.

In chapter 5, we have studied first-order minimal arithmetic and found out that
this system is quite weak: Equality is not stable, not all primitive recursive functions
are representable and several fundamental principles of arithmetic do not hold (e.g.,
z +y = 0 does not imply that £ = 0 and y = 0). Naturally, the discovery of these
weaknesses of minimal arithmetic lets us wonder about ways to strengthen the theory
MHA . This is possible, for example, by adding an axiom like Jz(Sz = 0) — 1 = 0.
Moreover, it would be interesting to study other intuitionistic systems of arithmetic
and analysis, and see whether their minimal versions exhibit similar deficiencies.

To summarise our work on first-order arithmetic, note that minimal mathemat-
ics in its purest sense is not suitable for studying arithmetic because of its many
weaknesses. However, there are several possible solutions which one can still further
investigate: Interpreting falsum as 0 = 1, adding logical axioms (similar to the case
of Glivenko’s logic and intuitionistic analysis) or adding non-logical axioms (as we

71



8. (CONCLUSIONS AND FURTHER RESEARCH

have seen above). Of course, one can think of other solutions as well.

When considering minimal second-order arithmetic in chapter 6, we decided to
interpret falsum as 0 = 1 (following the third approach, as 0 = 1 does not imply all
formulas). Among other things, we have seen that Markov’s Principle has a rather
different status in minimal than in intuitionistic logic as it is not at all trivial to
validate it on models for minimal second-order arithmetic, and its justification seems
less clear in the minimal case. This is worth more investigation.

Different theories of equality and apartness are the topic of chapter 7. We proved
a number of conservativity results for those theories. We decided to not interpret
falsum, for the reason that minimal logic possesses natural strength in these systems.
As a consequence, it may be interesting to add apartness to other minimal systems
to strengthen minimal logic there. For instance, this can be investigated for minimal
arithmetic.

Finally, a general direction of further research is the decidability of minimal the-
ories. Every minimal theory is consistent and, therefore, every extension of every
minimal theory will be consistent. Hence, no minimal theory is essentially unde-
cidable, as the maximal extension of all sentences in the language of our theory is
trivially decidable. Take, for instance, MHA;. If we add 0 = 1 as an axiom, we obtain
a consistent extension, since the false 1-circle is a model. This extension is decidable,
as every formula is a theorem. Our question boils down to the fact whether we can
sensibly redefine essentially undecidability to obtain an interesting notion for mini-
mal theories. A possible reformulation is to say that a minimal theory is essentially
undecidable if every f-consistent extension is undecidable.
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