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FiNITARY UPPER LOGICISM

BRUNO JACINTO

Abstract

This paper proposes and partially defends a novel philosophy of arithmetic — FINITARY UPPER
LocIcisM.  According to it, the natural numbers are finite cardinalities — conceived of as properties
of properties — and arithmetic is nothing but higher-order modal logic. FINITARY UPPER LOGICISM is
furthermore essentially committed to the logicality of riNniTARY PLENITUDE, the principle according
to which every finite cardinality could have been instantiated. Among other things, it is proved in
the paper that second-order Peano arithmetic is interpretable, on the basis of the finite cardinalities’
conception of the natural numbers, in a weak modal type theory consisting of the modal logic
K, negative free quantified logic, a contingentist-friendly comprehension principle, and FNITARY
PLENITUDE. By replacing FINITARY PLENITUDE for the axioM OF INEINITY this result constitutes a significant
improvement on Russell and Whitehead’s interpretation of second-order Peano arithmetic, itself
based on the finite cardinalities” conception of the natural numbers.

Keywords: Logicism, modal type theory, axiom of infinity, necessitism-contingentism debate.

1 Introduction

Russell and Whitehead (henceforth, R&W) adopted a conception of the natural numbers akin to the fol-

lowing:1
NumMBERS As CARDINALITIES (NAC): The natural numbers are the finite cardinalities.

A property of properties is a finite cardinality just in case it is the property of having (exactly) n instances,
for some natural number n. Thus, according to NaC, the natural numbers are properties of a special
kind, rather than individuals. Through NaC and related theses R&W (1910) offered characterizations of
the arithmetical primitives in their Ramified Type Theory (RTT) and famously interpreted Second-Order
Peano Arithmetic (PA,) in it.> Since RTT’s primitives all seem to have some claim to being purely logical
notions, as they consist of boolean connectives and quantifiers, all typically regarded as logical -, R&W'’s
result promised to establish the logical truth of all of PAy’s theorems, and that arithmetic is a part of logic.?

R&W'’s interpretation of PA; in RTT essentially appealed to the following principle:4

Axiom of INFINITY (INFAX): There are infinitely many individuals.

lWhy just ‘akin to’? While R&W conceived of the natural numbers as “higher type” entities, as is done here, they took these
entities to be extensionally individuated, contrary to what will be assumed in the paper.

2We will be especially interested in PA, throughout the paper. Its philosophical interest no doubt stems, at least in part, from
Dedekind’s categoricity theorem (1888, §132).

3Those opposed to higher-order quantification’s logicality will resist the claim that all of RTT’s primitives are logical. Alas,
a defense of the logicality of higher-order logic goes beyond paper’s scope. I hope to address it elsewhere. A different issue
concerns R&W'’s ramification of types. There is good reason to reject it, and the paper does not adopt it.

4Here, “infinite’ is being used in the sense of not-finite (see Def. 25, Appendix E), and not in the sense of Dedekind-infinite
(where a property is Dedekind-infinite if and only if there is a bijection between it and at least one of its proper subproperties).
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So, their result shows that PA;’s theorems are all logically true only if INFAX is itself logically true. Yet,
arguably, and as Russell (1919, p. 141) himself acknowledged, INrFAX is neither necessarily true nor a priori
knowable.> Hence, on common conceptions of logical truths as necessary (or a priori knowable), INFAX
arguably fails to count as logically true. For this reason it is nowadays thought that R&W's type-theoretic
interpretation of PA; has failed to establish arithmetic’s logicality.

Here, my main aim is to present and partially defend FINITARY UPPER ARITHMETICAL LOGICISM (UPPER),
a novel form of logicism about arithmetic. In a nutshell, according to upper arithmetical entities and
relations are all higher-type entities — and, in particular, NaC is true —, and arithmetic is reducible to
higher-order modal logic under a higher-orderist interpretation (I'll explain what is meant by ‘higher-
orderist interpretation” in §2). This is why uPPER is “upper”. A further essential commitment of UPPER is

to the necessary truth (and, indeed, the logicality) of the following thesis:
FintTARY PLENITUDE (FP): All finite cardinalities of properties of individuals could have been instantiated.

FINITARY PLENITUDE is a principle of plenitude in the sense that it is directly concerned with what is
possible.® Notably, upper is “finitary” in that it is not committed to INFAX, or even to its possible truth.
So, even if UPPER is itself committed to NAC, it is significantly different from R&W'’s original approach. A
further difference is that urpEr makes essential use of modal resources, which were absent from R&W’s
theory. These, it will be argued in §2, go naturally with a higher-orderist interpretation of type theory.

The partial defense of urPER here offered will be premised on the following results:

[INT] PA,isinterpretable in the very weak system KQLE® — an extension of the modal logic K with a negative

free type theory, a contingentist-friendly comprehension principle, and principle FP.

[NEec] Itis provable in S5PQL¢ —a plural as well as modal extension of KQLEP (with the axioms of the modal

logic S5), but without FP — that the truths of pure arithmetic are all metaphysically necessary.

Owing to FP’s platitudinous character, which contrasts with INrFAX’s controversiality, [INT] in particular
constitutes a significant improvement on R&W'’s interpretability result. It promises to deliver a sound
and NaC-based logicist foundation for PA,.

UPPER’s core theses are presented in §2. In §3 are characterized the languages and deductive systems
of relevance for the remainder of the paper. The proofs of [InT] and [NEc] are outlined in, respectively, §4
and §5. In §6 is defended the metaphysical necessity of both FP and all of S5PQLga ¢’s theorems — an ex-
tension of S5PQL¢ with instances of serious acTuaLisym, the thesis that standing in a relation implies being

something.” In §7 uppER is briefly compared to prima facie related philosophies of arithmetic — specif-

5 A referee asks whether a prioricity is here understood as weak or as strong a prioricity (see (Field 2006)). I won't engage here
in the scholarly question concerning which of these notions Russell had in mind. For my part, what I have in mind is weak a
prioricity. So, the claim is that one (metaphysically) could not have entitlement which was independent of one’s past and present
experience and on which knowledge was based, that there are infinitely many individuals. A defense of the claim that INfFAX is not
weakly a priori lies, however, outside the paper’s scope. Suffice it to say that even if INFAx were a priori knowable and necessary,
an interpretation of PAy relying on FP rather than INrAXx is nonetheless of interest, as the latter is a stronger assumption.

6See, e.g., (Bricker 1991).

7For the most part, the results here offered do not presuppose the truth of serious actuarism. The exceptions concern a
couple of results — Lemmas 36 and 40 — on the relationship between FP and seemingly related thesis.
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ically, Hellman’s (1989) mopAL sTrRucTURALIsM, Hodes’s (1984, 1990) ALTERNATIVE THEORY, Roeper’s (2016)
VINDICATION OF LoGICIsM, and Linnebo & Shapiro’s (2019) ARITHMETICAL POTENTIALISM — and §8 concludes.

[InT] is proven in Appendix A, the necessity of FP in Appendix B, and [Nec] in appendix C. In ap-
pendix D is shown that, in the deductive systems adopted in the paper, the rules of necessitation and
universal generalization can be dispensed with if the necessitation and the universal generalization of
any axiom is itself an axiom. In appendix E is shown that GENERATION, a watered-down version of Lewis’s
(1986) principle of RecomBINaTION, implies FP, and some results concerning the relationship between In-
FAx and FP established. And in appendix F is characterized a model theory fitting urpER, and a structure
is presented which witnesses the joint consistency of the system S5PQLgss ¢ (the result of adding serious

ACTUALISM to S5PQL¢) with FP, coNTINGENTISM at all orders, and the necessary falsehood of INFAX.

2 FINITARY UPPER ARITHMETICAL LOGICISM

INFAX’s sole role in R&W interpretation of PA, is to ensure SIC’s derivability in RTT:
SuccEssSOR 1s CARDINALITY INJECTIVE (SIC): Distinct finite cardinalities have distinct successors.

Here, the successor of a property of properties n is the property of properties S[n] of having exactly one
more instance than any instance of property n. The importance of R&W'’s result is that SIC is their inter-

pretation of the following axiom of PA,:
Successor 1s INJECTIVE (SI): Distinct natural numbers have distinct successors.

SIC is not derivable in RTT — INFAX (that system which results from removing INFAx from RTT’s axioms).
Further, and partly due to R&W’s commitment to the identity of coextensional properties, it is derivable
in RTT — INFAX that SIC implies INFAX.

As it turns out, R&W'’s interpretability result can be improved by abandoning the principle that co-
extensional properties are identical — after all, some coextensive properties could have failed to have been
coextensive —, and replacing INFAX by the weaker principle FP, which also guarantees SIC’s derivabil-
ity. Since FP’s platitudinous character makes it reasonable to think that it is logically true, the improved
interpretability result paves the way for a defense of uPPER.

In this section will be presented upPER’s core theses. While not all of them will be defended in the
paper, they are nonetheless relevant as they provide a fuller picture of the sort of logicist view that the

results here presented can be seen as supporting. Two of urPER’S component theses are the following:
NEecessiTY OF FP: FP is necessarily true.

HicHer-orDERISM: Predicates have a semantic role distinct from those of individual and of plural terms.
Quantification into predicate position is legitimate and irreducible to first-order singular or to plural

quantification.
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Some reasons in favor of NEcessiTy oF FP will be given in §6. As to HIGHER-ORDERISM, it specifies UPPER’s
intended interpretation of the type-theoretic language. Prima facie, if individual and plural terms had
the same semantic role as that of predicates, then they would be substitutable for predicates in meaning-
ful sentences without loss of meaningfulness. But they are not. For instance, ‘John runs’ is meaningful,
whereas ‘John Mary’ is meaningless. Similarly, predicates are not substitutable for individual or plu-
ral terms without loss of meaningfulness. For instance, ‘John runs’ is meaningful, but ‘swims runs’ is
meaningless.® Accordingly, from the standpoint of higher-orderists, while individual and plural terms
refer (respectively, singularly, and plurally), this is not the role of predicates. Following Trueman’s (2021,
chs. 2-7) gloss (see also (Button & Trueman 2022, §5.3)), the semantic role of predicates may be said to be
that of “saying things” of what they are predicated of. For instance, ‘swims’ says of any individual that
it swims, and ‘everything’ says of anything said of individuals that it is had by all of them.’

Moreover, quantification into predicate position is to be understood on its own terms — not as re-
stricted first-order singular or plural quantification over individuals, sets, classes, etc. While individual
variables take subject position, are bound by first-order quantifiers, and have a semantic role akin to that
of individual terms, predicate variables take predicate position, are bound by higher-order quantifiers,
and have a semantic role akin to that of predicates.

What has been offered here is nothing but a very brief gloss on the higher-orderist interpretation
of typed languages. Indeed, from the standpoint of higher-orderists, an appropriate semantic theory
for a typed language is to be formulated not in set theory (by assigning sets as the semantic values of
predicates), but rather in a (more expressive) type-theoretic language, by assigning entities of distinct
types as the semantic values of predicates of distinct types (see, e.g., (Williamson 2013, pp. 453-4)).

According to higher-orderists natural language talk of “properties” and “relations” is to be under-
stood with a grain of salt since expressions such as ‘the property of swimming” and ‘the membership
relation’ take subject rather than predicate position. For this reason, in this paper I engage in such talk
merely for the sake of readability. Defenses of HIGHER-ORDERISM can be found in, among others, (Frege
1951), (Prior 1971), (Rayo & Yablo 2001), (Wright 2007), (MacBride 2008, §19.2.2), (Williamson 2013, pp.
254-61), (Jones 2018) and (Trueman 2021).1 Here is not the place to further defend it.

The adoption of HIGHER-ORDERISM naturally leads to distinctive views on the interaction between
modality and higher-order quantification. While sets and pluralities are commonly thought to (i) have
their instances essentially, and (ii) be extensionally individuated, in general the values of higher-order vari-
ables have their instances inessentially and are not extensionally individuated.!! Indeed, in Appendix F

is offered a model theory for modal type theory on which, in general, the values of higher-order variables

8See (Trueman 2021, §2) for a developed argument to the effect that the semantic role of predicates is different from that of
individual and plural terms owing to the existence of substitutions which fail to preserve meaningfulness.

T am here are adopting the Fregean view that ‘everything’ is a higher-type predicate. While in our official typed language
quantifiers are treated syncategorematically, this language also possesses a higher-type predicate that “says” of anything “said”
of individuals that it is had by all of them, specifically, the complex predicate ‘Ax ey (Vye(x(y)))".

105ee also (Skiba 2021D) for an overview of higher-orderist metaphysics, and (Fritz & Jones Forth.) for a collection on the topic.

HE.g, (i) it is not essential to the property of being the Earth’s satellite that it is had by the Moon, as something else might
have been the Earth’s satellite; and (ii) while the property of being the Earth’s satellite is coextensive with the property of being
the Moon, the two are distinct (since nothing but the Moon could have been identical to it).
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fail to satisfy (i) and (ii).

Since INrAX is derivable from the conjunction of FP with any of (i) and (ii) already in somewhat weak
modal type-theoretic systems,'? there would be no real gain in adopting FP rather than INFAx, unless it
was thought that the values of higher-order variables did not satisfy (i) nor (ii). HIGHER-ORDERISM is thus
an important aspect of UPPER as it makes it reasonable to think that the values of higher type variables do
not satisfy (i) nor (ii), and so that a commitment to FP does not collapse in a commitment to INFAX.

Upper’s third and fourth core theses are the following;:

LogcicaLiry: The metaphysically necessary truths formulated in a pure modal and type-theoretic lan-

guage are all logically true.

HiGHER-TYPE ARITHMETICAL ONTOLOGY: Natural numbers are finite cardinalities, and the Russellian char-

acterization of arithmetic’s primitives — natural number, zero and successor — are all true.!3

LocrcaLrry is a joint consequence of: (i) the popular view (see, e.g., (Shapiro 1998, 2005)) that the logical
truths include the necessary truths formulated solely in terms of logical expressions; and (ii) that among
the latter are all of pure modal type theory’s primitives. Notoriously, these include the necessity operator,
which did not figure in the logicist theories of Frege, Whitehead & Russell and Hale & Wright.!* Alas,
since a defense of the metaphysical necessity operator’s logicality, and so of Locicavrity, would require
separate treatment, it will be left for another occasion.?

HIGHER TYPE ARITHMETICAL ONTOLOGY's conception of the arithmetical entities is directly connected to
what has been called the applications constraint and, more specifically, to Frege’s constraint. Roughly, ac-
cording to Frege’s constraint the canonical applications of mathematical entities to the characterization of
the world must be contained within their nature.'® Arguably, the application of properties and relations
to the characterization of the world is contained within their nature. That is, part of what it is to be a prop-
erty is to have application conditions — conditions under which entities instantiate or fail to instantiate it

— and those conditions will be essential to the properties that they are application conditions of.!”

12For instance, adding any one of these theses to the system S5QLc, to be presented later on, results in a system in which INrAx
is derivable. This is shown in Lemmas 40 and 41, Appendix E.

13 rigor, UPPER is committed to NAC and to ARITHMETICAL PRIMITIVES, a thesis to be characterized in §3.

14By contrast with Frege, Whitehead & Russell, and Hale & Wright, higher-order identity predicates are primitives of the
theories here considered. Notwithstanding, this difference is not of much significance. For higher-order identity could just as
well have been defined in terms of indiscernibility.

150n this issue, see, e.g. (Tarski 1986), (Sher 1991), (Burgess 1999), (MacFarlane 2000), (Novaes 2014), (Woods 2016). Still on
metaphysical necessity’s logicality, I am inclined towards the view that metaphysical necessity is truly characterizable along the
following lines: for it to be the case that Op just is for p to be identical to p — p (for similar views, see (Cresswell 1965), (Suszko
1975, 8§7), (Dorr 2016, pp. 68-70) and (Rayo 2013, ch. 5)). So, modality need not be a primitive of a logical theory having amongst
its theorems the logicist interpretations of all of PAy’s theorems, provided that the logicality of propositional quantification and
propositional identity are accepted. But this stance is, of course, compatible with modality being a primitive of a different logical
theory which also has amongst its theorems the logicist interpretations of all of PAy’s theorems — which is what I here argue for.

16Wright (2000, p. 324) formulated the applications constraint as the constraint that “... a satisfactory foundation for a math-
ematical theory must somehow build its applications, actual and potential, into ... the content it ascribes to the statements of
the theory ...". For insightful discussion on the applications constraint, the specifics of Wright’s and Frege’s views, and the role
played by Frege’s constraint in his philosophy of mathematics, see (Panza & Sereni 2019).

.....
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Now, conceiving of the natural numbers as properties of properties does not, on its own, imply the
satisfaction of Frege’s constraint. For satisfaction of Frege’s constraint requires that the canonical applications
of natural numbers be contained within the properties claimed to be natural numbers. Still, NAC accounts
for the application of natural numbers to counting — arguably, their canonical application —, and it does so
in the most straightforward way. For the result of counting is the attribution of a cardinality property. So,
it would appear that HIGHER-TYPE ARITHMETICAL ONTOLOGY does imply the satisfaction of Frege’s constraint.'8

Relatedly, NaC accounts for our use of natural number expressions as determiners — as in, e.g., ‘Mars
has two moons’ — as these are commonly thought to consist of properties of (and relations between) prop-
erties. Now, a number of philosophers (perhaps most notably, Frege) have held that the use of number
expressions in subject position requires viewing numbers as individuals rather than properties. Unsur-
prisingly, I reject that this is so, though a sustained defense of the view that natural numbers are properties
rather than individuals lies beyond the scope of the present paper. Suffice it to say for the moment that
proponents of the view that natural numbers are individuals likewise face the challenge of accounting for
the use of natural number expression as determiners, and that NaC might afford the means of accounting
for our natural language use of natural number expressions in subject position provided that this use is
derived from their use as determiners — a view argued for in, e.g., (Hofweber 2016, ch. 2).19

Finally, the appeal to modal resources fits naturally with HIGHER-TYPE ARITHMETICAL ONTOLOGY and the
canonical application of the natural numbers to counting. For besides considering what finite cardinality
a given property actually falls under, we also commonly consider those that it could have fallen under.
For instance, it is not only true that Mars has two moons, but also that it could have had more.

Importantly, it will be a commitment of HIGHER TYPE ARITHMETICAL ONTOLOGY that natural number-
talk is ambiguous across types. For each type 7, there is a zero()y which applies to properties of type
-entities.’’ Mutatis mutandis for talk of ‘successor’ and ‘natural number’. Proponents of upPER thus
regard PA, as ambiguous between different theories PA, ;, for each type 7, whose apparently first-order
quantifiers in fact range over properties of properties of type 7 entities.

This kind of type ambiguity fits naturally with HIGHER-ORDERISM. From a higher-orderist standpoint,
talk of identity, equinumerosity,*' and cardinality is itself ambiguous across types. To give just one example,
there is not only a cardinality property of being instantiated by exactly three individuals, which applies
to properties of individuals, but also, for each type, the property of being instantiated by exactly three
entities of that type, a property which applies to properties applicable to entities of that type. The am-

1
Z 1, - Zpn OCCUr freein @: @ are X1

conditions are essential to it at least in the sense that, necessarily, if the relation exists, then it has those application conditions.

I8 A full development of a defense of HIGHER-TYPE ARITHMETICAL ONTOLOGY Via Frege’s constraint will, however, have to be left for
another occasion.

19Some further remarks on this issue will be offered in §7.2, in the context of discussing Hodes’s ALTERNATIVE THEORY.

20Here, the subscript indicates the type of the expression in question. For each type p, (p) is the type of predicates applicable
to type p expressions, and so ((1)) is the type of predicates applicable to type (r) expressions, for every type t. Thus, ‘zero(y)’
is used not as a singular term referring to individuals, but as a predicate applicable to type (r) predicates, and so “standing for”
a higher-type property. The typing will be further explained in §3.

2lWhere two properties are equinumerous if and only if there is some 1 -1 function from one of them onto the other. For a
rigorous characterization of the notion in the adopted type-theoretic setting, see Definition 14, Appendix A.
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biguity of natural number talk is thus of a kind already familiar to higher-orderists. And it naturally
follows, given HIGHER-ORDERISM, from a conception of natural numbers as finite cardinalities.

UPPER’s remaining core theses are the following:

INTERPRETABILITY OF ARITHMETIC: There is a deductive system formulated in a pure modal and type-
theoretic language and including FP among its axioms whose theorems are necessary truths, and in-

clude the HIGHER TYPE ARITHMETICAL ONTOLOGY-respecting translations of all theorems of PA,.22

NEecessiTY ofF ARITHMETIC: The purely arithmetical truths expressible in the language of PA, are all meta-

physically necessary truths also expressible in a pure modal type theory.

INTERPRETABILITY OF ARITHMETIC — alongside with HIGHER TYPE ARITHMETICAL ONTOLOGY and LOGICALITY
—, establishes that every theorem of PA; ; is logically true, for every type 7. This is a pleasing result from a
logicist standpoint insofar as PA, is a canonical second-order system for arithmetic.

Now, Godel’s incompleteness theorems appear to pose an important challenge to any logicist project
as they establish that no (effectively axiomatizable and consistent) deductive system contains as theorems
all arithmetical truths expressible in the language of PA;. As a consequence, INTERPRETABILITY OF ARITH-
METIC, HIGHER TYPE ARITHMETICAL ONTOLOGY and LoGICALITY fail to imply (on their own) that all arithmetical
truths expressible in the language of PA, are logically true.??

In my view, logicists should see Godel’s incompleteness theorems as revealing not that some arith-
metical truths are not logically true, but rather that no (effectively axiomatizable) deductive system con-
tains as theorems all logical truths. For this reason, a successful logicist account of a mathematical field
F will ideally involve not only an interpretability result showing how to derive a canonical (true) deduc-
tive theory of F by purely logical means, but also a sound argument for the logical truth of the logicist
interpretation, in purely logical terms, of every truth of F. In the case of uPPER, this second component
consists in a defense of NECEsSITY OF ARITHMETIC.>* FOr NECESSITY OF ARITHMETIC, HIGHER-TYPE ARITHMETICAL
ONTOLOGY and rocIcAaLITY do jointly imply that all arithmetical truths expressible in the language of PA,

are logically true. Summing up, the following are all of uPPER’s core theses.

Urpper: The conjunction of (i) NEcessiTY OF FP; (ii) HIGHER-ORDERISM; (iii) LOGICALITY; (iV) HIGHER-TYPE ARITH-

METICAL ONTOLOGY, (V) INTERPRETABILITY OF ARITHMETIC,; and (Vl) NECESSITY OF ARITHMETIC.

The partial defense here offered of urper will only be concerned with the theses of NEcessiTy oF FP,
INTERPRETABILITY OF ARITHMETIC and NECESSITY OF ARITHMETIC. | hope to offer defenses of LocicaLiTy and

HIGHER-TYPE ARITHMETICAL ONTOLOGY in another occasion.

22These are the Russellian translations, characterized in Def. 8, §4.
23Insofar as KQL(I;P interprets PAy, is effectively axiomatizable, and consistent, it is, of course, incomplete.
24For a defense of the claim that every arithmetical truth is determinately so, see (Goodsell 2021).
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3 Typed Modal Systems

The typed modal systems of interest in the remainder of the paper are formulated in either the language
MT, urPER’s official pure typed logical language, or else in PMT, an extension of MT with plural quantifi-

cation. The set of types is the following:

Definition 1 (Types). The set 7 of types is the smallest set such that e is a type, and, for every positive integer n,
iftt,..., 7" are all types, then (z,...,T") is a type. O

The variables of PMT come in two kinds, singular variables and plural variables:

Definition 2 (Variables). For each type 1, Vars$, the set of singular type t-variables, is the set {x! : i € N}, and
Var?, the set of plural type t-variables, is the set {xx. : i € N}, for each type T. O

Terms and formulae of PMT are simultaneously defined as follows:

Definition 3 (Terms and formulae of PMT). For each type t, the sets PMT; and PMT g of, respectively, singular

type t-terms and formulae of PMT, are the smallest sets such that:

— Atomic singular terms: (i) Var; < PMT;3; (ii) "=, " € PMT; whenever t is the type (o, 0), for any type o;

— Formulae: For all types t',...,7" and o: (iii) If Be PMT;,, _, and a' € PMTS,, for each i such that 1 <i<n,
then ™ B(al,...,a™ " € PMTyyg; (iv) If {p, @} S PMTyy, then {" =7, "o Ay, O} € PMTyg; (0) If v € Var (o)
and ¢ € PMTyy;, then "V v € PMTyg; (vi) If vv € Var)), and ¢ € PMTyg, then "Vvve™ € PMTyg; (vii) If
a € PMTS and vv e Varg, then "a < vv' € PMTyg; (viii) If vv,uu € Varg, then "vv = uu € PMTy;

— Complex predicates: (ix) If T is the type (z',...,7"), vl € Var},,...,v" € Var}, are distinct variables, and
@ € PMTy, then "Av'...v" @7 € PMTS, for all types T',...,7". &

Definition 4 (Variables, terms and formulae of MT). For each type t, MT’s type t-variables are PMT's singular
type t-variables, MT’s type t-terms are those type t-terms of PMT in which no plural variables occur, and MT’s
formulae are thise formulae of PMT in which no plural variables occur. &

Loosely, an entity will be said to be of a given type when the terms that stand for entities of its kind
are of that type. Type e-singular terms stand for individuals — entities of which it is nonsensical to say
that they are instantiated as well as that they are not.>> Roughly, type (t',...,7")-singular terms stand for
relations between entities of, respectively, types 7', ..., 7". Moreover, whereas a type 7-singular variable
ranges over type 7-entities, a type type 7-plural variable ranges over pluralities of type 7-entities.?®
The boolean connectives ‘=" and ‘A" are given their standard reading, ‘" expresses metaphysical

necessity, and each complex predicate "Av!...v"¢ stands for the type (rl,...,7") relation of being v!,

ZThat is, it is nonsensical to say that they are not instantiated except in a derivative sense (e.g., when their haecceities are
not instantiated). For a defense of the related view that it is nonsensical to say both that attributes have and that they lack
spatiotemporal location, see (Jones 2018).

26Language MT is quite close to Gallin’s (1975) modal type-theoretic language. One difference is that Gallin’s relational types
also include the type () — the type of formulae —, with some variables thus taking sentence position. Quantification into sentence
position would, however, bring nothing new to our results, and leaving it out simplifies the discussion to some extent. Also,
while MT includes amongst its primitives the ‘A" operator and higher-type identity predicates, these are absent from Gallin’s
original language. Finally, Gallin’s language does not include plural quantification.
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..., V" such that ¢. There are no complex terms standing for pluralities. Intuitively, "a < vv™ states
that « is one of the vv, and "vv = uu ' states that the vv are nothing but the uu. The remaining boolean
connectives, the existential quantifier and the possibility operator are all contextually defined in the usual

manner. Further, a # f:= —~a = , and for each type 7 and natural number n, (1), :=(7,...,7).
—_——

xn
Note that ‘=" as it occurs in clause (viii) of Definition 3, is not to be confused with "= 1,7, for any type

7. Rather, itis a syncategorematic expression. A different option would have been to have taken formulae
of the form "vv = uu™ to be abbreviations of, e.g., plural coextensiveness (i.e., yyr = z2z; := VX (X < yy; < x <
zz;)), or plural coextensiveness and existence (i.e., yy; = zz; := IWw VX (X < yYr = X< Ww) AVX (X < yy; —
x < zz;)). None of these options has been pursued here in order not to presuppose any particular view on
whether the identity of pluralities requires their existence, or whether it suffices that they be coextensive.

We will also make use of the following defined expressions:

Definition 5 (Existence). For any type T, type t-singular term or plural variable {, and where u is the first type

7 variable (singular if { is singular, plural if { is plural) that occurs nowhere in {: E[{] := Ju(u = (). &

Regimenting FINITARY PLENITUDE requires defining what it is to be a finite cardinality. This and related

notions are defined as follows (in a manner akin to Frege’s own definitions):

Definition 6. Where, for every type t: (i) a is a type (v)-singular term; (ii) B is a type t-singular term; (iii) & is
a type {(t))-singular term; (iv) v is the first type (1)-singular variable that occurs nowhere free in a, p or &; (v) w
is the first type T-singular variable that occurs nowhere free in &; (vi) y is a type ((7)))-singular term, (vii) r and
t are, respectively, the first and the second type {(r))-singular variables that occur nowhere free in y:

(a) Nothing: 0y =df Ax(ry 3y (x(1)); (b) Minus: a — f:= Av(a(v) Av # P);

(c) Successor of: Sy, €] := Av@w(w(w) AE(v—w)))); (d) Successor: Sy, =df AXayy Yy (Y = S, ) [x1);
(e) Hereditary: Her[y]:=VrVt((y(r) AS(r, 1) — y();

(f) Finite cardinality: Nzy)y =at Ax@yy (Y Y@y (7(0) A Her [y]) — y(x))). &

For each type 7, FINITARY PLENITUDE, is then regimented as follows, where FP is just FPe:
(FP7) V(e N(X) = OFy iy (x()))

Moreover, according tO HIGHER-TYPE ARITHMETICAL ONTOLOGY:

ARITHMETICAL PRIMITIVES: For every type 7:

(a) To be the natural number zero ) just is to be 0y, —i.e., the property of having no instances;

(b) To be the successor relation ), just is to be Sy, — i.e., the relation of being x(y, and y4)y such
that y(zy) = Sy, [y, where Sy, [X(zy] is the property of being a z(;) such that some u; falls
under z¢;y while the property of being a z(;) distinct from u, falls under x(y));

(c) To be the property of being a natural number )y just is to be Ny, —i.e., the property of having all
of 0¢y)’s hereditary properties, where a property p )y is hereditary just in case x) has it only if

X((r)y’s successor has it
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The base deductive systems of interest in the remainder of the paper are characterized in terms of the

schemata and inference rules in Table 1.

Axiom schemata
(PL) Propositional tautologies 9 O(p — v) — e — Oy)
(T) Op—¢ (5) O —U0p
(V1) Yu(p —y) — (Yvp — Yoy) (V2) o — Vvp¥
(VE) Ela]l — (Vv — @) (V=) Vu(v=vAEV)
(nd)  a=y—(@—¢)? (SA) p(©&) — E[6']
(Ab1) Atip(6) — ¥ (Ab2) (@EA Ai<izn E[6'] A E[ATg)) — ATip (@)
(Compc) Ep— E[B]*° (<) u< uu— O(E[uu] — (u< uuA Elu))
(=Ip) (EluulAVu(u<uu<— u<tt)) - uu=_tt (PluComp) Fup — JuuVu(u < uu < @)
(OEp) (Eluu) AV u(u < uu— OE[u])) — OE[uu]
Inference Rules
MP) Fo&tFeop—-vy)=>Fvy (Nec) Fo=>FUep (Gen) Fo=FVYve

Table 1: Axiom schemata and inference rules

In Table 1 ¢ and v range over PMT-formulae. In addition, for every type 7, v ranges over singular as
well as plural variables of type 7, @ and y range over type 7-singular terms as well as over type 7-plural
variables, u is a singular type 7-variable, and uu and ¢t are plural type r-variables.

Furthermore, for all n € N* and i such that 1 < i < n and every type 7': (i) §' ranges over type 7'-
singular terms; (ii) & abbreviates the sequence 4',...,8"; (iii) u’ ranges over type t'-variables; (iv) % ab-

breviates the sequence u!

...u"; (v) B ranges over type (t,...,7")-singular terms; and (vi) (pg is the result
of simultaneously substituting each free occurrence of u’ in ¢ by 6°, where each §' is free for u’ in ¢.
The present interest is in the deductive systems in Table 2 and their combinations characterized in

Definition 7.

System | Axioms Inference rules
PL | All theorems of classical propositional logic MP
K Axioms of PL + all instances of K MP, Nec
T Axioms of K + all instances of T MP, Nec
S5 Axioms of T + all instances of 5 MP, Nec
QL Axioms of PL + all instances of V1, V2, VE, V=, Ind, SA, Ab1l, Ab2 MP, Gen
PQL | Axioms of QL + all instances of (JEp, < I, PluComp, =Ip MP, Gen

Table 2: Base systems of modal and quantified logic

Definition 7 (Systems of modal type theory). If A€ Mod := {K,T,S5}, B € Qu := {QL,PQL}, then AB is that
system whose axioms and inference rules result from putting together, respectively, the axioms and inferences of A

27Provided that v occurs free nowhere in ¢.
28Where a is free for v in ¢ and @Y is a formula that results from substituting a for all free occurrences of v in ¢.

29Where ¢’ is a formula which results from ¢ by having y occur at some places where a occurs, re-lettering bound variables
to ensure that no variables free in a =y are bound in ¢ or in ¢’

30Given alist u!, ..., u™ of all atomic terms or plural variables (except M=(;,ry , forall types 7) free in §, Eg := EluMA...AE[U™].
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and B. If B is QL, then it and AB are formulated in MT. If it is PQL then it and AB are formulated in PMT. Further,
each one of Bsa, Bc, Bsac, ABsa, ABc, ABsa is the system that results from adding to B, or AB, respectively, all
instances of SA, all instances of Compc, and all instances of both SA and Compc.

Moreover, for each one of the defined deductive systems S, "+ stands for derivability in S, '+’ stands for ‘xqr.,
and SFF is that system whose theorems are those formulae ¢ such that s FP — ¢. Finally, and as usual, for each
system S, T g ¢ if and only if there are y',...,y" € T such that Fsy! — (y* — (... = (y"* — ¢)...)). &

FP does not figure as an extra axiom of any of the systems characterized in Definition 7 is so that its
metaphysical necessity not be presupposed without argument — which it would otherwise be, owing to the
presence of the Nec rule. While, I'll later argue for NEcgssiTY OF FP, the system KQLEP which will be shown

to interpret PA; does not have FP’s metaphysical necessity as a theorem.

4 Interpretability of PA; in KQLE”

Recall that PA, is formulated in a second-order language (without A-terms), PA;, whose only non-logical
primitives are the individual constant ‘0’, the unary predicate ‘N’ (‘is a natural number’) and the binary
predicate ‘S (‘is succeeded by’). PA, will be shown to be interpretable in KQLE? via Russellian translations

—so called owing to their alignment with Russell and Whitehead’s take on arithmetic’s subject matter.

Definition 8 (Russellian translations). For each type 1, the Russellian translation; from PA, to MT, (-)T%‘ is

defined as follows, where ¢ and y are PAy-formulae, v is an individual or predicate variable of PA, "x'™ is PAy's
. z(r)>
"Xy, 18 MT's ith type (((0))) p-variable:

(a) (07 =0y (1) CNYVF = "Ny 5 (€) (S ="Seecom, % () € =07 =T=qqom, % () (I NF =T,
(f) ('—X,if')‘? = I—xf«r))),,—l; (g) ('—ﬁ(al,,..,an)‘l)? — r(ﬁ)?((al)?’””(an)}@)j; (h) (l—_l(p_l)}@ _ I__l((p)?_l;
(i) Coay )7 =T(@Z A7 () (Vv =TV W) Z ()7 o

ith individual variable, "x;, ., is MT’s ith type ({r))-variable, rX,","' is PAy’s ith n-ary predicate variable, and

In Definition 8 is characterized a family of translations, one for each type, so as to reflect uPPER’s
commitment to the systematic ambiguity across types of the arithmetical vocabulary. The following is
the paper’s main result (the numbering of the theorems and lemmas stated in the main text reflect the

order by which they are proven in the appendix):

Theorem 8 (Interpretability). KQLE? interprets PA, via the Russellian translation ()7, for each type T. More
precisely, for every closed theorem ¢ of PAy, (p)7 is a theorem of KQLEF, for every type t.

In Definition 11 (Appendix A) is given an axiomatization of PA,. The proofs of the Russellian transla-
tions of all of PA;’s axioms are routine (they will be given in appendix A) — except for SIC;, the Russellian

translation of SUCCESSOR IS INJECTIVE:

(SIC,) Y Xy YV Yoy Y2y (N(xX) AN() A (S(x,2) AS(,2)) = x=1Y)
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In the remainder of this section I'll go through the main ideas involved in the proof of SIC; from FP. I
leave the details for Appendix A, where a full proof of Theorem 8 can be found.

A crucial result appealed to in R&W's proof of SIC; from INFAX is the equinumerosity lemma, according
to which, for every natural number, if a property y;) has it, then any property z(;) has it if and only if y
and z(;y are equinumerous. In the context KQL¢ it is possible to prove the following strengthening of this

lemma — one of the main results on which the KQLEP-derivation of SIC; relies:

Lemma 6 (Modal equinumerosity lemma). F Vx()) (N(x) = OV y ey (x(y) = Vzey (x(2) < y = 2))).
Two other important results are the following:

Lemma 7 (Impossible sharing). F Vx(x1)) ¥y )y (N(x) AN(Y) A OFz(1) (x(2) A y(2))) = x = y).

Lemma 10. + FP. — FP;.

Lemmas 6, 7 and 10 are proved in appendix A. On their basis, SIC; can be derived in KQLE’. To see
this, assume, for arbitrarily existing x(y and ysy, that they are natural numbers, and that z(4), is a
successor of both. Then, z;), is a natural number, by the arithmetical axiom according to which the
successor of a natural number is itself a natural number. So, FP; implies that it could have been that z(),
was instantiated by some w(;). So, by the definition of successor, it could have been that there were s;
and t; such that s; and #; both instantiated w;y, w¢y — s; (i-e., the property of being a w ;) distinct from
s7) instantiated xy), and w;) - t; (i.e., the property of being a w(; distinct from #;) instantiated y(xy).
In such a case, w(;) — s; would have been equinumerous with wy — ;. So it could have been that there
were Pgy and Q) such that P instantiated x()), Q) instantiated y(y, and Py was equinumerous
with Q. So, by the modal equinumerosity lemma, it could have been that there was a P(;) such that P
instantiated both x()y and yyy. Hence, x(xyy = y(xy), by the impossible sharing lemma. So, if FP;, then any

natural numbers x()y and y() having the same successor are identical. Hence, SIC;, by Lemma 10.

5 Necessity in S5PQL¢ of the true purely arithmetical formulae of MT

The paper’s second main result — that the truths of pure arithmetic are all metaphysically necessary —
requires getting clearer on what formulae of the typed modal language MT count, from the standpoint
of UPPER, as purely arithmetical.

A first suggestion is that the purely arithmetical formulae are those formulae of MT which are Rus-
sellian translations of formulae of PA,. Alas, this option is unsatisfactory. For instance, it implies that
the Russellian translations of all formulae of pure second-order logic (formulae without any distinctively
arithmetical vocabulary) express purely arithmetical facts. Among these is, for instance, a formula that
intuitively expresses that (i) there is some type (({e)))-property X with a cardinality greater than some
infinite cardinality; and (ii) there is some type ({(e)))-property Y with a cardinality greater than X; and
(iii) there is some type ({(e)))-property Z with a cardinality greater than Y. But it is not reasonable to
think that, even if true, the conjunction of (i)-(iii) is a purely arithmetical fact. After all, this claim seems to

12
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have little to do with what is true about the type ({e))-natural numbers. In general, questions concerning
how many different infinite cardinalities are instantiated are not under the purview of arithmetic.

Likewise, a type-theoretic version of the continuum hypothesis can be formulated in pure second-order
logic.3! But even if the continuum hypothesis turns out to be neither necessarily true nor necessarily false,
that does not show that some truths of pure arithmetic are not necessarily true. For, arguably, neither the
continuum hypothesis is a truth of pure arithmetic nor its negation is.

A better option arises once PA,’s first-order quantifiers are interpreted as implicitly restricted to the
natural numbers, as is already customary to do in arithmetical theories. Consider the following class of

translations from PA, to MT:

Definition 9 (Arithmetical translations). For each type , the arithmetical translation, from PA, to MT, (-,
is defined exactly as the Russellian translation;, except that ("V v(pj)ff ="V N(»7) — ((p)f{ ). O

The proposal is then that, for each type 7, the formulae of MT which express purely arithmetical facts,

as they concern the type ((7))-natural numbers, are the images of the arithmetical translation.:

Definition 10 (7-Arithmetical formulae). A formula ¢ of MT is a closed t-arithmetical formula if and only if
@ =), for some closed formula v of PA,. O

Each r-arithmetical formula is obtained from some PA,-formula ¢ by indexing ¢’s variables with the type
((1)), substituting the primitives of PA; occurring in ¢ by their Russellian characterizations, and restricting
the type ((r))-quantifiers to natural numbers.

We are now able to state the paper’s second main result:
Theorem 9. Fgspqr, () — D), for every closed formula ¢ of PA, and every type T.

Theorem 9 is a corollary of a more general result, Lemma 28 (both proven in Appendix C). Say that
a relation is arithmetical if and only if it exists necessarily and necessarily, whatever it holds of, those
things are natural numbers and it necessarily holds of them. Then, Lemma 28, proven by induction on
the complexity of formulae, establishes that if the parameters occurring in ()¢ are all natural numbers
or arithmetical relations, then () — O(¢)<. Theorem 9 then follows.

For most cases, Lemma 28's proof is straightforward, owing especially to the following facts: (i) nat-
ural numbers are necessarily natural numbers; (ii) if a natural number is a successor of another, then it
is necessarily so; (iii) identical natural numbers are necessarily identical; (iv) if an arithmetical relation
holds of some natural numbers, then it necessarily holds of them.

The one tricky case is when ¢ is a universal quantification into predicate position. The proof of this
case relies on the following observation: that if some n-ary relation R is such that (¢), then there is
some n-ary arithmetical relation U such that ((¢)¥ ). The witness arithmetical relation U is characterized
in terms of the plurality uu of those n-tuples (understood as haecceitistic relations) of natural numbers

of which R obtains. It is the relation of being x, ..., x,, such that this n-tuple is one of the n-tuples in uu.

31gee (Shapiro 1991, §5.1.2).

13

https://doi.org/10.1017/51755020324000145 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020324000145

Owing to pluralities’ rigidity, and to the natural numbers’ necessary existence, U can be shown to be
an arithmetical relation. And from this observation it is shown that if every relation R is such that ((p);‘z7 ,
then, necessarily, every relation R whatsoever (and not just every arithmetical relation) is such that ((¢)),
thus concluding Lemma 28’s proof.

Once Theorem 9 is conjoined with the view that the truths of pure arithmetic are those truths ex-
pressible by closed 7-arithmetical formulae, it implies that all truths of pure arithmetic are necessary
truths expressible in a pure modal type theory, from which it follows, given LocicaLty, that all truths of
arithmetic are logically true — thus vindicating the form of logicism encapsulated in UPPER.

Theorem 9’s proof, in S5PQL¢, involves principles of the logic of plurals. So, should a proponent of up-
PER also be committed to plural logic really being logic? I am sympathetic to this view, and anticipate that
purely logical, neoRussellian characterizations of the primitives of other mathematical domains might
have to rely on plural resources. Notwithstanding, urPER’s proponents need not be committed to the
view in order to have available a successful defense of the logical truth of all truths of pure arithmetic
premised on Theorem 9. It suffices that plural logic’s principles be (plainly) true. For, if they are, then
every truth of pure arithmetic is a necessary truth expressible by a formula of pure modal type theory.

Even if plural logic isn’t really logic, it can still be used to show that some truths are logically true.>?

6 In favor of the necessary truth of every theorem of S5PQLg; .

Given Theorem 9, and provided that Definition 10 pins down the purely arithmetical formulae, NECEs-
siTY OF ARITHMETIC Will have been established if all theorems of S5PQL: can be shown to be true. Further,
given Theorem 8, NECEssiTY OF FP and INTERPRETABILITY OF ARITHMETIC Will have been established if it can
be shown that KQLE"’s theorems are all metaphysically necessary. And a couple of auxiliary results (Lem-
mas 36 and 40, proven in Appendix E) presuppose schema SA.%

Accordingly, in this section I'll start by offering some reasons for thinking that the result of prefixing
any instance of any axiom of S5PQLg, ¢ with any sequence of necessity operators and universal quantifiers,
in any order, is true. From this it will follow that every theorem of S5PQLg, ¢ is true, assuming the truth-
preservingness of modus ponens —as shown in Lemma 30, Appendix D. The truth of all theorems of S5PQL¢
and KQLEP, and of all instances of SA, is then obtained as a corollary.

I'll then offer offering some considerations in favor of FP. Since it is a theorem of S5PQLgy ¢ that if FP is

32 A reviewer observes that a higher-order version of rinite HUME's PRINCIPLE — according to which if properties F or G have no
more than finitely many instances, then the number of Fs is identical to the number of Gs if and only if the Fs are equinumerous
with the Gs — is provable in the type-theoretic system here adopted. This is indeed so. For instance, the ‘number of’-relation
(relating properties to the finite cardinalities which are their number) can be characterized as follows: #:= Ax(yy y(zy N(x) Ax(¥)).
Then, the following is one way of formalizing the principle, where = stands for the equinumerosity relation (characterized in
Def. 14, Appendix A), and Inf[a] states that & has infinitely many instances (a notion characterized in Def. 25, Appendix E):

HiGHER-ORDER FINITE HUME'S PRINCIPLE;: VX(7) VY (1) (UInf[x] A Infly]) — @nqgyy #n,x) A#(n,y) < x = y)).

Since HIGHER-ORDER FINITE HUME's PRINCIPLE is already provable in system QL¢ (characterized in §3), a system without any modal
resources, its proof will be left to the reader.

33geveral proofs in a previous draft relied on SA. I thank an anonymous reviewer for inquiring whether those uses of SA were
essential to the results. In all but a couple of cases, they were not.
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true, then the result of prefixing it with any sequence of necessity operators and universal quantifiers, in
any order, is also true (a straightforward corollary of Lemma 15, proven in Appendix B), this will establish

the necessary truth of all theorems of S5PQLE; , (owing to S5PQLgy,¢’s Nec rule and axiom K).

6.1 Necessity of S5PQLga ¢

System K constitutes the weakest normal modal logic. It is sound for metaphysical necessity. Indeed, and
citing Williamson (2013, p. 44), “(...) most metaphysicians accept S5 [a system stronger than K] as the
propositional modal logic of metaphysical modality (...)’3* The PMT-instances of schemata V1, V2 and
VE are all commonly taken to be metaphysically necessary. Schema SA encodes serious AcTUALISM (SO
called by Plantinga (1976), called ‘being constraint’ by Williamson (2013)), a principle according to which
falling under a (genuine) predicate implies being identical to something. Since I have little to add to the
defense of serious actuaLism offered in (Jacinto 2019), I won't here further argue for this principle.*®

Axiom schemata V= and Ind are commonly thought to be among the principles governing identity:
everything is self-identical, and identicals are indiscernible. Notwithstanding, some might want to take
issue with Ind in the present context. For Ind is known to have false instances when at least one of the
expressions flanking the identity predicate is a nonrigid designator, and some might worry that complex
predicates are nonrigid designators.

As an example of a failure of Ind, consider the sentence ‘if Joe Biden is the U.S. president, then if it is
necessary that, if he exists, then Joe Biden is Joe Biden, then it is necessary that, if he exists, Joe Biden is
the U.S. president’ — b = f(a) — (O@3x(x = b) — b= b) - U3x(x = b) — b= f(a))) — where 'b" and ‘a’ are
individual constants, assumed to be rigid designators, standing for, respectively, Biden and the United
States, and “f” is a functional term standing for “the president of”’-function, and which I'll assume for the
sake of exposition is a nonrigid designator.

At each world of evaluation w, “f(a)” picks out whoever is the U.S. president at w. Since the U.S.
could have had different presidents, there will be worlds of evaluation at which ‘f(a)” picks out distinct
individuals. Now, ‘b = f(a)’” and ‘CJ(3x(x = b) — b = b)” are both true at the actual world. Yet, ‘Cl(3x(x =
b) — b = f(a)) is not true at the actual world, since there is at least one world of evaluation w such that
Joe Biden exists at w and “f(a)” designates Kamala Harris at w. So, ‘3x(x = b) — b= f(a)’ is not true at w.
So, Ind has false instances when the identity signed is flanked by some nonrigid designators.

The worry presently under consideration is thus that complex predicates semantically function in a
manner akin to functional terms, being nonrigid designators themselves. But this worry is unfounded.
On the present conception, complex predicates are rigid designators — provided that they designate any-

thing at all. Their presence in the language does not lead to there being false instances of Ind.3¢ Briefly,

34Though see (Salmon 1989) and (Dummett 1993) for dissenting voices.

35Though see (Fritz 2023) for the tension between serious actuarism and coNTINGENTISM at all orders, and for discussion of
a principle somewhat similar to serious AcTuALIsM, the APPLICATIVE BEING CONSTRAINT, according to which if a relation obtains
between things, then the relation exists. Since this is a more controversial principle (for instance, it is rejected by (Stalnaker 2012,
2016, 2022)), and none of the results here presented rely on it, I've opted to leave it out.

361f a complex predicate fails to have a designation, then if it occurs in the equation which is the antecedent of the relevant
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and roughly, in my view the semantic value of each complex predicate "Au'...u" ¢ consists in a relation
R compositionally determined in terms of the propositional function that is formula ¢’s semantic value; R
obtains, at each world w, of 4!, ..., u", just in case the semantic value of the formula ¢ maps ul,...,u"toa
proposition which is true at w. So, TAul...u@ = a’is true at a world w if, at w, this relation R is identical
to the denotation of a, and is not true at w otherwise. There is no world-relative denotation involved.

This is not, however, the place to further develop this view on the semantics of complex predicates.>”
For the present purposes, suffice it to say that in Appendix F is presented a standard model-theoretic
treatment of complex predication on which the value of a complex predicate in a model is not world-
dependent, and which validates Ind. At the very least, this shows the coherence of the view that complex
predicates are rigid designators, if they designate anything at all.

Turning now to schemata Abl and Ab2, Ab1 is fairly uncontroversial. If a predication involving a com-
plex predicate is true, then the corresponding formula is also true. Ab2 is also fairly uncontroversial, as
it is a weakening of more common principles such as (i) that a complex predication is true if the corre-
sponding formula is true, and (ii) that a complex predication is true if the corresponding formula is true
and the entities of which the complex predicate is predicated all exist.

One reason to prefer Ab2 to both (i) and (ii) concerns the following theses — one for each type 7:

ConTINGENTISM;: There could have been some x; that could have been nothing.
0%, 0y (x=y)

CONTINGENTISM — i.e., CONTINGENTISM, — is seemingly plausible. For instance, prima facie, Joe Biden
could have been nothing. In addition, some philosophers find coNTINGENTISM; attractive also whenever
7 # .38 But principle (ii) (as well as (i)) is inconsistent with the following theses: (a) the truth of a pred-
ication implies the being of the relation that the predicate stands for; (b) the property of being distinct
from a given x; exists only if that particular x; exists;?? and (¢) coNTINGENTISM;. TO see why, assume, for
instance, that Biden is a contingent being (and so, is a witness to (c)). Then, and where ‘h’ stands for
Kamala Harris, “h # b” will be true at any world w at which Kamala Harris exists but Joe Biden doesn't.
Then, by (ii), “Ax(x # b)(h)’ is true at w. So, by (a), Ax(x # b) exists at w. But this conflicts with (b), since
Joe Biden doesn’t exist at w. By contrast with principle (ii), Ab2 leads to no contradiction when conjoined
with (a)-(c). To conclude, then, Abl and Ab2 are extremely plausible.

According to Compg, there is a relation that a complex predicate stands for provided that the values of
the parameters occurring in it all exist. One rationale in favor of the metaphysical necessity of its instances
goes via a principle of “semantic determination” according to which (i) the semantic value of a complex

predicate Aug with parameters t!, ..., t" exists at world w if the propositional function which is the

instance of Ind, then that instance is vacuously true, as it will then have a false antecedent.

37For a model-theoretic development of this idea, see (Stalnaker 2012, Appendix B). See also (Rayo 2021) for a possible role of
propositional functions in problem-solving in modal metaphysics.

38Gee, e.g., (Adams 1981, Prior 1957, Plantinga 1976, Stalnaker 1984). The view that CONTINGENTISM; is true whenever 7 # e is
called ‘higher-order contingentism’.

3This is an instance of a general view advocated by some contingentists according to which the being of some higher-type
entities depends on the being of lower type entities. For simplicity, I focus on anti-haecceities as higher-type entities whose being
is dependent on that of lower type entities — where, for each x;, x;’s anti-haecceity is the property of being distinct from x;.
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semantic value of ¢ relative to an assignment of values to ¢!, ..., 1" exists at w, and (ii) this propositional
function exists at w just in case the semantic values of the terms occurring in ¢, alongside with the values
of the parameters t!, ..., t", all exist at w. But this is just what is required by Compc, assuming that the
semantic values of MT’s identity predicates are all necessary beings.*’

Principle Compc is jointly consistent both with all instances of conTinGENTISM; and with all instances
of NECEssiTIsM; where, for each type 7, NECESSITISM; iS CONTINGENTISM;’s contradictory — the thesis that
necessarily, every x; is necessarily something.*! The subscripted ‘C’ in ‘Compc’ signals its compatibility
with a contingentist world-view. Williamson (2013) ultimately argued that contingentists and necessitists
alike should find Compc to be too weak for some of the development of modal mathematics. Be that as it
may, Theorem 8 shows that Compc suffices for the interpretability of arithmetic in modal type theory.*?

The instances of the plural principles <1, PluComp and =Ip are all (typed versions of) theorems of
standard (free) modal plural logic.*> Concerning [JEp, given a conception of pluralities as, in some sense,
being nothing over and above their members, it is an uncontroversial thesis that necessarily, it was once
the case that necessarily, if the uu exist and every one of the uu existed then, then the uu also existed
then.** And it is a consequence of this thesis that if the vv exist and all the entities which are among the
vv necessarily exist, then the vv necessarily exist.

So, it is reasonable to think not only that all of S5PQLgs ¢’s axioms are metaphysically necessary, but
also that the results of prefixing them with any sequences of necessity operators and universal quanti-
fiers, in any order, are all true. But then, all theorems of S5PQLg, ¢ are true — assuming that MP is truth-
preserving, as is all but reasonable to assume — owing to Lemma 30 (as already mentioned). So, all theo-
rems of S5PQLg, ¢ are metaphysically necessary, due to the S5PQLg, ¢'s Nec rule. This establishes NECEssITY

OF ARITHMETIC on the assumption that Definition 10 does pin down the purely arithmetical formulae.

6.2 The truth of FINITARY PLENITUDE

As it turns out, FP implies its metaphysical necessity, by S5QL¢-reasoning (see Appendix B):
Lemma 15. |_S5QLC FPT and DFPT

So, given what has been argued so far, INTERPRETABILITY OF ARITHMETIC will have been established pro-
vided that FP can be shown to be true. Accordingly, in the remainder of this section I'll put forward a
couple of considerations in favor of FP.

The first of these — a minor adaptation of an argument of Williamson’s (2013, p. 144) — goes as fol-

lows. It is plausible to think that there could have been n donkeys, for every finite cardinality n. The

40For further considerations in favor of Compg, see, e.g., (Jacinto 2017), (Stalnaker 2016) and (Fritz & Goodman 2017, §2).

4INEcEssimism, is known in the literature simply as ‘necessitism’. ‘HIGHER-ORDER NECEssITIsM’ is the view that NECEssITISM; is
true whenever 7 # e.

42For a reply, on behalf of (higher-order) contingentists, to Williamson’s arguments, see (Jacinto 2017). Another notorious
view available is ‘hybrid contingentism’, the conjunction of conTINGENTISM, With higher-order necessitism. For an overview on
the NECEssITISM Vs. cCONTINGENTISM debate, and its higher-order correlates, see, e.g., (Skiba 20214).

43See, e.g., (Florio & Linnebo 2021).

#This thesis can be regimented by resorting to the Vlach operators ‘1" (‘once’) and ‘|” (‘then’) in the following way: O 1
OWE[luul AVu(u < uu—| E[ul)) —| Eluul).
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contradictory hypothesis — that the metaphysical laws imply the existence of an upper bound on the fi-
nite cardinality that possibly numbers being a donkey — is presumably absurd. So, every finite cardinality
n could have been instantiated. Hence, FP is true.

Even if “easy”, the argument is compelling. In addition, anyone resisting it must also be committed
to the metaphysical laws being such that, for every property whatsoever, there is an upper bound on the
finite cardinality that numbers it: there is a bound on the finite cardinality that possibly numbers being a
quark, being a spatiotemporal location, being one of someone’s hairs, etc. But such a view is surely absurd. It is
absurd to think that there is a natural number n such that no property whatsoever could have had more
than n-many instances. In any case, at this point the onus should be on the opponent of FP to explain
why it should be rejected, not on FP’s proponent.

FINITARY PLENITUDE is also a consequence of prominent principles of plenitude (indeed, a failure to imply
FP would presumably reveal the weakness of any such principle). In what follows I'll focus on Lewis’s

(1986) popular principle of RECoMBINATION,*®

according to which, for any objects in any worlds, there is a
world that contains any number of duplicates of all those objects, “size and shape permitting”.

There has been much discussion concerning how best to formulate a more precise version of REcom-
BINATION, and even whether the principle is consistent.*® Regardless, those attracted to at least its spirit,

if not its letter, should find the following, much weaker principle close to a triviality:

GEeNERATION: There is an attribute of individuals numbered by some finite cardinality which, necessarily,
no matter what finite cardinality numbers it, its successor could have numbered it.

Axey TV (ery (N(I) A Y(X)) AV Wieyy Vz¢eny (N(w) A S(w, 2)) — D(w(x) — Oz(x)))).

GENERATION is a consequence of the claim that, no matter how finitely-many duplicates of a chosen
individual there are, there could have been one more. Arguably, it will be amongst RECOMBINATION’S
consequences independently of what its best regimentation is, and while being substantially weaker than

it. But FP is derivable from GENERATION in S5QLg, ¢ (a proof of this result can be found in Appendix E):
Lemma 36. Fgsqr,, . GENERATION — FP.

Thus, those attracted to the spirit, if not the letter, of Lewis’s principle of RECOMBINATION — so that they
advocate at least GENERATION — should also accept FINITARY PLENITUDE.

Hence, FP is not only minimally demanding — the conclusion of “easy” but compelling arguments — but
also a consequence of GENERATION, and so of a popular, general, conception of what is possible. There are,
then, good reasons for thinking that FP is true, and so metaphysically necessary.

To those that remain unconvinced, I would just like to point out that FP is indeed significantly weaker

than INrFAX. On the one hand, FP is consistent with the necessary falsehood of INFAX even in the context

45 A different principle of plenitude in the philosophy of mathematics is Balaguer’s (19984, 1998b) PLENITUDINOUS PLATONISM,
according to which every consistent set of mathematical axioms describes a universe of mathematical objects. This principle
is, however, at odds with UPPER, as it seemingly postulates the actual existence of the natural numbers as individuals. Further, it
implies the actual infinitude of the individuals, even though proponents of uppEr wish to remain neutral on this issue.

46Gee, e.g., (Forrest & Armstrong 1984), (Nolan 1996), (Pruss 2001), (Efird & Stoneham 2008), (Darby & Watson 2010), and
(Bricker 2020).
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of the deductive system S5PQLgyy — a system just like S5PQLgy ¢ except that it has among its axioms all

instances of the necessitist comprehension principle Compy:
(Compy) EB1Y

Compy is a necessitist comprehension principle for modal type theory insofar as NEcEssiTisM; is deriv-
able in KQLy, for every type 7.** A model witnessing the consistency of S5PQLS, y with O-INFAX is given
in Lemma 45, appendix F. In this context, it should also be mentioned that S5PQLg; . is consistent with
CONTINGENTISM,, for all types 7, and OJ-INrAx. This is shown in Lemma 44, appendix F. So, FP is further-
more consistent with a thoroughly contingentist metaphysics.

On the other hand, FP is derivable from INrAx already in TQL¢, the result of augmenting KQL¢ with
the modal axiom T (see Lemma 42, Appendix E). So, PA;’s interpretability in KQLEP makes the case for

UPPER stronger than the case for a logicism along Russellian lines has arguably ever been.

7 Other approaches

By way of conclusion, I will briefly compare and contrast upper with four seemingly related philosophies
of arithmetic: Hellman’s (1989) mopaL sTrucTURALISM, Hodes’s (1990) ALTERNATIVE THEORY, Roeper’s (2016)

VINDICATION OF LoGICIsM, and Linnebo and Shapiro’s (2019) ARITHMETICAL POTENTIALISM.

7.1 MODAL STRUCTURALISM

Hellman’s (1989) MODAL STRUCTURALISM is sometimes viewed as a logicist programme couched in modal
and higher-order resources. Applied to arithmetic, it is the view that there are no natural numbers, and that
the real content of each arithmetical theorem ¢ is given by the following formula of pure second-order

modal logic (where (i) Ax(PA5) is the conjunction of PA;’s axioms, (ii) ‘X" is a unary predicate variable,

NSO
XRz

replacing every occurrence of ‘N’, ‘S” and ‘0" in Ax(PAy) by, respectively, ‘X’, ‘R’ and ‘z’, and likewise

for ¢ 3%): 0IXIRIzZ(Ax(PAL)Y 3°) ADVXVRVZ(Ax(PA)Y 30 — ¥ 30). That is, it is possible that some

property, relation and individual “play the role” of being a natural number, successor, and zero with respect

NSO
XRz

MopbaL sTRUCTURALISM thus shares with uprper the views that the real content of each arithmetical

‘S’ is a binary predicate variable and ‘z’ is an individual variable, and (iii) Ax(PA3) is the result of

to PAy’s axioms, and necessarily, whatever plays those roles satisfies ¢

statement can be expressed by a formula of a pure higher-order modal language, and that logic includes
higher-order modal resources. Notwithstanding, a respect in which UPPER and MODAL STRUCTURALISM
clearly differ is that modal structuralists reject the existence of natural numbers. By contrast, UPPER is
committed to their existence. Another significant difference is that MoDAL sTRUCTURALISM is presumably

not committed to higher-orderism. For Hellman (1989, p. 20) subscribes to Quine’s view that ‘some predica-

47Where B ranges over type (rh,..., 7 -terms, for every positive integer n and all types EAPIE L

48Gee (Williamson 2013, ch. 6), and (Jacinto 2019) for defenses of Compy.
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tion relation is hidden in the notation ‘F(x)’, once we admit F as a quantifiable variable’, and speaks of the
values of second-order variables as ‘classes’” and ‘extensions’, taking them to be identical if coextensional.

Concerning MODAL STRUCTURALISM’s logicist character, under Hellman'’s specific way of interpreting its

NSO)
XRz

a claim true only if QINFAX is. SO, MODAL STRUCTURALISM’s interpretability result affords a reduction of

theorems PA, is interpretable in second-order modal logic only if it is the case that 03X3RIz(Ax(PA,)

arithmetic to logic only provided that QOINrAX is logically true. For this reason, urPER seemingly does
at least as well as MODAL STRUCTURALISM Vis-a-vis the two theories’ respective claims to logicality. For, at
least in the context of S5PQLgyy and weaker systems, FP is consistent with both ¢INrAXx and —QINFAX.
By contrast, OINrAx implies FP already in the context of S5QL¢ (this is a straightforward consequence of
Lemma 15, Appendix B, and Lemma 42, Appendix E). We can thus conclude that if QINFAX is logically
true, so is FP, whereas the logical truth of FP does not appear to imply OINrAx’s logical truth.*

In Hellman'’s (1996) more recent development of MoDAL sTRUCTURALISM, to which I'll refer to as ‘mopaL
STRUCTURALISM+, higher-order quantification is replaced by a combination of plural quantification and mere-
ology, owing to Hellman’s qualms about the nominalist pedigree of classes (which, recall, he takes to be
the values of second-order variables). The differences between UPPER and MODAL STRUCTURALISM+ are even
greater than those between uPPER and MODAL sTRUCTURALISM. In particular, it is unreasonable to think that
MODAL STRUCTURALISM+ affords a reduction of arithmetic to logic. For parthood is commonly regarded as a
nonlogical notion. Relatedly, MmopAL sTRUCTURALISM+'s adopted mereological theory is classical extensional
mereology, which includes the strong UNRESTRICTED FusiON schema according to which for any satisfied
condition, there is a fusion of those things that satisfy it. Yet, there arguably is no such thing as the fu-
sion of my nose with the FEiffel Tower, in which case the uNrEsTRICTED FUsION schema has false instances.
Further, even if the UNRESTRICTED FUSION scHEMA turns out to be possibly true, I for one find it unreasonable
to think that it is necessarily true. In any case, it arguably isn’t a logical truth, and so MoDAL sTRUCTURAL-
1ismM+ does not found arithmetic in logic.>

Still by way of comparison, it will be useful to consider how MODAL STRUCTURALISM and MODAL STRUTU-
RALISM+ account for arithmetic’s applicability. For instance, according to Hellman, to attribute the number

2 to the property is a moon of Mars really consists in taking something like (1) to be true:

[V XV RV zVx((the actually true material facts are true A Ax(PA2)Y 5% A R(z, x))

1
@ — Y (BijlY,Au(u=zV u=x), . u(Moon of Mars(u))])))

According to (1), necessarily, for every property X, relation R and individuals z and x, if the actually

NSO
XRz

between the properties is identical to z or to x and is a moon of Mars.

true material facts are true, as well as Ax(PAy) and x is “the successor” of z, then there is a bijection

The condition that the actually true material facts be true is required for a number of reasons. For in-

49MobAL sTRUCTURALISM'S account of real analysis and set theory requires postulating the truth of INFAX, not just of QINFAX.
Since the present discussion concerns only the prospects of MODAL sTRUCTURALISM as a form of logicism about arithmetic, not
about real analysis or set theory, I have not taken issue with this aspect of the view.

501f MODAL STRUTURALISM is chosen Over MODAL STRUCTURALISM+, then why not avail oneself of languages of higher-orders? If
one does so, then the interpretability result here offered will be available. But then, why not take the natural numbers to be the
finite cardinalities that one’s theory will then be committed to — thus embracing urper and leaving behind MODAL STRUCTURALISM?
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stance, if there is some possibility at which Mars has three moons rather than two and there are some

individuals arranged in an w-sequence, then (2) will be false:
2) OV XVRYzYx((Ax(PA2)Y 32 A R(2,x)) — 3Y (Bij[Y, Au(u= zV u = x), Au(Moon of Mars(u))]))).

But if it is furthermore required that the actually true material facts be true in the possibility in question,
then the case where Mars has three moons rather than two is ruled out as a counterexample.

The nonvacuous true of (1) requires that it be possible for both the actually true material facts to be
true and for some individuals to be arranged in an w-sequence — a possibility postulated by Hellman.
The nonvacuous truth of possibility claims of number (e.g., that Mars could have had three moons) like-
wise requires that, for every possibility, it be possible for the material facts true at that possibility to be
compossible with there being some individuals arranged in an w-sequence. But while some might be
eased into thinking that OINrAXx is (logically) true, the claim that for every possibility there is a “shadow
possibility” in which the material facts are the same and yet there are also infinitely many individuals
is highly controversial. As I see it, this claim is almost (if not exactly as) controversial as the claim that
INFAX is necessarily true.

So, with respect to how to account for the applicability of arithmetic, MODAL sTRUCTURALISM’S contrast
with upPER couldn’t be greater. From the standpoint of urPER’s proponents, for Mars to have two moons
just is for the property 2. to be had by the property is a moon of Mars. Indeed, it is the recognition of
the natural numbers as finite cardinalities — the main contrasting point between uPPER and MODAL sTRUC-
TURALISM — that makes it so easy for UPPER’s proponents to accommodate the applicability of arithmetic

in what appears to be a straightforward manner.!

7.2 The ALTERNATIVE THEORY

According to Hodes (1984, 1990), arithmetical sentences have truth-conditions which concern what holds
of finite cardinality (type ((e))) properties. These truth-conditions are expressible solely in terms of logical
expressions, and the ones which obtain are expressible by logical truths. But since arithmetic itself is
formulated via numerals, which appear to be individual (type e) terms, a semantic story is required
explaining how arithmetical sentences get to have truth-conditions concerned not with individuals but
rather with what is true of the finite cardinality properties.

Hodes proposes a semantic account formulated via a ternary designation relation. Let a representor be a
1-1 function from finite cardinality properties to individuals. Then, the ternary designation relation relates
representors and expressions to worldly entities. Relative to different representors, the same expression

—in particular, the same arithmetical expression — may designate different entities.

51Hellman holds that the modality in terms of which MoDAL sTRUCTURALISM is formulated is logical modality rather than meta-
physical modality. This might appear to make it more palatable to accept that there are the “shadow possibilities” postulated
by Hellman. Yet, it is rather unclear what is meant by ‘logical possibility’, this being a major difficulty confronting the modal
structuralist project, as acknowledged by Hellman numerous times. Thus, with respect to how to account for the applicability
of arithmetic, the finitary upper logicist story seems much cleaner and more plausible.
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Specifically, relative to each representor the designation of ‘N’ — the ‘“is a natural number” predicate —
is the representor’s range. As to the designation of numerals, Hodes takes each numeral to be shorthand
for a singular term formulated in terms of ‘#" — the number of -operator. ‘0" is shorthand for “#(Ax.(1)),
and "S(n)" is shorthand for "#(Ax,(x, < n) v 7N(n))". The designation of ‘<’ — the “is less-than-or-equal
to” predicate (applicable to individuals) — relative to each representor is specified in terms of the less-
than-or-equal-to relation between properties of properties of individuals: ‘<’ designates, relative to each
representor f, that relation that obtains between x, and y. if and only if there are cardinality properties
Qe and Ry such that f(Qey) = Xe, f(Re))) = Ve, and Qe is less-than-or-equal-to Ryey. The number
of-operator # designates, relative to each representor f, a function from properties of individuals to indi-
viduals which maps each property X to an individual y. if and only if there is some cardinality property
Qe such that f(Qey) = ye and Xy, falls under Qq(e)y-

Truth relative to a representor is defined in a standard manner. Relative to each representor, the des-
ignation of a numeral can then be seen as representing a particular finite cardinality property, and arith-
metical sentences are true or false in virtue of facts about individuals which can be seen as “encoding”
facts about finite cardinality properties.

The crux of Hodes’s semantic account is that plain truth consists of truth relative to every representor
and plain falsehood of falsehood relative to every representor. This supervaluationist conception of truth
thus “abstracts away” from any contribution that specific individuals and relations between them may
make to the truth of arithmetical sentences. What remains are truth-conditions concerned solely with
the finite cardinality properties. Thus, a sentence such as ‘7 +5 =12’ is true owing not to any particular
individuals standing in any particular relation, but instead owing to the finite cardinality properties exactly
seven ey, exactly five ey, and exactly twelve )y standing in the addition relation.

Among other things, Hodes’s semantic account yields a prima facie elegant solution to the Caesar
problem for Fregean and NeoFregean logicists. While relative to each representor ‘7’ designates a par-
ticular individual, and ‘Caesar = 7" will be true relative to those representors assigning Caesar to exactly
seven )y, and false relative to the remaining ones, this sentence is neither true nor false.

Yet, and as acknowledged by Hodes (1984, §III), this semantic account presupposes INFAX’s truth. For
instance, if there are only finitely many individuals, then there are no representors, owing to there being
no 1 -1 function mapping the finite cardinality properties to the individuals. After all, if there are only
finitely many individuals, then even if the finite cardinality properties are themselves finitely many, they
will be more numerous than the individuals (if there are only n-many individuals, there are at least n+1-
many finite cardinality properties, since having zero instances is a cardinality property). So, since truth
is truth relative to every representor, if there are only finitely many individuals, then Hodes’s simple
account of the semantics of the language of arithmetic will imply the truth of every arithmetical sentence
whatsoever — including obvious falsehoods such as ‘0 = 1" and “every natural number is identical to 0".

Even though the semantic account offered in (Hodes 1984) presupposes the truth of InrFAx, Hodes
(1984, p. 148) is of the opinion that ‘Arithmetic should be able to face boldly the dreadful chance that in

the actual world there are only finitely many objects’. Further, and as has previously been discussed, it is
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difficult to see how the INFAX can count as a logical truth.

In the last couple of paragraphs of (Hodes 1984) it is suggested to replace INrFAXx by FP. Indeed, Hodes
concludes by advocating the view that ‘mathematics is higher-order modal [our emphasis] logic’, with
the development and defense of this view being left for another occasion. It is thus not unreasonable
to take a view along the lines of uPPER to be among those advocated in (Hodes 1984). Notwithstanding,
no arguments for the claim that ‘mathematics is higher-order modal logic’, or logico-mathematical results
potentially figuring in such arguments, are offered in (Hodes 1984).

In (Hodes 1990) is undertaken the task of developing a model theory for the language of arithmetic
which is both neutral on the truth of the INFAx and capable of accounting for how we are able to speak
as if numbers were individuals, given a commitment to the truth-conditions of arithmetical sentences
concerning what is true of the finite cardinality properties. In this model theory, which presupposes the
truth and logicality of FP, representors may map finite cardinality properties to individuals not all of
which need actually exist (i.e., not all of which need be in the domain of the “actual world” of a model).
The underlying idea is that arithmetical have truth-conditions which concern finite cardinality properties
in virtue of these being represented by possibly existing individuals.

Hodes shows that potentialist versions of some arithmetical truths are true in every model, where
the potentialist version of a sentence is obtained by prefixing each existential quantifier occurring in the
original sentence with a possibility operator.’?> He also shows that possibilist versions of more arithmetical
truths are true in every model, where the possibilist version of a sentence is obtained by substituting each
existential quantifier occurring in the original sentence with ’EII’, the possibilist existential quantifier, where
éxq) is true at a world w if and only if some possible individual satisfies ¢ at w. Still, as Hodes also shows
this alternative semantic account of the language of arithmetic, while consistent with [J=InrAx, will not
count the potentialist or the possibilist versions of all arithmetical truths as true in every model.>?

Owing to the mismatch between what is true of finite cardinality properties and the truth of arith-
metical sentences formulated in terms of numerals, understood by Hodes as individual (type e) terms,
Hodes sees the project of developing an account of the semantics of the arithmetical language vindicating
logicism and NaC, not committed to the axiom or INFINITY, and consistent with cONTINGENTISM as having
failed. As he put it (Hodes 1990, p. 391),

‘I tentatively conclude that an Individual-Actualist who accepts the Alternative theory does

best to accept an actual infinitude [of individuals]”.

Roughly, Hodes’s ALTERNATIVE THEORY consists of the conjunction of NaC with the claim that the seman-
tics of the arithmetical language is to be accounted for by “supervaluating” over representors, and that
what makes arithmetical sentences true or false are facts about finite cardinality properties expressible

by, respectively, logical true and logically false sentences of higher-order logic.

52Wwith the universal quantifier being defined as the dual of the existential quantifier.

53Hodes attributes this failure to the fact that the ‘number of’ operator ‘4’ may pick out different individuals at different
worlds. But the results in (Stafford 2023), especially Theorem 1.9, make it reasonable to think that even with a rigid ‘number of’
operator some potentialist versions of some arithmetical truths would fail to count as true in every model.
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The subsequent discussion in (Hodes 1990) proceeds on the assumption of INFAX’s truth, with the
semantic account in terms of merely possible individuals being abandoned. This suggests that in (Hodes
1990) a view along the lines of urPER was no longer endorsed.

In my view, contingentist serious actualists should already be suspicious of a semantic theory formu-
lated in terms of representors having in their range merely possible individuals. For representors are
functions. So, and assuming functions are relations, by serious actuaLism there are no representors hav-
ing in their (actual) range merely possible individuals. Relatedly, some representors may map exactly
zero(ey and exactly oneyy to incompossible individuals. But in such a case contingentist serious actualists
would reject the claim that these incompossible individuals possibly stand in any relation. So, ‘0(0 < 1)’
will be false relative to some representors. But then, ‘0(0 < 1) is not logically true —i.e., not true in all mod-
els (satisfying FP) relative to all worlds and all representors — though it is true (in all models satisfying
FP, and relative to all worlds and all representors) that exactly zero ) is less than exactly one ).

Furthermore, even if higher-orderist proponents of NAC owe some explanation for seemingly true talk
of numbers as individuals, there is reason to think that appealing to a semantic theory for the language
of arithmetic along the lines of Hodes’s is wrong-headed. As an example, Hodes is concerned with how

to account for the occurrence of number-expressions in sentences such as the following:

3) “The number of students is three’.

As it occurs in (3), ‘the number of students” appears to be functioning as an individual term. If so, then
‘three’ would appear to itself be functioning in (3) as an individual term (assuming (3)’s truth).
Yet, from higher-orderists” standpoint, seemingly true talk of numbers as individuals is arguably part

of a much more general phenomenon. For instance, and assuming its truth, in the sentence
4) ‘The colour of the sky is blue’,

the expressions ‘the colour of the sky” and ‘blue” appear to be functioning as individual terms. Yet, being

blue is arguably a paradigmatic case of a property, not of an individual. Similarly, as they occur in (5),
®) ‘The identity relation is the smallest equivalence relation.’,

‘the smallest equivalence relation” and ‘the identity relation” appear to be functioning as individual terms
(assuming the truth of (5)). Yet, the identity relation is a paradigmatic case of a relation, not of an individual.

Now, the view that, in general, talk of properties as individuals is to be semantically accounted for by
taking properties to have individuals representing them seems unmotivated at best. Indeed, it faces a
general version of the problem afflicting Hodes’s strategy for semantically accounting for talk of num-
bers as individuals. Just as there is no one-to-one function from the finite cardinality properties to the
(actually existing) individuals if there are only finitely many individuals, there is also no one-to-one func-
tion mapping properties to individuals, by a higher-order version of Cantor’s theorem. And in this case

assuming the truth of INFAx does not solve the problem.
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Since seemingly true talk of properties as individuals would, in general, appear not to be correctly
accounted for by bringing in representors, it is worth considering a different strategy for accounting for
seemingly true talk of properties as individuals.>* Such an explanation would be of interest not only
to those committed to NaC, but also to other projects in higher-order metaphysics. My “two cents” on
the matter are that such talk is explained by the fact that natural language quantifier-expressions are
flexible with respect to the type of the quantifier they pick at a particular context. For this reason they
are flexible with respect to what lies in their “domains of quantification” at different contexts, and so
sometimes straddle across type-distinctions. Developing this view is, however, outside the scope of this
paper.>® For the present purposes, the relevant point is that higher-orderist proponents of NaC are under
little pressure to accept Hodes’s specific semantic account of the language of arithmetic. For they would
then still be faced with explaining seemingly true talk of properties as individuals in general. Conversely,
a general, higher-orderist explanation of seemingly true talk of properties as individuals — which would
not go along the lines of Hodes’s semantic theory, for the reasons just mentioned — would ipso facto deliver
an explanation for seemingly true talk of natural numbers as individuals.

Notwithstanding, there are important points of agreement between urper and Hodes’s views on arith-
metic: (a) the truth-conditions of arithmetical sentences concern what is true of the finite cardinality
properties; (b) these truth-conditions can ultimately be expressed in purely logical terms; (c) the true
sentences of higher-order logic expressing them are logical truths.

In addition, Hodes did acknowledge the difficulty in establishing, in higher-order logic, certain true
facts about finite cardinalities — e.g., that eleven ey, is not the sum of sever () and five) —, unless INFAX’s
logicality was assumed, despite the unreasonableness of this assumption. A further point of agreement
between the views in (Hodes 1984) and uppERr is thus the solution found to this difficulty: to recognize
that ‘necessity” and ‘possibility” are themselves logical expressions, and that FP is a logical truth.

But Hodes has not proceeded to show that all the theorems of a natural theory of the finite cardi-
nality properties — encapsulated in the Russellian translation of PA, — are logically derivable, or that all
the relevant truths about the finite cardinality properties — encapsulated by those truths which are arith-
metical translations of formulae of PA; — are logically necessarily. Instead, in (Hodes 1990) he gave up on
replacing INrFAx with FP, owing to the failure to provide a satisfactory semantic account of the arithmeti-
cal language in terms of representors mapping finite cardinality properties to (perhaps merely) possible
individuals. By doing so the account of arithmetic in (1990) ends up relying on a nonlogical principle.

From the standpoint of urper’s proponents, Hodes drew the wrong conclusion from this failure. It is
the semantic account in terms of representors that must ultimately be dismissed, not the logicism about

arithmetic. The arithmetical facts about the finite cardinality properties are all logical truths, and the

54For discussion of strategies rejecting the view that in sentences like (3) ‘three’ is functioning as a singular term and the ‘is’
is that of identity, see e.g., (Hofweber 2005, 2007), (Moltmann 2013) and (Felka 2014).

550One immediate worry for this proposal is how to account for quantifiers having in their range, e.g., both individuals and
properties. I think that the worry can be addressed by acknowledging the legitimacy of cumulative type theory — though, again,
this is not the place to develop the view. See, e.g., (Linnebo & Rayo 2012), (Williamson 2013, ch. 5, §7), (Krdmer 2017), (Jones
& Florio 2021), and (Button & Trueman 2022) for discussion on the meaningfulness of cumulative type theory. For a different,
fictionalist strategy for accommodating seemingly true talk of attributes as individuals, see (Button & Trueman Forth.).
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logical principle FP plays a crucial role in the derivation of some of those facts. Even if he changed his
mind later on, Hodes was right in claiming, in (Hodes 1984), that mathematics (well, at least arithmetic)

is higher-order modal logic.

7.3 A VINDICATION OF LOGICISM

Roeper (2016) aims to “vindicate logicism” by improving both Frege’s logicist account of arithmetic — via
a consistent logicist characterization of cardinal number — and the neoFregean’s account of arithmetic —
via a characterization of cardinal number from which HumEg’s pPrINCIPLE can be logically derived.

According to Roeper, to be a cardinal number is to be a cardinality property — a property such as
one, 255587, countably many, etc. Furtherm, Roeper takes cardinality properties to be applicable to plu-
ralities of individuals — e.g., the Beatles were four, and there are seven Daltons. Roeper’s characterization
of cardinality properties is the following (I'll use variables indexed with “(ee)” for variables ranging over
properties of pluralities). A property of pluralities Xy of individuals is a cardinality property just in
case Xeey is: (i) Strongly rigid: for every plurality yy., the yy are necessarily X(.s, or the yy are nec-
essarily not Xees (i.e., Vyye((OX(ee) (yy) V 70X (e (yy)));56 (ii) Strictly congruent: for all yy, and zz., nec-
essarily, if the yy are X5, then the yy and the zz are equinumerous if and only if the zz are X(s
(i.e., Vyy.Vzz,LO(X(yy) — (yy = zz — X(22)))); and (iii) Consistent: Xey could have been instantiated (i.e.,
03y ye(Xee) (y¥))-

Insofar as the natural numbers are cardinal numbers, it is to be expected that it is a consequence of
Roeper’s account of cardinality properties that every natural number property (understood as a property
of pluralities) could have been instantiated, and so that it is committed to FP, owing to cardinality proper-

ties being consistent.”’”

This is an important respect in which uprer and Roeper’s views are in agreement.
The disagreement concerning whether the natural numbers are properties of pluralities or instead
properties of properties also seems to be minor. For, given a conception of the natural numbers as prop-
erties of pluralities, one can define corresponding properties of properties, and vice-versa.”® So, Roeper
and UPPER’s proponents can presumably agree that, in some sense, talk of natural numbers as properties
of properties is meaningful, as is talk of natural numbers as properties of pluralities.
Now, a more significant difference between the two views is that Roeper includes in the characterization

of what it is to be a natural number that it is a cardinality property, and so possibly instantiated. By

56Roeper calls such properties logical. I've instead called them ‘strongly rigid’, since “logical property’ is also as a label for
those properties which are the semantic values of logical expressions.

57 As we will see, Roeper’s formal theory does not appeal to modal resources, and so FP is not derivable from Roeper’s account
of cardinalities as it is formulated in the formal theory’s language.

BLet ‘Ngé oy be a predicate for the property of being a natural number, qua property of pluralities. Then, the property

Neyyy of being a natural number, qua property of properties, is definable as follows: N((e)y) (X((eyy) := FY(ee) (N(’zée» Y)AX =
AZ(ey(Fzze(Vze(z < 22 — Z(2)) A Y (22)))). That is, for X((e) to be a property-applicable natural number just is for X(() to be the

property of being a Z, such that those things which fall under Z fall under some plurality-applicable natural number.
Similarly, the property N, (’zi & of being a natural number, qua property of pluralities, is definable as follows: N, (’[Zi & (X(eey) :=
Y ey Neeyyy V) A X = Azze(Y (Aze(z < 22)))). That is, for X(eey to be a plurality-aplicable natural number just is for X(ee) to be

the property of being zz, such that the property of being one of the zz, falls under some property-applicable natural number.
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contrast, UPPER’s characterization does not include that condition. According to UPPER, to be a natural
number is simply to have all the hereditary properties (under the successor relation) had by zero.

This difference turns out to be of significance. While proponents of urper and Roeper are both com-
mitted to the logical truth of FP, without the adoption of commitments beyond those of upper logicists
Roeper would not have been able to derive the principle that the successor of a natural number is itself
a natural number. After all, to show, this, Roeper would have to first establish that the successor of a
natural number is a cardinality property, and so that the successor of a natural number is possibly in-
stantiated. By contrast that every natural number has a successor is a straightforward consequence of
upper logicists” characterization of the property of being a natural number.

Indeed, and as I will go on to explain, in order to be able to derive the principle that every natural
number has a successor natural number Roeper commits to the logical truth of postuLATE — a principle
(characterized below) which, at least syntactically, has strong affinities to Frege’s infamous Basic Law V,
according to which two properties have the same extension just in case they are equinumerous. And like
in the case of Basic Law V, there are excellent reasons for thinking that posTuLATE is false.

A further commitment of Roeper’s is to properties also belonging, secondarily, to the category of indi-
viduals, owing to our seemingly being able to refer to them to via individual (type e) terms. The postulate,
as Roeper calls it, which governs the move from expressing a property via a predicate to referring to that

property via a singular term is the following (where ¢ and y are open formulae in which xx, occurs free):

PostuLATE: Properties pxx.(p) and pxx.(y) are identical if and only if for all xx., necessarily, ¢ if and
only if .
pxxe() = pxxe(Y) < Vxxe (g — ).

The p-operator, as used in the formulation of POSTULATE, is a variable binding operator which binds plural
variables. It is ‘introduced by stipulation; its role is to change a predicate expressing a property into a
singular term for that property’ (Roeper 2016, §2.2, p. 366).%

Since ‘Any attempt to formulate the sameness in question will be ungrammatical’, Roeper holds that
POSTULATE ‘is not a a definition, but it records the effect of the stipulation [concerning the role of p] to
the extent that it can be expressed in the symbolism” (Roeper 2016, §2.2, p. 367). Importantly, and by
contrast with the neoFregeans’ take on the relationship between Hume’s princIPLE and the ‘number of’
operator, Roeper does not take posTuLATE to be a definition of p; p’s meaning is already fixed when used
in the formulation of POSTULATE.

Roeper seemingly takes posTULATE to be logically true, and the system in which he offers a (purport-
edly logicist) derivation of PA, has a weakening of PosTULATE amongst its axioms. Yet, not only does
POSTULATE have strong affinities with Basic Law V, there is also reason to think that, far from being logi-
cally true, posTuLATE is itself false, since a form of Russell’s paradox can be derived from it. Consider the

following predicate:

5 Roeper uses ‘A instead of “p’. I've here used “p’ since the role ‘A’ in our language is that of producing complex predicates
out of open formulae, not that of producing singular terms referring to individuals out of predicates.
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XXe T Ve :=3AX(ee)(p220(X(22)) < yy A X(xx))

Assume, for reductio, that posTuLATE is true. Then, by plural comprehension we have that Juu (Vue(u <
UU — U= pzz,(mzzC 22))) — since Vzz,((-zz C zz — "zz C 22)), and so P22e(122C 22) = pzze(n2zC 22),
by posTuLATE, and therefore 3x.(x = pzz.(—zz C zz)). Let rre — the Russell plurality — be one such plurality
uu, such that Vue(u < utt, < u = p2ze(122 C 22)).

Suppose that rr, C rr.. Then, pzz.(X(z2z)) < rre A X(rr,), for some Xy SO, pzze(X(eey(22)) =
pzze(mzz C z2). Hence, Vzz,[(X(eey(22) < 7122 T 22), by POSTULATE. Since X(ee) (rr,), we have that =rr, C
rre. Supposenow that -rre C rr.. We have that pzz.(7zz C 2z) < rre. S0, AX(eey (0220(X(22)) < 1T AX(1Te)),
by a version of a principle of comprehension (and indeed, of Compc) for properties of pluralities. So,
rre C rre. Contradiction. So, PosTULATE is false.

Now, the formal theory in which Roeper offers a derivation of PA; has as an axiom not posTuLATE but
rather C-postuLATE, a weakening of postuLaTE. This theory is formulated in a language stripped off of
modal operators.®” The C-posTuLATE is formulated in terms of the operator ‘C’. This operator, which
binds plural variables, is defined as follows in terms of conditions arising from the formulations of strict
congruency and consistency by removing the modal operators occurring in them (where xx, occurs free in

@, and yy. and zz, are free for xx, in ¢):
XX XX
Cxxe(p) :=VyyeV2ze(@yy — (VY = 22 < 22°)) AdxXe ().

Intuitively, Cxx,(¢) states that Axx.(¢) is a cardinality property. The C-postuLaTE is formulated as follows

(where xx, occurs free in both ¢ and y):

C-posTULATE: If Cxx.(¢p) and Cxx.(y), then properties pxx,(¢) and pxx.(y) are identical if and only if for
all xx,, ¢ if and only if y.
(Cxxe(p) A Cxxe(W)) = (pxXe(P) = pXX(Y) — VXX (@ < W)).

Roeper goes on to lay down some further principles relating talk of natural numbers as properties
to talk of natural numbers as individuals, and defines the plurality of natural numbers as the smallest
plurality of cardinalities (qua individuals) which includes zero and is closed under succession.

Roeper then shows that the axioms of PA; are derivable in his theory, given his characterization of the
plurality of natural numbers.®! Importantly, while Roeper is able to straightforwardly derive the result
that different natural numbers have different successors on the basis of his definition of cardinality prop-
erties as (strictly congruent and) instantiated (rather than just possibly instantiated) properties, his proof
that every natural number has a successor natural number makes essential use of the C-postuLAaTE. In-
deed, and in Fregean fashion, Roeper’s derivation relies on the observation that the plurality of numbers

smaller than or equal to 7 has as its natural number the successor of n.

0Roeper (2016,§3.1, p. 371) tells us that this language ‘can do without modal operators, since all its predicates are constructed
from logical vocabulary and therefore non-contingent’. Presumably, this is so only if one is a necessitist, since ‘Ix¢(xe = ye)’ is a
predicate of the language, and contingentists will hold that 3y.=(3xe(xe = y) v O3xe(Xe = ).

61while Roeper does not state what is the underlying logic of his formal theory, he seems to be relying on classical second-order
logic together with an extension of standard plural logic (with a principle of plural comprehension allowing for the existence
of a plurality of no things) allowing for quantification over properties of pluralities.
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An important difference between Roeper’s logicist account of arithmetic and upprER’s is thus that while
Roeper’s initial characterization of cardinality properties is formulated in modal terms, and seemingly
implies FP, the characterization of cardinality properties and natural numbers which is actually used
in the derivation of PA,’s axioms presupposes that every cardinality property, and so also every natu-
ral number property, is actually — rather than just possibly — instantiated. Further, and by contrast with
Theorem 8’s proof, Roeper’s proof that there are infinitely many natural numbers essentially appeals to
C-postuLaTE and proceeds not via the observation that modal space can be sufficiently rich so as to have
all natural numbers, qua properties, be possibly instantiated just in case they are infinitely many, but in-
stead via the observation that if the natural numbers are individuals, then the plurality of natural numbers
smaller than or equal to n will have as its natural number n’s successor. Thus, the result is proven in a
way akin to how Fregeans demonstrate the infinitude of the natural numbers.

Now, how satisfactory is Roeper’s logicist account of arithmetic? As has been shown, the principle
which is the linchpin of Roeper’s account, PosTULATE, is presumably false, and perhaps even logically
contradictory. But then, what reason is there for thinking that its weakening, C-posTuULATE, is true? That
is, what reason is there for thinking that while, in general, properties of pluralities do not have reifications,
some properties of pluralities — specifically, the cardinality properties — do? What makes them special?

Strikingly, NEOFREGEANISM may offer the best way of defending the analyticity, if not the logicality,
of C-posturatke. For, the p-operator may be defined in a natural manner in terms of the neoFregeans’
‘number-of” operator # (applied to pluralities rather than properties), where ¢ is a predicate in which xx,

occurs free and in which y, does not occur free, and ¢ is a variable-binding, definite-description operator:
PXXe(P) :=1Ye((CxXep ATxXX (P ANH#(XX) = Ye)) V (CXXep AN22.(V2Ze(2 < 22— 2= 2) N#(22) = Ye)))

That is, the property of being xx, such that ¢ is either the number of some things such that ¢, provided
that being such that ¢ is a cardinality property, or else is the number of the plurality of all things.®?

Once the p-operator is so defined, the C-posTuLATE is derivable from pLURAL HUME’s PRINCIPLE, the
plural version of HumE’s PrINcIPLE according to which the number of the xx, is identical to the number
of the yy. if and only if the xx, are equinumerous with the yy, (Vxx.Vyy.#(xx) = #(yy) < xx = yy)).

I leave the exercise of deriving this result to the reader. What it shows is that neoFregeans can take
the p-operator, as it occurs in C-PosTULATE, as an independently interpreted operator, and not take C-
POSTULATE to be a definition of p. Presumably, there is even room for them to adhere to the idea that the
natural numbers are not only individuals but also themselves properties of pluralities, if they nonetheless
stick to Roeper’s type-restrictions in their formal theory.

So, NEOFREGEANISM may constitute the best shot at defending Roeper’s C-rosturate. Of course, such
a defense will only be as successful as the neoFregeans” defense of the truth and analyticity of pLURAL

Huwme's pRINCIPLE. As Roeper himself remarks, that defense is plagued with difficulties — e.g., the Caesar

62The second disjunct may be omitted. It is there just to ensure that pxx.(¢) is defined even if being such that ¢ is not
a cardinality property. Lambert’s law (Lambert 1962), according to which Yu(u = tv(¢) — Yv(p < v = u)) (Where v and u are
distinct variables of the same type, and v but not u occurs free in ¢) may be adopted as the logical axiom-schema governing the
definite description operator t. Alternatively, the 1-operator itself may be explained away 4 la Russell.
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problem and bad company-style objections.%®> Arguably, upPER is not faced with objections of this sort.

7.4 ARITHMETICAL POTENTIALISM

According to ARITHMETICAL POTENTIALISM (Linnebo & Shapiro 2019), there could be no completed infini-

tude of natural numbers. Rather, only the following, weaker thesis is true:

PotenTIAL INFINITY: Necessarily, every natural number could have had some successor.
LVX(N(x) = OFy(S(x, )

ARITHMETICAL POTENTIALISM and UPPER are both formulated in terms of modal resources. Further, they
agree that, for each natural number n, there could have been at least n individuals, and none of these
views is committed to QINrAx. Still, the two views differ in a number of respects.64

First, potentialists take natural numbers to be individuals, a view rejected by urpErR’s proponents. An
arguably more significant difference is that potentialists reject the possible existence of all possible natural
numbers, while arithmetical upper logicists advocate the necessary existence of all possible natural num-
bers. Further, while some arithmetical potentialists might be attracted to logicist projects, ARITHMETICAL
POTENTIALISM is not directly concerned with the question whether arithmetic is reducible to logic.®

To mention just one difficulty for the potentialist programme, it would appear that mathematical en-
tities, qua abstract entities, necessarily exist if they possibly do, so that all possible numbers actually exist
after all. Yet, the actual existence of all natural numbers is inconsistent with ARITHMETICAL POTENTIALISM.
One reply available to potentialists is to formulate their view in terms of a modality other than meta-
physical necessity while acknowledging the metaphysically necessary existence of all possible natural
numbers. They then face the challenge of explaining what this modality consists of.

Focusing on just one alternative interpretation, some potentialists have interpreted the modality in
question as interpretational modality (see, e.g., (Linnebo 2018)). On this understanding, ‘O¢” means that
‘we can abstract so as to make it the case that ¢’ (Linnebo 2018, ch. 3, p. 61), while ‘T’ means that
‘no matter how we abstract and thereby shift the meaning of the language, ¢’ (Linnebo 2018, ch. 12,
p.- 205). As Linnebo (2018, ch. 3, pp. 61-2) puts it, the “interpretational” interpretation of the modal
operators is ‘concerned with how the language is interpreted, not with how reality is. In particular,
every interpretational possibility is compatible with the metaphysically actual world’".

According to Linnebo (2018, ch. 8), abstraction is something made by a community. For a community

to abstract with respect to an equivalence relation ~ is for it to extend its language and the meanings of the

635ee, e.g. (Tennant 2023) for more on these and other difficulties.

64 As a reviewer notes, a salient difference between UPPER and ARITHMETICAL POTENTIALISM concerns the logic of their respective
modalities. Whereas potentialists advocate S4 or S4.2 as the logic of their modality, here we take S5 to be the logic of metaphysical
modality, and the interpretation of PAy here offered relies on the weaker system K.

5Linnebo’s (2018) potentialism is wedded to a thin conception of mathematical entities, a view with some affinities with the
logicist take on them. Notwithstanding, a thin conception need not imply a form of logicism. According to Linnebo’s views
on “thin objects”, the obtaining of specific equivalence relations — which may be nonlogical — between objects — which may be
of a concrete kind - is sufficient for the identity and existence of mathematical entities. But logic is not immediately concerned
with any truths specific to kinds of concrete objects. Borrowing an often used slogan, logic is topic neutral — which is why it is so
important for urPER’s prospects that arithmetic be reduced to pure modal type theory.
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expressions occurring in it so that the meaning of, e.g., the quantifiers and the identity predicate shift so
as to make it the case that, e.g., “Jw3v(Abs-(w, y) A Abs-(v,2) A w = v)’ is true whenever y ~ z for some y
and z, where “Abs.” is a predicate that applies to any a and b whenever a is the abstract of b with respect
to the equivalence relation ~. This requires that the community uses their language in accordance with
appropriate assertibility conditions (specified in (Linnebo 2018, ch. 8)). Once they do so, the quantifiers’
meanings become ‘more expansive’. Whereas before y’s and z’s respective abstracts were not within the
language’s quantifiers’ range, after the meaning shifts they come to be.

In the arithmetical context, one salient option is to abstract via HuME’s priNCIPLE.%® Let ‘0" abbrevi-
ate ‘number of the property of being self-distinct’ and ‘1" abbreviate ‘number of the property of being
identical to 0". Since the property of being self-distinct is equinumerous with itself, we can abstract on
equinumerosity, thereby shifting the meanings of our language’s expressions so as to make ‘0 is identical
to something’ true. Then, ‘the property of being identical to 0 is equinumerous with itself’ will be true
under such an extension. And in such a case one can further shift the meanings of our language’s expres-
sions so as to make true ‘1 is identical to something’. After this second step of abstraction it will also be
true that ‘1 is the successor of 0". Since whenever one abstracts on equinumerosity the meanings of our
language’s expressions will shift so as to make it the case that ‘something is x’s sucessor’ is satisfied by
some “previously given number”, potentialists will contend POTENTIAL INFINITY comes out true.

Now, it appears that arithmetical potentialists must take ‘¢’ to express a propositional rather than a
sentential operator, so that it acts not on formulae but rather on their semantic values. For instance, poten-
tialists take de re modal constructions to be well formed, and several of the theses advocated by them
involve quantification into modal contexts. But it is notoriously difficult to make sense of quantification
into modal contexts when modal operators are understood as acting on formulae rather than propo-
sitions. For example, how are we to make sense of the “previously given number” which will satisfy
‘something is x’s successor’ on a permissible shift of the language’s meanings, after a previous permis-
sible shift of the language’s meanings? After all, we have no number, or even possible number, being
given. What we have are language extensions.

But if ‘00" and ‘¢’ express propositional operators, then presumably ‘OVx(N(x) — ¢3y(S(x, )" ex-
presses that no matter how we abstract so as to shift the meaning of our expressions, for every natural number x,
we can abstract so as to shift the meaning of our expressions so that something is x’s sucessor, with ‘every’, ‘some’,
‘number’, ‘successor” and so on being used with their actual meanings, not with the meanings they might
have had. If that is right, it would appear that ‘C0Vx(N(x) — 03y (S(x, ¥)))” expresses no more than that for
every natural number, something is its sucessor. The modal operators occurring it are vacuous.

This observation is reminiscent of the riddle how many legs does a dog have if you call his tail a leg? Just as
the right answer is four since calling a tail a leg does not make it a leg, so it is that being able to abstract so

as to make it the case that our language’s expressions mean something different from what they actually

% Linnebo’s (2018) account of arithmetic is not in terms of interpretational modality, and does not appeal to HUME’S PRINCIPLE.
In the main text I focus on HumE’s PRINCIPLE merely for expository purposes, as it affords a natural development a form of
ARITHMETICAL POTENTIALISM formulated in terms of interpretational modality. Relatedly, such an account would presumably
require a predicative version of HuME’s PRINCIPLE (see (Linnebo 2018, ch. 6)), though here I won't go through these complications.
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mean does not make it the case that they actually mean something different. So, if the potentialists’ modal
operators act on semantic values rather than formulae, then it is the semantic values that formulae in fact
have, not the ones that they would have, which are relevant to the truth of modalized claims.

Yet, this is not how ‘¢’ is supposed to function from the standpoint of potentialists. According to
them, the truth of ‘OVx(N(x) — ¢3y(S(x,)))” should depend not on the meaning that the expressions
occurring in it actually have, but rather on the meanings that they would have under some “legitimate
abstraction”. There is thus an important tension in the potentialists” interpretational understanding of the
modal operators.%” By contrast, urper is formulated in terms of plain old, familiar metaphysical modality,
and so does not immediately face this sort of difficulty (which is not to say that the question of how to
understand metaphysical modality in other terms is not worth exploring).

Let us bracket the concern with the coherence of the arithmetical potentialists” use of interpretational
modality. What would be clarified by understanding ARITHMETICAL POTENTIALISM in such a way? A possible
response (based on (Linnebo 2018)) is that appealing to interpretational modality promises to account for
the sense in which the natural numbers’ existence is “thin”. It is thin because it is a product of little more
but a shift in the meaning of the language’s quantifiers. Barely no contribution from the world is needed.

The idea is the following. In our present language we do quantify over all the infinitely many natural
numbers. But ARITHMETICAL POTENTIALISM allows us to understand why their existence is ontologically
thin. On the basis of the property of being self-distinct’s equinumerosity with itself the meanings of
our quantifiers have shifted, so that ‘0 exists” is now true, with the equinumerosity of the property of
being self-distinct grounding 0’s existence. And once that shift occurred, further meaning shifts were
made available — without any substantive change in the underlying facts. The present truth of ‘there
are infinitely many natural numbers’ is ultimately grounded in those shifts and in equinumerosity facts
which come “for free” — specifically, that the property of being self-distinct is equinumerous with itself,
as is the property of being less than or equal to n, for each natural number n. From this standpoint, the
potentiality of the natural numbers encapsulates the permissibility of abstraction-based meaning change
through which our quantifiers ended up ranging over infinitely many natural numbers.

Urper’s proponents will tell a different story. Given adherence to a logical theory as weak as KQL{',
PA, can be seen to be true by taking the natural numbers to be finite cardinalities. Logic on its own will
then imply not only the actual but also the necessary existence of the infinitely many natural numbers.
The natural numbers will then be thin at least insofar as their necessary existence is implied by principles
of an extremely general nature —indeed, by purely logical principles.

Which story is more satisfactory? Well, the potentialist explanation arguably relies on a creation myth:
the myth of a language created by a community of speakers coordinating on its use so that the meanings
of its quantifiers expanded further and further, with the consequence that they have ended up ranging
over the infinitely many numbers. I know of no empirical data supporting the claim that the language

of any actual community has been created in this way. Furthermore, it would appear that no language

67Bacon (forthcoming, §4) likewise finds the potentialists’ interpretational modality suspicious. For objections to the project of

elucidating the iterative conception of set via SET-THEORETIC POTENTIALISM, see (Ferrier 2019, §4).
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of any human community could have been created in this way. After all, in order for our quantifiers to
range over infinitely many natural numbers there would have had to have been infinitely many rounds
of coordinated meaning-expansion. But surely, no human community could have gone through so many
rounds of coordinated meaning-expansion.®®

So, how can a story along these lines be more satisfactory, vis-a-vis the natural numbers’s “thinness”,

than the one put forward by urPER’s proponents? I, for one, don’t think it is.

8 Conclusion

The paper’s main aim was to introduce UPPER, a novel, neoRussellian philosophy of arithmetic, and to offer
a partial defense of this view. UpPEr was characterized in §2, while its defense took place in §§3-6. After
having laid out urper’s ground type-theoretic modal language (in §3), it was shown that KQLE interprets
PA, via a translation that respects NaC and the Russellian conception of the arithmetical primitives (in
§4), and that S5PQL¢ implies that every purely arithmetical formula of MT is necessarily true (in §5).
Then, a defense was offered in §6 of the metaphysical necessity of all theorems of S5PQLS; .. Finally,
UPPER was compared (in §7) with Hellman’s MopAL sTrRucTURALISM, Hodes’s ALTERNATIVE THEORY, Roeper’s
VINDICATION OF LOGICIsM, and Linnebo and Shapiro’s ARITHMETICAL POTENTIALISM.

By way of conclusion, UPPER is a clear instance of the following, more general logicist view:

Finitary UpPER MATHEMATICAL LoGicism (FUML): the conjunction of NECEssITY OF FP, HIGHER-ORDERISM

and rocicaLity with the following theses:

— HIGHER-TYPE MATHEMATICAL ONTOLOGY: The mathematical entities are all of higher types, and mathe-
matics’s primitives are all truly characterizable as higher type-entities definable in pure modal type
theory;

— INTERPRETABILITY OF MATHEMATICS: For every standard, true deductive theory T of any mathematical
field f, there is a deductive system formulated in a pure modal and type-theoretic language, and that
includes FP among its axioms, whose theorems: (i) are all metaphysically necessary truths; and (ii)
include the MATHEMATICAL PRIMITIVES-Tespecting translations of all theorems of T';

— NECEssITY OF MATHEMATICS: The mathematical truths are all metaphysically necessary truths express-

ible in a pure modal type theory.

Arguably, FUML affords an attractive picture of the mathematical realm and the relationship between
mathematics and logic. According to FUML, “mathematical entities are higher type-entities, mathematics
is higher-order modal logic, and FP is true”. Despite FUML'’s attractiveness, defending it presumably
amounts to a never-ending project as the process of formulating novel mathematical theories is seemingly
never-ending. But that need not count against FUML. Indeed, the development of an upper logicist
philosophy of mathematics would presumably amount to ‘mathematical philosophy’, in Russell’s sense of

the expression, at its best: a programme of continuously revealing mathematics’s underlying foundations.

68For a related objection, and further concerns with Linnebo’s (2018) abstractionism, see (Studd 2023).
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The present paper’s aim has been to offer a defense of urper, not of FUML. Notwithstanding, a co-
gent defense of the former presumably constitutes a “proof of concept” with respect to the latter view’s
prospects: if the finitary upper logicist picture is true of arithmetic, then it might cogently extend to other
mathematical fields, perhaps all. For instance, in my view recent work on the relationship between set
theory and type theory (Degen & Johannsen 2000), (Linnebo & Rayo 2012) can be deployed at the service
of a defense of a form of FINITARY UPPER SET-THEORETICAL LOGICISM. Alas, the development of such a defense

will have be to be left for future work.
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Appendix A Interpretability of PA, in KQLEF via Russellian translations

In this section is proven Theorem 8. In order to do so, it will be helpful to start by briefly presenting the

axiomatization of PA, that will be considered:

Definition 11 (PAy). PA; is the deductive system in language PA, whose inference rules are MP and Gen and whose
axioms are all instances of the following axiom schemata:
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Axiom schemata of classical second-order logic
(PL) Propositional tautologies (CVE) Vv — ¢} (V1) Vv(p—vy)— NVvp—VYoy) (V2) ¢ — Vv
=) v=v (Ind) a=y— (@—¢) (Comp)IUVV' ..V UW,...,v") < p)®

Arithmetical axioms

ZERO IS A NUMBER (ZN) N(0)

NuUMBER 1s HEREDITARY (NH) VxVy(((N(x)AS(x, 1)) — N©)

SUCCESSOR 1s FUNCTIONAL (SF)  VxVyVz((N(x) A S(x,y) AS(x,2)) — y = 2)

ZERO SUCCEEDS NOTHING (ZSN) —3x(S(x,0))

Succession 1s Enpress (SE) Vx(N(x) — 3y(S(x, ¥))

Successor 1s InjecTIVE (SI) VXV yVz((N(x) AN ASx,2) AS(y,2)) = x=1Y)
MatHEMATICAL INDUCTION (MI) VY ((Y(0) AVXVZ((Y(X) A S(X,2) — Y (2) = VX(N(x) — Y (x)))

Table 3: Axioms of PA, o

The proofs to be offered in what follows will, for the most part, be presented as natural deduction
proofs. Suffice it to say that when a line where ¢ occurs is labelled as an assumption, it is really an

instance of the PL-theorem ¢ — ¢. We will also be frequently appealing to the following derived rules:

— (QGen) I' kg E[v] — ¢ = T g Yve, where v occurs nowhere free in T;
— (FE) T FsIvp &A sl — ) =T,A sy, where u occurs nowhere free in I', A or v, and the usual

provisos preventing recapture of variables apply.

Itis a routine exercise to show that these are derived rules of QL and all its extensions considered in the
paper. Finally, the justifications provided for our lines of deduction will be given in terms of the previous

lines from which that line is derived, and the name of the system sanctioning the reasoning involved.
Lemma 1. Fq_ E[0], Fqu, EIS], Fqu, EINI.

Proof of Lemma 1. A straightforward consequence of Compc, by PL-reasoning. O
Theorem 1 (Axiom PA; : (ZN)Z). tqu, N(0).

Theorem 2 (Axiom PAy:(NH)Z). Fqr, VXV Yoy (N(X) A S(x, 1)) — N(3)).

Proof of Theorems 1 & 2. Straightforward consequences of Lemma 1, by QL-reasoning. O
Theorem 3 (Axiom PAy: (SP)Z). Fqu Vx(ryy ¥V ¥y ¥ 2y ((N(X) AS(x, ) AS(x, 2) — ¥ = 2).

Proof of Theorem 3. Provable by straightforward QL-reasoning. O

Before we turn to the proof of the arithmetical axiom according to which zero has no successor, it will

be useful to prove an auxiliary lemma about empty relations, which are defined as follows:
Definition 12 (Empty relations). For every positive integer n and all types 7!, ..., 7"

oy i= Axil X Nisisn (XD = xP A DX = x1)

.....

69Where, U ranges over n-ary predicate variables, vl ..o range over individual variables, and U occurs nowhere free in ¢.
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&

So, an empty relation is one that obtains between whatever things are both self-identical and not self-
identical. The following lemma will be useful later on. As it turns out empty relations exist as a matter

of logic, and, unsurprisingly, obtain between no things:
Lemma 2. Fqr, E[A] and Fqr 7A(YY ..., y™).

Proof of Lemma 2. E[A] is provable from Compc, and =A(y},..., ") is provable by QL-reasoning. O

Theorem 4 (Axiom PAy: (ZSN)Z). Fqr, 73Xy (S(x,0)).

Proof of Theorem 4. Provable from Lemmas 1 & 2 by straightforward QL-reasoning. O

Theorem 5 (Axiom PAj,: (SE)'?). Fave VX)) IN(X) = Fy iy (S(x, ))).

Proof of Theorem 5. Provable from Lemma 1 by straightforward QL¢-reasoning. O

Theorem 6 (Axiom PAy: (MDZ). Fqr V¥ (¥(0) A Her[y]) — Vxqy (N(x) — y(x))).

Proof of Theorem 6. Provable by straightforward QL-reasoning. O

We will now work our way towards the proof that successor is an injective relation. In order to do so,

a number of auxiliary lemmas will be required — starting with a familiar one:
Lemma 3. Fare VX (N(x) = (x # 0 — Ty (S, x) AN(Y))).

Proof of Lemma 3. Follows from Lemma 1 and Theorems 1, 2 and 6, by QL¢-reasoning. O

Our next auxiliary result, the equinumerosity lemma, is directly concerned with numbers qua cardinal-
ities. It plays a crucial role in Russell’s original derivation of the injectivity of the successor relation, and
it is also proved in the appendix of (Boolos 1994). As its name registers, it is formulated in terms of the

equinumerosity relation. So let me quickly define it before getting on to stating the lemma.

Definition 13 (Subrelation). For all types 11, ..., T, and positive integers n, and provided that none of v, ., ot

occur free in a nor p:

..........

%
Definition 14 (Equinumerosity). Where, for all types T and p, a is a type (r)-singular term, B is any type

(p)-singular term, m is any type ((t),{p))-singular term, v and s are, respectively, the first and second type
T-singular variables that occur nowhere free in «, B or m, u and t are, respectively, the first and second type
p-singular variables that occur nowhere free in a, B or mw (or the third and fourth, if T = p):

(a) 1-1[n] = VoVsVu(@(v,u) A n(s,u)) — v = s); (b) Domim,a]l = Vv(a(v) < Ju@(v,uw));
(c) Funclm] := VovuvVt((x(v,u) A n(v,t)) — u = t);, (d) Imgn Pl = YulBw) < Fvm(v,u)),
(e) Injim on iy =df AXun,n Y ZpyFunclx] A1 = 1[x] A Dom[x,y] A JwpyImglx,w] A w < 2));
() Bijuwsonmien  =di  AX@upn Yo ZpFunclx] A 1 - 1lx] A Domlx,yl A Imglx,zl);
(&) =t =dt AV 203Xy, () (B1] (%, 3, 2)- <&
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Lemma 4 (Equinumerosity lemma). Fqr, VX)) (N(X) = Vyey (x(y) = Yz (x(2) < y = 2))).
Proof of Lemma 4. A consequence of Lemma 1 and Theorem 6, by QL¢-reasoning. O

Our remaining auxiliary lemmas go beyond the previous results by integrating modality. For this

reason we make the reasoning explicit.
Lemma 5. + V() (N(x) — (ON(x) ALE[x])).

Proof of Lemma 5. The proof is by induction.

Base case:
(1) LE[0] Lem. 1; K
2) CIN(0) Theo. 1; K
(3) E[Ax ¢y (LN(x) AUE[x])] QLc
4) Axryy (UN(x) ALJE[x])(0) 1;2;3; Lem. 1; QL
Inductive case:
5 (5) E[x((y)] Asmp.(QGen)
6 (6) Ely(ayl Asmp.(QGen)
7 (1) | Axgay (UN(xX) ADIELXD) () A SOy Yean) Asmp. (—1)
7 8) UE[xry] 7; QL
7 ) Yy = Slx(ay] 7; QL
(10) DE[X((T»] — DE[S[)C((T))]] Compc; K
7 (11) UE[S[x¢p]] 8, 10; PL
7 12) UEy ] 9;11; QL
(13) LV X ((ryy (x = x) — (LE[S[x((ryy]] = US[x((ryy] = Slx¢ryy]) KQL
7 (14) DS[X((T»] =S[xzy] 11; 13;
7 (15) Uyayy = Slxry] 9; 14; QL
(16) | LI(EISI A Elx¢ap] A Elyan] A Yy = Slxaen]) = LSy, V) | KQL
7 (17) LI(E[S] A E[x(n] NE[Y @yl A Yy = S[JC((T))]) 8;12;15; Lem. 1; K
(18) DS(JC((T», Yary) 16; 17; PL
(19) | U(Elxn] AE[y ) = OWMNCeryy) ASXry, Yiayy)) = UN(yay))) | Theo. 2; KQL
7 (20) DN(X((T») 7; QL
7 @D | ONGay) 8;12; 18; 19; 20; K
6,7 (22) /1)6((-;)) (CIN(x) A DE[X])(J/((T>>) 3;,6;12;21; QL
(23) Her[Axqqzyy (LN(x) ADE[x])] 5;6;7;22; QL
\ (24) \ Y x((ryy N(x) — (ON(x) AE[x])) 3; 4; 23; Theo. 6; QL¢
O
Our next result is a modal strenghtening of the equinumerosity lemma:
Lemma 6 (Modal equinumerosity lemma). = Vx()y N(x) = OV y ) (x(y) = Y2y (x(2) < y = 2))).
Proof of Lemma 6.
1 (1) E[JC((T))] Asmp. (QGen)
2 (2) N(.X((T))) Asmp. (—> I)
(3) LE[x(ry] = (ON(xX(ry) = UV yiy (o () = Yz (X (2) < y = 2))) Lemma 4; KQL
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1,2 4) DN(JC((T») A DE[JC((T»] 1;2; Lem. 5; QL
L2 | (5 UV yiry (X () = Y20y (X((ryy (2) < ¥ = 2)) 3;4; PL
(6) VX (N(X) = DIV yry (x(y) = Y21y (x(2) < y = 2))) 1;2;5;,QL

The next result is arguably the crux of our proof that SIC is a theorem of KQLE:

Lemma 7 (Impossible sharing). = Vx¢z))Vy ) (N(x) AN(Y) A OFzy (x(2) A y(2))) = x = ).

Proof of Lemma 7. The proof is by induction.

Base case:
1 ) E[y ] Asmp. (QGen)
2 @ [NQan) A 03z (0(2) A yay (2)) Asmp. (—1)
3 3) 0# Yiry) Asmp. (reduct.)
1,2,3 | @ | 3 S0, yioy) ANR)) R Lem. 3;
5 ®) Sy Yian) AN ry) Asmp. (3E)
6 (6) E[I’l((ﬂ)] Asmp (HE)
5 @ Yy = Slngay] 5; QL
8 8) Elz(y] Asmp. (QGen)
9) S[nml(z¢y) — Jwr (z(w)) QL
(10) 0(z¢ry) — "Awr (z¢7y (W) QL
(11) | 2(0(z¢)) A Sl (z¢r))) 9; 10; PL
(12) | 7321y (0(z(r)) A Sl (z(r))) 8,11, QL
(13) | 07324y (0(z2¢1y) A SIny] (2¢r))) 12; K
5 (14) U324y (0(zy) A Yoy (2¢ry)) 7;13; QL
1,2,3 (15) D‘lHZ(ﬂ (0(z(ry) A Yy (2¢ry)) 2; 14; QL
1,2 (16) 0=y 2;3;15;K
1 (A7) | Nrp) A 0Tz (0(2) A Yy (2)) = 0= Yoy 2;16; PL
(18) | Yy (N(y) AOTz(y(0(2) A y(2))) — 0= y) 1,17, QL
19 [N A Yy (NG A 0Tz (02) A y(2)) — 0=3) 18; Theo. 1; PL
(20) | E[AX (1)) (N(X) AV y(ryy (N(Y) A OFz(ry (x(2) A ¥(2))) — x = )] QLc
@1 | Ay (NGO A Y Yy (NG) A 0320 (6(2) A Y(2)) — X = 1) (0) 1; 20; Lem. 1;

Inductive case:

22 (22) | Elx¢zy)] Asmp. (QGen)
23 23) | Elyiaep] Asmp. (QGen)
24 24) Ax(y (N(X) A Yy (N(n) A OFzqy (x(2) A n(2))) — x = n))(X¢ry) A Asmp. (—1I)
S(x(nyy Yicay)
25 (25) E[nzy] Asmp. (QGen)
26 (26) N(I’l((r») A\ QHZ(ﬂ (J/((T)) (2) A nryy (2)) Asmp(—» I)
24 @7 | iy =Slxgay] 24; QL
(28) S{x¢r](2¢ry) = Jwr (2(ry (W) A Xy (2¢ry — W) QL
29 (29) nyryy = 0 Asmp. ("I)
(30) U3z (Slxryy] (2) A0(2)) KQL
24, 29 (31) D‘GZ(T) (y<<T>>(Z) A I’l((ﬂ)(Z)) 27,' 29,' 30,‘ QL
24,26 | (32) | gy £0 26;29;31; K
24,25,26 | (33) | Imycry (S(m, nyay) AN(m)) o 32;6(31 32;
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34 (34) S(I’l’l((T)), I’l((T))) N N(m<(1)>) Asmp. (BE)
35 (35) E[m«m] Asmp. (EE)
34 (36) nyryy = S(myayy) 34; QL
37) (Slx¢ryl(zry) ASImayl(2¢ry)) = JwrTur (z¢ry (W) A Z(zy (W) A My (Z¢ry — QL
W) A X)) (2(ry — U))
38) V2 (Slxeepl(zm) A Simganl(zmy) = 3wr3ur (2@ (W) A 2@y (@) A 55, QL
m(ryy (Z(T> —Ww)A X((1)) (Z(ﬂ —UuU)A E[Z(ﬂ —-w] /\E[Z(T) —Uujn Zry—W = Z(1y— u) ’ C
39) \Zﬁm (Slxien](zy) ASIman](zm)) = Asm It My () A X (DA S = | 8. o
(40) ?)Z)m (Slxeen](zy) ASIman](zm)) = 38t Fber) (M () A Xep (DA S = | 3. o
1) <>3Z<)T)> ((S[xen1(z@y) ASImenl(ziry)) = OISy Ity My () A Xy (£) A 40: K
ST 7
24,34 42) <>E|Z<T> (y<<7>>(z<1>) N R(ry) (Z(T))) — <>E|S<T)E|t<1) (m(m) A X((1)) (H)AsS=T1) 27;36;41; QL
24,26,34 | (43) <>E|S<T)E|t<r) (M () A X () AS= 1) 26; 42; PL
24 (44) N(X((-,;>>) 24,' QL
22,24 45) | OV ym (1) = Ve (X (2) < y = 2)) %% 44; Lem. 6;
22,24,34 | (46) <>E|Z<T> (X(yy (2) A myryy (2)) 43; 45; KQL
22, 24, 35 (47) (N(m«m) A\ <>E|Z(T> (x«m (Z) A\ myry)y (Z))) — X))y = Mr))y 22,' 24,‘ 35,‘ QL
%zzlj 352 | (48) | xqey = muay 34; 46; 47; PL
22 3520 | 49) | ey =Shxy 36; 48; QL
%zzlﬁ 35 241600 | vy = iy 27;49; QL
%%j 26 24161 |y = nay 33; 34; 35; 50; QL
22,24 (52) Vg (N(n) A <>E|Z(T) Vi (2) An(2)) = Yy = n) 25; 26; 51; QL
22; 23; 24; 44;
22,23,24 | (53) N(y¢ry) Theo. 2; QL
22,23,24 | (54) Ny ryy) ANV gy (N(n) A <>E|Z(T> Vi (@) An(2)) = Yy = n) 52;53; PL
22,23,24 | (55) AX(yy N(X) AV Rgryy (N(R) A OTziry (x(2) A 1(2))) = X = 1) (Viryy) %"(}){eo. élbL 56;
(56) Her[Ax(zyy(N(x) A V1 (N(n) A QOTziry (x(2) A n(2)) — X = n))] 22,23, 24, QL
20; 21; 56;
(57) Vx((ryy N(x) = Y1y (N(n) A OFzy (x(2) A n(2)) — X = n)) Theo. 6; QL
]

Theorem 7 (Axiom PAy: (SIC)Z). F Vax(ryy (N(X) — OFyiry (X(1))) = VX ¥ Vicryy ¥ 2y (N(X) AN(1) AS(x, 2) A

S(y,2)) = x=y).

Proof of Theorem 7.

1 (1) Y Xy (N(x) — OFy ey (x(1))) Asmp. (—1)

2 (2) E[X«T))] Asmp. (QGen)
3 3) Ely(ayl Asmp. (QGen)
4 4) Elz(yy] Asmp. (QGen)
5 () N () AN ) ASxey)» Z¢a) NSy, Ziay) Asmp. (—1)
245 |6 |Nq) 2 4; 5 Theo. 2;
1,2,4,5 | (7) OFw(ry (z(ryy (W) 1;2;6; QL
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SIxen] W) A Syen] W) — ;3 (w(s) A w(t) A xiay(w — 5) A
®) ( -
Yy (W — 1))
© | WS Wwm) A Syl we) — JweIs3aw(s) A wd) Alg o
Xy (W = 8) A Yoy (W — 1)) ;
03wy SIx eyl (wimy) A Slyenl(Wiry)) — OFwnyIs: Itz (w(s) A w(t) A .
(10) 9; K
Xy (W —8) A yeay (W — 1)
> D [ Slxn] = Z¢ay =Syl 5 QL
1,2,4,5 | (12) | OFwy (Slxryl(w) AS[xmyl(w)) 7,11, KQL
1,2,45 [(13) [0FwrIs; It (w(s) A w(t) A Xy (W —8) A Yy (w—1)) 10; 12; PL
1,2,4,5 (14) O3 Wy Ay Xy (W) A Yy (W) A w = u) 13; KQLc
2,5 (15) UV yiry Ceryy () = Y2y (X (2) < ¥y = 2)) 2; 5; Lem. 6; QL
1,245 | (16) | QFwen (i (W) A Yoy (W) 14; 15, KQL
1,2,3,4,5 | (17) OHW(w (X((T>>(w) Ay((r))(w)) — X1y = Yo %i?)} 5, Lem. 7;
VJC((T))(N(JC) — <>3y(r) (x(y))) g VX<<T>)V)/(<T>)VZ(<T>) ((N(x)/\N(y)/\S(x, Z)N\ 1; 2; 3; 4; 5; 18;
(19) - ]
S(y,2) —x=y) Q

O

Next we prove a couple of lemmas from which it will follow that, for every type 7, FP; is derivable in

KQL¢ from FPe. The first of these results will make use of the following definitions:

Definition 15 (Representative). For all positive integers n and i < n, types 1%, ..., T, and every t'-singular

term a, and where there is some j < n such that v/ = e only if T = e, let

,,,,,
Tl:,i‘ ls'js;?,
1<l<n 1) #7l

where v!, ..., v™ are the first distinct variables of, respectively, types t', ..., T" that occur free nowhere in a. We

say that 1 [al oy is the (t1,...,7")-representative of a. O

.....

Definition 16 (Lift). For all positive integers n and i < n, types 1', ..., T, and every (t*)-singular term B, and
where there is some j < n such that T/ = e only if T = e, let

.....

occur nowhere free in . We say that f [Bl 1. onyy is the (T1,...,7"))-lift of B. &

To give an example, let a be “x,, n =3, 71 = ¢, 72 = (e) and 73 = e. Then, a’s (e, (e), e)-representative
is 1 [Xel(e,(ey,e) = AVeZ(eyWe(y = Xe = w A z = A). Further, let B be the variable ‘u,". Then, f} [te)]((e,(e),e) :=
At (ey,e) (TXe(U(x) At =1 [X](e (ey,ey)). Finally, x(ey has no type (e, (e)) representative, since (e) # e.

Intuitively, x.,+ and its ((7',...,7"))-lift are equinumerous, for every i < n. We begin by establishing
that this is indeed so.

..........

Tl =e.
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Proof of Lemma 8.

1 (1) E[x(5)] Asmp. (QGen)
1 2) EIN (X))o, o] 1; QLc
1 3 Xoy =N [Xoy (o, omy) 2; QL¢

(4) UV x(gy (x = [xX] ooy A EIN (XD onpy]) 1;2;3; KQL

..........

Lemma 9. Vx( )y (N(x) = Iy oy N(Y) ALV z(0y YUy (7(2) A 2 = 1) — x(w))).

Proof of Lemma 9. The proof is by induction.

Base case:
1 €)) Elz(s)] Asmp. (QGen)
2 2) Elum] Asmp. (QGen)
3 3) 0((0)) (Z(U>) N Z(gy = Uty Asmp. (—> I)
3 (4) 3we (25 (W)) 3, QL
3 5) 3wz (U (W) 3;4; QL
(6) (m3wr (uey (W) A E[0¢rpy] A Eltgoy]) — O¢iryy (Ury) QL
(8) UV z(5) YUy ((0oyy (2) A 2 = 1) — Oy (1)) 1,2;3,7,KQL
9 N0 oyy) ANO1yy) Theo. 1; PL
(10) NOyy) ATYany NV ALV Z(y Vi (1(2) A z = 1) — Oy (1)) 8,9;Lem. 1; QL
(A1) | E[Axyy (N(X) Ay oy N AUV Z0y Ve (¥(2) Az = u) — x(u)))] QLc
(12) | Axry (NGO A Ty oy N A DV 200y Yty (1(2) A 2 = 10) — X)) Ogiayy) | o 11 Lem- 1

Inductive case:

13 (13) | Elngeyl Asmp. (QGen)

14 (14) | Elmyqy] Asmp. (QGen)

15 (15) Ax((ryy N(x) ATy oy N(Y) AUV 26y YUy (¥ (2) Az = 1) — x(1))) () A Asmp. (—1I)

Sy, Miryy)

15 (16) N(}’l((r») AN 3_)/((0)) (N(y) AN DVZ(U)VU(T) ((y(Z) NZT= u) — N1y (u))) 15,’ QL

15 (17) myqryy = S[I’l«r))] 15; QL

18 (18) [ N(Woyy) AUV z(y Yy (Voyy (2) A 2 = u) — gy (1) Asmp.(3E)

19 19) E[Yuon] Asmp. (IE)

18,19 20) | Ity Sy, ) ég ;19; Theo. 5;

21 @1 [ S0y o) Asmp. (3E)

22 (22) E[t((o’))] Asmp (HE)

3221 @3 | Nton) Theo. 2; éi =

24 (24) E[Z5)] Asmp. (QGen)

25 (25) | ElUp] Asmp. (QGen)

26 (26) S[y<<0'>>](Z<U>) AN Z(a) = U<T> Asmp. (—' I)

24, 25,26 | (27) Awear: (Zigy(W) ANy (Zigy — W) AU (N AN Zigy—w = Uiy — 1) 24; 25; 26; QL¢
28) LVZy YUy (S[Yon] (Ziy) A Zigy = Ury) — Fwe3r: (Zigy (W) A y(Zigy — 24; 25; 26; 27;

LU)/\U(T)(I‘)/\Z(U)—W’: U(1->—I‘)) KQL
21 29) | S[yon] = Loy 21; QL
21 30) LUV Ziy VU ) ((Eoyy (Ziay) A Zigy = Ugry) — Iwe3r (Zigy (W) ANy (Zigy — w) A 28; 29; QL

U<T>(r) N Z(U) -—w= U(T) — r))
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DVZ(T)VU(T) ((t((o‘))(Z(o‘)) N Z<g'> ~ U(-[)) — EILUUE”‘T (Z<U>(w) Ay(Z<0'> - w) AN

16,21 BV | Uy (1A Zigy ~ w= Uy ~ 1 A nggay Uiy = 1)) 167 30; Ko
(32) E[S[nypl]l = YUy @re(U(r) A ngeyy (U = 1)) — S[ngey 1(U)) QL
(33) DE[S[H((T»]] d DVU(T) (HTT(U(I’) A\ TZ((T»(U— r)) — S[n«,»] ) 32;K
18, 21 (34) DE[S[}’l((T))]] — DVZ(T)VU@)((l’((U»(Z(U)) N Zgy = Ugy) — Slngeyl1(U)) 31;33;K
13; 14; 15; 16;
13, 14 (35) N(mqy)y) Theo. 2; QL
13, 14 (36) OE[mzy] %ﬁ, 35; Lem. 5;
13,14, 15| (37) UE[SIn 17; 36; QL
15 18 51 | B8) | OVZioy ¥ Utr) (o (Zio) A Zioy = Uty) = Sl () 34; 37; PL
15718 51 | B9 | OVZiy YUk (tion (Zioy) A Zigy = Uty) = Mgy (V) 17; 38; QL
13, 14,
%8, 91 128é (40) Nt ony) A DVZ(T>VU<T>((I<(U>) (Ziy) N Zioy = Uiry) — My (U)) 23; 39; PL
1371816 | 41 | Ity N A DY Zit) YUy (1 Zi) A Zigy = Uey) = My (U) 20; 21; 22; 40 QL
13,14,15 | (42) Aty N ALV Zy YUy (E(Z()) A Zigy = Ury) — myryy (U))) 16; 18; 19; 41 QL
13,14,15 | (43) Aty N ALV Zy VU gy (E(Z()) A Zigy = Ury) — myryy (U))) 16; 18; 19; 41 QL
13,14, 15| (44) N(mzyy) ATty (N(2) ADVZ(ﬂVU(ﬂ((f(Z(@) NZy = Uqy) = myqyy (U))) | 35; 43; PL
13,14, 15 | (45) AX«T»(N(X) A ey (N(E) A DVZ(T)VU(ﬂ((t(Z«ﬂ) ANZgy = Upg) — 11; 14; 44; QL
x(U)))) (myryy)
(46) Her[/lx«T))(N(x) N 31’((0))(N(I) A DVZ(T)VU(T)((I'(Z<G)) A Z(g> ~ U(T>) — 13; 15; 45; QL
x(U)N)]
@7) | Ve (N(X) — 3ty (N ADY Zeoy V Uiy (H(Zioy) A Ziy = Urgy) — x(U)))) | b 125 46,
«h) (o)) () V(1) (o) (o) () Theo. 6; QL

Lemma 10. + FP. — FP;.

O

Proof of Lemma 10. The lemma’s proof is by induction on the set of types. The base case is obvious, since

+ FP, — FP,, by PL. We show that that - FP, — FP 1

.....

. S0, as the inductive hypothesis, assume that

+FP, — FP,;, for all positive integers n and i such that 1 <i < n. Now, let: 7: (r!,..., 7", and

To prove that - FP, — FP 1

if there is some i < n such that t' is e

e
€:={
Tl

otherwise

.....

FP(1 . ;ny. This is what we’ll now show:

my, it suffices, given the inductive hypothesis, to show that - FP; —

1 (1) E[x«(-[l“",-[n))))] Asrnp (QGen)
2 ) [N, omn) Asmp. (—1)
1,2 3) yen N ALV Z a1, omy Vi (Y (2) A 2= 1) = Xq,...my) (W) 1,2, Lem. 9; QL
4 (4) N(y«f))) N DVZ((TI _____ Tn))VLL(&) ((y«,f)) (2)Nz=u) — X((rl,..., 7)) (u) ASIIIP (HE)

5 5) Elyqey] Asmp. (FE)

6 (6) Yy ey N(y) = Q3w g (x(w))) Asmp. (FP;)
4,5,6 (7) QFw gy (Yey (W) 4;5; 6; QL
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4,5,6 (8) <>E| LU({)E”((TI ..... 7nY) (y«f» (LU) ANW= t) 7, Lem. 8, KQL
4, 5, 6 (9) <>E| t((-[l """ Ty (X(«TI """ 7)) (t)) 4, 8, KQL
1,2,6 (10) <>3 t<<-[1 """ 7nY) (X(«Tl """ 7)) (t)) 3, 4, 5, 9, QL
1D [ Vyue Ny — 0w (x(w))) = VX, oy NG — 0Tt oy (X(2)) | 152 6; 10; QL
This concludes the proof. O

Lemma 11. For every theorem ¢ of PAy, - FP — Y ()7, for every type T, where ¥ (p)7 is the result of prefixing
()7 with any sequence of universal quantifiers binding all variables occurring in (¢)Z.

Proof of Lemma 11. The proof is by induction on the length of a PA;-derivation. The base case has the
following subcases: (i) ¢ is an arithmetical axiom of PA,; (ii) ¢ is a PL theorem; (iii) ¢ is an instance of V1,
V2 or Ind; (iv) ¢ is an instance of =I; (v) ¢ is an instance of CVE; (vi) ¢ is an instance of Comp:

Subcase (i): ¢ is an arithmetical axiom of PA,. Then + FP — ((p);j , by theorems 1, 2, 3,4, 5, 6, 7. Hence,
VY (FP — (¢)7), by QL-reasoning. So, - VFP — ¥ ()7, by QL-reasoning. So, - FP — V()7 , by QL-reasoning.

Subcase (ii): ¢ is a PL-theorem. Then  (¢)Z, since ()7 preserves boolean connectives, and every
PL-theorem is an axiom of KQL¢. So, - V((p)ij , by QL-reasoning. Hence, - FP — V((p):,%’ , by PL-reasoning.

Subcase (iii): ¢ is an instance of V1, V2, or Ind. Then, + ((p)‘? . So, F V((p)‘?, by QL-reasoning. Hence,
- FP — V(¢)Z, by PL-reasoning.

Subcase (iv): ¢ is an instance of =I. Then ¢ : v = v. Let ¥ be a sequence of the form V*V(v)Zv",
where V* and V' are themselves sequences of universal quantifiers and V()7 does not occur in ¥'. Then,
F(v=v)Z — V(v =v)7), by repeated applications of Y1, V2 and Gen. By a further application of Gen
we get that - Y(1)Z (v = v)7 — V1 (v = 1)%)), and so F Y ()Z (v = )Z) — Y()Z VYT (v = v)7), by V1. Since
FY@WZ (v = v)7), by V= and QL-reasoning, we thus obtain the result that - V(1)ZVv'((v = 1)%). So, F
V¥V )7V (v = 1)Z) by repeated applications of Gen. Therefore, - FP — ¥ ((v = v)¥), by PL-reasoning.

Subcase (v): ¢ is an instance of CVE. Then, ¢ := Yoy — w2. We have that - E[(@)Z] — (Y(0)Z )7 —
W)
constant ‘0". Then,  E[(@)Z], by Lemma 1. So, - ¥Y()Z (y)Z — (w%)Z, by PL. That is, I (¢)Z. Therefore,
Y ()7, by QL-reasoning. Hence, - FP — Y(p)Z, by PL-reasoning.

Now, a is either the constant ‘0’, or else an individual variable u. Suppose first that it is the

R —
Suppose instead that a is the variable u. Then, - E[(w)7] — (Y(0)Z W)Z — w)¥ EZ;’%), and V is a se-

quence of the form V*V¥(u)?v', where V* and V' are themselves sequences of universal quantifiers,
and Y (u)? does not occur in V'. By repeated applications of Gen, V1 and Y2 we get that - E[(w)7] —
vivwZ w)Z — w)? EZ))]) A further application of Gen shows that - ¥ (w)Z (E[(w)7] — VI (Y ()7 )7 —

77
T (w?

207

W7 @) and we get that - V(w7 (E[(w)71) — Y(wZV V()7 @) — () ), by a further application

of Y1. So, F Y(wZvivw)Zw)? — (w)%(w’%), by VE2. Finally, repeated applications of Gen yield that

T Wy
R — —
FY*Y w2V Y7 )7 — (p)7 EZ;%) That is, - Y (p)Z. So, - FP — Y (¢)Z, by PL-reasoning.
Subcase (vi): ¢ is an instance of Comp. Then, ¢ := 3UVYv!...Vv"(U(},...,v") < y). By Compc we
get b Ey oz magyz — EA@NY .. "7 @)f1. Now, - EAWHY ... @71 — EIWMY] - (.. —
(ElwHZ] — ()7 < AwHYZ ... Z @)Z)(WHZ,...,(™"7))...). So, repeated applications of Gen, V1, ¥2

and VE2 yield - EIA(WHYZ ... w2 @) 7] = YwHZ .. Y Z ()7 < AwHZ...w"Z @) Z)(whHZ, ..., 7).
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Hence, + EAWHZ...w"Zw)?] — IWZVWHZ.. Y2 (W)Z — DZ(wHZ,...,w"7)), by QL-
reasoning. So, - Ey % _ (e nz = IDZYOHE . V@ (@7 < 7 (@HY,..., ™). But then, pro-
ceeding as in the proof of subcase (iv), we can derive, by repeated applications of Gen, V1, V2 and VE2,
that - VA(U)ZV@wHZ .. Y7 ()7 — )Z (N7, ...,(v™"7)). Thatis, - V(p)7. So, - FP — V(p)7. This
concludes the proof of the base case.

For the inductive case, there are two subcases two consider: (i) ¢ is derived by an application of Gen;
(i) ¢ is derived by an application of MP.

Subcase (i): ¢ is derived by an application of Gen. Then, ¢ := Yvy. By the induction hypothesis, we
have that - FP — V(y)Z, for any universal closure V(y)Z of ()7. But then, - FP — VV ()7 (y)Z, for any
universal closure YV (0)Z (y)Z of V(v)Z (y)Z. Le., we have that - FP — V(¢)Z.

Subcase (ii): ¢ is derived by an application of MP. Then, by the induction hypothesis, we have that
FFP — V()7 and - FP — V(y — ¢)7. Let V¥ be the sequence Vv'...vv". Then, by repeated applications
of VE, we get - FP — (E[v"] — (... — (E[v'] — (@)7)...)) and F FP — (E[v"] = (... — (E[v'] = (w — ¢)7)...)).
By PL-reasoning we get - FP — (E[v""] — (... — (E[v'] — (¢)Z)...)). But then, proceeding as in the proof of
subcase (V) of the base case, we can derive, by repeated applications of Gen, Y1, V2 and VE2, - FP — ¥ (¢)7.
This concludes the proof. O

We thus obtain Theorem 8 as a straightforward corollary of Lemma 11:

Theorem 8 (Interpretability). KQLEP interprets PA, via the Russellian translation ()7, for each type T. More
precisely, for every closed theorem ¢ of PAy, ()7 is a theorem of KQLEF, for every type t.

Appendix B Proof that FP implies its necessity

We begin by observing that the following result, stronger than Theorem 6, is also derivable by using

nothing but QL-reasoning:
Lemma 12. Fq Yy (7(0) A Her[y]) — (N(x(ryy) = Y(Xrn)-

Owing to Lemma 12, it is easy to see that Lemma 5’s proof can easily be adapted to establish the

following lemmas:
Lemma 13. - N(x) — E[x].
Lemma 14. + N(x) — (N(x) ATE[x]).
The following result can then be established:
Lemma 15. tgsqr, FP; — UFP;.
Proof of Lemma 15.

1 Vx(ry N(X) = Oy y (x()) = (Elx(ryy] = N(x((ryy) = Oy ey (X ()))) | QL
2) N(xzyy) = Elxzy] Lem. 13
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3) V) N(x) = OFyry (x(1))) = N(xgiryy) = OFyiny (X (1)) 1,2, PL

4) V Xy N(x) = 0Ty (x(1))) = LN (x(ryy) = OFyery Gy (1)) 3; Lem. 14; S5
(5) OV Xy (N(x) = OFy iy (x())) — QUMN(x¢(ryy) — OFyiry Xy (1)) 4; K

(6) OV x((ryy N(x) = 0Ty (x(1)) = N(x(ryy) — OTyiry (xieryy (1) 5; S5

(7) OV x((ryy N(x) = OFyiry (x(1)) = Yx(ryy N(X) — OFyry (x(1))) 6; QL

8) L0V x((ryy N(x) = 0Ty iy (x())) — LIV Xy N(x) = OFyry (x(3))) 7; K

9) Vx(ryy (N(X) = OFy iy (x(1))) = UV X9y N(x) = OTy ey (x(3))) 8; 56

Appendix C Necessity of arithmetic

The main aim of this section is to prove that the result (¢)# of translating each closed formula ¢ of PA, to
PA; is, if true, necessarily so. That is, it is proven that ((p)f — D((p)”f , for every closed formula ¢ of PA,.
Say that a relation is arithmetical just in case it necessarily exists and is essentially and rigidly about

natural numbers. That is:

Definition 17 (Arithmetical relations). Where a is a type (((t))),-singular term, and, for every i such that
1<i<n, v isatype ((t))-singular variable which occurs nowhere in a:

.Ovon

tey D@, ™) = (N12iza NWD) AD(@(@Y, ..., v™))) ATElal.

Arlal:=0Vv,,,.

&

Then, the proof that (p) — O(¢)¥, for every closed formula ¢ of PA,, relies on the following lemma:
if all the parameters occurring in ()¢ are natural numbers or arithmetical relations, then () — O(¢).
It furthermore relies on the result that, for every formula y of PA,, if all the parameters occurring in
(VVy)< are either natural numbers or arithmetical relations, then if every arithmetical relation V is such
that (y)<, then every relation V is such that (y).

This last result relies on showing that whenever some relation V is such that (1//);‘” , there is a relation
of a particular kind, defined in terms of V, which is arithmetical and such that (1//)? . I'll now turn to the
definition of this particular kind of arithmetical relation, which will be characterized partly in terms of
plural resources.

I'll start by defining a relation’s “pluralization” and a plurality’s “relationization”. I'll then show that

if U is the relationization of the pluralization of some relation R, then U is an arithmetical relation.

Definition 18 (Pluralization). For each type t, type ({(t)))n-plural variable vv, type ({{1))) -singular variable

V, and where u is a type ({(1))), singular variable distinct from V:

Pllvv, V]:=Yu(u < vv = 3z, .32, (V(2',...,2") A MzisnNEZ) A U= Aw] ... Wiieyy (A1=i<n (W' =21))).
&

So, the yy(nyy, are a pluralization of relation x(s)y, — that is, Pl[yy)),» X« @y,] — just in case the
VY@, are relations each one of which holds of w!, ..., w" just in case each w' is identical to some z!

such that z' is a natural number and z!, ..., z”* stand in relation x(ry,,-
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Definition 19 (Relationization). For each type t and type {{(t))),-plural variable vv:

Rel[vv]:= Aw!

n 1 n
<m)...ww»(EIJC(((T»),,(JC< vvAx(w,...,w")).

&

So, the relationization of the yy«zy)y,, Rellyy«my,], is the relation of being w . Wiy such that

<1<T))’ .
w<1<T>>, +r Wiy, Stand in some relation among the yy( .-

Proving the result that a relation is arithmetical if it is the relationization of the pluralization of some
relation requires establishing a number of auxiliary lemmas about pluralities of “ordered n-tuples” of
natural numbers. I'll first introduce a type-theoretic characterization of ordered n-tuples” of natural

numbers, and of pluralities of these. I'll then proceed to the proof of the auxiliary lemmas.

Definition 20 (Ordered n-tuples of natural numbers). For each type t, and where a is a type ({(1))) ,-singular
term, for each i such that 1< i < n, v' and u' are type ((1))-singular variables none of which occur in a, and such

that v' and u/ are distinct, for every i and j such that 1 <i,j < n:

OrdN([a] ;=30 ... 30" N\ 1<jcn NN Aa = Aud ...t (N <j<p (Ul = VD))

Then, pluralities of ordered n-tuples are defined as follows:

Definition 21 (Plurality of ordered n-tuples of natural numbers). Where vv is a type ({(r))) ,-plural variable,
and w is a type ({(1))) ,-singular variable, for each type t:

POrdN[vv] :=Vu(u < vv — OrdN[u])

&
Lemma 16. + OrdN[a] — (OOrdN[a] AOE[a]).
Proof of Lemma 16.
1 @)) OrdN|a] Asmp. (= 1)
2 2) /\lsisn(N(Vl))/\a’=/1M1---Mn(/\15i5n(ul =v") Asmp. (3E)
3 ®) Ai<isn(E(")) Asmp. (IE)
2,3 |4 A1<i<n(OE@W") A A\1<i<n (ON(V) 2;3; Lem. 5; QL
2,3 |05 OEAuL ... u"(N1<i<n (' = VY))] 4; KQLc
OEAul ... u"(N\izi<n(@! = V)] = (@ = Au' ... u"(A1<j<p (W} = V) - Oa =
O Al N iend = 1)) K
2,3 |®@ Oa=Au'...u"(Ai1<j<p (' = vY) 2,5;6; PL
2,3 (8) MNi<icnOEWHY) AN 1<i<n ONW) AOa = Aul ... u" (A <j<n (Ut = V1)) 4;7; PL
2,3 9) UOrdN|a] 8; KQL
2,3 (10) UE[a] 2;5; QL
2,3 (11) UOrdN[a] AUE[«a] 9; 10; PL
1 12) UOrdN[a] AUE[«a] 1;2;3;11; QL
(13) OrdN[a] — (UOrdN[a] AUE[a]) 1;12; PL
O
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Lemma 17. Fgspgr, (POrdN[vv] A E[vv]) — (UPOrdN[vv] ALE[vY]).

Proof of Lemma 17.

1 €)) POrdN[vv] A E[vv] Asmp. (—1)
1 2) Yu(u< vv— OrdN[u)) 1; PL
3 3) Elu] Asmp. (QGen)
4 4) u<vv Asmp. (= 1)
1,3,4 | (5) OrdN|[u] 2;3;4; QL
1,3,4 | (6) UE[u) 5; Lem. 16; PL
1,3 @ u<vv—UE[uu] 4; 6; PL
1 8) VYu(u<vv—UOE[u]) 3;7;QL
1 9 Elvv] 1; PL
1 10) |OE[vv] 8, 9; PQL (LEp)
11 an Qu<vv Asmp. (—1)
(12) u<vv—U(E[vv] — (u<vv A Elu])) PQL (<)
(13) UOE[vv] — (u<vv—UOu<vv AE[u])) 12; K
(14) LUOE[vy] - U< vv — (u< vv A Elu)])) 13; K
(15) OOE[vv] — (Qu<vv — QOU(u < vv A E[u))) 14; K
(16) UE[vv] — (Qu<vv — (u<vvAE[u])) 15; S5
1,11 (17) u<vvAElu] 10; 11; 16; PL
1,11 | (18) OrdN|[u] 2;17; QL
1,11 | (19) UOrdN|[u] 18; Lem. 16; PL
1 (20) Ou < vv— OOrdNJ[u] 11; 19; PL
1 21) U(u < vv — OrdN[u)) 20; K
22) (POrdN[vv] A E[vy]) — U(u < vv — OrdN[u]) 1; 21; PL
(23) O(POrdN[vv] A E[vy]) — U(u < vv — OrdN[u])) 22; K
(24) OPOrdN[vv] A Elvy]) — OU(u < vv — OrdN[ul) 23; K
(25) O(POrdN[vv] A E[vy]) — (U< vv — OrdN[u]) 24; 85
(26) O(POrdN[vv] A E[vy]) = Yu(u < vv — OrdN|[u]) 25; QL
27 OO POrdN[vv] A E[vy]) — OVu(u < vv — OrdN[u]) 26; K
(28) (POrdN[vv] A E[vv]) — (LOrdN[vv] AUE[vY]) 1; 10; 27; Def. OrdN[-]; S5
O
Lemma 18. + OrdN[a] — O(a(w',..., w™) — (A1<i<n(N(w)) ADa(w?!, ..., w™)).
Proof of Lemma 18.
1 6)) OrdN[a] Asmp. (— 1)
2 2 a(wl,..., w™ Asmp. (= 1)
3 3) Ai<isnNW) Aa=Aul .. u"(N\i<i<n(U' = VY) Asmp. (3E)
4 4) Ni<i<n(E[V']) Asmp. (JE)
2,3 (5) Aut . ut(A<i<n (W = v) (Wl ..., w™) 2;3; QL
2,3 |6 (Nq<icn(w' = v) 5; KQL
3,4 (7) Ni<i<nTJE[V']) 3; 4; Lem. 5; KQL
2,3,41(8) MN<i<nOW' =v")) 6; 7, KQL
2,3,4109 Ni<i<n(OE[w}]) 6; 7; KQL
3,4 [0 |OEAu'...u"(Ai<icn(u' = v")] 7, KQLg
2,3,4 QD |[OAut . u*(Ni<i<n@! = ) (W,..., w™) 8,9, 10; KQL
2,3,4( 12 [Oa@h,...,w" 3;11; QL
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2,3,41(3) [ Aicichn(NW) ADa(w?,..., w™ 3;12; PL
1,2 |4 | Aiciecn(NW)) AQa(w?,..., w™ 1;3;4;13; QL
1 15  |a@!,...,w" = Ai<i<n(NW)) AQDa(w?, ..., w™) 2; 14; PL
(16) |OOrdN[a] — O(a(w’,...,w™) — (A1<i<,(N(v) ADa(w!, ..., w™)) 1;15;K
(17) | OrdN[a] — O(a(w?,...,w™ — (A1<j<n(N(v) AQa(w?', ..., w™)) 16; Lem. 16; PL

O

Lemma 19. Fgspgr, (POrdN[vv] A E[vv]) — OVw!...OVw"ORellyyl(w!,...,w") — (A1<i=n(N(¥) A
ORellyyl(w?,...,w™)).

Proof of Lemma 19.
1 1) POrdN[vv] A E[vv] Asmp. (= 1)
2 2 Rel[vvl(wl,..., w™ Asmp. (= 1)
2 3) Ix(x<vvAxw?,...,w") 2; QL
4 4) x<vvAax(wh,..., w" Asmp. (IE)
5 5) E[x] Asmp. (IE)
1,4,5 (6) OrdN[x] 1;4;5; QL
1,4,5 ) Ni<icn(N(w)) AOx(w!, ..., w™) 6; Lem. 18; QL
1,45 ©) OE[x] 6; Lem. 16; PL
1 9) OE[vv] 1; Lem. 17; PL
1 (10) Ox<vv 9; KPQL (<)
1,4,5 (11) |[OExIAOx<vvAOx@?l,..., w" 7; 8; 10; PL
1,4,5 (12) [O3x(x<vvaxwl,...,w™) 11; KQL
1,4,5 (13) | A1=i=nTE[W']) 7, Lem. 14; PL
1,4,5 (14) | OJE[Rel[vv]] 9; KQLc
1,4,5 (15) [ ORellvvl(w?,...,w™ 12; 13; 14; KQL
1,4,5 (16) | A1<i<n(N(w")) ACRel[vv](w!,..., w™) 7;16; PL
1,2 (A7) | Ai<i=n(N(w) ACRel[vv] (W}, ..., w™) 3; 4; 5; 16; QL
OPOrdN[vv] A Elvv]) — ORellvvi(w!,...,w™) — (A1<jisn(NW) A |, 5. 0.
18 | ORellwol(w!, .., w™) Pusizn 1;2; 17; KPL
(POrdN[vv] A E[vv]) — Ovw!..OVw"ORellvvi(w!,...,w" —|.,. ]
A9 (A e, (Nw)) A TRl ol (wh, ..., w")) 18; Lem. 17 55
O
Lemma 20. Fpq Pl{vy, V] — POrdN[vv].
Proof of Lemma 20.
1 o)) Pllvv, V] Asmp. (— 1)
2 2) Elu] Asmp. (QGen)
3 3) u<uvv Asmp. (—1)
1,2,3 |4 328 2" (N i<isnNED) A u= 2w .. w (N\1<j<n (W' = 21))) 1;2;3;QL
1,2 5) u < vv— OrdNJ[u] 3; 4; Def. OrdN[-]; PL
1 6) POrdN[vv] 2;5; QL
) Pllvv, V] — POrdN[vv] 1, 6; PL
]
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Lemma 21. Fgspg, (Pllvw, V] A Elvv]) — OVw'...OVw"ORellvvl(w!,...,w") — (A1=isn(N(¥Y) A
ORel[vv](w?,..., w™)).

Proof of Lemma 21. A trivial consequence of Lemmas 19 and 20. O

Lemma 22. Fgspqr, (Pllvy, VI A E[vv]) — OE[Rel[vv]].

Proof of Lemma 22.
1 €)) Pllvv, V1 A E[vv] Asmp. (= 1)
1 2) POrdN[vv] 1; Lem. 20; PL
1 3) OE[vv] 1;2; Lem.17; PL
1 @ OERel[vv]] 3; KQLc
B5) (Pllvy, V] A E[vv]) — UE[Rel[vv]] 1;4; PL

O

We are now in a position to offer a proof of Theorem 9, a crucial element in our case for the claim
the truths of pure arithmetic are all metaphysically necessary (§5). The proof of this result makes use of

some basic facts about arithmetical relations:

Lemma 23. Fgspqr, (Pllvy, V1A E[vv]) — Ar[Rel[vv]].

Proof of Lemma 23. This lemma is a straightforward consequence of Lemmas 21 and 22. O
Lemma 24. bgq Ar[Al.

Proof of Lemma 24. A straightforward corollary of Lemma 2. O
Lemma 25. Fsspqr A7 [v(ryy, | = DAT vy, -

Proof of Lemma 25. A straightforward consequence, by S5-reasoning, of the definition of Ar[]. O

Now, consider the following notational conventions. For each type 7 and formula ¢ of MT, and where

al, ..., a™ are all the type 7-singular parameters occurring in ¢, let

Nlpl:= /\ (N(a')

1<i<n

Similarly, where §!, ..., B are all the type ((1))),-singular parameters occurring in ¢, for any n, let

Arlpl:= N\ (Ar[p']

l<i<n

Finally, for each type 7 and formula ¢ of MT, let Ar[¢] := N[@] A Ar[¢]. Then:

Lemma 26. For every formula ¢ of PA, in which the n-ary predicate variable V occurs free:
(A) Frare NI@Z 1= Yy yioma PLYY, Vicam,] = (@7 = (@) )57

(B) tqu NL@)7] = (732l - 32lly) (Aiisn(NED A V(. 2M) = (@7 = (@) )
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Proof of Lemma 26. The proof is by induction on the complexity of ¢. We prove (A) and (B) in one go,
considering the base and inductive cases for each one of them.

Base case: the only interesting subcase is when ¢ := U(al,...,a") and V = U. Case (A):

1 (1) |[Ni@?] Asmp. (—1)
2 ) Elyyioma] Asmp. (QGen)
3 3) PIyy«amw Vo, Asmp. (—1)
2 4) EAW 1, - Wiy, BXom, (X <YYo, Axw!,..., wM))] 2; QL¢
5 5) V<(<T>>>n(a )y (ZZT») Asmp. (—1)
1 (6) AlSlSn(N(aé«-[)))n)) 1/ PL
1 @) Nizizn(Ela 1) 6; Lem. 13; PL
1 ®) | EAw - Wy Nisisn(W' = a ;)] 7; QLc
1 (9) /\1<l<n(aé(r>> = sz(_[») 7/ QL
_ 1 . Q. Q-
! (10) Aw<<r>> Wiy Nrsisn (0" = @iy V(@) Ciry) 789, AL
EIZ«T» -3z, (A1=i<n(N(2") A Viaom, (2., 2™ A
1,5 an /1LU<<T>> . I/U(n(.r))(/\lgisn(wl = a&r»)) = A,W<1<T>> w&m (Alsisn(wl =15,6;,7,8; QL
z"))
1/ 3/ 5 (]-2) Aw((-[)) e w&T)) (/\lSiSI’l(wl = aéu—»)) < J’)’(<(T))>n 3/ 8/ 11/ QL
1,3,5 |(13) M’«r» Wiy Nisisn(@' = é<r>>)) = YYeemn Mo.qapL
7 7 n 7 7
AWy - Wity Przisn (W' = ) ) @y 0 Bl
1,3,5 (14) ix<<<r>>>n(x <YV A X Qg0 i) 8,13, QL
w dx X < A
12,35 | (15 (o ,§<T>>( ; o ) VYo, 4714 QL
X, W@ gy Xipyy)
1,2,3 (16) | Vionma @y @lryy) = ReYYom, ) (@ gy @lyy) 5; 15; Def. Rel[]; PL
17 A7) | Rel(@(,y,-- al) Asmp. (— 1)
17 (18) Axwyy, X <YYo, A x(a} oy CZ?(T»)) 17; Def. Rel[-]; QL
19 19 [ xmm, <YYo A Xom, @y Cay) Asmp. (3E)
20 (20) E[X(((T»)n] Asmp. (3E)
319,20 | 21) EIZ((T)) E|Z<"<T>>(/\15i5n(N(.zl)) ./\ V(((ﬂ)),,(zl,...,zn) AN X, = 3. 19; 20; QL
- AWy - Wity Nrsisn (W' = 21) T
22 (22) /\1<‘<”(N(zé<f>>)) A Vi Gy Zay) A Ko, " | Asmp. (3E)
AWy -+ Wiy Nisizn (W' = 2i)))
23 (23) /\1<,<n(}5[zé<r> D Asmp. (JE)
w K [ 1 n . .
19, 22 (24) AW«T» <<T)>(/\1515n(w = Z((T))))(a((‘[))""’a((‘r))) 19/ 22/ QL
19,22 [(25) | Aizizal@lyy = 2) 24; QL
19, 22 26) | Vi (@0 Ay 22; 25; QL
3,19,20 | (27) W((ﬂ))n(a%(ﬂ), o Wy 21;22; 23; 26; QL
3,17 28) | Vioma @y Uiy 18; 19; 20; 27; QL
3 29) Relgy(<<r>>>n£a§<r> enes a'?(_[») — V(((T»)n (a’l<_[>>, ceey (Z(rl(_[))) 17; 28; PL
- 7\ Vimn . 99-
L,2,3 |60 | @ =@ ] 16; 29; PL
o n . .
1,2 (31) Pllyyuay. Vi, = (@)7 < (((,O)f{)Rgf[;;, T)»n]) 3; 30; PL
Viamn a1
1 B2) | Vyyom, PLyy, Vicom,) = (@7 < ((<P)ij)R<e<f[>y>}m n])) 2;31; QL
(33) | NU@Z1— Vyymm, LYY, Vi, — (@) < (@57 3y [1;32;PL
Rellyyamnl

Case (B):
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1 1) N[((pl)f“ ] 1 Asmp. (— 1)
2 2) _‘E|Z<<T>> ...132?(_[»(/\}151'5”(N(Zl)) N V(((T))),, (z ,...,Zn)) Asmp. (—> I)
3 @) Veamn (@ yyr-- o X)) Asmp. (7I)
1 (4) /\lSlSn(N(a&T)))) 1/ PL
1 (5) Nizisn(Ela 1) 4; Lem. 13; PL
1,3 (6) 3201 -+ 320y N1=isn NED) A Vi, (2, 2™) 3;4;5;QL
1,2 @ TV @y V) 2;3; 6; PL
1 (€)] —|A<<(T>>>n(a%<r>>,...,a&m) Lem. 2
1,2 9) V<(<T>>>”(a%<r>>,..., a?m)) — A({(T»)" (a}m), ...,(X?<1>>) 7; 8; PL
1 0 232y, - 3200 N12iznNED) A Vi, @2 — (@) - -

( ) (( ),Qf)V«(T)))n ) s

P WA(((T»)n] : I
iy [NU@TT = (032 3500 PasisnNED) A Vi, (@02 =1
(11) o o \Vimn S
()7 < ()7 )A( . n]))

Inductive case (i): ¢ := —y. Cases (A) and (B) follow straightforwardly from the inductive hypothesis.

Inductive case (ii): ¢ :=w A y. Case (A):

Vion
| N1 = Yyyegaom, Py, Vicona = (@) = @iy 1) Ind. Hyp.
Vi
@ | NI T = Vyymm, Plyy Vi, = 07 = 0 ggim | Ind. Hyp.
3 3) N[y A pPZ] Asmp. (= 1)
3 4 [Ny 3; PL
3 5) [Nl 3; PL
Vicemn e
3 6) | Vyyum, PUYY Vicom,) = (@) = (@) )ggl ) 1;4; PL
Vionn &
3 @ | Yy, Py Viam,) = (07 = (O Dgdm o ) 2;5; PL
8 ©) Elyyuam,] Asmp. (QGen)
9 ©9) Pl[W<<<r>>>n»V<<<‘r/>>>n] Asmp. (—1)
3,8,9 | (10) | @)Y — (@) ggimn ) 6;8; 9; QL
3,89 ) |7 =7 7,8;9; QL
12) | wApy = (W7 AW Def. ()7
A\ Veamn - A\ Veamn o\ Viomn Y2
(13) ((y A7 )Rel[yJ’«T))n] V(((W)T )REI[J’J’«r»n] A W)y )Rellyy )l Def. ()7
3,8,9 (14 |waAp? ((WAX)f{)Rgﬁ;;':(m»n] 10; 11; 12; 13; PL
Vicemn 14
3,8 | (15) | Plyyumm, Vawm,) = (W ADT — (@ A0 piim 9; 14; PL
Viamn 15
3 U8 | Yyyam, PLyy Viom = (@A DT = (@ AD ey ) 8 15; QL
Nl A D71 — Vyyeem,Clyy, Veam,) — (A7 < @A
(17) )M)W«w»n ) 3; 16; PL
7 Rellyyian,

The proof of case (B) (inductive case (ii)) proceeds in a similar fashion, and so is left to the reader.

Inductive case (iii): ¢ := Vvy. Case (A):

© | N1 = Yy, PlLyy, Vion,) = (@) = (@50 ) Ind. Hyp.
2 @) NI(Vvy)] Asmp. (— 1)
3 3) N(()¥) Asmp. (—1)
2,3 |@ N[(y)7] 2;3; PL
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2,3 |6 | Yyyaom, Py, Viam,] = @7 = @ ggie ) L 4 PL
6 6) Ely Yo Asmp. (QGen)
2,3,6 | (@ | Plyyon, Viaond = (@7 = @50 ) 5, 6; QL
8 8 PI[yy«mma. Vi), Asmp. (—1)
2% @ @ @ ) 7;8; PL
2,6,8 (10 | (N(W)7)—~W)7) = NW7) = (@3 ) 3;9; PL
2,68 (1) |V N@7) = @) = V)7 N7 — (@) g ) 10; QL
2,6 | (12) | Plyyam, Vicon, = (Fop) = (Yol ) 8 11; PL
2 (13) | Yyymm, Py, Vi, ) = (Yop)y < (¢ Vw)iy);{/gl((;;/i«ﬂ»n])) 6; 12; QL
(14) | NI(Yoy) ] = Vyyeam, ClUyy Vi, — (Fog)f — (VVW)’?{)KE;{{;}’Q(M])) 2;13; QL

The proof of (B) (inductive case (iii)) proceeds in a similar fashion. The proof of inductive case (iv),
@ := VYV (cases (A) and (B)), is similar to that of inductive case (iii), and so is also left out. This concludes
the proof. O

Lemma 27. Fsspqr, Ar[(Y V)] — (Y Vi, (AT (V) — @)) — XY Vi, (@)E), for every formula v of PA,.

Proof of Lemma 27.
1 0 |Arvvy ] Asmp. (= 1)
2 @ YV Vi, (Ar(V) = @)7) Asmp. (—1)
3 3) AV, W)Y Asmp. (7I)
4 4) ElVimy,] Asmp. (IE)
5 (5) () Asmp. (JE)
© Iy -+ Iy MasisnNED) A Vi, (202" VI
_|3'Z<1(‘[)> oo EZ?(T» (/\ISiSn(N(Zl)) A ‘/(((T)))n (Zly ) Zn))
7 @) 3201 -+ 320 N1=isn NED) A Vi, (-, 2™) Asmp. (— 1)
8 (8) /\ISiSn(N(zé T)))) A ‘/«(T»)n(Z(l(_r)),...,Z<n<_[>>) Asmp (HE)
9 ) Ni=i=n(Elz ) Asmp. (IE)
1 _ .
9 (10) E[/llw«.[)) e w<n<.[>>(/\lsisn(lwl - Z&T»))] : 9/ QLC
n K _ _
9 11 A“’<1<r>>~-~ w(ém(/\lslsn(wi o Z(n)) ~ 10 QL
Aw«m...w«m(/\lsisn(w =21y 1
/\ISiSn(N('Z&T»)) /\‘ ‘/((<T)>)n (Z<(T))y---.; Z<n<.[>>) A
8,9 12) | Awygy, .. Wiy (A1izn (W' = Z(oy) =18;11;PL
1 n X i_ i
M‘f«r»'"“’<<r>>(/\15l5"(“’ = Z(ry)) .
3Z<<T>>~-~EZ?(T»(/\ISI'SIZ(N('.Z&T)))) A V(((T))),,(Z«T))n-nZ(n(T))) A
8,9 (13) | AWy - Wiy (N1isn (W' = () =19;12;QL
1 n . i_ i
Aw«r»"'“i <r>>(/\15’lfn(“’ = 2 ))3
g 9 Q) | oIy 32y Pasizn N Z) o Moz
4 n _ n i _ i 4 4
V(((T)))y, (Z«Tl)), ceey Z((T») AX= /11/(/((_[)) e w((ﬂ)(/\]sisn(lff = Z((;»)))
. (15) Elx«(T)))nﬂZ((T» .--E|Z<n<r>> (/\lsisn(N(zé«T»)))/\V(((T»)n(za’“"z((r)))/\ 7:8;9; 14; QL
— 1 n X i_ i [ 4
x—/’lw“.[))...w<<_[>>(/\15;5n(w _Z<(T>>)))

52

https://doi.org/10.1017/51755020324000145 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020324000145

1 1
E|x<(<r>))nzlz<(r>) -~-15|Z?<T>> (/\lsiSn(N(Z&T»).) A Vgn(Z«T)).,n-,Z(n(T))) A
—_ n l —_ l
16 |x = Awlyy ... wpy (Msizaw' = 2l,))  —|PQL (PluComp)
Yy PUYYeam . Vicana))
7 (17 3)’)’(«2»" Py Y Vaammna)) _ 15; 16; PL
N[(y)7] - v (Pllyy, V, - ((p) «
18) (([ ;/,/J) . VYo, PLHY Y, Vi, (ks Lem. 26(A)
Y Rellyy«mmnl
1 (190 [N[p)?] 1; PL
20 (20) | Elyyimm,! Asmp. (3E)
21 @1 | Pllyy, Vica,] . Asmp. (3E)
g '\ emn -19-20- 21-
1,20, 21 22) | W)E SW)T . 18; 19; 20; 21; QL
1,5,20,21 (23) ﬁ((1”/)?f)R:3<l<[T;’>;’n<<<r>>>n] 5 22; PL
20, 21 (24) Ar[Rel[yy«(T)»n]] 20,‘ 21,‘ Lem. 23, PL
Viomn Y
1,5,20,21 |(25) | Ar[Rellyym, 1 A (@) )Rgf[;;( ] 23;24; PL
1,5,20,21 |(26) | E[Rellyyqam,l] 20; QLc
1,5,20,21 [ (27) |3V, (ArIVIA(@)2) 25; 26; QL
1,57 28) | IV, ArVI A= (@) 17; 20; 21; 27 QL
1,3,7 29 | IVimy, (ATIVIA = (@)9) 3;4;5;28QL
1 1
13 (30) Hz«m...Hzﬁm(/\lgisn(N(zt)) AN Viam, (..., 2"h) = 7:29: PL
Vi (AT VI A~ (@))
31 31) —Elz(l(T»...Elzf(T>> (A1=i<n(N(ZD) A Vigyy, (21 ..., 2™) Asmp. (—1)
74 1 .
(32) N[('(//)-[ ] - (_'EIZ«T))-~-E|Z?<T>>(/\1$lsn(N(Zl)) AN Lem 26(B)
V. (2! n o A \Viomn :
W, (@, 2") = (W)7 < ((p)y )A«m»n))
1,31 33 | - ((w)f)/‘(“(:;;; 19; 31; 32; PL
1,5,31 B4) | (W), 5; 33; PL
(35) | Ar[Awmy),] Lem. 24
1,5,31 (36) | ArlAgqm,) A (@) " 34; 35; PL,
B7) [ ElAmy,] Lem. 2
1,5,31 38) | IV, (ATIVIA - (@)) 36; 37; QL
1,3,31 B9 | IV, (AFIVIA = (@))) 3;4;5; 38; QL
1 1
1,3 (40) _Elz((r)) "'3Z<n(r>> (M1=i=n(N(Z") A Vo, (z...,2™M) - 31: 39 PL
Vi (AT VI A~ (@))
L3 41) | IV, (ATIVIA(@)E) 6; 30; 40; PL
1,2 (42) | YV, (@)7) 2;3;41; QL
43)  [Arl(v V)] = (Y Vi, (Ar (V) — @) = ¥ Vi, (@) 1;2;42; PL

The next lemma is the crux of the proof here given that pure arithmetic is necessary:
Lemma 28. For each type T, Ar[(¢) ] Fsspare () — D), for every formula ¢ of PA; and every type 7.

Proof of Lemma 28. The proof is by induction on the complexity of ¢.
Base case (i): ¢ := N(a). Then, (¢) = N(ay). So:

1 ‘ (D) ‘ N(a«m) | Asmp. (—> I)
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2) UN(a ()

1; Lem. 14; PL

(3) Ar[(@)7 1 — (N(@ryy) — ON(a((ryy))

1; 2; PL

This establishes base case (i). Base case (ii): ¢ := S(a, ). Then, (@) = S(@wy,Biury). Ar-l(@)] =

Aﬁe{a«,»,ﬁ«m},(N(6)), So:

6# 0y !
(1) N(Ozy)) Theo. 1
2 ) Ar[(p)7] Asmp. (—1)
2 3) [ N(Ory) A Ar:[(@)¢] 1;2; PL
4 4) S(a )y, Biryy) Asmp. (—1)
4 (5) By = Slaay) 4; QL
2 (6) UE[B )] 3; Lem. 14; PL
2 () LBy = Beay 6, KQL
2,4 (8 USla ] = Buny 5,7, QL
2 9) UE[a )] 3; Lem. 14; PL
(10) | UE[S] KQLc
2,4 1n US(a @y, Buryy) 6,8,9; 10; KQL
2 (12) | S(@ay, Beay) = HS(ary, Bay) 4;11; PL
(13) | Are[(@)7] — (S(@ay, Bury) = DS @y, Buan)) 2;12; PL
This establishes base case (ii). Base case (iii): ¢ := V(al,...,a™. Then, (p)¥ =
Vi) o) @ yys s @frs), a0 AT [(9)7] = AT (Vigiay,...cm) A Agega«m,ﬂ«m}_(N(6)). So we have that:
# 0y
(1) N(Ory)) Theo. 1
2 2) Ar.[(@)7] Asmp. (—1)
2 3) N(Oryy) A AT ()] 1;2; PL
2 ) DVU<1<T)) ...DVU<’1<T>>D(‘/<<(T>> ..... ((T»)(UI,..., l)n) - (Alsisn(N(Ul)) A 2: QL
OV, tamy (@, V™) ATE Vi, .. o]
2 |6 | A=izaN@,) 3, PL
2 (6) Nizizn(Ela 1) 5; Lem. 14; PL
2 @) Vi@, con (@ Xry) = OV, @y Vi) 4; 6; TQL
® Ar[(@)f] - (VAo o (@ gy ) W) = 5. 7.pL
1 n 7 (s
DIV et (@ gy -0 @)
This establishes base case (iii). Base case (iv): ¢ := @ = . Then, (9) = Ase(a B, N()). So:
O£ O¢ay !
1 N(Ory) Theo. 1
2 2) Ar (@) Asmp. (= 1)
2 3) N(a ) AN(Bay) 1;2; PL
4 4) Ay = By Asmp. (—1)
2 (5) U(E[a ) 3; Lem. 14; PL
2 (6) Ua ) = aa) 3, KQL
2,4 (O Ua oy = By 4;6; QL
2 @) |y = Buay — Dagay) = Buny 4,7, PL
©) Arc[(@)7] = (@ = Bery = Dy = Buay) 2;8; PL
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This establishes base case (iv). Inductive case (i): ¢ := ~. Since Ar,[()?] = Ar;[(~y)?], we have

that:
M AW = (w7 = 0wy) Ind. hyp.
@  |OARIGw] - 0wy — 0wy) 1;K
@) | OAr (9] = OO0~y —O~w)y) 2K
@ DA w1 — @)y —O-@)y) 3; S5
_ o _ o Theo. 1;
5 Ar; (= — OAr [(my)5 L . 14
Q) re[(y)7] r[(y)7] &ezrr51§K
© A ()] = (tp) = D)y 4;5; PL
This establishes inductive case (i). Inductive case (ii): ¢ := ¥ A y. We have that:
M) | Ardy 1= (@) = D) A Ar 71— (07 = 0w Ind. hyp.
@ Ay 1A AW D — (W7 A7) = O A0 L, PL
@) | ArdWy 1A AT D) = (@) A7) = D@y A7) 2K
@ Al Ap? 1= (yAp? = 0w Aps) 3; Def.(){; PL

This establishes inductive case (ii). Inductive case (iii): ¢ := Vxw. We have that:

M) A= (@ - 0w)?) Ind. hyp.
2) [ Ar (V)] — Nry) — (@) — O0w)e) 1; Def. Ar;[-]; PL
@) [Ar[(Vxy)] = (NGxry) — @)8) = (N(xry) — D@ ) 2; PL
@ A [(Vaxy) ] = (Y N(x) — @)¢) = Yxgay) NGay) = O@)e) 3; QL
5) [ Ar[(Vxy)¥] = (Ve N(x) — @)F) = (Elxgy] = Nixy) — O@))) |4 QL
6) | Ar[(Yxy)y] = (Yxy (Nx) — @)5) = NGny) — O@)5) 5, Lem. 13; PL
(M) Ar [(Yxy) ] = (VX (Nx) — @)57) = OWNGxgery) = @)5) 6; Lem. 14; S5
®)  |OAr [(Yxy)y] — O(Vaxgry N) — @)5) = ONG(ry) = @)5) 7K
9 [OAr [(Yxp)¥] = (OVx(ay N — @)5) — OOWN(x(my) = @)5)) 8; K
100 [OAr [(Vxp)¥] = (OVx(ay N(x) — @)5) = N(xy) — @)5) 9; S5
(A1) | OAr [(Vxp)y] = (OVX(ry N(X) — @)5) — VX N(X) — (9)7)) 10; QL
(12) | O0Ar (V)] — (O0Vx(ry) N(x) — @) — OV (N — @)9)  [1LK
(13) | OAr [(Yxy)] = (VX N(x) = @)57) — OV Xy (N(x) — @)5)) 12; S5

_ 13; Theo. 1;
(14) | Ar [(Vxyp)? ] — (Vxgey (N(x) — @) Z) — OV x(0yy (N(x) — @) ) IKJem. 14 & 25;
15) | Ar [(Vxp)?] — (Vxy)? — OV xyp)?) 14; Def.()7

This establishes inductive case (iii). Inductive case (iv): ¢ := VV. We have that:

W |Ar @)y = @)y —Ow)y) Ind. hyp.
@ [ Ar (V)] = A Viga,.omn] = (@) = Ow)y) 1; Def.Ar,[]; PL
3) Arr[(sz)?/] — (Are[Viy,..con] — @) — (AreViay,..com] — 2. L
Ow)y))
@ A (VY] = (@7 = (A Viay, ..con] = 0@)7) 3, PL
) ﬂr[(vvwﬁ“]—»(v‘&«m ..... o (WY) = Y Viany.... comy (A [V — Ow)?)) | 4; QL
A (VYT = (YW (@) = EViayion] = | ..
6) “ 5; QL
(Arc [Viay,..con] = H@)7)
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) Ar[(VV) ] = (VVian,...ccom (@)7) = (Are [VIeop,...com = OW)7) 6, T
®) | Ar (VY] = (Y Vi, om (@) = DAr Vi, .. com] = @)7) 7, Lem. 25; S5
@) [ OAr (V)] = O Vigoy,...ccomn (@)7) = OAr [Vigay,...ccom] = @)7) | 8 K
a0y | FATVYITT = OV Vian,.com (@) — OO Vigoy,..coml = | g.

@))) '
(1) | OAr (V)] = OV Via,...com (@) = (Are[V] — @)7) 10; 85
(12) Eﬂ?;gg(VVw)%%] — OV Virn,tcom (@) = Y Vion,...qcom (Are (V] — 11; QL

T
(13) | OAr (V)] = OV Vigan,..tcom (@)7) = ¥ Viean,..ocom (@) 7) 12; Lem. 27; T
(14) | O0Ar (Y V)] = OOV Viay,..ccom (@7 = OV Vi, ..ccom (¥)7) 13K
(15) | OAr (Y V)] = (Y Vigap,...ccom (@) = OV Vi, . om (@) 14; 85

_ _ Theo. 1;
(16) | Ar [(VVy)?] — OAr [(VVy) ] IESe;résS. 14 &
7)) [ Ar (VY] = (Y Vimy,nam (@)7) = OV Vi, om (@)7) 15; 16; PL,

This establishes inductive case (iv), and the lemma. O

Theorem 9 is then an immediate corollary of Lemma 28:

Theorem 9. Fsspqr, () — O(@)¥, for every closed formula ¢ of PA, and every type T.

Appendix D  Relationship between S5PQLss ¢ and [S5PQLgy ¢l

In this section is shown that the theorems of S5PQLg, ¢ are the same as those of the following system:

Definition 22 (System [S5PQLsacl). |S5PQLsacl is that axiomatic system whose axioms consist of the result of
prefixing any sequence (including the empty sequence) of metaphysical necessity operators and universal quantifiers,

in any order, to S5PQLsa c’s axioms, and whose only inference rule is MP. &
The following lemma will be useful in what follows.
Lemma 29. 1f|_|S5PQLSA,c| Y, then |_|S5PQLSA,C| U and |_|SSPQLSA,C| Yve.

Proof of Lemma 29. The proof is by induction on the length of a Fsspqr, .|-derivation.

Base case: ¢ is an axiom. Clearly, Fsspqr, o] ¢ and Fsspqu, o) Y V¢, as the result of prefixing a necessity
operator or a universal quantifier to any axiom of [S5PQLga c| is itself an axiom of |[S5PQLga .

Inductive case: suppose that Fsspqrg, | ¢- Then, by the inductive hypothesis: (i) Fisspqrg, ) Cv; (ii)
Fisspaueacl Y VW5 (i) Fisspare, o) D — ¢); and (iv) Fissparg, o YV — ¢). We have that O(y — ¢) — Oy —
Cg) is an axiom of [S5PQLsacl. So, by (i) and (iii), via two applications of MP, we get that Fsspqrg, | Lo.
Similarly, we have that Vv(y — ¢) — (Yvy — Vve) is an axiom of [S5PQLsacl. So, by (ii) and (iv), via two
applications of MP, we get that k- |sspqrg, ;| Vv¢. This concludes the proof. O

The main result of this section is then the following:

Lemma 30. Fgspqg, . @ if and only if Fsspqug, o) ©-
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Proof of Lemma 30. T'll start by showing that if Fgspqrg, . ¢, then Fisspqrg, o - The proof is by induction
on the length of a Fgspqr,, ;-derivation. The base case is trivial, as any axiom of S5PQLg, ¢ is an axiom of
|SBPQLga c|. For the inductive case, there are three subcases to consider: (i) ¢ is proved via an application
of Gen; ¢ is proved via an application of Nec; ¢ is proved via an application of MP.

Subcase (i): ¢ is proved via an application of Gen. Then ¢ := Vvy. By the inductive hypothesis,
Fisspquesc| ¥~ But then, Fisspqrg, o) YV, by Lemma 29.

Subcase (ii): ¢ is proved via an application of Nec. Then ¢ := [y. By the inductive hypothesis, -ssqrg, ¢|
w. But then, Fssqug, o Dy, by Lemma 29.

Subcase (iii): ¢ is proved via an application of MP. By the inductive hypothesis, FssqL, | ¥ and
FissqLsscl ¥ — ¢- But then, Fssqrg, .| @, by MP.

S0, Fsspqre,c @, then Fssparg, o @ To see that if Figspqig, o) @, then Fgsspqg, . @, note that all axioms of
|SBPQLga c| are theorems of S5PQLgy ¢, owing to S5PQLgsac’s rules Nec and Gen. So, whatever is derivable
from |S5PQLga ¢|’s axioms via MP is derivable in S5PQLgy ¢ by MP, Nec and Gen. This concludes the proof.

]

Appendix E  Relations between FP, GENEraTION and INFAX and

In this section I will begin by showing that GENERATION implies FINITARY PLENITUDE. In order to do so, it
will be useful to appeal to some facts concerning the smaller than relation between natural numbers. This

relation is defined as follows:
Definition 23 (Smaller than). For all types t, let:

<,y = AXay Yoy (Y2 ((Her (2) AV Uy (S(x, u) — z(w)) — z(y))).

Then, the relevant results about the smaller than relation are the following:

Lemma 31. Fqr, VX Yy S, y) — x<y)

Lemma 32. g, VX VyVz(x<yAy<2z)— x<2z).

Proof of Lemmas 31 & 32. The two lemmas follow straightforwardly by QL¢-reasoning. O

Lemma 33. Fqr, VX)) VY (N(X) AN())) = Xx<yVx=yVy<Xx)

Proof of Lemma 33. Provable from Lemmas 1, 12, 31, 32, and Theorem 6, by QL¢-reasoning. O
Now, consider the following definition:

Definition 24 (Gen). For every type T, type ((1))-singular term « and (v)-singular term f:

Genla, ] := N(a@) A a(B) AV Yy YV ziryy (N() AS(y, 2)) — Ty (B) — Oz(B)).

56

https://doi.org/10.1017/51755020324000145 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020324000145

We will prove a couple of auxiliary lemmas involving Gen[:,].

Lemma 34. Fgsqr, V() (N(X) = Yoy Vwe (GEN[u, w] A u < x) — Qx(w))), for every type t.

Proof of Lemma 34.
1 1 Elx(y] Asmp. (QGen)
2 (2) N(JC((T))) Asmp. (—>I)
3 3) Eluqy] Asmp. (QGen)
4 (4) Elw] Asmp. (QGen)
5 5) | GENlury), Wiy A igry) < Xery) Asmp. (1)
6 (6) Elaqyy] Asmp. (QGen)
7 (7 E[b(p] Asmp. (QGen)
8 €) Ay N A Qy(w)) () AS(aqay, biay) Asmp. (—])
8 9 N(a(qyy) A Oayry (w) 8; QL
6, 7, 8, 9
6,7,8 (10) N(bryy) Theo. 2; QL
5,6,7,8 | (11) | Ulayry(wiry) = by (Wiry)) 5,6;,7;8,9;QL
5,6,7,8 |(12) Qayry (Way) — OObryy (Wiry) 11; T
56,7,8 | (13) | Obay(wiry) 9;12; S5
4 (14) | EAy oy (N(y) A Qy(w))] 4; QL¢
56,7,8 | (15) | Ay« N AQy(w)) (byryy) 7;10; 13; 14; QL
5 (16) | Her[Ayay)y Ny AQy(w))] 6,7,8;,15; QL
5 a7 | W < Xy = (Her[Ayr) (N(y) A Oy AV Yy Sy, 1) = | 14 QL
AYey N AQY(wry)) Vi) = AYary N A Qy(winy)) (X)) ¢

5 (18) N(u ) A ury (W) 5; PL
19 (19) E[y«-[))] Asmp
20 (20) S(U((T», y) Asmp.
3, 5, 19, @D Oy (Wery) — O Ve (Wer)) %’LS; 18; 19; 20;
5 22) | Quayy (weny) 5 T
20> 1Y@ | Ny Theo 201
?@, 5 1@ | Ay NG AOYwm) (i) 14; 19; 23; 24; QL
3,4,5 (26) Y Yy Sy, ¥) = Ay NG A QY (W) (Vi) 19; 20; 25; QL
3,4,5 27) Uy < Xy — /1y<<r>) N A <>y(LU<T>))(JC<<T)))) 16; 17; 26; PL
3,45 28) | wmyy < Xy — OX¢ay (Weny) 27; QL
5 (29) | wayy = Xoyy = Xy (Wery) 18; QL
5 B0) | wmy = Xy — QX (Winy) 29; T
3,4,5 31 Uy = Xy — QX«T))(W(T)) 28; 30; PL
3,4 (32) | (GENlu(ry), W)l Aty < X)) = QX (W) 5,31, PL

(33) | Vi Vwe (GEN[wry), Winy] A gy < Xiarpy) = O Xy (Wiry)) 3, 4,32, QL

3y | N&@y)  — Vi) Vwe (Genlum), wanl Aty = Xan) = 5. 33.p1

Qxryy (W)
(35) YV X1y N(X) = YUy Vwe ((GEN[M((T», Wyl AUy < x) — Ox(wm))) 1; 34; QL

Lemma 35. |_KQLc Vx<<T>>Vu<<T>>(x <u— (<>3 wm(u(w)) — <>3LU(T) (x(w)))).

Proof of Lemma 35.
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1 N E[x(zy] Asmp. (QGen)
2 (2) Eluyry] Asmp. (QGen)
3 3) Xy < UKty Asmp. (—>I)
(4) E[AY ey (003w ey (y(w)))] QLc
5 5) Elaqy] Asmp. (QGen)
6 (6) E[b((r»] Asmp. (QGen)
7 @) Ayiay C0Iway (y (W) (agay) AS @y, biry) Asmp. (=)
7 8) 203wy (aryy (W) 7, QL
7 ©) by = Slagry] 7; QL
10 (10) | Elwn] Asmp. (QGen)
10 (11) Slaryl(Wery) — 3zr (W) (2) A Ay (Wiry — 2) A Elw gy — 2]) 10; QL¢
(12) | Jwe) Slagey (W) = Jw ) (agry (W) 10; 11; QL
(13) | Qdw (Slagmyl (W) — OJwir) (agay (W) 12, K
7 (14) | 0Fwm by (W) = OIwry (aqry (W) 9,13, QL
7 (15) =03 w<,>(b<<,)>(w)) 8; 14; PL
6,7 (16) | Ay (0 OFwry (y(w)) (byryy) 4;6; 15; QL
(17) | Her[Ayry (003w (y(w)))] 5;6;7,16; QL
3 (18) | V() (S(X((r)), 2) = Ay(ry) (5 0Twiry (y(w)))(2)) — 70w ry (U(ryy (W) 3,4;,17; QL
19 (19) <>E| Wty (u«,» (w)) Asmp. (—>I)
20 (20) ﬁ<>E| W(r) (X((T» (w)) Asmp. (‘ll)
1,20 (21) AYay ((OTw iy (Viryy (W) (X¢ryy) 1; 4; 20; QL
1,20 (22) Y z(2yy (S(X((ryy» 2) = Ay oy COTw iy (i(ayy (W) (Z2¢(2yy)) 1;17;21; QL
1,3,19 | (23) | Q3w (X (W) 18;19; 20; 22; PL
(24) | VX Yy (x < u— (QJwey (u(w)) — Q3w (x(w)))) 1,2;3,;19;23;QL

Finally comes the proof that GEneraTION implies FP:

Lemma 36. Fssqrg, . GENERATION — FP.

O

Proof of Lemma 36. It is shown that Fgsqug,. JuryIwe (GeN[u, w]) — FP;, as GENERATION - ie.,

Elx<e>EIy<<e>> ((N(y) N y(x)) AY w<<e>>Vz<<e>> (N(w)AS(w, 2)) — D(w(x) nd <>z(x)))) —is just Elu«e))Ei W(e) (GEN[u, w)).

1 1 ey Iwiry (GEN[uU, W) Asmp. (—1)
2 2 Elx(y] Asmp. (QGen)
3 (3) N(JC((T))) Asmp. (—>I)
4 4) GeN[u, w] Asmp. (3E)
5 (5) Eluqry] Asmp. (HE)
6 (6) Elwy] Asmp. (JE)
4 (7) N(zezyy) 4; PL
2,3,4,5 | 8) |ty < Xeoy V Xecryy < U 2 3 5 U
/3,4, (o) S Xy V Xy < Uiry) Lem. 33; QL
2; 3, 4, 5, 6
%’ 34,51 (9) Uy < Xy — Oy (W) Lem. 34, QL
(10) | x¢oy (Wry) = Wy (Xiay) (W) QLsa
(A1) | Oxyry (Wery) = OFwryy (Xryy (W) 10; K
&3 2) | way = Xy = OFwiy (K (W) 9, 11; PL
4 (13) | OFwry (wryy (W) 4; TQLga
2,4,5 (14) Xy < Uy — O3 Wy (X¢ryy (W) 2;5;13; QL
&3 451015 | 03w (xy (W) 8; 12; 14; PL
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4,5,6 (16) V() (N(x) = OJwqy (x(w))) 2;3,15; QL
17 ey Iwiry (GEN[uU, w]) — Vx(ryy (N(X) — OTwry (x(w))) 1; 4;5;6;16; QL

O

I'll now turn to mapping the relationships between FP and INrAX. Consider the following definition:

Definition 25 (Infinity). Let:
(a) Z1x(oy] =V Yoy (032 (¥(2)) = x(1)); (b) Alx(oyy] 1=V Yy V wny V2o (x (M AV ur (w(w) < (y(w)Vu = 2))) — x(w));
(c) Infz@y, X(ay] i= Z[xXay] A Alxepy] Ax(2); (d) Inflz@y] i= 3xmy (Z[X ] A Alxey] A 1x(2). O

Inflzqy] states that there are infinitely many instances of z(;). In what follows are proven some results

involving the following theses, and FP:

Axiom oF INFINITY (INFAX;:) There are infinitely many type 7-entities;
InflAz:(z = 2)].
NumericaL ActuaLity,; (NA;): Every natural number has some instance;

Vx(ryy N(X) = Fyiry (x (1))

..........

.....
..........

.....

Lemma 37. FVy ) VxenVazq ((Unfldz:(z=2),x] AN() A y(2)) — x(2))

Proof of Lemma 37. Provable from Lemma 1 and Theorem 6, by QL¢-reasoning. O
Lemma 38. F VX3 VY Va@ Yy (N(x) ASx, y) Ax(2) A y(w) — "3 funy,anyInjlf, u, z])).

Proof of Lemma 38. Provable from Lemmas 1 and 4, and Theorems 1, 2, and 6. O
Lemma 39. + INFAX; < NA;

Proof of Lemma 39. Provable, by QL¢-reasoning, from Lemmas 1, 2, 4, 37, 38 and Theorems 1, 2, 6. O

Lemma 40. |_S5QLSA,C (FPT N EI((-,;))) - INFAX-,;.

Proof of Lemma 40.
1 0] VX)) N(x) = OFyry (x(1))) Asmp. (FP;)
2 (2) DVJC((T»DVJ/(T)D(X(J/) i D(E[x] i x(y))) Asmp. (EI((T»)
2 (3) Vx(ryy (N(x) = OV y ey (x(y) — (LE[x] — Ux(»)))) 2; TQL
4 (4) N(X<(T>>) Asmp (—’I)
5 (5) Elx(qzy] Asmp. (QGen)
2,4,5 (6) UV Yy (ryy () = OExryy] = Oxryy (1)) 3;4;5;QL
2,4,5 @) UV yy UE[xry] = (X () = Oxry () 6; KQL
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2,4,5 8) U(Ex@yy] = Y Yy Xy () — Uxay () 7; KQL
2,4,5 9 UE[x(zy] = UV Yy (i () = Uxeyy (1) 8; KQL
(10) | 2o (Yy) = Elywm] SA
(D | e ) = Iy (g (1) 10; QL
(12) | Oy (Yo)) = U3y (g (1) 11; K
2,4,5 (13) | UE[x¢ry] = OV yay (o () = U3y Gy () 9; 12; KQL
2,4,5 (14) | UE[x¢oy] = U@y (xry (1)) = vy U3y ey (X () 13; KQL
2,4,5 (15) UE[xryy] = U@y Xy () = U3y (Xyy (1)) 14; KQL
2,4,5 (16) | UE[x¢ry] = O3y (X (1) = OUFy ey (x¢oyy ))) 15; KQL
2,4,5 (17) UExry] = O3y iy 1)) — Ty y (e (1)) 16; S5
4,5 (18) | LE[xy] 4;5;Lem. 5; QL
1,4,5 (19) | O3y (x¢ayy () 1;4;5; QL
1,2,4,5 | (20) Ay (g (1) 17; 18; 19; PL
1,2 (21) V Xy (N(x) — Ay (x(3))) 4;5;20; QL
(Vxry (N — O3y (x(1))) A UVxony DV y oy U(x(y) — L(EX] — |1, 5.
(22) xX(V)))) = Vxyry (N(x) — Ty gy (x(¥)) 1, 2,21, PL
(Vxry(N(x) — Oy (x())) A OVx@pUVy o U(x(y) — U(E[x] — . .
(23) x(yN) — AxyyUnflAz:(z = 2), x]) 22; Lem. 39; PL
]
Lemma 41. FSSQLC (FPT AN IC<<T>)) — INFAX.
Proof of Lemma 41.
1 (1) V x((ryy N(x) = O3y (x(1))) Asmp. (FP;)
2 2) V Yy Ve (Ve (y(x) < z2(x) = y = 2) Asmp. (IC((y)
3 3) E[x((x))] Asmp. (QGen)
4 4) N(x(1y)) Asmp. (—1)
5 6) 3y Xy (1) Asmp. (-I)
(6) 3y (A(Y) Lem. 2
5 (7 YV Yy (X (1) < A(Y) 5; 6; QL
2,3,5 (8) Xy = A %/LS; 7; Lem. 2;
9 U=3yqy (A(y) 6; K
2,3,5 (10) | O3y (o (1) 8;9; QL
1,3,4 (11) O3y ay Xy (1) 1;3;4; QL
1,2,3,4 | (12) Ay (o (1) 5;10; 11; XKQL
1,2 (13) V Xy N(X) = Yy (x(p)) 3;4;12; KQL
1,2 (14) AxryUnflAz(z = 2), x]) 13; Lem. 39; PL
(Vxry(N(xX) — OFyy XV AV Yy Vzimy (Vxg (¥ (x) < z2(X) = ¥y =] 1.5, 14.
US| 2)) = Fxery Unfiz: (z = 2), X)) 1;2; 14; PL
[l
Lemma 42. Frq. INFAX; — FP;.
Proof of Lemma 42.
1 (1) | IxgepyUnflAz:(z=2),x]) Asmp.
(o) ! ' (INrAX7)
1 (2) V X((ryy (N(x) — Ay (x(3))) 1; Lem. 39; PL
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3 3 E[x¢zy] Asmp. (QGen)
4 4) N(x¢zyy) Asmp. (—1)
L34 ®) 3y Xy (1) 2;3;4; QL
1,3,4 (6) Oy xryy () 5; K
1 @) Vx(ry N(X) = Oy iy (x(3))) 3;4,6; QL
(8) Fx(ey UnflAz:(z = 2), x]) = Vx(ry) N(x) — 0Ty (x(1))) 1,7, PL
O

Appendix F  Model theory

A basic model theory for PMT, based on the work of Gallin (1975), Stalnaker (1994) and Fritz & Goodman
(2016), is here offered. I start by defining frames and inhabited structures (henceforth called “structures’).

Definition 26 (Frame, Inhabited structure). A frame is a pair F = (W, U) where 3x € W, U is a function with
tl,...,1"€ T and ne Z*. An inhabited structure is a triple G = (W, U, D) where (W, U) is a frame and D a function
with domain W x 7 such that: (i) Dy,e = U(w); and (ii) Dy, 1oy SF1 oy, forall T, 1" € 7. O

.....

a world w are represented by set-theoretic functions in D, ;1 ;». Since different functions in D, ;1 n

may have the same image at some world, this representation makes room for some distinct relations
possibly sharing their extension. Pluralities of type 7-entities existing at a world w are represented by
nonempty members of p(Dy,;).”Y I'll now turn to the standard definitions of variable-assignment, value,

and satisfaction:

Definition 27 (Variable-assignments). A variable-assignment o of a structure G is a function with domain
the set of variables of PMT and which assigns to each singular type t-variable v (plural type t-variable vv) a
value o (v) € UyewDuw,r) (a value o (vv) € Upew(@Dw,r) \ {2}), for every v € 7. If o is a variable-assignment,
v a singular type t-variable (plural type t-variable), and o € UyewDw,) (0 € Upew(@Duw,r) \ {2})), olo/v] isa
variable-assignment just like o except (perhaps) that oo/ v](v) = o. Asg is the collection of all variable-assignments

of G. &

Definition 28 (Value). The value of an expression & of PMT relative to o € Asg and structure G, V((§), is defined
as follows (where, if ¢ is an singular term or a formula, then V(S) is a function with domain W):

(@) Vi) = ow; () Viwv) = o), () ViEpew = {00 : o € Dypy
(Vv = uw)(w) = (O : VZ(wv) = VE(uu) € p(Dy,s)\ (31} (e) VE(B@) (w) = {0 : (VE(ah),...,VZ(a™) € VZ(B) (w)};
H Vep)w) = {0 O ¢ Vil (@) Vie A pw = Vie(w) n Vi) (w);
(h) Vi) (w) = Nuew(VE(@)(w); (i) Vi(a < vv)(w) = {) : VE(@) € VE(vv) & VE(vv) € pDyes) \ {2}
) VEVU@) W) = Noepys V" @), (k) Velvvp)w) - = Nocpmaoniz (Vg " (@) (w));
alo /vrl]...[o"/u;’,,]((p)(w)}' o

(D VZAV .. v (@)(w) ={(0,...,0") €Dy p1,_ny: O €V
700f course, this talk of “representation” need not be seen as having anything but heuristic value.

.....
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Definition 29 (Satisfaction). Structure G, w € W and o € Asg jointly satisfy formula ¢, G, w,o E ¢, if and only
if ) e VE(@)(w). G satisfies ¢, G ¢, if and only if G, w,0 = ¢, for all 0 € Asg and w € W. A class of structures

satisfies a collection of formulae if and only if every member of the class satisfies every formula in the collection. <>

The value of Av!...v"(¢) in a structure G does not shift from world to world. For instance, G, w,0 F u =
Avt. v — O(E[u]l — u=Av'...v"p): complex predicates satisfy an object language formulation of the
claim that they are rigid designators. Indeed, the following lemma establishes that complex predicates

do not constitute counterexamples to Ind in the context of our modal type theory:”!
Lemma 43. For every instance ¢ of Ind and every inhabited structure G, G = ¢.

From uPPER’s proponents’ standpoint, not all structures represent ways modal reality might be. One

requirement is that they be FP- and SA(seriously actualist)-structures:

Definition 30 (FP-structures). A structure G = (W, U, D) is an FP-structure if and only if, for every n € N, some
w € W is such that n < |Dy,l. &

Definition 31 (SA-functions, SA-structures). Ag 1, rn = {f € F1 ony : YW € W(f(w) € X1<j<pn(Dy, 1))} is
the set of G's type (t1,..., ") SA-functions, for all T',...,7" € 7 and structures G. A structure G=(W,U,D) is an
SA-structure if and only if, for all ',...,7" € 7, and every w € W, Dy, ;1 my SAg (11, my- &

.....

FP&SA-structures satisfy all of S5PQLE;’s theorems. Further, —closed structures (in the sense of (Fritz
& Goodman 2016, Def. 6)) constitute a natural class of structures which satisfy Compc (Fritz & Goodman
2016, §5.1, Proposition 8). The notion can be glossed as follows. Say that an entity is distinguishable
from another from a world’s standpoint just in case, roughly, there is some relation in the domain of that
world such that the first entity falls under that relation at some world, but the other doesn't, or vice-versa.
Then, a structure is closed just in case each world’s domain contains all and only the entities which, from
that world’s standpoint, are distinguishable from all other entities. It is natural to think that, from the
standpoint of UPPER’s proponents, the inhabited structures which represent genuine ways modal reality

might be are all upPer-structures, in the following sense:
Definition 32 (uprper-structures). To be an upPER-structure just is to be a FP-, SA- and closed structure. &

Now, consider the following structures, where, for each inhabited structure S and world w of S,
Fix(w,8) is the set of structure automorphisms fixed to world w of structure S (this notion is precisely
defined in (Fritz & Goodman 2016, Def. 15, p. 668), and so I'll omit the details), .4 is the set of finite von

Neumann ordinals, n” is the nth von Neumann ordinal for each neN, and 1*:= {1""}:

Definition 33 (Structures G°,G*). G° = (W°,U°,D°), where: (i) W* = .4 u{1*}; (ii) for all w e W°, D}, , = w

and Diu,(ﬂ,...,rﬂ) = ({ghW for all T1,...,t" € F. G":= (W°,U°,D"), where, for all w e W°, D;,, :=Dj,, and
D}, 1w = €Fq oy :Va(me Fix(w,G°) = n(f) = f) and f € Ag (11, .oy}, for all ..., t"eT. &

7IThis lemma is a consequence of a more general result according to which if Vg(a) = Vg (y), then Vg (p) = Vg((p’), where ¢ is
any formula or term of PMT and ¢’ is a formula or term which results from ¢ by having y occur at some places where a occurs,
re-lettering bound variables to ensure that no variables free in a = § are bound in ¢ or ¢'. We leave its proof to the reader.
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G'’s existence is a consequence of ZF. For each n €N, Dzn+1) wo=D"y,

like 1*", world 1*’s type e-domain has exactly one element — respectively, 0" and 1. Clearly, G*

u{n’}, and ID;M el =n. Just

CONTINGENTISM,, and G* k [JnINrFAx. Since 0" and 1 are indistinguishable (as individuals) from the
standpoint of 0", some relations defined in terms of them do not exist at 0" (even though they will exist
at all other worlds, owing to 1° and 1* being distinguishable from the standpoint of those other worlds).
So, G* F conTINGENTISM; for every T € .7. Clearly, G* is a FP- and SA-structure. That G* is —closed is a
consequence of Fritz and Goodman'’s Proposition 6 (2016, §4.3), since it is generated, in the sense of (Fritz

& Goodman 2016, §4.2, Def. 15), by structure G°. Hence, G* is an upPER-structure, and 50:72

Lemma 44. G* satisfies all theorems of S5PQLS, ., CONTINGENTISM, for every type T, and [I=INFAX.
Finally, consider the following inhabited structure, whose existence is guaranteed by ZF:

Definition 34 (Structure N). N:= (.4, U, D), where for every w e W, Do = wand Dy, ;1 ny =Ag g1, ony. <
To conclude we note the following result:

Lemma 45. N satisfies all theorems of SBPQLEZN, CONTINGENTISM,, and [J-INFAX.

Granting ZF’s consistency, Lemmas 44 and 45 establish the joint consistency of FP with nontrivial
modal type theories, and so also with the weak system KQLE’. Given the track record, vis-a-vis their con-

sistency, of systems purporting to contain arithmetic, these lemmas are not an insignificant achievement.
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