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Finiteness Axioms on
Fragments of Intuitionistic Set Theory

Riccardo Camerlo

Abstract It is proved that in a suitable intuitionistic, locally classical, version
of the theory ZFC deprived of the axiom of infinity, the requirement that every
set be finite is equivalent to the assertion that every ordinal is a natural number.
Moreover, the theory obtained with the addition of these finiteness assumptions
is equivalent to a theory of hereditarily finite sets, developed by Previale in “In-
duction and foundation in the theory of hereditarily finite sets.” This solves some
problems stated there. The analysis is undertaken using for each of these results
a limited fragment of the relevant theory.

1 Introduction

In [5], the author develops an intuitionistic theory of hereditarily finite sets HS,
whose axiomatization will be recalled in Section 2. In this theory sets are built start-
ing with the empty set with two operations for adding and removing one element at a
time; it has as primitive notions the membership relation and its transitive closure. It
is based on an induction axiom schema, essentially due to [3], of arithmetical flavor.
The author then compares this with other theories, in particular, an intuitionistic, lo-
cally classical version ZFC™ — Inf of ZFC deprived of the axiom of infinity. He
inquires about the equivalence in ZFC™ — Inf of two principles: every set is finite
(V C Fin) and every ordinal number is a natural number (Ord C Nat), where ordi-
nals are defined as those transitive sets all of whose members are transitive. Finally,
after remarking that HS extends ZFC™ — Inf + (V C Fin) 4+ (Ord C Nat), he asks
the question of their equivalence. In fact, these questions are raised after pointing
out that the usual arguments for these equivalences in the corresponding classical
theories involve an explicit use of the excluded middle.

This paper is dedicated to answering in the affirmative all these questions by
developing alternative—though rather straightforward—arguments which are fully
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justified in the theories under consideration. The presentation is self-contained. It is
based on the investigations on this subject carried out in [2] and [4].

In order to gauge the strength of the theories used to establish the equivalences,
we will start in Section 3 with a rather detailed discussion of a basic theory AS,
developing in it a good chunk of set theory.

Section 4 discusses the principle of e-induction F™. With this schema a good
amount of the usual arithmetics of ordinal and natural numbers can be carried out.
However, here no efforts will be made to obtain general properties, rather the focus
will be to get those facts to be used in the proof of the main results.

Section 5 deals with finiteness principles and answers two of the questions of [5]
by showing that AS + FI" 4+ (V C Fin) proves both Ord C Nat and the induction
axiom schema of HS. Whereas the former statement admits a direct proof, the latter
will be established by describing the complexity of the construction of each set with
the assignment of a natural number and then using an induction on this number.

Finally, Section 6 introduces the power set axiom P. This allows to define
the cumulative hierarchy of sets and to settle the last question by showing that
AS + Fi"t 1 P 4 (Ord C Nat) proves V C Fin.

The notation used will be standard, with the convention that in a substitution A ()
the bound variables of A do not occur in r. Moreover, whenever there will be the
need of introducing a variable to be used also as a bound variable, it will be assumed
that this does not occur in the expressions already considered. Also, when writing a
formula A as A(x, y, ...) no implicit assumptions will be made on the free variables
of A.

2 The Theory HS

Theory HS has been introduced and studied in [5]. It is an intuitionistic theory of
hereditarily finite sets. The language of HS consists of

1. a constant symbol & (empty set);
2. binary function symbols W, L (with and less);
3. binary relation symbols €, <.

The value of W, L on the pair (x, y) is denoted with W, x, L, x, respectively.
The nonlogical axioms of HS are

S.1 ué¢g;

S2 ueWyx<uexvVu=y;

S3 uelyx<uecxANu#y;

S4 Vu(uex<uecy) —>x=y;

S5 u £ 9

S6 u<Wx<u<xVu=sy;

S.7 (principle of induction) for every formula A:

A@)AVYx,y (AX) NAY) Ay ¢ x = A(Wyx)) — Vx A(x).

Note that the subpremise y ¢ x in S.7 is not irrelevant, as the instance y e x Vy ¢ x
of excluded middle is not available as an axiom, though it turns out to be provable as
is A vV —A for any Ag-formula A.
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3 The Theory AS

Theory AS (absolute set theory) is an intuitionistic first-order theory with equality.
The language of AS consists just of the binary relation symbol €. The nonlogical
axioms are

Al xeyvxé¢y;
A.2 forevery formula B, Vy (B(y) V —=B(y)) = Iy € x B(y) vV —3y € x B(Y);
A3 Vu(uex<uey)—x=y;
A4 FzVuu ¢ z;
A5 TzVu(uez<u=xvVu=y),
A6 FzVu(uez<«Iyexucey),
A.7 for every formula A,

Yuex I Alu,v) > Iz Vuex I € zA(u,v) AVo € z3u € x A(u,v)).
A few remarks may be useful here. Axioms A.1, A.2 are rather strong assumptions
which, with the aid of A.3, imply the decidability of every bounded formula, mak-
ing the theory locally classical (see Corollary 3.2 below). The fact that in AS it is
possible to decide whether an element belongs to a set gives this theory quite a dif-
ferent flavor from other well-known intuitionistic set theories. Note, however, that
HS proves A.1 and A.2 (as well as the other axioms of AS—see [5]), so any theory
comparable with HS needs to be quite strong. Axioms A.3—-A.7 are extensional-
ity, empty set, (unordered) pair, union, and replacement, respectively. Note that, by
extensionality, the sets z whose existence is postulated in A.4—A.7 are unique.

If A is aformula, we say that A is determined relative to atheory T if T = AV —A.
Reference to T will be omitted when the context is unambiguous.

Definitions and propositions of this section refer to AS and to extensions by defi-
nitions of AS that will be introduced throughout.

Proposition 3.1  Let A be a formula; suppose that either A is atomic or it is of one
of the forms =B, By C, Qy € x B(y) where y is a propositional connective, Q is a
quantifier, and B, C are determined formulas. Then A is determined.

Proof If A is x € y, the assertion is A.1. If A is =B, ByC,3y € x B(y),
Yy € x B(y), then use logical rules, the hypotheses on B, C, and A.2. If A is
x =y, then use extensionality and apply the preceding part of this proof. U

Corollary 3.2 (Excluded middle for bounded formulas)  For each bounded formula
A, the formula A v —A is a theorem.

Proof By metamathematical induction on A, using Proposition 3.1. (|

Proposition 3.3 (Separation scheme)  Ler A(y) be a formula for which Yy (A(y)
V —A(Y)). Then 3z Vu (u € 7 <> u € x A A(u)).

Proof By A.2 one has 3y € x A(y) v =3y € x A(y). If there is y € x such
that A(y), let C(u, v) be the formula (A(u) Av = u) vV (—A() Ao = y). Then
Yu 3o C(u, v); by replacement 3z (Yu € x Jv € z C(u, v)AVo € z3u € x C(u, v)).
Hence,u € 7 <> u € x A A(u). If =3y € x A(y), apply the axiom of empty set. [

3.1 Extensions by definitions  In the theory AS several definitions of new relation
and function symbols will be introduced. A definition is called determined if its
defining formula satisfies excluded middle. Note the following important fact.
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Proposition 3.4 Let T be a theory with respect to which equality is determined.
Then the definitions of function symbols are determined.

Proof Letz = F(X) < A(X, z) be the definition of the n-ary function symbol F.
This means that

Vxi, ..., x, Az A(X, 2). (1
Thus, given xq, ..., x,, ¥, let z satisfy (1). Being equality determined, we can dis-
tinguish cases y = z, y # z, obtaining A(X, ), ~A(X, y), respectively. O

In order to be able to use Proposition 3.1 for the extended language, we allow a new
definition only if determined.

Proposition 3.5  Let AS™ be an extension of AS by determinate definitions. Then,
for any bounded formula A of the relative language, A N —A is a theorem of AS™.

Proof By metamathematical induction on A nested in a metamathematical induc-
tion on the number of definitions. If A is atomic the assertion follows from Propo-
sition 3.1 or the meaning of determinate definition. Otherwise, argue as in Proposi-
tion 3.1. U

Thus it will be possible to still denote by AS any extension of AS by determined
definitions.

3.2 Basic development of the theory =~ We begin here to develop the part of the
theory AS that will be needed for the main results. Most proofs will be standard
verifications and will therefore be omitted.

Definition 3.6

1. For each formula A(u, ¥) such that Vy Yu (A(u, y) vV —A(u, ¥)) is a theorem,
z={uex| Alu,y)} < VYu (u € 7 <& u € x A A(u, y)). Existence is
by Proposition 3.3; uniqueness by extensionality. This is the definition of a
function symbol of the form F (x, ).

2. d={uex|u#ul.

3. Lyx={uex|u#y}

4. z={x,y} < Vu (u € z < u = x Vu = y). Existence by axiom of pairing;
uniqueness by extensionality.

5. {x} = {x, x}.

6. z=Ux < Vu (u € 7 <> Iy € x u € y). Existence by the axiom of union;
uniqueness by extensionality.

7. x Uy = Ufx, y}.

8. Wyx =xU{y}

9. Sx = Wyx.

10, xNy={uex|uecy}

1l. x—y={uex|ut¢yl

12, (x, y) = {{x}, {x, y}).

13. OP(z2) «» Ix e UzIye Uzz=(x,y).

4. xSy« Vzexzey.

5. xCy<oxCynx#y.
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Proposition 3.7
(a u¢o.
b) ueWyx<uexvu=y.
(© ueLlyx<uexAu#y.
d {x}=w,o.
© {x.y}=Wylx).
) xCy—>3Jzeyzéx.
(8 *xSyAy—x#F—>xCy.
(h) yex < Wyx =ux.
(i1 yé¢x< Lyx=x.
() yex< WyLyx =x.
k) yéx < LyWyx =ux.
O ,y)=W,v) >x=uAny=no.

Proof
(f) Apply A.1, A.2, and extensionality.

(j) Fromtheinstance u = yvVu # y of excluded middle, u € x — (u € xAu # y)
Vv u =y follows. Then

yeEx > Yu(MEXAUFAY)VU=Yy < UEX)
— Yu (u e WyLyx < u € x)
— WyLyx = x.
The converse holds as y € W, Lx.

(k)  We have
yéx > Vu(MeExVu=y)Au#y<ucx)
— Yu (u € LyWyx < u € x)
— LyWyx = x.
The converse obtains as y ¢ L, Wyx.
(1) A very short proof uses the fact that, by Proposition 3.1, it is possible to distin-

guishcasesx = yVu =0,x #y Au # v. However, there is also a proof that does
not appeal to any instance of excluded middle (see [1]). (]

Definition 3.8
x=m1(z) < 3FyelUzz=(x,y)V(=0P@)Ax=02);
y=m@) < IxelUzz=(,y)V(=OP)Ay=209).

Existence is by the (determinate) definition of OP; uniqueness by Proposition 3.7(1).
Fora(y)aterm, z = {a(y) | y € x} & Yu (u € z <& Ty € x u = a(y));
existence is by replacement, uniqueness from extensionality.

Proposition 3.9

(@ 7w;((x1,x2)) = x;.
(b) OP(2) — (71(2), 2(2)) = z.
(© FTVuwez<Ixecvdycwu=(x,y)).
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Definition 3.10

l.z=0vXxw<+ VYu(uez<« 3x €y € wu = (x,y)). Existence by
Proposition 3.9(c); uniqueness by extensionality.
Rel(r) <> Vz € r OP(2).
Dom(r)={xeJUr|IyeJUr (x,y) er}.
Rngi)={yeUUrlaxeJUr (x,y)er}
rl ={(m@), 11(2) |z €r}).
Fun(g) < Rel(g) AVx, y € g (11(x) = 71(y) = 72(x) = 12(y)).
7 = g(x) <> ((—Fun(g) v x ¢ Dom(g)) Az = @) Vv (Fun(g) A x € Dom(g)
A (x,z) € g). Existence by properties of symbols involved; uniqueness by
definition of Fun.

8. glx={zeg|mz)ex}

9. Inj(g) < Fun(g) A Vx, y € Dom(g) (g(x) = g(y) = x = y).
10. Bij(g, x, ¥) <> Inj(g) A Dom(g) = x A Rng(g) = y.
11. Trans(x) <> Vy e x y C x.

NN kAR

Proposition 3.11
(a) Rel(r) <> r € Dom(r) x Rng(r).
(b) For A(u,v) a formula, Yu € x v A(u,v) — 3Ig (Fun(g) A Dom(g) =
x AVu € x A(u, gu))).

Proof (b) Assuming the premise Vu € x 3o A(u,v) and letting B(u, r) be the
formula OP(r) A w1(r) = u A A(u, p(r)), one first gets Vu € x 3'r B(u,r). By
replacement, 3¢ (Vu € x Ir € ¢ B(u,r) AVr € g 3u € x B(u,r)). This g
works. O

Proposition 3.12

(a) Trans(x) A Trans(y) — Trans(x N y) A Trans(x U y).
(b) Vx € z Trans(x) — Trans(| 2).

(¢) Trans(2).

(d) Trans(x) — Trans(Sx).

4 The Principle of e-induction

Principle of e-induction constitutes a natural constructive version of foundation
scheme.

(Fint) For A any formula, Vx (Yy € x A(y) = A(x)) — Vx A(x).
In this section we work in the theory AS + Fi™ (or extensions by definitions of

it).

4.1 Ordinal and natural numbers

Definition 4.1

1. Ord(x) <> Trans(x) A Vy € x Trans(y).

2. Suc(x) <> Ord(x) Ady € x x = Sy.

3. Lim(x) < Ord(x) A x # @ A —=Suc(x).

4. Nat(x) <> Ord(x) A =Lim(x) A Vy € x —Lim(y).
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Proposition 4.2

(a) Ord(x) — Vy € x Ord(y).

(b) Ord(x) A Ord(y) — Ord(x N y) A Ord(x U y).
(¢) Ord(o).

(d) Ord(x) — Ord(Sx).

(e) Vx € zOrd(x) — Ord(| 2).

) Ord(x) > Vu,v,wex(ue€v €w—ucw).
(&) Nat().

(h) Nat(x) — Vy € x Nat(y).

(i) Nat(x) — Nat(Sx).

Note that the proof of Proposition 4.2 does not require the use of Fit,

Proposition 4.3

(@ x ¢&ux.

b) —xeyeunx.

© Sx=S8y—>x=y.

(d) Ord(x) >Vu,vexmueovVu=ovVo €u).

() Ordx) >Vz(zCxAz#D—JuezuNz=0).
) Ord(x) AOrd(y) > x€yVvVx=yVyEux.

(g) Ord(x) AOrd(y) > (x Cy < x €y).

(h) Ord(x) > @ € Sx.

(i) Ord(w) AOrd(w) Av € w— Sv € Sw.

() Nat(x) A Nat(y) — Nat(x N'y) A Nat(x U y).

Proof (a) Apply e-induction with A the formula x ¢ x.
(b) By e-induction it is enough to observe thatVz € x Vy =z € y € z > —Jo x
€D EX.

(c) Assuming Sx = Sy, by (a) and (b) x ¢ y ¢ x; the result then follows by
extensionality.

(d) Let A(u,v) be the formulau € v Vu = v Vv € u and assume Ord(x) in order
to prove Yu,v (u € x —> (v € x — A(u,v))). By €-induction it is enough to show

VyeuVo(yex —> (vex —> A(y,v))) > Vo (uex — (v €x - A(u,0))).

Assume thus Vy € u Vo (y € x — (v € x — A(y,v))),u € x with the
aim of proving Yo € x A(u,v). By e-induction again, it is enough to obtain
Vzev(zex > Aw,z2)) > (v € x - A(u,v)), which means to assume
Vz € v (z € x - A(u,z)),v € x and to prove A(u,v). By assumptions,
Vy € u A(y,v) AVz € v A(u, z); using this and Proposition 3.1, the proof can be
completed by distinguishing cases

dyeu(y=ovovoey), IJzevwmwezvu=z), VyeuyeovAVzevzeu,
corresponding by Proposition 4.2(f) and extensionality to

VEU, UED, U=D.
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(e) By e-induction we can assume

Vyex (Ord(y) > Vz(zCyAz# P > AueczuNz=09)),

Ord(x),zCxAz# I
in order to prove du € z u Nz = &. By Proposition 3.1 we can distinguish cases
dyexzNy #,VyexzNy = @. Ifthereisy € x suchthat z Ny # &,
by inductive hypothesis there exists u € z Ny withu Nz Ny = & and it follows
uNz=:indeed,ifr euNzthenr € ytoo. fVyex zNy =S then3lr r € z;
indeed, if r € zAs € z,usingr € sVs € r Vr = s the options r € s, s € r are ruled
out by the corresponding contradictions z N's # &, z Nr # &. By (a) one deduces
rnz=4g.

(f) Apply (d) to the ordinal Sx U Sy.
(G) By(®and(g),xNy=xVvxNy=y;similarly, x Uy =xVvxUy=y. O
Propositions 4.2(f) and 4.3(a), (d), (e) state that every ordinal is well ordered by €.

Note that using transitive closures the conclusion of Proposition 4.3(e) can be shown
to hold for any nonempty set z.

Definition 4.4 y = Px <> (Suc(x) Ax = Sy) V (—=Suc(x) A y = @). Existence
by (determinate) definition of Suc; uniqueness follows from Proposition 4.3(c).

Proposition 4.5 Ord(x) — Ord(Px).
Proposition 4.6 (Principles of induction)
(a) (Principle of foundation on ordinals) For A a formula,
Vx (Ord(x) = A(x) v —A(x))
— (Ax (Ord(x) A A(x)) — 3x (Ord(x) A A(x) AVy € x —=A(Y))).
(b) (Principle of transfinite induction) For A a formula,
Vx (Ord(x) AVy € x A(y) > A(x)) — Vx (Ord(x) — A(x)).
(¢) (Principle of transfinite induction by cases) For A a formula,
A(D) AVx (Ord(x) A A(x) = A(Sx))
AVx (Lim(x) AVy € x A(y) »> A(x)) = Vx (Ord(x) —> A(x)).
(d) (Principle of Nat-induction) For A a formula,
A(D) AVx (Nat(x) A A(x) —> A(Sx)) — Vx (Nat(x) — A(x)).
(e) (Principle of course of values Nat-induction) For A a formula,
Vx (Nat(x) AVy € x A(y) > A(x)) = Vx (Nat(x) — A(x)).

Proof
(a) Assume Vx (Ord(x) — A(x) vV —A(x)) and let x be such that Ord(x) A A(x).
Distinguish cases Vy € x —A(y),—~Vy € x —A(y). If Vy € x —A(y) then
Ord(x) A A(x) A Yy € x =A(y). So suppose —=Vy € x —A(y). Then, by the
hypotheses and using A.2, one gets Ay € x A(y). Letz ={y € x | A(y)} # 2.

By Proposition 4.3(e), there is u € z such that u N z = &; then Ord(u) A A(u).
Finally, if y € u then —A(y), completing the proof.



Finiteness Axioms of Intuitionistic Set Theory 481

(b) Assume the premise Vx (Ord(x) A Vy € x A(y) — A(x)) and prove the
conclusion Vx (Ord(x) — A(x)) by e-induction.

(c) The asserted schema is equivalent to

A(D) AVx (Ord(x) A Suc(x) A A(Px) = AX)A
AVx (Lim(x) AYy € x A(y) - A(x)) = Vx (Ord(x) — A(x))

which holds by the principle of transfinite induction.
(d) Use (b).

(e) The equivalent form Vx (Vy € x (Nat(y) — A(y)) — (Nat(x) — A(x)))
— Vx (Nat(x) — A(x)) is a particular case of €-induction. O

In the sequel some arithmetical facts about natural numbers will be helpful. However,
it will not be necessary to develop arithmetics entirely: the following mild properties
will be enough.

Proposition 4.7

(a) Nat(x) - —3y, g (y C x ABij(g, x, ¥)).
(b) Nat(w) — (Nat(z) A Bij(p, z,x) ABij(g, w,y) Ax Cy — z € w).
(¢) Nat(x) - (y € z ABij(g, x,z) = 3o, p (Nat(v) A Bij(p, v, y))).
(d) Nat(x) = (Nat(y) A Bij(p, x, u) A Bij(g, y,v) —

dg, w (Nat(w) A Bij(g, w, u U))).
(e) Nat(x) — (Nat(y) A Bij(p, x, u) ABij(g, y,v) —>

g, w (Nat(w) A Bij(g, w, u x v))).
(f)  Nat(y) - (x # @ ABij(g, y,x) AVu € x Ord(u) —

JuexVoex(@®euvo=u)).

Proof By Nat-induction. For (d) note that it is not restrictive to assume u, v disjoint.
O

4.2 Transitive closure, primitive recursion

Proposition 4.8 (Transitive closure)

3z (x € z ATrans(z) AVy (x Cy ATrans(y) — z C y)).

Proof Let A(x,z) be the formula x € z A Trans(z) A Vy (x € y A Trans(y)
— z C y). Since A(x,z) A A(x,w) — z = w, uniqueness is immediate. Let
B(x, z) abbreviate

x C z ATrans(z) A Vr € z 3o dp (Nat(v) A Fun(p)

ADom(p) = So Ar = p(@) AVqg €v p(g) € p(Sq) A p(v) € x).

It is shown B(x,z) — A(x,z). Assume to this aim B(x, z), so that in particular
x C z A Trans(z). First, by Nat-induction,

Nat(v) — (Fun(p) ADom(p) = Sv As = p(D)

AVqg ev p(q) € p(Sg) Ap(®) ex —> s €z2). (2)
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It remains to prove Vy (x € y A Trans(y) — z C y). Assume x C y A Trans(y), to
show Vr € zr € yandletr € z, to obtain r € y. It is then enough to prove
Nat(v) — (s € z A Fun(p) A Dom(p) = Sv A s = p(Q)
AVq €v p(g) € p(Sq) Ap() Ex —> 5 €Y)

which is obtained by Nat-induction using (2) in the induction step. In particular, we
have now B(x, z) A B(x, w) = z = w.

To conclude the proof it is then enough to show 3z B(x, z); this is achieved by
€-induction, that is, assuming Yu € x 3¢g B(u, q) to obtain 3z B(x, z). By the
hypothesis of e-induction we have Vu € x 3¢ B(u, q); thus, by replacement, there
is w such that

Yu € x Iv € w B(u,v) AVo € w u € x B(u,v).

If z = x U J w then B(x, z), completing the proof. O

Definition 4.9
7 =TC(x) <> x € z ATrans(z) AVy (x € y A Trans(y) — z C y).
Existence and uniqueness are stated in Proposition 4.8.
Proposition 4.10  Trans(x) < TC(x) = x.
Proposition 4.11  TC(y) = y U J{TC(x) | x € y}.

Proof First note that transitivity of the right-hand side of the equation is the unique
interesting claim of the proposition, since the other two properties are immediate.
Let w = {TC(x) | x € y}. If r € y, then r € TC(r) € w; thus
r € TC(r) € Jw. If r € |Jw, then there is x € y such that r € TC(x);
from Trans(TC(x)) it follows r € TC(x), hence r € |J w again. ]

Proposition 4.12 (Induction on transitive closure) Let A(x) be a formula. Then
Vx (Vy € TC(x) A(y) — A(x)) — Vx A(x).

Proof Assume the premise Vx (Vy € TC(x) A(y) — A(x)), in order to prove
Vx Vy € TC(x) A(y). This will do as x € TC({x}).

By e-induction it is enough to obtain Yw € x Yy € TC(w) A(y) — Vy € TC(x)
A(y). Assuming also Vw € x Vy € TC(w) A(y), one gets Yw € x A(w). Thus
Vy € x UU{TC(w) | w € x} A(y). By Proposition 4.11 this gives the claim. O

Proposition 4.13 (Definition by primitive recursion) Let G be an n+2-ary function
symbol. It is possible to define, in a unique way, an n + 1-ary function symbol F in
such a way that the formula

F(X,y) =G,y {(r, F(x,r) | r € TC(»)}) 3)

is a theorem of the theory obtained from AS+F™ (or some extension of it) by adding
the defining axiom of F.

Proof Let A(X,y, z, g) be the formula

Fun(g) ADom(g) = TC(y) Az = G(X, y, g)
AVYw € TC(y) g(w) = G(X, w, g | TC(w)).
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Proving Vx1, ..., x,, y 3z 3g A(X, y, z, g) it will yield the existence and uniqueness
conditions to define

:=F(X,y) < 3g AKX, y,2, 8); “)

more precisely, we are going to show

AX,y,z2,8) NAX, y,r,p) > z2=rAg=p
Vy 3z, g A(X, y, 2, ).

First we remark that
A(X,y,2,8) Aw € TC(y) = A(X, w, g(w), g | TC(w)). (%)

Now we are going to prove A(X,y,z,8) A AX,y,r,p) > z =r Ag = pby
induction on TC(y). Thus suppose Y € TC(y) (A(X, w,u,q) A AX, w,0,s)
— u = v Ag = s) and assume A(X,y,z,8) A AX,y,r, p) in order to show
z =rAg = p. Since we have z = G(X,y,¢) Ar = G(X, y, p) it is enough
to obtain g = p; as Dom(g) = Dom(p) = TC(y), this will consist in showing
Yw € TC(y) g(w) = p(w). By the assumptions and what was observed earlier, for
w € TC(y), we have A%, w, g(w), g | TC(w)) A A, w, p(w), p | TC(w)). By
induction hypothesis, g(w) = p(w).
Then we show 3z, g A(X, y, z, g) by induction on TC(y), so assume

VYw € TC(y) Ju, p AKX, w, u, p).
By what was already observed, the pair (u, p) is unique; so, in particular,
Yw € TC(y) 3w Alp AX, w, u, p).
From Proposition 3.11(b) there is g such that
Fun(g) A Dom(g) = TC(y) AVw € TC(y) 3p AX, w, g(w), p).

So the existence condition will follow from A(¥X, y, G(X, v, g), g), which is proved
by obtaining Yo € TC(y) g(v) = G(x,v,g | TC(v)). Given v € TC(y), let p,
be the unique object such that A(X, v, g(v), p,), so that g(v) = G(¥,v, p); so it
remains to prove g | TC(v) = p,. Let r € Dom(p,) = TC(v). By (5) it follows
A(X,r, py(r), p» | TC(r)). So, by the uniqueness part of this proof, p,(r) = g(r).
We have thus justified the definition introduced in (4). This definition satisfies (3).
Uniqueness uses again induction on the transitive closure. U

Corollary 4.14  Let G be an n + 2-ary function symbol. It is possible to define in a
unique way an n + 1-ary function symbol F in such a way that the formula

F(X,y)=GQ&,y,{(r, FX,r)) | rey})

is a theorem of the theory obtained from AS+F™ (or some extension of it) by adding
the defining axiom of F.

Proof Let H be the n + 2-ary function symbol defined by H(¥,y,g) =
G(X,y, g I y) and apply Proposition 4.13. O
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4.3 Ranks

Definition 4.15 rank(x) = (J{Srank(y) | y € x}. This is justified by Corol-
lary 4.14.

Proposition 4.16
(a) Ord(rank(x)).
(b) Ord(x) < rank(x) = x.

Proof (a) By e-induction.

(b) The forward implication by transfinite induction; the converse by (a). O

5 The Axiom of Finiteness

The axiom of finiteness V C Fin asserts that every set is in bijection with some
natural number:

(V C Fin) dy, g (Nat(y) A Bij(g, y, x)).
In this section we work in AS + F" 1 (V C Fin) (or extensions by definitions).

Proposition 5.1 3!y 3g (Nat(y) A Bij(g, y, x)).
Proof By V C Fin and Proposition 4.7(a). U

Theory AS + Fi™ is already enough to settle the first problem from [5]. Let
Ord C Nat) Ord(x) — Nat(x)
be the assertion stating that every ordinal is a natural number.

Theorem 5.2 AS + Fi"  (V C Fin) - Ord C Nat.

Proof Assume Ord(x). By finiteness, there are a natural number y and a bi-
jection g from y onto x. As Nat(y) — Ord(y), by Proposition 4.3(f) we have
X € yvx = yVy € x;itis then enough to check x ¢ y,y ¢ x. Formula
x ¢ y holds by Proposition 4.7(a). On the other hand, admitting y € x, one gets
Sy C x together with Bij({u € g | mo(u) € Sy}~ Sy, {r € y | g(r) € Sy})
where {r € y | g(r) € Sy} € y C Sy. Since Nat(Sy) this contradicts Proposi-
tion 4.7(a). U

5.1 Deriving induction from finiteness ~ The next step will be the derivation of the
induction principle S.7 of HS in AS + F" + (V C Fin). The main tool will be the
function K defined below. The idea of function K is to assign to each set x a number
describing the complexity of building x from scratch by adding 1 to the sum of the
complexities of all elements of x. Under the hypotheses of S.7 the conclusion will
be drawn by course of values Nat-induction on this complexity number.

Definition 5.3

1. z=E(@r,w) < (Fun(w) Ar € Dom(w) Az = {r} x w(r)) v (Fun(w) v r
¢ Dom(w)) A z = &). Existence and uniqueness hold by the properties of
functions and relations involved.

2. I(x,w) =U{E@r, w) | r € x}.

3. z=J(x,w) < v, g (Nat(v) A Bij(g, v, I (x, w)) A z = Sv). Existence by
finiteness; uniqueness by Proposition 4.7(a).

4. K(x) = J(x,{(y, K(¥)) | y € x}). This is justified by Corollary 4.14.
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Proposition 5.4 @ € K(x).
Proposition 5.5 x Cy — I(x,{(z, K()) |z€x}) CI(y,{(z, K()) |z € y}).
Proof Assume x C y and let

pelx{G K@) lzex) = JHEC (G K@) |zex)) | rex;

hence there is r € x such that
p €Er{(z K@) |zex}) ={r}x K(r)=E(r{(z,K(z)) [z€y})

S JIEC A K@) zey) I rey=10.{ K@) |z €y

so we can conclude I (x, {(z, K(z)) | z€ x}) CI(y,{(z, K(2)) |z € y}).
By Proposition 3.7(f), there is ¢ € y such that g ¢ x; moreover, by Proposi-
tion 5.4, @ € K(q); hence

(q.9) €{q} x K(q) = E(q,{(z, K(2)) | z € y})
< JEC G K@) Izey) Ireyt=10(,{(z K@) |z €.

On the other hand g ¢ x; so Vr € x (¢, @) ¢ E(r, {(z, K(2)) | z € x}) and hence

(q.9) ¢ U{E(r, {@ K@) lzex)) | rex}=1(,{(z, K())|zex}).
Now apply Proposition 3.7(g). (|
Proposition5.6 x Cy — K(x) € K(¥).
Proof Use Propositions 5.5, 4.7(b), and 4.3(i). [l
Proposition 5.7 K ({x}) = SK(x).
Proof By definition, there are v, g such that

Nat(v) A Bij(g, v, I ({x}, {(x, K(x))D)) A K({x}) = Sv

where I ({x}, {(x, K(x))}) = E(x, {(x, K(x))}) = {x}x K(x) and hence g is a bijec-
tion between v and {x} x K (x). Moreover, Bij({r € K(x) x ({x} x K(x)) | m1(r) =
w2 (ma(r))}, K(x), {x} x K(x)). Since Nat(K(x)), by Proposition 5.1 one gets
K (x) = v, hence the claim. O

Proposition5.8 x € y - K(x) € K(¥).

Proof From the premise x € y one has {x} C y. By the instance {x} = yVv{x} #y
of excluded middle, we can distinguish cases {x} = y, {x} # y. If {x} = y, from
Proposition 5.7 it follows K(x) € SK(x) = K({x}) = K(y). If {x} # y, then
{x} C y. By Proposition 5.6, K(x) € SK(x) = K({x}) € K(y). The assertion
follows as Nat(K (y)) and thus K (x) € K (y). O

Now all ingredients are ready to prove the induction principle, providing the answer
of another problem raised in [5].

Theorem 5.9 (Principle of induction)  Let A be a formula.

AS + F'" 4 (V C Fin)
FAW@)AVYX,y (Ax) NA(Y) Ay & x — A(Wyx)) — Vx A(x).
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Proof Assume the premise A(@)AVx, y (A(x)AA(y)Ay ¢ x — A(Wyx)) in order
to get the conclusion Vx A(x). Let B(z) be the formula Yw (K(w) = z — A(w)).
Since Vx Iz (Nat(z) A K(x) = z), to prove Vx A(x) it is enough to show
Vz (Nat(z) — B(z)), which will be shown by course of values Nat-induction on z.
So assume Nat(s)AYy € s B(y) in order to get B(s) thatis Vw (K (w) = s — A(w));
so assume K (w) = s too, to obtain A(w). By the instance w = @V w # & of
excluded middle, we can distinguish cases w = &, w # .

If w = @, then A(w) by the premise of the principle to be proved. If w # @,
let » € w. By Proposition 3.7(j), W, L,w = w; moreover, Propositions 5.8 and 5.6
yield K (r) € s AK(L,w) € s. By inductive assumption B(K (r)) A B(K (L, w)) and
so A(r) A A(L,w). Asr ¢ L,w, by the premise of the principle we got A(W, L, w),
which means A(w). O

Remark 5.10  Since the instance y € x V y ¢ x of excluded middle is an axiom
of the theory AS + FI™ 4 (V C Fin), clause y ¢ x in the premise of the principle
of induction can be dropped. That is, principle of induction can be equivalently
formulated as

A@)AVx,y (Ax) A A(y) = A(Wyx)) — Vx A(x).

Recall from [5] that HS is an extension of AS + FI"™ 4+ (V C Fin). Moreover,
HS is equivalent to the theory obtained removing < from the primitive vocabulary,
omitting axioms S.5 and S.6, and adding y < x <> y € TC(x) as defining axiom
for <. Theorem 5.9 entails that the theories HS and AS + Fint 4 (V C Fin) are
actually equivalent. Thus definitions and propositions concerning any of the two
theories refer in fact to both.

6 The Power Set Axiom

Let AS + Fi"t P be the theory obtained from AS + F'™ by adding the power set
axiom

P) BzVy(yez <y ).
In this section we work in AS + F™ o P. By [5], HS extends AS + F'"t 4 P.

Definition 6.1
l. z = Px) <& Vy (y € z < y C x). Existence by the power set axiom;
uniqueness by extensionality.
2. x¥ ={g € P(y x x) | Fun(g)}.
3. R(x) = U{P(R(y)) | y € x}. This is justified by Corollary 4.14.

Proposition 6.2  Trans(x) < Trans( (x)).

Proposition 6.3
(a) Nat(x) — (Bij(g, x,y) — 3z, h (Nat(z) A Bij(h, z, P (¥)))).
(b) Nat(x) A Nat(y) A Bij(g, x, u) A Bij(p, y,v)
— Jw, h (Nat(w) A Bij(h, w, u®)).

Proof (a) By Nat-inductionon x. Since Bij(g, @, y) implies y = &, £ (y) = {2},
the basis is readily established. Assume the inductive hypothesis for natural x and
suppose Bij(g, Sx, y). Since Bij(g | x, x, Lg(x)y), there are a natural number z and a
bijection between z and & (Lg(x)y). Moreover, Bij({(p, We)p) | p € P(Lgx)y)},
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P(Lgxn)y), {v € P(y) | g(x) € v}), and thus there is also a bijection between z and
{v e P(y) | g(x) € v}. Finally, P (Lg(x)y) U{v € P(y) | g(x) € v} = P(y). Now
apply Proposition 4.7(d).

(b) By (a) and Proposition 4.7(e), (c). O

Proposition 6.4 Ord(x) — (y € R(x) < rank(y) € x).

Proof By transfinite induction on x. Assume the inductive hypothesis Ord(x) A Vz
€ x (y € R(z) < rank(y) € z). Then we have

YyERKX)< Irexye P(RFr)) < IrexVzeyrank(z) er <
< 3r € x rank(y) € Sr < rank(y) € x.

O

Proposition 6.5 Ord(y) Ax € y - R(x) C R(y).

Proof Assuming the premise, let z € R(x). By Proposition 6.4, rank(z) € x
and consequently rank(z) € y. By Proposition 6.4 again, z € R(y). Moreover,
x € R(y) — R(x). O

Proposition 6.6  Ord(x) — R(Sx) = L (R(x)).

Proof By definition R(Sx) = U{P(R(v)) | v € Sx}. By Proposition 6.5, the
right-hand side of this equation is just & (R(x)). O

Proposition 6.7 Nat(x) — Ty, g (Nat(y) A Bij(g, y, R(x))).

Proof By Nat-induction on x, the basis holding as R(&) = &. Admitting the
property for natural x and having R(Sx) = P (R(x)), the assertion follows from
Proposition 6.3(a). O

We are now ready to establish the following answer to the remaining question raised
in [5].

Theorem 6.8 AS + Fi" 1 P 4 (Ord C Nat) - V C Fin.

Proof We want to prove Jy, g (Nat(y) A Bij(g, v, x)). By Propositions 6.4 and
6.6 we derive x € R(Srank(x)) = £ (R(rank(x))). Thus x € R(rank(x)). By
Proposition 6.7, R(rank(x)) is finite and such is x by Proposition 4.7(c). O

To summarize, denote by ZFCI™ the theory AS + F™ + P + Inf + AC, where

(Inf) dx (@ € x AVy € x Sy € x),
(AC)  3Jg (Fun(g) ADom(g) =x AVy ex (y #9 — g(y) € y))

are the axioms of infinity and choice.

We have then proved that in ZFCM _Inf the assertions V C Fin and Ord < Nat
imply each other. Moreover, the theories HS, ZFC™ — Inf + (V C Fin) and
ZFCnt _ Inf + (Ord < Nat) are all equivalent. Note, however, that our analy-
sis stressed the use of P for proving V C Fin from Ord C Nat (Theorem 6.8),
whereas the other implications (Theorems 5.2 and 5.9) did not need this principle.
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