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1. Introduction. There are, in general, two main approaches to
the introduction of strong infinity assertions to the Zermelo-Fraenkel
set theory. The arithmetical approach starts with the regular ordinal
numbers, continues with the weakly inaccessible numbers and goes on
to the onumbers of Mahlo [4], etc. The model-theoretic approach, with
which we shall be concerned, introduces the strongly inaccessible numbers
and leads to Tarski’s axioms of [14] and [15]. As we shall see, even
in the model-theoretic approach we can use methods for expressing strong
assertions of infinity which are mainly arithmetical. Therefore we shall
introduce strong axiom schematsa of infinity by following Mahlo [4,5,6,].
Using the ideas of Montague in [7] we shall give those axiom schemata
a purely model-theoretic form. Also the axiom schemata of replacement
in conjunction with the axiom of infinity will be given a similar form,
and thus the new axiom schemata will be seen to be natural continuations
of the axiom schema of replacement and infinity.

A provisional notion of a standard model, introduced in § 2, will be
basic for our discussion. However, in § 5 it is shown that this definition
cannot serve as a general definition for the notion of a standard model.

2. Standard models of set theories. For the forthcoming discussion
we need the notion of a standard model of a set theory. A general
principle which distinguishes between standard and non-standard models
of set theory is not yet known. Nevertheless, a notion of a standard
model for various set theories will be given here, but this will serve
only as an ad-hoc principle and we shall see later that its general
application is not justified.

The Zermelo-Fraenkel set theory is generally formalized in the
simple applied first-order functional calculus, since this is the most
natural language for a set theory. In that formulation the Zermelo-
Fraenkel set theory has an infinite number of axioms. From that formu-
lation one passes directly to a formulation of the Zermelo-Fraenkel
set theory by a finite number of axioms in the non-simple applied
first-order functional calculus (we shall denote functional variables with
D, D1, P2, +++). The axioms of extensionality, pairing, sum-set, power-
set and infinity are as in [2]. The changed axioms are

The axiom of subsets (x)(3y)(2)(z € y=:2 € z . p(?)
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The axiom of replacement
(%, ¥, 2,) (0, ¥) . P&, 2) : DYy=2)D(x) (3¥) (2) zey=@u) (wex . p(u, ).

The axiom of foundation (3 x)p(x) > (3 x) (p(x). W) (YexD~pH))).

If we regard as mathematical theorems of a theory @ formulated
in the non-simple applied first order functional calulus only those theorems
of @ which do not contain functional variables then it can be shown,
by the method of Rickverlegung der FEinsetzungen (compare [3],
pp. 248-249) that the set of all the mathematical theorems of @ coin-
cides with the set of all the theorems of the corresponding theory Q'
formulated in the simple applied first order functional calculus (whose
axioms are the axioms and the axiom schemata corresponding to the
axioms of ). Therefore @ and @' could be regarded, from the mathe-
matical point of view as the same theory. Nevertheless, we shall see
that @' is not obtained uniquely from @ if we disregard the actual
axiomatic representation of Q.

We are interested in passing to set theories based on a finite set of
axioms in the non-simple applied first-order functional calculus, since
in this case we can define the notion of standard models for these
theories in the sense of Henkin. A standard model of such a theory @
will be a model where the functional variables range over all the
subsets of the universe set of the model. The statement that the
universe u and the membership relation ¢ (which are both taken to be
sets) determine a standard model of @ can be easily formulated in set
theory. This is done as follows: We take the conjunction of the axioms
of @ and effect the following replacements!

@ ( by @)(xewu>d 3x)( by (32)(x € u.

xey by xyd>ee p@,---,2) by (@, --,2,>€f
and

then we close the resulting formula with respect to the variables f;
by the prefix (fi,» <<, f)(fiSu.-+-.f;Cu:>. Thus we obtain a
formula which we shall denote with Sm?(u, e).

Standard models for set theories for which (zy>ee=:ycu.
reyand yeu,x € y:>Dx e u are called standard complete models:
Sem®(u)=:(y)yeudDycu).(€)({xy>ece=:yecu.xecy:.Sm%u,e)).

We denote by S the set theory which consists of the axioms of ex-
tensionality, pairing, sum-set, power-set, subsets and foundation. SF will
denote the theory obtained from S by adding to it the axiom of
replacement. Z (resp. Z F') will denote the theory obtained from S (resp.
SF) by the addition of the axiom of infinity (axiom VII* of [2]). We
shall assume that these theories are formulated in the simple first-order

1 Alphabetic change of bound variables may also be needed.
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functional calculus unless we are dealing with standard models of these
theories, in which case we shall assume that we have passed to corre-
sponding formalizations in the non-simple first-order functional calculus.

By the methods of Shepherdson [12] 1.5 and Mostowski [9] it is
eagy to prove (in SF') that each standard model of a set theory @ which
includes the axioms of extensionality and foundation is isomorphic to
some standard complete model of Q.

The function R(«) is defined by R(a) = Ssca B(R(B)) (P(x) is the
power-set of x). The rank of an element x of R(«) is defined to be the
first 8 such that x ¢ R(8). We shall assume in the following that
the properties of these functions are known.?

We can prove, in the same way as Shepherdson [12] 3.14 and 3.3°
that if Q contains the axioms and the axiom schemata of SF' then each
standard complete model of Q is of the form R(«), where « is some
limit number. Thus we can conclude that each standard model of a
theory @ which contains the axioms and axiom schemata of SF is
isomorphic to some standard complete model of @ of the form R(x). If
we regard as assertions of infinity those statements which assert the
existence of standard models for strong set theories, we see now why
all assertions of infinity reduce to statements about the existence of
ordinal numbers with appropriate properties.

The (strongly) inaccessible numbers « are usually defined as regular

initial numbers greater than @ which satisfy (\) (v < @ D 2*<a). This
definition leads to the expected consequence only if the axiom of choice
is assumed, since, for example, if the cardinal of the continum is not
an aleph then according to this definition no ordinal is inaccesible.
Shepherdson [12] established the close connection between the inaccessi-
ble numbers and what we call the standard complete models of ZF'.
These results of Shepherdson can serve to give a new definition of
inaccessible numbers which will have a satisfactory meaning even if
the axiom of choice is not assumed.

DEFINITION 1. « is called inaccessible if R(«) is a standard com-
plete model of ZF'.

In(a) = Sem?"(R(a))

Shepherdson [12] proves, in effect, that this definition is equivalent
to the usual definition if the axiom of choice is assumed. Without using
the axiom of choice it can be proved that « is inaccessible if and only if

Q) a>ow
(2) « is regular
B) ®(zeRa)>~z>a)*

2 See, for example, Shepherdson [12] 3.2— he denotes the function R by G.
3 Shepherdson’s super-complete models are our standard complete models of ZF'.
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We shall widely use in the following the fact that every inaccessible
number is regular (this is proved by Shepherdson [12] 3.42).

Definition 1 shows clearly why such a number is called inaccessible,
i.e., unobtainable from the smaller ordinal numbers by means of the
set theory ZF. Following Specker [13] we can generalize this definition
as follows :

DEFINITION 2. Let Q be a set theory formulated by a finite number
of axioms in the non-simple applied first-order functional calculus. An
ordinal number « is called inaccessible with respect to @ if R(a) is a
standard complete model of Q.

In%(a) = Sem®(R(a)).

3. A strong axiom schema of infinity. The numbers inaccessible
with respect to ZF are the inaccessible numbers. The numbers inacces-
sible with respect to the theory obtained from ZF by addition of the
axiom (3 o) In(o) are all the inaccessible numbers except the first one.
Thus we can go on and observe numbers inaccessible with respect to
systems which require the existence of more and more inaccessible num-
bers. We can also observe the numbers inaccessible with respect to the
extension of ZF which is obtained by adding (y)(30) (¢ > ¢ . In(o))
to its axioms, etc. But if we want to have a really fast trip into the
realm of infinity we shall use the means provided by the arithmetical
approach to assertions of infinity.

Mahlo [4] defined a function 7, such that z,, counts the regular
ordinal numbers, 7, , counts the weakly inaccessible number and for
increasing 8 7, p, regarded as a function of «, counts ordinals which
satisfy higher and higher requirements of weak inaccessibility. The
whole hierarchy of Mahlo [4] is based on the class® of the regular
numbers — the range of =,,. If we replace x,, by a function 7, whose
range is a subclags of the class of the regular numbers we can define
analogously functions ., and 7, ,. and prove theorems corresponding
to Mahlo’s theorems in [4,5,6,]. We shall take for the range of 7,
the class of the inaccessible numbers.

Our exposition will differ from Mahlo’s also in a technical point:
Whereas Mahlo uses any strictly increasing functions to count the
members of given classes of ordinal numbers we shall use for this pur-
pose normal functions (Normalfunktionen)® which are much easier to
handle. A normal function at limit-number arguments may take values

¢ Since we do not assume that the cardinal numbers are formally defined ~=z'2_2 is
an abbreviation of a statement about equivalence of sets.

5 We shall use the word ‘class’ instead of the word ‘property’, e.g., instead of ‘the
property of being a regular mumber’ we shall say ’the class of the regular numbers’.
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outside the class whose members it counts, since the normal function

counts the members of the closure (in the order topology) of the given
class.

DEFINITION 3. The functions P,(«)” are defined by transfinite induec-
tion as follows: P,0) is the first inaccessible number; P8 + 1) is the
first inaccessible number greater than P,(gB); for limit-number a P(a) =
limg., Py(B). P,(B + 1) (resp. P,(0)) is the first inaccessible number ¢
greater than P,(B) (resp. the first inaccessible number) such that for
each v <7 ¢ = P,(v) for some limit number 7.

The functions P,(a) are not assumed to be defined for evey 7 and a.

DEFINITION 4. Q(8 + 1) (resp. Q(0)) is the first inaccessible number
«a greater than Q(B) (resp. the first inaccessible number) such that
Py(0) = a. For a limit-number a Q(a) = lim,., Q(B).

We can also define functions @,(a) such that Q,a) = Q(a), Qg+, is
related to @, as @, is related to P, and for limit-ordinal » @, counts
the inaccessible numbers which are in the intersection of the ranges of

all the functions @,,, 7' < 7. The numbers « for which Q,(0) = a we
call @*-numbers.

We shall now consider the following axiom schema
M Every normal function defined for all ordinals (d.f.a.0.) has at
least one inaccessible number in its range®

THEOREM 1. M is equivalent to each of the following schemata

M’  Every normal function d.f.a.o. has at least one fixed point which
is inaccessible

M"  Every mormal function d.f.a.o. has arbitrarily great fived points
which are inaccessible.

Proof. Obviously M” implies M’ and M’ implies M. We shall
prove that M implies M".

Let F be a normal function d.f.a.0. Let G be the derivative of F), i.e.,
the normal function which counts the fixed points of F. Since F' is
d.f.a.o. then by [1] §8 G is also d.f.a.0. For any given v let Hy(§) =

¢ A function F(a) on the ordinal numbers into the ordinal numbers is called normal if :

(1) It is strictly increasing: a < 8 D Fla) <F'(B)

(2) It is continous: For limit-number a F(a) = limg<aF(B).

7 These are the functions analogous to the functions me, of Mohlo [4].

8 This schema is written formally as
(@,8,7) (0(@,B8) . ¢(e,7) : D B=17). (@) (TB) ¢ (@,8) . (@,8,7,0) (a < 7 - ¢(,B) - ¢(1,0) : D B<I). (e,
BY(~@o)e+l=a).ax0.¢@h:CHE <A@ <a.e@n.7>71):2
(3 ,8) (¢(a,8). In(p)) where ¢ is a formula of set theory such that there is no confusion of
variables in the corresponding instance of the schema.



228 AZRIEL LEVY

G(v+§&). H, is a normal function d.f.a¢.0. and hence by M there is an
ordinal £ such that 8 = H,(&) is inaccessible. Since 8 = G(y + &), F(B)
= #B. By a well-known theorem the value of a normal function is not
less than the argument and hence 8 > v 4+ & > 1.

In order to see how near M is to a purely arithmetical assertion

it is interesting to note that M is equivalent to the conjunction of

(1) There exist arbitrarily great inaccessible numbers

(2) Ewvery mormal function d.f.a.o. has at least one regular number

in its range

The proof of this makes use of the fact that every regular ordinal which
is the limit of a set of inaccessible numbers is inaccessible (since an ordinal
is inaccessible if and only if it is regular, greater than w and (2) (2 €
R(a@) D ~z>a)). Let F be any normal function d.f.a.0. If there
exist arbitrarily great inaccessible numbers then the function Pj(a)) is
d.f.a.0. and also the normal function F(Py(«)) is d.f.a.0. By (2), using
the same reasoning as in Theorem 1, there is a regular ordinal B such
that F(P,(B)) = B, i.e., P(B) =8B and F(B) =pB. Since B is a limit
number and Py(B)=4, B is the limit of a sequence of inaccessible numbers
and since B is regular it is inaccessible.

ZM will denote the set theory obtained from ZF by the ad-
dition of M.

We shall now introduce a principle of reflection over ZF. This
will be an axiom schema which will assert the existence of standard
complete models of ZF which reflect in some sense the situation of the
universe.

Let @ be a formula of set theory. We denote by Rel (u, ) the
formula obtained from ¢ by relativizing all the quantifiers in it to u,
i.e., by replacing each occurrence (z) y or(32) x by (2)(z € w D %) or (32)
(z € w . )), respectively.®

The principle of complete reflection over ZF

N (3u) (Sem?T (u) . (X, ,2,)(@,«-2, € 4 D.p= Rel(u, 9)))
where ¢ 1is any formula which has no free variables except , «+ -, X,.

As seen from the formulation of N, it is closely connected with the
notion of an arithmetical extension of Tarski and Vaught [17]. In the
proofs of Theorems 2,3,5 and 6 we shall use the methods used by
Montague and Vaught [8] for arithmetical extensions.

We shall see now that another principle of reflection, which seems
at first sight to be stronger than N is equivalent to N.

THEOREM 2. N 1is equivalent in S to the following schema

9 If ¢ contains u bounded then w is replaced in ¢ before the relativization by the
first variable, in alphabetic order, which does not occur in ¢.



AXIOM SCHEMATA OF STRONG INFINITY IN AXIOMATIC SET THEORY 229

N' Qu)(z ¢ u.Sem?" (u). (@, +=,2,) (X, %, € U D
Py = Rel (urq)l)' """ P = Rel (u’ ‘Pm)))
where m 1s any natural number and ¢,, 1 <1 < m, is a formula
which has no free variables except x,,««-, &y.

Proof. Obviously N’ implies N. Now we assume N and we shall
prove first the schema N’ which is like N’, only that it does not con-
tain the part 2 € u. Let ¢ be the formula V™.t =1.¢,. Since the
natural numbers 1,2, ---, m are absolute with respect to standard
complete models (see, e.g., [12] 2.820) we have Sem(u) D: . Rel (u, @) =:
Vr.t=1.Rel(u, ;). We use now N with respect to @ and we obtain
the existence of a set w such that Sem?" (u) and

(t)(x19°.o ,xn)(t,xly bl ’)xn e uD"'v:;n=1t:?:‘¢z
i=:VYn,t=1.Rel(u, o))

From Sem?”(u) we can prove easily by induction that o C wu, and
therefore, substituting 7 for ¢ in the above formula, 1 < 57 < m, we get
Xy, e, %, € 4D .@; = Rel (u, ,), and thus we have proved N"”. Now
we shall prove N’ from N”.

Given ¢,, -+, @, we denote
¢m+1=(3u)<z € u . Sem” (u) . (;,++- ,xn)(wl, e, Ty E€UD,

Z\l #i = Rel (u, %)))
Prra = (2) Pt

We use now N for @,,++-, ®.... Thus we have the existence of u
such that Sem?” (u) and

(3) x17’°°’xneuDog)iERel(u’@i) 1S7/Sm
(4) 2 €UD . Py = Rel(u, @,,.1)
(5) ¢m+2 = Rel (u’y ¢m+2) .

By Sem?” (u) and (3) we have (2)(z € ¥ D @,.1), and hence, by (4),
also (z) (2 € w D Rel (%, ®,,+,)); but the latter formula is Rel (4, ¢,,.,) and
hence, by (5), we have ¢,,,,, which is the instance of N’ corresponding
to @y, 200, P

We note that Theorem 2 will remain valid if ZF is replaced in
both N and N’ by S or by any extension of S.

THEOREM 3. In ZF the schema M is equivalent to the schema N
and to the following schema
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N (qa) (In(a). (x,, =+, 2,) (@, <+, €, € Bl@) D .p = Rel(B(x), ¢)))
where ¢ is any formula which has mo free wvariables except
Ly o0y L.

Proof. As we have already mentioned in §2 all the standard
complete models of ZF' are of the form R(a). Hence, by Definition 1,
N and N'” are equivalent.

We shall now prove M from N’’. Let o(x,y;x, -+, ®,) be any
formula. Let x(w, ---,,) be the formula asserting that if ¢(¢, 7:z,,
..., x,) gives a function 7 = F(£) which is normal and d.f.a.o. then
F(£) has at least one inaccessible number in its range. From N’ we
shall pass, as in Theorem 2, to a schema which is like N'” only that
@ = Rel (R(a), ¢) is replaced by Ai..p; = Rel (R(«), ;). We shall take
PL=@y, Py = AaneéEn, =% Po=(x, -+, ®,) x. By the cor-
responding instance of that schema there exists an inaccessible number
a such that

6) o, >+, 2,29 € B(a) D.p=Rel(R(a), p)

(M) @p-,2e R(@D.E@N@E N =Rel(R(@), (6) @n) ¢ (£ 7))
(8) Xy ovey, By € R(a) DX = Rel (R(CK), X)

(9) ('7/'19 ey, Ty ) X= Rel (R(a), (xl! ) xn)X)'

We shall now assume that for certain «,, --+, x, € R(a) ¢(§, 1) gives a
function » = F(£) which is normal and d.f.a.0. The relativization of
an ordinal-number-variable ¢ to the set R(a) is ¢ < a (see Shepherdson
[12] 2.816) and thus, since we assume the left-hand side of (7), we get

&) E<a>D@n @ <a.Rel(B(a), o&,7))

and by (6) we have (§)E<a>@Fn(m<a.p(En)). Since F is
normal and « is a limit number we have F(a) = «, thus proving
Xyy oo, %, € R(a) Dy (), ++-,2,). By (8) we have x,---, 2, € R(a) D
Rel (R(«), x(xy, -*-, x,)) which is Rel (B(«),(x,, +++, 2,) ¥) and hence, by
(9), we have (x,, -+-, ®,) ¥, thus proving M.

Now we shall prove N from M. In this we shall make use of
ideas of Montague in [7]. Let ¢ be any formula of set theory. We
write @ in prenex normal form. Let ¢ be of the form (y) (3 2) (w) (3 t) *
where ¢* does not contain any quantifiers, and let ¢ have the two free
variables x,, #,. For formulae ¢ of any other structure the treatment
is analogous to the treatment of this case.

Given any x, 2., ¥y let Fi(x,, x,, ¥) be the set of all the sets z which
satisfy (u) (3 t)9™* and which are of minimal rank among the sets satisfy-
ing this requirement. If there are 2’s satisfying (u) (3t) »* then by the
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axiom of foundation they have certain ranks and hence F\(x,, x., ¥) + 0,
otherwise F\(x, 2,,9y) =0. F(x,, y) is a set since it is the subset
of some set R(«) or it is the void set. Given any =z, x,, ¥, 2, # we denote
by Fyx,, ®,, 9, 2, u) the set of all the sets { which satisfy ¢* and which
are of the least rank among the sets ¢ satisfying ¢o*. ~ @ = (3¥) (?)
(au) () ~9*. We define for this formula corresponding functions
Fy(x, x,) and F(x, x,, ¥, ?).

H(x) = » + > Fyx,, x, y) + > Fyx,, 25, 9, 2, u)

21, X5, Y € X Ty, L2 Y, 2, U € X
+ E Fz(xu xz) + Z F4(x1; 952, yy z) .
T, %2 € T, % Y, € X

Let & be the rank of the set x, then x C R(§ — 1) (£ cannot be a
limit-number). Let us define

J@) = RE—1), K@) =J(HE), P)=23K@).
It follows immediately from the definition of P(x) that

%y, %oy Y, 2, w € P(x) D Fy(2,, 25, y) S P(x) . Fi(y, 5, ¥, 2, u) C P(x)
« Fiy(x;, ;) € P(x) . Fy(y, 2, ¥, 2) S P(2) .

Denote
B(S) = (%1, oy Y, 2, W) (X1, Ty Y, 2,4 € 8D 2 Fiy(0, 4, 9) C 8
Fy(xy, @, 9, 2, u) S s, Fyx, x,) Cs. Fx, x, v, z) C 38).

Assume @(s). We shall see that z, 2, € s D, o = Rel(s, ). We have

Rel(s, ) =)y e sD(F2)(zes.u)(uwesD@L(E € s.p))))
and by definition of F, — F,

(10) (xli Loy Y, 2, U, t) (ml’ TyY € 8.2 € Fl(xl, Xy y) .U € 8
.t e Fz(xly Xy Y, 2, u) i D ¢*)

(11) (xzy xz: ?/, z! u; t) (xl! xz € s, y € F3 (xl! x2) .2 €s
.U € Fe,x,,y,2).t € s: D ~ %)

If ¢ holds for x,, x, € s then Fy(x,, x,, ¥) + 0 and Fyx, %, y,2,u) =0
for y € s, z € Fy(x,, x,,¥) and u € s and hence by (10) Rel (s, #) holds
for x,2,. If ~ ¢ holds for z,, x, then we have by (11), in the same
way, that Rel (s, ~ ¢) holds, i.e., ~ Rel (s, ) holds.

Since we have always Y., R(a,) = R(sup,.. «,) and by the definition
of the function K K*(x) is of the form R(B8) also P(x) = > ,c. K™(x) is
equal to R(a) for some a. Since F(P(x)) we have @(R(a)). If we
want a to be greater than g it is enough to take x = {¢} and by
x € P(x) we have p ¢ P(x) = R(a), ie., < a. Now let F be the
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normal function counting, in the order of their magnitude, the ordinals
« which satisfy @(R(a)). Since we have arbitrarily great ordinals a
satisfying @(R(a)) F is d.f.a.0o. For & which is not a limit-number we
have @(R(F'(¢))). Let 7n be a limit-number, and let x, z, v, 2, u €
R(F(n)). Let v be the maximum of the ranks of z,, x,, ¥, 2, u. Since 7 is
a limit-number F'(%) is also a limit-number and therefore v < F(7). Since
F(y) = lim;., F(£) there is an ordinal £, £ + 1 < 7, such that v < F(¢ + 1)
< F(y), and hence 2, 2,, ¥, 2, w € R(F(§ + 1)). But, as we have already
mentioned, @(R(F (& + 1))) holds and therefore F'(x,, x;, y) & R(F(£ + 1))
C R(F(n)) and the same holds for F, — F,. Thus we have proved
@(R(F(n))) also for limit-number 7, hence (7) @ (R(F(7))).

By M the function F(7) has in its range an inaccessible number «.
Therefore we have @(R(a)) and hence

(%1, %) (%1, ¥, € B(a) D . ¢ = Rel (R(a), p)).
N follows from Definition 1.

THEOREM 4. In ZM it is provable that all the functions P, are
d.f.a.0. as well as the function Q.

Proof. Let 7 be the least ordinal such that P, is not d.f.a.0. and
let « be the least ordinal for which P, («) is not defined. « cannot be
a limit-number, since in that case P, (a) = limg, P,(8). Let us ‘“define”’
P,(a) to be the class of all the ordinal numbers. By exactly the same
arguments as those in the proof of Theorem 2 of Mahlo [4] (for the
case a« =7,, tt, v < a) we can define a normal function ‘‘converging to
P,(a)”’ which does not have inaccessible values at limit-number arguments,
i.e., we have a normal function d.f.a.o. which does not satisfy M'.
Now that we proved that for each » P, is d.f.a.0. Let Q(0) be unde-
fined. As in the former case we ‘‘define’’ Q(0) to be the class of all
ordinals and use the arguments in the proof of Theorem 2 of Mahlo [4]
(for the case of the least £ such that &£ = 7,;) to construct a normal
function d.f.a.0. which does not satisfy M’. In the same way we prove,
by transfinite induction, the existence of @(a) for each a.

Arguments which are very similar to those of Theorem 4 can be
used in order to prove in ZM that all the functions @, are d.f.a.o. as
well as the normal function counting the @*-numbers, and so on.

4. An hierarchy of set theories. In analogy with Mahlo [4] we can
give axioms of infinity stronger than M.

DEFINITION 5. «a is call a hyper-inaccessible number of type 1 if
it is inaccessible with respect to ZM, i.e., if it is inaccessible and each
normal function whose domain is « and whose range is included in «
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has at least one inaccessible number in its range. « is hyper-inaccessible

of type g+ 1 if it is inaccessible and each normal function whose

domain is a and whose range is included in « has at least one hyper-
inaccessible number of type x in its range. For a limit-number p¢ «a is
hyper-inaccessible of type p if it is hyper-inaccessible of type ) for

every » < p.

It follows immediately from Definition 5 that if a is hyper-
inaccessible of type p it is also hyper-inaccessible of type A for every
N < p

Let 4 be a definite ordinal number. To avoid going into details
we assume that existence and uniqueness of 4 are provable in ZF and
also that it is provable in ZF that the definition of 4 is absolute with
respect to standard complete models of ZF. Observe the following
axiom schema:

M, (for 4 >2) Every normal function d.f.a.0. has for every p < A at
least one hyper-inaccessible number of type p in its range.
Obviously we have thatif ZF + 4 < M then M, implies M,. Let ZM,

denote the theory obtained from ZF by addition of M,. By Definition

5 « is a hyper-inaccessible number of type 4 if and only if R(a) is a

standard complete model of M, (here we use the absoluteness of 4 with

respect to standard complete models of ZF').

In complete analogy to Theorem 3 we have:

THEOREM 5. M, is equivalent in ZF to the schemata
N () (< 4> (3a)(a is hyper-inaccessible of type t. (%, +++, 2,)
(mu e, Xy € R(a) D L@ = Rel (R(a); ¢))))
where @ 1s any formula which has mo free variables except
Xy *ovy Ty
and

Ny ()¢ < 4D (qu)(Sem” () .
(@3, == o, )@y, o+, e uD . @ = Rel (u, 9)))) where ¢ is any formula
which has mo free variables except x,, ««-, x,.

By Sem”*.(u) we mean that w is a standard complete model of an
axiom system like ZM, only that in ZM, p is taken as a parameter.
Thus Sem”«(u) is a formula with the two free variables ¢ and w.

By replacing 4 by 4 + 1 in Theorem 5 we obtain easily that M,,,
is equivalent to the schemata

(3 @) (@ is hyper-inaccessible of type A .
(@1 202, @) (@) =2+, 2, € R(a) D . ¢ = Rel(a), 9))

10 The hyper-inaccessible numbers of type 1 correspond to the pp-numbers of Mahlo
[4]. The hyper-inaccessible numbers of type 4 correspond to the members of the range of
na,0,x Of Mahlo [4].
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and
(3 u) (Sem”a(u) . (X1, ==, %) (T, =+, T, € u D . @ = Rel (B(a), p))).

Now we shall see that the same relation which holds between ZF
and ZM, and between ZM, and ZM,,, holds also between S and ZF.

THEOREM 6. In S the axiom schema of replacement in conjunction
with the axiom of infinity is equivalent to the schema

N, (@ u) (Sem® () o (1, * =+, %,) (%1, ==+, @y € u D . @ = Rel(u, 9)))
where ¢ 1is a formula which does mot contain free variables
except X, e+, X,.

Proof. That N, is provable in ZF is Montague’s theorem proved
in [7] and it is proved by the same method as the corresponding part
of Theorem 3.

Now we assume N, and prove the axioms of infinity and replace-
ment. By N,, taking any ¢, we obtain (3 u) Sem®(u). This u obviously
satisfies the requirements of the axiom of infinity. Now, given ¢(v, w)
with the only free variables v, w, x,, »++, 2, let x denote the formula

(r, s, ) (p(r,s) . p(r,©): D8 =) DY) (w)(w e y =
@v)(v e x.p @ w))

By N, we have, as in Theorem 2, that there exists a set % such that
Sem® () and

(12) Xyy 2o, Xy, U, W € U D . @ = Rel(u, )

(13) Xy 202y Ty ¥ € U D . (Fw) @ = Rel(u, (q w) @)
(14) Xy ooy Xy @ € % D . % = Rel(u, %)

(15) (901, "'7mn) (W)XERGI (u! (xlr ""wn) (x) X)

Since Rel (u,(3 w) @) is (w)(w € u.Rel(u, ¢)) we have by (12) and
(18) %, *++, 2, v € UD . (Fw)(w e u.p) = (3w) ®; hence if (r, s, ¢,)
(p(r,s) . @(r,t): Ds=1) then for x e u, since SemS(u) implies that
then z C u, the function represented by @(v, w) maps the members of
2 on members of u, and therefore, by the axiom of subsets, that
function maps « on some set y. Thus we have ;, <+, x,, 2 € uw D ¥ and
by (14) =z, ---, 2,2 € u O Rel(u, y); but the closure of the latter
formula is Rel (u, (2, =+ -, %) (x)x) and hence, by (15), we have x.

By Theorem 6 we can view the axiom schemata M and M, as
natural continuations of the axioms of infinity and replacement. There-
fore, although the consistency of Z F does not imply, even in ZM (if ZM
is consistent), the consistency of ZM, it seems likely that if in the
sequence S, ZF,ZM,ZM,, --- no inconsistency is introduced in the
first step, from S to ZF, also no inconsistency is introduced in the
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further steps.

In the following definitions and statements we essentially follow
Montague in [7].

Let the theory @ be an extension of the theory P. Let @ be any
sentence of Q. P + {¢} denotes the theory obtained from P by adding
to it @ as a new axiom. Con (P + {¢}) is the arithmetic sentence which
asserts the consistency of P+ {®}. @ is called essentially reflexive
over P if for every sentence ¢ of @ @ O Con (P + {9}) is a theorem of
Q. Q@ is called an essentially infinite extension of P if no consistent
extension of @ without new symbols is obtained from P by adding to
it a finite number of axioms. If @ is essentially reflexive over P then
Q@ is an essentially infinite extension of P. By the same argument as
that of Montague in [7] each of the theories S. ZF, ZM, --- is essenti-
ally reflexive over the preceding ones.

Let Epwy={{xy>;2x€y .2, ye R)}, A,={ R(a), Ex.)y. Montague
and Vaught proved in [8] that if 8 < @« and R(a) is an arithmetical
extension of R(B) (i.e., for any formula ¢ with no free variables except
xl’ see, xn

(@ <+ o, @) (B <+ =, @, € R(B) D . Rel (B(a), ) = Rel (R(B), 9)))

then both A, and A, are models of ZF (in the sense of models of the
type S, of Tarski [16]). "

THEOREM 7. If A, and Ag; are as mentioned above and [ 1is
inaccessible then both A, and Ag are models of ZM. If B is hyper-
inaccessible of type A then both A, and Az are models of Z M.

The proof that A, is a model as required is exactly like the second
part of the proof of Theorem 3. A; is also a model as required since
if @ holds in 4, it holds in A,.

Another aspect of the phenomena discovered by Montague and
Vaught in [7] and [8] is the following theorem:

THEOREM 8. Let Sb be a theory with the same language and axioms
as S with the additional set-constant b and the additional axioms
(16) SemS(b)

A7) (@, cee, ) (X, v, @, € DD . p = Rel (b, ) where @ is any
formula of S without free variables except x,, «+-, ,.
The theorems of Sb which do not contain the constant b are exactly the

11 This and the following Theorem 7 can be read in two different ways. Either we
take the theorems and proofs informally, in which case all the notions retain their verbal
meaning; or that the theorems are taken to be formal theorems of S and then the notions
of model and arithmetical extension are formal notions defined by means of the formal
notion of satisfaction, which is given, for example, in Mostowski [11].
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theorems of ZF ; the theorems of Sb + {Sem?#*(b)} which do not contain
b are exactly the theorems of ZM ; and the theorems of Sb + {(¢) (1t <
4D Sem”Mu(b))} which do mot contain b are exactly the theorems of
ZM, (the theorems of Sb 4+ {Sem?"4(b)} which do not contain b are
exactly the theorems of ZM,.,).

Proof. Every theorem of ZF is provable in Sb since Sb contains
the axioms of S and all the instances of N, are obviously provable in
Sb. Now let the sentence ) be a theorem of Sb which dces not contain
b. Let @(b) be the conjunction of all the instances of (16) and (17) used
in the proof of ¥. By the deduction theorem @ (b) D x is provable from
the axioms of S, hence (3 u) @ (u) D x is provable in S. But Montague’s
theorem (Theorem 6) (3 u) @ (u) is a theorem of ZF, hence y is provable
in ZF.

The other statements of Theorem 8 follow in the same way from
Theorems 3 and 5.

We see, by Theorem 8, that even though in the sequence ZF, ZM,
ZM,, --- each theory is an essentially infinite extension of all the
preceding ones we can get a corresponding sequence Sb, Sb -+ {Sem?*”
)}, Sb + {Sem?”* (b)}, --+ in which the theories which are ‘‘almost the
same’’ as the respective theories in the former sequence, and in which
all the theories are obtained from the first one by the addition of
respective single axioms.

5. Peculiar behavior of models. We shall now see examples illus-
trating the inadequacy for general use of the notion of standard model
introduced in §2. In our examples we shall use a formal satisfaction
definition. The idea of using the formalized notion of satisfaction in
these problems and the special way in which that notion is given here
are due to Mostowski.? Our notations will be those of Mostowski [10].

Our first example will be an axiomatic representation ZF* of ZF
which has no standard model.

Let @, be the nth formula in a given Godelization of ZF. Given
the functional variable p(¢, f) we shall construct a formula ¥(p) which
asserts that »(i, f) is a satisfaction definition.

p(%, f) is a satisfaction definition if the following holds for every
finite number ¢ and every finite sequence of sets f:

(a) If @, is the formula 2, =, or x, € x, then p(¢, f) if and only
if D(f) = {k, s} and f(k) = f(j) or f(k) € f(j), respectively.

(b)y If @, =0,|@, then
p(i, ) =:D(f)=s;. ~ (3, fls)) V ~ p(h, flsn)-

(¢) If &, =(3%,) @, and z,, is free in @, then (s, f)=:D(f) =s,
.(3a) o4, f + {{mad}). If x, is not free in @, then p(s, f) = p(4, f).

1z By oral communication,
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This inductive definition can be replaced by an explicit one in the
usual method and thus we get the required formula ¥(p) which asserts
that p is a definition of satisfaction.

Now substitute for p in Z'(p) any formula ¢ of ZF. Assume ¥(p),
then by the usual methods, e,g., those of Mostowski [10] pp. 114-115,
we obtain a truth definition for ZF in ZF and we arrive at the Tarski
contradiction. Thus we have proved in ZF ~ ¥(p) for any ¢ of ZF.
Therefore we can add the axiom schema

~¥(p) for any ¢

to ZF without changing the theory and we call the new array of
axioms ZF*. The sets u and e¢ form a standard model of ZF* if
Sm?* (u, e) and there exists no subset v of w of ordered pairs {if) such
that the formula obtained from the relativization of ¥(p) to the model
by substituting {if> € v for p(i, f) holds. But form Sm?*" (u,e) it is
easy to prove (in S) the existence of such a subset v of u, e.g., by
the methods of Mostowski [11]. Hence ZF* has no standard model.
In other words, ~ ¥'(p) is a true statement of set theory if p varies
over the relations expressible in the set theory itself, but ~ ¥(p) is not
a true statement if p varies over all the relations.

We shall now sketch briefly a second example. This will be a theory
T which contains all the theorems of ZF, but has more standard com-
plete models than ZF

Mostowski defines in [10] when a class F' of ordered pairs {if) is
called an S-sequence for the formula @,. This definition can be formulated
without class variables, except F. Therefore, using the analogy between
classes and functional variables, we can define, using only set variables
beside p, when the functional variable p(¢, f) is an S-sequence for ;.
Let Stf(u, ¢, f) be a formula which asserts that the finite sequence of
sets f satisfies @, in the complete model u (for the existence of such a
formula cf. Mostowski [11]). We consider the following formula 2(p)
p s an S-sequence for @, O (3u)(Sems (w) . (f)(f is a finite sequence
of sets whose range is in u O , (i, f) = Stf(u, 1, £))). If weadd to S
the schema 2(p) where ¢ is any formula of S then we get a theory
T which is an extension of ZF since all the instance of N, are provable
in T (to prove the instance of N, corresponding to the formula @ with
Godel-number ¢ we write down an S-sequence y for @, — this can be done
by Mostowski [10] 2, — and £2()) implies x,, -, %, € uD.® = Rel (4, ®)).
We shall now see that every standard complete model of ZF is a stand-
ard complete model of T but there are standard complete models of T
with universes of smaller cardinality than that of and standard complete
model of ZF. That every standard complete model of ZF is a standard
complete model of T is the formal counterpart of Montague’s theorem
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(that the axioms of infinity and replacement imply N,). Now let 7 be
the first inaccessible number. By Montague and Vaught [8] there exists
an ordinal number a < 7 such that R(a) is the union of the sets defin-
able in the model A, and in conseqgence A, is an arithmetical extension
of A,. In exactly the same way we can prove that there exists an
ordinal 8 & < B8 < v such that R(B) is the union of all the sets definable
in the model A, by means of the new constant a, and in consequence
A, is also an arithmetical extension of Az;. Hence, by Theorem 1.8 of
[17], A, is an arithmetical extension of A,. It is easily seen that A,
is a standard model of T, where u required in the schema Q(¢) is
always taken to be R(«).

BIBLIOGRAPHY

H. Bachmann, Transfinite Zahlen, Berlin 1955.

A. A. Fraenkel and J. Bar-Hillel, Foundations of set theory, Amsterdam 1958.

D. Hilbert and P. Bernays, Grundlagen der Mathematik, Part I, Berlin 1934.

P. Mahlo, Uber lineare transfinite Mengen, Berichte iiber die Verhandlungen der
Komgllch Sdchsischen Gesellschaft der Wissenschaften zu Leipzig, Mathematish-Physische
Klasse, 63 (1911), 187-225.

5. ————, Zur Theoric und Anwendung der po-Zahlen, ibid, 64 (1912), 108-112.

6. ———, Zur Theorie und Anwendung der po-Zahlen 11, ibid, 65 (1913), 268-282.

7. R. Montague and S. Feferman, The method of arithmetization and some of ils
applications, North Holland Pub. Co., to appear. See abstracts by R. Montague, Bull. of
the A.M.S., 61 (1955), p. 172, 62 (1956), p. 260, Summaries of talks at the Summer
Institute of Symbolic Logic in 1957 at Cornell University, pp. 256-259.

8. R. Montague and R. L. Vaught, Natural models of set theories, to appear in Fundamenta
Mathematicae.

9. A. Mostowski, An wundecidable arithmetical statement, Fundamenta Mathematicae, 36
(1949), 143-164.

W

10. ———, Some tmpredicative definitions in the axiomatic set theory, ibid, 37 (1950),
111-124.
11. ——, On models of awxiomatic systems, ibid, 39 (1952), 133-158.

12. J. C. Shepherdson, Inner models for set theory, Journal of Symbolic Logic, Part 1-16
(1951), 161-190; Part II-17 (1952), 225-237; Part III - 18 (1953), 145-167.

13. E. Specker, Zur Axiomatik der Mengenlehre (Fundierugs und Auswahlaxiom), Zeitsch-
rift fiir mathematische Logik und Grundlagen der Mathematik, 3 (1957), 173-210.

14. A. Tarski, Uber umerreichbare Kardinalzahlen, Fundamenta Mathemticae, 30 (1938),
68-89.

15. ————, On well-ordered subsets of any set, ibid, 32 (1939), 176-183.

16. ————, Notions of proper models for set theoris (abstract), Bulletin of the A.M.S.,
62 (1956), p. 601.

17. A. Tarski and R. L. Vaught, Arithmctical extensions of relational systems, Compositio
Mathematica, 13 (1957), 81-102.

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
AND
HEBREW UNIVERSITY, JERUSALEM



PACIFIC JOURNAL OF MATHEMATICS

EDITORS

DaAviD GILBARG

stanford University
stanford, California

F. H. BROWNELL

Jniversity of Washington
seattle 5, Washington

A. L. WHITEMAN

University of Southern California
Los Angeles 7. California

L. J. Pae

University of California
Los Angeles 24, California

ASSOCIATE EDITORS

i. F. BECKENBACH E. HEWITT
[. M. CHERRY A. HORN
). DERRY L. NACHBIN

M. OHTSUKA E. SPANIER
H. L. ROYDEN E. G. STRAUS
M. M. SCHIFFER F. WOLF

SUPPORTING INSTITUTIONS

JNIVERSITY OF BRITISH COLUMBIA
CALIFORNIA INSTITUTE OF TECHNOLOGY
JNIVERSITY OF CALIFORNIA

VIONTANA STATE UNIVERSITY
JNIVERSITY OF NEVADA

NEW MEXICO STATE UNIVERSITY
OREGON STATE COLLEGE

JNIVERSITY OF OREGON

ODSAKA UNIVERSITY

JNIVERSITY OF SOUTHERN CALIFORNIA

STANFORD UNIVERSITY
UNIVERSITY OF TOKYO
UNIVERSITY OF UTAH
WASHINGTON STATE COLLEGE
UNIVERSITY OF WASHINGTON

* * *
AMERICAN MATHEMATICAL SOCIETY
CALIFORNIA RESEARCH CORPORATION
HUGHES AIRCRAFT COMPANY
SPACE TECHNOLOGY LABORATORIES
NAVAL ORDNANCE TEST STATION

Printed in Japan by Kokusai Bunken Insatsusha
(International Academic Printing Co., Ltd.), Tokyo, Japan



Pacific Journal of Mathematics

Vol. 10, No. 1 September, 1960

Richard Arens, Extensions of Banach algebras........................... 1
Fred Guenther Brauer, Spectral theory for linear systems of differential

2 1 7o) R 17
Herbert Busemann and Ernst Gabor Straus, Area and normality ........... 35
J. H. Case and Richard Eliot Chamberlin, Characterizations of tree-like

COMMIMUA . . ..o v vttt e e et e e e e e e et et e e 73
Ralph Boyett Crouch, Characteristic subgroups of monomial groups . . . . ... 85
Richard J. Driscoll, Existence theorems for certain classes of two-point

boundary problems by variational methods ......................... 91
A. M. Duguid, A class of hyper-FC-groups ...............cccciiiein. 117
Adriano Mario Garsia, The calculation of conformal parameters for some

imbedded Riemann SUrfaces ..............c..uuuiiiueeneennnnnnnnnn. 121
Irving Leonard Glicksberg, Homomorphisms of certain algebras of

Y 7 167
Branko Griinbaum, Some applications of expansion constants ............. 193
John Hilzman, Error bounds for an approximate solution to the Volterra

INtegral eqUALION . . .........ouu e 203
Charles Ray Hobby, The Frattini subgroup of a p-group .................. 209
Milton Lees, von Newmann difference approximation to hyperbolic

CQUATIONS . . o oot v e ettt ettt et
Azriel Lévy, Axiom schemata of strong infinity in axiomat
Benjamin Muckenhoupt, On certain singular integrals . . .
Kotaro Oikawa, On the stability of boundary components .
J. Marshall Osborn, Loops with the weak inverse property
Paulo Ribenboim, Un théoreme de réalisation de groupes
Daniel Saltz, An inversion theorem for Laplace-Stieltjes tri
Berthold Schweizer and Abe Sklar, Statistical metric spac
Morris Weisfeld, On derivations in division rings . .......
Bertram Yood, Faithful *-representations of normed algeb



http://dx.doi.org/10.2140/pjm.1960.10.1
http://dx.doi.org/10.2140/pjm.1960.10.17
http://dx.doi.org/10.2140/pjm.1960.10.17
http://dx.doi.org/10.2140/pjm.1960.10.35
http://dx.doi.org/10.2140/pjm.1960.10.73
http://dx.doi.org/10.2140/pjm.1960.10.73
http://dx.doi.org/10.2140/pjm.1960.10.85
http://dx.doi.org/10.2140/pjm.1960.10.91
http://dx.doi.org/10.2140/pjm.1960.10.91
http://dx.doi.org/10.2140/pjm.1960.10.117
http://dx.doi.org/10.2140/pjm.1960.10.121
http://dx.doi.org/10.2140/pjm.1960.10.121
http://dx.doi.org/10.2140/pjm.1960.10.167
http://dx.doi.org/10.2140/pjm.1960.10.167
http://dx.doi.org/10.2140/pjm.1960.10.193
http://dx.doi.org/10.2140/pjm.1960.10.203
http://dx.doi.org/10.2140/pjm.1960.10.203
http://dx.doi.org/10.2140/pjm.1960.10.209
http://dx.doi.org/10.2140/pjm.1960.10.213
http://dx.doi.org/10.2140/pjm.1960.10.213
http://dx.doi.org/10.2140/pjm.1960.10.239
http://dx.doi.org/10.2140/pjm.1960.10.263
http://dx.doi.org/10.2140/pjm.1960.10.295
http://dx.doi.org/10.2140/pjm.1960.10.305
http://dx.doi.org/10.2140/pjm.1960.10.309
http://dx.doi.org/10.2140/pjm.1960.10.313
http://dx.doi.org/10.2140/pjm.1960.10.335
http://dx.doi.org/10.2140/pjm.1960.10.345

	
	
	

