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Introduction

The crisis that appeared in the naive set theory at the beginning of the 20th century has led to the
construction of several strict axiomatic set theories. The most useful among them is the set theory in the
Zermelo—Fraenkel aziomatics (ZF) (1908, 1922 [8]) and the class and set theory in the von Neumann—
Burnice—Hodel aziomatics (NBG) (1928, 1937, 1940 [10]).

In 1917, using transfinite induction Mirimanov [20] constructed the cumulative collection (=hierarchy)
of sets V,, for all order numbers « having the following properties:

(1) Vo =0
(2) Vay1 = Vo UP(V,) (P(Va) denotes the set of all subsets of the set V,);
(3) Vo =U(Vp|8 € a) for any limit order number .

It turns out that cumulative sets V,, themselves and the collection (Va|oz € Onj as a whole have many
remarkable properties. In particular, von Neumann proved in [22] that the regularity axiom in ZF is
equivalent to the property Vx3Ja(a is an ordinal number Ax € V,,) and the class U(Vala € Onj is an
abstract (= class) standard model for the ZF theory in ZF. Models of the ZF and NBG theories of the
form (V,,=, €) are said to be natural.

After the introduction of the concept of a (strongly) inaccessible cardinal number by Zermelo in [28]
and by Sierpinski-Tarski in [24], Zermelo [28] (not strictly) and Shepherdson [23] (strictly) proved that
a set U is a supertransitive standard model for the NBG theory iff it has the form V.1 for a certain
inaccessible cardinal number s. Thus, the natural model of the NBG theory was explained.

The Zermelo—Shepherdson theorem admits the following equivalent reformulation: a set U is a super-
transitive standard model for the ZF theory with the strong replacement property (VXVf(X € UA f €
UX = rng f € U)) iff it has the form V,, for a certain inaccessible cardinal number .

Starting from the requirements of category theory, instead of the metaconcept of a supertransitive
standard model set with the strong replacement property for the ZF theory, Ehresmann [6], Dedecker [5],
Sonner [25], and Grothendieck (see [9]), introduced an equivalent set-theoretic concept of a universal set
U (see [18], 1.6, [7], [12]), which is defined by the following properties:

(1) zeU=zcCU,

(2) z €U = P(x),Uz € U;

(3) z,yeU=zUy {z,y},(z,y),x xy € U;

(4) x e UNfeU*=rngfeU (strong replacement property);

(5) w € U (here, w = {0,1,2,...} is the set of all finite ordinal numbers).

To deal with categories in the set-theoretic framework, they suggested to strengthen the ZF theory by
adding the universality axiom AU, according to which each set is an element of a certain universal set.

The equivalent form of the Zermelo—Shepherdson theorem states that the universality axiom AU is
equivalent to the inaccessibility axiom Al according to which for every ordinal number, there exists an
inaccessible cardinal number strictly greater than it.

For axiomatic construction of inaccessible cardinal numbers, in [26] (see also [17], IX, §1 and §5),
Tarski introduced the concept of a Tarski set U, which is defined by the following properties:

(1) x € U = = C U (transitivity property);
(2) z € U = P(z) € U (exponentiality property);
(2) (z CUAVF(feU*=rngf#U)= xecU (Tarski property).

In [26], Tarskii proved that the set V,, (= inaccessible cumulative set) is a Tarski set for each cardinal
number s.

Also, in [26], Tarski proved that the inaccessibility axiom Al is equivalent to the Tarski aziom AT,
according to which every set is an element of a certain Tarskii set.

In connection with the Tarski theorem, the following problem remains open unit now: to what extent is
the axiomatic concept of Tarski set is wider than the constructive concept of inaccessible cumulative set?
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In this paper, we give an answer to this question: the concepts of an inaccessible cumulative set and
that of an uncountable Tarski set are equivalent.

The equivalence of the concepts of an inaccessible cumulative set and an uncountable Tarski set is
proved by using the concept of a universal set. More precisely, it is proved that every uncountable Tarski
set is universal.

As a result, we obtain the following theorem on the characterization of natural models of the NBG
theory: the following properties are equivalent for a set U:

(1) U is an inaccessible cumulative set, i.e., U = V,, for a certain inaccessible cardinal number ;
(2) P(U) is a supertransitive standard model for the NBG theory;

(3) U is a supertransitive standard-model with the strong replacement property of the ZF theory;
(4) U is a universal set;

(5) U is an uncountable Tarski set.

The Zermelo—Shepherdson theorem yields a canonical form of supertransitive standard models of the
NBG theory and an (equivalent) canonical form of standard models with the strong replacement property
of the ZF theory. However, Montague and Vaught proved in [21] that for any inaccessible cardinal
number sz, there exists an ordinal number 6 < s such that it is inaccessible and the cumulative set Vjp
is a supertransitive standard model of the ZF theory. Therefore, the problem on the canonical forms of
supertransitive standard models of the ZF theory turned out to be more complicated.

Since the concept of model in the ZF theory cannot be defined by a finite set of formulas, in this paper,
using the formula schema and its relativization to the set Vp, we introduce the concept of a (strongly)
scheme-inaccessible cardinal number 6 and prove a scheme analog of the Zermelo—Shepherdson theorem.

To prove this theorem, we introduce the concept of a scheme-universal set, which is a scheme analog
of the concept of a universal set. Moreover, in this paper, we introduce the concept of a scheme Tarski
set, which is a scheme analog of the concept of a Tarski set.

As a result, we prove the theorem on the characterization of natural models of the ZF theory: the
following properties are equivalent for a set U:

(1) U is a scheme-inaccessible cumulative set, i.e., U = Vy for a certain scheme-inaccessible cardinal
number 0,

(2) U is a supertransitively standard model for the ZF theory;

(3) U is a scheme-universal set;

(4) U is a scheme Tarski set.

In this paper, the problems mentioned above are solved for the ZF set theory (with the axiom of
choice). For the NBG set theory, all things are equally true. For the reader’s convenience, we present all
the necessary facts that are not sufficiently reflected in the literature or merely refer to the mathematical
folklore, with complete proofs.

1. Some Facts From Zermelo—Fraenkel Set Theory

1.1. Classes in the ZF set theory. We first present a list of proper axioms and axiom schemes of
the ZF theory, the Zermelo—Fraenkel theory with the axiom of choice (see [11, 17], and [13]).
This theory is a first-order theory with two binary predicates: the belonging predicate symbols € (we
write A € B) and the equality = (we write A = B).
The equality predicate = satisfies the following axiom and the axiom scheme:
(1) Va(x = z) (reflezivity of equality);
(2) (x = y) = (p(x,z) = w(x,y)) (interchange of equals), where x and y are variables, p(x,z) is
an arbitrary formula, and ¢(z,y) is obtained from ¢(x,z) by replacing (not necessary all) free
entrances of x by entrances of y so that the condition that y is free for all = that are replaced holds.

Objects of ZF theory are called sets. Further, in the paper, the denoting sign-alternation o for a
sign-alternation p will be introdused in the form of sign-alternation p = o (o is the notation p).
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It is convenient to consider the totality C of all sets A satisfying a given formula ¢(z). Such a totality
C is called the class defined by the formula ¢. The totality C() of all sets A satisfying a formula ¢(x, @)
is called the class (ZF) defined by the formula ¢ through the parameter u. Along with this, we will use
the notation

AeC=9p(A), AcCu)=y¢(Au),
and
C = {zlpe(2)}, C(a) = {zlp(x, @)}

If C = {z|¢(x)} and ¢ contains only one variable x, then the class C is said to be completely determined
by the formula .

Every set A can be considered as the class {z|z € A}.

A class C = {z|p(x)} is called a subclass of a class D = {z|(z)} (denoted by C C D) if Vz(p(x) =
(x)). Two classes C and D are said to be equal if (C C D) A (D C C). In what follows, we will use the
notation {z € Alp(z)} = {z|r € AN p(x)}. If a class C is not equal to any set, then C is called a proper
class. The class of all sets V = {z|z = x} is said to be universal

For two classes C = {z|¢(x)} and D = {z|¢)(z)}, let us define the binary union CUD and the binary
intersection CN D as the classes

CUD = {z|p(z) Vi(z)} andCND = {z|p(x) Ap(x)}.
A1 (volume aziom).
VXVY Vu(ue X ueY)=X=Y).

For two sets A and B, define an unordered pair {A, B} as the class {A, B} = {z|z = AV z = b}.
A2 (pair axiom).

VuVv3aVz(z e x & z=uV z = v).
It follows from A2 and A1 that an unordered pair of sets is a set.
For two sets A and B, define the following;:
— a unit set {A} ={A, A};
— an ordered pair (A, B) = {{A},{A, B}}.
It follows from the above that {A} and (A, B) are sets.

Lemma 1. (A,B) = (A", B") iff A=A" and B=B'.
AS3 (isolation axiom scheme).
VXIYVu(ueY < ue X Ap(u,p)),

where the formula ¢(u, p) does not freely contain the variable Y.

The isolation axiom scheme asserts that the class {u|u € X Ap(u,p)} is a set. This set is unique by A1l.

Consider the class C(p) = {u|p(u,p)}. Then Scheme AS3 can be expressed as VX3IY (Y = C(p) N X).

For two classes A and B define the difference A\ B as the class A\ B = {z € A|z ¢ B}. If A is a set,
then the difference A\ B is a set by AS3.

Since ANB = {x € A|lx € B} C A, by AS3, we have that for any sets A and B, the binary intersection
AN B is a set.

For a class C = {x|¢(x)}, define the union UC as the class UC = {z|3z(p(z) A z € x)}.

A4 (Union axiom).

VXY Vu(u €Y < Fz(u € z A z € X)).

From A4 and A1, it is deduced that for any set A, its union UA is a set.
The equality AU B = U{A, B} holds. Hence, for any sets A and B, their binary union AU B is a set.
The complete ensemble of a class C is the class P(C) = {u|u C C}.
A5 (azxiom of the set of subsets (= of complete ensemble)).

VXIYVu(ueY < uC X).
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If Ais a set, then by A5 and A1, P(A) is a set.
For two classes A and B define the (coordinatewise) product

A x«B={z|Fudv(uec AANveEeBAx=(u,v))}

The property that A x B is a set for the sets A and B follows from AS3, since A+ B C PP(AU B)).

A class (in particular, a set) C is called a correspondence if Yu(u € C = JzIy(u = (z,y)))). For a
correspondence C, consider the classes dom C = {u|Jv({u,v) € C)} and rng C = {v|Ju({u,v) € C}.

If C is a set, then by A4 and AS3, it follows from dom C C UU C that dom C is also a set.

A correspondence F is called a function (= mapping) if VaVyvy' ((z,y) € F A (z,y') € F = y = ¢/).
The formula expressing the property to be a function for a class F will be denoted by func(F). For the
expression (z,y) € F, we use the following notation: y = F(z), F : z — y, etc.

A correspondence C is called a correspondence from a class A into a class B if domC C A and
rngC C B (denoted by C : A < B). A function F is a function from a class A into a class B if
domF = A and rng F C B (denoted by F : A — B).

The formula expressing the property of the class F to be a function from the class A into the class B
will be denoted by F = A — B. The formulas (F = A — B) AVz,y € A(F(z) = F(y) = =z =)
and (F = A — B) ArngF = B will be denoted by F = A »— B and F = A < B, respectively. The
conjunction of these formulas will be denoted by F = A < B. These formulas define the injectivity, the
surjectivity, and the bijectivity of the function F : A — B, respectively.

The class {f|fis a function A dom f = A Arng f C B} of all functions from the class A into the class
B which are sets is denoted by BA or Map(A,B). Since B4 C P(Ax B), the class B4 is a set for all sets
A and B.

The restriction of a function F to a class A’ is defined as the class F|A’ = {z|F3uIv(z = (u,v) ANz €
F Au € A’)}. The image and the preimage of a class D under a function F are defined as the classes
F[D] = {v|3u € D(v = F(u))} and F~![D] = {u|F(u) € D}.

A correspondence C from a class A into a class B is also called a (multivalued) collection of subclasses
B, = C(a) = {yly € BA(a,y) € C} of the class B indexed by the class A. In this case, the correspondence
C and the class rg C are also denoted by (Ba C Bla € Aj and U(Ba C Bla € Aj , respectively.
The class U(Ba C Bla € Aj is also called the union of the collection (Ba C Bla ¢ Aj . The class
{y|Vx € A(y € B,)} is called the the intersection of the collection (Ba C Bla € AB and is denoted by
ﬁ(Ba C Bla € Aj . To each class A, we canonically put in correspondence the collection (a C Vl]a e Aj
of element sets of the class A. The relation UA = U(a C Vlia € Aj holds for this collection.

A function F from a class A into a class B is also called a simple collections of elements b, = F(a)
of the class B indexed by the class A. In this case, the function F and the class rng F are also denoted
by (by € Bla € A) and {b, € Bla € A}, respectively. The collection (b, € V]a € A) is also denoted by
(bala € A). To each class A, we canonically put in correspondence the simple collection (a € Ala € A)
of elements of the class A. Clearly, {a € Ala € A} = A.

ASG6 (axiom substitution scheme).

VaVyvy' (e(z,y,0) Aoz, Y, p) = y =) = VXIYVz € XVy(p(z,y,p) =y €Y),

where the formula ¢(x,y,p) does not freely contain the variable Y.

Also, Scheme AS6 can be also expressed as follows: if F is a function, then for any set X, the class
F[X] is a set.

If A is a set, then the axiom substitution scheme implies that the class rngF = {b, € Bla € A} is a
set. Then it follows from F C A x rngF that the class F = (b, € Bla € A) is also a set. Therefore, in
the case where A is a set, the following notation is used: F': A — B and F = (b, € Bla € A).

AT (empty set axiom).

JzVz(—(z € x)).

It follows from A1 that a set containing no element is unique. It is denoted by (.
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A8 (infinity aziom).
WD eYAVu(ueY =uU{u} €Y)).
According to this axiom, there exists a set I containing 0, {0}, {{0}}, etc.
A9 (regularity axiom).
VX(X £0=Te(ze X AanX =10)).
The function f : P(A) \ {0} — A is called the choice function for the set A if f(X) € X for any
X e P(A)\ {0}.
The following last axiom postulates the existence of the choice function for any nonempty set.
A10 (axiom of choice (AC)).

VX(X#A0=F((z s PX)\ {0} — X)AVY (Y € P(X)\ {0} = 2(Y) € Y))).

The axiomatic system A1-A9 is called the Zermelo—Fraenkel axiomatic set theory ZF (with the aziom
of choice).

1.2. Ordinal and cardinals in the ZF set theory. If n € w, then a subclass R of the class A" =
Map(n, A) is called an n-fold (= n-ary) relation on the class A.A mapping O : A" — A is called an
n-fold (= n-ary) operation on the class A.

A binary relation < on a class P is called an ordering of the class P (= an order on the class P) if the
following conditions hold:

(1) Vvp € P(p < p);

(2) Vp,q e P(p<qAhqg<p=p=q);

(3) Vp,q;r€eP(p<ghqg<r=p<r).

If, in addition,
(4) Vp,q e P(p <qVq<p),
then < is called a linear ordering of P.
A class P endowed with an order < is said to be ordered.
An ordered class P is said to be completely ordered (c.o.) if

5) V(D # Q C P = Fxr € Q(Vy € Q(z < y))), i.e., if every nonempty subset of the class P has a

minimal element.

Let a class P be ordered by a relation <, and let A be a nonempty subclass of the class P. An element
p € P is called the least upper bound or supremum of the subclass A if Vo € A(x < p) AVy € P((Va' €
A(r' <y)) = p <y). This formula is denoted by p = sup A. An element a € A is called a mazimal
[minimal] element of the class A if b < a [b > a] for any b € A. This formula is denoted by a = gr A
[a = sm A]. If the class P is linearly ordered, then a maximal [minimal] element is unique.

A class S is said to be transitive if Voz(x € S = x C S). The class S is said to be quasi-transitive if
VaVy(x € SAy Cxz =y € S). A transitive and quasi-transitive class is said to be supertransitive.

A class [set] S is called an ordinal [ordinal number] if S is transitive and completely ordered by the
relation € U = on S. The property of a set S to be an ordinal number will be denoted by On(S).

As usual, ordinal numbers are denoted by Greek letters «, (3,7, etc. The class of all ordinal numbers is
denoted by On. The relation a < 8 = a =V« € 3 is a natural ordering of the class of ordinal numbers.
The class On is transitive and linearly ordered by the relation € U =.

Let us present several simple assertions on ordinal numbers:

(1) if @ is an ordinal number, A is a set, and A € «a, then A is an ordinal number;
(2) a={p|B € a} for every ordinal number «;

(3) a+1=aU{a} is a least ordinal number greater than «;

(4) every nonempty set of ordinal numbers has the least element.

Therefore, the ordered class On is completely ordered. Thus, On is an ordinal.
Lemma 1. Let A be a nonempty subclass of the class On. Then A has a minimal element.

Lemma 2. If A is a nonempty set of ordinal numbers, then:
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(1) the class UA is an ordinal number;
(2) UA =sup A in the ordered class On.

Corollary. The class On is proper.

An ordinal number « is said to be consequent if o = 3+ 1 for a certain ordinal number (5. Otherwise, «
is said to be limit. This unique number 3 will be denoted by « — 1. The formula expressing the property
to be consequent [limit] for an ordinal number « will be denoted by Son(«) [Lon(a)].

Lemma 3. An ordinal number « is limit iff « = sup a.

The least (in the class On) nonzero limit ordinal is denoted by w. The existence of such an ordinal
follows from A7, AS6, and AS3. Ordinals less than w are called natural numbers.

Collections (Bn CBlne N C wj and (b, € Bln € N C w), where N is an arbitrary subset in w, are
called sequences. If N C m € w, then the sequences are said to be finite, and they are said to be infinite
in the opposite case.

Theorem 1 (transfinite induction principle). Let C be a class or ordinal numbers such that:
(1) 0 e C;
(2) aeC=a+1eC;
(3) (« is a limit ordinal number A C C) = o € C. Then C = On.

Theorem 2 (construction by transfinite induction). For each function G : V — V, there exists a func-
tion F : On — V such that for any a € On,

F(a) = G(Fla).

There is the following €-induction principle in ZF.

Lemma 4. If a class C is such that
Ve(z C C =z € C),

then C =V.

Two sets A and B are said to be equivalent (A ~ B) if there exists a one-to-one (= bijective) function
u:AS B.

An ordinal number « is said to be cardinal if for each ordinal number (3, the relations 8 < o and 8 ~ «
imply 8 = «. The class of all cardinal numbers will be denoted by Cn. The class Cn with the order
induced from the class On is completely ordered.

Theorem 3. For any set A, there exists an ordinal number o« such that A ~ «.

Now, for a set A, consider the class {z|z € On Az ~ A}. By Theorem 3, this class is nonempty,
and, therefore, it contains a minimal element «. Obviously, « is a cardinal number. Moreover, this class
contains only one cardinal number «. This number « is called the cardinality of the set A (and is denoted
by |A] or card A). Two sets having the same cardinality are said to be equicardinal (denoted by|A| = |B|).
A set of cardinality w is said to be denumerable. Sets of cardinality n € w are said to be finite. A set is
said to be countable if it is finite or denumerable. A set is said to be infinite if it is not finite.

Note that if s is an infinite cardinal number, then s is a limit ordinal number.

Let o an ordinal. The confinality of a is the ordinal number ¢ f(«) equal to the minimal ordinal number
B for which there exists a function f from (3 into « such that Urng f = a. The number cf(«) is a cardinal
number.

A cardinal s is said to be regular if c¢f(3¢) = s, i.e., for any ordinal number (3 for which there exists a
function f : 8 — s such that Urng f = s, we have s < 3, where Urng f = » means that for any y € s,
there exists = € (3 such that y < f(x).
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A cardinal » > w is said to be (strongly ) inaccessible if s is regular and card P(A\) < s« for all ordinal
numbers A < s. The property of a cardinal number s to be inaccessible will be denoted by Icn(s). The
class of all inaccessible cardinal numbers will be denoted by In.

The existence of inaccessible cardinals cannot be proved in ZF (see [13], 13).

2. Cumulative Sets and Their Properties

2.1. Construction of cumulative sets. Let us apply the construction by transfinite induction to the
following situation. Consider the class

G={ZRAXY(Z=XHAN(X=0=Y =0)
VX #0= (—func(X) =Y =0)V (func(X) = (-On(dom X) =Y = ()
V(On(dom X) = (Son(dom X) =Y = X(dom X — 1) UP(X(dom X —1)))
V(Lon(dom X) =Y =Urng X))))))}

If we express the definition of the class G less formally, then G consists of all pairs (X,Y) for which
we have the following five cases which exclude each other:

(1) if X =0, then Y = {;

(2) if X # 0 and X is not a function, then Y = {);

(3) if X # 0, X is a function and dom X is not an ordinal number, then Y = (J;

(4) if X # 0, X is a function, dom X is an ordinal number, and dom X = o + 1, then Y = X («a) U

P(X(a)).

(5) if X # 0, X is a function, and dom X is a limit ordinal number, then Y = Urng X.

By definition, G is a correspondence. Since any set X has one of the properties listed above, we have
dom G = V. Since in each of the above five cases, the set Y is uniquely determined by the set X, using
the property of an ordered pair from Lemma 1 (Sec. 1.1), we verify that G is a function from V into V.

According to Theorem 2 (Sec. 1.2), for the function G, there exists a function F : On — V such that
the following relation holds for any a € On:

F(a) = G(Fl|a).

It follows from Case (1) for the function G that F(0) = G(F|0) = G(0) = 0.

It follows from case (4) that if 5 is the subsequent cardinal number and § = a + 1, then F(3) =
G(F|3) = (F|B)(e) UP((F|B)(a)) = F(a) UP(F(a)).

Finally, it follows from Case (5) that if av is a limit ordinal number, then F(«a) = G(F|a) = Urng (F|a) =
UF@)Fea) .

Denote F(a) by V,. We have obtained the collection (Va C Vl]a € Onj satisfying the following
relations:

(1) Vo =10

(2) Va+1 =V,U P(Va)§

(3) Vo = U(Vﬁw € aj if @ is a limit ordinal number.

This collection is called the Mirimanov—von Neumann cumulative collection, and its elements V,, are
called Mirimanov-von Neumann cumulative sets.

2.2. Properties of cumulative sets.

Lemma 1. If a and (8 are ordinal numbers, then:
(1) a<p eV, eV
(2) a=peV,=Vp
(3) a C Vy and a € Viuyy.
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Proof. (1) and (2). By the transfinite induction, let us prove that for any ordinal number 3, (o € § =
Vo € Vg).

If B =0, then this is obvious, since Ya—(« € ).

If (v € B = V,, € V) for a certain ordinal number (3, then consider the ordinal number 3+ 1. It follows
from o € B+ 1that o € BVa=p. If a € 3, then V,, € Vg by the induction assumption, and since
Va1 = Va3 U P(Vp), we have V, € Vi, If @ = 3, then V, = V3 € Vyq, since Vg € P(Vj3). Therefore,
ac f+1=V, e Vg holds for B+ 1.

Now assume that § is a limit ordinal number and Vv € gVa(a € v = V,, € V). Let a be such that
a € 3. Since 3 is a limit ordinal number, we have a+1 € 3. Since V3 = U(lefy € ﬂj , we have V.11 C V3.
Since Vi, € V441 in this case, we have V,, € V3.

Clearly, a = 8 =V, = Vg. If V, = V3, then either o < 3, or a = 3, or B < a. If & < 3, then V,, € V;
if 3 < a, then Vg € V,; therefore, 8 = a.

If Vi, € V3, then o < 3, since V,, = Vg for o = 3, and for 8 < o, V3 € V,.

(3) Consider the class C = {z|z € On Az C V,}. Since 0 C ) = Vj, we have 0 € C. If « € C, then
a C V, implies a +1 = aU{a} C Vo C Vay1. Let a be a limit ordinal number, and let « C C. By
construction, V, = U(ng c ozj . If z € a, then z € C means that x C V,. Hence x € P(V,) C Vyy1.
Since « is a limit number x + 1 € « implies € V. Therefore, a C V,, and hence a € C. By Theorem 1,
C = On.

The lemma is proved. O

Using the €-induction principle, by Lemma 4 (Sec. 1.2), we prove the following von Neumann identity.
Lemma 2. V = U(Va\a € Onj .

The proof was given in ([13], 9, Theorem 13). Moreover, von Neumann proved that this identity is
equivalent to the regularity axiom (see ibid).

Lemma 3. For any ordinal number o, z C x € V,, implies z € V.

Proof. Let us prove this assertion by transfinite induction.

Precisely, let C = {aja € On AVaVz(z C x € V, = z € V,)}. We show that C = On.

If o = (), then, obviously, a € C.

Assume that « € C. Then let us prove that a« +1 € C. Let z C x € V41. Since Voq1 = Vo UP(V,),
we have z C z € Vo UP(V,). Therefore, x € V, or x C V,. If z C x € V,, then z € V,, by the induction
assumption, and hence z € Vo41. If 2 C V, and z C z, then z C V,, and, therefore, z € V,41. Thus,
a+1eC.

If v is a limit ordinal and V3 € a(8 € C), then z C z € V,, implies 38 € a(z C = € Vj3), whence, by
the induction assumption, it follows that 38 € a(z € Vj), i.e., z € V.

Therefore, C = On by the transfinite induction principle, and the lemma is proved. ]

This lemma shows that any cumulative set V, is quasi-transitive.
Lemma 4. For any ordinal number a,
Va(x € Vo = x C V).

Proof. We prove this lemma also using the transfinite induction.
The desired formula hods for a = (), since Vz—(z € Vp).
For a certain ordinal number «, let

Va(x € Vo = x C V).

Consider the ordinal number a+1. If x € V41, then x € V, Vz € P(V,), or, more precisely, z € V,Vx C
Va. In the case where x € V,, we have x C V,, by the induction assumption, and since V, C Vy41, we
have x C Vy41. If £ C V,,, then we immediately obtain from V,, C V41 that x C V1.
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Now let « be a limit ordinal number, and, moreover, let V3 € aVa(z € Vg = « C V). Then z € V,
implies 38 € a(z € Vp); by the inductive assumption, 38 € a(x C V}3), and, therefore, z C V.
The lemma is proved. O

This lemma shows that any cumulative set is transitive.

Corollary 1. If a and B are ordinal numbers and o < 3, then V, C V3.
Corollary 2. For any ordinal number «, the inclusion V, C P(Vy) and the equality Vo1 = P(Vy) hold.

Proof. If x € V,, then by this lemma, x C V,, i.e., x € P(V,). Therefore, V,, C P(V,). Whence
Vas1 = VaUP(Va) = P(Va). =

Corollary 3. If a and B are ordinal numbers and o < 3, then |V, | < |Vg|.

Proof. By the previous Corollaries 1 and 2, V,, C P(V,) = Voq1 C V3. Using the Cantor theorem, we
obtain Vo] < [P(Va)| = [Vat1] < V3. O

Lemma 5. For any ordinal number «, if x € Vyy1, then x C V.

Proof. Assume that x € V,41. This means that x € V, Vo C V,. If x C V,, then all the things are
proved. If x € V,, then by the previous lemma, = C V,, which is what was required. O

Lemma 6. For any ordinal number a,
VaVy(x e Vg Ny € Vo = x Uy € V).

Proof. We use the transfinite induction principle once again.

If & = (), then the condition of the lemma holds, since Vz—(z € Vp).

Now let a = 8+ 1 for a certain ordinal number 5. Then by Lemma 5, the property z € Vo, Ay € V,
implies * C Vg Ay C Vg, and, therefore, z Uy C Vg, whence x Uy € Vg4, ie, x Uy € V,.

Now assume that « is a limit ordinal number and V3 € aVaVy(x € Vg Ay € Vg = x Uy € V). Then
z,y € V, implies 35 € a(z,y € Vp), whence, by the induction assumption, we have 33 € a(z Uy € Vj),
and, therefore, x Uy € V,, which is what was required to prove. ]

Lemma 7. For any limit ordinal number «, it follows from x € V,, that P(x) € V.

Proof. Assume that o is a certain limit ordinal number and = € V,,. Then 38 € o such that x € V. Let
us show that P(x) C V3 in this case. Indeed, by Lemma 3, x € V3 and z C « imply z € Vp; therefore,
Vz(z € P(x) = z € V3), which means that P(xz) C V3. If P(x) C Vs, then P(x) € Vg4, ie., P(x) € Va,
which was required to prove. O

Corollary 1. For any limit ordinal number «, it follows from z,y € Vy, that {z},{z,y}, (z,y) € V.

Proof. By Lemma 7, P(z) € V,,. By Lemma 3, it follows from {z} C P(z) that {z} € V,,. Now Lemma 6
implies {z,y} € V,,. By the property proved above, it follows from this that (z,y) € V. O

Corollary 2. For any limit ordinal number «, it follows from X, Y € V, that X *Y € V,.

Proof. Let x € X and y € Y. Then {z} C X UY and {y} C X UY imply {z,y} C X UY. By Lemma 6,
XUY € V,. Since {z} € P(XUY) and {z,y} € P(X UY), it follows that (x,y) = {{z},{z,y}} C
P(X UY). Hence (z,y) € P(P(XUY)). Therefore, X xY C P(P(X UY)). By Lemmas 6, 7, and 3,
XxY eV, ]

Lemma 8. If a > w, thenw C V. If a > w, then w € V.

Proof. By Lemma 1, w C V, C V,. If a > w, then w C V,, € V41 implies w € V11 C V. O
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Let A be an ordinal number. Consider the collection K(\) = (M,BW €A+ 1) of sets Mg = {z €
Map(P(|V3]), |[P(IVa))| |z = P(|Vs]) = |P(]Vs])|} of all corresponding bijective mappings § € A + 1
and the set M(X) = U( Mg|B € A+ 1) . By the axiom of choice, there exists a choice function ch(\) :
P(M(N) \ {0} — M(X) such that ch(X)(P) € P for any P € P(M(X)) \ {0}. Since Mg C M(\) for
B € X+ 1, it follows that cg(X) = ch(N)(Mg) € Mg, i.e., cg()) is a bijection from P(|Vg|) onto [P(|V3])|.

The following assertion can be called the theorem on the initial synchronization of cardinality of cumu-
lative sets. It is new and belongs to the authors.

Theorem 1. Let A be an ordinal number. Then for any ordinal number o < X, there exists a unique
collection u(a) = u(X) (o) = (f3]6 € a + 1) of bijective functions fz: V3 < |Vg| such that:

(1) fo=0;

(2) ify<pBea+1l, then f, = f3|Vy;

(3) if B € a+1and f=~v+1, then fg|Vy, = f, and fz(x) = c\ (N (fy[z]) for each x € Vg \V, =
P(Vv) \ 2%

(4) if B € a+1 and B is a limit ordinal number, then fz = U(ﬁ,h € ﬁj )

The uniqueness property implies u(a)|d+1 = u(d) for each § < «, i.e., these collections extend each other.

Proof. We first verify the uniqueness of the collection u = u(a). For «, let there exist a collection
v = (98B € a + 1) of bijective functions gg : V3 = |V3| having Properties (1)—(4). Consider the set
D' ={p € a+1|fs = gs}, the class D” = On\ (a«+ 1), and the class D = D’UD". Clearly, 0 € D' C D.

Let 5eD. If 3> a,then 5+1€ D" CD. Let 3 <. Then € D' and 8+ 1 € a+ 1. Therefore,
by Property (3), fa+1(z) = fg(z) = gs(x) = gp+1(x) for any z € Vj and far1(z) = cg(N)(fplz]) =
c3(N)(gglz]) = gp41(x) for any = € Vi1 \ V3, ie., fa41 = gg41. Thus, 41 € D' C D. Therefore, 5 € D
implies 5+ 1 € D.

Let (8 be a limit ordinal number, and let 3 C D. If 3N D" # (), then there exists v € 3 such that
~v>a+1. Hence 3 >~ > a+ 1 implies § € D” € D. Let s ND” =0, i.e., let 5 C D’. Then for any
v € B, fy = gy holds. Since § C « + 1, it follows that § < o+ 1. If § = a+ 1, then § € D" C D.
Let B e a+1. Ifz € Vg = U(V7|’y € ﬁj , then x € V, for a certain v € 3. Then by Property (2),
fs(x) = fy(x) = gy(x) = gg(x) for any x € V3, ie., fg = gg. Thus, § € D’ C D. Therefore, the properties
that (3 is a limit ordinal number and that § C D imply § € D.

By the transfinite induction principle, D = On. Hence D’ = a + 1. Therefore, u = v.

In what follows, instead of c(A), we will merely write c,.

Consider the set C' consisting of all ordinal numbers o < A for which there exists a collection u(«)
having Properties (1)-(4). Also, consider the classes C" = On\ (A + 1) and C = C’" U C". Since Vj =0
and |Vp| = 0, the collection u(0) = (f3|8 € 1) with the bijective function fo = 0 : Vo = |V has Properties
(1)—(4), and, therefore, 0 € C.

Let a € C. If @ > A\, then a+1 € C” C C. Now let & < A. Then o + 1 € XA + 1 means that we can
use the function c,. Since a € €, for «, there exists a unique collection u = (f3|3 € o + 1). Define the
collection v = (gs|f € o + 2) of bijective functions gg : Vg < |Vp| setting gg = f3 for any z € V, and
Jat+1(2) = cafalz]) for any x € Vo1 \ Vo = P(Va) \ Va.

Let us verify that v has Properties (1)—(4). Let § € a+ 2. If 3 € a + 1, then Properties (1)-
(4) obviously hold. Let 8 = a 4+ 1. Then gg(z) = gati(z) = fo(z) = gol(x) for any = € V,, and
93(2) = gat1(x) = ca(falz]) = calgalz]) for any € Vg \ V,,. Moreover, g5|Vo = fo = ga. Therefore,
v < B implies gg|Vy = ga|Vy = folVy = fy = gy. Thus, a+1€ C' C C.

Let a be a limit ordinal number, and let a € C. If a N C” # (), then there exists 8 € a such that
B>a+1. Hence a >3 <A+ 1impliesa € C" C C. Let aNC” =, i.e., let « C C'. Then for any
B € a, there exists a unique collection ug = ( fé; |v € B+ 1) of bijective functions fé; 1V, = |V, | with
Properties (1) — (4). Since o C A+ 1, it follows that « < A+ 1. If a = A+ 1, then o € C” C C. Further,
let « € A+ 1. For any 6 < 8 € a, consider the collection w = ugld +1 = (f$|7 € 0 +1). The collection w
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has Properties (1)—(4). By the uniqueness proved above, w = us. Therefore, us = ugld + 1, i.e., ffj = fg
for any v € 6 + 1. In particular, fg = f(;ﬁ for any § < (5.

Define the collection v = (gg|3 € a+1) of functions g setting gg = fg for any 8 € a and go(z) = fvﬁ(m)
for any z € V,, = U(Vv\'y € aj and any v < 8 € a such that € V,,. Clearly, gg = Vg = |V3| for any
B € a. Let us verify that g, = Vo, — |V4|. By Corollary 1 of Lemma 4 (Sec. 2.2), V, C V,. Hence
|V,| C |Va|. Therefore, for any = € V,, we have g, (z) = () e Vo € = U(|V,| C [Vally € @) C |Val.
Let z,y € V, and go(x) = go(y). Then z € V,, and y € V; for certain 7, € o. Consider the number 3
being maximal among the numbers v and 0. By definition, fg(x) = go(x) = g9a(y) = fg(y) From the
injectivity of this function, we conclude that x = y. Hence the function g, is injective. Let z € s. Then
z € |V, | for a certain v € a. Since the function fy : V, 5 |V, is injective, it follows that z = f(z) for a
certain x € V,, C V,,. Hence z = go(x). Therefore, g, is a bijective function from V,, onto s, i.e., V,, ~ .

By Corollary 3 of Lemma 4 (Sec. 2.2), |V,| € |V,|. Therefore, there exists a set A = {z € |V,||Ty €
alz = |Vy])} = {|V4| |y € a} of ordinal numbers |V,|. Since « is a limit ordinal number, it follows that
A # (). Therefore, by Lemma 2 (Sec. 1.2), the set UA = sup A is an ordinal number. If z € UA = {z|3z €
A(z € x)}, then z € |V,| C s for a certain v € a. Conversely, if z € s, then z € |V,| € A for a certain
v € a. Therefore, z € UA. Thus, s = UA, i.e., » is an ordinal number.

Let us prove that s is a cardinal number. Let § be an ordinal number, 5 < 5, and let 8 ~ . Assume
that § < ». Then 8 € s implies § € |V,| for a certain v € a. Hence § < |V,| = card|V,| < || = |3].
Since (3 is an ordinal number, it follows that |5| < . As a result, we arrive at the inequality 5 < (3, which
is impossible. The obtained contradiction implies 3 = 2. This means that s is a cardinal number.

Since  is a cardinal number and s ~ V,,, it follows that s = |V,,|. Therefore, g, = Vi, S |Va|.

Let us verify that the collection v has Properties (1)—(4). By the definition of this collection,
Go=f=0. Let v < B € a+1. If B € a, the equality f] = f,g proved above implies gg|V, =
fg|V = fff = fy = g. If B = a, then by construction, gg|Vy = go|Vy = f7 = g,. Therefore, Property (2)
holds for v.

Let B € a+1, f=7+1, and let z € V3 = P(V,). If B € a, then the equality f = 5 proved
above implies gg(x) = fg(x) = fg(a:) = f(z) = gy(z) for any x € V,, and gg(z) = fg(ac) = cy(fﬁ[x]) =
ey (f7[z]) = ¢y(g4[]) for any x € V3 \ V4. Therefore, Property (3) holds for v.

Property (4) follows from Property (2). It follows from the verified properties that « € C’ C C.

By the transfinite induction principle, C = On, and, therefore, ¢/ = \ + 1. ]

Note that since the functions ¢, () depend on the number A, we cannot compose the collections u(\)(cv)
extending each other into a global collection indexed by all order numbers.

Corollary. For any limit ordinal number o, we have |Vo| = U(|V5| |8 € o) = U{|V5||8 € a} =
sup{[Vg| |5 € a}.

Proof. Consider the number A = a. By Theorem 1, there exists the corresponding collection u(«) =
(fs|8 € a+1). Since « is a limit ordinal number and o € o + 1, by Property (4), it follows that
fa = U(fg\ﬁ € ozj . Therefore, |Vy| = rng fo = U(rngfg[ﬁ € ozj = U[|Vg[ |3 € ozj = U{|V3]| |8 € a} =
sup{|Vg| |6 € a}, where the latter equality follows from Lemma 2 (Sec.1.2). O

2.3. Properties of inaccessible cumulative sets. The sets V. for inaccessible cardinal numbers s
will be called inaccessible cumulative sets. They have a number of specific properties. We present these
properties with complete proofs, since their proofs are practically absent in ([13], 13) and are not obvious.

Lemma 1. For any inaccessible cardinal number s and any ordinal number o € s, we have |V, | < .

Proof. Consider the set C' = {x € | |V,| < s} and the classes C” = On \ » and C = C' U C”. Since
Vo = 0, it follows that V| = 0 < ». Therefore, 0 € C.

Let o € C. If @ > 5, thena+1 € C” C C. Let & < ». Thena € C'. If a+1 = 3, then a+1 € C” C C.
Let a+1 < 3. Since V,, ~ |V, |, it follows that P(V,) ~ P(|V4]|). Hence |P(V,)| = |P(|Val)|. By Corollary
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2 of Lemma 4 (Sec.2.2), [Voq1| = [P(Va)| = |P(|Val])|- Since |V,| < s and the cardinal number ¢ is
inaccessible, it follows that |P(|Va|)| < s¢. Hence V41| < 2. Therefore, « +1 € C' C C.

Let a be a limit ordinal number, and let o C C. If a N C” # (), then there exists 3 € « such that
B > 2. Hence a > 3 > s implies « € C”" € C. Let anNC” =0, ie., « C C' C ». If @ = 5, then
ae€C’"CC. Let a <3 By acC for any § € o, we have |V3| < 5. Hence, sup{|V3| |3 € a} < .

Using the properties of [V3| € s, we can correctly define the function f : o — s setting f(8) = |V3].
Clearly, rng f = {|V3| |5 € a}. By the corollary of Theorem 1, Urng f = U{|V3| |8 € a} = sup{|V3| |5 €
a} = |V,|. By the inequality proved above, we obtain |V,| < 3. Assume that |V,,| = ». Then by the
regularity of the number s, s = Urng f implies > < «, which contradicts the initial inequality o < .
Thus, V| < 3. Therefore, « € C' C C.

By the transfinite induction principle, C = On. Therefore, C' = s. O

Lemma 2. If 5 is an inaccessible cardinal, then s = |V,|.

Proof. By Lemma 1 (Sec.2.2), 3¢ C V... Hence s = || < |V,,|. By the corollary of Theorem 1 (Sec. 2.2),
|V..| = sup(|V3| |5 € ). Since |V3| < s by Lemma 1, it follows that |V..| < s. As a result, we obtain
=V, O

Lemma 3. If 5 is an inaccessible cardinal number, o is an ordinal number such that o < 3¢, and f is a
correspondence from V,, into V,, such that dom f = V,, and f(z) € V,, for any x € V,,, then rng f € V,,.

Proof. Since s is a limit ordinal number, it follows that V,, = U(Vg\é € %j . For x € V,, there exists
d € s such that f(z) € V5. Therefore, the nonempty set {y € »|f(zx) € V,,} has a minimal element z.
By the uniqueness of z, we can correctly define the function g : V,, — s setting g(z) = 2. Consider
the ordinal number § = |V, | and take a certain bijective mapping h : § = V. Consider the mapping
@w=goh:f — s and the ordinal number v = Urng ¢ = suprng ¢ < s.

Assume that v = s. Since the cardinal s is regular, the assumption Urng ¢ = s implies » < § = |V,|.
However, by Lemma 1, |V,| < 5. The obtained contradiction implies vy < s.

Since h is bijective, then rng¢ = rngg. Hence v = suprngg. If x € V,,, then f(z) € V, = Vy(z)- By
Lemma 1 (Sec. 2.2), it follows from g(x) < v that V) C V,. Hence, by Lemma 1 (Sec. 2.2), f(z) € V,
implies f(x) C V. Therefore, rng f C V. By Lemma 1 (Sec. 2.2), rng f € Vy41 C V... O

Lemma 4. If » is an inaccessible cardinal number, A € V,,, and f is a correspondence from A into V,,
such that f{x) € V,, for any x € A, then rng f € V,,.

Proof. Since s is a limit ordinal number, it follows that V,, = U(Va|04 € %j . Therefore, A € V, for a
certain o € ». By Lemma 4 (sec.2.2), A C V,. Define the correspondence g from V,, into V,, setting
glA = fand g{x) =0 C V,, for any x € V, \ A. Then domg =V, and rngg = rng f. If z € A, then
glxy = f(z) € V,,, and if z € V,\ A4, then g(x) = 0 € V,,. Therefore, by Lemma 3, rng f =rngg € V,,. O

Corollary 1. If s is an inaccessible cardinal number and (Ba]a € Aj is a collection of sets such that
AeV,, and B, € V,, for any a € A, then U(Ba|a € Aj e V...

Corollary 2. If s is an inaccessible cardinal number and A € V,,, then UA € V..

The following assertion is due to Tarski [26] (see also [17], IX, § 1, Theorem 6). Here, we present another
proof of this assertion.

Lemma 5. If » is an inaccessible cardinal number, A C V., and |A| < |V,.|, then A € V...

Proof. By Lemma 2, |A| € |V,.| = » C V,.. Consider the bijection b : |A| = A C V,.. By Lemma 4,
A=rngbelV,,. O

Lemma 6. If sz is an inaccessible cardinal number, € is an ordinal number, and € € V,,, then ¢ € .

Proof. Since V,, = U(Va|a € %j , it follows that ¢ € V, for a certain a € 5. By Lemma 4 from Sec. 2.2,
e C V,. By Lemma 1, |¢| < |V4| < s. Assume that € > 3. Then » C ¢ implies 3 = |»| < |¢|, which
contradicts the previous inequality. Therefore, € < . O
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3. Universal Sets and Their Connection with Inaccessible Cumulative Sets

3.1. Universal sets and their properties. A set U in ZF theory is said to be universal (see [18], I, 6,
[7], [12]) if it has the following properties:

) x € U = x C U (transitivity property);

) x €U = P(x),Uz € U,
)reUNyeU=zUy{r,y},(z,y),z+y cU;

Yz eUAN(f €U = rngf €U (strong substitution property);

(5) weUl.

Clearly, not all of these properties are independent.

The property that a set U is universal will be denoted by U <. Denote by U the class (possibly, empty)
of all universal sets. It immediately follows from the definition of a universal set that the intersection
NA = {z|VU € A(z € U)} of any nonempty subclass A of the class of universal sets is a universal set.

Let us deduce several properties of universal sets from these conditions.

|
1
(2
(3
(4

Lemma 1. If a set U is universal, thenx e UNy Cx =y e U.

Proof. If © € U, then by Property (2), P(x) € U, and, by Property (1), P(xz) C U. Since y € P(z), it
follows that y € U, which is what was required to prove. ]

This lemma shows that a universal set is quasi-transitive. This and the transitivity property imply
that a universal set is supertransitive.

Lemma 2. If a set U is universal, then ) € U.
Proof. This obviously follows from the property that w € U and Property (1). O

Ljemma 3. Let (Azlz € Ij be a collection such that I € U and A; € U for any i € I. Then U(Ai\i €
I) eU.

Proof. Consider a function f : I — U such that f(i) = A;. By Property (4), rngf € U, and, by
Property (2), U[Ai|i € Ij =UrngfeU. O

Lemma 4. If U is a universal set, then x € U = |z| € U.

Proof. Consider the class C = {« € On|a ¢ U)}. This class is nonempty, since otherwise the class On is
a set. Denote its minimal element by s. Assume that there exists z € U such that o = |z| ¢ U. Then
there exists a one-to-one mapping f : a — x. It follows from a € C that » < «. Since » C «, we can
consider the mapping g = f|s. In this case, g is a one-to-one mapping from s onto y = rng g C x. Since
y C x, it follows that y € U. Then h = g~ ! is a function from y € U onto s ¢ U. Since » is a minimal
element in the class C, it follows that V3 € (3 € U). Therefore, h(z) € s implies h(z) € U for any z € y.
By Property (4) it follows from this that s € U, which contradicts the definition of . We conclude from
the obtained contradiction that Vz € U(|z| € U). O

Let us prove that in a universal set, there exists a €-induction principle analogous to the €-induction
principle in ZF (see Lemma 4 (Sec. 1.2)).

Lemma 5. Let U be a universal set, C C U, andVx € U, let (x CC = x € C). Then C =U.

Proof. Assume that C # U, i.e., D =U \ C # (). Then there exists P € D. Clearly, P U. It PN D =),
then we set X = P.

Let PN D # (. Consider the set N consisting of all n € w for which there exists a unique sequence
u=u(n) = (Rr € Ulk € n+ 1) of sets Ry, € U such that Ry = P and Rp1 = URy, for any k € n. Since
the sequence (Rg|k € 1) such that Ry = P has this property, it follows that 0 € N. Let n € N, i.e., for
n, there exists a unique sequence u = (Ry € U|k € n+ 1). Define the sequence v = (S; € Ulk € n+ 2)
setting Sy = Ry € U for any k € n+ 1 and S, 11 = UR, = US,, i.e., v =uU{(n+ 1,UR,)}. Since U
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is a universal set, R, € U implies S,,+1 € U. Clearly, the sequence v has the necessary properties. Let
us verify its uniqueness. Assume that there exists a sequence w = (T}, € Ulk € n + 2) such that Ty = P
and Vk € n + 1(Tp41 = UTy). Consider the set M’ consisting of all m € n + 2 for which S,, = T,,. Let
M"=w\ (n+2), and let M = M’ UM". Since Sy = P = Ty, it follows that 0 € M’ C M.

Letme M. Ifm=n+1,thenm+1=n+2eM'CM. f m<n+1,then m+1€n+2 and
Simi1 =USy, =UT,, = Tyyyq impliessm+1€ M C M. If m € M”, then m+1 € M” C M. Therefore,
m € M implies m +1 € M. By the natural induction principle, M = w. Hence M’ = n + 2, and,
therefore, v = w, i.e., the sequence v is unique. Therefore, n+1 € N. By the natural induction principle,
N = w. Therefore, for any n € w, there exists a unique sequence u(n). Because of its uniqueness, it will
be denoted by (R} |k € n+1).

Consider the following formula of the ZF theory: ¢(z,y) = (x € w = y=RHA(z ¢ w =y = 0).
According to the axiom substitution scheme, there exists a set Y such that Vo € w(Vy(¢(z,y) =y € Y).
If n € w, then ¢(n, R}}) implies R]! € Y. Therefore, in the set w x Y, we can define the infinite sequence
u= (R, € Y|n € w) setting u = {z € wx Y|3z € w(z = (z,R%))}. It immediately follows from the
uniqueness property mentioned above that u(m) = u(n)|(m-+1) for all m < n. Therefore, u|(n+1) = u(n).
Consequently, the sequence u has the following properties Ry = P and Ry4+1 = UR}, for any k € w. Having
the function u : w — U, Properties (5), (4), and (2) from the definition of a universal set, we can take the
set A=rngu={R, € Uln € w} € U and the set Q = UA = {y|3x € w(y € R,)} = U(Rn\n € wj eU.
Clearly, R, C @ for any n € w, and hence P = Ry C Q.

Since PN D # (), it follows that R = Q N D # (). By the regularity axiom A8, there exists X € R such
that X N R = (. Clearly, X € U and X C U. Let us verify that X N D = (). Indeed, assume that there
exists x € X N D. Since X € Q, it follows that X € R,, for a certain n € w. Hence z € X € R,, implies
T € UR, = Ry,11 C Q. Therefore, x € R. As a result, we obtain x € X N R = (), which is impossible. The
obtained contradiction implies X € D and X N D = (.

Therefore, X € U and X C C in both cases. By the condition, we then obtain X € C, which is
impossible, since X € D. This contradiction implies C = U. U

For a universal set, the following analog of the von Neumann identity from Lemma 2 (Sec. 2.2) holds.

Lemma 6. Let U be a universal set. Then:

1. Vo €U for any a € OnnNU,;
2. U=U(V,cUlaeOnnU).

Proof. 1. Consider the sets A = OnNU and C' = {a € A|V, € U} and also the classes C” = On \ U
and C=C'UC”. By Lemma 2, 0=V, =0 € U. Let 0 € C. Let a € C. Assume that a +1 € A. Since
a € a+1 €U, by Property (1), it follows that o € U, and hence « € ANC = C’. Then by Properties (2)
and (3), the condition V,, € U implies V11 = V, UP(V,) € U. Therefore, « +1 € C' C C. In the case
a+1¢ A, we immediately obtain a+1 € C” C C.

Let « be a limit ordinal number, and let « C C. Assume that a € A. If § € «, then § € a € U implies
f € ANC = C’. Then by Lemma 3, the condition V3 € U implies V,, = U(VBW € aj € U. Therefore,
a € C' C C. In the case a ¢ A, we immediately obtain o € C” C C.

By the transfinite induction principle, C = On, and hence ¢’ = A.

2. It follows from what was proved above that V,, C U for any a € A. Therefore,

P=UV,aeA) cU.

Let us show that P satisfies the €-induction principle from Lemma 5. Define the function » : P — A
setting r(p) = sm{a € Alp € V,,} foranype P C U.

Let z € U, and let x C P. If z = (), then x € P. In what follows, we assume that z # (). If y € x C P,
then y € V, for a certain a € A. Consequently, by Lemma 1, r(y) < a € U implies r(y) € A. Therefore,
we can consider the function s = r|z from z into A. By Property (4), R =rngs € U, and p = UR € U
by Property (2). Since § # R C On, p is an ordinal number by Lemma 2 (Sec. 1.2) Hence p € A.
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If y € z, then by Lemma 1 (Sec. 2.2), s(y) C p implies y € V() C V). Therefore, by Lemma 3 (Sec. 2.2)
x CV, €V, implies € V,;1. By Property (3), p+1=pU{p} € U implies p+ 1 € A. Hence z € P.
Now, Lemma 5 implies P = U. O

3.2. Description of the class of all universal sets. The following theorem is implied by the
Zermelo—Shepherdson theorem (see [28] (incomplete proof) and [23] (complete proof)) on the canoni-
cal form of standard supertransitive model sets for the NBF theory in the ZF set theory (see Sec. 5
below). Here, we give another proof.

Theorem 1. Let U be an arbitrary universal set. Then:

(1) 2=sup(OnNU) =U(OnNU) C U is an inaccessible cardinal number;

(2) U=V,

(3) the correspondence q : U — 3 such that U = V,, is an injective isotone mapping from the class U
of all universal sets into the class In of all inaccessible cardinal numbers.

Proof. (1) Since A = OnNU is a nonempty set, because it contains the element w by Property (5), by
Lemma 2 (Sec. 1.2), it follows that s is an ordinal number.

Assume that s is not a cardinal number. In this case, there exist an ordinal number o < 3¢ and a
bijective function f : a — . Since a € » C U, It follows that « € U. If f € «, then f(§) € U.
Therefore, by Property (4), > = rng f € U. In this case, by Property (3), {»} € U, and also, by Property
(3) »T = »U {5} € U. Since »" € On, it follows that T € A, i.e., 5" < 3, which is impossible.
Therefore, we conclude from the obtained contradiction that s is a cardinal number.

Now assume that the cardinal number s is not regular. Then a = c¢f(3) < ». By definition, there
exists a function f : o — s such that Urng f = s. As before, « € U and f(f) € U for all 5 € «, whence,
by Property (4), rng f € U. Since Urng f € U by Property (2), it follows that » € U. Repeating the
arguments of the previous paragraph, we arrive at a contradiction. Therefore, s is a regular cardinal.

Let A be a cardinal number such that A < sc. Since A € » C U, by Property (2), we have P(\) € U. By
Lemma 4 (Sec. 3.1), |P(\)| € U. Consequently, |P(\)| < ». Assuming that » = |P()\)| € U, as before,
we arrive at a contradiction. Therefore, |P(\)| < .

Moreover, since w € U by Property (5), it follows that w + 1 = wU{w} € U. Therefore, w e w+1€ A
implies w € UA = .

Assertion (1) is proved.

(2) It follows from (1) that s is a limit ordinal number. Therefore, V,, = U(Vg\ﬁ € »x). By
Lemma 6 (Sec.3.1), U = U(Va|a € Aj . If a € A, then a < s implies V, C V,,. Therefore, U C V,,. If
B € 3 =UA, then 8 € a € A for a certain a. By Property (1), 5 € A. Therefore, V,, C U.

Thus, U = V..

(3) It follows from Lemma 1 (Sec. 2.2) that s is unique. Therefore, we can define the mapping ¢ : U —
In such that q(U) = s, where U = V.. Also, Lemma 1 (Sec.2.2) implies that ¢ is isotone. O

Corollary 1. If U is a universal set, then |U| is an inaccessible cardinal number, |U| = sup(OnNU),
and U = Viy,.

Proof. By Theorem 1, U = V,, for the inaccessible cardinal number » = sup(On N U). By
Lemma 2 (Sec. 2.3), s = |V,.| = |U]|. O

Corollary 2. If U is a universal set, then |U| =sup(|Va|| @ € OnNU).

Proof. By Theorem 1, U =V, for the inaccessible cardinal »c = sup A = UA, where A = OnNU. Since
» is a limit ordinal number, by the corollary of Theorem 1 (Sec. 2.2), |V, | =sup(|Va| | a € »). If a € ,
then a € a for a certain a € A. By the transitivity, o € A. Conversely, if a € A, then o < ». Assume
that @« = ». Then » € U. However, in proving Theorem 1, we have proved that the condition » € U
leads to a contradiction. Therefore, o € . O

Theorem 2. For any set U, the following assertions are equivalent:
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(1) U is an inaccessible cumulative set;
(2) U is a universal set.

Proof. (1) - (2). Let U =V, for a certain inaccessible cardinal number . Let us show that the set U is
universal.

The property x € U = x C U follows from Lemma 4 (Sec. 2.2).

The property x € U = P(z) € U follows from Lemma 7 (Sec. 2.2).

The property x € U ANy € U = xzUy € U follows from Lemma 6 (Sec. 2.2).

The properties z € U Ay € U = {z,y}, (z,y),x x y € U follow from Corollaries 1 and 2 of Lemma 7
(Sec. 2.2).

The property w € U follows from Lemma 8 (Sec. 2.2).

The properties x € U = Uz € U and © € U A (f € U*) = rng f € U follow from Lemma 4 (Sec. 2.3)
and its corollaries.

Therefore, the set U is universal.

(2) F (1). This implication obviously follows from the previous theorem. O

Corollary. The correspondence q : U +— 3 from Theorem 1 such that U =V, and » = |U| is a bijective
isotone mapping from U onto In.

Therefore, the cardinalities of universal sets exhaust all inaccessible cardinal numbers.

This theorem allows us to make the following conclusions on the structure of the class U = {U|U i}
of all universal sets.

The relation € U = is an order relation on the class U. It will be denoted by <, ie., U <V ifU €V
or U = V. By Lemma 4 (Sec. 2.2), the class U is transitive. Therefore, U € V implies U C V. Therefore,
U <V implies U C V. Let us prove that these relations are equivalent.

Proposition 1. Let U and V' be universal sets. Then the relation U < V 1is equivalent to the relation
UcV.

Proof. We need to only verify that U C V implies U < V. By Theorem 1, U = V; and V = V,, for

certain inaccessible cardinals m and s. If # = 5, then U =V, =V,, = V. If 7 < 3, then by Lemma 1
(Sec. 2.2), U =V, € V,, = V. Finally, if m > 5, then by the same lemma, V =V,, € V;, =U C V, which
is impossible. Therefore, U < V. U

The following theorem is of conditional character in the ZF theory. In ZF+AU, the condition of the
theorem holds.

Theorem 3. If the class U of all universal sets in the ZF theory is nonempty, then it is completely
ordered with respect to the order C. Moreover, any nonempty subclass of the class U has a minimal
element.

Proof. Let ) # A C U, i.e., let VU € A(U ). To the class A, the injective and strictly monotone
mapping q : U — 3 from the class U into the class On of the form U = V,, from Theorem 1 puts in
correspondence a certain subclass B = ¢[A] = {z|z € On A 3U € A(z = q(U))} of the class On. By
Lemma 1 (Sec. 1.2), it has the minimal element 7, which is an inaccessible cardinal. Since © € B, it
follows that m = q(U) for a certain U € A, i.e., U = V;. Since the mapping ¢ is injective and strictly
monotone, U is a minimal element in the class A. O

3.3. Enumeration of the class of all universal sets in the ZF+AU theory and the structural
form of the universality axiom. In the ZF+AU set theory, let us consider the class

G={Z3X3V(Z=(X,Y)A(X =0 =Y =n{U|U x})
V(X #0 = (—func(X) =Y =0)(func(X) = (-On(dom X) =Y = ()
V(On(dom X) = (Son(dom X) =Y =N{U|U < AX (dom X — 1) e U})
V(Lon(dom X) =Y =n{U|U < ANrngX C U}))))))}.
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If we express the definition of the class G less formally, then G consists of all pairs (X,Y’) for which
there are the following five possibilities excluding each other:

(1) if X =0, then Y is the intersection of all universal sets (the existence of a nonempty intersection
follows from the universality axiom);

(2) if X # 0 and X is not a function, then Y = {);

(3) if X # 0, X is a function, and dom X is not an ordinal number, then Y = {);

(4) if X # 0, X is a function, dom X is an ordinal number, and dom X = a + 1, then Y is the
intersection of all universal sets U such that X («) € U (the existence of this nonempty intersection
follows from the universality axiom);

(5) if X # 0, X is a function, and dom X is a limit ordinal number, then Y is the intersection of all
universal sets U such that Urng X C U (the existence of this nonempty intersection follows from
the universality axiom).

As in Sec. 2.1, we can verify that the class G is a function from V into V.
According to Theorem 2 from Sec. 2, for the function G, there exists a function F : On — V such that
the following relation holds for any o € On:

F(a) = G(Fl|a).

It follows from Case (1) for the function G that F(0) = G(F|0) = G(0) = n{U|U »}.

It follows from Case (4) that if 3 is a subsequent cardinal number and 5 = a+1, then F(38) = G(F|3) =
N{U|U = AF(«a) € U}.

Finally, it follows from Case (5) that if « is a limit ordinal number, then F(«a) = G(F|a) = N{U|U >
AU(F(B)|6 €a) CU}.

Denote F(«) by U,. We have obtained the collection (U, € Ula € On) satisfying the following
relations:

(1) Up = {U|U »<};

(1) Up41 = {U|U = AU, € U}.

(1) Uy =n{U|U x AU (Uﬁ|ﬂ € ozj C U} if a is a limit ordinal number.

Let us prove several properties of this collection.

Lemma 1. In the ZF+AU set theory, the collection U, € Ula € On) has the following properties:
(1) a € B < U, € Ug (strict increase);
(2) Uy is the minimal universal set (originality);
(3) if V is a universal set and Uy C V € Uy, then V.= Ug for a certain B € o (noncondensibility);
(4) if V is a universal set, then V = U, for a certain o (surjectivity);
(5) o C Uy (absorbability).

Proof. (1) By the transfinite induction, let us prove that for any ordinal number 3, (o € § = U, € Up).

If B = 0, then this is obvious, since Ya—(a € ).

For a certain ordinal number 3, if Va(a € 8 = U, € Up), then let us consider the ordinal number
B+1. It follows from a € f+1 that o« € BV a = 3. If a € 3, then by the inductive assumption, U, € Usg,
and since Ug C Ugyy, it follows that U, € Ugyy. If o = 3, then U, = Ug € Upyy. Therefore, for g+ 1,
we have o € B+ 1= U, € Ugq1.

Now assume that 3 is a limit ordinal number and Vy € gVa(a € v = U, € U,). Let a be such that
«a € §. Since 3 is a limit ordinal number, oo+ 1 € 3. Since U(Uﬁ,h € ) C Usg, it follows that Uy41 C Usp.
Since Uy € Uq41 in this case, we have U, € Ug.

Clearly, o = 8 = U, = Ug. If U, € Ug, then a € (3, since for a = 3, we have U, = Ug, and for § € «,
we have Ug € U,.

Property (2) holds by construction.

(4) Let V be an arbitrary universal set. If V' = Up, then the property is proved. Therefore, assume
that V' £ Uy.
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Consider the class A = {a € On|U, € V}. By construction, Uy C V. By Proposition 1 of Sec. 3.2,
Up € V. Therefore, 0 € A.

Consider the class F = {z|3z € A3y € In(z = (z,y) Ay = q(Uz))}, where ¢ is the mapping from
Theorem 1 of Sec. 3.2. Clearly, F is a mapping from A into In. If & € A, then F(a) = ¢(U,) € q(V).
Consequently, rng F C (V). Therefore, B = rngF is a set. Let a, 3 € A, and let a # (. If a € 3, then
by Property (1) proved above, U, € Ug. Since ¢ is isotone, F(a) < F(5). If § € a, then analogously
F(8) < F(«). Therefore, the mapping F : A — B is bijective. Therefore, we can consider the mapping
F~!: B < A. Since B is a set, by the substitution axiom scheme, A = rng F~! is a set. Therefore, in
what follows, instead of A, we will write A.

Consider the nonempty class C = On \ A and the minimal element § in this class. Clearly, Uz ¢ V.
Therefore, by Proposition 1 of Sec. 3.2, V. C Ug. If V = Upg, then the property is proved. Let V' € Ug.
Assume that 3 =y + 1. Then v € A implies U, € V. By Property (2), for the collection of universes, it
follows from this that Ug C V. Therefore, in this case, V' = Vj.

Assume that 3 is limit. If v € 3, then v € A implies U, € V, and by the transitivity property, U, C V.
Hence U(U,Yh/ € ﬁj C V. By Property (3), for the collection of universes, it follows from this that
Ug C V. Therefore, in this case, V = Vj.

(3) This property follows from Properties (1) and (4).

(5) Using Property (1), by induction, we prove that o C U, for any «. Clearly, « =0 =0 C Uy.

Let a C U,. Since a + 1 = a U {a}, it follows that o C U, € Uy implies o € Uy41, and, therefore,
{a} € Uy41. By the transitivity property, a C Uy and {a} C Uyqq implies o+ 1 C Ugyg.

Let o be a limit ordinal number, and let 8 C Upg for any § € o. By Lemmas 2 and 3 (Sec.1.2) ,
a=supa =Ua = U(ﬂ\ﬁ € ozj . Since 3 C Ug C U,, it follows that o = Ua C U,. O

This lemma implies that the collection (U, € Ula € On) is a natural enumeration of the class of all
universal sets in the ZF+AU theory. The following lemma shows that this enumeration is unique.

Lemma 2. In the ZF+AU set theory, the collection (U, € Ula € On) with Properties (1)—(3) from
Lemma 1 is unique.

Proof. Assume that there exists a collection (W, € Ula € On) having Properties(1)-(3) of Lemma 1.
Consider the classes A = {a € On|U, = W, } and B =0n \ A. Since Uy = W), it follows that 0 € A.

Assume that B # (. Then by lemma 3 of Sec. 3.2, there exists 8 = smB. If Ug € Wp, then by
Property (3), the condition Wy = Uy C Ug € W3 implies 3 = W, for a certain v € 3.

Since v € A, it follows that W, = U,. Therefore, Us = U, and v € 3, which contradicts Property (1).
If Wg € Ug, then analogously we arrive at a contradiction. Therefore, Ug = W3 by Theorem 3 and
Proposition 1 of Sec. 3.2. However, this contradicts the definition of the class B. Therefore, we arrive at
a contradiction. Therefore, B = () and A = On. O

The following theorem yields the structural form of the universality axiom.

Theorem 1. In the ZF set theory, the following assertions are equivalent:

(1) the universality axiom AU=VX3U(U < AX € U), which means that for any set X, there exists a
universal set U such that X € U,

(2) there exists a collection (U, € Ula € On) of universal sets having Properties (1)—(5) from
Lemma 1;

(3) the inaccessibility axiom AI= Va(On(a) = Fs(Ien(x) Ao € x)), which means that for any ordinal
number «, there exists an inaccessible cardinal number s such that o < ».

Proof. The deducibility (1) - (2) was proved in Lemma 1.

(2) F (3). Take an arbitrary order number a. According to ([11], 4, Lemma 8), there exists a cardinal
number  such that a < . By condition, § C Ug. Consider the cardinal number s = |Ugy|. By the
universality, 5 € Ug1, and, therefore, § C Ug;q. Therefore, § = || < |Ugy1| = 2. Assume that § = .
Then » € Ugyy implies P(3) € Uy, and, therefore, P(») C Ugyy. Using the Cantor theorem, we obtain
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2 = |x| < |P(3¢)] < |Ups1| = 3. This contradiction implies § < sc. Therefore, a < 3. By the corollary
to Theorem 1 of Sec. 3.2, » is an inaccessible cardinal number.

(3) F (1). By Lemma 2 of (Sec. 2.2), X €V, for a certain ordinal number o. By Condition (3), a < »
for a certain inaccessible cardinal number s». By Lemma 1 (Sec. 2.2), V,, € V... By Theorem 2 (Sec. 3.2),
the set V. is universal. By Corollary 1 of Lemma 4 (Sec. 2.2), X € V,, C V,, implies X € V... O

Note that the equivalence of the universality and inaccessibility axioms was proved in [4] by using
another method.

Theorem 1 shows the structure of the class of all universal sets in the ZF+AU set theory. The number
of universal sets and the number of ordinal numbers in the ZF theory are the same.

3.4. Enumeration of the class of all inaccessible cardinals in the ZF+AI theory and the
structural form of the inaccessibility axiom. Now let us enumerate all inaccessible cardinal numbers
in the ZF+AI set theory. For this purpose, consider the class

G={Z3XFY(Z=(X,YN(X=0=Y =sm{sx|Icn()})(X #0 = (~func(X) =Y =0)
V(funce(X) = (-On(dom X) =Y =0) V (On(dom X) = (rng X ¢ On =Y = 0)
V(rng X € On = (Son(dom X) =Y = sm {»|Icn(x) A X(dom X — 1) € x})
V(Lon(dom X) =Y = sm{x|Icn(x) NUrng X C U})))))))}-

If we express the definition of the class G less formally, then G consists of all pairs (X,Y’) for which
the following six cases, which are mutually exclusive, hold:

(1) if X =0, then Y is a minimal inaccessible cardinal number (its existence follows from the inacces-
sibility axiom);

(2) if X # 0 and X is not a function, then Y = {);

(3) if X # 0, X is a function, and dom X is not an ordinal number, then Y = {J;

(4) if X # 0, X is a function, dom X is an ordinal number, and rng X ¢ On, then Y = {);

(5) if X # 0, X is a function, dom X is an ordinal number, rng X C On, and dom X = a+ 1, then Y’
is minimal among all inaccessible cardinals > such that X («) € s (its existence follows from the
inaccessibility axiom);

(6) if X # 0, X is a function, rng X C On, and dom X is a limit ordinal number, then Y is minimal
among all inaccessible cardinals s such that Urng X C s (its existence follows from Lemmas 1
and 2 (Sec. 1.2), Axiom Al, and the transitivity of s).

As in Sec. 1.2, we can verify that the class G is a function from V into V.

According to Theorem 2 of Sec. 1.2, for the function G, there exists a function F : On — V such that

the following relation holds for any o € On:

F(a) = G(Fl|a).

It follows from Case (1) that for the function G, F(0) = G(F|0) = G(0) = sm{s|Icn(x)}.

Case (5) implies that if § is a subsequent ordinal number and § = a + 1, then F(3) = G(F|3) =
sm{x|Icn(x) ANF(a) € »}.

Finally, Case (6) implies that if « is a limit ordinal number, then F(a) = G(F|a) = sm{x|Icn(sx) A
U(F(B)Bea) Cax}

Denote F(a) by go. We have obtained the collection (¢, € In|a € On) of inaccessible cardinal numbers
satisfying the following relations:

(1) qo = sm{s|Icn(x)};

(2) qat+1 = sm{s|Ien(sx) A qo € »}.

(3) qo = sm{s|Icn(s) A U(qg\ﬁ €a) C}if ais a limit ordinal number.

Lemma 1. In the ZF+AI set theory, the collection (g, € In|la € On) has the following properties:
(1) a € B < qq € qp (strict inaccessibility);
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(2) qo is a minimal inaccessible cardinal number (originality);
(3) ifp is an inaccessible cardinal and qo C p € qo, then p = qg for a certain € o (noncondensibility);
(4) if p is an inaccessible cardinal, then p = qo for a certain « (surjectivity);
(5) « C qq (absorbability).

The proof is analogous to the proof of Lemma 1 (Sec. 3.3). However, it can be obtained from Lemma 1
(Sec. 3.3) by using the isotone bijection ¢ : U — In from the corollary to Theorem 2 (Sec. 3.2).

Lemma 2. In the ZF+AI set theory, the collection (go € Inla € On) with Properties (1)—(3) from
Lemma 1 is unique.

The proof is analogous to the proof of Lemma 2 (Sec. 3.3).
The following assertion yields the structural form of the inaccessibility axiom.

Theorem 1. In the ZF set theory, the following assertions are equivalent:

(1) the inaccessibility axiom AI of Theorem 1;
(2) there exists a collection (¢o € In|a € On) of inaccessible cardinal numbers having Properties (1)—(5)
of Lemma 1.

Proof. The deducibility (1) I (2) was proved in Lemma 1.

(2) F (1). Take an arbitrary order number «. By the condition, o C ¢o € gat1 = . Clearly, a # [
by Property (1). By the transitivity, & C ¢, C (. Therefore, the nonempty set 3 \ a has a minimal
element y. Let us verify that a = y. Let x € y. Then x € y € § implies x € (5. Since z < y, we have
x € a. This means that y C a. Conversely, let © € . It follows from y ¢ « that y # x. Assume that
y € x. Then y € z € « implies y € a. Consequently, y € aN (B \ a) = 0. This contradiction implies
x € y. As aresult, o C y, whence a =y € S. O

Theorem 1 shows the structure of the class of all inaccessible cardinal numbers in the ZF+ Al set theory.
The amount of all inaccessible cardinal numbers is the same as that of ordinal numbers in the ZF theory.

Now let us connect the collections (V,, € V]a € On), (U, € Ula € On), and (g, € In|a € On) with
each other.

Theorem 2. In the ZF+AU set theory and the ZF+AI theory equivalent to it, the relation Vi, = U,
holds for any order number «.

Proof. Since V, is a universal set by Theorem 2 (Sec. 3.2), it follows that Uy C V,,. Let U be an arbitrary
universal set. By Theorem 1 (Sec. 3.2), U = V,, for a certain inaccessible cardinal number ». By Lemma 1,
% = g, for a certain a. Since gy C ¢q, it follows that V,y C V,, = V,. = U. Hence V,, C N{U|U px} = U.
As a result, we have proved that V;, = Up.

Consider the nonempty class A = {« € On|V,, = U,} and the class B = On\ A. Assume that B # (.
Then there exists a number 3 = sm B > 0. Consider the universal sets V, and Up.

Assume that V;, € Ug. Then by Lemma 1 (Sec. 3.3), the condition Uy = V,, C Vg, € Upg implies
Vi = U, for a certain v € 3. It follows from v < 8 that v € A, and, therefore, Vy = U,. As a result, we
arrive at the relation V;, =V . By Lemma 1 (Sec. 2.2), we conclude that g3 = ¢y, and, moreover, v € 3,
which contradicts Lemma 1.

On the other hand, assume that Us € V,. Since Us is a universal set, by Theorem 1 (Sec. 3.2),
it follows that Ug = V. for a certain inaccessible cardinal ». Then by Lemma 1 (Sec. 2.2), the chain
Vie = Uo C Ug = V,, € V, implies the chain g9 C » € gg. By Lemma 1, it follows from this that
»% = gy for a certain v € 3. Since v € A, it follows that V, = U,. As a result, we arrive at the equality
Ug =V, =V, = U, under the condition v € 3, which contradicts Lemma 1.

By Theorem 3 (Sec. 3.2) and Proposition 1 (Sec. 3.2), we conclude that V,, = Ug. However, this
contradicts the definition of the class B. Therefore, we arrive at a contradiction. Therefore, B = () and

A = On. O
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Corollary. In the ZF+AU set theory and the ZF+ Al theory equivalent to it, the equality |Uy| = qo holds
for any order number «.

Proof. By Theorem 2 (Sec. 2.3) and Lemma 2 (Sec. 2.3), |Ua| = |V, | = ¢a- O

4. Weak Forms of the Axioms of Universality and Inaccessibility

4.1. Axioms of w-universality and w-inaccessibility. Along with the universality axiom AU, the
following weaker w-universality axiom is considered in the ZF set theory:

AU(w)=3IX(VU € X(U) A X £ DAVU € X3V € X(U € V)).

The explanation of such a name of this axiom is given by the following theorem, which is proved by using
Theorem 1 of Sec. 3.2.

Theorem 1. The following assertions are equivalent in the ZF theory;

(1) AU(w);

(2) for any n € w, there exists a finite set of universal sets which has the cardinality n + 1;

(3) for any n € w, there exists a finite sequence u = (Ug|k € n+ 1) of universal sets such that Uy, € U;
forany k €l en+1, i.e., the sequence u is strictly increasing;

(4) there exists a universal set U*, and for any n € w, there exists a unique finite strictly increasing
subsequence u(n) = (Ul|k € n+ 1) of universal sets such that Uy = U* and the facts that V is a
unversal set Uy <V < U} imply V- = U} for a certain k € n+ 1 (noncondensibility property);

(5) There exists a denumerable set of universal sets;

(6) there exists an infinite sequence v = (Up|n € w) of universal sets such that Uy < U; for any
kel ew, ie., the sequence u is strictly increasing;

(7) there exists an infinite strictly increasing sequence u = (Up|n € w) of universal sets such that the
properties that n € w, V is a universal set, and Uy <V < U, imply V = Uy, for a certain k € n+1
(noncondensibility property);

(8) there exists an infinite set of universal sets.

Proof. (1) F (4). Let W be an empty set whose existence is ensured by Axiom AU(w). Consider the
nonempty class W = {z|z > A3y € W(z < y)}. If z € W, then x < y for a certain y € W. By AU (w),
for y € W, there exists z € W such that y < z. Hence x < z € W. Therefore, the class W has all the
properties listed in formula AU (w).

Since ) # W C U, by Theorem 3 (Sec. 3.2), in W, there exists a minimal element U*. For any y € W,
it follows from U* < y that W* € W. The class W has the following properties: if z € U and z < y for
a certain y € W, then z € W.

Consider the set N consisting of all n € w for which there exists a unique sequence u = u(n) = (Uy €
Wk € n+ 1) such that Uy = U*, Uy, < U forany k €l e n+ 1 and V € U and Uy <V < U, imply
V = U, for a certain k € n.

Since the sequence (U € Wk € 1) such that Uy = U* has all the properties listed above, then 0 € N.
Let n € N. By the property of the class W, for U,, € W there exists z € W such that U,, < z. Therefore,
the class J = {x € W|U,, < x} is nonempty. Therefore, by Theorem 3 (Sec. 3.2), it contains a minimal
element A.

Therefore, we can define the sequence v = (P, € Wk € n + 2) setting P, = Uy, for any k € n + 1 and
Poii=Aie,v=uU{{n+1,A)}. Clearly, Ph =U* and P, < P, forany k €l € n+2. Let V € U and
Py<V <Pyy;. Then VeWand Uy <V <A IfV =U,,then V=P, f V< U,, then Uy <V < U,
implies V' = U = P, for a certain k € n. Finally, if V > U,, then V € J. Therefore, A < V, which
contradicts the property V < A. Therefore, this case is impossible. It follows from the two previous cases
that V = P for a certain k£ € n+ 1. This means that the sequence v has the necessary properties. Let us
prove that it is unique. Assume that there exists a sequence w = (Vi € Wk € n + 2) such that V = U™,
Vi <Viforanykeclen+2and Ve Uand V) <V <V, imply V = Vj for a certain £ € n+ 1. Since
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the sequence win + 1 = (V, € Wk € n + 1) has all the properties listed above for n, by the uniqueness
of the sequence u, we conclude that v = w|(n + 1), i.e.,, Vx = Uy = P forall k e n+ 1. If V,,11 < Py,
then by what was proved above, Py = Vy < V41 < P41 implies V41 = P, =V}, for a certain k € n+ 1,
which is impossible. If P41 < V41, then analogously Vo = Py < P41 < V41 implies Py = Vi = Py
for a certain k € n + 1, which is also impossible. Therefore, V,,+1 = P,+1. Thus, the uniqueness of the
sequence v is proved. Therefore, n + 1 € N. By the natural induction principle, N = w. Therefore, for
any n € w, there exists the unique sequence u(n) indicated above. By its uniqueness, we can denote it by
(Ullk en+1).

(4) F (7). Consider the following formula of the ZF theory: p(z,y) = (z €w =>y=UAN(r ¢ w =
y = 0). By the axiom substitution scheme AS6, for w, there exists a set Y such that Vo € w(Vy(p(z,y) =
y€Y)). If n €w, then p(n,U) implies U}? € Y. Therefore, in the set w x Y, we can define the infinite
sequence u = (U,, € Y|n € w) setting u = {z € w x Y|Iz € w(z = (z,UF))}. The uniqueness property
mentioned above implies u(m) = wu(n)|m + 1 for all m < n. Therefore, uln + 1 = u(n). Clearly, the
sequence u has all the necessary properties.

(6) F (1). Consider the following formula of the ZF theory: p(z,y) = (zr cw =y =U)AN(z ¢ w =y =
(). By the substitution axiom scheme AS6, for w, there exists a set Y such that Vo € w(Vy(p(z,y) =
y €Y)). If n € w, then v(n,U,) implies U,, € Y. By the axiom isolation scheme AS3, the class
X={Unecew={ylFrecwly=U,)} ={yly e Y Az € w(y = U,)} is a set. Since the sequence u
strictly increases, the set X satisfies Axiom AU (w).

The deducibilities (7) - (6) - (5) F (2) are obvious.

The deducibilities (4) - (3) = (2) are also obvious.

(2) F (3) and (2) F (6). Consider the nonempty class A of all finite sets consisting of universal sets.
Then the class W = UA is also nonempty, and, therefore, by Theorem 3 (Sec. 3.2), there exists a minimal
element U* in W.

Consider the set N consisting of all n € w for which there exists a unique sequence u = u(n) = (U, €
Wk € n+ 1) such that Uy = U*, Uy < U for any k € l € n+ 1 and such that Ve Win Uy <V < U,
imply V' = Uy, for a certain k € n (W-noncondensibility property). Since the sequence (Uy € Wk € 1)
such that Uy = U* has all the properties listed above, it follows that 0 € N. Let n € N, i.e., for n, the
sequence u = (U, € W|k € n+ 1) is constructed. Consider the finite set A = {Uy € W|k € n+ 1} of
cardinality n + 1. By Condition (2), for n + 2, there exists a finite set B € A of cardinality n + 2. In B,
take a minimal element a and a maximal element b. By definition, a > U*. Assume that b < U,,. Then the
inequality Uy = U* < a < ¢ < b < U, holds for any ¢ € B. If ¢ < U,, then by the W-noncondensibility
property, we conclude from ¢ € W that ¢ = Uy, for a certain k € n, i.e., c € A. If ¢ = Uy, then ¢ € A once
again. As a result, we arrive at the inclusion B C A, which is impossible. The obtained contradiction
implies U, < b. Since b € W, the class J = {x € W|U,, < z} is nonempty. Therefore, it contains a
minimal element A.

Therefore, we can define the sequence v = (P, € W|k € n + 2) setting P, = Uy, for any k € n+ 1
and P11 = A, e, v=uU{(n+1,A)}. Further, almost in the same way as in deducing (1) I (4) with
the replacement of U by W, we verify that the sequence v has all necessary properties and is unique.
Therefore, n + 1 € N. By the natural induction principle, N = w. Therefore, for any n € w there exists
the above unique sequence u(n). By the uniqueness, we can denote it by (U}'|k € n+ 1). This completes
the deduction (2) = (3). Further, as in deducing (4) = (7), according to the sequence (U'|k € n + 1),
we construct an infinite strictly increasing sequence u = (Up|n € w) of universal sets. This yields the
deduction 2) I (6).

Therefore, we have proved the following deducibility and equivalence criteria: (1) F (4) F (7) F (6) - (1)
and (6) F (5) F (2) F (6) and (2) ~ (3). This implies the equivalence of all assertions (1)—(7).

(8) F (6). Let W be an infinite set of universal sets. By Theorem 3 (Sec. 3.2), there exists a minimal
element U* in W.
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Consider the set N consisting of all n € w for which there exists a unique sequence u = u(n) = (U, €
Wk € n+ 1) such that Uy = U*, Uy < U; for any k € [ € n+ 1 and such that V € W and Uy <V < U,
implies V' = Uy, for a certain k € n (W -noncondensibity property).

Since the sequence (U € I|k € 1) such that Uy = U* has all the properties listed above, it follows that
0 € N. Let n € N. Consider the set J = W \ {Ui|k € n+ 1}. It is nonempty, since otherwise the set
W is finite and, therefore, contains a minimal element A. Clearly, A # U, and A > U* = Uy. Assume
that A < U,. Then by assumption, Uy < A < U,, implies A = U}, for a certain k € n, which is impossible.
Therefore, U,, < A.

Therefore, we can define the sequence v = (P, € Wk € n + 2) setting P, = Uy, for any k € n + 1 and
P =Aie,v=uU{{n+1,A)}. Clearly, Py =U* and P, < P forany k€l en+2. Let V € W
and P <V < Pyy1. Then Up <V < A. If V=U,, then V =PF,. If V < U,, then Uy <V < U, implies
V = Ug = Py for a certain k € n. Finally, if V > U,, then V > Uy, for all Kk € n+ 1. Hence V € J.
Therefore, A < V', which contradicts the property V' < A. Therefore, this case is impossible. The two
previous cases imply V = Py for a certain k € n 4+ 1. This means that the sequence v has the necessary
properties. Let us verify its uniqueness. Assume that there exists a sequence w = (Vi € Wk € n + 2)
such that Vo = U*, Vi € Vj for any k € [ € n+ 2 and such that V € W and Vo < V < V41 imply
V = Vi for a certain k € n + 1. Since the sequence win + 1 = (Vi € Wk € n+ 1) has all the properties
listed above for n, by the uniqueness of the sequence u, we conclude that u = win+1, i.e., Vi = Up = P,
for all k € n+ 1. If V41 < P,41, then by what was proved above, Py = Vj < V11 < P,11 implies
Va1 = Py = Vi, for a certain k& € n + 1, which is impossible. If P11 < V41, then in a similar way,
Vo = Py < Phy1 < Vipyq implies Pp1 = Vi = Pi for a certain £ € n + 1, which is also impossible.
Therefore, V11 = Ppt1. Thus, the uniqueness of the sequence v is proved. Therefore, n +1 € N. By
the natural induction principle, N = w. Therefore, for any n € w, there exists the unique sequence
u(n) indicated above. By the uniqueness, we can denote it by (U'|k € n+ 1). Further, as in deducing
(4) = (7), according to the sequence (U}'|k € n + 1), we construct an infinite strictly increasing sequence
u = (Up|n € w) of universal sets.

(6) F (8). As in proving the deducibility (6) - (1), for the sequence u, consider the set X = {Uy,|n € w}
of its members. Assume that the set X is finite. Then X has the maximal element V', which contradicts
the fact that the sequence strictly increases u. ]

The fact that the w-universality axiom is weaker than the universality axiom follows from the following
proposition.

Proposition 1. In the ZF theory, the w-universality aziom is deduced from the universality axiom.

Proof. Let us prove that Property (2) of Theorem 1 is deduced from AU. Indeed, let us prove by induction
that for any n € w, there exists a finite set of universal sets having the cardinality n + 1.

For n = 0, the assertion means that there exists at least one universal set, which obviously holds.

Assume that for a certain n € w, there exists a set of cardinality n + 1 consisting of universal sets.
Denote this set by A. By the universality axiom, there exists a universal set U such that A € U, and
hence A C U. If V € A, then V # U, since otherwise U € U, which is impossible. Consider the set
B = AU {U}. Obviously, this set is of cardinality n + 2. Therefore, by induction, we have proved the
desired deducibility. O

Along with the inaccessibility axiom AI, in the ZF theory the following weaker w-inaccessibility axiom
is considered:
Allw)=3XVz e X(Ien(z)) NX #DAVe € XTy € X(x €y)).

The following theorem yields an explanation of such a name of this axiom.

Theorem 2. The following assertions are equivalent in the ZF theory:
(1) AI(w);

(2) for any n € w, there exists a finite set of inaccessible cardinals having the cardinality n + 1;
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(3) for any n € w, there ezists a finite sequence u = (tx|k € n + 1) of inaccessible cardinals such that
L <t forany k €l €n+1, i.e., the sequence u strictly increases;

(4) there exists an inaccessible cardinal »*, and for any n € w, there exists a unique finite strictly
increasing sequence u(n) = (t|k € n+ 1) of inaccessible cardinals such that uj = »*, and the
properties that s is a inaccessible cardinal and 1 < ¢ < ) imply s = 1}t for a certain k € n+ 1
(noncondensibility property);

(5) there exists a denumerable set of inaccessible cardinals:

(6) there exists an infinite sequence u = (1pln € w) of inaccessible cardinals such that v, < v for any
kel ew, ie., the sequence u strictly increases;

(7) there exists an infinite strictly increasing sequence u = (1n|n € w) of inaccessible cardinals such
that n € w, 3 is an inaccessible cardinal and such that 1o < 3¢ < 1, implies 3 = 1 for a certain
k € n+ 1 (noncondensibility property);

(8) there exists an infinite set of inaccessible cardinals.

The proof of this theorem is completely analogous to the proof of Theorem 1. However, it can be also
obtained from Theorem 1 by using the isotone bijection ¢ : U — In from the corollary of Theorem 2
(Sec. 3.2).

The following proposition is an w-analog of Theorem 1 (Sec. 3.3).

Proposition 2. The following axioms are equivalent in the ZF theory:

(1) the w-universality axiom AU (w);
(2) the w-inaccessibility axiom Al(w).

Proof. To prove the equivalence, it suffices to apply the isotone bijection ¢ : U — In from the corollary
to Theorem 2 (Sec. 3.2). O

4.2. Comparison of various forms of the universality and inaccessibility axioms.

Lemma 1. The following assertions are equivalent in the ZF theory:

(1) the w-universality axiom AU (w);
(2) ATU (w) (transitive w-universality axiom) = there exists a set Y such that:
(a) YU € Y(U x);
(b) Y #0;
(c) VUVW (U xNU e VAV €Y = U €Y) (transitivity property with respect to universal sets);
(d) VW e YIW € Y(V € W) (unboundedness property).

Proof. (1) - (2). Denote by D the set whose existence is asserted in AU(w). Consider the set £ = {U €
UD|U <}. If U € D, then 3V € D(U € V) by AU(w). Therefore, D C E. The set E is universally
transitive. Indeed, if U and U € V € E, then U € V € W € D for a certain W € D. By the transitivity
of the set W, we obtain U e W € D, i.e., U € E.
If V € E, then by definition, V € W € D C E for a certain W. Therefore, F satisfies Property (2).
The deducibility (2) F (1) is obvious. O

An analogous lemma holds for inaccessible cardinals with the replacements of AU (w) by AI(w) and
ATU (w) by ATI(w) (transitive w-inaccessibility axiom).

Lemma 2. Let E be a nonempty set of universal sets with the transitivity property with respect to
universal sets, i.e., E has Properties (a)—(c) of Lemma 1. Then E contains a minimal universal set
ap = Uy =NU.

Proof. Let V € E. By Proposition 1 (Sec. 3.2), V =a or a € V. In the first case, a € E. In the second
case, by Property (¢), a € V € E implies a € E. O

An analogous lemma holds for inaccessible cardinals with the replacement of a = Uy by q = ¢ = sm In.
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Along with Axioms AU and AU(w), consider one more weaker 1-universality aziom AU(1l) = AUS
(aziom of universal set) = 3U(U ), which asserts the existence of at least one universal set. In the
ZF + AU(1) set theory, the class U of all universal sets is nonempty, and therefore, contains a minimal
element a = Uy = NU.

Analogously, along with Axioms Al and AI(w), consider one more weaker 1-inaccessibility axiom
AI(1) = AIC (aziom of inaccessible cardinal) = J»(Icn(sc)), which asserts the existence of at least one
inaccessible cardinal number. In the ZF+AI(1) set theory, the class In of all inaccessible cardinal numbers
is nonempty and, therefore, contains a minimal element q = ¢y = sm In.

The following proposition is a 1-analog of Theorem 1 (Sec. 3.3) and Proposition 2 (Sec. 4.1).

Proposition 1. In the ZF theory, the following axioms are equivalent:

(1) the l-universality aziom AU(1);
(2) the 1-inaccessibility aziom AI(1).

Proof. To prove the equivalence, it suffices to apply the isotone bijection ¢ : U — In from the corollary
of Theorem 2 (Sec. 3.2). O

The following relations between these axioms hold:
AU F AU(w) - AU(1) and AI + AI(w) - AI(1).
Let us show that these axioms are indeed different.

Assertion 1. (1) If the ZF 4+ AU(1) theory is consistent, then the ZF + AU(1) + =AU (w) theory is
also consistent.
(2 If the ZF + AU(1) theory is consistent, then Azxiom AU (w) is not deducible in ZF + AU(1).

Proof. (1) Let Uy be a minimal universal set whose existence follows from Axiom AU(1). Consider the
classes W = {W|W < AUy € W} and D = {X|YW(W AUy € W = X € W)}

The following two cases are possible. If the class W is not empty, then it contains a minimal element
Uy. Clearly, D C U;. If X €e Uy and W € W, then X € U} C W implies X € W. Hence X € D. Thus,
D = U;. If the class W is empty, then D = V.

By Lemma 1, Axiom AU (w) is equivalent to Axiom ATU(w). Therefore, we consider the equivalent
T =ZF+ AUS + ~ATU(w) theory. Consider the class of standard interpretation M = (D, I) of the T’
theory in the S = ZF + AU S set theory in which the correspondence I puts in correspondence the binary
relations E = {z|F23y(zr e DAy e DAz = (z,y) ANz =y)} and B = {z|FzFy(r e DAy e DAz =
(x,y) Ax € y)} on D to the predicate symbols = and € in T

If D = Uy, then by Proposition 1 (Sec. 5.1), the interpretation M = M = (Uy, I) is a model of the ZF
theory in the S theory. If D = V, then, obviously, the interpretation M is a class model of ZF in the S
theory.

Let us verify that Axiom AUS holds in M. Axiom AUS can be written as follows:

AUS =3X(Vz(ze X =2 CXAP@) e X ANUzx e X)AVaVy(zr € X Ay € X = {z,y} € X)
ANVaVfle e XANf=x—-X=mgfeX)AweX).

Let us consider the first case. Let s be a certain sequence xg, ..., x4, ... of elements of the domain U;.
Taking the three equivalences proved in Proposition 1 (Sec. 5.1) and the notation from its proof, we obtain

AUSt=3X e Uj(Vex e U1(z e X =2 CXAP) e XAN(Uz)" e X)AVe e UlVy e U1(z € X ANy €
X=>{ryloeX)ANVeeUWfelUi(ze XA (fsx—X)P=(rmgf)f € X)ANw™ € X).

In proving Proposition 1 (Sec. 5.1), it was proved that P(z)” = P(z), (Uz)" = Uz, {z,y}” = {z,y},
(fs2— X)e (f=x— X), and (rng f)? = rng f. In a similar way, we can prove that w™ = w.

A

Therefore, AUS' < 3X € Ujx(X), where the formula x(X) = Ve € Uj(z € X = 2 C X AP(x) €
XANUr e X))ANVeeUlVye Uiz e XANye X = {zyt e X)ANVeeUWWfelUi(lzr e XNfsz—
X =rngf € X)Aw € X is obtained by deleting the indices 7,0, and p in the conjunction kernel of the
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formula AUS®. Since Uy is a universal set, the formula x(Up) holds for it. This means that the formula
X(Up) is deduced from Axiom AUS in the S set theory. Hence the formula 3X € U;x(X) is deduced, and,
therefore, AUS" is also deduced.

In the second case, on a sequence s of elements xg,...,x,,... of the domain V, the formula AUS is
obviously transformed into the formula AUS once again, and, therefore, Axiom AUS holds in M.

It remains to verify the fulfillment of the formula —ATU(w). By Lemma 2, we can also insert the
formula Uy € Y in the conjunctive kernel of Axiom ATU(w). Therefore, consider the formulas

p=ATU(w) =Y NMUU €Y = Ux) AUy e Y AVUVWW (U AU e VAV eY =UeY)AVV(V €
Y=3IWWeY AV eW))) and o' =M F ¢[s].

Let us consider the first case. Taking into account the remarks made after Axiom AUS, we obtain

pleet=3Y eU;(VUeUh(UeY = (Ux))ANU; €Y AVU e hVV e U1 (U=)P NU € VAV €
Y=UeY)AVW el (VeY=TIWelUy(WeY AV eW))).

In considering the transformation of the previous axiom, we have proved that (U >)? < x(U) and
that the same is true for the index p.

Since the set Uy can be defined from the formula 3!Z(Z < AYU (U = Z C U)), the set U] is defined
from the formula 317 € Uy ((Z =<)* AVU € Uy (U x)** = Z C U)).

As above, (Z ><)* & x(Z) and (U >)** < x(U). Therefore, Uj is defined from the formula 37 €
Ur(x(Z) ANVU € Uy (x(U) = Z C U)). It is clear from this that Uj = U.

Therefore, o' < FY e Uy (VU e Uh(U €Y = x(U)) AUy € Y AVU e U)WV € Ui (x(U)ANU € VAV €
Y=UeY)AW e (VeY=TIWeUi(WeY AV eW))).

Assume that the condition ¢! is fixed and consider the set E € U; = D whose existence follows from
this condition. By the condition, Uy € E. Therefore, ¢! implies that for Uy € Uy, there exists W € Uy
such that W € E and Uy € W. Let us deduce from this that the set W is universal.

Since W € E, it follows that x(W). Let x € W. By the transitivity of Uj, it follows from W € U,
that = € U;. Therefore, x(W) implies x C W, P(x) € W, and Uz € W. Analogously, if z,y € W, then
x,y € Uy and x(W) implies {z,y} € W. Finally, let z € W and f =z — W. Then z € U; and W € U;
imply f C 2« W € U;. Lemma 1 (Sec. 3.1) implies f € U;. Therefore, x(W) implies rng f € W. The
property y C x Ax € W = y € W and the property x,y € W = ((z,y) € W Az Uy € W) are easily
deduced from the above. From z xy C P(P(z Uy)), the property z,y € W = zxy € W is deduced.
Finally, x (W) directly implies w € W. Therefore, W is universal.

Moreover, Uy € W. Hence W € W. This implies U; C W. Taking into account Proposition 1 (Sec. 3.2),
we conclude that W ¢ Uj. On the other, hand, from ¢!, we have deduced that W € Uy.

Therefore, in the S theory, from the formula ¢!, we have deduced the formula n = W € U; and the
formula —n = W ¢ Uj. Ny the deduction theorem in the S theory, we have deduced the formulas (¢! = x)
and (¢! = —x).

Now, applying the classical implicit logical axiom (¢! = x) = ((¢' = —=x) = —¢!), we sequentially
deduce the formulas (p! = —x) = —¢' and —p!. Therefore, from the condition W # (), we have deduced
the formula —¢?. By the deduction theorem, in the S theory, the formula W # () = = is deduced.

In the second case, on a sequence s of elements xg,...,z,,... of the sequence V, the formula ¢ is
obviously translated to the formula ¢ once again, i.e., ¢! = .

Assume that the condition ¢’ = ¢ is fixed and consider the set £ € V = D whose existence follows from
this condition. By the condition, Uy € E. Therefore, ¢’ implies that for Uy, there exists a universal set
W € E such that Uy € W. Therefore, W # (). By the deduction theorem in S, the formula ¢! = W = ()
is deduced. Applying the logical formula (¢! = (W = 0)) = (W = = —¢'), we deduce the formula
W = () = —p!. Therefore, from the condition W = (), we have deduced the formula W = () = —p!.
Therefore, the formula = is deduced from the condition W = (). By the deduction theorem in S theory,
the formula W = () = —¢! is deduced. Denote the formula W = () by .
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Now applying the logical formula (¢ = —¢!) = ((=€ = —¢') = (£ V =€) = —¢!)), in the S theory, we
sequentially deduce the formulas (£ = —¢t) = (£V ¢ = —p!) and £V € = —¢!. Since, in the first-order
theory, for any formula ¢, the formula ¢ V —¢ is deduced, as a result, the formula = is deduced in S.

The latter formula is equal to the formula M E (—¢)[s]. Therefore, M is a model of T in S.

(2) We will proceed in the naive propositional logic with the implication symbol D.

Denote by ¢, and E, the totalities of axioms of the T and S theories, respectively.

Consider the propositions A = cons(S) D =(2, F AU(w)) and B = cons(S) A (E, - AU(w)). Then
—A = cons(S) N —=(E, F AU(w)). Using the axiom ——C D C, we obtain =A D B.

Clearly, B D (®, F AU (w)) and ®, - =AU (w). Therefore, the proposition B D (@, F AU (w)) A (P,
—AU(w)), i.e., the proposition B D —cons(T), is true. By the deduction rule, =A D —cons(T).

According to the first part of our assertion, the proposition cons(S) D cons(T) is true. Therefore,
B D cons(T) is true. By the deduction rule, we deduce =A D cons(T).

Therefore, the proposition (=A D cons(T')) A (mA D —cons(T')) is deduced. Applying the tautology
(mADC)AN (A D -=C) D A (see [16], I, §7), we deduce the proposition A. O

Corollary. If the ZF + AU(1) theory is consistent, then Aziom AU is not deducible in ZF + AU(1).

Remark. In fact, in the ZF+AU(1) theory, we have proved the nondeductibility of the second universal
set Uy, i.e., a set such that Uy € Uy and U; = N{U|U x AUy € U}.

Analogous assertions hold for inaccessible cardinals with the replacement of AU(1), AU(w), and AU
by AI(1), AI(w), and AI, respectively.

Assertion 2. (1) Ifthe ZF+AU (w) is consistent, then the ZF+AU (w)+—AU theory is also consistent.
(2) If the ZF + AU (w) theory is consistent, then Aziom AU is nondeducible in ZF + AU (w).

Proof. (1) Let D be a set whose existence follows from Axiom AU (w). Consider the classes W = {W|W <
AD eW}and D={X|VIW(Wx<AD e W =X € W)}.

The following two cases are possible. If the class W is nonempty, then it contains a minimal element
U*. Clearly, D = U*. If the class W is nonempty, thenD = V.

Consider the class of standard interpretation M = (D, I) of the T'= ZF + AU (w) + -~ AU theory in the
S =ZF + AU (w) set theory for which I is the same as in the proof of the previous assertion. According
to this proof, M is a class model of the ZF theory in the S theory.

Let us verify that Axiom AU (w) of the T' theory holds in M. This axiom has the form

AUw)=3XVUU e X =2UpAX ZDAVV(V e X = AWW € X AV € W))).

We first consider the first case. Exactly in the same way as was done in proving the previous assertion,
it is proved that

AUl & 3IX ceU*WVU e U*U e X == x(UNDAX DAYV e U(VeX =IWecU*(We XAV e
w))).

Consider the set D # (). If U € D, then U is a universal set, and, therefore, the formula x(U) holds
for it. Let V € D. It follows from AU (w) that there exists W € D such that V' € W. By the transitivity
of U*, W € D € U* implies W € U*. This means that the formula AU (w)! is deduced from AU (w).

In the second case, the formula AU(w) obviously translates into the formula AU(w) once again, and,
therefore, Axiom AU (w) holds in M.

It remains to verify the fulfillment of the formula —AU.

Consider the formula

=AU =VXIV(VixAX € V).
We first consider the first case. Then
e VX e UV e U (x(V)ANX €V).

Assume that the condition ¢! is fixed. Since D € U*, according to this condition, for D, there exists a
set W € U* such that x(W) and D € W. In the same way as was done in proving the previous assertion,
we deduce from W € U* and x (W) that W is universal. Moreover, D € W. Hence W € W. This implies
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U* C W. Taking into account Proposition 1 (Sec. 3.2), we conclude that W ¢ U*. On the other hand,
we have deduced from ! that W € U*.

As in the proof of the previous assertion, we conclude from this that the formula W # () = —¢? is
deduced in the S theory.

In the second case, the formula ¢ obviously transforms into the formula ¢ once again, i.e., o' = o.

Assume that the condition ¢! = ¢ is fixed. According to this condition, for the set D, there exists
a universal set W such that D € W. This implies W € W, and, therefore, W # (). By the deduction
theorem in S, we deduce the formula ¢! = W # (). In the same way as in proving Assertion 1, we deduce
from this the formula W = () = —¢.

Further, as in the proof of Assertion 1, from the deduced formulas ¢ = —¢! and =& = ¢!, we deduce
the formula =", which is equal to the formula M F (—¢)[s]. Therefore, M is a model of 7" in S.

(2) The proof is the same as the proof of item (2) of Assertion 1. O

Therefore, Axiom AU is in fact stronger than Axiom AU (w), and Axiom AU (w) is strictly stronger
than Axiom AU (1). An analogous relation holds for Axioms AI, AI(w), and AI(1) equivalent to them.

Note that Axiom AI(1) is not deducible in the ZF theory. Moreover, by the methods formalized in the
ZF theory, it is not possible to show that Axiom AI(1) is consistent with the ZF theory (see [14], 12, The-
orem 12.12). Analogous assertions hold for Axioms AI(w) and AI and the universality axioms equivalent
to them.

5. Description of the Class of all Supertransitive Standard Models
of the NBG Theory in the ZF Theory

5.1. Supertransitive standard models of the ZF theory having the strong subtitution prop-
erty. Let U be a certain set in the ZF theory. On U, let us consider the binary equality relation
E={2ecUxU|3z,y € U(z = (x,y) Nz = y)} and the membership relation B = {z € U « U|3z,y €
U(z = (z,y) ANz € y)}. The interpretation M = (U, I) of the ZF or NBG theory in which to predicate
symbols = and € the correspondence I puts in correspondence the binary relations £ and B on the set
U is said to be standard.

According to ([3], II, § 7), a set U is said to be a standard model for the ZF [NBG]| theory if the
standard interpretation M = (U, I) is a model of the ZF theory [resp. NBG theory].

Recall that for the formula ¢(z,v,...), by ¢Y(z,y,...) we usually denote the relativization of the
formula ¢ to the set U, i.e., the formula obtained by the replacement of all quantor prefixes V¢ and 3t by
the quantor prefixes Vi € U and 3t € U in ¢, respectively.

Proposition 1. In the ZF theory, the following assertions are equivalent for a set U:

(1) U is a hypermodel for the ZF theory;
(2) U is a supertransitive standard model for the ZF theory and U has the strong subtitution property

VaVf(x e UNfeU" =rngfelU).

Proof. (1) - (2). Consider an arbitrary sequence s = g, ..., Zq,... of elements of the set U and trans-
formations of certain axioms and axiom schemes of the ZF theory under the standard interpretation of
M = (U, I) on the sequence s (see [19], Chap. 2, § 2).

Instead of O/[s] and M F ¢[s], we will write ¢ and ¢! for the terms § and the formulas ¢, respectively.

To simplify the further presentation, we first consider the translations of certain simple formulas. Let
u and v be certain sets.

The formula u € v translates into the formula (u € v)! = ({(u!,v') € B). Denote the latter formula by
7. By definition, this formula is equivalent to the formula (3x3y(x € UAy € UA (ut,v!) = (z,y) Az € y)).
Using the property of an ordered pair, we conclude that u* = x and v* = y. Hence the formula 6§ = (u' € v')
is deduced from . By the deduction theorem, v = §. Conversely, consider the formula §. In the ZF
theory, it is proved that for sets u! and v!, there exists a set z such that z = (u!,v'). By the logical
axiom scheme, LAS3 from ([16], III, § 1), from the formula §, we deduce the formula (z = (uf,v") = u' €

5858



UAvt € UNz = (ul,vt) Aul € vt). Since the formula z = (u!, v') is deduced from the axioms, the formula
(ut e UNvt € UNz= (ul,v) Aul € v?) ia also deduced from the axioms. By LAS13, we deduce the
formula 3x3y(x € UNy € UNz = (x,y) Ax € y), which is equivalent to the formula z € B and, therefore,
to the formula 4. By the deduction theorem, § = «. Therefore, the first equivalence (u € v)! < uf € v!
holds.

The formula v C w translates into the formula (v C w)’. Denote the latter formula by €. By the first
equivalence proved above, it is equivalent to the formula ¢/ = Vu € U(u € v* = u € w'). According to
LASI11, from the formula &', we deduce the formula ¢’ = (x € U = (z € v' = z € ). If x € o,
then v* € U and the transitivity of the set U imply x € U. Then it follows from the formula ¢” that
r € v' = x € w'. Hence, by the deduction theorem, we deduce the formula (¢ = (z € v' = 2 € w')). By
the generalization rule, we deduce the formula Vz(e = (x € v' = z € w')). By LAS12, we deduce the
formula (¢ = Vz(z € v = z € w')), i.e., the formula (¢ = v' C w?).

Conversely, let the formula v* C w' be given. Using the logical axioms, we sequentially deduce from it
the formulas (u € v! = v € w') and (u € U = (u € v' = u € w')). By the generalization rule, we deduce
the formula . Hence, by the deduction theorem, we deduce the formula (v! C w! = ). Therefore, the
second equivalence (v C w)! < v! C w! holds.

Exactly in the same way as in deducing the first equivalence, we deduce the third equivalence (u = v)! <
ul = ot

In what follows, we will write not literal transformations of axioms but their equivalent variants obtained
by using the mentioned equivalencies.

The volume axiom A1 translates into the formula Al! < A1V =VX e UYY e UVu e U(u € X <
ueY)=X=Y).

The axiom of pair A2 translates into the formula A2 & A2V =Vu e UVv e Uz € UVz e U(z €z &
z=uVz=uv).

The union axiom A4 translates into the formula A4’ < A4V =VX cUFY c UVu e U(ue X & Iz €
UluezAzeX)).

The axiom of the set of subsets A5 translates into the formula A5' < A5Y = VX € U3Y € UVu €
UuCcXewueY).

The axiom substitution scheme AS6 translates into the formula scheme AS6' < Vo € Uvy € UVy' €
Ul (z,y) No™(2,y) = y=9)=VX eUY eUVz e U(zx € X = Vy € U(¢?(z,y) = y €Y)), where
" and ¢ denote the formulas M F [s"| and M E ¢[s?] in which s™ and s” denote the corresponding
changes of the sequence s in translating the quantor subformulas indicated above. Denote by a = (3 the
latter formula scheme.

The empty set axiom A7 translates into the formula AT' < ATV =3z € UVz € U(z ¢ z).

The infinity axiom A8 translates into the formula A8' < A8 =3Y c UM c Y AVy e U(y €Y =
(yU{y})™ € Y)), where the set (* is defined from the formula A7Y, the set Z; = Z1(y) = (y U {y})”
is defined from the formula 37, € UVu € U(u € Z1 <& 3z € U(u € z Az € {y,{y}}?)), the set
Zy = Zr(y) = {y,{y}}? is defined from the formula 375 € UVu € U(u € Z2 < u =y Vu = {y}’), and
the set Z3 = Z3(y) = {y}” is defined from the formula 373 € UVu € U(u € Z3 < u = y).

Since M is a model of the ZF theory, all the transformations written above are deducible formulas in
the ZF theory.

Therefore, the formula A7Y asserts the existence of a certain « € U denoted by 0. If z € U, then A7V
implies z ¢ z. Now let z ¢ U; assume that z € . Then by the transitivity of the set U, we obtain z € U,
which contradicts the condition. Hence, z ¢ x. Therefore, z ¢ = is deduced. By the generalization rule,
we deduce the formula Vz(z ¢ x) meaning that @ = (). Therefore, ) = () and ) € U.

Now let us verify that if y € U, then Z3 = {y}. Let u € Z3. Since Z3 € U and U is transitive, it follows
that u € U. If u € U, then the formula for Z3 presented above implies © = y. Hence u € {y}. Therefore,
Zs C {y}. Conversely, let u € {y}. Then u = y. Since y € U, it follows that u € U. Therefore, by the
same formula, u € Z3. Therefore, {y} C Z3, which implies the required equality. This equality leads to
the disappearance of the index p in the formula for Zs.
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Using this equality, let us prove that Zy = {y,{y}}. Let u € Zy. Then, as above, u € U. Therefore,
the formula for Z, presented above implies u =y or u{y}. Therefore, u € {y,{y}}. Thus, Zo C {y,{y}}.
Conversely, let u € {y,{y}}. Then v =y € U or u = {y} = Z3 € U. Therefore, u € U in both cases.
Therefore, u € Z3 by the same formula . Therefore, {y,{y}} C Za, which implies the required equality.
This equality leads to the disappearance of the index ¢ in the formula for Z;.

Finally, let us verify that if y € U, then Z; = y U {y}. Let u € Z;. Since Z; € U and U is transitive,
it follows that u € U. Therefore, the formula for Z; implies that there exists z € U such that u € z
and z € {y,{y}}. Therefore, u € U{y,{y}} = Z, i.e., Z1 C Z. Conversely, let u € Z. Then there exists
z € {y,{y}} such that u € z. From z =y € U or z = {y} = Z3 € U, we conclude that z € U. Therefore,
the mentioned formula implies © € Z;. Therefore, Z C Z;, which implies the required equality. This
equality leads to the disappearance of the index 7 in the formula A8".

All that was said above implies A8 = 3Y e Ul € YAVy e Uly € Y = yU{y} € Y)). If
y € Y, then Y € U and the transitivity of U imply y € U. Then y U {y} € Y is deduced from
this formula. By the deduction theorem, we deduce the formula y € ¥ = y U {y} € Y, and by the
generalization rule, we deduce the formula Yy € Y(y U {y} € Y). Therefore, from A8’ we deduce the
formula 3Y e U € Y AVy € Y(y U {y} € Y)) almost coinciding with the infinity axiom, which asserts
that there exists an inductive set Y € U.

Using the obtained transformations, let us prove that the set U is universal.

Consider the formula A2Y. According to this formula, for any u,v € U, there exists the corresponding
set x € U. If z € z, then the transitivity of U implies z € U. Therefore, from this formula, we deduce the
formula z = uV z =wv. If z=uV z = v, then z € U, and, therefore, from A2V, we deduce the formula
z € z. Since A2Y is deducible in ZF, by the deduction theorem and the generalization rule, we deduce
the formula Vz(z € v < 2z = w V 2z = v), which means that x = {u,v}. Therefore, {u,v} € U. By the
deduction theorem, we deduce the formula u,v € U = {u,v} € U. This implies {u} € U and (u,v) € U.

Consider the formula A4Y. According to this formula, for any X € U, there exists the corresponding
set Y € U. As above, the transitivity of U implies Y = UX. Therefore, UX € U, and by the deduction
theorem, we deduce the formula X € U = UX € U. It follows from this that X,Y € U implies
XUY =U{X,Y}eU.

Consider the formula A5Y. According to this formula, for any X € U, there exists the corresponding
set Y € U. Clearly, Y C P(X). Let y € P(X). Then by the quasi-transitivity of U, y C X € U implies
y € U. Hence, Y = P(X). Therefore, P(X) € U, and by the deduction theorem, we deduce the formula
XeU=PX)eU.

If X,Y € U, then by the quasi-transitivity property, X * Y C P(P(X UY)) € U implies X xY € U.

Consider an inductive set Y € U whose existence was proved above. Since w is minimal among all
inductive sets, it follows that w C Y. By the quasi-transitivity property, this implies w € U.

Property (4) from the definition of a universal set holds automatically.

Therefore, we have proved that (1) - (2).

(2) F (1). Let U be a universal set. According to Sec. 3.1, it is supertransitive. Consider the standard
interpretation M = (U, I) of the ZF theory. In the above, we have carried out the transformation of
certain axioms and axiom schemes of the ZF theory under the interpretation M on the sequence s. Let
us prove that they are deducible in ZF.

Consider the formula A1Y. Let X,Y € U, and let x =Vu € U(u € X < u € Y). Take an arbitrary
set u. If w € X, then the transitivity of U implies v € U, and then u € Y is deduced. Analogously, from
u € X, we deduce u € Y. Therefore, by the deduction theorem, we deduce the formulau € X < u €Y,
and by the generalization rule, we deduce the formula Vu(u € X < u € Y). According to the volume
axiom, the equality X =Y is deduced from this. By the deduction theorem in ZF, we deduce the formula
X = X =Y. Further, by logical tools, we deduce A1t

Consider the formula A2V. Let u,v € U. By the property of a universal set, we have {u,v} € U. By
the axiom of pair, it follows that Vz € U(z € {u,v} & 2z = uV z = v). Therefore, by LAS13, we deduce
the formula 3r € UVz € U(z € x & 2z = uV 2z = v). Further, by logical tools, we deduce the formula A2".
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The axiom separation scheme AS3 transforms into the formula scheme AS3! < VX € U3Y € UVu €
UueY ©ue XANpT(u)), where Y is not a free variable of the formula ¢(u), and ¢” denotes the formula
M E ¢[s7] in which s™ denotes the corresponding change of the sequence s under the transformation of
the mentioned quantor overformulas VX(...), 3Y(...) and Vu(...). According to AS3, for X € U, there
exists Y such that Vu e U(u € Y & u € X A7 (u)). Since Y C X € U, it follows by Lemma 1 (Sec.3.1)
that Y € U. Therefore, AS3! is deduced in ZF.

Similar to the deducibility of A2?, we verify the deducibility of A4’ and A5'.

Let us verify the deducibility of AS6?. Let the formula o hold. Consider any set X € U. According to
the axiom separation scheme, there exists the set F' = {z € U|Jz,y € U(z = (z,y) A ¢ (x,y))}. Clearly,
F C UxU. The transitivity of U implies X C U. Therefore, there exists aset Z = F[X]| C U. Consider the
set G={ze€UlFz,ycU(z=(x,y) N (z,y) Ne € X)} =F|I X CXxZ. Lete € X CU. If v ¢ dom G,
then G(z) =0 € U. Let z € domG, i.e., Glx) # 0. If y,y/ € G(x) C U, then ¢7(x,y) A ¢ (x,y’) holds,
or, more precisely, 7 (z,y, X, Y) A7 (z,y’, X,Y), since X and Y can be free variables of the formula 7.
Since ¢" (z,y) = ¢ (x,y, X || Xar[s], Y||Yar[s]) and similarly for 3/, by LAS11, ¢"(x,y) A ¢" (z,y’) holds.
Therefore, the formula « implies y = y'. Therefore, G(z) = {y} € U. Thus, G{(x) € U for any = € X. By
Lemma 3 (Sec.3.1), Yo =rngG = U(G<x>|x € Xj el.

Ifze X CU,yeU,and ¢?(z,y), then (z,y) € G implies y € Yy. This means that the formula f is
deduced from the formula «. By the deduction scheme, the formula o = (§ and, therefore, the scheme
AS6' are deduced.

According to Lemma 2 (Sec.3.1), § € U. From this and A7, we deduce A7".

Consider the formula A8” and the set w € U. It follows from the previous paragraph that (! =0 € w.
Let y € U and y € w. Then, as above, we verify that Z3 = {y}, Z> = {y,{y}}, and Z; = yU{y} € w. By
the deduction theorem, we deduce the formula (y € w = Z; € w). Further, by logical tools, we deduce
the formula (0* € wAVy € U(y € w = (yU{y})” € w)) and, therefore, the formula A8’

The regularity axiom A9 translates into the formula A9' ©A9™ =VX e UX #0' = Jz € U(z €
X A(zNX)T = (), where the set () is defined from the formula A7Y and, as was proved above, coincides
with the empty set () and the set Z = (x N X)7 is determined from the formula 37 € UVu € U(u € Z <
vezrzAueX).

Let us verify that if X € U and x € U, then Z =2 N X. Let u € Z. Since Z € U and U is transitive,
it follows that v € U. Therefore, the formula for Z implies u € x Au € X, i.e., u € x N X. Therefore,
Z C xN X. Conversely, let u € N X, ie.,, u € x Au € X. By the transitivity, u € U. Therefore, the
mentioned formula implies u € Z. Thus, x N X C Z, which proves the required equality. This equality
leads to the disappearance of the index 7 in the formula A97.

Let X € U, and let X # (! = (). By the regularity axiom, there exists x € X such that x N X = (. By
the transitivity, € U. By logical tools, we deduce A9? from this.

Finally, the axiom of choice A10 transforms into the formula

A10' & A10" =VX c UX #0' = Iz € U((z = P(X)\ {0} — X)" AVY € U(Y € (P(X)\ {0})°

=VeeUe XANY,2)° cz=x2€Y))))),

where the set Z; = Z1(X) = (P(X) \ {0})? is defined from the formula 37, € UVu € U(u € Z; &
u € P(X)P ANu ¢ {0}P); the set Zy = (Y, z)? is defined from the formula 375 € UVu € U(u € Zy <
(u=A{Y}?Vu={Y,x}?)); the set Z3 = {Y,z}7 is defined from the formula 373 € UVu € U(u € Z3 <
(u=Y Vu=ux)); the set Zy = {Y}? is defined from the formula 37, € UVu € U(u € Zy < u = y);
0" = (z = P(X)\ {0} — X)7 denotes the formula M E ¢[s], in wich s” denotes the corresponding
change of the sequence s in transforming the quantor overformulas VX (...) 3z(...) mentioned above.
Fix the conditions X € U and X # (! = () € U. In the above, we have proved that this implies
P(X)P =P(X) and {0}* = {0}. This leads to the disappearance of the index p in the formula for Z.
Let us verify that Z; = P(X) \ {0} = Z. Let u € Z;. Since Z; € U and U is transitive, it follows
that u € U. Therefore, the formula for Z; implies u € Z. Therefore, Z; C Z. Conversely, let u € Z.
Since P(X) € U, it follows that P(X) C U by transitivity. This implies u € U. Therefore, the mentioned
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formula implies v € Z;. Therefore, Z C Z;, which proves the required equality. This leads to the
replacement of Z; by Z in the formula A107.

Consider the formula ¢ = (z = Z — X). It is the conjunction of the following three formulas:
p1=(2CZ%xX),p2=(domz=2),and p3 = Vz(z € Z = Vyly € X = V(Y € X = ((x,y) €
2N (z,y) € 2=y =1Y))))).

Therefore, 7 = ] A @] A 5. Since o1 = Vu(u € z = Jody(z € Z ANy € X ANu = (x,y)))),
it follows that o] & Vu e U(lu € z = 3Jx e Uy e U(x € Z ANy € X ANu = (z,y)?))). Analogously,
py = (Va(z € Z = Fy(ly € XN\ (z,y) € z))) implies ] & (Vx e U(x € Z = Ty e U(y € XN (z,y)? € 2))).

Finally, ] & Ve eU(z e Z=VyecU(ye X =V ecUW e X = ((z,y)° € 2N (x,y) € z=>y =
)

By the transitivity property, for z,y, and 3’ in the formulas ], 3, and ¢}, we have z,y,y € U.
Therefore, by what was proved above, the following equalities hold in these formulas: (x,y)? = (z,v),
and (z,y')? = (z,y’). This implies that the formulas ¢, ¢7, and ¢} differ from the formulas ¢1, 2, and
3, respectively, by only the bounded quantor prefices V--- € U and 3--- € U.

For X, by the axiom of choice A10, there exists z such that y = (z = Z - X)AVY (Y € Z = Vz(z €
XANY,zyez=z€Y)).

Therefore, the formula ¢ = @1 Aws A3 is deduced, and hence the formulas 1, @2, and @3 are deduced.

Let u € U and u € z. Then we deduce from the formula ¢; that there exist x € Z and y € X such that
u = (x,y). Since x € Z € U and y € X € U, by the transitivity property, x,y € U. This means that for
given conditions u € U and u € z, the formula 3z €e Uy e U(x € Z ANy € X ANu = (x,y)?) is deduced.
Applying the deduction theorem two times and the deduction rule, we deduce the formula 7.

Let x € U and x € Z. Then we deduce from the formula @9 that for z, there exists y € X such that
(x,y) € z. It follows from y € X € U that y € U. This means that for given conditions x € U and z € Z,
the formula Jy € U(y € X A (z,y)? € 2) is deduced. As in the previous paragraph, we deduce from this
the formula ¢3.

LetxeU,xeZ,ycU,ye X,y €U,y € X, (z,y) € z, and (z,y') € z. Then y = ¢/ is deduced
from the formula 3. Applying alternately the deduction theorem several times and the deduction rules,
we deduce the formula 7.

Thus, the formula ¢7 is deduced.

Let us veryfy that Z4 = {Y'} under the conditions X € U, Y € U, and Y € Z. Let u € {Y'}, i.e., let
u =Y € U. Then the formula for Z, implies v € Z4. Conversely, if u € Z, € U, then u € U, and hence,
u=7Y € {Y}. This yields the required equality.

Let us veryfy that Zs = {Y, 2} under the conditions X e U,z € X, Y € U,and Y € Z. Let u € {Y,z}.
Then u =Y € U oru =2 € X € U implies u € U, and, therefore, u € Z3. Conversely, if u € Z3 € U,
then u € U and the formula for Z3 imply w = Y Vu = z, i.e., u € {Y,z}. This yields the required equality.

Finally, let us verify that Zo = (Y,z) under the above conditions. Let u € (Y,z), i.e., u = {Y}
or u = {Y,z}. The above equalities lead to the disappearance of the index ¢ in the formula for Zs.
Since Y € U and x € X € U, it follows that € U and the universality of U imply v = {Y'} € U or
u={Y,z} €eU.

Therefore, u € U implies u € Z3. Conversely, if u € Z3 € U, then v € U and the formula for Zs imply
u=A{Y}oru=/{Y,z}, i.e. w= (Y, z). This yields the required equality.

Since Z =€ U and X € U, it follows that Z+ X € U. By Lemma 1 (Sec. 3.1), z C Z* X implies z € U.

All this means that from Axiom A 10, we deduce the existence of an object z € U satisfying the formula
X from which the formula £ = (" AVY e U(Y € Z_Ve € U(x € X AN (Y,z) € z = x € Y)) is deduced.
Thus from the fixed conditions, we deduce the formula 3z € U£. Applying alternately the deduction
theorem and the generalization rule several times, as a result, we deduce the formula A10?.

Therefore, M is a model of the ZF theory. O

Corollary. Any inaccessible cumulative set V,, is a standard model for the ZF theory.

Proof. The assertion follows from the proved Proposition 1 and Theorem 2 (Sec. 3.2). O
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This proposition implies that for supertransitive standard model sets, analogs of all the assertions
presented in Sec. 3 for universal sets hold.

The corollary of Proposition 1 is well known (see, e.g., ([13], 13, Theorem 21)). Using Theorems 1 and
2 (Sec. 3.2) and Proposition 1, we prove the following converse theorem.

Theorem 1. In the ZF theory, the following assertions are equivalent for a set U:

(1) U =V, for the inaccessible cardinal number » = |U| = sup(OnNU);
(2) U is a supertransitive standard model for the ZF theory and has the strong substitution property.

Proof. (1) F (2). By Theorem 2 (Sec. 3.2), the set U = V. is universal. By Proposition 1, the set U is a
hypermodel.

(2) F (1). By Proposition 1, U is universal. By Theorem 1 (Sec. 3.2), U = V,, and 3 = sup(On N U).
By Corollary 1 of Theorem 1 (Sec. 3.2), » = |U]. O

Unfortunately, this theorem does not yield the description of all natural models and all supertransitive
standard models of the ZF theory. This description will be given in Sec. 7.3.

Theorem 1 is equivalent to the Zermelo—Shepherdson theorem (see [28] and [23]) on the canonical forms
of supertransitive standard model sets for the NBG theory in the ZF set theory (see Sec. 5.2 below).

5.2. Supertransitive standard models of the NBG theory in the ZF theory. The NBG theory
is a first-order theory (without equalities) with a single binary predicate symbol of belonging € (write
A e B).

The objects of the NBG theory are called classes.

A class A is called a set if 3X(A € X). We will denote this formula by S(A).

The formula Vz(z € A = = € B) is denoted by A C B. Two classes A and B are said to be equal
(denoted by A= B)if AC BAB C A.

Let us present a list of proper axioms and axiom schemes of the NBG theory.

A1l (volume aziom).

ViVz((y = 2) = VX (y € X & z € X)).

A formula ¢ is said to be a predicate (see [3], Chap. 4, § 1) if for any variables z, all strings of symbols
Vz and Jz entering the formula ¢ are located at positions of the following form: Vx(S(z) = ...) and
Jz(S(z)A...).

AS2 (aziom scheme of complete envelopment). Let ¢(z) be a predicate formula such that the substi-
tution ¢ (z||y) is admissible and ¢ does not freely contain the variable Y. Then

IYVy(y €Y & (S(y) A v(y)))-

This axiom scheme postulates the existence of classes, which are denoted by {z|¢(x)}.
The universal class is the class of all sets V = {z|z = x}. The empty class is the class ) = {z|z # z}.
A3 (aziom of set of subclasses (= of a complete ensemble)).

VX(S(X) = IV (S(Y)AVZ(Z C X & Z€Y))).

For each class A, the class P(A) = {x|z C A} is called the class of subsets of the class A.
Axiom A3 is equivalent to the conjunction of the following two axioms:
A3’ (axiom of subset).
VXVY(S(X)ANY Cc X = S(Y)).
A3" (axiom of set of subsets).
VX(S(X) = S(P(X))).
For two classes A and B, the class AU B = {z|r € AV x € B} is called the union of the classes A
and B; the class AN B = {x|x € ANz € B} is called the intersection of the classes A and B.
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A4 (aziom of binary union).

VXVY (S(X)ANS(Y)= S(XUY)).

For a class A, consider the individual class {A} = {x|x = A}. For two classes A and B consider an
unodered pair {A, B} = {A}U{B}, a coordinate pair (A, By = {{A},{A, B}}, and the coordinate product
AxB={z|qy3z(ye ANze BNz = (y,2))}.

As was done in Sec. 1.1 in the ZF theory, in the NBG theory we define a correspondence C' with domain
dom C and range rng C, a mapping (= function) F, a correspondence C : A < B with the set of values
C(a) at a point a € A, a function F: A — B with value F(a) at a point a € A, etc.

A5 (aziom of general union).

VXVYVZ(S(X)N(Z C X *«Y)AVz(x € X = S(Z(z))) = S(rng Z)).

For each class A, the class UA = {x|Jy € A(z € y)} is called the union of the class A.

Axiom A5 is the conjunction of the following two axioms:

A5’ (aziom of union).

VX (S(X)= S(UX)).

A5" (axiom of replacement (= substitution)).

VXVYVZ(S(X)N(Z=X —-Y)= S(rngZ)).

A6 (regularity axiom).

VX(X £0=Fe(xe X AanX =10)).

AT (axiom of infinity).

AX(S(X)ADe X AVx(zr € X = zU{z} € X)).

A8 (azxiom of choice).

VX(S(X)ANX #D=TF2((z=PX)\ {0} - X)AVY (Y e P(X)\ {0} = 2(Y) € Y))).
Theorem 1. For a set P the following assertions are equivalent in the ZF theory:

(1) P is a supertransitive standard model for the NBG theory;
(2) P="P(U) for a certain universal set U.

Proof. 1) F 2). Consider an arbitrary sequence s = o, ..., Zq, ... of elements of the set P and translations
of axioms and axioms schemes of the NBG theory into sequences s under the standard interpretation
M= (P,I).

Instead of 0y;[s] and M E ¢[s], we will write 8" and ¢' for terms 6 and formulas ¢, respectively.

To simplify the further presentation, we first consider translations of certain simple formulas. Let u
and v be certain classes.

Exactly in the same way as in proving Proposition 1 from the previous subsection, we verify that the
equivalences (u €Enxpg v)! & u' €zp v! and (u Cypg v)! & u' Czp v hold. This implies that the
equivalence (u =ypg v)! & (u' Czp o) A (VP Czp ul) holds.

The formula X C Y AY C X of the ZF theory, equivalent to the formula Va(a € X < a € Y), will be
temporary denoted by X =Y.

Let u! = vf. By the volume axiom A1l we deduce the formula u! =zp v' in the ZF theory. By
the deduction axiom, we deduce the formula uf = o' = u' =;p v’ in the ZF theory. Conversely, let
ut =z vt. Take a € u'. By the axiom of replacement of equals, we deduce the formula a € v' from the
latter equality. Therefore, by the deduction axiom, we deduce the formula a € u* = a € v in ZF, and by
the generalization rule, we deduce the formula u! C v*. Similarly we deduce the formula v* C U*. Hence
the formula u! = v* is deduced. By the deduction axiom we deduce the formula v! =z v! = u! = vt in ZF.

t

Thus, the equivalence u! = v* < ut =z p vt holds. Therefore, the equivalence (u=nBg v)! & (u! =zF V')

holds.
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In what follows, we do not write literal translations of axioms and axiom schemes but their equivalent
variants, which are obtained by using the mentioned equivalences.

The volume axiom A1l translations into the formula A1? & A1 = vy € PVz € Ply=z=VX €
Plye X & z€ X)).

The axiom scheme of complete envelopment AS2 translates into formula scheme AS2! < 3Y € Pvy €
PlyeY & 3X € P(y € X) A ¢"(y)), where Y is not a free variable of the formula ¢(y) and by ¢” we
denote the formula M E ¢[s7] in which s™ stands for the corresponding change of the sequence s under
the transfer of the quantor overformulas 3Y(...), Vy(...) and 3X(...) mentioned above .

The axiom of subset A3’ translates into the formula A3 < A3'" = VX € PvY ¢ P(3E € P(X € E)A
YCX=3JFePY €F)).

The axiom of sets of subsets A3” translates into the formula A3"" & A3"" = VX € P(3E €
P(Xe€eF) = 3F € P(P(X)" € F)), where the set Z = P(X)” is determined from the formula
dZ e PVze P(zeZ < (3G € P(z€ G) Nz C X)).

The axiom of binary union A4 translates into the formula A4' < A4™ =VX € PVY € P(3E € P(X ¢
EYNTFF € P(Y € F) = 3G € P((XUY)" € G)), where the set Z = (X UY)" is determined from the
formula 3Z € PVz € P(z € Z < (FH € P(ze H)AN(z € X Vz €Y))).

The axiom of general union A5 translates into the formula A5! < AB™ = VX € PVYY € PVZ €
PEEe P(X e EYN(Z C(X*xY))AVz e Plx e X = 3JF € P(Z{(x)? € F)) = 3G € P((rng Z)" € G)),
where:

— the class Z1 = (X *Y)" is determined from the formula 37, € PVz € P(z € Z; & (3H €
Plze HHNJx e PAye P(x e X Ny €Y ANz = (x,y)%)));

— the class Zy = Zs(x) = Z ()7 is determined from the formula 375 € PVYy € P(y € Zy < (3K €
Plye K)ANy €Y Nz, y)" € Z));

— the class Z3 = (rngZ)" is determined from the formula 373 € PVy € Py € Z3 < (3L €
Plye L) NyeY ANz € P(x € X N (x,y)" € 2));

— the class Z4 = (z,y)" is determined from the formula 374 € PVz € P(z € Zy < 3IM € P(z € M) A
(2 = {o}*V 2 = {2,y}"))

— the class Z5 = {z,y}* is determined from the formula 375 € PVz € P(z € Z5 < dN € P(z € N) A
(2 =2V 2 =y));

— the class Zg = {a}* is determined from the formula 3Zs € PVz € P(z € Zsg < 3Q € P(z € Q) A
z=1x).

The regularity axiom A6 translates into the formula A6’ < A6™ =VX € P(X # 0! = 3z € P(z €
X A(znX) =0")), where:

— the class Z; = () is determined from the formula 37, € PVz € P(z € Z; & (3E € P(z € E) A
2 #2));

— the class Zy = (z N X)7 is determined from the formula 37, € PVz € P(z € Zy & (IF €
P(ze F)ANzexAze X)).

The infinity axiom A7 translates into the formula A7' < A7" = 3X € P(AE € P(X € E) A €
XAV e Plxre X = (zU{z})" € X)), where:

— the class Z; = (! is determined from the formula presented above;

— the class Zy = Zs(z) = (x U{z})" is determined from the formula 375 € PVz € P(z € Zy < (IF €
Pze F)AN(zexVze{x}?));

— the class Z3 = Z3(z) = {2} is determined from the formula 373 € PVz € P(z € Z3 & (3G €
P(ze G)Nz=ux)).

Since M is a model of the NBG theory, all the translations written above are deducible formulas in the
ZF theory ZF.

Using the obtained transfers, we prove that P = P(U) for a certain set U.

In the NBG theory, let us consider the formula ¢(z) = (x = z). Then AS2 defines an implicit axiom
of the NBG theory of the form IYVy(y € Y & 3X(y € X) Ay = y). According to the translations made
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above, this implicit axiom translates into the formula equivalent to the formula ® = 3Y € PVy € P(y €
Y & 3X € P(y € X) ANy =y). Since this formula is deducible in ZF, it defines a certain element U € P
in ZF.

Consider an arbitrary element X € P. Let y € X. Then the transitivity of P implies y € P. Hence for
y, the formula 3X € P(y € X Ay = y) is deduced. By the formula ®, we have y € U. Therefore, X C U,
i.e., X € P(U). Thus, we have deduced the embedding P C P(U).

Conversely, if and X € P(U), then the quasi-transitivity of P implies X € P. Therefore, P = P(U).

Let us prove that the set U is universal.

Let y € x € U € P. The transitivity of P implies z € P = P(U). Hence y € x C U implies y € U.
Therefore, the set U is transitive.

Let yCxeUe€P. Thenz € P=P(U), and y C z C U implies y € P. By A3’P, we conclude that
y € F for a certain F' € P. Therefore, y € F C U implies y € U. Therefore, the set U is quasitransitive.

Let us verify that in A3"", the following equality holds for X € E € P: P(X)™ = P(X), where P(X) is
defined in Sec. 1.1. Let z € P(X). Then by the quasi-transitivity of P, 2 C X € P implies z € P. Further
z2C X e€FEe€P=PU)implies 2 C X € E C U. By the quasi-transitivity of U, z C X € U implies
z € U € P. Therefore, the formula defined by the set Z = P(X)”, which was presented above, implies
z € P(X)". Therefore, P(X) C P(X)". The mentioned formula also implies the inverse embedding.

Let X,Y € U € P. Then by A3"", X,Y € P implies P(X) = P(X)™ € F for a certain F' € P.
Therefore, P(X) € F C U implies P(X) € U.

Let us verify that in A4", the equality (X UY)" = X UY holds for X e E€ PandY € F € P. Let
z€ XUY. Then z € X or z € Y. The transitivity of P implies X € P and Y € P, which, in turn,
implies z € P. Moreover, by the transitivity of U, z€e X e ECUorzeY € FFC U implies z € U € P.
Therefore, the formula presented above, which defines the set Z = (X UY)", implies z € (X UY)".
Therefore, X UY C (X UY)". The mentioned formula implies the inverse embedding.

Let X,Y € U. Then by A4™, X|Y € P implies XUY = (X UY)” € G for a certain G € P. Therefore,
XUY eGCUimplies XUY €U.

Let X € U € P. By what was proved above, P(X) € U. Then by the quasi-transitivity of the set U,
{X} CP(X) €U implies {X} € U.

Let X,Y € U. Then by what was proved above, {X,Y} = {X} U{Y} € U. This implies (X,Y) € U.

If X,Y € U, then by the quasi-transitivity property of U, X «*Y C P(P(XUY)) € U implies X xY € U.

Before proving other universality properties, let us simplify the formula A5” obtained under the transfer
of the axiom of general union A5.

Let z € {z}. Then z = 2 € X € P implies z € P, and, therefore, z € Zg. Conversely, if z € Zg € P,
then z € P and the formula for Zs imply z = € {z}. Hence Zs = {z}.

Let z € {z,y}. Then z=2x € X € Por z =y € Y € P implies z € Z5. Conversely, if z € Z5, then
z =x or z =y implies z € {z,y}. Hence Z5 = {z,y}.

These equalities lead to the disappearance of the star in the formula for Z;. Let z € (x,y). Then
z={z}orz={x,y}. Sincex € X € P =P(U), it follows that = € U. Analogously, y € U. By what was
proved above, this implies {z} € U and {z,y} € U. Therefore, z € U € P implies z € Z;. Conversely,
if z € Zy € P, then z € P, and the formula for Z, implies z = {z} or z = {z,y}, i.e., z € (z,y). Hence
Zy = (z,y).

This equality leads to the disappearance of the star in the formulas for Z3, Z5, and 7.

Using this conclusion, we verify that Z; = X «Y. Let z € Z; € P. The transitivity of P implies
z € P. Therefore, the formula for Z; implies z = (z,y) for certain x € X and y € Y. Therefore,
z € X xY. Conversely, let 2z € X *Y. Then z = (z,y) for certain x € X € Pandy € Y € P. The
transitivity of P implies x,y € P. Since x € X C U and y € Y C U, by what was proved above, we have
z = {(x,y) € U € P and z € P. Therefore, the formula for Z; implies z € Z;. This proves the necessary
equality.

Hence Z C X %Y.
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Using this conclusion, let us verify that Z3 = rng Z. Let y € Zs € P. The transitivity of P implies
y € P. Therefore, the formula for definition of Zs implies y € rng Z. Conversely, let y € rngZ C Y € P.
Then there exists € X € P such that (z,y) € Z. The transitivity of P implies x,y € P. Therefore, the
formula for Z3 implies y € Z3. This proves the necessary equality.

Finally, let us verify that Zy = Z(x).

Let y € Zy € P. The transitivity of P implies y € P. Therefore, the formula for Z5 implies y € Y and
(x,y) € Z.Therefore, y € Z(x). Conversely, let y € Z(z) C Y € P. Then (x,y) € Z. The transitivity of
P implies y € P. Therefore, the formula for Z5 implies y € Z5. This proves the necessary equality.

All that was proved above imply that in the formula A57, the indices 7 and o disappear.

Using this conclusion, we prove that X € U implies UX € U. In ZF, let us consider the sets Y = UX
and Z ={z € X«xY|3r € Xy € y(z = (z,y) Ny € 2)}. If y € v € X € U, then the transitivity of U
implies y € U. Therefore, Y C U implies Y € P. Let z € Z, i.e., z = (z,y) for certain x € X and y € Y
such that y € x. Then y € x € U implies y € U. By what was proved above, z = (z,y) € U. Hence
Z CcU,ie., Z€P.

Let us verify that for any € P such that x € X, Z(x) =z holds. If y € Z(z), then (x,y) € Z implies
(x,y) = (a',y') for certain 2/ € X and y' € Y such that ¢/ € 2’. This implies y = ¢’ € 2/ = z. Conversely,
ifycxe X, theny €Y, and (z,y) € Z implies y € Z(x).

This implies Z(z) = x € U € P for any x € P such that z € X € U € P. Since the formula A5" is
also deducible in ZF, it implies Y = rng Z € G for a certain G € P. Therefore, Y € G C U.

Let us verify that X € U and f € UX imply rng f € U. If x € X € U and y € U, by what was proved
above, z € U implies (x,y) € U. Hence f C X * U C U implies f € P. Moreover, by what was proved
above, f(x) € U implies f(z) = {f(z)} € U € P for any = € X. Applying the formula A57, we conclude
that rng f € G for a certain G € P. Therefore, rng f € U.

Now let us simplify the formula A77. We verify that Z; = 0zp. Let z € P. Assume that z € Z;.
Then according to the formula for Z;, we obtain z # z. But, according to the equality axiom, z = z.
The obtained contradiction implies z ¢ Z;. Now let z ¢ P. Since Z; C P, it follows that z; ¢ Z;. Thus,
for any z, z ¢ Z; holds. According to the axiom of empty set A7 in the ZF theory, we conclude that
Z1=0zF.

In simplifying the formula A57, we have proved that the formula for Z3 = {x}? implies the equality
Zs = {z}.

Let x € X € P. By what was proved above, x € U implies {z} € U € P. The transitivity of P implies
{z} € P. In simplifying the formula A47, we have proved that the equality Zo = x U {z} is deduced from
these properties.

Thus, the formula A77 becomes 3X € P(3F € P(X € E)Alzp € XAV € P(z € X = zU{z} € X)).
Let x € X, where X € E € P. The transitivity of P implies z € P. Then the formula z U {z} € X is
deduced from the formula A77. By the deduction axiom, we deduce the formula (z € X = zU{z} € X),
and by the generalization rule, we deduce the formula Vo € X (zU{z} € X). Thus, from A7", we deduce
the formula 3X € P(3E € P(X € E)A(zr € X AVz € X(x U {z} € X)), which almost coincides with
the infinity axiom A8 in the ZF theory and which says that there exists an inductive set X € E € P.
Since w is the minimal set among all inductive sets, it follows that w C X € U. By the quasi-transitivity
of the set U, this implies w € U.

Therefore, we have proved that 1) - 2).

2)F1). Let P =P(U) for a certain universal set U. Consider the standard interpretation M = (P, I)
of the NBG theory. In the above, we carried out the translation of axioms and axiom schemes of the NBG
theory into sequences s under the interpretation M. Let us prove that they are deduced in NBG.

We verify that P is supertransitive. Let z € y € P. Then z € y C U implies x € U. Since U is
transitive, it follows that x C U and hence z € P. Therefore, P is transitive. Let x C y € P. Then
x Cy C U implies z € P. Therefore, P is quasi-transitive.

Let y,z € P,y = z, and let X € P. Consider the formula ¢(y) = (y € X). By the scheme of replacing
equals in ZF, from y = z, we deduce the formula ¢(z) = (z € X). By the deduction theorem, the formula
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y € X = z € X is deduced. In a similar way, the formula z € X = y € X is deduced. Thus, the
formula y € X < z € X and, therefore, the formula X € P = (y € X < 2z € X) are deduced. By the
generalization rule, the formula ¢ = VX € P(y € X < z € X) is deduced. By the deduction theorem,
the formula y = z = 1 is deduced. By logical means, from this, we deduce the formula A1’.

According to AS3 in ZF, for the formula ¢”(y) and the set U, there exists a set Y such that Vy(y €
YSyeUANY (y). Lety € Y. Theny € UNY" (y). Since U € P, it follows that 3X € P(y € X)A¢" (y).
By the deduction theorem, we deduce the formula y € Y = 3X € P(y € X) A ¢"(y). Conversely, let
dX € P(y € X) AN ¢"(y). Then y € X C U implies y € U. Therefore, y € U A ¢"(y) implies y € Y. By
the deduction theorem, we deduce the formula 3X € P(y € X) A ¢"(y) = y € Y. Thus, the formula
yeY & 3IX € Py e X) A" (y) is deduced. From this, we deduce the formula Vy € P(y € Y & 3X €
Py € X)AN¢™(y)). Since Y C U € P, the quasi-transitivity of P implies Y € P. Therefore, AS2' is
deduced in ZF.

Let X, Y ¢ P, X € F € P, and let Y C X. Then by the quasi-transitivity of U proved in Lemma 1
(Sec.3.1), Y € X € ECU implies Y € U € P. This means that A3 is deduced in ZF.

We have deduced early that for X € E € P, the equality P(X)” = P(X), where P(X) is defined
in Sec. 1.1, holds. By Axiom A5, in ZF, there exists P(X). Since U is universal, X € E C U implies
P(X) € U € P. This means that A3"" is deduced in ZF.

Let X,) Y e P, Xe Fe€ P,andlet Y € F € P. We have deduced early that under these conditions, the
equality (XUY)™ = X UY holds. But, by the universality of U, X € U and Y € U imply XUY € U € P.
This means that A4’ is deduced in ZF.

Let X,Y,Z € P, and let X € E € P. We have deduced early that under these conditions, the equality
(X *Y)" = X %Y holds, and if Z C X %Y, then the equalities Z(x)? = Z(z) (rng Z)"™ = rng Z hold.
If x € X and Z(z) € F € P, then X € U, x € U, and Z(z) € U. Since U is universal, it follows
that U « U C U. Consider the set f = {s € UxU|Vz € X(s = (z,Z{(x))) ANVz(x ¢ X = s = (x,0))}.
Clearly, f is a function from X into U such that f(x) = Z(z). By the universality of U, we conclude that
S=rngfeU,and hence T =US € U. If t € T, then t € s € S implies t € Z(z) for a certain x € X.
Therefore, t € rng Z. Conversely, if t € rng Z, then (x,t) € Z for a certain x € dom Z C X. Hence
t € Z(xz) = f(x) € S. Therefore, t € T. Thus, rngZ = T € U € P. This means that A5’ is deduced in
ZF.

We have deduced earlier that ) = (zp. Let X € P, and let X # (zp. Let us verify that Zy = (xNX)"
for x € X in the formula A6" coincides with z N X. Let z € N X. Then z € X € P implies z € P by
the transitivity of P. By the formula for Z5, we obtain z € Z5. Conversely, let z € Zy € P. Then by the
formula for Zs, z € P implies z € x N X. Therefore, Zo =z N X.

By the regularity axiom A9 in ZF, there exists x € X such that zNX = (4. It follows fromz € X € P
that = € P. This means that A6’ is deduced in ZF.

We have deduced early that () = () in the formula A77, and, if € X € E € P, then (z U {z})" =
x U {x}. Since U universal, it follows that w € U. Hence w € P. Since w is an inductive set, 0zp € X
and # € X = x U {z} € X. From this, by logical means, we deduce formula A7’

The axiom of choice A8 in NBG transfers into the formula A8' < A8 =VX € P(AE € P(X € E) A
XM =32 P((z=PX)\{0} - X)"AVY € P(Y € (P(X)\{0})? =V e Plx e X AN(Y,z)? €
z =z €Y), where:

— the set Z1 = Z1(X) = (P(X) \ {0})? is determined from the formula 37, € PVYu € P(u € Z1 & u €
PX)? Au ¢ {D}°);

— the set Zy = (Y, )7 is determined from the formula 37, € PVu € P(u € Zy < 3F € P(u € F)A(u =
{Y}? Vu={Y,2}7));

— the set Z3 = {Y, 2} is determined from the formula 373 € PYu € P(u € Z3 < 3G € P(u € G)A(u =
Y Vu=uz));

— the set Z, = {Y'}“ is determined from the formula 37, € PVYu € P(u € Z4 & 3JH € P(u€ H)A
u=Y);
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— the set Z5 = {0}” is determined from the formula 375 € PVz € P (z € Zs < (3K € P(z € K)A\z =
0°);

— ¢" = (z = P(X)\ {0} — X)7 stands for the formula M F ¢[s7], where s™ stands for the corre-
sponding change of the sequence s under the transfer of the quantifier overformulas VX (...) and 3z(...)
mentioned above.

In the above, we have established that (! = (zr. Since 0zr € w € U € P, these conditions imply
Zs = {0zr} as was proved above.

Fix the conditions X € P, X € E € P, and X # (! = 0zr. We have proved above that this implies
P(X)P =P(X).

Let us verify that Z; = P(X)\{0zr} = Z. Let w € Z; € P. Since X € E C U and U is universal,
P(X) € U. Now the quasi-transitivity of U implies Z € U. Since u € P, the formula for Z; implies
u € Z. Therefore, Z; C Z. Conversely, let w € Z € U € P. The transitivity of P implies v € P. Now the
formula for Z; implies u € Z. Therefore, Z C Z1, which proves the required equality. This leads to the
replacement of Z; by Z in the formula A87.

Consider the formula ¢ = (z = Z — X). It is the conjunction of the following three formulas: ¢ =
(zCZxX),p2=(domz=2),and p3= Ve(r € Z=>Vylye X =V (y € X = ((z,y) € 2N (z,y) €
z=1y=1"))))). Therefore, 7 = ] A@iA@}. Since p1 = (Vu(u € z = FxTy(xz € ZAy € X Au = (z,y)))),
it follows that ¢] < (Yu € P(u € z = dJv € Pdy € Plr € ZANy € X ANu = (x,y)?))). Analogously,
2= Vr(r e Z = Fy(y € XN (z,y) € z))) implies ] < (Vx € P(xr € Z = Jy € P(y € XN (x,y)? € 2))).

Finally, pj & (Ve €e Pee Z=Vyec Plye X =W e Py e X = ((z,y)? € 2N (z,y) € z =y =
y'))))). This implies that the formulas ¢, ¢ and 3 differ from the formulas o1, p2 and ¢3 only by the
quantifier prefixes V--- € P and 3--- € P, respectively.

By the axiom of choice, A10 in ZF, for X, there exists z such that y = (z = Z - X)AVY (Y € Z =
Ve(zre X AN(Y,z) e z= 1z €Y)).

Therefore, the formula ¢ = 1 A 3 A 3 and, therefore, the formulas ¢, 2 and @3 are deduced.

Let u € P, and let u € z. Then from the formula ¢, we deduce that there exist x € Z and y € X such
that u = (x,y). Sincex € Z € U € P and y € X € P, by the transitivity property, we have x,y € P. This
means that under these conditions u € P and u € z, the formula 3z € P3y € P(x € ZAy € X Au = (z,y))
is deduced. Applying the deduction theorem twice and the deduction rule, we deduce the formula 7.

Let z € P and x € Z. Then from the formula ¢y we deduce that for z, there exists y € X such that
(x,y) € z. From y € X € P, it follows that y € P. This means that under these conditions x € P and
x € Z, the formula Jy € P(y € X A(z,y) € 2) is deduced. As in the previous paragraph, we deduce from
this the formula ¢3.

Letz e P,xeZ,ye P,ye X,y € P,y € X, (x,y) € z, and let (x,y') € z. Then from the formula
3, we deduce that iy = 3. Alternatively applying the deduction theorem and the deduction rules several
times, we deduce the formula ¢3.

Thus, the formula ¢7 is deduced.

Let us verify that Zy = {Y'} under the conditions X € E€ P, Y € P,and Y € Z. Let u € {Y}, i.e,
u=Y € P. Sincceu=Y € Ze€U € P,ueU € P by the transitivity. Then from the formula for Z,, it
follows that u € Z;. Conversely, if u € Z4 € P, then u € P and the formula for Z4 imply v =Y € {Y'}.
This yields the necessary equality.

Let us verify that Z3 = {Y,z} under the conditions X € F € P,z € X, Y € P,and Y € Z. Let
u€e{Y,z}. Thenu=Y e€ZecUec€Poru=x€ X € Fc P implies u € P, and, therefore, u € Zs.
Conversely, if u € Z3 € P, then u € P and the formula for Z3 imply v =Y Vu =z, i.e., u € {Y,x}. This
yields the necessary equality.

Finally, let us verify that Zy = (Y, z) under the previous conditions. Let u € (Y, z), i.e., u = {Y'} or
u = {Y,x}. The previous equalities lead to the disappearance of the index o in the formula for Zs. Since
Y € Z € U, it follows that Y € U. Moreover, x € X € K € Pimpliesz € X € P,ie.,,z € X CU. Now
the universality of U implies u = {Y} € U or u = {Y,z} € U. Therefore, u € U € P and u € P imply
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u € Zy. Conversely, if u € Zy € P, then u € P and the formula for Z5 imply u = {Y} or u = {Y, z}, i.e.,
u € (Y, z). This yields the necessary equality.

Since Z e U e Pand X € F € P,ie., X € E C U, from the universality of U, we obtain z C ZxX € U.
By Lemma 1 (Sec.3.1), z € U € P and, therefore, z € P.

Therefore, from the axiom of choice in ZF is deduced for fixed conditions of existence an object z € P
satisfying the formula y from which the formula £ = (" AVY € P(Y € Z = Ve € Plx € X AN (Y,x) €
z = x €Y))) is deduced. Thus, from the fixed conditions, we deduce the formula 3z € P{. Applying
alternatively the deduction theorem and the generalization rule several times, as a result, we deduce the
formula AS8?.

Therefore, M is a model of the NBG theory. O

Now we can prove the Zermelo—Shepherdson theorem (see [28] and [23]).

Theorem 2. In the ZF theory, the following assertions are equivalent for a set P:

(1) P is a supertransitive standard model for the NBG theory;
(2) P =V,41=P(V,) for a certain inaccessible cardinal number .

Proof. 1) 2). By Theorem 1, P = P(U) for a certain universal set U. By Theorem 1 (Sec. 3.2), U =V,
for a certain inaccessible cardinal number ». By Corollary 2 of Lemma 4 (Sec. 2.2) , P =P (V,,) = V,.41.

2) - 1). By Corollary 2 of Lemma 4 (Sec. 2.2) V,..1 = P(V,,). By Theorem 2 (Sec. 3.2), the set V. is
universal. Now the assertion follows from Theorem 1. g

The standard models of the ZF and NBG set theories of the form (V,,=, €) are said to be natural
(see [27] and [21]). The Zermelo—Shepherdson theorem yields a complete description of all natural models
of the NBG set theory. The complete description of all natural models of the ZF set theory was given by
the authors (see [1]) and is further presented in Sec. 7.

6. Tarski Sets and Galactic Sets. Theorem on the Characterization
of Natural Models of the NBG Theory

6.1. Tarski sets and their properties. A set U is called a Tarski set in ZF if it has the following
properties: (see [26] and [17], IX, §5):

(1) zeU=zcCU,

(2) e U= Px)eU;

B) (zcUAVf(feU*=rgf#U))=zecl.

To the ZF theory, Tarski added the Tarski axiom AT according to which each set is an element of a

certain Tarski set. In [26], it was proved that Axiom AT is equivalent to the inaccessibility axiom AI (see
also [17], IX, § 1, Theorem 6, and § 5, Theorem 1).

Lemma 1. The following properties are equivalent for any sets U and X:
B) (x CU)AYf(feU=rngf#U)=x e U,
B) (xCcU)AN(z|<|U))=z€U.

Proof. (3') F (3). Let  C U and Vf(f € U* = rng f # U). Clearly, |z| < |U|. Assume that |z| = |U].
Then there exists a bijection f : x < U, which contradicts the condition. Therefore, |z| < |U|. By
Property (3'), x € U.

(3) F (3'). Let f € U*. Then |rng f| < |z| < |U| implies rng f # U. By Property (3), z € U. O

Let us deduce other properties of Tarski sets from these properties.

Lemma 2. If U is a Tarski set and x € U, then |z| € |U].

Proof. By Properties (1) and (2), x € U implies P(x) € U and P(z) C U. By the Cantor theorem,
|z < [P(a)] < |U. O
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Lemma 3. IfU is a Tarski set, thenx c UANy Cax=yeU.

Proof. If x € U, then by Property (2), P(z) € U, and, by Property (1), P(z) C U. Since y € P(x), it
follows that y € U, which is what was required. O

Lemma 4. If U is a Tarski set, then x e UN(f € U*) = rngf € U.

Proof. If x € U, then |z| < |U| by Lemma 2. Since f € U7, it follows that rng f C U and |rng f| < |z| <
|U|. By Property (3'), Lemma 1 implies rng f € U. O

Lemma 5. If U is a Tarski set, then |U| C U.

Proof. Consider the class C = {z|x € On Az ¢ U}. This class is nonempty, since otherwise the class On
is a set. Therefore, it contains a minimal element s. Since Va € x(a € U), it follows that s C U. Hence
|22| < |U|. Assume that |»| < |U|. Then by Lemma 1, 5 € U, which is not so. Therefore, |U| = || < s,
ie, |Ul CxCU. O

Lemma 6. If U is a Tarski set, then |U| ¢ U.

Proof. Assume that » = |U| € U. Then by Property (2), P(») € U. By Lemma 2, a = |P(x)| € |U|.
Taking Lemma 5 into account, we conclude that a € U, and, by Property (1), it follows that o C U. By
the Cantor theorem, a > |U|. But since a C U, it follows that o < |U|. We deduce from the obtained
contradiction that |U| ¢ U. O

Lemma 7. If U is a Tarski set, then |P(a)| € |U| holds for any ordinal number o € |U|.

Proof. Since o € |U| and |U| C U by Lemma 5, it follows that o € U. Then by Property (2) of a Tarski
set, P(a) € U. By Lemma 2, |P(«a)| € |U]. O

Lemma 8. If U is a nonempty Tarski set, then O € U and |U| > 5.

Proof. Since V(0 C z), it follows that zop = ) C U. Since || = 0 < |U|, zp € U by Lemma 1. By
Property (2), 21 = {zo} = P(0) € U. It follows from zy # z7 that |[U| > 2. It follows from the proved
properties that xo = {1} C U and |z3| = 1 < |U|. Therefore, zo € U by property (3') from Lemma 1.
Hence x3 = {z2} C U, and |z3| = 1 < |U| implies z3 € U once again. Analogously, x4 = {z3} € U. Since
all x; are different for i € 5, it follows that |U| > 5. O

Lemma 9. If U is a Tarski set, then z,y € U = {z}, {z,y}, (z,y) € U.

Proof. By Lemma 8, |U| > 5. Therefore, {z},{z,y} C U, and, by Property (3'), {z}| =1 < {z,y}| <
2 < |U| implies {z},{z,y} € U. Whence (x,y) = {{z},{z,y}} € U. O

Lemma 10. If U is a Tarski set, then || > |U| =z ¢ U.

Proof. Assume the contrary, i.e., for a certain z, |z| > |U| Az € U holds. By Property (2), y = P(z) € U.
Since |P(x)| > |z|, it follows that |y| > |U|. By Property (1), y C U. But |y| < |U| in this case. The
obtained contradiction implies « ¢ U. O

Lemma 11. If U is a Tarski set, then x,y e U =z Uy € U.

Proof. Since Vz(z € xV z € y = z € U), it follows that x Uy C U. Since z,y € U, by Lemma 10, we
have o = |z| < |U| = » and 8 = |y| < 3. We need to prove that |z Uy| < s. First, let us consider the
case where v < 2 and 8 < 2. Then, obviously, |x Uy| < 4 < |U| by Lemma 8. Therefore, z Uy € U by
Property (3') from Lemma 1.

In what follows, we will assume that o > 8 > 2. Consider the sets P = {0} xz, Q@ = {1} xy, S = zUy,
and T = P U Q. Define the mapping u : T — S, u(0,a) = a for any (0,a) € P and u(1,b) = b for any
(1,b) € Q. Since the mapping u is surjective, it follows that |S| < |T|.
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Clearly, there exist bijective functions g : P = aand h : Q <  C a. Define the function f : T'— P(«)
setting f(p) = {g(p)} for any p € P and f(q) = o\ {h(g)} for any ¢ € Q. Since PN Q = (), this definition
is correct. The function f is injective. Indeed, the function f is injective on P and Q. Let p € P, q € Q,
and let f(p) = f(q). Then {g(p)} = a\ {h(¢)} implies & = {g(p)} U {h(q)} = {9(p), h(q)} < 2, which
contradicts our assumption. Therefore, f(p) # f(q).

By the injectivity of the function f, Lemma 7 implies |S| < |T'| < |P(«)| < 3. Therefore, S € U by
Property (3') of Lemma 1. O

Corollary 1. If U is a Tarski set, then w C U.
Corollary 2. If U is a Tarski set, then |U| > w.
Corollary 3. If U is a tarski set, then x,y e U = xxy € U.

Proof. By Lemma 11 and Property (2), B = P(P(zxUy)) € U. By Lemma 3, A = z xy C B implies
AeU. O

Lemma 12. If U is a Tarski set, then o < |U| = |a * o < |U| holds for any ordinal number «.

Proof. We first consider the case |a| < 2. Then by Lemma 8, |ax | < |2%2| =4 < |U|. In what follows,
we will assume that |a| > 2.

Since o < |U| = #, |P(«)| < 2 by Lemma 7. The set X = « * a consists of ordered pairs (3, ) such
that 3, € a. Divide the set X into three disjoint subsets X; = {(3,7)|8 < v < a}, X2 = {(5,0)|0 < a},
and X3 = {(B,7)|y < B < a}. Obviously, X; U Xy U X3 = X. Construct the function f : X — P(«a) as
follows: if z1 = (B,v) € X1, then f(z1) = {8,7} € P(«a); if z2 = (B, 5) € Xa, then f(z2) = {B} € P(a);
if x3 = (B,7) € X3, then f(x3) = a\ {B8,7} € P(a). The function f is injective on X7, Xo, and Xs.
If f(z1) = f(x2), then {B,7} = {B} implies v = 5 < 7, which is impossible. If f(z1) = f(x3), then
{B,7} = a\ {B,7}, which is impossible, since a # 0. Finally, if f(z2) = f(z3), then {8} = o\ {5,7}
implies o = {B} U {B,7} = {B,7}, and, therefore, |a| < 2, which contradicts our assumption. It follows
from the obtained contradiction that the function f is injective. Therefore, | X| < |P(a)| < 3. O

The following theorem and its Corollary 1 were proved by Tarski in [23] (see also [13], IX, §5, Theo-
rem 1). Here, we give another proof.

Theorem 1. If U is a Tarski set, then s = |U| is a regular cardinal number.

Proof. Assume that the cardinal number s is not regular. Then o = c¢f(3) < s and, by Lemma 5,
o/ € U. By definition, there exists a function ¢ : @’ — » such that Urng ¢ = ». Denote rng ¢ by A and
consider the cardinal number o = |A| < o/ < . By Lemma 5, A C U and a € U. Construct the function
g : A — P(5) as follows. Consider an arbitrary ordinal number 5 € A and the set Ag = {y € Aly < f}.
Define ' = sup Ag = UAg for Ag # 0 (see Lemma 2 (Sec. 1.2)) and 3’ = 0 for Ag = 0. Consider the set
Cps = {y € »3 <~ < B} and put g(8) = Cg. Let us show that for 31 # B2, g(1) N g(B2) = 0 holds.
Indeed, let 31 < B2. Then 31 € Ag,, and hence B < Bo'. If z € g(B1) Ax € g(B2), then z € Cy, Ax € Cg,,
whence x € A x < 1 A B’ < x, which is impossible. We conclude from the obtained contradiction that
9(B1) N g(B2) = 0. Now let us show that B = U(g(ﬂ)\ﬁ € Aj = . It is obvious from the definition
of the sets g() that B C ». Now assume that x € s. Since UA = 3, there exists § € A such that
x € . Therefore, the set D = {v € Alx € 7} is nonempty, and hence it has a minimal element A. By
the definition of the set D, we have Vy € A(y < A = v < x), which implies z > X. | N <z < A, ie.,
x € g(A\). Therefore, B = .

Since U is a Tarski set and s¢ is its cardinality, there exists a one-to-one function f : ¢ < U. Since
» = U(g(ﬁ)]ﬂ € Aj and the sets g((3) are pairwise disjoint, it follows that U = U(f[g(ﬁ)]\ﬁ € Aj .
Denote the set f[g(3)] by 4Ug. Fix g € A. It follows from Cg C 8 that |Ug| = |C| < |3

Consider the (possibly, empty) set Fg = {q € Ug||q| = a}. By what was proved above, |Fg| < |Ug| <
8] < B. Therefore, | U Fy| = |U(qlg € Fg) | <[U(q*{q}lq € Fs) | =Y (la|lq € Fs) = o Fs| < o|f| =
d(aylge B)=|U (oz * {q}|q € ﬁ% |, where ay = « for any ¢ € . Since U(a *{qtlg € B) Caxp C
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max(c, #) * max(a, 5) and max(a, §) < », by Lemma 12, it follows that | U Fjg| < . Therefore, UFg € U
and P(UF3) € U.

It follows from Fjg C Ug C U and the transitivity of U that UFg C U. Therefore, by the inequality
proved above, we conclude that Vg = U \ UFg # () for any § € A. Assume that P(UF3) € UF3. Since
UFj3 € P(UF3), we obtain an infinitely decreasing sequence P(UFj3) > UF3 3 P(UF3) > UFg > .... By
the regularity axiom, this is impossible. Hence P(UFp) € V3. Define the function h : A — U setting
h(B) = P(UF3). Consider the function ' = hoy:a’ — U. By Lemma 4, M =rngh =rngh’ € U.

Obviously, |M| < a. The transitivity of U implies o C U. If « is an infinite number, then the following
inequalities hold for the set M' = M Ua C U: a < |M'| <|(M *{0})U (a % {1})| = |[M| 4+ a = «, which
implies |M’'| = «. By Lemma 11, « € U and M € U imply M’ € U. If « is a finite (i.e., natural) number,
then by Corollary 2 of Lemma 11, the set U \ M is infinite. Therefore, there exists an injective mapping
v:w — U\ M. Consider the natural number n = a — |M| and the finite set N = v[n] C U\ M. In
this case, |[M’'| = « for the set M’ = M U N. By Corollary 1 of Lemma 11, n € w C U. Therefore, by
Lemma 5, N = rng (u|n) € U. By Lemma 11, M € U and N € U imply M’ € U.

Since we have proved in the above that U = U(Uﬁ]ﬁ € Aj , it follows that M’ € Upg for a certain 3 € A.
Moreover, |M'| = . Therefore, M" € Fg. If © € M' € Fg, then x € UF, i.e., M' C UFp. It follows
from h(B) € Vg = U \ UFp that h(B) ¢ M'. However, h(8) € M C M’ by definition. The obtained
contradiction implies that the cardinal s¢ is regular. (|

Corollary. IfU is a Tarski set and » = |U| > w, then s is an inaccessible cardinal number.

Proof. By Theorem 1, s is a regular cardinal number. By Lemma 7, |P(«)| € s holds for any o < . By
the condition, > > w. Therefore, s is an inaccessible cardinal number. ]

Theorem 2. If U is a Tarski set, then x € U = Uz € U.

Proof. Consider the numbers o = |z| and » = |U| and a certain bijection u : @ = z. By Lemma 2, a € .
The transitivity of U implies Ux C U. Therefore, | U z| < .

Assume that |Uz| = 5. Then there exists a bijection f : Uz < . Fix an element a € o. Then u(a) € x
implies u(a) C Uz. Therefore, we can consider the injective mapping g, = f|u(a) : u(a) — ». Consider
the number 3, = |u(a)|, a certain bijection v, : B, = wu(a), and the injective mapping hy = gq0vg : § — 2.
Assume that Urng h, = 3. Then by Theorem 1, 3, > ». However, by Lemma 2, u(a) € x C U implies
Ba = |u(a)| < 2. This contradiction implies sup rng hy = Urng hq < s.

Therefore, we can define the function 7 : @ — s setting 4n(a) = suprng h,. Consider the set Z =
rngn C ». By what was proved, z < s for any z € Z. Let m be an order number such that z < 7 for
any z € Z. Take any element q € s and consider p = f~1(q) € Uz. Then p € y € x for a certain y € .
Consider the element a = u~!(y) € a. Since p € y = u(a), it follows that ¢ = f(p) € flu(a)] = rngq, =
rng he. Hence ¢ < suprngh, = n(a) < m. This means that sup > < 7. Since s is a limit number,
»x = sup» < m by Lemma 3. This implies » = supZ = UZ = Urngn. Now Theorem 1 implies o > s,
which contradicts the inequality o < s.

Therefore, | U z| < ». By Property (3') of Lemma 1, we now conclude that Uz € U. O

6.2. Galactic sets and their connection with Tarski sets. Consider a certain set x. Any finite
sequence (x;|i € n 4 1) such that o = x and z;41 € x; for any i € n is called a sequence of subelements
of the set x (of length n).

A set U is said to be dominant if the following conditions are equivalent for any set x:

(1) z e U,

(2) all elements of all chains of subelements of the set z are of cardinality less than |U|.

Lemma 1. Any dominant set is transitive.

Proof. Let a set U be dominant, x € U, and let y € x. Any chain of subelements of the set y is a
subchain of a certain chain of subelements of the set x, and, therefore, all its members are of cardinality
less than |U|. Therefore, y € U. O
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Lemma 2. Any dominant set U has Property (3') of a Tarski set, i.e., x CUAN|z| < |U|=z € U.

Proof. Let x C U, and let |z| < |U|. Consider an arbitrary chain of subelements (zg,x1,...,zy) of the
set . Since 1 € xg = x C U, by induction, we deduce from x; € U and the transitivity of the set U
proved in Lemma 1 that z; € U for any i = 1,...,n. Therefore, |z;| < |U| for any i = 1,...,n. Moreover,
|zo| = |x| < |U| by condition. Therefore, x € U. O

Proposition 1. Any Tarski set is dominant.

Proof. Let (x;|i € n+ 1) be a chain of subelements of a set x, and let € U. By induction, we deduce
from the transitivity that z; € U for any ¢ € n+ 1. By Lemma 2 (Sec.6.1), |z;| < |U].

Denote by C the class consisting of sets satisfying the Condition (2) from the definition of dominance.
Let us show that C C U. Consider the class D = {z|(x € U Az € C) V2 ¢ C} and show that it satisfies
the €-induction principle. Consider a certain y C D. Then (2 e UAz € C)V z ¢ C holds for all z € y. If
z ¢ C for a certain z € y, then y ¢ C, and, therefore, y € D. Now let Vz € y(z € U A z € C). Consider
a = ly| and » = |U|. If a > s, then y ¢ C, which implies y € D. Let a < . In this case, y € U by
Lemma 1 (Sec.6.1). Let us show that y € C. Indeed, consider any chain of subelements (y;|i € n 4 1) of
the set y. Then the sequence (y;|i € (n+ 1)\ 1) is a chain of subelements of the set y;1 € y = yo. Since
y1 € C by assumption, it follows that all elements of the sequence (y;|i € (n+ 1)\ 1) are of cardinality
less than s. Therefore, y € C. Hence y € U Ay € C, and, therefore, y € D. We conclude from this that
the class D satisfies the €-induction principle. Therefore, D = V. Thus, Vz((x € UANxz € C)Vx ¢ C,
ie, CCU. O

Lemma 3. For each cardinal number «, there can exist no more than one Tarski set of cardinality o.

Proof. Assume that there exist two Tarski sets U; and Us of the same cardinality a. Let x € U;. Then
by Proposition 1, |z| < a = |U;], and any chain of subelements of the set = consists of sets of cardinality
less than o = |Uy], which implies that |z| < |Uz| and any chain of subelements of the set = consists of sets
of cardinality less than |Us|. Therefore, x € Uz by the same proposition. Thus, U; C Us. Analogously,
U, C Uy, which implies U7 = Us. O

A set U is said to be exponential if Vo € U(P(x) € U). A dominant and exponential set is said to be
galactic.

Theorem 1. The following assertions are equivalent for a set U:

(1) U is a Tarski set;
(2) U is galactic.

Proof. (1) | (2). This deducibility follows from the exponentiality property of a Tarski set and Proposi-
tion 1.
(2) F (1). This deducibility follows from Lemmas 1 and 2 and Lemma 1 (Sec. 6.1). O

Let us show that under the assumption of the continuum hypothesis, there exists a dominant set that
is not exponential.

Lemma 4. If |2¥| = wy, then there exists a dominant set of cardinality w;.

Proof. If |2¥| = wy, then to prove the existence of a dominant set of cardinality wy, it suffices to show that
the set consisting of all sets whose chains of subelements consist of only countable sets is of cardinality w;.

Denote this set by X.

Since wy C X, it follows that | X| > wy.

Now let us show that |X| < wq, i.e., there exists an injective function from the set X into the set of
infinite sequences consisting of zeros and units.

Any set x € X can be represented as a tree whose root is the set x itself, branches are chains of
subelements, and leaves are last elements of these chains, i.e., sets containing no sets (empty sets). All
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branches of such a tree are of finite length, and, moreover, the number of these branches is countable. The
number of stores of the tree is also countable, and on each store, there are countably many sets (nodes or
leaves of the tree). Clearly, certain trees correspond to the same set in X (these are the trees obtained
from each other by a renumbering of vertices), but only one set in X corresponds to each three X. We
will consider not trees themselves, but their “isomorphism classes” .

Let us enumerate leaves of the tree in a certain way (this can be done, since their number is countable).
To each such “numbered” tree, we put in correspondence the function f € w**% as follows: f(n,m) is
the maximum natural k& such that the nth and the mth leaves end branches of a certain set from the
kth store (in the case n = m, we set f(n,m) = n). Such a number k can always be defined, since first,
any two leaves end the branches of the initial set z, i.e., k > 1, and, second, k& < min(m,n). According
to such a function f € w“*“, the isomorphism class of a tree is uniquely reconstructed, and, therefore,
X[ < ).

Let us show that |w = wy. Since |w X w| = w, it follows that |w“** = |w*|. The set w* is
the set of infinite sequences of natural numbers. Since |w“| > |2¢|, it suffices to prove that |w®| < |2¢],
i.e., to construct an injective mapping from the set of infinite sequences of natural numbers into the set
of infinite sequences consisting of zeros and units. We do this as follows. Let N = (n; € w|i € w) be an
infinite sequence of natural numbers. To this sequence, we put in correspondence the following sequence
M = {m; € 2|j € w} of zeros and units: for each i € w, for j = > (nilk € i) + 7, we set m; = 0, and for
all other j, we set m; = 1. Foe example, if we have the sequence 1,2,3,4,5,..., then it is mapped into
the sequence 1,0,1,1,0,1,1,1,0,1,1,1,1,0,1,1,1,1,1,0.... Such a mapping is injective, and, therefore,
w¥| = [2¥[; thus, |X| < |2¥|. Since |X| > |2¥|, by the Cantor theorem, |X| = |2¥|. Since |2¥| = w; by the
assumption, it follows that | X| = wi, and, therefore, X is dominant. O

UJXUJ‘ — 2(.0

The fact that such a set X is not exponential is obvious, since w1 is not an inaccessible cardinal number.

6.3. Characterization of Tarski sets. Characterization of natural models of the NBG the-
ory.

Proposition 1. Let U be a Tarski set, and let {U| =w. Then U =V,,.

Proof. By Lemma 1 (Sec. 2.2), w C V,, implies w < |V,|. Since V,, = U(Vn\n € wj and |V,| < w, it
follows that |V,,| < w. Hence |V,,| = w. Let us show that V,, is a Tarski set. By Lemma 4 (Sec. 2.2), the
set V,, is transitive, and, by Lemma 7 (Sec. 2.2), it is exponential. Let us show that V,, satisfies Property
(3"). Consider a certain set  C V, such that |z| < [V,| =w. fy e a CV, = U(Vn|n € wj , then
N(y) = {n € w|ly € V,,} # 0. Therefore, the set N(y) has a minimal element n(y) € w. Since the set
x is finite, the set M = {m € w|Jy € z(m = n(y))} has a maximum element n. Hence x C V,, implies
x € Vo1 C V. Therefore, V,, is a Tarski set. Since a Tarski set of cardinality w is unique by Lemma 1
(Sec. 6.2), it follows that U = V/,,. O

Theorem 1. Let U be a Tarski set, and let = |U| > w. Then:

(1) U is a universal set;
(2) U =V,, for an inaccessible cardinal number » = sup(OnNU).

Proof. (1) Let us show that the set U has all the properties of a universal set.

Property (1) follows from Property (1) of a Tarski set.

The property x € U = P(x) € U follows from Property (2) of a Tarski set. The property x € U =
Uz € U follows from Theorem 2 (Sec.6.1);

The property z,y € U = Uy € U follows from Lemma 11 (Sec. 6.1). The properties z,y € U =
{z,y},(x,y) € U follow from Lemma 9 (Sec. 6.1). The property z,y € U = xz*xy € U follows from
Corollary 3 of Lemma 1 (Sec. 6.1).

Property (4) follows from Lemma 4 (Sec 6.1).

Since |U| > w by condition, it follows by Lemma 1 (Sec. 6.1) that w € U.
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Therefore, the set U is universal.
(2) By Theorem 1 (Sec. 3.2), U = V., for the inaccessible cardinal number s = sup(OnnNU). O

Now we can prove the main theorem on the characterization of natural models of the NBG theory.

Theorem 2. For a set U, the following assertions are equivalent in the ZF theory:

1) U is an uncountable Tarski set;

2) U is a universal set;

3) U is an inaccessible cumulative set, i.e., U =V,, for a certain inaccessible cardinal number ;

4) U is a supertransetive standard model set for the ZF theory and U has the strong subtitution
property;

(5) P(U) is a supertransitive standard model set for the NBG theory;

(6) U is an uncountable galactic set.

(
(
(
(

Proof. The deducibility (1) - (3) follows from Theorem 1.

The deducibility (3) - (1) follows from Lemma 4 (Sec. 2.2), Lemma 7 (Sec. 2.2), and Lemma 5 (Sec. 2.3).

The equivalence of (2) and (3) follows from Theorem 2 (Sec. 3.2).

The equivalence of (2) and (4) follows from Proposition 1 (Sec. 5.1).

The equivalence of (1) and (6) follows from Theorem 1 (Sec. 6.2).

The equivalence of (2) and (5) follows from Theorem 1 (Sec. 5.2).

The deducibility (3) - (1) was proved by Tarski [26].

The equivalence of (3) and (4) was in fact proved by Zermelo [28] and Shepherdson [23] (see also [2],
Theorem 1.3). All other assertions of the Theorem 2 belong to the authors (see also the announcement
in [2]). O

)
)
)
)

Corollary. In the ZF theory, the following azioms are equivalent:

(1) the Tarski axiom AT,

(2) the universality aziom AU,

(3) the inaccessibility axiom Al

(4) the galacticity axiom AH according to which each set is an element of a certain galactic set.

The equivalence of (1) and (3) in this corollary was proved by Tarski in [26] (see also [17], IX, § 5,
Theorem 1). Here, we give another proof using the theorem characterization.

7. Characterization of Natural Models of the ZF Theory

7.1. Scheme-inaccessible cardinal numbers and scheme-inaccessible cumulative sets. If all
free variables of a formula ¢ are among the variables xg, ..., Zm—_1,p0,--.,Pn—1, then we will denote this
by ¢©(Z; p). When using the notation ¢(Z; p), the variables py, ..., p,—1 will be called parameters. Instead
of xg € AN Nxyy_1 € A, Vag € A...Vr,,_1 € Aand dxg € A... 21 € A, we will write ¥ € A,
VZ € A and 3% € A, respectively.

For each transitive set A, any formula ¢(z,y;p) of the ZF theory defines the scheme correspondence
[o(x,y; D)|A] = {2 € Ax A|Fx,y € A(z = (x,y) A p?(x,y;5))} C A x A depending on the parameter p.

An ordinal number x is said to be scheme-regular if Vp € V,Va(a € x A ([p(x,y;0)|Va] = a — » =
Urng [p(z,y;P)| Vi € 5), where ¢ is a metavariable used for designation of any formula of the ZF theory.

An ordinal number 3 > w is said to be (strongly) scheme-inaccessible if:

(1) Va(a € = |P(a)] € x);

(2) s is scheme-regular.

Lemma 1. Let an ordinal number s satisfy the quasi-exponentiality condition Vo(a € 3 = |P(a)| C ).
Then s is a cardinal number.
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Proof. Let o be an ordinal number such that o < 3 and a ~ s. Then |a| = |s|. Assume that o < .
By the condition, |P(«)| C s. Applying the Cantor theorem, we obtain |a| < |P(a)| < ||, which
contradicted the previous relation. Therefore, o = . O

Corollary. A scheme-inaccessible ordinal number s is a cardinal number.

Proof. If a € 3¢, then |P(«)| € s by Property (1). By the transitivity, |P(«)| C 2. Hence s satisfies the
condition of Lemma 1. Therefore, ¢ is a cardinal number. ]

The sets V,, of scheme-inaccessible cardinal numbers s will be called scheme-inaccessible cumulative
sets.

Lemma 2. For any scheme-inaccessible cardinal number » and any ordinal number o € 3, we have
|Va| < 5.

Proof. Consider the set C' = {x € | |V,| < 3} and the classes C” = On \ s and C = ¢’ U C”. Since
Vo = 0, it follows that |Vy| = 0 < ». Therefore, 0 € C.

Let o« € C. If & > s, thena+1 € C” C C. Let a < sc. Thena € C'. If a+1 = 3, then a+1 € C”" C C.
Let o+ 1 < ». Since V, ~ |V,|, it follows that P(Vy) ~ P(|Va]). Hence |P(Vy)| = |P(|Val)|- By
Corollary 2 of Lemma 4 (Sec. 2.2), |Voq1| = |P(Va)| = [P(|Val)|. Since |V,| < 2 and the ordinal number
» is scheme-inaccessible, |P(|Va|)| < 3. Hence V41| < ». Therefore, « +1 € C' C C.

Let « be a limit ordinal number, and let « C C. If a N C” # ), then there exists 3 € « such that
B > s. Hence a > 3 > s implies a« € C" C C. Let anNC” =0, ie., « C C" C 2. If o = 2, then
a e C”"CC. Let o < 5. By a C (', |V3] < 5 holds for any 3 € a. Therefore, sup{|V3| |8 € a} < s.

Consider the formula p(z,y) = (z€a=y=|Va])A(z ¢ a=y=10).

Let us show that under our conditions (i.e., for z € a € V;, and y € V;,), the equivalence (y = |V,|)V* <
y = |Vz| holds.

The formula (y = |V,|)* is rewritten as (Cn(y))"* A3f € V,(f =y S Vi)V*. The formula Cn(y)">
can be rewritten as On(y)"* AVa € V,.(On(a)"* A (a C y)"* A3h € V(h = a S y)V* = a = y).
Consider the formula On(y)"* under the condition y € V,,. This formula has the form

On(y)V==Ve eV (rcy= (xCy)*)AVz, 2/, 2" cV(xcyna ey’ cyrzca' AN’ €a” =
read ANV, d' eV (reyhd' cy=aca'Vo=a' V' c)AVT eV, (0 AT Ccy)* =3z cV,(z €
T AV €V (2/ €T =z ex))).

Note that under the condition y € V;,, the formula (z C 3)"* =Vz € V,.(z € x = 2z € y) is equivalent
to the formula = C y by the supertransitivity of the set V,,. Analogously, (0 # T C y)V* < 0 # T C y.
The formula Vz € V,.(z € y = x C y) is equivalent to the formula Vz(x € y = = C y), since = € y implies
x € V,,.. The formula Vz,2/, 2" € V(x e yAd' eyna”" eynazea’ Na' € 2’ = x € 2”) is equivalent
to the formula Vz, 2/, 2" (x e yA2' e yA2" eynz e’ N2 € 2" = x € 2), since z, 2/, 2" € y implies
x, 2’2" € V,,. The formula Vz,2' € Vi, (r e yAN2d' € y=z €2’ Va =2 Va € x)is equivalent to the
formula Vo, 2'(z e yAa' e y=ax €2’ Vo =12V €x), since x,2’ € y implies z, 2’ € V,,. Finally, the
formulaVI e V(0 AT Cy= Iz €V (r € TAVL € V(' € T = x € 2'))) is equivalent to the formula
VIW#AT Cy= Fx(x e TAVZ () € T = x € 2'))), since T C y implies T' € V,,, and z, 2’ € T implies
z,2" € V.. Therefore, On(y)"= < On(y).

It is seen from this that the formula Cn(y)"> can be rewritten as On(y) AVa € V,.(On(a) A(a C y)V> A
dh € Vo(h = a S y)Y* = a =1y). Since y € V,,, it follows that (a C y)"* < o C y and, automatically,
a€eV,,.

The formula 3h € V,(h = a < y)V* is rewritten as

JheV,(VeeV(reheIzeV, eV (zeandd eyne=(2,2)AVzeV, (2 €a= 3T €
Vi €eyn{(z,2') eh))AVZ €V (¢ ey= Tz €V, (z €an(z2) €h))AVz, 2" eV (2 €an?, ' €
yN(z, 2"y € hA\(z,2") € h = 2/ = 2"\AVz2, 2/ 2" € V(2,2 € anz” € yN(z, 2"y € hA(Z, 2"y e h = z = 2)).

The formula Vo € V(z € h < 32,2 € V. (z € aNZ € y ANz = (z,2'))) is equivalent to the formula
Ve(x € h< 3z € a3z € y(xr = (z,2'))), since z € « implies z € V,,, 2/ € y implies 2’ € V,,, and x = (z, 2/)
implies x € V..
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The formula Vz € V(2 € a = 32 € V,.(2' € y A (z,7/) € h)) is equivalent to the formula Vz €
a3z’ € y((z,2') € h), since z € a implies z € V,, and 2’ € y implies 2’ € V,,. Analogously, the formula
V2 e V(2 ey= 3z € V(2 €aNz?7) € h))is equivalent to the formula V2’ € y3z € a((z,2) € h).

The formula Vz,2/, 2" € V.(z € aN2',2" € yN(2,2") € hA(z,2") € h = 2/ = 2") is equivalent to
the formula Vz € aVz', 2" € y((z,2") € h A (2,2") € h = 2/ = 2"), since z € a and 2/, 2" € y imply
z,2', 2" € V.. Analogously, Vz,2',2" € V(2,2 € anZ" ey A (z,2")y e hA 2,2y e h=2z=7").

Therefore, the formula Cn(y)"* is equivalent to the formula On(y) AVa(On(a) Ao C yATh € Vi (h =
aSy) = a=y). Since h = a Sy, it follows that h C a*y, and by Corollary 2 of Lemma 7 (Sec. 2.2),
a,y € V,, implies a x y € V,, and, therefore, h € V,,. We obtain from this that Cn(y)"* < Cn(y).

We know that for x < s, V,, € V,, holds. Therefore, exactly in the same way as was done in the above,
we prove that the formula 3f € V,.(f = y = V;)"* is equivalent to the formula 3f(f = y = V,).

We conclude from all that was said that (y = |V,|)V* < (y = |Vi|).

Then [p|V] ={z|Fz e V,,Fy e Vi =z, ) AN(zca=y=|Vo)A(z¢da=>y=0)AaecV,)} If
y € rng [¢|V.], then Fx((x,y) € [p|Vi]), e, y € Vi, ATz(x € VoA ((x € aNy =|Vi|) V(2 ¢ any =0D))).
Therefore, either y = () or y = V,, for a certain x € a. Conversely, if y = V, for a certain z € «,
then y € rng [p|V.]. Therefore, rng[¢|V..] = {|Vs||8 € a}. By the corollary of Theorem 1, Urng f =
U{|Vg| |8 € a} = sup{|Vj3||B € a} = |V,|. By the inequality proved above, we obtain |V,| < . Assume
that |V,| = ». Then by the scheme regularity of the number s, s = Urng [p|V,.] implies » < «, which
contradicts the initial inequality « < 5. Thus, |V, | < 3¢. Therefore, « € C' C C.

By the transfinite induction principle, C = On. Therefore, C’ = s. U

Lemma 3. If 5 is a scheme-inaccessible cardinal number, then »x = |V,,|.

Proof. By Lemma 2, s C V,.. Hence » = |x| < |V,]. By the corollary to Theorem 1 (Sec. 2.2),
|V..| = sup(|V3| |5 € »). Since |V3| < s by Lemma 2, it follows that |V..| < s. As a result, we obtain
=V, O

Lemma 4. If s is a scheme-inaccessible cardinal number, a is an ordinal number such that a < », and
e(@,y;9) 1s a formula, then VP € Vi([p(z,y;P)|Vae = Va — Vie = rng [p(z, y;9)|Vid € Vio).

Proof. Since s is a limit ordinal number, it follows that V,, = U(Vg!é € %j . For x € V,,, there exists § € s
such that [¢|V,](x) € V5. Therefore, the nonempty set {y < d|[¢|V.](z) € V,} has a minimal element z.

Consider a certain bijective mapping h : |V, | — V.

We have the formula Vo € V,3v[p|V,](z) = v A "> (x,v,p) A P € V,, since v € V,, by the condition.
Consider the functional formula ¢(u,z) = (v € |Vo| = 2z = sm{y < §|[o|V.](h(uw)) € Vy}) A (u ¢
Vol = 2z = 0). In this case, [¢|V,] = {v|Fu € V,.3z € V,.(v = (u, z) Ap"*(u,2)). Consider the formula
¥V (u, 2) in more detail. It is equivalent to the formula ((u € |V,|)V* = (2 = sm{y < §|[p|V](h(u)) €
VuDV) A ((u ¢ |[Va)V* = (2 = 0)V>), which, in turn, is equivalent to the formula (u € |V, |V = ((Vy <
S([plVa(h(uw)) € Vy = 2 C y) A ([plVad(h(u)) € Vi)V*) A (u ¢ |Vo|V* = 2 = (), which is equivalent to
(u € |Val = ([p|Vad (h(w)) € Vo)V AVy € Vi(y < SA([p|Vie (h(u)) € Vy)V= = 2 Cy)A(u & [Va| = 2 = 0).

The formula ([p|V.](h(u)) € Vo)V AVy € Vo (y < § A ([p|Vad(h(u)) € V)V = 2 C y) is equivalent to
the formula ([¢|V5](h(u)) € Vo)V AVy < 6(([¢|Vid(h(u)) € V,)V* = 2z C y), since y < § implies y € V..

Consider the formula ([¢|V;](h(u)) € V;)¥* in more detail. It is equivalent to the formula Jw(w €
V., A (h(u),w) € [¢|V;]))V>, which is equivalent to Jw € V. (w € V, A ((h(u),w) € {a|3b € V,3c €
Vila = (b,c) A p"*(b,c,p) AP € V,,)})V*), which means that 3w € V(w € V, A(u € V; ANw €
Ve A V= (h(u), w, p) A € V,)V*), which, in turn, means that Jw(w € V, A " (h(u),w, ) A p € Vi,).

Therefore, the formula [¢|V,] is equivalent to the formula {v|3u € V,.3z € V(v = (u,2) A (u € |V,| =
Juw(w € V, A V= (h(u),w,p) Ap € V,.) AVy € s(Fw(w € Vi A "= (h(u),w,p) AP E Vs.) = 2 Cy)) A (u ¢
|Va| = z = 0). This formula is equivalent to the formula {v|3u € V,, 3z € V,.(v = (u,2) A (u € |Vo| = 2z =
sm{ylFu(w € Vy AoV (h(w),w,5) AF € V.O}) A (u & [Val = 2 = D)},

We easily deduce from this that [¢|V,,] = [V,| — ».

Consider the ordinal number v = Urng [|V,,] = suprng [¢|V,,] < .
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Assume that v = s. Since the cardinal s is quasi-regular, this is impossible. Therefore, v < .

Let rng [¢|Vs] ¢ V... Then there exists t € rng [p|V,.] such that ¢ ¢ V,. A certain s € dom [¢|V,,] such
that (s,t) € [¢|V,, and s € V,, corresponds to the set t. Moreover, h=1(s) € | V4.

Consider 3 = [|V,.](R71(s)). Since h=1(s) € |V, it follows that 8 = sm{y|Fw(w € V, A "> (s,w, p) A
p € V,.)}, and since the formula ¢ is functional, it follows that w = t, i.e., 8 = sm{y|t € V,;}. Since t ¢ V,
by the condition, it follows that $ > -, which contradicts the condition rng [¢|V,.] C 7.

Therefore, rng [¢|V.] C V, € V.. O

Corollary. If s is a scheme-inaccessible cardinal number, A € V.., o(x,y;p) is a formula, and
W(UC,ysﬁ)\VW] =A— V%a
then g [p(z, y: P)|Vid € V.

Proof. Since s is a limit number, it follows that V,, = U(Va]a S %] . Therefore, A € V,, for a certain
a € . By Lemma 4 (Sec. 2.2), A C V,,. Consider the formula ¢ (z,y;p, A,a) = (r € AN p(x,y;p) V (z €
Va\AAy =0). It follows from = € V,,\ A C V,, € V,, and the supertransitivity of V,, that x,V, \ A € V..
Therefore, (z € V, \ A)V* & x € V, \ A. Hence "> & (x € ANp"*)V (z € V,\ A) Ay = ). Since
g = [¢|V.] = Vo — Vi, by Lemma 4, rngg € V,.. It follows from B = rng[p|V.] C rngg € V., that
BeV,. O

Lemma 5. If s is a scheme-inaccessible cordinal number and A € V,,, then UA € V,,.

Proof. Since s is a limit ordinal number, it follows that V,, = U(V5|5 € %] . For A € V,,, there exists
6 € s such that A € V5. Then for each a € A, a € V5. This implies that for each a € A, the nonempty
set {y < dla € V,} has a minimal element z,.

Consider a certain bijective mapping h : |[Vs| — V.

Consider the formula 9 (u, z) = (u € |V5| Ah(u) € A=z =sm{y < §|h(u) € Vy}) A (u € |vs| V h(u) ¢
A = z = (). In this case, [¢|V,] = {v|3u € V,.3z € V,.(v = {u,2) Ap¥*(u, 2)). Consider the formula
¥"* (u, z) in more detail. It is equivalent to the formula ((u € |Vs|)"* A (h(u) € A)V* = (z = sm{y <
Slh(u) € Vy V=) A ((u ¢ |Vs|)V* v (h(u) ¢ A)V* = (2 = 0)V>). Analogously to the previous lemma, this
formula is equivalent to the formula (u € |Vs| A h(u) € A = ((Vy < d(h(u) € V) = 2z C y) A (h(u) €
V)Y ) A G & [Vs] V h(u) & A = = = D).

The formula ((Vy < §(h(u) € V) = 2 C y) A (h(u) € V;))V* is equivalent to the formula Yy € V,.(y <
dNh(u) € Vy = 2z Cy)A(h(u) € V), since h, h(u),0,V,,V, € V... Since y < ¢ implies y € V., in this case,
this formula is equivalent to the formula (Vy < §(h(u) € V,)) = = C y) A (h(u) € V), i.e., to the formula
z = sm{y < d|h(u) € Vy}.

Therefore, [¢|V..] = {v|Fu € V.. 3z € V,.(v = (u, 2)A((u € |V5|Ah(u) € A= 2z = sm{v < 0|h(u) € Vy})A
(ué Vil Vv () ¢ A = 2= 0).

We easily obtain from this that [¢|V,] = V5| — .

Consider the ordinal number v = Urng [¢|V,,] € .

Let UA ¢ V... Then there exists ¢t € UA such that ¢ ¢ V. Since t € UA, there exists a € A such that
t € a, which implies a ¢ V,. But if we consider s = [1|V,.](h~!(a)), then we obtain s <y Aa € Vs, which
implies a € V,,. Therefore, UA € V.. O

Any formula o(z; @) of the ZF theory and any transitive set A define the scheme set (o(z;@)|A) = {z €
AloA(2; @)}, which depends on the parameter .

Lemma 6. If 5 is a scheme-inaccessible cardinal number and o(z,y;p) and o(x;ud) are formulas, then
VpVi € Vive € [Vil([p(z,y, ;)| Vad = (0(2;0)|Vie) S € = (o(a;4) Vi) € Vi)

Proof. Denote [p|V..], rng[p|Vs], and (o|V},) for given p, @ € V., from the condition of the lemma by f,
R, and S, respectively. Consider the formula p(y; 7, @) = Jz(o(x; @) A @(x,y;p)). Then p¥> = Iz €
Voelo¥ (w;.20) A" (x,y; 7)) implies (p(y; §,7)|Vee) = {y € Viel Ju(x € Ve AoV (w300) A" (x,30))} = R
for given p,u € V,,. Since R C € € |V,,| = » C V,, by Lemma 3, it follows that R € V..
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Consider the formula ¢ (y, z; p, @) = o(x; @) A ¢(x,y;p). Then V> = V= (2;%@) A "> (x,y;p) implies
g= V] ={t € Vi« V,|3y,x € V,.(t = (y,2) AoV (x;0) A " (z,y;0))} = f~'. Therefore, g is a
bijective mapping from R onto S. Since R € V,,, S = rngg € V,, by the corollary to Lemma 4. O

7.2. Scheme-universal sets and their connection with scheme-inaccessible cumulative sets.
A set U is said to be scheme-universal if it has the following properties:

(1) z € U = = C U (transitivity property);

(2) zeU = P(z),Ur € U;

(3) z,yU = z Uy, {z,y}, (z,y),z*xy € U;

(4) V5 € UVa(z € U A (e, y: P|U] = @ — U = rng [o(a, y; p)|U] € U;

(5) wel.

The following two lemmas are proved analogously to the corresponding lemmas of Sec. 3.1.

Lemma 1. If a set U is scheme-universal, then x e U Ny Cx =y € U.

This lemma shows that a scheme-universal set is quasi-transitive. This and the transitivity property
imply that a quasi-universal set is supertransitive.

Lemma 2. If a set U is scheme-universal, then ) € U and 1 € U.
The following theorem has a completely different proof than Lemma 4 (Sec. 3.1) analogous to it.
Theorem 1. If U is a scheme-universal set, then X € U = |X| € U.

Proof. If X = (), then |X| = 0 € U. In what follows, we will assume that X # (. By the Zermelo
principle, we can assume that X is completely ordered. Take a minimal element m of the set X. Consider
the nonempty set A= OnNU.

For all z € X, by X, we denote the interval {t € X|t < x}. By Lemma 1, X, C X € U implies X, € U.

If for X,, there exists a mapping f such that dom f = X, and rng f € A, then by Lemma 1, f C
Xy xrng f € U implies f € U.

Assume that for x € X, there exist isotone bijective mappings f and g such that dom f = dom g = X,
and rng f,rngg € On. If x = m, then f = g = (. If x > m, then consider the set X' = {y €
Xo|f(y) # g(y)}. Assume that X' # . Then X’ contains a minimal element n. Consider the set
X, C X;. Assume that f(m) > 0 and consider z € X, such that f(z) = 0. Since f is isotone, it follows
that f(m) > f(z) implies m > z, which is impossible. Therefore, f(m) = 0 = g(m) implies m < n,
ie., m € X,. Clearly, f|X,, = g|X,. Since a bijective isotone mapping preserves all order boundaries,
it follows that f(n) = f(sup X,,) = sup f[X,] = supg[X,] = g(sup X,,) = g(n), which contradicts the
property n € X’. The obtained contradiction implies X' = 0, i.e., f = g.

Denote by bij(f) and isot(f) the formulas expressing the property of the mapping f to be bijective
and isotone, respectively. Consider the formula ¢(z,a; X) = (X #0Ax € X ATf(fune(f) ANdom (f) =
Xz Arng (f) =aNbij(f) ANisot(f) A On(a)). It follows from what was proved in the previous paragraph
that for x € X, there can exist a unique f and, therefore, a unique a, i.e., the formula ¢(z,a; X) is
functional. Consider the function H = [p|U] = {z € U x U|3z,a € U(z = (z,a) AV (z,a; X))} CU* U
depending on the parameter X € U.

Consider the formula oY (z,a; X) = (X # 0Ax € XA3f € U(func’ (f)A(dom (f) = X))V A(rng (f) =
a)V Abigu(f) AisotY(f)) A OnY(a)) for z,a,X € U. Tt follows from the absoluteness of these formula
and operations that funcV(f) < func(f), (dom (f) = X,)V < (dom (f) = X.), (rng(f) = a)V <
(rng (f) = a), OnY(a) < Onl(a), bijV(f) < bij(f) and isotV(f) < isot(f) (see [13], 10). Hence
oY(z,0;X) & (X A0Ax € X AIf € U(func(f) Adom f = Xz Arng(f) = a Abij(f) ANisot(f)) AOn(a))
for a,z, X € U. Consider the set Z = dom H. Since Z C X € U and U is scheme-transitive, it follows that
Z € U. Hence, by Property (4) from the definition of a quasitransitive set, it follows that ¢ = rng H € U.
Therefore, H is a function from Z onto c. Since the set e = () € U is an isotone bijective mapping such
that dome = X,,, =0 € U and rnge =) = 0 € A, it follows that H # ().
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Let o € 8 € c. Then 8 = H(y) for certain 8 € On and y € Z such that ¢V (y, 3; X). This means that
y € X and there exists an isotone bijection g € U such that dom (g) = X, and rng (g) = 3. Since 3 is
an ordinal number, it follows that « is also an ordinal number and o C 8. Consider z = g~ *(a) € X,
If t € X, C Xy, then g(t) < g(x) = o, e, g(t) € a. If v € «, then v € 3, and we can take an element
z=g 1 (y) € X,. It follows from g(2) = v < a = g(x) that z < z, i.e., z € X,. Moreover, g(z) = ~. This
implies that the function f = ¢g|X, maps X, onto a. Clearly, it is bijective and isotone. Since f C g € U,
the quasi-transitivity of U implies f € U. Hence o = H(x) € c¢. This means that the set ¢ is transitive.

Let a, 3 € c. Then a = H(x) and 3 = H(y) for certain a, 3 € On and z,y € Z such that ¢V (z,a; X)
and Y (y, 3; X). This means that 2,y € X and there exist isotone bijections f, g € U such that dom (f) =
Xz, dom (g) = Xy, rng (f) = «, and rng(g) = . Since a and (3 are ordinal numbers, it follows that
either a € B, or B € «, or a« = 3. Therefore, the set ¢ is linearly ordered with respect to the binary
relation € U =.

Let § # o C c. By the regularity axiom, there exists 7 € a such that r N« = (). Take any s € « such
that s € r or s = r. It follows from rNa = () that s ¢ r. Therefore, s = r. This means that r is a minimal
element in «. Therefore, ¢ is completely ordered.

Therefore, we have proved that ¢ is an ordinal number.

Let us verify that the function H is bijective and isotone. Let x,y € Z, and let x < y. Then for
ordinal numbers a = H(x) and b = H(y), there exist isotone bijections f,g € U such that dom(f) = X,
dom(g) = Xy, rng(f) = a, and rng(g) = b. Consider the ordinal number o’ = g(x) € b. If t € X,, then
t < x <y implies g(t) < g(x) = d, i.e., g(t) € d’. If @ € a’ C b, then for the element s = g~ (a), a < d’
implies s < z, i.e., s € X, and g(s) = a. Therefore, the function f’ = g| X, is an isotone bijection from X,
onto a’. It follows from the uniqueness proved early that f’ = f. Therefore, f C g implies a C b. Assume
that @ = b. Then X, = f~'[a] = f'"'[a] = g~ '[a] = g~ '[b] = X, which contradicts the inequality = < y.
Therefore, a € b, i.e., a < b. Conversely, let x,y € Z, and let a < b. Since a € b, we can take the element
2" = g7l(a) € X,. If t € X, then t < 2" < y implies g(t) < g(z") = a, i.e., g(t) € a. If a € a C b,
then for the element s = g~ '(a), a < a implies s = g7!(a) < g7 '(a) = 2", i.e., s € X, and g(s) = a.
Then the function f” = g|X,~ is an isotone bijection from X,» onto a. Consider the isotone bijections
p=f1:a5S X, and p’ = f" ' : a5 X,». In the same way as above, we prove that p = p”. Therefore,
X, = X, implies x = 2" < y.

Therefore, the surjective function H is isotone. Therefore, it is bijective.

Thus, H is an isotone bijection from Z C X onto ¢ € A. Assume that Z # X. Then the set X \ Z
contains a minimal element y. Consider the initial interval X,. If x € X, then v € Z, ie., X, C Z.
Conversely, let x € Z. Assume that y < z. Consider the ordinal number a = H(z). For it, there exists
an isotone bijection f € U such that dom(f) = X, and rng(f) = a. If y = x, then y € Z, which is
impossible. Let y < z. Consider the ordinal number b = f(y) € a and the isotone bijection g = f|X,,
from X, onto b. Since g C f € U, by the transitivity of U, we obtain g € U. Therefore, b = H(y) and
y € Z, which is impossible. The obtained contradiction implies x < y, i.e., x € X,,. As a result, we obtain
Xy =172

Consider a new set Y = Z U {y} and define the function f from Y onto a = ¢+ 1 setting f|Z = H and
fly)=c. Let z,2' € Y, and let x < 2/. If x,2" € Z, then f(z) = H(x) < H(z') = f(2'). f x € Z and
x' =y, then f(x) = H(x) € ¢ implies f(x) < ¢ = f(2'). Therefore, f is strictly monotone. Conversely,
let f(z) < f(a') for x,2" € Y. If x,2' € Z, then H(z) < H(2') implies x < 2. If z € Z and 2’ = y, then
x<y=2.1f2' € Zand z =y, then f(2') = H(2') € c. Hence f(2') < ¢ = f(x), which contradicts the
condition. As a result x < x’. Therefore, f is isotone. Since f is surjective, f is bijective.

Assume that X \ Z # {y}. Then the nonempty set X \ Y contains a minimal element z. If z = y, then
x € Y, which is impossible. If x < y, then x ¢ X\ Z, i.e., z € Z C Y, which is also impossible. Therefore,
y<z. LetteVY. IlfteZ=X, thent <y <uz ie,tecX, Ift=y <z thent € X, once again.
Therefore, Y C X,. Conversely, if t € X, then ¢t < z impliest ¢ X \ Y, ie,t €Y. Asaresult, Y = X,.
Hence f is a bijective isotone function from X, onto a. It follows from y € X € U that y € U. Therefore,
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(y,c) € U and {(y,c)} € U. Further, by the quasi-transitivity of U, H C Z x ¢ € U implies H € U. This
implies f = H U {(y,c)} € U. This means that a = H(z) € ¢ € a, which is impossible. The obtained
contradiction implies X =Y. Therefore, f is an isotone bijection from X onto a. Since a = cU {c} € U,
it follows that a € A.

If Z=X, then weset a =cand f = H.

Thus, in both cases, we have constructed the isotone bijective mapping f € U from X onto a € A.
Since | X| C a € U, the scheme-transitivity of U implies | X| € U. O

Let us prove that in a scheme-universal set, as in a universal set, there exists the €-induction principle,
which is analogous to the €-induction principle in ZF (see Lemma 4 (Sec. 1.2) and Lemma 5 (Sec. 3.1)).

Lemma 3. Let U be a scheme-universal set, C C U, andVx € U < let (xt CC =z € C). Then C =U.

Proof. The proof is analogous to that of Lemma 5 (Sec. 5.1), except of the central part, which changes
as follows.

Denote RZ by R,. Consider the following formula of the ZF theory: ¢(z,y) = (z € w Ay = Ry).
Clearly, this formula is functional. Consider the formula ¢V (z,y) = ((z € W)Y A (y = R,)Y) for z,y € U.
Since z,w,y, R € U, using the transitivity property of the set U, we can prove that (z € w)V & 2 € w
and (y = R.)V < y = R,. Therefore, pU(z,y) < ¢(x,y) for z,y € U. Consider the function [¢|U]
{z € UxUlRz,y € U(z = (z,y) A ¢Y(2,9)} = {2z € UxUlFz,y € U(z = (z,y) A p(z,9))} = {2
UxUldz,y € U(z = (v,y) N\o € wAy = R;)} CUxU. Clearly, dom[p|U] = w and A = rng[¢|U]
{¢g € U|3p € w(qg = R,)}. Since [p|U] = w — U, then by Properties (5), (4), and (2), from the definition
of scheme-universal set, it follows that A € U and Q = UA € U. Clearly Q = {y|3n € w(y € R,)}.
Therefore, R, C @ for any n € w, and hence P = Ry C Q. It follows from the uniqueness property
mentioned above that u(m) = u(n)|(m + 1) for all m < n, ie., R}® = R} for any k € m + 1. Therefore,
URp = URM = URMH = R = Ry O

m

For a scheme-universal set, as well as for a universal set, the following analog of the von Neumann
equality from Lemma 4 (Sec. 2.3) holds.

Lemma 4. Let U be a scheme-universal set. Then:
(1) Vo €U for any a € OnNU,
2) U=UV,CUlacOnnU).

Proof. (1) Consider the sets A = OnNU and C' = {«a € A|V, € U} and the classes C” = On \ U and
C=C'"UC” By Lemma2,0=V, =0 € U. Hence 0 € C. Let « € C. Assume that « +1 € A. Since
a € a+1eU,by Property (1), a € U, and, therefore, « € AN C = C’. Then by Properties (2) and (3),
the condition V,, € U implies V41 = VL, UP(V,) € U. Therefore, a« +1 € C' C C. In the case a+1 ¢ A,
we immediately obtain o +1 € C” C C.

Let « be a limit ordinal number, and let « C C. Assume that o € A. If § € «, then § € a € U implies
BeANC=CC".

Consider the functional formula p(z,y) = (z € a =y =V,)A(z ¢ a =y =0). Then [p|U] = {z|3z €
UyecU(z=(z,)A(rca=y=V)VANzda=y=0"AacU}. SinccacUandz € a=v, €U
by condition, this formula is equivalent to the formula {z|3z € U3y € U(z = (z,y) A (v € a = y =
Vi) A (x ¢ a =y = 0)}. Obviously, in this case, [p|U] = a — U and rnglp|U] = (Vy|y € Oéj . By
Property (4), (Vy|y € aj € U, and, therefore, V, = U(Vy|y € ozj € U. Therefore, « € ¢’ C C. In the
case a ¢ A, we immediately obtain a € C” C C.

By the transfinite induction principle, C = On, and hence C’ = A.

(2) It follows from what was proved above that V,, CU for any a € A. Therefore, P = U(Va\a € Aj cU.
Let us show that P satisfies the €-induction principle from Lemma 3. Consider the formula ¢(u,z) =
(ueP=z=sm{acApeVo})AN(ug¢g P=z=0).

Let x € U, and let z C P. If x = (), then x € P. In what follows, we will assume that =z # 0. If
y € © C P, then y € V, for a certain o € A. Hence, by Lemma 1, ¢(y) < o € U implies p(y) € A.
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Therefore, we can consider the functional formula 1) = ¢|z. It is easy to show that [|U] = = — A. By
Property (4), R = rng[¢|A] € U, and by Property (2), p = UR € U. Since ) # R C On, by Lemma 2
(Sec. 1.2), p is an ordinal number. Hence p € A.

If y € x, then by Lemma 1 (Sec. 1.2), [¥|U](y) C p implies y € Viyjyjy) C Vp- Therefore, by
Lemma 3 (Sec. 1.2), z C V, € V41 implies ¢ € V, 1. By Property (3), p+1 = pU {p} € U implies
p+ 1€ A. Therefore, z € P.

Now Lemma 3 implies P = U. O

Theorem 2. Let U be an arbitrary scheme-universal set. Then:
(1) U=V, for x=sup(OnNU)=U(OnNU) C U;
(2) s is a scheme-inaccessible cardinal number;
(3) the correspondence q : U — 3 such that U = V,, is an injective isotone mapping from the class U’
of all scheme-universal sets into the class In’ of all scheme-inaccessible cardinal numbers

Proof. (1) Since A = On N U is a nonempty set, because by Property (5), it contains the element w, by
Lemma 2 (Sec. 1.2), s is an ordinal number.

Let 5 € U. Then by the properties of a scheme-universal set, >+ 1 = U {5} € U. Since %+ 1 € On,
»#+1¢€ (OnNVU) in this case, i.e., s+ 1 < s, which is not true. Therefore, s ¢ U.

Assume that s = « + 1 for a certain ordinal number «. In this case, a € U, since » C U and « € .
Since » = a U {a}, by the properties of a quasi-universal set, it follows that s» € U, which is impossible.

Therefore, s is a limit ordinal number.

Hence V,, = U(Vﬁw S %j . By Lemma 4, U = U[Va\a € Aj . If a € A, then a < 3 implies V, C V,..
Therefore, U C V,,. If 8 € 3¢ = UA, then § € a € A for a certain a. By Property (1), 8 € A. Therefore,
V.CU.

Therefore, U = V..

(2) Obviously, » # 0.

Assume that the ordinal number s is not scheme-regular. Then Ja(a € » A [p|U] = o — »x A
Urng [¢|U] = ) for a certain functional formula ¢(z,y,p). But by Property (4) of a scheme-universal
set, « € U and » C U imply rng [p|U] € U, and, therefore, Urng [p|U] € U. Therefore Urng [p|U] # s,
and the obtained contradiction implies that the ordinal number s is scheme-regular.

Let A be an ordinal number such that A < s. Since A € »» C U, by Property (2), P(\) € U. By
Theorem 1, |[P(A)| € U. Hence |P(A\)| < ». Assuming that » = |P(\)| € U, as above, we arrive at a
contradiction. Therefore, |P(X\)| < s.

Assertion (2) is proved.

(3) Lemma 1 (Sec. 1.2) implies that s is unique. Therefore, we can define the mapping ¢ : U’ — In’
such that ¢(U) = s, where U = V,,. Lemma 1 (Sec. 1.2) also implies that ¢ is isotone. O

Corollary 1. If U is a scheme-universal set, then |U| is a scheme-inaccessible cardinal number, |U| =

sup(OnNU) and U = Viy.

Proof. By Theorem 1 U = V,,, for a scheme-inaccessible cardinal number, » = sup(On N U). By
Lemma 3 Sec. 7.1, » = |V,.| = |U]|. O

Theorem 3. For any set U, the following assertions are equivalent:

(1) U is a scheme-inaccessible cumulative set;
(2) U is scheme-universal set.

Proof. (1) - (2). Let U =V, for a certain scheme-inaccessible cardinal number s > w. Let us show that
the set U is quasi-universal.

The property x € U = x C U follows from Lemma 4 (Sec. 2.2).

The property x € U = P(z) € U follows from Lemma 7 (Sec. 2.2).
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The property x € U ANy € U = z Uy € U follows from Lemma 6 (Sec. 2.2).

The properties z € U Ay € U = {z,y}, (x,y),x x y € U follow from Colloraries 1 and 2 of Lemma 7
(Sec. 2.2).

The property w € U follows from lemma 8 (Sec. 2.2).

The property x € U = Uz € U follows from Lemma 5 (Sec. 7.1).

The property z € U A [p|U] = — U = rng [p|U] € U follows from Lemma 4 (Sec. 7.1).

Therefore, the set U is quasi-universal.

(2) F (1). This deducibility obviously follows from the previous theorem O

7.3. Supertransitive standard models of the ZF theory in the ZF theory. In this subsection,
we consider supertransitive standard models of the ZF theory in the ZF theory.

Proposition 1. In the ZF theory, the following assertions are equivalent for a set U:

(1) U is supertransitive standard model for the ZF theory in ZF,
(2) U is scheme-universal.

Proof. (1) I (2). Consider an arbitrary sequence s = g, ..., Zq, ... of elements of the set U and transla-
tions of certain axioms and axiom scheme of the ZF theory under the standard interpretation M = (U, I)
on a sequence s.

Instead of fy;[s] and M F ¢[s], we write 6 and ¢! for the terms 6 and formulas ¢, respectively.

To simplify the further presentation, we first consider translations of certain simple formulas. Let u
and v be certain sets.

The formula u € v translates into the formula (u € v)! = ((u!,v') € B). Denote the latter formula by
7. By definition, this formula is equivalent to the formula (3z3y(z € U Ay € U A(ut,vt) = (x,y) Az € y)).
Using the property of an ordered pair, we conclude that u! = z and v* = y. Hence the formula § = (u® € v')
is deduced from ~. By the deduction theorem, v = §. Conversely, consider the formula §. In the ZF
theory, it is proved that for sets u! and v?, there exists a set z such that z = (u, v'). By the logical axiom
scheme LAS3 from ([16], III, §1), the formula (2 = (uf,v!) = u! € U AVt € UA 2z = (ul,vt) Aul € 0t)
is deduced from the formula 6. Since the formula z = (u!,v?) is deduced from axioms, the formula
(ut e UAvt €U Az = (u,vt) Aul € v!) is deduced. By LAS13, the formula 3x3y(z e UAy € U Az =
(x,y) Nz € y) is deduced; it is equivalent to the formula z € B and, therefore, to the formula . By the
deduction theorem, § = . Therefore, the first equivalence (u € v)! < u! € v* holds.

The formula v C w translates into the formula (v C w). Denote the latter formula by e. By the first
equivalence proved above, it is equivalent to the formula &’ = Vu € U(u € v* = u € w'). According to
LAS11, the formula ¢’ = (x € U = (z € v' = x € w')) is deduced from the formula &’. If x € v!, then
v! € U and the transitivity of the set U imply = € U. Then the formula ” implies = € v = x € w'.
Hence, by the deduction theorem, the formula (¢ = (z € v' = 2z € w')) is deduced. By the inversion rule,
the formula Va (e = (z € v' = o € w')) is deduced. By LAS12, the formula (¢ = Vz(z € v' = z € w')),
i.e., the formula (¢ = v* C w'), is deduced.

Conversely, assume that we have the formula v' C w!. By logical axioms, from it, we sequentially
deduce the formulas (v € v' = u € w') and (v € U = (u € v' = u € w')). By the generalization
rule, we deduce the formula &’. Hence, by the deduction theorem, the formula (v! C w! = €) is deduced.
Therefore, the second equivalence (v C w)? < v* C w’ holds.

Exactly in the same way as the first equivalence was deduced, the third equivalence (u = v)! & u! = v!
is deduced.

In what follows, we will write not literal translations of axioms and axiom schemes, but their equivalent
variants, which are obtained by using the mentioned equivalence.

The volume axiom A1 translates into the formula Al! < A1V =VX c UVYY e UNVu € U(u € X <
ueY)=X=Y).

The pair axiom A2 translates into the formula A2! & A2V =Vu c UVo € Uz € UV2 € U(z €z &
z=uVz=v).
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The union axiom A4 translates into the formula A4’ < A4V =YX c UFY c UVu e U(ue X & Iz €
UuezNzeX)).

The axiom of set of subsets A5 translates into the formula A5' < A5Y =VX € U3Y € UYu € U(u C
XeueY).

The axiom scheme of substitution AS6 translates into the formula scheme AS6! < Vo € UVy € UVy' €
Ul (z,y) No™(z,y) = y=y)=VX ecUIFY eUVe e U(zr € X = Vy € U(¢?(x,y) =y € Y)), where
" and ¢ stand for the formulas M F ¢[s™] and M F ¢[s?] in which s and s? stand for the corresponding
changes of the sequence s under the translation of the quantor overformulas mentioned above.

The axiom of empty set A7 translates into the formula A7 & A7V =3z c UVz € U(z ¢ z).

The infinity axiom A8 translates into the formula A8' < A8 =3y c UM € VAVy cU(y €Y =
(yU{y})” €Y)), where:

— the set 0t is defined from the formula A7Y;

— the set Z1 = Z1(y) = (yU {y})” is defined from the formula 37, e UNu € U(u € Z1 & Fz € U(u €
2Nz € {y, {y}}7)),

— the set Zy = Z1(y) = {y, {y}}? is defined from the formula 37y € UVu € U(u € Zo S u=yVu =
{y}?);

— the set Z3 = Z3(y) = {y}” is defined from the formula 375 € UVu € U(u € Z3 < u =y).

Since M is a model of the ZF theory, all the translations written above are deducible formulas in the
ZF theory.

Therefore, the formula ATV states the existence of a certain = € U, which is denoted by @f. If z € U,
then A7Y implies z ¢ z. Now let z ¢ U; assume that z € x. Then by the transitivity of the set U,
we obtain z € U, which contradicts the condition. Therefore, z ¢ x. Thus, z ¢ z is deduced. By the
generalization rule, we deduce the formula Vz(z ¢ x), which means that = (). Therefore, () = () and
DeU.

Now let us verify that if y € U, then Z3 = {y}. Let u € Z3. Sience Z3 € U and U is transitive, then
u € U. If u € U, then the formula for Zs presented above implies u = y. Therefore, u € {y}. Thus,
Z3 C {y}. Conversely, let u € {y}. Then u = y. Since y € U, it follows that v € U. Therefore, by the
same formula, u € Z3. Therefore, {y} C Z3, which implies the required equality. This equality leads to
the disappearance of the index p in the formula for Z,.

Using this equality, let us prove that Zs = {y, {y}}. Let u € Z5. Then as above, u € U. Therefore, the
formula for Z presented above implies u = y or u{y}. Therefore, u € {y, {y}}. Therefore, Zo C {y,{y}}.
Conversely, let u € {y,{y}}. Then v =y € U or u = {y} = Z3 € U. Therefore, u € U in both cases.
Hence, by the same formula, u € Z,. Therefore, {y,{y}} C Z3, which implies the required equality. This
equality leads to the disappearance of the index ¢ in the formula for Z;.

Finally, let us verify that if y € U, then Z; = y U{y}. Let u € Z;. Since Z; € U and U is transitive,
it follows that w € U. Therefore, the formula for Z; implies that there exists z € U such that u € z
and z € {y,{y}}. Therefore, u € U{y,{y}} = Z, i.e., Z1 C Z. Conversely, let u € Z. Then there exists
z € {y,{y}} such that u € z. We conclude from z =y € U or z = {y} = Z3 € U that z € U. Therefore,
the mentioned formula implies v € Z;. Therefore, Z C Z;, which implies the required equality. This
equality leads to the disappearance of the index 7 in the formula for A8".

All that was said above implies A8 = 3Y e Ul € YAVy e Uly € Y = yU{y} € Y)). If
y € Y, then Y € U and the transitivity of U imply y € U. Then y U {y} € Y is deduced from
this formula. By the deduction theorem, the formula y € ¥ = y U {y} € Y is deduced, and by the
generalization rule, the formula Vy € Y (y U {y} € Y) is deduced. Therefore, from A8‘ we deduce the
formula 3Y € U() € Y AVy € Y(yU{y} € Y)), which almost coincides with the infinity axiom and asserts
that there exists an inductive set Y € U.

Using the obtained translations, let us prove that the set U is scheme-universal.

Consider the formula A2Y. According to this formula, for any u,v € U, there exists the corresponding
set x € U. If z € x, then the transitivity of U implies z € U. Therefore, the formula z = uV z = v is
deduced from this formula. If z = uV 2z = v, then z € U, and, therefore, the formula z € x is deduced from
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A2Y. Since A2Y is deducible in ZF, by the deduction theorem and the generalization rule, we deduce
the formula Vz(z € < z = u V z = v), which means that x = {u,v}. Therefore, {u,v} € U. By the
deduction theorem, we deduce the formula u,v € U = {u,v} € U. This implies {u} € U and (u,v) € U.

Consider the formula A4Y. According to this formula, for any X € U, there exists the corresponding
set Y € U. As above, the transitivity of U implies Y = UX. Therefore, UX € U, and by the deduction
theorem, we deduce the formula X € U = UX € U. This implies that X,Y € U implies X UY =
UW{X,Y}eU.

Consider the formula A5Y. According to this formula, for any X € U, there exists the corresponding
set Y € U. Clearly, Y C P(X). Let y € P(X). Then by the cumulativity of U, y C X € U implies
y € U. Hence Y = P(X). Therefore, P(X) € U, and by the deduction theorem, we deduce the formula
XeU=PX)eUlU.

If X,Y € U, then by the cumulativity property, X *Y C P(P(XUY)) € U implies X xY € U.

Consider an inductive set Y € U whose existence was proved above. Since w is a minimal set among
all inductive sets, it follows that w C Y. By the cumulativity property, this implies w C U.

Property (4) from the definition of a scheme-universal set holds automatically.

Therefore, we have proved that (1) - (2).

(2) F (1). Let U be a scheme-universal set. According to Sec. 3.1, it is supertransitive. Consider the
standard interpretation M = (U, I) of the ZF theory. In above, we have translated certain axioms and
axiom schemes of the ZF theory on the sequence s under the interpretation M. Let us prove that they are
deducible in ZF.

Consider the formula A1Y. Let X,Y € U, and let x =Vu € U(u € X < u € Y). Take an arbitrary
set u. If u € X, then the transitivity of U implies u € U, and then u € Y is deduced. Analogously, u € Y
is deduced from u € X. Therefore, by the deduction theorem, the formula u € X < u € Y is deduced,
and by the generalization rule, the formula Vu(u € X < u € Y) is deduced. According to the volume
axiom, the equality X =Y is deduced from this. By the deduction theorem, the formula y = X =Y is
deduced in ZF. Further, by logical means A1’ is deduced.

Consider the formula A2Y. Let u,v € U. By the property of a quasi-universal set, {u,v} € U.
The pair axiom implies Vz € U(z € {u,v} < 2z = uV z = v). Therefore, by LAS13, the formula
Jr e UVz € U(z € x & 2z =uV 2z =v) is deduced. Further, by logical means, the formula A2' is deduced.

The axiom separation scheme AS3 transforms into the formula scheme AS3! < VX € U3Y € UVu €
Uu€eY & ue X A¢(u)), where Y is not a free variable of the formula ¢(u) and @™ stands for
the formula M F ¢[s7], in which s” stands for the corresponding change of the sequence s under the
transformation of the quantor overformulas Vz(...), 3Y(...) and Vu(...) mentioned above. According
to AS3, for X € U, there exists Y such that Vu e U(u € Y & u € X A" (u)). Since Y C X € U, by
Lemma 1 (Sec. 3.1), Y € U. Therefore, AS3! is deduced in ZF.

The deducibilities A4! and A5 are verified similarly to the deducibility A2¢.

Let us verify the deducibility of AS6!. Denote the formula ¢V (z,y, pas[s]) by ¥ (z,y). Let the formula
a hold. Consider any set X € U. According to the axiom separation scheme, there exists the set F' = {z €
Uldz,y € U(z = (z,y) ANp?(x,y))}. Clearly, F C U U. The transitivity of U implies X C U. Therefore,
there exists the set Z = F[X| C U. Consider the set G = {z € U|3z,y € U(z = (x,y) A 7 (z,y) ANx €
X)}=F|IXCXxxZ Letxe X CU. If x ¢ domG, then G(z) =0 € U. Let x € dom G, i.e., G(z) # 0.
Ify,y € G({x) C U, then ¢ (x,y) A (z,y'), or more precisely, p7(x,y, X, Y)A¢? (z,y', X,Y) holds, since
X and Y cannot be free variables of the formula ¢?. Since ¢ (z,y) = ¢7(z,y, X || Xn[s], Y||Yar[s]), and
similar for ¢/, by LAS11, ¢7(z,y) A ¢” (z,y’) holds. Therefore, the formula a implies y = y/. Therefore,
G(z) = {y} € U. Therefore, G(x) € U for any z € X. By Lemma 3 (Sec. 3.1), Yo =rngG = U[G(x>|:1c €
X)) eU.

Ifze X CU,yeUand ¢?(x,y), then (x,y) € G implies y € Yy. This means that the formula [ is
deduced from the formula «. By the deduction theorem, the formula o = (§ and, therefore, the scheme
AS6! is deduced.

According to Lemma 2, §) € U. From this and A7, A7’ is deduced.
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Consider the formula A8” and the set w € U. It follows from the previous paragraph that 0! =) € w.
Let y € U, and let y € w. Then as above, it is verified that Z3 = {y}, Z2 = {y, {y}} and Z; = yU{y} € w.
By the deduction theorem, the formula (y € w = Z; € w) is deduced. Further, by logical means, the
formula (0! € wAVy € U(y € w = (yU{y})” € w)) and hence the formula A8" are deduced.

The regularity axiom A9 transforms into the formula A9' < A9" =VX € U(X # (! = Jx € U(x €
X A(xznX)T =0Y), where:

— the set (! is defined from the formula A7Y and, as was proved above, coincides with empty set 0,

— the set Z = (x N X)7 is defined from the formula 32 e UVu e U(u € Z S ucxAu € X).

Let us verify that if X €e U and x € U, then Z =x N X. Let u € Z. Since Z € U and U is transitive,
it follows that u € U. Therefore, the formula for Z implies u € x Au € X, i.e., u € x N X. Therefore,
Z C xNX. Conversely, let u € x N X, ie., u € x Au € X. By the transitivity, u € U. Therefore,
the mentioned formula implies u € Z. Therefore, t N X C Z, which proves the required equality. This
equality leads to the disappearance of the index 7 in the formula for A97.

Let X € U, and let X # (! = (). By the regularity axiom, there exists x € X such that x N X = (. By
the transitivity, € U. From this, by logical means, we deduce 9¢.

Finally, the axiom of choice A10 translates into the formula A10" < A10" =VX € U(X # 0! = 3z €
U((z=PX)\{0} - X)"AVY e U(Y € (P(X)\ {0})? = 2(Y)? €Y))), where:

— the set 71 = Z1(X) = (P(X) \ {0})? is defined from the formula 37, € UVu € U(u € Z; & u €
PX)? Au ¢ {0}),

— the set Zy = 2(Y')? is defined from the formula (Y, Z5)? € z,

— " = (z = P(X)\ {0} — X)7 stands for the formula M E n[s7], in which s stands for the
corresponding change of the sequence s under the transformation of the quantor overformulas VX(...)
and Jz(...) mentioned above

Fix the conditions X € U and X # (! =0 € U. It was stated above that this implies P(X)? = P(X)
and {(}* = {0}. This leads to the disappearance of the index p in the formula for 7.

Let us verify that Z; = P(X) \ {0} = Z. Let u € Z;. Since Z; € U and U is transitive, it follows that
u € U. Therefore, the formula for Z; implies y € Z. Therefore, Z; C Z. Conversely, let u € Z. Since
P(X) e U, P(X) C U by the transitivity. This implies u € U. Therefore, the mentioned formula implies
u € Zi. Therefore, Z C Z7, which proves the required equality. This leads to the replacement of Z1 by Z
in the formula A107.

Consider the formula ¢ = (z = Z — X). It is the conjunction of the following three formulas:
p1=(z2CZ*xX), pa=(domz=2) and p3 = Ve(zv € Z = Vyly e X = V(Y € X = ((z,y) €
PN (3y) €25 y=1)))).

Therefore, ™ = @] A3 A 3. Since g1 = (Vu(u € z = Jady(z € Z ANy € X ANu= (z,y)))), it follows
that o] & (VueU(uez=3rcUyeclU(xr e Z1 ANy X Nu=(x,y)?))). Analogously, g2 = (Vz(z €
Z=Jylye X AN(z,y) € z))) implies p] & Ve e U(x € Z1 =Ty e U(y € X AN (z,y)? € 2))).

Finally, o] & Ve e U(zr € Z1 =VyeU(ye X =W ecU(Y e X = ((z,y)? € 2 A (z,y) € 2=y =
).

By the transitivity property, for z,y and 3’ in the formulas ¢], 3 and ¢3, we have z,y,y € U.
Therefore, by what was proved above, in these formulas, the following equality hold: Z; = Z, (x,y)? =
(z,y) and (z,y')? = (z,y'). This implies that the formulas ¢7, ©3, and ¢ differ from the formulas 1,
w9 and 3, respectively, by only bounded quantor prefices V--- € U and 3--- € U.

For X, by the axiom of choice A10, there exists z such that y=(z = Z - X)AVWY(Y € Z = z2(Y) €
Y).
Therefore, the formula ¢ = 1 Aws A s is deduced, and hence the formulas ¢1, ps and @3 are deduced.
Let w € U, and let w € z. Then from the formula 1, it is deduced that there exist z € Z and y € X such
that u = (z,y). Sincex € Z € U andy € X € U, it follows that z,y € U by the transitivity property. This
means that for given conditions u € U and u € z, the formula 3z € U3y € U(x € Z1 Ay € X Au = (z,y)?)
is deduced. Applying the deduction theorem twice and the deduction rule, we deduce the formula ¢7.
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Let z € U, and let x € Z1 = Z. Then from the formula s, it is deduced that for x, there exists y € X
such that (z,y) € z. It follows from y € X € U that y € U. This means that for given conditions x € U
and x € Z7, the formula 3y € U(y € X A(z,y)? € z) is deduced. As in the previous paragraph, we deduce
from this the formula ¢3.

LetzeU,xeZ1=Z,yeU,ye X,y €U,y € X, (z,y) € z, and let (z,y) € 2. Then y = ¢/
is deduced from the formula ¢3. Applying alternately the deduction theorem and the deductions rules
several times, we deduce the formula 3.

Therefore, the formula ¢ is deduced.

Since z = Z — X, it follows that z(Y) = {2(Y)}. Y € U and Y € Z; = Z, then Zy € U implies
(Y, Z2)P = (Y, Zs). Then (Y, Z3) € z implies Zy € z(Y'), whence Zy = z(Y"). Therefore, for the function z,
the conditions Y € U and Y € Z; imply Zo = 2(Y) € Y.

Since Z = Z; € U and X € U, it follows that Z « X € U. By Lemma 1 (Sec. 7.2), z C Z * X implies
zeU.

All this means that from Axiom A10 is deduced he existence of the object z satisfying the formula x
from which the formula & = (" AVY € U(Y € Z1 = Z3 € Y)) is deduced. Thus, from the fixed conditions,
the formula dz € U¢ is deduced. Applying alternately the deduction theorem and the generalization rule
several time, as a result, we deduce the formula A10°%.

Therefore, M is a supertransitive standard model for the ZF theory. O

Corollary. Any uncountable scheme-inaccessible cumulative set V,. is a supertransitive standard model
for the ZF theory.

Proof. The assertion follows from Proposition 1 and Theorem 3 (Sec. 7.2). O

Using Theorems 2 and 3 (Sec. 7.2) and Proposition 1, we obtain the following theorem.

Theorem 1. In the ZF theory, the following assertions are equivalent for a set U:

(1) U =V, for the scheme-inaccessible cardinal number » = |U| = sup(OnNU);
(2) U is a supertransitive standard model for the ZF theory.

Proof. (1) F (2). By Theorem 3 (Sec. 7.1), the set U = V,, is scheme-universal. By Proposition 1, the
set U is a supertransitive standard model.

(2) F (1). By Proposition 1, U is quasi-universal. By Theorem 2 (Sec.7.2), U = V,, and » =
sup(OnNU). By Corollary 1 of Theorem 2 (Sec. 7.2), s = |U]. O

This theorem yields the canonical form of supertransitive standard model sets of the ZF theory. Thus,
we have described all natural models of the ZF set theory.

7.4. Tarski scheme sets. Theorem on the characterization of natural model of the ZF
theory. A set U in the ZF theory is called a Tarski scheme set if

(1) zeU=zcCU,

(2) e U= Px),UeUUz e U;

(3) vp,u € U(([e(x,y; p)|U] = (o(z;0)|U(— €) ANe € |U| = (o(z;@)|U) € U), where ¢ and o are
metavariables for designation on any formulas of the ZF theory;

(4) weUand |U|lCU.

It follows from Sec. 6.1 that any Tarski set of uncountable cardinality is a scheme Tarski set.
Lemma 1. IfU is a scheme Tarski set and x € U, then |x| € |U]|.

The proof completely coincides with the proof of Lemma 2 of Sec. 6.1.
Lemma 2. A scheme Tarski set is supertransitive.

The proof completely coincides with the proof of Lemma 3 in Sec. 6.1.
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Lemma 3. IfU is a scheme Tarski set and x,y € U, then {x},{z,y}, (z,y) € U.

Proof. Consider the formulas o1(s;u) = (s = u), o2(s;u,v) = (s = uVs =), pi(s,t;u) = (s=u=1t=0)
and pa(s,t;u,v) = (s=u=t=0)A(s=vAv=u=1t=0)A(s=vAv#u=t=1). Then under the
conditions of the lemma, X; = (o1(s;2)|U) = {z} and X5 = (oa2(s; 2, y)|U) = {z,y}.

Consider the correspondences f1 = [p1(s,t;2)|U] and fo = [pa(s, t;z,y)|U]. If s € X; and (s,t) € fi,
then s = x and ¢t = 0. Therefore, f; is an injective mapping from X; into {0} = 1 € |U|. By Property 3.
X eU.

Now let s € Xy, and let (s,t) € fo. f s=z,thent=0. f s=yAy==x,thent=0. f s=yAy#uz,
then ¢ = 1. Therefore, fo is an injective mapping from Xs into {0,1} = 2 € |U|. By Property (3), X2 € U.
What was proved above implies (z,y) € U. O

Corollary 1. If U is a scheme Tarski set and x,y € U, then x Uy € U.
Proof. Tt follows from Lemma 3 and Property (2) that z Uy = U{x,y} € U. O

Corollary 2. If U is a scheme Tarski set and x,y € U, then x xy € U.

Proof. Since z xy C P(P(xUy)) € U, by Lemma 2, zxy € U. O

Lemma 4. Let U be a scheme Tarski set, p(a,b;7) be a formula of the ZF theory, and let x € U. If
7 e U and [p(a,b;7)|U] = x — U, then rng [p(a,b;7)|U] € U.

Proof. Denote [p(a,b;7)|U] and rng [¢|U] for a given ¥ € U from the condition of the lemma by f and R,
respectively. Consider the formula p(b;7,y) = Ja € yo(a,b; 7). Then (p(b;7,x)|U) = {b € U|Fa € U(a €
z A @Y (a,b;7)} = R for given 7,z € U.

Consider the formula ¥ (b, c;7,y) = Ya € c(a € y A p(a,b;7)) AVa € y(e(a,b;7) = a € ¢) and the
correspondence [¢)(b, c;7,y)|U] = {t € U x U|3b,c € U(t = (b,c) AVa € cla € y A ¢Y(a,b;7)) AVa €
y(pY(a,b;7) = a € ¢))}. It is easy to verify that the correspondence g = [¢)(b, c; 7, z)|U] is an injective
mapping from R into S = P(x) such that g(b) = f~1(b) for any b € R.

By Properties (2) and (4) and Lemma 1, S € U, |S| € [U| and |S| € U. Consider a certain bijection
h : S < |S]. By Corollary 2 to Lemma 3, S % |S| € U. By Lemma 2, h C S * |S| implies h € U.
Consider the formula x(s,t;e) = ((s,t) € e). Then for the value of the parameter e equal to h, we have
X(s,t;h)|Ul = {2 € UxU|3s,t € U(z = (s,t) A (s,t) € h)} = h. It remains to take the composition
of the mappings g and h. For this purpose, consider the formula ((b,tl7,y,e) = 3s € P(y)(Va € s(a €
y A p(a,b;7) AVa € y(p(a,b;7) = a € s) A (s,t) € e) and the correspondence [((b,t;7,y,e)|U] = {z €
UxU|3b,t € U(z = (b, t)Ads € P(y)(Va € s(a € yApY(a,b;7)) AVa € y(¢Y(a,b;7) = a € s)A(s,t) € e)}.
Clearly, F = [¢(b,t;7,x,h)|U] = h o g. Therefore, F is an injective mapping from R into |S| € U. By
Property (3), R€ U. O

Proposition 1. Any scheme Tarski set is scheme-universal.

Proof. The assertion follows from Properties (2) and (4), Lemma 3, and Corollaries 1 and 2 of Lemma 3
and Lemma, 4. O

Now we can prove the theorem on the characterization of natural models of the ZF theory.

Theorem 1. For a set U, the following assertions are equivalent in the ZF theory:

(1) U is a scheme-inaccessible cumulative set, i.e., U =V, for a certain scheme-inaccessible cardinal
number ;

(2) U is a scheme-universal set;

(3) U is a supertransitive standard model set for the ZF theory;

(4) U is a scheme Tarski set.
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Proof. The equivalence of (1) and (2) was proved in Theorem 3 (Sec. 7.2). The equivalence of (2) and (3)
was proved in Theorem 1 (Sec. 7.3).

The deducibility (4) F (2) was proved in Proposition 1.

(1) - (4). Let U = V,, for a certain scheme-inaccessible cardinal number » > w. Let us show that U is
a scheme Tarski set.

The property x € U = x C U follows from Lemma 4 (Sec. 2.2).

The property z € U = P(z) € U follows from Lemma 7 of (Sec. 2.2).

The property x € U = Uz € U follows from Lemma 5 of (Sec. 7.1).

Property (3) follows from Lemma 6 of Sec. 7.1.

The property w € U follows from Lemma 8 of Sec. 2.2.

Finally, the property |U| C U follows from Lemma 1 of Sec. 2.2 and Lemma 3 of Sec. 7.1.

Therefore, U is a scheme Tarski set. O

Theorem 1 belong to the authors and was announced in [1].

Question. Are all properties of the defined scheme Tarski set independent, i.e. is this collection of
properties minimal?
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