CHAPTER 6

INTRODUCTION TO FORMAL SET THEORY

We summarize here briefly the basic facts about sets which can be proved
in the standard axiomatic set theories, primarily to prepare the ground
for the introduction to the metamathematics of these theories in the next
chapter.

6A. The intended universe of sets

It may be useful to review at this point our intuitive conception of the
standard model for set theory, the universe V' of sets. This does not contain
all “arbitrary collections of objects” in Cantor’s eloquent phrase: it is well
known that this naive approach leads to contradictions. Instead, we admit
as “sets” only those collections which occur in the complete (transfinite)
cumulative sequence of types—the hierarchy obtained by starting with the
empty set and iterating “indefinitely” the “power operation.”

To be just a little more precise—and using “intuitive set theory”, as we
have been doing all along—suppose we are given an operation P on sets
which assigns to each set 2 a collection P(z) of subsets of x

(6A-1) y€e P(x) =y Cux.
Suppose we are also given a collection S of stages, wellordered by a relation
<s,lie,for(,n, £in S,
(6A-2) (<s¢( ((Ssn&n<s§)=(<s¢,
((<Ssn&n<s()=(C=n (<sn or n<s(
(6A-3) if A C S is any collection of stages, A # (), then
there is some & € A such that for every n € A, £ <s 7.

Call the least stage 0 and for £ € S, let £ + 1 be the next stage—the least
stage which is greater than . If A is a stage # 0 and # £ + 1 for every ¢,
we call it a limit stage.
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For fixed P, S, <s satisfying (6A-1) — (6A-3) we define the hierarchy
Ve =Ve(P,S,<s)  (£€9)
by recursion on £ € S:
Vo=0
Veyr = Ve U P(Ve),
Vai=Uen Ve if Ais a limit stage.
The collection of sets
V=V(P,S <s) = Uees Ve

is the universe generated with P as the power operation, on the stages S.
It is very easy to check that

§<sn=Ve CV,
and that each V¢ is a transitive set, i.e.,
(xeVekyer)=yel.
For example, suppose we take
P(x) =P(x) ={y:y C =}
and
S=w2={0,1,2,...,w,w+Lw+2,...},

where the stages 0,1,2,...,w,w+1,w+2,... are all assumed distinct and
ordered as we have enumerated them. In this case we obtain the universe

VZ =V (P,w2,<u) =VoUViUVU---UV UV, 1 U---,

often called the universe of Zermelo. It is well known that all the familiar
structures of classical mathematics have isomorphic copies within VZ—we
can locate in V# (faithful representations of) the natural and real numbers,
all functions on the reals to the reals, etc.

For a very different universe of sets, we might choose a small power
operation, e.g.,

Def(xz) = {y C x : y is elementary in the structure (z, €z, {t}tcs)}-
We may want to take S quite long this time, say
S=w*={0,1,2,,...,w,w+1,..., w2,w2+1,...,wnwn+1,..., ...}
so that w* is the union of infinitely many disjoint copies of N put side-by-
side. Using notation we will justify later, set

Lo =V(Def,w”, < ).
It is easy to see that VZ ¢ L., because VZ is uncountable while L . is

a countable set. It is a little more difficult to show also that L. € VZ,
so that these two constructions yield two incomparable set universes, in
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6A. THE INTENDED UNIVERSE OF SETS 223

which we can interpret the axioms of axiomatic set theory and check out
which are true for each of them.

It is clear that the universe V(P, S, <s) does not depend on the particular
objects that we have chosen to call stages but only on the length (the order
type) of the ordering <gs; i.e., if the structures (S,<g) and (S8, <) are
isomorphic, then

V(P,S,<s)=V(P,S8, <s).

This definition of the universes V (P, S, <s) is admittedly vague, and the
results about them that we have claimed are grounded on intuitive ideas
about sets and wellorderings which we have not justified. It is clear that
we cannot expect to give a precise, mathematical definition of the basic
notions of set theory, unless we use notions of some richer theory which in
turn would require interpretation. At this point, we claim only that the
intuitive description of V(P, S, <gs) is sufficiently clear so we can formu-
late meaningful propositions about these set universes and argue rationally
about their truth or falsity.

Most mathematicians accept that there is a largest meaningful operation
P satisfying (6A-1) above, the true power operation which takes x to the
collection P(z) of all subsets of x. This is one of the cardinal assumptions
of realistic (meaningful, not formal) set theory. Similarly, it is not unrea-
sonable to assume that there is a longest collection of stages ON along
which we can meaningfully iterate the power operation.

Our intended standard universe of sets is then

V =V (P,ON, <on),

where (ON, <o) is the longest meaningful collection of stages—the well-
ordered class of ordinal numbers, as we will call it later. The axioms of
the standard axiomatic set theory ZFC (Zermelo-Fraenkel set theory with
Choice and Foundation) are justified by appealing to this intuitive under-
standing of what sets are. We will formulate it (again) carefully in the
following sections and then derive its most basic consequences.

What is less obvious is that if we take (ON, <o) to be the same “largest,
meaningful collection of stages”, then the set universe

L = (Def,ON, <ox)

is another plausible understanding of the notion of set, Godel’s universe
of constructible sets: the central theorem of this and the next Chapter is
that L also satisfies all the axioms of ZFC. Moreover, Godel’s proof of this
surprising result does not depend on the Axiom of Choice, and so it also
shows the consistency of ZFC relative to its choiceless fragment.
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224 6. INTRODUCTION TO FORMAL SET THEORY

6B. ZFC and its subsystems

To simplify the formulation of the formal axioms of set theory, we state
here a simple result of logic which could have been included in Chapter 1,
right after Definition 1H.11:

Proposition 6B.1 (Eliminability of descriptions). Fiz a signature T, and
suppose ¢(U,w) = d(v1,... ,vp,w) is a full extended T-formula and F is
an n-ary function symbol not in T.

(1) With each full, extended (1, F)-formula 0' (@) we can associate a full,
extended T-formula 6(@) such that

(V) (3w) (7, w) & (VE)(F, F(5)) - 0'() = 0(id).
(2) Suppose T is a T-theory axiomatized by schemes such that
T+ (V0)(3lw) o (T, w),

and let T' be the (1, F)-theory whose azioms are those of T, the sentence
(V0)¢ (v, F (7)), and all instances with (7, F) formulas of the axiom schemes
of T. Then T is a conservative extension of T, i.e., for all T-sentences 6,

T < TH+6.

There is also an analogous result where we add to the language a new
n-ary relation symbol C' and the axiom

(6B-4) (VH)[R(F) < 6(7)] ($(7) full extended),

but it is simpler, and it can be avoided by treating (6B-4) as an abbrevia-
tion. In applying these constructions we will refer to 7" as an extension of
T by definitions.

We leave the precise definition of “axiomatization by schemes” and the
proof for Problem x6.1*. The thing to notice here is that all the set theories
we will consider are axiomatized by schemes, and so the proposition allows
us to introduce—and use with no restriction—names for constants and
operations defined in them. If, for example,

T+ (32)(VH)[t ¢ 2],

as all the theories we are considering do, we can then extend T with a
constant () and the axiom

(VE)[t ¢ 0]
and we can use this constant in producing instances of the axiom schemes
of T without adding any new theorems which do not involve ().
We now restate for easy reference (from Definitions 1A.5, 1G.12) the
axioms of set theory and their formal versions in the language FOL(€).
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6B. ZFC AND ITS SUBSYSTEMS 225

We will be using the common abbreviations for restricted quantification
(Fz € 2)¢ := (Fx)[x € 2& ),
(Vx € 2)¢ := (Va)[z € 2 — ¢,
Az € 2)p =Ty € 2)(Vx € 2)[¢p — y = 7]

(1) Eztensionality Aziom: two sets are equal exactly when they have the
same members:

(Vo,y)lz =y < [(Vu € 2)(u € y) & (Vu € y)(u € 2)]].

(2) Emptyset and Pairing Azioms: there exists a set with no members,
and for any two sets x,y, there is a set z whose members are exactly
x and y:
(F)(Vu)[u ¢ 2], (Va,y)(32)(Vu)u € z = (u=1aVu=y)
It follows by the Extensionality Axiom that there is exactly one empty
set and one pairing operation, and we name them @) and {z,y}, as usual.
(And in the sequel we will omit this ceremony of stating separately the

unique existence condition before baptizing the relevant operation with its
customary name.)

(3) Unionset Aziom: for each set z, there is exactly one set z = |J =
whose members are the members of members of z, i.e.,

(Vu)lue Uz < (Jy € 2)lu e yl].

(4) Infinity Aziom: there exists a set z such that ) € z and z is closed
under the set successor operation x',

(F2)(Vz € 2)[2" € 2],
where u Uv = [J{u, v} and 2’ = 2 U {z}.
(5) Replacement Aziom Scheme: For each extended formula ¢(u,v) in

which the variable z does not occur and x # u, v, the universal closure
of the following formula is an axiom:

(Vu)(3)p(u,v) — (F2) [(Vu € z)(Jv € 2)é(u,v)
& (Vv € 2)(Fu € z)p(u,v)|.

The instance of the Replacement Axiom for a full extended formula
o(¥, u,v) says that if for some tuple ¢ the formula defines an operation

Fy(u) = (the unique v)[¢(¥, u, v)],
then the image

Fyla] = {Fy(u) s u € z}

Informal notes, full of errors, March 27, 2014, 17:21 225



226 6. INTRODUCTION TO FORMAL SET THEORY

of any set x by this operation is also a set. This is most commonly used to
justify definitions of operations, in the form

(6B-5) G, z) ={F(¥,u) : u € x}.

(6) Powerset Aziom: for each set x there is exactly one set P(x) whose
members are all the subsets of z, i.e.,

(Vu)[u € P(z) < (Vv € u)[v € z]].

(7) Aziom of Choice, AC: for every set x whose members are all non-
empty and pairwise disjoint, there exists a set z which intersects each
member of x in exactly one point:

(‘v’x)([(‘v’u €x)(u#0)
& Vu,v € x)lu#v— [(Vteu)(t ¢v) & (Vtev)(t ¢ u)ﬂ}
— (Fz)Vuez)( 3t € 2)(t € u))

(8) Foundation Aziom: Every non-empty set x has a member z from
which it is disjoint:

(Va)xz # 0 — (3z € 2)(Vt € 2)[t ¢ ]|

The most important of the theories we will consider are

e ZF~ = (1) — (5), i.e., the axioms of extensionality, emptyset and pair-
ing, unionset, infinity and the Axiom Scheme of Replacement,

ZF, = (1) - (5) + (8) = ZF~ + Foundation,

ZF = (1) — (6) = ZF~ + Powerset = ZFC — Foundation — AC,

ZF, = (1) — (6) + (8) = ZF + Foundation = ZFC — AC.

ZFC = (1) - (8) = ZF, + AC.

We have included the alternative, more commonly used names of ZF and
ZF, which specify them as subtheories of ZFC.

The Zermelo-Fraenkel set theory with choice ZFC is the most widely
accepted standard in mathematical practice: if a mathematician claims to
have proved some proposition P about sets, then she is expected to be able
to supply (in principle) a proof of its formal version 0p from the axioms
of ZFC. (This, in fact, applies to propositions in any part of mathematics,
as they can all be interpreted faithfully by set-theoretic statements using
familiar methods—which we will not discuss in any detail here.)

The weaker theories will also be very important to us, however, primar-
ily as technical tools: to show the consistency of ZFC relative to ZF, for
example, we will need to verify that a great number of theorems can be
established in ZF—without appealing to the Axiom of Foundation or AC.

Informal notes, full of errors, March 27, 2014, 17:21 226



6B. ZFC AND ITS SUBSYSTEMS 227

Convention: All results in this Chapter will be derived from the axioms
of ZF~ (or extensions of ZF~ by definitions) unless otherwise specified—
most often by a discreet notation (ZF) or (ZFC) added to the statement.

We will assume that the theorems we prove are interpreted in a structure
(V, €), which may be very different from the intended interpretation (V, €)
of ZFC we discussed in Section 6A, especially as (), €) need not satisfy the
powerset, choice and foundation axioms.

Finally, there is the matter of mathematical propositions and proofs ver-
sus formal sentences of FOL(€) and formal proofs in one of the theories
above—which are, in practice, impossible to write down in full and not very
informative. We will choose the former over the latter for statements (and
certainly for proofs), although in some cases we will put down the formal
version of the conclusion, or a reasonable misspelling of it, c¢f. 1B.7. The
following terminology and conventions help.

A full extended formula

@(le"' y Xny Y1y .- - 7ym) = @(ivy)

together with an m-tuple §¥ = y1,... ,ym € V determines an n-ary (class)
condition on the universe V),

P(7) <= (V,€) F ol 4,

and it is a definable condition if there are no parameters, i.e., m = 0. For
example, t € y is a condition for each y, and x € y, x = y are definable
conditions.

A collection of sets M C V is a class if membership in M is a unary
condition, i.e., if there is some full extended formula (s, y) of FOL(€) and
sets ¢ such that

M={s:(V,€e) E¢ls, 9]}, ie, seEM <= (V,€) E ¢ls, 7).

It is a definable class

M={s:(V,€) F ¢ls]}

if no parameters are used in its definition.

If a class M has the same members as a set x, we then identify it with
x, so that, in particular, every set x is a class; and z is a definable set if it
is definable as a class, i.e., if the condition ¢ € z is definable.

A class is proper if it is not a set.

Finally, of My, ..., M, are classes, then a class operation
F:M x---xM,—YV
is any F': V™ — V such that
s1 €M V---Vs, & M, = F(s1,...,8,) =0,
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228 6. INTRODUCTION TO FORMAL SET THEORY

and for some full extended formula ¢(sy,...,s,,w,¥) and suitable 7,
F(s1,...,8n) =w <= V,€) E@[s1,-..,Sn,w, 7.

Such a class operation is then determined by its values F(s1,...,s,) for
arguments s; € My,...,s, € M,. A class operation is definable if it can
be defined by a formula without parameters.

When there is any possibility of confusion, we will use capital letters for
classes, conditions and operations to distinguish them from sets, relations
and functions (sets of ordered pairs) which are members of our interpreta-
tion.

It is important to remember that theorems about classes, conditions and
operations are expressed formally by theorem schemes.

It helps to do this explicitly for a while, as in the following

Proposition 6B.2 (The Comprehension Scheme). If A is a class and z
s a set, then the intersection

(6B-6) ANz={tez:te A}
is a set, i.e., for every full extended formula ¢(s,T),
ZF~ - (V) (3w)(Vs) [5 cw o (¢(s,0) & s € z)]

ProoF. If (Vt € z)[t ¢ A], then ANz = () and 0 is a set. If there is some
to € ANz, let

t if ¢ &te A
F(t) _Jt S z. € A,
to, otherwise,

and check easily that F[z] = AN z. .

The Comprehension Scheme is also called the Subset or Separation Prop-
erty and it is one of the basic axioms in Zermelo’s first axiomatization of
set theory,

e ZC= (1) - (4) + (6) + (7) + Comprehension.

It is most useful in showing that simple sets exist and defining class oper-
ations by setting

F(z,%) ={s€z: P(z,%)}
where P(z,7) is a definable condition, e.g.,
xNy={tcx:tey}, z\y={tex:t¢y}

In fact, almost all of classical mathematics can be developed in ZC, without
using replacement, but it is not a strong enough theory for our purposes
here and so we will not return to it.
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6B.3. Note. Zermelo’s formulation of the Axiom of Infinity (given in
Definition 1A.5) was different from (4), and so the universe of sets that can
be constructed by his axioms is not exactly the collection VZ defined in
Section 6A. Zermelo’s Axiom of Infinity is equivalent (in ZF~ — Infinity) to
(4), but the proof requires establishing first some basic facts in Zermelo’s
theory.

6C. Set theory without powersets, AC or foundation, ZF~

Set theory is mostly about the size (cardinality) of sets, and not much
about size can be established without the Powerset Axiom and the Axiom
of Choice. It is perhaps rather surprising that all the basic results about
wellfounded relations, wellorderings and ordinal numbers can be developed
in this fairly weak system.

We start with a list of basic and useful definable sets, classes and op-
erations, some of which we have already introduced and some new ones
which will not be motivated until later. In verifying the parts of the next
theorem, we will often appeal (without explicit mention) to the following
lemma, whose proof we leave for Problem x6.4:

Lemma 6C.1. If H,Gy,... ,G,, are definable class operations, then
their (generalized) composition

F(Z) = H(G1(Z), - .. ,Gm(T))
s also definable.

Theorem 6C.2. The following classes, conditions, operations and sets
are definable, and the claims made about them hold:

#1. x € y <= x is a member of y.
#2. x Cy < (Vtea)t eyl
#3. x =y < xis equal to y.
#4. {x,y} = the unordered pair of z and y;
{r,y}=w <= zcwkycw&(Vtew)t=aVi=yl.
#5. () = 0 = the empty set; 1 = {0};
w=0 < (Vtew)t¢uw.
#6. JUr={t: (Ts€x)[t € s]};
Uz=w < (Vseax)(Vtes)[t e w]& (Vt € w)(Is € x)[t € 3.
#7. cUy=U{z,y}, zny={tex:tecy}, z\y={tcx:t¢y}.
#8. ' =z U{x}.
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230 6. INTRODUCTION TO FORMAL SET THEORY

#9. w = the C-least set satisfying the Axiom of Infinity;
tew — (Vz)([@ cz& Vrez)(a'ez)]—te z)

#10. (z,y) = {{z} {z.y}},
(1,...,Tp1) = (($17~.~,$n)7$n+1>~

Notice that for any z, y,

z,y €U, y), (zy)er=ayeclUUr
#11. uxv={(z,y) :x € u&y € v},

Up X oo X Upgy = (U X o X Up) X Upt1,
uWov = ({0} x u) U({1} xv) (disjoint union)
#12. OrdPair(w) <= w is an ordered pair
— (Fr e Uw)(3y € Ju)[w = (z,y)].
#13. Relation(r) <= r is a set of ordered pairs
<= (Yw € r)OrdPair(w).
#14. Domain(r) = {z e UUr: By e YUr)[{z,y) € 7]},
Domain(r) =w <— Mz e JUr)(Vye UUr)

(z,y) er =z cw|&Vzew) Ty e JUr)[(z,y) € r].

#15. Image(r) = {y € YUr : Bz € UUr){z, ) € rl},
Image(r) =w <= Mz e JUr)(Vy e UUr)

[z, y) € r =y e w]& (Vy € w)(3z € YUr)[{z,y) € r].

#16. Field(r) = Domain(r) U Image(r).
#17. Function(f) <= f is a function (as a set of ordered pairs)
<= Relation(f)
& (Va € Domain(f)) (Vy € Image(f))
(Vy' € Image(f))
[z, y) € f&(z,y') e fl=y=1v].

If f is a function, we put

f@) =y < (x,y) € [

:a — b <= Function(f) & Domain(f) = a & Image(f) C b,
ta— b <= fis an injection from a to b,
ta—»b <= f is a surjection from a to b,
a—»b <= f is a bijection from a to b
ta— Y <= (A)[f:a—10

(and similarly with all the other arrows).
#19. F'[a = the restriction of the operation F' to a

={{z,w) :x €a & F(z) =w}

#18.

s
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6C. SET THEORY WITHOUT POWERSETS, AC OR FOUNDATION, ZF 231

#20. rlu={w e r: (3z € u)(Jy € Image(r))[w = {(z,y) }.
rlu=w <= w Cr&Relation(w)
& (Vz € Domain(r)) (Vy € Image(r))
(z,y) € w— x € ul.
#21. Iso(f,r1,72) <= f is an isomorphism of r; and 79
<= [ :Field(r) — Field(r2)
& (Vs,t € Field(r))[{s,t) € r1 < (f(s), f(t)) € ra].
#22. WF(r) <= ris a (strict) wellfounded relation
<= Relation(r) & (Vx # 0)(3y € x)(Vt € x)[{t,y) & r].
A point y is r-minimal in z if y € x & (Vt € z)[{t,y) ¢ r]
#23. <,y < {(z,y) €r,
<,y <= {(x,yy €r & {y,z) ¢r.
These are notation conventions, to facilitate dealing with partial orderings
and wellfounded relations. The second defines the strict part of the relation
r, and <, = r if r is already strict, i.e., if we never have (x,y) & (y,z);
this is true, in particular for wellfounded r, since

(s,t), {t,s) € r={s,t} has no r-minimal member.
Notice that

{z:ze<,y}={relUUr:z <, y}
is a set, as is {z : z <, y}.
#24. PO(r) < r is a partial ordering (or poset)
<= Relation(r)
& (V€ Field(r)[x <, z]
& (Va,y,z € Field(r))[[z <, y & y <, 2] — 2 <, 7]
& (Va,y € Field(r)[[x <,y & y <, 2] =z = y]

In the terminology introduced by Definition 1A.2 and used in the pre-
ceding chapters, a partial ordering is a pair (x,<,) where PO(<,) and
x = Field(<,) by this notation. We will sometimes revert to the old nota-
tion when it helps clarify the discussion.

#25. LUB(c¢,r,w) <= w is a least upper bound of ¢ C Field(r)
< PO(r) & (Vx € ¢)(z <, w)
& (Vv € Field(r)) ((‘v’x co)zx<,v) mw<, U).
#26. sup,.(c) = the least upper bound of ¢ in r, if it exists, otherwise ()
sup, (¢) =w <= LUB(c,r,w) V [(Vv € Field(r))-LUB(c,r,w) & w = (]

#27. Chain(c,r) <= cis a chain in the relation r

— (Vr,yeo)r <, yVy <, .
#28. LO(r) <= r is a linear ordering

<= PO(r) & Chain(Field(r),r).
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232 6. INTRODUCTION TO FORMAL SET THEORY

#29. WO(r) <= r is a wellordering
<— LO(r) & WF(<,).
We will appeal repeatedly (and silently) to the easy fact that
(6C-7) WO(r) = (V2)WO(r N (z x z)).
#30. ry =, ry <= 11 and 79 are similar (isomorphic) wellorderings
< WO(r1) & WO(r2) & (3f)[Iso(f, r1,72)]
#31. Transitive(x) <= x is a transitive set
— YUz Cz
— (Vseux)[s Cua]
— (Vs ex)(Vtes)t el

#32. A is a transitive class <= (Vs € A)(Vt € s)[t € 4].
#33. Ordinal(§) < ¢ is an ordinal (number)
<= Transitive()
EWO({{z,y) iz,ye & [z =yVaxey]}).
#34. ON = {¢ : Ordinal(§)} = the class of ordinals.
#35. 2 <gy <= 2,y e€ON& (z=yVzecy).
#36. n<on§ = 1, €ON & [n=¢Vne],
n<on§{ <= n<on{&n#&.

ProoF. All the parts of the theorem follow very easily from the ax-
ioms and the properties of elementary definability, except perhaps for the
following three.

(#9) The Axiom of Infinity guarantees that there is a set z* which sat-
isfies it, and we set

wz{9362*:(‘v’zgz*)[[@ez&(‘v’xe,z)[x’e,z]]exe,z}}.

It is easy to verify that w satisfies the Axiom of Infinity and is the least
such.

(#11) The existence of cartesian products is proved by two applications
of replacement in the form (6B-5):

uxv:U{{(x,y):xEu}:yEU}.
(#19) Let G(x) = {x, F(x)) and using replacement, set
Fla=Gla] ={(z,F(z)) : x € a}. —1

Next we establish the basic properties of w, which models the natural
numbers. The first—and most fundamental—is immediate from its defini-
tion:

Proposition 6C.3 (The Induction Principle). For every set x,

(OEwa& (Vn)[nEx:Mz':nU{n}Ex]>:>x:w.
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This justifies in ZF~ the usual method of proof by induction of claims of
the form
(Vn € w)P(n,y)
for any condition P(n,¥), taking z = {n € w: P(n,9)}.
For a first, trivial application of the induction principle, we observe that:

Proposition 6C.4. (1) Ifz € w, then either x =0 or x = kU{k} for
some k € w.
(2) Transitive(w).

PROOF. (1) is immediate from the definition of w, since the set
{rew:z=0V(Tk ew)z=kU{k}}
contains 0 and is closed under the successor operation k — kU {k}.

(2) We prove by induction that (Vn € w)[n C w]. The basis is trivial
since 0 = () € w. In the induction step, assuming that n C w, we get
immediately that " =nU {n} C w. —

Anticipating the next result, we set

m<,n < m=nVmen, (mnecuw).

The proof of the next theorem is quite simple, but it depends essentially

on the identification of <, with €,
m<,n < men (m,necw)

which is not a very natural (and so confusing) definition of a strict ordering
condition and takes some getting used-to. It implies that for any set x,

y is <, -minimal in z <= y is €&-minimal in z
— yecax & (Vtey)(t¢a) < yex&ynaz=0.

Theorem 6C.5 (Basic properties of w). The relation <, onw is a well-
ordering.

It follows that w is an ordinal, and every n € w is an ordinal.

PrOOF. We verify successively a sequence of properties of w and <,

which then together imply the statements in the theorem.
(a) <, is wellfounded.

Suppose that © C w has no €-minimal member. It is enough to show
that for all n € w, n Nz = (), since this implies that (n U {n}) Nz = ( for
every n € w and so x = (.

The claim is trivial for n = 0, which has no members. In the inductive
step, suppose n Nz = @ but (nU{n}) N x # 0; this means that n € z, and
n then is €-minimal in « since none of its members are in z—contradicting
the hypothesis.
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(b) <. is transitive, i.e., (k <, n&n<, m) =k <, m.

The claim here is that each m € w is a transitive set and we prove it
by contradiction, using (a): if m is €-minimal among the assumed non-
transitive members of w, it can’t be 0 (which is transitive), and so m =
kU{k} for some k. Now k C m, and by the choice of m,t € k=1t C k C m;
hence t € m =t C m, which contradicts the assumption that m is not
transitive.

(¢) <. is a partial ordering.
We only need to show antisymmetry, so suppose that m <, n <, m. If

m # n, this gives m € n € m which contradicts (a), since it implies that
the set {m,n} has no €-minimal element.

(d) <, is a linear ordering.
Notice first that by (a),
0#£#mecw=0¢cm;

because if m is not 0 and €-least so that 0 ¢ m, then m = kU {k} for some
k by (a) of Proposition 6C.4, and then the choice of m yields an immediate
contradiction.

Suppose now that the trichotomy law fails, and
(i) choose an e-minimal n such that for some m
() mén&m#n&nd¢m,;
(ii) for this n, choose an €-minimal m so that (*) holds.
By the first observation, m,n # 0, so for suitable k, [,
n=kU{k}, m=1U{l}.
By (*), m ¢ kU {k}, and so m ¢ k,m # k; but then the choice of n
means that
Eem=1U{l}.
By (*) again, n ¢ m =l U{l}, son ¢ l,n # [; but then the choice of m
means that
len=FkU{k}
Since k # | (otherwise n = m), the last two displayed formulas imply that
kel&lek,

which in turn implies that the set {k,I} C w has no €-minimal element,
contradicting (a).

Now (a) and (d) together with (2) of Proposition 6C.4 mean exactly that
w is an ordinal. Moreover, since each n € w is a subset of w, the restriction
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of € to n is a wellordering; and n is a transitive set by the transitivity of
<., since

kemen=k<, m<,n=k<,n=ken,

the last because the alternative by (d) would produce a subset of w with
no €-minimal element, as above. =

Theorem 6C.6 (Definition by recursion on w). From any two, given op-
erations G(Z), H(s,n,Z), we can define an operation F(n,Z) such that

F(0,7) = G(7),
F(n',%)= H(F(n,%),n,Z) (n€w).
In particular, with no parameters, from any a and H(s,n), we can define
a function f:w —V such that

f(0)=a, f(n')=H(F(n),n).
PROOF. Set
P(n,Z, f) <= n € w & Function(f)
& Domain(f) =n' & f(0) = G(Z)
& (Ym € Domain(f))[m’ € Domain(f) = f(m') = H(f(m), m,T)].
Immediately from the definition
P(0,7,f) <= f={{0,G@N}, P& f)— P\ {{n, fm)}),
and using these we can show easily by induction that
(Vn € w)(3f)P(n,Z, f).
The required operation is
F(n,7) =w <= GfIPW,7 1) & f(n) = w].

For the second claim, we apply the first with no parameters & to get
F(n) such that

F(0)=a, F(n')=H(F(n),n),
and then appeal to the Replacement Axiom to set
f={(n,F(n)) :necw} =

Corollary 6C.7. FEvery set x is a member of some transitive set.

ProoF. By Theorem 6C.6, for each x there is a function TC, : w — V
satisfying the equations

TC,(0) = {z}, TC.(n)=JTC.(n).

Let y = UTC,[w]. Clearly x € y and y is transitive—because if t € u € y,
then there is some n such that ¢t € u € TC,(n) and so t € TC,(n') Cy. A
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The transitive closure of x is the C-least transitive set which contains z
as a member,

(6C-8) TC(z) =UTCslw] = U, e, TCs(n)
= [z : Transitive(z) & = € z}.
It is easy to check that if x is transitive, then TC(z) = 2z U {x}, cf. Prob-
lem x6.8.

Note. Sometimes the transitive closure of z is defined as the least tran-
sitive set which contains = as a subset,

(6C-9) TC' () = N{y € TC(x) : Transitive(y) & = C y}.

Normally, TC'(z) = TC(z) \ {z}, but it could be that TC'(x) = TC(z) if
x € r—which is not ruled out without assuming the Foundation Axiom!

We collect in one definition some basic and familiar conditions on sets
whose definition refers to w and the transitive closure operation.

Definition 6C.8. (1) Two sets are equinumerous if their members can
be put into a one-to-one correspondence, i.e.,

v=cy < @GN 20—yl
x is no larger than y in size if  can be embedded in y,
<.y <= 3Nf —yl;
and x is smaller than y in size if the converse does not hold,
<.y = <. y&a#y.

(2) A set z is finite if x =, n for some n € w; and it is hereditarily finite
if TC(x) is finite.

(3) A set x is countable (or denumerable, or enumerable) if either it is
finite or equinumerous with w; and it is hereditarily countable if TC(x) is
countable.

(4) A set x is grounded (wellfounded) if the restriction of € to TC(x) is
a wellfounded relation, in symbols

x is grounded <= WF({(s,t) € TC(z) x TC(z) : s € t}).
Next we establish the basic properties of the class ON of ordinal numbers,
which suggest that it is a (very long) number system, a proper-class-size
extension of w. As with the results about w, the (similar) proofs about ON

are simple, but they depend essentially on the somewhat perverse identifi-
cation of <¢ on each £ € ON and <oy on ON with €,

r<¢y &= €y, n<on& &= nek
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Theorem 6C.9 (Basic properties of ON). (1) ON is a transitive class

wellordered by <on, i.e., for all n,(, & € ON,
£ € ON=¢ C ON,
n<on(<on&{=n<on§ (n<on{&{<onn)=n=¢
n<on&Vn=E&VE<onmn,
and every non-empty class A C ON has an <on-least member.
In other words:
neCel=nes, nefvVn=ELvien,
Ine ACON= (I € A)(Vn e &n ¢ Al
(2) For each & € ON, & = £ U{&} is the successor of £ in <on, i.e.,
£ <on & & (Vn)[¢ <on n==¢ <on 7).

(3) Every ordinal is grounded.

(4) For every x C ON,

Uz =sup{: & € x} = the least ordinal n such that (V¢ € x)[¢ <on 7).

(5) For every ordinal &, exactly one of the following three conditions
holds:
(i) £ =0.
(i) € is a successor ordinal, i.e., £ =n' =nU{n} for a unique n < ¢&.
(iii) & is a limit ordinal, i.e., (V1 <on &)[n' <on ] and & = €.
It follows, in particular, that ON is a proper class.

PRrOOF. We first show three properties of ON and <oy which together
imply (1).
(a) ON is transitive, i.e., every member of an ordinal is an ordinal.

Suppose, towards a contradiction, that £ € ON but £ € ON. Since <,
wellorders &, there is a <¢-least x € £ which is not an ordinal. Since £ is
transitive, x C &, and x is also transitive, because

seter=s<¢gl<grx=s<gr=s€E.

Moreover, x is wellorderd by the relation <, because <,=<¢ N(z x x). Tt
follows that = € ON, which is a contradiction.

(b) The condition <o is wellfounded, i.e., for all classes A,
0#ACON= (3 € A)(Vne A)n £on .

Supposed () £ A C ON and choose some & € A. If £ is €-minimal in A,
there is nothing to prove. If not, then there is some n € ((N A) and € is
wellordered by <¢, so there is an e-least n in £ N A. We claim that this
7 is €-minimal in A; if not, then there is some ( € A such that { <on 7,
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which means that ( € n—but then ¢ € &, since £ is transitive, and this
contradicts the choice of 7.

(¢) For any two ordinals n,&,
(%) neg{vn=Eveen.
Assume not, and choose by (a) an €-minimal ¢ so that (x) fails for some

1, and then choose an €-minimal 7 for which (%) fails with this £. In

particular, & # 7.
If x €n,then £ € x Vo =E&Va e by the choice of 1, and the first two

of these alternatives are not possible, because they both imply £ € n which
implies (*); it follows that « € &, and since « was an arbitrary member of

UIUASES

Ifxeg thenn € xVny=aVaxen by the choice of £, and the first two
of these alternatives are not possible because they both imply 1 € £ which
again implies (x); it follows that x € 7, so that £ C n—which together with
together with the conclusion of the preceding paragraph gives £ = 7, and
that contradicts our hypothesis.

Now (a), (b) and (c) complete the proof of (1) in the theorem.

(2) — (5) and the claim that ON is a proper class follow from (1) and
simple or similar arguments and we leave them for problems. o

We will not cover ordinal arithmetic in this class (except for a few prob-
lems), but it is convenient to introduce the notation

+1=¢=¢u{g
which is part of the definition of ordinal addition. We will also use a limit
notation for increasing sequences of ordinals,

limy, o0 & = sup{&, :n € w} (o<& <)

Theorem 6C.10 (Wellfounded recursion). For each operation G(f,t) and
each wellfounded relation r, there is exactly one function f : Field(r) — V
such that

(6C-10) f&)=G(fI{s:5<,t},t) (t € Field(r)).

Moreover, if G(f,t) = H(f,t,Z) with a definable operation H(f,t,T),
then there is a definable operation H* (t,r,Z) such that for every wellorder-
ing <, f(t) = H*(t, <, T).

PROOF. Define “f is a piece of the function we want” by
P(f) <= Function(f) & Domain(f) C Field(r)
& (Vt € Domain(f))(Vs € Field(r))[s <, t = s € Domain(f)]
& (Vt € Domain(f))[f(t) = G(f[{s:s <, t},1)].
Lemma. If P(f), P(g) andt € Domain(f)NDomain(g), then f(t) = g(t).

Informal notes, full of errors, March 27, 2014, 17:21 238



6C. SET THEORY WITHOUT POWERSETS, AC OR FOUNDATION, ZF 239

PROOF. Suppose not, let f, g witness the failure of the Lemma, and let
t € Field(r) be <,-minimal such that f(t) # g(t). We know that

{s:s <, t} C Domain(f) NDomain(g) & f[{s:s <, t} =g[{s:s <, t}

by the definition of the condition P and the choice of ¢, and so by the
definition of P, again,

fO) =G(f{s:s <rt},t) =G(gl{s:s <, t},1) = g(t),
contradicting the choice of ¢. (Lemma)
Set now
y = {t € Field(r) : (3f)[P(f) & t € Domain( f)]},
Qt,w) < tey & 3f)P(f) & f(t) = w].

The Lemma insures that

(Vt € y) Fw)Q(¢, w),

and so the Replacement Scheme guarantees a function f with Domain(f) =
y such that

ft)=G(fi{s:s <, t},t) (tey),
so to conclude the proof, we only need verify that y = Field(r). Suppose
this fails, choose an r-minimal ¢ € Field(r) \ y and set
fr=Fu{{tG(f, 1))}
This is a function and it is easy to verify (directly from the definition) that
P(f*), so f* C f, contradicting the assumption. -

The next three, basic theorems are among the numerous applications of
wellfounded recursion. We verify first a simple lemma about wellorderings
which deserves separate billing:

Lemma 6C.11. Suppose WO(<Z) and 7 : Field(<) — Field(<) is an
injection which preserves the strict ordering, i.e.,

z<y=mn(z) < 7w(y);
it follows that for every x € Field(<), = < 7(x).

PROOF. Assume the opposite and let x be <-least in Field(<) such that
m(x) < x; by the hypothesis then, 7(7(z)) < 7(z), which contradicts the
choice of . -

In the next theorem we confuse—as is common—an ordinal ¢ with the
wellordering <¢ which is determined by &.
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Theorem 6C.12. Every wellordering < is similar with exactly one or-
dinal

(6C-11) ot(<) = the unique { € ON such that <=, <¢.

The ordinal ot(<) is the order type or length of <.
PrOOF. Let

G(f,t) = fl{s e Field(<) : s < t}] = {f(s) : s < t}

when t € Field(<) & Function(f) & {s : s < t} C Domain(f), and set
G(f,t) =0 (or any other, irrelevant value) otherwise. By Theorem 6C.10,
there exists a function 7 : Field(<) — V such that

(6C-12) w(t) = {ﬁ(s) L5 < t} = G(r|{s:s<t}b).
We verify that the image
¢ = m[Field(<)]

is the required ordinal and 7 is the required similarity. This is trivial if
Field(<) = ), so we assume that we are dealing with a non-trivial well-
ordering.

For any ) # « C Field(<), let

min(x) = the <-least ¢ € x.

(1) ¢ is transitive.

Because if z € 7(t) € &, then x € {n(t') : t/ < t}, so x = w(t') for some
t' and z € &.

(2) 7 : Field(<) — & is a bijection.

It is a surjection by the definition, so assume that it is not injective, let

t = min{t’ : for some s > ', w(t') = 7(s)},
and choose some s which witnesses the characteristic property of ¢, i.e.,
t<s&{n({t):t' <t} =n(t)=mn(s)={m(s') : s’ < s}.
Since t < s, 7(t) € w(s) = w(t) and so there is some ¢’ < ¢ such that
m(t) = w(t'), which contradicts the choice of ¢.

(3) s <t <= m(s) € w(t).

Immediately from the definition, s < t =-7(s) € {7 (t') : t/ < t} = 7 (¢t).
For the converse, assume that 7(s) € 7(t) but s £ ¢t and consider the two
possibilities.

(i) s = t, so that n(s) = «n(¢t) and 7(t) € n(t) = {w(t') : ¢’ < t}; so
7(t) = w(¢') for some t' < ¢ contradicting (2).

(ii) t < s, so that by the forward direction

{r(t") ¥ <t} =7n(t) € w(s) € w(t);
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so m(s) = w(t') for some t’ < ¢ < s, which also contradicts (2).
(2) and (3) together give us that
s<t <= 7(s)=7(t)V7(s) € n(t) < w(s) <¢7(t),
and so 7 : Field(<) ¢ carries the wellordering < to the relation <,

which is then a wellordering. And since ¢ is also transitive by (1), it is an
ordinal and 7 is a similarity.

Finally, to prove that < cannot be similar to two, distinct ordinals, as-
sume the opposite, i.e.,
<e=0<=,<, for some & <.

It follows that & =, n, and so we have a similarity = : 7> ¢ such that
m(&) <, & But m : n — n is an injection which preserves the strict
ordering, and so ¢ <, w(§) by Lemma 6C.11, which is a contradiction.

Definition 6C.13. A decoration or Mostowski surjection of a relation
r is any function d : Field(r) — V such that

(6C-13) d(u) = {d(v) : {v,u) €r} (u € Field(r)).
A set x is wellorderable if it admits a wellordering,
(6C-14) WOable(z) <= (Ir)[WO(r) & = = Field(r)].

It is easy to check that the class WOable is closed under (binary) unions
and cartesian products, cf. Problem x6.30.

Theorem 6C.14 (Mostowski Collapsing Lemma). (1) Every grounded
relation r admits a unique decoration, d,..

(2) A set x is grounded if and only if there exists a grounded relation r
such that x € d,.[Field(r)]. Moreover, is TC(z) is wellorderable, then we
can choose r so that Field(r) is an ordinal.

PROOF. (1) is immediate by wellfounded recursion—in fact the required
decoration which satisfies (6C-13) is defined exactly like the similarity 7 in
the proof of Theorem 6C.12, only we do not assume that r is a wellordering.

(2) Suppose z is grounded, let
r={{u,v) € TC(z) x TC(z) : u € v},

and let d, : TC(z) — V be the unique decoration of r. Notice that d, is
the identity on its domain,

dp(u) =u (ueTC(x));
because if u is an €-minimal counterexample to this, then
dr(u) ={d,(v) :v € TC(x) & v € u}
={v:veTC(z) &veul={v:veu}=u,
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by the choice of u and the fact that TC(z) is transitive, which insures that
u C TC(x). In particular, d,(z) = z, as required.

If TC(x) is wellorderable, then there is a bijection 7 : A TC(x) of an
ordinal A with it, and we can use this bijection to carry r to A,

r'={{&n) €EAxA:m(§) € m(n)}-
Easily
dr' (f) = dr(ﬂ'(f)),

directly from the definitions of these two decorations, and so if 7(§) = =,
then d, (&) = d,(z) = . -

There is an immediate, “foundational” consequence of the Mostowski
collapsing lemma: if we know all the sets of ordinals, then we know all
grounded sets. The theorem also has important mathematical implications,
especially in its “class form”, cf. Problems x6.17*, x6.18*.

Finally, we extend to the class of ordinals the principles of proof by in-
duction and definition by recursion:

Theorem 6C.15 (Ordinal induction). If A C ON and
(vE € ON)((Vn € O)(n € A) =€ € A),
then A = ON.

PROOF. Assume the hypothesis on A and (toward a contradiction) that
& ¢ A for some £. The hypothesis implies that ¢ A for some n € &; so let
n* =min{n € £ : n ¢ A} and infer

(Vn<n')neA), n¢A
from the choice of n*, which contradicts the hypothesis. o

Theorem 6C.16 (Ordinal recursion). For any operation G : V? — V,
there is an operation F': ON — V such that

(6C-15) F(§) = G(FE¢) (& €ON).

More generally, for any operation G : V™+2 — V) there is an operation
F V™t =V such that

F(&7) =G{F(n, @) :n €} § %) (£€ON).
Moreover, in both cases, if G is definable, then so is F.

PROOF. For the first claim, we apply Theorem 6C.10 to obtain for each
¢ a unique function f, : £ — V such that

?5(77) = G(?g In.m) (£ € ON)
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and verify easily that these functions cohere, i.e.,
n<(< 52?&77) = fg(ﬁ)
We then set
F(&) = fe1(8) (= Fe() (for any ¢ > ).

The case with parameters is proved similarly, and the last claim follows
from the uniformity of the argument. -

Ordinal recursion is (perhaps) the most basic tool that we will use in this
chapter. Many of its applications are theorems of ZF, because they require
the Powerset Axiom, but it is worth including here a few, simple corollaries
of it which can be established in ZF™.

A partially ordering < is chain-complete if every chain has a least upper
bound in <. One needs the Powerset Axiom to construct interesting chain-
complete posets, but the basic fact about them can be proved in ZF™:

Proposition 6C.17 (The Fixed Point Theorem). If < is a chain-com-
plete partial ordering, 7 : Field(<) — Field(<) and for every x € Field(<),
x < 7(x), then w(a™) = a* for some z*.

ProOOF. Notice first that every chain-complete poset has a least element,

L< =sup ().

Assume, towards a contradiction that z < m(x) for all € Field(<), and
define F': ON — Field(<) by

J‘§7 lf é- = 07
F(&) = {7(F(0), if&=n+1,
sup ({F(n) : 7 <&}), otherwise.
Tt is easy to check (by transfinite induction on ) that
n< &= F(n) < F(S);
but then there must be some & such that
r=F()=F(E+1) =n(x),

otherwise F' injects the class of ordinals into the set Field(<), so that
ON = F~1(Field(<)) is a set. o

Definition 6C.18. A class K of ordinals is unbounded if
()3 > )y € KJ;
and K is closed if for every limit ordinal A,
(Vn<AN)(EF)n << A&(e K= NeK,
i.e., if K is closed in the natural order topology on ON.
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Proposition 6C.19. (1) If Ky and K5 are closed, unbounded classes of
ordinals, then K1 N Ky is also closed and unbounded.

(2) If F : ON — ON is a class operation on ordinals, then the class
K" ={&: (Yn < Q[F(n) <&}

is closed and unbounded.

PROOF. (1) Ky N K5 is obviously closed. To see that it is unbounded,
given &, define (by recursion on w) &y, &1, &a, ... so that

£ <& and & € Ky,

& <& and & € Ko,

&1 <& and & € Ky,
ete.

and check that £* = lim,, &, € K1 N K5 because both K7, Ks are closed.
(2) Again, K* is obviously closed. Given &, define &, the recursion on w,
§o=¢
&n+1 = the least ¢ such that supremum{f(n) :n < &,} +1<¢

where the supremum exists by replacement and verify that n = &y < & <
- and lim, . &, € K*. —{

Next we collect the few, basic results about equinumerocity which can
be proved in ZF™.

Theorem 6C.20. (1) For any sets x,y,z, t = y=—x <.y and
T=cT, T=cY=>y=c (T=cy=c2)=>7=%,
(z<cy<ez)=a <.z
(2) (The Schroder-Bernstein Theorem). For any two sets x,y,
(@<cy&y<cz)=z=cy.

(1) is trivial, but the Schréder-Bernstein Theorem is actually quite diffi-
cult, cf. Problem x6.28*.

Every wellorderable set is equinumerous with an ordinal number by the
basic Theorem 6C.12, and so we can measure their size—and compare
them—using ordinals.

Definition 6C.21 (von Neumann cardinals). Set

|z] = the least £ € ON such that x =, & (WOable(x)),
Card(k) < (3z)[WOable(z) & k = |z|]
— (V€ er)§ <.kl
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and on the class Card define
k+A=|cWAl (kX € Card),
k- A=|kx A (kA€ Card).
Set also

277<C Kp = {(7775) :66 /{n} s

where {1 — Kkp}tnec : ¢ — Card is any function from an ordinal ¢ with
cardinal values.

Theorem 6C.22. (1) Fach n € w and w are cardinals.
2)k+0=r k+A+p)=EK+N)+p k+A=A+k.
(3) The absorption law for addition:
w < max{k, A\} =k + A = max{r, A\}.
(4) 50 =0, 51 =r; k-(Ap) = (KN p5 KA = Nk, 5-(Ap) = KA +kp.

(5) The absorption law for multiplication:

(/-@, A # 0 & w < max{k, /\}) = k- A = max{k, \}.

6) (I <& (e Qe <hl & n>w) =X, n <k

We leave the proofs the problems; (1) — (4) are easy, if a bit fussy, and (6)
follows immediately from (5), but the absorption law for multiplication is
not trivial. Of course nothing in this theorem produces an infinite cardinal
greater than w—and we will show that, indeed, it is consistent with ZF~
that w is the only infinite cardinal number.

6D. Set theory without AC or foundation, ZF
We now add the Powerset Axiom and start with two, basic results about
cardinality which can be established without the Axiom of Choice.
Theorem 6D.1 (ZF, Cantor’s Theorem). For every set x, x <. P(x).
PROOF is left for Problem x6.38. =
This gives an infinite sequence of ever increasing infinite size
w<.Pw) <. PPWw)) <¢c---,

perhaps Cantor’s most important discovery. But we cannot prove in ZF
that every two sets are <.-comparable which, as we will see, is equivalent
to the Axiom of Choice. The best we can do without AC in this direction
is the following, simple but very useful fact:

Informal notes, full of errors, March 27, 2014, 17:21 245



246 6. INTRODUCTION TO FORMAL SET THEORY

Theorem 6D.2 (ZF, Hartogs’ Theorem). For every set x, there is an
ordinal £ which cannot be injected into x,

(Vz)(3§ € ON)[€ £ .

PROOF. Assume towards a contradiction that every ordinal can be in-
jected into x and set

y= {ot(r) rCaxx & WO(T)}.

This is the image of a subset of P(x x x) by a class operation, and so it
is a set. The assumption on x implies that y = ON, contradicting the fact
that ON is not a set. .

An immediate consequence of Hartogs’ Theorem is that
(Vn € ON)(3¢ € ON)[n <. ¢
and so we can define the next cardinal operation:
(6D-16) kT = the least A\ € Card such that k < A;

and we can iterate this operation:

Definition 6D.3 (ZF, the alephs). We define for each £ the £’th infinite
cardinal number ¢ by the ordinal recursion

Ny = w,
Repr =R
Ny =sup{X¢ : £ <A}, if X is a limit ordinal.
It is easy to check that every infinite cardinal & is N¢, for some & and that
n<E{=N, < Vg,
cf. Problem x6.37.

We can iterate in the same way the powerset operation:

Definition 6D.4 (ZF, the cumulative hierarchy of grounded sets). Define
Ve for each £ € ON by the ordinal recursion

Vo=10
Ver1 =P(Ve),
Vi =Uecn Ve, if A is a limit ordinal,
and set
rank(z) = the least ¢ such that z € Verr (2 € Ugeon Ve)-
Let also V' be the class of all grounded sets,
V ={z: WF({(s,t) € TC(z) x TC(z) : s € t})}.
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FIGURE 2

Theorem 6D.5 (ZF). (1) Each Vg is a transitive, grounded set,
n < §:> Vn - ‘/f)

and 'V = UgeON Ve, i.e., every grounded set occurs in some Vg.

(2) Ifx CV, thenx € V.

(3) The von Neumann universe V is a proper, transitive class.

(4) For each ordinal &, rank(§) = &, so that, in particular, the operation
& — Ve is strictly increasing.

PROOF is left for the problems. -

This hierarchy of partial universes gives a precise version of the intuitive
construction for the universe of sets which we discussed in the introduction
to this chapter, where for stages we take the ordinals. It suggests strongly
that the Axiom of Foundation is true and, indeed, there is no competing
intuitive idea of “what sets are” which justifies the axioms of ZF without
also justifying foundation. We will not make it part of our “standard
theory” yet, mostly because it is simply not needed for what we will do—
and it is also not needed for developing classical mathematics in set theory.

Definition 6D.6 (Relativization). For each definable class M and each
FOL(€)-formula ¢, we define recursively the relativization (¢)™ of ¢ to M:

M . _ M . — —
= ViEVj,(Vi—Vj) =V =V

(vi € v))

(=)™ = oM, (¢ & )M = oM & M,

(ev )= gM vt (6 — )M = oM — M,
(Bvi)M = 3vy(vi € M & M), (YWvip)M .= Vvi(v; € M — ¢M).
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If ¢(x1,...,%p) is a full extended formula, we also set
M E @[z, . 20 =21, 20 € M & (d(21,. .. y20)) M.

This definition and the accompanying notational convention extend eas-
ily to classes definable with parameters (cf. Problem x6.52) and they allow
us to interpret FOL(€) in any “class structure” (M, €[ M). Notice that
M | ¢[z1, ... ,x,] is a formula which expresses the truth of ¢(xy,... ,xy,)
when we interpret each variable x; by x;, assume that each z; € M and
restrict all the quantifiers in the formula to M; and that the relativization
¢™ depends on the formula which defines the class M.

We will prove the next, basic result in a general context because it has
many applications, but in a first reading one may as well take C¢ = V.

Theorem 6D.7 (The Reflection Theorem). Let { — C¢ be an opera-
tion on ordinals to sets which is definable in FOL(€) and satisfies the fol-
lowing two conditions:

(i) C§§:>C<§C’§
(i) If A is a limit ordinal, then Cx =, Ck.

Let C = Uf Cg.

It follows that for any full extended formula ¢(x1,...,%x,) of FOL(€),
there is closed, unbounded class of ordinals K such that for & € K and
Z1, ..., %, € Cg,

CEplx,...,z,) <= Ce =olri,... ]

In particular, if ¢ is any sentence of FOL(€), then

C | ¢ = for some &, C¢ = o.

PRrROOF. We use induction on (X1, ...,X,), the result being trivial for
prime formulas and following easily from the induction hypothesis for nega-
tions and conjunctions.

Suppose (Fy)p(y,X1,...,X,) is given and assume that K satisfies the
result for p(y,x1,...,X,). Let

least ¢ such that (Jy € C¢)[C = ¢y, x1, ..., zy]]
G(x1,...,xy) = if one such ¢ exists,
0 otherwise

and take
F(&) = supremum{G(z1,...,z,) 1 T1,...,2, € Ce}
by replacement. By Proposition 6C.19, the class of ordinals
K€ (v < [F(n) < €} N {€: € is Timit}

is closed and unbounded and it is easy to verify that it satisfies the theorem
for the formula (Jy)p(y,X1,...,Xn)- =
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Corollary 6D.8 (ZF). V = ZF, and if AC holds, then V |= ZFC.

It follows that if ZF is consistent, then it remains consistent when we
add the Aziom of Foundation; and if ZF + AC is consistent, then so is
ZFC.

PROOF is left for Problem x6.53. =

Godel’s Theorem 7C.9 in the next Chapter is a much stronger relative
consistency result, and it is proved by appealing to Theorem 7A.7, which
in its turn is a much stronger version of the first claim here. This theorem,
however, was proved by von Neumann considerably before Godel’s work,
and it was the first non-trivial relative consistency proof in set theory. It
provided the general plan for Godel’s work.

Finally, we include in this section the basic list of equivalents of the
Axiom of Choice which can be formulated and proved in ZF.

Theorem 6D.9 (ZF). The following statements are equivalent:
(1) The Aziom of Choice, AC.
(2) (The logical form of AC). For every binary condition R(u,v) and any
two sets a, b,

(Vu € a)(Fv € b)R(u,v) = (3f : a — b)(Vu € a)R(u, f(u)).
(3) For every set x, there is a function € : P(x) \ {0} — z such that
(6D-17) (Vy Ca)ly # D=e(y) € yl.

We call any such € a choice function for a.

(4) (Maximal Chain Principle). In every very partial ordering < there is
a mazimal chain.

(5) (Zorn’s Lemma). If < is a partial ordering on x = Field(<) in which
every chain has an upper bound, then < has a mazximal element, some
a € x such that (Vt € x)(a £ t).

(6) (Cardinal Comparability Principle). For any two sets x,y,, either
T <cyory <.z

(7) (Zermelo’s Wellordering Theorem). Ewvery set is equinumerous with
an ordinal number.

We have established all the ingredients needed for a simple round-robin
proof (1) = (2) = --- = (7) = (1), cf. Problem x6.41.

From the foundational point of view, the most interesting part of this
theorem is the triple equivalence in ZF of the logical form of AC (2),
which had been viewed as an obvious principle of logic, with the cardinal
comparability principle (6), which looks like a technical result and with the
wellordering principle (7), which had been considered false before Zermelo’s
proof—by many mathematicians, though not Cantor. From the point of
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4

view of its applications, all these “versions” of AC are useful in various
parts of mathematics, but perhaps the most natural one is the existence of
a choice functions (3): it makes it possible to say “choose a y € a such that

7 after showing that “there exists a y € a such that ... ” in the course
of a proof, with AC justifying in the end the validity of the argument.

6E. Cardinal arithmetic and ultraproducts, ZFC

We include in this Section a (very) few results about cardinal arithmetic
and the ultraproduct construction, which need AC.

The most immediate effect of the Axiom of Choice is that it makes it
possible to define cardinal exponentiation, which requires that the function
space (A — k) is wellorderable,

=]\ — k)| (K, € Card).
The definition gives (easily) “the laws of exponents”:
Theorem 6E.1 (ZFC). (1) For every k € Card, 2" = |P(k)|.
(2) For all cardinal numbers k, A, i1,

KR=1Lk =k K'=g K (ncw)
——"

n times
(k- AH = gF N gOTR) = A gk (M)H = KME,
(3) For all cardinal numbers k, A, i,
E<pu=K+A<pu+A - A< -
A< p = & <kH (k #0),
K<\ = gl <)\
These are proved by constructing the required bijections and injections,

without, in fact, using AC. For example, (1) and (2) follow from the
following theorems of ZF:

P(z)=c(z —{0,1}) (y+— xy:2—{0,1},
(xy = the characteristic function of y C z),
(z = (zxy) =c(z = z)x(z2—=y),
(zWy) = 2) = (= 2) x (y — 2),
((zxy) = 2) =c (= (y = 2)).

On the other hand, we must be careful with strict inequalities between
infinite cardinal numbers because they are not always respected by the
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algebraic operations. For example,
Ng < ¥y but g + N7 =Ny + Ny (: Nl).

A simple but basic consequence of AC to which we will appeal constantly
(and silently) is

(6E-18) 3N a—>b)=b<.aq,

which is proved by fixing a choice function &, : P(a)\ {0} — a and defining
the required injection g : b — a by

9(t) = eal{s € a: f(s) =1}).

It is known that (6E-18) cannot be proved in ZF, but its exact axiomatic
strength is not clear—for all I know, it may imply AC.

One of the basic problems in set theory—perhaps its most basic problem—
is the size of the powerset P(w) or, equivalently, the size of Baire space or
the real numbers, since we can show in ZF that

Pw) = N =R,

cf. Problems x6.33, x6.34. Cantor’s famous Continuum Hypothesis ex-
presses the natural conjecture about this, that there are no sets intermedi-
ate in size between w and its powerset:

(CH) (Vz CP(w))x <,wVz=.PWw).

The corresponding hypothesis for arbitrary sets is the Generalized Contin-
uum Hypothesis,

(GCH) (Vy) (Ve € P(y))[z <cy Vo =c P(y)].

The Continuum Hypothesis is intimately related to the Cardinal Com-
parability Principle, because it could fail for some z C P(w) such that
x <. P(w) simply because x is not <.-comparable to w—i.e., = is uncount-
able, smaller than 2%°, but has no infinite, countable subsets. In ZFC, these
two hypotheses take the simple “cardinal arithmetic” forms

Mo =Ry, 2N = Re .

This does not help determine their truth value.

Many of the consequences of the Axiom of Choice can be formulated as
theorems of ZF about wellorderable sets. We state here a few, very basic
facts whose proofs use AC in such a fundamental way (often within an
argument by contradiction), that there is no useful way to view them as
theorems of ZF.

An indezed set (or family) of sets is a function a : I — V. We often
write a; = a(i) for these indexed sets, and we use them to define indexed
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unions and products,
Userai =U{ai :i e I},
[Licrai=1{f:1—U,;csai: (Viecl)[f(i) €ai}

The infinite product comprises all choice functions which pick just one
member from each a;, and the equivalence

(6E-19) (V(i = ai)[(Vi € Dla; # 0] <= Tlic;ai # 0]

is (easily) equivalent to AC, cf. Problem x6.44.
For indexed families of cardinal numbers, we also set

Sierki={{it) i eI &ter}
ierwi =1+ I = Uiepri : (Vi€ DIf(2) € wil}l,
so that [Tecy & = #*. (Use of the same notation for products and cardinal

numbers of products is traditional and should not cause confusion.)

Theorem 6E.2 (ZFC, Konig’s Theorem). For any two families of sets
(i — a;) and (i — b;) on the same index set I # (),

(6E—20) if (VZ € I)[al <c bi],then Uiejai <e Hiel b;.
In particular, for families of cardinals, (i — k;) and (i — X;),
(6E—21) if (VZ S I)[KZ1 <c )\i],then Zie] Ri <e HiEI YR

PRrROOF. The hypothesis and AC yield for each i an injection 7; : a; — b;;
and since ; cannot be a surjection, there is also a function ¢ : I — {J,b;
such that for each 4, c(i) € b; \ m;[a;]. For any = € J,; a;, we set

i) = mi(x), ifx € a;,
f@,9) {c(i), if v ¢ a;,
g(x) = (Z = f(.’L‘,Z)) € Hie[ b;.

If  # y and z, y belong to the same a; for some i, then

9(@)(i) = mi(x) # mi(y) = g(y)(2),
because 7; is an injection, and hence g(z) # ¢g(y). If no a; contains both x
and y, suppose x € a;, y ¢ a;; it follows that g(x)(i) = m;(z) € m;a;] and
g(y) (i) = c(i) € b; \ mia;] so that again g(x) # g(y). We conclude that the
mapping g : |J,;c ;@i — [[,c; bi is an injection, and hence
Uier@i <c Ilies bi-
Suppose, towards a contradiction that there existed a bijection
h:Userai— Ilier bis
so that these two sets are equinumerous. For every i, the function
hi(z) =ar h(z)(3) (z € a;)
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is (easily) a function of a; into b; and by the hypothesis it cannot be a
surjection; hence by AC there exists a function € which selects in each b;
some element not in its image, i.e.,

5(1) Gbl\hl[az], (ZEI)
By its definition, € € [],.; bs, so there must exist some z € Aj, for some j,
such that h(z) = ¢; this yields
£(j) = h(x)(j) = hj(x) € hy[A;],
contrary to the characteristic property of €.

The cardinal version (6E-21) follows by applying (6E-20) to a; = {i} X k;
and bl = )\z —

Definition 6E.3 (Cofinality, regularity). A limit ordinal £ is cofinal with
a limit ordinal ¢ < £ if there exists a function f : { — £ which is unbounded,
ie., sup{f(n) :n <} =& (So each limit £ is cofinal with itself.)

The cofinality of £ is the least limit ordinal ¢ < £ which is cofinal with &,

cf(§) = min{¢ < &: (3f : ¢ = Hlsup{f(n) | n < ¢} =]}
A limit ordinal £ is regular if c¢f(§) = &£, otherwise it is singular.

For example, w is regular, since there is no limit ordinal less than it with
which it could be cofinal, and X, is singular, since (easily) cf(R,,) = w.

Proposition 6E.4. (1) If £ is cofinal with ¢ < & and ¢ is cofinal with
w < ¢, then & is cofinal with p.

(2) For every limit ordinal &, cf(§) is a cardinal.

(3) (ZF). For every limit ordinal A, cf(Ny) = cf(\).

(4) If A = cf(€), then there is an injection f : X\ — & which is cofinal
and order preserving, i.e.,

m <mp <A=>f(m) < flp) <& sup{f(n):n<At=¢
PROOF is easy and left for Problem x6.46. -
Theorem 6E.5 (ZFC). Ewvery infinite, successor cardinal k™ is regular.

PROOF. Suppose towards a contradiction that some f : k — T is un-
bounded, so that

Kt = sup{(€) : € < }.
Now each f(£) <. &, since k% is an initial ordinal; so choose surjections
me : k— max(1, f(§)) (just in case f(§) = 0),

and define 7 : k X Kk — kT by

(&) = me(n).
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The assumptions imply that 7 is a surjection, because if ( € s, then
¢ € f(§) for some & € k, and so ¢ = me(n) = w(&,n) for some 7 € k; but
this is a contradiction, because |k X k| = k < kT, and so there cannot be
a surjection of k X k onto K. -

So Vo, Ny, ... N, ..., are all regular, X, is singular, N, 11,R,12,... are
regular, etc.

Theorem 6E.6 (ZFC, Konig’s inequality). For every infinite cardinal k,
(6E-22) k< KO0,

PrOOF. Let A = cf(k) < k and fix an unbounded function f : A — &, so
that

f@) <er (£<A)
since f(&) € k and k is a cardinal. By Konig’s Theorem 6E.2,

RZUgeAf(f) <e ng,\’i:"fA7 =

Konig’s inequality was the strongest, known result about cardinal expo-
nentiation in ZFC until the 1970s, when Silver proved that that if the GCH
holds up to kK = Ry,, then it holds at &,

(V€ < Rp)[28¢ = Ne ] == 2™ = Ry 41

In fact Silver proved much stronger results in ZFC and others, after him
extended them substantially, but none of these results affects the Contin-
uum Hypothesis; and it can not, because it was already known from the
work of Paul Cohen in 1963 that for any n > 1, the statement 2% = R,, is
consistent with ZFC.

Definition 6E.7 (ZF, Inaccessible cardinals). A limit cardinal x is weakly
inaccessible if it is regular and closed under the cardinal succession opera-
tion,

(6E-23) A< k=T <K
it is (strongly) inaccessible if it is regular and closed under exponentiation,
(6E-24) A< k=2 < k.

Notice that weakly inaccessible cardinals can be defined in ZF. We can
also define strongly inaccessibles without AC, if we understand the defini-
tion to require that P(\) is wellorderable for A < k, but nothing interesting
about them can be proved without assuming AC. With AC, strongly in-
accessible cardinals are weakly inaccessible, since

AT < 2M,
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We cannot prove in ZFC the existence of strongly inaccessible cardinals,
cf. Problems x6.48*, x6.50*. In fact, ZFC does not prove the existence of
weakly inaccessible cardinals either, as we will show in the next Chapter.

Finally, we include here the bare, minimum facts about ultrafilters and
ultraproducts which have numerous applications in model theory.

Definition 6E.8. A (proper) filter on an infinite set I is a collection
F C P(I) which satisfies the following conditions:

(1) IfXeFand X CY,thenY € F.
(2) If X1, Xo € F, then X; N X5 € F.
(3) F is neither empty nor the whole of P(I): i.e., 0 ¢ F and I € F.

A filter on I is maximal or an ultrafilter if
XeForX°=(I\X)eF (X C1I),
or F decides every X C I, as we will say.
For example, if ) # A C I, then the set
Foa={XCI:ACX}
of all supersets of A is a filter; and if A = {a} is a singleton, then
Fioy=U,={XCIl:acX}

is an ultrafilter, the principal ultrafilter determined by a.
A more interesting example is the collection of cofinite subsets of I,

Fo(I) ={X CI:X°is finite}.
This is clearly not F4 for any A C I, and it is not an ultrafilter.

Intuitively, a filter F' determines a notion of “largeness” for subsets of
I, and its classical examples arise in this way: for example F' might be
the collection of sets of real numbers whose complement has (Lebesgue)
measure 0 or whose complement is meager.

Theorem 6E.9 (ZFC). FEvery filter F' on an infinite set I can be ex-
tended to an ultrafilter U O F.

ProoF. Consider the set of all filters which extend F,
F={F CcP):FCF & F'is a filter},

and view it as a poset (F,C). Every chain C C F (easily) has an upper
bound, namely its union |JC; and so by Zorn’s Lemma, F has a maximal
member U. It suffices to prove that U decides every X C I, so suppose
that for some X

Xo ¢ U and X¢ ¢ U.

Informal notes, full of errors, March 27, 2014, 17:21 255



256 6. INTRODUCTION TO FORMAL SET THEORY

Let G = {Y : (3X € U)[Y 2 (X N Xp)]}. Clearly U C G, since G
contains Xg = I N Xy, and G is trivially closed under supersets. It is also
closed under intersections, since if for some Xy, X5 € U,

Y1 2 (X1 N Xp), Y2 2 (XN Xp),

then Y1 NY; O (X1 N XoN Xp), and X3 N Xe € U. Since G cannot be
a (proper) filter because U is maximal, it must be that § O (X N Xy) for
some X € U; which implies that X C X§, and so X§ € U, contrary to our
assumption. —{

The most interesting immediate corollary is the existence of non-principal
ultrafilters on every infinite set I: because if U D Fy(I) extends the filter
of cofinite subsets of I, then U is not principal. As far as the strength of
these claims goes, it is known that the existence of non-principal ultrafilters
cannot be proved in ZF,, but even the stronger claim in the theorem does
not imply AC.

Suppose U is an ultrafilter on I and {A4;};cs is a family of sets indexed
by I, and let

fruvg = {iel:f(i)=9@)}eU (f.g€llicsA)
It is easy to check that ~¢ is an equivalence relation on Hie 1 Ai. We let

7 ={g¢ Hie[ Ai: f~u g} (fe Hiel A;)

be the equivalence class of f modulo ~;, so that

(6E-25) f=9g < {icl:fli)=g()} el
We will also let
(6E-26) A= (TLies 4) /U = {7+ f € TLies Ai}

for the corresponding set of equivalence classes. The notation is compact
(and in particular does not show explicitly the dependence on U) but it is
useful.

Definition 6E.10 (ZFC, ultraproducts). Suppose {A;}ic; a family of
T-structures indexed by an infinite set I and U is an ultrafilter on I. The
ultraproduct

(6E-27) A= (ILe Ad)/U

of the family {A;}ier modulo U is the 7-structure defined as follows:
(1) The universe A is the set of equivalence classes as in (6E-26).

(2) For each constant ¢ in 7,

A =7, where g(i) = .
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(3) For each relation symbol R in 7,

RA(Frooo Fp) = {i€ I RM(A(). .. fili)} € 1.
(4) For each function symbol f in 7,
PAF 1o Fi) = where (i) = A (L), filD):
If A; = A for all i € I, then A = (Hiel A) /I is the ultrapower of A
module U.

To make sense of the last two clauses in this definition we need to check
that if f1 ~U f{7 e fk ~U fé, then

{i € I+ RM(f1(i),.. . fu(0) <= R™(fi(i),... . i)} €U,
(i e A (NG, fu(@) = G, fili)} €U
These are true because the claimed equivalence and identity hold on
X =N, i€l f;(Z) = fi(2)}
and X € U by the hypothesis.

Theorem 6E.11 (ZFC, L6s’ Theorem). Let {A;}icr be family of T-struct-
ures indexed by an infinite set I and let A be their ultraproduct modulo a ul-
trafilter U as in (6E-27). Then for each full extended formula ¢(x1,... ,Xy,)

and all f1,...,f, €A,
(6E-28) A= o[f1,...,f,] <= {icl:A;=o[fr(1),...,[n())]} €.
In particular, for every sentence 0,
AE0 << {iecl:A; E0}el

PrOOF. We first check by induction that for each term ¢(x1, ... ,X,),

A1 Fal = where g(i) = £ [£i(0), ..., fa(0)],

and then we check (6E-28) by another, simple induction on ¢. The only
case where some thought is required is when

(%) = Fy)W(X,y),
and this is where AC comes in. We leave the detail for Problem x6.56. -

We have put in the problems a few additional facts about ultrapowers,
including a classical, purely semantic proof of the Compactness Theorem
for arbitrary signatures. But it should be emphasized that the subject is
large—especially rich in its applications to non-standard models—and we
will not cover it here.
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6F. Problems for Chapter 6

For each vocabulary 7, let
' =7U{P!:n,i e N}
be the expansion of 7 by infinitely many n-ary relation symbols
0, PT, P, ..

for each n and no new function symbols or constants. A 7-aziom scheme
is any 7’-sentence #; and a T-instance of # is the T-sentence constructed
by associating with each P} which occurs in 6 a full, extended 7-formula
@ (v1,...,v,) and replacing each prime formula PP (tq,...,¢,) in 6 with
the 7-formula ¢ (t1,...,t,), where the substitution {vy := t1,... ,v, =
t,} is assumed free.

For example, the sentence

0 = (Vz)(3w)(Vu)[u € w — [u €z & P(u)]]
is an €-scheme, and the instances of it are all €-sentences of the form
O{P(v) := ¢(v)} = (Vo) (Fw)(Vu)[u € w < [u € x & ¢(u)]],

where ¢(u) is an arbitrary, full extended €-formula.

A 7-theory T is aziomatized by schemes if its axioms (i.e., the members
of T') comprise a set of T-sentences and all 7-instances of a set of axiom
schemes.

Problem x6.1. Prove that Peano arithmetic PA and ZF~ are axioma-
tized by schemes.

Problem x6.2* (Eliminability of descriptions, 6B.1). Fix a signature 7,
and suppose ¢(U,w) = ¢(v1,... ,v,,w) is a full extended 7-formula and F'
is an n-ary function symbol not in 7.

(1) With each full, extended (7, F')-formula 0’(@) we can associate a full,
extended 7T-formula 6() such that

(V) (3w) (T, w) & (VU)P(T, F(T)) 0 (@) « 0(@).
(2) Suppose T is a 7-theory axiomatized by schemes such that
T+ (V0)(3w) o (U, w),

and let T” be the (7, F')-theory whose axioms are those of T, the sentence
(VU)o (¥, F (7)), and all instances with (7, F') formulas of the axiom schemes
of T. Then T’ is a conservative extension of T, i.e., for all T-sentences 6,

TFHO < TFO.

Problem x6.3. Prove that a set x is definable if and only if its singleton
{z} is a definable class.
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Problem x6.4 (Lemma 6C.1). Prove that if H,G1,...,G,, are defin-
able class operations, then their (generalized) composition

F(Z) = H(G1(D),... ,Gn(T))
is also definable.
Problem x6.5. Prove that for every set z,
Russel(z) ={t€x:t ¢t} ¢ x.
Infer that the class V of all sets is not a set.

Problem x6.6. Determine which of the claims in Theorem 6C.2 is a
formal theorem scheme (rather than a theorem) of ZF~ and write out these
schemes.

Problem x6.7. Prove that if every member of z is transitive, then |z
is transitive.

Problem x6.8. Prove that if x is transitive, then TC(z) = 2 U {«}.

Problem x6.9. Prove that the restriction S = {{n,n’) : n € w} of the
operation 2’ = x U {z} to w is a bijection of w with w \ {0}. (This and
the Induction Principle 6C.3 together comprise the Peano axioms for the
structure (w, 0, 5).)

Problem x6.10* (Zermelo’s Axiom of Infinity). Prove that
(Z-infty) (F2)[0 € z) & (Vt € 2)[{t} € #]].
Outline a proof of the Axiom of Infinity in
ZF — Infinity + (Z-infty).
Problem x6.11. Prove that the following are equivalent for every z:

(1) « is finite, i.e., x =, n for some n € w.
(2) There is exactly one n € w such that z =. n.
3) =z <. w.

Problem x6.12. Prove that a set x is countable exactly when =z <. w.
Problem x6.13. Prove that for each relation r, if ' = <., then <,,= <,..

Problem x6.14 ((2) and (3) of Theorem 6C.9). Prove that for each or-
dinal &, &' = £ U {¢&} is the successor of £ in <oy, i.e.,

€ <on & & (Vn)[§ <on n==€ <on 1.
Infer that every ordinal is a grounded set.
Problem x6.15 ((4) of Theorem 6C.9). Prove that for every x C ON,
Uz =sup{¢ : £ € 2} = the least ordinal 5 such that (V¢ € z)[¢ <on 7).
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Problem x6.16. Prove that a set 2 C ON of ordinals is an ordinal if
and only if x is transitive.

Problem x6.17 ((5) of Theorem 6C.9). Prove that every ordinal num-
ber is (uniquely) 0, a successor or a limit, and also that ON is a proper
class.

Problem x6.18* (Mostowski collapsing for classes). Suppose F(u,v) is
a binary condition such that:

(1) For each v, {u: E(u,v)} is a set.
(2) (Vz # 0)(3t € z)(Yu € z)~FE(u,t), i.e., E(x,y) is (strict and) grounded.

Prove that there is exactly one operation D : Field(E) — V such that
(6F-1) D(v) ={D(u) : E(u,v)} (v € Field(E)).

Verify that the hypotheses of the problem are satisfied if the Axiom of
Foundation holds and for some class M,

Ey(u,v) <= u,v € M & u € v.

The operation D is the decoration or Mostowski surjection of the condi-
tion E(u,v).

Problem x6.19*. Suppose E(u,v) satisfies (1) and (2) of Problem x6.17*
and it is also extensional, i.e.,

(6F-2) (V)[E(t,u) « E(t,v)] u="v (u,v € Field(E)).
Let D : Field(E) — V be the Mostowski surjection of E(u,v).

Prove that the image Field(E) = {D(v) : v € Field(E)} is a transitive,
grounded class and D is an injection which carries ' to the membership
relation, i.e., for u,v € Field(F),

(6F-3) u=v <= D(u)=D(v), D(u)e€ D) < E(u,v).
Problem x6.20 (Ordinal addition). Define a binary operation av+ 3 on

ordinals such that

a+0=aqa,
a+(B+1)=(a+p)+1,
a+A=sup{a+F:0€ A} (A limit).

Show that a + 3 = ot(<,wp) where <,wg is the wellordering defined by
adding <g at the end of <,:

Fleld(gawﬁ) =ald 6,
(i,8) <awp () <= i<jVli=j&lfen  (=01).
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Problem x6.21 (Ordinal addition inequalities). Show that for all ordi-
nals «, 3,7, d:

O+a=a, andncw<a=n+a=aq,
< f=a<a+0,
a<B&y<d=a+y<p+9,
al<f&y<d=at+y<pf+.

Show also that, in general,
a < 3 does not imply o+ < B+ 7.

Problem x6.22. Give examples of strictly increasing sequences of ordi-
nals such that

lim, (v, + ) # lim, an + 8,
lim,, (o, + Bp) # limy, o, + lim,, 5,,.

Problem x6.23 (Ordinal multiplication). Define a binary operation « -
8 on ordinals such that

a-0=0,
a (f+1)=(a-p)+a,
a-A=sup{a-F: €A} (A limit).

Show that a - 8 = ot(<axg) where <,z is the inverse lexicographic well-
ordering on a X (3,

Field(gaxﬁ) =a X ﬁ,
(€1,m) <ap (§2,m) <= memVn=n& €l

so that « - § is the rank of the wellordering constructed by laying out 3
copies of « one after the other. Verify that

a-(B-y)=(a-p) 7,
a-(B+y)=a-B+a-~.

Problem x6.24. Show that 2 - w = w while w < w - 2, so that ordinal
multiplication is not in general commutative. Show also that for all a > w,

(a+1)-n=a-n+1 (1<n<w),

(a+1) w=a-w,
and infer that in general

(@+pB)-v#a-vy+08-7.
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Problem x6.25 (Cancellation laws). For all ordinals «, 3,7,
at+f<at+y = <7,
at+fB=a+y = =1,

a-f<ay = B<n,
O<a&a-f=a-v= [=1.
Show also that, in general,
0<a& f-a=7v-adoesnot imply §=1.
A rank function for a relation r is any
f : Field(r) — ON such that z <, y= f(§) € f(y).
A rank function is tight if its image f[Field(r)] is an ordinal.

Problem x6.26. Prove that a relation r is wellfounded if and only if
it admits a rank function. Show also that a wellfounded relation admits a
unique tight rank function.

Problem x6.27. Prove that a set = is grounded if and only if every
y € x is grounded.

Problem x6.28. Prove that the Axiom of Foundation holds if and only
if every set is grounded.

Problem x6.29* ((2) of Theorem 6C.20). Prove that for any two sets
x’ y?
(z<cy&y<cz)=z=cy.
Problem x6.30. Prove that if x and y are wellorderable, then so are
zUy and x X y.
Problem x6.31. Prove (1) — (4) of Theorem 6C.22.

Problem x6.32*. Prove the absorption law for cardinal multiplication,
(5) of Theorem 6C.22.

Problem x6.33 (ZF). Prove that P(w) =. N, where N = (w — w) is
Buaire space, the set of all functions on the natural numbers.

Problem x6.34 (ZF). In one of the standard arithmetizations of analy-
sis, the real numbers are identified with the set of Dedekind cuts of ratio-
nals,

R={zCQ:0#2#Q
& Vuexr)(VveQ<u=vez| & Vuez)(Ivez)|u<].

Outline a proof of R =, P(w) based on this definition of R. (You will need
to define Q in some natural way and check that Q =, w.)
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Problem x6.35 (ZF). Prove that for every set x, there is an ordinal &
onto which x cannot be surjected,

(Vz)(3§ € ON)(Vf : z — &)[f[z] & &].

Problem x6.36 (ZF). Prove that the class Card of cardinal numbers is
proper, closed and unbounded.

Problem x6.37 (ZF). Prove that for all ordinals 7, ¢,
n < 52 Nn < Ng
Problem x6.38 (ZF, Cantor’s Theorem 6D.1). Prove that for every set
x, x <. P(x).

Problem x6.39 (ZF). Prove that a set z is grounded if and only if P(x)
is grounded.

Problem x6.40 (ZF). Prove Theorem 6D.5, the basic properties of the
cumulative hierarchy of sets.

Problem x6.41 (ZF). Prove the equivalence of the basic, elementary
expressions of the Axiom of Choice, Theorem 6D.9.

Problem x6.42* (ZF). Prove that if the powerset of every wellorder-
able set is wellorderable, then every grounded set is wellorderable.

Problem x6.43 (ZF). Prove that V | ZF + Foundation, specifying
whether this is a theorem or a theorem scheme. Infer that ZF cannot prove
the existence of an illfounded (not grounded) set.

Problem x6.44 (ZF). Prove that the equivalence
(V(i — a)[(Vi € Da; #0] = [Lesai 0]
is equivalent to AC.

Problem x6.45 (ZFC). Prove the cardinal equations and inequalities in
Theorem 6E.1, and determine the values of A, u for which the implication

A<pu=0"<0" (k#£0)
fails.

Problem x6.46. Prove Theorem 6E.4.

Problem x6.47. Write out the theorem scheme which is expressed by
the Reflection Theorem 6D.7.

Problem x6.48*. Prove that ZF, ZF, and ZFC are not finitely axiom-
atizable (unless, of course, they are inconsistent). (Recall that by Defini-
tion 4A.6, a T-theory T is finitely axiomatizable if there is a finite set T' of
T-sentences which has the same theorems as T'.)
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Problem x6.49* (ZFC). Prove that if £ is a strongly inaccessible car-
dinal, then V,; = ZFC, specifying whether this is a theorem or a theorem
scheme. Infer that

ZFC/ (3r)[k is strongly inaccessible].

Problem x6.50 (ZFC). Prove that if there exists a strongly inaccessible
cardinal, then there exists a countable, transitive set M such that

M k= ZFC.

Problem x6.51* (ZFC). True or false: if Vi, = ZFC, then k is strongly
inaccessible. You must prove your answer.

Problem x6.52. Give a correct version of the construction ¢ + (¢)
in Definition 6D.6 when M is a class defined by a formula with parameters.

Problem x6.53 (ZF). Prove Theorem 6D.8.

Problem x6.54 (ZFC). What is (Hiel AZ) /U is U is a principal ul-
trafilter on I7?

Problem x6.55 (ZFC). Let A = (Hiel A) /U be the ultrapower of a

structure A modulo an ultrafilter U. Prove that there exists an elementary
embedding 7 : A — A, and that 7 is an isomorphism if and only if U is
principal. (Elementary embeddings are defined in Definition 2A.1.)

Problem x6.56 (ZFC). Finish the argument in the proof of Lés’s The-
orem 6E.11.

Problem x6.57. Let I be an infinite set and Fy a set of non-empty
subsets of I which has the (weak) finite intersection property, i.e.,
X1,X5 € Fy= (X € Fy)[X1 N X2 D X].
Prove that the set
F={ZClI:(3X € Fy)[Z 2 X]}
is a filter which extends Fj.
Problem x6.58. Give a proof of the Compactness Theorem 1J.1 for

languages of arbitrary cardinality following the hint below.

Compactness Theorem (ZFC). For any signature T, if T is a T-theory
and every finite subset of T has a model, then T" has a model.

HINT: Let I be the set of all finite conjunctions ¢y & -+ & ¢, of sen-
tences in T, and choose (by the hypothesis) for each ¢ € I a 7-structure
A, such that Ay |= ¢. Let

X¢:{w€IZA¢':’l/)}, F():{X¢Z¢EI}.
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Check that each X, # 0 and that Xy N Xy O X4 & 4, so that Fy has
the weak intersection property and can be extended to a filter F' by Prob-
lem x6.57 and then to an ultrafilter U on I by Theorem 6E.9. Now apply
Lés’s Theorem.
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CHAPTER 7

THE CONSTRUCTIBLE UNIVERSE

Our main aim in this Chapter is to define Godel’s class L of constructible
sets and to prove (in ZF) that it satisfies all the axioms of ZFC, as well as
the Generalized Continuum Hypothesis. One of many corollaries will be
the consistency of ZFC + GCH relative to ZF.

Convention: Unless otherwise specified (as in Chapter 6), all results in
this Chapter are proved from the axioms of ZFy, i.e., ZF~ + Foundation.

This, means, in effect, that we are working in von Neumann’s universe
V of grounded sets but do not appeal to the powerset axiom—except as
specified.

In fact, most of the arguments we will give do not depend on the axiom
of foundation, and in a few cases, where it is important, we will point this
out. It simplifies the picture, however, to include it in the background
theory.

7A. Preliminaries and the basic definition

Our main aim in this section is to define L and show (in ZF,) that is it
is a model of ZF,. The method is robust and can be extended to define
many interesting “inner models” of set theory.

We have often made the argument that all classical mathematics can be
“developed” in set theory. This is certainly true of mathematical logic, as
we covered the subject in the first five chapter of these lecture notes, and
perhaps more naturally than it is true of (say) analysis or probability, since
the basic notions of logic are inherently set theoretical.

To be just a bit more specific:

e We fix once and for all a specific sequence v : w — V whose values
Vo, V1,..., are the variables, (perhaps setting v; = 2i € w).

e We fix once and for all specific sets for the logical symbols =, & ,...3,V,
the parentheses and the comma (perhaps -~ =1,& =3,...).
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268 7. THE CONSTRUCTIBLE UNIVERSE

e A vocabulary (or signature) is any finite tuple
7 = {Const, Rel, Funct, arity),

such that the sets Const, Rel, Funct are pairwise disjoint (and do not
contain any variables, logical or punctuation symbols as we chose
those), and arity : Const U Rel U Funct — w.

The syntactic objects of FOL(7) (terms, formulas, etc.) are now finite
sequences from these basic sets and their formal definitions in FOL(€) are
obtained by formalizing their customary definitions. Structures of a specific
signature 7 are tuples of the form

A= (Aa {CA}CEConst; {RA}RGReIa {fA}feFunct)

which satisfy the obvious conditions, and the definitions of all the other
semantic notions (homomorphisms, satisfaction, etc.) are also assumed to
have been formalized in FOL(€). Especially interesting is the structure of
arithmetic

(7A—1) N = (UJ,O,S,-F,')

which is definable in ZF ™, since w is definable and addition and subtraction
on w can be defined by recursion, Theorem 6C.6. We will often use without
explicit mention the fact that arithmetical relations on w are definable in
FOL(€).

We do not need to get into the details of these formalizations of the
basic notions of logic or the proofs in axiomatic set theory of the results in
Chapters 1 — 5 any more than we need to do this in topology or probability
theory. Except for one thing: for some of the metamathematical results
with which we are concerned, it is sometimes very important to note that
some theorems can be proved in a relatively weak set theory—ZF~ or ZF,
(without AC) for example—and so we will need to notice this. As a general
rule, most every result in Chapters 1 — 5 can be formalized and proved
in ZF~, without using the Powerset, Foundation or Choice axioms. (The
most notable exception is the Downward Skolem-Léwenheim Theorem 2B.1
which depends on AC.)

When we use variables m, n, k in the next theorem, it is understood that
the conditions in question do not hold and the operations in question are set
= (), unless m,n, k € w. We continue with the numbering in Theorem 6C.2.

Theorem 7A.1. The following conditions and operations on sets are
definable:

#37. Formula(m,n) <= m is the code of a (full extended) formula
©(vp,...,Vvn_1) of the language FOL(€)
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#38. Sat(m,n,xz, A,e) <= Formula(m,n)
&&xr:n— A&keCAXx A
& [ if ¢(vo,...,Vp_1) is the formula
with code m, then
(Aae) ': QD[$(O), s ,x(n - 1)”
#39. Defi(m,n,z,Ae) = {s € A:Sat(m,n+1,2U{{n,s)}, A e)}
#40. Def(A) = {Def;(m,n,z, A, {{u,v) :u € v&ue A&kv e A}):
me&nEw&m:n—uél}

PROOF. #37 is immediate since Formula(m,n) is recursive.

#39 and #40 will follow immediately once we prove #38, that the sat-
isfaction condition is definable.

To prove #38, let

1 if m is the code of some full extended formula
B o(voy.o .y vp—1)and x:n— Aande C Ax A
Fa(m,n,z, A, €) = and (4, e) = ¢[z(0),...,z(n—1)],

0 otherwise
and put
F(m,A,e) ={(i,n,z, Fi(i,n,x,A,e)) :n€w&i<mew
&x:n— A&eC Ax A},
it is enough to show that F' is definable in FOL(€), since
Sat(m,n,z, Ae) <= {(m,n,x,1) € F(m+1,A,e).
To define F' by recursion, applying Theorem 6C.6, we need definable
operations Gy, G5 such that
F(0,A,¢e) =Gi1(4,¢),
Fm+1,A,e) = GQ(F(m,A,eLm,A,e).
The first of these is trivial, since F/(0, A,e) = (). On the other hand,
Fim+1,A,e) = F(m,A,e) UG3(m, A,e)

where G3(m, A, e) = (), unless m is the code of some full extended formula
©(vo,. .., Vp—1); and if m is the code of some such formula, then we can
easily compute G5(m, A, e) from F(m, A, e) because of the inductive nature
of the definition of satisfaction—and the fact that formulas are assigned
bigger codes than their proper subformulas. We will skip the details. o

In (mathematical) English:

x € Def(A) <= x C A and there is a full extrended formula
©(vo, ..., Vp_1,Vy) in the language FOL(€) and
members zg,...,T,_1 of A, such that for all s € A,
sex < (4,€) FE ¢[xg,..., Tn-1,5]
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270 7. THE CONSTRUCTIBLE UNIVERSE

Definition 7A.2 (ZF7). We now define the constructible hierarchy by
the ordinal recursion
LO = Q)a
Less = Def(Le),
Ly = Ug<y Le, if A is a limit ordinal

and we set L = [J; L¢. This is Godel’s class of constructible sets.
More generally, for any set A, put

Lo(4) = TC(A),
L§+1(A) = Def(Lg(A)),
Ly(A) = U§<)\ L¢(A), if X is a limit ordinal,
and set L(A) = U5 L¢(A). This is the class of sets constructible from A.

Theorem 7A.3 (ZF~). (i) The operation £ — L¢ is definable and L
is a definable class.
(ii) < €= L, C Le.
(iii) Pach L¢ is a transitive, grounded set, L is a transitive class and
LCV.
Similarly,
(ia) The operation (&, A) — L¢(A) is definable, and if A is a definable set,
then L(A) is a definable class.
(iia) 1 < § == Ly(A) C Le(A).
(illa) Each L¢(A) is a transitive set and L(A) is a transitive class. If, in
addition, A is grounded, then every L¢(A) is grounded and L(A) C V.

PRrROOF. (i) follows immediately from Theorem 6C.16.

To prove (ii) and (iii) we show simultaneously by ordinal induction that
for each &,

L¢ is transitive, grounded and n < £ = L,, C L.

This is trivial for £ = 0 or limit ordinals &.

If £ = ¢ + 1, suppose first that » = ¢ and = € L¢. The induction
hypothesis gives us that + C L¢; and since x is clearly definable in L
by the formula v; € = (with the parameter z), we have € L¢y;. So
L¢ € Leyq, and the transitivity of Ley; follows immediately. If n < ¢,
then the induction hypothesis gives again x € L¢, and so * € L¢iq by
what we have just proved.

Now L is easily transitive as the union of transitive sets and (ia)—(iiia) are
proved similarly. -
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To prove that L satisfies ZF;, we need to look a little more carefully at
its definition.

Definition 7TA.4 (X, formulas). Let ¥y be the smallest collection of
formulas in the language FOL(€) which contains all prime formulas

Vi €EVj, Vi=V;

and is closed under the propositional operations and the bounded quanti-
fiers, so that if ¢ and ¥ are in ¥y, then so are the formulas

ﬁ(90)7 (90)&(1/))7 (30) v (1/2), (90) - (¢)7 (avi € Vj)¢7 (vvi € Vj)¢'

Proposition 7TA.5. Prove that the conditions #1, #2, #8, #9, #1/,
#17 and #18 or 6C.2 are definable by Xy formulas.

One of the simplifying consequences of the Axiom of Foundation is that
the class of ordinals becomes definable by a ¥ formula:
(TA-2) £ € ON
—= VeV ey)lrecé & Ve,yeé)recyVe=yVyecaza|

This is very useful, because of the following, simple but very basic fact
about Xg:

Lemma 7A.6. Let M be a transitive class.
(1) If o(x1,...,%n) is a full extended 3¢ formula and x1,...,x, € M,
then
VEr,....zn] <= MEo[r1,...,2,]
(ii) M satisfies the Azioms of Extensionality and Foundation.

(iii) If M is closed under pairing and union, then it satisfies the Pairing
and Unionset axioms.

(iv) If some infinite ordinal A € M, then M satisfies the Aziom of Infinity.

PROOF. (i) Reverting to the notation of Theorem 1C.8 which is more
appropriate here, we need to verify that if ¢ is any formula in ¥y and
7 : Variables — M is any assignment into M, then

Vit <= M,k
This is immediate for prime formulas, e.g.,

VimEv,ev; < n(v;) € w(vj)
= M,mE=v,€v;
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(because 7 takes values in M) and if the required equivalence holds for ¢
and 1), it obviously holds for =(¢) and for (¢) & (¢). By induction on the
length of formulas then, in one of the non-trivial cases,

V,m = (3vi)[vi € vj& | < for some z € (v;), V,r{v;:=z} E ¢
<= for some z € w(v;), M,n{v; =z} E ¢
= M,m = (3vi)vi € v &,

where we have used the transitivity of M and (again) the fact that 7 takes
values in M in the main, middle equivalence.

(ii) Both of these axioms are expressed in FOL(€) by formulas of the

form (Vx1) - (Vxp)e(X1,...,X,) where p(X1,...,%X,) is in Xy and
for all zy,... 2, € M,V | ¢[xy,... ,xz,];
this implies with (i) that M | (Vx1) -+ (VXp)o(X1, .. -, Xp).
(iii) Again, it is easy to find a formula p(x,y,z) in 3¢ such that for z,y,

z={r,y} <= Vi=ply 2l

To show that M satisfies the Pairing Axiom then, we must verify that for
each © € M, y € M, there is some z € M such that M E ¢[z,y,z]; of
course, we take z = {z,y} and we use (i).

The argument for the Unionset Axiom is similar.

(v) If A € M and A is infinite, then either w = A or w € A and in either
case, by the transitivity of M, w € M. Checking the definition of w in
Theorem 6C.2, we can construct a ¥y formula ¢(x) such that

r=w < Vol

in part o(x) asserts that x is the z required to exist by the Axiom of
Infinity. Clearly V = ¢fw] and then by (i), M |= ¢lw] so that M satisfies
the Axiom of Infinity. .

The lemma implies immediately that L satisfies all the axioms of ZF, ex-
cept perhaps for the Power and Replacement Axioms. The key to deriving
these for L is the Reflection Theorem 6D.7, but it is worth putting down a
general result.

It is convenient to call a class M grounded if every set in it is grounded,
ie., if M CV (cf. Problem x7.5). All classes are grounded in ZF, but it
is instructive make an exception to the general convention of this Chapter
and show the next theorem with the minimum hypotheses.

Theorem 7TA.7 (ZF ). Let { — C¢ be an operation on ordinals to sets
which satisfies the following four conditions, where C' = UEGON Ck.
(i) Each C¢ is a grounded, transitive set.
(i) ¢ <€ — Cc C Ce.
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(iif) If A is a limit ordinal, then Cx = ;) Ce.
(iv) For each &, Def(Ce) C C, i.e., for each §, if x C C¢ is elementary in
the structure
Ce = (C¢, €1C¢, {s: 5 € Cc}),
then there is some ¢ such that x € C¢.

It follows that C' is a transitive subclass of 'V, it contains all the ordinals
and C' |= ZFy; and if, in addition, we assume the Powerset Aziom, then
C = ZF,.

In particular, L C 'V, it is a transitive model of ZF g which contains all
the ordinals, and if we assume the Powerset Aziom, then L = ZF,.

Similarly for L(A), if A is grounded.

PrOOF. To begin with, we know from Lemma 7A.6 that C satisfies ex-
tensionality, pairing and unionset, since condition (iv) in the hypothesis
implies easily that C' is closed under pairing and union and these parts of
Lemma 7A.6 where proved without the axiom of foundation. Also, C¢ CV
by ordinal induction, and so C C V—and then it satisfies the Axiom of
Foundation because V' does.

We argue that C' must contain all ordinals: if not, let A be the least
ordinal not in C' and choose { large enough so that A C Cg¢. Since V
satisfies the Axiom of Foundation, for z € V,

Ordinal(z) < V | ¢on|[z]
where
pon(x) = (Vu € x)(Vv € u)[v € x] & Vu,v € X)[u evVu=vVovEu]

is a Yo-formula, as in (7A-2). Since no ordinal > A can be in C¢ (by
transitivity), we have

{z € Ce: C¢ = wonla]} = A
hence by condition (iv), A € C, which is a contradiction.

It follows in particular that w € C, so that C also satisfies the Axiom of
Infinity by 7A.6.

Verification of the Powerset Aziom (ZF). It is enough to show that for
each x € C| there is some z € C such that z has as members precisely all
the members of C' which are subsets of x—from this we can infer that C
satisfies the Powerset Axiom as above. Let

ke (u) least 1 such that u € C)), ifue C,
ranke (u) =
© 0 otherwise,

and set

A = Jranke[P(z)]
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so that if u € C and u C x, then u € Cy. Thus
z={ueCy:ulux}
has as members precisely the subsets of x which are in C' and since z is
clearly definable in Cj, it is a member of C' by (iv).
Verification of the Axiom Scheme of Replacement. Suppose z € C and
F : C — C is an operation which is definable (with parameters) on C, i.e.,
for some formula (v, ..., v,,s,t) and fixed y1,...,y, € C,
F(s)=t < CEYy1,. - Un,S, 1 (s,t € C);
as above, it is enough to show that the image
Flz) ={F(s):s €z}

is also a member of C.
Using the Reflection Theorem 6D.7, choose A so that x,y1,...,y, € Cy
and for s,t € C),

C )21/)[2/1,~~,ym$,ﬂ <~ C)x 'Zw[yla"'vyn»sat]a

make sure as in the argument above that Flz] C C), and set

V(Y1 Y, X t) = (s € X)U(y1,- -, Yn, X, t).
Clearly
Fla] ={t € Cx: Cx E ¢ [y1,- - ynss, 1]}
and hence F[z] is elementary in Cy and must be in C' by (iv).

This concludes the proof of the main part of the theorem and the fact that
L and L(A) satisfy the hypotheses follows easily from their definitions.

The recursive definition of the constructible hierarchy {L¢ : £ € ON}
makes it possible to define explicitly a wellordering of L. We prove this in
some detail, as it is the key to our showing in the next section that the
Axiom of Choice holds in L.

Theorem TA.8 (The wellordering of L). There is a definable binary con-
dition © < y which wellorders L, and in such a way that

r<py&y€ L= x€ L.

PROOF. The idea is to define by ordinal recursion an operation
F:ON—-V
so that for each &, F(§) = <¢ is a wellordering of L¢, i.e., <cC L¢ x L¢
and <¢ wellorders Le.
We will build up F' step-by-step.
Step 1. There is a definable operation Fy : w XV x V. — V such that

if w wellorders A, then Fy(n,w, A) wellorders the set (n — A) of n-term
sequences from A.
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Proof. Order the n-tuples from A lexicographically, using w.
Step 2. There is a definable operation Fy : V2 — V such that if w
wellorders A, then Fy(w, A) wellorders A* =, ., (n — A).
Proof. For z, 2’ in A*, put
(z,2'y € F(w,A) <= Domain(z) < Domain(z’)
V(3n)[Domain(z) = Domain(z') = n
&z, 2"y € Fi(n,w, A)].
Step 3. There is a definable operation Fs : V2 — V such that if w

wellorders A, then Fs(w, A) wellorders Def(A).
Proof. Using the operation Def; of Theorem 7A.1, put

Gi(m,n,z, A) = Def(m,n, A, {{u,v) :u€ A&kv e A&k u € v})
and for y € Def(A) define successively:
Ga(y,w, A) = least m such that (In)(Jz :n — A)ly = G1(m,n, z, A)],
Gs(y, w, A) = least n such that (3z: n — A)[y = G1(Ga(y, w, A),n,z, A)],
G4y, w, A) = least z in the ordering F5(w, A) such that
y==G, (Gg(y,w,A)7 Gs(y,w, A), a:,A).

Now each y € Def(A) is completely determined by the triple

(Gg(y, w, A), Gs(y, w, A), G4(y, w, A))

and we can order these triples lexicographically, using the wellordering
Fy(w, A) in the last component.

Step 4. There is a definable operation F': ON — V such that for each &,
F(&) is a wellordering of Le.

We define F(£) by ordinal recursion, taking cases on whether £ is 0, a
successor or limit.

Two of the cases are trivial: we set F/(0) = () and F(£+1) = F3(F(€), Le).
If A is limit, define first G : L — ON by

G(x) = least ¢ such that « € L
and put
F(\) = {{z,y) € Ly x Ly : G(z) < G(y)
V[G(z) = G(y) & (z,y) € F(G(x))]}.
The theorem follows from this by setting again

r<py < G(x) <Gy V[G(z)=GCG(y) &{z,y) € F(G(x))]. -
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7B. Absoluteness

At first blush, it seems like Theorem 7A.8 proves that L satisfies AC: we
defined a condition x <y, y on the constructible sets and we showed that it
wellorders L, from which it follows that

(7B-3) “if every set is in L,
then {(z,y) : © <p y} wellorders the universe of all sets”.

This is a very strong, “global” and definable form of the Axiom of Choice
for L, and we proved it in ZF, (in fact in ZF~ )—but it does not quite mean
the same thing as “L = AC”!

To see the subtle difference in meaning between the two claims in quotes,
let us express (7B-3) in the language FOL(€). Choose first a formula
vL(x,€) of FOL(€) by 7TA.3 so that

(7B-4) v€ L < VE gz,
and let
(7B-5) V=L :=(vx)(3&)eL(x,§).

The formal sentence “V = L” expresses in FOL(€) the proposition that
every (grounded) set is constructible. Choose then another formula iy, (x,y)
of FOL(€) by 7A.8 such that

r<py <=V ':’(/JL[Z',Z/]
and set
P = “{(x,¥) : ¥r(x,y)} is a wellordering of the universe”,

where it is easy to turn the symbolized English in quotes into a formal
sentence of FOL(€). Now (7B-3) is expressed by the formal sentence
of FOL(€)

(V=1L) =497,
and what we would like to prove is that
(7B-6) L =y~
It is important here that Theorem 7A.8 was proved in ZF without ap-

pealing to AC. Since L is a model of ZF, by 7A.7, it must also satisfy all
the consequences of ZF, and certainly

(7B-7) LE(V=L)—v¢"
Now the hitch is that in order to infer (7B-6) from (7B-7), we must prove
(7B-8) LEV=L (Caution! Not proved yet).
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This is what we are tempted to take as “obvious” in a sloppy reading
of (7B-3). But is (7B-8) obvious?

By the definition of satisfaction and the construction of the sentence
V = L above, (7B-8) is equivalent to
(7B-9) for each = € L, there exists £ € L such that L | o[z, ],
while what we know is

(7B-10) for each € L, there exists £ € L such that V = ¢ [z, ].

Thus, to complete the proof of (7B-8) and verify that L satisfies the Axiom
of Choice, we must prove that we can choose the formula ¢y, (x, &) so that
in addition to (7B-4), it also satisfies

(7B-11) VoLl «— L,

when x € L. In other words, we must show that the basic condition of
constructibility can be defined in FOL(€) so that the model L recognizes
that each of its members is constructible.

The theory of absoluteness (for grounded classes) which we will develop
to do this is the key to many other results, including the fact that V = L
implies the Generalized Continuum Hypothesis. We will study here the
basic facts about absoluteness and then we will derive the consequences
about L in the next section.

Definition 7B.1 (Absoluteness). Let R be an n-ary condition on V, let
o(x1,... ,%,) be a full extended FOL(€)-formula, and let D be a collection
of transitive subclasses of V. We say that ¢(x1, ... ,x,,) defines R absolutely
for M € D if

R(z1,...,2p) <= M Eplz1,...,2,] (M €D,xq,...,2, € M).

A condition R is absolute for D if it is defined by some formula absolutely
for M € D. It is also common to call absolute for D the relevant formula
©(x1,...,%,) of FOL(€) which defines a condition absolutely for D.

Notice that if ¢(x1,. .., %,) defines R absolutely for D, then in particular,
for M, N in D, if M C N and zy,...,x, € M, then

M= plry,...,zy] < N[ ¢[r1,..., 2]

In all the cases we will consider, the universe V' of grounded sets will be in
D; then for each M in D and z1,...,x, € M, we have

R(xy,...,x,) <= V E¢lr1,..., 2]
— M E plxy,...,z,]
We express this by saying that R is absolute for M.
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Following the same idea, an operation F' : Cy x --- x C,, — V (where
Cy,...,C, are given classes) is definable absolutely for D or just absolute
for D, if three things hold.

(1) The classes C1,Cs, ..., C, are absolute for D—i.e., each membership
condition x € C}; is absolute for D.

2IfMeDandz, € C1NM,...,z, € C,, N M, then
F(zy,...,z,) € M.

(3) There is a formula ¢(X1,...,X,,y) of FOL(€) such that for each
MeDandxz, € C1NM,...,x, € C,, N M,

Fz1,...,zn) =y <= M E ¢lx1,...,Tn,]
A set c is absolute for D if for each M € D, ¢ € M and the condition
R.(z) <= z=c
is absolute for D.

We now come to the central metamathematical concept of T-absolute-
ness, where 1" is any set theory, e.g., ZF~, ZF 4, ZF, ZFC, etc. We simplify the
discussion a bit by collectively calling notions the relations and operations
on V as well as the members of V' (following Godel).

Definition 7B.2 (T-absoluteness). Let T be a set of FOL(€)-sentences—
a set theory.

A standard model of T is any transitive, grounded class M (perhaps a
set) such that M |= T} if in addition M contains all the ordinals, then M
is an inner model of T. (By Theorem 7TA.7, L and each L(A) are inner
models of ZF, and in ZF we proved that they are both inner models of
ZF,.)

A notion N is T-absolute if there exists a finite set T° C T of axioms of
T such that N is absolute for the collection D° of standard models of 79,

M €D <= M is transitive and M |= T°.

Notice that if N is T-absolute and T C T", then N is T'-absolute. We are
especially interested in ZF;-absolute notions, which are then T-absolute for
every axiomatic set theory stronger than ZF,. Intuitively, a notion N is
T-absolute if there is a formula of FOL(€) which defines N in all standard
models of some sufficiently large, finite part of T

We will need to know that a good many notions are ZF;-absolute, in-
cluding all those defined in Theorems 6C.2 and 7A.1, and we start with the
closure properties of the collection of T-absolute notions.

All but the last two parts of the next theorem have nothing to do with
any particular set-theoretic principles—they are simple facts of logic.
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Theorem 7B.3. Let T be any set theory such that V = T.

(i) The collection of T-absolute conditions contains € and = and is closed
under the propositional operations -, &, V, =, <= .

(ii) The collection of T-absolute operations is closed under addition and
permutation of variables and under composition; each n-ary projection op-
eration

F(zy,...,x) = 2;
is T-absolute.

(iii) An object ¢ € V is T-absolute if and only if each n-ary constant
operation

F(zy,...,z,) =c
1s T'-absolute.
(iV) [ RCV™and F} : Cy X+ xCp, = V,....F, :Cy x---xC,, -V
are all T-absolute and
P(xy,...,xp) <= v1€C1 & - &z, €C,
&R(Fl(xl, ey Ty Fop (e, ,Q:n)),
then P is also T-absolute.
(v) If R C V™t s T-absolute and
P(xy,...,xp,2) < (Fy € 2)R(x1,...,Tn,y),
Q(z1,...,xn,2) <= My € 2)R(x1,...,2Tn,Y),
then P and @Q are also T-absolute.

(vi) Suppose P C V" and Q C V™ are both T-absolute, and there
exists a finite T° C T such that for each standard M, if M = T° and
T1,...,Tn € M, then

(Jy € M)P(x1,...,25,y) < My e M)Q(x1,...,2n,Y);
then the condition R C V™ defined by
R(x1,...,xy) <= (y)P(x1,...,2n,Y)

is T-absolute.

(vii) Suppose T D ZF,. If G : V"1 — V is T-absolute, then so is the
operation F : V'Y — V defined by

F(z1,...,2n,w) ={G(z1,...,2p,t) : t € w}.

Similarly with parameters, if G : V"™ — V is T-absolute, so is

F(X1, ey Ty Wy e vy W)
={G(z1,...,Tp,t1,...,tm) :t1 Ewr & -+ &t € wy}.
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(viii) If T 2 ZF, and R C Vrtl is T-absolute, then so is the operation
F(zy,...,zp,w) ={t €w: R(x1,...,xn,t)} (z1,...,2p,w V).

PROOF. Parts (i) — (iv) are very easy, using the basic properties of the
language FOL(€).

For example if

R(zy,...,xy) <= P(x1,...,2,) &Q(x1,...,2,)

with P and Q given T-absolute conditions, choose finite 7° C ZF, T' C T
and formulas p(x1,...,%,), ¥(x1,...,%x,) of FOL(€) such that

P(x1,...,1,) <= ME¢[z1,...,2,] (MET° z1,...,2, € M)
and for M =T, xy,...,2, € M,

Q(z1,...,xn) <= M EYxy,...,z,]
It is clear that if M =T°UT! and z1,...,2, € M, then
R(x1,...,xp) <= M Epr1,...,2,) &Plx1, ..., 2],
so the formula ¢(x1,...,%,) &Y (x1,...,%x,) defines R absolutely on all
standard models of 7O U T,
Suppose again that

F(z) = G(H:(z), Ha(z))
where G, Hy, Hy are T-absolute and we have chosen one binary and two
unary operations to simplify notation. Choose finite subsets T¢, T, T2
of T and formulas ¥ (u,v,z), v1(x,u), 2(x,v) of FOL(€) such that for
M =T and u,v,z € M we have G(u,v) € M and
Gu,v) =2z <= M E Y[u,v, 2]

and similarly with Hy, T' and ¢;(x,u), Ha, T2 and ¢2(x,v). (It is easy
to arrange that the free variables in these formulas are as indicated.) Now
it is clear that if

MpETCUT UT?,
then

reM= F(x)e M
and for z,z € M,

F(z) =2 < M = x|z, 7]
where
X(x,2) <= (3u)(3V)[p1(x,0) &2 (x,v) &Y (u, v, 2)].
Proof of (iv) is very similar to this.

(v) The argument is very similar to the proof of (i) in Lemma 7A.6 and
we will omit it—the transitivity of M is essential here.
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(vi) Choose a formula ¢(x1, ..., X,,y) and a finite T¥ C T such that for
all standard M =TT and xy,...,2, € M,

P(zy,...,xn,y) <= MEplz1,...,2,,Y]
and take
X(X1,. .y Xp) <= (Ty)p(X1,...,Xn,¥)-
If M =T UT® and z1,...,2, € M, then
R(zq,...,z,) = (Fy)P(z1,...,2n,Y)
= (W)Q(z1,...,7n,y) (
= (Vy € M)Q(x1,...,2n,Y) (
= (Jy e M)P(z1,...,2n,Yy) (since M = T?)
(since M = TF)

since V' = T7)

obviously)

= for some y € M, M = plx1,...,2Tn,Y]
= M = Fy)eler, . w0, ;
Conversely,
M= 3y)elz1, .. xn,y] = (Fy € M)P(x1,...,20,Y)
= (Fy)P(z1,...,Zn,Yy)
= R(x1,...,2,),

so x(x1,...,X,) defines R on all models of T UT? and hence R is T-
absolute.

(vii) Suppose that if M = TP, then
T1yeoo Tyt € M = G(a1,...,2,,t) € M
and
G(x1,...,xn,t) =5 <= M E plz1,...,x,,t, 5]

Let 1 be the instance of the Replacement Axiom Scheme which concerns
SD(XM e 7X’n7t7s)a

b= (Vx1) - (V) (VW) { (V) (Tls)p(x1, - X, B, 8)

— (Fz)(Vs)[s €z = (Tt)[t € w& p(x1,...,%n, t,9)]] }
and take
T =T U {¢}.

If M =T and @1,...,7,,w € M, this means easily that there is some
z € M so that for all a € M,

s €z < forsomete€w, M ¢lxy,...,Tn,t,s]
— (3t € w)[G(x1,...,2n,1t) = s].
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Since M =T and hence M is closed under G, this implies that in fact
z2={G(x1,...,xy,t) : t € W}
=F(z1,...,2p,w),
hence M is closed under F'. Moreover, taking
X(X1s. oo X, W,2) = (Vs)[s €z (Tt)[t e wko(x1,..., X, t,8)]],
is is clear that
F(zy,...,xp,w) =2 <= M E x[z1,...,2,,w, 2],

so F'is T absolute.

The argument with m > 1 is similar.

(viii) Let
t if R(xy,...,2p,t),
w if 2R(xq,. ..,z t).

G(z1,...,@n, w,t) {

This is T-absolute by (ii) and then by the hypothesis that 7' O ZF, and
(vil) (and (ii) again), the operation

F(zy,...,xn,w) ={G(z1,...,2n,w,t) : t Ew}Nw
is also T-absolute. Clearly
s€F(xy,...,xp,w) < scw&R(z1,...,2,,5)
Vis=w&w e w& (3t)-R(x1,..., 2, 1)];
and since w € V so w ¢ w,
s€F(xy,...,xp,w) < scw&R(x1,...,24,8)
as required. o

Corollary 7B.4. The notions #1 — #21 of Theorem 6C.2 are all ZF 4-
absolute.

PROOF is routine using the theorem and we will skip it. o

Before proceeding to show the ZFj-absoluteness of several other notions,
it will be instructive to notice that many natural and useful notions are not
even ZFC-absolute, cf. Problem x7.1*. Roughly speaking, no notion related
to cardinality is ZFC-absolute.

The next result is fundamental.

Theorem 7B.5 (Mostowski’s Theorem). The condition
WEF(r) <= r is a wellfounded relation

is ZF 4-absolute.
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Proor. Put
P(r,z) <= Relation(r) & [x =0V (3t € x)(Vs € x)(s,t) & r].
Clearly P is ZF j-absolute and
WE(r) < (Vz)P(r,z).
Similarly, let

Q(r, f) <= Relation(r) & [f is a rank function for r]
<= Relation(r) & f : Field(r) — ON
& (Vr,y € Field(r)) [z <, y= f(z) € f(y)].

Again @Q is ZF-absolute (using the fact that ON is definable by a 3
formula) and
WE(r) < (3HQ(r, f).

Hence
(+) (V)| (V2)P(e.7) <= (3HQ. )]

This equivalence is Problem x6.26, and it can be proved in ZF|.

Let @ be the formal sentence which expresses (x), so that ZF, F 6. Let
T* C ZF, be the finite set of ZF, axioms used in the proof of 0, so that
6 is true in all models of T*, including all the standard models. Let 79,
T! be finite subsets of ZF; such that P and @ are absolute for standard
models of T° and T respectively. It follows that if M is a standard model
of T°UT' UT*, then for r € M

(%) (Vo € M)P(z,r) < (3f € M)Q(r, f).
Now part (vi) of 7B.3 implies that WF(r) is ZF j-absolute. -

Mostowski’s proof is simple but typically metamathematical and gener-
ally causes uneasiness to people who encounter it for the first time. The
subtle part of it is that we do not need to identify the specific instances
of replacement needed to prove —we only need to notice that there are
only finitely many of them, and then put them in 7*. In this instance,
we could probably pinpoint these instances, but that would be the wrong
way to go about understanding the proof: because this sort of argument is
used repeatedly, in ever more complex situations where chasing the specific
instances of replacement used would be practically impossible. The argu-
ment rests on the fact that proofs are finite, so that for any formal 7-theory
T and any T-sentence ¢,

T+ ¢=> (3 finite Ty € T)[Ty F 4.

The same kind of metamathematical argument is needed in the proof of
the next result.
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Theorem 7B.6 (Absoluteness of ordinal recursion). Suppose the oper-
ation G : V"1 =V is ZF  -absolute, and let

F:ONx V"=V
be the unique operation satisfying
F(& a1, ... zn) = G({{n, Fn,@1,...,20)) :n < Eh a1, an);
then I is also ZF j-absolute.

PROOF. Assume G is absolute for all standard models of T9 C ZFy.
Go back to the proof of Theorem 6C.16 to recall that F' is defined by an
expression of the form

F& a1, .,xn) =w <= (FR){P(&, x1,...,2,, h) & Function(h)
& ¢ € Domain(h) & h(§) = w},
where P is easily absolute for all models of T°. Moreover, we can prove
(V€ x1, ..., x)(FR)P(&, 21, .. Tpy h)

using only finitely many additional instances of the Axiom Scheme of Re-
placement, say those in T C ZF,. Thus for every standard model M of
TOUT! and &, 21, ..., 2, in M we have (3h € M)P(£, 21, ..., 2y, h), which
implies immediately that M is closed under F.

We can also prove easily in ZF, (using only some finite 7% C ZF}) that

(V& 21,y Ty w){(EIh)[P(f7 X1y...,Tn, h) & Function(h)
& ¢ € Domain(h) & h(§) = w] < (Vh)[[P({, 21,..., %y, h)
& Function(h) & £ € Domain(h)] = h(§ = w] };

thus by part (vi) of 7B.3, the condition
R 1,y xp,w) <= F({x1,...,2,) =w

is ZF j-absolute and so F'is ZF j-absolute. =

A special case of definition by recursion on ON is simple recursion on w.
Corollary 7B.7. Suppose F(k,x1,...,x,) satisfies the recursion

FO,z1,...,2,) = G(x1,...,25)
Flk+1,2zq,...,2p) :G(F(k,a:l,...,z"),k,xl,...,xn)

where G and Gy are ZF 4-absolute. Then F' is also ZF 4-absolute.
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PROOF. Define

Gi(z1,...,2p) if m=0,

G k—1,x1,...,205),k—1,21,...,2,
G(f,k‘,a:l,...,xn)z Q(f( ' ) 1fk:€1w k?é())

0 otherwise

and verify easily that G is ZF -absolute and F' is definable from G as in
the theorem. -

Corollary 7B.8. All the conditions and operations #1 — #40 in Theo-
rems 6C.2 and 7A.1 are ZF 4-absolute.

ProOOF. Go back and reread the proofs of these theorems keeping in
mind the results of this section. o

7C. The basic facts about L

Let us start by collecting in one theorem the basic absoluteness facts
about the constructible hierarchy that follow from the results of the pre-
ceding section.

Theorem 7C.1. (i) The operation & — L¢ and the binary condition

x € L¢ are both ZF ;-absolute.
(ii) There is a canonical wellordering of L, x <, y which is ZF j-absolute
and such that
yeLe&ar<py=ax€ L.

(iii) The operation (§, A) — L¢(A) and the ternary condition x € L¢(A)
are both ZF ;-absolute.

(iv) The conditions x € L and x € L(A) are both absolute for inner models
of some finite subset T° C ZF .

PRrROOF. (i) and (ii) follow immediately from the definitions, 7B.8, 7B.6
and of course, the basic closure properties of ZF ;-absoluteness listed in 7B.3.
Part (ii) also follows easily by examining the proof of 7A.8.

To prove (iv), let ¢ (x,&) be a formula of FOL(€) by (i) such that for
some finite 7° C ZF, and any standard M

(7C-12) r€Le <= M pp[z,& (M standard, M |= T°),

and set ¥ (x) = (3¢)pr(x,€). If M is an inner model of T so that
M = T° and M contains all the ordinals, then for x € M,

r €L <= forsome &, x € L¢
< for some £ € M, M | ¢r[x,¢]
= M E ¢zl
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The argument for z € L(A) is similar. .

We are now in a position to prove (7B-8), that L “believes” that every
set is constructible.

Fix once and for all a formula ¢, (x, £) and a finite 7° C ZF so that (7C-12)
holds and let “V = L” abbreviate the formal sentence of FOL(&) which
says that every set is constructible using this formula,

(7C-13) V =L :=(Vx)(3€)eL(x,§).
We also construct a similar formula V' = L(a) with a free variable a which
says that “every set is constructible from a”.
Theorem 7C.2. (i) L=V =1L.
(ii) For each grounded set A, L(A),a:= A=V = L(a).
Proor. Compute:
LEV=L < LE (Vx)(3¢eL(x,£)
<= for each = € L, there exists £ € L, L = pr(z,§)
<= for each x € L, there exists { € L, x € L,
and the last assertion is true by the definition of L and the fact that it
contains all the ordinals. —

This is a very basic result about L. One of its applications is that it
allows us to prove theorems about L without constant appeal to meta-
mathematical results and methods: we simply assume V = L in addition
to the axioms of ZF, and any consequence of these assumptions must hold
in L.

We also put down for the record the result about the Axiom of Choice
in L which we discussed in the beginning of Section 7B.

Theorem 7C.3. There is a formula ¢ (x,y) of FOL(€) such that
L E “(x,y) : ¥r(x,y)} is a wellordering of V.
In particular, L = AC.

Proor. If ¢* is the formal sentence of FOL(€) expressing the symbol-
ized English in quotes, then by TA.8 and the fact that L = ZF,

LEV =L
while by 7C.2 we have L =V = L. —1

For the Generalized Continuum Hypothesis we need another basic fact
about L which is also proved by absoluteness arguments. Its proof requires
two general facts, not particularly related to L, which could have been
included in Chapter 6.

The first of these is the natural generalization of Theorem 2B.1 to un-
countable structures.
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Lemma 7C.4 (The Downward Skolem-Léwenheim Theorem). If the uni-
verse B of a structure B of countable signature T is wellorderable and
X C B, then there exists an elementary substructure A =< B such that
X C A and |A] = max(Ro, | X|).

PrRoOOF. The assumption that B is wellorderable is needed to avoid ap-
pealing to the Axiom of Choice in the proof of Lemma 2B.4. Except for
that, the required argument is a very minor modification of the proof of
Theorem 2B.1. We enter it here in full, to avoid the need for extensive

page-flipping.
Given B and X C B, fix some yg € B, let

Y = X U{yo} U{c® | ca constant symbol},

so that Y is not empty (even if X = ) and there are no constants). Let Sy
be a finite Skolem set for each formula ¢, by Lemma 2B.4, and set

F = {fB | f is a function symbol in 7} U Ug So-

The set F of Skolem functions is countable, since there are countably many
formulas. We define the sequence n — A,, by the recursion

AOZK AnJrl:AnUU{f(yl»"'ayk):fef,ylv"'vykeAn}

and set A = J,, ., An. This is the universe of some substructure A C B
by Lemma 2B.2. Moreover, for each ¢, A is closed under a Skolem set for
¢, and so (2B-1) holds, which means that A < B. Finally, to show that
|A] < max(Rg,|X]), we check by induction on n that

(7C-14) [An| < max(Ro, [X]) = &,

which in the end gives |A| < Ry - kK = K. The inequality (7C-14) is trivial
at the base,

[ Aol = Y[ < [X[+1+Ro =k,
and also in the inductive step: if k¢ is the arity of each f € F, then

k
[Apia] < |An] + |Ufeff[Anf]| < /ﬁ+2f€fﬁkf <Kk+Ny-Kk=k. =

The second lemma we need is a version of the Mostowski collapsing con-
struction, which we have covered in three, different forms in Theorem 6C.14
and Problems x6.17*, x6.18%.

Lemma 7C.5 (Mostowski Isomorphism Theorem). Suppose M is a (ground-
ed) set which (as a structure with €) satisfies the Axiom of Extensionality,
i.e.,

u=v <= MteM)[tcu < t e (u,v € M).
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Let dpr : M — dpr[M] be the Mostowski surjection of € M, so that
(7C-15) dyr(u) = {dpy(v) :v € M Nu} (u e M).

Then M = dy[M] is a transitive set, dpr : M —» M is an €-isomorphism
of (M, €) with (M, €), and if y C M is transitive, then dy(t) =t for every
tey.

PROOF. The unique function dy; : M — V satisfying (7C-15) is de-
fined by wellfounded recursion, and its image is a transitive set, directly
from (7C-15): because if s € dps(u) for some v € M, then

s=dpy () ={dy(t):t € MNuov}

for some v € M Nwu and so s C dp[M].
To prove that d;; is an injection, assume not and let u be an €-minimal
counterexample, so that for some v € M, v # u,

dy(u) ={dp(s):se MNut={dy(t):t € MNo} =dpy(v).
It follows that if s € M N u, then dy(s) = dp(t) for some t € M Nw,
so that by the choice of u, s =t € M Nw. Similarly, if ¢ € M N v, then
te MNu. So M Nu=MnNwv, and since M satisfies extensionality, u = v,
which contradicts our assumption.

Finally, if da; is not the identity on some transitive y C M, choose an
€-minimal ¢ € y such that dy;(t) # t and compute:

dar(t) ={dpy(s): s €t} (becauset Cy C M)

={s:set} (by the choice of t)
=t (because t Cy C M),
which again contradicts our assumption. o

In the context of the metamathematics of set theory (especially the study
of L and other inner models), “the Mostowski Collapsing Lemma” most
likely refers to this theorem. We used a different (standard but less com-
mon) name for it here, to avoid confusion. In any case, these two results
(and Problems x6.17*, x6.18*) have different applications, but they are
proved by the same method and they are all significant.

Theorem 7C.6 (The Condensation Lemma). There is a finite set of
sentences TV C ZF, such that with

TV =T°U{V =L}
the following hold.
(i) LETE.
(ii) If A is a transitive set and A |= T*, then A = Ly for some limit
ordinal .
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(iii) For every infinite ordinal & and every set x € L such that x C Lg,
there is some ordinal \ such that

E<A<ET, LyETE and x € L.

PRrROOF. Choose T° so that the operations & +— & + 1, & L¢, are
absolute for the standard models of 7° and the condition = € L is defined
on all standard models of T° by the specific formula ¢y, (x, &) which we
used to construct the sentence V = L.

Clearly L =TT,
If A is a transitive set and A |= TF, let

A = least ordinal not in A

and notice that A is a limit ordinal, since A is closed under the successor
operation. Now
E< A= Lc € A,

by the absoluteness of £ — L¢, so
Ly= U§<>\ Le € A
On the other hand, A =V = L, so that
for each = € A, there exists £ € A, A = o[z, §]

i.e., (by the absoluteness of ¢, (z,£)), A C L.

To prove (iii) suppose  C L¢ and © € L¢—where ¢ may be a much
larger ordinal than €. Using the Reflection Theorem 6D.7 on the hierarchy
{L, : m € ON} and the fact that L = TL, choose > max((, &) such that
L,ETl. Nowz e L, and L, =TF.

By the Downward Skolem-Léwenheim Theorem 7C.4 applied to the (well-
orderable) structure (L, €), we can find an elementary substructure

(M, €) = (Ly, €)

such that Le € M, x € M and |[M| = |L¢| = || by x7.6. Since (M, €)
is elementarily equivalent with (L, €), it satisfies in particular the Exten-
sionality Axiom, so by the Mostowski Isomorphism Theorem 7C.5, there is
a transitive set M and an €-isomorphism

d: M M.

Moreover, since the transitive set y = L U {z} C M, d is the identity on
y and hence z = d(x) € M. Now (L, €) = T and therefore the elemen-
tarily equivalent structure (M, €) = T, so that the isomorphic structure
(M, €) = T*; by (ii) then,

M=1L,

for some A and of course, A < T, since | M| = [¢]. o
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From this key theorem we get immediately the Generalized Continuum
Hypothesis for L.

Corollary 7C.7 (ZF). If V = L, then for each cardinal X, 2* = \*.
PRrOOF. By the theorem, if V' = L, then P(\) C L+, and hence
POV < [Lay| =27 n

We should point out that the models L(A) need not satisfy either the
Axiom of Choice or the Continuum Hypothesis. For example, if in V' truly
2%0 > Ny, then there is some surjection

T N — Ny
and obviously
L({{a,m(a)) :a e N'}) | 280 > R,
As another application of the basic Theorem 7C.1, we obtain intrinsic

characterizations of the models L, L(A).

Theorem 7C.8. L is the smallest inner model of ZF4 and for each
(grounded) set A, L(A) is the smallest inner model of ZF, which con-
tains A.

PROOF. Suppose M is an inner model of ZF; and Ay € M. Since the
operation
(& A) — Le(A)
is ZF4-absolute, M is closed under this operation; since Ay € M and every
ordinal £ € M, we have (V¢)[L¢(Ag) € M] so that L(Ap) C M. .
We also put down for the record the relative consistency consequences of
of the theory of constructible sets:

Theorem 7C.9. If ZF is consistent, then so is the theory ZF,+V = L,
and a fortiori the weaker theories ZFC, ZFC + GCH.

Proor. It is useful here to revert to the relativization notation of Defi-
nition 6D.6. The key observation is that for any FOL(€) formula ¢,

(7C-16) if ZF, +V = L+ ¢, then ZF - (¢)~.

This is because ZF (1)L for every axiom v of ZF, by Theorem 7A.7;
ZF I~ (V = L)* by Theorem 7C.2; and, pretty trivially,

if 1, ... s F 4, then (i)™, ..., (Y)™ F ()M,

for any definable class M, not just L. If ZF4+V = L were inconsistent, then
ZF+V = L+ x & —x for some y for some y, and then ZF - (x)* & —(x)%,
so that ZF would also be inconsistent. o
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This is an example of a finitistic relative conmsistency proof: it can be
formalized in a (very small) fragment of Peano arithmetic, but, more than
that, it is generally recognized as a valid, constructive, combinatorial ar-
gument which assumes nothing about infinite objects beyond the usual
properties of finite strings of symbols.

7D. ¢

Our (very limited) aim in this section is to introduce a basic principle of
infinite combinatorics and prove that it holds in L. It was first formulated
by Jensen to prove that L satisfies several propositions which are indepen-
dent of ZFC, but we will not go into this here beyond a brief comment at
the end: our main interest in ¢ is that its proof in L illustrates in a novel
way many of the methods we have developed.

A guessing sequence (for wy) is any wi-sequence of functions on countable
ordinals

(7D-17) s = {s¢}ecw, (se:&—8).

Definition 7D.1. { : There ezxists a guessing sequence s = {S¢}ecw,
such that for every f : w; — w1, there is at least one & > 0 such that

f1€=se.

The diamond principle seems weak, but the next Proposition shows that
it has considerable strength. For the proof, we will need to appeal to some
simple properties of pairing functions on ordinals which we will leave for
Problem x7.12.

Proposition 7D.2 (ZFC). If ¢ holds, then there is a guessing sequence
{te}ecw, which guesses correctly Ny -many restrictions of every f : wi — wr,
i.e.,

HE: fIE=te}[ =R (f w1 — wi).

PROOF. Let {s¢}ecw, be a guessing sequence guaranteed by ¢, suppose
frw; — wq is given, fix ( < wy, and set

h¢(n) = (f(n),C) so that f(n) = (h¢(n))o-
Let £(¢) > 0 be such that

he 1€(C) = s¢(¢)-

This means that for every n < £(¢), f(n) = (s¢(¢))o; and it implies imme-
diately that the sequence

te(n) = (se(m)o < se(n) <& (€ <wi,n <€)
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guesses f | £(C) correctly for every (. Moreover, these ordinals are all
distinct, since

(se()(0)1 =,
so that we cannot have £(¢1) = £(¢2) > 0 when (3 # (s. .

It is important in this proof, of course, to notice that the new guessing
sequence {t¢ }ecw, is defined directly from the one guaranteed by ¢, without
reference to any specific f or ordinal (.

Corollary 7D.3 (ZFC). 0 = CH.

PrOOF. Fix a guessing sequence {t¢}¢c,, which guesses correctly Ni-
many restrictions of every f :wq — wi, and for each f :w — w apply its
characteristic property to the extension f :w; — w of f which is set = 0
for £ > w. Let {(f) be the least infinite ordinal such that f[£(f) = te(s);
now &(f) determines f uniquely, so that the map f +— £(f) is an injection
of (w — w) into w; and establishes the Continuum Hypothesis. —

Theorem 7D.4 (ZFC). If V = L, then .

Proor. We assume V' = L and define s¢ by recursion on § < wy, starting
with (the irrelevant) so = 0. For £ > 0, let
(7D-18) s¢ = the <p-least function h : £ — & such that

for every ¢ < &,(#0, h[( # s¢,

with the understanding that if no A with the required property exists, then
s¢ is the constant 0 on . Recall that by our general convention about
“indexed sequences”,

{SE}§€w1 =S:W — (w1 — w1)7
i.e., s is a function, and s¢ = s(§) for every £ € wy.

To prove that for every f : w; — ws, this sequence s guesses correctly
f 1€ for at least one £ > 0, assume that it does not, and let

(7D-19) f = the <y-least function h : w; — wy such that
for every ¢ <wi,{ >0, h[( # s¢.

Notice that by the Condensation Lemma, s, f € L,,,, cf. Problem x7.11.
A set a € Ly, is definable (in L,,,) if there is a formula ¢(x) such that

L,, E (3'%)¢(x) and L, E ¢lal.
We let
M = {a € Ly, : a is definable in L, }.
Lemma 1. M < Ly, = ZF, and w,w1,s, f € M.
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PRrOOF. By Problem x7.10, L, = ZF, and so all ZF;-absolute notions
are absolute for L,,. In particular, the usual definitions of w,w; define
these sets in L, and the formula which defines the canonical wellordering
<y, is also absolute for L, and so we can interpret the definitions of s and
fin L,,; which means that s, f € M.

To prove that M < L, by the basic test for elementary substructures
Lemma 2A.3, it is enough to check that for every full extended formula
o(x1,...,xp,y) and all T =x21,... ,2, € M,

if there exists some y € L, such that L., = ¢[Z,y],
then there exists some z € M such that L, = ¢[Z, z].
This is immediate setting

z = the <g-least y € L, such that L., = ¢[Z,y]. - (Lemma 1)

Let d : M —» Ly be the Mostowski isomorphism for M, so A < w; and
d: MLy E=ZF,, (Vy)[TC(y) C M =d(y) = y].
Lemma 2. If F': L™ — L is a ZF j-absolute operation, then
T1,...,tp €M
= F(21,...,2,) € M & d(F(21,...,2,)) = F(d(xy1),...,d(x,)).

(
PROOF. Suppose ¢(X1, ... ,X,,y) defines F' on every transitive model of
ZF,. In particular, L, = (VX)(3ly)é(X,y), and so M = (VX)(3ly)o(X,y)
which means that M is closed under F'. Moreover, for z1,... ,z,,y € M,

M ': ¢[$17 B ,ﬂfmy] — L)\ ': ¢[d(x1)7 s ,d(xn),d(y)}
<~ F(d(x1),...,d(z,)) = d(y),

the last because Ly = ZF; and so ¢(X,y) also defines F' on it. (Lemma 2)

Lemma 2 implies in particular that if g € M, then Domain(g) € M and
for every a € Domain(g) N M,

(7D-20) d(g(a)) € M and d(g(a)) = d(g)(d(a)),
simply because the operations
g — Domain(g), (g,a) — g(a)
are ZF j-absolute. In particular, if £ < wy, then
EeM= f(§),s¢ € M, and [n,§ € M & n < &= s¢(n) € M.
Lemma 3. If € is countable and & € M, then d(§) = &.
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ProOF. We can prove in ZF that every countable ordinal § is the image
of some g : w— &, and so if € is definable in L,,,, then so is

g = the <p-least g : w—E&.

It follows that every n < £ is g(n) for some n € w and hence definable in
L,,; and then £ + 1 = TC(§) C M, and so the Mostowski isomorphism d
is the identity on £ + 1 and gives d(&) = &. - (Lemma 3)

Lemma 4. If p = d(w1), then d(f) = flp and for § < p, d(s¢) = s¢.
PrOOF. The key observation is that
<y = [£eM & & <w).
This is because using Lemma 3,
feEM&E<wi=¢=d(§) & d(§) <d(w1) = p,

and on the other hand,

{<p=GheM&n<w &=d@n)

= @AneM&n<w &é=n=EeM & & < w;.

In particular, £ < p=d(§) = &, and since f € M and f(§) < wy,
by (7D-20),

§<p=f(§) =d(f(&)) = d(f)(d(&)) = d(f)(&),
i.e., d(f) = flp. Similarly,
N <& < p=se(n) = d(se(n)) = d(se)(n),
and so for £ < p, d(s¢) = se. - (Lemma 4)
We now consider the definition (7D-18) of s,: it is the unique g : p — p
which satisfies the condition
olg, n] = g is the <p-least h : p — p such that
for every ¢ < p,( > 0,h[p # s¢.
Since the formula ¢(x,y) is ZF j-absolute and s, € L, , this implies that
s, is the unique g such that L, = ¢[g, 1.
By the definition (7D-19) of f and the same reasoning,
f is the unique h such that L, = ¢[h, ¥];

and so M = ¢[f,R], hence Ly = ¢[d(f), n]. We now appeal again to the
fact that ¢(x,y) is ZF j-absolute: since Ly = ZF,, N |= ¢[d(f), p] for every
transitive N |= ZF; which contains d(f) and p, and in particular,

L, |= ¢ld(f), pl-
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So s, = d(f) and d(f) = f[p by Lemma 4, which contradicts the choice
of f. 4

How large can we make the set of correct guesses

{€>0: fIE=1te}
for every f:w; — wy by choosing cleverly the guessing sequence {t¢}ecw,?
We cannot (rather trivially) insure that this set is always a closed un-
bounded subset of wy, cf. Problem x7.13, but we can insure the next, best
possible result.

A set C C w is stationary if it intersects every closed, unbounded subset
of wi.

Theorem 7D.5 (ZFC). If { holds, then there is a guessing sequence
{te}ecw, such that for every f :wy — wy the set {{ > 0: f[& =t} is
stationary.

PROOF is left for Problem x7.14*. =

This is about the strongest version of ¢ which is close to the formulation
we chose as “primary”, but there are many other equivalent propositions,
each with its own uses and applications.

The Suslin Hypothesis. The order (R, <) on the real numbers can be
characterized up to similarity by the following two properties which do not
refer to the field structure of R:

(1) (X, <) isalinear ordering with no least or greatest element; it is dense
in itself, i.e., a < b= (z)[a < x < b]; and it is order complete, i.e.,
every set X C (a,b) contained in an open interval has a least upper
bound and a greatest lower bound.

(2) (X, <) is separable, i.e., there is a countable set Q C X which inter-
sects every open interval (a,b).

Suslin’s question was whether (2) can be replaced by the weaker

(2) There is no uncountable set of disjoint open intervals in X.
Call (X, <) a Suslin line if it satisfies (1) and (2’) but not (2).
Suslin Hypothesis. There is no Suslin line.

The Suslin Hypothesis is neither provable nor disprovable in ZFC. Both
of these results were established by forcing techniques soon after Cohen’s in-
troduction of the method in 1963, and they were among the most important
early results in forcing—especially the consistency of Suslin’s Hypothesis.
Soon afterwards Jensen proved that there is a Suslin line in L. His proof is
combinatorial complex (and uses the intermediate notion of a Suslin tree)
but the main tool for it was the proof of ¢ in L. It is fair to say that
Jensen’s theorem was the first, substantial result which started the modern
development of combinatorial set theory, in and outside L.
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7E. L and ¥}

We finish this Chapter with some basic results of Shoenfield which relate
the constructible universe to the analytical hierarchy developed in Sec-
tions 7?7 and ?7. We will assume for simplicity ZFC as the underlying
theory, although most of what we will prove can be established without the
full versions of either the powerset axiom or the axiom of choice.

Theorem 7TE.1. (i) The set NN L of constructible members of Baire
space is 3.

(ii) The restriction of <p to N is a ¥i-good wellordering of N N L; i.e.,
it is a ¥3 relation on N, and if P C w™ x NV is in X%, then so are
the relations

Qla,7,0) <= a€ L & (38 <L a)P(B,7,0),
R(a,7,0) < ae€ L& (V8 <y a)P(8,7,f).

L

(iii) If N C L, then N admits a ¥3-good wellordering of rank Ny .

PROOF. (i) is an easy consequence of (ii), but it is instructive to show (i)
first.

First of all, we claim that if 77 is the finite set of sentences in the
Condensation Lemma 7C.6, then

(7TE-21)
«a € L <= there exists a countable, transitive set A such that
(A,€) ETE and a € A.

The implication (<=) in (7E-21) is immediate, because by Theorem 7C.6,
if (A,€) = TE, then A = L for some ordinal A\. For the other direction,
notice that (as a set of pairs of natural numbers), each « is a subset of L,
so by (iii) of 7C.6

« € L <= for some countable A, o € Ly and Ly = T,

The key idea of the proof is that the structures of the form (A, €) with
countable transitive A can be characterized up to isomorphism by the ver-
sion for sets of the Mostowski Collapsing Lemma in Problem x6.17*. In
fact, if (M, F) is any structure with countable M and E C M x M, then
by x6.17*, immediately

(M, E) is isomorphic with some (A, €) where A is countable, transitive

<= F is wellfounded and (M, F) |=“axiom of extensionality”;
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thus

(TE-22)
«a € L <= there exists a countable, wellfounded structure
(M, E) such that (M, F) = “axiom of
extensionality”, (M, E) = T* and a € M = the
unique transitive set such that (M, E) is isomorphic
with (M, €).

To see how to express the last condition in a model-theoretic way, recall
that the condition “a € N7 is ZF j-absolute and choose some ¢q (o) such
that for all transitive models M of some finite Ty C ZF,

aeN = M E polal.

Next define for each integer n a formula v, (x) which asserts that x = n,
by the recursion

ZZJ()(X) < X = O,
Yni1(x) <= (Fy)Wnly) &x =y U{y}]

and for each n, m, let

Ynm () = (3%)(Fy) [Vn(x) & Ym(y) & (x,y) € al.
It follows that

(TE-23)
«a € I <= there exists a countable, wellfounded structure
(M, E) such that (M, E) = “axiom of
extensionality”, (M, E) = T and for some a € M,
(M, E) &= ppla] and for all n, m,
an)=m <= (M,E) = ¢, nlal.

Let
f(m,n) = the code of the formula ¢, , (),

so that f is obviously a recursive function. Let also kg be the code of the
conjunction of the sentences in 7% and the Axiom of Extensionality and let
k1 be the code of the formula () which defines o € A; we are assuming
that both in ¢y, , () and in (), the free variable a is actually the first
variable vg. It is now clear that with u = (2) the code of the vocabulary
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for structures with just one binary relation,
ael — (EIB){Sat(u,ﬂ,ko,l)
&{(t,s) : (B)o(t) = (Blo(s) = 1& (B)1((t,5)) = 1}

is wellfounded
& (Fa) [Saut(u7 B, k1, {a))
& (Vn)(VYm) [a(n) =m < Sat(u,ﬂ, fln,m), (a))” }

which implies directly that LNA is ¥, using the fact that wellfoundedness
is 111,

To prove (ii), let ¥ (vp,vy) be a formula which defines the canonical
wellordering of L absolutely on all transitive models of some finite T C
ZF, (by (ii) of 7C.1) and let S C ZF, be finite and large enough to include
TE, TT, the Axiom of Extensionality and the set Ty of part (i), chosen so
that oo(a) defines @ € A on all transitive models of Ty. Using the key
fact

acLle&f<pa= ac L

and Mostowski collapsing as above, we can verify directly that for o € L
and arbitrary P C N x Z (with Z = w" x NV),

(Vﬁ SL a)P(ﬁ,Z)
<= there exists a countable, wellfounded structure
(M, E) = St and some a € M such that (M, E) = wo[a]
and (Vn)(Vm)[a(n) =m < (M,E) = ¥, mla]]
and (VO){(M, E) | ¢olb] &1 (b,a) =
(38)[(vn)(Ym)[B(n) = m
<~ (Mv E) ): Qpn,m[b]] &P(57 2)] }

If P is X3, then it is easy to see that this whole expression on the right
leads to a ¥} condition by coding the structures (M, E) by irrationals as
above—the key being that the universal quantifier V3 has been turned to
the number quantifier Vb. o

We put down the argument for (i) in considerable detail, because it
illustrates a very useful technique for making analytical computations of
conditions defined by set-theoretic constructions. For the next result we will
do the opposite, i.e., we will give a set-theoretic construction for ¥} subsets
of w™ x N which will establish that (as conditions) they are absolute for
L.

We show first a basic result, which has many applications beyond our
immediate concern:

Informal notes, full of errors, March 27, 2014, 17:21 298



7E. L AND X} 299

Theorem TE.2 (Shoenfield’s Lemma). If A C N is X3, then there ex-
ists a ZF g-absolute operation

g1

which assigns to each ordinal € > w a tree TS on w x & such that the
following holds, when X is any uncountable ordinal:

a €A < (3> w)[T(a) is not wellfounded]
= (3¢ > W)€ < w1 &T4(a) is not wellfounded]

= T*(a) is not wellfounded.
PROOF. Choose a recursive, monotone R so that
a€A = (3B)(Vy)3E)R(@(t), B(1),7(t)),
and for all @(n), B(n),7(n),

(ZR@(0), B).7(1) & 5 < t) = =R(@(s), B(s),7(5)):
It follows that for each «, 3, the set of sequences
S0 = {(co,. -, c51) 1 (VE < 8)=R(@(t), B(1), (co, ., ci-1)) }
is a tree and easily
(TE-1) a € A < (3B){S*” is wellfounded}

— (3B)(3f : 8P — w){if (co,...,cs_1) € 8% and t < s,
then f(co,...,ct—1) > flco, ..., cs-1)}

In the computation below we will represent S®? by the set of codes in w
{co,-..,cs—1) of sequences (cg,...,cs_1) € S¥P.

For each ¢ > w, define first a tree S¢ on w x w x £ as follows:
((a0,b0,€0), - -+ (An—1,bn—1,n—1)) € S = &o,... . &1 <&
& (Veo,. . yers < 8) [=R({ao, - yar1)s (bos o bi1), {eo, s eo1))]
= &(corres 1) > Elcorseio1)-
Notice that the operation
£ 8¢
is clearly ZF j-absolute and

E<n=SCs
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Now set for any &, a,

§5(@) = {((bo, ). - (b1 1)
((a0).b0, &), -, (@(n = 1),b1,601) ) € 5S¢},

This is a tree on w x &, the tree of all attempts to prove that for some (3,
S4B s wellfounded with rank < &: any infinite branch in S¢(a) provides a
3 and a rank function f : S®% — & More precisely, we have the following
two, simple facts:

(TE-2) a € A= (3¢ € w1)[S*(a) is not wellfoounded],
(TE-3) S¢(a) is not wellfounded => a € A (¢ infinite).

To prove (7E-2) choose 3 = (bg,by,...) such that S*? is wellfounded,
choose f : S*8 — w; asin (TE-1),set & = f(co,...,cs—1)ifi = (coy... ,Cs_1)
for some ¢y, ... ,cs—1 and & = 0 otherwise. To prove (7E-3), choose an in-
finite branch (bg, &), (b1,£1), ... in S¢(a), take 3 = (bg, by, . ..) and define
f:8%% — &by
f(CO, Ce ,Cs_l) = fz = = <C()7 - ,CS_1>

so that it satisfies the defining condition in (7E-1).

Now (7E-2) and (7E-3) imply directly the assertions in the theorem tak-
ing T¢ = S¢, except that S¢ is a tree on w x (w x &) rather than a tree on
w x &. To complete the proof, put

T¢ = all initial segments of sequences of the form

((aO» bO)» (alv 50)7 (G’Qa bl)a (a3’ 51)7 LR (a2na bn)a (a2n+17 fn))
such that

((G/O)b()aéo)? (a/17 b17£1)a ey (ana bnagn)) S SE
so that T¢ is a tree on w x ¢ (because w C &) and easily, for any «,

T¢(a) is not wellfounded <= S%(a) is not wellfounded. -

Theorem 7E.3 (Shoenfield’s Theorem (1)). Each ¥} set A C N is ab-
solute as a condition for all standard models M of some finite T, C ZFy
such that wy C M.

In particular, every $3 subset A C w™ is constructible.

PROOF. Suppose A C A is ¥} and by Shoenfield’s Lemma, let (&, T)
be a formula of FOL(€) such that for all standard models M of some finite
Ty C ZFy,

feM=Tec M,
T=T° < M [ p[¢,T).
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Notice also that the operation
(@, T) = T(a)
is easily ZF j-absolute, so choose 9(a, S, T) so that for all standard models
M of some finite 15 C ZF,
a,T e M =T(a) e M,
S=T(a) <= M = [, S, T.

Finally use Mostowski’s Theorem 7B.5 to construct a formula x(S) of
FOL(€) such that for all standard models M of some finite T35 C ZF,

and S € M,
S is wellfounded <= M [= x[9].

Now if M is any standard model of
T,.=T1UT,UTs
such that w; C M, then by the lemma, for o € M
a € A <= there exists some ¢ € M such that T%(«) is not wellfounded
<= there exists some ¢ € M such that
M = (38)(3T)[p(¢, T) & (e, S, T) & —~x(S)]
— M= (36)(3S)(3T)[p(€§, T) & (e, S, T) & —x(8)].
To prove the second assertion, take A C w for simplicity of notation,

suppose
neA < Pn)

where P is ¥}, and let 1)(n) define P absolutely as in the first part, so that
in particular
P(n) <= L E¢[n].
The sentence
(Ix)[x Cw& (Vn)[n € x < ¥ (n)]]
is a theorem of ZF; and hence it holds in L. This implies that there is
some x € L such that z C w and for all n,
nexr < LEY[n]
<= P(n)
< n € A,
thus x = A and A € L. .

To appreciate the significance of Shoenfield’s Theorem, recall from the
exercises of 7?7 that a formula 6(ay,...,a,,) of the language of second
order arithmetic A? is X1 if

0(@17 e 7am) — (Hﬁl)(vBQ)(HIBZS) e (7ﬁn)§0(a17 .. .,(17,“,61, cee 7/6n)7
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where p(a, ..., Qm, By, ..., 3,) has no quantifiers over A", Tt is clear that
we can interpret these formulas over standard models of ZF simply by
putting (for aq,...,am, € M),

ME6(ar,...,an) <= (W NOM+,-,ap,0,1) = 0(aq,...,an),

i.e., by interpreting the quantifiers 33;, V3, as ranging over the irrationals
in M and using the standard interpretations for the operations +, -, ap
(which are ZF j-absolute by ??) and the quantifiers 3n, Vn (since w is also
ZF j-absolute and hence a member of M).

Theorem 7E.4 (Shoenfield’s Theorem (II)). [??] (i) If O(a, ..., cuy)
is a $3 or 11} formula of second order arithmetic, then for every standard
model M of ZFy such that wy C M and aq,...,an € M,

VEONu,...,an) <= ME0(a,...,qn);
i particular, if oy, ..., 0, € L, then
VEOIu,...,an) <= LE0O(o,...,0m).

(ii) If we can prove a X3 or 11} sentence 0 by assuming in addition to
the axioms in ZFy the hypothesis V. = L (and its consequences AC and
GCH), then 0 is in fact true (i.e., V |=0).

PROOF. Take a X3 sentence for simplicity of notation
0 = (3o)(VB)¢(a, B),
and let

P(a,f) <= A’ ¢(a,0)
be the arithmetical pointset defined by the matrix of 6 so that

VES < (3a)(VB)P(x,B)
MEO < (ae M)V e M)P(«, ).
Using the Basis Theorem for ¥, 27,

V0 = (30)(VB)P(a, B)

— (Bae AY(VHP(,H)  (by 7?)
= (Ja € M)(VGE)P(a, f) (by 7TE.3)
= (Ja e M)(V5 € M)P(a,3) (obviously)
= M 6.

Conversely, assuming that M |= 6, choose some ay € M such that
(VB € M)P(ao, 3)
and assume towards a contradiction that

(368)=P(a0, B);
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by the Basis Theorem 7?7 again, we then have

(3B € Ay(an))~P(ag, B)
so that by 7E.3,
(38 € M)=P(ao, B)

contradicting our assumption end establishing (Vj3)P(ay, 3), i.e., V E 6.

The second assertion follows immediately because if we can prove 6 using
the additional hypothesis V' = L, then we know that L = 6 by 7C.2 and
hence V' |= 6 by the first assertion. —

This theorem is quite startling because so many of the propositions that
we consider in ordinary mathematics are expressible by Y1 sentences—
including all propositions of elementary or analytic number theory and
most of the propositions of “hard analysis”. The techniques in the proof
of 7C.1 allow us to prove that many set theoretic propositions are also
equivalent to X3 sentences. Theorem 7E.2 assures us then that the truth
or falsity of these “basic” propositions does not depend on the answers to
difficult and delicate questions about the nature of sets like the continuum
hypothesis; we might as well assume that V = L in attempting to prove or
disprove them.

Of course, in descriptive set theory we worry about propositions much

more complicated than ¥} which may well have different truth values in L
and in V.

7F. Problems for Chapter 7

Problem x7.1 (ZFC, The Countable Reflection Theorem). Prove that for
any sentence 0,

0 = (3IM)[M is countable, transitive and M = 6].

HINT: Use the Downward Skolem-Lowenheim Theorem 2B.1

Problem x7.2* (ZF,). None of the following notions is ZFC-absolute:
P(w), Card(k), R, z — Power(z), x — |x|.

HinT: This follows quite easily in ZFC from the preceding problem. It
can also be proved in ZF;, with just a little more work.

Let us take up first a few simple exercises which will help clarify the
definability notions we have been using.

Problem x7.3. Show that if R(z1,...,,) is definable by a ¥ formula,
then the condition

R(ki,... ky) = ki €w& -+ &kn €w&R(k1,... k)

is recursive.
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A little thinking is needed for the next one.

Problem x7.4. Prove that the condition of satisfaction in #38 of 7A.1
is not definable by a ¥y formula.

Problem x7.5 (ZF). Suppose that M is a grounded class, i.e., (by our
definition) M C V. Prove that

(Ve C M)(3s € M)(Vt € s)[t ¢ x].

Note. This is trivial if we assume the Axiom of Foundation by which
YV =V, so what is needed is to prove it without assuming foundation.

Problem x7.6 (ZF,). Show that for each infinite ordinal &, |L¢| = |¢].
Problem x7.7. Prove that
ZFC/ “there exists a weakly inaccessible cardinal”.

Problem x7.8 (ZF,). Prove that the set £ = {{ € w1 : Lg < Ly, } is
closed and unbounded in w;.
HiNT: Check first that if n < £ and n,§ € E, then L, < L¢.

Definition 7F.1. For each cardinal x, we set
(TF-1) HC(k) = {z : |TC(z)| < k}.

So the sets of hereditarily finite and hereditarily countable sets intro-
duced in Definition 6C.8 are respectively HC(Xg) and HC(X;) with this
notation. The sets in HC(k) are hereditarily of cardinality < k.

Problem x7.9 (ZFC). Prove that if x regular, then HC(k) = ZF.
Problem x7.10 (ZF,). (a) Prove that for every cardinal &,
L,=HC(k)NL.
Infer that if x is regular, then L, = ZF.
(b) Prove that ZF  t# (Lxn, = ZFy).
Problem x7.11 (ZF). Prove that for every infinite ordinal ¢,
(§ = Le+ )N L C L+
Problem x7.12 (Ordinal pairing functions). Define a binary operation

(n,¢) = (n,¢) € ON

on pairs of ordinal to ordinals with the following properties:

(1) (1) = (,¢) = n=n' & =0 ie, () is injective.
(2) Every ordinal is (n, () for some 7, (, i.e., () is surjective.
(3) For every infinite cardinal x, if n,{ < & then (1, () < k.
(1)

For all n, ¢, n < (n,¢), ¢ <(n,().
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We denote the inverse functions by ( )g, ( )1 so that for every &,

&= ((§)o, (§)1)-
HinT: For each cardinal k, define on k X x the relation
(n,€) <k (',¢") <= max(n,¢) < max(n', (')
Vv max(n, ¢) = max(n', (") & n <7’
Vmax(n,¢) = max(n',¢') &n=n"& <,
check that it is a wellordering with rank s and let
(Vi KX KK

be the (unique) similarity. Let () = J
thinking.

neCard< >~~ Only (4) requires some

Problem x7.13. Prove that there is no guessing sequence {t¢ }ec, such
that for every f :w; — w the set {€ : f[{ = t¢} is closed and unbounded
in wi.

Problem x7.14 (ZFC+V = L). Suppose U is a non-principal ultrafil-
ter on wy. Prove that there is no guessing sequence {t¢ }ecy, such that for

every frwy —wi, {£: flE =t} eU.

Problem x7.15* (ZFC). Prove that if ¢ holds, then there is a guessing
sequence {t¢}ecw, such that for every f :wi — wi, the set {£: f[§ = t¢}
is stationary (Theorem 7D.5).

HINT: Take t¢(n) = (s¢(n))o, where {s¢}eco, is supplied by ¢ and (¢)o is
the first projection of a coding of triples below wy, i.e., some () : w§ —» w;
such that for all &, & = ()0, (£)1), (§)2) and (£); < £. (There are many
other proofs.)

Definition 7F.2 (X;). A formula is ¥ if it is of the form
(Jy)¢ where ¢ is X,

and a condition R(z1,...,2zy) is X1 in a theory T if it is defined by a
full extended formula ¢(x1,...,x,) such that for some 3; full extended
formula ¢*(x1,... ,xy,),

ThEd(X1,... ,Xp) < 0" (X1,... ,Xp).
An operation F : V"™ — V is ¥ in a theory T if
Fx1,...,2p) =w <= V E@r1,... ,2pn, 0]
with a formula ¢(x1,... ,%,,w) which is ¥; in 7" and such that
T+ (VX)(3lw)o(X, w).
A condition R is Ay in a theory T if both R and —R are X7 in T.
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Problem x7.16. Prove that the conditions z € L and x <r, y are both
21 in ZF;

Problem x7.17. Prove that if F': V" — V is ¥; in a theory T, then
the condition
R(Z,w) <= F(x1,...,2T,) =w
is Ay in T.
Definition 7F.3 (Collection). An instance of the Collection Scheme is
any formula of the form
(Vx € 2)(Fy)p = (Fw)(Vx € 2)(Ty € w)¢

where w is chosen so that it does not occur free in ¢. It is an instance of
Y1-Collection if ¢ is a Xy formula.

Problem x7.18. Prove the Collection Scheme in ZF,.

Problem x7.19. Prove that the collection of conditions which are ¥ in
ZF 4+ Collection contains all ¥ conditions and is closed under the positive
propositional operations &, V, the restricted quantifiers (Va € y), (3 € y),
existential quantification (3x), and the substitution of operations which
are ¥ in ZF, 4 Collection, i.e., the scheme

P(Z) <= R(F\(T),...,Fn(i)).

Show also that the collection of operations which are 3 in ZF ;4 Collection
is closed under composition,

F(Z) = G(FL(T),. .., Fu()).

Infer the same closure properties for the collection of notions which are
21 n ZFg

Problem x7.20. Prove that all the notions #1 — #40 defined in Theo-
rems 6C.2, TA.1 are ¥; in ZF 4 + Collection, and so also X in ZF,.
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