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Introduction

This dissertation will focus on Boolean-valued models, giving some insight into the theory of
Boolean ultrapowers, and developing the connection with forcing axioms and absoluteness results.
This study will be divided into three chapters.

The first chapter provides the basic material to understand the subsequent work.

Boolean-valued models are well known in set theory for independence results and the de-
velopment of forcing (on this vast subject, see [2]). In the second chapter of this dissertation,
Boolean-valued models are studied from a general point of view.

In Section[2.1] we give the main definition of Boolean-valued model for an arbitrary first-order
signature L. Suppose B be a complete Boolean algebra; a B-valued model 9 for L assigns to each
L, -formula ¢ a Boolean value [[go]}m € B, generalizing the usual two-valued Tarski semantics.

Given any full B-valued model 9t for L and an ultrafilter U on B, one can define the L-
structure M /U as the quotient of M by the relation of U-equivalence: that is, 7,0 € M are U-
equivalent if and only if [7 = o] € U. In Section we study how some combinatorial properties
of the ultrafilter U are related to the realization of types in the structure 9t/U. A first result is
that if U is countably incomplete, then 9t/U is countably saturated. More sophisticatedly, we
prove that if U is a k-good ultrafilter then 9M/U is k-saturated.

In Section we develop the theory of Boolean ultrapowers, a generalization of usual (power-
set) ultrapowers. Mansfield [17] presented this construction as a purely algebraic technique, and
we follow his ideas expanding a number of aspects.

The saturation results of Section and the constructions of Section 2.3] are then used in
section [2.4] to produce saturated elementary extensions of a given structure. This includes, in
particular, the construction of a k-good ultrafilter on the Lévy collapsing algebra Coll(Rg, <x).

Finally, in Section we introduce the B-valued model VE, a classic topic in set theory, in
order to present an different approach to Boolean ultrapowers, due to Hamkins and Seabold |[7].

A more ambitious third chapter develops the connection with forcing axioms and absoluteness
results. Let I be a class of partially ordered sets and k a cardinal number. The forcing aziom
FA.(T') is the following sentence: for all (P, <) € I, if D C P(P) is a family of dense subsets of
P with |D| < &, then there exists a filter G on P such that GN D # @ for all D € D. We give in
Section a formulation of bounded forcing axioms in terms of absoluteness.

From a philosophical point of view, forcing axioms are very appealing. Not only do they imply
that the Continuum Hypothesis is false, but also they are particularly successful in deciding many
independent statements in mathematics. However, the role of forcing axioms in the foundations
of mathematics is quite debatable. This explains why it might be interesting to express commonly
accepted principles in terms of forcing axioms. In fact, in Section we prove that the Axiom
of Choice is a “global” forcing axiom. In a final section, having the same idea in mind, we show
that also large cardinal axioms are in fact natural generalizations of forcing axioms.






Notation

ZF the Zermelo-Fraenkel theory.

ZFC ZF plus the Axiom of Choice.

w the set of natural numbers.

P(X) the set of all subsets of X.

P, (X) the set of finite subsets of X.
dom(R) the domain of a binary relation R.
ran(R) the range of a binary relation R.

f: X =Y fisafunction, dom(f) = X, and ran(f) C Y.

yX the set of all functions f: X — Y.

X< U f<a X5,

fTA the restriction of a function f to a set A.
fog the composition of f and g.

f14] {f(a) :a € A}.

fB] {a: f(a) € B}.

cf(9) the cofinality of a limit ordinal 4.

trel(x) the transitive closure of a set .

Va the a-th stage of the cumulative hierarchy of sets.

rank(z) the ordinal number defined by recursion as rank(z) = sup {rank(y) +1: y € z}.
H, {z : |trel(z)| < K}

vii






Chapter 1

Basic Material

1.1 Model Theory

The purpose of this section is to fix some notations and to clarify some preliminary ideas. This is
by no means a complete introduction to the subject: we refer the reader to [9] for further details.

Signatures and Structures

Definition 1.1.1. A signature is a set of symbols divided into three categories:

e Relation symbols: {P,Q,R,...};
e Function symbols: {f,g,h,...};

e Constant symbols: {a,b,c,...}.
To each symbol it is assigned a natural number, named arity. The arity is 0 for all constant
symbols; otherwise it is a positive integer.
Definition 1.1.2. The signature of set theory is {€}, where € is a 2-ary relation symbol.
Definition 1.1.3. Let L be a signature. An L-structure 9t consists of:

1. A non-empty set M, called the domain of 9.

2. The interpretations of symbols in L. That is:

e for each n-ary relation symbol R € L, a relation R™ C M™;
e for each n-ary function symbol f € L, a function f™: M™ — M;
e for each constant symbol ¢ € L, an element ¢™ € M.

We shall often use the following notation for structures: 9t = <M, R™ AL >

Definition 1.1.4. Fix two signatures L C L’. Given an L’-structure 9V, its restriction to L is
the L-structure obtained from 9’ by restricting the interpretation to L and leaving the domain
unaltered. Given an L-structure 9, an expansion of M to L’ is any L’-structure whose restriction
to L is M.

Definition 1.1.5. Let 9 be an L-structure and A C M. We define L(A) = LU {c, : a € A}
the signature obtained from L by adding a constant symbol ¢, for every a € A. We may expand
M to L(A) in a natural way: the interpretation of the symbol ¢, is simply a. This expansion is
denoted by 9 4.
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Homomorphisms and Substructures

Definition 1.1.6. Let 9T and 0 be L-structures. A homomorphism from 9 to N is a function
h: M — N satisfying:

e For every n-ary relation symbol R € L and (ay,...,a,) € M", if {ai,...,a,) € R™ then
<h(a1)7 ey h(an)> € Rm

e For every n-ary relation symbol f € L and (a1,...,a,) € M", h(f™(a1,...,a,)) =
R (h(ar), ... h(an)).
N

e For every constant symbol ¢ € L, h(cm) =c.

Definition 1.1.7. Let 9 and N be L-structures. An embedding of 9 into N is an injective
function e: M — N satisfying:

e For every n-ary relation symbol R € L and (a1, ...,a,) € M", {(ay,...,a,) € R™ if and
only if (e(ay),...,e(a,)) € R™.

e For every n-ary relation symbol f € L and (a1,...,a,) € M"™, e(f™(a1,...,an)) =

e(ay),. .. elan)).

e For every constant symbol ¢ € L, e(c™) = ¢™.

An isomorphism is a surjective embedding. 9t and N are isomorphic, in symbols 9 = N, if
there is an isomorphism from 9t to .

Definition 1.1.8. Let 9 and 91 be L-structures. M is a substructure of N if M C N and the

inclusion M — N is an embedding.

The Language L,

We now define, for a signature L and an infinite cardinal k, the language Ly .,. The first ingredient
is a set Var = {x,y, z,...} of variables; we require that | Var| = .

Definition 1.1.9. The terms of L are defined as follows:
e Every variable is a term of L.
e Every constant symbol ¢ € L is a term of L.

e If ty,...,t, are terms of L and f € L is an n-ary function symbol, then f(¢1,...,t,) is a
term of L.

Definition 1.1.10. The atomic formulas of L are defined as follows:
e If t; and ty are terms of L, then (¢; = t2) is an atomic formula of L.

o Ifty,... 1, are terms of L and R € L is an n-ary relation symbol, then R(¢q,...,t,) is an
atomic formula of L.

Definition 1.1.11. The L, ,-formulas are defined as follows:
e Every atomic formula of L is an L, .-formula.

o If p is an L, ,-formula, then - is an L, ,-formula.
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o If @ is a set of L -formulas with |®| < &, then A ® is an L, ,,-formula.

o If ¢ is an L, ,-formula and z is a variable, then (Jzy) is an L, -formula.

We shall use standard abbreviations, such as A,.; ¢; instead of A {p; : i € I}, et cetera.
Definition 1.1.12. Given an L, .-formula ¢, we define the free variables of ¢:

e If © is atomic, then FV(y) is the set of variables which appear in .

e FV(=¢) =FV(p).

o FV(A®) = U{FV(9) : o € 0},

o FV(3zp) = FV(p) \ {z}.
We say that ¢ is an L, ,,-sentence if FV(¢) = 0. A theory in L, ,, is a set of L, ,-sentences.

Given an L-structure 9, an L, .-formula ¢ and an assignment v: Var — M, we now define
the relation M = ¢[v]. The definition is quite similar to the usual Tarski semantics, but we give
it in full detail because we plan to generalize it in section

First, if ¢ is a term of L, we define t™'[v] € M:

1. if z is a variable, then 2™ [v] = v(z);

2. if ¢ € L is a constant symbol, then ¢™[v] = ¢™;

3. ift1,...,t, are terms of L and f € L is an n-ary function symbol, then f(ty,...,t,)™[v] =

), ).

Next, for # € Var and a € M, define the assignment v,/, as follows: v,/,(7) = a and
Vasz(y) = v(y) for all x € Var \ {z}. Now we are ready for the definition, where t,...,t, are
terms of L:

Definition 1.1.13. With the above notations, we define 9 |= ¢[v] by recursion:
1. M k= (t; = t9)[v] if and only if T [v] = P[]
2. M = R(t,...,t,)[v] if and only if (¢(T*[v], ..., [v]) € R™.
3. M = —p[s] if and only if it is not the case that M = p[v].
4. M = A\ @[v] if and only if M |= ¢[v] for every ¢ € .
5. M |= (Fze)[v] if and only if there exists a € M such that M = ¢[v,/,].

Given a formula ¢(x1,...,2,), if a1 = v(z1),...,an = v(z,) then whether M = ¢[v] or
not depends only on ay,...,a,; in this case we can use the notation M = ¢(ay,...,a,). In
particular, if ¢ is a sentence, the assignment v is irrelevant, thus we can write 9 E ¢ (“M
satisfies ¢”).

Definition 1.1.14. Let T be a theory in L, ,. A model of T is an L-structure 91 such that
M = ¢ for every p € T.
A sentence ¢ is a consequence of T, in symbols T F ¢, if every model of T satisfies ¢.

The next theorem, known as “compactness theorem”, is a fundamental property of the lan-
guage L, .. For a proof, see [9, Chapter 6].
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Theorem 1.1.15. Let T be a theory in L, . If every finite subset of T has a model, then T has
a model.

Definition 1.1.16. The L, ,-theory of an L-structure 9, denoted by Thy,  (90), is the set of
L, .-sentences ¢ such that M = . Two structures M and N are elementarily equivalent, in
symbols 9 =N, if Thr, (M) = Th_ , (N).

Elementary Embeddings

Definition 1.1.17. Let 9t and 9 be L-structures. An elementary embedding from 9 to M is a
function j: M — N such that for every L, ,-formula ¢(z1,...,2,) and (ai,...,a,) € M",

ME=plar,...,an) <= NE({(ar),...,j(an)).

The reader can easily verify that every isomorphism is an elementary embedding, and that
every elementary embedding is indeed an embedding in the sense of Definition [1.1.7]

Definition 1.1.18. Let 9 and 9 be L-structures. 9 is an elementary substructure of I,
in symbols 9T < M, if M is a substructure of N and the inclusion M — N is an elementary
embedding.

Here is another classic result in model theory (see |9, Chapter 3]):

Theorem 1.1.19 (Downward Lowenheim-Skolem). Let 9t be an L-structure, A C M, and k a
cardinal number satisfying Ro+|L|+|A| < k < |M|. Then there exists an elementary substructure
N <M such that [N| =k and A C N.

Elementary embeddings play a crucial role in set theory; we take this opportunity to present
here a basic result.

Definition 1.1.20. Let L = {€} be the signature of set theory. An L, ,-formula ¢(z1,...,z,)
is absolute for (M, €) if for every aq,...,an,

(V,e) Epla,...,an) < (M, €) E p(a,...,an).

Remark 1.1.21. The formulas “z is an ordinal” and “rank(z) = y” are absolute for transitive
models of ZF. This is a standard fact, and a proof can be found in |14, Chapter II].

Proposition 1.1.22. Let j: V. — M be an elementary embedding of the universe V into a
transitive class M. Then:

1. For every ordinal number «, j(«) is an ordinal and o < j(a).
2. If j is not the identity, there is an ordinal 6 such that § < j(9).

Proof. First, note that (M, €) is a model of ZFC, because j is an elementary embedding.

If « is an ordinal, then (M, €) = “j(a) is an ordinal” and, by Remark we conclude
that j(«) is an ordinal. Let « be the least ordinal such that j(a) < a. Then j(j(«)) < j(a),
contradicting the minimality of . Hence a < j(«) for all a.

For the second part, define

0 = min {rank(z) : j(x) # x},

and take any x such that rank(z) = ¢ and j(z) # x. We have z C j(z), because y € = implies
y=7j(y) € j(x). Let z € j(z) \ =. If rank(j(x)) < 4, then we would have j(z) = z € j(z), which
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implies z € x, a contradiction. Therefore, it must be the case that 6 < rank(j(x)). From this
fact, using Remark [1.1.21] again, we conclude that

0 < rank(j(x)) = j(rank(z)) = j(9). O

Thanks to Proposition [[.1.22] we can define the critical point of a nontrivial elementary
embedding j: V' — M as the least ordinal ¢ such that § < j(6). The critical point of j is denoted

by crit(j).

Types and Saturation

Definition 1.1.23. Let 9t be an L-structure and B C M. Suppose that X(xq,...,x,) is a set
of L(B),.-formulas. We say that a n-tuple (a1,...,a,) € M™ realizes ¥(x1,...,z,) in M if
Mp = e(ar,...,ay) for all p(z1,...,2,) € B(z1,...,20).

If ¥(xq,...,2,) is not realized by any n-tuple in 91, we say that 9t omits X(x1,...,z,).

Definition 1.1.24. Let T be a theory in L, .. An n-type of T is any set X(z1,...,x,) of
L, .,~-formulas which is realized in some model of T.

An n-type p(z1,...,x,) is complete if for every formula p(z1,...,x,) either ¢ € p(z1,...,z,)
or —p € p(x1,...,Ty).

Remark 1.1.25. An n-type is complete if and only if it is maximal. In particular, every n-type
can be extended to a complete n-type.

In most cases, T will be the L, .-theory of a structure, possibly with parameters. Instead of
“Y(x1,...,2n) is an n-type of Thy,_ (9Mp)” we shall say that “¥(z1,...,7,) is an n-type over
Bin L,

Proposition 1.1.26. Let M be an L-structure, B C M and let ¥(x1,...,2,) be an n-type over
B in Ly,. Then every subset ® C X(x1,...,x,) with |®| < k is realized in M.

Proof. Since X(x1,...,7,) is an n-type over B in Ly, there is a model M of Thy_ (Mp)
such that 3(z1,...,2,) is realized in 91. In particular, ® is realized in 91. This means that
N E Iz ... 32, A @, hence Mp = Jzq ... Jz, A P, which means that D is realized in M. O

Definition 1.1.27. Let )t be an L-structure and A a cardinal number. We say that 91 is A-
saturated if, for every A C M with |A| < A, all complete 1-types over A in L, are realized in
M. A structure M is saturated if it is | M |-saturated.

Remark 1.1.28. If an infinite structure 9 is x-saturated, then x < |M].
We assume the reader is familiar with the following two theorems. Proofs can be found, for

example, in |9, Chapter 10].

Theorem 1.1.29. Let 9 be an L-structure and A a cardinal number satisfying Ro + |L| < .
There ezists a A\t -saturated elementary extension M = M such that |[N| < |M|>.

Theorem 1.1.30. Suppose that M and N are two elementarily equivalent saturated structures.
If [M| = |N|, then M = MN.
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1.2 Partially Ordered Sets

Definition 1.2.1. A partially ordered set (P,<) is a set P together with a transitive, reflexive
and antisymmetric binary relation <.

For any partially ordered set, the notation p < g stands for p < ¢ and p # q.
Definition 1.2.2. Let (P, <) be a partially ordered set, X C P and a € P.

1. a is an upper bound of X if x < a for all x € X.

2. ais a lower bound of X if a < z for all x € X.

3. a is the greatest element of X if ¢ € X and a is an upper bound of X.
a is the least element of X if a € X and a is a lower bound of X.

a is the supremum of X if a is the least upper bound of X, denoted by sup(X)

A

a is the infimum of X if a is the greatest lower bound of X, denoted by inf(X).

Definition 1.2.3. Two elements p,q € P are compatible if there is r € P such that r < p and
r < ¢ (otherwise, p and ¢ are incompatible). A subset A C P is an antichain if every p,q € A
are incompatible. A subset C' C P is a chain if for every p,q € C we have p < q or g < p.

Definition 1.2.4. Let x be a cardinal number. P satisfies the <k-chain condition if every
antichain in P has cardinality < x. P is <k-closed if every chain C C P with |C| < k has a
lower bound.

Definition 1.2.5. A subset O C P is open if p € O, ¢ € P and ¢ < p implies ¢ € O. A subset
D C P is dense if for every p € P there exists d € D such that d < p.

Definition 1.2.6. Let (P, <) be a partially ordered set. A filter on (P, <) is a subset F' C P
such that:

e [ is non-empty.
o If pe F and g € F, then there is r € F such that r <p and r <gq.
elfpe F,ge Pand p<gq,thenqgeF.

Definition 1.2.7 (Martin, Solovay and many others). Let I be a class of partially ordered sets
and k a cardinal number. The forcing aziom FA,(T") is the following sentence: for all (P, <) € T,
if {D,:a <k} CP(P)is a family of dense subsets of P, then there exists a filter G on P such
that GN Dy, # () for all a < k.

Lemma 1.2.8. Let (P, <) be a partially ordered set and p € P. If {D, :n<w} C P(P) is a
family of dense subsets of P, then there exists a filter G on P such that p € G and GN D, #
for allm < w. In particular, FAg,(T") is true for every class T' of partially ordered sets.

Proof. We construct by recursion a sequence (d, : n < w) in P. Let dy = p. Suppose d,, is
already constructed; by density of D,, there is d,,11 € D,, such that d,4+1 < d,. Thus we have
built a sequence (d,, : n < w) satisfying d,, € D,,11 and dp,+1 < d,, for all n < w.
Then
G = {p € P : there exists n < w such that d,, < p}

is a filter on P, such that p € G and GN D,, # () for all n < w. O
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1.3 Boolean Algebras

Definition 1.3.1. Let L = {V,A,—,0,1}, where V, A are 2-ary fuction symbols, = is a l-ary
function symbol and 0, 1 are constant symbols. A Boolean algebra is an L-structure that satisfies:

VaVyVz((z Vy)Vz=a V (y V 2)), VaVyVz((z Ay) Az =2 A (y A 2)),
VaVy(ze Vy =y V ), VaVy(z Ay =y A x),
VaVy(x V (z A y) = ), VaVy(z A (z Vy) = x),
VaVyVz((z Vy) Az = (x Az2) V (y A 2)), VaVyVz((z Ay)Vz=(xVz)A(yV 2)),
1)

Ve(r Vv () = 1), Va(xz A (—x) = 0).

Example 1.3.2. Let X be any set. The structure
<’P(X),U,ﬁ,_‘,®,X>,
where -z = X \ z, is a Boolean algebra.

Definition 1.3.3. A subset D of a Boolean algebra B is a meet-semilattice if 1 € D, 0 ¢ D, and
xz,y € D implies that x Ay € D.

If B is any Boolean algebra, we define a < b &L oAb = a. Standard poset terminology

applies to B \ {0}. For example, we may speak of antichains or dense subsets. Analogously,
a filter on a Boolean algebra B is simply a filter on the partially ordered set B\ {0}. More
explicitly:

Definition 1.3.4. Let B be a Boolean algebra. A filter on B is a subset F' C B such that:
elcFandO¢F.
e lfac Fandbe F,thenaAbeF.
elfae F,be Band a <b,thenbe F.

A filter F on B is principal if F = {b € B: a < b} for some a € B. An ultrafilter is a filter U
that satisfies the following property: for all b € B, either b € U or —b € U.

Definition 1.3.5. Let B be a Boolean algebra. An ideal on B is a subset I C B such that:
eO0clandl¢l.
e IfaclTandbel, thenaVbel.
elfacl,be Bandb<a,thenbdeI.

Definition 1.3.6. Let B be a Boolean algebra. A subset D C B has the finite intersection
property if for all aq,...,a, € D we have aq A--- Aa, > 0.

Remark 1.3.7. Every D C B with the finite intersection property generates a filter F' on B: take

F = {b € B : there exist dy,...,d, € D such that dy,...,d, <b}.

Moreover, every filter on B can be extended to an ultrafilter on B. This result, essentially due to
Tarski, is well known; for a proof see |10, Chapter 7]. Of course, similar results apply to ideals.
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Le B be a Boolean algebra and I C B an ideal. Consider this equivalence relation ~ on B:

a~b <L (avb)A=(anb) el

We define the quotient Boolean algebra B/I as the set of equivalence classes
la],={beB:b~a}

equipped with the natural quotient of the operations on B:

[al V[l = la VO],
[al oAl = land],,
Slal. = [-al,
0=[0]_,
1=11]._.

Define St(B) = {U C B : U is an ultrafilter on B}. By Stone’s representation theorem (see [20]),
B is isomorphic to a subalgebra of P(St(B)) via the map

br— {U €St(B):beU}.

Complete Boolean Algebras

Let B be a Boolean algebra and X C B. We define \/ X = sup(X) and A X = inf(X), whenever
they actually exist.

Definition 1.3.8. A Boolean algebra B is complete if \/ X and A X exist for all X C B.

Theorem 1.3.9. For every partially ordered set (P, <), there exist a complete Boolean algebra
B and a function e: P — B\ {0} such that:

1. If p < q then e(p) < e(q).
2. p and q are incompatible in P if and only if e(p) Ne(q) =0
3. e[P] is dense in B\ {0}.

Moreover, B is uniquely determined up to isomorphism, and is called RO(P), the regular open
algebra of P.

Proof. This is a well known result: the reader can find a proof in [10, Corollary 14.12]. O
Here is an useful upper bound on the cardinality of RO(P).

Proposition 1.3.10. Let (P, <) be a partially ordered set. If (P,<) satisfies the <k-chain
condition, then |RO(P)| < |P|<"

Proof. Let A(P) = {A C P: Ais an antichain}. Note that, by hypothesis, |A(P)| < |P|<*. To
conclude the proof, it suffices to show that the map

A(P) — RO(P) \ {0}
Ar— \/e[A]
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is surjective. Let b € RO(P) \ {0}. Define
D =e[P]N{a € RO(P)\{0}:a<b}.

Since D is dense below b, by Zorn lemma we can construct a maximal antichain W in D. Note
that W must satisfy \/ W = b, hence A = e"}[W] € A(P) has the property that \/e[A] = b,
concluding the proof. O

Definition 1.3.11. Let B be a complete Boolean algebra. A filter F' C B is k-complete if X C F
and | X| < k implies that A X € F. Similarly, an ideal I C B is s-complete if X C I and | X| < &
implies that \/ X € I.






Chapter 2

Boolean-Valued Models

2.1 Boolean-Valued Models

Definition 2.1.1. Let L be a signature and B a complete Boolean algebra. A B-valued model
M for the signature L consists of:

1. A non-empty set M. The elements of M are called names.
2. The Boolean value of the equality symbol. That is, a function
M? —B

(ry0) — [T = aﬂm .

3. The interpretation of symbols in L. That is:
e for each m-ary relation symbol R € L, a function
M" — B

(T1y. ey Tn) — [[R(Tl,...,Tn)]]gJrz ;

e for each n-ary function symbol f € L, a function

Mt — B 21

<7'1,...,7'n,o>|—>[[f(7'1,...,7'n)=a}]m’ .

e for each constant symbol ¢ € L, a name ¢™ € M.
We require that the following conditions hold:
1. For all 7,0,m € M,

[r=+]™ =1, 2.2
Ir = o)™ = [o = 7™, (2.3)
[r=o]™ Ao =a]™ < [r=7]™. (2.4)

11
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2. If R € L is an n-ary function symbol, for all (71,...,7,),{01,...,0,) € M",
(/\ [ = ai]]”‘> AR, .., m)]” < [R(o, .. o0)]™ (2.5)
1=1

3. If f € L is an n-ary function symbol, for all o,7 € M and (m,...,7,),{01,...,0,) € M™,

i=1

<AWn=mWﬁAmmmuwm>:ﬂ”<ﬂﬂmwumm=wﬁﬂ (2.6)
\ [f(r,. . m) =] =1, (2.7)

oeM
Lf (i) = ol ALf (T, -y m) = 7)™ < o= 7)™ (2.8)
This concludes the definition of B-valued models.

Remark 2.1.2. Let 2 = {0,1}. Then 2 is obviously a complete Boolean algebra, and every
2-valued model for a signature L is simply an L-structure.

Given a B-valued model 9 for L, an assignment v: Var — M and an L, ,-formula ¢, we
can define the Boolean value [¢[v]]”™" € B.

First, we need to generalize . Specifically, if ¢ is any term of L and o € M, we define by
recursion [(t = o)[V]]™:

1. if 2 is a variable, then [(z = o)[V]]™ = [v(z) = o]™;
2. if ¢ € L is a constant symbol, then [(c = o)[v]]” = [™ = U]]Em.
3. If t1,...,t, are terms of L and f € L is an n-ary function symbol, then

[t tn) =) =/ (/\[[(ti=n)[V]]]m>A[[f(ﬁ,-.-ﬁn)=0ﬂm~

T1y...,Tn €M \i=1

Now we are ready for the definition, where t1,...,t, are terms of L:

Definition 2.1.3. With the above notations, we define [o[v]]™ by recursion:

L [(t = t2) V]I = Voens Lt = D)™ A (12 = 1) [V]T™

2. If R € L is an n-ary relation symbol, then

[R(t1,....t) ] = \/ </\ It = n)[u]]]fm> AR, )]

T1ye.,Tn €M \i=1

w

eI =~ Lol
NPT = Ages [T

5. [Gzo) W™ =V, er [elvnsal] ™

N
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For L, ,-sentences ¢ the assignment v is irrelevant, thus we can write [[c,o]]Em instead of

[¢[v]]™. Finally, we say that a sentence ¢ is valid in 9 if and only if [¢]™ = 1.
From now on we may often drop the superscript 9 and denote Boolean values simply by [¢].

Remark 2.1.4. For every L, ., formula ¢(z) (possibly with parameters) and 7,0 € M, it is true

that
[t =l Ale(M)] < [e(o)];

this can be proved by induction on the complexity of .

Full Boolean-Valued Models

Definition 2.1.5. Let 2 be a B-valued model for L. We say that 91 is full when it satisfies the
following property: if A C B is an antichain and {7, : a € A} C M, then there is 7 € M such
that a < [r = 7,] for all a € A.

The next proposition states a fundamental property of full Boolean-valued models.

Proposition 2.1.6. Let MM be a full B-valued model for L and x an infinite cardinal. For every
Ly o -formula o(x,y1,...,yn) and (o1,...,0,) € M"™ there exists T € M such that

[[EIJUQO(JU, O1y--- 7Un)]] = [[QO(Ta 01, 7U7L)]] .
Proof. Define
D = {a € B : there exists 7, € M such that a < [o(14,01,...,0,)]}.

It is easy to show that D is open and dense below [Jz¢(x,01,...,0,)]. By Zorn lemma, we can
construct a maximal antichain A in D. Note that A must satisfy [3zo(z,01,...,0,)] < V A.
By hypothesis, there exists 7 € M such that a < [r = 7,] for all « € A. By Remark we
have a < [¢(7,01,...,0,)] for all a € A, hence

Bro(z,o1,...,04)] < [e(r,01,...,00)]-

Since the inequality > is trivial, this concludes the proof. O

Remark 2.1.7. Let M be a full B-valued model for L. For every function symbol f € L and
(T1,...,Tn) € M™, there exists o € M such that [f(71,...,7,) = o] = 1. In fact, it suffices to
choose any o such that [3x(f(r1,...,7) =2)] = [f(71,..., ™) = o]. Moreover, if o1 and oy
are two possible choices, then [0 = 03] = 1 thanks to (2.8). This remark will be useful in the
next definition.

Definition 2.1.8. Let B be a complete Boolean algebra, F' C B a filter and 9t a full B-valued
model for L. The quotient of 9 by F is the L-structure 9/ F defined as follows:

1. Tts domain, called M/F, is the quotient of M by the equivalence relation =p defined as

r=ro &5 [r=0]€eF.

2. These are the interpretations of symbols in L:

o If R € L is an n-ary relation symbol, then

R™E = U]y [ma)p) € (M/F)" . [R(1,...,t,)] € F}.



14 CHAPTER 2. BOOLEAN-VALUED MODELS

o If f € L is an n-ary function symbol, then
fE S (MJF) — M/F
(Mg [malp) — ol

where ¢ is any element of M such that [f(7,...,7,) =o] = L.
e If c € L is a constant symbol, then ¢™/F = [CW]F € M/F.
It is an easy exercise to show, using the fact that F' is a filter, that the relation = is indeed
an equivalence relation, and that the interpretations of symbols are well defined.

Remark 2.1.9. When M is a proper class, the equivalence class [7], may be a proper class. This
makes Definition problematic. However, we can get round this problem by defining [7], as
the set of all o € M of minimal rank such that 7 =g o.

Theorem 2.1.10 (Los). Let k be an infinite cardinal, M a full B-valued model for L and U C B

a k-complete ultrafilter. Then, for every Ly ,-formula ¢(z1,...,2,) and (T1,...,Tn) € M™ we
have
M/U = o([rilys - [mly) = lelm,...,m)] €U. (2.9)

Proof. We say that ¢ is an unnested atomic formula if it is of the form

(z =y),

(c=y),

f(xlw"vxn) =Y,
R(z1,...,2p).

© is an unnested formula if all its atomic subformulas are unnested.

It suffices to prove the theorem by induction on the complexity of unnested formulas ¢, for
the case for ¢ any atomic formula can be reduced to the case of unnested formulas by removing
compositions between function symbols: for example, f(g(x)) = y is logically equivalent to

F2(g(x) = 2 A f(2) =y).
So, if ¢ is an unnested atomic formula, then (2.9) holds by definition of 9t/U. Suppose (2.9)
holds for ¢(x1,...,x,). Then, using the fact that U is an ultrafilter, we have
M/U = —o([m]ys---,[mly) < it is not the case that M/U = o([11]y,-- -, [Taly)
= [p(r,...,m)] ¢ U
<~ [~o(r1,...,m)] € U.
Now suppose (2.9)) holds for every ¢(z1,...,z,) € ®. Then, by k-completeness of U, we have
MU= N e(mlys - [mly) < MU Ee(nly,...,[mly) for every ¢ €
ped
< [p(r,...,m)] € U for every ¢ € ®

= /\ap(ﬁ,...,Tn) el.
ped

Finally, suppose (2.9) holds for ¢(z1,...,z,,y). Then, by Proposition we have

M/U = ye(nly, - [y, y) <= M/U = o(nly,---, [y, lo]y) for some o € M
<~ [e(11,...,Tn,0)] € U for some o € M
— [Fye(r,...,mn,y)] € U. O
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2.2 Realization of Types

The purpose of this section is to show how some combinatorial properties of U are related to the
realization of types in /U.

Theorem 2.2.1. Let k be an infinite cardinal, M a full B-valued model for L and U C B an
ultrafilter that is k-complete and k™ incomplete. Then every 1-type X(x) over M /U in Ly, such
that |X(x)| < k is realized in M/U.

Proof. Fix an enumeration ¥(x) = {pq(x) : a < k}. First, note that for all o < k we have

dz /\ pp(z)|| € U. (2.10)
Bl

Indeed, by Proposition [1.1.26| the set {¢g(x): f < a} is realized in /U, which means that

M/U = Iz N\g, ps(x). We can now apply Theorem [2.1.10[to get (2.10). By «*-incompleteness
of U, there exists {aq : @ < K} C U such that A\, _, aq € U. For a < &, define

ba= A asA |3z N\ es(@)] .

BLa pa

and notice that {b,:a <rx} C U (by s-completeness of U and (2.10)) but A, . ba & U.
Moreover, {by A =bat1: @ < k} is clearly an antichain. By Proposition we can find
{00 : @ < Kk} C M such that for all & < &

Fo N\ es@)| = || A\ esloa)| .

BLa B<La
and by fullness of 91 there exists 7 € M such that for all & < k
bo A “bat1 < [T =04] .-

To conclude the proof, we fix a < x and show that [, (7)] € U. For every § > o we have

[ea@I = || \ e = Ir =0s) A || )\ @r(08)|| = bs A —bpia,
<8 v<B

and therefore

[0a(m)] > \/ (bg A=bgs1) =ba A= J\ bs €U. 0
B>« B<k

As a special instance of the previous theorem, we obtain the following result:

Corollary 2.2.2. Let 9 be a full B-valued model for L and U C B an Xy-incomplete ultrafilter.
Suppose that |L| < Rg. Then M/U is Ny -saturated.

At this point, the case k > Nj is left open. What could be an adequate condition on U for the
quotient M/U to be k-saturated? The next subsection will provide an answer to this question.
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Good Ultrafilters
If X is any set, let P,,(X) denote the set of finite subsets of X.
Definition 2.2.3. Let B be a Boolean algebra and f: P,(X) — B.
o f is multiplicative if for all S,T € P, (X), f(SUT) = f(S) A f(T).
e f is monotonically decreasing if for all S,T € P,(X), S C T implies f(T) < f(S).

Definition 2.2.4. Let B be a Boolean algebra, U C B an ultrafilter and x a cardinal number.
U is k-good if for every A < k and for every monotonically decreasing function f: P, (\) — U,
there exists a multiplicative function g: P,(A) — U such that ¢g(S) < f(5) for all S € P,,(\).

The following theorem is a generalization of |4, Theorem 6.1.8]; see also |17, Theorem 4.1].

Theorem 2.2.5. Let 9 be a full B-valued model for L and U C B an Ry-incomplete ultrafilter.
Let k a cardinal such that Xo + |L| < k. If U is k-good, then M/U is k-saturated.

Proof. Let A C M/U be any subset such that |A| < k and let p(z) be a complete 1-type over A
in L, .. Define A = |p(z)|, observe that A < k, and fix an enumeration p(x) = {g(z) : @ < A}.
First, note that for all S € P, () we have

Ilﬂx /\ cp(,(x)u eU.

a€esS

Indeed, by Proposition [1.1.26 the set {4 (x): o € S} is realized in /U, which means that

M/U & 3z \,cs o). We can now apply Theorem [2.1.10[to get (2.10). By R;-incompleteness
of U, there exists {a, : n <w} C U such that A, _ a, ¢ U. Define a monotonically decreasing

function f: P, (A\) — U as follows: for every S € P, ())

Using the fact that U is k-good, we can find a multiplicative function g: P,()\) — U such that
g(S) < f(S) for all S € P,(N\). Define another function h: P,(A) — B as follows: for every
S ePu(N)

h(S) = g(S) A \A{=g(T) : IT| > |S]}.

We prove two claims about the function A.

Claim 1. ran(h) \ {0} is an antichain.

Proof of Claim[1. The first thing to prove is that for all S,T € P, ()
g(S)AR(T)>0 = SCT. (2.11)
Suppose not; then |T| < |SUT| and, using the fact that ¢ is multiplicative,
9(S) ANMT) < g(S) Ag(T) A=g(SUT) = g(S) Ag(T) A —=(g(S) Ag(T)) =0,

a contradiction. To conclude, just observe that h(S) A h(T) > 0 implies both g(S) A h(T) > 0
and g(T) A h(S) > 0, which together imply S =T. O
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Claim 2. \/{h(T): T2 S} e€U.

Proof of Claim[3 Let
b=g(S)A N\N{=h(T): T2 S}.

Observe that
bv \/{h(T): T2 S} = (g(S) AN{-R(T) T 2 5}) v/ {T): T2 5} =

- (g(S)\/\/{h(T):TQS}) A (/\{ﬁh(T):TQS}\/\/{h(T):TQ 5}) >
> g(S) A1 = g(S) € U.

Thus it suffices to show that b ¢ U. Assume, by contradiction, that b € U. Define, for n < w,
en =\ {9(T) : T = n}.

It is easy to verify that c,11 < ¢, for all n < w and that b < ¢|5|. Moreover, there is i < w such
that b A ¢; A —¢;41 > 0 (otherwise, we would have b < A cn < Npew@n & U, hence b ¢ U).

n<w —

Therefore, by definition of ¢;, there exists I € P,,(\) such that |I| = ¢ and
0<bAg(I)A=ciqr,
but g(I) A =¢it1 = h(I) and so we have 0 < b A h(I). Finally, by we have S C I, thus
0 <bARI) = g(S) A \{=h(T): T 2 S} AR(I) < =h(I) Nh(I) =0
a contradiction. O
By Proposition we can find {og : S € P,(A)} C M such that for all S € P, (N)

Ilﬂ:r A @a(x)ﬂ = ﬂ/\ wa(os)ﬂ :

a€EsS a€eS

and by fullness of 9 there exists 7 € M such that for all S € P, ()
h(S) <[r=o04].
Now fix S € P, (). For every T D S we have

ﬂ/\ %(T)ﬂ 2 ﬂ/\ %(T)ﬂ > [r=or] A ﬂ/\ %(UT)H > h(T). (2.12)

a€esS acT acT

Then, by (2.12)) and Claim [2| we have

ﬂ/\ soa(f)ﬂ >\/{(T):T 25} eU;

a€eS

this means that [7],, realizes p(x) in M /U. O
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2.3 Boolean Powers

In this section we take an L-structure 901, a complete Boolean algebra B and we construct a
B-valued model 90t+E.

First, we need some notation. Let A and W be maximal antichains of B. We say that W is
a refinement of A if for every w € W there is a € A such that w < a. This element a € A is
unique. Note that maximal antichains Ay, ..., A, always admit a common refinement W.

Let X be any set, A a maximal antichain of B and f: A — X. If W is a refinement of A, the
reduction of f to W is the function

(FIW): W — X
wr— f(a)’

where a is the element of A such that w < a.

Definition 2.3.1. Let 91 be an L-structure and B a complete Boolean algebra. The B-power
of M is the B-valued model MM*® defined as follows:

1. Its domain is the set M*® = {7: A — M : A C B is a maximal antichain}.

2. Let 7,0 € M*E. Choose a common refinement W of dom(7) and dom(c), and define
[r=0]= \/{w EW:(rlW)(w)=(clW)(w)}.

3. Now define the interpretations of symbols in L:

e If R € L is an n-ary function symbol and 7,...,7, € M*E, choose a common refine-
ment W of dom(ry),...,dom(7,), and define

[R(ri,....m)] = \/{w e W: M = R((m1 L W)(w), ..., (n L W)(w))};  (2.13)

o If f € L is an n-ary function symbol and 7i,...,7,,0 € ME, choose a common
refinement W of dom(ry),...,dom(7,),dom(c), and define

f(risema) = o] = \/{w e WM = f(m 4 W)(w),..., (70 L W)(w)) = (o 4 W)(w)};
e if ¢ € L is a constant symbol, its interpretation is the function

A — M

1—s M

Is is easy to prove that, in the previous definition, the Boolean value of the equality symbol
and the interpretation of symbols in L are well defined and do not depend on the choice of
common refinements.

Lemma 2.3.2. B satisfies conditions [2.2) to [2.8). That is, M'E is a B-valued model.

Proof. In each point of this proof, to avoid cumbersome notation, we shall implicitly choose a
suitable common refinement W and we shall assume that names 7 € M*® have already been
reduced to W.
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That said, holds because
[r=r]=\{weW:r(w)=r(w)}=\/W=1

It is obvious that (2.3) holds, because the right-hand side of (2.13]) is symmetric in 7 and o.
We now prove (12.4):

[r=0]A]o=7]= \/ {wr e W:r(w1) =0(w1)} A \/ {we € W : o(wq) = w(wa)} =
= \/{w1 ANws : T(wy) = o(wy), o(ws) = w(we)} = \/ {weW:r(w) =0c(w), olw)=n(w)} <
S\/{wEW:T(w)zﬂ'(w)}: [r=n].
The same idea can be used to prove , and .

As for (2.7)), we prove the stronger assertion that, given 7y,...,7, € M B there exists o €
M+® such that [f(7,...,7,) = o] = 1. Indeed, it suffices to define o (w) = ™ (1 (w), ..., 7 (w))
for every w € W. 0

According to Definition IMVE assigns a Boolean value [¢] to every formula ¢. The next
proposition clarifies this point.

Proposition 2.3.3. Let MY be the B-power of an L-structure M. Let o(z1,...,2,) be an
Ly w-formula and 11, ...,7, € M¥E. If W is any common refinement of dom(ry),...,dom(r,),
then

[e(rs )] =V {w e WM = (i 4 W)(w),. .., (70 L W) (w))} - (2.14)

Proof. We carry out the proof by induction on unnested atomic formulas . We shall assume
that 7,...,7, have already been reduced to W.

For unnested atomic formulas, (2.14) is simply the definition. Suppose (2.14]) holds for
o(x1,...,2,). Then, keeping in mind that W is a maximal antichain,

[yl = = [o(ms )] = =\ {w € WM = o(n(w), ... 7o (w))} =
=\ {weW : ME ~p(r(w),...,mw))}

Suppose that (2.14) holds for ¢(z1,...,z,) and ¥ (x1,...,2,). Then

lo(mi, s m) AY(T1, s m)] = [o(m1, - s ) A TY(T1, - )] =
=\ {wi e W M p(ri(wi),...,ma(w)} A\ {wz € WM E 9(ri(wa), ... o (w2))} =
=\ {wi Awp M p(ri(wn),. . a(wr)), ME Y(ri(wa), ..., o (w2))} =
=\V{weW:ME (p(ni(w), ..., m(w) Ad(ni(w),... . m(w))}.
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Finally, suppose (2.14) holds for ¢(z1,...,2,,y). Then

[[EySD(Tl,--.,Tn,y)]] = \/ [[4,0(7'1,...,7'»@,0')]] =

oceMIE
= \/ Viwew : MEomnw),. .. mw),ow)}=
ocEMIE
=\ U {wewW: MEonw),... mw),ow)}=
ocEMIE

= \/ {w € W : there exists o € M*E such that M = o(r (w),..., Ta(w),o(w))} =
=\ {we W : M ye(r(w),...,m(w),y)}. O
Theorem 2.3.4. The B-valued model MY is full.

Proof. Let A C B be an antichain and {7, : a € A} C M*E. Without loss of generality, we may
assume that A is maximal. For every a € A define

D,={bANa:bedom(r,)},

and note that Dy, N D,, = 0 whenever a; # as. We define 7 € M 1B as follows: first, its domain
is dom(7) = Jycp Da- If d € Dg, then 7(d) = 74(b), where b is the unique element of dom(7,)
such that d < b.

Let a € A; we have to prove that a < [r = 7,]. For simplicity of notation, we assume that
dom(7) is a refinement of dom(7,) and that 7, has already been reduced. We have

an[r=r =an\/{dedom(r): 7(d) = o(d)} = \/{and: d € dom(r), 7(d) = To(d)} >
>\/{and:deD,, r(d)=r.(d)} = \/{aAd:de D} =a,
which completes the proof. O

Since MY is full, it is legitimate to consider its quotients by ultrafilters. This is what we do
in the next subsection.

Boolean Ultrapowers

Definition 2.3.5. Let 9t be an L-structure, B a complete Boolean algebra and U C B an
ultrafilter. The B-ultrapower of M by U is the quotient M2 /U.

What is important here is that we are able to elementarily embed 9t into 9+ /U. For every
x € M, define ¢, € M*® as the function

ez {1} — M
l—az

Theorem 2.3.6. The map j: x +— [c;]y, is an elementary embedding of M into MVE /U .

Proof. Let o(x1,...,2z,) be an Ly, -formula and (a1, ...,a,) € M™. Using Theorem [2.1.10[ and
Proposition [2:3.3] we have

ME/U E o(jlar),. .. j(an)) <= [p(cars-. - ca,)] €U
= \/{w € {1} : M | p(eq, (W), ..., cq, (w))} €U
= ME=plar,...,an). O
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Consider the special case in which B is a power set algebra (Example . If 91 is an
L-structure and U C B is an ultrafilter, the corrisponding Boolean ultrapower is denoted by
Ult(M, U) and will be referred to as the ultrapower of 9 by U.

Canjar [3| has shown that not every Boolean ultrapower is isomorphic to a power set ultra-
power.

2.4 Construction of Saturated Structures

The Lévy Collapse

Definition 2.4.1. Let k > X be a cardinal number. We say that s is inaccessible if it is regular
and for all A < k we have 2* < k.

For the rest of this section, fix an inaccessible cardinal k. For every a < k, define
P, ={p C Xy x«a:pis a finite partial function} ;

let p < ¢ if and only if ¢ C p.

Remark 2.4.2. P, has the following property: for all p € P,, we can find ¢ < p and r < p such
that ¢ and r are incompatible.

If (po : 0 < K) € [[ <, Pas define supp((po : @ < k) = {a < K : po # 0}. Now define

P= {(pa < K) € H P, : supp({pa : @ < K)) is ﬁnite} ; (2.15)

a<K
let (po : a0 < k) < {(go : @ < k) if and only if p, < g, for all a < k.
Lemma 2.4.3. In the above notations, let C C P any subset such that
1. If p,q € C, then p and q are compatible.
2.IfpeC,qe P andp<gq, then q € C.

Then, for every infinite cardinal \ < K, there is a maximal antichain A C P such that |A] = A
and ANC = 0.

Proof. Consider the projection
C/\:{pki<pafOé<H>EC}CP)\.

It obvious that C'), satisfies conditions and . We claim that Py \ C) is a dense subset of
Py. Let p € Py; by Remark [2.4.2] there are ¢ < p and r < p such that ¢ and r are incompatible,
hence at least one of them does not belong to Cl.

It is now easy to construct a maximal antichain Ay C Py \ C) such that |Ay| = \: take
p € Py \ Cy, take n € Xy \ dom(p) and extend the antichain {p U {(n, @)} : o < A} to a maximal
one.

Now, it suffices to define

A={(pa:a<k):pr€ Ayand pg=0if 8 #\}

and note that A is a maximal antichain with the desired properties. O
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By Theorem there exist a unique complete Boolean algebra Coll(Xg, <x) (usually called
Lévy collapse), and a function e: P — Coll(Ng, <x) \ {0} such that:

1. If p < g then e(p) < e(q).
2. p and ¢ are incompatible in P if and only if e(p) A e(q) =0
3. e[P] is dense in Coll(Ng, <k) \ {0}.

Filters on Coll(Rg, <k) are very far from being complete: this is made precise by the next
proposition. We have already seen that incompleteness properties of U result in saturation
properties of the quotient 9/U. In fact, we will soon be able to construct saturated structures
of the form M+l Ro.<r) /77,

Proposition 2.4.4. Let F C Coll(Rg, <k) be any filter. For every infinite cardinal A\ < K, there
exists a mazimal antichain A C Coll(Rg, <k) such that |A| =X and ANF = .

Proof. Note that e ![F] C P satisfies conditions and of Lemma [2.4.3] Therefore, we can
find a maximal antichain W C P such that |W| = X and W Ne~![F] = (). Then A = ¢[W] has
the desired properties. O

Theorem 2.4.5. Coll(Ry, <k) satisfies the <k-chain condition.

Proof. Clearly, it suffices to show that the partially ordered set P defined in satisfies the
<k-chain condition.

Let W C P be an antichain. We construct by recursion a sequence (A, : n < w) such that
A, C Aptq Ck for all n < w, and another sequence (W, : n < w) such that W,, C W,,;,1 CW
for all n < w. Let Ag = Wy = (). Suppose A,, and W,, are constructed. For every p € P such
that supp(p) C A,,, choose ¢, € W such that ¢, [ A,, = p, whenever it eXistsE| Then define

W1 =W, U{gy:p€ P, supp(p) € An}, Ansr=|J{supp(q) :q € Wuy1}, A= ] An.

n<w

We now prove that W = (J,,.,, Wn. Let ¢ € W; since supp(q) is finite, we can choose
n < w such that supp(¢) N A = supp(q) N A,,. By construction, there is ¢’ € W,,41 such that
qd 1A, =ql A, Butsupp(q') C A, hence

supp(q) Nsupp(q’) = supp(q) Nsupp(q’) N A = supp(q) Nsupp(¢’) N A, C Ay,

therefore we have proved that ¢ and ¢’ are compatible. Since W is an antichain, we conclude
that ¢ = ¢’ and ¢ € W4 1.

We finish the proof by showing that |W,,| < « by induction on n < w. Suppose that |W,,| < k.
First, note that

|An| = ’U {supp(q) : ¢ € Wi}

It follows easily that [{p € P : supp(p) C A,}| < k and so |Wy11]| < &. O

SNO|Wn| < K.

Corollary 2.4.6. |Coll(Ry, <k)| = &

Proof. By Proposition [1.3.10[ and Theorem we have |Coll(Rg, <k)| < k<% = k; the other
inequality is obvious. O

IRecall that every p € P is a function (ps : @ < x); it makes sense to consider the restriction of p to a subset
of k.
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Good Ultrafilters Exist

We now construct a k-good ultrafilter on Coll(Rg, <x). Let us start the construction with two
technical lemmas.

Lemma 2.4.7. Let X be a set with | X| < k. For every function f: X — Coll(No, <x)\{0}, there
exists a function g: X — Coll(Rg, <r) \ {0} such that ran(g) is an antichain and g(z) < f(x)
forallx € X.

Proof. Without loss of generality, suppose X is a cardinal A; by hypothesis, we have A < k. Let
P De the partially ordered set defined in (2.15)). Since e[P] is dense in Coll(Ro, <) \ {0}, it is
sufficient to prove this sentence: for every function f: A — P, there is a function g: A — P such
that ran(g) is an antichain and g(a) < f(a) for all a < .

By definition, supp(f(«)) is finite for every o < A, hence

<\ < k.

| supp(f (@)

a<A

Thus we can find a cardinal g, with A < 1 < &, such that f(a), = 0 for all @ < A. Now define a
function p: A — P as follows: for every o < k,

pla), ={(0,a)}, and p(a)sg=0if 8 # pu.

Observe that ran(p) is an antichain. By construction, for all & < A f(«) and p(«) are compatible,
hence we can find g(«) € P such that g(a) < f(a) and g(a) < p(«). The function g: A — P has
the desired properties. O

Lemma 2.4.8. Let D C Coll(Rg, <k) be a meet-semilattice such that|D| < k. Let f: P,(\) — D
be a monotonically decreasing function, for some A\ < k. There exist a meet-semilattice D' O D
such that |D'| < k, and a multiplicative function g: P,(A) — D’ such that g(S) < f(S) for all
S e Pu(N).

Proof. By applying Lemma [2.4.7) to the function

P.(A) x D — Coll(Rg, <x) \ {0}
(S.d) — f(S)Ad ’

we can find a function
h:P,(N\) x D — Coll(Rg, <) \ {0}

such that:
e ran(h) is an antichain.
e For all S € P,(\) and d € D, we have h(S,d) < f(S) Ad.
Then, define g: P,,(A) — Coll(Xg, <r) \ {0} as follows: for every S € P, (\),

9(8)=\/{n(T,d): T2 S, de D}.

We prove that g has the required properties.
The first thing to prove is that g(S) < f(S) for all S € P, (). But this is immediate, for if
T D85 and d € D then
MT,d) < f(T) nd < f(T) < f(5).
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Secondly, we show that g is multiplicative. For all Sy, S € P, (), using the fact that ran(h)
is an antichain we obtain

g(Sl) /\g(SQ) = \/{h(Tl,dl) Ty D Sl, di € D} A \/{h(TQ,dz) Ty D S2, do € D} =
= \/{h(Tl,dl) A h(T27d2) Ty D Sl, Ty D SQ, dy € l)7 dy € D} =
=\ {MT,d): T2 8, T28,, de D}y =\/{h(T,d): T 28 US,, de D} =g(S1USZ).

To conclude, define
D' ={g(S)Ad:S eP,\), de D}.

Note that D C D', because g()) = 1. Moreover, 0 ¢ D’ because g(S) Ad > h(S,d) > 0. The
thesis now follows. O

Theorem 2.4.9. There exists a k-good ultrafilter on Coll(Ng, <k).

Proof. By Corollary 2.4.6] we can fix an enumeration
Coll(Ng, <k) = {by : @ < K} .

Let {fo:a <k} be an enumeration of all monotonically decreasing functions f: P,(A) —
Coll(Ng, <k), for A < k. This enumeration has order-type x - x, which means that every such
function is listed x times.

Now, we construct by recursion a sequence (D,, : a < k) of meet-semilattices in Coll(Rg, <x).
These three conditions will be satisfied at each stage o < k:

1. |Dy| < ®

2. If fo: Pu(X) = D,, then there is a multiplicative function g: P, (A) = Dg41 such that
g(S) < f(S) for all S € P,(N).

3. Either ba S DOH—l or _‘ba S Da_;’_l.

Let Dy = {1}. Suppose D, is already defined, and construct D,41 as follows. First, check
whether ran(f,) C D, or not. If not, define D,’ = D,. Otherwise, if f,: Pu(\) = D, then
apply Lemma to construct a meet-semilattice Dy’ O Dy, such that ’Da" < K, and a multi-
plicative function g: P, (\) — D, such that g(S) < f(9) for all S € P,(A\). By Remark
D, is contained in some ultrafilter. It follows that either D,’ U {b,} has the finite intersection
property, or D, U {=b,} has the finite intersection property. Then define

Dat1 =D U{dNbs:de D'}

in the former case, or

Dat1 =Dy U{dA-by:de D'}

in the latter case. Finally, if § is a limit ordinal, define Ds = J, 5 Do. This concludes the
recursive definition.

Let U = U,<,, Da- By , U is an ultrafilter on Coll(Xg, <x). To terminate the proof, we
show that U is k-good. Let A\ < k and let f: P,()\) — U be a monotonically decreasing function.
There exists 8 < k such that ran(f) C Dg, because & is regular. Choose some a > § such that
f = fa; by there exists a multiplicative function g: P,(A\) = Dg41 such that g(S) < f(S)
for all S € P, (N). O



2.5. THE BOOLEAN-VALUED MODEL V® 25

Finally, we are able to use Boolean ultrapowers to construct saturated elementary extensions
of a given structure. Compare this result with Theorem [1.1.29

Corollary 2.4.10. Let M be an L-structure and r an inaccessible cardinal satisfying |L|T+| M| <
k. There exist a complete Boolean algebra B and an ultrafilter U C B such that MB/U is a
saturated structure of cardinality k.

Proof. Take B = Coll(Rp, <k) and let U be any k-good ultrafilter on B. Notice that U is
automatically Ni-incomplete, by Proposition Thus we may apply Theorem to obtain
that MMB /U is k-saturated. To finish the proof, we show that ‘M UB‘ < k. By Theorem m
we have

|MUB‘ =|{r: A— M : ACDB is a maximal antichain}| < ‘U{MA cACB, Al < Ii}’

Since k is inaccessible, we have |M A| < k whenever |A| < k. Hence, we can conclude that
|MB| < k- v<F =k K=k N

2.5 The Boolean-Valued Model V2

We conclude this chapter with some remarks on the B-valued model V. We are not concerned
with giving a complete treatment of the subject. Rather, we focus on a set-theoretic approach
to Boolean ultrapowers, due to Hamkins and Seabold [7].

In this section, fix the signature L = {€}. Unless otherwise specified, B will be a complete
Boolean algebra.

Definition 2.5.1. 7 is a B-name if and only if 7 is a set of pairs of the form (o,b), where o is
a B-name and b € B. The class of B-names is denoted by VE.

Theorem 2.5.2. VB is a full B-valued model for L, if we define by recursion

[reo] = \/ ([T:W]]/\b),

(m,by€c
[r Co] = /\ (‘\[[TFET]]\/[[WEO’]]),
medom(T)

[r=oc]=[rCo]A]oCT].

Moreover, if ¢ is an aziom of ZFC, then [[go]]VB =1.
Proof. See, for example, [10, Chapter 14]. O

Every x € V has its canonical B-name & € VB, defined recursively as # = {(y,1) : y € z}.
Now, for any class M C V, define

MB:{TEVB:\/[[T:jt]]zl}. (2.16)
reM
We regard M® as a B-valued model for L, with [r = ¢] and [r € o] inherited from V®.

Theorem 2.5.3. The B-valued model M® is full.
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Proof. Let A C B be an antichain and {7, : a € A} C M®. Without loss of generality, we may
assume that A is maximal. By fullness of V®, there is 7 € V® such that a < [r = 7,] for all
a € A. Observe that 7 € M®, because for all a € A

\/ [r=2] > \/ (It = malA[1e = £]) = [T = 7] A \/ [ra=2l=[r=1JNl=[r =74 > a,

zeM xeM xeM
hence
ViIF=i>\A=1
zeM
The proof is complete. O

We shall see that every L, ,-formula is preserved between (V, €) and VE. In general, this
will not happen between (V, €) and V.

Proposition 2.5.4. Let ¢(z1,...,2,) be an Ly, ,-formula and aq,...,a, € M. Then

(M, €) £ play,....an) <= [p(d,...,a)]" =1. (2.17)

Proof. We show that (2.17) holds by induction on the complexity of .
If ¢ is an atomic formula, then

(x=y) & [=9¢g]=1 and (z€y) < [reg]=1

are clear from the definition of canonical names. Moreover, the inductive step for — and A is
straightforward.

Suppose (2.17) holds for p(x1,...,z,,y). If
<M7 €> ): HySD(alu ey an7y)>

then there exists b € M such that (M, €) = ¢(a1,...,an,b). By inductive hypothesis, this implies

~ Yii ~ ~ Y
[[go(dl, . ,avn,b)]]M = 1. Since b € M®, we can conclude that [Jyp(ay,... ,avn,y)]]ME
desired. Conversely, assume

=1, as

B

Bye(an, ... an )] =1.

For every 7 € M®, we have

[, )] = Tl s AN [r=0] <\ [o(dn,anb)] ™
beM beM
hence
1= [[Elygo(dl,...,avn,y)]]M]B = \/ [[go(dl,...,avn,T)ﬂMB < \/ [[ap(dl,...,avn,f))ﬂMB.

TEMB beM

Y
As a consequence, there is b € M such that [[ap(dl, ey Op, b)]] > 0. By inductive hypothesis, it

. B
cannot happen that (M, €) = —¢(ay,...,an,b), otherwise we would have [[go(a“l, ety dn, b)]] M
0. Therefore, (M,€) = ¢(a1,...,an,b), which means that (M, €) = Jyp(as,...,an,y), as
desired. 0

Let U C B be an ultrafilter; consider the quotient M® /U. As the next theorem shows, the
canonical B-names provide us with a natural way to elementarily embed M into M®/U.
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Theorem 2.5.5. The map i: x — [¥]; is an elementary embedding of M into M®/U.

Proof. Let o(x1,...,z,) be an L, ,-formula and aq,...,a, € M; suppose that

(M, €) E plar, ... an).

By Proposition we have [p(dy,..., c[n)]]M]B =1, hence [p(dy,... 7([”)]]1\‘4]‘* € U. Now apply
Theorem [2.1.10] to get 3
MEJU = olary, - - [an]p),

which is what we wanted. O

We come to the main theorem, which establishes that the two approaches to the Boolean
ultrapower are equivalent.

Theorem 2.5.6. Let U C B be an ultrafilter. Let j: x — [cs],, be the elementary embedding of
M into M¥E/U, and let i: = = [Z]y; be the elementary embedding of M into M®/U. There is
an isomorphism 7: MY® /U — M® /U making this diagram commute:

MY U — " NBjU

N

Proof. Let A C B be a maximal antichain and f: A — M a function in M VB By fullness of M®,

. - ME
there is 7; € M® such that a < [[Tf = f(a)]] for all a € A.
Suppose W is a refinement of A. Then

M]E
[[Tf = T(fJ,W)]] =1. (218)
Indeed, let w € W and let a € A be the unique element such that w < a. We have

MB

weas[r=s@]" = [rr = L))

M]B

On the other hand, we have by definition w < |[T(NW) =(fl W)(w)]] . It follows that

orB

we [y =] A = Gen@] " < I = ]

)

7B
hence 1 =\ W < [[Tf = T(le)ﬂM . This proves ([2.18)).
Now, we prove that

=g et = [r=7,]" e, (2.19)
[fegd eU < [ryer]™ el (2.20)

Actually, we shall prove (2.19) only, because the proof of (2.20) is quite similar. Choose a
common refinement W of dom(f) and dom(g), and suppose that

[ =gl™ =\ {weW: (fIW)(w) = (g4 W)(w)} € T.
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If w € W is such that (f | W)(w) = (g4 W)(w), then, using (2.18)),

. MB B M]B MB - B
WS [[vav) = (f¢W)(w)]] /\[[T(QLW) = (giW)(w)]] < [rpwy = rwn] ™ =lrr =7l""

and we obtain [r; = Tg]]ME € U. Conversely, assume [7; = Tg]}MB € U. If w € W is such that
(fIW)(w) # (g W)(w) then, by a similar argument,
w<lry £l ¢ U

and it is easy to conclude.
We can now define the map

m: MYBJU — MB/U
[ﬂU — [Tf]U

By (2.19) and (2.20), 7 is an embedding. We show that 7 is surjective, hence an isomorphism.

Let 7 € M®. The set -
A:{[[ngzﬂM :xeM}\{O}

is easily seen to be a maximal antichain in B. Then, the function

f:A— M

B
[[T:f]]M — T

satisfies w([f],,) = [7]y-

Finally, we show that 7 o j = 4. For each € M we have [, = j]]M

B
=1, therefore

(i) = 7([ealy) = [re. ]y = [Ey = i(2).

This concludes the proof. O

Forcing

Forcing is one of the central themes in modern set theory. It would not be convenient to give
here a full treatment of this subject. However, we state the main results just to have a reference
for the next sections. The reader can find a good introduction in Kunen [14], and an all-purpose
reference is Jech [10].

Definition 2.5.7. Let M be a transitive model of ZFC, and (P, <) € M a partially ordered set.
A filter G C P is M-generic if for all D C P, if D is dense in P and D € M, then G N D # (.

Let M be a transitive model of ZFC, and (P, <) € M a partially ordered set. Theorem m
is true in M, consequently M believes that there is a complete Boolean algebra RO(P)M which
is the regular open algebra of P, together with the map

e: P — RO(P)M\ {0}.
Note that RO(P)™ need not be a complete Boolean algebra. We only know that

(M,€) =“RO(P)M is a complete Boolean algebra”
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We may form the class of RO(P)M-names for M, denoted by MRO() More explicitly,
MROWP) — {reM:(Me)E“risa RO(P)Mname"}.
Then, if G C P is an M-generic filter and 7 € MO we define
val(r, G) = {val(o, G) : there exist p € G and b € B such that e(p) < b and (0,b) € 7},
and
MI[G] = {Val(’r, G):Te MRO<P>} :

Theorem 2.5.8. Let M be a transitive model of ZFC, (P, <) € M a partially ordered set and
G C P an M-generic filter. The generic extension M |G| has the following properties:

1. M[G] is a transitive model of ZFC.

2. M C M[G] and G € M[G].

3. M and M|G] have the same ordinals.

4. If N is a transitive model of ZF such that M C N and G € N, then M[G] C N.

Definition 2.5.9. The P-forcing language is the signature of set theory with elements of MRO(P)

added as constant symbols. Let ¢(71,...,7,) be a sentence in the P-forcing language and p € P;
we define the forcing relation:

MROP)
plF @(Tlv"'an) — e(p)g H@(Tlv"'an)H .

Theorem 2.5.10. Let M be a transitive model of ZFC, (P, <) € M a partially ordered set and
o(71,...,Tn) a sentence in the P-forcing language. For every M-generic filter G C P, we have

(M[G], €) E e(val(r1,G),...,val(r,, G)) <= there is p € G such that p Ik o(71,...,7).
The basic properties of the forcing relation can be summarized in the following theorem.

Theorem 2.5.11. Let M be a transitive model of ZFC, and (P, <) € M a partially ordered set.
Then:

o pl- =@ if and only if there is no ¢ < p such that q IF .

e plk(pAY) if and only if plk- ¢ and p I+ .

e pl- 3z if and only if for all ¢ < p there exist r < q and 7 € MROWP) such that r I ¢(T).
We conclude this brief treatment of forcing with a practical result; we shall use it soon.

Theorem 2.5.12. Let k be a regular cardinal. If (P, <) satisfies the <k-chain condition, then
forcing with (P, <) preserves the reqularity of k.

Proof. Let A < k. We have to prove that for every name f € VRO(P) and for every p € P,
if pl- fis a function from A to %, then pl- f is bounded. (2.21)
For all @ < A define
B, = {/3’ < K : there is gg < p such that gg IF f(d) = B}

Clearly, the set A, = {gg: 8 € B,} is an antichain, hence |B,| = |As] < & for all @ < A. It
follows from the regularity of s that |J,., Ba is bounded by a v < k. Then for all o < A,

p Ik f(&) < 4, establishing (2.21). 0
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The Boolean Ultrapower of H, and Absoluteness

We finish this chapter with an application of what we have done up to this time. This subsection
also provides a bridge towards the next Chapter [3]

First of all, we fix some standard notation. Let trcl(z) denote the transitive closure of x; it
is the smallest transitive set containing x. For every infinite cardinal , let

H,, = {x: |trcl(z)| < K}.
We start with a basic result.
Proposition 2.5.13. For every infinite cardinal k, H, is a transitive set of cardinality 2<%.

Proof. We prove that H, C V,; in particular, this will establish that H, is a set. Let z € H,.
For every a < rank(z), there is some y € trcl(z) such that rank(y) = « (this is easily proved
by induction). Conversely, if y € trcl(z) then rank(y) < rank(trcl(z)) = rank(z). Thus we have
proved that

rank(z) = {rank(y) : y € trcl(z)},

whence rank(z) < [trcl(z)| < x and so « € V,,. The transitivity of H,, is immediate from the
definitions.

We now prove that |H,| = 2<%. The inequality |H,| > 2<% is easy, because for every cardinal
A < k we have P(\) C H,. To prove that |H,| < 2<%, define a function

fiH, — [JPOAxN

ALK

as follows: if x € Hy, let A = |trcl(x) U {z}| < &, and choose a binary relation f(z) C A x A such
that (A, f(z)) = (trcl(x) U {z}, €). A well known result is that for all sets z,y

(trel(z) U{z}, €) = (trel(y) U {y}, €) = z=uy; (2.22)

we just sketch how to prove it (see |14, Chapter I] for further details). If 7 is an isomorphism
between the two structures in , then 7 necessarily coincides with the Mostowski collapsing
function, whose restriction to transitive sets is the identity. It follows that trcl(z) U {z} =
trel(y) U{y}, hence z = y. From 7 we obtain that the function f is injective, and the proof
is complete. O

Definition 2.5.14. Let s be an infinite cardinal and B a complete Boolean algebra. We define
HY = {7 e VE®: [Jtrel(r)| < #] = 1} .

To be specific, HXB is the relativization of H, to V.

For the next remark, remember that an L, .-formula is Ag if all its quantifiers are bounded,
that is of the form Jz((x € y) A ) and Vz((z € y) — ¢). Let us recall in passing that Ay
formulas are absolute for transitive models of ZF. We recall also that a formula is >4 if it is of
the form Jzy, where ¢ is Ag.

Remark 2.5.15. Let p(z1,...,2y) be a Ag Ly, ,-formula and ay,...,a, € H,. Then
V]B
<HH3 €> ': (,0((11, tey an) — [[90(0717 s 7CLVTL)HHFv =1

This is just the Boolean-valued version of absoluteness of Ay formulas: the proof is an easy
exercise.
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Proposition 2.5.16. Let x be inaccessible and B = Coll(Rg, <k). Then [[HV[B =H.N V]B]] =1.

K

Proof. Tt follows directly from the definitions that
[[HXB > H, mvB]] =1

actually, this is true for any complete Boolean algebra B and any cardinal .

We prove that the converse inclusion has Boolean value 1 as well. Let 7 € HY *. We have
seen in the proof of Proposition that 7 can be “coded” as a name for an element of 2<%,
Combining Theorem with Theorem we see that Coll(Rg, <x) preserves the regularity
of k. As a consequence, 7 can ultimately be coded as f: k — 2, a name for the characteristic
function of a bounded subset of x. More explicitly, f satisfies

[[Ha(oz <rAfI{1}] C a)]] =1.

We show that for every p € B there are ¢ < p and § € H,. N V® such that ¢ I- f = ¢g. This will
prove the proposition (applying Theorem [2.5.11)). We define

D= {p € B : there is o < & such that p - f71[{1}] C a}
and, for all £ < k,
E: = {p € B : there is i € 2 such that p - f(£) = z} .

Note that, if p I f~'[{1}] C a, then p € Nesa Ee. It is plain that D and the sets E¢ are
open and dense. Therefore, for every £ < x, we can construct a maximal antichain A C E. N D.
Now fix p € B; choose ¢ < p such that ¢ € D, and let a < k such that ¢ I+ f’l[{l}] C a. Define
for all ¢ < «

Be = {r € A¢ : r and ¢ are compatible} .

By <k-chain condition, we have |B¢| < & for all £ < a. Finally, let

g= {<<g,z‘>,r> .7 € Be and - f(€) :i}.

Since Coll(Xg, <k) C Hy;, and |Be| < & for all £ < «, we have § € H,,. Moreover, by construction
we have ¢ IF f = g, as desired. 0

Theorem 2.5.17. Let k be inaccessible, B = Coll(Rg, <k), and U C B a k-good ultrafilter. Then
ﬁg’l/U and H}‘{lB/U are both saturated structures of cardinality k.

Proof. From the results of Section we already know that the Boolean ultrapower Hgl JU is
a saturated structure of cardinality k.

On the other hand, Theorem implies that HXI ]B/ U is k-saturated. Moreover, Proposi-
tion [2.5.16] and the inaccessibility of x imply that

’H}{“/U’ < ‘HXB/U‘ < |H,| = 2% = &,

concluding the proof. O
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If H’gl/ U and H}‘(l B/ U were elementarily equivalent, then by means of Theorem |1.1.30 we
could prove that they are isomorphic. The next theorem will provide a first, partial answer.
Note that Theorem [2.5.18]is a direct consequence of Cohen’s forcing theorem.

Theorem 2.5.18 (Cohen’s Absoluteness). Let o(x,y) be a Ay Ly, o-formula, and let v C w.
Then the following are equivalent:

o (Hy,,€) |= Jrp(z,r).

V]E

o There is a complete Boolean algebra B such that [Fxe(z,7)]" > 0.

Proof. Suppose that
(Hy,, €) | Jrp(z,7).

By absoluteness of Aq formulas, this implies (V, €) = Jrp(z,r). Now it suffices to take the
complete Boolean algebra 2 = {0,1} to have

ATV?2
[Bxp(z,7)]" =1>0.
Conversely, suppose there is a complete Boolean algebra B such that
[Bro(z, f)]]VB > 0.

B
Let A be an inaccessible cardinal such that B € H, and [[chp(x,f)]]HX > 0. Recall that, in

this case, (H)y, €) is a model of ZFC. Use Theorem [1.1.19| to produce a countable elementary

substructure
<M, €> = <H)\, €>

such that B € M and r € M. Let
T M — N

be the transitive collapse of (M, €) (Mostowski [18]). Notice that 7(r) = r, because r C w and
the restriction of 7 to any transitive subset of M is the identity. If we define C = w(B), then

(N,€) =“C is a complete Boolean algebra”, and [Jz¢(z, f)]]Nv > 0.
Take an N-generic filter G C C such that [Jzp(z, f)ﬂNC € G (use Lemma. Then
(NG, €) = Fwep(z,r),
which means that there is a € N[G] such that (N[G], €) = ¢(a,r). Since N[G] is countable and

transitive, N[G] € Hy,, hence a € Hy,. Since ¢(z,y) is Ag, we obtain (Hy,, €) E ¢(a,r) and
finally

(Hy,,€) = Jzp(z,r). O

Corollary 2.5.19. Let k be inaccessible, B = Coll(Rg, <k), and U C B a k-good ultrafilter. Let
p(x) be a Ag Ly, -formula. Then

(H JU,€) | Tzp(z) < <H¥1]3/U, €) = Jzp(x).
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Proof. Suppose that }
(Hy, /U, €) | Frp(x);

since Hy, and HY /U are elementarily equivalent (see Theorem [2.5.5), also (Hy,, €) = Jwp(x).
This means that there is a € Hy, such that (Hy,, €) E ¢(a). By the Boolean-valued version of

B
absoluteness of A( formulas, Remark [2.5.15] we have [[go(d)]]HXI = 1. Hence

Bre@)]™ > [p@]™ =1eU

and the thesis follows from Theorem 2.1.10
Conversely, suppose that

(HY /U, €) = Fwp(a).

B
From Theorem [2.1.10| again we have [Eazgo(a:)]]H“*/l € U. In particular, this Boolean value is not
0, and a fortiori

B
Bre@)]"” 2 [Frp@) ™ >o.
We apply Theorem [2.5.18| to get (Hy,, €) E Jzp(x), hence
(Hy, /U, €) | Jzp(x). O

Corollary [2.5.19| means that ]’V{E‘l/U and H}YF/U satisfy the same ¥; sentences. If we are
willing to assume large cardinals, a deep result of Woodin entails that not only Hgl/ U and

HXI [B/ U satisfy the same ¥; sentences, but also they are elementarily equivalent.

Definition 2.5.20. « is a Woodin cardinal if for every function f: k — k there exists § < &
such that f[6] C 0 and an elementary embedding j: V' — M with crit(j) = ¢ and Vj(sy5) € M.

Theorem 2.5.21 (Woodin’s Absoluteness [15]). Suppose there is a proper class of Woodin car-
dinals. Let ¢(x) be an Ly, -formula, and let r C w. Then the following are equivalent:

o (Hy,,€) |=o(r).

B
e There is a complete Boolean algebra B such that [[gp(f)]]HXI > 0.

Corollary 2.5.22. Let x be inaccessible, B = Coll(Ng, <k), and U C B a k-good ultrafilter.
Suppose there is a proper class of Woodin cardinals. Then HEI/U and HXIB/U are isomorphic.

Proof. Combining Theorem [1.1.30] and Theorem [2.5.17] it suffices to prove that Hgl/ U and

H}Yl lB/ U are elementarily equivalent.

B
Let ¢ be an L, ,-sentence. If <H}‘{1[B‘§/U7 €> = ¢, then [[cp]]H¥1 € U. In particular, this Boolean
value is not 0. Then we apply Theorem [2.5.21|to get (Hy,, €) k= ¢, hence (H} /U, €) k= .

Conversely, if <H¥1B/U, €) = —p, then the same argument establishes that <ﬁgl/U, €) = o
Thus, the two structures are elementarily equivalent 0






Chapter 3

Forcing Axioms

3.1 Bounded Forcing Axioms

The last section of the previous chapter has given us a first glimpse of absoluteness results. In
this section we shall elaborate on this idea. The connection with forcing axioms is given by the
crucial Theorem [3.1.3

From now on, L will always denote the signature of set theory.

Definition 3.1.1 (Goldstern and Shelah [6]). Let I be a class of partially ordered sets and
k a cardinal number. The bounded forcing axiom BFA,(I") is the following sentence: for all
(P, <y e, if {4, : a <k} CPRO(P)) is a family of maximal antichains in RO(P) such that
|As| < & for all a < &, then there exists a filter G on RO(P) such that GN A, # 0 for all a < k.

Proposition 3.1.2. Let I' be a class of partially ordered sets and k a cardinal number. Then
FA.(T') implies BFA,(T).

Proof. Let (P, <) €T', and {A, : « < K} C P(RO(P)) a family of maximal antichains in RO(P)
such that |A,| < k for all @ < k. For every a < k, define

D, = {d € P : there exists a € A, such that e(d) <a}.

We show that every D, is dense in P. Let o < k and p € P; since A, is a maximal antichain,
we can find some a € A such that e(p) A a > 0. Since ¢[P] is dense in RO(P) \ {0}, there is
d € P such that e(d) < e(p) A a. Hence, d < p and d € D,, as desired. By FA,(T"), there is a
filter F' on P such that F N D, # () for all @ < k. Then

G = {b € RO(P) : there exists p € F such that e(p) < b}

is clearly a filter on RO(P) such that G N A, # 0 for all « < k. O

Theorem 3.1.3 (Bagaria |1|; Stavi and Vaénénen [19]). Let I' be a class of partially ordered
sets and k a cardinal number such that cf(k) > w. Then BFA,(T") is equivalent to the following
sentence: for every (P, <) € I, every Ay Ly, -formula ¢(z,y) and every r C K, we have

YRO(P)

(He+,€) E Jzp(z,r) <= [Fzp(z,7)] =1. (3.1)

35
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Proof. Assume that BFA,(T) holds. Let (P, <) € T'; define B = RO(P). Let o(x,y) be a Ag
formula and r C k; we prove that is true. The “=" implication is immediate and does
not need BFA,(I'): it suffices to adapt the first part of the proof of Corollary

To prove the “<=" implication, let us assume that

[Bzp(z, f)]]VB =1

Let G C P be a generic filter, and let A > x be an inaccessible cardinal such that P € Hy and
H,[G] = 3zp(x,r). Use Theorem [1.1.19[ to produce an elementary substructure

(M',€) = (HA[G], €)
such that |[M'| = k and kU {r} C M’. Let
T M — M

be the transitive collapse of (M’, €) (Mostowski [18]). Notice that 7(r) = r, because r C k and
the restriction of 7 to any transitive subset of M’ is the identity. Since

(M, €) = ap(z,r),

we can find a € M such that (M, €) & ¢(a,r).

Define N = (k + &) U {r} and choose a binary relation £ C N x N, such that (M, €) and
(N, E) are isomorphic via an isomorphism f: M — N whose restriction to kU{r} is the identity.
The relation E is well founded on N, and we may consider its rank function. More specifically,
for all « € (k + k) \ K we define recursively the restricted rank function p, as follows: for every
K<z <a,

pPa(x) =sup{pa(y)+1:k <y <aand (y,z) € E}.

Let 9N be a name for (N, E) and ¢ a name for f(a), so that [[‘ﬁ = o(o, 7‘)]] = 1. Furthermore,

let £/ be a name for E and, for all & € (k4 ) \ &, let p, be a name for p,.
Now, let

T={z:xeN}U{oh
for every Ag formula 6(x1,...,x,) and every 71,...,7, € T we construct a maximal antichain

Ag(ry,...0n) C B such that |Ag(,, .| < k. The purpose of Ag(,,, . -.) is to decide N E
O(r1,...,7n). Here is the definition: if §(x1,...,z,) is quantifier-free, let

Agtrr,my = { [0 m)] [T 00

If O(xy,...,2,) is the formula 3z ((zo € 21) AP (20,71, ...,,)), we define Ag(,, . 7. to be any
maximal antichain A C B such that

o |A4| < k.

e For all a € A, either a < [[‘ﬁ)z@(ﬁ,...,m)]] ora< [[‘j?lz-ﬁ(n,...,m)]].

e Foralla € A,ifa < [[‘ﬁ Eo0(m,... ,Tn)]l then there is 7y € T such that a < [¢(70, 71, .., 7Tn)]-
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Similarly, for all @ € (k + &) \ k and every k < 8 < «, let A, g be a maximal antichain, with
| A, < K, deciding the value of p,,(3).

Finally, let A, C {[o = ] : ¢ € N} be a maximal antichain.

As a consequence of BFA, (T"), there is a filter F' on B such that F' has non-empty intersection
with every Ag(r,,. 7., every A, g, and with A,. For every x € N, define #F = 2. Let o be
the unique x € N such that [o = &] € F. Thus, for every 7 € T we have defined 7 € N. Now
we define a binary relation B C N x N in this way:

EF = {<7’f,72F> :71,72 €T and [[(7'1,7'2> € EH € F}
This means that, for all 7,7 € T,
(NENY E (i e 1) = [[‘)'ﬂ:(ﬁem)]] e L. (3.2)

Actually, an easy induction on the complexity of formulas shows that (3.2) is true not only
for atomic formulas, but also for arbitrary Ay formulas. In other words, for every Ag formula
0(x1,...,x,) and every 71,...,7, € T we have

(NJEFYEO(rf,... 7)) = [[‘ﬁ}z&(ﬁ,...,m)]] €F;

in particular, we conclude that <N, EF> E ga(UF,r).

Now, we would like to apply Mostowski’s collapsing function to the structure <N JEF >, but
first we have to show that the relation E¥ is extensional and well founded on N. E¥ is extensional
simply because Vz(z € © — 2z € y) AVw(w € y — w € z) is Ay. Moreover, suppose by
contradiction that ET is not well founded on N. Clearly, EF cannot be ill-founded on x U {A},
because on this subset EF coincides with the well founded relation €. Then, also using the fact
that cf(k) > w, there must be some a € (k + k) \ & such that E¥ is ill-founded on the interval
[k, a]. But, using the fact that F'N A, g for all kK < 8 < a, we have a rank function

pE =1{(B,7) : k < B < aand [pu(8) =] € F}

witnessing the well-foundedness of E¥ on [k, a], a contradiction.
That said, let
7 N — N’
be the transitive collapse of (N, EF> Hence, (N', €) = o(7' (o), 7). Since ¢(z,y) is Ag and
o (UF) € H,+, we obtain that (H.+,€) E (p(w' (UF)77") and, finally,

(Heo+, €) = Jxp(x,r).

This concludes the first part of the proof.

Conversely, assume that holds; we show that BFA,(T) is true. Let (P, <) € T'; define
B = RO(P). Let {4, : a < k} € P(B) be a family of maximal antichains in B such that |A,| < &
for all o < k.

Consider the structure <IB, §B>, where <P is the usual partial order relation on B. We use
Theorem again to produce an elementary substructure

(C,<%) = (B,<P)

such that |C| = s and |J, ., Ao € C. Note that the relation of incompatibility is preserved; in
particular, every A, is still a maximal antichain in C. Now, choose a binary relation <" C k X K
such that <(C, §C> and <n, §“> are isomorphic, via an isomorphism f: C — k.
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If G C P is a V-generic filter, then we have
V|G] [ “there exists a filter F' on k such that F'N f[A,] # 0 for all o < k7. (3.3)

It is easy to see that we can translate “there exists a filter F' on k” as

AF@(F, k, <"),
where ¢ is an appropriate Ay formula with parameters x and <*. Also, if we define

r={{a,f) €k xK:P € flA.]},
then we can translate “F N f[A,] # 0 for all @ < K7 as
Va € k(36 € F({a, B) €1)).

Again, this is a Ag formula with parameter r. Both <* and r belong to H,+; as already observed,
they can be coded as elements of P(x). Note that the coding function is ¥;-definable.

In conclusion, the right-hand side of is equivalent to a ¥; formula with parameters in
P(r). Thus, by (3.1), it is true in V. Hence, f~*[F] is a filter on C such that f~'[F] N A, # 0
for all & < k. Finally,

F" = {b € B : there exists ¢ € f~'[F] such that ¢ < b}

is a filter on B such that F' N A, # 0 for all a < . O

3.2 Some Remarks on the Axiom of Choice

In this section, we shall present the axiom of choice as a global forcing axiom; this idea appears
in Todor¢evié |21]. A fundamental reference for anything related to the axiom of choice is Jech
[11].

Definition 3.2.1. The Axiom of Choice AC is the following sentence: for every set S such that
() ¢ S, there is a function f on S such that f(Y) €Y forall Y € S.

Definition 3.2.2. Let  be an infinite cardinal. The principle of Dependent Choices DCy, is the
following sentence: for every non-empty set X and every function F: X<* — P(X)\ {0}, there
exists g: k — X such that g(a) € F(g | ) for all a < k.

Theorem 3.2.3 (Lévy [16]). AC is equivalent to Yk DC,; modulo ZF.

Proof. Assume AC. Let % be an infinite cardinal, X a non-empty set and F': X <% — P(X)\ {0}.
By AC, there is a function f on P(X)\ {0} such that F(Y) € Y for all Y € P(X)\ {0}. We can
define g: kK — X by recursion: for all a < &, let g(a) = f(F(g | @)).

We turn to the converse implication. The first step is to prove that DC, implies that, for all
X, either | X| <k or |X| > k. Suppose |X| £ £; we can define

F: X<" — P(X)\ {0}
s+ X \ran(f)

Apply DC,; to obtain a function g: K — X such that g(a) € X \ ran(g | @). This means that ¢
is injective, and k < | X/, as desired.



3.2. SOME REMARKS ON THE AXIOM OF CHOICE 39

Now assume Vx DC,. Then the following must be true:
for every x and for every X, either |X| < k or |X| > k. (3.4)

It easy to see that (3.4) implies that every set can be well ordered, hence AC: for every set
X, consider its Hartogs number h(X). A classic result (Hartogs [8]) is that h(X) is a cardinal
number and A(X) £ |X|. Thus | X| < h(X), and X can be well ordered. O

Let T',; be the class of all <k-closed partially ordered sets.

Theorem 3.2.4. Let k£ be an infinite cardinal. Then DC, is equivalent to FA,(T) modulo the
theory ZF + V(X < k — DC,).

Proof. Assume DC,;; we prove (in ZF) that FA, (') holds. Let (P, <) be a <x-closed partially
ordered set, and {D, : @ < k} C P(P) a family of dense subsets. We want to define a function
F: P<® — P(P)\ {0}. Let @ < k and (pg : B < a) € P<". If {ps : B < a} is not a chain, for
completeness define F'((pg : § < a)) arbitrarily (e.g. = P). Otherwise, if {pg : 8 < a} is a chain,
let

F((pg:B<a))={de€ D, :d<pgforall §<a},

which is non-empty because (P, <) is <k-closed and D,, is dense. By DC,;, we find g: Kk — P
such that g(a) € F(g | ) for all & < k. This means that g(a) € D, and g(a) < g(5) for all
b < a < K, as can be easily proved by induction. Then

G = {p € P : there exists a < k such that g(«) < p}

is a filter on P, such that G N D, # 0 for all o < k.

Conversely, assume FA,(T;) and VA(A < k — DC,); we prove (in ZF) that DC, holds. We
distinguish two cases, according to whether & is regular or singular.

Suppose k is regular. Let X be a non-empty set and F: X<* — P(X) \ {0}. Define the
partially ordered set

P={se X<":forall a €dom(s), s(a) € F(s|a)},

with ¢ < tif and only if ¢t C s. Let A <k and let s9 > sy > -+ > 8, > ..., for a < A, be a
chain in P. Then (J,_, sa is clearly a lower bound for the chain. Since & is regular, we have
Ua<r Sa € P and so P is <#-closed. For every o < &, define

D,={s€P:acdom(s)},

and note that D,, is dense in P. Using FA,(T',;), there exists a filter G C P such that GN D, #
for all @ < k. Then g = |JG is a function g: K — X such that g(a) € F(g | «) for all a < &.
Note that, in this case, we did not use the assumption VA(A < k — DC,).

Suppose « is singular. This means that there is an increasing sequence (¢ : { < cf(x)) such
that k = sup {a¢ : £ < cf(k)}. Let X be a non-empty set and F': X<* — P(X) \ {0}. Define

T = U XO¢,

£<cf(k)

For every t € T<¢f(%) let s, € X<* denote the sequence obtained by concatenation of the values
of t, that is s; = t(0)" (1) .... Define a function G: T< () — P(T)\ {0} as follows: if t € T¢,
then

G(t)={z€ X 12, € F(s;" (z1n)) for all n < a¢}.
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Observe that G(t) is always non-empty, because DCy holds for all A < k. Now, by DCe(,)
applied to G, there is a function f: cf(k) — T such that f(§) € G(f &) for all £ < cf(x). More
explicitly, f(£) is a sequence with the property that

f(€)n € F(spre™ (f(§) I'm)) for all n < a. (3.5)

Finally, let g be the concatenation of the sequences f(€), for £ < cf(k). Then g: Kk — X and,
by (3.5), g(a) € F(g | ) for all & < k. Note that, in this case, we did not use the assumption
FAL(Ty). O

Combining Theorem [3.2.3] and Theorem [3.2.4] we obtain this interesting result.
Corollary 3.2.5 (Todor¢evic¢). AC is equivalent to ¥k FA, (L) modulo ZF.

3.3 Measurability and Large Cardinals

We conclude with some brief remarks on large cardinals. A comprehensive reference on this vast
subject is |12].

Definition 3.3.1. Let x be a cardinal number. We say that x is measurable if Kk > Ny and there
is a k-complete nonprincipal ultrafilter on P(k).

In the definition of BFA,(T'), if we drop the condition that every maximal antichain must be
of size < k, we obtain FA,(T"). On the other hand, if we drop the condition that the family of
maximal antichains must be of size < x, we obtain essentially the notion of measurability:

Proposition 3.3.2. Let k > Xy be a cardinal number. The following are equivalent:
1. k is measurable.

2. If {A; i € It CP(P(k)) is a family of mazimal antichains in P(k) such that |A;| < K for
all i € I, then there exists a nonprincipal ultrafilter G on P(k) such that GN A; # 0 for
every it € 1.

Proof. Before proving the proposition, we remark that a maximal antichain in P (k) is simply a
partition of k.

Suppose « is measurable; let {A; : i € I} C P(P(x)) be a family of maximal antichains such
that |A;] < k for all ¢ € I. Let U C P(k) be a k-complete nonprincipal ultrafilter on P(k);
we show that U N A; # 0 for all i € I. Assume by contradiction that there is 4 € I such that
UNA; =0. Since U is an ultrafilter, we have x \ a € U for all a € A;. By s-completeness of U,

we obtain
() (x\a) € U;
a€A;
but this is impossible, for
ﬂ (k\ a) :ISJ\UAZ' =r\k=0.
a€cA;

Conversely, suppose (2)) is true. We apply to the family of all maximal antichains A
in P(k) such that |A| < &k, and we find a nonprincipal ultrafilter U on P(x) having nonempty
intersection with every such antichain. We show that U is k-complete. Assume by contradiction
that there exist A < x and {b, : @« < A} C U such that (), ba ¢ U. Define, for every a < A,

ao = (K\ ag) N ﬂ ag.

B<a
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Observe that k can be partitioned as

K= UaaU ﬂba,

a<A a<A

therefore some set in this partition must belong to U. Since (., ba ¢ U we conclude that there
exists a < X such that a, € U. This implies ) = a, N b, € U, a contradiction. O

The concept of measurability can be further generalized in at least two natural directions.
Perhaps the first that comes to mind is the following:

Definition 3.3.3. Let x be a cardinal number. We say that x is strongly compact if Kk > Ng
and, for all sets X, every x-complete filter on P(X) can be extended to a k-complete ultrafilter
on P(X).

Remark 3.3.4. Every strongly compact cardinal is measurable, for any ultrafilter U on P(k)
extending the filter
{X Ck:|r\X| <k}

is necessarily nonprincipal.

On the other hand, let us consider this theorem:

Theorem 3.3.5 (Keisler and Tarski [13]). Let  be a cardinal number. The following are equi-
valent:

1. k is measurable.
2. There is an elementary embedding j: V — M such that crit(j) = k and M* C M.
Theorem [3.3.5] suggests another natural generalization of measurability:

Definition 3.3.6. Let x < A be cardinal numbers. We say that x is A-supercompact if there is
an elementary embedding j: V — M such that:

e crit(j) = kK,
. (k) > A,
e M*C M.
Furthermore, we say that k is supercompact if k is A-supercompact for every \ > k.

The relation between forcing, elementary embeddings and large cardinals is one of the central
themes in set theory; for example, see [5|. The considerations presented in this section are to be
intended as a brief survey, because a deeper analysis would constitute an entire new work.
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