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1. Overview

We will prove consistency and independence results. These are theorems which assert that within some given
axiomatic system, some given proposition cannot be disproven or can be neither proven nor disproven.

Example: the parallel postulate in Euclidean geometry states:

Given a line and 2 point not on the line, only one line can be drawn through the point parallel to
the line.

This statement is independent of the other four axioms:

1. A straight line can be drawn between any two points.

2. A finite line can be extended infinitely in both directions.
3. A circle can be drawn with any center and any radius.

4, All right angles are equal to each other.

How do we know this? The parallel postulate is consistent with the other four axioms because all five
statements hold in the stendard Euclidean plane. Its negation is consistent with the other four axdoms
because the sphere model {“point” is a point on the sphere, “line” is a great circle) satisfies the first four
Euclidean axioms, but does not satisfy the parallel postulate. Thus, the parallel postulate is independent of
the other axioms. (Another model where the parallel postulate fails is the Poincaré disk.)

“Lines” in the Poincaré disk

Do the sphere and disk models really satisfy the first four Euclidean axioms? This is not perfectly clear
because of the informal manner in which we stated the axioms. There seem to be some guestions of inter-
pretation, especially in the case of the sphere model. This illustrates the need to have a formal language in
which our axioms can in principle be rigorously expressed.

Peano arithmetic is a good example of a rigorous, formal axiomatic system. We have an infinite list of
variables x,y,...; a constant symbol 0; symbols for addition, multiplication, and successor (+,+ '); and
parentheses. A term is any grammatical expression built up from these components. An atomic formula is
a statement of the form #; = f» where #; and ¢; are terms. A formula is any statement built up from atomic
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formulas using the logical symbaols — (implies), — (not), and V (for all). (All of the other logical symbols
can be defined in terms of these.)

The axioms of Peano arithmetic (PA) consist of the logical axioms:

¢ — (¥ — o)

[¢ — (¥ —w)] = [(¢ — ¥} — (¢ — w)]

(=1 — =g} = {(-th — §) — 4]

(Vz)e(z) — ¢(2)

(Vz) (¢ — ) — [ — (Vz)y]
and the non-logical axioms:

(z=y)—llz=2)— (y=2z)]

(.’-L' — .y) — ml — yl'

(0 =12)

(@' =y)~(z=y)

z4+0=zx

z+y =(@+y)

z-0=0

- (y)=(z-9)+

B(0) — [(Ve){d(z) — ¢(z")) — (Vz)d(z)].
These axioms are presented schematically, meaning that ¢, ¢, and w stand for any formulas, z, y, and z can
be replaced by any variables, and ¢ stands for any term. (There are some minor syntectic restrictions on z
and % in the last two logical axioms.) In other words there are actually infinitely many axioms, each one of
which fits one of the formats given above.

The formal system is completed by specifying two rules of inference:

from ¢ and ¢ — 1, infer ¢

from ¢, infer (Vz)@
which are also presented schematically. A theorem of PA is any formula which is either an axiom or follows
from other thecrems by a rule of inference.

Peano arithmetic attains a perfect depree of formality. It would not be difficult to write & computer program

which would mechanically list all theorems of the system. The question of whether some statement is or is
not a theorem is completely precise and might even be characterized as a combinatorial question.

In the twentieth century mathematicians decided that set theory is the fundamental subject in terms of
which all ordinary mathematics should in principle be interpreted. [Editorial comment: This may have
been a mistake. Philosophically, the concept of a set was never very convincing and seemed to arise out of
elementary prammatical confusions. (Halmos: “A pack of wolves, a bunch of grapes, or a flock of pigeons are
all examples of sets of things.” Black: “It ought then to make sense, at least sometimes, to speak of being
pursued by a set, or eating a set, or putting a set to flight.”) Moreover, proof theorists now know that all
or virtually all mainstream mathematics can be formalized in essentially number-theoretic systems that are
metaphysically unexceptionable. However, even if set theory does not really belong in the foundational role
in which it is currently cast, it is still a beautiful and fascinating subject worthy of study in its own right.]

The formal language of set theory is even simpler than the language of Peano arithmetic. The only atomic
formulas are z € y and z =y (for any variables = and y). Arbitrary formulas are built up from the atomic
ones using, say, the symbols —, -, and V just as in Peano arithmetic. The rules of inference and the logical
axioms are also the same as those of PA, except that now variables are the only terms. The standard non-
logical axioms of set; theory — the Zermelo-Fraenkel axioms including the axiom of cheice {ZFC) — are naot
quite so neat, however. Several of them become fairly unreadable when expressed formally. We will state
them informally, but it should be clear that formalizing them would be routine.



Zermelo-Fraenkel axioms

1. Iixtensionality. For all z and ¥, & = y if and only if they have the same elements.

2. Pairing. For all z and y there exists a set {z,y} whose elements are exactly = and 3.

3. Separation scheme. For sll x there exists & set {u €  : ¢(u)} whose elements are exactly those
sets in z which satisfy ¢. (One axiom for each formula ¢.)

4. Union. For all £ there exists a set y = J . 4, the union of all u & .

5. Power set. For all x there exists a set y = P(z), the set of all subsets of z.

6. Infinity. There exists an infinite set.

7. Replacement scheme. If for every u there is at most one v such that ¢(u,v), then for every =
there exists a set y whose elements are exactly those v such that ¢(u,v) for some u € z. (One
axiom for each formule ¢.)

8. Foundation. Every nonempty set has an €-minimal element.

9. Choice. Every set of nonempty sets has a choice function.

‘We also need an axiom about equality which states that for all z, ¥, and z, ifr =y and z € z then y € 2.

(Technical point: in separation and replacement the formula ¢ could have free variables other than those
indicated. If ¢ has other free variables z1,..., 2, then the axioms should be understood as asserting that
for all z,...,2, the stated assertion holds.)

QOur goal is to prove that various statements are consistent with or independent of ZFC. The example of the
parallel postulate mentioned above illustrates the basic idea: models. We want to show that the continuum
hypothesis (CH) is consistent with ZFC by constructing a model of ZFC + CH — a structure in which both
the ZFC axioms and the continuum hypothesis hold — and that it is independent of ZFC by also constructing
a model of ZFC + ~ CH. This is exactly how we show that the parallel postulate and its negation are both
consistent with the other Buclidean axioms. The obvious problem in the case of set theory is that it is not
clear that there are any models of ZFC at all. We get around this difficulty by assuming that ZFC has
models. We then use the technique of forcing to convert a given model of ZFC into a model of ZFC plus
some other statement ¢. The resulf is & theorem which states “if ZFC is consistent, then so is ZFC + ¢.”
We say that ¢ is relatively consistent with ZFC,

so are we reasoning in ZFC the whole time? Is it legitimate to reason about the existence of models
of ZFC within ZFC? If we are working in ZFC, then aren’t we taking the consistency of ZFC as given?
There are various ways of answering these concerns. We will use the following device. We define a new
formal system ZFC* which is, roughly, ZIFC augmented by the assumption that ZFC has a countable
transitive model M. (X is transitive if for every z € X, every element of = is also an element of X.)
The bulk of our work will take place within ZFC*, Specificaily, we carry out all forcing arguments in ZFC*;
this is where we convert M into a new countable transitive model M[G] in which the desired statement ¢ is
also true. Having done this, we then step outside of ZFC* and argue that if ZFC + ¢ were not consistent
then ZFC* would not be consistent, and hence ZFC would not be consistent. Thus, consistency of ZFC
implies consistency of ZFC 4 ¢. This last step requires no set theory and can be formalized in PA.

In short, a typical forcing argument is carried out in ZFC* and proves, in ZFC*, that there is a model M[G|
of ZFC + ¢, for some statement ¢ Given that this result has a proof in ZFC*, we can, using only finitistic
methods, draw the conclusion that if ZFC is consistent then so is ZFC + ¢. The end result is a theorem of
Peano arithmetic, but the main parf; of the proof is a set-theoretic argument in ZFC*.
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2. Well-ordered sets

This section takes place entirely within ZFC.

Definition 2.1. A well-ordered set is a totally ordered set W with the following property: for any subset
5 C W, if there exists a € W such that @ < ¢ for all z € S, then there exists a least such a.

In other words, if 5 has any strict upper bounds then it has a minimal strict upper bound. Or: every subset
has an immediate successor, if it has any successors. The significance of this condition is that we can carry
out inductive proofs and recursive constructions along W. By the well-ordering property, however far we
have carried out a construction there will always be a next step.

Any nonempty well-ordered set W has a smallest element since § C W has a least upper bound. If W
has more than one element, then the first element has an immediate successor, and so on. If W contains a
sequence of elements a3, as, as, ... where g, is the smallest element, as is the immediate successor of a1, aa
is the immediate successor of ag, etc., then either W = {a,, : n € N} (and W is order-isomarphic to IN), or
else the sequence {a,) has an immediate successor a,. If this does not exhaust W then a, must have an
immediate successor a1, and so on.

Theorem 2.2, Let W be a totally ordered set. The following are equivalent:

(o) W is well-ardered;
(b) there is no strictly decrensing sequence in W;
(c) every nonempty subset of W has o smallest element.

Proof. (a) =+ (b). Suppose W is well-ordered and (a,) C W is strictly decreasing, i.e., a1 > @2 > -, Define
S={ze Wz <a, for all n}.
By the well-ordering property this set; has an immediate successor a. Since every a, is a strict upper bound

for S, it follows that a,, > o for all n, and since the a, are decreasing we must then have a, > a for all n.
But then a € §, a contradiction.

(b} = (c). Exercise.

(c) = (a}. Suppose (c¢) holds and let S C W be a subset which has a strict upper bound. Let T be the set
of all strict upper bounds,

T={yeW:z<yforalze S}
Then (c) implies that 7' has a smallest element, i.e., § has an immediate successor. This shows that W is
well-ordered. 1
Corollary 2.3. Any subset of a well-ordered set is well-ordered (with the inherited order).
Proof. Immediate from Theorem 2.2 (b}, say. |

The basic result on well-ordered sets is Theorem 2.7. It requires a definition and two lemmas. In the following
“isomorphism” means “order-isomorphism”,

Definition 2.4. Let W be a well-ordered set. An initial segment of W is a set of the form 2= = {y € W :
y < z}, for some x € W.
Lemma 2.5. No well-ordered set is isomorphic to an initicl segment of itself.

Proof. Let W be a well-ordered set and let a« € W. Suppose f : W — o is an isomarphism. Then
f(a) < a, and inductively f7+1(a) < f*(a) for any n € N since f is an isomorphism. Thus the sequence
a > f(a) > f3(a) > --- is strictly decreasing, which contradicts Theorem 2.2 (b). |
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Lemma 2.6. Suppose V and W are isomorphic well-ordered sets. Then the isomorphism between them is
unique.

Proof. Given two isomorphisms f,g: V — W,let h =g lof:V — V. For any x € V, the map A
establishes an isomorphism between < and h(z)<, so Lemma 2.5 implies that z = h(z). This shows that h
must be the identity map, and hence f = g. i

Theorem 2.7. Let V end W be well-ordered sets, Then either (1) V is isomorphic to an initial segment of
W, (2) W is isomorphic to an initial segment of V; or (3) V and W are isomorphic.

Proaf. Let
f={{zy) € VxW:z< is isomorphic to y<}.

By Lemma 2.5, for each x € V there is at most one such y € W, and conversely; thus f is a bijection between
a subset of ¥V and a subset of W. It is easy to check that f preserves order.

If < is isomorphic to y< then for any mq < = there exists yg < ¥ such that :cé and y5 are isomorphic. Thus,
the domain of f is either V' or an initial segment of V, and similarly the image of f is either W or an initial
segment of W.

If either the domain of f is V or the range of f is W then we are done. So suppose both are initial sepments,
gay = C V and y< C W. But then f is an isomorphism between = and y=, which means the pair {z,y)
belongs to f, which is a confradiction,

Now we prove that well-orderings exist in abundance.

Definition 2.8. Let X be a set all of whose elements are nonempty sets. A choice function for X is a
function f with domain X such that f{z) €z for all z € X,

(Recall that the axiom of choice asserts that every set of nonempty sets has a choice function.)

Theorem 2.9. Every set cen be well-ordered.

Proof. Let X be a set. By the axiom of choice, let f be a choice function for the set of all nonempty subsets
of X. Call a subset A C X a Zermelo set if there is a well-ordering on A which has the property that every
x € A satisfies x = f(X ~ z<). (For instance, 0, {f(X)}, and {f(X), f{X — {f(X)})} are all Zermelo sets.)

We first claim that if A and B are isomorphic Zermelo sets, then A = B and the ispmorphism is the identity
map. To see this let g : A — B be an isomorphism, assume g is not the identity map, and let = be the
smallest element of A such that z # g(z). Then z< = g{z)~, so

w=f(X —2%) = f(X - g(2)) = g(=)
{using the fact that A and B are both Zermelo). This is a contradiction, so we conclude that 4 = B and
the isomorphism is the identity map.

Since any initial segment of a Zermelo set is itself a Zermelo set, it now follows from Theorem 2.7 that if A
and B are any Zermelo sets, then either 4 is an initial segment of B, B is an initial segment of 4, or A = B,

We now claim that the union Z of all Zermelo sets is itself a Zermelo set. Indeed, if z is an element of any
Zermelo set A, then by the previous paragraph the initial segment < is the same in any Zermelo set that
contains z. Thus

{lyveZ :y<z}={yed:y<z}

So the fact that x = f(X —z<) in 4 implies the same in Z, and hence Z is Zermelo.
Finally, Z must equal X. Otherwise the set X — Z would be nonempty, and the set Z U {f(X — Z)} would
|

be a Zermelo set not contained in Z, a contradiction. We conclude that X is well-ordered.
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Exercises

(a) Prove Theorem 2.2 (b) = (c).

(b) Let Wi C Wa C --- be a nested sequence of well-ordered sets. Assume that for all n the order on W,
agrees with the order it inherits from Wy41. Thus, we obtain a total order on W = |J]° W,,. Is it necessarily
a well-ordering?

(c) Work in ZF (all the axioms of ZFC except the axiom of choice). Assuming that every set can be
well-ordered, prove the axdom of choice.

3. Ordinals and cardinals
This section tokes place entirely within ZFC.

Ordinals are s certain kind of canonical well-ordered set. Informally, every well-ordered set W can be
converted into an ordinal in the following way. If W is nonempty then it has a first element; replace it
with @. If W has a second element, replace it with {#}. If W has a third element, replace it with {0, {0}}.
In general, having replaced every element which precedes = € W, replace x with {y € W : y < z}. This
malkes sense both at successor points and at limit points, so we can continue until W is exhausted. We now
formalize this sssertion.

Definition 3.1. A set X is transitive if for any o € X, every element of r is also an element of X.
(Equivalently: z € X implies x € X.} An ordinal is a transitive set which is well-ordered by €. We order
the ordinals by letting @ < 3 if & € A. A sueccessor ardinal is an ordinal that has an immediate predecessor,
and a Hmit ordinal is a nonzero ordinal that is not a successor,

Proposition 3.2. Every well-ordered set is order-isomorphic to an ordinal. If o and B are ordinals then
ezactly one of e < B, a =4, o > 3 is tree.

Proof. Exercise. |

Bvery ordinal is the set of all smaller ordinals. Thus, the first few ordinals are

6, {8}, {0,{0}}, {0, {0}, {0,{0}}},....

We set-theoretically encode the natural numbers as finite ordinals by letting 0 = @, 1 = {0}, etc., in general
letting n+1 = {0,...,n}. The first infinite ordinal is

w=N={0,1,2,.}

and its immediate successor is w +1 = w U {w}. (In general the successor of o is ¢ U {a}.) The first
uncotntable ordinal is denoted w;.

We are working in ZFC, and we now state a “theorem scheme” addressing induction and recursion on the
ordinals. For any formulas ¢ and 7/ in the language of set theory, the following is a theorem of ZFC.

Theorem 3.3.
(o) Suppose that for any ordinal o

(V8 < a)¢(f) — ¢(a).

Then ¢} holds for all ordinals .

(b) Let a be a set. Suppose that for any nonzero ordinal o and any set = there is a unique set y
such that ¥(a,z,y) is true. Then for any ordinal o there is a unique set oy such that (1} ap = a
end (8) for all @ > 0, a, satisfies ¥{a, L_J'[3<|1 2a, Qa ).
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Proof. (a) Suppose ¢(c) fails for some . Let S = {# < a : ¢(B) is false}. Then S has a least element /3,
and ¢(y) holds for all v < 8 but () is false, contradicting the hypothesis. So ¢(a) must be true for all a.

(b) Uniqueness of the sequence follows from part (a) (induction on a). For existence, let ¢(c, a,z) be the
formula “c is an ordinal and z is a sequence of sets (ag)g<a such that ag = a and ¥(F,1J,.5a+,ap) holds

for all 8 < . Then apply part (a) to the formula (3z)o{e, a, ). |

For instance, the power set axiom states that every set has a power set, and by the extensivnality axiom
power sets are unique. Taking 9 (o, z,y) to be “if @ is a suceessor then y = P(z), and if o is a limit then
y = z” and letting @ = § yields the cumulative hierarchy (V) where Vg = ), Vo = P(V,) for all o, and
Va = Ug <o VA when o is a limit ordinal. The rank of a set z is the smallest value of & such that z € V.
(Exercise: every set belongs to some V;.)

Definition 3.4. A cardinal is an ordinal that cannot be put in bijection with any smaller ordinal.

Thus every finite ordinal (i.e., 0,1,2,...) is a cardinal. Also w is a cardinal, but w <+ 1 is not. Indeed, the
next cardinal after w is wy. We also write Np = w, ¥; = wq, and in general R, = the ath infinite cardinal,

Proposition 3.5. Every set can be put in bijection with a unigue eardinal,
Proof. Exercise. |
" Definition 3.6. For any set X, card(X) is the unique cardinal in bijection with X. If A and & are cardinals

then we define

(a) A+ s = card{A ] x) (the cardinality of their disjoint union),
{(b) Ak = card(A x &) (the cardinality of their cartesian product), and
(¢} A® = card({all functions from & into A}).

To see the reasonableness of the last definition, observe that if m and n are natural numbers then the number
of functions from an n-element set into an m-element set is m™. (Fach element of the domain has m possible

target values.)

We collect some elementary properties of cardinal arithmetic, with proofs left to the reader.

Propaosition 3.7. Let A\, &, and @ be cardinals. Then

(a) A\ +E=r+);

(b)) A+ (k+8)=(A+r)+0;
fe} A-r=r. 2
(d)A-(k-8)=(A-x)-6;
fe) A (k+)=A-6+A0;
(f) A+ z)\f;,,\e;

() (A-5)0 =27 &,

Observe that every subset of a set X determines a function from X into 2 = {0, 1}, namely its characteristic
function; and conversely, every function from X into 2 is the characteristic function of some subset of X.

Thus
24X} = card({functions from card(X) into 2})

= card{{functions from X into 2})
= card(P({X)).

The two basic results on cardinal arithmetic are the following.

Theorem 3.8. Let k be a cardinal. Then rk < 2%,



Proof. By the comment preceding the theorem, we must show that for any set X there is an injective map
from X into P{X}, but no bijection between X and P{X). The first task is easy: take z € X to {z} € P(X).
Now suppose f: X — P(X) iseny map. Let A={z € X :z & f(z)}. Then for any € X we havez € f(z)
if and only if z & A, so f(z) cannot equal A for any z € X. Thus, there is no map from X onto P(X).

Theorem 3.9. let & be an infinite cardinal. Then k = K.

Proof. Observe that £2 = & . k. We prove the theorem by induction. We already know that Ry = Rj. Now
let o be a nonzero ordinal and assume that Rg = R} for all § < . It is easy to see that R, < R2. For the
reverse inequality, define

W ={({z,y) €2 :y < a}

with the lexicographic order (that is, (z1,71) < {(za,ya) if either 21 < z9 or 1 = z2 and y; < yo) this
is a well-ordered set. Any initial segment of W is isomorphic to a subset of v2 for some ordinal ¥ < Ng,
and hence by hypothesis has cardinality strictly less than R,. Thus, the ordinal that is isomorphic to W
(Proposition 3.2) is contained in R,, and hence card(W) < R,. It easily follows that ¥2 < R,. |

Corollary 3.10. For any infinite cardinals A and &, we have A - & = A + k = max(}A, k).

Proof. Without loss of generality suppose A > k. Then A< A+ <2< A s < A2 = A |
Corollary 3.11. For any infinite cardinal X, we have 2* = M = (22,

Proof We have 28 < M < (2M)* = 23 = 9X, |
Since card(R) = card(P(IN}) = 2", Theorem 3.8 implies that 2"0 > R®;. The continuum hvpothesis (CH) is
the assertion that 280 = R;. We will see that CH cannot be decided in ZFC.

Exercises

{a) Prove Proposition 3.2.

{b) Let « be an ordinal. Prove that the successor ordinal is o U {a}.

{c) Prove that every set belongs to some V.

{(d) Prove Proposition 3.5.

(e) Use cardinal arithmetic to prove that the cardinality of the set of all countable subsets of R equals the
cardinality of R.

4. Relativization, reflection, and collapse

This section takes place entirely within ZFC,

‘We would like to have sets that can play the role of “miniature universes”. In principle any set M can be
thought of this way, but the better closure properties M has the more realistically it will mimic the real
universe of sets. Ideally we would like all the axioms of ZFC to be “true in M”. What this means is explained
in the following definition.

Definition 4.1. Let M be a set and let ¢ be & formula in the language of set theory. The relativization of @
to M, denoted ¢, is the formula obtained from ¢ by replacing every quantifier with its restriction to M.
That is, replace every (Vz) with (Vz € M) and replace every (Jz) with (3z € M), If a set 5 is defined by

proving
(Qz)p(z)

where ¢ has only one free (unquantified) variable z, and letting S be the unique = satisfying ¢(z), then we
can define the relativization of S to M by proving

Az € M)pM (z)
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and letting S™ be the unique z € M satisfying ¢™ (z). If there are no free variables in ¢ (it is a sentence),
then we say that ¢ is true in M or that M satisfies ¢, written M |= ¢, if ¢™ is true. More generally, if the
free variables of ¢ are among 1, ..., T, and uy,...,u; € M then we say that ¢{us,...,un) is true in M and
write M = ¢(uy, ..., upn) if oM (uy, ..., uy,) is true.

Note that the definition of M is ambiguous, since the set S might be definable using another formula 1
whose relativization to M is not equivalent to ¢™. Also note that in general S need not exist. But both
of these problems effectively disappear if all the axioms of ZFC are true in M, since then (1) two formulas
that are provably equivalent outside M are also provably equivelent inside M, and (2) if we can prove the
existence of S outside M then we can prove the existence of S inside M.

Next we tale up the problem of finding sets M in which various formulas ¢ are true. We do this by the
reflection principle (Theorem 4.3).

For any finite st of formulas ¢4, .. . , ¢, whose free variables are among z, 1, . . ., Zx, the following is provable
in ZFC.

Lemma 4.2, Let My be a countable set. Then there is a countable set M which contains My, such that for
every ty, ..., ux € M we have

(Fz)di(z, v, .. k) implies (3z € M)di{z,u1,--.,uk)

(3)pn (T 21,0 o k) implies (dz € M)dp(z,u1,. ...tk

Proof. The set of k-tuples {(u1,...,ux) € MF is countable. Construct a set M; by adding to My, for each
i and each such k-tuple, & value of 2 such that ¢;{z,us,..., 1), if any such value exists. Then M is also
countable, and hence so is the set of k-tuples in M. Construct a set Mo by adding to M, for each { and
each such k-tuple, & value of = such that ¢;(z, uy,...,ug), if any such value exists. Continue recursively and
let M = |J5° M;. Then M is a countable union of countable sets and hence is countable. Now suppose that
for some u1,...,u; € M there exists z such that ¢;(z,uy,...,us). Then uy,...,u lie in M; for some j, and

. bythe construction.of.Mj.—Fi. there exists.m...e A’Ij+1 'Saﬁsfyjng ¢z($? ul“g.;.'”‘} Uk)- ..SD thEI‘E 'exflStS Such' B..Il'ﬂ:'in e

M. I
For any finite list of sentences ¢, ..., ¢, which are provable in ZFC, the following is a theorem of ZI'C.

Theorem 4.3. Let My be o countable set. Then there is a countable set M which contoins Mg, such thot
ME¢iA A

Proof. Let v1,...,%m be a list of formulas that contains the sentences ¢1,. .., ¢, and is subformula closed,
meaning that if —¢ is in the list, so is ¢; if @ A1 is in the list, so are ¢ and ¥ if (Vz)¢ is in the list, so is
¢, etc. We can no longer assume the 3f; are sentences. We will find M such that that for each 9; in the list
with free variables z;,..., T, we have

qbi(ul,...,uk)Hq/)f"[(ul,...,uk) (*)

for any u1,...,u; € M. If ¢; has no free variables, this means 9; + 1}, so the truth of ¢u,...,¢n implies
the truth of ¢, ..., M.

Apply Lemma 4.2 to 91, ..., to obtain the desired set M. We prove (*) by induction on the complexity
of the formulas #%. If 1; is atomic then (#)} is trivial. If () holds for ¢ and 1) then it trivially holds for
=, ¢ A, and ¢ V 7. Finally, the content of Lemma 4.2 is that if () holds for ¢ then it holds for (3z)¢.
This completes the proof. (We need not consider universal quantification separately, since (V)¢ is logically

equivalent to —~{Jz)—¢.)



In particular, if ¢1,...,¢, are among the axioms of ZFC then we can prove, in ZFC, the existence of a
countable set M in which ¢1,..., ¢, are true. We say that there is a model of any finite fragment of ZFC.
This result is best possible since, assuming ZFC is consistent, we cannot prove in ZFC that ZFC has a model
— this is & consequence of Gddel's second incompleteness theorem. But merely having a model of any finite
fregment is a very strong result, since any thearem of ZFC is proven using only finitely many axioms. Hence
any theorem of ZFC, or any finitely many theorems of ZFC, are provably true in some countable set M.

It is convenient to work with models that are transitive (see Definition 3.1), and this can always be arranged
provided M is extensionsl, meaning thet for any distinct =,y € M there exists v € M either in © but not y
or in y but not z. (Equivalently: the axiom of extensionality is true when relativized to M.) The technique
that achieves transitivity is called Mostowsld collapse. This is essentially a generalization of the fact that
every well-ordered set is order-isomorphic to an ordinal (Proposition 3.2).

Theorem 4.4. Let M be an extensional set. Then there is a transitive set N ond o bijection f : M — N
such that © € y in M if and only if f(z) € f(y) in N.

Proof. Say that a set My C M is Mostowslkd if it is downward closed (i.e., if & € Mp then any u € M that
is in z is in Mp) and there is a transitive set Ny and e bijection fp : My — Np such that = € v in My if and
only if fo(z) € fo(y) in No.

Exerclse: if My is Mostowski then the Ny and fg which verify this fact are unique. The intersection of
any two Mostowski sets is Mostowski, and the corresponding bijections with transitive sets agree on the
intersection. Any union of Mostowski sets 15 Mostowsld.

Let M’ be the union of all Mostowski sets. It follows from the preceding paragraph that A’ is Maostowski.
Let f: M’ — N be the bijection that verifies this and suppose M’ # M. By the axiom of foundation there
is an €-minimal element z of M — M. Let y = {f(u) : v € 2N M}. It is then straightforward to verify that
M'U{z} is Mostowski via a bijection with ¥ U {y}, contradicting maximality of M’. Thus M’ = M, which
verifies the theorem. |

The fact that M and N are isomorphic in the sense of the theorem means that ¢™ will be true if and only if
¢V is true, for any sentence ¢b. Thus, combining the reflection principle with Mostowsli collapse yields the
next corollary. For any finite list of sentences ¢, ..., ¢, which are provable in ZFC, the following is provable

Corollary 4.5, There is a countable transitive set M such that M =gy A -+ A gy

Exercises

(a) In the proof of Theorem 4.3, make explicit the argument that if (+) holds for ¢ then it holds for (3z)¢.
(b) In the proof of Theorem 4.4, prove that if Mg is Mostowski then the Ny and fy which verify this fact
are unique. (Hint: use the axiom of foundation.) Prove that the intersection of any two Mostowski sets is
Mostowslkd, and the corresponding bijections with transitive sets agree on the intersection. Use this to show
that any union of Mostowsld sets is Mosbowski.

5. Finitistic consistency proofs

This section is finitistically valid. All results eould be formalized in PA.
All forcing arguments will take place in the formal system ZFC*, which we define now.

Definition 5.1. The language of ZFC* is the language of ZFC together with one constant symbol M. The
atomic formulas of ZFC* are all formulas of the form x € y or x = y, where 2 and y can be replaced by any
variables, plus all such formulas in which either or both variables are replaced by M. The formulas of ZFC*
are built up from the atomic formulas in the usual way. The axioms of ZFC* come in four categories:
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{a) every axiom of ZFC is also an axiom of ZFC*;

(b) (vVz)¢(x) — $(M) is an axiom of ZFC* for every formula ¢ and any variable in place of z;
(c) the statement “M is countable and transitive” is an axdom of ZFC*;

(d) the relativization of any axiom of ZF'C to M is an axiom of ZFC*.

In effect, ZFC* is ZFC augmented by the fact that there is a countable transitive set M which models ZFC.
However, the way this fact is formalized is slightly subtle. Working in ZFC*, we have a countable transitive
set M, and for any axiom ¢ of ZFC we know that ¢ is true in M. But (assuming ZFC* is consistent)
we cannot prove in ZFC* a single statement to the effect that all axioms of ZFC are true in M. This is
good because if we could do this, then in ZFC* we could prove the consistency of ZFC, and Gédel's second
incompleteness theorem would then prevent us from being able to prove the following result.

Lemma 5.2. If ZFC is consistent, so is ZFC*,

Proof. Suppose ZFC* is inconsistent. Then there is a proof of ¢y A—d for some formula ¢. This proof involves
only finitely many axioms of type (d) in Definition 5.1, say ¢, ..., M where ¢, ..., ¢, are axioms of ZFC.

By Corollary 4.5, we can prove in ZFC that there is a countable transitive set M such that ¢J7,..., ;ﬁ_’f are

true. Having done this, we can then copy in ZFC the original proof of ¢ A —¢p in ZFC*, everywhere replacing
M with M. The result is a proof in ZFC of a contradiction. Thus, we have shown that any inconsistency in
ZFC* could be mechanically converted into an inconsistency in ZFC.

In a typicel forcing argument, we will work in ZFC* and enlarge the set M to another countable transitive
set M[G), in such a way that we ensure that some special formula ¢ {e.g., the continuum hypothesis) is true
in M[G]. For any axiom 1 of ZFC, we will also be able to show that ) is true in M[G]. (But again, we
cannot prove a single statement to the effect that all axioms of ZFC are true in M|G].) This gives us the
hypothesis of the following theorem.

Theorem 5.3. Let ¢ be a formula in the language of ZFC. Suppose that in ZFC* we can define e countable
transitive set N such that (1) in ZFC* we can prove ¢V and () for any aziom ¢ of ZFC, in ZFC* we can
prove Y. Then if ZFC is consistent, so is ZFC + ¢.

Proof, Suppose ZFC + ¢ is not consistent. Then there is a proof in ZFC + ¢ of some contradiction. Since
_ in ZFC* we can prove the relativization of ¢ to NV as well as the relativization of any axiom of ZFC to N,

we can relativize the entire proof of the contradiction to N and this becomes a valid proof in ZFC* of 2

contradiction, So ZFC* is not consistent. By the lemma, it then follows that ZFC is not consistent. Thus,
we have shown that any inconsistency in ZFC 4+ ¢ could be mechanically converted into an inconsistency in
ZFC.

6. Generic extensions

From this point on, except in applications sections we work in ZFC*,

We have a countable transitive set M in which the axioms of ZFC are true. We would like to enlarge it
by adding in a structure that makes some desired additional assertion true. For example, we may want to
add a bijection between 7(IN) and R, in order to make the continuum hypothesis true, or a set of ¥, real
numbers for some o > 1 to make the continuum hypothesis false. In order for this procedure to work it
will be important that the structure being added has no “special properties” relative to the model M —
it is generic. We ensure this by defining, in M, a partially ordered set of all possible partial constructions
of the desired structure. As we move down this partially ordered set we specify the desired structure more
precisely. We can then identify a “generic” path down the poset which deseribes a “generic” structure of the
desired type.

Definition 6.1. A notion of forcing is a preordered set P € M (i.e., P is equipped with a relation < which
is reflexive and transitive} with greatest element 1p.
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(a) If p,g € P and p < g then p is an extension of gq. Two elements are compatible if they have a
common extension.

(b) A subset D of P is dense if every p € P has an extension in D. It is dense below p if every
g < p has an extension in D.

{c) A filter of P is a subset G which is npwards closed (if p € G and p < g then ¢ € G) and
directed downwards (every pair of elements of G have a common extension in &). It is generig if
G N D # 0 for every dense subset D € M.

Note that in the definition of generic we do not require G to meet gvery dense subset, only those that appear
in M. Indeed, suppose P satisfies the mild condition that every element of P lies above a pair of incompatible
elements; then the complement of any filter is dense (exercise), so no filter meets all dense subsets. In fact,
this shows that under this condition on P, no generic filter can lie in M (since if it did its complement would
also lie in M and this would prevent it from being generic). However, generic filters do always exist.

Lemma 6.2, Let P be a notion of forcing and let p; € P. Then there is o generic filter of P that contains
Po-

Proof. Since M is countable, we can enumerate all dense subsets D C P which lie in M. Let (D) be such
an enumeration. Recursively define a sequence (pp,) by choosing pp+1 < pn in Dy we can always find such
an element pn.41 by density of Dy. Finally, let

G={p€P:p,<plorsomen}

It is immediate that G is upwards closed and that it meets every dense subset in M. To see that it is directed
downward, let p,g € G. Then pr, < p and py, < g for some m,n. Then whichever of p,,, and p,, is smaller is

a common extension of p and ¢ in G. Thus G is a generic filter.

For the remainder of this section, fix a notion of forcing P and a generic filter G, Qur next goal is to define
the set M[G]. This is supposed to be the smallest transitive model of ZFC which is larger than M and
contains the generic filter G. We construct M[G] by first specifying names of all of its elements. These
names actually lie in M, but we need to use G to determine the sets that the names identify.

Definition 6.3. P-names are defined recursively by rank. Let Py = {0}, and for any ordinal o > 0 in M

" let"Pg consist of ‘all 7'€ M such that 7 is a set of ordered pairs of the form (o, p) with p'€ Pand g€ Pz

for some § < a. A P-name is any element of any P,, and the name rank of a P-name 7 is the least o such
that T € P,. The domain of a P-name 7, dom(7), is the set of o such that (o, p) € 7 for some p € P.

Note that since P € M and M satisfies the axioms of ZFC, the preceding definition makes sense in M, i.e,,
for each a we have P, € M. (Use Theorem 3.3 (b).)

Definition 6.4. The value of & P-name 7 is defined recursively on name rank by
valg (1) = {valg(o) : {o,p) € T for some p € G}
and M| is the set of values of all P-names.
When there is only one generic filter in play, we will usually write val(r) instead of valg(r).
Definition 6.5. The P-name # is defined recursively on rank for all z € M by
& ={{(&,1p):u €z}

The P-name I' is defined by
P;{(ﬁﬂp) :PEP}'
Proposition 6.6. M € M[G]| and G € M[G]. M|G] is countable and transitive.
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Proof. The first statement holds because val(#) = = for all z € M and val(T') = G (exercise). M|G] is
countable because the set of P-names is a subset of M and hence is countable. M|G] is transitive because
the value of any P-name (a typical element of M[G]) is by definition a set of values of P-names (which are

themselves elements of M[G]). |

We want to check that the axioms of ZFC are true in M[G]. Some of them are easy, and do not even use
the fact that G is generic:

Proposition 6.7. The arioms of eztensionality, pairing, infinity, and foundotion are true in M[G].

Proof. Extensionality follows from the fact that M(G] is transitive. Pairing holds because if ¢ and + are any
two P-names then {{o,1p),(,1p)} is a P-name whose value is {val(¢),val(7)}. Infinity follows from the
fact that M C M[G]. Foundation is trivial (it is true in any set). |

Exercises

(a) Let G be a generic filter, let p € G, and suppose D € M is dense below p. Show that G'n D # .

(b) Let P be a notion of forcing in which every element lies above a pair of incompatible elements. Prove
that the complement of any filter is dense.

(c) Show that val(2) = z for all z € M and val(T') = G.

(d) Prove that every ordinal in M[G] is in M.

7. The fundamental theorem of forcing

Throughout this section, fix a notion of foreing P.

What malkes the M[G] construction a workable technique for proving independence results is our ability to
control properties of M[G], for any generic filter G, using P. The key concept is the following. (This is a
definition scheme, depending on a formula ¢ with free variables among z, ..., T,.)

Definition 7.1. Let 71,..., 7, be P-names and let p € P. Then p forces ¢(r1,...,7) if

M[G] = é(vala(r);. .., vala(mn))
for all generic filters G that contain p. We write p |- ¢(m1,..., 7).

Observe that if p |- ¢(m1,...,7) and ¢ < p then g |- ¢(m1,..., 7}, because any generic flter that contains
g also contains p.

We now state the fundamental theorem of forcing. It essentially says that (a) anything that is true in M[G]
is forced by some p € G and (b) the forcing relation can be determined within M. For each formula ¢ with
free variables among 1, ...,y there is a formula 9 such that the following is provable in ZFC*.

Theorem 7.2. Let F be a notion of forcing.

(o) Let 71,..., T be P-names. For any generic filier G, if M[G] k= ¢(valg(r1),...,valg(m)) then
some p € G forces ¢{my,..., ™).

(b) Let p,71,...,7 € M. Then M E9¥(p,11,...,m) if and only if 7y,..., ™ are P-names, p € P,
and p I d(m,..., 7).

Proof. We will simultaneously prove (a) and (b) in the case that ¢ is 73 C za. For part (b), let F, be the set
of all triples (p,71,s) such that 7, and 7» are P-names of name rank at most o and p € P forces 73 C 7o. It
will follow from (i) below that 7, can be construeted in M from (Jg_, 7. This implies that the sequence
(Fa) is definable in M (cf. Theorem 3.3 (b)), and 1 can then be taken to be a formalization of the assertion
“(p, 1, 72) € Fu for some ordinal o”.
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The proof goes by induction on the name ranks of 7; and 5. Assume that for all P-names 7, snd 72 of name
rank less than o we know

(i) for eny generic filter G, if valg(n) C valg(m) then some p € G forces 1y C 75
(ii) p € P forces 7, C 72 if and only if

(1) for every (m1,s1) € 71, every element of P that is less than both p and s; lies above
some g € P such that g < s and g forces m = =9, for some (73, 82) € 2.

We will verify that these also hold when one or both of 7y and ™ are P-names of name rank . The truth
of the theurem in the case that ¢ Is z; € z» will then follow by induction on a.

First let 71 and 73 be P-names of name rank less than or equal to @, let G be a generic filter, and suppose
val(m) C val(m); we want to show that some p € G forces 7; € 7. Let D be the set of » € P such that

(1) there exists (m1,s1) € 11 with 81 > » and such that for any (s, s2) € 72 and any g < sp which
forces m = o, r and ¢ are incompatible,

The induction hypothesis for (ii) implies that in the case that ¢ is 21 C xa, the forcing relation for P-names
of name rank less than « can be determined in M. Using the fact that 3 = zo if and only if &y C 12
and za C ma, we see that the condition that g forces m = o in (f) is determined in M, and it follows
that D € M. Then since & is generic, either some » € D belongs to G or else there is an element of G
none of whose extensions lie in [J. We claim that the first case cannot obtain. Suppose to the contrary
that some r € G satisfies (1) and let (my,81) € 7 verify this. Since r € @ and r < sy, it follows that
val{m) € val(ry) C val(7s), so there must exist (w2, 82) € 7o such that s» € G and val(m;) = val(me). But
since 1 and 7o are both P-names of name rank less than «, the induction hypothesis for (1} yields that some
p € G forces mp = 7. (Some p; € G forces m € we and some po € @ forces m € my; find p € G less than
both p; and ps.) Since G is a filter we can find g € G which is less than both p and s, and then g forces
1 = 7, but g is compatible with r since both lie in G. This contradicts (1}, so the claim is praven.

We now lInow that there exists p € G such that every r < p fails to satisfy (). We will show that p forces
71 € 72. Let G' be any generic filter that contains p and let {my, 1) be any element of 7y such that s; € G'.
Since G’ is a filter there exists r € G’ such that r < p and r < sy; by the failure of (1), the set of g € P
that force my = wo for some (ma, 32} € 79 with s9 > ¢ is dense below r. Since G’ is generic it follows that G/

must contain some such g, and therefore valg:(m) = valg: (72) € valg/ (). Since valg:(m1) was an arbitrary
element of valg: (7}, we have shown that valg:(ny) C valg(72). We conclude that p forces 73 C 75, which
completes the proof of (i) in the case that ¢ is 1 C Ta.

To prove (ii), we must show that p forces i € 7 if and only if () holds. The reverse direction is an exercise.
For the forward direction, suppase p forees 7y € 7a, fix {7, 81) € 71, and suppose r < pand » < 5. Let
G’ be any generic filter that contains r. Then valg:(m) C valg:(72) since r < p, so valg:(m) must equal
valgr(ma) for some P-name 7g such that (w2, se) € 7 and s2 € G'. The induction hypothesis for (i) then
implies that there exists ¢ € G' which forces 7y = 7. (Some gy forces m; C e and some gq forces m C ny;
find ¢ € G’ less than both g; and g».} Since r, 82 € G, we may take g less than both r and 53, which verifies
(). This completes the proof of (it} in the case that ¢ is =y C za.

We have proven the theorem in the case that ¢ is z; C z». This easily implies the result in the case that ¢
is &1 = wa. The remainder of the proof involves proving versions of (i) and (ii) first when ¢ is the atomic
formula z; € z», and then inductively for formulas ¢ of greater complexity. We omit details; the case when
¢ is w1 = =2 is by far the most difficult.

For any formulas ¢ and 3 with free variables among z1,...,z, the following is provable in ZFC*.

Corollary 7.3. Let m,..., ™ be P-names.

(o) The set of p € P which either force ¢{m1,..., ) or =(r1,...,Tn) is dense.
() p |-—é(71,...,7) if and only if no g < p forces g(m1,..., 7).

(c) p |- {6 AW (71, .. ) if and only if p |- d(riy..., ) and p |- ¥(,...,Ta).
(d) p |- (Vz)b(z, T2,..., ) if and only if p |- &0, 72,...,7) for every P-name o.
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Proaf. For {a), let ¢ € P and find a generic filter G that contains g. Then either

MIG] | ¢(val(mi),...,val{m.)) or MI[G] |= —(val(m),...,val{m)),
so by Theorem 7.2 (a) there exists r € G which forces either ¢(ry,...,m) or —=¢(ri,...,7s). Since G is a
filter there exists p € (7 such that p < g and p < r; thus there is an extension of g that forces one of the two

statements, which verifies density. The remaining parts are left as exercises.

Exercises

(2} In the proof of Theorem 7.2, show that (1} implies p |-71 € 7.
{b) Prove Corollary 7.3 (b), (c), and (d).

8. Mi@] models ZFC

We are now in a position to check that the remaining axioms of ZFC hold in M[G]. Recall that we have
already verified extensionality, pairing, infinity, and foundation (Proposition 6.7). For any formula ¢ the
following is & theorem of ZFC¥.

Theorem B.1. Let P be a notion of forcing and let G be a generic filter of P. Then the azioms of union,
power set, and choice are true in M(G|, as are the instances of separation and replacement involving the
Jormula ¢.

Proof. Rather than verify all of the axioms we choose two representative cases: separation and power set.
For the axiom of separation, let o and 71,...,7, be P-names; we need to show that

8 = {a € val(g) : M[G] |= ¢(a,val{m1),...,val(m))}

is in M[G]. We do this by exhibiting the P-name

p-=-{{m;p)-c-dom{g)->-FPsp-||—tm-Eo-and-dplms Py T

This is a legitimate P-name; specifically, it belongs to M because the forcing relation is determined within
M (Theorem 7.2 (b}).

We will show that val{p) = S. First, let a be an arbitrary element of val(p), so that there exists (7,p} € p
such that p € G and & = val{w). By the definition of p we then have that a = val(w) € val(g) and
M[G] | ¢(val{w},val(mi},...,val{7,)), and this immediately yields a € S. For the reverse direction, let
a € val{g) and suppose ¢(e,val{r1),...,val{rn)) is true in M[G]. Then a = val(w) for some 7 € dom(c).
By Theorem 7.2 (a), there exists p € G which forces “m € ¢ and ¢(m, 71,...,7)", so (7, p) € p and hence
a = val{w) € val(p). This completes the proof of separation.

For the power sef axiom, let o be any P-name and define
p={{r,1p) : 7 € P(dom(c) x P)M}
(i.e., T ranges over all subsets of dom(g) x P that belong to M), We will show that every subset of val(e)

in M[G) belongs to val{p). This is enough, since val(p) € M[G] and an appropriate instance of separation
will then show P(val(z))MICl € M|G]. To prove this let 4 be a P-name such that val(u) C val(c). Define

7= {{m,p) 7€ dom(c) and p |7 € pu}.
It is clear that (r,1p) € p, so that val() € val(p). Finally, we check that val{y) = val{7). In one direction,
any element of val(y) is of the form val(w) for some 7 € dom(e). Since val(7) is in val(y2) some p € G forces

7 € p, 5o that {m, p} € 7 and hence val(w) € val(7). In the reverse direction, any element of val(7) is of the
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form val(w) such that {m,p) € 7 for some p € G with p |- € &, and this implies that val{w) € val(y). This
completes the proof that val(y) = val(r).

"The preceding result motivates the following definition scheme. Let ¢ be a formula with free variables among
Llyeeey Ty

Definition 8.2. ¢ is absolute if for any notion of forcing P and any generic filter G of P, we have
M = @lu,. .., Un) ifand only if  MI[G] |= d(uq,...,un)

for any wi,...,un € M. Also, recalling the caveat given after Definition 4.1, we say that (the standard
definition of) a set S is absolute if S™ = SMIS! for any notion of forcing P and any generic filter G of P.

For example, Proposition 6.7 and Theorem 8.1 show that every axiom of ZFC is absolute. Also, the formula
“z is an ordinal” is absolute, as is Rg. But we will see that “x is a cardinal” and ¥, are not absolute — for
some notions of forcing, the ordinal ¥M becomes countable in M]|G).

Exercises

(a) Prove that the union axiom holds in M[G], for any notion of forcing P and any generic filter @ of P.

9. Forcing CH

In this section we will consider the following notion of forcing P. The elements of P are all the functions f in
M such that M = “f is a bijection between countable subsets of P(N} and N;”. That is, f is a bijection in
M between subsets of P(IN)M and M which are countable according to M. (OFf course, since M is countable
both P(IN)M and ®M are actually themselves countable. But M = “P(IN} and ®; are uncountable”.) We
call elements of P countable partial bijections between P(N)M and RM.

We order P by setting f < g if dom(g) € dom(f) and f|gom(g) = g- That is, f extends g as an element of
P if and only if f extends g as a function.

We will show that the continuum hypothesis is true in M[G], for any generic filter G of P. The idea is
that elements of P give us partial information on how to construct a bijection between P(N)M and 8M.
When we pass to M|G], it will be easy to see that an actual bijection between them has been introduced.
The more subtle point is that we must also verify that P(IN)MIC) = P(N)M and RMIC! = RM; if passing to
MIG] introduces new sets of natural numbers, for example, then merely having a bijection between the sets
that were P(N) and X3 in M would not verify the continuum hypothesis in M[G]. The key lemma is the
following,

Definition 9.1. A preordered set P is w-closed if every decreasing sequence a; > as > -+ in P has a lower
bound in P.

Lemma 9.2. Let P be any notion of forcing, let G be o generic filter of P, and suppose M | “P is
w-closed”. Also let A € M. Then any funciion from N to A in M|G) is already in M.

Proof. Suppose there is a function f : N — A that is in M[G] but not in M. Let 7 be a name for f; by
Theorem 7.2 (a), some p € G forces the statement “7 is & function from N to A”. Let X be the set of
functions from N to A in M. Then f € X, so again by Theorem 7.2 (b) some g € @ forces -(7 € X). We
may assume g < p.

Define
S={{rma):reP,neN,ae 4, andr |- (f,a} €7}
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By Theorem 7.2 (b) the set S belongs to M. We claim that for any n € IN the set of 7 € P such that
{r,n,a) € 5 for some & is dense helow p. To see this, let +' < p and let G’ be a generic filter that contains
r!. Since 7' < p,

M[G'] |= “valg: (7} is a function from N to A”.

Therefore
M[G] E “(n,a) € valg:(7)"

for some o € A, and hence some r € G’ forees (f,d) € 7. Since ' € (' we may assume that r < 7/, so the
claim is proven.

Now, working in M, choose a sequence (p,) in P and a sequence {a,)} in A such that g > py>p > -+ and
P, forees (1, d,) € 7. We can do this by the claim. Finally, since P is w-closed we can find p’ € P less than
the entire sequence (p,). This is a contradiction, because p’ forces both (f,&,) € 7 for all n (since it lies
below every p,) and (7 € X) (since it lies below g), yet the function 7 +— a,, evidently is in M (we already
constructed the sequence (a,) in M), and hence it is in X. This proves the lemma.

Theorem 9.3. Let P be the notion of forcing defined in M as the set of all countable partial bijections
between P(N) and ¥y, ordered by reverse inclusion. Then the continuum hypothesis holds in MG), for any
generic filter G of P.

Proof. Let G be a generic filter of P. First we show that P(N)MI% = P(NIM and Nllw[G] = RM, The first
statement is equivalent to saying that passing from M to M|G] does not introduce any new functions from N
to {0,1}, and the second statement is equivalent to saying that passing from M to M|G] does not introduce
a surjection from IN (which is absolute) onto R}M. Both assertions follow from the lemma, provided we can
show that “P is w-closed” is true in M. Buf thls is trivial: given any decreasing sequence of functions in P
that belongs to M, their union is a function in M which lies below the entire sequence.

Now we must show that M[G] contains a bijection between P(N)MIG = P(NWM and N?{[G] = RM. By
Proposition 6.6, G € M[G]. The elements of & are a directed set of partial bijections, so the union of all
functions in G is a bijection between a subset of P(N)™ and a subset of RM. Let f be this union; it belongs
to M[G] since the latter satisfies the union axiom. Moreover, for each x € P(N)M the set of functions in P
whose domain contains = is dense, and for each y € ®M the set of functions in P whose image contains y is
dense (exercise). Since both of these sets lie in M and & is generic, it follows that f is & bijection between

P(N)M and RM. Thus the continuum hypothesis is true in M[G]. i

Exercises

(a) Let 7 and ¢ be P-names. Find a P-name 7 such that valg(n) = (valg(7),valg (o)) for any generic filter
G. (By definition, (@, y) = {{z}, {z,y}} for any sets z and y.)

(b) Let P be the notion of foreing used in Theorem 9.3. Prove that for each z € P(IN)™ the set of f € P
whose domain contains z is dense, and for each y € N{“I the set of f € P whose image contains y is dense.

{c) Exhibit a notion of forcing P such that for any generic filter G of P we have RM = Nll\"I[G], but RM < N]Q'I[GJ.

10. Forcing - CH

In the last section we had to force 2%, which could have been larger than ®; in M, to equal ¥; in M[G).
This was accomplished using a notion of foreing which told us how to build & bijection between P{IN} and
®;. In this section we want to force 2% > Ny, and we will do this using & notion of forcing which tells us
how to build & set of Ns distinct functions from N into {0,1}.

The appropriate notion of forcing P is the set of all functions from finite subsets of N x R into {0,1}.
We call elements of P finite partial functions from N x RM into {0,1}. Note that we do not have to say
“functions in M”" because for any 4, B € M, any function from a finite subset of A into B can be explicitly
listed and hence belongs to M. We order P by setting f < g if dom(g) C dom(f) and f|gem(s) = g. Again,
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f extends g ns an element, of P if and only if f extends g as a function, and here f and g are compatible es
elements of P if and only if they are compatible as functions.

It will be easy to turn a generic filter of P into a function from N x R} into {0,1}, and also easy to check
that this gives us R} distinct functions from N into {0,1} in M{G]. The crucial problem is to show that

NEM[G] = RM, We do this using the following notion.

Definition 10.1. A down-antichain in a notion of forcing P is a set A C P such that any two distinct
elements of 4 are incompatible. P is c.c.c. if every down-antichein in P is countable.

Definition 10.2. Let P be a notion of forcing. We say that P preserves cardinals if for any generic filter G
of P and any ordinal o € M,

M E “a is & cardinal” implies  M[G] |= “c is a cardinal”.

Note that the reverse implication is automatic: if ¢ is not a cardinal in M, then there is a bijection in M
between o and some smaller ordinal. This bijection will still exist in M[G], so o cannot become a cardinal
there. Thus, to say that P preserves cardinals is to say that the cardinals in M|G] are the same as the
cardinals in M. {We elready saw that M and M|G] have the same ordinals in § 6, Exercise {d).)

We will now show that every c.c.c. notion of forcing preserves cardinals.

Lemma 10.3. Let P be a notion of forcing such that M |= “P is c.c.c.” and let G be a generic filter.

" Suppose f1 A = B i5 a furiction in M|G] with' A, B € M. Then there is ¢ map F: A - P(B) in M such

that for each a € A we have f(a) € F(o) and M |= “F(a) is countable”.
Proof. Let T be a P-name for f and let p € @ force “r is a function from A to B". For a € A define

F(a)={b€ B: some g < p forces (d,b) € 7}.

Then £ is in M and since some g € G, and hence some ¢ < p, must force (@, ) € + with b = f(a), we have
f{a) € F(a). We need only show that M = “F(a) is countable”.

To see this, fix a € A and, working in M, for each b € F(a) find gy < p such that gy |~ (&,6) € 7. Then
the g, are incompatible since they force different values of val{r){a) (and they all lie below p, which forces
val{7) to be a function). Since “P is c.c.e,” is true in M, “F(a) is countable” must also be true in M. i

Theorem 10.4. Let P be a notion of forcing such that M = “P is c.c.c.” Then P preserves cardinels.

Proof. Let @ be a generic filter of P and suppose v € M is a cardinal in M but not in M[G]. Then there
is a smaller cardinal B in M and a function f in M[G] from 3 onto .. By the lemma there is then a map
F: 8 — P(a) in M such that for each z €  we have f(z) € F(z) and M = “F(z) is countable”. But then

M k= “card( U F(z)) <SR- B=4"

€S

(it is clear that d cannot be finite). However, f is surjective and its image is contained in [J cp F(z), s0
that the latter must equal o. We have shown that M |= “card{a) < A", a contradiction.

The main remaining step is to show that the notion of forcing described at the beginning of this section is
c.c.c. in M, We do this using the following combinatoriel lemma, the A-systems lemma, This is provable in
ZFC.

Lemma 10.5. Let A be an uncountable family of finite sets. Then there i3 on uncounteble subfamily B C A
and a set v such that aNb=r for any distinct a,b € B,
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Proof. For eachn € N let A, = {@ € A : card{a} = n}. Then some 4, is uncountable; fix such a
value of n. Let r be a maximal set with the property that r € a for uncountably many ¢ € A,, and let
A, ={a € A, : 7 C a}. Then A} is uncountable and any = ¢ r belongs to only countably many a € AL.
Finally, by Zorn’s lemma let B be a maximal subset of A/, with the property that a b = r for any distinct
a,b € B. If B were countable then |J,. 5 a would be countable and each @ in (|J,.p) ~ r would belong to
only countably many a € A/, so there would exist an a € A/, whose intersection with every b € B is r,
contradicting maximelity of B. Thus B must be uncountable.

Theorem 10.6. Let P be the notion of forcing consisting of ull finite partial functions from N x R} into
{0,1}, ordered by reverse inclusion. Then the continuum hypothesis fails in M[G], for any generic filter G
of P.

Proof. Let G be a generic filter of P. Working in M, we show that P is c.c.c. Let 4 be an uncountable
subset of P. Applying Lemma 10.5 (which is provable in ZFC, hence true in M) to the domains of the
functions in A, we infer that there is an uncountable subset B of A and a (finite) set € N x R} such
that dom({f) Ndom(y) = r for any distinct f,g € B. But there are only finitely many (specifically, 2°374(r))
possible choices for f|, so there must be some distinct f, g € B with f|, = g|,. Since the union of this f and
¢ is a finite partial function, they are compatible. So, working in M, we have shown that any uncountable
subset of P contains compatible functions, and hence that P is c.c.c.

It now follows from Theorem 10.4 that Ngﬂg] = R}, By Proposition 6.6, G € M[G]. Any two elements of ¢

are compatible partial functions from IN x R} into {0, 1}, so the union of all functions in G is a function from
a subset of N x R} into {0, 1}. Let F' be this union; it belongs to M[G)]. Moreover, for each (n, o) € N x M
the set of finite partial functions whose domain contains {(n, ) is dense and lies in M, so G must intersect
this set and hence F' is a function from IN x R} into {0,1}.

Working in MG}, for each a < N3 let
Se ={neN:Fina)=1}
For any distinct @, 8 < ¥ the set
{f € P:(In e N)({n,a}, (n, B) € dom(f) and f(n,a) # f(n, )}
is dense and belongs to M. Since G is generic, this shows that S, # S5, Thus
MIG] |= “{Sq : @ < ®}} is a family of distinct subsets of N of cardinality Rg”,
which shows that the continuum hypothesis fails in M[]. |

Exercises

{(a} For any A, B € M prove that (1) the set of all finite subsets of A and (2) the set of all functions from a
finite subset of A into B are absolute.

{b) Exhibit a notion of forcing P such that for any generic filter G, M[G] & “RM is countable”.

{¢) Prove that it is relatively consistent with ZFC that 2% >R, .

11. Application: families of analytic functions

We work in ZFC. The following theorem is due to Paul Erdds.

Theorem 11.1. The continuum hypothesis is true if end only if there is an uncountable family of analytic
functions f, on the complez plane such that for each z € C the set of values {fa(2)} 15 eountable.

Proof. (<) Buppose CH fails. Let {f, : @ < %1} be an uncountable family of distinct analytic functions on
the complex plane; we will find a point in C at which the family takes on uncountably many values. (It is
sufficient to consider the case that the family has cardinality ¥y since we can always discard extra functions.)
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We invoke a theorem from complex analysis which states that if f and g are analytic functions and the set
of points at which they agree has a cluster point, then f = g. It follows that two distinct analytic functions
cen agree on at most countably many points in C. (If they agreed on uncountably many points, then for
some n the compact disk {|z| < n} would contain infinitely many points of agreement, and there would be
& cluster point in this disk.)

For each distinct o, 8 < Ry, let

8(a, 8) ={z € C: fal2) = fp(2)}.

Then |J,..5 (e, ) is a union of N? = N; countable sets and hence has size at most ®;. Since card(C) = 2%

and we are assuming 2%0 > R, it follows that there exists a point zg € C that does not belong to any S(e, ).
This means that o # fJ implies fo(20) # fs{20), so that the family of functions {f,} takes on uncountably
many values at the point zp. '

(=) Suppose CH holds. Let S be the set of complex numbers a+bi with a and b both rational. Since 2R0 = R,
we can enumerate the complex plane as C = {z, : @ < ¥;}. We will construct a family {fg : § < Ny} of
distinct analytic functions such that fg(z,) € S for all § > a. This implies that the set of values of the f
on each 2, is countable, since (fixing o) {fg(2a) : § < a} is trivially countable and {fs(z2): f>a} CSis
also countable.

We construct the fg by transfinite recursion. Suppose fg has been defined for all § < . The set {fg : 8 < 7}
is countable, 50 we can reorder it as {g, : n € N}. Similarly, we can rearder {z, : @ < v} as {w, : n € N}.
We will construct fy so as to satisfy

(1) f4(wn) e S forall n and
(if) fy(wn} # gn{wy) for all n.
It will follow from (i) that f(ze) € S for all & < v, and from (ii} that f., # fg for all 8 <.
We let f, be a function of the form

oo n—1i
f(z) =€+ Z €n H(z — w;)

n=1 i=0

where €, is chosen small enough so that je, Hﬂ“l(z —w;)] € 27" on {|z| < n}. This implies that the
sum converges uniformly on compact sets, so that it defines an analytic function. We can choose the ¢,
sequentially, and arrange both conditions (i} and (il) for w, when choosing e, since future terms of the sum
vanish on ty. |

Exercises

(a) Let {fn : n € N} be infinitely many distinct analytic functions on C. Prove that there exists z € C such
that the set of values {fn(2) : n € N} is infinite.

(b) Prove that there are 2% distinct continuous functions from C into {0, 1] which collectively take af mast
two values at each point. (Hint: do this first for functions from R into [0,1].) Can this be done for infinitely
differentiable functions?

(c) Prove that for any uncountable family of complex polynomials, there exists 2 point in C at which the
family takes on uncountably many values.

References
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9-10.
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12. Application: self~homeomorphisms of AN —N, I

We work in ZFC. In this section we show that CH implies there are nontrivial homeomorphisms from the
topological space BN — N onfo itself. What we mean by “nontrivial” is explained below. It is also relatively
consistent with ZFC that all self-homeomorphisms of SN — N are trivial; we will discuss this later.

Definition 12.1. A filter over a set X is a family F of subsets of X which is closed under enlargement
(A€ F and A C B implies B € F) and finite intersections (A, B € F implies AN B € F). (That is, it isa
filter of the poset P(X) in the sense of Definition 6.1 (c).) An ultrafilter is a maximal proper flter.

We consider ultrafilters over N. For any n € N there is a trivial fixed ultrafilter () = {A CN:n € A}.
However, there are other ultrafilters; the cofinite filter Feor = {A € N : N — A is finite} is a filter, and by
Zorn's lemma, every filter is contained in an ultrafilter, but no ultrafilter containing F,r can be fixed. An
ultrafilter which is not fixed is called free.

Proposition 12.2. A4 filter F over N is an ultrafilter if and only if for every A C N, either A € F or
N — A e F (but not both).

Proof. Exercise. |

Definition 12.3. The Stone-Cech compactification of N, AN, is the set of all ultrafilters over N with the
topology whose basic open sets are, for every A C N, the set U, of all ultrafilters containing A.

~ We record basic information about SN in the next result.

Proposition 12.4. The sets Ua form a besis for e topology on SIN. This topology is compact, Hausdorff,
and totally disconnected. The map n — U,y embeds N into SN as ¢ dense open setl of isolated points.

Proof. Exercise. |

It follows from Proposition 12.4 that AN — N — the subspace of AN consisting of all free ultrafilters — Is
also compact, Hausdorff, and totally disconnected. It has a basis consisting of the sets

U4 =Uan (BN —~ N) = {free ultrafilters which contain A}
for all A C N. We now introduce the “obvious” self-homeomorphisms of N — IN.
Definition 12.5. An almost permutation of N is a bijection between two cofinite subsets of N.

Proposition 12.6. Let ¢ : 5§ = T be an almost permutation of N. For any free ultrafilter U over N define

d(U) to be _
) ={¢(ANS)UB: Acld and BCN-T}

(where p(ANS) = {d(n) : n € ANS}). Then ¢ is a self-homeomorphism of FN — N.

Proaf. If § = T' = N the proposition is trivial. We need only consider the case when § =N, T =N — {0},
and ¢ is the unilateral shift ¢(n) = n 4 1; this is sufficient because every almost permutation of N can be
expressed as a compasition of permutations of N and some power of the unilateral shift or its inverse, (Apply
8 permutation to map S to {7,7 +1,...} where j = card(IN — ), then compose with ¢*7 to take this set
to {k,k+1,...} where & = card{IN —T'), and then compose with another permutation to take {k,&--1,...}
onto T in & way that matches the given almost permutation.)

Suppose now that ¢ is the unilateral shift. The verification that disa well-defined bijection of JN — N with
itself is routine. It is a homeomorphism because it permutes the basic open sets U4. Specifically, ¢ takes Ug
to 4 where A’ = {n+1:n € A}. Every basic open set is of the form Uas for some A because in general

T4 = Up provided the symmetric difference of A and B is finite. |
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We call a self-homeomorphism of SN — N arising from an almost permuatation of N trivial. We will shaw
that CH implies there are nontrivial self-homeomorphisms of GN—N. This is done using the poset P(N)/ fin
defined as follows.

Definition 12.7. Let P(IN)/ fin be the quotient of P(IN) by the equivalence relation that makes two subsets
of N equivalent if their symmetric difference is finite. The natural order relation on P(N)/fin is: the class

of A less than the class of B if A is essentially contained in B, i.e., all but finitely many elements of A are
also in B.

Lemma 12.8. The poset of clopen subsets of AN — N under containment is order-isornorphic to P(N)/ fin.
This induces o 1-1 correspondence between the self-homeomorphisms of BN —~N and the order-automorphisms

of P{N)/ fin.

Praof. First, we claim that the clopen subsets of SN — N are precisely the basic open sets U4 for A C N.
It follows from Proposition 12.2 that the complement of U4 is Un— 4, so the basic open sets are all clopen.
Now any open subset can be expressed as a union of basic open sets, and since AN — N is compact any
closed subset is compact, so any clopen subset is & union of finitely many basic open sets. However, the
union U4, U--- U T4, equals the single basic open set U4, ..u4,. So every clopen seb is a basic open set.
This completes the proof of the claim.

If the symmetric difference of A and B is finite then U4 = Ug, because any free ultrafilter contains 4 if
and only if it contains B. However, if the symmetric difference of A and B is infinite then there is a free
ultrafilter that contains one but not the other: say A — B is infinite and extend the filter generated by A — B
and the cofinite subsets of N to an ultrafilter. So the map taking 74 to the class of 4 is a bijection betvween’
the clopen subsets of AN — N and the elements of P(N}/ fin. We have that 4 is essentially contained in B
if and only if every free ultrafilter that contains A also contains B if and only if U4 C /5. So the bijection
is an order-isomorphism. This proves the first assertion.

It is clear that any self-homeomorphism of SN — N induces an order-automorphism of the poset of clopen
subsets of FIN — N. Conversely, every order-automorphism of the poset of clopen subsets permutes the
maximal proper filters of this poset. But by compactness of SN — N, the intersection of any proper filter of
clopen sets is nonempty, and if & is any point in the intersection then the original filter must be contained in
the filter consisting of all clopen sets that contain . This shows that the maximal proper filters are precisely
the filters of the form: all clopen sets containing the point z, as = ranges over AN — N. We conclude
that any order-automorphism of the poset of clopen subsets permutes the points of SN — N, and since this
permutation takes basic open sets to basic open sets it is a self-homeomorphism. We have established that
any self-homeomorphism of SN — N induces an order-automorphism of P(N)/ fin, and conversely; finally,

it is routine to check that these maps are inverse to each other.

Lemma 12.9. Let (4,), (Bn), and (Cy) be sequences of subsets of N such that every A; is essentially
conteined in every B;, but not vice versa; no Cy, is esseniiolly contained in any A;; and no C). essentially
contains any B;. Also suppose that the A, are directed upward and the B, are directed downward under
almost conteinment. Then there are two subsets A and B of N with infinite symmetric difference which
essentially contain (but are not essentially contained in) each A,, are essentinlly contained in (but do not
essenticlly coniwin) each By, and neither essentinlly contain nor are essentially contained in any Cn.

Proof. We construct sequences
S1Cc8Cc8HcSyc.--

and
hchichocTyc:---

such that S, N T, = 0 for all n. We think of the elements of S,, as required and the elements of T}, &s
forbidden. Start with Sy = T} = ). Given S, and T,,, construct S}, from S, by adding A, then subtracting
T, then adding a point in N — (4; UT,) for each 1 < § < n. Then construct T}, by adding N — B,
subtracting S5}, and adding a point in B; — S}, for each 1 < ¢ < n. Then construct Sp4; by adding to S,
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one point in N — (C; UTY) for each 1 < 7 < n such that S}, is essentially contained in Cj, and construct
Tyw+1 by adding to 77, one point in C; — Spy1 for each 1 £ ¢ < n such that N — T}, essentially contains
C;. The construction can proceed because we inductively have that S, has finite symmetric difference with
AjU---UA, and T, has finite symmetric difference with N — (B N--- N B,). Finally, let A = JS5,. It is
immediate that A essentially contains every A,, and by the construction of S;, it contains infinitely many
points outside of each A,. Since A does not intersect | Ty, it is essentially contained in each By, and by
the construction of 7}, it avoids infinitely many points in each B;,. By the construction of 5, and T; we
have that A neither essentially contains nor is essentially contained in any C,. To find a set B with the
same properties that essentially contains but is not essentially contained in A, add A to the family {A,}
and apply the construction again.

Theorem 12.10. Assume the continuum hypothesis. Then there exist nonirivial self-homeomorphisms of
AN —N.

Proof By Lemma 12.8, it suffices to find a nontrivial order-automorphism of P(N)/fin. There are 2%
trivial order-automorphisms; enumerate them as {1, : & < R1}. The cardinality of P(N)/fin is also 2%,
so enumerate its elements as {z, : o < R;}. We recursively construct countable subsets A of P(N}/fin

which are closed under finite unions, finite intersections, and complements, together with injective maps
g t Ax — P(N)/ fin, such that, with By = ¢a(Aa),

(i) if 8 < a then Ag C Ay, Bg C By, and ¢ala, = d5;

(ii) ¢o preserves finite unions, finite intersections, and complements;
(iil) ¢ disagrees with 1o on Aa; and

(iv) T is in both A, and Bg.

At stage o of the construction, if ., & U,g <o A then we let o = To; otherwise we choose 3, arbitrarily
in the complement of {Jg.,As. Then we let A, be generated by Ug<a As 2nd yo under the operations

of union, intersection, and complement, extend the previously defined ¢ to an embedding $o of Ay in
P(N)/fin, and let B, = tﬁa(_fla). If B, contains 7, then we let Aq = Aq, Bo = By, and ¢ = dy; otherwise
we let B be generated by B, and z, under the operations of union, intersection, and complement, extend
q?t;l to Bg, and let A, be the image of B, under the extension and ¢ the inverse of the extension.

The point is that there are always at least two ways to define $s, hence at most one of them can agree
with 1, and we can ensure condition (iii} by choosing the other one. To define the extension, partition
J 3¢ Ag into those elements which lie below y,, those which lie above y., and those which are incomparable
to o. This corresponds to a partition of | J <o Ba: which can be lifted to three countable families of subsets
of N that satisfy the hypotheses of Lemma 12.9. That lemma then provides us with two suitable targets
for ya; this determines the construction of ¢q, end it is straightforward to check that this does produce a
well-defined map with the desired properties.

Finally, we define an order-automorphism ¢ of P(IN)/ fin by taking the union of the maps ¢,. It is injective
since each ¢, is injective, it is surjective since for each a its image contains z, € Bg, and it is an order-
isomorphism since each ¢q : Ag = B, is an order-isomorphism. It disagrees with each %, by construction
so it is a nontrivial order-automorphism. i

Exercises

(a) Prove Proposition 12.2.

(b) Prove Proposition 12.4. (Hint: for compactness, first look at Exercise {c).)
(c) In the proof of Lemma 12.8 show that Ua, U+ UU4, = T a0, -

(d) Prove that any self-homeomorphism of AN arises from a permutation of N.
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13. Application: pure states on B(H

We work in ZFC. Let H be a separable infinite-dimensional complex Hilbert space and let B(H) be the set
of all bounded linear operators from H to itself.

Definition 13.1. A (concrete} C*-slgebra is a norm-closed linear subspace of B(H) that is stable under
adjoints and products (i.e., composition of operators). It is unital if it contains the identity operator on H.
A state on a unital C*-algebra A is a bounded linear functional f : A — C such that || f|| = f(I) = 1, where
I is the identity operator. It is pure if it cannot be expressed as f = (f1 + fa)/2 for distinct states f; and fa.
For example, if v is & unit vector in H then the map f, : A — (Av,v) is a state on B(H) because
(Tv,v) = (w,v) =1

(so that fy(I) = 1 and consequently {| /|| = 1) and for any operator A € B(H)

fo(A)l = [(Av, v} < [l Al < AfNI0]? = [ Al

(so that || fs|| € 1). In fact it is pure, though this is a little harder to show. Any convex combination of
states is a state; thus the set of all states is convex, and the pure states are its extreme points.

Let I{ be an ultrafilter over N and let (@,) be a bounded sequence of complex numbers. For each A € If let

84 be the closure of {a, : n € A}; then each S4 is compact, and they have the finite intersection property

because
Sairnd, 854, N--N54,.

So Nacy Sa is nonempty. Furthermore, it must consist of a single point because any two distinct points in
C can be separated by a pair of open sets U and V; since either {n: e, € U} or {n:an, ¢ U} is in I, but
not both, some S is contained in either the closure of U or the complement of U. Thus ()¢, Sa = {a} for
some complex number a. We write limy a,, = a. (This construction would worlk for ultrafilters over any set,
a fact we will use in the proof of Lemma 13.4.)

The following theorem is due to Joel Anderson, We omit the proof.
Theorem 13.2. Let (en) be an orthonormal basis of H and let U be an ultrafilier over N. Then

fl4) = lilﬁn(Aem en)

defines a pure state on B{H).

The states deseribed in Theorem 13.2 are called diaganalizable, and until recently it was not known whether
there are any pure states on B(H) that are not diagonalizable, Charles Akemann and I recently proved that
CH implies there exist non-diagonalizable pure states. The relative consistency with ZFC of the statement
“all pure states are diagonalizable” remains open.

We will give the non-diagonalizable construction, leaving out the proof of one key C*-algebraic lemma. An
operator in B(H) is finite rank if its range is finite-dimensional. We omit the proof of the following result.

Lemma 13.3. Let A C B(H) be o separable unital C*-algebra which contains all finite rank operators. Let
f be a pure state on A that is zero on oll finite rank operators and let (en) be an orthonormal basis of H.
Then there is a subset S C N and a pure state g on B(H) that eztends f such that 0 < g(P) <1 where P

is the operator defined by
_Jes ifnes
Pen = {o ifngs.



We call the operator P in Lemma 13.3 an orthogonal projection that is diegonalized by (e,). Observe that
for any ultrafilter If over IN the pure state A — limy(Ae,, e,) takes either the value 1 or the value 0 on P,
depending on whether S or N — 5 is in 4.

Lemma 13.4. Assume the continuum hypothesis. Let f be a pure state on B(H) and let A C B{H) le
a separable unital C*-algebra. Then there is a separable unital C¥*-algebra B that conteins A such thot the
restriction of f to B is pure.

Proof. The cardinality of B{H) is 280, By the continuum hypothesis we can enumerate the elements of B(H)
as {24 1 o < ¥y}, For each o < Nj let A, be the unital C*-algebra generated by A and {z5: 8 < a}.

Let z = z, € B(H)}. We claim that for sufficiently large o > -y we have, for any states f1 and fo on Aq,

fla, = (fi+ f2)/2  implies  fi(z) = fa(z).

(If this condition holds we say that f|., is pure on z.) To see this, suppose the claim fails. Then there exdst
€ > 0, an unbounded set 7" C N, and for each o € T states f and f§ on A, such that

fla. =0T+ )2 and  |f¥{z) - flz)l 2. ()

(If no such € and T existed, then for each n € N we could find 8, < N; such that () cannot be achieved
with € = 1/n for eny o 2 f,. This would imply that f|a, is pure on = for all @ > sup G, contradicting our
assumption that the claim fails.)

Let U be an ultrafilter over 1" that contains the set {o € T': a > [} for each § < Ry, and define states fi
and fy on B(H) by fi(y) = limy f{*(y) end fa(y)} = limy f(y) for all y € B(H). Then f = (f1 + f2)/2 and
| fi(z)— f(z}| = €, so that f # fi. This contradicts the assumption that f is pure, so the claim is esteblished.

Now for any o < Wi, we can find a countable dense subset of 4,, and the claim implies that for sufficiently
large 3, f|.a, is pure on every element of this subset. Since the subset is dense, f|.4, is pure on every z € A,.
Now construct a sequence (o) by setting ap = 0 and choosing o471 > @g such that f| An,,, 1§ DUTE 0D
every & € Ag,. Letting § = supan, we then have that fla, is pure on every element of | J, < Aa; since
this is a dense subset of Ag, f|.4, is a pure state on Ag. Thus B = Ag is a separable unital C*-algebra that

contains A such that the restriction of f to B is pure. |

Theorem 13.5. Assume the continuum hypothesis. Then there is a pure state on B(H) that is not diago-
nalizable.

Proof, There are 2% clements of B(H) and 2% arthonormal bases of H. Enumerate these as {z, : & < Ny}
and {{e%}: @ < R;}. We recursively construct a nested transfinite sequence of separable unital C*-algebras
A, together with pure states f, on .4, such thet for all & < ¥, we have '

(i) To € Aavy;
(ii) if f < « then fa]a, = fg; and
(iii) Ap41 contains an orthogonal projection P, diagonalized by (ef) such that 0 < foq1(Fa) < 1.

Begin by letting A be the closure of {A + 2I : A is finite rank and z € C} and defining fo(A + 2I) = z.
At successor stages, use Lemma 13.3 to find an orthogonal projection F, that is diagonalized by (e%) and a
pure state g on B(H) such that gla, = fo and 0 < g(P} < 1. Then use Lemma 13.4 to find a separable
unital C*-algebra Aq..1 which contains Ag, Ta, and P, and such that the restriction foq1 of g to Ag41 s
pure. At limit ordinals «, let A, be the closure of Uﬁ<a Ag. In this case the state f, is determined by
continuity end the condition that fa|a, = fp; it is pure because if g1 and g are states on A, such that
fa = (g1 + g2)/2, then for all § < « purity of fz implies that g; and gs have the same restriction to Ag, so
that g1 = ga. This completes the description of the recursive construction.

Finally, define a state f on B(H) by letting f{4, = fo. By the reasoning used immediately above, f is purs,
and since 0 < f{Py) < 1 for all o, it is not diagonalized by any orthonormal basis {e3).
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Exercises

(a) Prove that the set of states on a unital C*-algebra is convex and wealc*-compact.

(b} Let (ay) and (b,) be bounded sequences of complex numbers and let i be an ultrafilter over N. Prove
that limys{a, + b,) = limyy a,, + limyy by,

(c) Show that the state fo defined on A4y in the proof of Theorem 13.5 is pure. (Hint: if P is an orthogonsl
projection such that I — P has finite rank, then f3(P) = 1. Every finite rank operator is a linear combirnation
of rank one orthogonal projections.)
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14. The diamond principle

Consider an infinite binary tree. If one vertex is removed from each level except the first, there will still be
an infinite path down the tres. Such a path can be recursively constructed starting at the top vertex, since
each vertex in the original tree has two immediate successars, so that after vertices are removed at least one
jmmediate successor will always still be available. Thus the construction can proceed indefinitely.

Avoilding forbidden vertices

Now consider the analogous question for the standard ¥;-N;-tree. This tree has R; levels and each vertex
has ¥; immediate successors. The vertices at level a can be labelled by functions from a into ¥y; if @ < 8
then a vertex w at level @ lies below a vertex v at level o if the function that labels w extends the function
that labels ». Remove one vertex from each level except the first. Will there necessarily still be at least one
path all the way down the tree?

The binary tree argument does not work here. The problem is that when we fry to recursively construct a
path down the tree, the vertex we hit at a limit ordinal is determined by the sequence of vertices chosen up
to that point. (If @ is a limit ordinal then any function from o to ¥; is determined by its restrictions to ail
ordinals strictly less than «.) Thus, when attempting to construct a path down the tree, in order to avoid
forbidden vertices at limit levels we would have to look ahead somehow. It is not clear that this can be done.

Definition 14.1. A subset C of ¥, is closed if the supremum of every countable subset of C lies in (', and
it is unbounded if for every o < ¥, there exists 8 € C such that 8 > a. (Thus, C is unbounded if and
oaly if it is uncountable.) A subset of ¥; is stationary if it intersects every closed unbounded subset. The
diamond principle (¢) asserts that one vertex can be chosen from each level of the standard R¥;-R;-tree in
such a way that every path down the tree meets the chosen vertices on a stationary set of levels.

Less formally: one vertex can be chosen from each level so that every path down the tree repeatedly meets

chosen vertices. More formally: there is a sequence {hs : @ < Ry} of functions hs : @ — Ry such that for
any function f:¥; — ¥; the set
{a: fla = ha}
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is a stationary subset of Ny.

The diamond principle implies the continuum hypothesis (exercise), so - { follows from — CH and hence is
relatively consistent with ZFC. We will now show that ¢ is also relatively consistent with ZFC. In M, define
a notion of forcing P as follows. The elements of P are all sequences p = {h : ¥ < o} such that v is a
countable ordinal and A, is a function from  into Ry, for each v, (Thus, p chooses one vertex from each
level of the tree up to level o.) We call o the length of p. Order the elements of P by letting p < ¢ if the
sequence p extends the sequence g.

Theorem 14.2. Lei P be the notion of forcing defined above. Then { is true in MG, for any generic
filter G.

Proof. 1t is clear that M = “F is w-closed”, so RM = N?{[GI. As usual, the union of G is a sequence
{ha : @ < R1} such that each A, is & function from o into ®;. We must show that in M[G] the resirictions
of any function f: RM — RM agree with the h, on & stationary set.

Let f be a function in M[G] from ®M to itself and let C € XM be a subset in M[G] such that M[G] = “C
is closed and unbounded”. Let 7 be a P-name for f and let o be a P-name for €, and find p € G such that
p |- “r is & function from ¥, to itself and ¢ is & closed and unbounded subset of N;”.

Working in M, for any v < p we now recursively define a sequence pg > p1 > -+ . Let pp = r. Having chosen
Dn, we choose p,, 11 as follows. Say the length of py, is o, Since p |- “o is unbounded”, for any generic filter
G’ that contains p, we have that M[G'] = “there exists 8 > o, in valg/(c)”. Hence there exists gn < pn
which forces G, € o, for some §, > oy,. We may assume that the length of g, is at least 3,. Similarly, we
can find pui1 < gn such that pyi forces “rls, = fu" for some function fn : o — R in M. (Here ve
use the fact that P is w-closed: by Lemma 9.2 and the fact that ey, is countable in M, the evaluation of T
restricted to o, belongs to M, for auy generic filter that contains gp.)

‘We have constructed {(p,,) in M. Let ¢ be the union of the sequences pj, so that the length of g is o* = sup ay.
Also, since ap < fn < tny1 we have o = sup f,. Since g < g, for all n, we have ¢ |- f, € o. Since g |-
“g is closed” we must have g ||~ &* € o. Finally, let ¢ = {g4: 7 < @* 4 1} be the sequence of length o* +1
which extends g hy the one additional function go- ! @ — Wy defined by taking the union of the functions
fn. Since ¢’ < pnt1, it forces “the restriction of T to &, equals the restriction of §,- to ¢&," for all n; thus,
q' forces “the restriction of r to &" equals a-".

We conclude that ¢’ forces “&* € o and 7 restricted to &* is in the union of I, Thus, we have shown that
any v < p lies above some g’ which forces that 7 restricted to some element of o equals a function in the
union of T, So the set of such ¢’ is dense below p, and since & is generic it must contain such a point. This
means that M[G] |= “(Ja)(a € C and flo = ha)”. Thus, in M|G] the set of o for which the restriction of

any given function from ¥; to & equals hy is stationary. 1

Exercises

{a) Prove that the intersection of countably many closed unbounded subsets of ®; is a closed unbounded

subset of Ry.
{b) Prove that ¢ implies CH.

15. Application: Suslin’s problem, I

We work in ZFC. The real line is dense {between any two points there is a third), unbounded (there is no least
or greatest element), complete (every bounded set has a least upper bound and a greatest lower bound}, and
separable. Conversely, it is not too hard to show that any totally ordered set with these properties is order-
isomorphic to R. Suslin’s problem asks whether “separable” can be weakened to “there is no uncountable
collection of disjoint open intervals” in this characterization. This condition is called c.c.c.

Definition 15.1. A Suslin ling is a totally ordered set that is dense, unbounded, complete, and c.c.c. but
not order-isomorphic to R.
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The existence of Suslin lines is independent of ZF'C. In this section we will show that diamond implies that
Suslin lines exist.

The key technical step is & reduction to a problem about trees.

Definition 15.2. A treeis a partially ordered set with the property that for any ¢ in T theset {y € T': y > z}
is reverse well-ordered.

(e} If T is & tree and = € T, the height of x is the ordinal reverse isomorphic to {y : ¥ > z}. A level
of T is the set of all vertices of a given height. The height of T is the supremum of the heights of
its vertices.

(b) A branch in T is & maximal totally ordered subset, and an antichain is a set of pairwise
incomparable elements.

(¢) T is a Suslin tree if its height is Ry, every branch is countable, and every antichain is countable.
It is normal if additionally

(i) it has a unique greatest element;

(ii) every vertex has infinitely many immediate successors;

(iii) every vertex has descendants at every level o < Ry; and

(iv} at any limit level, no two distinct vertices have exactly the same predecessors.

Lemma 15.3. Suslin lines exist if and only if normal Suslin trees exist.

Proof. (=) Given a Suslin line, we create & Suslin tree as follows. Let Iy be an arbitrary nondegenerate
.. closed interval in the line. For @ < N; we recursively choose I to be a nondegenerate closed interval that
does not contain either endpoint of any interval Iy with § < o« We can do this because the set of all
endpoints to be avoided is countable and hence not dense in the ling, since a Suslin line cannot be separable.
The vertices of the tree are the countable ordinals, ordered by setting o 2 §if I, C I.

We verify that the resulting tree is Suslin. The nonexistence of uncountable antichains follows from the fact
that one cannot find uncountably many disjoint intervals I, (since the original line was Suslin). Similarly,
any branch corresponds to a nested sequence of intervals; the left endpoints of these intervals are then an
increasing sequence in the line, so that they constitute the endpoints of a family of disjoint intervals. Again,
since the original line was c.c.c., any such sequence must be countable. So the tree has no uncountable
branches.

Finally, it is an exercise to show that every Suslin tres can be converted into a normal Suslin tree.

{«=) Given a normal Suslin tree, first assign an order to the immediate successors of each vertex, making
them order-isomorphic to the rationals. Then define a Suslin line by letting its points be the branches of
the tree, ordered lexicographically according to the orderings just infroduced. It is clear that the resulting
totally ordered set is dense and has no least or greatest element. It is ¢.c.c. because for any open interval we
can find & vertex z such that all branches passing through z iie in the interval, so an uncountable family of
disjoint open intervals would give rise to an uncountable antichain in the original tree. It is not separable
because any countable set of branches have heights less than some countable ordinal, and any point at any
lower level is contained in an interval of branches that evidenily does not meet the original set of branches.
Finally, we obtain a Suslin line by completing,.

Lemma 15.4. Let T be a tree of height Ry and let A be o marimal antichain in T'. For each oo < Ny let T,
be the set of vertices of height less than o and suppose each Ty is countable. Then

C = {a: ANT, is a marimal antichain in Ty}

is a closed unbounded subset of N;.

Propf. For any «, AN Ty is an antichain in T,. If o = supo, and ANT,, is a2 maximal antichain in each
Ta, then any element of T}, belongs to some T, and hence is comparable to some element of ANTy,; thus
a € . So C is closed.
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To see that ¢ is unbounded, let & < ¥y. Then T, is countable and every element of T, is comparable to
some element of A, so there exists a; > @ such that every element of Tj, is comparable to some element of
ANT,,. Then find aa > a; such that every element of Ty, is comparable to some element of AN T,,, and
50 on. Setting a* = sup v, we have that every element of T~ is comparable to some element of A N T,

i.e, a* € C. Since a* > o and o was arbitrary, this shows that € is unbounded. i

Theorem 15.5. Assume ¢. Then Suslin lines exist.

Proof. Using $, fix a sequence {hy : & < ®1} of functions hq @ & — {0,1} such that for any function
f iRy — {0,1} the set {@ : f|la = hal} is a stationary subset of ¥;. We construct a normal Suslin tree T’
whose vertices are all countable ordinals. We take the ordinals in order, i.e., every time we add a vertex it
will be the first ordinal not used up to that point.

Let 0 be the top vertex. Having constructed all vertices et level o, we add a countably infinite number of
immediate successors to each vertex at level o to obtain the vertices at level a+1. We construct the vertices at
a limit level @ as follows. Let 3 be the least ordinal not yet used as & vertex and let Sg = {7 < f: ha{7y) = 0}.
Using the notation of Lemma 15.4, if Sz is not & maximal antichain in T}, then for each v < # choose a path
of height o containing - (it will be clear inductively that this can always be done) and add a vertex at level
o below this path. If S5 is a maximal antichain in Ty, then do the same thing but ensure that the path of
height e containing v also contains a point of Sg. We can do this because Sg is maximal. This completes
the description of the construction.

‘We must show that every branch is countable and every antichain is countable; the other properties of a

- normal Suslin tree are clear from the construction. Let A be a maximal antichain; by Lemma 15.4 the set of

o such that AN T, is maximal in T, is closed and unbounded. Also, the set of o such that T, = a is easily
seen to be closed and unbounded, so by ¢ there exists o such that T, = c and S, = AN T, is & maximal
antichain in T,. By the construction, every vertex at level « then lies below some element of S5, and this
must remain true at all future levels. Thus A = AN T,, and hence it is countable. We have shown that
every antichain in T is countable.

Finally, there is no uncountable branch because this would easily imply the existence of uncountable an-
tichains. (For each vertex in the branch, choose an immediate successor that does not lie in the branch. The

set of these successors is an antichain.)

Exercises

(a) Show that if & Suslin tree exists then a normal Suslin tree exists. (Hint: Given a Suslin tree, first remove
any vertex that has descendants at only countably many levels, Then remove any vertex that has only one
immediate successor, but do not necessarily remove the descendants of such vertices. Then insert vertices to
accomodate condition (iv). Next remove all vertices at all successor levels, and finally handle condition {i).)

16. Application: Naimark's problem

We work in ZFC. Recall that C*-algebras are defined concretely as closed linear subspaces of B(H) that
are stable under products and adjoints. We now allow H to be nonseparable. Isomorphic C*-algebras can
be realized ag acting on different Hilbert spaces in different ways; a representation of a C*-algebra A on
a Hilbert space K is a bounded linear map n : A — B(K) which preserves products and adjoints. It is
irreducible if K cennot be nontrivially decomposed into an orthogonal direct sum i = K; & Ko in such a
way that each summand is invariant for the action of A (that is, #(z}K; € K; forallz € Aand i =1,2).
If '+ A — B(X') is another representation of .4, we say that 7 and = are ynitarily equivalent if there is a
unitary operator I/ : K — K’ such that 7{z) = U~ in'(z)U for all z € A.

Trreducible representations are related to pure states by the following facts from basic C*-algebra theory.
If = is an irreducible representation of .4 on B(JK) and v is a unit vector in K, then z — (a(z)v,v) s a
pure state on A, Every pure state is realized in this way for some irreducible representation. If A is unital
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then two irreducible representations are unitarily equivalent if and only if (some or any) corresponding pure
states are unitarily equivalent in the following sense.

Definition 16.1. Two pure states p; and ps on a unital C*-algebra A are unitarily equivalent if there is a
unitary u € A such that pi(z) = pa(u*zu) for all x € A.

For any Hilbert space H, the C*-algebra of compact operators on H, K(H}, is the closure of the set of finite
rank operators. Mark Naimark proved that X(H) has only one irreducible representation up to unitary
equivalence, namely the identity representation on H, and he asked whether any other C*-algebra has only
one irreducible representation. Alex Rosenberg quickly showed that there were no separable examples.
Recently Charles Alkemann and I used diamond to construct a nonseparable example. We now give this
result, modulo various basic C*-algebraic facts and omitting the proof of one key C*-algebraic lemma.
Whether it is relatively consistent with ZFC that no examples exist remains open.

A C*-algebra is simple if it contains no nontrivial closed two-sided ideals. If 4; C© A; € --- is & nested
sequence of simple C*-algebras and A is the competion of the union |J A, it is standard that A is also
simple. We omit the proof of the following lemma.

Lemma 16.2. Let A be o simple, separable, unital C*-algebre and let f and g be uniterily inequivalent pure
states on A. Then there is a simple, separable, unitol C¥*-olgebra B that uniially conteins A such that f end

g have unigue extensions to pure states on A, and these extensions are unitarily equivalent.

- (B unitally contains A if the unit of B equals the unit of .4.)

Lemma 16.3. Let (Aqy), & < Ry, be o nested transfinite sequence of separable C*-algebras and suppose Aq
is the completion of | Jgeq Ag, for every limit ordinal o. Then A =J,.p, Aa i8 ¢ C*algebra, and if f is a
pure state on A then {a < Ny : f restricts to a pure state on Ay} s closed and unbounded.

Proof. A is complete because any Cauchy sequence in A must lie in A, for some @, and hence must have a
limit in A, C A. Using an abstract characterization of C*-algebras, it easily follows that A is a C*-algebra.

Let f be a pure state on A, let (an) be a sequence of countable ordinals such that fi4, is pure for all n,
and let o = supoy,. Then f|a, must be pure because if f|a, = (fi + f2)/2 for some states f) and f» on
Ay, then for all n the restrictions of fi and fa to A,, must agree by purity of f|a, . Thus fi = fa, using
the fact that A, is the completion of { J.A.,. This shows that the set of « such that f|., is pure is closed.
The proof that it is unbounded is essentially the same as the proof of Lemma 13.4. |

Theorem 16.4. Assume ¢. Then there is a C*algebra generated by Ry elements that has only one irre-
ducible representation up to unitery equivalence but is not isomorphic to the algebra of compact operators on
any Hilbert space.

Proof. By diamond, chaose a sequence {hq : @ < ¥y} of functions A, : o — Ry such that for any function
¥y = Ny theset {a: fla = ha} is a stationary subset of ;. For o < R; we recursively construct a nested
transfinite sequence of simple separable unital C*-algebras Ay, all with the same unit, fogether with a pure
state f on A, and an injective function ¢ from the set of states on A, into ;. We will ensure that for
any o < 3 the state f, has a unique extension to a state on Ag and fg is this extension.

Begin by letting Ap be any simple, separable, infinite dimensional, unital C*-algebra. (There are many
A0

0 A
and take the completion of the union. The result will be simple by a fact mentioned earlier which states that
the completion of a union of a nested sequence of simple C*-algebras is always simple.) Let fo be any pure
state on Ag (a basic fact from convexity theory: every C*-algebra has pure states). Since ¢ implies CH (§
14, Exercise (b)), the set of states on Ay has cardinality at most X3, so let ¢g be any injective function from
the set of states on Ag into R;.

examples of these. For instance, unitelly embed Man{C) = B(C?") in Man+ (C) by the map A — (
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Having constructed Ay, we define Ag4, as follows. If @ is 2 limit ordinal and there is a pure state g, on
A that is not uniterily equivalent to f, and such that 14(8) = da(gala,) for all § < o, then let Aqyg be
the C*-algebra given by Lemme 16.2 with f = f, and g = go. Also let foy1 be the unique extension of
fo to Ay and let o1 be any injective function from the set of states on Ay4 into Ry, Otherwise, let
Aat1 = Ag, fat1 = fo, a0d i1 = da.

At limit stages o, we let A, be the completion of U,s <aAg: define f by the condition that its restriction
to Ag is fp for all 4 < @, and let ¢ be any injective function from the set of states on A, into 8. Again,
nate that A, is simple because it is the completion of the union of a nested sequence of simple C*-algebras.
This completes the desecription of the construction of the sequence (Ag)-

Let A ={]J,n, A~ and define a state f on A by requiring f |4, = fo for all . Then A is a C*-algebra by
Lemma 16.3, and f is pure by the argument used in the proof of Lemma 16.3 to verify closure. We must
show that every pure state on .4 is unitarily equivalent to f. Let g be any pure state on .A; we will show
that g4, is unitarily equivalent to f. for some . This is sufficient because f. has a unigue state extension
to A (namely f), so conjugation by the unitary that makes g|a, and f, equivalent shows that g|4, hasa
unique state extension to A (namely, g), which is unitarily equivalent ta f.

Define h : B; — Ry by setting h{a) = ¢a(g|la,). Let 5 be the set of limit ordinals such that g|4, is pure.
By Lemma 16.3 together with the fact that the set of limit ordinals less than 8, is closed and unbounded,
it follows that S is closed and unbounded. Thus by ¢ there exists a limit ordinal a such that g|a, is pure
and hy = hlg, Le.,

ha{B) = da(glas)

for all # <. If g, is unitarily equivalent to.f, then. we are done; otherwise the construction of fosq
guarantees thaf it is unitarily equivalent to the unigue extension of g|a, to Aas1, which must be g|a,,,.
Thus we are done in this case as well.

Finally, .4 is not isomorphic to any X(H) because it is both infinite dimensional and unital. |
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17. Product forcing and {5

Working in ZFC*, we have developed a procedure for enlarging the given model M of ZIFC to another model
MJG] using a preordered set in M. But now the same procedure can be applied to MIG]; that is, we can
enlarge M[G] to another model of ZFC in exactly the same way, using a preordered set in M[G]. As we will
see in § 19 and subsequent sections, iterating this process increases the power of the forcing technique. In
this section we will adopt the opposite point of view and see how in some circumstances the passage from
M to MJG] can be broken up into two stages. This can be useful in determining the properties of M([G].

Definition 17.1. Let F; and P» be two notions of forcing. The product notion of forcing P % P is the
cartesian product of P and P» equipped with the preorder defined by (p,¢) < {p',¢') ifp<p'and ¢ < ¢'.

Theorem 17.2. Let P; and Py be two notions of forcing.

(o} If Gy is a generic filter of Py relative fo M and G» is a generic filter of Pa relative to M[G1],
then G = (1 x Gn is a generic filter of Py % P relative to M.
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(b) If G is a generic filler of Py x Pa, then G = G1 x G» where G1 is a generic filter of Py relative
to M and Ga is e generic filier of Py relative to M[Gy].

In either case, we have M[G] = M[G1]|G2].
Proof. (a) It is easy to check that G = Gy X Ga is a filter of P, x P5. Let D € M be a dense subset of
P % Py; we must show that G intersects D.

Define
D'={g€ Pa:{pq) €D for some p € G1}.

We claim that D' is dense in P, To see this, let 7 € Py and let
D"={pe P :(p,q) €D for some g < r}.

Since D is dense in Py x P, for any p € P, the point (p, ) lies above an element of D, and this shows that
D" is dense in P,. Thus G, intersects D”; fix p € G; N D" and fix ¢ < 7 such that {p,g) € D. Then g€ D',
and this verifies the claim.

Since I’ is dense in P and D' € M[G;], Gz must intersect [Y'. Fix ¢' € Ga N D’ and fix p’ € Gy such that
(¢',¢') € D. Then (p',¢") € @GN D. Thus G is generie.

(b) Let G = {p€ P : (p,1lp,) € G} and Ga = {g € P2 : (1p,q) € G}. For any (p,q) € G we have
(p,1p,),(1p,,q) € G; this shows that G C Gy x (. Conversely, if p € Gy and g € Go then (p,1p,),(1p,,q) €
G and by the filter property G must contain a common extension of (p,1p,) and (1g,q). But (p,q) is
their greatest lower bound in P x P, so G must contain {p,g). Thus G; x Ga € G. We conclude that
CeGixCo P2y 80 & A - .
We will show that G» i a generic filter of P relative to M[G1]. A similar argument shows that G1 is a
generic filter of P; relative to M[G4|, which trivially implies that it is generic relative to M.

Thus, let D € M[G;] be a degse subset of Ps, Let 7 € M be a P-name for D and fix py € Gy such that
m |- “r is & dense subset of P". Define

D'={(p,g)e Px Pr:p<poandp|-der}

We claim that D’ is dense below (pp, 1p,). To see this let (r,s) < (po,1p,). Then r |- “there exists x € 7
such that z < § since r < pg. Thus some 7 < r forees “3 € T and § < 5" for some s, so that (v',s") € I/
and (r',s') < (r,8). This proves the claim.

Since (3 is generic and (pp, 1p,) € G, there must exist (p,q) € GND'. Then g € Ga, and p |- § € v implies
that g € D. This shows that G5 is generic relative to M[Gy].

For the final statement of the theorem, observe that Gy, Gg, and & all belong to both M[G] and M|G4][Gs).
The fact that M[G] C M[G4][Ga] is then a straightforward induction on name rank, as is the reverse
containment. i

We will now illustrate the way product decompositions can be employed by using them to prove a slightly
stronger version of the diamond principle.

Definition 17.3. For any stationary set S C Ry, ¢(S) is the assertion that there is a sequence {hy : c € §}
of functions hq : @ —+ ¥; such that for any function f:®; — W, the set {o € S : f|lo = ke is stationary.
{5 is the assertion that ¢}(S) holds for every stationary S C R;.

Thus, $(S5) says that paths down the standard R®;-N;-tree can be blocked just by removing one vertex from
each level in S, and {5 says this can be done for every stationary set S.

We will force ¢S by adding not just one diamond sequence as in Theorem 14.2, but more than 2% diamond
sequences. The notion of forcing used in Theorem 14.2 actually verifies {(5) for every stationary S in M,
5o the ides is that if we add many diamond sequences at once then for every stationary § in M[G], some of
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the diamond sequences we create are added “independently” of S and hence will verify ¢(S5) for that 5. The
technical tool nsed to show this is a product decomposition. (This argument follows a suggestion of Ilijas
Farah.)

First we show that adding a single generic diamond sequence already verifies ¢(.5) for every 5 in the ground
model.

Lemma 17.4. Let § € M be a subset of 8y such that M |= “S is stationary” and let P be the notion of
forcing used in the proof of Theorem 14.8. Then {(S) is true in MG, for any generic filter G.

Progf. Fix a generic filter G and suppose {$(9) fails in M[G]|. Let (hq) be the sequence of functions
he : @ — RM which constitute the union of G. Then we can find a function f in M[G} from ®}M to itself and
a subset C € ®M in M[G] such that M |= “C' is closed aud unbounded, and fls # he for any o € &N S".
Let 7 be a P-name for f and let ¢ be a P-name for C, and find p € G such that p forces “r is a function
from ®; to itself, o is a closed and unbounded subset of Ry, and T restricted to « is not in the union of T for
any a € 6N 5”.

Working in M, carry out the construction given in the proof of Theorem 14.2 to obtain gg < p of length ap
such that go forces “dg € o and 7 restricted to &p is in the union of I'™. Then carry out the construction
again to get g1 < qg of length o with the same property, and iterate. We get a sequence {oy, : v € Nllw}
which enumerates a closed unbounded subset D of R, together with elements g, € P which force that &, is
in o and 7 restricted to &, is in the union of I'. Since § is stationary, SN D # @, so let o,- € SND. We
now reach a contradiction, because g,,- forces that I' captures T at the level @,-, but since it lies below p it
 also forces that I' does not capture 7 at any level in o N 5. We conclude that ¢(S) must hold in M[G].

Next we need a version of the A-systems lemma {Lemma 10.5) for countable sets.

Lemma 17.5. Say 2% = R, and let & = Noyp1. Let A be a family of k distinct countable subsets of a set
of cardinality k. Then there i5 a set v and a subfamily B C A of cardinelity x such that aNb = r for any
distinet a,b € B.

Proof. Without loss of generality, suppose A is a family of subsets of the cardinal . We claim that there
exists an ordinal v < & such that for every § > -, there is some set @ € 4 which contains an ordinal larger
than § but no ordinals between - and 4.

Suppose the claim fails. Then for every v < & there exists § > « such that every set in A either contains no
ordinal larger than « or contains an ordinal between v and 6, Create an increasing sequence yg, 8 < Ny, by
setting o = 0 and using the failure of the claim to find yg41 = & for every yg = .

Far every v < & we have card(y) < 2%, so there are at most 2% distinct countable subsets of v (§ 3,
Exercise (). So for each @ < ¥, there are at most 2"° sets in A contained in v, and hence there are at
most N; - 210 = 2% sets in A that are contained in any vg. Since 4 has cardinality « > 2R, there must be
some a € A that is not contained in any yg. But then by the construction of y541 we have that a contains
an ordinal between g and ygy1 for all 3 < ¥y, which is impossible since every element of A is countable.
This contradiction establishes the claim.

Now fix v < & verifying the claim. Choose a sequence of sets zg € A, § < &, by picking ag arbitrarily
and for general # using the lemma to find a set set ag € A which contains no ordinal between - and
(sup Ugicpap) + 1. Then {ap: f < x} is a subfamily of A of & distinct countable sets, the intersection of
any two of which is a countable subset of «v. But as we noted earlier, there are at most 280 < & countable
subsets of -y, so for some countable r C v we have a N b = 7 for all distinct a and b in some subfamily B of
{ag : B < x} of cardinality .

Lemma 17.6. Let P be any notion of forcing, let G be o generic filter of P, let A by any set in M, and
let 7 be a P-name such that M[G] = “valg(7) € A”. Then there is a P-name ¢ whose elements are all
of the form (,p) for © € A and p € P, such that valg(r) = valg(s). If M = “card(A) < 2% and every
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down-antichain in P has cardinality at most 287 then we can choose o so that M |= “o contains at most
2R elements”.

Proof. Let o be the set of all pairs {Z,p) such that z € 4, pe P, and p |- & € 7. It is an exercise to verify
that val(7} = val(a).

To prove the second assertion, working in M, for each = € A let S; be the set of p € P which force £ € 7,
and let T be a maximal down-antichain in Sz. Then let o/ be the set of all pairs {Z, p) such that z € A and
p€ Ty M |= “card(A) and card(T:) are both at most 28" for all © € 4, then M |= “¢’ contains at mast

2R elements”. The fact that val(r) = val(c’) is another exercise. |
The P-name ¢’ in Lemma 17.6 is called a nice name for a subset of A.

Theorem 17.7. Say M |= 2% = R, and & = Raq1”. Let P be the notion of forcing defined in M as all
families of sequences { f,‘; : 8 € A and v < o} such that A is a countable subset of s, o < ¥1, and each f.‘: is
o function from v into Ry, Then O3 is true in M|G), for any generic filter G of P.

Proof, Fix § € MJG] such that M[G] |= “S is a stationary subset of ®;” and let 7 be a P-name for §.
It follows from Lemma 17.5 that M |= “P contains no down-antichains of cardinality greater than 28"
(exercise), so we can use Lemma 17.6 with A = R; to find a nice name o for S such that M |= “o contains
at most 2% elements”,

Working in M, for every pair (,p) in o let A, be the countable subset of s such that p is a family of
Sequences f.y with § € Ap. Since o contains at most 2R pairs, the union of all the A ha.s ca.rdmahty at
‘most 280, 8o there must exist an ordinal 8y < & that does not belong to any Ap. '

We have P =2 P, x P, where P, consists of all elements of P for which 8y € A, and P, consists of all
elements of P for which 4 = {d}. Let G = G; x Ga be the corresponding decomposition of G. Then
valg, (7) = valg(o) since any pair {Z,p) in o satisfies p € Py, and hence S € M[G1]. Since M|G] |= “S is
stationary” it follows that M[G] |= “S is stationary” (exercise). Then M[G] = M[G1][G2] satisfies $(S) by
Lemma 17.4, and as § was arbitrary we conclude that ¢° is true in M[G].

Exercises

(a) In the proof of Lemma 17.6, verify that val(7) = val(s) and val(r) = val(g’).

(b) In the proof of Theorem 17.7, verify that M }= “P contains no down-antichains of cardinality greater
than 2%0”,

(c) In the proof of Theorem 17.7, show that M[G] |= “S is stationary” implies that M[G] |= "S5 is stationary”.
(Hint: show that if M[G4] = “C is closed and unbounded” then M[G] = “C is closed and unbounded”.)

18. Application: The Whitehead problem, I

We work in ZFC. In this section all groups are abelian.

Definition 18.1. Let A be an abelian group.

(n) A is free if there is a set {g; : i € I} of elements of A (a basig for A) such that every g € A is
uniquely expressible in the form
g = nigi, + -+ kg,

with 41,...,ix € I and my,...,n; € Z.

(b} An extension of A bv Z is an abelian group B together with a surjective homomorphism 7 :
B — A with kernel isomorphic to Z, i.e., it is & short exact sequence

0—Z—B—A—0.
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It is trivial if B = 4 @& Z and 7 is projection onto the first summand.

Proposition 18.2. Let A be o free ebelian group. Then every eztension of A by 2 is frivial.

Proof. Let = : B — A be s surjective homomorphism with kernel Z. Fix a basis {g; : ¢ € I} for A4, and for
each i € I choose h; € m~1(g;). Let A’ be the subgroup of B generated by the h;. Then it is straightforward
to check that A’ = A, A'Nkerm = {0}, and A’ + kernw = B. Thus B 2 A& Z and 7 is projection onto the

first summand. |

The idea of this proposition can be expressed more abstractly. An extension m: B — A of A by Z is trivial
if and only if there is a homomorphism p: A — B such that 7 op=ids. (If B2 A® Z and 7 is projection
onto the first factor, the definition of p is obvious; if there is such a map p, then B = p(A4) +-kerm = AGZ)
‘We say that p splits =,

According to Proposition 18.2, every free abelian group has only trivial extensions by Z. The Whitehead
nproblem asks: if A has only trivial extensions by Z, is it free?

The argument of Proposition 18.2 actually shows that any extension of a free abelian group by any abelian
group is trivial, and the converse of this statement is true in ZFC: if all extensions of A by any abelian group
are trivial, then A is free. But when A is countable, having only trivial extensions by Z is enough:

Theorem 18.3. Let A be a countable abelian group aend suppose all extensions of A by Z are trivial. Then
A i3 free.

" We omit the proof of Theorem 18.3 (see Exercise {c)). Using this result, we will show ¢ implies the same
result when A has cardinality ¥, a theorem due to Saharon Shelah. Shelah also proved that versions of
&S for arbitrary cardinals give the result for groups of arbitrary cardinality. Thus, it is relatively consistent
with ZFC that any abelian group with only trivial extensions by Z is free.

The next lemma ean be proven using techniques from homological algebra, but we give an elementary proof.
This proof uses an idea of Mohan Kumer.

Lemma 18.4. Let 4 be an abelion group, let Ap be a subgroup of A, and let 7 : By — Ag be an extension
of Ag by Z. Then wg embeds in an extension w: B — A of A by Z.

Proof. Using Zorn's lemmas, it is enough to consider the case that A is generated by Ag and one additional
element a. Suppose this is the case. If the cyclic subgroup of A generated by a does not intersect Ap then
A= Ay @ Z and we can define B = By @ Z and w{z & m) = () & m.

Otherwise, let n be the least positive integer such that na € Ag, and write b = ne. Then fix ¥’ € By such
that wo(b') = b and let B = By & Z/I where I is the cyclic subgroup of By @ Z generated by ' @ n. Define
m: B — Aby 7({z @m) + I} = mo{z) — ma. This is well-defined since mg{b’) — na = b —na = 0. We can
embed By in B by the map z — (& 0) + I, and the restriction of = to By then agrees with mg. The lkernel
of 7 consists of all (x @m) + I € B such that mg(z) = ma. Since mo(x) € Ag we must have m = nk for some
integer k, and then mp(z) = ma = nka = kb implies that & = kb’ + z for some z € kermp. That is,

(zoam)+I=(kbt+znk)+I=(z60}+1
since kb’ @ nk = k(b' @ n) € I, so that kerm = kermg = Z. So w: B — A is the desired extension of 4 by zl

It immediately follows from Theorem 18.3 and Lemma 18.4 that if A has only trivial extensions by Z then
all countable subgroups of A are free.

Lemma 18.5. Let A be an abelian group, Aq a subgroup of A, and pp : Ay — Apg & & the standard splitting
of the trivial estension of Ag by Z. Suppose thot the quotient group AfAy has e nontrivial extension by
Z. Then the trivial extension of Ay by Z cen be embedded in an extension of A by Z no splitting of which
resiricts to pg on Ap.
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Proof. Let A" = A/Ag and let «' : B’ — A’ be a nontrivial extension of A’ by Z. Let B be the subgroup
of A® B’ consisting of all elements of the form = & y such that z + Ag = #'(y), and define = : B — A by
m{z @ y) = z. Then 7 is surjective because 7' is surjective: for every = € A there exists y € B’ such that
7 (y) = ¢ + Ay. The kernel of 7 consists of all £ & y such that x = 0 and #'(y) == Ay, i.e., it consists of all
elements of the form 0@ y for y € kern'. So kerw & kern’ = &. Thus 7 : B — A is an extension of A by Z.

B contains Ag @ Z, and restricting 7 to this subgroup yields the trivial extension of Ay by Z. Suppose the
standard splitting pg : Ag — Ap & Z defined by po(z) = z & 0 extended to a splitting p: A — B of =
Then we could define a splitting p' : A' — B’ of #' by setting #'(z + 4p) = y where p(z) = z @ y. This
would be well-defined because for 2 € Ap we would have p(z) = pp(z) = z & 0, and it would be a splitting
because £ ® y € B implies ='(y) = = + Ap. This is impossible because =’ is 2 nontrivial extension of A', s0
we conclude that pp does not extend to a splitting of =

The next lemma contains the substance of the proof.

Lemma 18.6. Assume OS5 and let A be a group of cordinality R, all of whose extensions by Z wre trivial
Suppose A = U1_<_Za <, Ao where the An are stricily nested countably infinite subgroups of A such that
Ay = Uﬁ(n: Ap when o is o limit ordinal. Then Ani1/A. is free for all @ in some closed unbounded set
C C Ny

Proof., Construct a tree as follows. The vertices at level a are all functions f : A, — N x a such that
F(Ag) € N x j for all § < o, with g lying below f if g is an extension of f. Suppose the lemma fails; then
the set § C W; of values of v such that Any)/A, is not free is stationary., Use &3 to choose a sequence of
vertices hy, @ € 5. A e T o
We now recursively construct a nested sequence of countable abelian groups Cn, o < ¥Ni, such that the
underlying set of C is the set N x a, together with surjections 7, : O — A, satisfying kerm, 2 Z and
Tal|c, = 7p for all § < a.

Begin the construction by letting m : €7 — A; be the trivial extension of A; by Z and identifying the
underlying set of Cy with N in any way. At limit levels let Cp = J <o Ca and let mq be the direct limit of
the mg, 8 < a. At successor levels, we have two cases. If & € S and hg splits mq, use the fact that Aqy1/4q
is not free (since @ € S) plus Theorem 18.3 to find a nontrivial extension of Aqt1/Aa by Z. Then apply
Lemma 18.5 to geb an extension way1 ¢ Cav1 — Anr1 by Z which restriets to we on Cp but such that b,
does not extend to a splitting of Ta..1. We may arrange that the underlying set of Cpya is N % (a4 1).

The other case is that o« € S or h, fails to split 7. Here we use Lemma 18.4 to embed 7y : Cq — Ay In
any extension wasi @ Coupi — Aat1 Of Agyr by Z. Again, we may arrange that the underlying set of Gy
is N x (a4 1). This completes the description of the construction.

Let C = |J1<qen, Co and let m: C — A be the union of the maps m,. This is an extension of A by Z,
and since A has only trivial extensions by Z, there is a splitting p: A — C of w. We have p(4,) € Cp for
all o (exercise). By % there therefore exists o € S such that p|a, = he. This puts us in the first case &t
that stage of the construction, so that h, does not extend to e splitting of ma..1. But pla,,, is just sucha

splitting, which is a contradiction. Thus Ag4.1/Ae could not fail to be free on a stationary set.

Lemma 18.7. Assume {5 and let A be o group of cardinality Ry all of whose extensions by Z are trivial.
Let Ay be a countebly infinite subgroup of A. Then there ezists o countable subgroup By of A containing A;
such that for any counteble subgroup B of A conicining By the quotient B/B is free.

Proof. Suppose the lemme fails. Then

() for any countable subgroup B; containing A; there exists a countable subgroup B containing
B, such that B/B, is not free.

Enumerate the elements of 4 as {z, : @ < ¥;}. Now recursively construct a strictly nested sequence of
countable subgroups A4 of A such that (1) Ao = (e, Ag When a is a limit ordinal; (2) using (1), Aa+t1/Aa
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is not free for any limit ordinal a; and (3) zo € Aae for all @ < Ry, By (3) we get A = U;cqen, Aa, and
then (2) contradicts Lemma 18.6. |

Theorem 18.8. Assume OF and let A be o group of cardinality Ry all of whose extensions by Z are trividl.
Then A is free.

Proof. By Lemma 18.7 we can decompose A as a nested transfinite sequence (A, ), I £ @ < Ky, in such a
way that A1 is always chosen to have the property that B/Aq41 is free, and thus B = A, & B/Aaqs,
for any countable subgroup B of A that contains Ay41. We cannot immediately guarantee this property at
limit stages, but by Lemma 18.6 we can find a closed unbounded subset C' C ®; such that Ayp1/A4, is free
for all @ € C, so that Ag41 = Ap & Apy1/As. It follows that for any § > a + 1 we have

A2 Anr & Ap/Aat1 & An B Ant1/Aa & Ap/Aah

so that Ag/As =2 Ansi/Aa @ Ag/Aqs is free. Now C is order-isomorphic to 8y, so by discarding indices
not in C and relabelling we may assume that C' = Ry. We then have that Ag/A, is free whenever 8 > a.

We can now recursively construct a sequence of subgroups B, of A such that Ay = Ay ® B, for all a.
Letting Ag = {0}, we then have A = @, .y, Ba where each B, is free, and this implies that A is free. |

Exercises

(a) In the proof of Lemma 18.6, verify that p(A4,) C Cy for all o
(b) Let A be a finitely generated abelian group and suppose all extensions of A by Z are trivial. Prove that
A is free. (Use the structure theorem for finitely generated abelian groups.) o
{c} Assume the countable version of Lemma 18.7: if A is a countable abelian group with only trivial extensions
by Z, then sny finitely generated subgroup 4, of A is contained in a finitely generated subgroup B; such
that B/B; is free for any finitely generated subgroup B containing B;. Then prove Theorem 18.3. (Hint:

adapt the proof of Theorem 18.8, using Exercise (b) in place of Theorem 18.3.)
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19. Two-stage iterated forcing

A two-stage iterated forcing construction involves first choosing a notion of forcing P in M and constructing
M[G] where G is a generic filter of P, then choosing a notion of forcing €) in M|{G] and constructing M[G][H]
where H is a generic filter of Q. Using a name for  in M, it is always possible to compress this procedure
into a single step.
Definition 19.1. Let P be a notion of forcing in M and let 7, <., and 1, be P-names such that

1p | “<y is a preorder of # with greatest element 1",
Then P # 7 is the notion of forcing whose underlying set is

{{p,7}:p € P, r € dom(rw), and p |1 € 7}

and with (p,7) < {g,0) if p < ¢ and p |- 7 <, 0. The greatest element of P * 7 is (1p, 1x).

In general P * w is not a partially ordered set, even if P is partially ordered, because it is possible that p
forces T = o for distinct P-names 7 and o, and this would imply {p,7} < {p,0) and (p,g) < {p, 7).
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Proposition 19.2. Let P and « be as in Definition 19.1 and let K be a filter of P =« which is generic
relotive to M. Let
G={peP:(ply) e K}

and
H = {valg(7) : {1p,7) € K}.

Then G is a filter of P which is generic relotive to M, H is a filler of valg(w) which is generic relotive to
M[G], and M[K] = M[G]|[H].

Proof. The fact that G is a flter of P which is generic relative to M is an exercise. To see that H is a filter
of valg(w), let {1p,7) € K and suppose valg(7) < valg(r). Then some p € G forces 7 < o, and since p € G
we have {p,1,) € K. Since K is a filter there must exist {p',7') € K less than both {lp,7) and (p, 1,);
then p’ forces 7/ < 7 and (since it is less than p) 7 < o, so p’ forces 7 < & and hence {7/, 7') < (1p,0).
We conclude that {1p,0) € K and hence valg(o) € H. This shows that H is upwards closed. It is directed
downwards because if {1p,7) € K and {lp,o) € K then there exists {p, p} € K such that p forces p < 7
and p £ g. Then (1p,p) € K since K is upwards closed, so that valg(p) € H, and valg(p) is less than both
valg(7) and valg(g) because p € G. So H is directed downwards.

The proof that H intersects every dense subset of valg(x) in M[G] is essentially the same as the proof that
Gz is generic relative to M[Gy] in Theorem 17.2 (b). The proof that M[K] = MI[G][H] is essentially the
same as the proof that M|G] = M[Gh][G2] in Theorem 17.2. |

‘We will need the following fact about two-stage iterated forcing.

Proposition 19.3. Let P and 7 be as in Definition 18.1. Suppose M | “P is c.e.e.” and 1p |- “r is
cee” Then M| “Psw is c.c.c.”

Proof. Let « be an ordinal in M and suppose {{pa,7a) : @ < 7} is an antichain in P+ 7 in M. Let G
be a filter of P which is generic relative ta M and let o be the P-name consisting of all pairs (&, p,). We
claim that the elements valg(7,) for o € valg(o) constitute an antichain in valg (7). Indeed, if valg(7,) and
valg(7s) had a common extension valg(p) for some o, 8 € valg(o), then we could find p € G which forces
p < 7 and p < 7. Since o, § € valg(o) we have p,,ps € G, 50 we may assume p < py and p < pg. But
then {p, p) must be a common extension of {p,,7) and (pg, 7a) in P+ m, a contradiction. This proves the
claim.

Since 1p forces “m is c.c.c.” it must therefore force “¢ is countable”. Now, working in M, for each o < v

choose g, € P which forees “& = sup(o)”, if any such g, exists. Then the set of all g, is an antichain in P

in M, so since M = “P is c.c.c.” we must have that M = “F is countable” where f is the supremum of all
[19-4

a which are forced by some element of P to equal sup{c). Since p, |- “&@ € o”, it follows that every @ <y
is less than g, ie., v € 8. Thus M |= "y is countable”, so we conclude that M |= “P# 7 is c.c.c.”

Exercises

(a) In Proposition 19.2, prove that G is a filter of P which is generic relative to M. Also check that H is
generic relative to M[G].

(b) Let {p,7) € P*7 and g € P. Prove that p is incompatible with g in P if and only if {p, 7} is incompatible
with (g,15) in P* .

20. Finite support iterations

‘We now generalize two-stage iterated forcing to sequential forcing constructions of arbitrary length. Typically
this technique is used in such a way that each stage of the forcing construction destroys one particular
counterexample of some sort, and the entire sequence of forcing constructions results in a model in which
there are no counterexamples of the kind in question. In order for this to work we need to be ahble to
destroy any single potential counterexample by forcing, and we also need to be able to arrange the sequential
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construction so that all counterexamples are eventually handled, and no new counterexamples appear in the
final model.

In iterated forcing constructions, successor stages always follow the two-stage construction, but there ate
different ways of handling limit stages. Here we present the most standard construction using “finite sup-
ports”.

Definition 20.1. Let ¢ be an ordinal in M. An a-stage finite support iterated forcing construction consists
of (1) a sequence {Py : -y < a} in M such that each P, is a notlon of forcing with preorder <., and greatest
element 1., and (2) a sequence {m, : v < a} in M such that each m, is & P,-name, together with F,-names
<. and 1/ such that

1y |- “<! is & preorder of m, with greatest element 12",

For every 7, every element of P, must be a sequence 7 = {p, : it < ¥} with p, € dom(m,). (Thus Py has
only one element, the empty sequence.) At successor stages, we require P41 = P, -, so that its elements
are just those sequences g of length + 4 1 such that the truncated sequence {p, : # < -y} belongs to P,
and forces py, € wy, and the order relation is likewise as described in Definition 19.1. At limit stages we
require that P consist of precisely those sequences F such that p, = 1), for all but finitely many p <, and
Flu € Py for all p < -y. It is ordered by setting 7' <, 5" if §|, < 57|, for all p <.

The next result is a partial analog of Proposition 19.2.

Proposition 20.2. Given an a-stage finite support iterated forcing construction es in Definition 20.1, let
G be u filter of Py which is generic relaiive to M. Then for every v < o, the set Gy of elements of P, whose
extension by {1, : 1 > v} belongs to G is a filter of Py which is generic relative to M. Also, for every v < a
the set H., of all val{p) such that p € dom{my) and the sequence {1, : u < v} followed by p belongs to Gyy1
is a filter of valg, (my) which belongs to M[G41] and is generic relative to M[G4].

Proof. Exercise. |

We also need the following two facts. We state the second one only in the special case that we need, e = Ry,
but it can be generalized to the case that o is any regular cardinal. {A cardinal  is regular if a set of size &
cannot be written as the union of fewer than « sets each of size less than . Every infinite successor cardinal,
i.e., every Na.q1, is regular; B, is the smallest infinite cardinal that is not regular.)

Proposition 20.3. Suppose 1, |- “my is c.e.c.” for all v < . Then M |= “P, is c.c.e.”

Proof. Working in M, we prove that Py is c.c.c. by induction on . At successor stages this follows from
Proposition 19.3. Now suppose « is a limit ordinal and let A be an uncountable subset of P,. For 7 € A,
say that {7 : py # 14} is the support of 7; then by Lemma 10.5 (the A-systems lemma) we can find 2 finite
set 7 and an uncountable subset B of A such that # is the intersection of the supports of any two distinct
elements of B. Fix § < « such that r C §; then if B were a down-antichain in P, it would easily follow that
the restrictions of the elements of B to § would be a down-antichain in Fs. This contradicts the induction
hypothesis that says Ps is c.c.c. We conclude that F, is c.c.c.

Proposition 20.4. Suppose oo = XM and M |= “P, is c.c.c.” Let A € M satisfy M [= “card(4) = RM7,
and let B be a subset of A in M[G) for some generic filter G of F.. Then in the notation of Proposition
20.2, B belongs to MIG,} for some v < ou

Proof. Let T be a Py-name for B. Working in M[G), for each = € B find g; € G which forces & € 7. Since

card(B) < ®M = Rzl\a[c:] and the support of each 7y is finite, there exists 7 < ¢ =’ = NIEVI[G] such that the

support of each f; is contained in . Then
B={ze A: some § € G, extended by {1, : > v} forces € 7}
belongs to M[G,]. |
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Exercises

(a) Prove Proposition 20.2.
(b) Let 7,7’ € Py and choose v < « such that for every p > v, either p, = 1y, or pf, = 1},. Prove that 7
and 7" are incompatible in P, if and only if 7], and §’|, are incompatible in P,.

21. Martin’s axiom

Definition 21.1. Martin's axiom (MA) is the assertion that if P is a c.c.c. poset and {Dy} is a family of
fewer than 2R dense subsets of P, then there is a filter G of P which intersects every Da.

In general, one cannot hope to find a filter that intersects 280 dense sets. For example, lat P be the infinite
binary free and for each branch ¢ let Dy be the set of vertices not belonging to ¢. Then each Dy is dense
but there is no filter of P that intersects every D, (exercise).

At the other extreme, it is a theorem of ZFC that for any countable family of dense subsets there is a filter
that intersects them all (see Lemma 6.2). Thus, CH implies MA. But MA is also relatively consistent with
— CH. Sometimes results praoven using CH can actually be proven using only MA, and this implies that they
are also relatively consistent with — CH. (For instance, this is true of the existence of pure states on B(H)
which are not diagonalizable, proven in Theorem 13.5.)

In other cases, MA + - CH settles problems in & direction opposite to CH. So if some statement is proven
relatively consistent using CH or ¢, there is a reasonable chance that its negation can be proven relatively
consistent using MA 4 -~ CH.

We will force the relative consistency of MA + 2% = Ry, The idea of the proof is to carry out an Na-stage
iterated forcing construction, where at each stage we add a filter which intersects ®; dense subsets of a given
c.c.c. poset. It suffices to verify MLA for posets of cardinality N;, so we only consider posets whose underlying
set is the ordinal ®;. Each stage of the construction adds at most N3 orderings of Ny, so a total of R = Ry
orderings have to be handled and by arranging the construction carefully we are able to do this in Rs steps.

First we verify that it is enough to check MA for posets of cardinality ;.

Lemma 21.2. Assume 2™ = N» and suppose that for any family of X, dense subsets of any c.c.c. poset of
cardinality ¥y there is o filter that intersects them oll. Then Martin’s aziom is true.

Proof. Let P be a c.c.c. poset and let {Dy} be a family of fewer than 2% = Ny dense subsets of P. If
this family is countable then there is a filter that intersects every D, (this was noted above). Thus we may
assumne the family has cardinality R). If P is countable then let P’ be the disjoint union of P and ®;, giving
®; its standard ordering and setting p < g for every p € P and g € Ry. Then P’ has cardinality ®; and
the D, are also dense subsets of P, so by hypothesis there is a filter of P’ that intersects every Dy, and its
intersection with P is then a filter of P that infersects every D. So we may assume card(FP) > R;.

We will find a sub-poset § C P whose cardinality is as most Ny, such that Dy N @ is dense in @ for all o
and if p, g € ¢} have a common extension in P then they have a common extension in () (this implies that
Q) is c.c.c.). Having done this, we can apply the above reduction to find e filter H of @ that intersects each
D,, and then G ={p€ P :p> g for some g € H} is a filter of P that intersects each D, as desired.

We construct () as follows, Let f : P x P — P be any function such that f(p,q) is a common extension
of p and ¢ provided such an extension exists (and otherwise f(p,q)} may be arbitrary). Also, for each « let
g t P — P be any function such that for all p € P we have go(p) < p and go(p) € Dy. Now choose an
element pg of P and let {) be the smallest subset of P which contains py and is closed under f and the g,.
It is straightforward to check that card{@) < ¥; and that ) has the desired properties.

Theorem 21.3. There is a notion of forcing P such that M[G] l= “MA + 2% =Wo", for any generic filter
G of P,
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Proof. Worldng in M, let @ be the poset of bijections between subsets of P(R;) and N» of size ®;. Then
MJH] |= “2% = Ry", for any generic filter H of Q. The proof of this is analogous to the proof of Theorem
9.3. For the remainder of the proof we work in M[H].

Let f be a function from R» onto R such that the first coordinate of f(c) is at most o, for all @ < Ra. We
now define an Ko-stage finite support iterated forcing construction, such that each P, is a c.c.c. preerdering
of ¥, as follows. Suppose Pg, wa, etc., have been constructed for all # < a. Then P, is determined by the
definition of finite support iterated forcing. We must now define ms.

Recall the notion of nice names introduced in Lemma 17.6. For every subset of R} introduced in & generic
extension using the notion of forcing F,, there is a nice P,-name that evaluates to that subset. There are
at most (RFO)® = Ry nice names for subsets of R2; let {oF : B < Ra} enumerate them. Say f{a) = {v,d).
Since 7 € o, the Py-name o has already been defined. This may not be a name for a c.c.c. preorder, but
we can find & P,-name 7, such that 1, forces "=, is a c.c.c. preordering of &, with a greatest element, such
that if o} is also a c.c.c. preordering of R; with a greatest element then 74 = 07", This defines mq, and the
construetion may proceed.

Let G be an M[H|-generic filter of Py,; we claim that M[H|[G] & “MA + 2% = Ry", First, P, is c.c.c.
by Proposition 20.2, so le\a[H] = NE’I[H”GE. Work in M[H][G]. By & nice name argument similar to the one
used above, there are at most Na nice Py,-names for subsets of N, so 2% < Ny, By Lemma 21.2, in order
to verify MA it is enough to show that for any family of ®; dense subsets of any poset of cardinality Ny
there is a filter that intersects them all. By Proposition 20.4, any ordering of ¥; that appears in the final
Ng-stage iterated forcing construction, and any family of ¥y dense subsets of this ordering, already appear
-t some intermediate stage. Thus the ordering would have been represented by some nice Py-name oy, and
there would have been some o < No such that o« > v and f{a) = {v,6). We may also assume that the Ry
dense subsets have appeared by stage o and the forcing at that stage would then have added a filier that
intersects them all. T'hus such a filter exists in the final generic extension.

We already showed that 2% < Ny, We cannot have 2% = R; because we have shown that for any R
dense subsets of a c.c.c. poset there is a generic filter that intersects them all (see the comment immediately
following Definition 21.1). So 280 = Ry,

Finally, let P = @) = 7 where 7 is a (J-name for Py,. i

Exercises

(8) In the example stated just after Definition 21.1, prove that no filter intersects every Dy.
(b) In the proof of Theorem 21.3, show that M[H] k= “2": = Ry".

22. Application: Suslin’s problem, IT

Recall (Definition 15.1) that a Suslin line is a totally ordered set that is dense, unbounded, complete, and
c.c.c. but not order-isomorphic to R, and Suslin's problem asks whether Suslin lines exist. Also recall that
the existence of a Suslin line is equivalent to the existence of a Suslin tree (Definition 15.2), which is a tree
of height Ry such that all branches and antichains are countable (Lemma 15.4).

We proved {Theorem 15.5) that the diamond principle implies the existence of Suslin lines. Now we show
that Martin’s axiom implies there are no Suslin lines.

Theorem 22.1. Assume MA. Then Suslin lines do not ezist.

Proof. By Lemma 15.4, it will suffice to show that normal Suslin trees do not exist. Suppose to the contrary
that T is a normal Suslin tree. Since all antichains are countable, T is c.c.c. For each @ < Ry, let D, be
the set of all vertices of height at least o. Then each D, is dense because every vertex has descendents at
every level. By MA, there is a filter G of T that intersects each D,. But then G is an uncountable branch
a contradiction. '
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We now give two other basic applications of Martin’s axiom.

Theorem 22.2. Assume MA. Then any subset of R of cardinality < 2% has measure zero,

Proof. Let 5 C R and suppose card(S) < 2%, Fix ¢ > 0 and let P be the set of all open subsets U of R
such that (1) U/ is a union of finitely many open intervals with rational endpoints and (2) the measure of U/
is less than e. Order P by reverse inclusion; then P is c.c.c. because it is countable. Also, for each r € S let
D, be the set of I/ £ P which contain »; this is a dense subset of P since for sny I/ € P an open interval
I with rational endpoints that contains r can be found which is small enough that the measure of U U T is
still less than e. By MA there is & generic filter of P which intersects every D,. Its union is then an open
set of measure at most € which contains S. Since ¢ was arbitrary, we conclude that § has measure zero.

Recall that a subset of R. is meager if it is 2 countable union of nowhere-dense sets.

Theorem 22.3. Assume MA and let {Cq : @ < &} be a family of fewer than 2R° meager subsets of R. Then
JCq is meager.

Proof. Let P be the set of all finite sequences of ordered pairs (U, E) such that (1) U is a finite union of
open intervals with rational endpoints; (2) E is a finite subset of #; and (3) U is disjoint from | J, ¢z Ca-
Order P by setting ¢ < p if the sequence g is at least as long as the sequence p and for every (U, E) in p the
corresponding {U”, B’} in g satisfies U C U’ and E C F'.

P is c.c.c. because any uncountable subset of P contains an uncountable subset all of whose elements are
sequences of the same length n , and this contains an uncountable subset all of whose elements involve the
same sequence of U/’s (since there are only countably sequences of U's of length n); but any p and g of the
same length with the same U's are compatible.

For each a < &, the set Dy of p € P which contain an ordered pair (U, E} such that o € E is dense. Also,
for each open interval I with rational endpoints and each 7 the set Dy; of p € P whose ith ordered pair
(U, E) satisfies U NI # B is dense. There are x dense sets of the first type and Ny dense sets of the second
type, so by MA there is a filter G which intersects all of the above dense sets.

Far each i € N let V; be the union of all I such that (U, E) is the ith ordered pair in some p € G (for some
E). Since GN Dy # 0 for all T, it follows that V; is & dense open subset of R. Also, since G N D, 5 9, for
each @ < & we can find (U, E) € p € G such that @ € E; if this is the ith pair in G then V;NAq = 0. SoNV;

is a countable intersection of dense open sets whose complement contains every C,. Thus | JC, is meager.l

Exercises

{a) Assuming MA + - CH, prove that any union of ¥; measure zero subsets of R is a measure zero subset
of R.

23. Application: The Whitehead problem, II

Now we show that MA + — CH implies that there is a counterexample to Whitehead’s problem, i.e., an
abelian group with only trivial extensions by Z that is not free. This proof is also due to Shelah.

Shelah’s example is defined as follows. It has generators a, for all o < ¥; and 47 for every limit ordinal
o < N and every n € N. For each limit ordinal o choose a sequence (o) of ordinals which increase to o
and include the relation

b2 = aq,, + 26511

for all n € N. Let ¢ be the abelian group defined by these generators and relations.

For each o < B let G be the subgroup of G generated by all ag with § < « and all b7 with § < o a limit
ordinal and n € N. Note that Uﬁ <o G5 does not equal G, when « is a limit ordinal.

Lemma 23.1. G is not free.
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Proof. Suppose G is free and let 55 be a basis. Inductively define a sequence of ordinals a,, as follows. Let
ag = 0. Given e, Gq,, is & countable subgroup of  so it is contained in the span of a countable subset B’
of B. Find a,4; such that G, ,, contains 5.

Let & = supa, and let G, = |J,, Gq,. Then G is spanned by G/, N B, so G = G, & G/G’, and both
summands are free. However, this is impossible because the nonzero element 63 + &, in G/G!, satisfies

WG, =%, +CL =42+ G =,
contradicting the fact that G/GY is free. We conclude that G is not free. |

Lemma 23.2. G, /Gp is free for all f < a < Ny.

Proof. Exercise. I

A subgroup H of a torsion-free group is pure if na € H implies @ € H, for any n € N. We need the following
fact from group theory: any subgroup of a free abelian group is free.

Let A be an abelian group and let 7 : 4 — @ be a surjective homomorphism with kernel Z. Define P to
be the poset of all homomorphisms p: H — A such that H is a finitely generated pure subgroup of G and
wop=Iidy, with p < p’ if p is an extension of p'.

Lemma 23.3. P is c.c.c.

Proof. Let S C P be uncountable. We claim that there is a pure free subgroup H of 7 which contains the
domains of uncountably many p € 5. This is enough because if B is a basis for H, then the domain of any
p contained in H is contained in the span of a finite subset B, of B. By the A-systems lemma (Lemma
10.5) there is an uncountable family 5’ of p € 5 and a finite set By C B such that B, N B, = By for all
distinct p, p’ € §’. For each p € 8’ let j be an extension of p to the span of B, (this is possible because the
domain of p is pure, so that span(B,)/dom(p) is free by the structure theorem for finitely generated abelian
groups). Then there are only countably many possible functions f|g,, so some distinct 3,5’ € S have the
same restriction to By end hence they have a common extension to the span of B, U B,. Thus p and p' are
compatible, and we conclude that P is c.c.c.

To prove the claim, find n € N such that the domains of uncountably many g € S have bases of size n. Let §’
be the set of all such p. Then let Hy be a maximal pure subgroup of G with the property that Hy C dom(p)
for uncountably many p € 5. Let T be the set of all p € S” whose domain contains Hy.

Recursively define homomorphisms g, € T' and countable free pure subgroups H of G for o < ¥y as follows.
At successor stages, suppose Hy has been defined and let H, C Gy For all but countably many p € T we
have dom(p) N G = Hy. (Otherwise, since G is countable, some o € G — Hp would be contained in the
domains of uncountably many p € T and this would contradict maximality of Hy.) So choose p, € T distinct
from all pg for 3 < @ such that dom(ps) N Gor = Hp. Also let H,y1 be the smallest pure subgroup of G
that contains H, and dom(pg). If Hypa © Gor then Hyyp1/Hy is isomorphic to a subgroup of Gor /Gy,
which is free, so that freeness of H, implies that H,; is also free.

At limit stages let Hy = |Jz., Hp. Since Hpy1/Hp is free for all # < e, it follows that, H, is free just as in
the proof of Theorem 18.8. Also, purity of H, trivially follows from purity of all Hg for 8 < a.

Finally, let H = |y, Ha- Then H is free and pure just as above. It contains dom(p,) for all & < &y, so

the claim is proven. i

Theorem 23.4. Assume MA + — CH. Then G is a group of cardinality ¥, that is not free and all of whose
extensions by Z are trivial.

Proof. G is not free by Lemma 23.1. Let # : A — G be an extension by Z and let P be the poset defined
just before Lemma 23.3. We must show that 7 splits.
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For each a € G let D, be the set of all p £ P whose domain contains a. We claim that D, is dense. To see
this, let p € P and let G, contain a and the domain of p. Let B be a basis for G, and let By be a finite
subset of B whose span contains a and the domain of p. Let H be the span of By; then H/dom(p) is free,
sa we can choose a basis and extend p to a splitting of w|,—1(g) : #7*(H) — H one basis element at a time
(cf. the proof of Propasition 18.2). This shows that p has an extensien in [,.

Since card(G) = ¥y < 2%, Martin's axiom implies that there is a filter ' of P that intersects every Dy. The
union of F is then a homomorphism from G to A that splits «, as desired.

Exercises

(a) Prove Lemma 23.2.
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