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THE NEXT BEST THING TO A P-POINT
ANDREAS BLASS, NATASHA DOBRINEN, AND DILIP RAGHAVAN

ABSTRACT. We study ultrafilters on w? produced by forcing with
the quotient of P(w?) by the Fubini square of the Fréchet filter on
w. We show that such an ultrafilter is a weak P-point but not a P-
point and that the only non-principal ultrafilters strictly below it in
the Rudin-Keisler order are a single isomorphism class of selective
ultrafilters. We further show that it enjoys the strongest square-
bracket partition relations that are possible for a non-P-point. We
show that it is not basically generated but that it shares with
basically generated ultrafilters the property of not being at the
top of the Tukey ordering. In fact, it is not Tukey-above [w;]<%,
and it has only continuum many ultrafilters Tukey-below it. A tool
in our proofs is the analysis of similar (but not the same) properties
for ultrafilters obtained as the sum, over a selective ultrafilter, of
non-isomorphic selective ultrafilters.

1. INTRODUCTION

Quotients of the form P(w)/Z where Z is an analytic ideal on w
are referred to as analytic quotients. Analytic quotients have been
well studied in the literature (see [11], [17], and [8]). These studies
have usually focused on the structure of gaps in such quotients or on
lifting isomorphisms between P(w)/Z and P(w)/J, topics that are
closely related. P(w)/Z is a Boolean algebra, and hence is a notion of
forcingEl If forcing with an analytic quotient P(w)/Z does not add any
new subset of w, then the generic filter it adds is in fact an ultrafilter
on w that is disjoint from Z. Ultrafilters added by analytic quotients
have not been as extensively investigated, except for the most familiar
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analytic quotient P(w)/Fin, which adds a selective ultrafilter. Recall
the following definitions.

Definition 1. An ultrafilter U on w is selective if, for every function
f:w — w, there is a set A € U on which f is either one-to-one or
constant. It is a P-point if, for every f : w — w, there is A € U on
which f is finite-to-one or constant.

Indeed, selective ultrafilters can be completely characterized in terms
of genericity over P(w)/Fin — a well known theorem of Todorcevic
([3]) states that in the presence of large cardinals an ultrafilter on
w is selective if and only if it is (L(R),P(w)/Fin)-generic. Similar
characterizations were recently shown for a large class of ultrafilters
forming a precise hierarchy above selective ultrafilters (see [6], [7], and
[12)).

The generic ultrafilter added by P(w)/Fin has a simple Rudin-Keisler
type as well as a simple Tukey type. Let F be a filter on a set X and
G a filter on a set Y. Recall that we say that F is Rudin-Keisler(RK)
reducible to G or Rudin-Keisler(RK) below G, and we write F <py G,
if there is a map f : Y — X such that for each a C X, a € F iff
f~Ya) € G. Fand G are RK equivalent, written F =g G, if F <px G
and G <pyx F. If F and G are ultrafilters, then F =g G if and only if
there is a permutation f : w — w such that F = {a Cw: f~'(a) € G}.
For this reason, ultrafilters that are RK equivalent are sometimes said
to be (RK) isomorphic. 1t is well-known that selective ultrafilters are
minimal in the Rudin-Keisler ordering, meaning that any ultrafilter
that is RK below a selective ultrafilter is RK equivalent to that selective
ultrafilter.

The Tukey types of selective ultrafilters have also been completely
characterized. We say that a poset (D, <) is directed if any two mem-
bers of D have an upper bound in D. A set X C D is unbounded in
D if it doesn’t have an upper bound in D. A set X C D is said to
be cofinal in D if Vy € D3z € X [y < z|. Given directed sets D and
E,amap f: D — FE is called a Tukey map if the image of every
unbounded subset of D is unbounded in E. A map g : E — D is called
a convergent map if the image of every cofinal subset of E is cofinal in
D. It is not difficult to show that there is a Tukey map f : D — F
if and only if there is a convergent g : £ — D. When this situation
obtains, we say that D is Tukey reducible to E, and we write D < FE.
The relation <7 is a quasi order, so it induces an equivalence relation
in the usual way: D =¢ E if and only if both D < F and E < D
hold. If D =7 FE, we say that D and E are Tukey equivalent or have
the same cofinal type. It is worth noting that if x is an infinite cardinal
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and if D is a directed set of size s, then D <; ([x]~*,C). If U is any
ultrafilter, then (U, D) is a directed set. When ultrafilters are viewed
as directed sets in this way, Tukey reducibility is a coarser quasi order
than RK reducibility. It is also worth noting that there is always an
ultrafilter  on w such that U =7 ([¢|™, C); every ultrafilter on w is
Tukey below this ¢. In [I4], it is shown that selective ultrafilters are
Tukey minimal. Moreover, if U is selective and V is any ultrafilter that
is Tukey below U, then V =pgx U, for some o < w; (see [14] for the
definition of &*). Similar results have been proved in [6] and [7] for a
large class of rapid p-points forming a hierarchy of ultrafilters Tukey
above selective ultrafilters.

On the other hand, the situation is not as clear for ultrafilters added
by other analytic quotients; neither their Rudin-Keisler type nor their
Tukey type has been well-studied. In this paper we investigate the
generic ultrafilter added by a specific Borel quotient. In order to de-
scribe it, we introduce some preliminary notation.

Definition 2. For p C w? and n € w, let p(n) = {m € w: (n,m) € p}.
For z € “(P(w)) and a C w, xla = {(n,m) € w? :n € a and m €
x(n)}. According to these conventions, we notationally identify a set
p C w? with the sequence of its sections p(n); conversely, we shall
sometimes notationally identify a sequence z € “(P(w)) and the cor-
responding set x [w. 7 is the projection of w? to the first co-ordinate
and T, is projection to the second. More formally, for (n,m) € w?
m1((n,m)) = n and my({(n,m)) = m.

Definition 3. Let U/ and V), for n € w be filters on w. We define the
U-indexed sum of the V), ’s as

U—Zvn:{X§w2:{n€w:X(n)EVn}EU}.

In the case when all the ultrafilters V), are the same V., we write Y ® V
for Uy~ V,. If, furthermore, V = U, then we abbreviate Y @U as U2

For a set A, the Fréchet ideal on Ais {B C A : B is finite} and the
Fréchet filter on Ais {B C A: A— B is finite}. F denotes the Fréchet
filter on w.

For a filter G on a set X, G* is the dual ideal to G — that is G* =
{X—a:a€gG}. G =P(X)-G"

The ideal Z = (F®?)" is a F,s, ideal, and it is easy to show that it
is not Gs,5. We will abuse notation and write the quotient P(w?)/Z as
P(w?)/F®?. Forcing with the Boolean algebra P(w?)/F®? is equivalent

to forcing with (F#2)" ordered by inclusion. This quotient does not
add any new reals (see Lemma [20)), and hence adds an ultrafilter on
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w?. Tt is not hard to see that this ultrafilter is not a P-point; indeed,
the first projection 7 is neither finite-to-one nor constant on any set
in this ultrafilter (or even on any set in (F®%)™).

In Section Bl we study some combinatorial properties of the generic
ultrafilter added by P(w?)/F®2. We determine the extent to which
the generic ultrafilter possesses a certain partition property which has
been investigated by Galvin and Blass ([I]) before. An ultrafilter W
on a countable set S is said to be (n, h)-weakly Ramsey, where n and
h are natural numbers, if for every partition of [S]" into finitely many
pieces, there is W € W such that [IW]" intersects at most h pieces of
the partition. For n > 2, the property of being (n, 1)-weakly Ramsey
is equivalent to being selective. Moreover, for each n > 2, there is a
largest natural number 7'(n) such that, provably in ZFC, if an ultra-
filter is (n,T'(n) — 1)-weakly Ramsey, then it is a P-point. Theorem
BT shows that the generic ultrafilter added by P(w?)/F*%is (n,T(n))-
weakly Ramsey. Thus the generic ultrafilter satisfies the strongest par-
tition property which a non-P-point is able to satisfy. Furthermore,
the location of the generic ultrafilter in the Rudin-Keisler ordering is
fully determined. It is shown that all non-principal ultrafilters that are
strictly RK below the generic ultrafilter G are RK equivalent to 7 (G).
We also show in Section Bl that the generic ultrafilter is a weak P-point.

In Sections M and [l we prove canonization theorems for monotone
maps from the generic ultrafilter to P(w). Let D and E be directed
sets. A map f: E — D is called monotone if

Veo,el ek [60 <e = f(€0> < f(€1>] .

f is said to be cofinal in D if Vd € D3e € E[d < f(e)]. It is clear
that if f is monotone and cofinal in D, then f is convergent. It can
be checked that if ¢ is an ultrafilter and D is any directed set such
that U <p D, then there is a map from D to U which is monotone
and cofinal in U. Therefore, understanding monotone maps from the
generic ultrafilter to P(w) is necessary to analyze its Tukey type.

The first canonization of monotone maps from an ultrafilter to P(w)
was done for the basic ultrafilters by Dobrinen and Todorcevic in [5].
The crucial notion of a basic poset was identified by Solecki and Todor-
cevic in [15], who showed the importance of this concept for the Tukey
theory of definable ideals. Dobrinen and Todorcevic [5] proved that
within the category of ultrafilters on w, the basic posets are precisely
the P-points. Their canonization result, showing that monotone maps
on P-points are continuous on some filter base, allowed them to prove
that there are only continuum many ultrafilters that are Tukey below
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any fixed P-point. They also introduced a weakened version of the
property of being basic, which they called being basically generated.

Definition 4. Let U be an ultrafilter. A set B C U/ is said to be a base
fordif VaeUUTbe B b Cal.

Definition 5. Let U be an ultrafilter on a countable set X. We say
that U is basically generated if there is a base B C U with the property
that for every (b, :n € w) C Band b € B, if (b, : n € w) converges to
b, then there exists X € [w]” such that (", b, € U. Here convergence
is with respect to the natural topology on P(X) induced by identifying
P(X) with the product space 2%, with 2 = {0,1} having the discrete
topology.

It is not hard to see that if U is basically generated, then [w,]~* £, U.
Dobrinen and Todorcevic [5] pointed out that all the ultrafilters ob-
tained by closing the class of P-points under the operation of taking
sums as in Definition B are basically generated by a base that is also
closed under finite intersections.

In [I4] a canonization theorem was proved for monotone maps to
P(w) from any ultrafilter that is basically generated by a base that is
closed under finite intersections. This canonization result was used in
[14] to prove that there are only continuum many ultrafilters that are
Tukey below any fixed ultrafilter that is basically generated by a base
that is closed under finite intersections. The question of whether there
are any ultrafilters that are not above [w;]™* and also not basically
generated was left open in both [5] and [14].

The canonization results in Sections [4] and [l imply that the generic
ultrafilter added by P(w?)/F®* has only continuum many ultrafilters
Tukey below it. In particular it is not of the maximal possible Tukey
type, [¢]“. This is strengthened in Section [ to prove that the generic
ultrafilter is not Tukey above [w;]™. The canonization obtained in
Theorem (7 is used in Theorem (Il to show that any Tukey reduction
from the generic ultrafilter G to an arbitrary ultrafilter V' can be re-
placed with a Rudin-Keisler reduction from an associated filter G(P)
to V. This is an exact analogue of Theorem 17 of [14], which was
established there for all ultrafilters that are basically generated by a
base that is closed under finite intersections. These results show that
the generic ultrafilter added by P(w?)/F®? has much in common with
basically generated ultrafilters. However, we show in Section [0l that it
fails to be basically generated. Thus this generic ultrafilter provides
the first known example of an ultrafilter that is not basically generated
and is not of the maximal possible Tukey type.



6 ANDREAS BLASS, NATASHA DOBRINEN, AND DILIP RAGHAVAN

Problem 6. Investigate the Rudin-Keisler and Tukey types of ultra-
filters added by forcing with other analytic quotients.

2. SUMS OF SELECTIVE ULTRAFILTERS

Although the primary topic of this paper is the study of generic ul-
trafilters obtained by forcing with P(w?)/F®?, this study will make
much use of certain other ultrafilters on w?, namely sums of non-
isomorphic selective ultrafilters indexed by another selective ultrafilter.
The present section is devoted to the study of such sums.

The results in Sections [ and [ are due to Blass. Most of them were
presented in a lecture at the Fields Institute in September, 2012, but
Theorem B6] was obtained later in 2012.

2.1. Definition and Basic Facts. Throughout this section, ¢/ and V),
for n € w are pairwise non-isomorphic selective ultrafilters on w. Our
primary subject here will be the U-indexed sum of the V,’s, defined
above as

UY Vi={XCuw’:{new:X(n)eV,} €U},

Recall that X (n) denotes the n' vertical section of X, {r : (n,r) € X}.
So a set X is in Y-y V), if and only if its vertical sections X (n) are in
the corresponding ultrafilters V,, for U-almost all n.

Remark 7. The sum U-)_ V, would be unchanged if we replaced the
ultrafilters V), by arbitrary other ultrafilters V! for a set of n’s that
is not in U. Thus, what we say in this section about pairwise non-
isomorphic selective ultrafilters would remain true under the weaker
assumption that U is selective and that U-almost all of the V, are
selective and not isomorphic to each other (or to U).

The following lemma collects some elementary facts about sums of
ultrafilters. The proofs are omitted because they amount to just in-
spection of the definition.

Lemma 8. (1) US>,V is an ultrafilter on w?.
(2) U, Vy contains the sets

{z,y) € w? :n < x and f(x) <y}

for alln € w and all f:w — w.

(3) The projection m : w? — w to the first factor sends Uy, V, to
Uu.

(4) The projection m, is neither finite-to-one nor constant on any
set inU-Y_, V,. ThusU-Y_ V, is not a P-point.
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Part (2) of the lemma implies in particular that ¢/-)_ V), contains
the above-diagonal set {(z,vy) : * < y}, which we can identify with the
set [w]? of two-element subsets of w.

The preceding lemma used only that ¢ and the V),’s are non-principal
ultrafilters. The next lemma, which describes how my acts, uses our
assumptions of selectivity and non-isomorphism. It requires somewhat
more work, so we give the proof even though it has long been known.

Lemma 9. Thereis a set inlU-y_, V, on which the projection my : w? —
w to the second factor is one-to-one. Thus, Uy V), is isomorphic to
its mo-itmage, which is the limit, with respect to U, of the sequence
(Vi :n € w).

Proof. We prove only the first statement, because the second, identi-
fying the image under 7y with the limit in fw, is a straightforward
verification.

The first assertion will follow if we find pairwise disjoint sets A,, C w
with each A,, € V,, for then {(n,y) : n € w and y € A,} is as required.
We obtain such sets A, in a sequence of three steps.

For each m # n in w, the ultrafilters V,, and V), are not isomorphic,
so in particular they are distinct. Thus, there is a set C), ,,, € V,, that
is not in V,,.

Because V), is a P-point, it contains a set B,, that is almost included
in C,,, for all m € w — {n}. Choose such a B, for each n. Thus,
each V), contains the B, with the same subscript but the complements
w — B,, of all the other B,,’s.

Let

Ay =B, ()= Bn).
m<n
Then A, is the intersection of finitely many sets from V), so it is in V),.
For any m < n, A,, and A,, are clearly disjoint, so the sets A, are as
required. 0

An amplification of this argument gives the following complete clas-
sification, modulo U-y_, V,, of all functions f : w? = w.

Proposition 10. If f : w? — w, then there is a set X € Uy, V, such
that f | X is one of the following.

e a constant function
e 1 followed by a one-to-one function
e a one-to-one function

Proof. Consider first, for each n € w, the n'" section of f, that is, the
function f, :w — w:y — f(n,y). Since V), is selective, f,, is constant
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or one-to-one on some set A, € V,,. Furthermore, as U/ is an ultrafilter,
it contains a set B such that either f,, is constant on A,, for alln € B
or f, is one-to-one on A, for all n € B.

We treat first the case where f, is constant on A, for all n € B.
Then, on the set

Y:{(n,y)nEBadeGAn}a

which is in U=y V,, our function f factors through m; f(z,y) =
g(x) = g(m(x,y)), where g(n) is defined as the constant value taken
by f, on A,.

As U is selective, g is either constant or one-to-one on a set C' € U.
If g is constant on C' then f is constant on X =Y N~ 1(C), and we
have the first alternative in the proposition. If, on the other hand, ¢
is one-to-one on C', then the same X gives us the second alternative in
the proposition.

It remains to treat the case where f, is one-to-one on A, for all
n € B. In what follows, n is intended to range only over B. Then
fn(Vy) is an ultrafilter isomorphic to V,, so, as n varies over B, these
are pairwise non-isomorphic selective ultrafilters.

Arguing as in the proof of Lemma [0 we find pairwise disjoint sets
Zn € fn(Vy) for all n € B. We claim that f is one-to-one on

X ={(ny):neB, yeA, and f.(y) € Z,}.

Indeed, if we had (n,y),(n/,y) € X and f(n,y) = f(n',y), ie.,
foly) = fu(y'), then this would be an element of Z, N Z,/, so dis-
jointness requires n = n’. Furthermore, as f,, is one-to-one on A,,, we
would have y = 3/. This completes the proof of the claim that f is
one-to-one on X. Also, since U contains B and since V,, contains both
A, and f,”'(Z,) for all n € B, we have X € Uy, Vy,, and so we have
the third alternative in the proposition. O

Corollary 11. U~y 'V, is a Q-point.

Proof. If f : w? — w is finite-to-one, then the first two alternatives
in the proposition are impossible (in view of part (4) of Lemma []),
and the only remaining alternative is that f is one-to-one on a set in

U V. 0

Corollary 12. The only non-principal ultrafilters strictly belowU-y "V,
in the Rudin-Keusler ordering are the isomorphic copies of U.

2.2. Weak Partition Properties and P-points. The goal of this
subsection and the next is to show that Uy V), satisfies the strongest
“square-bracket” partition properties that are possible for a non-P-
point. In the present subsection, we explain square-bracket partition
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relations for ultrafilters, and we show that some of these relations re-
quire the ultrafilter to be a P-point. In the next subsection, we shall
show that the strongest relations not covered by this result are satisfied
by U=y, V.

Definition 13. Let n and h be natural numbers, let S be a countable
set (for our purposes S is usually w or w?), and let W be an ultrafilter
on S. Then W is (n, h)-weakly Ramsey if, for every partition of [S]"
into finitely many pieces, there is a set W € W such that [W]™ meets
at most h of the pieces.

Remark 14. It would make no difference in this definition if, instead of
partitions into an arbitrary finite number of pieces, we referred only to
partitions into h + 1 pieces, the first non-trivial case. The remaining
cases would then follow by a routine induction on the number of pieces.

What we have defined as (n, h)-weakly Ramsey is often expressed in
the partition calculus notation as

S = Wi,

meaning that, if [S]" is partitioned into h + 1 pieces then VW contains
a set W such that [W]™ misses a piece. The square brackets around
W in this notation are used to indicate that we have only weak homo-
geneity, missing one piece. Round brackets conventionally denote full
homogeneity, namely meeting only one piece.

When considering (n, h)-weak Ramseyness, we always assume n > 2
and h > 1 to avoid trivialities.

Clearly, if we increase h while keeping n fixed, the property of (n, h)-
weak Ramseyness becomes weaker.

As mentioned in Section [l for each n > 2, the property of being
(n,1)-weakly Ramsey is equivalent to selectivity. We intend to show
next that, as we increase h to values greater than 2, (n, h)-weak Ram-
seyness continues to imply that WV is a P-point, until i reaches a certain
critical value T'(n), which we shall compute.

To show that, for certain n and h, all (n, h)-weakly Ramsey ultrafil-
ters are P-points, we shall consider ultrafilters W that are not P-points,
and we shall describe h + 1 different types of n-element sets that must
occur inside each W € W. It will be convenient to describe these types
first in an abstract, formal way, and only afterward to connect them
with n-element sets.

The following definition describes the abstract types.

Definition 15. An n-type is a list of 2n variables, namely z; and y;
for 1 < i < n, with either < or = between each consecutive pair in the
list, such that
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e the y;’s occur in the list in increasing order of their subscripts,
e equality signs can occur only between two x;’s, and
e cach x; precedes the y; that has the same subscript.

Two such lists are considered the same if they differ only by permuting
x;’s that are connected by equality signs.

Example 16. A fairly typical 7-type is
T3 =21 < X5 <Y < T2 =7 <Y <Yz < Ty <Yg <Tg<Ys <Ys <Yr.

Interchanging x3 with x; or interchanging zo with x; or both would
result in a new representation of the same 7-type. Any other rear-
rangements would result in a different 7-type (or in a list that fails to
be a 7-type).

Remark 17. An equivalent definition of n-type is as a linear pre-ordering
of the set of 2n x;’s and y;’s subject to the requirements that its re-
striction to the g;’s is the strict ordering according to subscripts, that
any equivalence class with more than one element must consist entirely
of z;’s, and that each x; strictly precedes the corresponding ;.

The number of n-types is the critical number T'(n) mentioned above,
the border between those (n, h)-weak Ramsey properties that imply P-
point and those that do not. We shall later describe a more effective
means to compute 7T'(n), but first we develop the connection between
types and Ramsey properties of ultrafilters.

Definition 18. Let n > 2, let 7 be an n-type, let f : w — w, and let
a={a; <ay<---<a,} beann-element subset of w with its elements
listed in increasing order. We say that a realizes 7 with respect to f and
that 7 is the f-type of a if the equations and inequalities in 7 become
true when every y; is interpreted as a; and every x; is interpreted as

fai).

Remark 19. Because of the restrictions in the definition of n-types,
there can be n-element sets a that have no f-type. This could happen
if a; = f(a;) for some i and j, because n-types cannot say that y; = z;.
It could also happen if f(a;) > a; for some i, because x; must strictly
precede y; in any n-type.

The following proposition is, as far as we know, due to Galvin but
never published. A brief indication of the proof is given, along with
an explicit statement of the result for n = 24 attributed to Galvin, on
page 85 of [I]. Since that brief indication used ultrapowers, we take
this opportunity to give a complete and purely combinatorial proof.
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Proposition 20. Let W be a non-principal ultrafilter on w that is not
a P-point, and let f : w — w be a function that is neither finite-to-
one nor constant on any set in VW. For any natural number n, every
set W € W includes n-element subsets realizing with respect to f all
n-types.

Proof. Fix W, W, f, and n as in the proposition, and fix an n-type 7.
Let

B={vew: Wn f({v}) is infinite}

and note that f~!(B) € W; indeed, f is finite-to-one on the intersection
of W with the complement of f~(B), so this complement cannot be
in W. Note also that B is infinite, for otherwise f would take only
finitely many values on W N f~!(B) and would therefore be constant
on a set in W.

Now we shall produce a set a C W realizing the given n-type 7. We
go through the list 7 of variables z; and y; in the order given by 7,
assigning a value to each variable in turn. At each step, we proceed
as follows, assuming we have just reached a certain variable and have
assigned values to the earlier variables in 7.

e If we have reached z; and there is an equality symbol immedi-
ately before it in 7, say z; = x;, then we assign to x; the same
value that was already assigned to x;.

e If we have reached x; and there is no equality symbol imme-
diately before it (either because there is < there or because z;
is first in the list 7), then we assign to x; a value in B that is
larger than all of the (finitely many) values already assigned to
other variables.

e If we have reached y;, then x; has already been assigned a value
v; we assign to y; a value a; in W N f~1({v}) that is larger than
all of the values already assigned to other variables.

In the second and third cases, where a new, large value must be chosen,
we use the fact that B and W N f~'({v}) (for v € B) are infinite, so
sufficiently large values are available. The values a; assigned to the y;’s
are all in W, and they are in increasing order. They were chosen so
that their images f(a;) are the values assigned to the corresponding
x;’s. Using these observations and the fact that, whenever a new value
was chosen, it was larger than all previously chosen values, it is easy
to see that a = {a; < ay < --- < a,} realizes T, as required. O

Definition 21. Let T'(n) denote the number of n-types.

Corollary 22. Every (n,T(n) — 1)-Ramsey ultrafilter is a P-point.
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Proof. Suppose W were a counterexample. Let f : w — w witness that
W is not a P-point. Partition the n-element subsets of w into 7T'(n)
pieces C, one for each n-type 7, by putting into C; all those n-element
sets that realize 7 with respect to f. Sets that realize no type with
respect to f can be thrown into any of the pieces. By the proposition,
every set in WV has n-element subsets in all of the pieces. So this
partition is a counterexample to (n,T(n) — 1)-weak Ramseyness. [

In the next subsection, we shall show that this corollary is optimal;
a non-P-point can be (n,T(n))-weakly Ramsey. It is therefore of some
interest to understand 7'(n), and we devote the rest of this subsection
to this finite combinatorial topic.

There is a simple recurrence relation, not for 7'(n) but for a closely
related and more informative two-variable function T'(n, k) defined as
the number of n-types 7 that have exactly k equivalence classes of z;’s.
Here two x;’s are called equivalentﬁ if, between them in 7, there are
only = signs, not < signs. (It follows, by the definition of types, that
the only variables occurring between these two x’s are other z’s, all in
the same equivalence class.) In general, k can be as small as 1 (in just
one n-type, namely 1 = -+ =z, < y; < --- < y,) and as large as n
(if there are no = signs in 7). Clearly,

T(n)=> T(n,k).

We have the recursion relation
T(n,k)=kI'n—1,k)+(n+k—-1)T(n—1,k—1)

for n > k > 1. To see this, consider an arbitrary n-type 7 with k
equivalence classes of x’s. Let ¢ be the induced n — 1-type. That is,
obtain o by deleting x,, and y,, from 7 and combining the = and < signs
around x,, in the obvious way. (If both are =, use =, and otherwise use
<. Note that no combining is needed around v, since it is at the end
of the list 7. Also, x,, could be at the beginning of 7, in which case it
too would need no combining.) The number of equivalence classes in
o is either k or k — 1, depending on whether x,, was, in 7, equivalent
to another x; or not. FEach of the T'(n — 1, k) possible o’s of the first
sort arises from k possible 7’s, because x,, could have been in any of
the k equivalence classes. This accounts for the first term on the right
side of our recurrence. Each of the T'(n — 1,k — 1) possible ¢’s of the
second sort arises from n+k—1 possible 7’s, because x,, can be put into

2This is the same as the equivalence relation arising from the pre-order in Re-

mark [I71
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any of the intervals determined by the n — 1 y’s and k£ — 1 equivalence
classes of x’s in 0. Here the possible intervals include the degenerate
“intervals” at the left and right ends of o, so the number of intervals
is n + k — 1. This accounts for the second term on the right side and
thus completes the proof of our recurrence relation.

There are other combinatorial interpretations of T'(n). For example,
it is the number of rooted trees with n+1 labeled leaves, subject to the
requirement that every non-leaf vertex must have at least two children,
i.e., there is genuine branching at each internal node. The number of
internal nodes can be as small as 1 (if all the leaves are children of the
root) and as large as n (if all branching is binary). T'(n, k) counts these
trees according to the number k of internal nodes.

For more information, tables of values, and references, see [I8], where
T'(n) is (up to a shift of the indexing) sequence A000311 and T'(n, k)
is (rearranged into a single sequence) A134991.

2.3. Weak Partition Properties and Sums of Selective Ultra-
filters. The goal of this subsection is to prove that ultrafilters of the
form U=y V), (still subject to this section’s convention that I/ and the
V), are pairwise non-isomorphic selective ultrafilters) have the strongest
weak-Ramsey properties that Corollary 22 permits for a non-P-point.

Theorem 23. U~ V, is (n,T(n))-weakly Ramsey.

Proof. We shall need to refer to the types of n-element subsets of the
set w? underlying our ultrafilter -y V,,. Types were defined above for
n-element subsets of w, not w?. In principle, this is no problem, because
we know, from Lemma [ that 7, is an isomorphism from U=y 'V, to
an ultrafilter YW on w, so we can just transfer, via this isomorphism,
any concepts and facts that we need. In practice, though, the need
to repeatedly apply this isomorphism makes statements unpleasantly
complicated, so we begin by reformulating the relevant facts about
types in a way that lets us use U-y_ 'V, directly.

Our discussion of types above was relative to a fixed function f wit-
nessing that the ultrafilter is not a P-point. We know, from Lemma [8],
that 7 is such a function for ¢y V,; therefore f = m o T is such
a function for W = my(U-)_ V,). Notice, in this connection, that al-
though 75 is not globally one-to-one, it has a one-to-one restriction
to a suitable set in U-y_ V), (Lemma [); enlarging this set slightly if
necessary, we get a set G € U-y_ V, on which m, is bijective. By
7~ w — G we mean the inverse of this bijection.

Now any n-element subset a of G corresponds to an n-element subset
b = m(a) of w. With f = m o my ™! as above, the f-type of b will be
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called simply the type of a. Unraveling the definitions, we find that this
type can be described as follows, directly in terms of a. Enumerate the
elements of a as

<p17 q1>7 <p27 q2>7 ey <pn7 qn>

in order of increasing second components, so ¢; < ¢ < -+ < ¢,. Then
a realizes the n-type 7 if and only if all the equations and inequalities
in 7 become true when the variables x; are interpreted as p; and the y;
are interpreted as ¢;.

Let us use, for points in w?, the familiar terminology “z-coordinate”
and “y-coordinate” for the first and second components. Then, the
x and y variables in a type represent the x and y coordinates of the
points of a set realizing the type.

Transferring Proposition 20] and its corollaries via the isomorphism
Ty, we learn that every set in -y V), contains n-element subsets re-
alizing all T'(n) of the n-types. The proof of the theorem will consist
of showing that this is all one can say in the direction of existence of
many different kinds of n-element subsets in all sets from U-y_ V.

Consider an arbitrary partition IT of the set [w?]™ of n-element subsets
of w? into a finite number z of pieces. We shall show that there is a set
W eU-y_, V, such that

e cvery n-element subset of W realizes an n-type, and
e any two subsets realizing the same n-type are in the same piece
of the partition II.

This will clearly suffice to prove the theorem.
Furthermore, we can treat the various types separately. That is, it
suffices to find

e aset X € U-y  V, such that all n-element subsets of X realize
n-types and

e for each n-type 7, a set Y, € U-)_ V), such that all n-element
subsets of Y, that realize 7 lie in the same piece of the partition
I1.

Indeed, the intersection of X and all T'(n) of the sets Y,’s will then be
a set W as required above.

Let us first produce the required X all of whose n-element subsets
realize types. Inspecting the descriptions of types and realization, we
find that X needs to have the following properties, in addition to being
in Uy V.

(1) No two distinct elements of X have the same y-coordinate (so
that the y; can all be properly ordered in the type).
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(2) Each element of X has its z-coordinate smaller than its y-
coordinate (so that each x; can precede y; in the type).

(3) No z-coordinate of a point in X equals the y-coordinate of an-
other point in X (so that the type has no equalities between
any z; and y;).

Furthermore, these three requirements can be treated independently;
if we find a different X € Y-y V), for each one, we can just intersect
those three X'’s to complete the job. For the first two requirements,
we already have the necessary X’s. The first says that m is one-to-
one on X, so Lemma [ gives what we need. The second is satisfied
by {(z,y) € w? : * < y} which we noted, right after Lemma ] is in
Uy, V,. We therefore concentrate on the third requirement.

For this requirement, it suffices to find a set B € U/ that is in none
of the V,, for then B x (w — B) serves as the required X. Since U is
distinct from all the V,,, we can find, for each n, a set B, € U — V,,.
Then, since U is a P-point, we can find a single B € U almost included
in each B,,. Since each V), is non-principal and doesn’t contain B, it
cannot contain B either.

This completes the proof that -y 'V, contains a set X all of whose
n-element subsets represent types. It remains to consider an arbitrary
type 7 and find a set Y; € Y-y V, all of whose n-element subsets of
type 7 are in the same piece of our partition II.

Fix, therefore, a particular 7 for the remainder of the proof. It
suffices to find an appropriate set Y, in the case that II is a partition
into only two pieces. The general case where II has any finite number
z of pieces then follows. Just consider all the 2-piece partitions coarser
than II, find an appropriate Y for each of these, and intersect these
finitely many Y’s. So from now on, in addition to working with a fixed
7, we work with a fixed partition I = {R, [w?|" — R} of [w?]" into
two pieces. Our goal is to find a set Y € U-y 'V, such that either all
n-element subsets of Y realizing 7 are in R or none of them are.

Fortunately, a stronger result than this was already proved as The-
orem 7 in [2, page 236]. We shall quote that result and then indicate
how it implies what we need here.

Proposition 24 ([2], Theorem 7). Let there be given selective ultra-
filters Wy on w for all finite subsets s of w. Assume that, for all
s,t € [w]<¥, the ultrafilters Wy and W, are either equal or not iso-
morphic. Let there also be given an analytic subset X of the set [w]* of
infinite subsets of w. Then there is a function Z assigning, to each ul-
trafilter W that occurs among the Wy’s, some element Z(W) € W such
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that X contains all or none of the infinite subsets {zp < 21 < 25 < ...}
that satisfy z, € ZWis,...zn13) for alln € w.

It is important here that Z assigns sets Z (W) to ultrafilters W, not
to their occurrences in the system (W; : s € [w]<*). That is, if the same
ultrafilter W occurs as W; for several sets s, then the same Z (W) is
used for all these occurrences of W.

There is an essentially unique reasonable way to regard our partition
T of [w?]™, restricted to sets of type 7, as a clopen (and therefore
analytic) partition of [w]* and to choose ultrafilters W among our U
and V,’s, so that Proposition 24] completes the proof of Theorem 23l
We spell this out explicitly in what follows.

For our fixed type 7, we say that a variable x; or y; is in position «
if it is preceded in 7 by exactly a occurrences of <. The values of «
that can occur here range from 0 to n + k — 1, where k is the number
of equivalence classes of x;’s as in our discussion of the recurrence for
T(n, k) in subsection 221 Notice that the variables in any particular
position are either an equivalence class of ’s or a single y.

Given any finite or infinite increasing sequence Z of natural numbers,
say 2o < z1 < --- < z (< ...), we associate to it an assignment of
values to the variables in some initial segment of 7 by giving the value
zo to the variable(s) in position «. If the sequence Z is longer than
n+ k then the terms from z,.; on have no effect on this assignment. If
Z is shorter than n + k then not all of the variables in 7 receive values.

For an infinite increasing sequence z' (and indeed also for finite 2" of
length > n + k), we obtain in this way values, say p;, for all the z;’s
and values, say ¢;, for all the y;’s (1 < i < n), and we combine these
values to form an n-element subset of w?:

a(?) = {{p1, 1), (P2, @), - -+ (Pns @) }-

Note that the pairs (p;,¢;) occur in this list in order of increasing y-
coordinates (because 7 is a type and Z'is increasing) and that a(Z) has
type 7. We define X’ to consist of those infinite subsets of w whose
increasing enumeration z has a(Z) in the piece R of our partition II.
Thus, membership of a set A in X’ depends only on the first n + k ele-
ments of A. In particular, X is clopen, and therefore certainly analytic,
in w]“.

To finish preparing an application of Proposition 24] we define ul-
trafilters W, for all finite s C w as follows. Let 2z’ be the increasing
enumeration of s, and use it as above to assign values to the variables
in the positions 0 through min{|s|,n + k} — 1 in 7.
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(1) If |s| < n+k and the variables in position |s| (the first variables
not assigned values) are an equivalence class of x;’s, then let
W, =U.

(2) If |s|] < n+ k and the variable in position |s| is y;, then x;,
occurring earlier in 7, has been assigned a value v. Let W, = V),,.

(3) If |s| > n+ k then set W, = U. (This case is unimportant; we
could use any selective ultrafilters here as long as we satisfy the
“equal or not isomorphic” requirement in Proposition [24])

Since our X is analytic and our W; are selective ultrafilters every
two of which are either equal or not isomorphic, Proposition 24l applies
and provides us with sets Z(U) and Z(V,) for all r € w such that X
contains all or none of the infinite sets whose increasing enumerations
Z=(2 <z <...)have z, € Z(Wys,,. -, ,y) for all a. It remains
to untangle the definitions and see what this homogeneity property
actually means. Since membership of an infinite set in X depends
only on that set’s first n + & members, the homogeneity property is
really not about infinite sets but about (n + k)-element sets and their
increasing enumerations 2. We look separately at the assumption and
the conclusion in the homogeneity statement of Proposition 24l

The assumption is that z, € Z(Wy,, .. ,}), which means that,
when we use Z to give values to the variables in 7, all the values given
to the z;’s are in Z(U) and the value given to any y; is in Z(V,), where
v is the value given to the corresponding z;. This means exactly that
a(Z) has all its elements in the set

Y ={(p,q):p€ ZU) and g € Z(V,)}.

Conversely, any n-element subset of type 7 in this Y, listed in increas-
ing order of y-coordinates, is a(Z) for an enumeration Z satisfying the
assumption in Proposition

Because each Z(W) is in the corresponding ultrafilter W/, we have
Y ey V.

The conclusion in the homogeneity statement is that all or none of
the sets satisfying the hypothesis are in X'. This means, in view of our
choice of X, that all or none of the associated a(Z) are in R.

Collecting all this information, we have that R contains all or none
of the n-element subsets of type 7 in Y. Thus, Y is as required to
complete the proof of Theorem 23] O

Corollary 25. Let X € (F®)*, and let [X]" be partitioned into
finitely many pieces. Then there is Y C X such that Y € (F®*)*
and

e cvery n-element subset of Y realizes an n-type and
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e for each n-type 7, all the n-element subsets of Y that realize it
are in the same piece of the given partition.

In particular, [Y]™ meets at most T'(n) pieces of the given partition.

Proof. Suppose for a moment that the continuum hypothesis holds, so
that there are 2° non-isomorphic selective ultrafilters containing any
given infinite subset of w. Let B = {n € w : X(n) is infinite}. The
assumption that X € (F®?)™ means that B is infinite. Choose non-
isomorphic selective ultrafilters & and V), for all n € w so that B € U
and X (n) € V, for all n € B. Then X € U-y_ V,. Extend the given
partition arbitrarily to all of [w?]" and invoke the proof of Theorem
to get a set Y € U= V, in which every n-element subset realizes a
type and different subsets realizing the same type are in the same piece
of our partition. Intersecting Y with X, we get a set, still in U-y_ V),
and thus in (F®?)*, with the required homogeneity property for the
given partition of [X]". This completes the proof under the assumption
of the continuum hypothesis.

There are (at least) two ways to show that the result remains true
in the absence of the continuum hypothesis. One way is to pass to
a forcing extension that has no new reals but satisfies the continuum
hypothesis. The corollary holds in the extension, but it is only about
reals, so it must have held in the ground model. The other way is note
that the corollary is a II3 statement, so, by Shoenfield’s absoluteness
theorem, it is absolute between the whole universe V' and the con-
structible sub-universe L. Since L satisfies the continuum hypothesis,
the corollary holds there and thus also holds in V. O

3. ULTRAFILTERS GENERICALLY EXTENDING F & F

We turn now to the main subject of this paper, ultrafilters on w?
produced by forcing with P = (F®?)" partially ordered by inclusion.
Recall that we write F for the Fréchet filter, the set of cofinite subsets
of w. Its Fubini square F®? is the filter on w? consisting of sets X such
that the sections X (n) are cofinite for cofinitely many n. A convenient
basis for F®? is the family of “wedges”

{z,y) €w? 2z >nandy > f(x)}.

where n ranges over natural numbers and f ranges over functions w —
w.

Our forcing conditions in P are the sets of positive measure with
respect to F®?; these are the sets X whose sections X (n) are infinite
for infinitely many n.
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The partially ordered set IP is not separative. Its separative quotient
is obtained by identifying any two conditions that have the same in-
tersection with a set in F®2. So the separative quotient is the Boolean
algebra P(w?)/F®2.

We call a forcing condition X € P standard if every nonempty section
X(n) is infinite. Every condition can be shrunk to a standard one by
simply deleting its finite sections; the shrunk condition is equivalent,
in the separative quotient, to the original condition. We can therefore
assume, without loss of generality, that we always work with standard
conditions.

Lemma 26. The separative quotient of P is countably closed. In par-
ticular, forcing with P adds no new reals.

Proof. The second assertion of the lemma is a well-known consequence
of the first, so we just verify the first. Given a decreasing w-sequence in
P(w?)/F®? — {0}, we can choose representatives in P, say Ay O A; D

.., where we have arranged actual inclusion (rather than inclusion
modulo F®?) by intersecting each set in the sequence with all its pre-
decessors. Each A,, being in P, has infinitely many infinite sections,
so we can choose numbers zy < x; < ... such that A,(z,) is infinite
for every n. Let B = {(z,,y) :n € wand y € A, }. Then B € P and
B is included, modulo F®?2 in each A,. (In fact, it’s included modulo
F®{w}.) O

In what follows, we work with a ground model V' and its forcing
extensions. Depending on the reader’s preferences, V' can be the whole
universe of sets, in which case its forcing extensions are Boolean valued
models; or V' can be a countable transitive model of ZFC, in which
case forcing extensions are also countable transitive models; or V' can
be an arbitrary model of ZFC, in which case its forcing extensions are
again merely models of ZFC. What we do below is valid in any of these
contexts. Unless the contrary is specified, “generic” means generic over

V.

Corollary 27. Any generic filter G C P is, in the forcing extension
VG|, an ultrafilter on w?.

Proof. Since every subset X of w in V[G] is in V, it suffices to notice
that, for each such X, theset {A€P: AC X or ACw— X}isinV
and dense in P, so it meets G. 0

In view of the corollary, we have written G for the generic filter,
rather than the more customary G, since we have been using script
letters for ultrafilters.
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The rest of this section is devoted to establishing the basic combi-
natorial properties of P-generic ultrafilters G. Many of these proper-
ties are the same as what we established in the preceding section for
selective-indexed sums of non-isomorphic selective ultrafilters. In par-
ticular, G is not a P-point, and it satisfies the strongest weak-Ramsey
property compatible with not being a P-point. But G also differs in an
essential way from the sums considered earlier, in that it is not a limit
of countably many other non-principal ultrafilters.

3.1. Basic Properties. In this subsection, we collect some of the ba-
sic facts about P-generic ultrafilters G on w?. From now on, G will
always denote such an ultrafilter and G its canonical name in the forc-
ing language.

Lemma 28. For A € P and X C w?, we have A+ X € G if and only
if A C X modulo F*2. The ultrafilter G is an extension of F*2.

Proof. The first assertion of the lemma is a consequence of the well-
known facts that forcing is unchanged when a notion of forcing is re-
placed by its separative quotient and that, for a separative notion of
forcing, p forces ¢ to belong to the canonical generic filter if and only
if p<gq.

It follows from the first assertion that G C (F®?)™. Since G is an
ultrafilter, this is equivalent to G O F®2, O

Corollary 29. The first projection 7 : w — w is not finite-to-one or
constant on any set in G. Thus, G is not a P-point.

Proof. m; is not finite-to-one or constant on any set in (F®?)*. O

Proposition 30. The image U = m1(G) of G under the first projection
is V-generic for P(w)/F. In particular, it is a selective ultrafilter on
w.

Proof. Consider the function ¢ : [w]* — P that sends each infinite X C
w to the cylinder over it in w?, i.e., ¢(X) = m~1(X). We claim that
this function is a complete embedding of the forcing notion ([w]“, C)
into P. In the first place, ¢ clearly preserves the ordering relation C.
It also preserves incompatibility; if X and Y are incompatible in [w]*,
i.e., if their intersection is finite, then the intersection of ¢(X) and ¢(Y)
is not in (F®?)*, so ¢(X) and ¢(Y) are also incompatible. Finally, if
A is a maximal antichain in [w]*, then the antichain {c¢(A) : A € A} is
maximal in P. To see this, consider an arbitrary X € P. We intend to
show that it is compatible with ¢(A) for some A € A. Let B = {n €

w : X(n) is infinite}. Then B is infinite. By maximality of A, find
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A € A such that AN B is infinite. Then X N¢(AN B) is in P and is an
extension of both X and ¢(A), as required. This completes the proof
that c is a complete embedding.

By a well-known general fact about complete embeddings, it follows
that ¢71(G) is a V-generic subset of [w]“. But ¢71(G) is exactly m1(G),
so the first assertion of the lemma is proved. The second follows, as it
it well-known that the generic object adjoined by forcing with [w]® is
a selective ultrafilter on w. O

3.2. Partition Property and Consequences.

Theorem 31. The generic ultrafilter G is (n, T (n))-weakly Ramsey for
every n. In more detail, for every partition I1 of [w?|™ into finitely many
pieces, there is a set H € G such that

e cvery n-element subset of H realizes an n-type, and
e for each n-type 7, all the n-element subsets of H that realize T
are in the same piece of 1.

Proof. The first assertion of the the theorem follows from the second
because there are only T'(n) n-types. The second assertion, in turn,
follows immediately from Corollary 25, which says that conditions H
with the desired properties are dense in P, so the generic G must contain
such an H. O

Note that the T'(n) in the theorem is optimal, because of Corollary 22]
and the fact that G is not a P-point.

The next two corollaries could be proved by direct density arguments,
but it seems worthwhile to point out how they follow from the partition
properties in Theorem Bl

Corollary 32. The second projection my is one-to-one on a set in G.

Proof. By Theorem B1], let H € G be a set all of whose 2-element
subsets realize types. Then 75 is one-to-one on H because no 2-type
can have y; = y». O

Corollary 33. If f : w? — w, then there is a set X € G such that
f 11X is one of the following.

e a constant function
e 1 followed by a one-to-one function
e a one-to-one function

Proof. Partition the set [w?]? into two pieces by putting {(p1, ¢1), (P2, ¢2) }
into the first piece if f(p1,q1) = f(p2,¢2) and into the second piece if

f(p1,q1) # f(p2,q2). Let H € G be as in Theorem Bl for n = 2 and

this partition.
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Consider first those 2-element subsets of H that realize the type
T1 = Tg < Y1 < Yo, i.e., 2-element subsets of columns. If these all lie
in the first piece of our partition, then the restriction f | H is constant
in each column, so it is g o m; for some g : w — w. Furthermore, as
U = m(G) is selective, by Proposition B0l ¢ is constant or one-to-one
on a set A € U. Then the restriction of f to H N ~'(A) satisfies the
first or second conclusion of the corollary.

So we may assume from now on that the 2-element subsets of H
realizing 1 = 19 < y; < yo are in the second piece of our partition.
That is, f [ H is one-to-one in each column. We shall complete the
proof by showing that f is one-to-one on all of H. Suppose, toward
a contradiction, that f took the same value at two elements of H,
necessarily in different columns. Then the set of those two elements
realizes one of the three 2-types

Ty <1 <Y1 <Y
T < T2 <Y <Y
T1 <Y1 < T2 < Yo,
because these are the only 2-types that don’t have xy = x5. By the
homogeneity of H, all 2-element sets {(p1,q1), (p2, q2)} realizing that
2-type have f(p1,q1) = f(p2,q2). We can associate to each of the three
relevant 2-types a 3-type in which x5 = x3, namely
To =123 <T1 <Y1 <Y2<Ys3
T <T2=T3 <Y1 <Y2<Y3
T <y < T2 =23 <Y2 <Ys,
respectively. This 3-type (like all types) is realized in H, say by

{(p1,q1), (P2, 42), (p3,43)}. Then both of the pairs {({p1,q1), (P2, ¢2)}
and {(p1,q1), (p3,q3)} realize the 2-type that guarantees f(pi,q) =

f(p2,q2) and f(p1,q1) = f(p3, q3). Therefore f(pa,q2) = f(ps;q3). But
P2 = ps3, so this contradicts the fact that f is one-to-one on columns in

H. U

Corollary 34. The generic ultrafilter G is a Q-point. The only non-
principal ultrafilters strictly below it in the Rudin-Keisler order are the
isomorphic copies of U = m1(G).

Proof. This follows from the preceding corollary by the same proofs as
for Corollaries [[1] and 12 above. O

3.3. Weak P-point. The results proved so far about the P-generic
ultrafilter G mirror the properties of selective-indexed sums of selective
ultrafilters proved in Section [2l Nevertheless, there is an important
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difference between G and these sums; in particular, G is not such a
sum.

Notice that any sum U-y V), is, in the Stone-Cech compactification
B(w?), the limit with respect to U of copies in columns of w? of the
ultrafilters V,, namely the images i,(V,) where i, : w — w? : y
(n,y). In contrast, G is not such a limit; indeed, we shall show in this
subsection that it is not a limit point of any countable set of other,
non-principal ultrafilters.

We begin by recalling some standard terminology and results.

Definition 35. A non-principal ultrafilter YW on a countable set S is
a weak P-point if, for any countably many non-principal ultrafilters
X, # W on S, there is a set A € W such that A ¢ X, for all n.

In topological terms, this means that W is not in the closure in 5(5)
of a countable set of other non-principal ultrafilters.

The terminology “weak P-point” is justified by the observation that
any P-point W is also a weak P-point. Indeed, given countably many
X, as in the definition, we have for each n, since W # X,,, some
A, €W —AX,. As W is a P-point, it contains a set A almost included
in each A,,, and this A is clearly not in any of the A},’s. Unlike P-points,
weak P-points can be proved to exist in ZFC; see [10].

Theorem 36. The generic ultrafilter G is a weak P-point.

Proof. In accordance with the definition of “weak P-point”, we shall
need to consider non-principal ultrafilters X # G on w?. It will be
useful to distinguish four sorts of such ultrafilters X

(1) ultrafilters X’ such that m;(X) is a principal ultrafilter,

(2) ultrafilters X’ such that 1 (X') is non-principal and distinct from
U=m (g)7

(3) ultrafilters X such that m(X) = U and, for some [ : w — w,
the set {(z,y) :y < f(z)} isin X,

(4) ultrafilters X # G such that m (X)) =U and, for every f:w —
w, the set {{x,y) :y > f(x)} isin X.

We shall show that, for any countably many ultrafilters &), of any one
of these four sorts, G contains a set A that is in none of these A},’s.
This will suffice, because then, if we are given a countable set of &},’s
of possibly different sorts, we can partition it into four subsets, one for
each sort, find suitable sets A for each of the four subsets, and then
intersect those four A’s to get a single A that is in G but in none of
the original X),’s. In other words, it suffices to treat each sort of X
separately. This we now proceed to do, starting with the easier cases.
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Suppose we are given countably many ultrafilters X, of sort (2). The
countably many ultrafilters m(X,,) on w are non-principal and distinct
from U, which is (by Proposition B0) selective, hence a P-point, and
hence a weak P-point. So there is a set B € U that is in none of the
ultrafilters 7,(X,). Then 7, 7!(B) is in G but in none of the X,, as
required. This completes the proof for sort (2).

Suppose next that we are given countably many ultrafilters A, of
sort (3). For each n, fix f,, : w — w such that {(z,y) : y < f.(x)} € X,,.
By diagonalization, let g : w — w eventually majorize each of the
countably many functions f,. Thus, for each n, the set {(z,y) : y <
fn(x)} is covered by the union of {(z,y) : y < g(x)} and 7~ *(F,) for
a finite set F,. So X, must contain {(x,y) : y < g(x)} or 7, (F,). It
cannot contain the latter, because 7 (X,,) is the non-principal ultrafilter
U. So each &,, must contain {(x,y) : y < g(z)}. But the complement of
this set is in 2 and therefore in G; it therefore serves as the required
A. This completes the proof for sort (3).

Suppose next that we are given countably many ultrafilters X, of
sort (4). In contrast to the previous cases, we shall now need to use
the fact that our ultrafilters are in the forcing extension V[G]. Fix
names X, for the ultrafilters A&,,, and recall that we already fixed the
canonical name G for G. We shall complete the proof for this case by
showing that any condition A € IP that forces “The X, are ultrafilters
of sort (4)” can be extended to one forcing “G contains a set that is in
none of the Xn.”

Let such a condition A be given. It forces that, for each n, the
difference G — X, is nonempty. Since the forcing (in its separative form)
is countably closed, we can extend A to a condition B that forces, for
each n € w, a specific set C,, in the ground model to be in G — &,,. By
Lemma 8 we have that B C C,, modulo F ®2 for each n. But B, as an
extension of A, forces A, to be of sort (4) and therefore to be a superset
of the filter F¥2. So from B I+ C,, ¢ X, it follows that B I+ B ¢ X,,.
Of course B forces itself to be in the generic G. Summarizing, we have
an extension B of A forcing some set, namely B itself, to be in G but
in none of the AX,. This completes the proof for sort (4).

It remains to treat the case where we are given ultrafilters X, of
sort (1). So each m(&,) is a principal ultrafilter, say generated by
{f(n)}. Note that, although the sequence (X)) and the individual
ultrafilters X,, need not be in the ground model, f, being a real, is in
the ground model.

We shall complete the proof by showing that any condition A forcing
“The X, are ultrafilters of sort (1)” can be extended to a condition B
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forcing “G contains a set that is in none of the X,.” We begin with a
few simplifying steps, shrinking A to normalize it in certain ways.

By extending (i.e., shrinking) the given condition A, we can arrange
that it is standard; recall that this means that all its nonempty sections
are infinite. We can also arrange that it forces the f introduced above to
be a specific function in the ground model. If the set Z = m;(A)—ran(f)
is infinite, then B = AN ~'(Z) is a condition forcing that m ~(Z) is
in G but in none of the &,,, so the proof is complete in this case. We
therefore assume that Z is finite. Removing 7, 1(Z) from A, we can
arrange that m (A) C ran(f). From now on, we assume that all these
arrangements have been made.

The rest of the proof will consist of an w-sequence of successive ex-
tensions of A, approaching the desired condition B. Each step will
involve a simple construction, which we isolate in the following lemma.

Lemma 37. Any countably infinite set S admits a sequence (Il : n €
w) of partitions 11, of S into two pieces each, such that, whenever pieces
C, € 11, are chosen for each n, there is an infinite set P C S almost
disjoint from all the chosen C,,’s.

Proof. Tt suffices to choose the partitions to be sufficiently indepen-
dent. For example, suppose, without loss of generality, that S is the
set of finite sequences of zeros and ones and let II, partition the se-
quences according to their n'" term (where sequences shorter than n
are considered to have n'® term zero). For any chosen pieces C,, € II,,,
their complements (the unchosen pieces) have the finite intersection
property, so there is an infinite P almost included in all these comple-
ments. U

We shall construct a sequence of standard conditions
Ay >A > > A, > A >,

starting with Ag = A, along with an increasing sequence rq < 7 < ...
of natural numbers and a sequence of infinite subsets P, of w, with the
following properties.

(1) If i < j then {x;} x P, C A,.

(2) If f(n) = x; then A; 1 IF {x;} X (w— P) € &,.
Note that we require the A;’s to be a decreasing sequence in P, not just
in the separative quotient, so they are genuine subsets of each other,
not just modulo F®2. In particular, we shall have 7 (Ag) C ran(f) for
all k.

We proceed by induction, assuming that at the beginning of stage

k we already have A; for ¢ < k and z; and P; for ¢ < k, satisfying all
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our requirements insofar as they involve only these initial segments of
our construction. At the beginning of stage 0, we have the situation
already described: Ay = A.

In stage k, we must define Ap,q, xx, and P, so as to maintain our
requirements. First choose xj to be any natural number (say the first,
for definiteness) larger than z;_; and in 7 (A). (Ignore “larger than
xp_1 if £ =0.) Of course, such an z;, exists because Ay is a condition.
Let S = Ai(zx) be the corresponding section of A;. Note that S is
infinite because Aj, is standard. Apply Lemma [37 to obtain sequence
of partitions II,, as there.

Consider those natural numbers n such that f(n) = z;. For each
of these, A&, is forced (by A and a fortiori by Aj) to concentrate on
{zx} X w and therefore on a set of the form {z;} x Z, where Z is
one of the two pieces of II,, or w — S. Furthermore, since our forcing
adds no new reals, the condition A, has an extension B that decides
these options for each relevant n. If B forces &), to concentrate on
{z} x Z where Z € I1,,, let C,, be that Z. For all other n’s (those for
which f(n) # zx and those for which B forces X,, to concentrate on
{z} x (w—19)), choose C,, € II,, arbitrarily. By Lemma [37] we can
find an infinite subset of S almost disjoint from all the chosen C,,’s; let
Py, be such a set. Note that, for each n with f(n) = x, the condition
B forces X, to concentrate on {zy} X (w — Py).

Obtain Agyq from B by standardizing (i.e., removing all finite sec-
tions) and adjoining all the sets {x;} x P; for all i < k. None of this af-
fects B in the separative quotient, since the union of the finite columns
removed and the finitely many columns added is in the ideal dual to
F®2 Furthermore, Ay ; C A;. Indeed, we had B C A, and stan-
dardization only shrinks B. As for the additional columns {z;} x P,
the ones for ¢ < k were subsets of A by induction hypothesis, and the
one for i = k is also included in Ay because P, C S = Ag(xy).

This completes the inductive construction of the sequences of Ay’s,
xi’s, and Py’s. Finally, let

B ={(zk,y) : k € wand y € P}.

This B is a condition, as there are infinitely many z,’s and each P is
infinite. It is an extension of all the A;’s because each of its elements
(xg,y) isin A, for all j > k by our inductive construction, and therefore
also for j < k because the A;’s form a decreasing sequence. We claim
that B forces all the &, to concentrate on w? — B. Since it forces G to
concentrate on B, this will complete the proof of the theorem.

So consider an arbitrary n € w. If f(n) is not of the form zy, then
X, concentrates on {f(n)} X w, which is disjoint from B, as required
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for the claim. So suppose that f(n) = zj. Then Ajy; was constructed
to force &, to concentrate on {z;} x (w— Py), which is disjoint from B.
As an extension of Ay, 1, B forces the same, and the proof is therefore
complete. 0

4. G DOES NOT HAVE MAXIMAL TUKEY TYPE

We prove a canonization theorem showing that every monotone map
with domain G is almost continuous (represented by a finitary function)
on a cofinal subset of G. It follows that every ultrafilter Tukey reducible
to G has Tukey type of cardinality continuum. In particular, G is
strictly below the top Tukey degree, thus answering a question of Blass
stated during a talk at the Fields Institute, September 2012. Moreover,
we show that G 27 [wi]<¥, answering a question of Raghavan in [13].

The results in this section were obtained by Dobrinen and completed
on the following dates. Theorems (2] and A7 were completed on October
8, 2012. Theorem M9 was completed on October 31, 2012. Proposition
was completed on November 1, 2012.

We begin by recalling some useful facts. For ultrafilters U, V), a
map f : U — V is called monotone if whenever u O u' are in U,
then f(u) 2 f(u'). By [Fact 6, in [5]], whenever U >7 V), there is a
monotone convergent map f : U — V witnessing this reduction. Recall
the following [Theorem 20, in [5]] canonizing Tukey reductions from
P-points as continuous maps. Here, P(w) is endowed with the Cantor
topology on 2“ by associating subsets of w with their characteristic
functions.

Theorem 38 (Dobrinen/Todorcevic, [5]). Suppose U is a P-point on w
and V is an arbitrary ultrafilter on a countable base set such thatU >
V. For each monotone convergent map f : U — V, there is an T € U
such that f | (U | &) is continuous. Moreover, there is a continuous
monotone map f*: P(w) — P(w) such that f* | (U [Z)=f] U Z).
Hence, there is a continuous monotone convergent map f* [ U from U
into ¥V which extends f | (U | T).

The proof of Theorem [38 holds whenever V is an ultrafilter on any
countable base set B, the topology given by enumerating B in order
type w and considering the Cantor topology on 22. In the next propo-
sition, we shall apply this theorem with G in place of V.

Recall Proposition B0l which implies that m(G) is selective (hence
a P-point) and that m(G) <gx G. It follows that m (G) <r G. We
begin this section by showing the stronger fact that the inequality is
also strict for the Tukey reduction.
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Proposition 39. G >r m(G).

Proof. We shall show that for each monotone map f : P(w) — P(w?)
in V, f | m(G) is not a convergent map from m(G) into G in V[G].
This shows, in particular, there are no monotone continuous maps in
V witnessing a Tukey reduction from 71 (G) into G. Since m(G) is a P-
point, by Theorem B8] every Tukey reduction from 7;(G) to any other
ultrafilter is witnessed by a monotone continuous map. Since P is o-
closed, every continuous map f : P(w) — P(w?) in V[G] is actually in
V. Thus, m(G) ?r G.

Let x € P be given and let f : P(w) — P(w?) be a monotone map
in V. If there is a y € P such that y C = and f(m[y]) Ny & P, then
y - f(m(G)) € G. Otherwise, for all y € P with y C z, f(m[y])Ny € P.
If there is a y € P such that y C x and for all 2 € P with z C y,
f(mlz]) € y, then y I “f | 7(G) : m(G) — G is not a convergent
map.”

If none of the above cases holds, then for each y € P with y C =,
(a) f(m[y]) Ny € P, and (b) there is a z € P with z C y such that
f(m|z]) €y Fixsome y,w € P with y,w C z such that m [y] = m[w] =
mi[z] but yNw = 0. Take a y’ € P with ¢ C y such that f(m[y']) Cv.
Next, take a w’ € P with w’ C w such that m [w'] C m[y]; then take a
w” € P with w” C w’ such that f(m[w"]) C w'. Then m[w"] C m[y],
so f(m[w”]) C f(m[y']), since f is monotone. Hence, f(m[w"]) C v.
At the same time, f(m[w”]) C w’ C w. Thus, f(m[w"]) CwNy = 0.
Hence, it is dense to force that f is constantly zero on some cofinal
subset of 71(G).

Therefore, for each monotone map f : P(w) — P(w?) in V, it is

dense to force that “f | m(G) is not a convergent map from 71 (G) into
g"n 0

Notation 40. Throughout this section, we shall let Py denote the
collection of the standard forcing conditions; that is, those conditions
such that each non-empty fiber is infinite. We shall let G, denote the
members of G which are standard; that is, G, = GNP. For u € P, and
n < w, we shall let wNn? denote uN (n x n). Recall that for any p € P
and ¢ € w, p(i) denotes {j € w : (4,J) € p}, the i-th fiber of p.

The next theorem provides a canonization for all monotone maps
with domain G, in terms of monotone finitary maps on the base [w?]<*.
The argument of Theorem 2] combines some of the key traits of the
proof of Theorem 20 in [5] for canonizing monotone convergent maps
on P-points and the proof of Theorem 13 in [4] canonizing monotone
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convergent maps on iterated Fubini products of P-points, making new
adjustments for this setting.

Definition 41. We say that a monotone map f on G, | x is represented
by a monotone finitary map ¢ if there is a map ¢ : [W?]<¥ — [w]<* such
that for all s,t € [w?]<*,

(1) (Monotonicity) s Ct — ¢(s) C p(t);
(2) (¢ represents f) For each u € G, | z, f(u) =, ¢(unn?).

Theorem 42 (Canonization of monotone maps as almost continuous).
In V[G], for each monotone function f : G — P(w), there is an v € G
such that f | (Gs | x) is represented by a monotone finitary map.
Hence, every monotone cofinal map f : G — V is represented by a
monotone finitary map on the filter base consisting of members of G,
below some x € G, where V is any ultrafilter on a countable base.

Proof. Let f be a P-name such that I+ “f : G — P(w) is monotone.”
Unless stated otherwise, all conditions are assumed to be in P,. Fix a
p € P,, and let p_; = p. In the first step of the proof, we shall construct
a sequence p > xg > pg > x1 > pp > ... of members of P, such that
the following (a)-(c) hold for each k < w:

(a) Tr1 C g

(b) There is a sequence ip < i; < ... such that iy = min(m[p]),

and in general,

k1 = min(m[zg] \ {io, .. ik }) = min(m[zg] \ (ix + 1));
and for each n < w,
T [@htn] O (ka1 + 1) = mifa] O (gn + 1) = {io, .. b }-

(c) Let Sy denote the set of all triples (s,t,7) € P({ig,...,ik} X
(i + 1)) x P({io,...,ix}) X (i + 1) such that m[s] C t. Fix
an enumeration of Sk as (st th gt), 1 <l == |Sk| — 1. For all
k <w and [ <, xp and py satisfy the following:

If there are v,q € IP’ with ¢ < v < pg_1 such that

(i) vN (i + 1) = st;

(i) mlo] 0 (e +1) =

(iii) For all i € L, v(3) \ (i, + 1) C 2y (i);

(iv) v ((Zka w) X W) C
(v) ¢ G, & f(v);
Then for each u € P such that
(vi) un (i + 1)% = st;
(vii) 1 (u) N (Zk+1)—t;
(viii) For all i € tL, u(i) \ (i + 1) C 21 (i);
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(ix) w N ((ig,w) x w) C xy;
we have that py I- ji & f(u).
Note that it follows from (b) that m [zg] — {io,i1,...} as k — oc.

We now begin the recursive construction of the sequences (),
and (pp)n<w- Let p_1 =x_1 = p. Let k € w be given, and suppose we
have chosen zy_1,pr_1. If kK =0, let ig = min(m[p]); if &£ > 1, let i}, =
min(my[zg_1] \ (ix—1 + 1)). Recall that Sy denotes the set of all triples
(s,t,7) such that s € P({ig,...,ix} X (ix + 1)), t € P({io,...,ix}),
and j € (ix + 1) such that m[s] C ¢. Let :c,;l = x4_; and p,;l = Pr_1.
Suppose we have chosen :)32_1 and pf,f_l for I <l =|Sk| — 1.

If there are v,g € Py and ¢ < v < pz_l such that

(i) v (i + 1) = st;

(ii) m[v] N (i + 1) = t;

(iii) For all 4 € L, v(i) \ (i, + 1) C 21 (d);

(iv) v N ((ip, w) x w) C 2k

™) gk ji & fo)
then take p!, and v}, be some such q and v. Note that phIF gt f(ol).
Hence, by monotonicity, pl, IF ji & f(v), for every v C vl. In this case,
let

o = JU} x (i) \ ik +1)) i € 1)
U JHi x 2l (0) i € Lo, ik} \ th}
(1) Uk N (i, w) X w).
Thus, 2}, is empty on the square (i, + 1)% on indices i € ¢}, the i-th

fiber of 2! equals the i-th fiber of v. above iy; on indices i < 4, which
are not in ¢!, the i-th fiber of z{ equals the i-th fiber of xfk_l; and for
all i > 14y, the i-th fiber of 2! is exactly the same as v.

Otherwise, for all v < pﬁﬂ_‘l satisfying (i) - (iv), there is no ¢ < v
which forces ji to not be in f(v). Thus, for all v < pi~! satisfying (i)
- (iv), v Ik jl € f(v). In particular, p} I ji € f(v}). In this case, let
ph=pl b and 2t = 2/ and define
(2) v = 85, U (23 N (1, U (i, w) X w)).

~In the ‘If” case, pj, I ji & f(vh). In the ‘Otherwise’ case, p} IF jL €
f(vh). Thus,
(%) For all k < w and | < Iy, pl, decides the statement “jL e f(vl)”.

After the [}, steps, let p = pﬁf and xp = xﬁj Note that x;,N(ix+1)? =
(), and x;, C xy_1 by (iii) and (iv). This ends the recursive construction
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of the pr and x;. It is not hard to see that the sequence of xy, py
satisfies (a) - (c).

In the second step, we diagonalize through the z, to obtain x as
follows. Let ko = 0. Take an agq in the fiber zo(ip). Choose k; so
that iy, > ago. In general, given k,, for each j <y, , take an a;, €
Tk, (1) \ (i, + 1). Then choose k, 1 so that iy, > max{a;, : j < k,}.
Let

r={(ij,a;,) :n<w,j <k}
Note that x € P, x C p, mi[x] = {iry, ikys ks, - - - }» and in fact, x C* xy,
for all £ < w. Thus, also x < py, for all £ < w. Moreover, for each n,
2\ (ir, +1)? C x1,. From now on, we work below .

Let us establish some useful notation. Given any (s,t) € [w?<% x
[w]<¥, k > max(m[s] Ut), and v C z, define

(3) z(k,s,t,v) =sU (U{z} X (v(@)\ (k+1)))U (vn((kw) xw)),

and

(4) f(k,s,t,0) = f(z(k,s,t,0)).

Thus, z(k,s,t,v) is the following condition z € P,: Inside the square
(k+1) x (k+1), z is exactly s. For indices i < k, z has nonempty
fibers if and only if ¢ € t; and if 7 € t, then the tail of the i-th fiber of 2
above k is exactly the tail of the i-th fiber of v above k. All fibers of z
with index greater than k are exactly the fibers of v with index greater

than k.
Our construction was geared toward establishing the following.

Clatm 43. Let v C x, n < w, and j < 1%, be given; and let [ < [ be
the integer satisfying s}, = v N (i, +1)% ¢, = m[v] N (i, + 1), and
j,in = J. Then
viFje fu)=zlFje f(ikn7527lat27l,$) —zrlkje f(v,lﬁ)
Proof. Assume v C z, n < w, j <'y,, and | < I, satisfy the hypoth-
esis. By (x), pﬁCn decides whether or not j € f (vfgn) Since x < pin, x
also decides whether or not j € f(v} ).
Suppose z IF j & f (v ). Our choice of [ implies that

(5) v= Z(ik7la SZn, tgcn» 'U) C Z(Z.kn’ Sgcna tgcna ZL") - Z(ik’rl’ Sgcna tgcna l'kn)

(6) C Z(ik7la Sin,tln,xin) C Z(Z.kn’ kanatfknavfen) = 'Uén.

By monotonicity of f, we have z I j & f(iy,, st th x), and z |- j &
f(v). Hence, also v |- 5 & f(v).
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Suppose now that z I j € f (vfm) Then in the construction of xﬁgn,
we were in the ‘Otherwise’ case. Thus, for all pairs ¢ < v < pi;l
satisying (i) - (iv) for the pair ky,[, we have that ¢ I- j € f(v). In
particular, v IF j € f(v). Further, since 2 < z(iy, , si, ,th . x), we have
zl-je f(ikn,sﬁgn,tﬁgn,x). O

It follows immediately from Claim [43] that

() For each y C x and j < w, taking n so that j < i, , the pair of
finite sets (y N (i, +1)2, m1[y] N (ig, +1)) completely determines
whether or not y I- j € f(y).

Now we define a finitary monotone function v which x forces to

represent f on a cofinal subset of G. For all pairs (s,t) € [x]<¥ X
[ [x]]<¢, take n least such that i, > max(m[s] Ut) and define

(7) Y(s,t) = {j g, s x Ik j € fin,,s.t,2)}.

Note that ¢ is monotone: Suppose s C s’ and ¢ C t'. Let n be least such
that max(m[s|Ut) < iy, , and let n’ be least such that max(m [s'|Ut') <
i, Let 8" =& 0 (i, +1)* and ¢t = ' N (i, + 1). Let j < ig,. By
Claim @3] () and monotonicity of 1,

jEP(s,t) <= alkj € f(kn, s t,2)
— zlkje f(ky,s" t" x)
— zlje flky, st 2)
(8) = jeyY(s,t).

Clavm 44. Tf = is in G, then ¢ represents f on G [ x. That is, for each
y € Py withy C a, y I f(y) = U{e(y 0 (i, + 12 7y 0 (i, + 1)) -
n<w}.

Proof. Let y € P such that y C z. By the definition of 1, for each j,
if 217 € f(y), then j € ¥(y N (i, + 1)* my] N (ir, + 1)) for every
i, > j. On the other hand, if j € ¥(yN(iy, +1)% mi[y] N (ik, +1)), then
vl j € fkn,y O (i, + 1)%, mi[y] O (i, + 1), 2). Thus, y I j € f(y),
by Claim O

We simplify ¢ a bit more. Define the map ¢ : [z]<* — [w]<* by
letting p(s) = (s, m[s]), for each s € [x]<~.

Claim 45. ¢ is monotone and represents f | P, | 2; that is, for each
standard y C =,

9) y I fy) = Hewn (ix, + 1)%) 1 n < w}.
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Proof. Suppose s C s'. Then m[s] C m[s'], so by monotonicity of v,
we also have ¢(s) C p(s).

Given y € P, with y C z, y I+ f(y) 2 U{e(y N (ix, +1)%) : n <
w}, by definition of ¢ and Claim @4l On the other hand, suppose
y - j € f(y). Taking n least such that i, > j, Claim B4 and (1)
imply 7 € ¥(y N (i, + 1)* m[y] N (i, + 1)). Take m least such that
[y N (ig,, +1)%] 2 m[y] N (ig, +1)% Let s be y N (ig,, + 1)? restricted
to indices in mm[y] N (4, + 1)*. That is, let a € w? be in s if and only
if a € yN (iy,, +1)* and m[a] € m[y] N (i, + 1)%. Monotonicity of 1
implies that j € (s, m[y] N (i, + 1)). Since m[s] = m[y] N (ix, + 1),
we have j € ¢(s). Since ¢ is monotone and y N (iy,, +1)* 2 s, it follows
that j € o(y N (ig,, + 1)?). O

It follows that in V[G], for every monotone map f : G — P(w), there
isan x € G, such that f | (G, | ) is represented by a monotone finitary
map ¢ : [z|<Y — [w]<¥.

If V is an ultrafilter on a countable base set, we may without loss
of generality assume that base is w. Thus, each monotone cofinal map
f G — Vis represented on a base of the form G, | x by a finitary map
@ on [z]<¥, for some x € G. O

Remark 46. We point out several key observations. First, the map ¢
in Theorem A2 actually generates a monotone map from f* : P(w?) —
P(w), by defining f*(y) = U, ¢y N (ix, + 1)?), for each y C w?.
It is easy to check that f* [ Gs [ © = f | Gs | . Thus, if f is a
monotone cofinal map from G into some ultrafilter V, then f* | G is
also a monotone cofinal map from G into V which is moreover finitely
represented.

Second, the map f [ G, | x is almost continuous in the following
senses. First, being finitely represented, it quite similar to continuous
maps on P(w?), given the Cantor topology on P(w?). Of more interest,
though, is the property (f), that for each y € G, | z and n < w, the
map 1 can decide by time iy, whether or not n isin f(y). ¥ can do this
because it not only looks at y Ny, but also sees the future of whether
or not the fibers y(I) will be nonempty, for [ < iy, .

We now answer a question of Blass, by applying Theorem [42]to show
that G does not have maximal Tukey type.

Theorem 47. For every V <r G, the Tukey type of V has cardinality
continuum. In particular, the Tukey type of G has cardinality contin-
uum; hence, G does not have maximal Tukey type.

Proof. By Theorem [42] every Tukey reduction V < G is witnessed by
a function f represented by a finitary monotone map ¢ : [z]<¥ — [w]|<
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for some x € G. Since there are only continuum such maps, it follows
that for each V <p G, the Tukey type of V has cardinality ¢. In
particular, G does not have maximal Tukey type. 0

In Theorem 9 we prove that (jw;]<*,C) £ (G D). This answers a
question of Raghavan in [I3], where he stated that it is easy to see that
ifin V, h(P(w?)/(Finx Fin)) > wy, then in V[G], ([w1]*, C) €7 (G D),
but that he did not know whether this holds in general. This also gives
a second proof that G has Tukey type strictly below the maximal type.

We first prove the following fact, which will be used in the proof of
Theorem 9]

Proposition 48. For any ultrafilter U, if (U, D) >r ([wi]<*, C), then
there is a monotone convergent map f : U — [w1]¥ witnessing this.

Proof. Suppose U >7 [wi|<“. Then there is a Tukey map ¢ : [wi|<¥ —
U mapping unbounded subsets of ([w]<“, C) to unbounded subsets of
(U,D). For each u € U, define f(u) = J{s € [w1]=¥ : g(s) D u}.
Note that {s € [w1]<* : g(s) 2 u} = g7 '({w € U : w 2 u}) which
is the g-preimage of a bounded subset of . Since ¢ is a Tukey map,
{s € [w1]=¥ : g(s) D u} is bounded by some member of [w;]<¥; so f(u)
is well-defined.

IfuDwvareinU, then g {fw eld :wDdDu} CgH{weld:wDuv}.
Therefore, Jg ™ {w e U : w D u} C Ug{w € U : w D v}; so
f(u) € f(v). Hence, f is monotone.

To see that f is a convergent map, it suffices to check that the f-
image of U is cofinal in [w;|<¥, since f is monotone. Let s € [wq]<¥.
Then s € {t € [w1]<¥ : g(t) D g(s)}, so s C J{t € [w1]=¥ : g(t) D
g(s)} = f(g(s)), which is a member of f[U]. O

Theorem 49. (G, D) 271 ([wi1]<¥, Q).

Proof. Let p € P and f be a P-name such that p |- “f is a monotone
map from G into [wy]<*.” We shall show that there is an z < p such
that 2 IF “f[G] is not cofinal in [w;]<*”. By Fact B8 it will follow that,
in V[g], G Zr un] . |

Case 1. Suppose that for all p’ < p, p' I f(p/) = 0. Let a € P
with a C p be given, and take any r € P with » C a. Since p IF f is
monotone, it follows that 7 I- f(r) D f(a). r < p implies r I+ f(r) = 0.
Thus, r I+ f(a) = 0. Since the collection of all 7 € P such that r C a
is dense below a, it follows that a I+ f(a) = 0. Thus, pIF “Va € G(a C
P — f(a) = 0)”. Suppose p € G. Then in V[G], for allb e G, bNp € G,
so f(bNp) = 0; hence f(b) = 0, since f is monotone. Thus, p forces
that f is constantly 0 on G. Letting = = p, the first case is finished.
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Case 2. Suppose now that there is a p’ < p such that p' IF f(p’) # 0.
Without loss of generality, we may assume p has this property and
p € P,. For the rest of the proof, we restrict to using only standard
conditions; that is, all conditions mentioned are assumed to be in Pj.
For each pair 7, ¢ such that r < ¢ < p and r decides f(q), let B(r,q)
denote the ordinal in w; such that r I+ 3(r, ¢) = min(f(q)). Define

(10) B =min{B(r,q) : r < ¢ < pand r decides f(q)}.

Fix a pair p_; < z_; < p for which p_; decides f(x_l) and such that
B(p-1,7-1) = B.

Claim 50. For all v < p_; such that v C z_y, v IF § = min(f(v)).

Proof. Let v < p_; such that v C x_;. For each v/ < v, there is a
v" < v deciding f(v). Since v < v < p, we have that B(v",v) > S.
On the other hand, v C z_; and p IF “f is monotone” imply that
V" - f(v) D f(z_1). Hence, v" I+ § € f(v). By minimality of 5(v”, v)
in f(v), it must be the case that S(v”,v) = 5. By density, we have
that v IF min f(v) = §. O

We now build a decreasing sequence p > x_1 > p_y > xg > po >
x1 > p1 > ... of members of Py such that each p, decides everything
we need to know about z,. Diagonalizing the x,, we will form an
xr C p in P, such that x forces the range of f to be countable. The
construction follows the same general outline as the one given in the
proof of Theorem [42]

Let k£ € w be given, and suppose we have chosen z;,p; for all —1 <
J<k.Ilfk=0,let iyg =min(m[z_4]); if &> 0, let i, = min(m [xr_1] \
(ix—1 + 1)). Define Sy to be the set of all pairs (s,?) such that s €
P({io, ce ,’Lk} X (’Lk + 1)) Nx_q, t e P({’Lo, ce ,’ik}), and 7T1[8] Ct. Fix
an enumeration of Sy as (sk,tL), I <l := | S| — 1. Define x,;l = Tp_1
and p;! = p1.

Suppose [ < [ and we have chosen a:l L pk , and aﬁ:l. We choose
ph < 2t in P, and ol € w; as follows.

If there are v,q € P, with ¢ < v < pz_l and « < wy such that

(i) q decides f( );
(ii) v N (ix +1)? = sk;

(ii) mfo] M (i + 1) = 8

(iv) For all i € ¢, v(4) \ (zk +1) C 21 (0);

(v) v ((ig @) x @) C 2l

(vi) gk e f( )\({B}U{Oﬂ m <k, j < lp, sl = 8,0 (i +1)%,
and 7, =t N (i, +1)});
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then take ol to be the minimum of all « satisfying (vi) for some pair
q < v < plt satisfying (i) - (vi), and take some pair ¢, < vl < pi!
satisfying (i) - (vi) with ol. In this case, let

oy, = Ui} x (i) \ (i + 1)) : i € 1}
U JHi} x 2l (@) i € {io, ik} \ 11}
U (vh N ((ig, w) x w)).
(11)
l -1

Otherwise, let pi = pi ', o} = 257!, and o}, = 3; and define

(12)  vh = s, Ui} x k(@) i € 1} U (2] 0 ((ingr, w) X w).

After the [, steps, let pp = pﬁf and x, = xﬁj The construction

guarantees that for each k¥ € w, pr < xp < pr_1, v € x5_1, and
moreover for each [ < [, vﬁt Cax_y.

Claim 51. Suppose ol = B and v C v} such that v < pl. For each
m < k, let j,, < l,, be the integer satisfying s/m = v N (i, + 1) and
tim = 11 [v] O (i + 1). Then v I+ f(v) = {a/m : m < k}. Moreover,
ol = f3 for each n > k and j < I, such that s/ N (i +1)? = si and
N (i +1) =t

Proof. Suppose ol = 3, and suppose v < pl, v C v! and satisfies

(ii) and (iii) for k,l. Since v C v}, automatically v also satisfies (iv)
and (v) for k,[. Then for each ¢ < v satisfying (i) and each a < wy,
(vi) does not hold, meaning that ¢ I+ f(v) C {adr : m < k}. Since
it is dense below v to have a ¢ for which (i) holds, it follows that
vl f(v) C{adm :m < k}.

On the other hand, for each m < k, since v C vim, pim |k afm €
f(), and p I+ f is monotone, it follows that pim Ik aim € f(v).
Hence, pl. I+ {od7 : m < k} C f(v). Since v < pl, v also forces
fadr m < k} C f(0)

The second half follows since !, = 3 implies (vi) fails for the pair
kol 0

Next, diagonalize the xj similarly as in the proof of Theorem (42
Let ky = 0. Given k,, for each j < k,,, choose an integer a;, €
Tk, (45) \ (i, + 1). Then take k4 so that iy, 41 > max{a;, : j < k,}.
Let © = {(¢j,a;,) : n < w, j < k,}. Note that + C z_y, z < p_y,
and r C* x; for all & < w. Moreover, for each n < w, we have
2\ (i, +1)° C wp,.
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Claim 52. For each y C z and each n, if [ < [, satisfies sf,fn =ynNn
(ig, + 1)? and tﬁCn = m[y] N (g, + 1), then x |- aﬁgn € fly).

Proof. Let y C x, and suppose n and [ satisfy the hypothesis. Recall
that z Ik o} € f(v,il) Since x forces f to be monotone, it follows
that for each v C v,lw we have x |- azn € f(v) y C x implies that
y\ (ir, +1)* C z1,. This along with the fact that y N (i, + 1)* =
v N (i, +1)% and m [y] N (i, +1) = v, N (i, + 1) implies y C v}, .
It follows that z IF o} € f(y). O

Clatm 53. Let n < w and [ < [,. If affn # 3, then for all m < n,
of, # a)", where j,, < I, is the integer satisfying s;" = sf, N(iy,, +1)°
and " = th N (i, +1).

Proof. Suppose akn # (. In the construction of v,lw (vi) implies that
of & A{BYU{a] k< kn, j < I, Sy = st N (i + 1), and ¢, =
th. N (i, +1)}. In particular, af, & {oy™ :m < n}. O

Now suppose y C x and y is a standard condition. For each n < w, let
Jgn < Ik, be the integer such that yN(i,+1)* = 57" and m [y]N(i, +1) =
. Supposg that for all n, a;" # . Then by Claims apd B3 =
forces that f(y) is infinite. This contradicts that p forces f to have

range in [wq]<*. Thus, there is an n < w for which a{; = . It follows

from Claim B that y I f(y) = {ar : m < k,}, where j,, < I, is the
integer such that s/ =y N (i, + 1)% and 2~ = 7 [y] N (3, + 1).

Thus, x forces that the range of f is countable: For each standard
y C x, y forces f(y) to be a finite subset of {ad, : m,j < w}. If
z C x is a nonstandard condition in P, then for each y € P, such that
y C z, we have y IF f(y) D f(2); so z forces f(z) is a finite subset of
{ad :m,j < w}. Hence, if 2 € G, then in VI[G], every z € G has the
property that f(z) is a finite subset of {a/ : m,j < w}. Therefore, =
forces that f does not map G cofinally into [w;]<. O

5. TUKEY MAPS ON GENERIC ULTRAFILTERS

The results in Section Hland in Section [6lare due to Raghavan. These
results were obtained in mid-October 2012 during the Fields Institute’s
thematic program on Forcing and its applications.

Let X C P(w). Recall that a map ¢ : X — P(w) is said to be
monotone if Va,b € X [b Ca = ¢(b) C ¢(a)]. Such a map is said to
be non-zero if Ya € X [¢p(a) # 0].

We will show in this section that any monotone maps defined on
the generic ultrafilter G have a “nice” canonical form similar to what is
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obtained in Section 4 of [14]. This will imply that if G is (V, [P)-generic,
then in V [G] there are only ¢ many ultrafilters that are Tukey below
G. This gives yet another proof that the generic ultrafilter is not of the
maximal cofinal type for directed sets of size continuum. The proof will
go through the corresponding result for the sum of selective ultrafilters
indexed by a selective ultrafilter. Recall the following definitions and
results which appear in [14].

Definition 54. Let X C P(w) and let ¢ : X — P(w). Define 1, :
P(w) = P(w) by ¢y(a) ={k € w:Vbe X[alb = keyl)]} =
N{e() : b€ X ANa C b}, for each a € P(w).

Lemma 55 (Lemma 16 of [14]). LetU be basically generated by B C U.
Suppose moreover that by, by € B[ byNby € B]. Let ¢ : B — P(w) be

a monotone map such that ¢(b) # 0 for every b € B. Let ¢ = 1.
Then for every b € B, Use[b]@@b(s) £ 0.

Clearly Definition 54 and Lemma B8 apply to P(w?) as well with the
obvious modifications.

Let £ and (V, : n € w) be selective ultrafilters. Put V = &£ V,.
Consider By = {b C w? : 7, (b) € € and Vn € 7,(b) [b(n) € V,]}. Then
the following is easy to prove. For a more general statement see [14].

Lemma 56. V is basically generated by By,. Moreover
Vbg, by € By[boﬂbl c Bv]

Thus Lemma can be applied to any sum over a selective ultra-
filter of selective ultrafilters. We will do this below to some selective
ultrafilters that are generically added to a ground model.

Theorem 57. Let G be (V,P)-generic. In'V [G], let p : G — P(w) be a
monotone non-zero map. Then there exist P C [w?]™ and ¢ : P — w
such that

(1) Ya € G [PN[a]™ #0].
(2) Va € GIb € GN[a]*Vs € PN ]~ [1(s) € p(b))].

Proof. Suppose that the theorem fails. Fix ¢ € V¥ such that
- ¢ : G — P(w) is a monotone non-zero map.
Fix a standard p, € P such that for any P C [w?]~ and ¢ : P — w,
po IF “either Ja € G [P N [a]™ = 0]
or Ja € G¥b € GN[a]“Is € PN ]~ [1h(s) ¢ p(b)]" .

Let {(pa, Aa; Vo) @ @ < ¢V} enumerate all triples (p, A, 1)) such that
pEPand p<py, AC W™, and ¥ : A = w. Define y : P — P(w)
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by x(p) ={k €w:3¢ <plglr k € ¢(p)]}. Observe that if ¢ < p, then
g Ik p € G, and hence ¢ IF &(p) is defined. Next, it is easy to check
that x is monotone. Moreover, p I ¢(p) # 0. Therefore, for some
g<pandk €w, qlk k€ $(p), whence k € x(p). Thus x is monotone
and non-zero. Now build a sequence (g, : a < ¢¥) with the following
properties:

(3) qa € P, q, is standard, and ¢, C p,.
(4) either A,N[g.]~" = 0 or for some s € AuN[qa]™, Vu(s) & X (o).

To see how to build such a sequence, fix a < ¢V. Let G be (V,P)-
generic with p, € G. Since p, < pg, in V [G] either there is a € G such
that A, N [a]™ = 0 or there is a € G such that for all b € G N [a]”,
there exists s € A, N [b]™* such that v,(s) ¢ ¢[G] (b). Suppose that
the first case happens. Let ¢, be a standard element of P such that
Go € Pa Na. Then [g,]"“ N A, C [a]“ N A, =0.

Now suppose that the second case happens in V [G]. Working in
V[G] fix a € G as in the second case. Let b € G be standard such
that b C p, Na. Since b € G N [a]” there is s € A, N [b]™ such that
Yo (s) € ©[G] (b). Find ¢* € G such that (in V) ¢* IF ¢,(s) & o(b). Let
q € G be standard so that ¢ C b N ¢*. Back in V, define ¢, as follows.
For n € mi(s), put go(n) = b(n). If n € w — m(s), then g,(n) = q(n).
Note that ¢, € P, it is standard, and s C ¢, € b C p,. Moreover, if
(n,m) € qo — q, then n € m(s). As m(s) is finite, g, — ¢ € (F*2)".
Therefore, ¢, < g and g, IF 1. (s) ¢ H(b). Note that s € A, N [ga]™.
To see that 1,(s) ¢ x(q.), suppose for a contradiction that there is
7 < o such that 7 IF ,(s) € &(¢a). As go C b, 7 IF Yu(s) € ¢(b),
which is impossible. This completes the construction of ¢,.

We wish to apply Lemma to a sum of selective ultrafilters in-
dexed by another selective ultrafilters. These selective ultrafilters are
obtained generically as follows. Let & be (V,P(w)/F)-generic with
m(po) € €. In V [€] consider the poset Q = (P(w)/F)“. Define zo € Q
as follows. For any n € m(py), xo(n) = po(n). For any n ¢ m(po),
xo(n) = w. Let G be (V [£],Q)-generic with zg € G. In V[E][G] define
foreach n € w, V,, = {x(n) : x € G}. It is clear that £ and the V,’s are
selective ultrafilters in V [E][G]. Put V = £ V,. Then by Lemma
YV is basically generated by By, and Vby, by € By [ by Nby € By|. Note
that By, CV C P. Put ¢ = x[By. The hypotheses of Lemma [53] are
satisfied. Put A = {s € [w?™ : ¥, (s) # 0}. Define ¢ : A — w by
Y(s) = min(¢,(s)) for any s € A. We claim that there exists a < ¢V
such that ¢, € By and A, = A and 1, = 1. Suppose for a moment
that this claim is true. Applying Lemma B3l to g, find s € [g,]™ such
that ¥,(s) # 0. So s € A, N [ga] ™. Moreover, by the definition of v,
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for any ¢t € Ay N [qa)~, Yu(t) € ¢(¢a) = X(¢a). This means that for
every t € Ay N[qa]™, Ya(t) € X(¢o). But this contradicts the way g,
was constructed.

To prove the claim first note that A and 1 are in V. In V [£] define
D(A, 1) to be the collection of all y € Q such that

da € £da < CV [7T1(Q<x) = C%?/fa = QOcaAa = A> and wa = w] .

We argue that D(A, 1) is dense below xy. Fix z € Q with = < .
Note that € V. Working in V define D(z, A,¢) = {m(qa) : a <
cV,qo C rlw, Ay = A, and ¥, = ¢}. To see that D(z, A, %) is dense
below 7 (po) fix a € [m1(po)]”. Put p = z[a and note that p € P and
that p < py. Therefore, there exists o < ¢¥ such that p, = p, A, = A,
and 1, = 1. Thus q, C z[a C z|w. Also m(q,) C a. Therefore m(qq)
is as needed. Back in V [€], fix a € € and a < ¢Y such that m(q,) = a,
o C zlw, Ay, = A, and ¢, = ¢. For n € a, put y(n) = g.(n). For
n € w—a, put y(n) = xz(n). Then y € Q and y < z. It is clear that
y € Q and that y < x. Also y[a = g, and so it is clear that y is as
needed. So in V [€][G], there is y € G, a € €, and o < ¢Y such that
m(¢a) = a, yla = qa, Ao = A, and b, = 1. Since m(qy) = a € € and
for all n € m1(¢a), ¢a(n) = y(n) € Vy, qo € By, and we are done. [

Now we show that the conclusion of Theorem 17 of [I4], which was
proved there to hold for all ultrafilters that are basically generated by a
base that is closed under finite intersections, also holds for the generic
ultrafilter G.

Definition 58. Let U be an ultrafilter on w?, and let P C [w?]~* —{0}.
We define U(P) ={AC P:3a €U [PNa]~" C A]}.

If Va e U HPF‘l [a]<w‘ = w], then U(P) is a proper, non-principal
filter on P. The following theorem says that any Tukey reduction from
G is given by a Rudin-Keisler reduction from G(P) for some P.

Theorem 59. Let G be (V,P)-generic. In 'V [G], let V be an arbitrary
ultrafilter so that V <; G. Then there is P C [w2]<w — {0} such that
(1) Vt,se P[tCs = t =]
(2) G(P)=r G
(3) V <grk G(P)

Proof. The proof is almost the same as the proof of Theorem 17 of
[14]. Work in V[G]. Fix an ultrafilter V and a map ¢ : G — V
which is monotone and cofinal in V. Since ¢ is monotone and non-
zero, fix A C [w?™ and ¢ : A — w as in Theorem F7 First we
claim that 0 ¢ A. Indeed suppose for a contradiction that 0 € A and
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let & = (0). Let e € V be such that k ¢ e and let a € G be such
that ¢(a) C e. By (2) of Theorem [57 there is b € G N [a]” such that
for all s € AN B, ¥(s) € p(b). However, 0 € AN [B]~, and so
k=14(0) € p(b) C p(a) C e, a contradiction. Thus 0 ¢ A. Define

P ={s € A:sisminimal in A with respect to C}.

It is clear that P C [w?]™ — {0} and that P satisfies (1) by definition.

Next, for any a € G, J(PN [a]<w) € G. To see this, fix a € G,
and suppose that a — (J(P N [a]™)) € G. By (1) of Theorem 7, fix
s € Awith s Ca—(J(PN[a]™)). However thereist € P witht C s,
whence t = 0, an impossibility. It follows from this that for each a € G,
PN [a]=* is infinite.

Next, verify that G(P) =r G. Define x : G — G(P) by x(a) =
PnNla]™, for each a € G. This map is clearly monotone and cofinal in
G(P). So x is a convergent map. On the other hand, y is also Tukey.
To see this, fix X C G, unbounded in G. Assume that {x(a) : a € X'}
is bounded in G(P). So there is b € G such that P N [b]~* C PN [a]*
for each a € X. However ¢ = [J(P N [b]™") € G. Now, it is clear that
¢ C a, for each a € X, a contradiction.

Next, check that V <pyx G(P). Define f : P — w by f = ¥[P.
Fix e C w, and suppose first that f~*(e) € G(P). Fix a € G with
PNla]™ C fl(e). Ife ¢ V, then w —e € V, and there exists ¢ € G
with ¢(¢) € w —e. By (2) of Theorem B7 fix b € G N [aNc]” such
that for all s € AN [b]™, ¥(s) € p(b). By (1) of Theorem 7, fix
s € AN™. Fixt C s witht € P. Let k = f(t) = ¥(t). As
tCsCbCua,te Pnla™ C f'(e). Thus k € e. On the other
hand, since t € AN [b]™, ¥(t) € p(b). So k € p(b) C p(c) Cw —e, a
contradiction.

Next, suppose that e € V. By cofinality of ¢, there is a € G such
that ¢(a) C e. Applymg (2) of Theorem 1, fix b € G N [ ]w such

that for all s € AN [b]~, ¥(s) € p(b). Now, if s € PN [b]~*, then
f(s) =v(s) € p(b) C p(a ) C e. Therefore, PN[b]~ C f~'(e), whence
f~t(e) € G(P). O

An immediate corollary of Theorem B9 is that if G is (V,P)-generic,
then in V [G], {V : V is an ultrafilter on w and V <p G} has size c.
This is because there are only ¢ many sets P C [w?]~* — {0}, and for
each such P there are only ¢ many ultrafilters that are RK below G(P).
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6. GENERIC ULTRAFILTERS ARE NOT BASICALLY GENERATED

In this section, we show that the generic ultrafilter is not basically
generated. This is the first consistent example of an ultrafilter that is
not basically generated and whose cofinal type is not maximal. Thus
our result establishes the consistency of the statement

“JU [U is not basically generated and [wi]~* £, U] "

Cardinal invariants of the Boolean algebra P(w?)/F®? were consid-
ered in [16] and [9]. Recall that for a Boolean algebra B, t(B) is the
least x such that there is a sequence (b, : o < k) of elements of
B\ {0} such that for all & < 8 < k[by, > bg] and there does not exist
b e B\ {0} such that Vo < k[b < b,]. h(B) is the distributivity num-
ber of B. Szymanski and Zhou showed in [16] that t(P(w?)/F*?) is
provably equal to w; in ZFC. Herndndez-Herndndez showed in [9] that
it is consistent to have b (P(w?)/F*?) < b (P(w)/Fin). Our proof of
Theorem [60] is partly inspired by these well-known facts, though our
construction is different.

For ease of notation, throughout this section, we use Z to denote the
dual ideal to F®2. In other words, Z = (F®2)". Also, let a € [w]*. If
o/ C P(a), Z(/) denotes the ideal on a generated by 7 together with
the Fréchet ideal on a.

Theorem 60. I+ G is not basically generated.

Proof. Let B € VF be such that
(1) FBCG .
(2) FYa e G3be BbCd
Let p* € P be standard such that

p* IF “every convergent sequence from B
contains an infinite sub-sequence bounded in G”

Now build two sequences {p, : @ < w;} and {z, : @ < w;} with the
following properties.

(3) pa C p*, both p, and z, are elements of P, p, is standard,
Pa C x4, and p, IF 2, € B.

(4) V€ < afzy < pe] (therefore, V€ < a[pa < o < pel).

(5) Vn e w[{¢ < a:|(xaNze) (n)| = w} is finite].

(6) for each @ < wy and n € m(p,) let F(a,n) = {{ < a :
Pa(n) C* x¢(n)}. Note that o € F(a,n). Let G(o,n) =
{pa(n)Nze(n) : £ € wy— F(a,n)}. Then Z(G(a, n)) is a proper
ideal on p,(n) for each @ < wy and n € 7 (pa).
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Suppose for a moment that such sequences can be constructed. Let § <
wy and {ap < ag < ---} C § be such that {(za,,pa;) : ¢ € w} converges
to (xs, ps) (with respect to the usual topology on P(w) x P(w)). Note
that for each i € w, ps < pa,. Therefore ps I {xa, - i < w}U{z;} C B.
Since ps < p* and since P does not add any countable sets of ordinals,
there exist X € [w]” and a standard ¢ € P such that ¢ C x5 and Vi €
X [q C z,]. Fixn € m(q). Then for each i € X, g(n) C z5(n)Nxy,(n).
So{a;: 1€ X} C{a<d:|(rsNxy) (n)| =w}, contradicting (5).

To see how to build such sequences, note first that if 6 < w; is a
limit ordinal and if for each § < § the sequences (zr, : @ < ) and
(po : @ < ) do not contain any witnesses violating clauses (3)-(6),
then the sequences (z, : @ < J) and (p, : @ < 0) do not contain any
such witnesses either. We may thus concentrate on extending two such
given sequences by one step. Therefore, fix o < w; and assume that
(re 1 € < o) and (pe : € < ) are given to us. We only need to worry
about finding z,, and p,,. First if « = 0, then fix a (V,P)-generic G with
p* € G. InV[G] fix zy € B[G] with 7y C p*. In 'V, fix a standard py € P
such that py C 2o and po IF 2o € B. It is clear that (3) is satisfied,
and (4)-(6) are trivially true. So assume o > 0. Let {, : n € w}
enumerate «, possibly with repetitions. For each n € w, let (, =
max{¢; : i < n}. Note that for each i < n, p;, < pe,. So it is possible
to find a sequence of elements of w, {ky < k; < ---}, such that for
each n € w, k,, € m(p,) and for each i < n, p¢, (k,) C* pe, (k). Define
p Cw xw as follows. If m & {kg < ky < ---}, then p(m) = 0. Suppose
m = k,. Put G((,,m,a) = {p,(m) Nxeg(m) : &€ € a— F(¢,,m)}.
By (6) Z(G(¢n, m, v)) is a proper ideal on p¢,(m). Since this ideal is
countably generated, it is possible to find p(m) € [p¢,(m)]” such that

(7) for all a € Z(G((y, m, @), [p(m) Na| <w
(8) for all a € Z(G((y, m, @), |(w —a) N (w —p(m))| = w.

Note that p € P. Furthermore, note that if ¢ € w, then for any n > 1,
p(kn) € pe,(kn) CF pe,(ky). Hence for all £ < o, p < pe. Next, fix
m € w and suppose that (p N z¢)(m) is infinite for some { < a. Then
m = k, for some (unique) n and & € F((,,m). However F((,, m)
must be a finite set. This is because if £ € F((,,m), then £ < (,
and pe, (m) C* z¢(m) N e, (m), and so since m € m(pe,), F (G, m) C
{GFU{E < Gt (e, Nxe) (M) = w}, which is a finite set. So for any
m e w, {§ <a:|(pNzg) (m)| = w} is finite. Finally, note that p C p*.

Let G be (V,P)-generic with p € G. In V[G], let z, € B[G] with
o € p. In V, let p, € P be standard such that p, C z, C p and
Po Ik 14 € B. Tt is clear that (3)-(5) are satisfied by (z¢ : &€ < a) and

(pe : & < ).



44 ANDREAS BLASS, NATASHA DOBRINEN, AND DILIP RAGHAVAN

We only need to check that (6) is satisfied. There are several cases to
consider here. First fix m € w and suppose that m € m(p,). Asps C p,
m = k,, for some (unique) n € w. Now if £ < a and p,(m) C* z¢(m),
then p(m) N x¢(m) is infinite and so § € F((,,m). On the other
hand if £ € F(Cum), then pa(m) C p(m) C po,(m) C* we(m),
whence & € F(a,m). Therefore, F(a,m) = {a} U F((,,m). Put
Gla,m,a+1) = {po(m)Nze(m): £ € (a+ 1) — F(a,m)}. By (7) it is
clear that Z(G(a, m,a + 1)) is the Frechet ideal on p,(m). This takes
care of a. Next, suppose £ < a and m € m(pe). Put G(&,m,a) =
[pe(m) Nae(m) : ¢ € a — F(&,m)} and put G(€, m,a+1) = {pe(m) O
ze(m) : ¢ € (a+1) — F(&,m)}. We know that Z(G(, m,a)) is a
proper ideal on p¢(m) and it is clear that Z(G(§, m, ) = Z(G (&, m, a+
1)) unless pe(m) N zo(m) ¢ Z(G(E, m,)). Suppose this is the case.
In particular, pe(m) N z,(m) is infinite. Since x,(m) C p(m) and
pe(m) C w¢(m), it follows that m = k, for some (unique) n and
¢ € F(Cy,m). Moreover, if & < (,, then since ¢, € a — F(§, m) and
since x,(m) C p(m) C pe,(m) C z¢, (m), we have that pe(m)Nx,(m) C
pe(m) Nxe, (m) € Z(G(E, m,«)). Therefore, & = (,. Thus we need to
show that Z(G((,, m,« + 1)) is a proper ideal on pc, (m). For this it
suffices to show that w— (pc, (m) N x4 (m)) & Z(G((n, m, ). Note that
since x,(m) C p(m) C p, (m), pe,(m) Nxy(m) = xq(m). However it is
clear from (8) that w — xz,(m) ¢ Z(G((,, m, ) and we are done. [
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