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TUKEY TYPES OF ULTRAFILTERS
NATASHA DOBRINEN AND STEVO TODORCEVIC

ABSTRACT. We investigate the structure of the Tukey types of ultrafilters
on countable sets partially ordered by reverse inclusion. A canonization of
cofinal maps from a p-point into another ultrafilter is obtained. This is used
in particular to study the Tukey types of p-points and selective ultrafilters.
Results fall into three main categories: comparison to a basis element for
selective ultrafilters, embeddings of chains and antichains into the Tukey types,
and Tukey types generated by block-basic ultrafilters on FIN.

1. INTRODUCTION

Let D and E be partial orderings. We say that a function f : £ — D is
cofinal if the image of each cofinal subset of E is cofinal in D. We say that D
is Tukey reducible to E, and write D <p FE if there is a cofinal map from E to
D. An equivalent formulation of Tukey reducibility was noticed by Schmidt in
[19]. Given partial orderings D and E, a map g : D — FE such that the image
of each unbounded subset of D is an unbounded subset of F is called a Tukey
map or an unbounded map. E >r D iff there is a Tukey map from D into E.
If both D <p E and E <y D, then we write D =; F and say that D and F
are Tukey equivalent. =r is an equivalence relation, and <7 on the equivalence
classes forms a partial ordering. The equivalence classes can be called Tukey types
or Tukey degrees.

In [26], Tukey introduced the Tukey ordering to develop the notion of Moore-
Smith convergence in topology to the more general setting of directed partial
orderings. The study of cofinal types and Tukey types of partial orderings often
reveals useful information for the comparison of different partial orderings. For
example, Tukey reducibility downward preserves calibre-like properties, such as
c.c.c., property K, precalibre Xy, o-linked, and o-centered (see [25]).

Satisfactory classification theories of Tukey degrees have been developed for
several classes of ordered sets. The cofinal types of countable directed systems
are 1 and w (see [26]). Day found a classification of countable oriented systems
(partially ordered sets) in [7] in terms of a three element basis. Assuming PFA,
Todorcevic in [24] classified the Tukey degrees of directed partial orderings of
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2 NATASHA DOBRINEN AND STEVO TODORCEVIC

cardinality ®; by showing that there are exactly five cofinal types, and in [25]
classified the Tukey degrees of oriented systems (partially ordered sets) of size
N; in terms of a basis consisting of five forms of partial orderings. However, he
also showed in [25] that there are at least 2% many Tukey incomparable sepa-
rative o-centered partial orderings of size ¢. This would preclude a satisfactory
classification theory of all partial orderings of size continuum.

However, the structure of the Tukey types of particular classes of partial order-
ings of size continuum can yield useful information. This has been fully stressed
first in the paper [9] by Fremlin who considered partially ordered sets occurring
in analysis. After this, several papers appeared dealing with different classes of
posets such as, for example, the paper [21] of Solecki and Todorcevic which makes
a systematic study of the structure of the Tukey degrees of topological directed
sets. The paper [17] of Milovich is the first paper after Isbell [11] to study Tukey
degrees of ultrafilters on w.

In this paper, we investigate the structure of the Tukey degrees of ultrafilters
on w ordered by reverse inclusion. For any ultrafilter U on w, (U, D) is a directed
partial ordering. We remark that for any two directed partial orderings D and
E, D =; Fiff D and E are cofinally similar; that is, there is a partial ordering
into which both D and E embed as cofinal subsets [26]. So for ultrafilters, Tukey
equivalence is the same as cofinal similarity.

Another motivation for this study is that Tukey reducibility is a generalization
of Rudin-Keisler reducibility.

Fact 1. Let U and V be ultrafilters on w. If U >gx V, thenU >7 V.

Proof. Take a function h : w — w satisfying V = h(U) := {X Cw: h"1(X) e U}.
Define f: U — V by f(X) = h(X). Then f is a cofinal map. O

Thus arises the question: How different are Tukey and Rudin-Keisler reducibil-
ity? We shall study this question particularly for p-points.

We end the introduction with some notation and basic facts. All ultrafilters in
this paper are have a base set which is countable, usually w, but in Section 5 we
also investigate ultrafilters on FIN, the family of finite subsets of w.

Notation. Let U, V, and U,, (n < w) be ultrafilters. We define the notation for
the following ultrafilters.
MU V={ACwxw:{icw:{jew: (i,j) € A} € V} eU}.
(2) lim, U, ={ACwxw:{ncw:{jcw:(nj) €A} elU,} € U}.
(3) U x V is defined to be the ordinary cartesian product of & and V with
the coordinate-wise ordering (2, D).
(4) I, U, is the cartesian product of the U, with its natural coordinate-wise
product ordering. We will let A“ denote the cartesian product of w many
copies of U.

Fact 2. Let U and V be ultrafilters.
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(HU-V>rU andU -V >7 V, and therefore U -V > U X V.
(2) Ifl/{l ZT Z/{o and Vl ZT Vo, then Z/{l : V1 ZT Z/{() : Vo.

(3) UV >rU.

(4) [ful > L{O and Vl > Vo, then L{l X Vl > Z/{O X Vo.

2. BASIC AND BASICALLY GENERATED ULTRAFILTERS

The following type of partial ordering was introduced by Solecki and Todorcevic
in [21].

Definition 3 ([21]). Let D be a separable metric space and let < be a partial
ordering on D. We say that (D, <) is basic if

(1) each pair of elements of D has the least upper bound with respect to
< and the binary operation of least upper bound from D x D to D is
continuous;

(2) each bounded sequence has a converging subsequence;

(3) each converging sequence has a bounded subsequence.

Each ultrafilter is a separable metric space using the metric inherited from
P(w) viewed as the Cantor space, and we define < on an ultrafilter to be D. It
is not hard to see that every bounded subset of an ultrafilter has a convergent
subsequence. Thus, an ultrafilter is basic iff (3) holds.

The next Theorem shows that the basic ultrafilters are exactly the p-points.

Theorem 4. An ideal T on P(w) containing all finite subsets of w is basic relative
to the Cantor topology iff  is a non-meager p-ideal. Hence, an ultrafilter is basic
iff it is a p-point.

Proof. Assume 7 is basic. Let (ny : k < w) be an increasing sequence of integers.
Note that each [ng,ngy1) € Z, since Fin C Z. [ng, ng1) — 0; so by basicness,
there is a subsequence whose union is in Z. Hence, Z is nonmeager.

Let {A, :n < w} CZ. We can assume that for each n < w, A, C A, ;. Let
A=A, \n. Then A/, C A,,,s0 A, € Z. A, — () in the Cantor topology, so since
7T is basic, there is a subsequence ny such that (J, ., A, € Z. Let A =J,_, An,.
Then for each n < w, A, C* A, since for each n there is an n; > n such that
A, C Ay, € A, C A Thus, 7 is a p-ideal.

Now suppose Z is a nonmeager p-ideal. Suppose A,,A € 7 and A, — A in
the Cantor topology. Take B € 7 such that for each n, A, C* B. Let my be a
strictly increasing sequence such that my = 0 and

(1) n > myyq implies A, N my = AN my, and
(2) n < my implies A, \ my1 C B.
Either Cy = (U, [mak, Mar+2) € T or else Cy = Uy, [Mak+2, Magya) € I, since T

is nonmeager. Without loss of generality, assume Cy € Z. Then {J,_,, Am,,,, C
CoU B U A. Therefore, 7 is basic.
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Remark. From the proof, we can see that an ultrafilter is basic iff every sequence
which converges to w has a bounded subsequence.

The next definition gives a notion of ultrafilters which is weaker than p-point.

Definition 5. We say that an ultrafilter & on P(w) is basically generated if it
has a filter basis B C U (i.e. VA € U 3B € B B C A) with the property that each
sequence {4, : n < w} C B converging to an element of B has a subsequence
{A,, : k < w} such that (), A, €U.

Theorem 6. Suppose that U and U,, are basically generated ultrafilters on P(w)
by filter bases which are closed under finite intersection. Then V = lim,,_y U,
15 basically generated by a filter basis which is closed under finite intersections.
It follows that whenever U is basically generated by a filter basis closed under
finite intersection, U™ 1is basically generated by a filter basis closed under finite
intersections, for each o < wy. (Here, we abuse notation and let U* = U - U,
U = lim,,_y, U, and for limit ordinals o < wy, U® = lim,,_y, U where 3, is
an increasing sequence cofinal in c.)

Proof. Let B, B, (n < w) be filter bases of U, U,, which are closed under finite
intersection and which witness the fact that U, U, are basically generated. Let
Po : w X w — w be the projection map onto the first coordinate. Let C = {A €
V : polA] € B and for each n < w, either (A), =0 or (A), € B,}. Then C is a
filter basis for V which is closed under finite intersections. Consider a converging
sequence A,, — B in C. Note that po[A,] — U for some U € U containing py[B].
U might not be in B, but py[B] is in B, since B € C. So for each n < w, letting
Al = A, N (po[B] x w), A!, € C. Note that A, — B, py[A] — po[B], and all
polAL] € B, since B is closed under finite intersections. Taking a subsequence
and reindexing, we have (1, , po[A4}] € U. Let p = (), po[A;]. Note that
P € (Ny<wPolAy]. Enumerate p as ng. Then for each & < w and each m < w,
(A ), = (Ap)n, since ng, € p C po[B]. So, for each k < w, (Am)n, — (B)n,-
Take a decreasing sequence My 2O M; O ... D My O ... of infinite subsets of w
such that for each k, mmeMk(Am)nk € U,,. We may assume that m; = min M
is a strictly increasing sequence. Then C' =, _, Am, € V. O

Remark. If U is non-principal, then U/ -U is not a p-point. Thus, there are basically
generated ultrafilters which are not p-points.

Theorem 7 (Isbell [11]). There is an ultrafilter Uiop on w realizing the mazimal
cofinal type among all directed sets of cardinality continuum, i.e. Usop =7 [¢]<.

There are in fact 2° many different ultrafilters of Tukey top degree, since any
collection of independent sets can be used in a canonical way to construct an
ultrafilter with top degree. Thus, already we see that for the case of the top
Tukey degree, the Rudin-Keisler equivalence relation is strictly finer than the
Tukey equivalence relation. Note also that U, is not basically representable, or
in other words,
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Theorem 8. IfU is a basically generated ultrafilter on w, then U <r [¢]<¥

The next theorem gives a canonical form for cofinal maps on p-points. This
theorem or similar ideas will be used in the majority of proofs in the rest of this

paper.

Theorem 9. Suppose U is a basic ultrafilter on w and that V s an arbitrary
ultrafilter on w such that V <p U. Then there is a continuous monotone map
f*: P(w) — P(w) whose restriction to U is continuous and has cofinal range in

V.

Proof. Let g : V — U be a Tukey map. Define f : U — V by f(X) =(HY €
V:g(Y) D X}. Since g is Tukey, f is well-defined. Note that f is monotone and
has cofinal range in V; thus f is a cofinal map.

We claim that there is an X € U such that f : & | X — V is continuous.
For each n < w take an X,, € U such that X,, N n = @ and for each s C n,
for each k < n, if there is a Y € U such that s =Y N (n+1) and k € f(Y),
then k£ ¢ f(sU X,,). Let Y € U be such that for each n < w, Y C* X,,. Let
0 =mng <ny <... besuch that for each i < w, for each n < n;, Y \ n;y1 C X,,.
Without loss of generality, assume Xy 2 X; D .... Let Z = ;2 O[nQZ+1,n21+2)
Without loss of generality, assume that Z ¢ U. Let X=Y \Z. Then f [U | X
is continuous: Given k < wand W € U | X, letting i, denote the least i for Wthh
Noi,+1 > k and letting s = W N ng;, 41, we have that W \ ng;, 11 C X \ nj, 41 =
X\ Ngip 2 €Y \ ngiy 42 € X, Therefore, k € f(W) iff k € f(sU X,,, ,,) iff
k€ fsU (X \ ngiq1))

Now extend f on U | X to all of U by defining f'(X) = f(X N X), for X € Y.
Then f' : U — V is monotone continuous, since for each X € U and k < w,
ke f(X)iff ke f(XNX)iff k€ f(sU(X \na,s1)), where s = X N X N1, 4.

For an arbitrary X C w set

2ip+1°

(1) F(X)=({f(2):Z2 X and Z is cofinite}.

Let Z € U be given. Letting Z, = (ZNn) U [n,w), Z, — Z, so f'(Z,) — f'(Z),
since f’ is continuous on Y. Since each f'(Z,) DO f'(Z), we have that f*(Z) =
ﬂn<wf< ) f/( ) SOf fu f/

To see that f* is continuous, let Z C w and k < w, and let Z,, = (ZNn)U[n,w).
Then k € f*(Z) iff for each n < w, k € f(Z,) iff for each n > ngi 11, k € f(Zy)
iff for each n > ng; 11, k € f(Z, N X) iff k € f(sUX \ ngi,42), where 5 =
Z Mg, 41N X. By its definition, it is easy to see that f* is monotone. 0

Remark. Note that this gives the canonical form of cofinal maps that is likely
going to be the main object of study in this area from now on: Tukey reductions
U >7 V for U a p-point are all given using the formula (1) for f a monotone
continuous map defined on the Fréchet filter.



6 NATASHA DOBRINEN AND STEVO TODORCEVIC

Remark. Whereas the top Tukey degree has size 2¢, the previous theorem implies
that the Tukey degree of any p-point has size c.

Corollary 10. Every <r-chain of p-points on w has cardinality < c*.

Proof. Note that Theorem 9 shows that every Tukey chain F C {p-points} is
ct-like, that is, {(V e F:V <pU}| < cforallid € F. O

Corollary 11. Every family F of p-points on w of cardinality > ¢t contains a
subfamily Fo C F of equal size such that U L1V whenever U #V are in Fy.

Proof. Apply Hajnal’s free-set lemma (see [12]). O

Remark. A similar trick was used by Rudin and Shelah in [20] in part of their
proof that there are always 2° many Rudin-Keisler incomparable ultrafilters.

Next, we use Theorem 9 to see that some strength of selective ultrafilters is
preserved downward in the Tukey ordering.

Theorem 12. Suppose U >V for a pair of ultrafilters U and V on w. Suppose
further that U is selective. Then V is basically generated.

Proof. By Theorem 9, let f : [w]* — P(w) be a continuous monotone map such
that f[U] C V and f[U] generates V. Shrinking to a cube [M]¥ for M € U by
applying the selective version of the Promel-Voight canonical form of the Galvin-
Prikry Theorem, we may assume that there is a Lipschitz map ¢ : [w]¥ — P(w)
such that p(X) € X and a 1-1 homeomorphism 1 : range(p) — P(w) such
that f = 1y o . With these reductions we can now claim that every converging
sequence X,, — X of elements of B = f[U{ | M] C V has a subsequence X,,, such
that (., Xn, € V. To see this, note that if Y = ¢~1(X) and Y, = ¢ '(X,),
thenY, - Y. Let K ={AclU:pA)=Y}and K, ={AclU:p(A) =Y,}
(n € w). Then K and K,, are compact subsets of U such that K,, — K. So in
particular for an arbitrary choice A4, € K,, (n € w) we can find a subsequence 4,,,
converging to a member B in K. So in particular A,, is a convergent sequence
in U. Since U is basic there is a further subsequence A,, such that

A= (4, €U
<w
It follows that X, = f(A,, ) 2 f(A) for all i <w and so in particular, f(A) € V
and f(A) € Mz, Xoy - O

It will be shown in Section 3 that for each selective ultrafilter U, U - U =1 U,
hence U =7 V does not imply that V is selective.

Question 13. If U/ is a p-point and U >7 V, does it follow that V is basically
generated?
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Question 14. Can Theorem 9 be improved to show that if I/ is basically gen-
erated and U >7 V, then there is a continuous (or definable) monotone cofinal
map f: U — V witnessing this?

More generally,

Question 15. If V <; U <p [c]<¥, then is there a continuous (or definable)
monotone cofinal map f : U — V witnessing this?

One might first try to show that the existence of a continuous cofinal map
propagates Tukey downwards, or in other words,

Question 16. Suppose that U is such that whenever 4 >1 V then there is a
continuous monotone cofinal map from U to V. If U >1 W, then does it follow

that for each V <r W there is a continuous monotone cofinal map from W into
V?

3. COMPARING TUKEY TYPES OF ULTRAFILTERS WITH (w*, <)

In this section we investigate which ultrafilters are above (w“, <), where h < g
iff for each n < w, h(n) < g(n).

Fact 17. IfU is a rapid ultrafilter, then U >1 w®.

Proof. Define f : U — w* by letting f(X) be the function which enumerates
all but the least element of X in strictly increasing order. Then f is a cofinal
map. 0

Hence each selective ultrafilter and each g-point is Tukey above w*.
Fact 18. For each ultrafilter U, U - U >7 w®.

Proof. Define f : U -U — w* by f(A) = (min(A),,), where (n; : k < w)
enumerates those n for which (A),, € Y. Then f is a cofinal map. O

Theorem 19. For any ultrafilters U, U, (n < w), lim,_y U, <7 U X 11, ,U,,
where U X1, U, is given its natural product ordering. In particular, U-U <p U .

Proof. Let V = lim,,_;;U,,. Recall the basis B for lim,,_;; U, = V from the proof
of Theorem 6. It suffices to construct a Tukey map g : B — U x II,,.,U,. Given
A€ Blet g(A) = (polA], (gu(A) : n < w)), where g,(A) = (A), if n € po[A] and
gn(A) = w otherwise. To verify ¢ is a Tukey map consider (C, (D,, : n < w)) €
U x I, U, and let X = {A € B: py[A] DO C and (Vn < w)g,(A) DO D,}. Let
B = X. Then py[B] 2 C and for each n € C, (B),, 2 D,, so B € V. O

Theorem 20. IfU is a p-point, then U¥ =17 U xw® and therefore U* =7 U-U-U.

Proof. Given a sequence (A, )n<, € U¥, choose a B € U and an h : w — w such
that B\ h(n) C A, for each n, and set g((A,)n<w) = (B,h). Then g is a Tukey
map, so U¥ <p U x w*. On the other hand, w* < U -U <7 U*, by Fact 18 and
Theorem 19. SoU X w* <p U x U¥ = U". ]
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Corollary 21. IfV is a p-point, ¥V >7 w*, and U is any ultrafilter, thenU -V =
UxVy.

Proof. By Theorem 19, U -V <p U x V¥. Since V is a p-point, V¥ =r V x w*, by
Theorem 20. V >7 w® implies that V x w” =7 V. Therefore, U -V < U X V¥ =
UxV<rU-V. O

Theorem 22. The following are equivalent for a p-point U on P(w).
(1) U ZT ww;
(2) U =T uw;
BYU=rU-U.

Proof. Suppose U >7 w*. By Theorem 20, U* =7 U x w* <7 U <7 U“. Suppose
U =7 UY. Since alwaysU <7 U-U, and U-U <1 U* by Theorem 19, we have that
U=rU -U. TTU = U -U, then since U - U >7 w¥, we have that U >7 w*. [

We remark that the p-point property was only used for (1) implies (2).

Corollary 23. If U is a p-point of cofinality < 0, then U Fr w* and therefore
U<rU-U.

Remark. Such an ultrafilter U exists in any extension of a model of CH by a
countable support iteration of length ws of superperfect-set forcing since by a
result of Shelah such an iteration preserves p-points.

Corollary 24. IfU is a rapid p-point then U =r U -U =r U.

Remark. By Corollary 24, for each selective ultrafilter U, the Tukey degree of U is
strictly coarser than the Rudin-Keisler degree of U, even though they both have
cardinality ¢. That is, if U is selective, then U -U is not a p-point yet U =r U - U.
However, if Y =gi V then V is selective. We remark here that Todorcevic has
shown that if U is selective, V is a p-point, and U >r V, then U >gi V, and
hence, V =gk U. (See [18].) Hence, although the Tukey class of a selective
ultrafilter includes non-p-points, any two selective ultrafilters in the same Tukey
class are isomorphic.

Theorem 25. Assuming p = ¢, there is a p-point U such that U Fr w* and
therefore U <p U - U <1 Uyop.

Proof. U is built to be generated by a D* chain (A, : @ < ¢) of infinite subsets of
w diagonalizing over all Souslin-measurable mappings of the form f, : w* — [w]¥
( < ¢). Let {X, : @ < ¢} be an enumeration of P(w). Given a < ¢ and
{A¢ : € < a} we first find A, € [w]* such that A, C* A, for all £ < a and also
A, € X, or A, € X¢. We need to see that we can choose A, € [A4]* such
that f, : w* — [w]“ fails to be a Tukey map for every nonprincipal ultrafilter ¢
on w such that A,;1 € U. If there is z € w* such that A, \ fo(x) is infinite we
take Aqy1 = Aa \ fo(z). Otherwise, A, C* f,(x) for all x € w*. Then we can
find an n € w such that P, = {xr € w* : A, \ n C f,(z)} is not bounded in w*
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relative to the ordering of eventual domination. In particular, there is k € w and
{z; : 1 <w} C P, such that z;(k) > i for all i < w. It follows that {x; : i < w}
is unbounded in w* but its image {f.(x;) : i < w} is bounded in any ultrafilter
containing A,.

Let U be the p-point generated by the tower {A, : @ < ¢}. We need to show
that U Z7 w®. Otherwise, applying Theorem 5.3 (i) of [21] there is a Souslin
measurable map f : w* — U. So there is an o < ¢ such that f, = f. At this
stage we have produced an infinite sequence {z; : i < w} C w* that is unbounded
in w* but (,_, f(z;) €U. So f could not have been a Tukey map. O

Question 26. Is there an ultrafilter i/ on w such that U < U-U < U-U-U <
Urop?

Remark. Using some assumptions like p = ¢, it seems possible to get Tukey
chains of p-points of order-type ¢ which is, as we know, maximal possible. By
Corollary 35 below, CH implies there are Tukey chains of p-points of length c.
Dilip Raghavan has shown that, assuming CH, there is a Tukey chain of p-points
isomorphic to the reals (see [18]).

Question 27. Is there an ultrafilter U <7 U,op which is not Tukey reducible to
any p-point?

Question 28. Is every basically generated ultrafilter Tukey reducible to a p-
point?

Both of the preceding two questions are answered using the assumption U 21
w¥ for any p-point U (which is true in the iterated superperfect extension).
Namely, then U - U L1 V for every ultrafilter U and every p-point V.

Question 29. Is there a p-ideal I on w which is not countably generated but
I zT w“?

Remark. 1f b # 0 there is such a p-ideal, so the question is whether we can get
one with no extra set-theoretic assumptions.

Question 30. Does U - U =r U <1 Uyop imply U is basically generated?

4. ANTICHAINS, CHAINS, AND INCOMPARABLE PREDECESSORS

We now investigate the structure of the Tukey degrees of p-points and selective
ultrafilters in terms of which chains, antichains, and incomparable ultrafilters with
a common upper bound embed into the Tukey degrees.

Theorem 31. (1) Assuming cov(A) = ¢, if k is a cardinal such that 2<% = ¢,
then there are 2 pairwise Tukey incomparable selective ultrafilters.
(2) Assuming @ =u =c, if K is a cardinal such that 2<% = ¢, then there are
2% pairunse Tukey incomparable p-points

Proof. We start with the following lemma.
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Lemma 32. Suppose Uy, Vy are filters but not ultrafilters. Suppose we are given
a function f : P(w) — P(w). Then there are filters Uy D Uy, V1 2 Vy such that
for any ultrafilters Y D Uy, V D V4, f is not not a cofinal map from U into V.

Proof. Suppose Uy, Vy are filters but not ultrafilters, and f : P(w) — P(w). If
there is an X € U such that f(X)¢ € Vi, let U; be the filter generated by
Uy U {X} and let V) be the filter generated by Vo U { f(X)°}. If not, let Uy = Uy
and V; =)

Let U, V be ultrafilters extending U;, V;, respectively. Suppose towards a
contradiction that f : P(w) — P(w) is a cofinal map witnessing & > V. Since
Vo is not an ultrafilter, there is a Y € V such that Y € V. There is an X € Y
such that f(X) C Y, since f is a cofinal map. Thus, in the construction of U
and Vi, there is an X’ € Uy such that f(X’)° € V;, and X’ was put into &, and
f(X")¢ was put into V;. But then f(X') € V and f(X’)¢ € V; contradiction. [

Now we prove (1). Let x be the largest cardinal such that 2<% = ¢. Then
2% > ¢ and k < ¢. Recall the following theorem of Ketonen [13]: cov(.#) = ¢
iff every filter base of size less than ¢ can be extended to a selective ultrafilter.
Recall that cov(.#) = ¢ implies u = c.

Let P denote the collection of partitions of w. Let 7 : ¢ — P be a bijection. Let
6 : ¢ — 2<% be such that for each s € 2<%, §71(s) is cofinal in ¢. Let 0 : ¢ — H,
where H is the collection of continuous functions f : P(w) — P(w). We do the
construction in ¢ steps. Let U, be the Fréchet filter on w. At stage o < ¢, let
s denote f(a). If Th(s) = 7 is a limit ordinal, let Us = J,_, Usja- 1f Ih(s) is a
successor ordinal, call it v+ 1, and for each ¢ < «y, Uy has been constructed but
U, has not yet been constructed, do the following things: (If we are not in this
situation, do nothing and proceed to stage o + 1.)

Let u =s | (. Let T, = {t € 2<% : U; has already been constructed before
stage a} (J{u"0,u"1}. Note that T, is a subtree of 2<". Let L, = {t € 25" : t is
the union of a maximal chain in 7,,}. (Note: some of the ¢t in L, may be elements
of 2%; this is fine.) L, lists the ¢ for which either ¢t € 2% and for all o < &, Uy,
has been constructed and U, 2 |, < Utra (here we continue indexing the filter
corresponding to the branch ¢ by U, even though we will continue adding sets to
it at the remaining stages); or t € 2<" and U, has been constructed but U;~; has
not been constructed for ¢+ < 2. Note that u~0,u"1 € L,.

1. Choose X C w such that X, X¢ € US. Let U,~o,U,~1 be the filters
generated by U, U {X},U, U {X}, respectively.

2. Apply Lemma 32 for the first « functions from H to U, U, for all ordered
pairs (t,v) with t,v € L,, extending them to new filters (also denoted by U, U,,)
so that each of the first a functions from H do not witness Tukey comparability
of any ultrafilter extension of any pair Uy, U,, for (t,v) € L, X Ly, t # v. Since
|Lo| < ¢, the augmented bases do not generate ultrafilters.

3. Given (IS : n < w), ¢ < a, the first o partitions listed by 7 | a, do the
Ketonen argument to add at most o many subsets of w to each U, t € L,, to
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ensure selectivity of any ultrafilter containing U; with respect to these o many
partitions.

4. We fix at the beginning of the construction an enumeration (B, : a < ¢) of
[w]“. For each t € L, and each 8 < «, if B € U;", put Bj into U;. Otherwise,
already Bj € U;. This guarantees that after the ¢ steps of our construction, the
filters U,,, v € 2", will be ultrafilters.

Now, in ¢ steps, we have constructed for each v € 2% an ultrafilter U, such that
U, is selective, and for ¢t # v in 2%, U, # U;, and U, L7 U,.

Hence, we have 2" Tukey incomparable selective ultrafilters.

For (2), the proof goes in exactly the same steps as for Theorem 31, only this
time for 3., we just use Ketonen’s argument from [13] to extend filter bases of
size less than 0 to p-points to ensure that the ultrafilters obtained in the end will
be p-points. O

One way of making Tukey increasing chains of ultrafilters is by using x-OK
points. Kunen remarked in [14] that if U is k-OK and k > cof(U), then U is a
p-point. It is easy to see the following.

Fact 33. IfU is k-OK but not a p-point, then U >1 [k]<¥. Hence, if U is k-OK
but not a p-point, then cofld) = k iff U =r [K]<*.

It follows that if there are k-OK non p-points with cofinality « for each un-
countable kK < ¢, then there is a strictly increasing chain of ultrafilters of length
«, where « is such that R, = c.

We now give a general method for building Tukey increasing chains of p-points.

Theorem 34. Assuming CH, for each p-point D there is a p-point E such that
E >+ D.

Proof. We use the notation from [2]. In [Theorem 6, [2]], Blass proved assuming
MA that given a p-point D one can construct a p-point E >gx D. Hence,
E >7 D. His construction can be slightly modified to kill all possible cofinal
maps so that we get a p-point F which is Tukey strictly above D.

Let D be a given p-point. Fix a bijective pairing J : w X w — w with inverse
(71, ™), and identify w with w x w via J. A subset Y C w X w is small iff the
function ¢y (i) := [{y € w : (i,y) € Y}| is bounded by some n < w for all 7 in
some X € D. Otherwise Y is large. If F is an ultrafilter on w X w, containing no
small set, then F >gx D.

Claim. Let Y C w x w. Y is large iff there is a W € D such that ¢y [ W is
bounded below by a non-decreasing, unbounded step function on W.

Proof. First note that for any Y C w X w, Y is large iff for each n < w, {i < w:
cy(i) <n} & Diff for each n < w, {i <w:cy(i) >n} € D. Let Y Cw xw be
large. For each n < w, define W,, = {i < w : ¢y (i) > n}. Then each W,, € D and
W, 2 W,1. Since D is a p-point, there is a W &€ D such that for each n < w,
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W C* W,. Let k, be a strictly increasing sequence such that for each n < w,
W\ k, C W,. Note that for each i € W \ k,, ¢y (i) > n. Therefore, for each
n < w, for each i € W N (ky, kny1], ¢y (i) > n. Hence, ¢y is bounded below on
W by the function h : W — w, where for each n, for each i € W N (ky, kn11],
h(i) = n.

For the reverse direction, if Y C w x w, W € D and ¢y | W is bounded below
by a non-decreasing unbounded step function, then for each n < w, {i € W :
cy (i) < n} is finite, hence {i < w : ¢y (i) < n} & D. Therefore, Y is large. O

Do the construction of Blass (which builds a p-point £ C w X w containing
no small set) adding in the following additional step cofinally often in the con-
struction of length ¢ = w;. At stage o < ¢ in the construction, we have a filter
base E,. Enumerating all continuous monotone maps from P(w) into P(w), let
f denote the one under consideration at stage a. If f”D does not generate an
ultrafilter, there is nothing to do; so assume f” D generates an ultrafilter. We
shall show that there is a set Z such that ZNY and Z°NY are large for each
Y € E,. Then if Z € f’D, put Z¢ into E,1; and if Z¢ € f”D then put Z into
E..1. Then f cannot be a cofinal map from any ultrafilter extending F,,; into
D.

Since we are assuming CH, the filter F, is countably generated. By the in-
duction hypothesis, every element of F, is large. Let X,, (n < w) be a base for
E,, such that each X,, O X, ;. Since each X,, is large, there is a W,, € D and
a non-decreasing unbounded step function f,, defined on W, such that for each
i € Wy, cx, (i) > fu(i). Without loss of generality, we can assume that each
W,, 2 W, 1. Since D is a p-point, let W € D satisfy for each n < w, W C* W,,.

We shall build disjoint Zy, Z; C w X w and a strictly increasing sequence
(kn 1 n < w) as follows. Let kg be least such that fo [ ([ko,w) N Wy) > 2 and
W\ ko C Wy. In general, choose k1 > k, satisfying

(1) for each j < m, f; | ([km,w) NW;) > 2(m + 1)%;

(2) W\ k, € W, (and hence for each j <m, W\ k,, C W)
Given m < w and i € W N [k, k1), for each j < m, choose x; 1, yi i, | < m,
distinct in {z € w: (i,2) € X;} \ {Ziqu:Vigs : I < m, ¢ < j}. (This is possible
since for each i € W N [k, kpi1), for each j < m, ex, (i) > f;(i) > 2(m + 1)°.
For each ¢ € W, define m; to be the integer m for which i € [k, kyy1). Define
Zo = {(,xij0) c 1€ W, 5 <mg, U< my}s Zo = {(4,y550) 1€ W, j < my,
I < m;}. Note that Zy, Z; are large, disjoint, and have large intersection with
each X,,. Letting Z = Z,, then both Z and Z° have the desired properties.

Interweaving the above argument with Blass’ construction, we obtain a p-point
E >y D. O

Remark. Dilip Raghavan has independently observed Theorem 34.

Corollary 35. Assuming CH, there is a Tukey strictly increasing chain of p-
points of order type c.
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Proof. In Theorem 7 of [2], Blass proved that MA implies that any RK increasing
chain of p-points of length w has an RK upper bound which is a p-point. The
p-point E constructed in the above Theorem 34 is also RK strictly above D, so
for any a < wy, we can construct w-length chains of p-points D,.,, where each
Dusni1 >7 Dosn and Dyini1 >grr Dotn (@ < wip) and then use [Theorem 7, [2]]
to find a p-point RK above each D, ,, n < w, hence also Tukey above them. [J

The following questions are to be answered assuming that p-points exist or
some assumption that guarantees their existence.

Question 36. Is there a Tukey strictly increasing chain of p-points of length ¢*?

The Tukey increasing chain of p-points constructed in the proof of Theorem
34 is also Rudin-Keisler increasing. This leads to the next question.

Question 37. Given any strictly Tukey increasing sequence of p-points of length
w, is there always a p-point Tukey above all of them?

In particular,

Question 38. Given any p-point V), is there a p-point U such that & >r V), but
U and V are RK-incomparable?

If the answer to Question 38 is no, then the answer to Question 37 is yes.
We now show that there are incomparable p-points with a common upper
bound which is a p-point.

Theorem 39. Assume Martin’s Axiom. There is a p-point D with two Tukey-
incomparable Tukey predecessors w1 (D) and wo(D) which are also p-points, which
in turn have a common Tukey lower bound E which is also a p-point. (In the
following diagram, arrows represent strict Tukey reducibility.)

/\
\/

Proof. In [Theorem 9, [2]], Blass proved that assuming Martin’s Axiom, there is a
p-point with two RK-incomparable predecessors. He used the following notions.
A subset of w X w of the form P x ), where P and () are subsets of w of
cardinality n < w, is called an n-square. A subset of w x w is called large if it
includes an n-square for every n, and small otherwise. Blass’ construction builds
a p-point D C w X w consisting of large sets such that m(D) and my(D) are
RK-incomparable. For i = 1,2, m;(D) <gx D, hence m;(D) are also p-points
and are <p D. By cofinally weaving the following step into Blass’ construction,
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we can build a p-point D C w X w of large sets such that m1(D) and my(D) are
Tukey-incomparable. As long as we only add large sets to the filter bases, Blass’
construction can be simultaneously carried out.

Claim. Given Y a filter with base of size < ¢ and f : P(w) — P(w) monotone,
there are large sets W; C w x w, @ = 1, 2, such every set in the filter generated by
YU {W;, Wy} is large, and for any ultrafilter D O {W;, Ws} U Y consisting only
of large sets, f is not a cofinal map from m;(D) — m;(D), for i # j.

Proof. By [Lemma 2, Section 6, [2]] (which uses MA), there is a large set X such
that X C*Y for each Y € ). We shall say that a set 7 C w X w is addable to Y
it ZNY islarge for all Y € Y; equivalently, if Z N X is large. For each k < w,
let L, C X be a (2k)-square such that (m(Lg) : k < w), (ma(Lg) : k < w) form
block sequences; that is, for each k < w and i = 1,2, each element in 7;(Ly) is
less than each element in m;(Ly11). Let I = J,_, m1(Ly) and J = J,_, m2(Lg).

Suppose there is an infinite I’ C I such that letting J' = (w \ f(I")) N J and
my, = min{|I' 0wy (Ly)|, |[J N ma(Lg)|}, the sequence (my, : k < w) is unbounded.
Then there is a strictly increasing subsequence (my, : n < w). Hence, I’ x J' is
addable. Letting Wi = I’ x J" and D be any ultrafilter extending Y U{W1}, I’ €
m (D) and f(I') is disjoint from J’ which is in mo(D). Therefore, f(I") & ma(D).

Now suppose that for each infinite I’ C I letting J' = (w \ f(I')) N J, there
is an m < w such that min{|I’ N 7 (Lg)|,|J" N me(Lk)|} < m for each k < w.
Let Wy = U, Lr- Note that W, is addable. Let Yy = Y U {W;}. Let D be
any ultrafilter extending )y consisting only of large sets. Then I € m(D) and
J € m(D). We claim that given I’ C [ such that I’ is in m(D), there is a
strictly increasing sequence (k, : n < w) and an m < w such that for each n,
|f(I") N mo(Ly, )| > 2k, — m.

Let I' C I be in m (D) and let J' = (w )\ f(I'))NJ. Let m < w be such that for
each k < w, min{|I'Nmy(Ly)|, |J Nma(Lg)|} <m. Let I" = J{I'Nm (L) 1 k <w
and |I' Ny (Ly)| > m}. Then I” € m(D); for its complement in I’ cannot be
m1(Z) for any large Z C Wy, and for any I' C I in m(D), there is a Z C W, in
D for which m(Z) = I'. Let (k, : n < w) enumerate in order the k for which
I" Ny (Lg) # 0. Then for each n < w, [I” N7 (Ly,)| = |I' N wi(Ly,)| > m. So
(WA F(I) N mo(Li, )| = [(W\ f(I) N T N oLy, )| = [J" N my(Ly, )| < m. Since
|ma(Lg, )| = 2k, we have that |f(I") N ma(Ly, )| > 2k, —m.

Divide each my(Ly) into two disjoint sets of equal size, labeling one of them
M. Note that w x (J,_, My is addable to V. Let Wi = Wy N (w x Uy, Mi),
Vi = Yo U{Wi}, and J* = |J,_, Mj. Now for any ultrafilter D consisting only
of large sets and extending Y, J* € my(D). Then f is not cofinal in mo(D), since
f is monotone and for each I’ C I in m(D), f(I') € J*.

Thus, in each case we can find an addable W; such that for any ultrafilter D
consisting of large sets and extending Y U {W;}, f is not a cofinal map from
m (D) into ma(D). Now use Y U{W;} in place of ) and reverse the roles of 1 and
2 in the indexing to find a suitable W5. U



TUKEY TYPES OF ULTRAFILTERS 15

Enumerate all continuous monotone maps from P(w) into P(w) as f,, a < ¢.
Let )V, C w x w denote the filter constructed by stage a < ¢. At stage a < ¢,
use the Claim for ), and f, while simultaneously mixing in Blass’ construction
to construct a p-point D extending | J, . Vo for which there are no Tukey maps
between (D) and my(D).

Since the p-point D in Theorem 39 is RK above m1(D) and m(D), it follows
from [Theorem 5, [2]] that there is a p-point which is RK (hence Tukey) below
both 71 (D) and m2(D). Thus, assuming MA, the diamond lattice embeds into
the Tukey degrees of p-points. 0

[Theorem 5, [2]] states that if countably many p-points have an RK upper
bound which is a p-point, then they have an RK lower bound (which is necessarily
a p-point).

Question 40. If countably many p-points have a Tukey upper bound which is a
p-point, do they necessarily have a Tukey lower bound which is a p-point?

Question 41. Does every Tukey strictly decreasing sequence of p-points have a
Tukey lower bound which is a p-point?

Remark. Laflamme showed in [15] that in the NCF model of [4], the RK ordering
of p-points is upwards directed, and hence also downwards directed. Thus, in
the NCF model, the Tukey degrees of p-points are both upwards and downwards
directed. (We know by Theorem 6 that the class of basically generated ultrafilters
with bases closed under finite intersections is upwards directed.) Recall that
the cardinal inequality u < g implies NCF (see [5]), so it is natural to ask the
following.

Question 42. Does u < g imply there is a minimal Tukey degree in the class of
p-points?

5. BLOCK-BASIC ULTRAFILTERS ON FIN

In this section we study the Tukey ordering between idempotent ultrafilters U
on the index set FIN and their canonical RK-predecessors Unin, Umax and Umin max-
Recall that an idempotent ultrafilter on the semigroup (FIN,U) is an ultrafilter
U on FIN such that Y UU = U, where U UU is defined to be {A C FIN : {z €
FIN:{y e FIN: zUy € A} € U} € U}. Recall also that the existence of
idempotent ultrafilters on FIN was established by S. Glazer (see [6]). Note the
following property of any idempotent ultrafilter ¢/ on FIN.

Fact 43. IfU s a nonprincipal idempotent ultrafilter on FIN, then U is neither
p-point nor q-point.
In [3], Blass showed that Glazer’s proof easily adapts to show the following.

Theorem 44 (Theorem 2.1, [3]). Let Vy and Vi be a pair of nonprincipal ultrafil-
ters on w. Then there is an idempotent ultrafilter U on FIN such that Uy, = Vo
and Upax = V1.
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Corollary 45. There exist idempotent ultrafilters on FIN realizing the maximal
Tukey type Usop -

Thus, one is naturally led to consider the conditions on idempotent ultrafilters
U on FIN that would prevent U from having the maximal Tukey type.

Definition 46. An idempotent ultrafilter & on FIN is block-generated if it is
generated by sets of the form [X] where X is an infinite block-sequence.

It was shown in [3] that if U is a block-generated ultrafilter on FIN, then both
Unin and U,y are selective. (Block-generated ultrafilters are called ordered-union
ultrafilters in [3].) So the existence of block-generated ultrafilters on FIN cannot
be proved on the basis of the usual ZFC axioms of set theory, though using
Hindman’s Theorem one can easily establish the existence of such ultrafilters
using CH or MA. We point out the following fact.

Fact 47. Let U be a block-generated ultrafilter on FIN. Then
(1) Unnin max S neither a p-point nor a g-point.
(2) If Upin is selective, then Unmin max s Tapid.

Proof. (1) Let M,, = {®minmax : min(z) = n}. Then {M,, : n < w} is a partition
of w. If X is any block sequence, then |[X|minmax N M,| = w for infinitely many
N. SO Unin,max 15 NOt a p-point.

Let P, = {¢({k,n}) : k < n}, where ¢ is a fixed pairing function. Then for each
n > 1, P, is finite, and {P, : n > 1} is a partition of w. If X is a block sequence,
then |[X]minmax N P,| > 1 for infinitely many n. Hence, Umin max 1S DOt a g-point.

(2) Given a strictly increasing function ¢ : w — w, without loss of generality
assuming the coding function ¢ : [w]*> — w has the property that «({m,n}) > n
for each m < n, let k; = 2% for all [ < w. Since Uy, is selective, there is
an infinite block-sequence X such that [X] € U, | Xwmin N[0, g(k2)]| = 0, and for
each | > 2, | Xuin N (9(k1), g(ki11)]] < 1. Then |[X]minmax N g(n)| < n for each
n <w. ([l

As noted above, no nontrivial idempotent ultrafilter on FIN is basic, so we are
naturally led to the following relaxation of this notion.

Definition 48. A block-generated ultrafilter U is block-basic if whenever we are
given a sequence (X,,) of infinite block sequences in FIN such that each [X,] € U
and (X,,) converges to some infinite block sequence X such that [X] € U, then
there is an infinite subsequence (X, ) such that (1, _ [X,,] € U.

Definition 49. Let FIN™ denote the collection of all block sequences of elements
of FIN of length n. A block-generated ultrafilter U« on FIN has the 2-dimensional
Ramsey Property if for each finite coloring of FIN® there is an infinite block
sequence X such that [X] € & and [X]? is monochromatic. A block-generated
ultrafilter & on FIN has the Ramsey Property if for each n < w and each finite
coloring of FIN™ there is an infinite block sequence X such that [X] € ¢ and
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[X] is monochromatic. Let FINPI denote the collection of all infinite block
sequences of elements of FIN. A block-generated ultrafilter & on FIN has the
co-dimensional Ramsey Property if for every analytic subset A of FINI there is
an infinite block sequence X such that [X] € U and [X] is either included in
or disjoint from A. (For more information about co-dimensional Ramsey Theory,
see [23].)

Theorem 50. The following are equivalent for a block-generated ultrafilter U on
FIN.

(1) U is block-basic.

(2) For every sequence (X,,) of infinite block sequences of FIN such that [X,,] €
U and X1 <* X, for each n, there is an infinite block sequence X such
that [X] € U and X <* X,, for each n.

(3) U has the 2-dimensional Ramsey property.

(4) U has the Ramsey property.

(5) U has the co-dimensional Ramsey property.

Remark. (2) is called a stable ordered-union ultrafilter in [3].

Proof. The equivalence of (2), (3), (4) and (5) were established in Theorem 4.2
of [3].

(1) implies (2). Suppose U is block-basic. Let (X,) be a sequence of block
sequences of FIN such that [X,] € U and X, ;1 <* X, for each n. Let m,
be a strictly increasing sequence such that X, > X /m; > Xy/my > ... Let
Y, = ({l} : Il <m,)"(X,/my,). Then each Y,, =* X,, and V,, — ({l} : | < w).
By (1) there is a subsequence ny such that (,_ [Y,] € U. Since U is block-
generated, there is a Z such that [Z] € U and [Z] C (), [Yn,]. Then for each
n < w, taking k£ such that n; > n, we have that X,, =* Y, >* Y, > Z. Thus,
(2) holds.

Now suppose that (2) holds. Since U is block-generated, (2) is equivalent to
the statement (2)": For every sequence (X,,) of infinite block sequences of FIN
such that [X,,] € U, there is an infinite block sequence X such that [X] € U and
X <* X, for each n. Let (X,,) be a sequence of block sequences such that each
[X,] € U and (X,,) — X. By (2), let Z < X be such that [Z] € U and for each
n <w, Z <* X,. Take my, such that each m; = min(z) for some z € Z and

(1) n > mpp1 — Xy Nm = X Nomy;

(2) n <myp — X,,/mps1 > Z.
Let Zy = {z € Z : Ik(my, < min(z) < magro)}. If [Zo] €U, thenlet Y < Zy, X
such that [Y] € U. For each k < w, Xypy3 N magyo = X N Mmygro > Y Nmygo.
For each y € Y, y N [Mupr2, Marya) = 0. Xupys/Mapra > Z > Y. Therefore,
Mo Xanrs] 2 [Y]. If [Zo] € U, then since U is block-generated, there is a Z;
such that [Z;] € U and [Z1] C [Z] \ [Zo]. Since Z; < Z and [Z1] N [Zo] = 0, for
each z € Z, if min(z) € [muyy, mars2) then z € Z;. Therefore, Z1NZy = (). Hence,
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for each z € Z1, min(2) € [Mmagro, Marya). Letting Y < Z;, X such that [Y] € U,
Mo Xars1] 2 [Y]. Hence, (1) holds. O

Corollary 51. IfU is a block-basic ultrafilter on FIN, then both Uy, and Uy
are selective ultrafilters on w.

Applying Theorem 2.4 of [3], we get some sort of converse to this.

Corollary 52. Assuming CH, for every pair Vo and Vi of non-RK-equivalent
selective ultrafilters on w, there is a block-basic ultrafilter U on FIN such that
Z/{min = V(] and umax = Vl.

Remark. Blass [3] proved that for block-generated ultrafilters U on FIN, we always
have that Uy, and Uy,., are RK-incomparable. Thus, by a theorem of Todorcevic
in [18], Unin and Unax are Tukey-incomparable.

Our interest in block-basic ultrafilters on FIN is based on the following fact
whose proof is analogous to that of Theorem 9.

Theorem 53. Suppose U is a block-basic ultrafilter on FIN and that U >1 V
for some ultrafilter V on any countable index set I. Then there is a monotone
continuous map f: P(FIN) — P(I) such that f"U is a cofinal subset of V.

Similarly, one proves the following.

Theorem 54. SupposeU is a block-basic ultrafilter on FIN and V is any ultrafilter
on a countable index set I. If Uninmax =7 V, then there are an infinite block
sequence X such that [X] € U and a monotone continuous function f from
{[X]minmax : X < X} into P(I) whose restriction to {[X]|minmax : X < X, [(X] €
U} has cofinal range in V.

Proof. Let B be the collection of block sequences X such that [X] € Y. Then
{[X]: X € B} is a base for . Let C = {[X]|minmax : X € B}. Then C is a base
for Umin,max. For the sake of notation, let W denote Uinmax. Let g : V — W be
a Tukey map and let f: W — V by f(W) =(|{V :g(V) D W}. Then fis a
monotone cofinal map; so f | C is a monotone cofinal map.

In a similar manner as in the proof of Theorem 9, we construct an X € B
such that the map f is continuous on {[Wlminmax : W € B, W < X }. Let
(in, : n < w) be an enumeration of I. Let X, = ({0}, {1},{2},...). Given X,,
take Xn+1 = (xn+1,07 Tn+1,15 Tn+1,25 - - ) S Xn such that

(1) min(z,41,0) > n+ 1;

(2) For each block sequence s C P(n + 1), for each k < n, if there is a
Z € B such that min(Z) > n+1 and i & f([S U Z]minmax), then iy &
f([S U Xn]min,max)-

Since U is block-generated, there is a Y € B such that foreachn < w, Y <* X,,.
Let Iy = 0 and for each n < w, let l,,41 > [, satisfy l,,,1 = min(y) for some y € Y’
and Y/ln—H S Xln-
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Color [Y]? as follows: Let h((yo,%1)) = 0 if there is an n < w such that
max(yo) < I, and I, 1o < min(y;); 1 otherwise. Since U has the Ramsey property
for pairs, there is a block-sequence X < Y such that h is constant on [X]?. A
cannot be constantly 1 on [IV] ) for any block sequence W. Thus, k is constantly
0 on [X]?. Let (In;) be a subsequence of (I,,) such that for each z in X, either
max(x) < by, OF by, , < min(z).

Suppose W' = (wp, wy,ws,...) < X and is in B. Let C = (W imin.max and
let © € I. Let k be such that i = 4. Take j large enough that k < [, .,
and there is an m such that max(wp,) < ln,,,, and min(wmy1) > ly,,,,. Note
that W/l,. .. < X/lyyoy C© Y/ly oy = Y/lny,y < Xy, - Thus, i & f(C) iff

v g f([tU (W/ln2j+1>]min,max)7 where ¢ = (U}o, s 7wm)7 iff ¢ g f([tUXln2j+1]min,maX)
iff i ¢ f([tU (X/ln2j+1)]min,max)- Thus, f is continuous on {[W]minmax @ W €

B, W< X}.
In the natural way, f can be extended to a continuous monotone map from
{[X]min,max - X < X} into I. 0

Theorem 55. Assuming CH, there is a block-basic ultrafilter U on FIN such
that Unmin max <1 U and Upin and Umax are Tukey incomparable. (In the following
diagram, arrows represent strict Tukey reducibility.)

Proof. First of all, note that for every block-generated ultrafilter ¢4 on FIN, we
have that Uninmax = Umin - Umax =7 Umin X Umax. Recall that Upi, and U,y are
Tukey incomparable, since they are non-isomorphic selective ultrafilters. Thus, it
suffices to construct a block-basic ultrafilter ¢ on FIN such that Upyinmax <7 U.
Assuming CH, one can construct a block-basic ultrafilter on FIN in the standard
way (see [3]).

To ensure that U >7 Uninmax, interweave the following into the construction
of U. By Theorem 54, we can enumerate as (fg,f(g), G < ¢, all pairs (f,f()
such that X € FIN™! and f : {[Z]minmax : Z < X} — P(FIN) is a monotone
continuous function. At stage « in the construction, let Y be a block sequence
such that for all § < o, Y <* Xg, where {X3 : f < a} is a block-basis for the
filter U, constructed by stage . If there is no block sequence Z <Y X, then the
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domain of f is not contained in Umin max for any U extending U,. Now suppose
thereis a Z <Y, X. Without loss of generality, assume Y < X.

If there is a W <Y such that for each W/ < W, f,([W']minmax) Z [W], then
put [W] into U,41. This ensures that f, cannot be cofinal in any ultrafilter I
extending U1 generated by block sequences, since f, is monotone.

Otherwise, for each W <Y, there is a W/ < W such that f,([W']min,max)
W]. Y = (y;). Fix W = (w;) to be the block sequence where each w;
Y3i U ysit1 U ysipe. Thus, W < Y. Fix W' < W such that fo([W']minmax) €
(W]. W' = (wj), where each w} = {J;cf, wi, where I; is some finite set. Let
m; = min(l;) and k; = max(l;). Let W” = (w), where each wj = s, U yap; 2.
Then min(wj) = min(w}) and max(w) = max(wj) for all j < w; 50 [W']minmax =
(W] minmax- Note that [W]N[W"] =0, and W” <Y. Putting [W"] into Uy11, we
will have that for any ultrafilter U extending Us, [W"]|minmax € Uminmax- Hence,
oW minmax) = fa([W/]minmax) € [W] which is disjoint from [W"”]. Thus, the
range of f, will not be contained in Y. In this way, we can build U so that
umin,max zT Z/{, thus U >7 Z/{min,max- ]

Question 56. If U is any block-basic ultrafilter, does it follow that U >

umin,max?

Remark. Note that the proof of the theorem shows that the generic filter for the
forcing notion (FIN*™), <*) adjoins a block-basic ultrafilter 2 on FIN with the
properties stated in Theorem 50. On the other hand, an argument analogous with
the case of selective ultrafilters on w (see the theorem of Todorcevic appearing
in [8; 4.9]) shows that if there is a supercompact cardinal, then every block-basic
ultrafilter 2 on FIN is generic over L(R) for the forcing notion (FINP! <*).
Thus, the conclusion of Theorem 4.9 in [§] is true for any block-basic ultrafilter
U on FIN assuming the existence of a supercompact cardinal. This leads us also
to the following related problem.

NN

Problem 57. Assume the existence of a supercompact cardinal. Let I/ be an
arbitrary block-basic ultrafilter on FIN. Show that the inner model L(R)[/] has
exactly five Tukey types of ultrafilters on a countable index set.

This problem is based on the U-version of Taylor’s canonical Ramsey Theorem
for FIN stating that for each map f : FIN — w, there is an [X] € U such that
f I [X] is equivalent to one of the five mappings: constant, identity, min, max,
(min,max) (see [1], [22]). If the answer to this problem is positive, then one
can look at ultrafilters & on the index set FIN, (k =1,2,3,...) with analogous
Ramsey-theoretic properties whose corresponding inner models L(R)[U] have dif-
ferent finite numbers of Tukey types. This will of course be based on Gower’s
Theorem for FIN, and Lopez-Abad’s canonical Ramsey Theorem for FINj, (see
[1], [16], [10]). For example, for a block-basic ultrafilter & on FIN,, one could
expect exactly 43 Tukey types of ultrafilters in L(R)[U].

The following is a subproblem of Problem 57.
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Question 58. Is it true that for each block-basic U, there are no Tukey types
(a) strictly between U and Usin max, (b) strictly between Uninmax and Unpin, and
(c) strictly between Uminmax and Unax?

Question 59. Are there block-basic ultrafilters ¢,V on FIN which are Tukey
equivalent but RK incomparable?

6. A CHARACTERIZATION OF ULTRAFILTERS WHICH ARE NOT OF TUKEY
TOP DEGREE

In this section we investigate Isbell’s question of whether ZFC implies that
there is always an ultrafilter which does not have top Tukey degree.

We note that always (U, D) <p (U, D*); so if (U, D*) <r [¢]¥, then (U, D) <r
[c]“. Milovich showed in [17] that for any ultrafilter U, there is an ultrafilter W
such that (W, 2*) <r (U, D). Thus, there is an ultrafilter U such that (U, D) <r
[c]<« if and only if there is an ultrafilter WW such that (W, 2*) <p [¢]<“.

CH implies the existence of p-points, so we can assume —CH. In this context,
the following combinatorial principle holds.

Definition 60 (Todorcevic). ¢« is the statement: There exist sets S4 C A,
A € [¢], such that for each X C¢, {4 € [c]*: X NA=S,} is stationary in [¢|*.

This can be modified to the following. Oﬁw}“’]“ is the statement: There exist
ordered pairs (Ua, X4), where A € [[w]“]* and X4 C Uy C A, such that for
each pair (U, X) with X C U and X, U € [[w]“]5, {A € [[w]“]* : Us = U N A,
Xy = X N A} is stationary in [[w]“]“.

Let Py = {W € [w|*: 3IX e Ua(W N X = )}, and let Q4 = {W € [w]* :
A(Bn)n<w € Xa(Vn < w, W C* B,)}. Let Dy = P4 U Q4. Then for each
A € [w]¥, D4 is dense open in [w]*: Let Y € [w]*. If U4 does not have the strong
finite intersection property, then there are U,V € U4 such that |[UNV| < w.
Then either Y\ U| =w or |Y \ V| = w. Thus, there is a W € [Y]* such that for
some X € Uy, WNX = 0. Hence W € P4, and moreover, any W' € [W]“ is also
in P4. Suppose U, has the strong finite intersection property. If Y & U, then
there is an X € Uy such that [Y N X| <w. So W =Y \ (Y NX) € Py, and any
W' e [W]“ is also in P4. Otherwise, Y € U}. Then there is a W € [Y]“ such
that for each B € Us, W C* B, since [Us| < w. Thus, W € Q4. Moreover, any
W’ e [W]“ is also in Q4. Therefore, D, is dense open in [w]“.

Fact 61. For any ultrafilter U, {A € [[w]*]* : U N Dy # 0} is stationary.

Proof. Let U be an ultrafilter and suppose that {A € [[w]“]* : U N D4 # 0} is not
stationary. Then {A € [[w]“]* : U N D4 = (0} contains a club set, call it C. Let
X =U{Xs: AeC}. Let X € U. There are club many A € [w]* with X € A.
Thus, there are club many A with (A, U NA) < ([w]*,U). By O, there is an

A € [w]¥ with X € A such that UNA=Uy and U N A = Xy. Therefore, U C X.
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We claim that for each ) € [U]“, ) has no pseudointersection in U. Take an
AeCwithY CAsuchthat UNDy=0,Us =UNA, and Xy =UNA. Then
Y CUNA= X, and there is no pseudointersection of any infinite subset of )
in U, since Q4 NU = (). Contradiction, since U contains the Fréchet filter. O

Fact 62. IfUN Dy # 0 for club many A € [w]*, then U <1 Uiop.

Proof. Let X € [U]*. {A € [[w]*]*: (AAUNAXNA) < (w]“,U,X)} is club in
[[w]“]“. {A € [[w]¥]Y: ANU =Us, ANX = X4} is stationary. TU N Dy # 0
for club many A, then there are stationary many A such that U N A = Uy,
X NA= X4, and either there is a U € Uy and a W € U such that UNW = 0,
which is impossible, or else there is a W € U and (B,),<, € X4 = AN X such
that for each n < w, W C* B,,. Therefore, U is not of Tukey top degree. U

Fact 63. IfU is a p-point, then U N Dy # O for all A € [[w]“]“.

Proof. Let A € [[w]*]* be given. If Uy € U, then taking an X € Uy \ U,
w\ X eUNPy. IfUs CU, then since X4 is countable, there is a W € U which
is a pseudointersection of X'y. Hence, W € U N Q) 4. O

Let Py = {W € [w]¥ : VX € Xa(W C* X)}. Let Dy = P, UQ4. By the same
proof as for D4, we see that D', is dense open in [w]®.

Fact 64. IfUN D'y # 0 for club many A, then U is a p-point.

Proof. Suppose that C is club in [[w]*]* and for each A € C, U N D'y # 0. Let
Y € [U]“. Take Asuch that Y C A, (A, UNAUNA) < ([w]* UU),Us =UNA,
Xy=XNA andUNDy #0. ThenY CUNA = X4 So since there is a
W € U such that for each X € Xy, W C* X, there is a pseudo-intersection of )
inl. ]

Question 65. Can we use these dense sets, or similar ones, to obtain

(1) an ultrafilter which is not Tukey top?

(2) an ultrafilter which is not Tukey top but also is not basically generated?

(3) an ultrafilter which is basically generated but is not a Fubini limit of
p-points?

7. CONCLUDING REMARKS AND PROBLEMS

Recall that the properties of p-point and rapid are preserved under Rudin-
Keisler reducibility.

Question 66. Which properties of ultrafilters are preserved under Tukey re-
ducibility?

By Theorem 22, if a p-point U >7 w*, then U =7 U - U, which is not a p-
point, so the property of being a p-point is not preserved by Tukey reducibility.
However, we may ask the following.
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Question 67. If U is a p-point and U >1 V), then is there a p-point W such that
w =T V?

Question 68. Which lattices can be embedded into the Tukey degrees of p-
points? In particular, are there two Tukey incomparable p-points which have no
p-point as a common Tukey upper bound?

Question 69. Are there two Tukey non-comparable ultrafilters whose least upper
bound is the top Tukey degree?

Question 70. Does every Tukey minimal degree contain a selective ultrafilter?

Question 71. What is the structure of the Rudin-Keisler degrees within the top
Tukey degree?
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