THE DISTRIBUTIVITY SPECTRUM OF P(w)/fin

VERA FISCHER, MARLENE KOELBING, AND WOLFGANG WOHOFSKY

ABsTRACT. We construct a model in which there exists a distributivity matrix of regular height A larger
than b; both 4 = ¢ and A < ¢ are possible. A distributivity matrix is a refining system of mad families without
common refinement. Of particular interest in our proof is the preservation of B-Canjarness.

In our model, all branches through the underlying tree of the distributivity matrix are cofinal. We show
that there can never be a base matrix tree of regular height larger than § all of whose branches are cofinal.
We also discuss the concept of distributivity matrices for P(k)/<« in place of P(w)/fin, where « is a regular
uncountable cardinal.

1. INTRODUCTION

The Boolean algebra P(w)/fin has attracted a lot of attention in the last decades. One of the charac-
teristics of a partial order is its distributivity. The distributivity of P(w)/fin is the well-known cardinal
characteristic ) which has been defined in [2], where the famous base matrix theorem is proved (see
Theorem 2.5), and is tightly connected to many other structural properties of P(w)/fin involving towers
and mad families. In this paper, we define a distributivity spectrum for P(w)/ fin, i.e., a spectrum for b.
Spectra have been considered for several cardinal characteristics, but not for . For example, spectra for
the tower number t have been investigated in [25] and [14], spectra for the almost disjointness number a
in [25], [8], and [37], spectra for the bounding number b in [14], spectra for the ultrafilter number u
in [34], [35], and [21], and spectra for the independence number i in [18]. Furthermore, [5] develops a
framework for dealing with several spectra.

Let h(P) be the distributivity of the partial order P, i.e., the least cardinal A such that it is not A-
distributive; in other words, it is the least A such that there is a system of 4 many maximal antichains
without common refinement, or, equivalently, such that P adds a new function from A into the ordinals.
We consider two possibilities to define a distributivity spectrum: the combinatorial distributivity spectrum
(see Section 2.1), and the fresh function spectrum (see Section 2.2); in particular, we compute the fresh
function spectrum of $(w)/fin which turns out to depend only on ) and the size of the continuum. In [16],
the fresh function spectrum is studied in greater generality.

The main focus of the paper is the combinatorial distributivity spectrum of £(w)/fin: this is the set of
regular cardinals A such that there exists a distributivity matrix of height A for P(w)/fin. Such distributiv-
ity matrices are refining systems of mad families without common refinement and have an underlying tree
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structure. Some distributivity matrices have cofinal branches, and in some distributivity matrices all max-
imal branches are shorter than the height of the matrix (see [13] and [15]). This is strongly connected to
the tower number t and its spectrum (see [14]). We give a detailed analysis of these questions in Section 3.
In particular, we show that a base matrix of regular height larger than § necessarily has many branches
which are dying out (see Theorem 3.7).

There are always distributivity matrices of height ). The main result of this paper (see Main Theo-
rem 4.1) shows that it is consistent that there exists a distributivity matrix of regular height A larger than ).

Main Theorem. In a model of ZFC+GCH, let w; < A < u be cardinals such that A is regular and
cf(u) > w. Then there is a cofinality preserving extension with u = ¢ such that w| = H = b and there exists
a distributivity matrix of height A.

The proof strategy is as follows. We define a forcing iteration (see Section 4.1) which adds a dis-
tributivity matrix of height A. Building on ideas from [25], we use c.c.c. iterands which approximate the
distributivity matrix by finite conditions. To show that the generic object is actually a distributivity matrix
(see Section 5), we consider certain complete subforcings to capture new subsets of w. To show that § is
w1, we show that b is w; (and use that h < b). In fact, we show that the ground model reals $ remain un-
bounded. For that, we represent our iteration as a finer iteration of Mathias forcings with respect to filters
and use a characterization from [24] to show that these filters are B-Canjar, i.e., that the corresponding
Mathias forcings preserve the unboundedness of 8B (see Section 7). In [17], the same is done for Hechler’s
original forcings [25] to add a tower or to add a mad family.

We can use a genericity argument to show that the filters are 8-Canjar at the stage where they appear,
but we need the B-Canjarness in later stages of the iteration. Since the notion of B-Canjarness of a filter
is not absolute, we have to develop a method how to guarantee that the 8-Canjarness of a filter is not
destroyed by Mathias forcings with respect to certain other filters (see Section 6).

At the end, we consider generalizations to £ («)/ <k for regular uncountable k. Building on [3] and [33],
we compute the fresh function spectrum of P(x)/<k (see Section 8.2); then we discuss what we know
about distributivity matrices for P(k)/<« (see Section 8.3). These considerations are also an attempt
towards defining a xk-analogue of b (this problem has been considered in [20] as well). A slightly different
approach to generalize }) has been taken in [12]. We conclude the paper with some open questions (see
Section 9).

2. DISTRIBUTIVITY SPECTRA

In this section, we introduce two notions of a distributivity spectrum and discuss their basic prop-
erties: the combinatorial distributivity spectrum (see Section 2.1) and the fresh function spectrum (see
Section 2.2). Moreover, we provide a game characterization of being A-distributive (see Section 2.3).

Recall the following basic definitions concerning forcing. Let'(P, <) be any forcing notion, i.e., a non-
empty set P together with a partial order (or pre-order) <. A set D C Pis dense in P if for every p € P there
exists ¢ € D such that g < p. Two conditions p and ¢ in P are incompatible if there exists no r € P with
r < pand r < g; otherwise they are compatible. A set A C P is an antichain if p and ¢ are incompatible for
all distinct p and g in A. An antichain A is maximal if for each p € P, there is g € A which is compatible
with p. A forcing notion P has the y-c.c. if P has no antichain of size y. For (maximal) antichains A and



THE DISTRIBUTIVITY SPECTRUM OF P(w)/fin 3

B in P, we say that B refines A if for each g € B there is a p € A such that g < p. A forcing is separative if
for each g £ p, there is r < g which is incompatible with p. For an introduction to the theory of forcing,
see, e.g., [29] or [27].

2.1. Combinatorial distributivity spectrum. As mentioned in the introduction, the distributivity of a
forcing notion P, denoted by H(P), can be defined as the least A such that there is a system of A many
maximal antichains without common refinement. As usual, we sometimes say that P is o-distributive if
6 < bh(P).

Clearly, also for any ¢ larger than A, there is a system of § many maximal antichains without common
refinement (so this does not yield a sensible definition of spectrum). However, this is not necessarily the
case if the system is in addition required to be refining; note that h(P) is actually the least A such that
there is a system of A many refining maximal antichains without common refinement, which justifies the
following combinatorial definition of a distributivity spectrum:

Definition 2.1. We say that A = {A; | £ < A} is a distributivity matrix of height A for P if

(1) Agis a maximal antichain in PP, for each £ < 4,
(2) A, refines A whenever np > £, and
(3) there is no common refinement, i.e., there is no maximal antichain B which refines every A¢.
The combinatorial distributivity spectrum of P (denoted by COM(P)) is the set of regular cardinals A
such that there exists a distributivity matrix of height A for P.

We say that g intersects a distributivity matrix A = {A¢ | £ < A} if for each & < A there is an a € A,
with g < a. Note that Definition 2.1(3) is equivalent to

(3’) {g € P| g intersects A} is not dense in P;
in particular, (3°) holds if there is no ¢ intersecting ‘A.

It is straightforward to check that the existence of distributivity matrices is only a matter of cofinality:
if ¢ is a singular cardinal with cf(5) = A, then there exists a distributivity matrix of height ¢ for P if and
only if there exists one of height A (i.e., € COM(P)). Therefore, the restriction of the definition of
COM(P) to regular cardinals makes sense.

Let us fix the following notation: for @, 8 € Ord, let

[a, Blreg := {4 | Ais aregular cardinal with @ < A4 < }.
As discussed above, the least element of COM(P) is just the distributivity of P:
(1) H(P) = min(COM(P)).

On the other hand, it is quite easy to get an upper bound for the elements of the combinatorial distributivity
spectrum:

Proposition 2.2. COM(P) C [H(P), | P [Ireg-

I'We use the “Boolean” (i.e., “downwards”) notation: ¢ < p means “q is stronger than p” or “q has more information than p”.
We employ the “alphabet convention” (i.e., variables for stronger conditions come lexicographically later). The forcing will
typically be non-atomic, i.e., for each condition, there are two stronger conditions which are incompatible.
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Proof. We have to prove that no regular A > |P| belongs to COM(P). So assume towards contradiction
that A = {A¢ | € < A} is a distributivity matrix of regular height 4 > | P| for P. We will show that item (3”)
fails, i.e., {g € P | ¢ intersects A} is dense in P.

Fix p € P. For each ¢ < A4, pick ag € A¢ which is compatible with p (this is possible since each Ag
is a maximal antichain by item (1)). Since |P| < A and A is regular, there exists a condition a* € P such
that a; = a” for cofinally many & < A. Let g € P with ¢ < p and ¢ < a”. Since the matrix is refining by
item (2), it is straightforward to check that g intersects A, as desired. O

The classical cardinal characteristic § is defined as h(P(w)/fin). Since P(w)/fin is of size continuum,
(1) and the above proposition immediately yield the following:

Corollary 2.3. {h} € COM(P(w)/fin) < [, clreg.

In Main Theorem 4.1, we show that it is consistent that COM(#(w)/fin) contains more than one ele-
ment, i.e., consistently, there exists a regular A > Iy with € COM(P(w)/fin); in fact, both A = cand A < ¢
are possible.

A special sort of distributivity matrices have been considered in the seminal paper [2] where ) has been
introduced:

Definition 2.4. A distributivity matrix {A¢ | £ < A} for P is a base matrix if  Jz.y A¢ is dense in P, i.e., for
each p € Pthereis £ < A and a € A¢ such thata < p.

It is straightforward to check that for a base matrix A the stronger version of (3”) holds: there is
no q € P intersecting A.
Recall the base matrix theorem (forziD(w) /fin) from [2]:

Theorem 2.5. There exists a base matrix of height }) for P(w)/fin.

2.2. Fresh function spectrum. We now turn to another version of distributivity spectrum of a forcing
notion P.

Definition 2.6. We say that f is a fresh function on A (over V) if f: 1 - Ordand f ¢ V,but f [ ye V
for every y < A. The fresh function spectrum of P (denoted by FRESH(P)) is the set of regular cardinals A
such that, in some extension by P, there exists a fresh function on A over V.

As an example, consider A-Cohen forcing for regular A, which adds a A-Cohen real: this is a fresh
function on A (since the forcing is <A-closed).

Analogous to the situation for COM(P) discussed above, it is straightforward to check that the existence
of fresh functions is only a matter of cofinality: if ¢ is an ordinal with cf(§) = A, then (in any extension
by P) there exists a fresh function on ¢ if and only if there exists one on A. Therefore, the restriction of
the definition of FRESH(P) to regular cardinals makes sense.

It is well-known and easy to check that the minimum of the fresh function spectrum FRESH(P) is equal
to h(P); in particular, the distributivity number §) equals the minimum of FRESH(P(w)/ fin).

It is easy to see that no regular cardinal strictly above the size of P belongs to FRESH(P): if there were
such a function, then all its initial segments are in the ground model, so they can be decided by conditions

2A more general version for a wider class of forcings has been given in [1, Theorem 2.1].
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in P; by cardinality, one condition appears cofinally often, hence forces the entire function to be in the
ground model. Together with the fact that h(P) is the minimum of FRESH(P), this yields the following
basic result:

Proposition 2.7. FRESH(P) C [H(P), | P |]re,-

As an example, let A be regular, and let P be A-Cohen forcing. Since P is <A-closed, h(P) is 4, and,
assuming 2<* = A, the size of P is A as well, and so FRESH(P) = {1}.

The following strengthening of the above proposition generalizes a well-known fact about branches of
certain trees, which was essentially proved in [30, Lemma 3.8] (see also [31]). We will make use of this
theorem in the proof of Main Theorem 4.1 (namely in Claim 7.4), as well as in the proof of Proposition 8.3.
The fresh function spectrum is studied in more detail in [16]; for the convenience of the reader, we include
a proof here.

Theorem 2.8. IfP X P has the y-c.c. and 6 > y, then 6 ¢ FRESH(P).

Proof. Assume § € FRESH(P), i.e., there exists p € P and a P-name f such that p forces f: 6§ — Ord is
notin V and f | y € V for each y < §. Therefore, we can, by induction on i < y, construct a; < &, p; < p,
and ¢; < p such that p; and g; decide f up to a;, and a; is the first point about which p; and ¢; disagree;

more precisely, there is s;: @; + 1 — Ord and #;: @; + 1 — Ord such that

(1) @ < «; for each j <1,
2) pi f 1 (ai+1)=s;,
B girfr@+)=t,
4) si#ti,ands; [ a;=t; | ;.

Consider {(p;, gi) | i < x) and use that P X IP has the y-c.c. to obtain iy < i1 such that (p;,, q,) and (p;,, gi,)
are compatible, and fix (p, g) with (p,g) < (piy, gi,) and (p,g) < (pi,»qi,)- It follows that both p and g
force that f | a;, = si, | @;,. Moreover, p I+ f | (a;, +1) = s;,and g f | (@, + 1) = t;,, but s, # t;,,
which easily yields (using a;, < @;,) a contradiction. O

Standard arguments show (for a detailed proof, see [16]) that the combinatorial distributivity spectrum
is a subset of the fresh function spectrum:

Proposition 2.9. COM(P) € FRESH(P).

In case P is a complete Boolean algebra, one can show that even equality holds.

We are now going to compute the fresh function spectrum of P(w)/fin. Let us recall from [2] that
P(w)/fin collapses ¢ to b, which follows from the existence of a base matrix of height ) (see Theorem 2.5)
and the fact that there exists an antichain of size ¢ below each condition.

Using the fact that §(P) is the distributivity of P, any surjection from §(P) to a regular cardinal A yields a
strictly increasing, cofinal map from h(P) to 4; it is straightforward to check that the characteristic function
of its range is a fresh function on A, which gives the following lemma (for a more detailed proof, see [16]):

Lemma 2.10. Let A be a regular cardinal and P a forcing which collapses A to h(P). Then A € FRESH(P).
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Under the hypothesis of the above lemma, we actually have (since each regular cardinal between H(P)
and A is collapsed as well)
[H(P), Alreg € FRESH(P).
Note that the above conclusion holds even if A is singular and P collapses A to h(P). From this, and
Proposition 2.7 we immediately obtain the fresh function spectrum of P(w)/fin:

Proposition 2.11. FRESH(P(w)/fin) = [V, clreg-

Note that the Boolean algebra P(w)/fin is not complete, so the above proposition does not imply that
COM(P(w)/fin) = [b, cIreg-

Also note that, for singular c, it is consistent that P(w)/fin does not add a fresh function on ¢. Indeed, it
is consistent that cf(¢) < t (see, e.g., [36, Theorem 3.7] for « = w); thus, using the fact that t <} (see (2)
in Section 3.1), it is consistent that cf(¢) < [). Therefore there is no fresh function on ¢, because there is no
fresh function on cf(¢).

2.3. A game characterization of distributivity. We will now provide a game characterization of being
A-distributive, which we will make use of in the proof of Theorem 3.7, as well as to show that P(k)/<« is
not w-distributive (see Proposition 8.1). It generalizes the game characterization for being w-distributive
which can be found in [27, Lemma 30.23].

Definition 2.12. Let P be a forcing notion. Let G,(P) denote the A-distributivity game (which has
length 2):

1 ‘ ap ap ... A+l

I b b o by b1

The players alternately pick conditions in P such that the resulting sequence is decreasing, i.e., b; < g;

and a;.; < b; for every i < j < A. Player I starts the game, and at limits u, Player II has to play. If
Player II cannot play at limits (because the sequence played till then has no lower bound), the game ends
and Player I wins immediately. If the game continuous for A many steps, Player II wins if and only if

there exists a b € P with b < g; for every successor i < A.

Recall that, by definition, a forcing P is <A-strategically closed if Player II has a winning strategy in
G(P). A slightly weaker property turns out to be equivalent to being A-distributive:

Proposition 2.13. The following are equivalent:

(1) Player I has no winning strategy in the game G (P).
(2) P is A-distributive.

Proof. Assume Player I has a winning strategy o. Let ag := 0({)). We are going to construct a refining
system of maximal antichains {A, | @ < ¢} below ag by induction. First, let Ay := {ag}. Clearly, the set
{o({ag, by)) | by < ap} is dense below ag. Pick an antichain A in this set which is maximal below ag.
More generally, for the successor step, assume that A, has been defined. For a moment, fix a € A,.
Since {A; | i < a} is a refining system of antichains by induction, for every i < « there is a unique

a; € A; with a < a;. Note that there is a sequence {b; | i < @} such that these two sequences yield3 arun

3For limits i, the a; is not part of the run. Note that a = a,, which is the very last entry of s in case « is a successor ordinal,
whereas for @ limit, s has no last entry (and a does not occur in s).
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s :={ao, bo, . . . ) of the game where Player I plays according to o. Clearly, the set {o(s™b) | b < a} is dense
below a. Pick an antichain A? , in this set which is maximal below a. Now let A,y := (U{AS | | a € A}
Note that A, refines A, and is maximal below ag.

Now assume that 4 < A is a limit ordinal and A, has been defined for every @ < u. If there exists a
refining antichain which is maximal below ay, let A, be such an antichain. If no such antichain exists, we
stop the construction here.

Assume A, has been defined for every @ < A. Any b intersecting this system of antichains would give
a run of the game following o~ which Player II wins. Since o is a winning strategy for Player I, no such
intersecting b exists. This shows that the construction ends after at most A many steps.

Let 6 < A be maximal such that A, is defined for every @ < 4, and let B be an antichain such that
{ap} U B is a maximal antichain in P. It is easy to see that {A, U B | @ < ¢} is a distributivity matrix in P
of height 6. Hence P is not ¢-distributive and therefore not A-distributive.

For the other direction, assume P is not A-distributive. So H(P) < A. Fix at distributivity matrix
{Ay | @ < H(P)} of height Hh(IP). This means that the conditions intersecting this matrix are not dense in P.
Let ag € P such that no intersecting condition is stronger than ag. Let us describe a winning strategy o for
Player I. Let 0({)) := ap. Assume Player II played b, in the ath round of the game (for @ < h(P)). Since
A, 1s a maximal antichain, there exists a € A, which is compatible with b,. Let a,+1 be a witness for the
compatibility and let o({ag, bo, . .., ba)) 1= ag+1-

If Player I follows the strategy o, the game stops after at most H(P) many rounds and Player I wins.
Indeed, if there exists a run of the game of length h(P) where Player I followed o and has not won the
game yet, then there exists a b € P such that b < a4+ for every o < h(P), which implies that b intersects
the matrix and b < ag, a contradiction. m|

3. DISTRIBUTIVITY MATRICES FOR P(w)/FIN

In this section, we will discuss what distributivity matrices for P(w)/fin look like. After giving several
basic definitions (see Section 3.1), we discuss (see Section 3.2) the tree structure of distributivity matrices,
with the levels of the tree being mad families, and the branches (which can be cofinal in the tree or dying
out) being C*-decreasing sequences (typically towers). In Section 3.3, we discuss distributivity matrices
of height b, and Dordal’s model in which no such matrix has a cofinal branch. In Section 3.4, we discuss
distributivity matrices of larger height, in the context of Main Theorem 4.1 and the Cohen model. In
Section 3.5, we show that base matrices of regular height larger than b (if they exist at all) always have
maximal branches which are not cofinal. At the end, we summarize the possible existence of different
types of distributivity matrices in various models of ZFC (see Section 3.6). Some of the question left open
can be found in Section 9.

From now on, the main focus is on P(w)/fin. To make the notation shorter, we use the following
abbreviations:

Notation. We write COM instead of COM(#(w)/fin), and FRESH instead of FRESH(#(w)/fin).

n fact, it is not necessary to assume that the system of maximal antichains is refining. One could just take any A many
maximal antichains without common refinement (even in case A > h(P)) and perform the analogous proof.
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3.1. Basic definitions. The forcing notion ([w]“, €) is a non-separative pre-order whose separative quo-
tient is the Boolean algebra P(w)/fin (see Remark 3.1). Alternatively, one can consider the separative
pre-order ([w]®, C*), where C* denotes almost-inclusion: b C* a if b\ a is finite. We write a =* bifa C* b
and b C* a. We say that a and b are almost disjoint if a N b is finite (i.e., if they are incompatible). More-
over, we say that A C [w] is an almost disjoint family if a and a’ are almost disjoint whenever a,a’ € A
with a # @’ (i.e., if A is an antichain). An almost disjoint family A is maximal (called mad family) if for
each b € [w] there exists a € A such that [b N al = Ny. For a sequence (a;¢ | £ < 6) € [w]®, we say that
b € [w]“ is a pseudo-intersection of {as | & < 6) if b C* ag for each & < 6. We say that (az | £ < §)is a
tower of length ¢ if a;, C* ag for any > £, and it does not have an infinite pseudo-intersection (i.e., if it
is a decreasing sequence without lower bound).

Remark 3.1. As mentioned above, P(w)/fin is’ the separative quotient of [w]®. More explicitly, it is the
quotient of [w]® with respect to the equivalence relation =*, with the order given by C* on the represen-
tatives. We will usually work with ([w]“, €*) instead of P(w)/fin (i.e., we will work with representatives
instead of equivalence classes). It is easy to see that all combinatorial objects we are interested in directly
translate between the structures. Therefore, it does not matter which representation is chosen. Given,
e.g., a maximal antichain in P(w)/fin, one can take arbitrary representatives of its elements to obtain a
corresponding mad family. Also, COM(P(w)/fin) equals COM([w]®), which we call COM.

Let
spec(t) := {0 | § is regular and there is a tower of length 6}

be the fower spectrum, and let t := min(spec(t)) be the tower number. Note that whenever (a¢ | £ < ) is
a tower, then there is a (sub)tower of length cf(6). On the other hand, each tower of length cf(5) can be
expanded to one of length ¢ (by repeating elements). Therefore the restriction to regular cardinals in the
definition of the tower spectrum makes sense. Moreover, let

spec(a) := {u | p is an infinite cardinal and there is a mad family of size u}

be the mad spectrum on w, and let a := min(spec(a)) be the almost disjointness number. It is well-known
and easy to see that there are always mad families of size ¢, i.e., ¢ € spec(a). Indeed, by identifying 2<¢
with w and taking the set of branches through the tree 2<“, we get an almost disjoint family of size ¢,
which can be extended to a mad family (using the axiom of choice).

In Hechler’s paper [25], it was shown that it is consistent that the continuum is large and spec(t) and
spec(a) contain all uncountable regular cardinals up to the continuum. In [14], it was shown how to
prevent certain cardinals from being in spec(t), and the same was done for spec(a) in [37]. A general
framework for dealing with the spectra of nicely definable cardinal characteristics has been given in [5].

In the proof of Main Theorem 4.1, we will use the bounding number b. For f, g € w“, we write f <* g
if f(n) < g(n) for all but finitely many n € w. We say that 8 C w® is an unbounded family, if there exists
no g € w* with f <* g for all f € B. The bounding number b is the smallest size of an unbounded family

5As usual in the context of forcing, one has to exclude the zero element of the Boolean algebra P(w)/fin (i.e., the class of
finite sets).
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in w®. The following inequalities between the cardinal characteristics are well-known and not too hard to
prove:

(2) w<t<h<b<a

In fact, it is easy to see (by diagonalization) that there are no towers of length w (in other words, P(w)/fin
is o-closed), i.e., w ¢ spec(t), so the first inequality w; < t holds true. We will give a proof of the
inequality t < b later (see Proposition 3.3). For general information on cardinal characteristics of the
continuum, we refer the reader to Blass’ paper [6]. In particular, the proof of the inequality b < a can be
found in [6, Proposition 8.4]. Since the fact that f) < b will be crucial in the proof of Main Theorem 4.1
(see Section 7), we give a sketch of the proof.

Proposition 3.2. ) <.

Proof. We will construct b many mad families without common refinement. Let {f; | i < b} C w® be an
unbounded family of size b. For b € [w]?, let ) € W be its enumerating function, i.e., the unique strictly
increasing function such that b = {¢,(n) | n € w}.

For f € w” and k € w, let f** € w*® be such that f**(n) = f(n+k) for each n € w. We say that b € [w]®
is fast with respect to f if f+* <* ¢, for each k € w. It is straightforward to check that, for each f € w®,
the collection of sets which are fast with respect to f is dense in [w]® (fix a € [w]¥; let g € w® be such
that f** <* g for each k € w, and let b C a be infinite such that g <* ).

Now fix, for each i < b, a mad family A; within the dense collection of sets which are fast with respect
to f;. Assume towards contradiction that A is a mad family which refines A; foreachi < b. Fix b € A. It
is straightforward to check that f; <* ¢, for every i < b (fix a € A; such that b C* a, and observe that a
and hence b is fast with respect to f;), contradicting the unboundedness of {f; | i < b}. O

3.2. Tree structure of distributivity matrices. A distributivity matrix {A¢ | & < A} can be viewed as a
tree (which we think of growing downwards): for each & < A, the elements of the mad family A; form
the level £ of the tree, and for b € A, and a € A¢ with > £, the element b is below the element a in the
tree if and only if b C* a. Due to the refining structure of the distributivity matrix (see Definition 2.1(2)),
each element of A, is below exactly one element of A¢. Note that this tree is necessarily splitting®at some
limit levels: this is because there always appear C*-decreasing sequences of limit length which have no
weakest lower bound, and so no single element below such a sequence can be enough to get maximality
of the next level.

Let us say that {(as | & < 6) is a branch through the distributivity matrix A = {Ag | € < A} if ag € Ag
for each & < 9, and a;, C* a¢ for each ¢ < 5 < 6. We say that the branch is maximal if there is no branch
through A strictly extending it. Note that each element b € A, determines the branch (a, | £ < n) of its
predecessors (which is not maximal).

For the nature of a maximal branch {a; | £ < 6), there are several possibilities:

(1) The branch is not cofinal in the underlying tree (i.e., d < A); in other words, it corresponds to a
branch which is dying out (for an example, see’Theorem 3.5 and the discussion there).

6See also the discussion in Section 4.1 about the generic distributivity matrix of Main Theorem 4.1, whose underlying tree is
splitting everywhere.
TFor an example of a distributivity matrix for (k)/<k in which all branches are dying out, see Section 8.3.
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Let us argue that in this case the sequence {(a; | & < 0) is necessarily a tower. If not, take any
infinite » C w which is a pseudo-intersection of the sequence; since As refines A for each & < ¢,
it is easy to see that every element of A; is either a pseudo-intersection of (a¢ | £ < 6) (which is
impossible since the branch is maximal), or it is almost disjoint from some a¢ (in fact, from all
but boundedly many). Therefore, b is almost disjoint from every element of As, contradicting the
fact that the almost disjoint family As is maximal.

(2) The branch is cofinal in the underlying tree (i.e., d = A).
Here, it might be the case that
(a) the sequence (a¢ | £ < 4) is a tower;
(b) the sequence {a¢ | £ < A) is not a tower (i.e., has a pseudo-intersection), and
(i) is eventually constant (i.e., there is & < A such that a,, =" a; for each n > ), or
(i1) is not eventually constant.

Recall that a base matrix (see Definition 2.4) is not intersected by any b € [w]“. In particular, it cannot
have any branch of the above type 2(b); in other words, all maximal branches of base matrices are towers.
In fact, it is easy to see that maximal branches which are not towers (i.e., branches of the above type 2(b))
do not play a crucial role in the context of distributivity matrices for P(w)/fin in general;3this is due to the
following argument.

Given a distributivity matrix A = {A¢ | & < 4}, the set

{b € [w]® | b intersects A}

is not dense (see Definition 2.1(3)). So we can fix b € [w]® such that no infinite b’ C b is intersecting ‘A.
For each mad family A, let

Atb:={anblacA A lanb|l =Ny}

denote the “relativization” of A to b. It is straightforward to check that the relativized matrix {As I b | € <
A} is actually a distributivity matrix of height A on b (in place of w) with the additional property that it is not
intersected by any infinite subset of b. “Transferring” the matrix from b to w, we obtain a distributivity
matrix with the property that there is no infinite set intersecting it; since any pseudo-intersection of a
maximal branch which is cofinal would intersect the matrix, every maximal branch is a tower.

Convention. From now on, we will always tacitly assume that each maximal branch (a; | £ < 6) of a
distributivity matrix is a tower (whether cofinal or not).

It follows that the regular cardinal cf(d) which correspond to the length of the branch belongs to the
tower spectrum spec(t) (and hence t < ). In particular, this yields the following well-known fact:

Proposition 3.3. t <.

80n the other hand, it is always possible to manipulate a given distributivity matrix in such a way that it has branches of type
2(b). Indeed, one can, e.g., “transfer” the matrix from w to the set of even numbers, and add the set of odd numbers to each
level of the matrix to regain maximality in each level (either by letting the odd numbers be an additional element of each level,
yielding a branch of type 2(b)(i), or — taking a cofinal tower through the original part of the matrix — adding the odd numbers to
each element along the tower, yielding a branch of type 2(b)(ii)).
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Proof. Since h = min(COM), we can fix a distributivity matrix {A; | ¢ < b} of height b for P(w)/fin.
Fix any maximal branch (a; | £ < 6) through this matrix (which is a tower of length ¢) and observe that
t = min(spec(t)) < cf(0) < b. O

Observe that t < h would directly follow from COM C spec(t); however, COM C spec(t) does not hold
true in general: in fact, it is consistent that COM and spec(t) are disjoint (see Theorem 3.5 below).

3.3. Branches through distributivity matrices of height ). In caset =} (so in particular under h = wy),
there are no towers of length strictly less than b, hence all maximal branches of a distributivity matrix of
height b are cofinal.

On the other hand, it is possible to have a distributivity matrix of height b which has no cofinal branches.
In fact, it was shown by Dow that this is the case in the Mathias model:

Theorem 3.4. Assume CH. Let P be the countable support iteration of Mathias forcing of length w;.
Then, in V[P], there exists a base matrix of height Y without cofinal branches (and wy =t <) = ¢ = wy).

Proof. See [15, Lemma 2.17]. O

It is actually consistent that no distributivity matrix of height §) has cofinal branches. This was proved
by Dordal by constructing a model in which b does not belong to the tower spectrum:

Theorem 3.5. It is consistent with ZFC that spec(t) = {w1} andh = wy = ¢.

Proof. See [13] for Dordal’s original model, or’ [14, Corollary 2.6], where Dordal gives a more general
result (which is, interestingly enough, easier to prove). The instance A = {w;} and 4 = w, of this result
yields the desired constellation. O

By Theorem 2.5, there are always base matrices of height . In Dordal’s model, base matrices do not
have cofinal branches. We do not know whether the tower spectrum in the Mathias model contains w;
or not. In particular, we do not know whether there exist distributivity matrices of height b with cofinal
branches in the Mathias model. Note that the Mathias model would serve the same purpose as Dordal’s
models if w, ¢ spec(t) holds true in the Mathias model.

3.4. Distributivity matrices of height strictly above §. There are always distributivity matrices of
height b; in other words, b always belongs — as its minimal element — to the combinatorial distributiv-
ity spectrum COM. Moreover, recall Corollary 2.3 and Proposition 2.11, which yield

3) {b} € COM C [b, c]g,, = FRESH.

If h = ¢, then clearly equality holds everywhere in the above equation.

Let us now discuss the possible existence (and nature) of distributivity matrices of regular height strictly
above I (for that we have look at models!%of b < ¢). The main result of this paper (see Main Theorem 4.1)
demonstrates that the existence of distributivity matrices of regular height strictly above ) is consistent: in
fact, we construct a model in which b is w, and there exists a distributivity matrix of regular height 4 > w;
(e.g., of height w, = ¢). This distributivity matrix of height A is generically added by forcing, and all its

Mn fact, this corollary in [14] also works for ) = ¢ larger than w,, and for certain tower spectra which are more complicated
than {w,}.
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maximal branches are cofinal. This shows that the tower spectrum in our model contains both w; =t =1
and A.

In the Cohen model, the situation is somewhat different. Again, there are distributivity matrices of
height w; (which clearly have only cofinal branches), due to w; = t = ). However, we do not know
whether there exist distributivity matrices of any larger regular height (compare with Question 9.2 and
Question 9.3). In any case, there is a difference to the model of our main theorem: if, for some regular
A > wy, there is a distributivity matrix of height A, then it does not have any cofinal branch, due to the
following fact.

Proposition 3.6. Assume CH. Let C,, be the Cohen forcing which adds u many w-Cohen reals, and let
A > wy be a regular cardinal. In V[C,], let {a, | @ < A) be a C*-decreasing sequence. Then there exists

3k

an ag < A such that an, =" ag for every B > ay. In particular, spec(t) = {w} holds true in V[C,].

Proof. This proof is somewhat similar to the proof of [8, Proposition 3.1]. First note that it is enough to
show the case 4 = w,. Indeed, if there exists a C*-decreasing sequence {(a, | @ < A) for some regular
A > wy which is not eventually =*-constant, then there exists a subsequence of length A which is strictly
C*-decreasing. Then its initial segment of length w; is C*-decreasing and not eventually =*-constant.

Recall that C,, consists of finite partial functions from u to 2, ordered by reverse inclusion. For every
@ < wy, let a, be a C,-name such that it is forced (without loss of generality by the empty condition) that
ag C* a, for each @ < B < wy, yet there is no @y < w as in the conclusion of the proposition.

For every a < wy, for every n € w find countable maximal antichains { p;”i | i € w} € C, which decide
whether n € do. Let By := ;e dom(py ), and note that B, is countable. Since CH holds, we can use
the A-system lemma (see [29, Ch. II, Theorem 1.6]) to find X C w» of size w, such that {B, | @ € X} is
a A-system with root R. Furthermore, we can assume without loss of generality that |B, \ R| is the same
for every @ € X. For o, € X, let ¢, g be a bijection between B,, and Bg such that ¢, g is the identity on
R. For B C u, let Cp be the subforcing of C,, consisting of those conditions whose domains are subsets of
B. Clearly ¢, g induces an isomorphism between Cp, and Cp,. This naturally extends to an isomorphism
Yap between Cp,-names and Cp,-names. This isomorphism can also be extended to an isomorphism on
C, which we again call ¢, g.

Note that there are only 2™ = N; many isomorphism types of names, so we may also assume without
loss of generality that ¢, g(a,) = ag and W, g(ag) = a, for all @, € X.

Let @, € X and B > a. Recall that by assumption ¢, dg C* .. Using the isomorphism, we get
Fyop(C) Yapldp) S Yaplaa), which yields k¢, ao € ag. So k¢, ao =" ag. Thus, if ap := min(X), for
every B € X we have k¢, do, =" ag. Since X is cofinal in w; it follows that a,, =" ag forevery 8 > @g. O

3.5. Base matrices of height strictly above ). We now show that a base matrix tree of regular height
larger than §) necessarily has (below every node) branches which are dying out.

Theorem 3.7. Let A = {Ag | £ < A} be a base matrix of regular height'' 1 > b. Then below every
a € Ug<y Ag there is a maximal branch through A which is not cofinal.

10Note that it is not clear at all why there should exist distributivity matrices of (regular) height ¢. As opposed to this, spec(a)
always contains c¢ (this is not the case for spec(t)).
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Proof. Assume towards contradiction that the conclusion of the theorem fails. Fix a* in the matrix (i.e.,
a* € gy Ag) such that every maximal branch below a* is cofinal. By definition of ), the partial or-
der P(w)/fin is not h-distributive. Let P := {b | b C* a*} be the partial order below a*. Recall that P(w)/fin
is homogenous, hence P is isomorphic to $P(w)/fin; in particular, P is not h-distributive. Therefore, using
the game characterization of distributivity (see Proposition 2.13), Player I has a winning strategy o in the

game Gy(P).
Consider the following run of the game of (full) length § (note that by C* a*):
I | b b .. bu+1
1I ‘ ap ap ceeay Ayt

where Player I plays according to o (i.e., by = o({)) and b;1; = o({by, ag, ..., a;)) for each i < ), and
Player II plays as follows (where the a; are going to be in the matrix for each i < b). For successors i (and
for i = 0), let a; C* b; with g; in the matrix; this is possible, because it is a base matrix. For limit u < b,
the following holds by induction: {a; | i < u) is a C*-decreasing sequence below a* such that g; is in the
matrix for each i < u. So (for u < D) Player II can play a pseudo-intersection a,, in the matrix, by the
following claim.

Claim. The sequence {a; | i < u) has a pseudo-intersection in the matrix.

Proof. We can assume that the sequence is not eventually =*-constant. Moreover, we can assume that it
is strictly C*-decreasing. It is easy to check that there is a strictly increasing sequence (&; | i < u) € 4
with a; € Ag, for each i < p. Then sup({&; | i < u}) < A, because u < h < A and A is regular. So the
corresponding branch is not cofinal in the matrix, hence it is not maximal by assumption. Consequently,
there exists an a in the matrix such that a C* @; for each i < p. O

Finally, for u = b, the claim yields a pseudo-intersection of {a; | i < b), witnessing that Player II wins
this run of the game. This contradicts that o is a winning strategy for Player I. m]

We do not know whether the existence of distributivity matrices of regular height strictly above § with
non-cofinal maximal branches is consistent; so, in particular, we do not know whether it is consistent at
all that there are base matrices of any regular height strictly above b (see also Question 9.4).

Since in the model of our main theorem all maximal branches of the generically added distributivity
matrix of regular height 4 > } are cofinal, the above theorem in particular shows that it is not a base
matrix; this can also be shown directly (see Remark 4.12).

3.6. Summary. Let COM/ denote the set of regular cardinals A such that there exists a distributivity
matrix of height A for £(w)/fin in which all maximal branches are cofinal. In Table 1, we give an overview
of the values of the cardinal characteristics t and b as well as the related spectra in various models of ZFC +
¢ = wy. It summarizes our discussion from Section 3.3 and Section 3.4 (see, in particular, Proposition 3.6,
Main Theorem 4.1, and Theorem 3.5).

Uy fact, A > b can be replaced by the weaker assumption that P(w)/fin is, for some v < A, not <v-strategically closed. In
the proof, one can turn (using a well-order on the base matrix tree) the description of the moves of Player II into a strategy for
Player II, which is then a winning strategy.
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| t specty b COM® COM |FRESH

Cohen model | w;  {wi} w1 {wi} ? {w1, w2}

Main Theorem || w1 {wi, w2} w1 {wi, w2} {wi, wr} | {wr, ws)

Dordal model || w; {w1} w> 0 {wsr} {wr}
Mathias model || w; ? W) ? {wa} {wo}
MA || wy {w2}) w2 {w2} {wo} {wa}

TaBLE 1. Different spectra in various models of ¢ = w;

Finally, let us summarize our discussion about base matrices from Section 3.5. ZFC proves (see Theo-
rem 3.7, Theorem 2.5, Proposition 2.9, and Proposition 2.11)

COMPsereof ¢ {p) ¢ COMP** ¢ COM C FRESH = [, c]geq.

where COM?*¢ denotes the set of regular cardinals A such that there exists a base matrix of height A for
P(w)/fin, whereas COMP*¢+¢°/ denotes the set of regular cardinals A such that there exists a base matrix
of height A for $(w)/fin in which all maximal branches are cofinal.

4. FORCING A DISTRIBUTIVITY MATRIX

This section (as well as Section 5, Section 6, and Section 7) is devoted to the proof of our main result:

Main Theorem 4.1. Let Vy be a model of ZFC which satisfies GCH. In Vy, let
W) <A<

be cardinals such that A is regular and cf(u) > w. Then there is a c.c.c. (and hence cofinality preserving)
extension W of Vy such that

WEew =bh=bA1cCOM A u=-c.

Note that, since ) € COM, the above model W satisfies {w1, 4} € COM (see also Question 9.1).
Letting A = u = w;, we immediately obtain the following (recall (3) from Section 3.4):

Corollary 4.2. It is consistent with ZFC that
{w1, w2} = COM = [, c]geg = FRESH.

We construct our model W as follows. We start with Vjy and first go to the Cohen extension in which
¢ = w. In this model V, we define a forcing iteration (see Section 4.1) which adds a distributivity matrix
of height A for P(w)/fin, yielding 1 € COM in the final model W. Building on ideas from [25], we
use c.c.c. iterands which approximate the distributivity matrix by finite conditions; we have to use an
iteration, because after a single step of the forcing, new reals are added, which prevents the generically
added antichains in P(w)/fin from being maximal. We show that the generic object is actually a distribu-
tivity matrix: in particular, the branches are towers (see Section 5.3) and the levels are mad families (see
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Section 5.4); for that, we use complete subforcings to capture new subsets of w (see Lemma 4.22 and
Section 5.2).

To show that w; = h = b (and hence w; € COM), we show that b = w;, and use the fact thath) < b
holds in ZFC. In fact, we show that the ground model reals B := w® NV, remain unbounded. For that, we
represent our iteration as a finer iteration of Mathias forcings with respect to filters (see Section 7.1). We
use a characterization from [24] to show that these filters are B-Canjar (see Section 6 and Section 7.2).
In this context, it is problematic that $-Canjarness is not absolute; however, we develop a method to
overcome this issue (see Section 6.3 and the discussion before Lemma 7.3).

Remark 4.3. Let us remark that it is possible to derive a bit more from the proof of Main Theorem 4.1
than what is stated in the theorem. Actually, our forcing construction is based on the tree <4 (see Defini-
tion 4.5) and therefore results in a specific kind of distributivity matrix of height A: first, all its maximal
branches are cofinal, and second, the underlying tree has A-splitting, i.e., each node has exactly A many
immediate successors. From the latter property, it immediately follows that A € spec(a) (in particular,
a< ).

We can modify the construction (by changing the underlying tree) to obtain different kinds of dis-
tributivity matrices of height A. In fact, the following generalization of Main Theorem 4.1 holds true: if
w1 < A < cf(f) and 6 < p with A regular and cf(u) > w, then (using 6<4 as the underlying tree) there is
an extension such that w; = b = b and u = ¢, and there exists a distributivity matrix of height A with 6-
splitting (hence, in particular, 8 € spec(a)). The reason why we have to require A < cf(#) is Lemma 5.14:
otherwise, the proof would break down there (see Remark 5.16). It would even be possible to have dif-
ferent splitting at different nodes, provided that all the splitting sizes have cofinality at least 4. This way,
we can get more values into spec(a) (similar as in Hechler’s paper [25], where he constructs a model in
which all uncountable regular cardinals up to ¢ are in spec(a)).

Note that even 4 = w; is possible in our forcing construction. It is true that it does not yield any
additional information about COM (because ) = w; holds true in our model which implies w; € COM
anyway), but we can obtain distributivity matrices of height w; with additional features (e.g., by choos-
ing'> 6 = 1 = w, resulting in a matrix with w;-splitting). Observe that it is always possible to turn a
distributivity matrix with 6-splitting into a distributivity matrix with c-splitting (of the same height), by
just taking every wth level (and deleting all other levels). It is not clear whether it is possible to do it
the other way round, i.e., to get a distributivity matrix with @-splitting (for 8 < ¢) from a distributivity
matrix with c-splitting (even if 8 happens to be in spec(a)). Therefore, we decided to state and prove Main
Theorem 4.1 for § = A (i.e., small splitting), and not for 6 = «.

As a matter of fact, the Cohen model satisfies spec(a) = {w1, ¢} (see, e.g., [8, Proposition 3.1]). Thus,
if w; < 8 < ¢, there are no mad families of size 8, and hence no distributivity matrix with #-splitting in the
Cohen model. If we choose, e.g., 4 = w1, 8 = wy and u = w3 in the generalization of our main theorem
described in the above remark, the generic matrix cannot exist in the Cohen model with ¢ = w3. On the
other hand, our forcing construction with § = 4 = w; and w; < w actually results in the Cohen model

I2Note that in this case our forcing iteration is equivalent to an iteration of Cohen forcing. This can be seen by representing
the iteration as an iteration of Mathias forcings with respect to filters, as described in Section 7.1. If 6 = A = w, all the filters
are countably generated, therefore the respective Mathias forcings are equivalent to Cohen forcing.



16 VERA FISCHER, MARLENE KOELBING, AND WOLFGANG WOHOFSKY

with ¢ = u (see footnote 12), hence we can in particular derive the following from our proof of Main
Theorem 4.1:

Observation 4.4. Let u > wy. Then, in the Cohen model with ¢ = u (i.e., in the extension of a GCH model
by C,), there exists a distributivity matrix of height wy which is wy-splittingSeverywhere.

4.1. Definition of the forcing iteration. In this section we will define a forcing for adding a distributivity
matrix. The definition was motivated by the forcing for adding towers and mad families from Hechler’s
paper [25]. We proceed as follows. In Vy, let C, be the usual forcing for adding u many w-Cohen reals,
and let V be the extension by C,. In V, we perform our main forcing iteration of length A which is
going to add a distributivity matrix of height A for P(w)/fin. The iteration is going to be a finite support
iteration whose iterands have the countable chain condition (see Lemma 4.7) and are of size continuum,;
in particular, the size of the continuum stays the same during the whole iteration, and hence ¢ = y holds
true in the final model (see Lemma 4.8).

As discussed in Section 3.2, a distributivity matrix can be viewed as a tree, where each node is equipped
with an element of P(w)/fin. In fact, our generic distributivity matrix {A¢y1 | € < A} will be based on the
tree A<*: each node o~ € 1< of successor length will carry an infinite set a, C w such that for each & < 2,

Agr = lag | o€ 21y

is a mad family, and a, C* a; if o extends 7. In particular, all maximal branches of our distributivity
matrix will be cofinal.

We write T < o if T € o (i.e., if o extends 7); we write T < o if T Q0 and T # 0. The length of o is
denoted by |o|. We think of the tree 1<% as “growing downwards”, i.e., we say that o is below 7 if 7 < 0
moreover, we say that o~ j is to the left of 0~i whenever j < i.

Note that our mad families A¢,; are indexed by successor ordinals only, for the following reason. Since
there are C*-decreasing sequences of limit length which do not have weakest lower bounds, and the mad
family on the level directly below such a sequence has to be “maximal below the sequence” (i.e., each
pseudo-intersection of the sequence is compatible with some element of the mad family), it is necessary
that the underlying tree “splits” at such limit levels. However, 1< does not split at limit levels, so it is
convenient to equip only nodes o of successor length with infinite sets a,, and use nodes p of limit length
to talk about the branch {(a, | o < p).

Before giving the precise definition of our forcing iteration, let us describe the idea informally. We start
with the tree 1<% in V, and generically add a set a,, C w for every o € 2<% (of successor length) in such a
way that a; 2" a, if T < 0, and a, Na; =" 0 if |o| = |7|. This results in a refining system of antichains
in P(w)/fin. But these antichains are not maximal, which can be seen as follows. The forcing adds new
reals (any a; is a new infinite subsets of w), so there are new branches through 1°“. Let p be such a new
branch of length w; then {(a,, | n < w) is a C*-decreasing sequence of length w (in the extension), so
(since w < t) it has an infinite pseudo-intersection b. It is easy to see that b is incompatible with all a,
with o € 2“1 NV, so the antichain {a, | [0] = w + 1} is not maximal.

By particular, it is w;-splitting at limit levels (which is the non-trivial task).
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To solve this problem, we use a finite support iteration

{Pq, Qaf |a <4}

of length A. At each step Q,, of the iteration, a set a, is added for every new node o (of successor length)
of the tree <. In the definition below, we will use T, to denote these new nodes (the nodes o for which
no sets a, have been added yet), and we will use 7, to denote the old nodes (the nodes o for which there
has already been added a set a, at an earlier stage 8 < « of the iteration). The sets a, with o € T, will be
used in the definition of the iterand Q,. In the definition of the very first forcing Qq of the iteration, the
set T will be the collection of all nodes in 1< (of successor length), and T will be empty (since no sets
as have been defined yet). After A many steps, we are finished, because no new nodes appear at stage A
(see Lemma 4.9).

Definition 4.5. Let a < A, and assume that P, has already been defined. For every 8 < a, let Gg be
generic for Pg. We work in V[G,] to define our iterand'* Q. First (letting succ denote the sequences of
ordinals of successor length), let
T, := U(/ld N succ) V1081
B<a
and let

Ty := (A Nsuce)V1Gd\ 17,

Note that for each o~ € T}, there exists a minimal 8 < « such that o~ € V[Gjgl, and hence, by induction,
ao has been added by Qg. For each o € T,, the set a, is not defined yet, and will be added by Q, (see
below, at the end of the definition).

Now Q, is defined" as follows: p € Qg if p is a function with finite domain, dom(p) C T,, and for
each o € dom(p), we have

p(@) = (56, f5, 1) = (5os fors o),

where'®

(1) 5o €2<,

(2) for each T € dom(p) with T < o, |s¢| = |54/,

(3) dom(f,) C (dom(p) UT,) N{r € T, UT, |t <o}, finite,!”

4) fs: dom(fy) — w,

(5) whenever 7 € dom(f;) N Ty, and n € w with!® 5 € dom(s;) N dom(s,) and n > f,- (1), we have

sc(n) =0 = s5(n) = 0,

14We will often write Q to denote one of the iterands Q,; see also Remark 4.10.

15The presentation of our forcing here is somewhat different from the presentation of Hechler’s forcings to add towers or
mad families in [25]. In [17], we represent these forcings in a form which is analogous to our definition of Q,,.

16The paragraph after the definition gives a short intuitive explanation of the roles of s, f,, and /.

17Note that in (6), it automatically follows that dom(%,,) is finite because dom(/,) € dom(p), but not here because dom(f,,) C
dom(p) U T,.

18By (2), here it is actually sufficient to require n € dom(s,).
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and whenever 7 € dom(f;;) N T}, and n € w with n € dom(s,) and n > f,(7), we have!®
ar(n) =0 — s5(n) =0,

(6) dom(h,) C dom(p) N{p~j| j < i} (where p € %' and i € A such that o = p~i),
(7) hy: dom(h,) — w,
(8) whenever T € dom(h,,), and n € w with n € dom(s;) N dom(s,-) and n > h,(7), we have

s:(n) =0V s,(n) =0.

The order on Q, is defined as follows: g < p (“q is stronger than p”) if

(i) dom(p) C dom(q),

(i) and for each o € dom(p), we have
(a) sy < se,
(b) dom(f2) c dom(f¥) and f2(r) > f(r) for each t € dom(f%),
(c) dom(hY) € dom(hl) and hZ.(1t) > hl(t) for each T € dom(hL.).

Given a generic filter G for Q,, we define, for each o € T,

ay = U{sg | p € G Ao e dom(p)).

This completes the definition of the forcing.

Let us describe the role of the parts of a condition: s, is a finite approximation of the set a, assigned
to o, whereas the functions f, and A, are promises for guaranteeing that the branches through the generic
matrix are C*-decreasing and the levels are almost disjoint families, respectively. More precisely, fo
promises that a,\ f-(7) C a; for each T € dom(f,-) (see Lemma 4.14), and A, promises that a;Na, C hs(T)
for each 7 € dom(h,) (see Lemma 4.15).

Remark 4.6. Note that Q, is not separative. As an example, we can take p and ¢ as follows: dom(p) =
dom(g) = {0, 1} (where o is to the left of 7 within the same block), p(t) = ¢g(7) = (1),0,h) where
h(o) = 0 and p(o) = ({),0,0) and g(o) = (0),0,0). It is easy to see that p £ ¢, but p <* ¢, i.e.,
any condition stronger than p is compatible with g. Therefore, we later need to provide certain iteration
lemmas for the general case of non-separative forcings (see Lemma 5.3 and footnote 30).

4.2. Countable chain condition and some implications. We are now going to show that our iterands
Qg have the c.c.c.; it immediately follows that their finite support iteration P, has the c.c.c. as well, and
therefore it does not change cofinalities or cardinalities.

Lemma 4.7. Q, has the*c.c.c. for every a < A.

910 many of our proofs, we will not deal with the case involving a,, but just discuss the case involving s,, but it should
always be clear how to handle the a.-case in an analogous way (see also Remark 4.10).

20p, fact, Q, is even o-centered: in Section 7, we are going to show that each Q, can be represented as a finite support iteration
of length strictly less than ¢* of Mathias forcings with respect to certain filters; since filtered Mathias forcings are always o--
centered (see Definition 6.1 and the subsequent remark), and o-centeredness is preserved under finite support iterations of length
strictly less than ¢*, it follows that Q, is o-centered (see also Corollary 7.2).
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Proof. Let {p; | i < w1} € Q,. We want to show that the set cannot be an antichain. First note that it
is possible to extend?! all st (with o € dom(p)) of a condition p € Q, to the same length N, € w, by
just adding O’s at the end. Therefore we can assume without loss of generality that there exists N such
that*? |s”| = N for each i € w; and each o € dom(p;). Since dom(p;) C T, C A< is finite for every
i, we can apply the A-system lemma to find a subset X C w; of size w; such that {dom(p;) | i € X}isa
A-system with root R C T,. Also, dom(f;") N T}, is finite for each i € X and each o~ € dom(p;), so we
can repeatedly apply23 the A-system lemma, for each o € R (hence finitely many times), to find a subset
Y C X of size w; such that {dom(fZ") N T/ | i€ Y}is a A-system with root A, for each o € R. Moreover,
we can assume without loss of generality that for each o € R, there are s7;, f;, and A, such that for all
i€, wehave s = s, f2 1 (RUA,) = f5,and b | R = hi.. Now it is straightforward to check that
any two conditions from {p; | i € Y} are compatible (in fact, any finitely many of them have a common
lower bound; hence Q,, is even precaliber wy). O

We now show that the size of the continuum in the final model is as desired; in fact, the following
holds:

Lemma 4.8. Let a < A. Then, in V[P,], we have ¢ = p.

Proof. Firstnote that V |= ¢ = u A ™ = p, because it is the extension after adding u many w-Cohen reals
over a model which satisfies GCH. We show simultaneously by induction on & < A that®*

(1) |Py| < pand
Q) VI[Pl Ec=pA|Tel <A < i

Clearly (1) and (2) hold for Py since Py is the trivial forcing. Now assume that we have shown (1) and
(2) for each o’ < a.

To show (1), argue as follows. If a is a limit, then | P, | < u, because we use finite support, each Py, < u,
and a < u. If @ = o’ + 1 is a successor, P, = Py *Q, . By induction, Py I |To| < 5% < p, and so it is
easy to check that |Qy/| < u, hence | Py *Qq/| < .

To show (2), we count nice names. For every real x in V[P,], there exists a nice name. Such a nice
name consists of antichains X, in P, for each entry x(n). By the c.c.c., each X, is countable, so the number
of nice names for reals is | P, |*“ < u, so there are only u many reals in V[P,]. Similarly, a nice name for
an element of <! consists of less than 4 many countable antichains, and since | P, |# < u*# = u, there
are at most u many elements of 1<% in V[P, ]. O

The following lemma guarantees that, by the end of the iteration of length A, a set a, has been added
for every o € A<* (so T, would be empty, hence Q, would be the trivial forcing — if we would continue
the iteration after A many stages):

21Here, we could also use the fact that the set of full conditions is dense (see Definition 4.18 and Lemma 4.19), but what we
actually need here is much less.

22The reason why we want the s/’ to have the same length, is to avoid trouble with Definition 4.5(2).

231h case @ = 0, this is not necessary, because T = 0 (in the definition of Qo).

24For the more general version of Main Theorem 4.1 discussed in Remark 4.3, we would need #<* < y instead of 1! < u
in (2), which works as well.
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Lemma 4.9. Every node o € A< from the final model V[P,] already appears in some intermediate model
VI[P, ] with @ < A.

Proof. Let ¢ be a nice Pj-name for o; more precisely, ¢ has the following form. First, & contains an
antichain which decides the length of ¢. Since P, has the c.c.c., this antichain is countable, so there are
only countably many values possible for the length; let & < A be larger than all the possible values. Now,
for all & < &, there is an antichain deciding the entry of ¢(&¢’) (if & is less than the length of ¢). Again,
by c.c.c. all these antichains are countable. So there are £ many countable antichains which are in J; the
union of these antichains contains less than A many elements. Since we use finite support, there exists an
@ < A such that ¢ is a P,-name, hence o € V[P,]. m|

4.3. The generic distributivity matrix. Let G be a generic filter for the iteration P;. In the final
model V[G], we derive our “intended generic object” (which is going to be a distributivity matrix of
height 1) from the generic filter G as follows. For each o= € 1<% N succ, we can fix the minimal o < A
such that o € V[G,] (see Lemma 4.9). Then in V[G,], the node o belongs to T,, and, letting G(«) be the
corresponding filter for Q,, the set

ar = Jish | p € Gla) Ao € dom(p))
is added by Q,. Back in the final model V[G], we let, for each & < A,
Agry = Hag | ol =&+ 1}

(which is going to be a mad family). Here, we are going to show that the generic object {Agy | € < A} is
a refining system of antichains in P(w)/fin.

Remark 4.10. In the rest of this section, we will give the proofs only for the first step Qg of our iteration:
in this case, no node o has been equipped with a set a, yet. It is easy to see and left to the reader that
the proofs can be adapted to the general case, i.e., Q, for @ > 0. In fact, the only difference in the proofs
is that one also has to deal with the case (see Definition 4.5(5)) involving a, for some old node 7 (i.e.,
7 € T),), and not just the one involving s, for a new node 7 (i.e., 7 € T,; see also footnote 19).

In such cases, we will often write Q instead of Qo, to indicate that the lemmas actually hold for any Q,;
moreover, we will write T instead of Tp. In case Q = Qg, we have T = T = 1 N succ.

Our first lemma guarantees that each a, is going to have infinitely many 1’s:

Lemma 4.11. For each o € T and each n € w, the set
Dy =g € Q| o € dom(q) and®3Im > n(sL(m) = 1)}
is dense in Q.

Proof. Letoc € T,n € wand p € Q. If o ¢ dom(p) extend p to p U {(c, ({),0,0))}. From now on, we
assume that o € dom(p).

25Note that (in this and all future clauses of this kind) we actually mean “m € dom(s) A s(m) = 1” whenever we write
“s(m) =1".
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Let N be bigger than the maximal length of all the s© with T € dom(p) and bigger than n. Now for
every T € dom(p), extend s¥ with 0’s to length N. It is easy to see that this is a condition. Now we can
extend s? to s7” 1 for every 7 < o and T € dom(p) (in particular, s”. is extended in this way). This results
in the desired condition g. O

In particular, it easily follows that each a, is a total function, i.e., a, € 2% for each o € T’; in fact, it
follows from Lemma 4.11 that (we abuse notation and let a, also denote the respective subset of w) a is
infinite, i.e., a, € [w]“.

Remark 4.12. Itis easy to see that a slight generalization of the proof of Lemma 4.11 yields the following:
for each infinite ground model set b C w, each a, has infinitely many 1’s (and also infinitely many 0’s)
within b. If b is infinite and co-infinite, it follows that b splits a.-. In particular, a, €* b, so b witnesses
that the generic matrix is not going to be a base matrix (see also the discussion in Section 3.5).

The next lemma shows that we can always assume that the domain of f£ and the domain of A% is as
large as possible. Parts of the lemma will be essential also later, for the notion of “full condition” (see
Definition 4.18).

Lemma 4.13. Let p € Q and o € dom(p). Then there exists a g < p such that dom(q) = dom(p), and the
following holds:

(a) T € dom(f2) for each T € dom(q) with T < o, and
(b) (letting o = p~i) p~ j € dom(hl) for each j < i with p~ j € dom(q).
In particular, the set

D :={q e Q| (a)and (b) holds for each o € dom(q)}

is dense in Q.
Moreover, if Q = Qq for a > 0, then the following holds: whenever T/ < o with v € T), (i.e., ar has
already been added before), there exists q < p such that dom(q) = dom(p), q € D, and v’ € dom(f3).

Proof. For every T € dom(p) \ dom(f%) with 7 < o, let f(r) := |s%|. For every p~j € dom(p) \ dom(/5)
with j < i, let hL(p™ j) := |s'}|. For the moreover part, let fZ(7") := |s%|. If we (repeatedly) extend p in this
way to g, it is clear that ¢ is a condition with the properties we wanted. O

The next lemma will be used to show that, for T < o, the set of conditions which force a, C* a; is

dense:
Lemma 4.14. Let p € Q, o € dom(p), and T € dom(f%). Then

plas\ f2(1) Ca;

(in particular, p\«a, C* a;).
Proof. This follows easily from the definition of the forcing. O

Analogously to the previous lemma, the next lemma will be used to show that, for p~i and p~ j with
i # J, the set of conditions which force a,~; N a,-; =" 0 is dense:
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Lemma 4.15. Let p € Q, o € dom(p), and T € dom(hY)). Then
plra; Nay, ChA(T)
(in particular, p\«-a; Nay =* 0).
Proof. This follows easily from the definition of the forcing. O

The next corollary shows that in the final model V[P,] the sets along branches of 1<* are C*-decreasing:

Corollary 4.16. In V[P,], let 7,0 € 1" N succ such that T < o. Then a, C* a-.

Proof. Let n < A be minimal such that o € (1*Y)VI¥/], Lemma 4.11, Lemma 4.13, and Lemma 4.14 in
particular imply that the set

{fIEQﬂana C* ar}

is dense. Hence V[Py41] F as C* a,, and this remains true in the final model. O

The next corollary shows that in the final model V[P,] the sets on one level of A1 are pairwise almost
disjoint:

Corollary 4.17. In V[P,], let p € A%, and let j < i < A. Then ap-jNay; =" 0.
Indeed, the following holds. For each 0,0’ € A<* N succ satisfying |o| = 0’| and o # o', we have
as Nag =" 0; in other words, for each & < A,

Agn = lag | o € 257
is an almost disjoint family.

Proof. Let n < A be minimal such that p € (1Y)VI¥2], Lemma 4.11, Lemma 4.13, and Lemma 4.15 in
particular imply that the set

{geQlqrayjna,;="0}

is dense; this proves the first assertion.
To prove the second assertion, find p € 1<* with p <0, 0’ and i, j < A with j # i such that p~ j < o and
p i <o’, and apply the first assertion as well as Corollary 4.16. O

Altogether, we have proved that {A¢y; | £ < A} is a refining system of ad families, i.e., for each & < 4,
Agy1 is an almost disjoint family, and for all € < & < A, Az refines Agy 1.

To show that {A¢ 1 | § < A} is actually a distributivity matrix requires much more work. The proof
will be completed in Section 5. After a lot of preparatory work, it will be shown in Section 5.4 that the
sets Agy1 are indeed maximal, and in Section 5.3 that the sets along branches are indeed towers, which
implies that there is no set intersecting the whole family {A¢y; | £ < A} (and hence there is no common
refinement).
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4.4. Complete subforcings. The goal of this section is to show that our forcing Q (see also Remark 4.10)
has complete subforcings which use only part of 1! N succ (see Lemma 4.22). In Section 5.2, this will
be extended to the whole iteration (see Lemma 5.12), which will be an important ingredient of the proof
that the generic object is a distributivity matrix (see Section 5.3 and Section 5.4). Moreover, we will show
in Section 7 that each Q, (and hence our whole iteration) can be seen as an iteration of Mathias forcings
with respect to certain filters; to show that these filters are 8-Canjar, we will again use Lemma 4.22. Let
us start with a concept which is going to be very useful:

Definition 4.18. A condition p € Q is called full if there exists an N € w such that for all o € dom(p)
(1) Is21 = N,
(2) N > max(rng(f?)) and N > max(rng(h%)),
(3) 7 € dom(f?) for each T € dom(p) with T < o, and
(4) (letting o = p~i) p~ j € dom(h%) for each j < i with p~ j € dom(p).
Moreover, p € P; is full if*°p(0) is full.

The set of full conditions is dense:

Lemma 4.19. For every condition p € Q there exists a full condition g with q < p and dom(q) = dom(p).
In particular, the set of full conditions is dense in Q. Hence also the set of full conditions in P, is dense in
P,.

Proof. We can assume that p belongs to the dense set D from Lemma 4.13, i.e., p fulfills (3) and (4) for
each o € dom(p). Now let

N > max(rg(f7)), max(mng(h)), |sé|
for every o € dom(p). Finally, for every o € dom(p), extend s/, with 0’s to length N. It is easy to see that
this results in a condition g which is full. O

We now introduce a notation for the collection of conditions in Q whose domain is contained in a
prescribed set of nodes:

Definition 4.20. Let C C 2<1. Define
Q :={p € Q| dom(p) C C}.

In our completeness lemma below we are going to show that Q€ is a complete subforcing of Q provided
that C has a certain form.
Definition 4.21. Let E C 2<%, We call E left-up-closed if
e foreacho € Eandeacht <o witht € T,wehavet € E,

e for each p and i with p~i € E and each j < i, we have p~j € E.

Now let C = E U C, where E C 1<! is left-up-closed, and either C is empty, or the following holds:
E C A< for some y < Aand C C A’ for some y’ > y (with y’ successor), and,?’for o, 0’ € C,

26] ater, we will consider quotients P, / P, and therefore use a modification, where 0 is replaced by 7, i.e., p() is full; see
Remark 5.10.
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e cither there exist p, i and j such that p~i = o-and p~j = ¢” (i.e., o and ¢ are in the same block),
e or there exist two incomparable nodes 7,7’ € E with 7 < o and 7" < ¢’ (i.e.,, o and ¢’ split
within E).
So C consists of a left-up-closed part together with nodes from one later level.

For p € Q, let p I C be the condition p’ with dom(p’) = dom(p) N C, and s”. = s%, £ = f2 } C and
hg = hY. | C for each o € dom(p’). Clearly, p’ is a condition in Q€. Note that if C is left-up-closed, then
p I C = p | C,because for every o € dom(p) N C clearly f£ | C = f£ and hl} | C = hP).

The following crucial completeness lemma is given in a quite general form. This way, it can be used
in Section 5.2 as well as in Section 7.2. For Section 5.2, a somewhat easier version would be enough (see
the proof of Lemma 5.12).

Lemma 4.22. Let C be of the above form. Then Q€ is a complete subforcing of Q. Moreover, if p € Q is
a full condition, then Rep(p) = p I C is a reduction of p to Q€.

Note that the sets A! = {oc € 25! | o] = 1} and 1 = {0 € 2! | o (¢) = O for every &} are left-up-
closed, hence the forcings lel) and Q(()M) are complete subforcings of Qg by the lemma. These forcings
are isomorphic to the forcings introduced by Hechler [25] to add a mad family and a tower, respectively
(compare with the respective definitions in [17]).

Proof of Lemma 4.22. We first show that Q¢ C;. Q. Let pg, p; € Q° and ¢ € Q with g < pg, p1. We have
to show that there exists a condition ¢’ € Q€ with ¢’ < po, p1. Let ¢’ := g [ C. Itis very easy to check
that ¢’ is as we wanted.

Let p € Q. We want to define a reduction Ren(p) € QF. Let p’ < p be a full condition with dom(p’) =
dom(p) (see Lemma 4.19). Let rep(p) := p’ I C. Let ¢ < Ren(p) with ¢ € Q€. We have to show that ¢ is
compatible with p. To show this, we define a witness r as follows. Let dom(r) := dom(p") U dom(qg). For
o € dom(q), let s, := s, and for o € dom(q) \ dom(p”), let f7 := fL and K, := hl.

For o € dom(g) N dom(p’), let dom(f%) := dom(f;) U dom( 7'y and let fr(o’) := min(f(c”), (o))
for every o’ € dom(f%) N dom(fX) and f7(c”) := f¥ (") for o € dom(f%) \ dom(f%). Similarly, let
dom(h”,) := dom(h%)Udom(h? ) and let ',(0”’) := min(h(c”), h'. (o)) for every o € dom(h%)Ndom(h?)
and 1'.(c”) := h", (o) for o € dom(h.) \ dom(hZ).

For o € dom(p’) \ dom(g), make the following definition. Let f := ff,’, and A := hﬁ,. If there is no
7 € dom(g) with o 4 7, let s, := sf;,. If there exists 7 € dom(g) with o < 7, extend sg to the maximal
length of the s? for T € dom(g) with o < 7 in the following way: if n > |sf;/| and there exists 7 € dom(p’)
which extends o with sZ(n) = 1, let s/(n) = 1, and let s/ (n) = 0 otherwise. This makes sure that s/ (n) = 1
whenever s/.(n) = 1 for o < 7 and o € dom(f? ,).

Claim. r is a condition.

27Note that we have to impose some restrictions on o, 0’ € C to ensure that after forcing with QF, the two sets a, and a,-
are almost disjoint (which is necessary for Q¢ being a complete subforcing); this is guaranteed by either item below: the two
sets are forced to be almost disjoint either because it happens in the same block, or because they are almost contained in almost
disjoint sets which are already added by Q.
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Proof. It is very easy to check that s/, f; and k. are well-defined with the right domains and ranges for
all o € dom(r).

If o <7, then |s] | > |sf]: if o and 7 are both in dom(g), so s/, = s? and sTo= s?, so the length is ok,
because they are both from ¢; if o ¢ dom(g), we lengthened s/. to make it as long as all the s’s of 7’s
which extend it.

Let o, 7 € dom(r) with?®7 € dom( fr)and m > f(7) and s/ .(m) = 1; we have to show that si.(m) = 1.
Case 1: o and 7 are both in dom(g). It follows that 7 € C N dom(f}) = dom( fh, fo(r) = fl(r) and
st=sd and 57 = 5%, so they fit together, because g is a condition. Case 2: o € dom(q), T ¢ dom(g). Since
Té¢ dom(q) and 7 € dom(f)), it follows that 7 € dom( fp ). In particular f’7 1s defined, so o~ € dom(p’). If
m < |S.,. |, it follows that sr(m) = (m) and s, (m) = sb (m) and f7(7) = fa (7). So sZ(m) = 1, because p’
is a condition. If m > |sT | = |sa |, then s/.(m) = 1 implies that sq(m) = 1 for some p>o, but then p>7, and
therefore also s7(m) = 1. Case 3: o ¢ dom(g). So f, = f5 , and it follows that T € dom( fp ) € dom(p’ )
Ifm < |s(,| it follows that s? (m) =si(m) =1, because p’ is a condition and 7 € dom( f(r ). Iif m > |s0|
then our definition implies that there exists a p with p > o, p € dom(p’) and sg(m) = 1. Sobothp and 7
are in dom(p’), T € dom( f[f /) and m > f; ’ (7), hence s,(m) = 1 implies that s7(m) = 1 by definition of s7.
This finishes the proof that 5] and s_. fit together (with respect to f;).

Assume p, p’ € dom(r) and p’ € dom(h;), m > h;(p’) and s;,(m) = 1; we have to show that s; ,(m) =
if it is defined. Case 1: p,p’ € dom(g). The requirement follows, because ¢ is a condition. Case 2:
0,0 € dom(p’) \ dom(g). In this case the requirement holds, because p’ is a condition. Case 3: One
of them is in dom(q), the other one not. Since p’ € dom(hy,), both are in dom(p’) and h;,(p’) = h,’)’,(p’)
(because ¢ cannot provide an A-value for a pair of two nodes if not both of them are in dom(g)). So for
m < |sf)’,|, the requirement holds, because it depends only on p’. The form of C implies that for at most
one of the two nodes p and p’ there exists a node in C extending it. Therefore, for m > |sg/|, only one
of s;(m) and s;, (m) is defined, and we have nothing to show. This finishes the proof that s; and s;, fit
together (with respect to ). O

It is straightforward to check that r extends both ¢ and p’ (and therefore p). O

5. No REFINEMENT, AND MADNESS OF LEVELS

This section is dedicated to the central part of the proof that the generic object added by our forcing
iteration is a distributivity matrix of height A: we will show that the levels are mad families and that there
is no further refinement. This will be done in Section 5.4 and Section 5.3, respectively. Before that, we
provide several preliminary lemmas and concepts.

5.1. General forcing lemmas. In this section, we give some lemmas about forcing iterations (and com-
pleteness) in general, i.e., they are not specific for our forcing from Definition 4.5. We will need them
for our proofs. For a good source about forcing iteration, see [22]. Here P, Q, etc. are arbitrary forcing
notions.

28Note that, for Q, with @ > 0, one also has to deal with the case where 7 € dom(f)), but 7 ¢ dom(r), which is analogous
(see Remark 4.10).
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For two forcing notions P and P’, let P’ <P denote that P’ is a complete subforcing of P. Recall that
P’ <P if and only if
(1) P’ G P,ie., foreach gq,q’ € P',wehave g Lpy ¢ = ¢ Lp ¢, and
(2) for each condition p € P, there is g € P’ such that g is a reduction of p to P’, i.e., for each r € P’
with r < g, we have r Lp p.

Let us first recall two easy facts:

Lemma 5.1. Suppose that Py <P and® P; <P satisfying Py C Py. Then Py <P. Moreover, if g € Py is a
reduction of p € Py from P to Py, then q is also a reduction of p from Py to P.

Proof. Let us first show that ¢ is a reduction of p from P to Py. Fix ¢’ € Py with ¢’ < ¢. Since g is a
reduction of p from P to Py, we know that ¢’ and p are compatible within P. But since P; C;. P, it follows
that ¢’ and p are also compatible within 1, as desired.

It remains to show that Py C;. P;: two conditions in Py which are compatible within P; are clearly
compatible within P, hence (due to Py ;. P) they are also compatible within Py, as desired. O

Lemma 5.2. Suppose that P’ <P. Let ¢ be some formula, let x, y, etc. be P'-names, and let p € P such
that

plpp(x,y,...).
Then for each p’ € P’ which is a reduction of p,

P ey (%, 9, ...).

Proof. If not, then there were p” € P’ such that p”” < p” and p”’ rp =¢(%, ¥y, ...), and hence p” rp =p(%, y, .. .);

but since p’ is a reduction of p, the conditions p’’ and p are compatible in P, which is a contradiction. O

Let us now recall the following well-known fact (see, e.g., [11]): If {P,, Qo | @ < 6} and v, Qg | @ < 6}
are finite support iterations such that Irp, Q’, < Q, for each @ < ¢, then P% is complete in Ps. For the
convenience of the reader, and since we will need a technical strengthening of the fact (see the moreover
part of Lemma 5.4), we give detailed proofs here. We start with the successor step:

Lemma 5.3. Let P+Q and P’ «Q’ be two-step iterations satisfying P’ <P and vy Q' < Q. Then P’ +Q’ is a
complete subforcing of P +Q.

Moreover, the following holds. Let (p, §) € P +Q, and let p’ be a reduction of p to P’. Then there exists
a P’ -name §' such that p v ¢’ is a reduction of g to Q' and (p’, §’) is a reduction of (p, §) to P’ *Q’, and,
ifpirpq € Q' then pp g’ = ¢, and, moreover, if ¢ is a P'-name with prp g € Q’, then ¢’ = q.

Proof. We begin with the moreover part. Since pi-g € Q A Q' < Q, it is forced by p that there exists a
condition in Q’ which is a reduction of §. Therefore, we can fix a P’-name ¢’ such that

%) pirpg € Q A § is areduction of §.

Since each condition in the subforcing Q’ is a reduction of itself, we can assume that, in case p IFp g € Q’,
we have chosen ¢’ in such a way that p-p ¢’ = ¢, and that, moreover, if ¢ is in addition a P’-name, we

1 fact, Py C;. P is sufficient for the proof to go through.
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have chosen ¢’ to be equal to g. Note that (p’,§’) € P’ «Q’; indeed, p’ is a reduction of p, hence (4)
together with Lemma 5.2 shows that p’ Irp ¢’ € Q.

To show that (p’, ¢’) is a reduction of (p, §), fix (p*, ¢*) € P’ *Q’ such that (p*, §*) < (p’,¢’). Since p’
is a reduction of p, we can fix p € P below both p* and p. Since then

pireg  €Q A ¢ <§¢ A ¢ isareduction of ¢,
we can fix a P-name g such that
PreGeQ A G<q A G<yq,

finishing the proof that (,§) is a condition in P*Q which witnesses the compatibility of (p*,¢*) and
P, - . . . .

To finish the proof that P’ «Q’ is a complete subforcing of P *Q, it remains to show that P’ Q" C;. P *Q.
For that, fix two conditions (p,§) and (p’,§’) in P’ *Q’ which are compatible in P *Q, and fix a witness
(p,§) € P+Q below both (p,g) and (p’,¢q’). Let p* € P’ be a reduction of p. Note that®® p* <* p
(and, analogously, p* <* p’): if not, then, by definition of <*, there is r € P’ such that » < p* and r
is incompatible with p (in P’, and therefore in P due to P’ C;. P); but, by definition of reduction, r is
compatible with p, a contradiction.

Now note that pirp ¢ L ¢'. Since Q’ Ci Qis forced, we also get pI-p ¢ A ¢, so Lemma 5.2 implies
that p*Irpr ¢ L, ¢’ So we can fix a P’-name ¢* such that

Preq €Q A <qg NG <],
It follows that (p*,§*) is a condition in P’ *Q’ satisfying (p*,¢*) <* (p,¢) and (p*,¢*) <* (p’,¢’); since
compatibility with respect to <* is equivalent to compatibility with respect to <, it immediately follows
that (p, ¢) Lp ¢y (p’,q’), as desired. O

We now provide the completeness lemma for arbitrary finite support iterations. Recall that, in a forcing
iteration {P,, Q, | @ < 6}, the forcing Py is the trivial forcing, and hence the ground model iterand Qg can
be viewed as a Pp-name; P is basically the same as Qg, and P, corresponds to Qg * Qy, and so on. In a
finite support iteration, conditions can be either viewed as finite partial functions, or as (total) functions
whose values are (forced to be) the weakest condition except for finitely many places. We will use both
of these two alternative representations (and tacitly identify them); see also [22].

Lemma 5.4. Let {P,,Q, | @ < 6} and {P.,, Q; | @ < 6} be®! finite support iterations such that for each
a <0,

Fp, Q) < Qq.

Then P} is a complete subforcing of Ps.

30Note that the involved forcings are not required to be separative; after all, we want to apply this lemma to our forcings Q,
from Definition 4.5, which are not seperative (see Remark 4.6). Therefore, we have to speak about <* rather than <. Recall that
g<*pifandonlyifgirpeG.

31We do not seem to need here that our finite support iterations are c.c.c.; however, finite support iterations of non-c.c.c.
iterands collapse cardinals. We will use the lemma for our forcings from Definition 4.5, so, in our application, everything will
have the c.c.c. anyway.
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Moreover, if rep: Qy — Q) is a map such that Ren(q) is a reduction of q for each q € Qq, then for each
p € Ps, there is a p’ € P such that p' is a reduction of p, and p’(0) = reo(p(0)), and, if @ > 1 and p(a) is
a P! -name with p | a '+ p(a) € Q, then p’(a) = p(a).

Proof. By induction on 6§ > 1, we prove that P§ <P, and also define a map Rreps: Ps — P} such that for
each p € Py, the following properties hold:

(1) Repg(p) is a reduction of p.

(2) Reps(p)(0) = RED(p(0)). |

(3) If @ = 1 and p(a) is a P/,-name with p | a p(a) € Q,,, then REDs(p)(a) = p(a).
(4) If 1 <@ <9 and p € Py, then RED5(p) = RED,(p).

(5) If 6 = @+ 1 > 11is a successor ordinal, then REDs(p) | @ = RED,(p | @).

Note that (4) A (5) basically says that the mappings Rep,, (with @ < §) are coherent.

(Initial step 0 = 1) Since Q(, < Qo by assumption, P| = Q; is a complete subforcing of P; = Qp. We let
RED; := RED, which clearly satisfies the properties (1) to (5).

(Successor step 6 = @ + 1) Note that P/, <P, by induction, and by assumption, P,, forces that Q/, < Q,.
Given (p,§) € Ps = P, *Qq, let p’ := ReD,(p) (which is a reduction of p by induction) and apply
Lemma 5.3 to obtain the reduction (p’, ¢’). Let Reps((p, ) := (p’,¢’). It is straightforward to check that
RED; is as desired. Moreover, it follows from Lemma 5.3 that P < P; (i.e., in addition to the existence of
the reduction map Reps, we have Pg Cic Py).

(Limit step 6) Let us first define the reduction map rens: Ps — Pj as follows: given p € Ps, we
can fix @ < ¢ such that p € P, (since Py is a finite support iteration, and hence Ps = | J,5Pq); define
REDs(p) := RED,(p). Note that this is well-defined: by the coherence property (4) of the maps Rep, (with
a < §), which holds by induction, it does not matter which @ < & we picked. It is straightforward to check
that Reps satisfies properties (2) to (5).

To show that Rep; satisfies property (1), let p € Ps. Fix p* € P with p* < reps(p). Fix a < ¢ such that
both p € P, and p* € P},. Note that, by (4), REDs(p) = RED,(p), hence REDs(p) is a reduction of p to P;
it follows that there exists p € P, € Ps with p < p* and p < p. Therefore, p witnesses that p* and p are
compatible in Py, as desired.

To finish the proof, it remains to show that P:S Cic Ps. For that, fix two conditions p and p’ in IE”:S which
are compatible in Ps, and fix a witness p € Ps stronger than both p and p’. Now fix @ < 6 such that p
and p’ are in P, and p is in P,. By induction, P, C;. P,, so p and p’ are in fact compatible within P/,
witnessed by some p* in P/,. This shows that p and p’ are also compatible within P%, as desired. O

The following concept has been introduced by Brendle (see, e.g., [9] and [10]):

Definition 5.5. A system of forcings R, R; < R with Ry N R; < Rg,R; is correct if any two conditions
po € Rg and p; € Ry which have a common reduction in Rg N R; are compatible in R.

In the following lemma, we are considering a system where R = P *Q, Ro=P,and Ry = P/ *Q’. It
is easy to check that, under the assumptions of the lemma, this is a correct system. We do not know,
however, whether the conclusion of the lemma holds for every correct system.
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Lemma 5.6. Let P+Q and P’ +Q’ be two-step iterations satisfying P’ <P and vp Q" < Q. Then
V[P’ Q'] N V[P] = V[P'].

Proof. We will only show the special case which we will need later (it is straightforward to extend the
proof to the general case): for any 9, £ € Ord,

5 N V[P’ «Q'1 n V[P] C V[P'].

Let G be a generic filter for P’, and let fy be a P-name, and let f; be a P’ *Q’-name. Work in V[G].
Assume towards contradiction that there is a condition (p, ¢) € P*Q with p € P /G such that

®) (P, fo=fi €0rdO A fy ¢ VIGI.

Let p’ € G be a reduction of p to P’. By Lemma 5.3, we can fix a P’-name ¢’ such that pI-“g’ is a
reduction of ¢ and (p’,§’) € P’ Q.

Since p is reduction of (p, §) to P, it follows from (5) and Lemma 5.2 that p I fy ¢ V[G]. Therefore,
we can fix y € & such that p does not decide fy(y) in P/G. Let (p1,41) < (p’,¢’) and & € § such that
p1 € G and (p1,¢1)  fi(y) = &. Since p does not decide fj at y, we can fix py € P /G with pg < p and
& € 6 with & # & such that pg IF fo(y) = &. Now we want to find a condition (p*, ¢*) which is stronger
than (p,q), (p1,4q1) and (po, 1).

First note that py and p; are compatible, because pg € P /G and p; € G, and fix p* < pog, p1. Since
p* < p,p; it follows that p*I-“g’ is a reduction of ¢ and ¢; < ¢~ hence p*¢g; L ¢. Let ¢* be
a P-name such that p* IF¢* < ¢1,4. It is easy to check that (p*,¢*) < (p,q),(P1,41), (po,1). Now
(P, 4% fo = fi A foy) = &0 A f1(y) = &1, but & # £1, a contradiction. O

We conclude with an easy observation we will need later on:

Lemma 5.7. Suppose that ®’' <P, and b is a P'-name, and p € P is such that p v b € [w]®. Then for each
N € w there exists r € P’ and m > N such that r - m € b and r is compatible with p.

Proof. Since P’ is complete in P, we can fix a reduction p’ of p, and apply Lemma 5.2 to see that p’ IFp b €
[w]“. So, given N € w, there exists r € P’ with r < p’ and m > N such that ri-m € b. Since p’ is a
reduction of p and r < p’, it follows that r is compatible with p, as desired. O

5.2. Complete subforcings: hereditarily below y. In this section, we give some technical definitions
and lemmas as a preparation for the main proofs in Section 5.3 and Section 5.4. More precisely, we define,
for each y < A, the subforcings of “hereditarily below ¥’ conditions of our iteration and show that they
form complete subforcings (see Lemma 5.12). Furthermore, we show that each condition is hereditarily
below vy for some y < A (see Lemma 5.14).

Let us now provide the following recursive definition (we give the definition for the entire iteration but
we will actually need it for tails of the iteration; see Remark 5.10):

Definition 5.8. Let y < A. By recursion on @ < A we define when a condition p € P, is¥? hereditarily
below vy (and introduce the notation <P, ):

321 the more general situation described in Remark 4.3, i.e., if we work with the tree <! in place of A1, we would rather
need a pair of ordinals (&, 8) in place of y, where € < § and § < A, and ¥ in the definition would be replaced by £ (see also
Remark 5.16).
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(1) p € Qy is hereditarily below vy, if dom(p) C y<7.
(2) Let 7P, := {p € P, | p hereditarily below y}.
(3) p € Py41 is hereditarily below vy, if p ' @ is hereditarily below y and p(@) is a <YP,-name, and
p | airdom(p(a)) C y<.
(4) For a limit, p € P, is hereditarily below v, if p [ S is hereditarily below v, for every 8 < «.
For @ < A aP,-name b is hereditarily below v, if for all (x, p) € b, p € <'P, and x is hereditarily below y
(this is by recursion).

Clearly, if p € P, is hereditarily below y and y’ > v, then p is also hereditarily below y’. The same
holds for a P,-name b.

Definition 5.9. Let y < 1 and 7 € A<*. By recursion on a < 1 we define when a condition p € P, is
almost hereditarily below y except for T (and introduce the notation <Y*7P,,):
(1) p € Qo is almost hereditarily below y except for 7, if dom(p) C y<¥ U {1}.
(2) Let <7*™P, := {p € P, | p almost hereditarily below y except for 7}.
(3) p € P41 is almost hereditarily below y except for 7, if p | « is almost hereditarily below y except
for 7 and p(a) is a*? <YP,-name, and p I ardom(p(a)) C y<7.
(4) For @ limit, p € P, is almost hereditarily below y except for 7, if p [ 8 is almost hereditarily
below y except for 7, for every 8 < a.

For @ < A a P,-name b is almost hereditarily below y except for 7, if for all (x, p) € b, both p and x are
almost hereditarily below y except for 7. We will write almost hereditarily below y and omit the 7 if it is
clear from the context which 7 is meant.

Clearly, if p € P, is almost hereditarily below y and y’ > vy, then p is also almost hereditarily below y’
and if p € P, is hereditarily below v, then it is almost hereditarily below y except for T for every 7. The
same holds for a P,-name b.

Remark 5.10. As mentioned above, we will need several of our concepts for tails of the iteration instead
of the whole iteration. We will later have the following situation: i < A will be fixed, and we will work in
VIG,] for a fixed generic filter G;, C IP,,. We will use variants of the above definitions and the subsequent
lemmas for the tail iteration {P, /G, Qo | 7 < @ < A}. In the definitions and lemmas, Qy plays the role
of Qg (see for example Lemma 5.18(3)). So, e.g., in the definition of almost hereditarily below y except
for T (with T € (A1) V1G], we want dom(p(1)) € (y<")VIO1 U {r}.

Before proving completeness, let us recall that Y= is left-up-closed; actually, we will need a bit more:

Lemma 5.11. Let P’ be a complete subforcing of P, and G generic for P. Then in V[G], the set (y<7)V[GmP/]
is left-up-closed.

Proof. Suppose o and pi belong to (y<?)VI¢"*'l Note that the following holds in V[G]: o I (¢ + 1) €
VIGNP'] for each & < ||, and p~ j € V[GNP'] for each j < i. Therefore (y<Y)VIC"F] is left-up-closed. O

We can now show that the subforcing of conditions which are (almost) hereditarily below y is a com-
plete subforcing:

33This is not a typo: we really require p(@) to be a <YP,-name, not just a <*"P,-name.
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Lemma 5.12. Let y < A. Then <YP, is a complete subforcing of P,.
Also, if T € A~ is such that either

(1) It =y, or
(2) T is such that y<7 U {1} is left-up-closed,

then <Y*"P, is a complete subforcing of P,.
Moreover, if p is full and almost hereditarily below vy except for 1, then

(p(©) 1 y~, p(1), p(2),...)

is a reduction of p to <'P,.

Proof. We show by induction on « that <*P,, (as well as <¥*"P,) is a complete subforcing of P,, for
1 < @ < A In fact, we will define <"P,-names Q/, such that <"Ps (or <7*"P;, respectively) is the finite
support iteration of the Q/,’s; the only difference of the two iterations will be the first iterand Qy-

(Initial step a = 1) Note that <VP; = ng is a complete subforcing of P; = Qq: this is an easy instance
of Lemma 4.22, letting C = E = y<¥ (which is left-up-closed). Similarly, <7*"P; = QKQU{T} is a complete
subforcing of Qq: in case (2) holds, we let C = E = y<” U {r} (which is left-up-closed by assumption);
in case (1) holds, we let C = E U C with E = ¥~ and C = {r} (which is easily seen to be a possible
instance of the assumption of Lemma 4.22). Take Q) = ng in the iteration representing <?P,, and take
Q= QSQU{T} in the iteration representing <V*7P,.

(Successor step @ + 1) Assume that <P, and <?*"P, are complete subforcings of P,. We show
that <"Po4; and <Y*"P,,; are complete subforcings of Pyy. In V[G], for G generic for Py, let** E :=
('y<7’)V[Gﬁ<7]P“]; by Lemma 5.11, E is left-up-closed, so Lemma 4.22 implies (letting C = E) that in V[G],
Qf is a complete subforcing of Q,. We use the following, which we will prove after finishing the proof
of the lemma:

Claim 5.13. Qg is an element of V[G N <7P,].

Using the claim, we can fix a <YP,-name Q; for QE . Since VP, € <¥*"P, and both are complete
subforcings of P,, Lemma 5.1 implies that <YP, is a complete subforcing of <V**P,, so the <'P,-name Q/,
is also a <7*"P,-name. So we can apply Lemma 5.4 to obtain that <P, * Q/, and <V*"P,, * Q/, are complete
subforcings of P,1. By definition, <YP, * Q; is equivalent to <Py, and VP, * Q& is equivalent to
<Y*TP,.1, so the successor step is finished.

(Limit step a) It follows by Lemma 5.4 that the limit of the finite support iteration of the Q; with
@’ < a is a complete subforcing of P, and by definition, <YP, (or <¥**P,, in the other case) is equivalent
to the limit of this finite support iteration.

Now let us show the moreover part. By the moreover part of Lemma 4.22, p(0) ' y<? is a reduction of
p(0) to =7Py (which is Qj in the iteration representing <YP,). Since p € *7P,, which is the iteration of
the Q/, (for @ > 1 the iterands of the two iterations coincide), so p [ aI- p(a) € Q/, for @ > 1, therefore
Lemma 5.4 completes the proof. O

34Note that E is really defined this way for both cases (see also footnote 33).
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Proof of Claim 5.13. We work in V[G]. Let Gg := G N Pp. Let T, = Upca(A** N suce)V%!) and T, =
(A** N succ)VICl\ T/ as in the definition of Q,.

It is straightforward to check that fo can be defined in V[G N <P, ] provided that £ N T/, (and hence
also E N T,) belongs to V[G N <'P,]. First note that

E = (,y<}/)V[Gﬁ<7PL,J - ,y<’y ) V[G ) <yPa]

and
T} ==t nsuce)1%) = (= 0 suce 0 VIGg)).
B<a B<a
So
ENT, = U(y<y N suce N VIG N P, N V[Gg)).
B<a
Apply Lemma 5.6 to Pg +Q, where Q is the quotient P, / Pg, and <7Pg * Q’, where Q' is the quotient
“YPy/ <P (which is possible since *'Pg < Pg by induction hypothesis, and I-p, Q' <Q by Lemma 5.4 for
the tail iterations) to obtain

Yy N VIG N B, N VIGs] = ¥ N VIGg N P, ].

Therefore,
EN T(; — U(,y<y N SuCC)V[Gﬁﬂ<}/PQ]’
B<a
which clearly belongs to V[G N <YP,], as desired. O

The next lemma shows that every condition in P, is (essentially) hereditarily below y for some y < A.
Lemma 5.14. For every p € P, there exists a’y < A and a condition p’ € <YP, which is equivalent to p.

Proof. We will actually show by induction on « that for every p € P,, there exists a’y < A and a condition
p’ equivalent to p such that p’ € <7P,,.

(Initial step & = 1) Given p € P; = Qp, note that dom(p) C 1<% is finite. So the maximum length of
the nodes o in the domain as well as the maximal entry of the nodes are bounded, i.e., there is y < A such
that dom(p) € y<*. So p € <VP;.

(Limit step ) Let p € P,. By induction hypothesis, for each 8 < a there exists yg such that p [ § €
<Y6Pg. Since we are using finite support, there exists 5* < & which is an upper bound of the support of p.
Then p € <V P,,.

(Successor step a + 1) Let (p, ¢) € P, *Q,. First, by the induction hypothesis, we can assume without
loss of generality that there exists v, < A such that p € =»P,. We will describe a name ¢’ which is
equivalent to ¢ (more precisely, p ¢ = ¢’) and analyze it, to find a y < A such that ¢’ is a <?P,-name and
pFdom(g’) C y*.

Claim 5.15. Let 6 be a Po-name of a sequence of ordinals of length less than A; then there existsay < A
such that there exists a <'P,-name which is equivalent to 6. The same holds true if ¢ is a name for a finite
sequence of such sequences.
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Proof. Clearly, by c.c.c., there exists a 0 < A which is an upper bound for the length of 6. Since P, has the
c.c.c., for each & < 6, o (¢) is represented by a countable antichain. So only |d] - 8¢ many (hence less than
A many) conditions appear in o. By inductive hypothesis we can assume that each of these conditions
belongs to <YP, for some y < A, so we can fix a ys < A which is an upper bound of all the appearing
v. So ¢ is actually a <¥*P,-name. The statement about names for finite sequences of sequences follows
easily. O

Now, let N be a P,-name such that p I |[dom(¢g)| = N; by (a simple instance of) Claim 5.15, we can fix
¥x < A and assume that N is a <"¥P,-name. To represent ¢, we provide w-sequences (7% | k € w) (of
names for potential members of dom(g)) and (($, fe, he) | k € w) such that

pirdom(g) = {ox | k € N} A Yk € N (¢(5%) = (S, x> ),

where ¢ is forced to be a sequence of ordinals of length less than A, and f; and /; can be represented
as finite sequences of such sequences, together with finite sequences of natural numbers, and $§; is forced
to be an element of 2<“. Using Claim 5.15, we can find 7’ < A, larger than yy, such that there exist
<Y'P,-names T 81 f'k/, and h;c which are equivalent to ¢, §x, fi, and hy, respectively. By replacing all
0% Sk» fr» and g in g by their respective equivalent names, we get a <¥ P,-name ¢’ such that p-§ = ¢'.
Again by the c.c.c., there exist &,5 < Asuchthat p-dy € £<° for every k < w. Lety := max(y,,Y’, &,0)
< A. Then (p, ) € <'P,+1, and it is equivalent to (p, ¢), which finishes the proof. O

Remark 5.16. In the more general situation described in Remark 4.3, i.e., if we work with the tree g<4
in place of 1< (see also footnote 32), we have to require that cf(6) > A. The reason is that |o¢| can be
arbitrarily large below A: if cf(6) < 4, it could happen that there does not exist an € < 6 which is needed
in the end of the generalization of the above proof.

Lemma 5.17. Let G be Py-generic and V]G] E b C w. Then there exists a’y < A and a P -name bfor b
which is hereditarily below .

Proof. For every condition p € P, let y, < A be such that there exists a condition in =¥?P, which is
equivalent to p (which is possible by Lemma 5.14). Let b’ be a nice name for b, and let 5 be a name
where every condition p appearing in &’ is replaced by an equivalent condition in <??P,. Since b is
a countable set and P, has the c.c.c., the set B of conditions which appeared in &’ is countable. Let
¥ :=suply, | p € B} < 4; then b is a <'P;-name. O

We conclude with a technical lemma which will be crucial later on:

Lemma 5.18. Suppose © € A* \ y<V. Let p,r € P, such that p is a full condition which is almost
hereditarily below 7y except for T, and r is hereditarily below vy, and p and r are compatible (in P,). Then
there exists a p* € P, such that

(1) p* is almost hereditarily below vy except for T,
(2) p* <p,r, and
(3) p*(0)(7) = p(0)(7).
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Proof. Without loss of generality we can assume that dom(p(0)) 2 {t}. Since p is full and almost heredi-
tarily below vy, by (the “moreover part” of) Lemma 5.12

Rep(p) := (p(0) [ ¥~ p(1), p(2),...)

is a reduction of p to <YP;. We show that Reb(p) L<p, r. Assume not. Since <P, is a complete subforcing
of P,, it follows that RED(p) Lp, r. But p < RED(p), so p Lp, r, which is a contradiction to the assumption
of the lemma.

Let g* € <P, be such that ¢* < Rep(p), r; without loss of generality, we can assume that ¢*(0) is full.
Since ¢*(0) < Rren(p)(0) = p(0) | y=¥ and p(0) ' y=? is a reduction of p(0) by Lemma 4.22 (recall that
p0) [T y=Y = p(0) | =¥ because y*” is left-up-closed), it follows that g*(0) is compatible with p(0). Let
4(0) be a full witness for that. So g(0) < p(0), r(0), g*(0).

Let p*(0) := g(0) [ ¥¥ U {(1, p(0)(1))}, and for @ > 0, let p*(@) := ¢*(a).

Claim. p*(0) is a condition.

Proof. For 0,07 € dom(g(0) ' y<%), it is clear that the requirements for being a condition are fulfilled,
because ¢(0) is a condition.

Let o <1 and o € dom(p*(0)). Let o’ € dom(p(O)) \ {7} Clearly, sP O = q(o) and s? O s? @ Since
4(0) and p are full, it follows that |s2”| = O =5 ,<°)| > |sf’(°)| = |s,(°)| ? <°>|

Let o € dom(f7 ) and assume that s” P'o) (m) = 1 for some m > £7 (). We have to show that

(O)(m) = 1. Since g(0) extends p(0), we have s? a0 )(m) 1 and dom(f? (0)) C dom( qu( )), and for
o € dom(f? (0)) it holds that f7 (0)(0) > qu(O)(U), so o € dom( qu(O)) and m > qu(O) (o). Since g(0) is a
condition, it follows that s?, A (m) = (?(0) (m) =

Let o € dom(h? " )) and assume that s? P (m) 1 for some m > h? *(O)(O') We have to show that

sP@Gm) = 0. Since g(0) extends p(0), we have s7”(m) = 1 and dom(#? ?) ¢ dom(#?™), and for
o € dom(7” @y it holds that &7 V(o) > W1 V(e), so o € dom(h??) and m > W ® (o). Since §(0) is a
condition, it follows that s;, (0)(m) Q(O)(m) =0. O

|s | and hence |s%. |s

Moreover, p*(0) < ¢*(0), because g(0) < ¢*(0) and g* hereditarily below y except for 7. So p* is a
condition. Clearly p* is almost hereditarily below y and p*(0)(1) = p(0)(7).

Since r(0) is hereditarily below y and p(0) is almost hereditarily below vy, and g(0) < r(0), p(0), it is
clear that p*(0) extends r(0) and p(0). So clearly p* < r, p. O

5.3. No refinement: branches are towers. Now we are ready to prove that the generic matrix has no re-
finement. More precisely, we show that the sets along any branch in our tree have no pseudo-intersection,
i.e., they form a tower.

Lemma 5.19. In V[P,], the sequence {ass | £ < A) is a tower for each o € AL

Proof. Let G, be generic for P, and work in V[G,]. Fix o € AL By Corollary 4.16, (ass | £ < A) is
C*-decreasing. Let us show that (a,¢ | € < A) is actually a tower. Let b C w be infinite, and assume
towards a contradiction that b C* a,¢ for every & < A.

Apply Lemma 5.17 to get y < A and a Py-name b for b which is hereditarily below y. Without loss of
generality we can assume that 7y is a successor ordinal. Fix 7 < A minimal such that o [ y € V[G,] (such
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an 7 exists by Lemma 4.9). From now on, we work in V[G,], and we consider® the tail forcing P, / Gy.
The P,-name b can be understood as a P, / Gy-name for b which is hereditarily below 7.
Since b C* a,py holds in V[G,], we can pick n € w and p € P, /G, such that

plkb\ngagw.

From now on, whenever we say “almost hereditarily below y”, we shall mean “almost hereditarily
below y except for o | y”. Note that (the canonical name for) a,-, is almost hereditarily below ; also b
is almost hereditarily below y (because b is hereditarily below 7).

By Lemma 5.12 and Lemma 5.2, we can fix p’ which is almost hereditarily below vy such that

P Eb\nCagyy.

Recall that 17 is minimal with o [ y € V[G], so Q; will assign a set a,y to o [ y. Therefore we can

13 condition.

assume without loss of generality that o [ y € dom(p’(17)), and we can assume that p’ is a ful
By Lemma 5.7 there is r € P, /G, hereditarily below y and m > n, |s(pr r(;’)l such that r is compatible
with p’, and ri-m € b. Apply Lemma 5.18 to obtain p”” < p’,r such that p” is almost hereditarily
below y, and moreover
P 1Y) =p'm)o [).

P’ ()
oly

to length > m with s

It follows that p”” -m € b. In particular m > |s |, thus we can strengthen p”’ to a condition g (only

1240)] a(m)
aoly ] aly
which is a contradiction to the fact that p” forces b\ n C ay,. O

strengthening p”’(n)) by extending s (m) = 0. Thengkm € b Am ¢ ay)y,

5.4. Levels are mad families. Finally we want to show that the levels of the generic matrix form maximal
antichains in P(w)/fin, i.e., mad families.

Lemma 5.20. In V[P,], the family Agy1 = {as | lo| = & + 1} is mad for each & < A.

Proof. Let G, be generic for P, and work in V[G,]. The main work lies in the following claim, which
guarantees “local madness” below branches. We will prove it after finishing the proof of the lemma.

Claim 5.21. Let p € A4, and let b C w be infinite such that b N ay ¢ is infinite for every successor { < |pl.
Then there exists an i < A such that b N a,-; is infinite.

Fix & < A. By Corollary 4.17, Agzy1 is an almost disjoint family. Using the claim, we will show that
Agy is actually mad. Let b € w be infinite. To find o € 2571 such that b N a,, is infinite, we construct, by
induction on £, a branch (o, | { < & + 1) with |p;| = { for each £, and py < p; for {’ < , such that b N a,,
is infinite for every successor £ < & + 1.

Let pg := (). Now assume we have constructed (o | {’ < ¢). If £ is a limit, just let p; := (J{ps | { <
¢} I ¢ = ¢’ + 1is asuccessor, py fulfills the assumptions of the claim by induction. Let i < A be given
by the claim, and let p; := p"i. Then b N ay, is infinite, as required. Finally, o~ := pg.1 is as desired. O

35Here we use our modifications discussed in Remark 5.10.
36Here we use the modification of Definition 4.18, where 0 is replaced by 7, i.e., p’(n) is full.
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Proof of Claim 5.21. Assume towards contradiction that b N a,, is infinite for every successor { < |p,
but b N a,-; is finite for every i < A.
Let 7 be minimal with p € V[G,] (such an 7 exists by Lemma 4.9). Thus a,-; (for any i) is not defined
in V[G,] but it will get defined in the next step of the forcing iteration. From now on, we work in V[G,],
and we consider’’ the tail forcing P, / Gy, and apply Lemma 5.17 to get a P;/G,-name bforbandy <A
such that b is hereditarily below y’. Let y < A be any ordinal strictly above |p| + 1, sup(rng(p)), and y’.
Note that we can pick n € w and p € P, /G, such that

(D) pll—l:) Nay-y Cn,
(2) prbnNa,; is finite, for each i <y, and
3) prbn a1 is infinite, for each successor £ < |p|.

From now on, whenever we say “almost hereditarily below y”, we shall mean “almost hereditarily
below y except for p~y”. Note that (the canonical name for) a,-, is almost hereditarily below y; also bis
almost hereditarily below y (because b is hereditarily below ), and similarly a,-; is almost hereditarily
below vy for each i < 7y, and a,; is almost hereditarily below 7y for each successor { < |p|.

By Lemma 5.12 and Lemma 5.2, we can fix p’ which is almost hereditarily below y such that items (1),
(2), and (3) above hold true for p’ in place of p. Without loss of generality, we can assume that p~y €
dom(p’(n)), as well as that p’ is a full®® condition.

Define R := dom(p’(n)) N{p"i|i <y}, and R' := dom(fpfi;")). Let x be a Py/G,-name such that

IFx = ﬂ(bﬁaT)\UaT;

TER' TER

since the conditions which are hereditarily below y form a complete subforcing of P, /G, by Lemma 5.12,
and all names which are used to define x are hereditarily below y, we can assume that X has been chosen
to be hereditarily below y as well. Note that since R and R’ are finite, p’ forces X to be infinite.

By Lemma 5.7 there is r € P, /G, hereditarily below y and m > n, |s£i(;,7)| such that r is compatible
with p’, and rirm € x. Apply Lemma 5.18 to obtain p”’ < p’,r such that p” is almost hereditarily

below y, and moreover
P ame”y) = p' e y).

It follows that p” I+ m € x, as well as p”’ +m € a, forr € R’ and p”’ +m ¢ a, for T € R.

Now extend p”’ to a condition ¢ as follows. Let g(@) = p” (@) for @ > n. For 7 € (RUR’) Ndom(p”' (1))
extend sz(n) such that IS?(")I > m. It follows (for 7 € R’) that sz(n)(m) = 1 for T € R N dom(p” (1)), and
az(m) = 1 for r € R’ \ dom(p”(17)) because p” Fm € a, for € R’; moreover, s’ (m) = 0 for r € R
because p”’ +m ¢ a, for T € R. Additionally fill sg(fl/) with O for entries smaller than m and with 1 at m.
That is possible, because the sZ(")(m) are accordingly for 7 € R and 7 € R’ N dom(p”’'(n7)) respectively and
a;(m) = 1fort € R’ \ dom(p” (n)).

It follows that g I- m € % N a,-,, which is a contradiction to the fact that p’ forces X N a,-, C n. m|

37Here, again, we use our modifications discussed in Remark 5.10.
38Here, again, we use the modification of Definition 4.18, where 0 is replaced by 7, i.e., p’(n) is full.
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This finishes the proof that the generic matrix is a distributivity matrix of height A for P(w)/fin. To
finish the proof of Main Theorem 4.1, it remains to prove that b (and hence ) is small in our final model;
this is the subject of Sections 6 and 7.

6. B-CANJAR FILTERS

In this section, we will give the neccessary preliminaries about B-Canjar filters and the preservation of
unboundedness, which are needed in Section 7.

Definition 6.1. Let ¥ C P(w) be a filter containing the Frechét filter. Mathias forcing with respect to ¥
(denoted by M(F)) is the set of pairs (s, A) with s € 2<“ and A € ¥, where the order is defined as follows:
(t,B) < (s,A)if

(1) t=s,i.e., textends s

(2) BCA

(3) foreach n > |s|,if t(n) = 1, then n € A.

Note that M(F) is o-centered: for s € 2<%, the set {(s,A) | A € F} is clearly centered (i.e., finitely
many conditions have a common lower bound). Also note that Mathias forcing with respect to the Frechét
filter is forcing equivalent to Cohen forcing C. Recall also that f <* g if f(n) < g(n) for all but finitely
many 7 € w, and that 8 C w® is unbounded, if there exists no g € w® with f <* g forall f € 8.

A filter ¥ is Canjar if M(¥) does not add a dominating real over the ground model (i.e., the ground
model reals remain unbounded). We need the following generalization of Canjarness:

Definition 6.2. Let 8 C w® be an unbounded family. A filter ¥ on w is B-Canjar if M(F) preserves the
unboundedness of B (i.e., B is still unbounded in the extension by M(F)).

6.1. A combinatorial characterization of 8-Canjarness. Later, we will prove that certain filters are 8-
Canjar; for that, we use the following combinatorial characterization of 8-Canjarness by Guzman-HruS4k-
Martinez [24]. This characterization generalizes a characterization of Canjarness by Hrusdk-Minami [26].
Let F be a filter on w; recall that a set X C [w]<* is in (F<“)* if and only if for each A € F there is
an s € X with s C A. Note that if G C F are filters and X € (¥ <“)*, then X € (G=“)*.
Given X = (X,, | n € w) (with X,, C [w]™“ for each n € w), and f € w®, let

X = Jx, 0P,

new
Theorem 6.3. Let B C w® be an unbounded family. A filter ¥ on w is B-Canjar if and only if the following
holds: for each sequence X = (X, | n € w) C (F~*)*, there exists an f € B such that Xy € (F<“)*.

Proof. See [24, Proposition 1]. O

It is well-known that Cohen forcing C preserves® the unboundedness of every unbounded family.
As mentioned above, Mathias forcing with respect to the Frechét filter is forcing equivalent to C, and
hence the Frechét filter is B-Canjar for every unbounded family 8. To illustrate the characterization of
B-Canjarness from Theorem 6.3, we also want to provide the following easy combinatorial proof of this
fact:

Fm fact, C is almost bounding.
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Lemma 6.4. Let B be an unbounded family. Then the Frechét filter is B-Canjar.

Proof. Let F be the Frechét filter. To show that # is B-Canjar, we use Theorem 6.3. Solet X = (X, | n €
w) C (F<®)*. Note that a set X C [w]<“ is in (F<“)* if and only if for each n € w there is an s € X with
min(s) > n. For each n € w, pick s, € X, such that min(s,) > n, and let g € w® such that g(n) > max(s,)
for each n € w. Since B is unbounded, we can pick f € B such that f(n) > g(n) for infinitely many n. It
is easy to check that s, € Xy for infinitely many n, and this implies that X € (¥ <“)*, as desired. O

The following observation will be crucial later on:

Lemma 6.5. Let B C w® be an unbounded family, ¥ a B-Canjar filter extending the Frechét filter and
{an | n < w} such that ¥ U {a, | n < w} is a filter base. Then the filter generated by ¥ U {a, | n < w} is
B-Canjar.

Proof. Let X = (X, |n € w) € (F Ula, | n < w})~*)*. Let

Y,:={s€X,|s < Nicpar}

and Y := (Y, | n € w). Itis easy to see that ¥,, € (F<¢)* for each n. By the assumption and Theorem 6.3
there exists f € B such that ¥y € (F<¢)".

To show that Yy € ((F Ufa, | n < w})™)" let B € (F U{a, | n < w}), i.e., there exists A € ¥ and
n € w with B 2 A N (., ax. Since F contains the Frechét filter and ¥, € (F<¢)*, there exist infinitely
many s € ¥, with s € A. So there exists m > nand s € Y,, N ¥y with s C A; note that s € Y, implies
§ € (Mk<n Ak> SO s C B, as desired.

Clearly Yr € Xy, 50 Xr € (F U{a, | n < w})<“)*. o

We also get the following:
Lemma 6.6. Let B be an unbounded family. Then every countably generated filter is B-Canjar.

Proof. This follows immediately from Lemma 6.4 and Lemma 6.5. O

6.2. Preservation of unboundedness at limits. We will also use the following theorem by*’Judah-
Shelah [28] about preservation of unboundedness in finite support iterations:

Theorem 6.7. Suppose {P,, Qq | @ < 8} is a finite support iteration of c.c.c. partial orders of limit length 6,
and B C w® is unbounded and satisfies

(©) VACB(A =Ry —» Af e BVge Ag < f);

moreover, suppose that

Va <6 Ip, “B is an unbounded family”.

Then \rp; “8B is an unbounded family”.

Proof. See [19, Theorem 3.5.2]. O

40py fact, [28, Theorem 2.2] is a much more general version than the one presented here.
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6.3. Preservation of B-Canjarness and finite sums of filters. The notion of B-Canjarness of a fil-
ter seems to be not*'absolute in general. We will now provide a method how to guarantee that the 8-
Canjarness of a filter is not destroyed by Mathias forcings with respect to certain other filters. As a tool,
we introduce finite sums of filters and consider Mathias forcings with respect to these sums.

Lemma 6.8. Let”F be a filter; B C w®, and P be a forcing notion. Then the following are equivalent:

(1) P forces that®F is B-Canjar:
(2) M(F) X P forces that B is unbounded.

Proof. Let Q := M(¥). Note that (1) holds if and only if P forces
M((?’V‘)) I- “$B unbounded”.

Further note that P forces that Q is (dense in, and hence) forcing equivalent to M((?—V‘)). So, (1) holds
if and only if P *Q forces that 8 is unbounded, which is the same as (2) (since P *Q is equivalent to
PxQ =QxP). O

Definition 6.9. For two sets A,B C w, let A®B := {2n | n € A} U{2m + 1 | m € B}. For two filters
Fo and 71, let Fod T, = {A®B | A € Fo, B € F1}. More generally, inductively define @k<m+l Fr =

(Bra F) © Fn-

Note that Fo @ ¥ is a filter if ¥ and ¥ are filters, and hence also the finite sum of filters is a filter. The
order of the sum is not important: more presicely, the filter P <m Tk 18 isomorphic (based on a bijection
on w) to all reorderings of this sum. For example (Fo® 1) ® 7> is isomorphic to (F2 ® Fo) ®F1. This
implies that the 8-Canjarness of a finite sum of filters does not depend on the order of the sum.

Lemma 6.10. Let Fy and F7 be two filters. Then M(Fo) X M(F7) is forcing equivalent to M(Fy & F1).

Proof. Let Dy C M(Fo) X M(7) be the set of all ((sg, Ag), (s1,A1)) € M(Fo) X M(57) with |sg| = |s1], and
let Dg € M(Fo @ F1) be the set of all (s,A) € M(F @ F) with |s| being an even number. Note that Dy is
a dense subforcing of M(%() X M(¥), and Dg is a dense subforcing of M(%o @ 71).

For 59,51 € 2<“ with L := |sg| = |s1], let so®s; € 2<“ be such that |so@® s;| = 2L and satisfies
(s0® s1)(2n) = so(n) and (so ® s1)2n + 1) = s1(n).

Define ¢: Dy — Dg as follows:

((s0,A0), (s1,A1)) = (50D 51, A0 D AY).

It is easy to see that ¢ is an isomorphism between the forcings Dx and Dg. Consequently, M(%g) X M(¥F)
and M(F @ 71) are forcing equivalent. O

4 As an example, let B be the ground model reals and U be a B-Canjar ultrafilter. Let P be Grigorieff forcing with respect
to U, which forces that U cannot be extended to a P-point. It is well-known that P preserves the unboundedness of 8, and it can
be shown that U is not a P*-filter in V[P]; since any Canjar filter is a P*-filter, it follows that U/ is no longer $-Canjar. Note that
Grigorieff forcing is proper, but not c.c.c.; however, Grigorieff forcing can be decomposed into a o-closed and a c.c.c. forcing
(see [32]). Since a o-closed forcing does not destroy the 8-Canjarness of a filter, the above example also yields an example of a
c.c.c. forcing destroying the B-Canjarness of a filter.

42We do not have to assume that B is unbounded or that F is $B-Canjar in the ground model. If these assumptions fail, the
equivalence holds trivially (because both (1) and (2) are false).

43T5 be more precise, one should write (F) instead of F.
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The following lemma will be the main ingredient of the “successor step” of the induction (for old
filters) in Lemma 7.3:

Lemma 6.11. If Fo @ F; is B-Canjar, then M(5) forces that Fq is B-Canjar.

Proof. By assumption and Lemma 6.10, M(%) X M(¥7) forces that 8 is unbounded; apply Lemma 6.8
to finish the proof. O

The following lemma will be the main ingredient of the “limit step” of the induction (for old filters) in
Lemma 7.3:

Lemma 6.12. Let B be a family satisfying property (6) of Theorem 6.7, let a be a limit, and let (Pg, Qg |
B < @) be a finite support iteration. Suppose that Pg forces that ¥ is B-Canjar for every f < a. Then P,
forces that F is B-Canjar.

Proof. By assumption and Lemma 6.8, M(¥) X Pg forces that 8 is unbounded for every 5 < a. Observe
that M(7) X P, is the direct limit of the sequence (M(7) X Pg | 8 < a) (and M(¥) X Pg is complete in
M(5) x P,), so it can be written as the limit of a finite support iteration, therefore, by Theorem 6.7, also
M(F) x P, forces that 8 is unbounded. We obtain the conclusion by again applying Lemma 6.8. O

Lemma 6.13. Let Fo be B-Canjar and F| be countably generated. Then Fo® | is B-Canjar.

Using the fact that sums can be reordered (see the remark after Definition 6.9), we obtain the following
stronger statement: Let %o, ..., F,—1 be filters such that (some of them are countably generated and) the
sum of the filters which are not countably generated is 8-Canjar; then 5 i<m Tk 18 B-Canjar.

Proof of Lemma 6.13. We have to show that M(%o @ %) forces that 8 is unbounded. By Lemma 6.10,
M(Fo @ F1) is forcing equivalent to M(Fo) X M(F7).

Since ¥ is B-Canjar by assumption, B is unbounded in the extension by M(%g). Since ¥ is count-
ably generated, the same holds in the extension by M(%): more precisely, the filter generated by 7 is
countably generated. Therefore, in the extension by M(%), (the filter generated by) ¥ is 8-Canjar by
Lemma 6.6. So, by Lemma 6.8, M(%() x M(¥) forces that B is unbounded, as desired. O

7. PRESERVING UNBOUNDEDNESS: ) = b = w

In this section, we want to show that b is small (i.e., b = w) in our final model W of Main Theorem 4.1.
Recall the following well-known ZFC inequalities (see (2) in Section 3.1):

w <h<h

So, if we have b = wy, it follows*that h = w1, and so there exists a distributivity matrix of height w;.
Since there is also a distributivity matrix of height A in W, this gives us a model of

{w1, A} € COM.

In Section 7.1, we will show that our iteration Py can be represented as a finer iteration whose iterands
are Mathias forcings with respect to filters. In Section 7.2, we show that the filters which are used are
B-Canjar (i.e., the corresponding Mathias forcings preserve the unboundedness of $), where B is the set
of reals of Vp. A similar (but less involved) argument shows that Hechler’s original forcings [25] to add
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a tower or to add a mad family can be represented as an iteration of Mathias forcings with respect to
B-Canjar filters as well (see [17]).

7.1. Finer iteration via filtered Mathias forcings. As described in Section 4.1, {P,,Q, | a < A} is
our main finite support iteration which we force with over V. Its limit P, adds a distributivity matrix of
height .. We will now represent our iteration as a “finer” iteration: we write each iterand Q, as a finite
support iteration of Mathias forcings with respect to certain filters. Fix @ < A.

As a preparation, we introduce a “nice” enumeration of 7, (recall that o € T, if and only if a, is
added by Q,). We go through the nodes in 7, level by level, and “blockwise”. A block is a set of nodes
{p"i | i < A} for some p € A<*. More precisely, let {o}, | v < Ay} be an enumeration of T, (note that
|T,| = ¢ and hence A, is an ordinal with ¢ < A, < ¢*) such that

(1) (“level by level”) |07 | < |oh| > v < v,
(2) (“blockwise”) for each p € <! with {p~i | i < A} C T, there is v < A, such that

p i =0’ foreachi < A
Recall that QS denotes {p € Q, | dom(p) C C} (for C C A<Y). For any 8 < A, let
;ﬁ = Qgr{rlv<ﬁ}’

and for 8 < Ag,

<B ._ nloalvspl
o = K .

Note that QEA“ = Qg and that {0, | v < B} is left-up-closed for each § < A, (due to (1) and (2)
above). Therefore, Q;ﬁ is a complete subforcing of Q,: this is an easy instance of Lemma 4.22, letting
C =E = {0, |v<p}. By Lemma 5.1, Q;ﬁ is a complete subforcing of Qiﬁ, so we can form the
quotient Qiﬂ / Q;ﬁ . Moreover, because conditions in Q, have finite domain,

L=

0<B

for each limit ordinal 8 < A,; in other words, Q;'B is the direct limit of the forcings Q5 for 6 < 8. So Q,
is forcing equivalent to the finite support iteration of the quotients Qiﬁ / Qf,ﬁ for B < A,.

Recall that M(¥) denotes Mathias forcing with respect to the filter ¥ (see Definition 6.1). We are
now going to show that Qiﬁ / Q;ﬁ is forcing equivalent to M(Tf ) for a filter Tf . Work in an extension
by P, *Q;ﬁ , and note that, for each 7 € T, with 7 < @, a set a, has been added by P,, and for each v < g3,
a set ay, has been added by P, *Qf,ﬂ . These sets*are used to define Tf as follows. Let p € A< and i < A
be such that 0{3, = p~i, and let

o = apresn | €+ 1< o Ufw \ apj | j <),

ie., isﬁ is the collection of all sets assigned to the nodes above O'f, and the complements of the sets
assigned to the nodes to the left of 0'§ within the same block. Note that &, is a filter base, i.e., any

1n this paper, we show that by is small by showing that its upper bound b is small. Sometimes, it is shown directly that b is
small (by constructing a distributivity matrix of small height); see, e.g., [38].
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intersection of finitely many elements is infinite: indeed, for finite / Ciand £ + 1 < |p|, let j* € A\ [; then
ap-j+ c* dppe+1) N ﬂjel(w \ a,fj). Then let

?f = <8€ )Erechéts

ie., 7"5 is the filter generated by taking finite intersections of sets from ‘{;ﬁ and the Frechét filter and taking
the upwards closure.

The quotient Qéﬁ / Q;ﬂ adds the set a, where o = (Tf, The following lemma will provide a dense
embedding from Qiﬁ / Q;ﬁ to M(?"f ) which preserves (the finite appoximations of) the generic real a.
Therefore, a, is also the generic real for M(?‘f ). Recall that the generic real for M(¥) is a pseudo-
intersection of 7, and the definition of 7"5 ensures that a pseudo-intersection of it is almost contained in
appe+1) whenever £ + 1 < |p| and almost disjoint from a,- ; for each j < i, as it is the case for the real a,-.

Lemma 7.1. Qi’g / Q;ﬁ is densely embeddable into M(T{f ).

Proof. For simplicity of notation, let o := 0'§ for the rest of this proof. Let G be a generic filter for Q;ﬁ .
We work in the extension by G, so

Q10 = {p € Q| Vg € G(p is compatible with ¢)}.

Let us define an embedding : Q7 /QF — M(F7) as follows: for p € QF/1QF, let p(0) = (5o, fr o),
and let «(p) = (s, A), where
A= () @Ut@n [ (@\a)Uhe(o)\lsol
Tedom(fy) pedom(h,)

To see that it is a dense embedding, we have to check the following conditions:

(1) (Density) For every condition (s,A) € M(Tf ), there exists a condition p such that ((p) < (s, A).

(2) (Incompatibility preserving) If p and p’ are incompatible, then so are «(p) and «(p’).

(3) (Order preserving) If p” < p, then «(p’) < «(p).

To show (1), let (s,A) € M(Tf). Since A € ?f, there exist finite sets {p; | i <m}, {7; | j <} and N € w
such that M ar; N Nicm(w \ ) \ N C A. Extend s with 0’s to s, such that |s,| = max(|s|, N), and let
dom(hy) = {p; | i < m} and h(p;) := |s,| for every i, and dom(f,) := {7 | j < I} and f, () := |s.]| for
every j. Let p :={(0, (5o, fors ho )} UA{(7, (), 0,0)) | T € (dom(fr) N T) U dom(h)}.

To see that p is in the quotient, let g € G be arbitrary; it is easy to check that ¢ U {(7, (s7, fr, h:)) | T €

dom(p) \ dom(q)} < p,q.
By definition, «(p) = (s, A”), where
A= [ @ufenn [ (@\a)Uhe@)\lso.
Tedom(fy) pedom(hy)
It follows that
e ﬂ N ﬂ W\ ay) \ Isel € ﬂaTjﬁﬁ(w\api)\NgA

tedom(fy) pedom(h) j<l i<m

Bt is possible (see the base step * = 0 of the proof of Lemma 7.3(3)) that only sets a. with 7 € T, for some 1 < « are used.
This is the case if p is pre-T,-minimal and i = 0.
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(where (*) holds because |s,| > f-(7), hy(0) for every T, p in the respective domains). Therefore s, & s,
A’ C A, and s,(n) = 0 forall n > |s|. So «(p) = (55,A") < (s,A).

We prove (2) by showing the contrapositive. Assume ¢(p) and ¢(p”) are compatible. Define g as follows.
Let dom(g) := dom(p)Udom(p’). For every T € dom(g), let s := s Usf,, dom(fY) := dom(f?)udom(f? ,)
and for p € dom(f7) let fZ(p) = min(f (p), f¥ ,(p)), and the same for 4: dom(h?) := dom(h?) U dom(hf,)
and for p € dom(h?) let h(p) = min(h’(p), h” (p)). It is easy to check that g is a condition in the quotient
andg < p,p’.

To show (3), let p’ < p. So, by definition, s* & s”, and dom(h” ) 2 dom(4”) and dom(£?") 2 dom(f?),
and f¥ (1) < f2(7) for T € dom(f?) and h” (0) < h”(p) for p € dom(h>); so

A= () @uffn (] (@\a) Uk E)\Ish]

redom(f?) pedom(h?)
c () @ufann [ (\a)UhhE)\Ish =: A.
redom(f?) pedom(h?.

By definition, «(p) = (s2, A) and «(p’) = (s”,A’). To show that (s*, A") < (s£, A), it remains to show that
for n > |s7| with sg(n) = 1, we have n € A. First fix p € dom(h”.) and show that n € (w \ a,) U hh(p). It
n < h2(p), this is clear. If n > h”.(p), we know that s respects hZ, and son € w \ a,. So in both cases,
n € (w\ a,) Uhb(p). Now fix T € dom(f7) and show that n € a; U f7 (7). This is the same argument as for
h. If n < f2(1), this is clear. If n > f2(1), we know that sg respects f2, and so n € a,. So in both cases,
n € a, U f£(r), finishing the proof. m

The following fact will be needed in the proof of Claim 7.4:
Corollary 7.2. P, is o-centered for each a < A.
More generally, the same holds for P, / P, for n < a.

Proof of Corollary 7.2. Since Mathias forcing with respect to a filter is always o-centered (see the remark
after Definition 6.1) and Qiﬁ / Q;ﬂ is densely embeddable into such a forcing by the above lemma, also
Qiﬁ /Q;B is o-centered.

Recall that A, < ¢* for every n < @, and @ < A < ¢, so P, is a finite support iteration of o-centered
forcings of length strictly less than ¢*. As a matter of fact, the finite support iteration of o-centered
forcings of length strictly less than ¢* is o-centered (the result was mentioned without proof in [39, proof
of Lemma 2]; for a proof, see [7] or [23, Lemma 5.3.8]). O

7.2. The filters are B-Canjar. To finish the proof of Main Theorem 4.1, we have to show that b = w;
holds true in the final extension.
Recall that the setup is the following. Our very ground model Vj is a model of CH; therefore, its set of
reals
B=w’NV,y

has size w;. Clearly, 8 is an unbounded family in V. We will show that 8 remains unbounded in the
course of the iteration, thereby witnessing b = w; in the final model.



44 VERA FISCHER, MARLENE KOELBING, AND WOLFGANG WOHOFSKY

First, observe that 8 is still unbounded in V, the extension of Vy by 4 many w-Cohen reals (due to the
fact that C,, does not add dominating reals).

In Section 7.1, we have defined filters Tf for @ < A and B8 < A, (and their canonical filter bases ‘Z{i)
and have shown that Q,, is equivalent to the finite support iteration of the Mathias forcings M(T(’f ). In
particular, P, *QE’B * M(Tf ) =P, *Qf,ﬂ, and P, *Q;A" = P,+1. Note that B satisfies the closure prop-
erty (6) from Theorem 6.7; therefore it suffices to show that 8 remains unbounded at successor steps of
our “fine” iteration: for each @ < A and each 8 < A,, the unboundedness of B is preserved by M(?’f ). To
achieve this, we will show that the filters Tf are B-Canjar in V[P, *Q;ﬁ ] (see Lemma 7.3(2)). Actually,
we show for every 8* that ’Ff is B-Canjar in V[P, *Q;ﬁ *] whenever 8’5 € V[P, *Q;ﬁ *], i.e., we show the
B-Canjarness of a filter 7:5 as soon as it exists.

In many cases, we use a genericity argument to show that the filters are B-Canjar at the stage where
they appear, but we need the B-Canjarness in later stages of the iteration, for two reasons: first, we want
to force with this filter in a later stage, and second, we want to use the 8-Canjarness of an older filter to
show the B-Canjarness of a filter which appears later. As mentioned earlier, the notion of B-Canjarness
of a filter is not absolute, therefore we will use our method from Section 6.3 to guarantee that the 8-
Canjarness of the filter is not destroyed by the other Mathias forcings along the iteration. This method is
based on finite sums of filters, therefore we show that all finite sums of filters which exist in V[P, *Q;ﬁ *]
are B-Canjar (see Lemma 7.3(3)).

Lemma 7.3. For every a < A, for every B* < A,
(1) B is unbounded in V[P, *QZ’B *],
(2) F£° is B-Canjar in V[P +QF 1,
(3) if m € wand Py, ...,LBu-1 < Ny With gf;k e V[P, *Qéﬁ*]for every k < m, then @,Km?f" is
B-Canjar in V[P, *Q;'B*].

Proof. First note that, for each @ < A and 8 < A, (2) is a special instance of (3): in fact, 48{5 €
VI[P, *fo *], so (3) form = 1 and By = 8" is (2). However, we need (3) in order to carry out the induction
(to preserve B-Canjarness of our filters).

We prove (1) and (3) (and hence (2)) by (simultaneous) induction on the pairs («, 8*) (with the lexico-
graphical ordering). So suppose that (1) and (3) hold for each (o', 8) <j.x (@, %), i.e., for each pair with
a’ < a (and B arbitrary) or @’ = @ and 8’ < 5*.

Proof of (1):

For @ = * = 0, just note that B is unbounded in V[P, *QSO] =V, since V is the extension by Cohen
forcing C,, (which does not add dominating reals) of our GCH ground model V.

In case B* = B'+1 is a successor ordinal, we use the fact that (1) holds for @ = @’ and 8’ by induction, so
$ is unbounded in the extension by P, *Q;ﬁ /; by Lemma 7.1, iﬁ , / QZ’B "is forcing equivalent to M(ﬁ,ﬁ ,),
ie., Q;ﬁ "= f,ﬁ / *M(?‘”f ,); since (2) holds for 8’ by induction, M(?‘”aﬁ ’) preserves the unboundedness of B,
hence the same is true for P, *Q;B *, as desired.

In case (@, B8%) is a limit point of the lexicographical ordering (i.e., B* = 0 or B* is a limit ordinal), we
use the fact that P, *Q;ﬁ " is the limit of a finite support iteration of c.c.c. forcings, and that (1) holds for
each (¢, ') <jex (@, %); so we can apply Theorem 6.7 to conclude (1) for (, 8%).
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Proof of (3):

Fix a. By (1), 8 is unbounded in V[P,]. We say that p € A=Y is pre-T,-minimal if it is the predecessor
of a minimal node of T,; it is straightforward to check that this is the case if and only if

o p e V[P,
e p & V[P,] for any n < a, and
e for every y < |p|, there exists n < a withp [y € V[P,].

Note that for @ = 0, the only pre-7,-minimal node is the root (), and for @ > 0, all pre-T,-minimal nodes
have limit length.
We proceed by induction on §*.

Base step 5* = 0:

Let Bo, .. .,Bm_1 be such that ‘5/;" € V[P, *Q:°] for each k < m. Since ‘&’i" € V[P, *Q0] = V[P,],
it follows that o{ff = p, 0 for some pre-T,-minimal node p;: indeed, observe that S’f, contains elements
which are only added by Q, (and hence ‘5@ ¢ V[P,]) whenever a-ﬁ = p~i with p not pre-T,-minimal or
i > 0 (because a; € Efﬁ orw\a; € ;;fj, for some 7 € T,).

If cf(|ox|) is countable for all k < m, the filter @k <m Tf" is countably generated, hence it follows by
Lemma 6.6 that it is B-Canjar.

In particular, for @ = 0, the only pre-7,-minimal node is p = (), hence this finishes the proof for
a = B* =0. So assume « > 0 for the rest of the proof of the base step.

If cf(@) < w (and @ > 0), all pre-T,-minimal nodes p have cf(|o|) = w:

Claim 7.4. Let p be a pre-T,-minimal node and cf(|p|) > w. Then

(1) cf(@) > w, and
(2) there exists non < a such thatp |y € V[P,] for all y <|p|.

Proof. Let us first show (2). Assume it does not hold, i.e., we can fix n < a such that p 'y € V[P,] for all
v < |pl: so p is fresh over V[P,]. This is not possible, because P, / P, is o-centered (see Corollary 7.2),
hence in particular (P, / P;) X (P, /P;) has the c.c.c., so by Theorem 2.8 (see also the discussion after
Definition 2.6), P, / P;, does not add a fresh function on any ordinal of uncountable cofinality.

Now let us show (1). Assume towards contradiction that cf(a) < w, and let (@, | n € w) be increasing
cofinal in « (in case « is a successor, let @, be its predecessor for every n). For every y < |p|, let
n € w be such that p [ y € V[P,,], which is possible since p is pre-T,-minimal. Since cf(|p]) > w,
there exists n* € w such that p | y € V[P, .] for cofinally many y < |p| (and hence for all y < |p|),
contradicting (2). O

So we can assume that cf(@) > w. We first argue that cf(|o|) > w for all pre-T,-minimal nodes p.
Assume towards contradiction that cf(|p|) = w and p is pre-T,-minimal. Let (y, | n € w) be increasing
cofinal in |p|. For every n < w, let @, < a be such that p | vy, € V[P,,]. Since cf(a) > w, there exists
a’ < a with @, < &’ for every n. There are no new countable sequences of elements of V[P, ] in V[P,],
because V[P,] is a limit of uncountable cofinality of a c.c.c. iteration, hence there exists @’’ < a such that
o [ vnlnew)e V[P, ] Hence also p € V[P,~], so it is not pre-T,-minimal, a contradiction.
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Now we will show that @ k<m Tf" is B-Canjar in V[P, ], using the characterization from Theorem 6.3.
Let (X, | n € w) € V[P,] be positive for @ k<m f’f *. We want to show that there exists f € B such that )_( f
is positive for @ k<m Tf “. Since (X, | n € w) is hereditarily countable and cf(@) > w, there exists n < «
with (X, | n € w) € V[P,]. Moreover, let i be large enough such that for all j < k < m with p; # py, there
exists a successor 6 < |ojl, [ox| such that p; [ 6 # px ' 6 and ap 15, ap,16 € VI[Pyl. For every k < m, let
Yk < |pk| be such that a,, 1, € V[P,]. Such y; exist, bexause the py are pre-T,-minimal, using (2) from the
above claim. Clearly ay, y, € V[P,] for every k < m. The filter €5, _, (ap,y,) is countably generated and
hence B-Canjar in V[P,] (see Lemma 6.6). Note that @k<m(apk ) S @k<m Tf", hence (X, | n € w) is
positive for B, _ (ap,1y,). Therefore we can fix f € B such that X is positive for P, _, (ap,1y,). Note
that X € V[P,].

We will use a genericity argument to show that X is positive for 5 k<m Tf". It is enough to show that
for all successors 6; < |og|, for all [; € w there exists s € )_(f with s C EBk<m(apk 16, \ lk), because sets of
this form are a basis for the filter. If 6y < yx for all £, this holds by the choice of f.

We show by induction on 17 < 1" < a that for all successors 6 < |px|l and all [y < w, if all a,, 5, € V[Py]
then V[P, ] E “ds € )_(f s C @k<m(apk t6; \ lk)”. Note that this holds for ¥ = n by choice of f, and that at
limit steps of the induction no new a,, 15, appear, so we only have to show it for successors. Assume that
it holds for " and show it for " + 1.

For every k < m, let 6y < |pi| with a,, 15, € V[Pyy41] and [ € w be given. Let p € Q,;. We will show
that there exists ¢ < p and s € Xy such that g s € @, _, (ap,1s, \ Ix).- Without loss of generality we can
assume that p | 8 € dom(p) for all k < m with p; | 6 € Ty, and that p is a full condition.

For every k < m, define Z. If pi [ 0x € Ty, let

xe = (_Jidom(fh, )N T} 1y <6c A pe 1y € dom(p)).

Ifpr I 0k & Ty, let Zy := {ox | 0x}. Let X := Upem 2k For every k < m, let o be the longest initial
segment of p; which belongs to X (if there exists one; let*® o := pr | 1 otherwise). Note that oy = o if
Pk = pj, and that a,, € V[P, ] for every k < m. Now let N € w be large enough such that

o N > [ for every k < m,
e N > |s7| for every o € dom(p),
® a, \ N Caforall T € X, for all k < m.
By hypothesis, in V[P,/], we can fix s € Xf with s C @,Km(aak \ N).
To get g, extend p as follows. For every k < m, for every y < 6 with pi [ v € dom(p), let
s0 =50 TO MY L N)) (@ T IV, max(s))).
Observe that, if p; # pj, there is no 7 € dom(p) with 7 < p; and 7 < p; (by choice of 7 and since " > 1);
so the above is well-defined, since o = o if pr = p;.
Note that n was chosen large enough such that for all y; < 6x and y; < 6;,if p; T ¥; # px T Y&
then they are not in the same block; so, in particular, p; I v; ¢ dom(hg : m) and py | v € dom(hﬁ ]_ W/)'

46we just have to choose any initial segment of p; which belongs to TI’] , and make sure that o = o if p; = p;. Alternatively,

in such cases, we could replace a,, by w below.
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Therefore, the requirement (8) from Definition 4.5 is fulfilled. It is easy to see that the other requirements
of Definition 4.5 are fulfilled as well, hence ¢ is a condition.
It is easy to check that g forces s C @k<m(apk 16; \ k), as desired.

Successor step:

Let us say that a filter 72 (and its filter base §°) is new in V[P, Q7 1if § € V[P, Q7 ] and
F ¢ V[P, +Q:9"] for all 6* < B*.

Now assume that we have shown (3) for 8*; let us show it for 8* + 1.

If 8’?," e V[P, *Q;ﬁ *] for every k < m, then by induction hypothesis (@ k<m Tf g ) @Tf s B-Canjar in
V[P, *Q” 1, hence, by Lemma 6.11, P, _, F2* is B-Canjar in V[P, Q5 +M(FL )] = V[P, Q3 1.

It is easy to check that there are exactly two new filters in V[P, *Q;ﬁ *H]: 7’5 , where § is such that
0'5 = o‘ﬁ*AO, and 7"5,, where 8/ = B* + 1 (i.e., 0'5 = p (i+1)and o{i = p~i). Both Tf and~?f,
are extensions of Tf i by one new set. Therefore, the filter @k < Tf" is an extension of P k<m Tf" by
finitely many sets, where B = 8* if B = B or B = B/, and B = B otherwise. By the above, B, _ ’Ff “is
B-Canjar in V[P, *Q;ﬁ*ﬂ], hence, by Lemma 6.5, also @,Km 7{'5" is B-Canjar in V[P, *Q;ﬁ*ﬂ].

Limit step:

Now assume that 8* is a limit, and that we have shown (3) for all 6* < 8%; let us show it for 8*. If
for each k < m there exists 6, < 8 such that ‘&ff € V[P, *Q;(sz]’ then there exists 6* < B* such that
Fr e V[P, *fos*] for all k < m. By induction hypothesis, @, _, FP+ is B-Canjar in V[P, *Q59] for
every 6* < 6* < 8*, hence, by Lemma 6.12, it is 8-Canjar in V[P, *Qjﬂ*].

Now we have to consider new filters. There are two cases: either 5* is such that (Ti has 0 as its last
entry, or such that it has a limit ordinal i as its last entry.

First case: o{i = p~0 for some p

Let us first argue that there are no new filters unless |p| is a limit and o“g is the first node of its level in the
enumeration (i.e., |0'g| < |p| for each § < B*). If o-{i is not the first node of the level in the enumeration,
then there are no new filters in V[P, *Q;ﬁ *]: If 2’9‘5 e V[P, *Q;B *], then there exists 6* < B* such that
23*5 € V[P, Q5% ], because gf; contains — from the sets of this level — only sets within one block and
only boundedly many sets within this block. Similarly, if |p| is a successor (and 0'§ is the first node of its
level in the enumeration), there are no new filters in V[P, *Q;B *]: If 8§ e V[P, *Q;ﬁ *], then there exists
60" < B* such that 35 e V[P, *Q;‘S*], because 8/3; contains — from the sets of level |p| — only boundedly
many sets.

So we assume from now on that |p| is a limit and a‘§ is the first node of its level in the enumeration. In
this case, there are many new filters 7—:’? in V[P, *Q;’B *]; in fact, it is easy to check that Tf is new if and
only if the following holds: oﬁ = p~0 for some p with |p| = |p| and p not pre-T,-minimal. Observe that
85 ={as}y | ¥ <lpl}. Let Bo, ..., Bm-1 be such that &@" e V[P, *Q;'B*] for each k < m. We want to show
that EBk<m Tf" is B-Canjar in V[P, *Qéﬁ*].
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In case cf(Jp|]) = w, we can use Lemma 6.13 and the remark afterwards to finish the proof: @ k<m Tf"
is a sum of filters, in which the new filters are countably generated, whereas the sum of the filters which
are not new is B-Canjar (see the first paragraph of the limit step).

So let us assume from now on that cf(Jp|) > w. Let new C m be the set of k < m such that Tf" is a new
filter, and old = m \ new be the set of k < m such that Tf" is not new. For each k € new, we can fix pi
such that o{ik = p, 0 (with |ox| = |o| and pi not pre-T,-minimal).

Let (X, | n € w) € V[P, *Q;ﬁ *] be positive for @ k<m Tfk . Since (X,, | n € w) is hereditarily countable
and Q;ﬁ " has the c.c.c., there exists a hereditarily countable name X for (X,, | n € w). Since the conditions
in Qéﬁ " have finite domain, the union of all the domains of conditions which occur in the name X is
countable. Let y < |p| be a successor ordinal large enough such that the following hold:

e (X, | n € w)e V[P, *Q7] (this is possible due to cf(|o]) > w).
e Forall j,k € new, if p; # py, then p; and py split before .
e Forall k € old, either [02] < y or*7|c®*| > |pl.
® ayy & V[P,] for all k € new, ie., px [ v € T, (which is possible because pj is not pre-T-
minimal).
For every k < m with k € old, we have F* € V[P, +Q] by choice of y; let .= F*. For k € new, let
%k = {ap 1y}

As above, we can use Lemma 6.13 and the remark afterwards to show that P r <m<;§€k> is B-Canjar in
V[P, *Q;ﬁ *]. Indeed, P keold(fgﬁ"} is 8-Canjar in V[P, *Q;ﬁ *] by the first paragraph of the limit step, and
for each k € new, (fyﬁ"} is countably generated. Moreover, (P i< m<i§§k ) C @k - Tfk, hence (X, | n € w)
is positive for @k<m<f§€"). So we can fix f € B such that }_(f is positive for @km(‘&ﬁk). Since (X,, | n € w)
and P, _, (&) are in V[P, +Q. 1, this holds in V[P, +Q. 7.

Now we use a genericity argument in Q;ﬁ i / foy to show that X/ is positive for P k<m Tf “. We have
to show that for all (A | kK < m) with A; € Tfk, there exists s € Xf with s C EBk<m Ay. For k € new, we
can assume that Ay = ap, s, \ Ik with y < 6 < |p| and [; € w, because these sets form filter bases (with
respect to upwards closure). For k € old, let B, := Ay, and for k € new (in this case |0'§"| =lol+1>7),
let By := a,,},. By the choice of f, there exists, forall N € w, an s € )_(f with s C @k<m(Bk \ N).

Letp e Q;ﬁ */ ijy. Without loss of generality we can assume that p; [ 0y € dom(p) if k € new. For
every k € new, define

Xy o= U{dom(ﬁ; ) VA= 16 <8¢ Api 16 € dom(p)).

Now let N € w be large enough such that

o N > [ for every k € new,
o N > |s7| for every o € dom(p),
® a, 1y \ N Ca;forall T € X, for all k € new.

By the above, we can fix s € X; with s € €, _ (Bx \ N).

4TNote that [P > lol is only possible if o = p~0 for a pre-T,-minimal node j.
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To get ¢, extend p as follows. For every k € new, for every 6 < oy with pi [ ¢ € dom(p), let

s 5= 80O TISD LN @y T IV, max(s)).

Note that y was chosen large enough so that for j, k € new, if p; # py, then they split before y, therefore
for y < ¢ < |p| either p [ 6 = p; | 6 or they are not in the same block. In particular p; | ¢ ¢ dom(hg : r5)
andpy [0 ¢ dom(hz i s)- So the requirement (8) from Definition 4.5 is fulfilled. It is easy to see that the
other requirements of Definition 4.5 are fulfilled as well, hence g is a condition.

It is easy to check that g forces s C EB k<m Ak as desired.

Second case: 0'5 = p~i with i > 0 limit

In this case, Tf " is the only new filter in V[P, *QZ’B *]. Indeed, for all other 8 either &6 appeared
in an earlier step already or it is not in this model, because for 8 # S the filter base g{j either uses
only boundedly many elements of {a,~; | j < i} or it uses a,~; as well. Let Bo,...,B,-1 be such that
F* e V[P, «QF ] for each k < m. We want to show that D.... FPr is B-Canjar in V[P, +*QF 1.

Let (X, | n € w) € V[P, *Q;ﬁ ] be positive for EB k<m Tfk . Since (X,, | n € w) is hereditarily countable
and Q;’B " has the c.c.c., there exists a hereditarily countable name X for (X,, | n € w). Since the conditions
in Q;ﬁ have finite domain, the union D of all the domains of conditions which occur in the name X
is countable. Let 8** < B* be such that p~0 = 0'5 .LetD:={reD|3j<i(t=pj Let
C :={0 | v < B} U D. Note that

C={oL|lv<B*Aloll <lplfuC

with C = {0, | v < B Alo| = ||+ 1}UD. Since {0, | v < B** Alo| < |ol} = =PI N T, is left-up-closed,
C has the form which is needed in Lemma 4.22, so QS is a complete subforcing of Q, and a subset of
Qiﬁ *; recall that Q;ﬁ “isalsoa complete subforcing of Q,, so, by Lemma 5.1, Qg is complete in Q;ﬁ -

Observe that for all k < m either §* N V[Py +QF 1= & or §* N V[P, +QF 1= & . In particular,
for every k < m there exists 8, such that ;' N V[P, *Q;ﬁ **] = gﬁi and ?gﬁi’ e V[P, *QE'BM], Hence
B (T 0 V[P, +QF 1) is B-Canjar in V[P, *Q ]. For every k < m, § N V[P, *QS] is the set
8/;" N V[P, *Q;ﬁ **] together with countably many new sets (some of the sets w \ a, with 7 € D), therefore
) <m("&'§" N V[P, *QS1) is a filter generated by €P, <m(‘&§" N V[P, *Q 1) together with countably
many new sets. Hence, by Lemma 6.5, @km(‘&?f N V[P, *QS]) is B-Canjar in V[P, «QF 1. Since
@km(&g" NV[P, QST € P, FPx the sets (X, | n € w) are also positive for @k<m<$’§" NV[P, QS1).
So we can fix f € B such that }_(f is positive for @k<m( N VI[P, *Qg]). Since (X, | n € w) and
P k<m<3§k N V[P, *QC1) are in V[P, *QF], this holds in V[P, *QS].

Now we use a genericity argument in Q;ﬁ " /QF to show that X ¢ is positive for 5 k<m 7’5 *. We have to
show that for all (A; | k < m) with Ay € 7—'5" there exists s € X r with s C @k < Ak- For easier notation,
assume that there exists m’ < m such that A, € V[P, *QS] if and only if k < m’.

For m’ < k < m there exists By € (&, N V[P, *Qg]), {r € w and (j’r‘ | » < &) <€ i such that
A = B yag @\, ). S0 Dy At = By Ak O DB,y g0 (BN Nyt @\, ). Let p € QFF /0.
Without loss of generality assume that p~ j’r‘ € dom(p) if p~ j’r‘ ¢ C. Let N > |s%| for every T € dom(p). We
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canfix s € Xy withs € P, _,, Ar® P
max(s) + 1.
It is easy to check that g is a condition, and that g forces s C P i<m Ak> s desired. O

(Br \ N). To get g, extend each sg i with 0’s to have length

m’ <k<m

By the above Lemma 7.3(1), 8 is unbounded in V[P,] for every @ < A, so by applying Theorem 6.7
once again, it follows that B is unbounded in our final model V[P,]. Since |B| = w, the bounding
number b is w; in our final model, and so is }) (see Proposition 3.2), as desired.

This concludes the proof of Main Theorem 4.1.

8. CONSIDERATIONS ABOUT P(k)/<k

In this section, we study the distributivity spectrum of $(k)/<« for regular uncountable cardinals «.
We compute the fresh function spectrum of $(k)/<k in Section 8.2, and we discuss the combinatorial
distributivity spectrum of P(k)/<« in Section 8.3.

These considerations are also an attempt towards defining a x-analogue of ). As a matter of fact, the
distributivity of P(k)/<k is w (see Proposition 8.1), i.e., the straightforward generalization of f) does not
work. The same problem occurs in the context of the tower number t, but its k-analogue t, can be defined
by excluding towers of short length. We do not know whether a similar approach can work for defining b,
(see Tentative Definition 8.5). The problem of generalizing ) to « has also been considered by Galgon in
his PhD thesis (see [20]).

8.1. Distributivity of #(x)/<k and the tower number t,. Leta,b € [«]“. We write b C* a if b\ a has size
< «k (i.e., the equivalence class of b is stronger than the equivalence class of a in P(x)/<«). We say that
b € [k]* is a pseudo-intersection of {as | &£ < 6) C [k]*if b C* a, for each & < 6. We say that (ag | £ < 6)
is a tower of length ¢ in P(k)/<«k if a; C* ag for any n > £, and it does not have a pseudo-intersection of
size k.

There are always towers of length w in P(x)/<k: indeed, let {x, | n € w} be a partition of « into
countably many pieces each of size «, and define a, := |J,;», Xm; then the sequence (a, | n < w) is
C*-decreasing and has no pseudo-intersection of size k. The analogous proof works for any other regular
cardinal below «, hence for any regular A < «, there is a tower of length A in P(k)/<k.

Note that the above actually says that P(k)/<k is not o-closed. Let us now argue that the following
stronger statement holds (a slightly different presentation can also be found in [20, Theorem 3.5.2]):

Proposition 8.1. P(x)/<«k is not w-distributive (i.e., H(P(k)/<k) = w).

Proof. We use the game characterization of distributivity given in Section 2.3. We define a strategy o for
Player I in G, (P(x)/<k) and show that it is a winning strategy.

For b € [«]*, let b =: {@; | i < k} be the increasing enumeration of b, and let b’ := {a;41 | i € «}. Let
() := k and® o({ag, by, . . ., b,)) = b,.

Assume towards a contradiction that o is not a winning strategy. Fix a run {aog, by, a1, by, ...) of the
game, where Player I played according to o, yet Player Il wins, witnessed by b € [«]%, i.e., b C* a, for

“BHere and in the rest of the proof, we work with arbitrary representatives a, for the equivalence classes in («)/<k instead
of the equivalence classes (compare with Remark 3.1).
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every n € w. Note that there exists y < « such that b, \y C a, and a,+1 \ y C b, as well as b\ y C a,, holds
true for each n € w. Now let @ € b\ y be the wth element of b \ y. Then a € a, \ y for every n € w, so
there exists i, € « such that « is the i,th element of a, \ y. It is straightforward to check that i, | n € w)
is a strictly decreasing sequence of ordinals; a contradiction. O

The above proposition shows that h(P(x)/<«) cannot be taken as a suitable generalization of  to «.

Similarly, the tower number t cannot be generalized to « by simply taking the minimal length of a tower
in P(x)/ <k (which would always yield value w). However, one can overcome this problem by excluding
towers of length less than « (see, e.g., [36]). We present this approach by looking at the corresponding
spectrum. Let

spec(t) := {6 | 6 is regular*and there is a tower of length 6 in P(k)/ <k}

be the tower spectrum of P(k)/<k. As discussed above, each regular cardinal below « belongs to spec(1).
On the other hand, the usual diagonalization argument shows that there is no tower of length « in P(x)/<«,
i.e., k does not belong to spec(t,). So the part of the spectrum up to « is not really interesting, and we
define
t, := min({6 € spec(ty) | 6 > k}).

Note that t, is well-defined, since the above set is non-empty: in fact, it is quite easy to construct a
maximal C*-decreasing sequence consisting only of club subsets of « (taking diagonal intersections at
limits of cofinality ), which yields a tower of regular’length above «.

Clearly, k* < t, < 2%, Actually, t, can attain any regular value from «* to 2¥ in suitable models of ZFC;
in particular, «* = t, < 2¥ as well as k* < t, = 2¥ are consistent (see [36, Theorem 3.7]).

8.2. The fresh function spectrum of P(«x)/<k. As for P(w)/fin (see Proposition 2.11), the fresh function
spectrum of P(x)/<k is an interval. Under the assumption that there are antichains of size 8 in P(k)/ <,
Shelah [33] has shown that the forcing $(k)/<k collapses 6 to°! w (based on work of Balcar-Simon [3]
which shows that it collapses the generalized bounding number b, to w).

We will use Lemma 2.10 to compute the fresh function spectrum of P(x)/<k. As a preparation, we
prove the following lemma:

Lemma 8.2. If P(x)/<k has the y-c.c., then (P(k)/<k) X (P(k)/<k) has the y-c.c..

Proof. Let A be an antichain in (P(k)/<k) X (P(k)/<k). We will show that there is an antichain in P(«)/<x
of the same size.

Fix a bijection ¢: k X k — k. Define a mapping ¢: [k]* X [«]* — [«]* as follows. For (a, b) € [k]* X [«]¥,
leta = {a; | i < «}, and b =: {B; | i < «} be the increasing enumerations of a and b. Let ¢(a,b) :=
{t(ai, Bi) | i < k). Tt is straightforward to check that ¢ preserves incompatibility, i.e., if (ag, bg) and (ay, by)
are incompatible, then ¢(ag, bg) and ¢(a, by) are incompatible.

49As for the tower spectrum spec(t) of P(w)/fin (see Section 3.1), the existence of towers is only a matter of cofinality, and
hence the restriction to regular cardinals makes sense.

5 OActually, the resulting tower might be of singular length, but its cofinality will be a regular cardinal above «.

SINote that this again yields h(P(x)/<«) = w, which was directly proved above (by a much easier argument, see Proposi-
tion 8.1).
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Therefore, {¢(a, b) | (a,b) € A} is an antichain in P(x)/ <k of the same size as A. O

We can now compute the fresh function spectrum of P(«k)/<«. It turns out that it only depends on the
size of the antichains:

Proposition 8.3. If y is minimal such that P(k)/<k has the y-c.c., then®*
FRESH(P(k)/<k) = [w, X)Reg-

Proof. By Shelah [33], P(x)/<«k collapses 0 to w, if there exists an antichain of size §. Hence, every
cardinal smaller than y is collapsed to w. Since H(P(k)/<k) = w, it follows by Lemma 2.10 that every
regular cardinal smaller than y belongs to FRESH(P(x)/<k).

On the other hand, nothing larger belongs to FRESH(P(x)/<«): by Lemma 8.2, (P(«x)/<«) X (P(k)/<k)
has the y-c.c., hence by Theorem 2.8 no regular cardinal > y belongs to FRESH(P(x)/<k). O

Note that there are always antichains of size «* (actually even of size> b

[w, k" reg € FRESH(P(k)/<k).

«) 1In P(k)/ <k, hence

If 2<¢ = k, then there are antichains of size 2¢ (by the same argument as for w, i.e., by identifying 2<% with
k and taking the set of branches through the tree 2<%), so

FRESH(P(x)/<k) = [w, 2“]ge Whenever 2<% = «.

To get a model of 2<% = k where 2¥ is large, we can start with a model of GCH and add many «-Cohen
reals.

On the other hand, it is also consistent that 2¥ is large and there are no large antichains in P(x)/<«k. In
fact, the following was shown in [4]:

Proposition 8.4. Let V be a model of 2 = 0 and u > 6 with cf(u) > k. Then there exists a cofinality
preserving extension of V such that in P(k)/ <k, there are no antichains of size 6%, and 2* = p.

Note that each antichain in V remains an antichain of the same size in the extension (since cardinalities
are preserved).

Also note that, starting with a model of GCH, the proposition easily yields a model satisfying k* < 2*
and FRESH(P(x)/<k) = [w, k" |Reg-

Proof of Proposition 8.4. We add p many w-Cohen reals, *.e., force with C,. Then in the extension,
clearly 2% = u holds true, and there are no antichains of size 6* in P(x)/<«, which can be seen as follows.

Assume towards a contradiction that A = {g; | i < "} is an antichain of size " in V[C,]. Now work
in V and fix names a; for the sets a;. For i, j < 67, let él-,j be such that it is forced that ¢; N a; C é,-,j < K.
Since C,, has the c.c.c., there exist countable sets Z; ; C « in the ground model such that it is forced that

ij € Z;j. Now let y; j := sup(Z; j) < k. This defines a mapping from 6% x 6* to . Since 8" = (2)* in V,

Sz[w,)()REg denotes {4 | 4 is a regular cardinal with w < A < y}.

Bt is easy to construct a <*-increasing family of functions in «* of size b,; the graphs of these functions form an antichain
on Kk X K.

34n fact, the proof shows that we only have to demand that the forcing to blow up 2 has the «-c.c. and preserves cofinalities
(for example, adding many v-Cohen reals with v < x would work).
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we can apply the Erdds-Rado Theorem to get a set Y C 6" of size k" and y < « such that y; ; = y for all
i, j € Y. Therefore, {g;\y | i € Y} is a family of " many disjoint subsets of x in V[C,], a contradiction. O

It also follows from the above that the size of the largest antichain in $(x)/<k can be strictly between
«* and 2¥. We can proceed as follows. Start with a ground model V satisfying GCH, and let k* <8 < u
with cf(0) > «k and cf(u) > k. First add 6 many k-Cohen reals and then add ¢ many w-Cohen reals, then in
the resulting model, P(k)/<k has the 8 -c.c. and there exists an antichain of size 8, hence

FRESH(P(k)/<k) = [w, OlReg
holds true in this model.

8.3. Distributivity matrices for £(«x)/<« and b,. We now turn to the the combinatorial distributivity
spectrum of P(k)/<k.
Recall that the straightforward generalization of ) to «, using COM(P(x)/<k), does not work: in fact,
Proposition 8.1 yields
min(COM(P(k)/<k)) = B(P(k)/<k) = w.
Together with Proposition 2.9 and Proposition 8.3, we get
{w} € COM(P(k)/<k) € FRESH(P(k)/<K) = [w, X)Reg

(where y is minimal such that $(x)/<« has the y-c.c.).

In his PhD thesis [20], Galgon explored systems of maximal antichains in P(x)/<«. He did not explic-
itly define COM(P(x)/<k), but it follows from one of his results (see [20, Proposition 3.7.3]) that if there
exists a k-Aronszajn tree, then x belongs to COM(P(k)/<«). In fact, the witnessing distributivity matrix is
directly derived from the k-Aronszajn tree, by working on the nodes of the tree (as the «-sized set in place
of k), and assigning to each node the cone of its extensions. Since the levels of the original tree are of size
less than «, the same holds true for all antichains of the resulting distributivity matrix. Moreover, it has no
cofinal branches since the original tree is Aronszajn.

Using the definition of the tower number t, as a blueprint, one could attempt to define b, as follows:

Tentative Definition 8.5.
by := min({§ € COM(P(x)/<k) | § > k}).

However, we do not know much about COM(P(k)/<k), so this definition might be problematic. Most
importantly, it is not even clear whether COM(P(x)/<k) is non-empty above «: indeed, we do not have any
example of a distributivity matrix of regular height strictly above « for P(x)/<k. At least, the existence
of a distributivity matrix of height «* is never excluded by the fresh function spectrum because «* always
belongs to FRESH(P(x)/<k).

Recall from Proposition 8.4 and the discussion afterwards that there are models satisfying k* < 2% and
FRESH(P(k)/ <) = [w, k" |res. Therefore, provided that b, is well-defined in such a model,

kT =h <2¥

is consistent. Note that even if b, exists, it is not so clear whether t, < §, would hold true in general,
because the argument of Proposition 3.3 does not go through: the length of all maximal branches of a
distributivity matrix of height b, could perhaps be of cofinality less than x. By Galgon’s above mentioned
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result, the tree property is necessary for « being not in P(«)/<«; we do not know whether this is consistent
(e.g., for large cardinals at least as strong as weakly compact). In case k ¢ COM(P(x)/<k), we could also
write 6 > « (as in the definition of t,) instead of 6 > « in the above attempt to define b,. Also, we do
not know whether the regular cardinals strictly between w and « belong to COM(P(k)/<k) (as in case of

spec(ty)).
9. QUESTIONS

Recall that Main Theorem 4.1 yields a model in which b = w; and COM also contains a cardinal larger
than b.

Question 9.1. Is it consistent that COM contains more than 2 elements?
In particular, we get a model in which COM = [b, c]ge, and b < ¢ = wy (see Corollary 4.2).
Question 9.2. Is it consistent that COM # [b, c|g.,? Is it even consistent that ) < ¢ and COM = {b}?

Recall that all maximal branches of the generic matrix of Main Theorem 4.1 are cofinal. In the Cohen
model, h = w;, and the tower spectrum contains only w;. Consequently, all branches of a distributivity
matrix of regular height larger than w; (if there exists any) are dying out.

Question 9.3. Is there a distributivity matrix of regular height larger than b in the Cohen model?

ZFC proves that each base matrix of regular height larger than b (if there exists any) has branches which
are dying out (see Theorem 3.7).

Question 9.4. Is there (consistently) a base matrix of regular height larger than §?

Let us now turn to questions about the combinatorial distributivity spectrum of P(k)/<k for regular
uncountable cardinals « (see Section 8.3). We do not know whether the set in Tentative Definition 8.5 is
actually non-empty:

Question 9.5. Does COM(P(k)/<k) (always) contain an element above «?
By Galgon’s result from [20], the existence of a x-Aronszajn tree implies that « belongs to COM(P(x)/<k).
Question 9.6. Is it consistent that k ¢ COM(P(k)/<k)?
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