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Models of some cardinal invariants with large continuum
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Abstract

We extend the applications of the techniques used in [19] to present various examples of consistency
results where some cardinal invariants of the continuum take arbitrary regular values with the size

of the continuum being bigger than Rj.

1 Introduction

We use the fsi (finite support iteration) techniques presented in [8] and the matrix iterations technique
introduced by Blass and Shelah in [6] and implemented in [11] and [19] to construct models where the
continuum is large (that is, its size is bigger than Ry) and where the cardinal invariants of the continuum
mentioned in this section take arbitrary regular values.

We introduce the notation and the cardinal invariants that concern the contents of this text. Our notation
is quite standard. A represents the amoeba algebra, B the random algebra, C the Cohen poset, D is
Hechler forcing, E is the eventually different reals forcing and 1 denotes the trivial poset {0}. Those
posets are Suslin ccc forcing notions. See [3] for definitions and properties. Basic notation and knowledge
about forcing can be found in [17] and [13].

Throughout this text, we refer as a real to any member of a fixed Polish space (e.g. the Baire space w*”
or the Cantor space 2). M denotes the o-ideal of meager sets of reals and NV is the o-ideal of null sets
of reals (from the context, it is clear which Polish space corresponds to such an ideal). For Z being M
or NV, the following cardinal invariants are defined:

add(Z) the lcast size of a family 7 C Z whose union is not in Z,

cov(Z) the least size of a family F C T whose union covers all the reals,
non(Z) the least size of a set of reals not in Z, and

cof(Z) the least size of a cofinal subfamily of (Z, C).

The value of each of these invariants does not depend on the space of reals used to define it.

We consider ¢ = 280 (the size of the continuum) and the invariants b and 0 as given in Section 2.
Thus, we have Cichon’s diagram as in figure 1. In figure 1, horizontal lines from left to right and
vertical lines from down to up represent <. The dotted lines represent add(M) = min{b, cov(M)} and
cof(M) = max{d,non(M)}. For basic definitions, notation and proofs regarding Cichon’s diagram, see
[3, Chapter 2], [4] and [2].

For A and B subsets of w, A C* B denotes that A \ B is finite. A family F contained in [w]“ is a filter
base if the intersection of any finite subfamily of F is infinite and F := {X € [w]* / Iperj<w NF C* X}
denotes the filter that it generates. X € [w]“ is said to be a pseudo-intersection of F if X C* A for any
A € F. The cardinal invariant p, the pseudo-intersection number, is defined as the least size of a filter
base that does not have a pseudo-intersection, and the cardinal invariant u, the ultrafilter number, is the
least size of a filter base that generates a non-principal ultrafilter on w. The cardinal invariants s and ¢
are defined in Section 2. For a filter base F, Mz denotes Mathias forcing with F, which is a o-centered
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Figure 1: Cichon’s diagram

forcing notion that adds a pseudo-intersection of F. For definitions, properties and proofs, see [3] and
[6]-

It is clear that the mentioned cardinal invariants are between Ry and ¢. The following are the inequalities
that are known to be true in ZFC. Refer to [4] and [3] for the proofs.

Theorem 1.1. (a) p < add(M).

(b) p<s.

(c) s<dandb<r.

(d) s < non(Z) and cov(Z) < t, where T is M or N.
(e) vt <u.

In fact, (a) and (b) are proved for the tower number t in place of p, which is the least length of a
well-ordered C*-decreasing sequence of infinite subsets of w which has no pseudo-intersection. It is well
known that p < t (from which (a) and (b) follows), but the problem whether p = t is provable in ZFC
was a long standing question recently answered positively by Malliaris and Shelah in [18].

This paper is structured as follows. In Section 2 we present preservation results, in a very general context
that covers many of the mentioned cardinal invariants, that allow to preserve some lower or upper bounds
of these cardinals under forcing extensions. These results are fundamental to calculate the values of the
invariants in the applications. In Section 3 we introduce the cases of matrix iterations we need for our
applications and show how the preservation results of Section 2 are useful in these forcing constructions.
These two sections summarize the theorical background presented in [19] with the difference that we add
Examples 2.17 and 2.19, prove a preservation result respect to Laver forcing with an ultrafilter (Lemma
2.25) and extend the context of the construction of matrix iterations in Context 3.2.

Section 4 contains the constructions of models where the mentioned cardinal invariants assume some
arbitrary preassigned values, extending the same type of applications that are shown in [19] to some
other cardinal invariants that do not appear in Cichon’s diagram. In the last section, we mention some
questions that, answered positively, imply interesting extensions of our examples.

Acknowledgements. The author is very thankful with professor J. Brendle for all his guidance, con-
structive discussions and help with the final version of this text, especially for noting that (+B,c) does
not hold (see discussion after Example 2.17), teaching to the author Example 2.19 and its relation with
B and E (Lemma 2.20) and for noting Lemma 2.25(c). Thanks to these valuable inputs, Theorems 4.3,
4.4, 4.5(b)(d)(f), 4.7(b)(d)(f) and 4.8(c) were possible to be included in the applications.

The author is also grateful to professor T. Miyamoto for his invitation to such a great conference.

2 Preservation properties

Throughout this section, let x be an uncountable regular cardinal and A > & infinite cardinal. First,
we present a general context that allows to describe some cardinal invariants and associate with it some
preservation results. Second, we describe particular cases of this context that correspond to some of the
cardinal invariants introduced in Section 1 and list the preservation results that hold for each case. At
the end, preservation results about unbounded reals are mentioned.
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Context 2.1 ([12], [3, Section 6.4]). We fix an increasing sequence (Cn)n<w of 2-place relations in w®
such that

e each C, (n < w) is a closed relation (in the arithmetical sense) and
e foralln <wand g €w®, (Cp) ={f €w” / f Tn g} is (closed) n.w.d.

Put C=|J,,,, Cn. Therefore, for every g € w*, (C)? is an F, meager set.

F C w” is a C-unbounded family if, for every g € w*, there exists an f € F such that f Z g. We define
the cardinal b as the least size of a C-unbounded family. Besides, D C w* is a C-dominating family if,
for every z € w*, there exists an f € D such that z C f. Likewise, we define the cardinal 9 as the least
size of a C-dominating family.

Given a set Y, we say that a real f € w* is C-unbounded over Y if f Z g for every g€ Y Nw®.

Although we define Context 2.1 for w*, we can use, in general, the same notion by changing the space
for the domain or the range of C to another uncountable Polish space, like 2* or other spaces whose
members can be coded by reals in w®.

2.1 Preservation of C-unbounded families

Definition 2.2. For a set F' C w®, the property (A,C, F,«) holds if, for all X C w* such that | X]| < &,
there exists an f € F which is C-unbounded over X.

This property implies directly that F is a C-unbounded family and that no set of size < & is C-
dominating, that is,

Lemma 2.3. (A,C, F, k) implies that b < |F| and k < 0c.

Definition 2.4 ([3, Def. 6.4.4.3]). For a forcing notion PP, the property (+§ ) holds if, for every P-name

h of a real in w*, there exists a set ¥ C w* such that |Y| < & and, for every f € w¥, if f is C-unbounded
over Y, then I+ f Z h.

When & = R;, we just write (+p,c).
(+f,,:) is a standard property associated to the preservation of b- <  and the preservation of d: large
through forcing extensions of P.

Lemma 2.5 ([3, Lemma 6.4.8],[19, Lemma 3]). Assume (+§ ). Then, the statements (A,C, F, k) and
Dz > A7 are preserved in generic extensions of P.

The property (+§ ) is preserved through fsi.
Theorem 2.6 (Judah and Shelah, [14], [3, Thm. 6.4.12.2], [8]). Let x be an uncountable cardinal,
Ps = (Pa, Qa)a<s a fsi of k-cc forcing. If‘v’a<5( IFp,, (+6mc)), then (+§,.c)-

Notice that, if IP and Q are posets such that P is completely embedded in @, then (+§ ) implies
(+5,0)-
2.2 Particular cases

Before presenting the particular cases of b and 9 of our interest, we claim that the property (+8,0)
holds for small forcing notions.

Lemma 2.7 ([19, Lemma 4]). If P is a poset and |P| < &, then (+§ ). In particular, (+¢,c) always
holds.

Example 2.8 (Preserving non-meager sets). For f,g € w*, define f =, g & Yi>n(f(k) # g(k)), so
f =g & V2, (f(k) # g(k)). From the characterization of covering and uniformity of category (see 3,
Thm. 2.4.1 and 2.4.7]), it follows that b = non(M) and 9. = cov(M).

Example 2.9 (Preserving unbounded families). For f,g € w*, define f <}, g & Vkzn(f(k) < g(k)), so
f<*ge Ve, (flk) < g(k). Clearly, bc- = b and 9<- = 0. (+B,<-) holds because B is w*-bounding,
also



Lemma 2.10 (Miller, [20]). (+,<-) holds.

Example 2.11 (Preserving null-covering families). Fix, from now on, (I,)n<. an interval partition
of w (see Example 2.19 for a definition of this) such that V<, (|I,] = 2"*') . For f,g € 2 define
f M g Yesn(flIx # glIk), so fh g & VR (flk # glIi). Clearly, ()9 is a co-null F, meager set.

Lemma 2.12 ([8, Lemma 1*]). Given pu < k infinite cardinal, every u-centered forcing notion satisfies
(+54)-
The following result shows why rh is useful to deal with preserving cov(A) small and non(N) large.

Lemma 2.13 ([19, Lemma 7]). cov(N) < by < non(M) and cov(M) < 24 < non(N).

Example 2.14 (Preserving union of null sets is not null). Define
St = {30 W [w]<w / FecwVnewl(lo®)| < (n+ l)k)}

the space of slaloms. As a Polish space, this is coded by reals in w*”. For f € w* and a slalom ¢, define
I €n @ & Yion(f(k) € p(k)), so' fe* ¢ & V2, (f(k) € ¢(k)). From the characterization given by [3,
Thm. 239], be* = add(N) and D€~ = COf(N)

Lemma 2.15 (Judah and Shelah, [14] and [8]). Given u < k infinite cardinals, every u-centered forcing
notion satisfies (+%¢.).

Lemma 2.16 (Kamburelis, [15]). Every boolean algebra with a strictly positive finitely additive measure
(see [15] for this concept) satisfies (+..¢+). In particular, subalgebras of the random algebra satisfy that
property.

Example 2.17 (Preserving splitting families). For A, B € [w]*, define A oc, B <> (B~nC Av Bxn C
wNA)soAxB & (BC* Av B C*w~ A). Note also that A ¢ B iff A splits B, that is, AN B and
B \ A are infinite. It is clear from the standard definitions that the splitting number is § = b and the
reaping number is t = 0.

Lemma 2.18 (Baumgartner and Dordal, (1] and [7, Main Lemma 3.8]). (+p,«) holds.

Recall that B is given by the complete boolean algebra of Borel sets of 2 modulo the o-ideal N'. Let
1 be the Lebesgue-measure corresponding to 2* and, for a formula ¢ in the forcing language of B, |||
denotes the supremum of the conditions in B that forces 1. If there exists such condition, ||4|| becomes
the maximum one. Recall the interval partition (I}, <, fixed in example 2.11.
Note that (+B,«) does not hold. Indeed, define a B-name & for an infinite subset of w such that u(||k €
&||) = 1/2™*! for any k € I,. Given any sequence {2y, }ne., of infinite subsets of w, it is easy to construct
an a C w\ /o infinite such that, for any n < w, a splits z,, and [aNI,| < 1. Note that u(||zNa # 2]|) < 1/2,
moreover, IFg |2 N a] < V.
Therefore, any poset that adds random reals does not satisfy (+.,«). In particular, (+4,«) does not hold.
It is not known whether (+g o) holds.

Example 2.19 (Preserving finitely splitting families). Say that J = (J,)n<. is an interval partition of
w if it is a partition of w into non-empty finite intervals such that max(J,) < min(J,1) for all n < w.
For a € [w]“ and an interval partition J of w, define a >y J & (Visn(Jk € @) v Visn(Jk € w \ a)), s0
a>J & (Ve,(In €a) vVR, (In £ w~a)). at Jis known as a splits J, f = by = max{b,s} is the
finitely splitting number and f. = 0, = min{0, ¢} is the finitely reaping number. See [16] for details about
these cardinal invariants.

Lemma 2.20. For a poset P, (+p,<+) tmplies (+p,»). In particular, (+. ) holds for B and .

Proof. Let J be a P-name of an interval partition of w. By (+p,<), let {hn}n<w be a sequence of reals in
w* such that |- 3%° (max(J,) + 1 < f(n)) for any f € w* which is <*-unbounded over {hn}n<w- Choose
an h € w* which is a strictly increasing upper <*-bound of {hy,}n<. such that h(0) > 0. Define h € w®
recursively, where A(0) = 0 and h(n + 1) = A(h(n)). Put J! = [A(2n), k(2n + 2)) (interval notation), so

ln [19], the relation €* is denoted by C*, but it may be confused with the relation of ‘almost containment’ between
subsets of w.
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J' := (Jp)new is an interval partition of w. It is enough to prove I~ a J for any a € [w]* such that
a ¥ J'. Indeed, define f € w® such that

h(n) n € [R(2k),h(2k + 1)) and J} C a for some k € w,
f(n) = )
0 otherwise.

It is clear that f £* h, so IF 3%°(max(J,) + 1 < f(n)). Now, let G be a P-generic set over the ground
model. In V[G}): fix m < w and choose n,k' € w such that A(k') > m, n € [A(K'), h(k’ + 1)) and
max(J,) +1 < f(n). As f(n) cannot be 0, then k' = 2k for some k € w, Ji, C a and f(n) = h(n). It is
easy to check that J, C [n, f(n)) C J; C a. This gives us 32°(J, C a). To get 32°(Jn € w \ a), do the
same argument but change a by w \ a in the definition of f. O

2.3 Preservation of C-unbounded reals

For the rest of this section, fix M C N models of ZFC, C a relation as in Context 2.1 and c€e NNw" a
C-unbounded real over M.

Definition 2.21. Given P € M and Q posets, we say that IP is a complete suborder of Q with respect to
M, denoted by P <), Q, if P C Q and all maximal antichains of IP in M are maximal antichains of Q.

The main consequence of this definition is that, whenever P € M and Q € N are posets such that
P <) Q then, whenever G is Q-generic over N, PN G is a IP-generic set over M. Here, we are interested
in the case where the real ¢ can be preserved to be C-unbounded over M[G N P].

Definition 2.22. Assume P € M and Q € N posets such that P <) Q. We say that the property
(*P,Q,M,N,C,c) holds iff, for every h € M P-name for a real in w®, IFq,~n ¢ Z h. This is equivalent
to saying that IFq n “c is C-unbounded over M¥”, that is, ¢ is C-unbounded over M[G N P] for every G
Q-generic over N.

The last two definitions are important notions used in [6], [11] and [19] for the preservation of un-
bounded reals and the construction of matrix iterations. The following result is the first example of this
preservation property that has been used for a matrix iteration construction. It has been proved for <*
but a proof for €* can be done by a similar argument.

Lemma 2.23 (Blass and Shelah, [6, Main Lemma)]). Let C be <* or €*. In M, let U be a non-principal’
ultrafilter on w. If c € N is a C-unbounded real over M, then there exists an ultrafilter V in N extending
U such that My <p My and (x, My, My, M, N,C,c) holds.

We don’t know whether the foregoing Lemma holds for C=rh (see Question 5.2), but we can prove a
version for Laver forcing with an ultrafilter. Given a filter F on [w]¥ that contains the cofinite subsets
of w, Laver forcing with F is the poset Lr whose conditions are infinitely-branching subtrees T" of w*
such that {i <w / 07 (i) € T} € F for any o € T such that o 2 stem(T), where stem(T'), the stem of
T, is the unique branching node of T of minimal level. The order of Lx is C. It is well known that this
forcing notion is o-centered and that adds a dominating real [x over the ground model such that ran(lx)
is a pseudo-intersection of F.

Lemma 2.24 ([5, Thm. 9] Pure decision property). Let U be a non-principal ultrafilter on w, s € w<¥
and ¥ a formula in the forcing language of Ly. Then, there exists a T € Ly such that stem(T) = s and,
either T IF 4 or T IF ).

Lemma 2.25. In M, let U be a non-principal ultrafilter on w and, in N, let V be a non-principal
ultrafilter on w containing U. Then,

(a) (Shelah {21], see also [10, Lemma 2.1] and [9, Lemma 8]) Ly < Lv.

(b) Let F C M finite and £ € M a Ly -name for a member of F. For s € w<“ let z; € F be such that
T Wy Mm & # 25 for any T € Ly with stem(T) = s. Then, T ¥y, v & # 25 for any T € Ly with
stem(T) = s.

(¢) (%, Ly, Ly, M, N,h,c) holds for any ¢ € 2% Mh-unbounded over M.



Proof. (b) In N, let T € Ly with stem(T’) = s. In M find, by Lemma 2.24, T’ € ILyy with stem(7") = s
that decides the formula “¢ = 2,”. By hypothesis, it is clear that T” [Fy, m © = z5. Now, in N, it is
easy to see that T' Iy, y £ = z; and, as 7" and T have the same stem, they are compatible in Ly,
soTNT' “_]LvJV I = 2zs.

(c) The idea of this proof is taken from [8, Lemma 1*] (see Lemma 2.12). Let £ € M be a Ly-name
for a real in 2*. For each n < w and s € w<¥, find a o, € 2! such that T Wy, p 2], # 0sn
for any T € Iy N M with stem(T) = s (this can be found because Ly is o-centered). Now, in N,
T Wy, N ]Iy # 0s,n for any T € Ly with stem(T) = s. Let z, = Un<w Osn €2N M, so cff z, for

any s € w<¢. It is easy to see that b, y ¢ i .
O

In relation with the preservation property of Definition 2.4, we have the following.

Lemma 2.26 ([19, Thm. 7]). Let P be a Suslin ccc forcing notion with parameters in M. If (+p,c)
holds in M, then (x,P™ PN M, N,C,c) holds.

As a last example, we have

Lemma 2.27 (Brendle and Fischer, [11, Lemma 11]). For a forcing notion P € M, (x,P,P, M, N, C,c)
holds.

Finally, unbounded reals are preserved in fsi, as established by these last two results.

Lemma 2.28 ([11, Lemmas 10 and 13]). Let § be an ordinal in M, Py 5 = (Pg,q, Qo,a)a<5 a fsi of posets
defined in M and P15 = (P1,q,Q1,a)a<s @ fsi of posets defined in N. Then, Po s <p P15 iff, for every
a< 67 |'_]PLC,,N QO,a jMPO,a Ql,a'

Theorem 2.29 (Blass and Shelah, [6], [11, Lemma 12]). With the notation in Lemma 2.28, assume that
Pos =m P15. Then, (x,Pos, P15, M,N,C,c) holds iff, for every o < 6, ~

”_Pl,mN (*) QO,a; Ql,ay MPO'ay N]Pl'a 5y C)-

3 Matrix iterations
Throughout this section, we work in a model V of ZFC. Fix two ordinals § and 7.

Definition 3.1 (Blass and Shelah, [6], [11] and [19]). A matriz iteration of ccc posets is given by
Ps, = {{Pa,e, Qa.¢)e<y)a<s with the following conditions.

(1) Pso = <]Pa,0)IRa>oz<(5 is a fsi of ccc posets.
(2) Forall a <6, (Py, Qa,5)5<7 is a fsi of ccc posets
(3) Forall § <vand a < 8 < 4, IFp, Qa,g Sy Pa QB’E.

By Lemma 2.28, condition (3) is equivalent to saying that P, ¢ is a complete suborder of Pg ., for every
a<pf<bdand £ <.

In the context of matrix iterations, when o < 4, £ < v and Gq¢ is P4 ¢-generic over V, we denote
Vae = V[Ga]. Note that Vog = V.

Figure 2 shows the form in which we think of a matrix iteration. The iteration defined in (1) is represented
by the leftmost vertical iteration and, at each o-stage of this iteration (a < §), a horizontal iteration is
performed as it is represented in (2).

The construction of the matrix iterations for the models in Section 4 corresponds to the following
particular case, which we fix from now on.

Context 3.2. Put y=SUUULUT as a disjoint union and fix a function A : T — . For £ € S fix
3¢ a Suslin ccc poset with parameters in V. Define the matrix iteration Ps., = ((Pa.¢, Qo ¢)e<ry)a<s a8
follows.

41
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Figure 2: Matrix iteration
(1) Ps0 = (Py0,C)acs (fsi of Cohen forcing).
(2) For a fixed ¢ < 7, Qa,g is defined for all & < § according to one of the following cases.

(i) For € € S, Qa¢ = $¢ as a P, ¢-name of S;.

(i) For € € U define, by recursion on a < 4, a P, ¢-name Uy ¢ of a non-principal ultrafilter on w

such that
e For a < 5 <4, ”‘3,5 “Z;{a,g - uﬂ,f and Mua ¢ jVa,e ]Muﬂ]é”.
o It is forced by P, ¢ that L?a,f contains the Mathias reals added by P ¢41 for each ¢’ € U,
g <&

) 'a+1,5 comes from the application of Lemma 2.23to M =V, ¢, N = V16, U =Uy ¢ (L'{a@
as interpreted in the PP, ¢-extension) and T is fized from the beginning of the construction
of the matriz iteration.

The details of how this construction can be done can be found in [6] and in Sections 4 and 5 of
[11]. Put Qae =My
(iii) For £ € L define, by recursion on a < &, a P, ¢-name Uy ¢ of a non-principal ultrafilter on w
such that
e For a < B8 <4, IFg.¢ ua,f - Uﬁ‘f.
o It is forced by P, ¢ that Uy ¢ contains the range of the Laver reals added by P, e/41 for
each ¢’ € L, &' <&.
e If B < 6 has uncountable cofinality, then IFg¢ Up.e = Uy pgUas

Put Q¢ = L., (Lemma 2.25 is relevant for this construction).
(iv) For € € T fix a Pp(¢),¢-name Té of a ccc poset whose conditions are reals. Put

s _ 1 if a < A(f)a
Qe = { Te ifa> A®).

It is clear that this satisfies the conditions of the Definition 3.1.
From the iteration in (1), for a < 4§ let ¢4 be a P41 0-name for a Cohen real over V,¢. Therefore, from
Context 2.1 it is clear that ¢, represents a C-unbounded real over V, o (actually, this is the only place
where we use in this paper the second condition of Context 2.1).

The same argument as in the proof of {11, Lemma 15] yields the following.

Theorem 3.3 (Brendle and Fischer). Assume that § has uncountable cofinality and £ < ~.
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(a) If p € Ps¢ then there exists an a < & such that p € Pq.

(b) If his a Ps ¢-name for a real, then there exists an oo < & such that h is a P, c-name.

When we go through generic extensions of the matrix iteration, for every o < § we are interested
in preserving the C-unboundedness of ¢, through the horizontal iterations. The following results state
conditions that guarantee this.

Theorem 3.4 ([19, Thm. 10]). Assume that

(i) For every{ € S and a < 4, IFp, (""QQ,Q,E)'

(i) If U # @, then L = @ and  is <* or €* and is the one fired for (2)(ii) in Context 3.2.
(i5) If L # &, then U = @ and C s .
Then, for all a < 3, Poy1,y forces that éq is a C-unbounded real over Vg .

Corollary 3.5 ([19, Cor. 1]). With the same assumptions as in Theorem 3.4, if § has uncountable
cofinality, then I-p,  cf(d) < oc.

By Lemma 2.13, Corollary 3.5 holds for C=rh with non(N) in place of dg.

4 Applications

For any infinite cardinal \, we use the notation

GCH,) For any infinite cardinal u,

A if p < cf(N),
24 = ¢ A ifef(\) < p < A,
pt i<
Throughout this section our results are given for a model V of ZFC. There, we fix u; < po < uz <v <k
uncountable regular cardinals and a cardinal A > k. By using the same techniques as in [8] and [19, Sect.
3], we get the following three results.

Theorem 4.1. Assume, in V, GCH and cf()\) > u3. Then, there ezists a ccc poset that forces GCH,,
add(N) = p1, cov(N) = pa, p = non(M) = pjz and cov(M) = ¢ = \.

Proof. In the proof of [19, Thm. 2] it is constructed a model V3, which is a generic extension of a
ccc poset, that satisfies add(N) = py, cov(N) = g, add(M) = ¢ = u3, GCH,,,, (a,€*, 4, 1) and
(a,h, B, uo) where A is some subset of w* of size u; and B is some subset of 2 of size py. Note that
(4,=,C, p3) bolds for C:=w“ N V3, which has size ps.

In V3, perform a fsi (P2, Q2)s<» such that

e for @ =0 mod 3, Q2 is a P3-name for a subalgebra of A of size < p1,
o for o =1 mod 3, Q2 is a P2-name for a subalgebra of B of size < pz and
e for @ =2 mod 3, Qg = Mj_ where Foisa P2 -name for a filter base of size < u3.

By a book-keeping argument, we ensure to use all such subalgebras and filter bases. Like in the argument
of the cited proof, in a extension V* of this iteration, GCHy holds, add(N) = p1, cov(NV) = pg and
non(M) < ps3 are preserved and cov(M) = ¢ = A. p > u3 because any filter base of size < u3 has a
pseudo-intersection, which is a Mathias real added at some step a < A with o = 2 mod 3. a

Theorem 4.2. In V, assume GCH and cf()\) > pu3. Then, there exists a ccc poset that forces GCH,
add(N) = p1, cov(N) = pa, p =5 = p3, add(M) = cof(M) = k and non(N) =t =c= A\
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Proof. Note that, in the proof of Theorem 4.1, C’ = [w]* N V3 has size u3 and (A, o, C’, u3) holds in
V3. Also, by Lemma 2.5, this property is preserved in the model V* of the proof of Theorem 4.1 because
(+53 o) holds in V3 from Lemma 2.7 and Theorem 2.6. Now, in V*, perform a fsi (P}, Q3)a<x such

that
e for a =0 mod 4, Q% = D (P4-name for D),

e for « = 1 mod 4, Q‘é is the P4-name for the fsp (finite support product) of size A of all the
subalgebras of A of size < y; in any P,-generic extension of V4,

o for a = 2 mod 4, Q4 is the P4-name for fsp of size A of all the subalgebras of B of size <y in any
P,-generic extension of V4, and

o for « = 3 mod 4, Q2 is the P4-name for fsp of size X of M for all the filter bases F of size < us
in any P%-generic extension of V*.

The results of Subsections 2.1 and 2.2 imply that (+gi .), (+pi 4) and (+pi ) hold. Let V5 be a

generic extension of this iteration. Then, in V5, add(N) = w1, cov(N) = u and p3 < p by a similar
argument as in Theorem 4.1 (and its corresponding cited result). It is clear that GCH holds and ¢ < .
As (A,x,C’, u3) is preserved in V3, 5 < p3 and A < non(N),t by Lemma 2.5. Finally, because of the
k-cofinally many Hechler and Cohen reals added by the iteration, add(M) = cof(M) = k. a0

Theorem 4.3. Assume cf(A) > us. It is consistent with ZFC that add(N) = py, cov(N) = pz, p=5 =
b= pu3, cov{M)} =non(M) = k, D =non(N) =t =c¢= X and GCH,.

Proof. Start with a model V obtained by Theorem 4.1. Perform a fsi (P, Qq4)a<x such that
e for @ =0 mod 5, Q, = E (P,-name for E),

e for a =1 mod 5, Qa is the P,-name for the fsp of size A of all the subalgebras of A of size < y;
in any P,-generic extension of V,

o for o = 2 mod 5, Q, is the Po-name for fsp of size A of all the subalgebras of B of size < (2 in any
P,-generic extension of V/,

o for & = 3 mod 5, Q, is the P,-name for fsp of size A of all the subalgebras of D of size < s in
any IP,-generic extension of V', and

e for @ = 4 mod 5, Q, is the P,-name for fsp of size A of Mx for all the filter bases F of size < p3
in any PP,-generic extension of V.

By Lemmas 2.7 and 2.20, (+§ ) holds. O

Theorem 4.4. Assume cf(\) > po. It is consistent with ZFC that add(N) = uy, p = b = 5 = o,
cov{N') = non(M) = cov(M) = non(N) =k, d =t =¢ = X and GCH,.

Proof. Start with a model V of Theorem 4.1 with 3 = pz. Perform a fsi (Pa, Qa)a<x such that
o for a =0 mod 4, Q, =B (Py-name for B),

o for & = 1 mod 4, Q, is the P,-name for the fsp of size A of all the subalgebras of A of size < 1
in any IP,-generic extension of V,

e for a = 2 mod 4, Q, is the P,-name for fsp of size A of all the subalgebras of D of size < p2 in
any PP,-generic extension of V, and

e for & = 3 mod 4, Q is the IP,-name for fsp of size A of M for all the filter bases F of size < U2
in any P,-generic extension of V.

Note that (+5? ) holds. O



Now we turn into the consistency results that come from constructions of matrix iterations as explained
in Context 3.2. These correspond to extensions of the applications done in [19, Sect. 6] for the cardinal
invariants in Cichon’s diagram, but including, when possible, values for the cardinal invariants p, s, t
and u. Theorem 4.5 corresponds, respectively, to the results of [19, Subsect. 6.1]. In the same way,
Theorem 4.7 corresponds to [19, Subsect. 6.2] and Theorem 4.8 corresponds to [19, Subsect. 6.3]. More
explicitly, the proof of each of the results that follows uses a matrix iteration that extend the one of its
corresponding result in [19, Sect. 6] by including Mathias forcing and Laver forcing with a filter base
{or with an ultrafilter) in its construction. Discussions about some values we did not get are included in
Section 5.

Define t : kv — & such that {(kd + ) = « for § < v and a < k. The product xv, as all the products we
are going to consider from now on, denotes ordinal product. Also, fix a bijection g : A — x x A and put
(-)o : & X A = & the projection onto the first coordinate.

Theorem 4.5. Assume that cf(\) > Ny, It is consistent with ZFC that add(N) = p = non(M) = v,
¢ =\, GCH, and that one of the following statements hold.

(a) cov(M) = cof(N) =t = k.

(b) cov(M) = v and ® =t = non(N) = cof(N) = «.
(¢) non(N) =u=v, 0 = cof(N) = «.

(d) non(N) = v, o =t = cof(N) = k.

(e) cof(M) = v and non(N) = t = cof(N) = .

(f) cof(M) =u=v and non(N) = cof(N) = «.

(9) cof(M) =non(N) =u = v, cof(N) = &.

We prove only one item of this Theorem, so the reader will know how to prove the other items by
reference of its corresponding result in [19] by extending the matrix iteration construction in a similar
way. The same is done for the following two theorems of this section.

Proof. We prove item (b). Start with V a model from Theorem 4.1 with p1 = pz = p3 = Ry. According to
Context 3.2, construct a matrix iteration Py sew = ((Pae, Qu.e)é<rnv)a<x such that S = {Xp / p < kv},
U = L = @ and the following for each p < kv.

(i) $», = E.
(i) f €= Mo+ 1, A, is a Py(,) ¢-name for A%».¢ and

€TV A, ifa>tp)

(i) FE=Xp+2, U, is a Py(,),e-name for an ultrafilter on w and

. {1 if & < t(p),
Qae =1 My ifa> tp).

For each a < «, fix a sequence (.7:'5,7)7<A of Py xp+3-names for all the filter bases of size < v.

(iv) &€= Xp+3+¢ (e <)), put

. [, if a < (g(€))o,
Qae = Mfi;(t)’ if a > (g(e))o.
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By the same argument as in [19, Thm. 12}, all the statements, except v < p and t = &, hold in Vi »x.. For
v < p, if F is a filter base of size < v, by Theorem 3.3 find a < k and p < kv such that F € V4 ,. Then,
there exists a ¥ < A such that F = F4 ., so the Mathias real added by Mx; _ is a pseudo-intersection of

F.
Lemma 2.20 and Corollary 3.5 gives k < 05 = min{d,t}. For each p < kv, let m, be the pseudo-
intersection of U, added by My,.

Claim 4.6. Every family of < v many infinite subsets of w is «c-bounded by some m,

Proof. Let C be such a family. By Theorem 3.3, we can find a < k and n < kv such that C € V.
Then, find p € (, kv) such that t(p) = a. It is easy to conclude that m,, is a c-upper bound of C. O

This claim implies that © < k. O

Theorem 4.7. Assume that cf(A) > u;. It is consistent with ZFC that add(NV) = uy, cov(N) =p =
non(M) = v, cof(N) = ¢ = A\, GCH, and that one of the following statements hold.

(a) cov(M) = cof(M) = t = non(N) = k.

(b) cov(M) = v and non(N) = 9 = ¢t = cof(M) = «.
(c) cof(M) = v and non(N) = v = &.

(d) cof(M) =u=v and non(N) = k.

(e) non(N) = u=v and d = cof(M) = k.

(f) non(N) = v and ® = v = cof(M) = «.

Proof. We prove (d). Start with V a model as in the conclusion of Theorem 4.1 where p3 = p2 = p3.
Perform a matrix iteration Py axy = ((Pa.e, Qa,e)e<rnv)asx Where S = U = &, L = {Ap / p < kv},
according to the following cases for p < kv.

(i) IfE=X2p+1, ]B,, is a Py(,) ¢-name for B¢ and
T B, if a>t(p).
For each a < k fix a sequence (Ag,,h( » of Py »p+2-names for all the suborders of AVars+2 of size <
and a sequence (]:'fx,,y).,< » of Py »pp2-names for all the filter bases of size < v.
(i) If € =Ap+2+2¢ (e <)), put
Que = 1, if o < (g(€))os
d = AS(C), if a > (g(€))o-
(ili) fE=Xp+2+2e+1 (e < A), put
-] if & < (g(€))o,
Qo = IM];-:M, if a > (g(€))o.

By similar arguments as in [19, Thm. 18] and Theorem 4.5, we get that all the statements, except u < v,
hold in Vj .. To see u < v, note that (ran(l,))y<., where [, is the Laver real added by Ly, ,,,, is a
C*-decreasing sequence that generates an ultrafilter. O

Theorem 4.8. Assume that cf(A) > pa. It is consistent with ZFC that add(N) = p1, cov(N) = pa,
p =non(M) = v, non(N) = ¢ = A\, GCH, and that one of the following statements hold.

(a) cov(M) = cof(M) =t = «.
(b) u=v and ® = cof(M) = &.



(c) cov(M) =v and 0 =t = cof(M) = k.

Proof. To prove (b), assume that V is a model as in the conclusion of Theorem 4.1 with uy = 3.
Perform a matrix iteration Py axy = ((Pa,¢, Qa,e)e<rnv)a<x as explained in Context 3.2 with § = L = @,
U= {X [ p < kr} and the following for each p < kv.

i) feE=xp+1, ]D,, is a Py(,) ¢-name for DV and

T D, ifa>t(p).

For each a < « fix a sequence (Agﬁ)yd of Py xpt+2-names for all the suborders of AVarot2 of size < yy,
a sequence (IB§’7)7<,\ of Py »p+2-names for all the suborders of BV=>++2 of size < u2 and a sequence

(FE )v<a of Py xptr2-names for all the filter bases of size < v.

(ii) If £ = Ap+ 2+ 3¢ (e < A), put

(1, ifa< (g
Qag = { Al ifa> (g()o

(iii) fE=Ap+2+3e+1 (e < \), put

Qo= {y  Moslon
g = BY o, if @ > (g(e))o.

(iv) HE=Xp+2+3c¢+2 (e < \), put

. 1, if & < (g(e€))o,
Qa.f - Mj::(ef if o > (9(6))0.
By the arguments from [19, Thm. 21] and Theorem 4.5, add(N) = p1, cov(N) = uz, p = non(M) = v,
cov(M) > v, 0 = k, non(N) = ¢ = A and GCH,, are true in Vj ».,. We are just left with the proof
of u < v, but this is witnessed by (m’n)n , Where each m; is the Mathias real added by My, . This

KiAKT

<
sequence is C*-decreasing and generates an ultrafilter on w. d

5 Questions

Question 5.1. Can we get v = & instead of u = v in Theorem {.5(g)?

The main issue is that the matrix iteration construction associated to the proof of that statement

involves the use of B and D, as explained in Context 3.2(2)(i), in cofinally many columns of the matrix.
But, as (4+B,«) does not hold, we cannot use Corollary 3.5 to get t < k in any generic extension.
A natural question would be to ask for which relations  presented in Subsection 2.2 does Lemma 2.23
hold. It does not hold for = because, if so, assuming v < k, we could construct a model for which the
statement of Theorem 4.5(a) holds and u < v, which is a contradiction. Also, this Lemma does not hold
for oc because, if so, the model obtained by a matrix iteration of dimensions & X kv as in Context 3.2
with U = kv, v < k, both regular uncountable, would yield a model of x < t and u < v, which is a
contradiction to the fact that r < u. Likewise, it does not hold for >. Note that those arguments are
valid to justify that Lemma 2.25(c) does not hold for =, oc or >. So we are left with

Question 5.2. Does Lemma 2.28 hold for C=n.

A positive answer to this question will allow, with the presented method of matrix iterations, to obtain
models of the statements of Theorem 4.5(b) and Theorem 4.7(b) but with u = v in place of t = k. Note
that this cannot be done by using Laver forcing as explained in Context 3.2(2)(iii) because this forcing
notion adds dominating reals.

Note that, in the models where we get t = « for the items of Theorems 4.5, 4.7 and 4.8, we did not get

a value for u.

Question 5.3. Can we get u =k or u= X in the corresponding consistency statements?
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