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Abstract. We provide, for any regular uncountable cardinal κ, a
new argument for Pincus’ result on the consistency of ZF with the
higher dependent choice principle DC<κ and the ordering principle
in the presence of a failure of the axiom of choice. We also gener-
alise his methods and obtain these consistency results in a larger
class of models.

1. Introduction

The ordering principle, OP, is the statement that every set can be
linearly ordered. The axiom of choice, AC, in one of its equivalent
forms, states that every set can be wellordered, and thus clearly implies
OP. If δ is an infinite cardinal, the principle DCδ of higher dependent
choice can be stated as follows: whenever T is a tree without terminal
nodes that is closed under increasing sequences of length less than δ,
then it contains an increasing sequence of length δ. Note that by an
easy argument (see [2, Section 8]), these principles become stronger
as κ increases. The principle of dependent choice DC, that is the
statement that whenever R is a relation on a set X with the property
that ∀x ∈ X ∃y ∈ X xRy there exists a sequence ⟨xi | i < ω⟩ of
elements of X such that ∀i < ω xi Rxi+1, is easily seen to be equivalent
to DCω. Finally, for an uncountable cardinal κ, DC<κ denotes the
statement that DCδ holds whenever δ < κ is a cardinal.

In his [3], Pincus provided two arguments for the consistency of
ZF+OP+DC+¬AC (in fact, ¬DCω1). His first argument builds on the
basic Cohen model (adding countably many Cohen subsets of ω and
then passing to a symmetric submodel where AC, but also DC fails),
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and then adding certain maps on top of that, in order to resurrect DC.
Since it was difficult to follow anything beyond Pincus’ basic outline of
the argument in [3], we provided a modern presentation of this result
in our [1]. Pincus’ second argument, which is even harder to grasp,
in fact yielded the (stronger) consistency of ZF+OP + DC<κ + ¬AC
(in fact, ¬DCκ) for an arbitrary regular and uncountable cardinal κ
(while preserving cardinals at least up to and including κ). In fact,
we didn’t manage to follow much of Pincus’ original arguments here
at all, but analysing a notion of hereditary almost disjointness that is
introduced in his [3], we came up with a similar notion of hereditarily
almost disjoint towers, and eventually with a new proof of Pincus’ con-
sistency result.1 Over a suitable ground model (for example, Gödel’s
constructible universe), we now obtain the above consistency result
(as did Pincus) starting with add(κ, κ), the standard forcing notion to
add κ-many Cohen subsets of κ, and then continuing in κ-many steps,
where at each stage 0 < α < κ, we add κ-many maps from cardi-
nals less than κ to the set of things that we have added so far, in a
careful way. We finally obtain our desired model by passing to a suit-
able symmetric submodel of the above-described forcing extension of
our universe. While the very basic construction may seem somewhat
similar to the one that we presented in [1] at first glance, both the
construction and the arguments here are in fact very much different.
We also provide further models witnessing these consistency results,
that is, if κ < κ+ < λ are both regular and uncountable cardinals, we
obtain a model of ZF+OP + DC<λ + ¬DCλ starting with add(κ, λ),
and then continuing to add certain maps in λ-many steps.

Throughout this paper, let κ be a fixed regular and uncountable
cardinal, and let λ be a fixed regular and uncountable cardinal such
that either κ = λ or κ < κ+ < λ. (Note in particular that this excludes
the case λ = κ+.) The case when λ = κ will produce the models that
are essentially due to Pincus, while the case λ > κ+ will produce new
models for the above described consistency results.

2. Hereditarily almost disjoint towers

A key ingredient of our constructions will be what we call hereditarily
almost disjoint (or HAD) towers. They are fairly similar to and strongly
inspired by the concept of HAD functions introduced by Pincus in [3].2

1This also yields a different (and in fact, probably somewhat easier than the one
provided in [1]) argument for the consistency of ZF+OP+DC+ ¬AC.

2The actual conditions that we will use for our forcing notion, that we will define
in the next section of this paper, will contain further information (or in order to
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Definition 1. We say that p is a λ-tower if:

• p is a function with domain dom(p) ⊆ (λ\{0})×λ and | dom(p)| <
λ,

• If (α, β) ∈ dom(p), then for some nonzero cardinal δ < λ,

p(α, β) : δ → α× λ

is an injection.
• If (α, β0) and (α, β1) are both in dom p, then p(α, β0) ̸= p(α, β1).

Given λ-towers p and q, we say that q extends p, and write q ≤ p, if
q ⊇ p.

We will write pα,β or p(α,β) rather than p(α, β). Since λ will be fixed
throughout our paper, we will simply write tower rather than λ-tower.

Definition 2. Let p be a tower. We define the target of p to be

t(p) = dom p ∪
⋃

γ∈dom(p)

range pγ.

We say that p is complete if t(p) \ ({0} × λ) = dom(p).

Note that by the regularity of λ, |t(p)| < λ. Given towers p and q,
we say that they are compatible if there is a tower r such that r ≤ p, q.
Note that in this case, p∪q is their (unique) greatest lower bound in the
ordering of towers. Similarly, if {pi | i ∈ I} is a family of towers that
has a common lower bound with respect to ≤,

⋃
i∈I pi is their greatest

lower bound, which is again a tower. Note that whenever a union of
complete towers is a tower, then it is complete.

Definition 3. Given a complete tower p, and a set e ⊆ λ × λ, we
define the target t(p, e) ⊆ λ × λ of p on e, by inductively defining a
sequence ⟨tn(p, e) | n < ω⟩, with each tn(p, e) ⊆ t(p), and then taking
t(p, e) =

⋃
n<ω t

n(p, e), as follows:

• t0(p, e) = e ∩ t(p).
• Given tn(p, e), let

tn+1(p, e) = tn(p, e) ∪
⋃

{range pγ | γ ∈ tn(p, e) \ ({0} × λ)}.

Note that if α < λ is such that e ⊆ α × λ, then also t(p, e) ⊆ α × λ.
Note also that t(p, λ× λ) = t(p, t(p)) = t(p).

This now allows us to introduce what is essentially Pincus’ concept
of hereditary almost disjointness [3]:

be somewhat more specific already, this part of our conditions will then work on
adding λ-many Cohen subsets of κ), for which we will leave space at level 0 of our
towers below.



4 PETER HOLY AND JONATHAN SCHILHAN

Definition 4. (HAD towers) Let p be a complete tower. If d ⊆ t(p),
we say that d is finitely generated (in p) if there is a finite set e ⊆ d
such that d = t(p, e). We also say that d is (finitely) generated by e (in
p) in this case. We say that p is hereditarily almost disjoint, or HAD, if
whenever γ0, γ1 ∈ t(p), then t(p, {γ0}) ∩ t(p, {γ1}) is finitely generated
(in p).

Given two compatible HAD towers p and q, p ∪ q is easily seen to
be a HAD tower. An analogous remark applies to arbitrary families
of HAD towers with a common lower bound. By the finitary nature
of the HAD property, any ≤-decreasing <λ-sequence of HAD towers
has a HAD tower as its greatest lower bound. Adding elements to the
target of a HAD tower is essentially trivial:

Lemma 5. If p is a HAD tower, and α, β < λ with (α, β) ̸∈ t(p), then
there is a HAD tower q ≤ p such that

• (α, β) ∈ t(q) and
• t(q) is the disjoint union t(q) = t(p) ∪ t(q, {(α, β)}).

Proof. If α = 0, pick β̄ such that (1, β̄) ̸∈ dom(p). Let q1,β̄ be the
function with domain 1 that maps 0 to (0, β), and let qγ = pγ for
γ ∈ dom(p). If α > 0, pick β̄ < λ such that (0, β̄) ̸∈ t(p), let qα,β
be the function with domain 1 that maps 0 to (0, β̄), and let qγ = pγ
for γ ∈ dom(p). Note that in both cases, since qα,β ̸= pα,β′ whenever
(α, β′) ∈ dom(p), q is a complete tower, and it obviously has the two
properties listed in the statement of the lemma. The HAD property of
q trivially follows from the HAD property of p together with the second
of these properties. □

An easy to verify, yet crucial property of HAD towers is that they
can be extended so that the range of a single element covers the target
of the original tower.

Lemma 6. If p is a HAD tower, then there is a HAD tower q ≤ p and
an ordinal α∗ < λ such that:

• t(q) = t(q, {(α∗, 0)}).
• t(p) = ran(qα∗,0).

Proof. Pick α∗ < λ such that dom(p) ⊆ α∗×λ. Let t(p) be enumerated
by ⟨tϵ | ϵ < δ⟩ for a cardinal δ < λ. Extend p to a complete tower
q ≤ p by setting qα∗,0 = ⟨tϵ | ϵ < δ⟩, and letting qγ = pγ otherwise.
We need to check that q is a HAD tower. Note that if γ ∈ t(q), then
t(q, {γ}) ∩ t(q, {(α∗, 0)}) = t(q, {γ}), which is finitely generated (by
{γ}). If γ0, γ1 ∈ t(q) are both different to (α∗, 0), i.e., elements of t(p),
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then

t(q, {γ0}) ∩ t(q, {γ1}) = t(p, {γ0}) ∩ t(p, {γ1}),
which is finitely generated in the HAD tower p, and thus also in q. □

Lemma 7. Let p be a HAD tower, let n ∈ ω, and let γ0, . . . , γn ∈ t(p).
Then,

⋂
i≤n t(p, {γi}) is finitely generated (in p).

Proof. First note that for any e ⊆ t(p), t(p, e) =
⋃

γ∈e t(p, {γ}). We
verify the lemma by induction on n. The case n = 0 is trivial. Suppose
inductively that the lemma is true for a particular value n ≥ 0, and let
γ0, . . . , γn, γn+1 ∈ t(p). Then,⋂

i≤n+1

t(p, {γi}) =

(⋂
i≤n

t(p, {γi})

)
∩ t(p, {γn+1})

= t(p, e) ∩ t(p, {γn+1})

=
⋃
γ∈e

(
t(p, {γ}) ∩ t(p, {γn+1})

)
=
⋃
γ∈e

t(p, eγ) = t(p,
⋃
γ∈e

eγ),

for appropriate finite e ⊆ t(p) and eγ ⊆ t(p) for γ ∈ e, using the HAD
property and our inductive hypothesis. □

3. Our forcing notion

The forcing notion that we use will be the product P0 × P1, where
P0 = add(κ, λ) and P1 is the set of all HAD towers, ordered by extension
as in Definition 1. Let us agree that whenever I ⊆ Ord, we think of
conditions q in add(κ, I), the standard forcing notion to add a Cohen
subset of κ for every i ∈ I, as sequences ⟨qα | α ∈ J⟩ with a domain
J that is a <κ-size subset of I, and with sequents being functions
from some ordinal less than κ to 2. These conditions are ordered by
componentwise reverse inclusion, as usual. For the sake of simplicity
of notation, conditions p = (p0, p̄) ∈ P = P0 × P1 will also be written
as

p = ⟨pα,β | (α = 0 ∧ β ∈ dom p0) ∨ (α > 0 ∧ (α, β) ∈ dom(p̄)⟩.

We let dom p = ({0}×dom p0)∪dom p̄, and we think of p as a function
with domain dom p. We let t(p) = ({0} × dom p0) ∪ t(p̄), and also
t(p, e) = (e ∩ ({0} × dom p0)) ∪ t(p̄, e) whenever e ⊆ λ × λ. If α < λ,
we also let pα = ⟨pα,β | β < λ ∧ (α, β) ∈ dom(p)⟩ and we let dom pα =
{β | (α, β) ∈ dom p}.
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Assume the GCH, and that there is a global wellorder (say for exam-
ple that we start in L).3 P0 = add(κ, λ) is <κ-closed and κ+-cc. Since
HAD towers are closed under <λ-unions, P1 is <λ-closed. Using the
GCH, P is also of size λ, so forcing with P preserves all cardinals.4

For any β < λ, let ġ0,β be the canonical P0 = add(κ, λ)-name, which
we can also think of as a P -name, for the βth Cohen subset of κ added.
We now proceed to define further objects inductively. Given 0 < α < λ,
assume that we have defined ġᾱ,β whenever ᾱ < α and β < κ. We also
allow for the notation ġ(ᾱ,β) rather than ġᾱ,β. For every β < κ, let ġα,β
denote the canonical P -name for the function with domain dom pα,β
mapping any given ϵ ∈ dom pα,β to ġpα,β(ϵ) whenever p is a HAD tower
in the generic filter with (α, β) ∈ t(p). To be precise,

ġα,β :=
{(

p, (ϵ̌, ġpα,β(ϵ))
•) | p ∈ P, (α, β) ∈ t(p)

}
.5

For every α < λ, let Ȧα = {ġα,β | β < λ}•, and for α ≤ λ, let

Ȧ<α =
⋃

ᾱ<α Ȧᾱ. Let Ȧ = Ȧ<λ. If G is P -generic, α, β < λ, and we are
in a context where G is the only P -generic that we currently make use
of, we let gα,β = ġGα,β, Aα = ȦG

α etc. Let Ġ be the canonical P -name
for the P -generic filter.

4. Our symmetric system

We next define a symmetric system S = ⟨P,G,F⟩ using the notion
of forcing P that we have already defined above.

Definition 8. Let G be the set of sequences π = ⟨πα | α < λ⟩ of
permutations of λ, with each sequent moving only less than λ-many
ordinals, and with only less than λ-many nontrivial sequents, which
form a group using componentwise composition. Given such π, we let
π act on λ × λ, letting, for (α, β) ∈ λ × λ, π((α, β)) = (α, πα(β)). If
δ < λ is a cardinal and f : δ → λ× λ, we let π(f) be the function with
domain δ such that π(f)(ϵ) = π(f(ϵ)) for every ϵ < δ. We let π ∈ G
act on a condition p ∈ P as follows:

• domπ(p)α = πα[dom pα] for every α < λ.

3It is easy to see that the GCH could be replaced by somewhat weaker assump-
tions here; we will leave the details of figuring out what exactly is needed to the
interested reader.

4It would be enough for a meaningful result if it preserved all cardinals ≤λ.
5Given a finite tuple (ẋ0, . . . , ẋn) of P -names, (ẋ0, . . . , ẋn)

• denotes the canonical
P -name for the tuple consisting of the evaluations of the ẋi. Likewise, for a set X
of P -names, X• denotes the canonical P -name for the set containing exactly the
evaluations of the elements of X. For any set I, ⟨ẋi | i ∈ Ǐ⟩• denotes the canonical
P -name for the I-sequence of evaluations of the ẋi.
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• π(p)0,π0(β) = p0,β whenever β ∈ dom p0.
• π(p)α,πα(β) = π(pα,β) whenever α > 0 and β ∈ dom pα.

Note that for every e ⊆ t(p), t(π(p), π[e]) = π[t(p, e)]. This implies
that the HAD property is preserved from p to π(p), that is π(p) ∈ P .

We use finite support to define our filter F on the set of subgroups
of G, that is, F is generated by the subgroups fix(e) = {π ∈ G | π ↾
e = id} ≤ G for e ⊆ λ × λ finite. Note that π fix(e)π−1 = fix(π[e]),
so F is indeed a normal filter. The symmetry group of a P -name ẋ is
sym(ẋ) = {π ∈ G | π(ẋ) = ẋ}, and if fix(e) ≤ sym(ẋ), we also say that
e is a support of ẋ.

Note that for α, β < λ, π(ġα,β) = ġπ(α,β) = ġα,πα(β). In particular,
each ġα,β is symmetric, with symmetry group fix({(α, β)}). Moreover,

each Ȧα is symmetric with symmetry group G, as is each Ȧ<α, and also
⟨Ȧα | α < κ⟩•.

We will later use the following standard fact, which says that we can
uniformly find names for definable objects. We include the short proof
for the convenience of our readers.

Fact 9. Let φ(u, v0, . . . , vn) be a formula in the language of set theory.
Then, there is a definable class function F so that for any S-names
ẋ0, . . . , ẋn and p ∈ P with

p ⊩S ∃!yφ(y, ẋ0, . . . , ẋn),

ẏ = F (p, ẋ0, . . . , ẋn) is an S-name with
⋂

i≤n sym(ẋi) ≤ sym(ẏ) so that

p ⊩S φ(ẏ, ẋ0, . . . , ẋn).

Proof. Let γ be the least ordinal such that

p ⊩S ∃y ∈ HS•
γ φ(y, ẋ0, . . . , ẋn).

Let F (p, ẋ0, . . . , ẋn) = ẏ be the set of all pairs (q, ż) ∈ P×HSγ so that

q ⊩ ∀y(φ(y, ẋ0, . . . , ẋn) → ż ∈ y)}.
□

5. The failure of AC

We first verify a fairly general lemma.

Lemma 10 (Restriction Lemma). Let φ be a formula in the language
of set theory and let ẋ be an S-name with support e ∈ [λ × λ]<ω.
Whenever p ⊩S φ(ẋ), already the restriction p ↾ t(p, e) of p to t(p, e),
defined in the obvious way, forces φ(ẋ).
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Proof. Assume for a contradiction that there is q ≤ p ↾ t(p, e) which
forces ¬φ(ẋ). Pick a permutation π = ⟨πγ | γ < λ⟩ ∈ G such that π
fixes t(p, e) = t(q, e) pointwise, and which swaps t(q) \ t(q, e) with a
set that is disjoint from t(q). Such π can easily be found. We will thus
reach a contradiction if we can show that p ∥ π(q). We will verify the
stronger statement that q ∥ π(q).

Claim 11. q ∥ π(q).

Proof. Let r be the componentwise union r = q ∪ π(q), which makes
sense as any γ ∈ t(q) ∪ t(π(q)) is contained in exactly one of t(q, e),
t(q) \ t(q, e) or t(π(q)) \ t(q, e) by our choice of π. In the first case,
qγ = π(q)γ, while in the remaining two cases, γ is contained in either
t(q) or t(π(q)), but not both simultaneously. We are left to show that r
has the HAD property and is thus a condition in P . The only nontrivial
case is when γ0 ∈ t(q) \ t(q, e) and γ1 ∈ t(π(q)) \ t(q, e). But then, the
following hold:

• t(r, {γ0}) = t(q, {γ0}).
• ∃ γ′ ∈ t(q) \ t(q, e) γ1 = π(γ′).
• t(r, {γ1}) = t(π(q), {π(γ′)}) = π[t(q, {γ′})].
• By our choice of π,

t(q, {γ0}) ∩ π[t(q, {γ′})] ⊆ t(q, e),

since already t(q) ∩ t(π(q)) = t(q) ∩ π[t(q)] ⊆ t(q, e).

We will be essentially done once we show the following:

Claim 12. t(q, {γ0}) ∩ π[t(q, {γ′})] = t(q, {γ0}) ∩ t(q, {γ′}) ∩ t(q, e).

Proof. If γ̄ is an element of the left hand side expression of the above
equation, it follows that γ̄ ∈ t(q, e) by the final of the above items.
It thus follows that π(γ̄) = γ̄, which means that γ̄ ∈ t(q, {γ′}), and
thus it is an element of the right hand side expression. In the other
direction, if γ̄ is an element of the right hand side expression, we again
obtain that π(γ̄) = γ̄ and then that γ̄ is an element of the left hand
side expression. □

Now, since q is HAD, using Lemma 7, we find a finite c ⊆ t(q) such
that

t(r, {γ0}) ∩ t(r, {γ1}) = t(q, {γ0}) ∩ t(q, {γ′}) ∩ t(q, e) = t(q, c).

This finishes the argument to show that r is a HAD tower. □

□
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Theorem 13. Let G be P -generic. There is no choice function for the
sequence ⟨Aα | α < λ⟩ in V [G]S . This implies that DCλ, and hence in
particular AC fails in V [G]S .

Proof. Assume for a contradiction that Ḟ is an S-name which is forced
by some condition p ∈ P to actually be such an choice function. Let
e ⊆ λ × λ be finite such that fix(e) ≤ sym(Ḟ ). Pick α < λ such that
α > maxdom(e). Pick q ≤ p and β < λ such that q⊩ Ḟ (α̌) = ġα,β and,
using Lemma 5, (α, β) ∈ t(q). Pick a permutation π = ⟨πγ | γ < λ⟩ ∈ G
such that π fixes t(q, e) pointwise, and which swaps t(q) \ t(q, e) with
a set that is disjoint from t(q). Such π can easily be found, and since
(α, β) ̸∈ t(q, e), π(α, β) = (α, β′) for some β′ ̸= β. Then, ⊩ π(ġα,β) =

ġα,β′ ̸= ġα,β, and also π(q)⊩ Ḟ (α̌) = ġα,β′ . But this is a contradiction
since q ∥ π(q) by Claim 11 – note that we are in exactly the same
situation as in that claim. □

6. Minimal Supports

In this section, we want to introduce a concept of minimal supports
for S-names, and show that every S-name has such a minimal support.

Definition 14. Let p ∈ P . We say that a finite subset a ⊆ t(p) is
irreducible (in p) if t(p, b) ⊊ t(p, a) whenever b ⊊ a.

Lemma 15. If ẋ and ẏ are S-names with finite supports a, b ⊆ λ× λ
respectively, and p ∈ P is such that p⊩ ẋ = ẏ and a ∪ b ⊆ t(p),
then there is an irreducible c ⊆ t(p, a) ∩ t(p, b), and an S-name ż with
fix(c) ≤ sym(ż), such that p⊩ ż = ẋ.

Proof. Consider

ẏ′ = {(s, τ) : ∃(r, τ) ∈ ẏ s ≤ r, p}.
Clearly, p ⊩ ẏ = ẏ′. Using the HAD property (together with the
assumption that a and b are both finite), let c ⊆ t(p, a) ∩ t(p, b) be
finite such that t(p, c) = t(p, a) ∩ t(p, b). By possibly shrinking c by
one element finitely many times, we may additionally assume that c is
irreducible.

Now, simply consider

ż =
⋃

π ∈fix(c)

π(ẏ′).

We obviously have ż ∈ HS and fix(c) ≤ sym(ż). We claim that indeed
p ⊩ ż = ẋ. Toward this end, let G be an arbitrary P -generic containing
the condition p. We already know that ẋG = (ẏ′)G = id(ẏ′)G ⊆ żG.
Thus, it suffices to show that for any π ∈ fix(c), π(ẏ′)G ⊆ ẋG.
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So let π ∈ fix(c). If π(p) /∈ G, clearly π(ẏ′)G = ∅, as every condition
appearing in a pair in π(ẏ′) is below π(p). So assume that π(p) ∈ G.
Let

d = {γ ∈ λ× λ | π(γ) ̸= γ} ∪ t(p),

which is of size less than λ. Pick σ = ⟨σα | α < λ⟩ ∈ fix(t(p, a)) so that
σ swaps the elements of b \ t(p, a) with pairs of ordinals in (λ× λ) \ d,
and such that σ(p) ∈ G. This is possible:

Claim 16. For any q ≤ p there exists σ ∈ fix(t(p, a)) that swaps the
elements of b\ t(p, a) with pairs of ordinals in (λ×λ)\d, and for which
we have q ∥ σ(p). Thus, by the genericity of G, there exists a desired
σ with σ(p) ∈ G.

Proof. Let q ≤ p, and let e = d∪ t(q). Pick σ = ⟨σα | α < λ⟩ ∈ G fixing
t(p, a) pointwise, and which swaps t(q)\t(p, a) with a set that is disjoint
from e. Such σ can easily be found. Remember that t(q, a) = t(p, a).
Arguing exactly as in Claim 11 (with σ in place of π, and with a in
place of e), we obtain the stronger conclusion that q ∥ σ(q). Now,
this shows that for any q ≤ p there is a permutation σ which is as
desired, and we may thus pick r ≤ q, σ(p). This yields a dense set of
conditions r, so we may pick one such r ∈ G. For the corresponding
permutation σ, it thus follows that σ(p) ∈ G, as desired. □

Then, note that σ(p) ⊩ ẋ = σ(ẏ′) = σ(ẏ). Note also that π(σ(p) ∪
p) ∈ G, since, by the properties of σ, it is weaker than π(p)∪σ(p) ∈ G.
Since fix(b) ≤ sym(ẏ), it follows that fix(σ[b]) ≤ sym(σ(ẏ)). Let’s
take a closer look at σ[b]. It can be written as a disjoint union of
a := σ[b] ∩ t(p, a) and of b := σ[b] \ t(p, a).

The set a is pointwise fixed by σ, because t(p, a) is, so in fact, a =
b∩ t(p, a) ⊆ t(p, a)∩ t(p, b) ⊆ t(p, c). The set b is pointwise fixed by π,
as follows easily from the definition of σ. That is, π ∈ fix(c ∪ b). We
also have

σ[b] = a ∪ b ⊆ t(p ∪ σ(p), c ∪ b)

by the above. Thus, by Lemma 24, there is a name ẏ∗ ∈ HS with
fix(c ∪ b) ≤ sym(ẏ∗) and such that p ∪ σ(p)⊩ ẏ∗ = σ(ẏ). This means
that π ∈ sym(ẏ∗), and therefore, π(σ(p) ∪ p) ∪ p⊩ π(ẋ) = ẏ∗ = σ(ẏ).
Overall, since also π(p)⊩ π(ẋ) = π(ẏ′), it follows in particular that
ẋG = σ(ẏ)G = π(ẋ)G = π(ẏ′)G, as desired. □

Definition 17. Let p ∈ P . We define a relation �p on the set of all
irreducible subsets of t(p), letting, for a, b irreducible in p, a �p b if
t(p, a) ⊆ t(p, b).

We define the strict relation � by setting a� b if a� b ∧ a ̸= b.
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We will usually omit the subscript p when the relevant tower is clear
from context. Note also that if q ≤ p are complete towers and a �p b,
then also a�q b, and also if a�q b and b ⊆ t(p), then also a ⊆ t(p), and
a�p b.

Lemma 18. Let p be a complete tower. Then, � = �p is a well-
founded partial order.

Proof. Clearly, � is transitive and reflexive. In order to check antisym-
metry, suppose for a contradiction that t(p, a) = t(p, b) but a ̸= b. Let
α be largest so that aα ̸= bα, where aα := {β | (α, β) ∈ a}, and simi-
larly for b. Say, without loss of generality, that β ∈ aα \ bα. As (α, β) ∈
t(p, a) = t(p, b), there must be some ᾱ > α and β̄ < κ with (ᾱ, β̄) ∈ b
and (α, β) ∈ t(p, {(ᾱ, β̄)}). But then (ᾱ, β̄) ∈ a as well, as α was chosen
largest with aα ̸= bβ. We obtain that t(p, a) = t(p, a \ {(α, β)}), so a is
not irreducible, which is a contradiction.

To check well-foundedness, for an irreducible a ⊆ t(p), let

δ(a) :=
∑

α∈dom a

ωα · |aα|,

using ordinal arithmetic. It suffices to note that a � b implies δ(a) <
δ(b). Towards this end, again, let α be largest so that aα ̸= bα. We
claim that aα ⊆ bα. In particular then, aα must be a strict subset of
bα and we obtain that δ(a) < δ(b). So suppose otherwise, that there is
β ∈ aα \ bα. Just as before, we obtain that a is not irreducible, using
that t(p, a) ⊆ t(p, b), which is again a contradiction. □

Theorem 19 (Minimal Supports). If ẋ is an S-name and p ∈ P , then
there is q ≤ p, a unique (with respect to q) irreducible (in q) b ⊆ t(q),
and ẏ ∈ HS with support b for which q⊩ ẏ = ẋ, and whenever a � b
and ż is an S-name with support a, then q⊩ ż ̸= ẋ. We say that b is
the minimal support for ẋ below q in this case.

Proof. Use Lemma 15 repeatedly, in order to obtain successively stronger
conditions qi ≤ p, S-names ẏi and successively smaller (according to
�) irreducible bi, such that for each i, qi ⊩ ẏi = ẋ and fix(bi) ≤ sym(ẏi).
By Lemma 18, this construction has to break down after a final finite
stage i. Then clearly, qi, bi and ẏi are as desired, where the uniqueness
of bi follows from the fact that � is a partial order, that is if some
irreducible b satisfies b� bi and bi � b, then already b = bi. □

Note that if b is the minimal support for an S-name ẋ below a con-
dition q ∈ P and r ≤ q, then b is also the minimal support for ẋ below
r. Moreover, if π ∈ G, then π[b] is the minimal support for π(ẋ) below
π(q).
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7. The Ordering Principle

We now want to show that the ordering principle holds in our sym-
metric extension. The arguments in this section will be very similar to
the corresponding arguments presented in [1].

Lemma 20. There is an S-name <̇ for a linear order of Ȧ, such that
sym(<̇) = G.

Proof. In any model of ZF, we can consider the definable sequence
of sets ⟨Xα : α ∈ Ord⟩, obtained recursively by setting X0 = κ2,
Xα+1 =

ωXα and Xα =
⋃

β<α Xβ for limit α. We can recursively define
linear orders <α on Xα, by letting <0 be the lexicographic ordering on
κ2, <α+1 be the lexicographic ordering on Xα+1 obtained from <α, and
for limit α, x <α y iff, for β least such that x ∈ Xβ, either y /∈ Xγ for
all γ ≤ β, or y ∈ Xβ and x <β y. Then <λ is a definable linear order of

Xλ. Note that Ȧ is forced to be contained in Xλ, and by Fact 9, there
is an S-name <̇ as required. □

Theorem 21. There is a class S-name Ḟ for an injection of the sym-
metric extension by S into Ord×Ȧ<ω such that sym(Ḟ ) = G. In par-
ticular, OP holds in our symmetric extension.

Proof. Fix a global well-order ≺ of our ground model V , and let G be
P -generic over V . We first provide a definition of such an injection F
in the full P -generic extension V [G]. Then, we will observe that all the
parameters in this definition have symmetric names, which will let us
directly build an S-name Ḟ for F .

For each a ∈ [λ × λ]<ω and each enumeration h = ⟨γi : i < k⟩
of a, define Ġa = {ġγ | γ ∈ a}• and ṫh = ⟨ġγi : i < k⟩•. Define

Γ̇ = {π(Ġ) : π ∈ G}•. While Γ̇ is not an S-name in general, it is still a

symmetric P -name. Let Γ = Γ̇G and <= <̇G. Given x ∈ V [G]S , F (x)
will be found as follows:

First, let (p, ż, a, h) be ≺-minimal with the following properties:

(1) in V , a is the minimal support for ż below p,
(2) in V , h is an enumeration of a so that p forces that ṫh enumerates

Ġa in the order of <̇,
(3) in V [G], there is H ∈ Γ with p ∈ H and żH = x.

Such a tuple certainly exists by Theorem 19 and since G ∈ Γ.

Claim 22. For any H,K ∈ Γ with p ∈ H,K, the following are equiv-
alent:

(a) (ṫh)
H = (ṫh)

K,
(b) żH = żK.
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Proof. Let H,K ∈ Γ, p ∈ H,K. H is itself a P -generic filter, and
Γ̇H = Γ̇G = Γ, as can be easily checked. Thus, there is π ∈ G so that
K = π(Ġ)H . Now, note that π(Ġ)H = π−1[H] and (ṫh)

K = (ṫh)
π−1[H] =

π(ṫh)
H . Similarly, żK = π(ż)H .

Suppose that (ṫh)
H = (ṫh)

K . Then, (ṫh)
H = π(ṫh)

H . By the way that
permutations act on the names ġγ (see Section 4), and thus on ṫh, the
only way this is possible is if π(γ) = γ for every γ ∈ a. In other words,
π ∈ fix(a). Thus, żH = π(ż)H = żK .

Now, suppose that żH = żK = π(ż)H . Since p ∈ K = π−1[H], it
follows that π(p) ∈ H. Thus, there is r ≤ p, π(p) in H with r⊩ ż =
π(ż). Since a is the minimal support for ż below p, and hence also below
r, also π[a] is the minimal support for π(ż) below π(p), hence also below
r. But by the uniqueness property in Theorem 19, this implies that
π[a] = a. This also means that Ġa = π(Ġa). As p forces that ṫh is the
<̇-enumeration of Ġa, π(p) forces that π(ṫh) is the π(<̇)-enumeration
of π(Ġa). Since p ∈ K and π(p) ∈ H, this implies that (ṫh)

K = π(ṫh)
H

is the enumeration of π(Ġa)
H = ĠH

a according to π(<̇)H =<, which is
exactly what (ṫh)

H is. □

By the claim, there is a unique t ∈ A<ω so that t = (ṫh)
H , for

some, or equivalently all, H ∈ Γ with p ∈ H and żH = x. We let
F (x) = (ξ, t), where (p, ż, a, h) is the ξth element of V according to ≺.
To see that this is an injection, assume that x and y both yield the
same (p, ż, a, h) and t. Let H,K ∈ Γ with p ∈ H,K, and with żH = x,
żK = y. By our definition, t = (ṫh)

H = (ṫh)
K , and according to the

claim, x = żH = żK = y. This finishes the definition of F .
The definition we have just given can be rephrased as

F (x) = y iff φ(x, y,Γ, <),

where φ is a first order formula using the parameters Γ and <, and the
only parameters that are not shown are parameters from V , such as
the class ≺ or the class of tuples (p, ż, a, h) so that (1) and (2) hold.
Simply let

Ḟ = {(p, (ẋ, ẏ)•) : ẋ, ẏ ∈ HS ∧ p ⊩P φ(ẋ, ẏ, Γ̇, <̇)},

where the parameters from V in φ are replaced by their check-names.
Then, Ḟ ⊆ P × HS, and sym(Ḟ ) = G, so Ḟ is a class S-name, as
desired.

It follows that OP holds in any symmetric extension by S since
by Lemma 20 and Fact 9, there is an S-name for a linear order of
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Ord×Ȧ<ω, which can be pulled back to produce a class that is a linear
order of the sets of our symmetric extension using F . □

8. Higher dependent choice

Recall the symmetric P -name Γ̇ = {π(Ġ) : π ∈ G}• from the previous
proof. We need the following fairly general result:

Lemma 23. Let ẋ be a P -name and e ∈ [λ × λ]<ω so that fix(e) ≤
sym(ẋ). Whenever G is P -generic, x = ẋG and Γ = Γ̇G, then x is
definable in V [G] from elements of V , from Γ and from ⟨gγ | γ ∈ e⟩,
as the only parameters.

Proof. In V [G], define y to consist exactly of those z so that z ∈ ẋH

for some H ∈ Γ with ġGγ = ġHγ for all γ ∈ e. We claim that x = y.
Clearly, x ⊆ y as G ∈ Γ. Now suppose that H ∈ Γ is arbitrary, so
that ġGγ = ġHγ for all γ ∈ e. Then, H = π(Ġ)G, for some π ∈ G. We

obtain that ġGγ = ġHγ = π(ġγ)
G = ġGπ(γ), for each γ ∈ e. But this is only

possible if π ∈ fix(e). So also ẋH = π(ẋ)G = ẋG, and we are done. □

A key idea of our forcing construction is captured by the following
lemma.

Lemma 24. Let p ∈ P and ẏ ∈ HS have finite support e0 ⊆ t(p, e1),
for some e1 ∈ [t(p)]<ω. Then, there is ẏ∗ ∈ HS with support e1 such
that p ⊩ ẏ = ẏ∗.

Proof. Using Lemma 23, whenever G is P -generic, y = ẏG and Γ = Γ̇G,
then y is definable (by a fixed formula that does not depend on the
particular choice of generic G) in V [G] from elements of V , from Γ
and from ⟨gγ | γ ∈ e0⟩ as the only parameters. Note that if p ∈
G, since e0 ⊆ t(p, e1), each gγ for γ ∈ e0 is definable in V [G] from
some gγ′ with γ′ ∈ e1. More specifically, there is a finite sequence
n0, . . . , nk of ordinals (in V , that can be read off from p) such that
p⊩ ġγ′(n0)(n1) . . . (nk) = ġγ. So we can find a formula φ such that

p⊩ ẏ = {w | φ(w, Γ̇, ⟨ġγ′ | γ′ ∈ e1⟩•, v̌)}
for some v ∈ V . For some large enough ξ, define

ẏ∗ = {(r, ẇ) ∈ P × HSξ | r⊩φ(ẇ, Γ̇, ⟨ġγ′ | γ′ ∈ e1⟩•, v̌).
We obtain that fix(e1) ≤ sym(ẏ∗) and p⊩ ẏ = ẏ∗, as desired. □

Theorem 25. Let G be P -generic. If λ = κ, then V [G]S is closed
under <κ-sequences in V [G]. In particular thus, since DC<κ holds in
V [G] |= ZFC, it follows that DC<κ holds in V [G]S .
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Proof. Let x⃗ be a δ-sequence of elements ⟨xϵ | ϵ < δ⟩ of V [G]S in V [G],
for some cardinal δ < κ. Let x = {xϵ | ϵ < δ} denote the range of

x⃗, and let ẋ and ˙⃗x be P -names for x and x⃗ respectively. For some
p ∈ G and some large enough ordinal ξ, p ⊩ ẋ ⊆ HS•

ξ . By further
strengthening p, using that P is <κ-closed, we can find a sequence of
S-names ⟨ẋϵ | ϵ < δ⟩ so that p ⊩ ˙⃗x is a function with domain δ and

∀ϵ < δ ˙⃗x(ϵ) = ẋϵ. For each ϵ < δ, there is eϵ ∈ [κ × κ]<ω so that
fix(eϵ) ≤ sym(ẋϵ). Let α < κ be a large enough ordinal so that for
each ϵ < δ, there is such eϵ in [α × κ]<ω, and such that α ≥ dom(p).
Let e =

⋃
i<δ ei, which is of size at most δ < κ. Using Lemma 5, the

<κ-closure of P , and Lemma 6, let q ≤ p, α∗ ≥ α, and let q ∈ G be a
HAD tower with the property that e ⊆ t(q) = t(q, {(α∗, 0)}).
Fix some ϵ < δ. By Lemma 24, we find ẋ′

ϵ ∈ HS with support

{(α∗, 0)} such that q⊩ ẋϵ = ẋ′
ϵ. Let ˙⃗y = ⟨ẋ′

ϵ | ϵ < δ⟩•. Then,

fix({(α∗, 0)}) ≤ sym( ˙⃗y), and we obtain that x⃗ = ˙⃗yG ∈ V [G]S , as
desired. □

Theorem 26. Let G be P -generic. If λ > κ+, then DC<λ holds in
V [G]S .

Proof. Suppose that Ṫ is an S-name for a <δ-closed (in the symmetric
extension) tree without terminal nodes, where, without loss of gener-
ality, κ < δ < λ is regular. Let p0 = (p00, p̄

0) ∈ P be arbitrary. By
possibly strengthening p0, we may assume that the support of Ṫ is
contained in t(p0). We want to find a condition q ≤ p0 forcing that Ṫ
contains an increasing sequence of length δ in order to verify the theo-
rem. Fix a name Ḟ as obtained from Theorem 21. We will recursively
define a decreasing sequence ⟨pξ : ξ < δ⟩ in P , with each pξ of the
form pξ = (p00, p̄

ξ), and a ⊆-increasing sequence ⟨Xξ : ξ < δ⟩, where
Xξ ⊆ Ord and |Xξ| < λ, for each ξ < δ. Initially, we are already given
p0 and we let X0 = ∅. At limit steps ξ < δ, we let Xξ =

⋃
ξ′<ξ Xξ′ and

we pick pξ to be a lower bound for ⟨pξ′ : ξ′ < ξ⟩. At successor steps,
given p = pξ and X = Xξ, we proceed as follows.

First, by extending p, using Lemma 6, we can assume that there
is γ ∈ t(p) such that t(p) = t(p, {γ}). Fix, for now, a P -generic
G with p ∈ G, and let T := ṪG, F := ḞG and gα,β := ġGα,β, for
every (α, β) ∈ λ × λ. Note that the least ZF-model extending V and
containing gγ as an element is

V (gγ) = V [⟨g0,β : (0, β) ∈ t(p)⟩],
which is an add(κ, t(p)∩({0}×λ))-generic extension, and thus a model
of ZFC. Moreover define Ap := {gγ′ : γ′ ∈ t(p)} ∈ V (gγ) and note
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that Ap has size < λ. In particular, V (gγ) |= |(X × A<ω
p )<δ| < λ.

Whenever ⟨(ηi, ai) : i < δ′⟩ ∈ (X × A<ω
p )<δ ∩ V (gγ), the sequence

⟨F−1(ηi, ai) : i < δ′⟩ may or may not be a chain in T . In case it is,
since T is closed under increasing sequences of length less than δ, there
is some (η, e) ∈ Ord×(λ× λ)<ω, so that F−1(η, ge) is an upper bound,
where ge is defined as ⟨gei : i < |e|⟩ when e = ⟨ei | i < |e|⟩. All
in all, in V [G], there is Y ⊆ Ord and E ⊆ λ × λ, both of size <λ,
such that we can find pairs (η, e) witnessing any of the above described
instances within Y ×E<ω. Using the λ-cc of P0 (this uses that κ

+ ≤ λ)
and the <λ-closure of P1, back in V , we can find q ≤ p of the form
q = (p00, q̄) and sets Y and E such that q forces that Y , E are as just
described. Finishing our recursive definitions, let Xξ+1 = X ∪ Y and
pξ+1 ≤ q such that E ⊆ t(pξ+1). Let p be the greatest lower bound of
⟨pξ : ξ < δ⟩, and let X =

⋃
ξ<δ Xξ. Using Lemma 6, let q ≤ p be such

that t(q) = t(q, {γ}) = t(p) ∪ {γ} for some γ ∈ λ× λ.
Now suppose that q ∈ G, for a P -generic G. We let T , F and ge,

for e ∈ (λ× λ)<ω, be the evaluations by G of the corresponding names
just as before. Let

T̃ = {((η0, e0), (η1, e1)) ∈ (X× t(p)<ω)2 : F−1(η0, ge0) <T F−1(η1, ge1)},

where <T is the order of T . Note, by Lemma 10, that T̃ ∈ V (gγ),
for all names used in its definition have supports that are contained in
t(p).

Claim 27. T̃ is <δ-closed in V (gγ).

Proof. Let ⟨(ηi, ei) : i < δ′⟩ ∈ V (gγ) be a decreasing sequence in T̃ , for
some δ′ < δ. Remember that V (gγ) = V [⟨g0,β : (0, β) ∈ t(p)⟩], which is
an add(κ, t(p) ∩ ({0} × λ))-generic extension of V . Since add(κ, t(p) ∩
({0}×λ)) has the κ+-cc and κ < δ, there is J ⊆ t(p)∩ ({0}×λ) of size
< δ so that ⟨(ηi, ei) : i < δ′⟩ ∈ V [⟨g0,β : β ∈ J⟩]. By the regularity of
δ, there is ξ < δ such that ηi ∈ Xξ and ei ⊆ t(pξ) for each i < δ′, and
such that 0 × J ⊆ t(pξ) = t(pξ, {γ′}) for some (unique) γ′ ∈ t(pξ). In
particular then, ⟨(ηi, ei) : i < δ′⟩ ∈ V (gγ′), and we ensured in the next
step of our above recursive construction that there is an upper bound
in V (gγ). □

Finally, constructing a branch ⟨(ηi, ei) : i < δ⟩ through T̃ in V (gγ) |=
ZFC, we find that ⟨F−1(ηi, gei) : i < δ⟩ is a branch through T in
V [G]S . □
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